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ABSTRACT

Design and Implementation of a CMOS Digital Phase Imager for Time-Resolved
Luminescence Imaging Applications
by
Jian Guo

Advisor: Sameer Sonkusale

Time-resolved luminescence imaging is a highly selective and sensitive analytical tool that has been widely used in chemical and biological sensing applications,
environment monitoring, medical diagnosis, and life sciences. Currently the instrumentations for luminescence lifetime measurement rely heavily on the expensive and
bulky Photo-Multiplier Tubes (PMTs) and the Intensified Charge-Coupled Devices
(ICCDs); however, there is a great need nowadays to replace these bulky instruments
with low power and highly integrated devices to facilitate low-cost and portable implementations.
An attractive alternative to the PMTs or ICCDs is the CMOS based image sensors, which have significantly evolved over the past twenty years to rival CCDs in
many fields from consumer electronics, mobile devices to high-end scientific imaging.
CMOS image sensors offer many advantages over CCDs such as high level system
integration, low power consumption, high frame rate, and flexible chip level signal
processing.
In this dissertation, we present the first CMOS image sensor with direct digital
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phase output for time-resolved luminescence imaging. A novel Zero-Crossing Detection (ZCD) scheme is implemented to extract the phase-shift between the intensity
modulated excitation signal and the emitted fluorescence or phosphorescence, generating a time-domain delay that is linearly proportional to the luminescence lifetime
of the target analyte. A time-interpolated Time-to-Digital Converter (TDC) is subsequently used to quantize the time delay into a digital representation of the phase-shift
for post signal-processing and image reconstruction.
For proof-of-concept, a prototype digital phase imager consisting of a 32 × 32
P+/N-Well/P-Substrate photodiode array, row-level phase readout circuits with ZCD
operation and a global TDC are implemented in an IBM 65nm low-power CMOS technology. The fabricated chip occupies a 4mm×4mm silicon area and consumes less than
8.26mW power from a 1.2V supply. Extensive characterization demonstrates a phase
readout sensitivity of higher than 0.01 degrees at 1.2kHz modulation frequency and
0.1 degrees at up to 1MHz. The measured TDC resolution is better than 110ps over
a 414µs temporal dynamic range. In order to evaluate the complete image sensor
performance for time-resolved imaging applications, a phase image reconstruction is
carried out over a wide range of modulation frequency. Finally the fabricated imager
chip is applied to a sequence of luminescence lifetime imaging experiments, during
which a wide field phosphorescence lifetime imaging of a platinum complex and an
oxygen sensing experiment utilizing a fluorescent ruthenium complex are performed.
Compared to the traditional luminescence lifetime imaging systems, the implemented
digital phase imager offers competitive temporal resolution with significantly lower
system cost, reduced size, and ultra-low power consumption.
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CHAPTER 1

Introduction

1.1

Thesis Motivation

Luminescent sensors are excellent biochemical markers and indicators, and luminescence based scientific imaging has been widely used in analytical chemistry,
biotechnology, medical diagnosis, and life sciences. The intensity change, spectral
shift, and lifetime response of luminescence can provide extensive information on the
luminophores’ surrounding biochemical environments. Traditional steady-state luminescence imaging relied on the monitoring of the luminescence intensity levels at
a certain emission wavelength. Although such intensity-based luminescence sensing
approach can be easily carried out in real-time utilizing the appropriate optical filters
and photodetectors, it usually suffers from unstable and inconsistent response patterns, which are subject to the variations of the luminophore concentration levels as
well as the photobleaching effect that slowly degrades the luminescence intensity over
time, causing long-term stability issues. The time-resolved luminescence imaging, on
the other hand, generates more stable and more sensitive response, by extracting the
intrinsic luminescence decay constant. Such time-domain luminescence sensing technique offers tremendous advantages over the traditional intensity-based approaches,
such as high sensitivity and selectivity, less sensitive to the photobleaching effect,
and less dependent on the luminophore concentration. Nowadays, the luminescence
1

lifetime imaging has been widely used in chemical and biological applications, such
as protein identification [33], tumor detection [113], and pH measurement [12].
The luminescence lifetime can be extracted by using either time-domain methods
such as Time-Correlated Single Photon Counting (TCSPC) [30, 12, 124] and timegated imaging [31, 1, 41], or frequency-domain phase modulation [82] technique. Both
TCSPC and time-gated imaging extract the luminescence lifetime by reconstructing
the luminescence impulse response, which is a single or multi-exponential decay curve.
For example, the TCSPC utilizes a histogram based technique that collects the statistical distribution of Time-of-Arrival (TOA) data over millions of individual emitted
luminescence photons. Such method requires an ultra-fast laser source with subnanosecond pulse resolution as an excitation signal and extremely complicated and
expensive readout electronics such as Avalanche Photodiodes (APDs) [27], streak
cameras [135], Photo-Multiplier Tubes (PMTs) [30], or intensified Charge-Coupled
Devices (CCDs) [101, 25] for high-sensitivity and high-speed acquisition of weak luminescence emission. The post-signal processing for reconstructing the luminescence
decay is computationally expensive and time-consuming. These lead to complicated,
expensive, bulky, and power hungry system implementations. The ultra-sensitive
photodetectors also suffer from large noise and dark current. Therefore, the data acquisition process needs to be carried out in a controlled lab-based dark environment
to reduce the excessive noise introduced by ambient background illumination.
The frequency-domain measurement technique, on the other hand, can be more
cost-effective and power efficient. Instead of using a laser pulse, the excitation light
source is intensity modulated at a certain frequency, resulting an emitted luminescence that is also intensity modulated at the same frequency but with a phase-shift
that is a function of the luminescence lifetime. A lower speed and inexpensive LED
can be used as the excitation source and low complexity analog processing circuits
such as lock-in amplifiers can be used for phase extraction. Traditional attempts
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of reducing system size and cost of frequency-domain luminescence lifetime imaging systems largely relied on commercial photodetectors or CCD cameras for optical
acquisition and off-the-shelf electronic components for phase readout [137, 22]. A
dedicated computer based data acquisition platform is necessary to perform phase
image reconstruction.
With the advancement of Complementary Metal Oxide Semiconductor (CMOS)
technology, it is both desirable and feasible to implement highly integrated biochemical sensing devices for field experiments. Figure 1.1 shows an example health monitoring device that can be implemented in the form of an electronic wrist watch,
utilizing the luminescence sensing technique. The device carries out real-time or
periodic measurements of the important vital signs, such as heart rate and blood
pressure, as well as important physiological parameters such as partial oxygen pressure (pO2 ) and glucose level in the blood, human body pH level, and some patient
specific information such as the CD4 cell count. A proposed assembly view of the
device reveals the vertical integration structure, which utilizes a high resolution Liquid Crystal Display (LCD) to present the measured information, a Digital Signal
Processor (DSP) board for pattern recognition and system level control, a photodetector array to acquire the optical luminescence signal, an optical filter to remove
the background illumination, and a Light Emitting Diode (LED) array to excite the
luminescent sensors that have been applied to the skin or inside the human body.
One of the most critical components is the photodetector array, which serves as the
interface between the analog biological system and the digital electronics. In order
to develop such a highly integrated mobile device the photodetectors should consume
very little power for long-term operation, be very small in size, and preferably have
integrated signal processing circuits to directly acquire luminescence intensity or lifetime information. Traditional optical detectors used in luminescence imaging systems
such as PMTs or CCDs are too bulky and too power-consuming. An alternative solu-
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Figure 1.1: An example health monitoring device in the form of a wrist watch
tion is CMOS image sensor technology that has been extensively developed in recent
years and are widely used in smart phones and mobile PCs. CMOS imager integrates
both photodetector array and the mixed-signal readout circuits on the same silicon
substrate, which allows for flexible signal processing algorithms at pixel or chip-level,
low voltage operation, low power consumption, and high frame rate. Although early
generations of CMOS image sensors suffered from poor noise performance and device
mismatch from readout transistors, recent developments of the Active Pixel Sensor
(APS) [106] and the Correlated Double Sampling (CDS) technique have pushed the
CMOS imagers’ noise and linearity performance to rival that of the high-end CCDs.
It is without doubt that CMOS image sensors have become the most widely used
functional modules in developing low-cost and low-power Lab-On-a-Chip (LOC) devices for biochemical sensing applications.
There have been many attempts to develop CMOS based luminescence lifetime
imaging devices with very fine temporal resolution and high level system integration. In [126] an array of CMOS based APDs in a sub-micron CMOS technology and
a sub-nanosecond temporal resolution are reported. The system has a high power
4

consumption due to the operation of the APD array, which needs to be biased beyond diode break down voltage (above 10V) for single photon detection. The frame
rate is extremely low at 3.9Hz because of the complicated and time consuming postsignal processing. In [61] a time-gated CMOS imager using traditional N-Well/PSubstrate photodiode array has been implemented, however the timing resolution
is limited to 800ps due to slow photodiode response and slow image readout speed
lmited by the complicated noise reduction algorithm performed using on-chip analog circuits. Although both chips demonstrate big improvement over the traditional
lab-based luminescence lifetime imaging systems in terms of device integration, they
still are unsuitable for mobile device implementations due to high power consumption (≥100mW). Moreover both CMOS imagers require a high speed laser source for
luminescence excitation, which dramatically increases the overall device power and
cost.
Recently a biochemical sensor chip [23] based on the frequency-domain phase
modulation technique with LED as an excitation source has been reported. The
chip integrated an optical sensor array, analog front end circuits, and a Phase Detector (PD) on a single chip. It consumes only 55mW power consumption and is
relatively cost-efficient compared to other CMOS based implementations due to the
use of LED. However, the chip requires an additional Analog-to-Digital Converter
(ADC) to quantize the voltage output from the PD for post-signal processing. Moreover the phase extraction utilizes a conventional architecture of an XOR logic gate
cascaded by a Low-Pass Filter (LPF), which converts the phase-shift into a linearly
proportional output voltage. Such configuration suffers from very low resolution and
limited dynamic range that is inherently tied to the poor swings under low power
supply voltages due to CMOS technology scaling.
In this dissertation we propose an alternative solution to the existing voltagedomain phase-shift readout method. We take the advantages of the continuously
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scaled CMOS technology that provides high speed transistor performance with hundreds of GigaHertz (GHz) transition frequency fT and intuitively propose a phase
readout technique that directly converts the frequency-domain phase-shift into a timedomain delay signal. The time delay can be accurately quantized by a Time-to-Digital
Converter (TDC) with picoseconds resolution. The advantages of the proposed technique are high temporal resolution, direct digital outputs, and provision to use low
modulation frequency for reduced system power consumption. Motivated by this idea,
we present in this dissertation a CMOS image sensor with direct digital phase output
for high precision and low power time-resolved luminescence imaging applications.

1.2

Thesis Contribution

Based on the above proposed idea, we present to the best of our knowledge the
first CMOS image sensor with digital phase output. We have proposed a complete
image sensor architecture design from optical sensor array to luminescence lifetime
extraction algorithm, which can be readily used as a general platform to implement
low power and compact biochemical sensing devices. The main contributions of this
dissertation are:
• We have proposed a novel frequency-domain phase readout technique to extract
the luminescence lifetime information by utilizing on a Zero-Crossing Detection
(ZCD) technique, which converts the phase-shift into a time-domain delay signal. We have theoretically demonstrated that, for a single exponential decay
luminescence, the lifetime can be accurately approximated as a time-domain
delay signal if a low modulation frequency is used. The proposed ZCD operation offers an attractive alternative to the more tradition analog-domain phase
readout algorithms using cross-correlation technique or PD that relies heavily on high performance analog circuits. The ZCD operation also aggressively
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takes the advantages of the high performance transistors provided by the continuously scaled CMOS technology for achieving high precision phase readout
and allowing for high level system integration.
• We have designed and implemented the ZCD circuits utilizing a cascaded configuration of a high-gain Trans-Impedance Amplifier (TIA) followed by a high
speed comparator. We have performed detailed timing jitter noise analysis on
the implemented phase readout circuits, and have proposed design guidelines
that help finalize the circuit specifications.
• We have implemented the first working CMOS image sensor with integrated
Time-to-Digital Converter (TDC). We have designed a TDC with a time interpolation technique to achieve both high temporal resolution and high dynamic
range operation. We have also introduced a novel thermometer to binary decoding circuit in the TDC design to improve the conversion throughput, and
also to reduce the decoder circuit size and complexity.
• We have successfully demonstrated one of the few CMOS image sensors in a
deep sub-micron 65nm CMOS technology. We have fabricated a CMOS digital
phase imager with a 32×32 P+/N-Well/P-Substrate photodiode array, row level
phase readout circuits with ZCD operation, and a global chip-level TDC.
• We have demonstrated the proposed phase readout technique by extensively
characterizing the electrical and optical performance of the fabricated CMOS
digital phase imager. We have electrically verified the timing jitter noise of
the ZCD circuit and successfully correlated the measurements with simulation
results. In addition, we have electrically performed a phase image reconstruction
experiment to prove that the designed digital phase imager is fully functional
and meets our design specifications.

7

• Finally we have evaluated the complete CMOS digital phase imager by performing a 2-D time-resolved luminescence lifetime imaging using a phosphorescent
platinum complex. We have also demonstrated a CMOS integrated oxygen
sensing platform by utilizing the fabricated digital phase imager to measure the
fluorescence lifetime of a ruthenium complex as a function of dissolved oxygen
in water.

1.3

Thesis Organization

This dissertation is organized as follows: Chapter 2 gives a brief overview on the
development and basic implementations of CMOS image sensors. We have discussed
the key specifications associated with CMOS image sensor characterization, and have
applied those specifications to evaluate the performance of several CMOS based photodetectors and pixel architectures. Chapter 3 introduces the luminescence lifetime
imaging microscopy and the traditional system implementations based on both timedomain and frequency-domain lifetime measurement techniques, which include the
TCSPC, time-gated imaging, charge modulation, and frequency modulation. We
have compared the hardware requirements and the inherent system performance of
these approaches, including size, cost, and power consumption. Moreover CMOS
based implementations for each approach are also presented and discussed. Chapter 4 presents the proposed frequency-domain phase readout algorithm that utilizes
a ZCD operation to convert phase-shift into a time-domain delay signal. Based on
the proposed readout technique a CMOS image sensor with digital phase output is
presented. We have explained in detail both the implementations and the preliminary
simulation results of the photodetector array, the row level phase readout circuits, and
the TDC. During the TDC discussion, we also present an overview of various commonly used architectures. Chapter 5 carries out a detailed discussion on the timing
jitter noise associated with the proposed phase readout circuits. During the analysis,
8

the pixel level noise, the TIA noise, and the comparator noise are discussed individually, and critical design guidelines are provided to improve the noise performance.
Chapter 6 presents the complete electrical and optical characterization results on the
fabricated CMOS digital phase imager. During the characterization, the important
optical parameters of the photodiode array, the linearity, the sensitivity, and the noise
performance of the implemented phase readout circuits and the performance of the
TDC are all carefully evaluated. Towards the end of the chapter, an electronically
simulated phase image reconstruction experiment is carried out to evaluate the high
dynamic range performance of the fabricated CMOS digital phase imager. Chapter 7
shows the time-resolved luminescence imaging experiments using both fluorescent
and phosphorescent sensors. The fluorescent sensor is also used for oxygen sensing
experiments and results are presented. Chapter 8 concludes this dissertation with a
brief discussion regarding some potential improvements on both the system level and
circuit level of designing a high performance CMOS digital phase imager.

9

10

CHAPTER 2

Review of CMOS Image Sensors

As mentioned in Chapter 1, optical detectors play an important role towards implementing highly-integrated and low power mobile devices for luminescence-based
biochemical sensing applications. We explained how the CMOS image sensors provide a more attractive alternative to the traditional luminescence imaging devices
such as Photo-Multiplier Tubes (PMTs) or Intensified CCDs (ICCDs), due to their
high-level chip integration, low power consumption, and very low cost. Before delving
into the proposed luminescence lifetime imaging system, we dedicate this chapter to
the introduction of CMOS image sensors with brief discussions on the development
and basic operation principles of various CMOS based photodetectors and pixel architectures.
This chapter is organized as follows: Section 2.1 gives an overview of the solidstate image sensors and briefly compares CMOS image sensors with CCDs that are
widely used for scientific imaging applications; Section 2.2 presents the key specifications that are commonly used to evaluate CMOS imager performance; Section 2.3
presents several types of CMOS based photodetectors and pixel architectures; Section 2.4 concludes this chapter with a brief performance comparison covering all the
discussed CMOS image sensor structures.
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2.1

Introduction

Solid-state optical detectors based on the Metal-Oxide-Semiconductor (MOS)
technology were first introduced in the middle 60’s [60, 142], which utilized the inherent optical response of silicon P-N junction diode. Early MOS image sensors were
based on bipolar transistors, commonly known as phototransistors. During its infancy, the MOS imager suffered from high Fixed-Pattern-Noise (FPN) [40] primarily
due to the threshold voltage variation and poor noise performance of the phototransistors as well as the readout MOS transistors. Moreover the optical responsivity of
the phototransistor was rather low because the MOS process was not optimized for
optical imaging applications. Therefore MOS phototransistors were not a popular
choice for optical detection.
The more popular solid-state photodetectors are CCDs, which were first reported
in the early 70’s [18] by Willard Boyle and George E. Smith from Bell labs. CCDs have
been the dominant solid-state image sensors for both scientific imaging and consumer
applications for the past thirty years. CCDs offer superior optical sensitivity, high
Quantum Efficiency (QE), and extremely low dark current, due to specialized fabrication process that has already been optimized for imaging applications. Because of
their low-noise performance, CCDs are especially powerful for low light detection [68].
Figure 2.1(a) shows a simplified cross section view and operation diagram of a conventional solid-state P-N junction photodiode, which is used in both MOS imagers and
CCDs. The photodiode is implemented using a reverse biased N-type/P-Substrate
junction diode with N-type layer biased at a positive potential and P-Substrate biased
at ground. The N-type layer can be either a N+ diffusion layer or a deeper N-Well, depending on the wavelength of interest and other performance requirements (i.e. pixel
size) of the photodiode. Because of the reverse biased voltage, a depletion region is
formed between the N-Well and the P-Substrate. When a photon with an energy
level hυ (where h is the Planck constant and υ is the photon’s frequency) greater
12

(a) Illustration of a P-N junction photodiode
operation

(b) A simplified R-C photodiode model. Revised from [145]

