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Abstract—A fully-integrated single-photon avalanche diode
(SPAD) and time-to-digital converter (TDC) array for high-speed
fluorescence lifetime imaging microscopy (FLIM) in standard
130-nm CMOS is presented. This imager is comprised of an array
of 64-by-64 SPADs each with an independent TDC for performing
time-correlated single-photon counting (TCSPC) at each pixel.
The TDCs use a delay-locked-loop-based architecture and achieve
a 62.5-ps resolution with up to a 64-ns range. A data-compression
datapath is designed to transfer TDC data to off-chip buffers,
which can support a data rate of up to 42 Gbps. These features,
combined with a system implementation that leverages a x4
PCle-cabled interface, allow for demonstrated FLIM imaging
rates at up to 100 frames per second.

Index Terms—Fluorescence lifetime imaging microscopy
(FLIM), imaging, single-photon avalanche diodes (SPADs),
time-correlated single-photon counting (TCSPC), time-to-digital
converter (TDC).

I. INTRODUCTION

LUORESCENCE microscopy is a powerful imaging tech-
nique used in the biological sciences to identify labeled
components of a sample with specificity. This is usually accom-
plished by labeling with fluorescent dyes and imaging these la-
bels, isolating individual dyes by their spectral signatures with
optical filters and determining signal from the intensity of the
fluorescent response. Additional techniques, such as fluores-
cence energy resonance transfer (FRET), allow interactions be-
tween dyes to be monitored through measuring intensity ratios
of the dyes’ spectra[1]. Although these techniques are widely
used, fluorescence intensity images can be negatively affected
by intrinsic fluorescence of unlabelled molecules (autofluores-
cence), residual leakage of excitation illumination through the
filters (bleedthrough), loss of fluorescence with continued illu-
mination (photobleaching), and variations in fluorophore con-
centration [2].
Fluorophores have associated with them a characteristic life-
time, which defines the exponential fluorescent decay transient
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after the removal of the excitation source. These lifetimes, on
the order of nanoseconds for organic dyes, are characteristic of
the dye and its environment such as pH, local charge density,
viscosity, and FRET interactions [3]-[5]. Consequently, the flu-
orophore lifetime can not only provide contrast in forming an
image but can also serve as a sensing mechanism for the mi-
croenvironment of the fluorophore. FLIM has the property of
being insensitive to fluorophore concentration and other factors
that affect fluorescence intensity and has been applied to appli-
cations as diverse as bacteria detection, in vivo metabolic state
identification, and FRET studies [6]-[9].

The two most common techniques for measuring the fluores-
cence lifetime are the modulated frequency-domain technique
and time-correlated single-photon counting (TCSPC) [10].
Typically, wide-field frequency-domain techniques can record
a few frames per second but are limited by the inability to
detect small changes in lifetime or to resolve multi-exponential
decays when more than one fluorophore is present at the same
location. TCSPC allows for high accuracy in measuring life-
time and for the extraction of complex lifetime waveforms, as
is necessary in chemical characterization studies [4]. However,
TCSPC traditionally can require tens of seconds to acquire a
single FLIM image in typical laser scanning systems.

In commercial TCSPC systems [11], one detector, typically
an avalanche photodiode (APD) or photomultiplier tube (PMT),
with one time-to-digital converter (TDC) measurement channel
is raster scanned across a sample. At each point in the image,
a laser is pulsed and the arrival time of the first fluorescent
photon relative to the laser pulse is measured. With repeated
laser pulses, a histogram of these individual photon arrival times
is collected and the lifetime is extracted from the exponential fit
to the resulting distribution. In order for the histogram distri-
bution to match the true fluorescence lifetime, the fluorescence
intensity should be sufficiently low such that a photon is only de-
tected from around 1% of laser pulses [12]. For a typical 20 MHz
laser repetition rate, a fluorescence intensity tuned for a 1% de-
tection rate, an ideal scanning and detection system, and a min-
imum of 500 photon detections for lifetime extraction, it will
usually take 250 ys to measure the lifetime at each pixel. Ac-
quiring a 64-by-64 pixel image, therefore, requires at least 1 s.

Recent work has leveraged integrated arrays of CMOS
single-photon avalanche diodes (SPADs) and TDCs to create
parallelized TCSPC imaging systems [13]-[18]. Although
improved imaging speeds have been demonstrated in some
of these designs, the parallel acquisition channels generate
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TABLE 1
A TABLE SHOWING THE MAXIMUM THEORETICAL FRAME RATE FOR PREVIOUS SPAD ARRAYS WITH INTEGRATED TDCS.
THIS ASSUMES AN EVENT-DRIVEN READOUT SCHEME, WHICH REQUIRES THAT EACH TDC DATA MUST ALSO BE TAGGED WITH
THE PIXEL LOCATION FROM WHICH IT WAS GENERATED. THIS THEORETICAL MAXIMUM ASSUMES THAT 1000 PHOTON EVENTS ARE
NEEDED TO EXTRACT THE LIFETIME AND THAT PHOTON EVENT DATA IS OUTPUT ON EVERY POSSIBLE I/0O CLOCK CYCLE

Pixels | Bandwidth (Mbps) | Time Bits | Position Bits | Frame Rate (fps) Ref.

