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Wide-Dynamic-Range Imaging

>1020 photons/cm2/sec

Photodetection Range

>1010 photons/cm2/sec

Optical filter

~105 photons/cm2/sec

Light source

Biomedical Sensing

Bioluminescence Fluorescence Transmission

HDR image

https://www.easyhdr.com/examples/

Natural scene: >100 dB
Commercial HDR image sensors: 120 – 150 dB

https://www.easyhdr.com/examples/
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CMOS Photodiode Operational Modes
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CMOS Photodiode Operational Modes
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CMOS Photodiode Operational Modes
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SPAD Readout Challenges (1)

VANODE

t
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hvVANODE

DCR + photon signal

q Dark count rate (DCR)
§ Thermally excited, trapped carriers and tunneling
§ Increases power consumption and decreases sensitivity
§ Structure and process dependent



2020 Oregon State Sensors and Integrated Microelectronics Lab M.L. Johnston

SPAD Readout Challenges (2)

VANODE

t

t

DCR

hvVANODE

Low-illumination

q Limited dynamic range
§ Pulse rate is easily saturated at high-illumination
§ Time resolution needs to be significantly high à active circuits burning more power

hvVANODE hv hv hv

High-illumination
(missing a lot of photons)
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PD Readout Challenges
q Limited sensitivity

§ Limited quantum efficiency (no avalanche multiplication)
§ Read noise (circuit noise) limits lowest detectable signal
§ Long integration time

AD
C

Log (noise)

Log (signal)

Slope=1/2

Slope=1

Read noise

Shot-noise Fixed pattern noise

Photon transfer curve[Gamal et al, IEEE Circuits and Devices Magazine (2005)]
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Dual-Mode: Dynamic Range Extension
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In-Pixel Readout Architecture
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SPAD-mode: Mixed Quench-and-Reset Circuit
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PD-mode Readout: I-to-F Conversion
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Inverter-based I-to-F Converter

J Small number of transistors 
J No need for an external bias
J Wide dynamic range at LV supply
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High-level Array Architecture

Fully parallel readout with in-pixel dual-mode detectors
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Alternate Dual-Frame Operation
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Dual-Mode Geiger/Linear Pixel
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Chip Summary

Process 0.18 µm CMOS

Area 0.9 mm2

Array 
Dimension 8 x 8

Pixel Area 80 x 80 um2

Frame Rate 100 fps (SPAD)
30 fps (PD)

Power @ Dark 2.3 mW (SPAD)
2.75 mW (PD)

Core Supply 1.8 V
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H. Ouh, B. Shen, and M.L. Johnston, "Combined in-pixel linear and single-photon avalanche diode operation with integrated biasing for wide-dynamic-range optical sensing," IEEE Journal of Solid-State Circuits, vol. 55, no. 2, pp. 392-403, 2020.
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Measurement Setup
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Preliminary Measurements
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Optical Sensitivity
q Output pulse rate at each mode for varying light intensity

Sensitivity

SPAD-mode
@ 100Hz 37 kHz/uW/cm2

PD-mode
@ 30Hz 7 Hz/uW/cm2

Gain Ratio 5,400

37 kHz/µW/cm2

7 Hz/µW/cm2Dark output
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OUH et al.: COMBINED IN-PIXEL LINEAR AND SPAD OPERATION 399

Fig. 15. Measured output pulse rate for varying incident light intensity in
SPAD-mode and PD-mode.

Fig. 16. (a) Measured nonlinearity for SPAD-mode. (b) Measured nonlin-
earity for PD-mode from stitching point to maximum illumination.

with alternate-mode frames, where SPAD-mode measures at
400 Hz, decimated by 4 for an effective frame rate of 100 Hz,
and PD-mode measures at a frame rate of 30 Hz; the combined
dual-mode frame rate is 20 Hz, including bias change between
the modes. Oversampling in SPAD-mode prevents counter-
limited readout. The average of approximately 400 frames
across the entire 8 × 8 array is plotted; three peak values have
been excluded from the data set as noisy outlier or “stuck-on”
pixels.

For SPAD-mode, an excess bias of 0.8 V (Vbias = 12 V)
beyond the breakdown voltage (11.2 V) was applied to the
diodes. SPAD hold-off time and reset width were set to 100 ns,
which sets dead time. As seen in Fig. 15, the SPAD-mode
operation provides increased sensitivity (≈5400×) compared
with the PD-mode operation and improved resolution at low
illumination, but its response saturates as illumination intensity
increases.