Figure 2.1: Typical implementation a P-N junction photodiode
than the band-gap of the silicon (1.11eV) gets absorbed in the depletion region, an
electron-hole pair is generated. Due to the strong electrical field E, both the electrons
and holes will be swept out of the depletion region. The electrons are collected by
the N+ contact and the hole are collected at the P-Substrate. If a continuous flux
of photons gets absorbed in the depletion region, the generated electron-hole pairs
will form a constant photon-generated current, which on the average is linearly proportional to the optical intensity. Usually, the photon-generated charges are stored
on the parasitic capacitor of the photodiode as charge packets, which are later read
out using charge transfer technique as in CCDs or converted to a voltage signal via
readout transistors as in the MOS imagers. Normally the photocurrent is contributed
from three sources: the current generated by the electron-hole pairs from the depletion region, the current generated by the free space holes in the quasi-neutral N-type
layer that randomly get absorbed into the depletion region, and the current generated by the free space electrons from the quasi-neutral P-substrate that randomly get
absorbed into the depletion region [44]. Figure 2.1(b) shows a simplified R-C model
of a P-N junction photodiode, where Iph is the photon-generated current, Rj,P D is
the P-N junction diode parasitic resistor, Rs is the series resistor resulting from metal
contacts and signal routing layer’s parasitic resistors if the photodiode is connected
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to readout circuits, and CP D is the photodiode parasitic capacitor.
Although sharing the same photodetectors, CCDs and MOS imagers are very different when it comes to system level operation. Figure 2.2(a) shows a typical frame
transfer CCD sensor array, which is essentially a monolithic semiconductor shift register in which the shifted information is in the form of charge packet stored on the
photodiode capacitor [18]. The sensor array consists of two type of CCDs: the first
type is exposed to light and serves as photodetector array. The photon-generated
charges are stored on the photodiode parasitic capacitor as discussed before; The
second type is frame transfer CCD array, where the charge transfer is carried out.
Figure 2.2(b) shows a typical timing diagram of a three-phase charge transfer process.
Here we focus on the first three rows of the frame transfer CCDs with three clock
signals Φ1 , Φ2 , and Φ3 . Assume a charge packet is already stored on the row of Φ1
at time t1, then at t2 Φ2 is pulsed high and Φ1 starts to decrease. This narrows the
potential well underneath Φ1 and increases the potential well underneath Φ2 , causing
the charge from Φ1 to flow into Φ2 . The clock voltage Φ1 continues to decrease at t3
and finally turns off at t4, causing a complete charge transfer from one potential well
to another. The same process repeats as the charge is shifted from Φ2 to Φ3 .
During the traditional CCD operation, the clock signals are pulsed at a high potential (e.g. 10V) to ensure maximum charge transfer efficiency, and the charge can
only be transferred sequentially from one row to another. At the last row of the frame
transfer CCD array, the charge is shifted horizontally to a readout amplifier, where
charge to voltage conversion is carried out.
During the charge transfer process, the photon-generated charge packets are
non-destructively shifted and readout without being corrupted by the electronic noise
from any readout transistors, therefore CCDs have extremely low readout noise, which
leads to high sensitivity, high Signal-to-Noise Ratio (SNR), and very good FPN performance. Despite its superior optical performance, CCD has many restrictions: First
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(a) A simplified schematic of CCD array

(b) Timing diagram of a three phase CCD charge transfer readout

Figure 2.2: Typical implementation of a CCD array. Revised from [44]
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of all, it’s not practical to integrate CMOS based signal processing circuits in the same
CCD sensor chip, due to incompatibility between CCD and CMOS fabrication processes. Although it’s theoretically possible to fabricate CMOS circuits on a CCD
chip, it’s not cost-effective since many more masking steps have to be developed to
build this hybrid CCD-CMOS imager [140]. This makes system integration difficult; Secondly, CCDs generally require separate high voltage clock generation and
data acquisition chips for both image acquisition/storage and post-signal processing.
Therefore CCD imagers are power-hungry and costly because multiple chips with various supply voltages (up to 15V) are needed for a complete image acquisition; Last
but not the least, CCDs suffer from slow readout speed since the charge transfer needs
to be accomplished sequentially and every time the entire frame needs to be readout.
With the advancement of CMOS technology over the past twenty years, CMOS
based image sensors gradually gained their popularity among various applications
in scientific research, industrial monitoring, security surveillance, and portable media devices. CMOS image sensors enjoy a wide range of advantages from high level
system integration, high speed and highly flexible pixel readout, to ultra-low power
operation. Figure 2.3 shows a typical CMOS image sensor architecture. Unlike CCDs
that use sequential charge transfer readout, CMOS pixels can be randomly selected
via row and column decoders, and the charge-to-voltage conversion can be directly
carried out at pixel level. This readout mechanism not only increases the readout
speed but also relieves the power consumption since high frequency and high voltage
readout clocks can be eliminated. Innovative image readout such as Dynamic Range
(DR) enhancement [146] can also be realized by integrating signal processing circuits
on the same substrate as the sensor chip. The scaling of CMOS technology also allows
for row or column level pixel readout for reduced power consumption and increased
frame rate operation. The column level outputs are multiplexed into an output buffer
and an on-chip ADC can be used to quantize the analog output from each pixel and
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Figure 2.3: A typical implementation of a CMOS image sensor array
generate digital codes for direct post-signal processing.
There are many advantages of CMOS based image sensors as compared to CCDs:
First of all, the high level system integration leads to lower power consumption (power
supply is usually lower than 5V for most CMOS processes) and the possibility to LabOn-a-Chip (LOC) implementation for biochemical imaging applications [91], where
low-cost and highly integrated devices can be designed to replace bulky and expensive lab-based instruments; Secondly, the pixel readout is highly flexible, making it
possible to perform region of interest sub-pixel-array readout; Thirdly, the introduction of CMOS Active-Pixel-Sensor (APS) [107] and the subsequent improvements
contributed by numerous research groups have proven that CMOS image sensors can
offer comparable performance as compared to CCDs [36, 106] in terms of noise and
FPN. Even though CMOS photodetectors are inherently inferior to CCD’s in terms
of dark current, QE, and responsivity, its ability to integrate analog and mixedsignal circuits on the same substrate, high degree of flexibility and compatibility to
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a wide range of applications, and ultra low power consumption make them competitive candidates for future mobile devices for both consumer and scientific imaging
applications.

2.2

Key Specifications

Prior to discussing the CMOS based photodetectors and pixel architectures, we
briefly review the key specifications that are commonly used to characterize the performance of CMOS image sensors.
Pixel array size: the number of pixels in the CMOS image sensor array. For example,
the commonly defined Video Graphics Array (VGA) format has 640×480 pixels, and
the Wide VGA (WVGA) has a pixel array of 800×480.
Pixel size: the actual physical dimension of a single pixel layout, including the photodetector and pixel level readout transistors and necessary signal routings.
Pixel pitch size: the actual physical dimension of a pixel layout as part of a pixel array,
including the layout of the pixel itself and the extra signal routing layers that are used
to connect one pixel to its neighboring pixels. It specifies the true spatial distance
between the center of one pixel to the center of its neighboring pixels. For example,
Figure 2.4(a) shows a single pixel layout that has a size of 23.4µm×27.15µm, and
Figure 2.4(b) shows the same pixel in a complete array layout. The pixel pitch size is
increased to 36.8µm×36.8µm due to the extra signal routing between the neighboring
pixels.
Fill factor: the ratio of the actual photodetector area that is exposed to illumination
to the complete pixel pitch size as defined above. The fill factor can be improved by
reducing the transistor count at pixel level, or increasing the photodetector’s size at
the cost of increased overall pixel size.
Quantum Efficiency (QE): the spectral response of a CMOS pixel and is a function
of the optical wavelength λ. It depends on the absorption coefficient of the photode18

(a) Pixel size from a single pixel layout

(b) Pixel pitch size from a complete pixel array
layout

Figure 2.4: Illustration of pixel size and pixel pitch size [55]
tector structures (N+/P-Substrate, N-Well/P-Substrate, or photogate) as well as the
pixel fill factor. For a particular wavelength, the QE η is defined as the ratio of
the number of photon-generated electron-hole pairs (or photocurrent density Jph in
A/m2 ) from unit photodetector area to the number of photons from the illumination
flux (or optical power density I in W/m2 ) that projects on to the unit photodetector
area. The QE η be represented using the following equation (2.1):

η(λ) =

Jph
I

(2.1)

Responsivity: the photon-electron conversion gain of the photodetector and is usually
specified in the form of ampere per watt (A/W). It specifies the photocurrent density
generated by 1 watt of optical illumination density. Traditional integration mode
CMOS image sensors also utilize V/lux·s, which takes into account the effect of the
charge integration process. For an APS photodiode working in the integration mode
and assuming a photon flux with an optical power of I lux/m2 , a photodiode area of
S m2 , an integrated voltage Vint over an integration time of tint , and a source follower
19

buffer gain of A, the pixel responsivity can be represented as Vint / (AIStint ).
Dark current: the leakage current of photodetectors under no external illumination.
The dark current typically increases with temperature, doping concentration, and the
photodetector’s reverse bias voltage.
Well capacity: the maximum photon-generated charge Q that can be stored on the
photodetector’s parasitic capacitor without saturating the readout circuits. It can
be represented as Q = Vpp CP D , where Vpp is the peak-to-peak voltage swing at the
photodetector’s output node and CP D is the photodetector’s output node parasitic
capacitance, which includes both the photodetector capacitance and the parasitic
capacitance associated with the readout transistors.
Dynamic Range (DR): the ratio of the largest illumination level Imax that can be
detected by the photodetector without saturating the pixel readout circuits, to the
minimum detectable illumination level Imin that can be detected by the photodetector.
The Imax is limited by the voltage swing at the photodetector’s output node (which
is usually the power supply), and Imin is usually limited by the photodetector noise
and its dark current.
DR = 20 log

Imax
Imin

(2.2)

Pixel-to-Pixel Fixed-Pattern-Noise (PPFPN): the standard deviation of pixel level
outputs under uniform illumination. It is caused by the device mismatch of both
photodetector and pixel level readout circuits. Given a CMOS image sensor array
with m rows and n columns, the PPFPN can be represented using the following
equation (2.3)
sP
PPFPN =

m
i=1

Pn

j=1

(vout,ij − vout,mean )2
m×n

(2.3)

where vout,ij is the voltage output from the pixel (i,j) under the uniform illumination
and vout,mean is the mean output voltage value of the entire pixel array.
Row-to-Row Fixed-Pattern-Noise (RRFPN): If a CMOS image sensor has row level
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readout circuits, then the RRFPN is defined as the standard deviation of row level
readout circuits under a constant input electrical test signal. It is caused by the
offset, gain mismatch, and non-linearity of row level readout amplifiers and buffers.
If ADCs are used for row level readout then the ADC linearity can also contribute to
RRFPN. Given a CMOS image sensor array with m row level readout circuits, the
RRFPN can be represented using the following equation (2.4)
s
RRF P N =

Pm

i=1

(vout,rowi − vout,rowmean )2
m

(2.4)

where vout,rowi is the output from row i readout circuits and vout,rowmean is the mean
voltage output from m row level readout circuits.
Frame Rate: the maximum number of full resolution images that can be readout
from the CMOS image sensor in one second. For typical video applications the
required frame rate is 30 frames per second. For certain high speed scientific imaging
applications, a system may require hundreds of frames per second [112].

2.3

CMOS Photodetectors and Pixel Architectures

Now we briefly review the operation principles of several photodetector structures
and pixel architectures. These include Passive Pixel Sensor (PPS), Active Pixel Sensor
(APS), Photo-Gate (PG), Pinned Photodiode (PPD), and Digital Pixel Sensor (DPS).

2.3.1

Passive Pixel Sensor

Passive Pixel Sensor (PPS) represents a category of CMOS image sensors whose
pixel functions as a passive device. Figure 2.5 shows an example PPS pixel that
consists of an N-Well/P-Substrate photodiode and a Select transistor. The readout
of the photon-generated charge can be carried out by either continuous current mode
shown in Figure 2.5(a) or a charge integration mode shown in Figure 2.5(b). The
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(a) Passive pixel schematic with continuous current-mode readout

(b) Passive pixel schematic with charge integration readout

Figure 2.5: Typical implementations of PPS pixels
current mode readout utilizes a Trans-Impedance Amplifier (TIA) that is configured
using an amplifier with a negative resistive feedback, to perform the conversion of
photon-generated current into a voltage output. The charge integration readout integrates the photon-generated current onto an integration capacitor Cint and utilizes
a Reset switch at the end of each integration process to reset the readout circuit.
Pros and Cons:
Pros: The PPS pixel allows for small pixel size and high fill factor implementations,
due to low transistor count (only one Select transistor) at pixel level. The QE can
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be very high because the optical interference from transistors and signal routings at
pixel level is minimum. The low transistor count also minimizes the thermal noise
and mismatch from pixel level transistors and therefore minimizes PPFPN across the
pixel array.
Cons: The readout of PPS pixel is destructive because the photo-generated charge
gets redistributed among the pixel and the external readout circuits. Such destructive
readout leads to limited speed due to the large parasitic capacitance Cp associated
with the signal bus at the input of the readout circuits, which are shared among the
entire pixel array. For example, a 1024×1024 pixel array with a moderate pixel level
output parasitic capacitance of 10fF (in a 0.5µm CMOS process) will have a total row
level parasitic capacitance of larger than 10pF. If a charge integration readout circuit
with a Cint of 1pF is used for row level pixel readout, then the parasitic capacitance is
10 times higher than Cint . This will cause a large mismatch during the charge transfer
process, and at the same time increase the integration time. Therefore PPS usually
suffers from low frame rate and is not suitable for large pixel array applications. The
well capacity, DR, and conversion gain of PPS are totally dependent on the photodiode size. Small PPS pixel will have high conversion gain but low well capacity and
poor DR. Large PPS pixel, on the other hand, has large well capacity and high DR
but at the cost of low conversion gain.

2.3.2

Active Pixel Sensor

Active Pixel Sensor (APS) was first introduced in [107] and has been significantly improved over the years to achieve comparable performance as compared to
CCDs [106]. The APS is one of the most widely used pixel structures for CMOS image
sensors because it offers good trade-off between readout speed, QE, leakage current,
FPN, and DR. Figure 2.6(a) shows a typical 3-T (three transistor) photodiode pixel
structure that consists of an N-Well/P-Substrate photodiode, a Reset transistor N 1,
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a source follower input transistor N 2, and a Select transistor N 3. In order to minimize the transistor count at pixel level, the current source of the source follower
is usually shared at row or column level. Figure 2.6(b) shows the operation timing
diagram of a 3-T APS pixel. During the reset phase transistor N 1 is turned on to set
the well capacity of the photodiode to VDD CP D , where VDD is the reset voltage and
CP D is the photodiode parasitic capacitance. During the integration phase, transistor N 1 is turned off and the photon-generated electron-hole pairs start to discharge
CP D , causing the photodiode output voltage VP D to drop linearly with the optical
intensity. At the end of integration phase, the Select transistor N 3 is turned on and
the photodiode voltage VP D is readout through the source follower buffer into row
level or chip level processing circuits. The photodiode node voltage VP D is a function
of the photocurrent IP D , photodiode parasitic capacitance CP D , and the integration
time tint as shown in equation (2.5):

VP D = VDD −

IP D tint
CP D

(2.5)

Note that the pixel readout is carried out in two reset cycles. When the Select
is pulsed high, the integrated photodiode voltage VP D from the last reset cycle is
readout first during t2∼t3. Then Reset is pulsed high to reset the photodiode and
the reset voltage is read out during t4∼t5. If the pixel readout is carried out in a more
straightforward single reset cycle, then the readout circuits need to wait for each pixel
over a complete integration period. This will significantly reduce the readout speed
especially when the readout circuits need to sequentially scan through the entire pixel
array. Moreover each pixel will be integrated at different time stamps, resulting in
image distortion and image lag.
Similar to the PPS pixel, the 3-T APS pixel suffers from a low conversion gain if
the photodiode size is large. In order to overcome this issue, a 4-T (four transistor)
APS pixel structure has been proposed by Mikio Kyomasu [80] in 1991 and was
24

(a) Schematic of a 3-T APS pixel

(b) Simplified timing diagram of 3-T APS pixel readout

(c) Schematic of a 4-T APS pixel

Figure 2.6: Typical implementations of APS pixels
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later extensively discussed in [140]. The 4-T APS pixel adds an additional charge
transfer gate T X to separate the photon-generated charge collection node and the
charge-to-voltage conversion node. Figure 2.6(c) shows the 4-T APS pixel schematic,
which consists of a photodiode, a charge transfer gate T X, a reset transistor N 1, a
source follower input transistor N 2, and a select transistor N 3. The charge transfer
gate T X shares one of its terminals with the N+ contact of the photodiode, and
its other terminal serves as a Floating Diffusion (FD) node to temporarily stored
the transferred charge. During the reset phase transistor N 1 is turned on and T X
is turned off, the well capacity of the FD node is set to VDD CF D , where CF D is
the parasitic capacitance associated with the FD node. The reset voltage is readout
through the source follower. During the integration phase, transistor N 1 is turned off
and transistor T X is biased at a constant voltage VT X , and the photodiode functions
as a current source with a photon-generated current IP D that is linearly proportional
to the illumination intensity. The IP D continuously discharges the FD capacitor until
the end of integration phase, and then the final voltage VF D is readout through the
source follower buffer. It is worth to note that during the integration phase the
photodiode node voltage is self biased at VT X − Vth , where Vth is the threshold voltage
of T X.
Pros and Cons:
Pros: The main advantage of APS pixel compared to PPS pixel is non-destructive
readout, during which the integrated photodiode output voltage is buffered by a
source follower. Moreover the readout speed is faster because the charge-to-voltage
conversion is directly carried out at pixel level. The 4-T APS pixel offers relatively
high conversion gain due to the separation of the photon-generated charge collection
node and the charge-to-voltage conversion node, which usually has much smaller
parasitic capacitance as compared to that of the large photodiode.
Cons: Due to increased transistor count at pixel level, APS pixels usually suffer from
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increased FPN due to additional device mismatch and thermal noise. The 4-T APS
pixel also suffers from image lag due to the slow response and incomplete charge
transfer from the charge transfer transistor, especially at low illumination level where
the low photocurrent drives the charge transfer gate T X into weak-inversion region.
The pixel readout from two reset cycle automatically samples the reset noise from
transistor N 1 twice, and since the two reset noise are uncorrelated the resulting reset
noise is high. The QE will also degrade due to increased complexity of the pixel level
circuits and signal routings. Last but not the least, the 3-T APS photodiode pixel
suffers from non-linear optical-to-electrical response, because the charge-to-voltage
conversion is carried out directly across the photodiode capacitance, which varies
with bias voltage. The pixel size and fill factor however, are not degraded due to the
scaling of CMOS technologies with sub-micron transistor feature sizes.