1024 10240 10 10 500 [30]

1024 5120 10 10 250 [31]

4096 0.073 37 12 0.00036 [14]

16384 7680 10 14 19.5 [32]

20480 51200 10 15 100 [18]

4096 42000 10 10 466 This Work
off-chip data rates that limit the achievable frame rates. For a dﬂﬂ]ﬂ;M
typical laser repetition rate of 20 MHz and a 64-by-64 array %
of pixels with 10-bit timing resolution and 12-bit position FPGA A‘t ’#Z
information, the required data rate reaches 1.8 Tbps. While i 'H*
event-driven readout approaches have reduced these data rates, dﬂﬂ[[]]]]] 4
previous SPAD array systems have still been limited in the — rpeal—| FumIC S EPGA [ﬂ]mﬂx]fnfm
number of parallel channels, frame rates, or number of acquired i g

frames [19]. Table I lists published SPAD arrays with integrated
TDCs and the theoretical data-bandwidth-limited maximum
frame rate.

In this work, we present an FLIM imager containing a
64-by-64 array of SPADs in CMOS with per-pixel TDCs. An
event-driven high-speed datapath supports a maximum imaging
frame rate of 466 fps. The imager is designed using a stan-
dard 130-nm CMOS process, with an associated board-level
data-handling system optimized for high-throughput operation.
Section II describes an overview of the imager chip architec-
ture, the detailed design of each on-chip component, and an
overview of the system-level considerations for high-speed
image acquisition. Section III presents measurement results
that highlight the SPAD capabilities, characterize the TDCs,
and demonstrate the high-speed FLIM performance of our
system. Section IV concludes.

II. TCSPC FLIM IMAGING SYSTEM

A block diagram showing the entire imaging system is shown
in Fig. 1. At the core of the system is the FLIM imager chip. The
data output from the imager chip consists of raw arrival time
data, which is arranged into histograms for each pixel by the
four field-programmable gate arrays (FPGAs). Each FPGA bins
the arrival time data from 1024 pixels, which is then transmitted
to a computer where it is saved to disk before subsequent data
processing to extract the lifetime. We now consider the design
aspects of each of the major system components.

A. Integrated Circuit Architecture

In Fig. 2, a block diagram of the imager architecture is
shown. The entire imager chip is synchronized to a 20-MHz
laser signal using a phase-locked loop (PLL), which generates a
1-GHz clock signal that is distributed to the delay-locked loops
(DLLs), as clkqy, and the datapath, as clkgatapatn. A trigger
input signal allows the imager to synchronize the datapath
controller and TDC start signals with any frequency that is an
integer fraction of the 20-MHz laser repetition, allowing for
laser pulse picking.

FPGA lm x1024

e | X

Fig. 1. System level block diagram showing a high-level overview of the con-
nections between the IC, FPGAs, and PC.

Each pixel contains quench, reset, control, calibration, and
output circuits. The output buffer for each pixel drives the stop
signal for one of 4096 independent TDCs. The timing data
recorded by the TDCs is shifted into a datapath for compression
before passing to the chip periphery. Four banks of 22 LVDS
buffers output a clock, a one-bit valid flag, and 20-bits, which
consists of 10-bits of arrival time and 10-bits of position data,
at up to 500 MHz.

B. SPAD Array

The SPADs used in this design are the same as those reported
by the authors in [20]. Each pixel contains one octagonal SPAD
with a 5-pm-diagonal active area and the pixel-level circuitry
for control of the SPAD (see Fig. 3). With this circuitry, the
SPADs are spaced on a 48-um pitch, resulting in a fill-factor
of 0.77%. The layout for a single pixel is presented in Fig. 4(a).
When the SPAD is triggered by a photon, a voltage equal to
the overvoltage potential, V., is applied across the gate of the
PFET M4, causing it to turn on, triggering the output buffers.
The threshold voltage of M4 is approximately 320 mV and the
maximum gate voltage is 3.6 V, yielding a range of acceptable
Vv values from 0.32 V to 3.6 V as set by V4q diodge- The in-
verter U2 is connected to the core chip power supply of 1.5V
and level-shifts the output from M4, with a supply of V 44 dicde
to this core logic voltage. Following a second inverter, U3, are
two multiplexers for selecting among the SPAD output, an elec-
trical calibration input (used for characterizing the TDCs), and
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Fig. 2. Block diagram showing the major components of the imager chip.
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Fig. 3. Pixel circuit schematic that performs the quench, reset, TDC calibration, event output, and pixel control functions. Transistors M1-M9 and inverter U2
are designed using thick oxide devices.
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Time (ps)

