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(57) ABSTRACT 

In accordance with some embodiments, systems, methods 
and media for high dynamic range imaging using dead-time
limited single photon detectors are provided. In some 
embodiments, a system for high dynamic range imaging is 
provided, comprising: an image sensor comprising: a pixels 
comprising: a single photon detector having dead time -cd; 
and a counter coupled to an output of the single photon 
detector, wherein the counter is configured to increment in 
response to a signal indicative of detection of a photon 
output by the single photon detector; and a processor that is 
programmed to: read out a value stored by the counter after 
an exposure time has elapsed; and calculate an intensity for 
the pixel based on the value and the dead time -ed. 
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SYSTEMS, METHODS, AND MEDIA FOR 
HIGH DYNAMIC RANGE IMAGING USING 

DEAD-TIME-LIMITED SINGLE PHOTON 
DETECTORS 

2 
sensor pixels. For example, some single-shot HDR sensors 
use fixed or adaptive light absorbing neutral density filters 
placed in front of the sensor pixels to spatially vary the 
amount of light received during a fixed exposure time. As 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

5 another example, some single-shot HDR sensors use beam
splitters to relay the scene onto multiple imaging sensors 
with different exposure settings. 

Other HDR imaging approaches involve redesigning the 
sensor pixel hardware to obtain a non-linear relationship This invention was made with government support under 

HR0Oll-16-C-0025 awarded by the DOD/DARPA and 
N00014-16-l-2995 awarded by the NAVY/ONR. The gov
ernment has certain rights in the invention. 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

10 between scene radiance (sometimes also referred to herein 
as brightness) and sensor output. For example, logarithmic 
image sensors use additional hardware in each pixel that 
applies logarithmic non-linearity to obtain dynamic range 
compression. While the approaches described above provide 

NIA 

15 greater dynamic range than conventional image sensors, the 
dynamic range that can be achieved is limited by the hard 
saturation limit of the pixels. 

BACKGROUND 
Quanta image sensors (QIS) are a relatively new approach 

to HDR imaging that attempt to improve dynamic range 

While the human eye has a unique ability to adapt to a 
wide range of brightness levels ranging from a bright sunny 
day down to single photon levels, conventional image sen
sors, such as complementary metal-oxide semiconductor 
(CMOS) and charge-coupled device (CCD) array image 
sensors (note that CMOS and CCD pixels are sometimes 
referred to herein as conventional pixels, and an array of 
such conventional pixels is sometimes referred to herein as 

20 through spatial oversampling. These QIS sensors exploit 
fine-grained (i.e., sub-diffraction-limit) spatial statistics to 
improve dynamic range. A QIS array is constructed with 
millions of pixels of sub-diffraction limit sizes, with each 
pixel being a binary sensor with negligible read noise. This 

25 enables designing a response function that mimics a silver
halide photographic plate with a logarithmic response curve 
that provides some overexposure latitude and avoids a hard 
saturation limit. However, gains in dynamic range using QIS 
techniques have been limited due to difficulties in manufac-a conventional image sensor), convert incident light into an 

electrical signal proportional to the brightness of the scene 
point up to a saturation point. This conversion process in 
conventional image sensors cannot simultaneously capture 
very dark and very bright regions that occur in many natural 
scenes. These limitations are often apparent in images of 
scenes captured using consumer products such as digital 
cameras incorporated into smartphones. However, these 
limitations can have additional effects in more specialized 
applications. For example, a vision sensor used in an autono
mous vehicle driving at night may encounter scenes that 
include bright light sources ( e.g., headlights of oncoming 40 

vehicles) while the rest of the scene remains relatively dark. 

30 turing pixels smaller than about a micron in size. As dis
cussed below in connection with FIG. 16, to achieve very 
high dynamic range using a QIS sensor, pixel size would 
need to be reduced by at least an order of magnitude ( e.g., 
to at most 100 nm) which is not feasible using current 

35 technology. 

As another example, an industrial robot using a machine 
vision system to assemble metallic machine parts may 
capture images that include strong specular highlights and 
shadows on the metallic parts which may exceed the rela- 45 

tively low dynamic range of many conventional image 
sensors. As yet another example, an image sensor used for 
microscope imaging may capture an image of a back-lit 
sample with high contrast, which may exceed the dynamic 
range of a conventional image sensor. In such examples, 50 

bright regions in the scene can cause conventional sensor 
pixels to saturate, whereas dark regions of the scene can be 
dominated by noise. 

One approach to increasing dynamic range in conven
tional image sensors is to capture more light from darker 55 

parts of a scene to average out sensor noise, and capture less 
light from brighter parts of the scene to avoid saturation. A 
common computational technique called exposure bracket
ing uses multiple images of the scene captured using dif
ferent exposure times, and blends the pixel values to gen- 60 

erate a high dynamic range (HDR) image. This technique 
works relatively well for static scenes, but suffers from 
ghosting artifacts when capturing dynamic scenes that con
tain relatively fast-moving objects. Single-shot HDR sensors 
were developed in part to avoid these artifacts, and requires 65 

changing the image sensor hardware to include optical 
elements that modulate the amount of light reaching the 

Accordingly, new systems, methods, and media for high 
dynamic range imaging are desirable. 

SUMMARY 

In accordance with some embodiments of the disclosed 
subject matter, systems, methods, and media for high 
dynamic range imaging using dead-time-limited single pho
ton detectors are provided. 

In accordance with some embodiments of the disclosed 
subject matter, a system for high dynamic range imaging is 
provided, the system comprising: an image sensor compris
ing: a pixel comprising: a single photon detector configured 
to detect the arrival of a single photon, and having a dead 
time -cd after detection of a photon; and a counter coupled to 
an output of the single photon detector, wherein the counter 
is configured to increment in response to a signal indicative 
of detection of a photon output by the single photon detector; 
and a processor that is programmed to: read out, from the 
pixel, a value stored by the counter after an exposure time 
has elapsed; and calculate an intensity value for the pixel 
based on the value and the dead time -ed. 

In some embodiments, the pixel further comprises: a fast 
timing circuit coupled to the output of the single photon 
detector and configured to output a value indicative of a time 
at which a signal indicative of detection of a photon is output 
by the single photon detector; a first register coupled to an 
output of the fast timing circuit, wherein the first register is 
configured to store a value indicative of a time at which a 
first signal indicative of detection of a photon was output by 
the single photon detector during the exposure time; and a 
second register coupled to the output of the fast timing 
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circuit, wherein the second register is configured to store a 
value indicative of a time at which a last signal indicative of 
detection of a photon was output by the single photon 
detector during the exposure time. 

4 
In some embodiments, the pixel further comprises a fast 

timing circuit configured to output a value indicative of a 
time at which a signal indicative of detection of a photon is 
output by the single photon detector, a first register, and a 

In some embodiments, the processor is further pro
grammed to: read out, from the pixel, a first time from the 
first register; read out, from the pixel, a second time from the 
second register; and calculate an average time between 
signals indicative of detection of a photon based on the first 
time, the second time, and the value. 

5 second register, the method further comprising: receiving, at 
the fast timing circuit, an output from the single photon 
detector indicative of detection of a photon; in response to 
receiving the output from the single photon detector indica
tive of detection of a photon, outputting a value indicative of 

In some embodiments, the processor is further pro
grammed to: calculate an estimated photon flux <I> based on 
the relationship 

10 a current time from the fast timing circuit to the first register 
and the second register; recording, using the first register, a 
value indicative of a time at which a first signal indicative of 
detection of a photon was output by the single photon 
detector; and recording, using the second register, a value 

15 indicative of a time at which a last signal indicative of 
detection of a photon was output by the single photon 
detector. 

In some embodiments, the method further comprises: 
reading out, from the pixel, a first time from the first register; 

where q is the quantum efficiency of the SPAD, and Xis the 
average time between signals indicative of detection of a 
photon output by the single photon detector. 

In some embodiments, the fast timing circuit is a time
to-digital converter. 

20 reading out, from the pixel, a second time from the second 
register; and calculating, for each of the plurality of pixels, 
an average time between signals indicative of detection of a 
photon based on the first time, the second time, and the 

In some embodiments, the processor is further pro-
25 

grammed to reset the counter at the beginning of the 
exposure time. 

In some embodiments, the processor is further pro
grammed to: calculate an estimated photon flux <I> based on 
the relationship 

, 1 N(T) 

30 

value. 
In some embodiments, the method further comprises 

calculating an estimated photon flux <I> based on the rela
tionship 

<l>=----, 
q T-N(T)Td 

where q is the quantum efficiency of the single photon 
detector, T is the exposure time, and N(T) is the value read 
from the counter. 

where q is the quantum efficiency of the SPAD, and Xis the 

35 
average time between signals indicative of detection of a 
photon output by the single photon detector. 

In some embodiments, the method further comprises 
resetting the counter at the beginning of the exposure time. 

In some embodiments, the single photon detector com
prises a single photon avalanche diode. 

In some embodiments, the method further comprises 
calculating an estimated photon flux <I> based on the rela-

40 
tionship 

In some embodiments, the image sensor further comprises 
a plurality of pixels, each of the plurality of pixels compris
ing a single photon detector and a counter, and the processor 
is further programmed to generate image data based on 
calculated intensity values associated with each of the 45 

plurality of pixels and the intensity value associated with the 
pixel. 

In some embodiments, the image sensor further comprises 
a plurality of CMOS pixels, and wherein the pixel is 
adjacent to at least three CMOS pixels of the plurality of 50 

CMOS pixels, and the processor is further programmed to 
generate image data based on calculated intensity values 
associated with at least a subset of the plurality of CMOS 
pixels and the intensity value associated with the pixel. 

In accordance with some embodiments of the disclosed 55 

subject matter, a method for high dynamic range imaging 
using an image sensor comprising a pixel, the pixel com
prising a single photon detector configured to detect the 
arrival of a single photon, and having a dead time -cd after 
detection of the photon, and a counter coupled to an output 60 

of the single photon detector, wherein the counter is con
figured to increment in response to a signal indicative of 
detection of a photon output by the single photon detector is 
provided, the method comprising: reading out, from the 
pixel, a value stored by the counter after an exposure time 65 

has elapsed; and calculating an intensity value for the pixel 
based on the value and the dead time -ed. 

q, = ~ N(T) , 
q T-N(T)rd 

where q is me quantum efficiency of the single photon 
detector, Tis the exposure time, and N(T) is the value output 
from the counter. 