2.3.3

Photogate Pixel

The APS pixel with a photogate as the optical detector was introduced by S.
Mendis, et al. [95] to mimic the CCD operations for high-performance scientific imaging and low-light detections [36]. Photogate performance has been extensively studied
in [16]. The photogate can be simply implemented using a CMOS transistor with its
gate biased at a positive voltage, creating a depletion region underneath the transistor gate area. The photon-generated charges are then collected in the potential well
as the photons get absorbed in the depletion region.
A typical implementation of a APS photogate pixel is shown in Figure 2.7(a),
which is similar to that of a 4-T APS pixel. The pixel consists of a photogate P G,
a charge transfer gate T X, a reset transistor N 1, a source follower input transistor
N 2, and a Select transistor N 3. Again, the charge transfer gate T X and the photogate P G shares a common terminal N +, the the other terminal of T X serves as a
FD to perform the charge-to-voltage conversion. Figure 2.7(b) shows the operation
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timing diagram of the APS photogate pixel. During the integration phase t1∼t3, the
photogate P G is biased at a high voltage to create a depletion region underneath
the gate area, and the photon-generated charges are collected in the depletion region.
Towards the end of the integration phase, the Select is pulsed high at t2 to start
the pixel readout phase. During the pixel readout, the reset transistor N 1 is first
turned on to set the well capacity of FD to VDD CF D , and the reset voltage is readout
via the source follower buffer during t3∼t4. Soon after the reset the bias voltage of
P G is pulsed low to end the integration phase the bias voltage of the charge transfer gate T X is pulsed high. This starts the charge transfer phase, during which the
potential well underneath the P G gate area decreases and the potential barrier underneath the gate of T X lowers, creating a charge transfer path from P G to FD.
When the charge transfer is complete the VF D decreases by a certain amount due to
the charge-to-voltage conversion and this voltage is readout via the source buffer for
extracting the optical information. It’s worth noting that the entire readout is carried
out in a single reset cycle due to the fact that the photogate can temporarily hold
the collected charges when the FD is being reset. This readout mechanism makes it
possible to perform Correlated Double Sampling (CDS) that can completely remove
the reset noise of transistor N 1 since the same reset noise will be read out twice and
get subtracted due to correlation.
Pros and Cons:
Pros: The APS photogate pixel has relatively high conversion gain due to the relatively small charge-to-voltage conversion capacitor seen at the FD node. The capacitance at the FD node remains fairly constant during readout phase, resulting in
better linearity of the optical-to-electrical response at the pixel level. As has been
discussed before, the unique operation mechanism of photogate allows for low reset
noise using CDS technique.
Cons: The APS photogate pixel size is usually larger than APS photodiode or PPS
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(a) Schematic of a typical 4-T photogate APS

(b) Timing diagram of photogate operation

Figure 2.7: Implementation of a typical 4-T photogate APS
photodiode due to high transistor count and the photogate implementation. Moreover the use of polysilicon as the gate material degrades spectral response at certain
wavelengths (e.g. blue), and therefore degrading the QE performance.

2.3.4

Pinned Photodiode Pixel

Figure 2.8 shows a typical implementation of a CMOS Pinned-Photodiode (PPD)
with a 4-T APS readout. The pinned-photodiode pixel was originally developed in
the research laboratory at Eastman Kodak Company by B. C. Burkey et al. for in
interline-transfer CCD in 1984 [20]. Such structure was applied to CMOS imagers
in [64, 42, 65, 34, 111, 96]. The structure of APS pinned-photodiode pixel resembles
that of a 4-T APS photodiode pixel except that the N-type layer of the photodiode is
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Figure 2.8: A typical implementation of CMOS PPD pixel
buried under a lowly doped P-type diffusion layer (P+). The doping of the pinning
layer and the N-type layer should be carefully controlled so that the N-layer can be
completely depleted by the bias voltage. The working principle of the APS PPD pixel
is similar to that of a 4-T APS photodiode pixel. The majority of the photocurrent
is still generated in the depletion region between the N-Well and P-Substrate.
Pros and Cons:
Pros: The APS PPD pixel has low dark current because the photon-charge collection
region is separated from the silicon surface by the P+ layer, the leakage current due
to surface defects is greatly suppressed [89]. Moreover, the P+ layer is transparent
to visible light under 500 nm and it also passes through most of the light over the
range of 500 nm to 750 nm [145], therefore it does not degrade the QE performance.
The 4-T PPD APS also has all the advantages of a 4-T APS photodiode pixel, such
as high conversion gain, high SNR, reduced reset noise through CDS.
Cons: The main disadvantage of PPD is increased process complexity [89] because
an additional layer is added to the photodiode structure. It has been discussed in [89]
that the bias voltage applied to the N-type layer should be carefully controlled so
that it can make the PPD fully depleted while leaving enough headroom for device
operation.
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2.3.5

Digital Pixel Sensor

Digital pixel sensor is a system level technique that can be applied to any of the
pixel structures mentioned above. The idea of performing analog-to-digital conversion at pixel level, which led to what was called Digital-Pixel-Sensor (DPS), was first
introduced by Boyd Fowler in 1994 [38] who integrated Σ − ∆ modulation at pixel
level. The DPS pixel occupies a 60µm×60µm area with 22 transistors and a fill factor
of only 3% [37]. Similar technique has been modified and improved by David Yang in
1996 [147] and 1999 [149, 148] respectively, in which he introduced a Multi-Channel
Bit Serial (MCBS) pixel ADC that operates at Nyquist rate instead of over-sampling
mode. The application of DPS ranges from high dynamic range [149] to ultra-high
speed image acquisition [78] due to its flexible pixel level signal processing and high
speed signal readout using pixel level memory.
Pros and Cons:
Pros: First of all, the analog-to-digital conversion is performed within each pixel
rather than at row/column or the chip level. Therefore the conversion error due to
device mismatch is reduced, thus increasing the SNR at the pixel level; Secondly, since
the pixel level ADC can work at very low sampling frequency compared to chip level
ADC, the total power consumption can be greatly reduced; Last but not the least,
the same pixel level ADC design can be easily reused for future DPS implementations
using scaled CMOS technologies [45].
Cons: The integration of analog-to-digital conversion at pixel level significantly increases the transistor count. Even with the scaling of CMOS technology, the DPS
pixel size is still significantly larger than the traditional 3-T or 4-T APS photodiode
pixels. The complicated circuit implementations at pixel level not only takes up silicon area but also introduces additional thermal noise and device mismatch, resulting
in low fill factor and high FPN across the pixel array.
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Table 2.1: Performance matrix of various CMOS based photodetectors and pixel
architectures
PPS
Pixel Size
Fill factor
QE
Responsivity
Dark current
DR
FPN
Frame rate

2.4

small
high
high
moderate
moderate
moderate
low
low

3-T
photodiode
APS
moderate
high
high
moderate
moderate
moderate
moderate
moderate

4-T
photodiode
pixel
moderate
moderate
moderate
high
moderate
low
moderate
moderate

3-T
photogate
pixel
moderate
moderate
low
high
high
low
moderate
moderate

4-T PPD
APS

DPS

moderate
moderate
moderate
high
low
low
moderate
moderate

large
low
low
moderate
moderate
high
high
high

Summary

This chapter provided background on solid-state image sensor array and briefly
compared the CMOS imagers with CCDs. Critical specifications of the CMOS imagers are discussed and used to evaluate the performance of commonly used photodetector structures and pixel architectures. Based on the above discussions, we present
a performance chart shown in Table 2.1 that summarizes the specifications of each
photodetector type and pixel architecture.
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CHAPTER 3

Review of Luminescence Lifetime Imaging Systems

This chapter briefly reviews the background of luminescence emission and introduces three standard techniques for luminescence lifetime imaging. The chapter is
organized as follows: Section 3.1 discusses the basic mechanism of luminescence emission followed by an overview of the time-resolved luminescence imaging microscopy;
Section 3.2 and Section 3.3 present the Time-Correlated Single Photon Counting
(TCSPC) and the time-gated imaging techniques, both of which are time-domain
approaches that reconstruct the luminescence decay curve. In these two sections, the
operation principles, hardware requirements, and the CMOS based implementations
are presented. In Section 3.2 the speed limitations of TCSPC is explained, which
suggests that such technique is not suitable for long lifetime measurements. In Section 3.3, a special technique called charge modulation [150] that has been implemented
in CMOS is also presented. Section 3.4 shows a frequency-domain luminescence lifetime imaging method [84, 82, 139] that converts the time-domain lifetime information
into a frequency-domain phase-shift, by modulating both the excitation and the emitted luminescence signal. In this section, the operation principles, the lab-based and
the CMOS based implementations are presented. Section 3.5 briefly compares the
overall performance and system requirements of the discussed techniques.

33

Figure 3.1: Simplified Jablonski diagram illustrating luminescence emission. Revised
from [81]

3.1

Background

Luminescence is the phenomena of emission of photons from molecules or compounds in an electronically excited state. The emission of luminescence generally falls
within two categories: fluorescence and phosphorescence, which can be illustrated using the simplified Jablonski diagram shown in Figure 3.1 [81]. The short wavelength
excitation light hνex excites the luminophores from the ground vibration level S0 to
higher vibration level Sn . The luminophores from the excited state Sn will immediately, within picoseconds, relax to the lowest thermal equilibrium vibration level S1
due to a process called internal conversion. As the luminophores decay from S1 to S0 ,
a longer wavelength emission is generated as the fluorescence emission hνf luorescence .
The wavelength difference between νex and νf luorescence is due to the energy loss from
the internal conversion. Such shift of spectral response between the excitation light
and the emitted fluorescence is called the Stokes shift.
It is worth noting that while in the excited state S1 , the luminophores can also
transform into a triplet state T1 through inter-system crossing. The luminescence decay from T1 to the ground state S0 is usually very long (microseconds to milliseconds)
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and results in a phosphorescence emission.
During the luminescence emission, the luminophores decay from the excited state
S1 to the ground state S0 and some luminophores will emit photons while other don’t.
The process that involves photon emission is called radiative decay, which has a decay constant of krf for fluorescence emission or krp for phosphorescence emission.
The process that doesn’t emit photons is called non-radiative decay, which has a decay constant of knrf for fluorescence emission or knrp for phosphorescence emission.
The radiative decay emits photons and as a result the luminescence emission can be
expressed using the following equation (3.1), where N (t) is the number of excited
luminophores that emit photons during radiative decay. N (0) is the number of the
initially excited luminophores that emit photons at the beginning of the radiative
decay. Here we use fluorescence emission as an example, and the equation shows
a single-exponential fluorescence decay with a time constant of τ = 1/(krf + knrf ),
which is commonly known as the fluorescence lifetime.
∂N (t)
= −(krf + knrf )N (t)
∂t
N (t) = N (0)e

(3.1)

−t(krf +knrf )

The luminescence microscopy that relies on the measurement and quantification
of the intrinsic luminescence decay constant of the luminophores from an excited state
to the ground state, also known as the luminescence lifetime, for sensing applications
is called the luminescence lifetime imaging microscopy. A more widely used term
is the Fluorescence Lifetime Imaging Microscopy (FLIM) that concentrates on the
fluorescence emissions. The advantages of luminescence lifetime imaging microscopy
over the traditional intensity based luminescence microscopy are: (1) The luminescence lifetime is independent of the luminophore concentration and is less sensitive
to the photobleaching effect, which causes the luminescence intensity to degrade over
time; (2) Luminescence lifetime imaging also presents better sensitivity under certain
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circumstances where the luminophores are exhibiting multi-exponential decay. Such
multi-exponential decay cannot be accurately reconstructed using intensity-based luminescence imaging. Therefore the luminescence lifetime imaging can distinguish luminophores with different lifetimes and generate high contrast time-resolved images,
even if the luminophores exhibit similar luminescence intensity levels. Furthermore,
because the luminescence lifetime is very sensitive to the chemical environments, a
single probe (luminophore) will generate feature rich images, depending on the probe
environment, even if just one probe is used in a given sample. (3) It is possible to compile a database of luminescence lifetime standards [21, 99] for different luminophores
in different chemical environments, and such database can be used as a reference for
different sensing applications. However it is not possible to create such a database
for luminescence intensity because it depends on many environmental factors and is
subject to the photobleaching effect. Therefore luminescence lifetime imaging is a
popular analytical tool in biochemical sensing applications.
In real-life luminescence lifetime imaging applications, the luminescence impulse
response usually exhibits a multi-exponential decay that can be generalized as follows:

L(t) =

X

Li · e−t/τi

(3.2)

i

Although multi-exponential decay is common in biochemical sensing applications,
where tissues or complicated luminescent sensors exhibit multiple luminescence lifetime constants, it is very difficult to accurately reconstruct the multi-exponential
decay curve [54]. Therefore, multi-exponential decay and its measurement techniques
are beyond the scope of this dissertation and for simplicity reason we only analyze
single exponential decay or an equivalent single exponential decay measurement in
case of a multi-exponential response for luminescence lifetime imaging.
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3.2
3.2.1

Time-Correlated Single Photon Counting
Operation Principle of TCSPC

TCSPC is mainly used to measure fluorescence lifetime that is in the nanoseconds
range, due to its speed limitations, which will be discussed later in Section 3.2.2. The
TCPSC reconstructs the fluorescence’s impulse response, which is an exponential
decay, by collecting the statistical distribution of the emitted fluorescence photons.
The TCSPC operates as follows: an ultra-fast laser source such as a picosecond dye
laser or a Ti:sapphire laser is used to generate a sub-nanosecond pulse to trigger the
fluorophores into an excited state. In the meantime, photons are emitted as a result
of radiative decay, a process that brings the fluorophores from the excited state to
the ground state. A photodetector with high photon-electron conversion gain such as
a Photomultiplier Tube (PMT) or an Avalanche Photodiode (APD) is used to detect
the emitted fluorescence. Among the many photons emitted, the first photon detected
by the photodetector generates an event trigger pulse, and the time interval between
the laser pulse excitation and the time the first photon is detected is recorded as
the Time-Of-Arrival (TOA) data. Such process is repeated for many times (millions
of repetitions) as shown in Figure 3.2(a), and the TOA information ti from those
millions of photons are collected. Since the fluorescence emission is a random process,
which means if a large number of fluorophores are excited, some fluorophores will emit
photons earlier than the fluorescence lifetime τ and some will emit photons later. The
resulting fluorescence lifetime is an average time the fluorophores spend in the excited
state before returning to the ground state. A statistical distribution of the photons’
TOA data can be used to accurately approximate the original fluorescence decay
curve shown in Figure 3.2(b). This forms the fundamental working principle of the
TCSPC operation. If we re-plot Figure 3.2(b) applying a log-scale to the Y axis, the
exponential decay curve will be converted to a straight line and its slope represents the
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exponential decay constant, which for an ideal single exponential decayed fluorescence
is the fluorescence lifetime. Of course, during real applications the reconstructed
curve would not be so ideal due to multi-exponential decays from fluorescent samples
with different decay constants or the fluorophores are exhibiting heterogeneous decay
due to surrounding environments. Therefore the data analysis for TCSPC is rather
complicated and various line-fitting techniques such as least-squares [54], maximum
entropy [87], and Prony’s methods [151] have been discussed extensively in literatures.
It is worth noting that the reconstructed fluorescence decay in Figure 3.2(b)
has a ramp-like response before the exponential decay. This is due to the inherent
time resolution limits of the detection electronics. In Figure 3.3 the dotted pulse is
called Instrument Response Function (IRF) that represents a typical TCSPC system’s
inherent impulse response measured by using a diluted scattering solution with zero
fluorescence lifetime [81]. The IRF is different from an ideal dirac delta sampling
function δ(t) and is more similar to the main lobe of a sinc(t) function. The solid line
represents the reconstructed fluorescence decay curve, which is a result of convolution
between the IRF and fluorescence’s ideal impulse response.

3.2.2

Hardware Implementation and Speed Limitations

Figure 3.4 shows a typical system implementation of TCSPC, which consists of
a laser excitation source, a PMT as photon counting device, two Constant Fraction
Descriminator (CFD) devices to accurately extract the TOA information from the
PMT’s output pulse and the laser trigger output pulse, two delay lines are connected
to the outputs of the CFDs to calibrate the system’s inherent timing offset. The extracted timing information represented as the time interval between the rising edges
of Start and Stop pulses are measured by a Time-to-Amplitude Converter (TAC),
whose output voltage is linearly proportional to the input time delay. An Analog-toDigital Converter (ADC) is subsequently used to quantize the analog voltage output
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(a) Random photon emission during fluorescence’s radiative decay

(b) An example of reconstructed decay curve using TCSPC

Figure 3.2: Simplified operation diagram of TCSPC based fluorescence decay reconstruction. Revised from [81]
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Figure 3.3: An example fluorescence single-exponential decay reconstructed using
TCSPC

Figure 3.4: A typical system block diagram for TCSPC application. Revised from [81]
of the TAC and a data acquisition module collects the digital data and send them
to a PC. Usually a program running on the PC controls the repetition from laser
excitation to data collection and final fluorescence decay reconstruction.
An important block in the TCSPC system is the CFD, which extracts the zerocrossing point of the photon triggered pulse output from the PMTs with great temporal precision. More detailed discussion on the CFD operation and its circuit implementations be found in [46].
Although TCSPC generates high temporal resolution and many related techniques
have been used to improve the performance further to process multi-exponential de40

cays, the data acquisition speed is rather low as compared to other luminescence
lifetime imaging techniques. The speed is mainly limited by two factors: the repetition speed of the excitation light source and the limited photon counting rate due
to pulse pile-up problem [57, 143, 81]. It’s easy to understand the speed limitations
imposed by the excitation light source because the Laser Diodes (LDs) or LEDs have
finite switching rates. Nowadays commercially available LDs can be operated at up
to 80MHz (LDH series, PicoQuant) and LEDs can be operated at up to 80MHz (PLS
series, PicoQuant), the more expensive laser source (PLP-10, Hamamatsu) has a repetition rate of up to 100MHz. The pulse pile-up problem is due to the limited speed
of the detection electronics, because when a large number of photons are emitted
only the first one detected by the PMT or APD can be recorded, therefore the timing
information of the following photons cannot be registered, resulting in count losses.
The solution to pulse pile-up problem is to reduce the signal level so that less photons
are generated during fluorescence emission for each laser pulse excitation. As a result,
most TCSPC experiments keep the photon counting rate to approximately 1 photon
for every 100 laser pulse cycles.
The reason for low photon counting rate can be explained as follows. Since the
fluorescence radiative decay is a random process, it can be characterized using the
Poisson distribution shown in equation (3.3) [57]:

Pn (t) =

µn (t)e(−µ(t))
n!