Fig. 4. (a) The layout of a single pixel in the array, including SPAD and the pixel control circuit of Fig. 3. The pixel and circuitry occupy an area that is
48 pmx 48 pm, of which a considerable amount is white space due to the conservative SPAD structure and guard rings used. (b) The impulse response of the
SPAD as recorded by the on-chip TDCs is 125 ps. Each bar in the histogram represents a 62.5 ps wide timing bin.

a ground signal for turning off the output. The output from the SPAD can be reset and used in subsequent detection windows.
multiplexers is then buffered to drive the stop signal of the TDC  In order to quench the device, the voltage across the SPAD
for this pixel. must be reduced to below its breakdown voltage, V.. In this

When a photon event triggers a SPAD avalanche, the design, a PFET device, M1 in Fig. 3, is used as the quenching
avalanche current must be stopped, or quenched, so that the resistor. A tunable voltage, V., is applied to the gate of M1,
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Fig. 5. Pixel circuit timing diagram showing a typical measurement and reset cycle. A pixel event occurs at the beginning of the cycle and triggers the output
buffer. Immediately after the next laser pulse, reset is asserted and the SPAD recharges.
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Fig. 6. A block level overview of the time-to-digital converter used in this work. A delay-locked loop subdivides the reference clock (clkq) into 16 evenly
spaced phases. clkqn also increments a coarse counter. The phase and counter outputs are buffered to flip-flops to be used in TDCs for groups of 128 pixels. The
thermometer encoder converts the 16-bit thermometer code into a 4 bit value, which, along with 6-bits from the counter and a valid data flag, is clocked into a
chain of shift flip-flops at the end of each measurement window. ¢lkec. is a gated version of the datapath clock.

which allows the drain-to-source resistance, Ry, of the device
to be adjusted from 10 k2 to several M) as V, approaches
the threshold voltage.

After the SPAD has been quenched, it must be reset before it
can be used to detect another event. In an active quenching ap-
proach [21], [22], reset is performed by the wide-channel PFET
device, M2, with a resistance between 1 k{2 and 400 2, de-
pending on V 44 diode - In addition, the NFET, M3, is used to hold
the bias across the SPAD below breakdown and can be used to
prevent the SPAD from resetting or to disable the SPAD com-
pletely. M2 and M3 are independently controlled to minimize
the probability for after-pulsing.

The reset signal, triggered by the laser pulse, passes through
an AND gate, which allows for the option of disabling the pixel,
and through a level-shifter that brings the reset signal to the
Vad.diode supply level. Device M2 is enabled and charges the

cathode of the SPAD. When MS5 turns on, it pulls the input to
U2 low, and causes U1 to pull down, turning off M3. The timing
diagram for event detection and reset is shown in Fig. 5.

Both pixel off sc and pixel off ctrl can be used to disable a
pixel. The pixel off sc signal is a configuration bit that can be
used to completely disable the pixel during all measurements.
By using this control signal to disable abnormally noisy pixels,
data bandwidth that would otherwise be used by these noise
events is eliminated. The pixel off ctrl signal comes from a
datapath controller and is used to disable the pixel at the end of
a measurement window if no events have occurred. This feature
reduces the impact of the dark count rate (DCR) on the lifetime
measurement. A similar technique for defining the measurement
window has recently been used to achieve extremely low noise
levels in CMOS SPADs for measurements in which the photon
arrival time is tightly constrained, like 3-D imaging [23].
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Fig. 7. Overview of delay-locked loop.

C. Time-to-Digital Converters

The TDC used in this work is based on a differential DLL
architecture with a synchronous counter. This architecture pro-
vides a well-defined precision and dynamic range and fast con-
version speed, and the DLL can be easily shared among groups
of pixels in the array. In this design, the DLL and counter out-
puts are distributed to groups of 128 pixels, as shown in Fig. 6.
The DLL [14] uses buffers as the delay element and includes a
differential clock generator and charge pump (see Fig. 7).

A key concern when designing a differential voltage-con-
trolled delay line (VCDL) with cross-coupled inverters between
each stage is the matching of the two complementary clock
edges. A slight difference in the V44 /2 crossing points of these
complementary edges results in systematic timing errors. A
complementary clock generator is designed using a pass-tran-
sistor circuit to align the crossing points of the complementary
clocks (see Fig. 8(a)). The input buffer driving clk;, is designed
such that its rise and fall times are greater than than that of
the inverter receiving clky,. Consequently, clk will be in the
middle of its low-to-high transition when clk;, reaches the
pass-transistor gate. As a result, clk;, is able to pass through
its transmission gate with a constant low resistance because
clk has already switched these transmission gates before clk;,
arrives, producing well-aligned transitions for both clk and
clk. Simulation results including typical and skewed process
corners are shown in Fig. 8(b)—(d).