In some embodiments, the image sensor further comprises 
a plurality of pixels, each of the plurality of pixels compris
ing a single photon detector and a counter, and the method 
further comprises generating image data based on calculated 
intensity values associated with each of the plurality of 
pixels and the intensity value associated with the pixel. 

In accordance with some embodiments of the disclosed 
subject matter, a non-transitory computer readable medium 
containing computer executable instructions that, when 
executed by a processor, cause the processor to perform a 
method for high dynamic range imaging using an image 
sensor comprising a pixel, the pixel comprising a single 
photon detector configured to detect the arrival of a single 
photon, and having a dead time -cd, and a counter coupled to 
an output of the single photon detector, wherein the counter 
is configured to increment in response to a signal indicative 
of detection of a photon output by the single photon detector, 
the method comprising: reading out, from the pixel, a value 
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stored by the counter after an exposure time has elapsed; and 
calculating an intensity value for the pixel based on the value 
and the dead time -ed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Various objects, features, and advantages of the disclosed 
subject matter can be more fully appreciated with reference 
to the following detailed description of the disclosed subject 
matter when considered in connection with the following 
drawings, in which like reference numerals identify like 
elements. 

FIG. 1 shows an example of a system for high dynamic 
range imaging using dead-time-limited single photon detec
tors in accordance with some embodiments of the disclosed 
subject matter. 

FIG. 2 shows an example implementation of a single 
photon avalanche diode that can be used in the image sensor 
of FIG. 1 and a diagram showing voltage over time when a 
photon impinges the diode. 

FIG. 3 shows an example of a diagram including photon 
arrivals, single photon avalanche diode detections, and sub
sequent single photon avalanche diode dead times following 
detections that can be used to generate high dynamic range 
image data in accordance with some embodiments of the 
disclosed subject matter. 

FIG. 4 shows an example of a response curve of a 
conventional light detector. 

FIG. 5 shows an example of a response curve of a single 
photon avalanche diode detector that can be used to generate 
high dynamic range image data in accordance with some 
embodiments of the disclosed subject matter. 

FIG. 6 shows an example of a single photon avalanche 
diode pixel that can be used to generate high dynamic range 
image data in accordance with some embodiments of the 
disclosed subject matter. 

FIG. 7 shows another example of a single photon ava
lanche diode pixel that can be used to generate high dynamic 
range image data in accordance with some embodiments of 
the disclosed subject matter. 

FIG. 8 shows an example hybrid image sensor that 
includes both conventional light detectors and single photon 
avalanche diode detectors in accordance with some embodi-
ments of the disclosed subject matter. 

6 
as well the effect on flux estimates caused by quantization 
noise as a function of illuminance for both a conventional 
charge coupled device light detector and a single photon 
avalanche diode detector. 

5 FIG. 14 shows an example of a diagram depicting theo-
retical signal to noise ratio as a function of illuminance for 
both a conventional charge coupled device light detector, 
and a single photon avalanche diode detector, as well as 
measured signal to noise ratio as a function of illuminance 

10 for a single photon avalanche diode detector. 
FIG. 15 shows an example of a diagram depicting the 

effect on flux estimates caused by various sources of error 
for a single photon avalanche diode detector. 

FIG. 16 shows an example of a diagram depicting theo-
15 retical signal to noise ratio as a function of illuminance for 

two different types of quanta image sensor detectors, and a 
single photon avalanche diode detector. 

FIG. 17A shows an example of a low dynamic range 
image of a scene using a conventional CMOS image sensor 

20 exposed for a first amount of time. 
FIG. 17B shows an example of a low dynamic range 

image of the scene using a conventional CMOS image 
sensor exposed for a second amount of time. 

FIG. 17C shows an example of a high dynamic range 
25 image of the scene using a single photon avalanche diode 

detector image sensor implemented in accordance with some 
embodiments of the disclosed subject matter for the first 
amount of time. 

FIG. 18A shows an example of the measured illuminance 
30 in various portions of a second scene. 

FIG. 18B shows an example of a low dynamic range 
image of the second scene using a conventional CMOS 
image sensor exposed for a first amount of time. 

FIG. 18C shows an example of a low dynamic range 
35 image of the second scene using a conventional CMOS 

image sensor exposed for a second amount of time. 
FIG. 18D shows an example of a high dynamic range 

image of the second scene using a single photon avalanche 
diode detector image sensor implemented in accordance 

40 with some embodiments of the disclosed subject matter for 
the first amount of time. 

DETAILED DESCRIPTION 

FIG. 9 shows another example hybrid image sensor that 45 

includes both conventional light detectors and single photon 
avalanche diode detectors in accordance with some embodi
ments of the disclosed subject matter. 

In accordance with various embodiments, mechanisms 
(which can, for example, include systems, methods, and 
media) for high dynamic range imaging using dead-time
limited single photon detectors are provided. 

FIG. 10 shows an example 1000 of a process for gener
ating image data using a single photon avalanche diode in 
accordance with some embodiments of the disclosed subject 
matter. 

FIG. 11 shows an example 1100 of a process for gener
ating image data using a hybrid image sensor that includes 
both conventional light detectors and single photon ava
lanche diode detectors in accordance with some embodi
ments of the disclosed subject matter. 

FIG. 12 shows an example of a diagram depicting vari
ance in shot noise as a function illuminance for both a 
conventional charge coupled device light detector and a 
single photon avalanche diode detector, as well as quanti
zation variance as a function of illuminance for a single 
photon avalanche diode detector. 

FIG. 13 shows an example of a diagram depicting the 
effect on flux estimates caused by shot noise as a function 
illuminance for both a conventional charge coupled device 
light detector and a single photon avalanche diode detector, 

In some embodiments, the mechanism described herein 
50 can capture single-shot high dynamic range images using 

time-resolved single photon-counting detectors. Unlike con
ventional pixels, a single photon avalanche diode (SPAD) 
has the ability to count individual photons, which is taken 
advantage of in active imaging applications such as LiDAR 

55 and non-line of sight imaging systems, and for imaging 
under extremely low light levels. In contrast to this tradi
tional use case, the mechanisms described herein uses 
SPADs as general purpose imaging sensors under ambient 
lighting conditions. As described below, a SPAD-based 

60 image sensor can improve dynamic range by many orders of 
magnitude compared to conventional sensors. Note that 
although the mechanisms described herein are generally 
described with reference to SPADs, this is merely a particu
lar example of a dead-time-limited single photon detector, 

65 and the mechanisms described herein can be used in con-
nection with other dead-time-limited single photon detec
tors. 
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causing processor 108 to execute processes associated with 
the mechanisms described herein, such as processes 
described below in connection with FIGS. 10 and 11. 

In some embodiments, image sensor 104 can be an image 
sensor that is implemented at least in part using one or more 
single photon avalanche diode (SPAD) detectors (sometimes 
referred to as a Geiger-mode avalanche diode) that can 
generate data indicative of brightness of the scene via lens 
102. For example, in some embodiments, image sensor 104 
can be an array of SPAD detectors. As another example, 
image sensor 104 can be a hybrid array including one or 
more SPAD detectors and one or more conventional light 
detectors ( e.g., CMOS-based pixels). In some embodiments, 
image sensor 104 can be a monochrome image sensor or a 

Like other avalanche photodiodes, SPADs operate on the 
principle of impact ionization. A reverse bias voltage much 
higher than the breakdown voltage provides very high 
avalanche multiplication gain and gives SPADs the ability to 
count and time-tag individual photons with very low jitter. 5 

After each photon detection avalanche event, the SPAD is 
quenched to remove the charged carriers produced during 
the avalanche from the PN junction. The SPAD remains off 
during this "dead time" and cannot count additional photons. 
Conventional image sensor pixels suffer from a hard satu- 10 

ration limit (sometimes referred to as the "full well capac
ity") which prevents them from counting any photons for the 
remainder of the exposure time after the saturation level is 
reached. 

15 color image. In some embodiments, system 100 can include 
additional optics. For example, although lens 102 is shown 
as a single lens, it can be implemented as a compound lens 
or combination of lenses. Note that although the mecha
nisms described herein are generally described as using 

The mechanisms described herein can use a SPAD pixel 
as a temporal binary sensor which divides the total exposure 
time into random non-equispaced intervals where each time 
interval is at least as long as the dead time. Unlike conven
tional pixels that have a hard saturation limit, a SPAD pixel 
with an exposure time of T and dead time -cd has an 
asymptotic saturation limit given by 

lfJ. 

20 SPAD-based pixels (e.g., as described below in connection 
with FIG. 2), this is merely an example of a single photon 
detector with a dead time after a detection, and other 
components can be used in place of SPAD detectors. For 
example, a photomultiplier tube in Geiger mode can be used 

25 to detect single photon arrivals. 
In some embodiments, system 100 can communicate with 

a remote device over a network using communication sys
tem( s) 114 and a communication link. Additionally or alter
natively, system 100 can be included as part of another 

In theory, this limit can only be achieved with an infinitely 
bright light source. Note that the output response of a SPAD 
pixel is non-linear as a function of incident photon flux, 
which is a result of the inability of a SPAD to detect photon 
events during its dead time. This provides brightness-de
pendent gain resulting in a response curve that saturates very 
slowly as described below in connection with FIG. 5, which 
has some superficial similarities to a tone-mapping curve 
used in some HDR imaging techniques. Due to the non
linear response curve, the SPAD provides dynamic range 
compression, with no additional hardware modifications. 

30 device, such as a smartphone, a tablet computer, a laptop 
computer, an autonomous vehicle, a robot, etc. Parts of 
system 100 can be shared with a device within which system 
100 is integrated. For example, if system 100 is integrated 
with a smartphone, processor 108 can be a processor of the 

35 smartphone and can be used to control operation of system 
100. 