(3.3)

In the above equation, Pn (t) is the probability that n photons are emitted during
the time interval (0,t), and µ(t) is the expected number of photons emitted during
the time interval (0,t). For fluorescence radiative decay, the µ(t) is a time-dependent
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function that can be represented using the following equation (3.4):
Zt
µ(t) =

f (t0 )dt0

(3.4)

0

where f (t)dt is the mean probability that one photon will be emitted in the time
interval (t,t + ∆t). For single exponential fluorescence decay, f (t) = F0 e−t/τ (F0 is
the fluorescence intensity at t=0, τ is the fluorescence lifetime). Now for TCSPC
technique, we obtain the probability distribution function p(t) that represents the
probability of observing a single photon in the time interval (t, t+∆t):

p(t) = F0 e[(−t/τ )−F0 τ (1−e

−t/τ )]

(3.5)

In order to accurately reconstruct the natural exponential decay curve of fluorescence impulse response, the product F0 τ in the equation (3.5) should be very small
(F0 τ  1), and this can be done by either reducing the fluorescence intensity (using
lower fluorophore concentration) or by applying a gated-window [126] to the electronic
detector to avoid the detection of the first photons that are probably emitted at early
times of the radiative decay. This is why most TCSPC limits input fluorescence intensity level to a very low value (1 photon is detected for every 50 or 100 laser pulse
cycles). The number of photons counted for every 100 pulse cycles is also called photon counting rate, which is 1% for most TCSPC experiments [81]. For example, if we
want to measure a fluorescence sample with a lifetime of around 20ns, the laser pulse
repetition rate can be set to around 12.5MHz (usually 4 times the lifetime), then the
photon counting rate should be limited to 125KHz. If we want to obtain a 256×256
fluorescence lifetime image the frame rate is only 1.9 frames/s, which is extremely
low. As a result, TCSPC cannot be applied to measure long lifetime fluorescence or
phosphorescence decay, and its dynamic range is extremely limited.
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3.2.3

CMOS Based TCSPC Implementations

There has been a lot of interest in developing integrated systems for TCSPC application using commercial CMOS technologies with integrated APDs. The APDs are
P-N junction diodes reverse biased at a high-voltage close to the diode breakdown
region [71, 72, 28]. The high bias voltage produces a depletion region with a very
strong electrical field, and when a photon with sufficient energy (≥1.1eV [6]) gets
absorbed in the depletion region an electron-hole pair will be generated. Due to the
high electrical fields the generated electrons or holes can be accelerated to an energy
level that is high enough to collide with other electron-holes pairs, generating more
electrons and holes. As this process continues, an avalanche effect will occur, generating a large amount of electrons and holes in the depletion regions, which eventually
form a photocurrent that can be read out using external electronic circuits. If the
P-N junction diode is biased below the diode breakdown region, the APD is working
at linear avalanche region, where all the photon-generated electrons or holes can exit
the depletion region and get collected at N or P terminal. In linear mode the APD
has an internal multiplication gain that is defined as the number of electron-holes
pairs generated by a single photon absorption. If the P-N junction diode is biased at
or above the diode breakdown region, then the APD works in Geiger Mode, where the
avalanche effect continues to generate more electron-hole pairs in the depletion region
unless an external circuit is used to reduce the APD’s bias voltage and eventually
turns off the APD so that no more electron-hole pairs will be generated. The process of shutting down the APD is called quenching and nowadays most silicon based
APDs have integrated quenching circuits for multiple detections. APDs operating
in Geiger-mode for single photon detection are also called Single Photon Avalanche
Diodes (SPADs).
Silicon based APDs have been extensively studied and developed [94, 29]. Early
implementation of APDs usually required high voltage operation (≥100V) and the
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(a) Cross-section view of a CMOS SPAD. Revised from [105]

(b) An example
SPAD [105]

layout

of

a

CMOS

Figure 3.5: An example SPAD implemented in a 0.35µm CMOS technology
photodiodes were fabricated in various materials such as silicon or InGaAs/InP, and
only recently have there been low-voltage APDs developed using commercially available CMOS technologies such as 0.35mum CMOS [121] and 0.13µm CMOS [103].
Figure 3.5 shows an example implementation of a SPAD structure fabricated using
a commercial 0.35µm CMOS technology. Figure 3.5(a) shows the cross-section view
of the CMOS based SPAD. A depletion region is formed between the P+ layer and
deep N-Well layer for photon absorption. Since the diode output N+ needs to interface with conventional CMOS circuits, the N-Well potential is usually kept below
at CMOS compatible 5V, and P+ layer is biased at a high negative voltage (usually
≤-10V depending on the specific technology used) so that the overall reverse bias
voltage across P+/N-Well junction diode is higher than the diode breakdown voltage for Geiger-mode operation. A guard ring using lightly-doped P-Well is formed
around the active region of the SPAD to prevent the diode from lateral breakdown.
The SPAD structure is highly dependent on the technology used, other guard ring
configurations have been proposed in different technologies [35]. Figure 3.6(a) shows
a typical SPAD pixel schematic with passive quenching and passive recharge circuit.
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(a) An example SPAD pixel schematic
with passive quenching circuits. Revised
from [105]

(b) A simplified time diagram of SPAD pixel operation.
Revised from [126]

Figure 3.6: A SPAD pixel implemented in a 0.35µm CMOS technology
The P+ is the anode of the SPAD and is biased at VDD − (Vbd + Ve ) so that the
reverse bias voltage of P-N junction is Vbd + Ve , which is the diode breakdown voltage
Vbd plus an over drive voltage Ve . A Ve of greater than 0V ensures that the diode is
operating in Geiger-mode.
Figure 3.6(b) shows a simplified timing diagram for the SPAD pixel operation.
Initially the SPAD is reversed biased above breakdown region and no current is flowing
through the PMOS transistor, the voltage Vn is at the same potential as VDD . Upon
the absorption of a photon at t1 , the SPAD is triggered into Geiger-mode operation
and a large photocurrent Iph generated by impact ionization starts to flow through
the SPAD. Due to the finite on-resistance Ron,p of the PMOS transistor, the voltage
Vn starts to drop as the photocurrent Iph increases. At t2 the SPAD output starts
to increase and eventually reaches a digital high level. As the reverse bias voltage
of SPAD decreases below the breakdown region and avalanche effect dies out at t3 ,
causing the Iph to decrease and eventually the SPAD is shut down. At the output of
the SPAD, an inverter converts the transient response into a digital pulse representing
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(a) A 128×128 SPAD array for
TCSPC in a 0.35µm CMOS technology [102]

(b) A 64×64 SPAD array for TCSPC in a 0.35µm CMOS technology [126]

Figure 3.7: Two examples of SPAD array implemented in sub-micron CMOS technologies for TCSPC application
an event trigger signal. More detailed SPAD transient response can be found in [120],
and other quenching techniques such as passive quenching/active recharge or active
quenching/active recharge that can generate faster transient response of SPAD pixel
have been extensively discussed in [26, 120].
The CMOS based APD arrays were originally used for 3D imaging applications [104, 105, 5]. In [126] and [102], SPAD arrays have been implemented for TCSPC based fluorescence lifetime imaging. Figure 3.7(a) shows a 128×128 SPAD array
with passive quenching/active recharge at pixel level, and time-multiplexed TDC array with two-cycle time interpolation that generates 70ps temporal resolution over
100ns dynamic range. Figure 3.7(b) shows a 64×64 SPAD array with passive quenching/active recharge pixel. The TDC used also features time interpolation structure
but is assisted with digital calibration to compensate for process mismatch and power
supply variations. Both chips are fabricated in a 0.35µm CMOS technology and are
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Figure 3.8: Simplified operation diagram of time-gated fluorescence lifetime imaging
characterized using a variety of fluorescence samples, and the results suggest subnanosecond resolution.

3.3
3.3.1

Time-Gated Imaging
Operation Principles and System Implementation

Another time-domain luminescence lifetime imaging technique is the time-gated
imaging [14, 63, 11, 66, 113, 47], which also reconstructs the luminescence impulse
response. Rather than establishing a histogram distribution of the random photon
emission activities during the luminescence decay, the time-gated imaging samples
the luminescence decay curve at defined time stamps using a series of gated windows.
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Figure 3.9: A simplified system diagram for time-gated imaging
Figure 3.8 shows a simplified working diagram of the time-gated imaging for fluorescence lifetime measurement and Figure 3.9 shows a typical system setup.
Similar to the operation of TCSPC, the fluorescence sample is excited using an
ultra-fast laser pulse and the fluorescence exponential decay is sampled via a sequence
of delayed gated windows t1, t2, t3, etc. Since the photon detection electronics cannot
be time gated fast enough for real time measurement, the same measurement needs
to be repeated many times to obtain good SNR. The reconstructed exponential curve
can be represented using equation (3.6), where L(t) is the system response function
that can be measured using the same method discussed in Section 3.2.1, and D(t) is
the delay function for gated window, and F (t) is the reconstructed fluorescence decay
curve.
Zt
L(t − s)D(s)ds

F (t) =

(3.6)

0

In traditional discrete systems, the gated window is an electrical pulse generated
using a pattern generator or a digitally controlled driver circuit. The generated gated
window can be applied to an image intensifier [134], as is shown in Figure 3.9 and a
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CCD subsequently collects the gated images. If a PMT is used as the photodetector,
a number of techniques can be employed for gating: the gated window pulse can be
applied directly at the cathode [13] or dynodes [92] of the PMT, or at the PMT’s
output buffer [2]. The time-gated imaging provides faster frame rate as compared to
TCSPC since there is no limits on the gating rate, but the temporal resolution is not as
good due to finite width of gated window and excessive noise of electronics readout
circuit that easily corrupts the weak fluorescence signal. Generally the time-gated
imaging has an IRF of around 3ns as apposed to less than 100ps in TCSPC.

3.3.2

CMOS Based Time-Gating Implementations

Very few implementations were found in the literature on the CMOS based timegated imaging for luminescence lifetime measurement, due to inherent noisy performance of silicon photodiodes. Special pixel or chip level noise reduction techniques
should be used to improve the SNR performance. Figure 3.10 shows two time-gated
CMOS imagers for time-resolved fluorescence imaging applications. Since an electronic shutter can be implemented in sub-micron CMOS processes with great temporal precision, the main challenge comes to pixel level noise performance. Both implementations shown here have incorporated various noise reduction techniques such as
noise averaging, differential pixel structure with dummy photodiode for leakage current compensation, active reset of photodiode for reduced reset noise [39], and Correlated Double Sampling (CDS) [95]. The implementations report sub-nanoseconds
temporal resolution.

3.3.3

Charge Modulation

Charge modulation is a sub-category of the time-gated imaging technique. During
the charge modulation operation, the time gated fluorescence decay curve is divided
into contiguous two parts and the photons emitted from each part are integrated
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(a) An 8×4 time-gated CMOS imager for
time-resolved fluorescence imaging in a
0.25µm technology [112]

(b) A 64×64 time-gated CMOS imager
for time-resolved fluorescence imaging in a
0.18µm technology [62]

Figure 3.10: Time-gated image sensors implemented in CMOS technologies for timeresolved fluorescence imaging
separately. Then a Rapid Lifetime Determination (RLD) algorithm is used to extract
the fluorescence lifetime information. Detailed discussion on the RLD algorithm for
both single exponential and multi-exponential fluorescence decay can be found in [9,
127]. Figure 3.11 shows a simplified operation diagram of charge modulation for single
exponential fluorescence decay. Over the entire decay curve, a gated window of 2∆T
is used for lifetime calculation. The windowed area is divided into two parts D1 and
D2 with equivalent time interval ∆T . Assuming a decay function of F (t) = F0 e−t/τ ,
the areas D1 and D2 can be calculated using equation (3.7) and (3.8) individually.
Equation (3.9) shows the fluorescence lifetime as a log function of D1 and D2.
t+∆T
Z

D1 =

F0 e−t/τ = F0 τ e−t/τ − F0 τ e−(t+∆T )/τ = F0 τ e−t/τ (1 − e−∆T /τ )

(3.7)

t
t+2∆T
Z

D1 =

F0 e−t/τ = F0 τ e−(t+∆T )/τ − F0 τ e−(t+2∆T )/τ = F0 τ e−(t+∆T )/τ (1 − e−∆T /τ )

t+∆T

(3.8)
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Figure 3.11: Operation diagram of charge modulation for single exponential fluorescence decay imaging

ln

D1
D2



= F0 τ e∆T /τ

∆T
τ=
ln(D1/D2)

(3.9)

Following the above discussion, the charge modulation operation and its pixel
implementation from [150] are shown in Figure 3.12. Figure 3.12(a) shows the pixel
level schematic, which consists of a detection diode P D1 and a charge storage diode
P D2 that is optically shielded using a metal layer. Figure 3.12(b) shows the operation timing diagram for charge modulation. During charge draining phase, transistor
T Xtransf er is off and transistor T Xdrain is on, therefore any charge previously stored
on P D1 is drained into a low impedance node VDD and the well capacity is reset to
VDD CP D1 . Towards the end of the charge draining phase, the laser pulse is turned
on for a short amount of time to excite the fluorescent sample. The charge transfer
phase happens at a delayed time after the falling edge of the laser pulse. During the
charge transfer phase, transistor T Xtransf er is on and T Xdrain is off, the photodiode
P D1 starts to sample the fluorescence signal for a gated window period ∆T , during
which the photon-generated electrons are transfered and stored on P D2.
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(a) Pixel schematic for charge modulation

(b) Operation timing diagram of pixel level charge modulation

Figure 3.12: In-pixel charge modulation for time-resolved fluorescence imaging
After the charge transfer phase, the charge draining phase immediately repeats,
removing any residue electrons generated by P D1 and the whole process starts again.
The charge draining, fluorescence excitation, charge transfer, and residue electron
draining process is repeated for many times to accumulate electrons on P D2 to amplify the output signal. This is because the fluorescence signal is very weak during
each gated window period therefore the charge stored on P D2 is very small. Finally
transistor T Xtransf er2 is turned on and the electrons collected by P D2 is transfered to
a floating diffusion node (source of Reset transistor) and the stored charge is read out
as a voltage signal via a source follower buffer. The charge collected by P D2 over N
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repetition cycles can be easily obtained following the analysis presented before. The
following equations (3.10) and (3.11) show the collected charge by P D2 if the charge
transfer starts at T 1 and T 2 after the excitation pulse. Then the fluorescence lifetime
can be extracted using equation (3.12).

Q(T 1) = N · F0 τ e−T 1/τ (1 − e−∆T /τ )

(3.10)

Q(T 2) = N · F0 τ e−T 2/τ (1 − e−∆T /τ )

(3.11)

τ=

T2 − T1


1)
ln Q(T
Q(T 2)

(3.12)

Figure 3.13 shows an example CMOS image sensor featuring in-pixel charge modulation technique for time-resolved fluorescence imaging. The implemented imager chip
consists of a 256×256 pixel array with a 7.5µm pixel size and achieves a temporal
resolution of 250ps during fluorescence lifetime imaging experiments.

3.4

Frequency Modulation

Time-domain measurement techniques provide great temporal resolution at the
cost of low frame rate, low dynamic range, and high system cost from the expensive
laser source and photodetectors. An attractive alternative to the time-domain luminescence lifetime imaging is the frequency-domain modulation method, which utilizes
an intensity modulated excitation light source to excite the luminescent sensors, and
subsequently converts the lifetime time information into a frequency-domain phaseshift that can be extracted using various demodulation techniques. The frequencydomain luminescence lifetime measurement technique allows for lower speed and lower
cost LDs or LEDs to operate as excitation sources, thus reducing the overall system
cost and power consumption. Moreover, the luminescence lifetime reconstruction
algorithms are less complicated and are potentially faster compared to those of time-
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Figure 3.13: A 256×256 CMOS imager with charge modulation technique for timeresolved fluorescence imaging in a 0.18µm technology [150]

(a) Illustration of frequency-domain excitation and fluorescence emission

(b) Signal flow diagram of frequency-domain FLIM

Figure 3.14: Operation principle of frequency-domain FLIM
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domain measurement approaches. Therefore, the frame rate can be greatly improved.
Nowadays the frequency-domain technique can achieve sub-nanosecond resolution using precision Radio-Frequency (RF) analog electronics readout circuits and wide dynamic range by modulating LEDs or LDs at different frequencies to measure both
fluorescence and phosphorescence lifetime, whereas the TCSPC is limited to short
fluorescence lifetime due to the pulse pile-up problem discussed before.
The drawback of frequency-domain modulation technique is limited capability
of measuring multi-exponential decay curves, and many multi-frequency modulation
techniques [67, 83, 53, 58] have been proposed and implemented to overcome this
drawback. We will focus on extracting the equivalent single exponential decay constant in this dissertation for both single and multi-exponential decay responses.

3.4.1

Operation Principle of Frequency Modulation

Frequency modulation is suitable for both fluorescence and phosphorescence lifetime imaging. Here again we use fluorescence as a study example. Figure 3.14 illustrates the operation principle of the frequency domain FLIM. The frequency-domain
FLIM is carried out by modulating an excitation light source using a sinusoidal signal,
resulting in an intensity modulated signal shown in equation (3.13):

I(t) = I0 {1 + kM sin(ωt)}

(3.13)

The output fluorescence from the intensity modulated excitation light is a convolution
of both the excitation signal and the fluorescence impulse response, as is shown in
equation (3.14).
Z∞
Fδ (s)I(t − s)ds

F (t) =

(3.14)

0

Fδ (t) is the fluorescence impulse response, which in this case is a single-exponential
decay Fδ (t) = F0 e−t/τ , then we can get the following equation (3.15). Recall that
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the integrals of the product of trigonometric functions and exponentials that can be
represented using equation (3.16).
Z∞
F (t) =

F0 e−s/τ I0 {1 + kM sin(ω(t − s))} ds

0

Z∞

−s/τ

F0 I0 e

=
0

Z∞
ds +

F0 I0 kM e−s/τ sin(ω(t − s))ds

(3.15)

0

Z∞
= F0 I0 τ +

F0 I0 kM e−s/τ {sin ωt cos ωs − cos ωt sin ωs} ds

0

Z

1
ebx (b sin ax − a cos ax) + C
+ b2
Z
1
ebx cos axdx = 2
ebx (a sin ax + b cos ax) + C
a + b2
ebx sin axdx =

a2

(3.16)

where C is a constant. If we apply equation (3.16) to equation (3.15) and perform
integral over the interval [0,∞), then we can get the following equations:
F0 I0 kM τ 2 sinωt F0 I0 kM τ 2
F (t) = F0 I0 τ +
−
ω cos ωt
2 2
τ
1 + τ 2ω2

 1+τ ω
kM τ
kM
sin ωt −
ω cos ωt
= F0 I0 τ 1 +
1 + τ 2ω2
1 + τ 2ω2


kM
= F0 I0 τ 1 + √
sin(ωt − α)
1 + τ 2ω2

(3.17)

where the phase shift α can be represented as follows:
1
1 + τ 2ω2
τω
sin α = √
1 + τ 2ω2
sin α
tan α =
= ωτ
cos α
cos α = √

(3.18)

Therefore the resulting fluorescence is also intensity modulated but with a delayed
phase α from the excitation signal. The phase delay is introduced by the time lag be-
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(a) 5MHz Modulation

(b) 10MHz Modulation

(c) 50MHz Modulation

(d) 100MHz Modulation

Figure 3.15: Phase-shift and intensity demodulation vs. modulation frequency (fluorescence lifetime τ =10ns)
tween the absorption of short wavelength excitation light and the emission of fluorescence signal due to the fluorescence decay process [81]. Rewriting the equation (3.17)
gives (3.19):
F (t) = F0 I0 τ {1 + kF sin (ωt − α)}
kM
kF = √
1 + τ 2ω2

(3.19)

In the above equation, kF is the demodulation index, meaning that the emitted
fluorescence is not only phase shifted but also intensity demodulated. The degree
of demodulation is inversely proportional to the modulation frequency as well as the
lifetime.
Figure 3.15 illustrates how the modulation frequency affects the phase-shift and
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the emitted fluorescence intensity. Here we set a common mode intensity of excitation
light I0 =1, a modulation index kM =0.5, an initial fluorescence intensity F0 =1, and
a fluorescence lifetime of 10ns. It can be easily observed that in order to achieve
large phase-shift a high modulation frequency is needed. However high modulation
frequencies decrease the emitted fluorescence signal due to intensity demodulation,
thus degrading the SNR at the input of the photodetector.
The emitted fluorescence signal is usually demodulated using a Cross-Correlation
technique [129, 52], which can be accomplished by using a variable gain stage (usually
an image intensifier or a PMT with electronically controlled multiplication gain),
whose gain amplitude is modulated by (3.20):

G(t) = G0 {1 + kG sin (ωG t − β)}

(3.20)

where G is the modulated gain as a function of time, kG is the gain modulation index,
ωG is the gain modulation frequency, and β is the inherent phase offset of the gain
stage. It is worth noting that in real applications the gain modulation frequency ωG
usually exhibits a slight offset from the fluorescence modulation frequency ω [83],
however for simple illustration purpose we set ωG =ω. After the cross-correlation the
output of the variable gain stage is:
F (t) · G (t) =F0 · G0 · {1 + kF sin (ωt − α) + kG sin (ωt − β)
1
1
+ kF kG cos (2ωt − α − β) − kF kG cos (β − α)}
2
2

(3.21)

If we feed the above output through a Low Pass Filter (LPF) to extract the DC
components, we can demodulate the fluorescence signal and obtain equation (3.22):

f (τ ) = F0 · G0 · {1 + kF kG cos (β − α)}
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(3.22)

Figure 3.16: A typical system setup for frequency-domain FLIM
3.4.2

System Implementation

Figure 3.16 shows a typical system setup for frequency-domain FLIM. The intensity modulated excitation signal is generated by a LD or LED, both of which are
electronically modulated by a function generator (or a driver circuit triggered by a
frequency synthesizer). The emitted fluorescence is also intensity modulated at the
same frequency, and at the same time exhibits a phase-shift α and a demodulation
index kF . An image intensifier is usually used as a variable gain stage for crosscorrelation operation, and the intensifier gain is also intensity modulated at the same
frequency ω. The photodetector (which can be either a CCD or a PMT) output is
passed into a LPF, which extracts the DC component that contains the phase-shift
information. Finally an ADC quantizes the analog signal at the LPF output and
a data acquisition/signal-processing program running on a PC performs the phase
calculation and fluorescence lifetime reconstruction. Equations (3.17) and (3.22) suggest that a reasonably large phase-shift is needed to obtain a good SNR at the LPF’s
output. In order to achieve this, a very high modulation frequency of hundreds of
MHz is needed to convert the short fluorescence lifetime (usually in the nanoseconds
range) into a frequency-domain phase shift. For such high frequency operation, jitter
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and phase drift will introduce tremendous amount of phase noise to the variable gain
stage, corrupting the actual fluorescence signal ωτ . Moreover the weak fluorescence
signal requires high sensitivity photodetectors such as a PMT operating at above
100V, thus increasing the system size, power consumption, and cost. Furthermore,
in order to extract the phase-shift α, a variable gain amplifier is required to demodulate the signal, and the gain of such amplifier needs to be modulated at the same
high frequency as the fluorescence signal. Such high performance gain stage is very
difficult to implement in CMOS without using complicated offset compensation and
noise cancellation algorithms.