For PD-mode, reverse-bias voltage was set at 2.3 V, well
below the avalanche breakdown voltage. The PD-mode output
is linear across a wide optical range, from 53 µW/cm2 to
the maximum measured light 145 mW/cm2, where output
resolution is set intentionally low in the PD-mode operation
compared with the SPAD-mode operation, as low-level illu-
mination is measured in SPAD-mode.

The operational mode switches from SPAD to PD for
enhanced DR, and the stitching point is chosen to maintain
linearity over the combined operational range. Nonlinearity
with respect to illumination intensity is plotted in Fig. 16
as the deviation from measured data from the calculated

Fig. 17. (a) Illustration of calibration and gain adjustment process for
the combined dual-mode data. (b) Optical DR with annotated regions
for measured DR, estimated linear DR, and estimated saturated DR under
sufficiently high illumination intensity.

linear best-fit line, normalized to the full-scale range [43].
For SPAD-mode, nonlinearity increases as the signal saturates
with increasing illumination. Allowing for nonlinearity of up
to 2 %, the stitching point is set at approximately 53 µW/cm2.
The PD-mode linearity is plotted in Fig. 16(b), beginning at
the stitching point, calculated using the maximum saturated
output signal from (7).

A continuous, wide-DR linear response is provided by a
adjusting PD-mode effective pulse rate by the sensitivity ratio
(≈5400×) and adjusting the offset, which is done off-chip
in post-processing, yielding the dual-mode response shown
in Fig. 17(b). To be specific, the per-pixel calibration is done
for each mode using the mean offset and gain of the entire
array, and then the whole PD-mode data are multiplied with
their offset being adjusted to align each slope as illustrated
in Fig. 17(a), where measured gain and offset distribution
are shown as histogram plots. SPAD-mode is used in the
low-illumination range (37 nW/cm2to53 µW/cm2), and
PD-mode is used at higher illumination levels (53 µW/cm2to
145 mW/cm2).

2) Noise and Dynamic Range: Optical DR is defined as
the ratio of maximum illumination that saturates the sensor—
or less, depending on linearity requirements—to the optical
power equivalent of the noise floor without illumination [21].
As the SPAD-mode operation is used for low-level illumina-
tions, its noise level determines low-light detection limit. For
the single-photon operation, the dark noise limit is determined
by the DCR. DCR statistical variation in each measurement
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linear best-fit line, normalized to the full-scale range [43].
For SPAD-mode, nonlinearity increases as the signal saturates
with increasing illumination. Allowing for nonlinearity of up
to 2 %, the stitching point is set at approximately 53 µW/cm2.
The PD-mode linearity is plotted in Fig. 16(b), beginning at
the stitching point, calculated using the maximum saturated
output signal from (7).

A continuous, wide-DR linear response is provided by a
adjusting PD-mode effective pulse rate by the sensitivity ratio
(≈5400×) and adjusting the offset, which is done off-chip
in post-processing, yielding the dual-mode response shown
in Fig. 17(b). To be specific, the per-pixel calibration is done
for each mode using the mean offset and gain of the entire
array, and then the whole PD-mode data are multiplied with
their offset being adjusted to align each slope as illustrated
in Fig. 17(a), where measured gain and offset distribution
are shown as histogram plots. SPAD-mode is used in the
low-illumination range (37 nW/cm2to53 µW/cm2), and
PD-mode is used at higher illumination levels (53 µW/cm2to
145 mW/cm2).

2) Noise and Dynamic Range: Optical DR is defined as
the ratio of maximum illumination that saturates the sensor—
or less, depending on linearity requirements—to the optical
power equivalent of the noise floor without illumination [21].
As the SPAD-mode operation is used for low-level illumina-
tions, its noise level determines low-light detection limit. For
the single-photon operation, the dark noise limit is determined
by the DCR. DCR statistical variation in each measurement
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Dual-Mode Signal-to-Noise Ratio
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Fig. 18. (a) Measured PTC for SPAD-mode operation. (b) Measured PTC
for PD-mode operation.

Fig. 19. (a) Measured SNR plot in SPAD-mode and PD-mode opera-
tions. (b) Combined SNR plot for dual-mode operation validating monotonic
increase over entire measurement range, except at the mode-switch point.

window determines the noise floor. A measured photon trans-
fer curve (PTC) for the SPAD-mode operation is plotted
in Fig. 18(a), which plots the relationship between standard
deviation of noise and mean signal, both on log-scale; the
slope of approximately 0.5 indicates that the SPAD-mode
operation exhibits shot-noise-limited response until it starts
saturating as light increases. This result shows that avalanche
breakdown follows a Poisson distribution for both thermal
and photon-triggered breakdown [20]; as such, the dark count
variation σ is approximately equal to the square root of the
dark count [44].