FIG. 1 shows an example 100 of a system for high 
dynamic range imaging using dead-time-limited single pho- 40 

ton detectors in accordance with some embodiments of the 
disclosed subject matter. As shown, system 100 can include 
a lens 102; an image sensor 104 (e.g., an area sensor that 
includes an array of detectors); a processor 108 for control
ling operations of system 100 which can include any suitable 45 

hardware processor (which can be a central processing unit 
(CPU), a digital signal processor (DSP), a microcontroller 
(MCU), a graphics processing unit (GPU), etc.) or combi
nation of hardware processors; an input device/display 110 
(such as a shutter button, a menu button, a microphone, a 50 

touchscreen, a motion sensor, a liquid crystal display, a light 
emitting diode display, etc., or any suitable combination 
thereof) for accepting input from a user and/or from the 
environment, and/or for presenting information ( e.g., 
images, user interfaces, etc.) for consumption by a user; 55 

memory 112; and a communication system or systems 114 
for facilitating communication between system 100 and 
other devices, such as a smartphone, a wearable computer, 
a tablet computer, a laptop computer, a personal computer, 
a server, an embedded computer ( e.g., for controlling an 60 

autonomous vehicle, robot, etc.), etc., via a communication 
link. In some embodiments, memory 112 can store image 
data and/or any other suitable data. Memory 112 can include 
a storage device (e.g., a hard disk, a Blu-ray disc, a Digital 
Video Disk, RAM, ROM, EEPROM, etc.) for storing a 65 

computer program for controlling processor 108. In some 
embodiments, memory 112 can include instructions for 

In some embodiments, system 100 can communicate with 
any other suitable device, where the other device can be one 
of a general purpose device such as a computer or a special 
purpose device such as a client, a server, etc. Any of these 
general or special purpose devices can include any suitable 
components such as a hardware processor (which can be a 
microprocessor, digital signal processor, a controller, etc.), 
memory, communication interfaces, display controllers, 
input devices, etc. For example, the other device can be 
implemented as a digital camera, security camera, outdoor 
monitoring system, a smartphone, a wearable computer, a 
tablet computer, a personal data assistant (PDA), a personal 
computer, a laptop computer, a multimedia terminal, a game 
console, a peripheral for a game counsel or any of the above 
devices, a special purpose device, etc. 

Communications by communication system 114 via a 
communication link can be carried out using any suitable 
computer network, or any suitable combination of networks, 
including the Internet, an intranet, a wide-area network 
(WAN), a local-area network (LAN), a wireless network, a 
digital subscriber line (DSL) network, a frame relay net
work, an asynchronous transfer mode (ATM) network, a 
virtual private network (VPN). The communications link 
can include any communication links suitable for commu
nicating data between system 100 and another device, such 
as a network link, a dial-up link, a wireless link, a hard-wired 
link, any other suitable communication link, or any suitable 
combination of such links. 

It should also be noted that data received through the 
communication link or any other communication link( s) can 
be received from any suitable source. In some embodiments, 
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processor 108 can send and receive data through the com
munication link or any other communication link(s) using, 
for example, a transmitter, receiver, transmitter/receiver, 
transceiver, or any other suitable communication device. 

10 
disclosed subject matter. As shown in FIG. 3, four different 
SPADs are shown that are exposed to varying numbers of 
photons within an exposure time T. SPADA is exposed to a 
photon flux that is low enough that each photon that is 

5 incident on SPADA causes a SPAD detection, such that the 
time between the end of each dead time (td) and the next 
detection is relatively long. SPAD B is exposed to a higher 
photon flux such that a minority of photons that are incident 
on SPAD B arrive during the dead time, but a large majority 

10 of photons are incident such that are detection occurs. SPAD 
C is exposed to a yet higher photon flux such that about half 
of the photons that are incident on SPAD C arrive during the 
dead time. SPAD Dis exposed to an even higher photon flux 

FIG. 2 shows an example 200 implementation of a SPAD 
that can be used in the image sensor ofFIG.1 and a diagram 
showing voltage over time when a photon impinges the 
diode. As shown in FIG. 2, the SPAD can include a diode 
202 with a relatively high bias voltage ( + V) (i.e., a bias 
voltage that is higher than the breakdown voltage of diode 
202) applied to the cathode with the anode coupled to 
ground. In some embodiments, bias voltage + V can be set 
such that when a single photon is received by diode 202 
breakdown occurs, causing a relatively large decrease in 
voltage at an output node 204. As described below, in some 
embodiments, output node 204 can be coupled to a circuit 
for detecting that breakdown has occurred, which can be 
used to determine when a photon is received by diode 202. 
For example, output node 204 can be connected to a 
component or components ( e.g., via an input to a counter, 
via an input to a latch, via a gate of a field effect transistor, 
via an input of a comparator, etc.), configured to change state 
when the voltage drops below a threshold voltage (V,h). In 
some embodiments, one or more components can be dis
posed between the bias voltage + V and the cathode of diode 
202. For example, a passive quenching circuit (which can, in 
some cases, simply be a resistor) can be connected between 
bias voltage + V and the cathode of diode 202. As another 
example, one or more components of an active quenching 
circuit and/or gate (e.g., for controlling an operative state of 30 

the SPAD detector). In a more particular example, an active 
quenching circuit described in Buttafava et al., "Time-gated 
single-photon detection module with 110 ps transition time 
and up to 80 MHz repetition rate," Rev. Sci. Instrum. (2014), 
which is hereby incorporated by reference herein in its 35 

entirety. 

15 
such that the majority (e.g., about two-thirds) of the photons 
that are incident on SPAD D arrive during the dead time. As 
shown in FIG. 3, as the photon flux incident at the SPAD 
increases, the average length of time between the end of the 
dead time for a previous SPAD detection and a next SPAD 

20 detection decreases. 
More particularly, suppose a SPAD pixel observes a 

radiant flux of <I> photons per unit time and captures N(T) 
photons with inter arrival times {X1 , X2 , ... , XN(7)-i} over 
an exposure time of T. Due the dead time, the true photon 

25 flux from SPAD photon count data can be estimated using an 
inverse non-linear mapping that relates the average time of 
darkness between the captured photons with the photon flux, 
which can be represented as: 

In some embodiments, after breakdown occurs with 
arrival of the photon, a quenching operation is performed by 
a quenching circuit, which can be an active quenching 
circuit, a passive quenching circuit, a passive quenching 40 

active reset circuit, or any other suitable quenching circuit. 
The quenching circuit can return the voltage at the cathode 

where 

_ l N(T)-1 

X---"X 
- N(T)-1 L, ' 

1=1 

(1) 

is the mean time between detections and 0<q<l is the photon 
detection probability of the SPAD pixel (sometimes referred 
to as the quantum efficiency of the SPAD pixel), andX, is the 

to the initial bias voltage such that another photon detection 
can occur. The time during which quenching occurs is 
sometimes referred to as the dead time of the SPAD. 

In some embodiments, the dead time of the SPAD can be 
controlled by the quenching circuit such that an avalanche 
does not occur until the voltage at the cathode has reached 
bias voltage + V. Additionally, in some embodiments, a gate 
can be associated with the SPAD to control the length of the 
dead time beyond the time required to return the cathode to 
bias voltage + V. For example, a switch can be placed 
between output node 204 and a detection component. 

45 
time between a pair of successive detections ( e.g., X 1 is the 
time between the first and second detections, X2 is the time 
between the second and third detections, etc., and XN(7)-l is 
the time between the penultimate and last detections within 
exposure time T). 

50 
In some embodiments, a SPAD detector system can use 

one or more fast counting circuits that provide a count N(T) 
of the total detection events in the exposure time interval T. 
The mean time between detections can then be approxi-
mately written as In some embodiments, diode 202 can be associated with 

another Geiger mode avalanche diode (not shown) that is 55 

shielded from receiving light, and a detection component 
can be configured such that a detection is recorded when 
diode 202 appears to have detected a photon, and the 
associated shielded diode does not detect a photon. This can 
reduce the number of detections attributed to noise that 
causes both diode 202 and the shielded Geiger mode ava
lanche diode to both fall below the threshold. 

60 and an approximation to EQ. (1) can be used, which can be 
represented as: 

FIG. 3 shows an example of a diagram including photon 
arrivals, single photon avalanche diode detections, and sub
sequent single photon avalanche diode dead times following 65 

detections that can be used to generate high dynamic range 
image data in accordance with some embodiments of the 

<t> = ~ N(T) 
q T-N(T)Td 

(2) 
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As described above, shot noise is caused by the random 
arrival time of photons at the sensor due to quantum effects, 
which imposes a fundamental limit on how accurately a 
sensor can measure scene brightness. In addition to shot 
noise, other sources of noise in a SPAD pixel include dark 
counts and after pulsing noise that can cause a bias in the 
estimated flux. Dark counts are avalanches caused by ther
mally generated electrons, rather than photons, and can be 
modeled as a Poisson process which is independent of the 
photon arrivals. Afterpulsing noise is spurious avalanches 
caused due to charged carriers from past avalanches that 
remain trapped in the PN junction of the SPAD, setting off 
another avalanche. These sources of noise can cause the 
estimated photon flux to deviate from the true value, and the 
deviation can be quantified using the root-mean-squared 
error (RMSE) metric: 

RMSE(<I>)~VE[(<I>-<1>)2 ] 

where the expectation operation averages over all the dif
ferent sources of noise in the sensor. Signal-to-noise ratio 
(SNR) can be defined as the ratio of the true photon flux to 
the RMSE of the estimate, and can be represented as: 

12 
the full well capacity (NFwd of the sensor is reached, after 
which the number of photons detected no longer increases. 
When the full well capacity is reached, the pixel is saturated, 
and the true photon flux of the scene cannot be accurately 

5 recovered. 
FIG. 5 shows an example of a response curve of a single 

photon avalanche diode detector that can be used to generate 
high dynamic range image data in accordance with some 
embodiments of the disclosed subject matter. As shown in 

10 FIG. 5, as the number of incident photons per unit time (!,) 
increases, the number of photons detected (N) increases 
non-linear and asymptotically approaches a count equal to 
the exposure time over the dead time (i.e., Th:d)- Note that, 
as described above in connection with FIG. 3, because the 

15 number of photons that are detected are a decreasing fraction 
of the total photons that are incident on the SPAD pixel, the 
measured photons can be used to estimate the actual photon 
flux incident at the SPAD pixel. As described above in 
connection with EQ. (2), the photon flux can be approxi-

20 mated based on the number of photons detected (N), the total 
exposure time (T), and the dead time (td). As can be 
appreciated in comparing FIGS. 4 and 5, the non-linear 
response of the SPAD pixel vastly increases the dynamic 

SN R(<I>) = 2010 g10(--<I>-,-) 
RMSE(<I>) 

(3) 25 

range as compared to the conventional pixel without cap
turing multiple images ( e.g., by exposure bracketing), or 
adjusting the exposure to account for different light levels 
(e.g., through spatially varying exposure). 