The phase detector of the DLL generates equally sized UP
and DN pulses when the input phases are aligned, such that
any mismatch in the up and down currents of the charge pump
will result in a static phase offset. Process-voltage-temperature

T T T T
Phase Detector

(PVT) variations, in particular those that cause differences in the
relative strength of NFETs and PFETs, can produce such offsets,
necessitating calibration. The charge pump calibration control is
designed such that the total combined differential width of the
current mirror NFETs for the UP and DN currents can be ad-
justed in increments of 10 nm, corresponding to current steps
of approximately 3 nA. A subset of the associated calibration
coding scheme is shown in Table II.

A schematic of the charge pump is shown in Fig. 9, a
switched, low-headroom, self-biased, cascoded current mirror.
This architecture provides a high output resistance and closely
matches an ideal current source. Both the UP and DN switches
are implemented using only NFETs to minimize variability
due to NFET-PFET process skew. Calibration control is im-
plemented with six additional NFET devices in parallel with
each of the switches (M24 — M35), allowing for fine current
adjustments on the scale of 3 nA with minimum length devices.
Replica biasing devices (M39 — M50) are also used to ensure
that the UP and DN adjustment currents are well matched.
2.5-V devices are used, allowing the charge pump voltage to
span the entire operating supply range of the VCDL from 0.75
V to 1.6 V. An off-chip reference current is used to bias the
current mirrors.

D. Data-Compression Datapath

If a 10-bit time value is output for every pixel after each laser
repetition with a laser pulse rate of 20 MHz, an off-chip data
rate of 1.8 Tbps would be required for the array. This data rate,
however, does not reflect the sparseness of the data. In partic-
ular, TCSPC experiments typically record a photon hit for only
1-2% of laser repetitions. Through the use of an event-driven
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Fig. 8. (a) Schematic of the complementary clock generator. (b)—(d) Simulation results showing complementary clock edge alignment for nominal devices (b),
skewed fast NFET, slow PFET devices (c), and skewed slow NFET, fast PFET devices (d).

TABLE 11
SUBSET OF CALIBRATION CODES AND COMBINATIONS DEMONSTRATING THE WIDTH TUNING CAPABILITIES OF THE CALIBRATED CHARGE PUuMP
USED IN THIS DESIGN. THE DIFFERENTIAL VALUE OF THE CODES CONTINUOUSLY INCREASES IN INCREMENTS OF 10 NM FROM 0 TO 630 NM.
ADDITIONAL DIFFERENTIAL WIDTHS BEYOND 630 NM CAN BE GENERATED FROM THESE CODES WITH THE MAXIMUM CALIBRATION DIFFERENCE
AT 2470 NM. THE BITS IN THE CODE CORRESPOND TO THE FOLLOWING DEVICE WIDTHS IN ORDER FROM MSB TO LSB: 520 NM,
440 NM, 400 NM, 380 NM, 370 NM, 360 NM. THE MINIMUM DEVICE WIDTH FOR THESE TRANSISTORS IS 360 NM

Code 1 | Code 2 | Wigtar1 (nm) | Wiotar2 (nm) | Tuning Diff. (nm) | Current Diff. (nA)
000000 | 000000 0 0 0 0

000001 | 000010 360 370 10 3

000001 | 000100 360 380 20 6

000010 | 001000 370 400 30 9

000001 | 001000 360 400 40 12

000011 | 001100 730 780 50 15

000100 | 010000 380 440 60 19

000101 | 111000 740 1360 620 156

000011 | 111000 730 1360 630 159

readout approach, sparseness is exploited in our design to re-
duce the average data rate to approximately 18 Gbps. To achieve
this, the time data for each pixel are appended with a valid bit
that indicates whether a pixel event has occurred. This valid bit
is used to control the flow of data out of the array such that only
data associated with pixel events are allowed to pass.

The pipelined datapath shown in Fig. 2 is used to perform
this data compression. At the end of a measurement window and
before the next laser pulse occurs, all time data and associated
valid bits are loaded into a set of registers, connected as shift
registers on a half-row basis. The 10-bit time data are shifted out
of each half-row into separate datapaths. A counter tracks the
pixel position from which the data originated, resulting in a 5-bit
position word appended to the time data, giving a combined
16-bit word (see Fig. 10). Within each datapath, the data for up
to eight events per row are shifted into a bank of eight 16-bit
registers as shown in Fig. 10. This happens within the 20 MHz
laser pulse period that follows the one in which the data were
captured.