The SNR is plotted in Fig. 19(a) for both photodiode
operation modes, where signal represents spatial mean of
temporal average for each pixel across the entire array, and
noise represents spatial mean of standard deviation of each
pixel in time. The slope of PD-mode SNR gradually decreases
as light increases and saturates in higher illumination due to
readout nonlinearity, as described in (7), as well as shot-noise.
The combined dual-mode SNR plot is shown in Fig. 19(b); an
SNR dip occurs at the stitching point, which is typical for
multi-mode or multi-exposure sensors [14], [45]. A maximum
SNR of 75 dB is measured at maximum illumination intensity
(145 mW/cm2).

The minimum detectable optical signal is determined such
that the SNR in SPAD-mode is equal to 1, which occurs
at a measured illumination of 50 nW/cm2 (λ = 565 nm).
Note that DCR of the SPAD sensors for this article is
higher than some reported CMOS-integrated SPADs, which
limits the low-illumination measurable range; the proposed
approach will yield even higher DR extension when used in
conjunction with SPAD devices having low DCR and higher
PDP, typically leveraging CIS processes [20], [25], [46].

Fig. 20. Threshold #V variation from Monte Carlo simulation for PD-mode
readout circuit.

The measured optical DR of the proposed dual-mode optical
sensor array is 129 dB = ((145 mW/cm2)/(50 nW/cm2)),
with the maximum tested incident light flux (145 mW/cm2)
limited by the LED source used for these measurements. The
SPAD-mode operation covers the lower illumination range
of 60 dB, and PD-mode covers 69 dB from the stitching point.
Less than 2 % nonlinearity is estimated at an illumination
intensity of 400 mW/cm2 from (7) plotted as a dotted line in
Fig. 16(b), for an expected linear DR of 138 dB. The simulated
response also indicates sensor saturation at approximately
90 W/cm2, for a maximum optical DR of 185 dB.

3) Nonuniformity Across the Sensor Array: Pixel non-
uniformity is characterized as the dark fixed pattern
noise (FPN) and the photo response non-uniformity (PRNU).
Dual-mode dark FPN is determined by a ratio of pixel-to-
pixel DCR variation in SPAD-mode to maximum signal
in PD-mode, as the SPAD-mode operation is used in
low-illumination, and maximum high-illumination signal is
measured using the PD-mode operation. PRNU represents
pixel-to-pixel sensitivity variation to mean value for each
mode before gain calibration. Dual-mode dark FPN is
negligible due to large maximum signal; the pixel-to-pixel
standard deviation of DCR is 3.7 kHz and maximum
measured signal is 5.3 GHz (after gain calibration). FPN
is 0.06% and 0.005% for SPAD-mode and PD-mode,
respectively, where maximum signal calculated is estimated
using saturation signal values provided by (7) and (9); the
maximum measured signal for PD-mode is not saturated and
still in a linear region based on Fig. 17(b). Measured PRNU
is 1.7% for SPAD-mode and 1.2% for PD-mode, respectively.

Gain variation for SPAD-mode may primarily result from
variable PDP, whereas for PD-mode, it is mostly attributed to
the readout circuit. Since the voltage difference #V in (4) is
determined by the threshold voltage of the first inverter (I1)
and the low-Vth inverter (I2) used together as a comparator
(Fig. 4(b)), mismatch will affect the gain. Fig. 20 shows the
Monte Carlo simulation result representing intra-die variation
due to mismatch without process variation, where it is shown
that the PD-mode PRNU, 1.2%, primarily stems from the #V
variation.

4) Comparison With SPAD or PD-Mode Wide Dynamic
Range Optical Sensors: A summary of measured results is
shown alongside prior related work in Table II. In [33],
a similar current-to-frequency converter scheme is used for
the PD-mode readout, where low-illumination detection is
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Performance Comparison
OUH et al.: COMBINED IN-PIXEL LINEAR AND SPAD OPERATION 401

TABLE II

PERFORMANCE COMPARISON

limited compared with using the SPAD-mode operation for
low-light extension. In [6], a small-area oversampling ADC
provides in-pixel photodiode readout at the cost of increased
per-pixel power consumption and requires off-chip decima-
tion as implemented, sending oversampled data off chip; our
proposed current-to-frequency approach includes an in-pixel
counter, providing parallel digital output without off-chip post-
processing.

Prior demonstrations have used the SPAD-mode [20] and
APD-mode [25] operations to increase both low-light sensi-
tivity and DR, where SPAD-only operation increases DR but
degrades SNR, due in part to multi-exposure techniques. For
these approaches, an increasing oversampling ratio needed to
support higher illumination levels may also require exceed-
ingly high data rates. The APD-mode operation was used
without QRC in the hybrid APD/PD-mode approach, limiting
detection to single-photon binary readout in this mode [25].