Using the bias-variance decomposition, the mean-squared 
error of the estimate <I> in EQ. (2) can be expressed as a sum 30 
of individual noise terms as: 

FIG. 6 shows an example 600 of a single photon ava
lanche diode pixel that can be used to generate high dynamic 
range image data in accordance with some embodiments of 
the disclosed subject matter. As shown in FIG. 6, SPAD 

E[(<t>-<t>J2] = ( <l>da,k . + q<l>(l + <l>rd)Pape-qiliTdJ

2 

+ 
dark count bws afterpulsing bias 

<l>(l +q<I>rd) 
-----+ 

qT 
shot noise variance quantization variance 

(4) 

where Pap is the after pulsing probability. Using this repre
sentation and EQ. (3), SNR of a SPAD pixel implemented in 
accordance with some embodiments of the disclosed subject 
matter can be represented as: 

(
<l>da,k q<D )

2 

(I> + q(l + <I>rdJPape- Td + 
(5) 

SN R(<l>) = -101og10 1 +q<I>rd (1 +q<I>rdJ4 
~ + l 2q2q,2 T2 

Dynamic range (DR) of a SPAD pixel can be defined as 
the ratio of largest to smallest photon flux values for which 
the SPAD pixel operates at or above a specified minimum 
SNR of SNRm,n: 

DR= supili{<I>:SNR(<I>)2.SNRm;n) 

infili {<I>: SN R(<I>) ?. SN Rm;n) 

FIG. 4 shows an example of a response curve of a 
conventional light detector. As shown in FIG. 4, which 
depicts the response curve of a linear conventional pixel, as 
the number of incident photons per unit time (!,) increases, 
the number of photons detected (N) increases linearly until 

pixel 600 can include a SPAD detector (e.g., as SPAD 
detector 200 described above in connection with FIG. 2), 
which can be implemented using CMOS techniques, and can 

35 include an active or passive quenching circuit to quench 
avalanche pulses. Additionally, in some embodiments, 
SPAD pixel 600 can include a digital accumulator 602 that 
increments a counter with each avalanche pulse. 

As shown in FIG. 6, counter 602 can be coupled to a 
40 readout ( e.g., a digital bus, a digital serial communication 

link, etc.) that can be used to read the final count of 
avalanches that were detected during an exposure time. 
Additionally, in some embodiments, counter 602 can be 
coupled to a reset line that can be used to apply a reset signal 

45 such that the count is initialized for the beginning of the 
exposure time. 

In some embodiments, SPAD pixel 600 can be used to 
implement an image sensor by arranging SPAD pixels 600 
in an array with a resolution sufficient to generate an image 

50 (e.g., either using entirely SPAD pixels, or alternatively 
using a combination of both conventional pixels and SPAD 
pixels). In such embodiments, a shutter can be implemented 
using the reset lines associated with each counter 602 and/or 
a gate that controls operation of SPAD detector 200. For 

55 example, when an image is to be generated, each counter 
602 associated with each SPAD pixel can be reset to an 
initial value at the beginning of the exposure time ( e.g., t=0), 
and the value of counter 602 can be read out at the end of 
the exposure time (e.g., t=T). The value read from each 

60 counter 602 can then be used to calculate the brightness at 
each SPAD pixel in the array (e.g., using techniques 
described above in connection with FIGS. 2 and 3). In some 
embodiments, counter 602 can operate based on an external 
clock signal. Alternatively, in some embodiments, counter 

65 602 operate based on an included internal clock. 
In some embodiments, a global shutter can be used to 

expose all SPAD pixels 600 simultaneously. For example, 
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register 704 can be configured to record the first value 
provided to the register, after which the register inhibits 
further received values from being recorded ( e.g., until a 
reset signal is received). In such embodiments, register 704 

the reset signal can be applied to all counters 602 at the same 
time to begin the exposure time for the entire array of SPAD 
pixels 600. As another example, a switch that controls 
operation of SPAD detector 200 of pixels 600 can be 
operated to enable functioning ofSPAD pixels 600 (e.g., by 
connecting SPAD detector 200 to a bias voltage, by com
pleting a connection between an output of SPAD detector 
200 and counter 602, etc.). 

5 can record the time at which a first avalanche occurred 

Alternatively, in some embodiments, SPAD pixels 600 
can be exposed using a non-global shutter technique, such as 10 

a rolling shutter (e.g., in which the exposure time of each 
row is started in a staggered manner), an interlaced shutter 

during a particular exposure time based on the first output of 
TDC 702. 

In some embodiments, register 706 can be configured to 
record the most recent value provided to the register, after 
which the register accepts and records new values received 
from TDC 702. In such embodiments, by continually updat
ing after each avalanche, register 706 can record the time at 
which a most recent avalanche occurred, and thus record the 

( e.g., in which odd rows are exposed during a first time, and 
even rows are exposed during a second time), individually 
addressed shuttering, etc. 15 

time when the last avalanche occurred regardless of when 
the last detection occurred with relation to the end of the FIG. 7 shows another example of a single photon ava

lanche diode pixel that can be used to generate high dynamic 
range image data in accordance with some embodiments of 
the disclosed subject matter. As shown in FIG. 7, SPAD 
pixel 700 can include a SPAD detector (e.g., as SPAD 20 

detector 200 described above in connection with FIG. 2), 
which can be implemented using CMOS techniques, and can 
include an active or passive quenching circuit to quench 
avalanche pulses. Additionally, in some embodiments, 
SPAD pixel 700 can include a digital accumulator 602 that 25 

increments a counter with each avalanche pulse, a time to 
digital converter (TDC) 702, a first register 704 that can be 
configured to store the time at which a first SPAD detection 
occurred during an exposure time, and a second register 706 
that can be configured to store the time at which a most 30 

recent SPAD detection occurred during the exposure time. In 
some embodiments, TDC 702 can operate based on an 
internal clock, which can also, in some cases, be used to 
generate time values when an event is recorded. In such 
embodiments, an internal clock signal from of TDC 702 can 35 

be provided to counter 602, and counter 602 can operate 
based on the clock signal received from TDC 702 (not 
shown). Additionally or alternatively, in some embodiments, 
TDC 702 and/or counter 602 can operate based on an 
external clock signal. Note that although TDC 702 is 40 

described as a component configured to output a value 
indicative of a time when an event is detected, this is merely 
an example, and other fast timing circuits can be used to 
output a value indicative of a time when a photon was 
detected, such as a time-to-analog converter (TAC), which 45 

can, in some embodiments, be used in combination with an 
analog to digital converter to output a digital value indica
tive of a time when a photon was detected. Note also, that 
in some embodiments, registers 704 and/or 706 can be 
replaced with one or more components configured to store 50 

an analog value ( e.g., output by a TAC) indicative of a time 
when a photon was detected. 

As shown in FIG. 7, each of counter 602, register 704, and 
register 706 can be coupled to a readout (e.g., a digital bus, 
a digital serial communication link, etc.) that can be used to 55 

read the final count of avalanches that were detected during 
an exposure time, the time when the first avalanche was 
detected, and the time when the last (i.e., most recent) 
avalanche was detected. Additionally, in some embodi
ments, counter 602 and register 704 can be coupled to a reset 60 

line(s) that can be used to apply a reset signal such that the 
count and/or register is initialized for the beginning of the 
exposure time. 

In some embodiments, when SPAD detector 200 detects 
a photon (or in some cases, when noise causes an ava- 65 

lanche ), TDC 702 can output a digital representation of the 
time to registers 704 and 706. In some embodiments, 

exposure time. In some embodiments, registers 704 and/or 
706 can be configured to store any suitable number of bits 
of information. For example, the number of bits can be based 
on the resolution at which time information is output from 
TDC 702. In such an example, if TDC 702 outputs a time 
value that is accurate on the order of picoseconds, each 
register can be implemented as a 4 or 5 byte register (i.e., a 
register that can store values represented by up to 32 bits or 
40 bits respectively) for exposure times of 5 to 10 ms (e.g., 
for a TDC with a 4 ps bin resolution, a 4 byte register can 
store values for a 10 ms exposure time). 

In some embodiments, the number of photons incident on 
SPAD 700 during the exposure time can be determined 
based on the time when the first detection occurred (e.g., 
when the first photon was incident on SPAD detector 200), 
the time when the last detection occurred ( e.g., when the last 
photon was incident on SPAD detector 200 prior to the end 
of the exposure time), the dead time, and the number of 
detections that occurred. 

In some embodiments, SPAD pixel 700 can be used to 
implement an image sensor by arranging SPAD pixels 700 
in an array with a resolution sufficient to generate an image 
(e.g., either using entirely SPAD pixels, or alternatively 
using a combination of both conventional pixels and SPAD 
pixels). In such embodiments, a shutter can be implemented 
using the reset lines associated with each counter 702, 
register 704, and/or a gate that controls operation of SPAD 
detector 200. For example, when an image is to be gener
ated, each counter 702 associated with each SPAD pixel can 
be reset to an initial value at the beginning of the exposure 
time (e.g., t=0), and the value of counter 702, register 704, 
and register 706 can be read out at the end of the exposure 
time (e.g., t=T). The value read from each counter 702, 
register 704, and register 706 can then be used to calculate 
the brightness at each SPAD pixel in the array (e.g., using 
techniques described above in connection with FIGS. 2 and 
3). 

In some embodiments, a global shutter can be used to 
expose all SPAD pixels 700 simultaneously. For example, 
the reset signal can be applied to all counters 702 and 
registers 704 at the same time to begin the exposure time for 
the entire array of SPAD pixels 700. As another example, a 
switch that controls operation of SPAD detector 200 of 
pixels 700 can be operated to enable functioning of SPAD 
pixels 700 (e.g., by connecting SPAD detector 200 to a bias 
voltage, by completing a connection between an output of 
SPAD detector 200 and counter 702 and/or TDC 704, etc.). 

Alternatively, in some embodiments, SPAD pixels 700 
can be exposed using a non-global shutter technique, such as 
a rolling shutter (e.g., in which the exposure time of each 
row is started in a staggered manner), an interlaced shutter 
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( e.g., in which odd rows are exposed during a first time, and 
even rows are exposed during a second time), individually 
addressed shuttering, etc. 