On the rising edge of the next laser pulse trigger, the pixel
event data is shifted in parallel into another set of registers and
then shifted out as shown in Fig. 11. During this parallel shift

operation an additional address bit is added to the data word
in order to keep track of the row from which the data origi-
nated, increasing its length to 17 bits. A similar shifting process
is repeated for each of the next four laser pulses (see Fig. 12).
During each stage transition, an additional bit is added to the
data word in order to indicate from which row it originated.
Following Stage 5, the data are directly written into a first-in
first-out (FIFO) buffer. At this point, the data words are 19-bits
long with eight address bits. The diagram in Fig. 12 depicts the
data for 8 half-rows of pixels. This identical datapath block is
repeated 16 times on the chip.

The number of shift registers in each stage of the datapath is
chosen such that an average pixel event rate of 1% of all laser
pulses will result in an datapath overflow with a probability of
less than 10~9. The datapath is designed to operate at a clock
frequency of 1 GHz and a laser pulse rate of 20 MHz, which
provides 50 clock cycles within the datapath to complete all of
the required shifting operations between stages.

E. Output Stage

After the valid pixel data has reached the FIFO at the end
of each datapath, groups of four FIFOs are combined and their
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is sized to hold up to 8 pixel events per row.
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Fig. 11. The first stage of the datapath captures data shifted out of the TDCs and collects all valid pixel events. The datapath controller checks the valid bit of the
incoming data and organizes the data into the rightmost flip-flops. After the data input shift is complete, the next laser pulse triggers a parallel shift operation into
the central flip-flops that are connected in a U-shape. During the next measurement window, the data in these flip-flops will be scanned into the next stage of the
datapath. The number of data bits increases by one to 17-bits, with the 17th bit representing the input row of the data.

data are transmitted over a bank of LVDS drivers, each designed F. System-Level Considerations

to meet the TIA/EIA 644-A LVDS standard [24]. An output

controller cycles between each FIFO in the group of four in As shown in Fig. 1, each of the four LVDS banks commu-
a round-robin manner, adding two additional address bits that nicates with a dedicated FPGA. In this design, four Virtex-6
indicate the FIFO from which the data are retrieved. There are XC6VLX130T-3 devices are used to capture the raw arrival
four banks of 22 LVDS buffers, a clock and 21 bits of data. time data and generate histograms of the arrival times for each
These output drivers are capable of running at up to 500 MHz, pixel. The FPGA RAM is partitioned such that each 18-kb-block
providing a total output bandwidth of 42 Gbps. RAM is configured as a true dual-port memory and stores 128-
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consists of 10-bits of timing information, 5-bits position information, and one-bit valid flag. As data enters the datapath, the non-event data is discarded, resulting
in the two valid data packets in the top row finishing in the rightmost flip-flops. In the second stage, the two rows of data are shifted in parallel into the the U-shaped
shift chain and then shifted clockwise with the non-event data being discarded once again. In this figure, all horizontal arrows represent serial data shifts while

vertical arrows indicate a parallel data shift.
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Fig. 13. Die photograph showing the major functional blocks of the FLIM imaging IC.

bin, 16-bit histogram information for two adjacent pixels in the
array. Each pixel is allocated enough memory to record two his-
tograms in the RAM such that one histogram can be read while
the other is being captured, allowing for continuous recording
of FLIM data. Each FPGA can process an incoming data stream
at up to 10.5 Gbps.

Once the histograms have been formed, the data rate require-
ments for subsequent processing drop significantly. Each frame
of the histogram dataset is 8 Mb, and the data rate requirement
for transfer from the FPGAs to a computer scales with the de-
sired frame rate. At 100 fps, the data rate to the computer is 800
Mbps. In order to reliably transfer data at this rate, we use PCle
interfaces on the Virtex-6 devices to perform direct memory ac-

cess (DMA) writes from each FPGA directly to system memory
on the computer. Each of the four FPGAs is configured with a
x1 PClIe Gen 2 interface, which connects to a PCle switch that
combines four x1 links to a single x4 link. The switch used in
this design is the PLX Technology PEX8608. We connect this
x4 link using a cabled PCle interface and x4 cabled PCle adapter
card. Using this PCle interface, the system can support frame
transfer rates of up to 754 fps.

III. EXPERIMENTAL RESULTS

This design is fabricated in a standard 130-nm CMOS
process, and a die photograph is presented in Fig. 13. Ad-
ditionally, a printed circuit board (PCB) is designed with
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Fig. 14. Plots showing afterpulsing probabilities at (a) 20 MHz reset rate and (b) 100 MHz reset rate. Both measurements show periodic spikes in the afterpulsing
probability plots at multiples of the reset frequency. For both measurements, V. was set at 3.5 V.

the appropriate high-speed PCle interfaces and kernel driver
modules to allow for DMA transfers between the FPGAs and
system memory. Because of the complexity of the design,
characterization is performed individually for each of the major
system components.

A. Pixel Circuit Characterization

Located above the main SPAD array is an isolated pixel with
the same circuitry as Fig. 3 but with its output connected di-
rectly to a pad for characterization. This pixel is used to eval-
uate the maximum count rate of our SPAD and the afterpulsing
probability.