The large pixel size and comparatively low fill-factor for the
presented approach, as compared with prior wide DR imager
and optical sensor approaches, are acceptable for targeted
biosenor applications, where 80–100-µm pitch-matching is
typically used [6], [29]. Future effort to scale down the pixel
size and increase the fill-factor could include additional device
sharing between PD-mode and SPAD-mode readout circuits,
optimized in-pixel counter layout, and improved guard ring
structures to enhance intrinsic photodiode fill-factor.

V. CONCLUSION

In this article, we demonstrate a wide-DR CMOS optical
sensor array by combining the single-photon avalanche oper-
ation and continuous photocurrent measurement in a single,

digital-ouput pixel. The approach demonstrates high linearity
and SNR over a broad optical illumination range. An in-
pixel pulse-based readout architecture is presented to support
the dual-mode operation of a photodiode in area-efficient
manner; a current-to-frequency converter measures continuous
photocurrent, and a QRC processes SPAD output pulses; in
both the modes, pulses are accumulated locally using an
in-pixel digital counter.

The proposed in-pixel dual-mode SPAD/PD approach for
optical sensor arrays enhances DR, increases the sample rate
compared with PD-mode-only optical sensors, and operates
from very low light to very bright light illumination conditions.
As each pixel provides standalone continuously sampled data,
this modular approach can be used to implement 1-D and
2-D optical sensor arrays or used to provide individual wide
DR optical sensors to multi-sensor ICs. We also note that the
prototype IC for this article was fabricated in an unmodified,
general purpose CMOS process. In a modified or CIS-specific
process with low-DCR SPADs, noise floor, overall DR, and
SNR can be expected to further improve using the proposed
approach.

In addition, this article includes the on-chip integration
of a reconfigurable, closed-loop charge pump for dual-
mode (HV/LV) photodiode biasing, including high-voltage
generation in a general purpose, low-voltage CMOS process.
In practice, the array can operate using a closed-loop auto-
ranging control scheme and the switching operational modes
automatically when the PD-mode output is lower than a set
threshold or the SPAD-mode output enters a nonlinear or
saturated region. Alternatively, a sum of data from the two
modes can be used to reconstruct wide DR images (bright and

Wang et al., TED, 2006 Manickam et al., JSSC 2017 Dutton et al., Sensors 2018 Mori et al., ISSCC 2016
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Challenges
§ Low breakdown voltage of MOS (<5V)
§ Large area due to low density MIM caps
§ Closed-loop regulation with high output voltage
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Fig. 9. Dual-mode pixel array architecture with fully parallel digital readout.

and B to remain high for the overlap duration, generating a
one-shot pulse corresponding to the falling edge of the input.

For this article, the hold-off time and reset width are 50 and
50 ns, respectively. A single square output pulse is generated
during a quench and reset cycle, corresponding to a single
avalanche event. The finite dead time tdead (=hold-off time +
reset width) causes nonlinearity as the signal increases, similar
to the PD-mode readout nonlinearity due to non-zero reset
pulse in (7). The effect of signal-dependent gain error can be
described by the temporal aperture ratio (TAR), written as

TAR = Ttotal − Tdead

Ttotal
(8)

Tdead = N · tdead (9)

where N represents the total number of pulses for total mea-
surement time Ttotal [39]. Estimated maximum N is 25 000 for
tdead = 100 ns, which is 10 Mcps. Of note, the dead time
in this avalanche pulse detection circuit need not be as short
as in other SPAD-based wide-DR imagers, as the higher
illumination range (high photon count rate) is measured using
PD-mode operation (i.e., hold-off time of 20 ns for maximum
counting rate of 50 Mcps [40]).

III. WIDE DYNAMIC RANGE OPTICAL SENSOR ARRAY

A. High-Level Array Architecture

A dual-mode optical sensor array offering fully parallel
readout was designed to demonstrate in-pixel measurements
of both linear and single-photon avalanche diode (SPAD)
operational modes (Fig. 9). This design validates scalability
and modularity of the proposed pixel design, where only
digital data flow circuits are required for extension to an array.
Each pixel output comprises a 14-bit digital word containing
PD-mode or SPAD-mode data, according to the operation
mode. Data are generated simultaneously at all pixels and
serialized by row for output. Serialized data for the entire
array, as well as a frame sync signal, are routed to an external
FPGA, which also provides row selection inputs using a data-
ready signal. A shift register is used to set variable parameters,
including integration time window, pulsewidths, and feedback
capacitance.