Note that although a single SPAD detector is shown in the 
SPAD pixels described above in connection with FIGS. 6 5 

and 7, in some embodiments, multiple SPAD detectors can 
share components, such as a counter, a TDC, one or more 
registers, etc. Additionally, in some embodiments, each time 
output by the TDC can be recorded (e.g., rather than 
recording only the first and last times during the exposure 10 

time), and the inter-photon arrival times can be calculated 
based on the recorded times. While this approach can 
generate large amounts of data, it can increase the accuracy 
of photon flux estimates. Accordingly, this approach can be 
especially well suited to applications in which photon flux is 15 

relatively low ( e.g., which generates less photon arrival time 
data points), and in which sufficient memory can be pro
vided. For example, astronomical imaging applications can 
be well suitable to such an approach. 

16 
value of nearby CMOS pixels (e.g., using one or more 
interpolation techniques). Additionally or alternatively, in 
some embodiments, SPAD pixel 810 can be used to deter-
mine brightness in the area of group 802 in cases in which 
the portion of the scene corresponding to group 802 is 
relatively dark or relatively bright in comparison to other 
portions of the scene ( e.g., when the portion of the scene is 
outside of the dynamic range of one or more of pixels 
804-808). 

FIG. 9 shows another example hybrid image sensor that 
includes both conventional light detectors and single photon 
avalanche diode detectors in accordance with some embodi
ments of the disclosed subject matter. As shown in FIG. 9, 
image sensor 900 includes both CMOS pixels (e.g., includ
ing reverse-biased photodiodes) and SPAD pixels (e.g., 
configured as described above in connection with SPAD 
pixel 600 of FIG. 6 and/or SPAD pixel 700 of FIG. 7) that 
are each associated with a color filter. In some embodiments, 
pixels of image sensor 900 can be associated with a color 
filter that reduces the amount oflight that can be received by 
the pixel in certain wavelengths. For example, as shown in 
FIG. 9, pixels of image sensor 900 can be configured as a 
repeating pattern of four pixels that includes three CMOS 
pixels and one SPAD pixel. In such an example, each CMOS 

FIG. 8 shows an example hybrid image sensor 800 that 20 

includes both conventional light detectors and single photon 
avalanche diode detectors in accordance with some embodi
ments of the disclosed subject matter. As shown in FIG. 8, 
image sensor 800 is a monochrome image sensor (i.e., not 
including individual color filters associated with one or more 
pixels) that includes both CMOS pixels (e.g., including 
reverse-biased photodiodes) and SPAD pixels (e.g., config
ured as described above in connection with SPAD pixel 600 

25 pixel can be associated with a different color filter, with each 
group having one red, one blue, and one green filter. 

of FIG. 6 and/or SPAD pixel 700 of FIG. 7). In some 
embodiments, pixels of image sensor 800 can be associated 
with a neutral density filter that reduces the amount of light 
that can be received by the pixel. For example, as shown in 
FIG. 8, pixels of image sensor 800 can be configured as a 
repeating pattern of a group 802 of four pixels that includes 
three CMOS pixels and one SPAD pixel. In such an 
example, each CMOS pixel can be associated with a differ
ent level of light transmittance (e.g., implemented using 
neutral density filters having different transmittance). In a 
more particular example, a first CMOS pixel 804 of group 
802 can be associated with a filter having 100% transmit
tance in the visible spectrum (e.g., pixel 804 can be asso
ciated with an infrared (IR) filter such that IR light is not 
received by pixel 804). As another more particular example, 
a second CMOS pixel 806 of group 802 can be associated 
with a filter having lower than 100% transmittance in the 
visible spectrum ( e.g., transmittance in the range of 50% to 
75%) such that under uniform illumination less photons are 
received by pixel 806 than by pixel 804 during the same 
exposure time. As yet another more particular example, a 
third CMOS pixel 808 of group 802 can be associated with 
a filter having yet lower transmittance in the visible spec
trum (e.g., transmittance in the range of 25% to 50%) such 
that less photons are received by pixel 808 than by either 
pixel 804 or pixel 806 when otherwise exposed to the same 
photon flux. 

In some embodiments, each group can include a SPAD 
pixel that can be associated with a color filter that is the same 
as one of the CMOS pixels in the group, with the color of 

30 the SPAD pixel varying across image sensor 900 as shown 
in FIG. 9. Note that is merely an example arrangement of 
color filters, and SPAD pixels can be used in combination 
with any arrangement of color filters. For example, rather 
than being aligned in rows as shown in FIG. 9, SPAD pixels 

35 can be used to replace a portion of the green pixels in a 
Bayer pattern (e.g., every other green pixel, every fourth 
green pixel, etc.). As another example, rather than being 
associated with a particular color filter, SPAD pixels can be 
used as white or "clear" pixels that measure brightness 

40 across the entire visible portion of the spectrum, which can 
be used to infer brightness at nearby CMOS pixels (e.g., 
using one or more interpolation techniques). 

As described above, SPAD pixels can be configured to 
have a much larger dynamic range than CMOS pixels, and 

45 accordingly can be used to estimate the photon flux received 
at the SPAD pixel regardless of the photon flux, whereas 
CMOS pixels have more limited dynamic range. In some 
embodiments, for example as described below in connection 
with process 1100 of FIG. 11, the photon flux at one or more 

50 SPAD pixels in image sensor 900 can be calculated and used 
to adjust (e.g., to correct) the brightness value of nearby 
CMOS pixels (e.g., using one or more interpolation tech
niques). Additionally or alternatively, in some embodiments, 
SPAD pixels can be used to determine likely brightness of 

55 the surrounding pixels in cases in which the portion of the 
scene corresponding to that SPAD pixel is relatively dark or 
relatively bright in comparison to other portions of the scene 
( e.g., when the portion of the scene is outside of the dynamic 

In some embodiments, group 802 can include a SPAD 
pixel 810 that can be associated with a filter having 100% 
transmittance in the visible spectrum. As described above, 
SPAD pixel 810 can be configured to have a much larger 
dynamic range than CMOS pixels 802-808, and accordingly 60 

can be used to estimate the photon flux received at SPAD 
pixel 810 regardless of the photon flux, whereas CMOS 
pixels 802-808 have more limited dynamic range. In some 
embodiments, for example as described below in connection 
with process 1100 of FIG. 11, the photon flux at SPAD 
sensor 810 (and/or SPAD sensors in nearby groups) can be 
calculated and used to adjust (e.g., to correct) the brightness 

range of one or more of the nearby CMOS pixels). 
FIG. 10 shows an example 1000 of a process for gener-

ating image data using a single photon avalanche diode in 
accordance with some embodiments of the disclosed subject 
matter. As shown in FIG. 10, process 1000 can begin at 1002 
by starting an exposure time and resetting SPAD pixels that 

65 are to be exposed. For example, as described above in 
connection with FIGS. 6 and 7, process 1000 can apply a 
reset signal to a counter associated with one or more SPAD 
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SPAD pixel 600), process 1000 can use EQ. (2) to calculate 
estimated photon flux <I>. As another example, as described 
above, based on the number of avalanche detections and the 
time of first and last avalanche detection within the exposure 

pixels. As another example, process 1000 can enable one or 
more SPAD detectors that had been inhibited from output
ting detections ( e.g., by completing a connection with a 
counter, by completing a connection of the SPAD to a bias 
voltage, etc.). 

At 1004, process 1000 can measure the number of photon 
detections that occur at each SPAD pixel. As described 
above in connection with FIGS. 6 and 7, process 1000 can 
measure the number of avalanches using a counter coupled 
to an output of the SPAD detector. 

5 time ( e.g., determined from counter 702, and registers 704 
and 706 ofSPAD pixel 700), process 1000 can use EQ. (1) 
to calculate estimated photon flux <I>. As yet another 
example, if the time of each avalanche is recorded, the 
differences between each set of arrivals can be calculated 

At 1006, in some embodiments, process 1000 can record 
the time at which the first photon was detected at each SPAD 
pixel that is being exposed, and can record the time at which 
the most recent photon was detected at each SPAD pixel that 

10 and used to calculate estimated photon flux <I>. 

is being exposed. For example, as described above in 15 

connection with FIG. 7, a SPAD pixel can be associated with 
a TDC and registers that are configured to record the time at 
which detection events occurred. 

At 1008, process 1000 can end the exposure time for the 
SPAD pixels for which the exposure time was started at 20 

1002. In some embodiments, process 1000 can end the 
exposure time using any suitable technique or combination 
of techniques. For example, process 1000 initiate a readout 

At 1014, process 1000 can calculate a brightness value at 
each SPAD pixel based on the calculated photon flux. In 
some embodiments, photon flux can be mapped to discrete 
brightness values using any suitable technique or combina
tion of techniques. For example, process 1000 can use the 
photon flux to estimate scene brightness as a floating-point 
number ( e.g., representing an absolute brightness level that 
can be represented in lux or watts per square meter), which 
can be used to represent scene brightness at that point (e.g., 
either alone or in combination with other information, such 
as in the RGBE format). As another example, photon flux 
can be used to estimate scene brightness as a floating-point 
number, and this value can be used with one or more tone 
mapping techniques and color information to convert the 
floating point number to an 8 or 16-bit RGB bitmap image. 

At 1016, in some embodiments, process 1000 can use the 
brightness values calculated for SPAD pixels at 1014 to 
adjust the brightness of nearby non-SPAD (e.g., CMOS) 

of a counter associated with the SPAD pixel and/or any 
registers associated with the SAPD pixel. As another 25 

example, process 1000 can interrupt a connection between 
the output of the SPAD detector and the counter and/or TDC 
associated with the SPAD pixel. As yet another example, 
process 1000 can interrupt a connection between the SPAD 
detector and a bias voltage. 30 pixels. For example, when nearby non-SPAD pixels are 

either saturated or black ( e.g., below a threshold brightness), 
process 1000 can interpolate a brightness value for the 
overexposed or black pixel based on the values of nearby 

At 1010, process 1000 can determine an average time 
between detections and/or an average time between the end 
of the dead time and the next detection for each SPAD pixel. 
As described above in connection with EQS. (1) and (2), the 
photon flux at a particular SPAD detector can be estimated 35 

based on the number of detections that occur, and the dead 
time of the SPAD detector (and the probability q that a 
photon that strikes the SPAD detector causes an avalanche). 

In some embodiments, the average time between detec
tions can be approximated by dividing the total exposure 40 

time by the number of detections. In such embodiments, EQ. 