The maximum count rate for this device is evaluated using a
bright, uncorrelated white light source with the standard reset
rate of 20 MHz and a fast reset rate of 100 MHz. The test pixel
is biased with an overvoltage, V,, = 3.5 V. At a reset rate of
100 MHz, the pixel dead time, quench time, and reset time sum
to 10 ns. The maximum count rate observed is 89.2 MHz.

The afterpulsing for the pixel using the active quench and
reset circuitry is also evaluated at both 20-MHz and 100-MHz
reset rates using uncorrelated white light. Afterpulsing proba-
bility can be measured by recording signal traces of pixel output
pulses and computing the autocorrelation of the traces [25],
[26]. The autocorrelation, R (k), at the lag of k is given by

N—k

1
Nk 2

" n=1

where N is the total number of samples used in the calculation
and z is a discrete signal of pulse arrival times.

Fig. 14 shows the afterpulsing probabilities calculated from
3710 signal traces of 4000 ns with 800-ps precision for both
20 MHz and 100 MHz reset frequencies [26]. With either the
20-MHz or 100-MHz reset rate, afterpulsing probabilities are
below 0.002 even with this SPAD biased with a relatively
high V., of 3.5 V. The correlograms at both 20 MHz and 100
MHz reset frequencies do show periodic spikes, which are due
to the synchronous SPAD reset at 50 ns and 10 ns intervals,
respectively.

In addition to autocorrelation analysis, a histogram of the
inter-spike interval (ISI) times can also be used to characterize
afterpulsing. In a detector with afterpulsing, the histogram of
the ISI times will show a bi-exponential decay, with a short
decay time constant that is a consequence of afterpulsing and a

)

10

Counts

Time (us)

Fig. 15. Semi-log plot showing a histogram of the inter-spike intervals mea-
sured with a SPAD V. of 3.5 V and a reset rate of 20 MHz. The mono-expo-
nential decay indicates that no afterpulsing is present. Spikes in the histogram
are observed at multiples of the reset frequency.
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Fig. 16. Diagrams showing the different charge pump mismatch states. (a) The
DN current is stronger than the UP current causing the VCDL to run slow and
the TDC output to lag behind the input delay. This results in a vertical jump in
the fine TDC transfer curve. (b) When the UP and DN currents are equal, the
TDC output linearly tracks the delay input. (c) In the case when the UP current
is stronger than the DN current, the VCDL runs fast and the TDC output leads
the delay input. This causes a horizontal plateau in the fine TDC transfer curve.
The charge pumps are calibrated by measuring this transfer curve and adjusting
the UP and DN currents accordingly.

long decay time constant that is related to the uncorrelated light
source[27]. As seen in Fig. 15, the ISI histogram provides fur-
ther evidence that afterpulsing is not significant for this detector.

B. Time-to-Digital Converter Characterization

The TDCs are characterized and their charge pumps cali-
brated using the cal stop signal in Fig. 3. To characterize the
TDC, a 400-kHz reference signal is input into the trigger port
of a Stanford Research Systems DG535 digital delay generator.
Two outputs of the DG535 are used to generate the trigger signal
and a tunable cal_stop signal with the delay between the trigger
and cal_stop signal swept to characterize TDC performance.
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Fig. 17. (a) TDC output when the UP and DN charge pump calibration codes are 010000 and 010001, respectively. The dashed oval highlights the region of the
transfer characteristic that indicates that the VCDL is running slowly (the DN is stronger than the UP current). (b) The TDC output after charge pump adjustments
are made. The UP calibration code is 000101 and the DN calibration code is 101000. In this hardware, the UP devices are stronger than the DN devices.

The cal_stop signal is buffered on the PCB, which results in
200 ps of additional jitter in the measurement.

The charge pump in this design is manually calibrated by
setting 12 control bits (6 bits each for UP and DN currents).
Measurements of the fine TDC value while the start-stop delay
of the cal stop signal from the pixel into the TDC is adjusted
are used to perform this calibration (see Fig. 16). Representa-
tive measurement results showing the adjustment of the fine
TDC transfer characteristics through charge-pump calibration
are shown in Fig. 17. In Fig. 17(a) the DN calibration bits have
been set to 010001 and the UP calibration bits to 010000, cre-
ating a mismatch with the total DN current exceeding the UP.
As a result, a vertical jump in the fine TDC transfer curve is
observed (as described in Fig. 16(a)). In Fig. 17(b) the DN cali-
bration bits are set to 101000 and the UP bits are set to 000101,
which leads to the DN current matching the UP current. The
TDC is also found to have a static delay offset of five fine-delay
increments (312.5 ps) between the input to the DLL and the start
of the coarse TDC counter increments, which is calibrated out
digitally.