3.4.3

CMOS based Frequency-Domain Implementations

With the advancement of high-speed and highly integrated electronics that support high performance frequency synthesis and RF mixer designs, it is feasible to
implement low-cost and compact frequency-domain FLIM systems with high temporal resolution. Recent implementations utilized low-cost LEDs as excitation sources
and low-power analog circuits (i.e. phase detectors or lock-in amplifiers) as phase
extraction modules [136, 77, 128, 137, 115, 17, 22]. However, they are all based on
discrete components and very few examples have been proposed to develop frequencydomain FLIM systems using CMOS technologies. In [23] a CMOS based fluorometer
with an integrated 16×16 phototransistor array, photocurrent readout circuits, analog filters, and Phase Detector (PD) has been designed and fabricated in a 1.5µm
CMOS technology. An oxygen sensing system has been implemented using a LED
as an excitation source and the fabricated fluorometer as fluorescence lifetime measurement device. The experimental results demonstrate sub-microsecond temporal
resolution with 55mW power consumption. The relatively low temporal resolution is
due to the speed limitations of phototransistor and its current-mode readout circuits,
which limit the modulation frequency to a few hundred kilohertz or lower. The PD is
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Figure 3.17: A 16×16 photodiode array for frequency-domain FLIM application in a
1.5µm CMOS technology [23]
implemented using a configuration of XOR logic gate followed by a LPF, generating
a voltage output that is linearly proportional to the phase-shift. Such configuration requires an additional ADC for off-chip digital quantization, therefore both the
temporal resolution and the dynamic range are limited by the ADC performance.
Figure 3.17 shows the fabricated CMOS fluorometer.

3.5

Summary

The following Table 3.1 summarizes the typical implementation approaches and
performance of each luminescence lifetime imaging technique discussed in this chapter.
Here we only focus on the traditional implementations that are verified in literatures
and commercial products.
The table discusses critical parameters of various systems. Typical TCSPC, timegated imaging, and charge modulation systems all require ultra-fast laser sources to
generate sharp excitation pulse with a Full Width at Half Maximum (FWHM) much
short than the target fluorescence lifetime. The frequency-domain phase modulation
technique, however, can use lower cost LEDs or LDs as excitation sources due to Continuous Wave (CW) operation mode. As a result, TCSPC and time-gated imaging
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Table 3.1: Comparison of various FLIM techniques
TCSPC

Time-gating

Charge
modulation

Frequency
modulation
PMT or CCD
or photodiode
Laser or LED
subnanosecond

Detector

PMT or APD

Excitation
Temporal
resolution
Power
consumption
System
cost
Frame rate
CMOS based
detectors
CMOS based
system power

Laser

PMT or
Image intensifier
Laser

picosecond

nanosecond

nanosecond

high

high

moderate

low

high

high

moderate

low

low
APD array
(large)

low
photodiode
array (large)

moderate
photodiode
array (small)

high
photodiode
array (moderate)

high

high

moderate

moderate

photodiode
Laser

systems generally cost more and consume more power as compared to frequencydomain based systems.
The photodetectors for TCSPC and the time-gated imaging techniques are
mainly PMTs or intensified CCDs for photon counting and highly sensitive charge
integration operation. For charge modulation approach, traditional photodiode with
low noise performance can be used to collect fluorescence signal. For frequencydomain modulation both PMTs and traditional photodiodes have been used as detectors. Regarding temporal resolution, TCSPC generally achieves picoseconds resolution, while time-gated imaging and charge modulation can only provide nanoseconds or sub-nanoseconds performance. Frequency-domain technique can achieve subnanoseconds resolution if modulated at a very high frequency. However, the cost of
fine temporal resolution from TCSPC, time-gated imaging, and charge modulation
is slow frame rate due to the fact that the same measurement needs to be repeated
over millions of times for an accurate reconstruction of fluorescence decay response.
The frequency-domain phase measurement is a continuous-time imaging technique
that can extract the luminescence lifetime at real-time, resulting in high frame rate
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performance.
The CMOS based TCSPC or time-gated imaging systems suffer from the same disadvantages as their lab-based counterparts, such as high power consumption and slow
frame rate. The CMOS based APDs usually requirement large pixel size, which leads
to low spatial resolution. Charge modulation and frequency-domain phase modulation systems are rarely implemented on CMOS, and the existing solutions don’t have
comparable temporal resolution as compared to CMOS based TCSPC and time-gated
imaging systems.
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CHAPTER 4

A CMOS Digital Phase Imager

Chapter 3 gave an overview of various luminescence lifetime imaging techniques
and their operation principles. A brief comparison among those techniques revealed
that the frequency-domain phase modulation can achieve good temporal resolution
and high frame rate, while consuming relatively low power and can be implemented at
lower system cost as compared to time-domain methods such as Time-Correlated Single Photon Counting (TCSPC) and time-gated imaging. Nowadays the advancement
of CMOS technologies makes it feasible to implement highly-integrated silicon chips
with low-cost, low-power, and miniaturized size for field experiments or environment
monitoring. Up until now, most CMOS based implementations for luminescence lifetime imaging utilized TCSPC or time-gated image techniques, which suffer from low
frame rate and high system cost due to expensive excitation sources and complicated
data acquisition and post-signal processing algorithms. It is surprising that very few
CMOS integrated systems have been proposed to utilize frequency-domain approach,
and the existing solution [22] suffers from low temporal resolution and very limited
dynamic range.
This chapter proposes a novel frequency-domain luminescence lifetime imaging
technique that achieves both fine temporal resolution and wide dynamic range. The
proposed technique utilizes a Zero-Crossing Detection (ZCD) to extract the phase-
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shift into a time-domain delay signal, and subsequently uses a Time-to-Digital Converter (TDC) for precision temporal measurement. The conversion of phase-shift
between the intensity-modulated excitation and the luminescence signal into a time
delay benefits greatly from the continuously scaled CMOS technologies, which provide
transistors with high transition frequency fT for picosecond temporal measurements.
This chapter is organized as follows: Section 4.1 explains in detail the proposed
frequency-domain technique that utilizes a ZCD operation for phase-shift extraction; Section 4.2 shows the chip level architecture of the proposed CMOS digital
phase imager; Section 4.3 shows the pixel array implementation using a traditional
N-Well/P-Substrate photodiode structure, and special techniques are applied to improve the noise performance and to reduce leakage current; Section 4.4 shows the
row level phase-shift to time delay conversion circuits. In this section the design and
implementation of a high-gain Trans-Impedance Amplifier (TIA) and a high-speed
comparator are discussed in detail, and pre-silicon simulation results are presented
to evaluate the circuit performance; Section 4.5 focuses on the design and implementation of a TDC that plays the critical role of quantizing the time signal into digital
codes. This section first gives a brief overview of several commonly used TDC architectures, and then explains in detail a time-interpolated TDC used in our digital
phase imager; Section 4.6 concludes this chapter.

4.1

Proposed Phase Readout Algorithm

As has been discussed in Section 3.4 of Chapter 3, traditional frequency modulation systems require high performance analog demodulation circuits to extract the
phase-shift information from the intensity modulated luminescence signal. CMOS
based analog multipliers and mixers usually require complicated offset compensation
and noise reduction techniques [49] to achieve reasonable performance especially in
deep sub-micron CMOS processes, where transistor mismatch and noise performance
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are not optimized for analog circuits design. Therefore an alternative solution needs
to be developed to simplify the phase extraction process and at the same time takes
the advantages of CMOS technology scaling so that such solution can be efficiently
implemented in a deep sub-micron CMOS process, which allows for high level system
integration.
Here we propose a ZCD algorithm to minimize the analog-domain signal processing and at the same time utilize fast digital circuits to perform phase readout. Recall
from equation (3.17) in Chapter 3, the phase-shift is an inverse trigonometric function
of the luminescence lifetime: α = tan−1 (ωτ ). If we select a modulation frequency such
that the resulting phase-shift is less than 45 degrees (ωτ ≤1), then the lifetime τ can
be represented alternatively using a Taylor series expansion shown in equation (4.1).
∞
X
(−1)n
(ωτ )2n+1 (ωτ ≤ 1)
α=
2n
+
1
n=0

(4.1)

If we further reduce the modulation frequency so that the product ωτ  1, we can
ignore the higher order terms from the Taylor series expansion and subsequently
obtain a linear relationship between the phase shift α and the lifetime τ . This can
be illustrated using the following equation (4.2).
∞
X
(−1)n
(ωτ )2n+1
α=
2n
+
1
n=0

1
1
= ωτ − (ωτ )3 + (ωτ )5 ...
3
5

(4.2)

≈ ωτ (ωτ  1)
Note that after the approximation the phase shift α is equivalent to the product ωτ .
The following equation (4.3) converts α into an equivalent time domain delay signal:

∆t =

α
ωτ
=
=τ
ω
ω
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(4.3)

Therefore the converted delay can directly represent the luminescence lifetime. This
information provides the key principle behind the proposed phase-shift to time delay
conversion approach underlined in this dissertation.
Figure 4.1 illustrates the proposed ZCD operation. The dotted sine wave is the
excitation source I(t) = I0 sin(ωt) from an intensity modulated LD or LED, and the
solid line is the emitted luminescence L(t) = L0 sin(ωt − α) that exhibits a phase shift
α due to the luminescence decay. If we perform a threshold detection by comparing
the time varying intensity signals I(t) and L(t) with respect to their zero-crossing
thresholds I0 and L0 using an ideal threshold detector with a transfer function of f ,
then both the excitation and the emitted luminescence are shaped into digital pulses.
In the resulting digital signals, the rising and falling edges are determined by the
relative positions of the zero-crossing points I0 and L0 with respect to the entire sine
waveforms. The process of converting analog sine waves into digital pulses by extracting the zero-crossing points forms the basic operation principle of ZCD. It is worth
noting that if the sinusoidally modulated intensity waveforms of both the excitation
and the luminescence are centered perfectly around their zero-crossing points, the
resulting digital pulses should exhibit 50% duty cycle. As a result of ZCD operation,
the phase-shift α is converted into a time interval ∆t.
There are several advantages associated with the ZCD operation during phase
readout: First of all, the direct representation of luminescence lifetime as a time
domain delay signal attracts many alternative solutions other than analog domain
cross-correlation technique for phase extraction. The time signal can be easily measured utilizing the existing high speed digital circuits with great temporal resolution
such as a TDC, which is commonly used for frequency synthesizer implementations;
Secondly, the ZCD operation eliminates the need for designing high performance
analog demodulation blocks such as a variable gain stage or multipliers, significantly
reducing the design challenges and chip area; Thirdly, the ZCD operation requires
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(a) Illustration of ZCD operation

(b) Signal flow diagram of ZCD operation

Figure 4.1: Proposed ZCD operation
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Figure 4.2: Transition frequency of CMOS transistor vs. technology scaling [118, 141,
98, 119]
a low modulation frequency that can help relieve the intensity demodulation effect
discussed in Section 3.4.1 of Chapter 3. Therefore the excited luminescence will experience little to no intensity degradation as opposed to high frequency modulation.
As a result, it is possible to use traditional photodetectors instead of high gain and
high sensitivity PMTs for optical detection; Last but not least, the low modulation
frequency requirement makes it possible to use very inexpensive LDs or LEDs as excitation light sources, thus reducing the system cost, size and power consumption.
Figure 4.2 illustrates the increase of transition frequency of CMOS transistors
with technology scaling. At 90nm and 65nm technology nodes the transistors can be
operated at hundreds of Gigahertz, making it possible to implement a high precision
TDC with picoseconds resolution. Figure 4.3 shows the simulated ZCD operation.
The converted time domain delay ∆t is plotted against the modulation frequency, assuming a target fluorescence lifetime τ of 10ns. From the plot one can clearly observe
that at a modulation frequency of 2.7MHz or lower the converted time-domain delay
deviates from the actual lifetime by less than 1%.
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Figure 4.3: Simulated ZCD output vs. modulation frequency (lifetime τ =10ns)

4.2

Overall Architecture

Following the discussion of the ZCD operation, we now present the design and
implementation of a CMOS digital phase imager for luminescence lifetime imaging.
We focus on demonstrating the proposed frequency-domain approach with ZCD operation using novel circuits design techniques, and only implemented a prototype chip
with moderate pixel array size for proof-of-concept purposes. Technology wise we
have chosen the advanced 65nm low-power CMOS process to achieve high level of
system integration with high temporal resolution performance.
Figure 4.4 shows the simplified block diagram of the proposed CMOS digital
phase image sensor, which consists of a 32 × 32 P+/N-well/P-substrate photodiode array, row-level phase readout circuits with ZCD operation, and a global TDC
with time interpolation feature for wide dynamic range operation. The photodiode array is randomly addressable by a 5-bit column (COL0∼COL5) and a 5-bit row
(ROW 0∼ROW 5) decoders. The photon-generated current Iph1 ∼ Iph32 are processed
by row level readout circuits that perform both the current-to-voltage conversion and
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Figure 4.4: Simplified block diagram of the proposed CMOS digital phase imager
the ZCD operation. A background calibration algorithm is implemented utilizing an
off-chip data acquisition module and the on-chip TDC to generate a reference current,
Iref , as a zero-crossing threshold for the ZCD operation. Details of this background
calibration will be discussed in Section 4.4. Both Vout,T IA and Iref are multiplexed
among 32 row level readout circuits into the off-chip calibration circuits. The row
level ZCD outputs ZCD1 ∼ ZCD32 are multiplexed via a transmission gate array
into a time interpolation block as a stop trigger signal for the TDC operation. Here
we have implemented a row-level readout architecture to minimize the Fixed Pattern
Noise (FPN) and to reduce the system power consumption by relieving the required
sampling frequency of pixel readout as compared to a global readout scheme.
At the input of the time interpolator, the phase-shift between the intensitymodulated excitation signal and the emitted fluorescence shown in Figure 4.1 is extracted as a time interval ∆t defined by the rising edges of Start and ZCD Out
signals, where Start is an external trigger pulse synchronized with the excitation
source. In order to achieve both high dynamic range and high precision time-todigital conversion, ∆t is divided into fine intervals T 1 and T 1, and a coarse interval
T 12. T 12 is measured by an off-chip digital counter. For proof-of-concept, we have
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implemented a 14-bit digital counter using a FPGA chip. Fine intervals T 1 and T 2
are passed into an on-chip 8-bit Voltage-Controlled Delay-Line (VCDL) with 110ps
temporal resolution for precision measurement. The final digital output is a combination of the coarse estimate of T 12 and fine estimates of T 1 and T 2. In order to
compensate for process and power supply variations a Delay-Locked-Loop (DLL) is
used to generate a regulated bias voltage Vb for VCDL operation.

4.3

Pixel Implementation

Figure 4.5(a) shows the cross section view of the passive pixel implementation. For
illustration purpose the readout transistors ROW and COL are aligned horizontally
with the photodiode. In deep sub-micron technologies such as the 65nm CMOS, the
dark current resulting from high doping concentration and shallow trench isolation
can be quite large [59]. Therefore we have used a pinned photodiode structure to
reduce the leakage current by isolating the N-Well from silicon surface, where the
free-space electrons can be accidentally trapped in the depletion region of the reverse biased P-N junction. We have also placed a lightly doped and highly resistive
BFMOAT layer around the photodiode structure as a guard ring to shield the pixel
from the substrate noise and to reduce the cross-talk from the neighboring pixels.
Figure 4.5(b) shows the schematic of the passive pixel implementation. The photodiode is represented in the form of two cathode connected diodes. The working diode
is the reverse biased junction diode formed between the N-well and P-substrate. The
N-Well is biased at a positive potential Vref by the row level readout circuits and
the P-substrate is always biased at ground. The other diode is the parasitic diode
that forms between the P+ diffusion layer and the N-Well. The P+ layer is also
biased at ground. The photocurrent contribution of the parasitic diode is negligible
because the wavelength of interest during luminescence imaging is in the orange/red
region, and the photons of such long wavelength usually get absorbed in the deeper
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(a) Cross section view of the passive pixel

(b) Schematic of passive pixel

Figure 4.5: Implementation of passive pixel
N-Well/P-Substrate depletion region.
For the regular N-Well/P-Substrate junction photodiode operation, the photongenerated current can be approximated as a linear function of the light intensity
expressed using equation (4.4). In order to reduce the gate leakage current of readout transistors, both ROW and COL switches are implemented using analog I/O
transistors with thick gate oxide.

Iph ∝ Q · F

(4.4)

In the above equation, the parameter Q represents the Quantum Efficiency (QE)
of the photodiode and F represents the energy of optical signal (the photon flux represented in number of photons/mm2 · s). Thus if the luminescence signal is sinusoidally
modulated, the generated photocurrent will also follow the same sine wave pattern.
Figure 4.6 shows the layout implementation of the passive pixel structure. The active
P+/N-Well/P-Sub photodiode occupies an area of 40µm×40µm and the entire pixel
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Figure 4.6: Layout implementation of passive pixel
area is 60µm×72µm, yielding a fill factor of 37%. The relatively low fill factor from
such a large pixel size is due to the use of BFMOAT layers, which require extra layout
space to satisfy design rules.