SPAD pixels and/or non-SPAD pixels that are properly 
exposed (e.g., neither saturated nor black). As another 
example, when nearby non-SPAD pixels are either saturated 
or black (e.g., below a threshold brightness), process 1000 
can assign a brightness value for the nearby saturated or 
black non-SPAD pixels based on the brightness of the SPAD 
pixel. In such an example, neighboring non-SPAD pixels can 

(2) can be used to estimate the photon flux at the SPAD 
pixel. Alternatively, in some embodiments, the average time 
between detections can be calculated based on the time 
difference between when the first avalanche was detected, 
and when the most recent avalanche was detected ( e.g., as 
described below in connection with pixel 700 of FIG. 7). In 
such embodiments, as the average time can be determined 
more accurately, the average can be used as an approxima
tion ofX, and EQ. (1) can be used to estimate the photon flux 

be assigned the brightness value of the SPAD pixel. In some 
such examples, bright and/or dark areas of a scene may be 
captured at a lower spatial resolution when using brightness 

45 values from interspersed SPAD pixels to determine bright
ness values for those areas of the scene. However, as 
information from those portions of the scene would other
wise be lost due to saturation, underexposure, or noise, a 
lower resolution image of those portions of the scene 

50 includes more information about the scene than would 
at the SPAD pixel. This can, in general, produce a more 
accurate average time between detections, as a gap at the 
beginning or end of the exposure time does not affect the 
average. While this more accurate average can lead to more 
accurate estimated photon flux, the difference in error is 55 

generally higher as the photon flux decreases, as gaps at the 
beginning and end of the exposure are more likely to occur 

otherwise be captured. 
At 1018, process 1000 can save image data (e.g., to 

volatile or non-volatile memory) for the scene based on the 
brightness values associated with each pixel of the image 
sensor. Note that the image data can be raw image data that 
has not been heavily processed, and/or processed image data 
that is the result of one or more image processing techniques 
applied to the image data prior to saving. For example, one 
or more image processing techniques, such as ganima cor-

at lower flux. In some embodiments, the average time 
between detections can be determined based on recorded 
times for each detection (e.g., as described below in con
nection with FIG. 19). 

At 1012, process 1000 can calculate an estimated photon 
flux <I> for each SPAD pixel based on the average interval 
between the end of the dead time and the next avalanche 
indicative of a photon detection. For example, as described 
above, based on the exposure time and the number of 
avalanche detections (e.g., determined from counter 602 of 

60 rection, white balance correction, color space transforma
tion, downsampling, encoding ( e.g., into a particular file 
format), tone mapping, etc. Additionally or alternatively, in 
some embodiments, process 1000 can output the image data 
for display and/or use in one or more other processes. For 

65 example, process 1000 can cause an image to be presented 
(e.g., via display 110) based on the image data. As another 
example, process 1000 can provide the image data to another 
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process, such as an image classification and/or object rec
ognition process used by an autonomous vehicle to deter
mine the contents of a scene. 

20 
example, as SPAD pixels can be inhibited for areas of proper 
exposure at 1106, brightness information from conventional 
pixels may be the only information available for the properly 
exposed areas. FIG. 11 shows an example 1100 of a process for gener

ating image data using a hybrid image sensor that includes 5 

both conventional light detectors and single photon ava
lanche diode detectors in accordance with some embodi
ments of the disclosed subject matter. As shown in FIG. 11, 
process 1100 can begin at 1102 by determining average 
brightness levels recorded by groups of conventional detec
tors ( e.g., CMOS pixels) in different portions of the image 
sensor. For example, process 1100 can receive image data 
captured using conventional pixels of a hybrid image sensor 
that includes both conventional pixels and SPAD pixels, and 
can calculate the average brightness of different portions of 
the image data. In such an example, process 1100 can use 
any suitable technique or combination of techniques to 
determine average brightness. For example, pixels can be 
aggregated into predetermined groups, and the average 
brightness of each group can be calculated based on the 
individual brightness values. As another example, pixels 
with brightness outside of a particular range corresponding 

At 1114, process 1100 can calculate brightness values for 
pixels in portions of the image that fall outside the central 
portion of the dynamic range based on the brightness values 
of the SPAD pixels and/or the conventional pixels ( e.g., as 
described above in connection with 1016 of FIG. 10). 

10 At 1116, process 1100 can save and/or otherwise output 

to proper exposure of the conventional pixels ( e.g., outside 
a central portion of the dynamic range of the conventional 
pixels, pixels that are saturated, pixels that are dark, etc.) can 
be identified, and process 1100 can count the number of 
other pixels within a predetermined distance from the iden
tified pixels that are also over or underexposed. 

At 1104, process 1100 can determine whether the average 
brightness for any portion or portions of the image is outside 
of the central portion of the dynamic range of the conven
tional pixels. For portions of the image that process 1100 
determines are within the central portion of the dynamic 
range of the conventional pixels (i.e., portions of the image 
that are not overexposed or underexposed) ("NO" at 1104), 
process 1100 can move to 1106 can inhibit SPAD pixels 
within the properly exposed regions of the image from being 
activated. Note that, because SPAD pixels may generate 
more heat than conventional pixels (e.g., due to the rela
tively large current discharge when an avalanche occurs), 
especially in high photon flux areas, SPAD pixels can be 
inhibited (i.e., deactivated) when not needed. 

Otherwise, for portions of the image that process 1100 
determines are outside the central portion of the dynamic 
range of the conventional pixels (i.e., portions of the image 
that are overexposed or underexposed) ("YES" at 1104), 
process 1100 can move to 1108 and can activate SPAD 
pixels within the portions to provide image data with higher 
dynamic range ( e.g., as described above in connection with 
FIG. 10). 

image data based on the brightness at each pixel ( e.g., as 
described above in connection with 1018 of FIG. 10). 

In some embodiments, SPAD pixels can be primarily used 

15 
to determine the photon flux on different portions of the 
image sensor in order to determine a proper exposure of 
nearby conventional pixels. In such an example, the bright
ness values of the SPAD pixels can be used to adaptively set 
the exposure of nearby conventional pixels to implement a 

20 spatially varying exposure in real time or near real time. 
FIG. 12 shows an example of a diagram depicting vari

ance in shot noise as a function illuminance for both a 
conventional charge coupled device light detector and a 
single photon avalanche diode detector as well as quantiza-

25 tion variance as a function of illuminance for a single photon 
avalanche diode detector. In general, the goal of an imaging 
sensor is to measure the radiance of each scene point in the 
image plane as faithfully as possible. For a monochromatic 
light source, brightness can be quantified using radiant flux, 

30 or the average number of photons per unit time incident on 
the sensor. Due to the quantum nature of light, photons 
arrive at the sensor at random times imposing a fundamental 
limit on how accurately a sensor can measure scene bright-

35 ness. This source of uncertainty is called shot noise or 
Poisson noise and the number of photons in a fixed time 
interval can be approximately modeled using a Poisson 
distribution. 

FIG. 13 shows an example of a diagram depicting the 
40 effect on flux estimates caused by shot noise as a function 

illuminance for both a conventional charge coupled device 
light detector and a single photon avalanche diode detector, 
as well the effect on flux estimates caused by quantization 
noise as a function of illuminance for both a conventional 

45 charge coupled device light detector and a single photon 
avalanche diode detector. 

In practice, the dead time window is controlled using 
digital timer circuits that have a limited precision dictated by 

50 
the clock speed. For example, in an experiment, a clock 
speed of 167 MHz was used to control a SPAD pixel, which At 1110, in some embodiments, process 1100 can adjust 

the exposure time (and/or otherwise adjust the exposure, 
e.g., by adjusting the gain, by adjusting the opacity of 
adaptive neutral density filters, etc.) of conventional pixels 
within the portions that are underexposed and/or within 55 

portions that are overexposed based on the average bright
ness of the conventional pixels and/or based on the bright
ness measured by the SPAD pixels. For example, SPAD 
pixels can be used to determine the estimated photon flux in 
areas that are overexposed or underexposed, and process 60 

1100 can use the photon flux to adjust the exposure time for 
those portions such that the conventional pixels are properly 
exposed. 

introduces a variance of 6 ns in the duration of the dead time 
window. Accordingly, in some embodiments, the dead time 
-cd may not be a constant, and must be treated as a random 
variable Td with mean µd and variance ad and the inter
arrival distribution can be understood as a conditional dis
tribution, conditioned on Td=td. The mean and variance of 
the time between photon detections can be computed using 
the law of iterated expectation: 

At 1112, process 1100 can calculate brightness values for 
pixels in low dynamic range areas of the image (e.g., where 
the image has proper exposure) based on the brightness 
values of the conventional pixels in those areas. For 

65 2 2 1 2 
Var[Xnl = E[(Xn -E[Xnll ] = E[E[(Xn[Td]]) [Td]] = q2<!>2 + ~ 
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A modified shot noise variance term equal to 

<l>(l + q,2~q2J(l + q<l>µd) 

qT 

that can be used in EQ. ( 4) to account for dead time variance, 
and instances of -cd in Eq. ( 4) can be replaced by its mean 
value µd. 

22 
Afterpulsing noise is quoted in datasheets as afterpulsing 
probability which denotes the probability of observing a 
spurious afterpulse after the dead time -cd has elapsed. Due 
to an exponentially distributed waiting time, the probability 

5 of observing a gap between true photon-induced avalanches 
is equal to e-q<1>TJ_ A fraction P ape-q=J of these gaps will 
contain afterpulses, on average. The bias li.<I> in the esti
mated flux can be represented as: 

10 

~<t> = q, __ T __ ~N(T) 
T-N(T)rd N(T) 

T 
----Pape-q<D,d 
T-N(T)rd 

= q<l>(l + <l>rd)Pape-q'lnd 

Using the bias-variance decomposition of mean-squared 

20 
error, root mean squared error can be represented as: 

FIG. 14 shows an example of a diagram depicting theo
retical signal to noise ratio as a function of illuminance for 
both a conventional charge coupled device light detector, 
and a single photon avalanche diode detector, as well as 
measured signal to noise ratio as a function of illuminance 15 

for a single photon avalanche diode detector. As shown in 
FIG. 14, the SNR of a single SPAD pixel computed using 
EQ. (5) along with estimates from a Monte Carlo simulation 
and experimental data. The SPAD pixel for which SNR was 
calculated for FIG. 14 has a pitch of 25 µm, quantum 
efficiency of 40%, dark count rate of 100 photons/second, 
3% afterpulsing probability, and a dead time of about 150 ns. 
The exposure time was set to 5 ms. The SNR curves show 
improvement in DR with a SPAD pixel implemented in 
accordance with some embodiments of the disclosed subject 25 

matter. For example, the SPAD pixel can theoretically 
provide over 3 orders of magnitude improvement in 
dynamic range over a comparable conventional pixel with a 
full well depth of 30,000 photo-electrons. An experimental 
hardware prototype system realized a lower, but still rela- 30 

tively large 2 order of magnitude improvement compared to 

(<Pdark + q<l>(l +<l>rdJPape-q<PTdJ2 + (6) 

RMSE(<l>)= <l>(l + q<l>T) (1 + q<l>T)4 

qT + 12q2T2 

and the approximate SNR can obtained by plugging EQ. (6) 
into EQ. (3). 