In order to measure the TDC linearity, the cal stop delay is
swept over the entire 64 ns range of the TDC. At each step of 10
ps, 10 samples are collected and averaged. The results of these
measured delay sweeps are shown in Fig. 18. Fig. 18(a) shows
the overall transfer curve for the TDC. The 200 ps measurement
jitter is more than three times the LSB of the TDC, making ac-
curate determination of the TDC linearity difficult. Subtracting
the jitter, the measured DNL is better than +4 L.SB (Fig. 18(d)).
By using the code-density approach to determine the DNL with
stop times derived from uncorrelated dark counts in the SPADs
(eliminating the jitter from external measurement electronics),
the maximum DNL is less than 2.27 LSB.

In the transfer curve in Fig. 18(a), periodic large spikes can
also be observed. By separating the fine and coarse components
ofthe TDC value in Fig. 18(d) and (e), it is clear that these spikes
in the transfer curve are contributed by the coarse counter. This
artifact is due to metastability brought on by the use of an asyn-
chronous stop signal to latch counter values into flip-flops, as
shown in Fig. 6. Because of these spikes, the INL is slightly
more than 8 LSB. This error could be corrected by simply syn-
chronizing the stop signal for the counter with the counter clock
as in Fig. 19. Lifetime measurements presented in Section III.C

TABLE III
SUMMARY OF IC CHARACTERISTICS. THE DETAIL FOR THE AVERAGE POWER
CONSUMPTION IS PROVIDED FOR EACH OF THE ON-CHIP SUPPLIES. V44 core IS
THE MAIN 1.5 V CORE SUPPLY AND POWERS ALL OF THE CONTROL LOGIC AND
THE DATAPATH, V44,10 IS THE 2.5 V I/O POWER SUPPLY FOR THE FOUR LVDS
BANKS, Vaa,veg IS THE 2.5 V POWER SUPPLY FOR THE VOLTAGE REGULATORS
IN THE DLL, V44 diode IS THE NEGATIVE BIAS FOR THE SPADS AND VARIES
DEPENDING ON BIAS BUT IS TYPICALLY AROUND —12 V, V44 ,n ISA 1.6V
SUPPLY FOR THE PLL. THE POWER FOR BOTH V44 core AND Vdd diode VARY
WITH THE INCIDENT PHOTON FLUX AND THE VALUES OF THE TABLE ARE FOR
A ‘TYPICAL’ FLUX THAT RESULTS IN A HIT RATE OF APPROXIMATELY 1%

Characteristic Value | Unit
Peak PDP @ V,,=1.5 30 [20] %
Peak PDP Wavelength 425 [20] | nm
Average DCR @ V,,=2.5 and Room Temp. 544 Hz
Afterpulsing Probability <0.002
TDC Resolution 62.5 ps
TDC Range 64 ns
TDC DNL <4 LSB
TDC INL <8 LSB
IC Output Bandwidth 42 Gbps
System Output Bandwidth 6.325 | Gbps
Maximum Data Limited Frame Rate 466 fps
Maximum Attained FLIM Frame Rate 100 fps
Average Power IC 8.79 W
Vdd,core 6.10 W
Va0 2.15 W
Vdd,reg 0.125 W
Vad,diode 0.35 W
Vdd,pll 0.06 W
Average Power System 26.4 w

show that this non-ideality does not significantly impact the
imaging performance.

The impulse response function (IRF) of the pixel and TDC
combined was measured by repeatedly triggering the SPADs
using a 500 nm band from a Fianium supercontinuum laser with
pulse width of 10 ps. The outputs of the TDC were collected and
formed into histograms, which resulted in a distribution with a
peak of only two LSB, or 125 ps (Fig. 4(b)).

C. Imaging Array Performance

The imager draws a total of 8.79 W when running at full-
speed and is water-cooled to avoid degraded performance of the
SPADs due to heating [28]. To achieve this cooling, a custom
BGA package with a copper core is directly soldered to the PCB,
which also has a copper core. The dark count rate (DCR) for the
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Fig. 18. Plots showing the (a) transfer curve of the TDC, (b) DNL of the TDC and (c) INL of the TDC. The transfer curves of fine and coarse components of the
TDC value are presented in (d) fine and (e) coarse. In the DNL and INL plots, we have filtered the large spikes in the coarse TDC measurement by removing TDC

value changes greater than 1 ns between any two of the 10 ps input delay steps.
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Fig. 19. TDC counter stop signal synchronizer.

system with cooling is 544 Hz, which is an improvement from
1036 Hz without cooling. Fig. 20 shows the distribution of DCR
throughout the array. The overvoltage, V., for this measure-
ment is 2.5 V and is consistent with the measurements taken in
[20].