Maximum output data rate is only required to be 360 kbps
in total for 64 channels at a maximum frame rate of 400 Hz

Fig. 10. On-chip high-voltage/low-voltage generation architecture.

Fig. 11. (a) Measured charge-pump output current during SPAD-mode oper-
ation. (b) Measured charge-pump output current during PD-mode operation.

in SPAD-mode, which is transmitted as serialized data; this
approach does not require high-order off-chip decimation
filtering [6]. Diode bias voltage is supplied by a reconfigurable
charge pump where mode is selected by the FPGA. By inte-
grating the diode bias generator in the same IC, we can easily
change the operational modes of the diode array and respective
readout control quickly and simultaneously.

B. Dual-Mode HV–LV Diode Bias Generator

In order to generate both high-voltage (SPAD-mode) and
low-voltage (PD-mode) diode biases required for wide-DR
optical sensor biasing, a 1-or-N reconfigurable closed-loop
charge pump was integrated in the same IC substrate. This
dc–dc converter is suitable for efficient low-voltage (<5 V)
and high-voltage (>10 V) step-up voltage conversion in a low-
voltage CMOS process using a customized stage-bypass diode
structure [41].

The architecture diagram of the dual-mode diode bias
generator is shown in Fig. 10, which includes a reconfigurable
charge pump and a closed-loop load regulation scheme. When
biasing an optical sensor array in SPAD-mode, CP I–III are all
clocked at 50 MHz, leading to reverse-biased diodes D1 and
D2 with negligible reverse leakage current. The total number
of stages (11) is optimized for fast recovery at the target output
voltage (>10 V). When biasing an optical sensor array in PD-
mode, only CP I is clocked at 10 MHz, which is accomplished
by gating the clock for CP II and III. In this mode, D1 and
D2 are forward biased to feed the output of CP I to the
load. Each sub-charge-pump uses a four-phase, cross-coupled
topology. The converter input voltage VIN is fixed at 3.3V,
and all transistors in sub-charge-pumps are 3.3-V thick-oxide
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Dual-mode HV-LV Charge Pump

Dual-mode HV generation system architecture
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• Single voltage source for efficient, dual-mode high (>10V)
and low(<5V) voltage generation.

• A high voltage triple-well diode structure is proposed to
reconfigure the high voltage and low voltage output.

• Frequency and feedback ratio tuning to improve efficient
operation in both HV and LV modes.

B. Shen, S. Bose, and M.L. Johnston, "A 1.2V-20V closed-loop charge pump for high dynamic range photodetector array biasing," IEEE Transactions on Circuits and Systems II: Express Briefs, 2018, vol. 66, no. 3, pp. 327-331, 2019.
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Fig. 10. (a) Experimental test setup for biasing CMOS-integrated SPAD device using charge pump; (b) Measured transient waveform showing single-photon
SPAD operation and fast recovery of VOUT.

An on/off closed-loop regulation scheme provides accurate
and controllable bias voltage VOUT. The resistive divider
(Fig. 4) includes a fixed 1.5M⌦ resistor and a tunable resistor
ladder to provide a variable feedback factor of 2 to 25. The
input range of the comparator is 0.6-1 V; combined with the
resistor divider at the output, this covers a closed-loop VOUT
range from 1.2 V to 25 V. The clock is generated by a dual-
frequency ring oscillator, providing 10 MHz for low-voltage
output (<5 V) and 50 MHz for high-voltage output (10 V-
20 V), to support the load current requirements. The supply
voltage for all control and feedback circuits is 1.8 V.

III. VERIFICATION AND MEASUREMENT RESULTS

The proposed architecture was fabricated in a general pur-
pose 0.18µm CMOS technology and occupies a total area
of 200⇥ 315 µm2; a die photo is shown in Fig. 6. Fig. 7a
shows the measured I-V characteristics of the bias generator
operating as an 11-stage charge pump and as a 1-stage charge
pump. For 1-stage charge pump operation, maximum output
voltage VOUT is 5 V. For 11-stage operation, the maximum
measured VOUT is 19.6 V in open-loop for 3.3 V input.

For linear-mode photodiode operation, typical maximum
reverse current is <100 nA, which sets a maximum load
current as 25µA for an array of 16⇥16 photodiodes. At this
low-load condition, generation of 5 V reverse-bias using a 11-
stage charge pump would be inefficient (<10%) as depicted in
Fig. 7b. Instead a 1-stage charge pump can provide the 5 V bias
with 40% efficiency at this load current. Maximum open-loop
efficiencies of the designed 1-stage and 11-stage converter are
56% at VOUT = 3.9V and 34% at VOUT = 16.6V respectively.
Combining these two operation modes, the system achieves
greater than 50% efficiency from 3 V to 4.5 V and over 25%
efficiency from 12 V to 18 V for biasing a photodetector array
alternately in linear-mode and single-photon mode. The max-
imum closed-loop efficiency of the charge pump is the same
as its open-loop efficiency when on/off regulation is used, if
peripheral circuit power consumption is not considered.