4.4

Row-Level Phase Readout Circuits

Figure 4.7 shows the block diagram of the row-level readout circuits, which perform phase-shift to time delay conversion using the proposed ZCD algorithm. The
complete phase readout signal chain is implemented using a cascaded configuration
of two high-gain Trans-Impedance Amplifiers (TIAs) followed by a high-speed comparator. At the TIAs’ outputs, both the intensity modulated photocurrent Iph and
the reference current Iref are amplified and converted as voltage signals Vout,T IA and
Vth . The comparator compares Vout,T IA with the zero-crossing threshold Vth and subsequently generates the digital ZCD Out signal. It is worth noting that a background
calibration needs to be carried out before each phase-shift to time delay conversion.
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Figure 4.7: Block diagram of row level phase readout circuit
This is because that even a small DC offset between Vout,T IA and Vth will result in an
inaccurate zero-crossing detection at the comparator’s output.
The background calibration algorithm consists of a coarse calibration and a fine
calibration, which are implemented utilizing an off-chip USB-6251 mixed-signal data
acquisition module [National Instruments] and the on-chip TDC. The complete calibration is carried out as follows: first the USB-6251 is used to monitor the Vout,T IA
from the TIA output and calculate the zero-crossing threshold that is used to generate a coarse reference current (via a board level conversion circuit that will be shown
in Section 6.1.1 of Chapter 6) Iref into the row level reference TIA. The resulting Vth
represents the approximated zero-crossing threshold of Vout,T IA and this completes the
coarse calibration; Soon after the coarse calibration, a fine calibration is carried by
configuring the on-chip TDC into a self-calibration mode, during which the excitation
pulse is simply the inverted version of the ZCD Out using an off-chip inverter. The
TDC then measures the pulse width of the ZCD Out from the row level comparator
and generates a 9-bit output, which consists of an 8-bit VCDL output and a 1-bit T 12
output. The USB-6251 captures the TDC outputs and fine tunes the level of Iref until
a 50% duty cycle is achieved at the ZCD Out. The purpose of the fine calibration is
to compensate for the offset in the phase readout signal chain. Here we directly DC-
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Figure 4.8: Traditional TIA implementation
couple the TIA outputs to the comparator inputs to avoid using on-chip capacitors
for AC-coupling. Since our expected operation frequency will be in the MHz range or
lower, very large AC-coupling capacitors (in the range of nano-Farads) are needed to
achieve relatively low cut-off frequency. Such large capacitors will make it impossible
to implement row level readout circuits due to small pixel size and limited chip area.
4.4.1

Trans-Impedance Amplifier

Since typical luminescence intensity is at or below the µW/mm2 level, and assuming the photodiode has an optical responsivity of 0.24A/W with an area of
40µm×40µm, the resulting photocurrent is approximately in the sub-nanoamperes’
range. Therefore a high current-to-voltage conversion gain is required to generate adequate voltage signal at TIA’s output for precision ZCD operation. This is achieved
by using a T-Network feedback TIA architecture, whose operation principles and
circuit implementations are discussed in detail in the following subsections.
4.4.1.1

Introduction to TIA with T-Network Feedback

Traditional TIA implementations use single resistor feedback network with a small
compensation capacitor, shown in Figure 4.8. The current-to-voltage conversion gain
is simply VOU T /Iph = −Rf b . Since the conversion gain is linearly proportional to the
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Figure 4.9: Schematic of a T-Network feedback TIA
feedback resistor Rf b , then large resistor values are required for high gain implementations, leading to large circuit area and large offset (due to the input leakage current
of the core amplifier). An attractive alternative to the single resistor feedback is a TNetwork feedback configuration [51], which utilizes smaller resistor values configured
in a T shaped feedback loop to achieve high gain implementation.
Figure 4.9 shows the schematic of a T-Network TIA with a feedback resistor
network consisting of three resistors R1, R2, and R3. Assuming the core amplifier is
working ideally, then both the positive and negative inputs are biased at the virtual
ground. The equivalent feedback resistance Rf beq can be derived as follows: Since
the input bias current of the core amplifier is negligible due to large input impedance
from the gate of CMOS input transistors, then the current flowing through R1 from
Vx to the negative input of the amplifier (virtual ground) is Iph , therefore Vx = Iph ·R1
(with respect to the virtual ground). The output voltage VOU T is determined by both
Vx and a resistor divider R2 and R3. The current flowing through R2 from the virtual ground to Vx is I2 = −Vx /R2. According the Kirchhoff’s law the current flowing
through R3 from VOU T to Vx is I3 = Iph − I2 = Iph + Vx /R2. Then the output voltage
VOU T is shown in (4.5):
VOU T = Vx + R3 · I3 = Vx + R3(Iph +

Vx
)
R2

R1
R1R3
= Iph R1 + R3(Iph + Iph ) = Iph (R1 + R3 +
)
R2
R2
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(4.5)

Note that in the T-Network configuration, R1 is usually the main feedback resistor,
meaning R1  R2 and R1  R3. For such resistor values, the current-to-voltage
conversion gain is approximately equal to:
VOU T
R3
≈ R1(1 +
)
Iph
R2

(4.6)

Therefore, compared to the traditional single resistor feedback, the T-Network scales
down the required resistor value by a factor of approximately 1+R3/R2.
It’s also important to compare the effective input impedance between the TNetwork feedback and the traditional single resistor feedback. The input impedance
arises from the limited open loop gain of the core amplifier, and can be measured
by applying a test current (in this case the photodiode current Iph ) and measure the
resulting offset voltage associated with the differential inputs of the amplifier, which
in this case is the input offset voltage. Let’s denote the voltage at the negative input
of the amplifier as VN , since the positive input is biased at the virtual ground then
the output voltage simply follows VOU T = −A · VN (where A is the core amplifier’s
open loop gain). The node voltage Vx in Figure 4.9 is VN − Iph · R1. According to
the Kirchhoff’s law, the summation of current flowing through R2 and R3 is equal to
Iph , resulting in the following equation (4.7):
Vx − VOU T
V x Vx + A · VN
Vx
+
=
+
R2
R3
R2
R3
VN − Iph · R1 VN − Iph · R1 + A · VN
=
+
R2
R3
VN
Iph · R1
VN · A
=
−
+
R2//R3 R2//R3
R3

Iph =

(4.7)

Then the input impedance can be represented using equation (4.8):
R1
1 + R2//R3
VN
R2//R3 + R1
Rin =
= A
=
1
Iph
+ R2//R3
A · R2//R3
+1
R3
R3
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(4.8)

The term (R2//R3)/R3 can be approximated under three conditions: (1) if the resistor divider network R2 ≈ R3, then (R2//R3)/R3 ≈ 0.5; (2) if the resistor divider
network R2  R3, then (R2//R3)/R3 ≈ R2/R3; (3) if the resistor divider network
R2  R3, then (R2//R3)/R3 ≈ 1. This results in three different effective input
impedances shown in equation (4.9):
R2//R3 + R1
R2//R3 + R1
≈2·
(R2 ≈ R3)
0.5A + 1
A
R2//R3 + R1
R2//R3 + R1 R3
·
(R2  R3)
Rin =
≈
R2
A
R2
A · R3 + 1
R2//R3 + R1
R2//R3 + R1
Rin =
≈
(R2  R3)
A+1
A
Rin =

(4.9)

Since the purpose of using T-Network configuration is to use small resistors to achieve
high gain, it only makes sense to use R3  R2, therefore for most designs the effective
input impedance follows the second scenario in equation (4.9). Note that the required
resistor network R2//R3 + R1 has been scaled up by approximately R3/R2, therefore
the effective input impedance is approximately the same as the single resistor feedback
TIA (Rf b /A) with the same conversion gain. It is important to know that in order to
achieve high gain, the T-Network will not have reduced input impedance even though
the resistor values used in the feedback network are small.

4.4.1.2

Circuits Implementation

Figure 4.10 shows the schematic of the implemented TIA in our design. Here
the core amplifier is implemented using an Operational Trans-conductance Amplifier
(OTA) with a source follower buffer, and the T-Network resistor feedback consists
of R1=2MΩ, R2=50KΩ, and R3=1KΩ, generating an equivalent current-to-voltage
conversion gain of approximately R1 + (R1 · R3)/R2 = 102M Ω at low frequency.
Figure 4.11 shows the schematic of the OTA with source follower buffer. The
input transistor pair is implemented using PMOS for wide input voltage swing op-
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Figure 4.10: Schematic of row-level TIA for photocurrent readout

Figure 4.11: Schematic of folded-cascode OTA with source follower buffer
eration. The output swing and high-gain implementation is optimized by a foldedcascode structure. Due to the low supply voltage available from the 65nm CMOS, the
voltage head room for transistor operation is severely limited to a couple of hundred
millivolts. In order to achieve high-speed and high-gain performance out of traditional amplifier design techniques, we have used low-VT transistors with a threshold
of less than 300mV (around 100mV less than regular transistors) in the amplifier’s
output branch to relieve operating voltage headroom of the cascoded transistors. In
the meantime, the cascoded transistors N 1 and N 2 are implemented using triple-well
NMOS option to minimize the bulk-source voltage VBS for reduced body effect. The
output of the OTA is buffered by a source follower N 5/N 6 to provide low output
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Table 4.1: Transistor sizing and biasing voltages of OTA
P1(W/L, finger)
90µm/1µm, 18
P2, P3 (W/L, finger) 100µm/1µm, 20
P4, P5 (W/L, finger)
45µm/2µm, 9
P6, P7 (W/L, finger)
45µm/1µm, 9
N1, N2 (W/L, finger)
30µm/2µm, 6
N3, N4 (W/L, finger)
30µm/2µm, 6
N5 (W/L, finger)
96µm/0.5µm, 24
N6 (W/L, finger)
24µm/1µm, 4
Vbp1
0.8V
Vbp2
0.65V
Vbn1
0.55V
Vbn2
0.4V
Vb
0.5V
Table 4.2: Simulated performance of folded-cascode OTA with source follower buffer
Power supply (excluding the biasing circuits) 60µA @ 1.2V
Input common-mode range
0V∼0.9V
Open-Loop DC gain
53dB
3-dB bandwidth (@1pF load)
2.5MHz
Phase margin
77 degrees
Output voltage swing
0.8V
impedance and high bandwidth operation. Again the input transistor N 5 of the
source follower is implemented using a triple-well option to eliminate the body effect. The source follower introduces about -1dB degradation to the OTA’s DC gain.
Table 4.1 shows the transistor sizing and the DC biasing points. The gain of the
buffered OTA can be approximated using equation 4.10.

A ≈gm,P 2 {[gm,N 1 ro,N 1 (ro,N 3 ||ro,P 2 )] || [gm,P 6 ro,P 6 ro,P 4 ]}
·

gm,N 5 ro,N 5 ro,N 6
1 + ro,N 5 + ro,N 6 + gm,N 5 ro,N 5 ro,N 6

(4.10)

Table 4.2 summarizes the OTA’s performance verified using post-layout simulation.
The 3-dB bandwidth is 2.5MHz with 1pF load.
In order to generate all the biasing voltages a replica biasing circuit has been used
to minimize the biasing drifts due to the transistor size mismatches and threshold
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Figure 4.12: Schematic of the OTA bias circuit
voltage variations. Figure 4.12 shows the schematic of the biasing circuit, and Table 4.3 summarizes the parameters of the circuit implementation. Transistors N 2 and
N 4 are also implemented using triple-well option to minimize the body effect.

4.4.1.3

Simulated Performance of TIA

The pre-silicon performance of the implemented TIA is evaluated by post-layout
simulations. Table 4.4 shows the simulated performance. In this design the equivalent
Table 4.3: Transistor sizing and biasing voltages of the replica biasing circuit
P1, P2 (W/L, finger)
P3 (W/L, finger)
P4, P6 (W/L, finger)
P5, P7 (W/L, finger)
N1 (W/L, finger)
N2, N3, N4 (W/L, finger)
N5 (W/L, finger)
Vcm
R1
R2
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90µm/2µm, 18
200µm/1µm, 40
45µm/2µm, 9
45µm/1µm, 9
30µm/2µm, 6
30µm/2µm, 6
9.5µm/2µm, 1
0.5V
2KΩ
1.1KΩ

Table 4.4: Simulated performance of T-Network TIA
Power supply (excluding biasing circuits)
365µA @ 1.2V
Open-Loop DC gain
159.3dB (92.3MΩ)
Input current range
-3.5nA∼3.5nA
3-dB bandwidth (@1pF load)
0.93MHz
Input referred current noise (integrated over 1MHz)
97.17pARM S

Figure 4.13: Simulated noise performance of T-Network TIA
DC gain is 159.3dB (93.2M Ω) and the 3-dB bandwidth is 0.97MHz with a 1pF load.
The slightly lower conversion gain as compared to the hand calculation result is due
to the gain error from the OTA. However, as will be discussed later in Section 6.1.1
of Chapter 6, the measured TIA gain actually matches the calculated value of 160dB.
Figure 4.13 shows the simulated noise performance of the TIA. The input referred
noise is 97pARM S integrated over 1MHz bandwidth.
4.4.2
4.4.2.1

High-Speed Comparator
Overview

The comparator is the critical decision block that extracts the phase shift information by converting the TIA output Vout,T IA into a digital pulse based on the proposed
ZCD operation. Traditional pre-amplifier and latch based comparator designs [56] are
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Figure 4.14: Architecture of the high-speed comparator
not suitable for our application, because they require an external clock signal to reset
the latch for each operation cycle. Therefore the phase-shift information will be lost
if the luminescence modulation is not accurately synchronized with the comparator
clock. An alternative solution is to use a high gain amplifier to continuously monitor
and amplify the voltage difference between the two TIA outputs Vout,T IA and Vth . If
the voltage difference between Vout,T IA and Vth is large enough a digital event trigger
signal will be generated at the amplifier output as the ZCD output. However, in
order to resolve nanosecond fluorescence lifetime, the amplifier requires a high gainbandwidth product to minimize the input dependent propagation delay between the
time Vout,T IA crosses Vth and the time the amplifier finally generates the ZCD output.
In our design, we have implemented a high-speed comparator that combines common design features generally found in Limiting Amplifiers (LAs), which are a class
of amplifiers widely used in high-speed optical communications. The implemented
comparator achieves a good trade off between small signal gain, speed, and power
consumption.

4.4.2.2

Circuits Implementation

Figure 4.14 shows the architecture of the comparator. It utilizes a sequence of
cascaded low-gain and high-bandwidth OTA as gain stages. In this specific design,
we have used one input stage, four gain stages, and one output digital buffer stage.
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Figure 4.15: Schematic of the comparator’s gain stage
Table 4.5: Transistor sizing and biasing voltages of comparator’s gain stage
P1, P2 (W/L, finger) 34.4µm/120nm, 18
N1, N2 (W/L, finger)
60µm/500nm, 5
N3 (W/L, finger)
125µm/500nm, 10
N4, N5 (W/L, finger)
1µm/240nm, 1
Vb1
0.38V
Vb2
0.696V
An continuous-time offset cancellation mechanism [43] has been integrated into the
design by utilizing an R-C feedback network to improve the detection accuracy of
zero-crossing points.
Figure 4.15 shows the schematic of the comparator’s gain stage, which is essentially a fully-differential OTA. The OTA consists of an NMOS input pair N 1/N 2, and
a PMOS resistive load P 1/P 2. The two diode-connected NMOS transistors N 4/N 5
provide parallel resistive load to P 1/P 2 for reduced output impedance. This is to
increase the 3-dB bandwidth of the OTA for high speed performance. The gain of
this stage can be approximated using equation (4.11), and the overall gain of the

86

Figure 4.16: Comparator’s input stage with offset cancellation
comparator is approximately A5 .

A ≈ gmn1 {ron1 || [rop1 ||1/gmn4 ]}

(4.11)

Table 4.5 shows the OTA circuit implementations. Transistors N 1 and N 2 are implemented using a triple-well option to increase the input swing and eliminate the body
effect. The current source transistor N 3 generates a 272µA bias current.
Figure 4.16 shows the input stage of the high-speed comparator with offset cancellation. Again the input transistor pair N 1/N 2 and N 3/N 4 are implemented using
the triple-well option. The current source transistor N 6 is sized to one tenth of N 5
to provide fine adjustment during offset compensation. Table 4.6 show the circuit
parameters of the input stage.

4.4.2.3

Simulated Comparator Performance

Table 4.7 show the simulated pre-silicon comparator performance. The overall
small signal gain is 82dB and the 3-dB bandwidth is 71.5MHz with a 0.4pF load.
A small capacitive load is used for simulation because the comparator is directly
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Table 4.6: Transistor sizing and biasing voltages of comparator’s input stage
N1, N2 (W/L, finger)
60µm/0.5µm, 5
N3, N4 (W/L, finger)
6µm/0.5µm, 1
N5 (W/L, finger)
125µm/0.5µm, 10
N6 (W/L, finger)
12.5µm/0.5µm, 1
N7, N8 (W/L, finger)
1µm/0.24µm, 1
P1, P2 (W/L, finger) 56.48µm/0.5µm, 8
Vb1
0.38V
Vb2
0.696V
connected the following TDC, which has a very small input capacitance.
The most critical parameter associated with the comparator is the variation of the
propagation delay that is input dependent. Assume the comparator needs a minimum
of ∆V between Vout,T IA and Vth to generate a digital output, then the propagation
delay tpd can be approximated by tpd = ∆V /(Aω), where A is the peak-to-peak
amplitude of Vout,T IA , ω is the modulation frequency, and Aω is the Vout,T IA slew
rate at the zero-crossing points. For a given modulation frequency, the propagation
delay tpd should have minimum variation across the entire input signal range. The
required propagation delay is largely determined by the intrinsic jitter noise at the
comparator output, which will be discussed in detail in Chapter 5. Here we simply
jump into the conclusion that the comparator jitter noise is minimum at maximum
input frequency (1MHz) with maximum amplitude (0.7V). Assuming an RMS noise
voltage of 9.8mV is presented at the comparator input, the jitter noise has an RMS
value of approximately 2.23ns. Therefore it is necessary to keep the variation of
propagation delay below 2.23ns at 1MHz input frequency in order to not introduce
additional error to the ZCD operation. Figure 4.17 shows the simulated comparator
propagation delay versus the input signal amplitude, while the input signal frequency
is fixed at 1MHz. As expected, the comparator exhibits large variation of propagation
delay when the input signal amplitude is low (below 0.1V) due to the low slew rate at
the zero-crossing points and limited comparator gain-bandwidth product. However,
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Table 4.7: Simulated performance of high-speed comparator
Power consumption (excluding biasing circuits)
3mA @ 1.2V
OTA gain stage DC gain
16.1dB
OTA gain stage 3-dB bandwidth (@0.4pF load)
201MHz
Cascaded small signal gain (without output buffer)
82.46dB
Cut-off frequency (@1µF offset compensation capacitor)
0.2KHz
Cascaded 3-dB bandwidth (@0.4pF load)
71.5MHz
Propagation delay (Vin ≥0.1Vpp )
≤ 1ns
Input referred noise from input stage (integrated over 100MHz) 245µVRM S
Input referred noise from gain stage (integrated over 100MHz)
296µVRM S

Figure 4.17: Simulated comparator propagation delay vs. input signal amplitude
as the input signal increases above 0.1V, the propagation delay falls to within 1ns.

4.5

Time-to-Digital Converter

Following the previous discussions on the phase readout circuit that converts the
phase-shift to time delay, we now focus on the design and implementation of a TDC.
Since the TDC plays a critical role of quantizing the converted time delay into digital
representation with both high temporal precision and wide dynamic range, we decide
to first give a brief introduction on the topic of time-to-digital conversion and present
several commonly used TDC architectures.