From this DCR data, a clear pattern in the number of hits
recorded can be seen within groups of 8 rows of pixels, in which

the seventh and eighth rows record lower counts. We attribute
this to a voltage droop in the power distribution biasing the
SPADs. A similar pattern is observed in the lifetime images
and results in missing rows due to the pixels receiving an in-
sufficient number of hits for lifetime extraction. This voltage
droop problem does not affect the lifetime extraction for the
other pixels within the array.

In preliminary testing of the imaging performance of the
array, we use a ceramic cover to mask a portion of the SPAD
array and then place a dish of fluorescein dye over the array
and image using a 488 nm excitation wavelength filtered from
a Fianium supercontinuum pulsed light source with a pulse
repetition rate of 4 MHz. A 550-nm emission filter is also
employed. Figs. 22 and 23 show the setup and the imaging
results, respectively. The resulting image matches the expected
fluorescence lifetime for fluorescein of 4-5 ns [29].

In order to test the fast acquisition capabilities of our system,
we capture a total of 16 consecutive frames with each being ac-
quired in 10 ms for a frame rate of 100 fps. The sixteen frames
from this experiment are shown sequentially in Fig. 24. At this
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Fig. 20. (a) A plot showing the dark count rate distribution throughout the imaging array. (b) A cross-sectional view showing the periodic reduction in count rate

across the array.

Fig. 21. A photograph of the FLIM PCB with FPGAs and the cabled PCle
interface. The liquid cooling system is in the center of the PCB with the imager
mounted on the bottom side of the board.

Fig. 22. A photograph showing the arrangement of the ceramic mask, band-
pass filter, and fluorescein dye used in the imaging experiments. The excitation
source is not shown but would be directed into the page over the sample.

high frame rate, there is more error in the lifetime estimation due
to the limited amount of data that is collected for each frame.
By increasing the image acquisition time, more accurate and

uniform lifetime estimation is possible, as in Fig. 23 where an
imaging rate of 50 fps is used. Currently the number of con-
secutive frames that can be captured is limited by the kernel
driver we have written to handle the DMA transfer from the
FPGASs to the computer. The techniuge employed requires a co-
herent block of memory allocated on the computer for each of
the FPGAs that can hold 16 frames of FLIM data. The CPU
waits a predetermined amount of time that is based on the frame
rate before reading this block of memory and performing addi-
tional processing. In order to leverage the full potential of the
system, our driver must be modified to handle interrupt signals
over the PCle interface from the FPGAs such that the CPU can
be instructed to process the data and free the memory so that
additional frames can be written.

IV. CONCLUSIONS

In this work, we have built the fastest published TCSPC-
based fluorescence lifetime imaging system, which is capable
of acquiring FLIM images at 100 fps. The system consists of a
FLIM-specific integrated circuit and a custom system architec-
ture that are optimized for high-speed imaging. The integrated
circuit contains 4096 SPADs with independent TDC channels
allowing for fully parallel time-of-arrival recording. The timing
resolution of the TDCs is 62.5 ps and they can record arrival
times for up to 64 ns after a triggering laser pulse, supporting a
range of possible fluorescence decay rates. A data-compression
datapath provides a mechanism for efficiently transmitting data
off-chip in an event-driven manner. The imager chip can sup-
port an output data bandwidth of up to 42 Gbps allowing for a
maximum FLIM imaging rate of over 400 fps. The total power
consumption of the IC is 8.79 W, or 2.15 mW/pixel, including
the TDCs and all data handling circuitry.

We designed an FPGA-based system to capture the raw ar-
rival time data from the imaging IC and generate a histogram for
each pixel in the image. This histogram data can be transferred
to a PC at over 750 fps. The entire system (including imager)
consumes 26.4 W. A summary of our FLIM imaging system is
presented in Table III. The unmatched performance of our de-
sign is a direct result of the circuit optimizations made to ef-
ficiently handle the FLIM data. Further improvements on this
system could improve the lifetime variability between pixels
and allow for a greater number of consecutive frames to be ac-
quired at full speed. The image acquisition time achieved in this



This article has been accepted for inclusion in a future issue of thisjournal. Content is final as presented, with the exception of pagination.

FIELD et al.: A 100-fps, TIME-CORRELATED SINGLE-PHOTON-COUNTING-BASED FLUORESCENCE-LIFETIME IMAGER IN 130-nm CMOS 13
a) 4000 D)

3500
3000
2500
2000
1500
1000
500

102

S 10!

£ 10°

1077

102

0 5 10 15 20
arrival time (ns)

Fig. 23. (a) Intensity image from fluorescein dye measurement. (b) Lifetime image showing the well resolved mask. c.) A representative lifetime decay from pixel

(49,10) in the image.
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Fig. 24. Sixteen consecutive frames capture using our lifetime imaging system
with an acquisition time of only 10 ms per frame. Color bar indicates the ex-
tracted lifetime value.

work has the potential to enable a wide range of FLIM applica-
tions involving dynamic samples.
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