The effect of dark count bias is generally only relevant 
when estimating extremely low photon flux values when the 
flux to be estimated is on the same order of magnitude as the 
dark counts. Somewhat surprisingly, the effect of afterpuls
ing bias first increases and then decreases with incident 

a conventional sensor. This discrepancy is likely due to the 
digital electronics that control the dead time gate, and is not 
a fundamental limitation. 

A time-domain simulation model was implemented for a 
SPAD pixel to validate theoretical formulas for the SPAD 
response curve and SNR. Photons impinged the simulated 
SPAD pixel according to a Poisson process, that is, a fraction 
of these photons are missed due to limited quantum effi
ciency. The simulated SPAD pixel counts an incident photon 
when it arrives outside a dead time window. The simulation 
model also accounted for spurious counts due to dark counts 
and afterpulsing. Theoretical SNR results were validated by 
averaging the output of the SPAD pixel over repeated 
Monte-Carlo runs for different values of incident photon 
flux. 

The single-pixel SPAD simulator can also be used for 
generating synthetic color images from a hypothetical mega
pixel SPAD array camera. Ground truth photon flux values 
were obtained from an exposure bracketed HDR image that 
covered over 10 orders of magnitude in dynamic range. 
Unlike regular digital images that use 8 bit integers for each 
pixel value, an HDR image is represented using floating 
point values for each pixel that represent the true scene 
radiance. These floating point values were used as the 
ground-truth photon flux to generate a sequence of photon 
arrival times following Poisson process statistics. A simu
lated HDR image generated using the simulation is shown in 
FIG. 18D, described below. 

FIG. 15 shows an example of a qualitative diagram 
depicting the effect on flux estimates caused by various 
sources of error for a single photon avalanche diode detector. 
In addition to quantization and shot noise that introduce 
variance in the estimated photon flux, SPADs also suffer 
from dark counts and afterpulsing noise that introduce an 
offset or bias. The dark count rate <I> dark is often given in 
published datasheets and can be used as the bias term. 

35 photon flux. Afterpulses are correlated with past avalanche 
events, and accordingly, at very low incident photon flux 
there are very few photon-induced avalanches which implies 
that there are even fewer afterpulsing avalanches. At very 
high photon flux values, the afterpulsing noise is over-

40 whelmed by the large number of true photon-induced ava
lanches that leave negligible temporal gaps between con
secutive dead time windows. 

FIG. 16 shows an example of a diagram depicting theo
retical signal to noise ratio as a function of illuminance for 

45 two different types of quanta image sensor detectors, and a 
single photon avalanche diode detector. A quanta image 
sensor uses spatial oversampling to obtain higher dynamic 
range than conventional image sensors. The output response 
of a QIS is nonlinear and is intended to mimic silver halide 

50 photographic film. Each pixel (sometimes referred to as a 
"jot") of a QIS array has binary output, and the final image 
is formed by spatio-temporally combining groups of jots 
(sometimes referred to as a 'jot-cube"). Because a single jot 
only generates a binary output and must be combined into a 

55 jot-cube to generate the final image, it is difficult to conduct 
a fair comparison of QIS jots with a single SPAD pixel. 
However, one way to compare them is by computing SNR 
for a fixed image pixel size. A square grid of jots that 
spatially occupy the same area as a single SPAD pixel that 

60 has a width of 25 µm was used to generate the results shown 
in FIG. 16, which shows the SNR curves obtained using a 
theoretical derivation for a QIS jot-cube and a single SPAD 
pixel. These curves show that a large spatial oversampling 
factor and extremely small jots are required to obtain similar 

65 dynamic range as a single SPAD pixel. For example, a 20 nm 
jot size can accommodate over a million jots in a 25x25 µm 2 

area occupied by the SPAD pixel. However, this is signifi-
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cantly ( e.g., an order of magnitude) smaller jot pitch than the 
lower end of the recently proposed jot pitches. Additionally, 

24 

as the number of jots increases, it becomes more complex to 
read out data from the jots in real time. Using the example 
above, where a 25 µm SPAD pixel can be read out with a few 5 

operations, an equivalent area of 20 nm jots would require 

range of the scene in a single capture and provide further 
support for the DR improvements shown quantitatively in 
FIG. 14. Color images can potentially be captured by 
combining three monochrome images with red, green and 
blue color filters in front of the lens. Although this com
parison is only qualitative, care was taken to set the SPAD 
and CMOS cameras in such a way that they had identical 
fields of view and the same amount of radiant flux on a per 

at least one million operations to read. 
The experimental SNR measurement setup included a 

thermo-electrically cooled fast-gated single pixel silicon 
SPAD module with a pixel size of 25 µm. The SPAD pixel 10 

had a timing jitter of 50 picoseconds (ps), quantum effi
ciency of 40% for 400 nm wavelength, dark count rate of 
100 counts per second. The dead time of was programmable, 
and can be varied from 100 ns to 1 µs, with an afterpulsing 
probability of 1 % when the dead time is set at 100 ns. The 15 

incident photon flux was generated using a variable bright
ness 400 nm-410 nm LED light source and a set of absorp
tive neutral density filters (Thorlabs NEKOl). The incident 
photon flux was split between the SPAD pixel and an optical 
power meter (Thorlabs PM! 00D and Thorlabs S 120C) using 20 

a pellicle beamsplitter (Thorlabs BP245B1). 

pixel basis. 
It is important to use an accurate estimate of dead time 

when using the nonlinear relationship in EQ. (1). The true 
dead time of the experimental SPAD pixel was estimated by 
saturating the SPAD pixel with a bright light source. The 
number of photons at saturation N max in the given exposure 
time T was used to estimate dead time -cd=T!Nmax· This 
process was repeated many times to ensure that N max was in 
fact the saturation count. 

FIGS. 18A to 18D show examples of images generated 
from a simulation model for SPAD and conventional pixels. 
The ground truth photon flux image shown in FIG. 18A was 
obtained from an exposure bracketed high dynamic range 
image captured using a Canon EOS Rebel TS DSLR camera 
with 10 f-stops. The simulated CMOS pixels had a full well 

FIGS. 17 A to 17C show examples of images of a scene 
captured using a conventional CMOS image sensor exposed 
for a 5 ms exposure, and a 1 ms exposure, and a high 
dynamic range image of the scene using a scanning single 25 

photon avalanche diode detector image sensor implemented 
capacity of30,000 photo-electrons, 90% quantum efficiency 
and electronic read-noise simulated by a zero-mean Gauss-

in accordance with some embodiments of the disclosed 
subject matter for the first amount of time. 

An experimental point scamiing setup included a SPAD 
module mounted on a pair of micro-translation stages (VT-
21L Micronix USA) which were used for point-scanning the 
SPAD pixel in the image plane of a variable focal length lens 
(Fujifilm DV3.4x3.8SA-1). Photon events were recorded 
with a 1 ps timing resolution using a time-correlated single 
photon counting (TCSPC) module (PicoQuant HydraHarp 
400). A monochrome machine vision camera (FLIR GS3-
U3-23S6M-C) was used for qualitative comparisons with 
the images acquired using the SPAD setup. The machine 
vision camera was equipped with the same variable focal 
length lens with identical field of view as the scene imaged 
by the SPAD point scanning setup. This ensured a compa
rable effective incident flux on a per-pixel basis for both the 
SPAD and the machine vision camera. 

A straightforward method for obtaining a 2D image from 
a single pixel sensor would involve moving the SPAD pixel 
at discrete locations in the image plane and capturing 
photons from each pixel location for a given exposure time. 
This "point-and-shoot" technique, however, is extremely 
time consuming and not practical for constructing an image 
with 105-106 pixels. Instead, a linear raster scamiing method 
was used to speed up image acquisition. The image plane 
was raster scanned by running the translation stage at a fixed 
constant speed along horizontal lines. A line scan speed of 
5 mm/s was used to obtain a 5 ms exposure time for the 25 
µm SPAD pixel size. Photon time-stamps were captured in 
a single list for each horizontal line in the raster scan. These 
timestamps were binned into consecutive exposure intervals 
of 5 ms each to obtain photon counts for each pixel along the 
horizontal scan line. 

Since the SPAD sensor in the experimental setup has only 
one pixel, it must be moved in a grid pattern in the image 
plane using a pair of translation stages to form a complete 
image. A 512x512 pixel grid capture of a static scene takes 
about 20 minutes with this raster scanning method. The 
resulting single-shot HDR image from the experimental 
SPAD setup is shown in FIG. 17C. This image qualitatively 
shows that a CMOS camera cannot capture the full dynamic 

ian distribution with a standard deviation of 5 electrons, and 
exposure times of0.04 ms and 5 ms. The SPAD pixel had the 
same parameters as the one described above in connection 

30 with FIGS. 16 and 17A to 17D. Red, green and blue color 
channels were simulated independently. 

In some embodiments, any suitable computer readable 
media can be used for storing instructions for performing the 
functions and/or processes described herein. For example, in 

35 some embodiments, computer readable media can be tran
sitory or non-transitory. For example, non-transitory com
puter readable media can include media such as magnetic 
media (such as hard disks, floppy disks, etc.), optical media 
(such as compact discs, digital video discs, Blu-ray discs, 

40 etc.), semiconductor media (such as RAM, Flash memory, 
electrically programmable read only memory (EPROM), 
electrically erasable programmable read only memory (EE
PROM), etc.), any suitable media that is not fleeting or 
devoid of any semblance of permanence during transmis-

45 sion, and/or any suitable tangible media. As another 
example, transitory computer readable media can include 
signals on networks, in wires, conductors, optical fibers, 
circuits, or any suitable media that is fleeting and devoid of 
any semblance of permanence during transmission, and/or 

50 any suitable intangible media. 
It should be noted that, as used herein, the term mecha

nism can encompass hardware, software, firmware, or any 
suitable combination thereof. 