Fig. 8 shows measured transient output voltage VOUT gen-
erated during start-up for both low-voltage (1-stage) and high-
voltage (11-stage) operation with a 490 pF load capacitor
measured with a 10M⌦|10 pF probe. The resistive divide ratio
for closed-loop regulation in 1-stage and 11-stage modes is 4
and 16, respectively. In high-voltage mode, the rise-up time
for a stable 16 V output is 120 µs with the described loading.
Fig. 9 shows measured transient VOUT during mode-switching

period with 490 pF load capacitor. For this measurement, VREF
is held at 1 V, and feedback ratio is set at 4 and 16 for low-
voltage (LV) and high-voltage (HV) modes, respectively.

Fig. 10a shows an experimental test setup for driving a
SPAD detector using the proposed charge pump architecture.
Generated VOUT is used to bias a CMOS-integrated SPAD
detector. This test device comprises a 10µm diameter p+/n-
well SPAD device fabricated in a 0.18µm CMOS process;
measured reverse-bias breakdown voltage is 10.9 V, and DCR
is approximately 80 kHz at 0.5 V excess voltage [17]. For
these experiments, the SPAD is connected in parallel with a
68 pF capacitor to emulate a 16⇥16 SPAD array (Fig. 3), with
⇠265 fF capacitance per photodiode for these devices. 1nF of
external capacitor is added at the output to keep the voltage
droop within 100mV. A discrete quench and recharge circuit
(QRC) is built off-chip, including a 5 k⌦ quench resistor (Rq)
and 30 pF Cq at node Vs. The QRC comparator threshold is
set to 300 mV to detect avalanche current spike and trigger an
FPGA to control active quench and recharge signals.

For the measurement in Fig. 10b, the reverse-bias voltage
to the load SPAD is set at 11.9 V by controlling VREF in high-
voltage (11-stage) mode, providing 1 V excess bias voltage.
Hold voltage after active quench, Vq is 1.6 V, and hold-off
time is set to 500 ns by the FPGA. The transient measurement
of bias voltage (AC-coupled) and sense node voltage (DC-
coupled) are shown. Once avalanche occurs, bias voltage
drops, due to passive quenching, until the sense node reaches
the comparator threshold, triggering active quench. Capaci-
tive coupling during active recharge further lowers VOUT, as
the undershoot amplitude will be inherently larger than the
overshoot amplitude due to passive quench. Total measured
VOUT droop caused by one SPAD avalanche event - mimicking
256 simultaneous events using the 68 pF capacitor - is 60 mV,
taking 960 ns for 99.9% recovery; full bias recovery after
each avalanche current pulse is required for stable sensitivity.
As design and measurement results are based on a worst-
case load, in which all SPADs are triggered simultaneously,
in practice the supportable counts-per-second is expected to
be similar to typical SPAD pulse rates reported in [11].
Additionally, the proposed application combines SPAD and
PD modes, reducing the maximum expected SPAD pulse rate.

To evaluate the performance of the bias generator under
load, the emulated SPAD array is biased using a bench top
source meter and characterized under varying illumination. A
green LED (� = 528 nm) is used as a light source to stimulate
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Fig. 5. (a) Block diagram of proposed closed-loop charge pump with SPAD biasing architecture; (b) Transient behavior of charge pump output voltage
during SPAD avalanche.

for sensing instead of a resistive divider, as the substrate-
isolated MIM capacitors can support higher node voltages
than resistors available in the targeted 0.13 µm CMOS process.
However, the use of a capacitive divider enables voltage drift
due to non-zero charge leakage and limits idle operation time
[22]. To mitigate this drift, Vfb is periodically reset using a
reset switch, rst, shown in Fig. 5a. The capacitive divider
draws negligible static current compared to an area-constrained
resistive divider and improves power efficiency. Capacitors are
realized by stacking multiple MIM capacitors to support high
voltages and to obtain a scaling ratio of seven; C1 comprises
two series 2 pF MIM capacitors, and C2 uses a single 6 pF
MIM capacitor. This scales Vfb to low-voltage range (<3.3V)
for input to the comparators operating in low-voltage domain.