89

4.5.1

Overview

Similar to ADCs, a TDC converts an analog time-domain signal, which is usually
a time interval defined between the rising or falling edges of two event trigger digital pulses Start and Stop, into monotonic digital outputs. TDCs are widely used
in high-speed clock recovery circuits such as Phase-Locked-Loops (PLLs) [85], phase
detectors, and frequency synthesizers [130]. In today’s high-speed applications demanding a clock rate of tens or hundreds of GigaHertz, clock-induced jitters or phase
noise should be limited within nanoseconds or picoseconds range. Therefore an accurate measurement of extremely small time-intervals needs to be performed to improve
the circuit performance. One example is to use digital correction for clock jitter measurement to regulate the bias voltage of Voltage-Controlled-Oscillators (VCOs) so
that an accurate clock signal can be generated. Other applications of TDCs include
high energy physics [4, 15] such as nuclear science [114], space science instrumentations [76] where high-speed space imaging of X-ray or high energy particles is performed, medical imaging applications of Positron Emission Tomography [133], laser
radar applications [138, 90] for time-of-flight measurement, single-photon counting in
range finding or 3D imaging applications [102].
The following sections briefly discuss the operation principles of five commonly
used TDC architectures: digital counter using single or multi-phase clock sources [125,
114], delay lines [100] and Vernier delay lines [73, 32, 116, 50], time-to-voltage converters [133, 132], time-interpolation [114, 138, 69, 75], and time-amplifiers [85].

4.5.2
4.5.2.1

Review of Traditional TDC Architectures
Counter based TDCs

A digital counter is the most straightforward implementation of a TDC, and even
some more complicated time-interpolated TDCs use counters as coarse conversion
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Figure 4.18: Operation diagram of a counter based TDC
blocks [74, 75]. Figure 4.18 shows the basic operation diagram. The time interval ∆t
is defined by the Start and Stop trigger signals, and the counter merely counts the
number of clock cycles during the ∆t.
The transfer function of the counter based TDCs can be represented using equation (4.12), where DOU T is the digital output code and T is the input clock period that
determines the operation speed of the counter. It can be easily observed that such
TDC architecture has a time-domain resolution that is solely dependent on the input
clock rate, and its dynamic range is determined both by the clock rate and the number of bits in the output code that is hardware limited. An alternative counter based
TDC utilizes two counters [114], whose input clocks are at the same frequency but
exhibit a 90◦ phase-shift. Such implementation is capable of counting both the rising
and falling edge of the input clock, therefore the TDC resolution can be increased by
a factor of 2.
DOU T =

∆t
T

(4.12)

Pros and cons:
Pros: The counter based TDCs are easy to implement, and it directly generates digital
outputs DOU T without the assistance of any decoding circuits. The temporal dynamic
range can be easily extended by lowering the input clock frequency.
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(a) TAC schematic

(b) TAC timing diagram

Figure 4.19: Implementation of a Time-to-Amplitude Converter
Cons: Both the temporal resolution and dynamic range are limited by the input clock
frequency. In order to increase the temporal resolution, multiple counters and clock
sources are needed, thus increasing the overall circuit area, complexity, and power
consumption.

4.5.2.2

Time-to-Amplitude Converters

Time-to-Amplitude Converters (TACs) [114, 133, 132] convert an input time delay into a linearly proportional voltage amplitude that can be later quantized using a
high resolution ADC. Figure 4.19 illustrates an example of TAC implementation and
its operation timing diagram.
Similar to the counter based TDC, the time-to-digital conversion is triggered by
the Start and Stop signals shown in Figure 4.19(b). The time interval to be measured ∆t controls the on/off status of the switch Sreset . Now let’s take a look at
Figure 4.19(a). During reset phase, when Reset switch is turned on, the integration
capacitor Cint is completely discharged. During the integration phase when the Reset
switch is turned off, a reference current source Iref starts to charge the capacitor and
the output voltage of the core amplifier is a linear function of the time duration during which the capacitor is being discharged (integrated). Equation (4.13) shows the
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transfer function of the TAC.
Vout =

Iref ∆t
Cint

(4.13)

Therefore the time interval is converted into a voltage amplitude, which can be quantized by an ADC for post-signal processing. The theoretical temporal resolution of
such an implementation can be very high and is only limited by the ADC resolution. Equation (4.14) shows that the temporal resolution δ is proportional to the
integration capacitor Cint and the ADC resolution 1LSB (Least Significant Bit), and
at the same time inversely proportional to the reference current Iref . For example, if
we want to achieve 100ps resolution then the following specifications can be used to
implement the TAC circuit: 16-bit ADC (1LSB is approximately 100µV ), a Cint of
1pF, and an Iref of 1µA.
δ=

1LSB × Cint
Iref

(4.14)

Pros and Cons:
Pros: The TAC implementation is relatively simple and its power consumption can
be very low, since everything is carried out in analog domain and there is need to use
high frequency clock signals.
Cons: The time to voltage conversion accuracy and linearity suffer from process variation, temperature drift, and power supply variation, which can cause the capacitor
and the reference current to drift. Moreover both the temporal resolution and dynamic range are solely depended on the ADC performance.

4.5.2.3

Variable Delay Lines

In order to achieve sub-nanoseconds resolution and to take the advantage of CMOS
technology scaling, TDCs based on variable delay lines are getting more and more
popular. Figure 4.20 shows a simplified variable delay line based TDC [100], which
consists of a sequence of cascaded non-inverting buffers. When the Start signal is
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applied to the input of the delay line, the speed of it propagating through the delay
line is determined by the propagation delay of each individual buffer tp . When the
Stop signal is triggered, all the buffer outputs are registered by the Digital Flip-Flops
(DFFs). The DFFs generate thermometer code that represent the number of buffers
the Start signal has propagated through during the time interval ∆t. A lookup table or a thermometer to binary decoder circuit is then used to generate a digital
representation of the measured time interval. For example, if the Start signal has
propagated through N buffers, then the measured time interval is ∆t=N × tp . It is
obvious that the dynamic range is linearly proportional to the number of buffers in
the delay line, and the resolution cannot be smaller than the propagation delay of
each individual buffer. An improved approach with finer resolution [32] is to apply
Veiner principle and use two delay lines, which are implemented using two sequences
of delay buffers with slightly different propagation delays tp1 and tp2 . Therefore, the
temporal resolution is defined as tp1 -tp2 (assuming tp1 ≥tp2 ), and if we fine tune the
two propagation delays a picoseconds temporal resolution can be achieved. However,
both hardware and power consumption are doubled by using Vernier delay lines.
The drawback of variable delay line based TDCs is complicated thermometer to
binary decoding circuits, whose circuit area, power consumption, and complexity will
increase linearly with the TDC resolution and dynamic range. A number of decoding circuits have been implemented: A local logic reset network that converts the
thermometer code to 1-out-of-N code and uses ROM (Read Only Memory) based
look-up table for binary code generation [73, 74]; A shift-register based pipelined
readout architecture that continuously generates binary bits [32]; A priority encoder
that generates binary outputs [116]. This method however requires extremely large
and complicated circuit when the number of delay elements becomes high; Long shiftregisters that are equal to the size of the delay line and an external microprocessor
that decodes the data from the shift-registers into binary codes [50]. Such read-
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Figure 4.20: Simplified implementation of delay line based TDC
out scheme is obviously computationally expensive and suffers from low throughput.
Pros and Cons:
Pros: The resolution scales with CMOS technology and sub-nanoseconds delay buffers
can be achieved using deep sub-micron CMOS technologies. Moreover if Vernier delay
lines are used, then picoseconds resolution can be realized. The delay line implementation is relatively simple.
Cons: The delay lines must be regulated using Delay Locked-Loops (DLLs) to compensate for process variations to achieve good linearity performance. Therefore the
overall system complexity is high. The dynamic range is limited by the number of
delay elements, resulting in the circuit area and power consumption increasing exponentially with the dynamic range. Moreover the thermometer to binary decoding
circuits add complexity, power, and area to the design.

4.5.2.4

Time Interpolated TDCs

One of the most widely used TDC architectures is the time interpolated TDCs
that achieve both high temporal resolution and wide dynamic range. The time interpolation technique divides the input time interval into coarse and fine sub-intervals,
which are quantized using different time-to-digital conversion techniques. The coarse
time intervals usually span over a large dynamic range and can be measured using
a simple digital counter. The fine time intervals are short and need to be measured
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Figure 4.21: Timing diagram of time interpolation
with high temporal resolution utilizing delay lines. Figure 4.21 shows the simplified
timing diagram of a time interpolation operation for counter/delay-line based hybrid
TDC implementation. The time interval ∆t defined by the Start and Stop signals
are divided into three sub-interval T 1, T 2, and T 12. T 12 covers multiple clock cycles
and can be digitized using a conventional counter based TDC. Intervals T 1 and T 2
are shorter than one clock period and can be measured by using delay line based fine
TDCs. The final TDC output is a computational result of three measured time intervals shown in equation (4.15), where N 1 is the number of delay elements measured
by T 1, N 2 is the number of delay elements measured by T 2, N 12 is the number of
counter clock cycles measured by T 12, and τ is the propagation delay of delay element
in the delay line.

∆t = T 1 + T 12 − T 2 = N 1 × τ + N 12 × Tcounterclock − N 2 × τ

(4.15)

Pros and Cons:
Pros: The time interpolated TDC takes the advantages of combining different timeto-digital conversion techniques to achieve both the extended dynamic range and high
temporal resolution. It also offers good trade-off between resolution, circuit area, and
power consumption.
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Cons: The measurement accuracy is largely dependent on the time interpolation circuit, whose error and offset can result in an inaccurate measurement on fine time
intervals. Also the signal reconstruction can be rather complicated due to multiple
measurement techniques used.

4.5.2.5

Time Amplifiers

Although delay line based TDCs can achieve picoseconds resolution, their power
consumption and circuit area increase linearly with both resolution and dynamic
range. Another high resolution implementation is the Time Amplifiers (TAs) that
utilize the regeneration process of a metastable SR latch to amplify the small timing
difference between the rising edges of the two digital input signals. Figure 4.22(a)
shows an implementation of a TA [85], which consists of two SR latches cascaded by
two XOR gates for digital output generation. The SR latch consists of two NAND
gates and one of its inputs is delayed using two cascaded inverters to create a time
offset tof f . When the input digital trigger signals Start and Stop with a very small
time difference ∆tin are applied to the inputs of the SR latches, both latches are in
metastable state and their outputs slowly increase to digital level due to the inherent positive feedback. Figure 4.22(b) shows a timing digram of the TA operation.
The XOR gate outputs of the two SR latches are triggered at different delayed time
stamps t2 and t3 (with respect to the rising edge of the Start signal at t0 ), which
can be expressed using the following equation (4.16). In the equation, VT H is the
threshold voltage for XOR gate to generate a digital output, τ is the regeneration
transconductance of the N AN D gate in metastable state shown in equation (4.17),
and kc is a constant. As a result, the amplified output time interval ∆tout between
the rising edges of tOU T 1 and tOU T 2 can be represented using equation (4.18). It is
worth noting that the input time interval tin should be smaller than the input time
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(a) Schematic of a Time Amplifier [85]

(b) Operation timing diagram

Figure 4.22: Typical implementation of time amplifier
offset tof f to ensure the time amplification is linear and monotonic.
t2 = τ · (log VT H − log(tof f + tin ) + kc )
(4.16)
t3 = τ · (log VT H − log(tof f − tin ) + kc )
τ = C/gm

(4.17)

tout = τ · (log(tof f + tin ) − log(tof f − tin ))

(4.18)

Pros and Cons:
Pros: TAs can achieve high temporal resolution (picoseconds) with small circuit area
and relatively low power consumption.
Cons: The small signal gain of time amplification is heavily dependent on the analog
behavior of digital circuits and therefore suffers from large offset and non-linearity due
process variation that affects the transistor’s analog performance. The offset is largely
due to the variations of the threshold voltage of XOR gate, the output capacitor C
of the N AN D gates, and also the input time offset tof f . The non-linearity can
result from the variation of the regeneration transconductance of the N AN D gate.
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Table 4.8: Comparison of various TDC architectures
Resolution
Dynamic range
Power
Complexity
Circuit area

Counter
low
high
low
low
small

TAC
moderate
moderate
low
low
low

Delay Line
high
low
high
high
large

Time Interpolation
high
high
moderate
high
moderate

TA
high
low
low
high
small

Therefore offset compensation and non-linearity calibration should be performed for
optimal performance, leading to complicated overall circuit implementations.

4.5.3

A 22-bit 110ps Time-Interpolated TDC

Table 4.8 shows a comparison of various TDC architectures in terms of resolution,
dynamic range, power, circuit complexity and area. The counter based TDC is good
for quick and easy implementations with high dynamic range and reasonable resolution; The TAC is also simple to implement, but its performance is determined by
ADCs; Delay lines are suitable for high temporal resolution designs but suffer from
high power consumption, large circuit area and low dynamic range; TAs can achieve
very high temporal resolution but complicated calibration techniques are usually required to compensate for process variations, leading to complicated circuit implementations; The time interpolation is more of a system level technique and can be used to
achieve optimal balance between resolution, dynamic range, circuit complexity, and
power consumption. Since our target applications of luminescence lifetime imaging
covers a wide temporal dynamic range from nanoseconds to microseconds, we decide
to use the time interpolation architecture for the TDC implementation.
Figure 4.23 shows the simplified block diagram of the time-interpolated TDC. The
design utilizes a combined delay-line [130] and counter based TDC architectures for
wide dynamic range operation, while maintaining reasonably high temporal resolution. The time interpolator extracts the time-interval ∆t between the rising edges of
Start and Stop signal into T 1, T 2, and T 12. The precision at which the time interpo-
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Figure 4.23: Simplified block diagram showing the TDC architecture
lator extracts ∆t is determined by ClockCOU N T ER , which is 40MHz in our design. The
extracted T 12 that covers multiple periods of ClockCOU N T ER is then measured by a
14-bit digital counter, generating coarse outputs with 414µs dynamic range and 25ns
temporal resolution. The digital counter is implemented using an FPGA chip that
generates coarse outputs for high dynamic range operation. The fine time-intervals
T 1 and T 2 are within one period of ClockCOU N T ER and are multiplexed to a delayline based TDC for fine measurement. The fine conversion is carried out using an
8-bit Voltage Controlled Delay Line (VCDL) and a binary encoder that converts the
thermometer code into binary outputs at a speed of ClockREADOU T = 10M Hz. Both
coarse and fine outputs are passed into a customized LabVIEW program for postsignal processing. In order to compensate for process variations and performance drift
due to temperature and power supply variation, a DLL [8] has been used to regulate
the VCDL’s bias voltage Vb . The following sections will explain both the coarse and
fine TDC operations in detail.

4.5.3.1

Time Interpolation

The time interpolator together with an off-chip FPGA based digital counter function as a coarse TDC, where high dynamic range time intervals from 25ns to 414µs
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can be measured with good linearity. Figure 4.24 shows the schematic of the time
interpolator (which is similar to that used in [117]) and its reset circuit (4.24(b)). The
time interpolator consists two sequences of cascaded DFFs that shift the input data
D at the rising edges of the signal clock CLK1 and the interpolation clock CLK.
The output combinational logic (two N OR gates and one XN OR gate) generate sub
time-intervals measured between the rising edge of D with respect to the rising edge
of CLK or CLK1 and subsequently generates interpolated time intervals T 1, T 2,
and T 12. The time interpolation operates in two phases: (a) During the reset phase
when RESET is high, the data input D is connected to a digital low level (in this
design the GN D) and all the outputs are set to zero; (b) During the interpolation
phase, RESET is set low and the data input D is connected to a digital high level (in
this design the V DD). The Start is passed through as CLK1 and the resulting T 1 is
defined as the interval between the rising edge of Start to the next rising edge of the
CLK and Stop signals. The outputs T 1 and T 2 are fine time intervals shorter than
one clock period, which are measured using delay-line based TDCs with fine conversion accuracy. The output T 12 is a high dynamic range time interval and is sent to an
off-chip digital counter. The 14-bit digital counter is clocked by an on-board 40MHz
clock from an Altera Cyclone II Evaluation board.

4.5.3.2

Design of VCDL Based Fine TDC

The 8-bit VCDL based fine TDC consists of 256 voltage-controlled delay buffers
and decoder circuits that converter thermometer code to binary outputs. Figure 4.25
shows the implementation of the voltage-controlled delay buffer [88] with positive-edge
triggered DFF output. The delay buffer consists of two inputs and output inverter
buffers, and two inverter transistor pairs (P 1/N 3 and P 2/N 6), whose propagation
delays are controlled by the tail transistors N 1 and N 4. The maximum allowable
propagation delay is limited by N 2 and N 5, which are implemented using small

101

(a) Schematic of time interpolator

(b) Time interpolator reset circuit

(c) Timing diagram of time interpolation

Figure 4.24: Implementation of time interpolator
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Figure 4.25: Voltage-controlled delay buffer
transistors with weak current driving capability. The transistors’ sizes are optimized
so that the output digital pulse has equivalent rise and fall times.
We have implemented a novel decoding scheme shown in Figure 4.26(a) that offers
an area-efficient and high-throughput fine TDC readout, compared to the traditional
counter or ROM based thermometer-to-binary decoder circuits. The delay line is
grouped into 8 banks each containing 32 delay cells. After the Stop signal latches
the position of the Start signal in the delay line, an 8-to-3 encoder outputs the
most significant bits OU T 8 ∼ OU T 6, corresponding to one of the eight banks that
currently holds the Start signal. Then a 3-to-8 decoder enables the scanning process
of the scanning bank, and a 5-bit counter connected to a 5-to-32 decoder starts
to sequentially scan through the delay cells in the bank. When the Start signal
location is detected, the counter outputs are latched as the least significant bits
OU T 5 ∼ OU T 1. This localized readout scheme requires a maximum of only 32
counter clock cycles for a complete binary encoding of thermometer code generated
by the delay line. It also eliminates the need for complicated routings between the
individual delay cells in the delay line to ROM or counter based decoder circuits.
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(a) Block diagram of an 8-bit VCDL based fine TDC

(b) Flow diagram of VCDL readout

Figure 4.26: Implementation of an 8-bit VCDL based fine TDC
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4.5.3.3

Delay-Locked Loop

Since the linearity of VCDL is largely dependent on the consistency of the propagation delay tpd of each delay buffer, any device mismatch or transistor threshold
variation will create an offset in the tpd . One way to compensate for the tpd variation
is to tune the control voltage Vb and this is achieved by using an DLL. Figure 4.27(a)
shows the block diagram of a DLL that has been discussed in detail in [8]. Here we
briefly go over its architecture, which consists of a Phase Frequency Detector (PFD),
a Charge Pump (CP), and a replica delay line that consists of 20 delay buffers from
Figure 4.25. The PFD detects the phase difference between its two inputs data and
clk, and generates digital pulses up/down accordingly to the CP, which in turn tunes
the bias voltage Vb of the delay line until the effective total delay is exactly one clock
period of the Clock signal. Figure 4.27(b) shows the schematic of the CP, and Figure 4.27(c) shows the schematic of the PFD. An example operation diagram of the
DLL is illustrated by the simulation results shown in Figure 4.28. The input data is
a 333MHz clock signal with 3ns clock period and 1.5ns pulse width. The bias voltage
Vb of the delay line starts from the initial condition of 0V and gradually increases
to 0.57V as the PFD periodically sends out up pulses to the CP to increase the Vb .
After about 160ns the effective delay of the delay line approximates to 3ns, and the
up pulses from the PFD start to decay.