It should be understood that the above described steps of 
55 the processes of FIGS. 10 and 11 can be executed or 

performed in any order or sequence not limited to the order 
and sequence shown and described in the figures. Also, some 
of the above steps of the processes of FIGS. 10 and 11 can 
be executed or performed substantially simultaneously 

60 where appropriate or in parallel to reduce latency and 
processing times. 

Although the invention has been described and illustrated 
in the foregoing illustrative embodiments, it is understood 
that the present disclosure has been made only by way of 

65 example, and that numerous changes in the details of imple
mentation of the invention can be made without departing 
from the spirit and scope of the invention, which is limited 
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only by the claims that follow. Features of the disclosed 
embodiments can be combined and rearranged in various 
ways. 

What is claimed is: 
5 

1. A system for high dynamic range imaging, the system 
comprising: 

an image sensor comprising: 
a pixel comprising: 

a single photon detector configured to detect the 
10 

arrival of a single photon, and having a dead time 
-cd that is triggered by a detection of a photon and 
that ends when a predetermined time has elapsed 
from the time at which the photon is detected; and 

a counter coupled to an output of the single photon 
15 

detector, wherein the counter is configured to 
increment in response to a signal indicative of 
detection of a photon output by the single photon 
detector; and 

a processor that is programmed to: 
20 

read out, from the pixel, a value stored by the counter 
after an exposure time has elapsed; and 

calculate an intensity value for the pixel based on the 
value stored by the counter and the dead time -ed. 

2. The system of claim 1, wherein the pixel further 
25 

comprises: 

26 
7. The system of claim 1, wherein the processor is further 

programmed to: 
calculate an estimated photon flux <I> based on the rela

tionship 

, 1 N(T) 
<l>= -----, 

q T-N(T)Td 

where q is the quantum efficiency of the single photon 
detector, T is the exposure time, and N(T) is the value read 
from the counter. 

8. The system of claim 1, wherein the single photon 
detector comprises a single photon avalanche diode (SPAD). 

9. The system of claim 1, wherein the image sensor 
further comprises a plurality of pixels, each of the plurality 
of pixels comprising a single photon detector and a counter, 
and the processor is further programmed to generate image 
data based on calculated intensity values associated with 
each of the plurality of pixels and the intensity value 
associated with the pixel. 

10. The system of claim 1, wherein the image sensor 
further comprises a plurality of CMOS pixels, and wherein 
the pixel is adjacent to at least three CMOS pixels of the 
plurality of CMOS pixels, and the processor is further 
programmed to generate image data based on calculated 
intensity values associated with at least a subset of the 
plurality of CMOS pixels and the intensity value associated 

a fast timing circuit coupled to the output of the single 
photon detector and configured to output a value 
indicative of a time at which a signal indicative of 
detection of a photon is output by the single photon 
detector; 

30 with the pixel. 

a first register coupled to an output of the fast timing 
circuit, wherein the first register is configured to store 

11. A method for high dynamic range imaging using an 
image sensor comprising a pixel, the pixel comprising a 
single photon detector configured to detect the arrival of a 
single photon, and having a dead time -cd that is triggered by 

a value indicative of a time at which a first signal 
indicative of detection of a photon was output by the 
single photon detector during the exposure time; and 

a second register coupled to the output of the fast timing 
circuit, wherein the second register is configured to 
store a value indicative of a time at which a last signal 
indicative of detection of a photon was output by the 
single photon detector during the exposure time. 

35 a detection of the photon and that ends when a predeter
mined time has elapsed from the time at which the photon 
is detected, and a counter coupled to an output of the single 
photon detector, wherein the counter is configured to incre
ment in response to a signal indicative of detection of a 

40 photon output by the single photon detector, the method 

3. The system of claim 2, wherein the processor is further 
programmed to: 

read out, from the pixel, a first time from the first register; 
read out, from the pixel, a second time from the second 

45 
register; and 

calculate an average time between signals indicative of 
detection of a photon based on the first time, the second 
time, and the value stored by the counter. 

4. The system of claim 3, wherein the processor is further 
50 

programmed to: 
calculate an estimated photon flux <I> based on the rela

tionship 

55 

where q is the quantum efficiency of the single photon 
detector, and X is the average time between signals indica- 60 

tive of detection of a photon output by the single photon 
detector. 

5. The system of claim 2, wherein the fast timing circuit 
is a time-to-digital converter (TDC). 

6. The system of claim 1, wherein the processor is further 65 

programmed to reset the counter at the beginning of the 
exposure time. 

comprising: 
reading out, from the pixel, a value stored by the counter 

after an exposure time has elapsed; and 
calculating an intensity value for the pixel based on the 

value stored by the counter and the dead time -ed. 
12. The method of claim 11, wherein the pixel further 

comprises a fast timing circuit configured to output a value 
indicative of a time at which a signal indicative of detection 
of a photon is output by the single photon detector, a first 
register, and a second register, the method further compris
ing: 

receiving, at the fast timing circuit, an output from the 
single photon detector indicative of detection of a 
photon; 

in response to receiving the output from the single photon 
detector indicative of detection of a photon, outputting 
a value indicative of a current time from the fast timing 
circuit to the first register and the second register; 

recording, using the first register, a value indicative of a 
time at which a first signal indicative of detection of a 
photon was output by the single photon detector; and 

recording, using the second register, a value indicative of 
a time at which a last signal indicative of detection of 
a photon was output by the single photon detector. 

13. The method of claim 12, further comprising: 
reading out, from the pixel, a first time from the first 

register; 
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reading out, from the pixel, a second time from the second 
register; and 

calculating, for each of the plurality of pixels, an average 
time between signals indicative of detection of a photon 
based on the first time, the second time, and the value 5 

stored by the counter. 
14. The method of claim 13, further comprising calculat

ing an estimated photon flux <I> based on the relationship 

10 

where q is the quantum efficiency of the single photon 15 

detector, and X is the average time between signals indica
tive of detection of a photon output by the single photon 
detector. 

15. The method of claim 12, wherein the fast timing 
circuit is a time-to-digital converter (TDC). 20 

16. The method of claim 11, further comprising resetting 
the counter at the beginning of the exposure time. 

17. The method of claim 11, further comprising calculat
ing an estimated photon flux <I> based on the relationship 

, 1 N(T) 
<l>=----, 

q T-N(T)rd 

where q is the quantum efficiency of the single photon 
detector, Tis the exposure time, and N(T) is the value output 
from the counter. 

25 

30 

18. The method of claim 11, wherein the single photon 
detector comprises a single photon avalanche diode (SPAD). 35 

19. The method of claim 11, wherein the image sensor 
further comprises a plurality of pixels, each of the plurality 
of pixels comprising a single photon detector and a counter, 
the method further comprising generating image data based 
on calculated intensity values associated with each of the 40 
plurality of pixels and the intensity value associated with the 
pixel. 

20. A non-transitory computer readable medium contain
ing computer executable instructions that, when executed by 

28 
by the single photon detector, a first register, and a second 
register, wherein the method further comprises: 

receiving, at the fast timing circuit, an output from the 
single photon detector indicative of detection of a 
photon; 

in response to receiving the output from the single photon 
detector indicative of detection of a photon, outputting 
a value indicative of a current time from the fast timing 
circuit to the first register and the second register; 

recording, using the first register, a value indicative of a 
time at which a first signal indicative of detection of a 
photon was output by the single photon detector; and 

recording, using the second register, a value indicative of 
a time at which a last signal indicative of detection of 
a photon was output by the single photon detector. 

22. The non-transitory computer readable medium of 
claim 21, wherein the method further comprises: 

reading out, from the pixel, a first time from the first 
register; 

reading out, from the pixel, a second time from the second 
register; and 

calculating, for each of the plurality of pixels, an average 
time between signals indicative of detection of a photon 
based on the first time, the second time, and the value 
stored by the counter. 

23. The non-transitory computer readable medium of 
claim 22, wherein the method further comprises calculating 
an estimated photon flux <I> based on the relationship 

where q is the quantum efficiency of the single photon 
detector, and X is the average time between signals indica
tive of detection of a photon output by the single photon 
detector. 

24. The non-transitory computer readable medium of 
claim 20, wherein the method further comprises resetting the 
counter at the beginning of the exposure time. 

25. The non-transitory computer readable medium of 
claim 20, wherein the method further comprises calculating 
an estimated photon flux <I> based on the relationship 

, 1 N(T) 
<l>=-----, 

q T-N(T)rd 

a processor, cause the processor to perform a method for 45 
high dynamic range imaging using an image sensor com
prising a pixel, the pixel comprising a single photon detector 
configured to detect the arrival of a single photon, and 
having a dead time -cd that is triggered by a detection of a 
photon and that ends when a predetermined time has elapsed 
from the time at which the photon is detected, and a counter 
coupled to an output of the single photon detector, wherein 
the counter is configured to increment in response to a signal 
indicative of detection of a photon output by the single 
photon detector, the method comprising: 

where q is the quantum efficiency of the single photon 
50 detector, Tis the exposure time, and N(T) is the value output 

from the counter. 

reading out, from the pixel, a value stored by the counter 
after an exposure time has elapsed; and 

calculating an intensity value for the pixel based on the 
value stored by the counter and the dead time -ed. 

55 

21. The non-transitory computer readable medium of 60 
claim 20, wherein the pixel further comprises a fast timing 
circuit configured to output a value indicative of a time at 
which a signal indicative of detection of a photon is output 

26. The non-transitory computer readable medium of 
claim 20, wherein the single photon detector comprises a 
single photon avalanche diode (SPAD). 

27. The non-transitory computer readable medium of 
claim 20, wherein the image sensor further comprises a 
plurality of pixels, each of the plurality of pixels comprising 
a single photon detector and a counter, the method further 
comprising generating image data based on calculated inten
sity values associated with each of the plurality of pixels and 
the intensity value associated with the pixel. 

* * * * * 