An undershoot at Vb is detected once Vfb drops below
Vref_LO, and the comparator output triggers the control logic
to activate the charge pump by turning on both clk1, 2 and
clkb1, 2, entering the active (on) phase. During this recharge
phase, the SPAD cathode is pulled down to ground to bypass
Rq for faster charging. This is accomplished by asserting
Sr_en to enable switch Sr independent of the QRC logic. Dur-
ing an overshoot, as Vfb crosses Vref_HI, all flying capacitors in
the charge pump are grounded by turning clk1, 2 off; clkb1, 2
is kept active, and the output Vb is discharged through the
charge pump. Once Vfb falls below Vref_HI, the discharging
action is stopped and the system returns to the idle (off) mode
by turning off both clk1, 2 and clkb1, 2.

As the output pole (assuming Rout = 100 k!, Cout =
10 pF) of the high-voltage charge pump will be much smaller
than output pole of the comparator, the closed-loop system
with on-off control can be modeled as first-order system with
a dominant pole at output, which is guaranteed to be stable.
Comparators are implemented with thick-oxide transistors
(3.3 V) and have dual NMOS-PMOS input pairs to achieve
rail-to-rail input dynamic range.

A simplified schematic of the core charge pump is presented
in Fig. 6a. It consists of two cascaded 6-stage, two-phase
Dickson charge pumps. The output of first charge pump, VMID,
is used both as input to the second charge pump, as well as
to bias triple-well isolated transistors in the second charge
pump for achieving high-voltage switch and diode operation.
Although there is no substantial load-induced voltage ripple
at the output, a two-phase scheme is adopted to decrease the
step size of VOUT during active pumping. On-chip decoupling

Fig. 6. (a) Simplified schematic diagram of the charge pump core imple-
mentation using a dual-phase architecture; bootstrap switches mitigate voltage
loss. (b) Non-overlapping four phase clock for charge pump. Figure modified
from [14].

capacitor, Cdecap (Fig. 5a), is added at the charge-pump output
to mitigate ripple from overshoot and undershoot coupling.

As shown in the inset of Fig. 6a, bootstrap switches are used
to eliminate voltage loss across switch transistors [23], [24].
Four clock phases are employed for charge pump clocking,
whose relative phase is shown in Fig. 6b. The four phase clock
generation sub-circuit operates with 1.2 V supply and are level-
shifted to 1.8 V to increase the voltage gain of each charge
pump stage (Fig. 5a). Two clock signals, C L K 1 and C L K 2,
are for pumping charge, and two clock signals, C L K B1
and C L K B2, are used to boost the gate of charge-transfer
transistor MS, whose amplitude is raised to approximately
3.2 V by the voltage doubler. The inverter-based delay cell, τ ,
is inserted into the pumping clock path to match the phase of
pumping and switching clocks. Each clock is gated by a static
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Fig. 9. (a) Normalized VOUT recovery time and input power versus number
of stages, N ; and (b), normalized VOUT recovery time and input power versus
load capacitance ratio, α.

D. Charge Pump Design Optimization

The design optimization approach presented in Section III
was used to tune design parameters for a specific set of
recovery time, output voltage, output load, and total capacitor
area requirements. For this implementation, the target was to
bias a SPAD load with Cs equal to 500 fF at 13 V nominal bias
voltage. A total capacitance CA was constrained to ∼150 pF
by available design area. From this, β is calculated as 0.0033
from (15).

Maximum VIN is limited to 1.8 V, as previously discussed
in Section V-C. From (16), the total number of charge pump
stages, N , is calculated as N = 12. As is discussed in
Section IV-B, capacitors must be stacked to avoid breakdown
at high-voltage nodes, which increases total circuit area. For
this design, flying capacitors are implemented as two-high
MIM capacitor stacks in charge pump stages 6-11, and a three-
high stack is used in stage 12. The load capacitor is also a
three-high MIM capacitor stack. As a result, effective area
coefficient m and n, including the area of Cb, are determined
as m = 9 and n = 4.

From (26), optimal α can be found as 0.45. From (24) and
(7), Cdecap and Cfly can be determined as 8 pF and 1.4 pF,
respectively, with 700 fF for Cf in each parallel branch. The
normalized VOUT recovery time calculated from (25), with
respect to N and α, are shown in Fig. 9. These plots illustrate
how the optimal trade-off of N and α is obtained for minimal
VOUT recovery time. In addition, similar normalized input
power curves with respect to N and α can be plotted from

Fig. 10. Die photo of proposed charge pump.

Fig. 11. Measured open-loop charge pump results: (a) output resistance
versus pumping frequency; and (b) measured I-V characteristics.

(27); although power consumption is not included in this
optimization, charge pump input power can be reduced by
reducing the number of stages N and increasing the load
capacitor ratio α, at the cost of extended VOUT recovery time.

Pumping frequency for the system is set at 100 MHz to
further reduce the recovery time with fixed area constraint.
In order to satisfy SSL condition assumption for this fre-
quency, charge transfer switch MS is sized to have approx-
imately 2 k# on resistance. From (31) and (32), with f =
100 MHz, Cb is chosen as 200 fF and MB is sized to have
15 k# on resistance.

B. Shen, S. Bose, and M.L. Johnston, "Fully-integrated charge pump design optimization for above-breakdown biasing of single-photon 
avalanche diodes in 0.13 μm CMOS," IEEE Transactions on Circuits and Systems I: Regular Papers, vol. 66, no. 3, pp. 1258-1269, 2019.
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Summary & Future Work

qGeiger-mode and linear-mode photodiode operation combined in-
pixel for >129dB optical dynamic range

qOn-chip high-voltage and low-voltage biasing in low-voltage CMOS

qFully standalone pixel architecture with small-area integrated 
biasing promising for optical detection in bio/chemical applications
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Fig. 15. Measured output pulse rate for varying incident light intensity in
SPAD-mode and PD-mode.

Fig. 16. (a) Measured nonlinearity for SPAD-mode. (b) Measured nonlin-
earity for PD-mode from stitching point to maximum illumination.

with alternate-mode frames, where SPAD-mode measures at
400 Hz, decimated by 4 for an effective frame rate of 100 Hz,
and PD-mode measures at a frame rate of 30 Hz; the combined
dual-mode frame rate is 20 Hz, including bias change between
the modes. Oversampling in SPAD-mode prevents counter-
limited readout. The average of approximately 400 frames
across the entire 8 × 8 array is plotted; three peak values have
been excluded from the data set as noisy outlier or “stuck-on”
pixels.

For SPAD-mode, an excess bias of 0.8 V (Vbias = 12 V)
beyond the breakdown voltage (11.2 V) was applied to the
diodes. SPAD hold-off time and reset width were set to 100 ns,
which sets dead time. As seen in Fig. 15, the SPAD-mode
operation provides increased sensitivity (≈5400×) compared
with the PD-mode operation and improved resolution at low
illumination, but its response saturates as illumination intensity
increases.

For PD-mode, reverse-bias voltage was set at 2.3 V, well
below the avalanche breakdown voltage. The PD-mode output
is linear across a wide optical range, from 53 µW/cm2 to
the maximum measured light 145 mW/cm2, where output
resolution is set intentionally low in the PD-mode operation
compared with the SPAD-mode operation, as low-level illu-
mination is measured in SPAD-mode.

The operational mode switches from SPAD to PD for
enhanced DR, and the stitching point is chosen to maintain
linearity over the combined operational range. Nonlinearity
with respect to illumination intensity is plotted in Fig. 16
as the deviation from measured data from the calculated

Fig. 17. (a) Illustration of calibration and gain adjustment process for
the combined dual-mode data. (b) Optical DR with annotated regions
for measured DR, estimated linear DR, and estimated saturated DR under
sufficiently high illumination intensity.

linear best-fit line, normalized to the full-scale range [43].
For SPAD-mode, nonlinearity increases as the signal saturates
with increasing illumination. Allowing for nonlinearity of up
to 2 %, the stitching point is set at approximately 53 µW/cm2.
The PD-mode linearity is plotted in Fig. 16(b), beginning at
the stitching point, calculated using the maximum saturated
output signal from (7).

A continuous, wide-DR linear response is provided by a
adjusting PD-mode effective pulse rate by the sensitivity ratio
(≈5400×) and adjusting the offset, which is done off-chip
in post-processing, yielding the dual-mode response shown
in Fig. 17(b). To be specific, the per-pixel calibration is done
for each mode using the mean offset and gain of the entire
array, and then the whole PD-mode data are multiplied with
their offset being adjusted to align each slope as illustrated
in Fig. 17(a), where measured gain and offset distribution
are shown as histogram plots. SPAD-mode is used in the
low-illumination range (37 nW/cm2to53 µW/cm2), and
PD-mode is used at higher illumination levels (53 µW/cm2to
145 mW/cm2).

2) Noise and Dynamic Range: Optical DR is defined as
the ratio of maximum illumination that saturates the sensor—
or less, depending on linearity requirements—to the optical
power equivalent of the noise floor without illumination [21].
As the SPAD-mode operation is used for low-level illumina-
tions, its noise level determines low-light detection limit. For
the single-photon operation, the dark noise limit is determined
by the DCR. DCR statistical variation in each measurement
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