4.6

Summary

This chapter introduced a novel frequency-domain luminescence lifetime imaging
technique that utilizes a ZCD algorithm to extract the phase-shift between the intensity modulated excitation signal and the emitted luminescence into a time delay
signal. Detailed circuit implementations and operation principles of the PPS pixel,
phase readout circuits, and a time-interpolated TDC are presented and discussed.
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(a) Block diagram of a DLL

(b) Schematic of CP

(c) Schematic of PFD

Figure 4.27: Implementation of DLL
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(a) Data and Clock

(b) Up and bias

Figure 4.28: Operation diagram of DLL
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Figure 4.29: Chip microphotograph of the fabricated digital phase imager in a 65nm
CMOS technology
Pre-silicon simulation results on the implemented circuits are also presented to evaluate the overall chip performance. The CMOS digital phase imager is fabricated in
an IBM 65nm low-power digital CMOS technology, and Figure 4.29 shows the chip
microphotograph. It occupies 4mm×4mm silicon area with 84 pins, and is packaged
in a LCC (Leadless Chip Carrier) 84 ceramic package.
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CHAPTER 5

Noise Analysis of Phase Readout Circuits

Chapter 4 explained the operation mechanism and detailed circuit implementation of the proposed frequency-domain phase readout for luminescence lifetime
imaging. The technique is based on a phase-shift to time delay conversion utilizing Zero-Crossing Detection (ZCD). The accuracy of the phase-shift to time delay
conversion is directly affected by the timing jitter noise of the phase readout circuits.
As a result of the jitter noise, the ZCD output pulses exhibit an uncertainty of the
actual time stamps associated with the rising edges, which subsequently affects the
time delay signal that is quantized by the TDC. In this chapter, we study the various
noise sources associated with the phase readout circuits during ZCD operation, and
propose several design techniques that can help improve the noise performance and
phase readout accuracy.
This chapter is organized as follows: Section 5.1 reviews the fundamentals of
timing jitter noise and gives a top level noise model of the phase readout circuits;
Section 5.2 explains the pixel level noise sources with detailed analysis of the photodiode noise as well as the readout transistor noise using small signal models; Section 5.3 gives a detailed noise analysis of the Trans-Impedance Amplifier (TIA) with
T-Network feedback. In this section, the noise contributions from the feedback resistors are identified, and the noise contribution from the core Operational Transconduc-
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tance Amplifier (OTA) is also studied; Section 5.4 explains in detail the noise sources
associated with the high-speed comparator; Section 5.5 concludes this chapter.

5.1

Review of Jitter Noise

As discussed in Chapter 4, the ZCD relies on the accurate timing extraction of
the zero-crossing points of a sinusoidal signal to convert the phase-shift into a time
domain delay. The converted time delay represents the nanoseconds fluorescence
lifetime information. Due to its unique operation mechanism, the noise performance
of the signal readout chain affects the conversion accuracy and should be carefully
evaluated. The ZCD operation resembles that of a high-speed comparator used in
optical communication circuits to convert low-power and low-amplitude sinusoidally
modulated optical signal into a stream of binary bits. Therefore the jitter noise
commonly seen in those high speed optical communication systems also affects the
performance of the proposed ZCD operation.
The timing jitter noise by definition is a random variation of the rising or falling
edge positions of the digital pulses in the time domain with respect to their ideal
positions. Figure 5.1 gives an illustration of timing jitter noise from a ZCD operation
perspective. Here a sinusoidal signal y = sin(t) is converted into digital pulses via a
zero-crossing detector that has an ideal transfer function of f . The transfer function
returns digital 0 if y(t) < yth or a digital 1 if y(t) ≥ yth , where yth is the pre-defined
threshold level. For simplicity, we model y(t) as a noiseless sinusoidal signal and the
zero-crossing threshold as yth + vn , where vn is a broadband noise source that causes
the output jitter noise. Therefore, vn causes the rising or falling edges of the digital
outputs of the zero-crossing detector to experience a variation ∆t in the time domain.
The timing jitter due to the broadband noise has been discussed in [93], and here we
briefly review the theory. Equation (5.1) shows the probability density function of the
broadband noise vn that has a zero mean value, a Root-Mean-Square (RMS) value of
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Figure 5.1: Illustration of jitter noise during ZCD operation
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(5.1)

The timing jitter ∆t seen at the output of the zero-crossing detector is determined by
the broadband noise vn , which can be mapped to a timing error signal in y(t) using
equation (5.2):
vn = A {sin(ωt + ∆t) − sin(ωt)}

(5.2)

Since the timing jitter ∆t is usually much smaller than the period of the signal y(t), we
can apply Taylor series expansion, similar to what we did in Section 4.1 of Chapter 4
and obtain:
vn ≈ Aω∆t

(5.3)

Since the voltage noise vn has a Gaussian distribution and the jitter noise ∆t can be
approximated as a linear function of vn , then ∆t also has a Gaussian distribution.
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Figure 5.2: Noise sources of phase readout circuits
Equation (5.4) shows the probability density function of the timing jitter ∆t:
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As a result the RMS timing jitter noise is:

Jn,RM S =

Vn,RM S
Aω

(5.5)

Next step is to analyze Jn,RM S from the noise model of the phase readout circuit
shown in Figure 5.2. At the pixel level, the noise current contribution comes from
2
2
the photodiode shot noise In,P
D and the readout transistors’ thermal noise In,M OS .

The noise associated with the TIA can be modeled as an input referred noise current
2
Iinn,T
IA , which is contributed by both the resistor feedback network and the core

OTA. At the input of the comparator, the noise is characterized as the comparator’s
2
own input referred noise voltage Vinn,CM
P . The Vn,RM S in equation (5.4) is essentially

the equivalent noise voltage at the input of the ZCD circuit. Therefore, the RMS
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Figure 5.3: Pixel level noise sources
jitter noise can be represented using equation (5.6), where AT IA is the current-to2
voltage conversion gain of the TIA. Here the noise contribution In,M
OS from the pixel’s

readout transistors is ignored due to low conversion gain, which will be explained in
detail in the following section.

Jn,RM S =

5.2

q

2
2
A2T IA IP2 D + 2Iinn,T
IA + Vinn,CM P
Aω

(5.6)

Pixel Noise

Figure 5.3 shows the noise model of the PPS pixel used in our design. Since the
noise contribution from the photodiode and each individual readout transistor are
uncorrelated, the output noise current can be simply represented using equation (5.7),
2
is the noise current from the photodiode and directly appears at the
where In,pd
2
pixel output, In,P
IXEL EN is the noise current from the P IXEL EN transistor and
2
contributes to the output noise through a transfer function of HP2 IXEL EN , In,ROW

is the noise current from the ROW transistor and contributes to the output noise
2
2
through a transfer function of HROW
, and In,COL
is the noise current from the COL
2
transistor and contributes to the output noise through a transfer function of HCOL
.

Now we individually analyze each noise source.

2
2
2
2
2
2
2
2
In,out
= In,pd
+ In,P
IXEL EN HP IXEL EN + In,ROW HROW + In,COL HCOL
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(5.7)

The photodiode noise consists of a shot noise from the continuously flowing photocurrent and the thermal noise from the photodiode resistance. The shot noise has
a Power Spectral Density (PSD) shown in equation (5.8), where q is the charge of
an electron, and IDC is the DC photocurrent of the photodiode. Assuming an IDC
√
of 0.5nA then the shot noise has a PSD of only 12.6fA/ Hz. The thermal noise
2
from RD is simply Ithermal
= 4kT /RD . Since in our design the photodiode is con-

stantly biased at 0.5V, a 0.5nA bias current will result in a 1GΩ equivalent resistance.
√
Therefore the thermal noise has a PSD of approximately 4.11fA/ Hz. Equation (5.9)
shows the total noise current from the photodiode, which has a PSD of approximately
√
13.3fA/ Hz.

2
Ishot
= 2qIDC A2 /Hz

(5.8)

2
2
2
In,pd
= Ishot
+ Ithermal
√
In,pd ≈ 13.3f A/ Hz

(5.9)

Due to small bias current from the photodiode, all the transistors are operating
in weak inversion region when turned on. The transistor noise current consists of a
shot noise and a flicker noise, as is shown in equation (5.10). Here IDC represents
the DC bias current, which in this case is the photocurrent, and gm is the transistor’s
transconductance.

2
In,N
M OS = 2qIDC +

K
2
gm
Cox W Lf

(5.10)

Figure 5.4 shows the small signal model to derive the transfer function that maps
the noise current of the transistor P IXEL EN to the pixel output noise current.
Here we assign the current flow direction for derivation purpose, but it is worth
noting that in reality the noise current has no direction. In this small signal model,
the photodiode is modeled as a noiseless source with a parasitic resistor RD , the
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Figure 5.4: Small signal model for noise analysis of transistor P IXEL EN
readout transistors ROW and COL are modeled using their on resistance ron , and
transistor P IXEL EN is modeled as a noise current source In,N M OS in parallel with
an on resistance ron and a current source −gm Vx . The pixel output is connected to
the TIA’s input, which can be modeled as an input impedance Rin,T IA connected to
the virtual ground. The transfer function can be derived by applying the Kirchhoff’s
law at node VX and node VY , as is shown in equation (5.11). The derived transfer
function is shown in equation (5.12).
VX
= In,out
RD
In,out = −gm VX + In,N M OS

HP IXEL EN =

−In,out Rin,T IA − In,out 2ron − VX
+
ron

−1
RD
−1
−1 + R
−1 −1
gm + ron
in,T IA ron RD + 3RD

(5.11)

(5.12)

Similarly, the transfer functions of transistors ROW and COL can be derived
using the small signal models in Figure 5.5. It is worth noting that in Figure 5.5(a)
the on resistor ron from P IXEL EN is ignored and in Figure 5.5(b) the on-resistor
from both P IXEL EN and ROW are ignored. This is because ron is much smaller
compared to RD . Figure 5.6 shows that over a photocurrent range of 0.1nA to 10nA
the on resistor ron remains around 79KΩ, which is 6 orders of magnitude less than
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(a) Small signal model for noise analysis of tran- (b) Small signal model for noise analysis of
sistor ROW
transistor COL

Figure 5.5: Small signal model for noise analysis of transistors ROW and COL
RD . The final transfer functions for both ROW and COL transistors are shown in
equation (5.13).
−1
RD
−1
−1 + R
−1 −1
gm + ron
in,T IA ron RD + 2RD
−1
RD
=
−1
−1 + R
−1 −1
gm + ron
in,T IA ron RD + RD

HROW =
HCOL

(5.13)

−1
−1
Since RD
 1 and Rin,T IA ron
≈ 1, then all the transfer functions can be approx-

imately represented using equation 5.14. The transfer functions obtained from the
small signal models suggest that the noise contribution from the readout transistors
to the pixel output is rather small as compared to the photodiode noise because of
the large RD .
H≈

5.3
5.3.1

−1
RD
−1
gm + ron

(5.14)

Trans-Impedance Amplifier Noise
Overview of TIA Noise

Noise performance is an important parameter in evaluating the TIA performance
especially in this case, where the TIA’s output will be post-processed into digital
pulses and the rising/falling edge timings are very critical to preserving the accurate
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Figure 5.6: Simulated on-resistance of pixel readout transistor vs. photocurrent
phase-shift information. The noise presented at the TIA’s output contributes significantly to the jitter noise at the comparator’s output. Figure 5.7 shows the noise
model of the T-Network TIA. The main noise contributions come from the thermal
noise from the T-Network feedback resistors VnR1 , VnR2 , and VnR3 , as well as the
input referred noise sources from the OTA: Vn and In− . The photodiode is modeled
as a parasitic capacitance of CD in parallel with a parasitic resistance of RD . Since
the photodiode is reverse biased, the RD is much larger than the equivalent input
impedance of the TIA.
The output noise voltage contributed from Vn and In− can be characterized easily using the transfer function. To simplify the equations, here the effective feedback
resistance of the T-Network is denoted as Rf beq = (R1 + R3 + R1R3/R2). Now let’s
consider the output noise voltage contributed by Vn . If the OTA is working properly,
the negative input is also biased at the same voltage Vn . The transfer function from
the negative input to the output can be derived as follows:
Vx − Vn
−Vx Vnout(Vn ) − Vx
Vn
=
+
=
R1
R2
R3
ZD
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(5.15)

Figure 5.7: Noise sources of T-Network TIA
We can represent Vx using Vn and get the following equation:

Vx = (1 +

R1
)Vn
RD

(5.16)

Equation (5.15) can be modified as follows by replacing Vx with Vn using equation (5.16):
Vnout(Vn )
R1
Vn
R2 + R3
− (1 +
=
)Vn ·
R3
ZD
R2R3
ZD


Vnout(Vn )
Vn
R2 + R3
=
· 1 + (ZD + R1) ·
R3
ZD
R2R3


R2 + R3
Vn
· R3 + (ZD + R1) ·
Vnout(Vn ) =
ZD
R2



Vn
R3
Vnout(Vn ) =
· Rf beq + ZD · 1 +
ZD
R2

(5.17)

where ZD is the input impedance of photodiode represented as ZD = RD //CD . The
noise current In− is coupled to the output through a resistor divider network consisting
of Rf beq and ZD . Since the photodiode bias voltage in this case is zero, then there is
no current flowing through ZD . Therefore the equivalent output noise is:

Vnout(In− ) = In− Rf beq
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(5.18)

The two noise sources associated with R2 and R3 are directly coupled to the TIA’s
output since in this case there is no noise current flowing through R1 or the photodiode. The output noise contributed by the thermal noise from these two resistors
are:
2
Vnout(R2,R3)
= 4kT R2 + 4kT R3

(5.19)

The most significant thermal noise source comes from R1 due to its high resistance
value. The resulting output noise voltage due to R1 is divided by resistor ladder R1
and R2 and can be obtained as follows (also based on the fact that there is no noise
current flowing through R1 or the photodiode):
√
√
Vnout(R1) − 4kT R1
4kT R1
=
R2
R3
2

R3
2
Vnout(R1) = 4kT R1 1 +
R2

(5.20)

To sum up, the overall output voltage noise of the T-Network TIA is:

2
2
2
2
2
Vnout
= Vnout(I
+ Vnout(V
+ Vnout(R2,R3)
+ Vnout(R1)
n)
n− )

(5.21)

The noise sources fall into two categories: thermal noise from the resistor network
and OTA noise. The thermal noise is dominated by R1 because it has the highest
resistor value and the resulting noise is also amplified by a gain of 1 + R3/R2. The
OTA noise mainly consists of the input noise voltage Vn and the input noise current
In− from the negative input. Therefore in order to achieve low noise performance,
it is critical to keep the resistor value of R1 low while minimizing the OTA noise as
much as possible by using large input transistor pairs and small bias current for low
gm implementation.
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Figure 5.8: Noise analysis of folded-cascode OTA
5.3.2

OTA Noise

Since both the input referred noise current and the noise voltage of the OTA
contribute to the TIA’s output noise voltage, it is critical to keep the OTA noise
minimum. The OTA noise performance should be optimized according to the specific
amplifier architecture, which in this design is a folded-cascaded amplifier with a fullydifferential to single-ended conversion. Figure 5.8 shows the noise sources associated
with the amplifier. It is worth noting that during the noise analysis, both the differential input biasing and all the DC biasing points of other transistors are viewed as
noise ground. The transistor’s noise is modeled as a noise voltage source connected
to the transistor gate, and it consists of both thermal noise and flicker noise. For low
frequency applications the flicker noise is very important, and for high frequency and
low noise applications the thermal noise becomes dominant. Since the amplifier is a
vital part of the TIA for high-gain and high-speed operation, both the flicker and the
thermal noise should be taken into consideration while performing noise analysis.
Based on the fact that all the noise sources are uncorrelated, and each noise voltage generates a corresponding noise current to the output node, then the total output
noise current InOU T can be calculated by using equation (5.22). Because of the single120

ended configuration, the noise current contributed from transistors P 2, P 4, P 6, N 1,
and N 3 are mirrored to the output node. The current noise from the tail current
source transistor P 1 is divided by half assuming gm,P 1 Vn,P 1 is equally flowing through
P 2 and P 3 branches.
2
InOU
T =

2
2
gm,P
1 Vn,P 1
2
2
2
2
2
2
2
2
+ gm,P
2 Vn,P 2 + gm,P 3 Vn,P 3 + gm,N 1,eq Vn,N 1 + gm,N 2,eq Vn,N 2
2

2
2
2
2
2
2
2
2
2
2
+ gm,N
3 Vn,N 3 + gm,N 4 Vn,N 4 + gm,P 4 Vn,P 4 + gm,P 5 Vn,P 5 + gm,P 6,eq Vn,P 6
2
2
+ gm,P
7,eq Vn,P 7

(5.22)
The dominant noise sources are from the input transistor pair P 2/P 3, as well as the
load transistors P 4, P 5, N 3, and N 4. The transistor’s output noise current can be
represented as its gate noise voltage times the transconductance gm . The cascaded
transistors P 6, P 7, N 1, and N 2 are non-dominant noise sources and can be neglected
due to source degradation especially in the low frequency region. The specific noise
source associated with each transistor is shown in equation (5.23):
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where the source degradation makes the thermal noise contributions from transistors
N 1, N 2, P 6, and P 7 are negligible due to gm ro  1, which scales down both the
thermal noise and flicker noise due to the small coefficient shown in equation 5.24.
Since the amplifier is designed using a symmetric architecture the transistor sizes of
two branches match each other, therefore the output noise current can be simplified
using equation (5.25).

gm,eq ≈

2
InOU
T

≈

2
gm,eq
gm
1
gm
gm
1
≈
=
 1,
≈
≈
1
2
1 + gm ro
gm ro
ro
gm
(1 + gm ro )
gm ro2

2
gm,P
1



8kT
3gm,P 1

+

KP
Cox (W L)P 1 f

(5.24)
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8kT
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Cox (W L)P 2,P 3 f



(5.25)
Then the input referred noise can be obtained by simply converting the output noise
current into an input noise voltage by Vn,in = InOU T /gm,P 2,P 3 , and it can be plugged
into equation (5.17) to get the equivalent noise voltage at the output of the TIA. It
is worth noting that the noise contribution from the source follower buffer is ignored
in our analysis due to the high DC gain from the OTA stage.
To sum up, the flicker noise can be reduced by increasing the transistor size, but
at the cost of adding parasitic capacitance that will degrade the speed performance.
The thermal noise becomes dominant at high frequencies and can be reduced by decreasing the bias current for lower gm implementation, but this will again degrade the
speed performance. Therefore, the noise and speed need to be optimized.
As has been mentioned above, one way to reduce the TIA noise is to increase the
OTA input transistor size. However this will also increase the parasitic capacitance,
which would result in an increase of noise gain peaking effect. The noise gain peaking
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is due to the high frequency response of the photodiode, whose parasitic capacitor
is shunt to the noise ground and thus reducing the effective impedance ZD from
equation (5.17). This will amplify the input noise voltage and input noise current
at the negative input of the OTA. In the 65nm CMOS technology, the N-Well to
P-Substrate area capacitance is around 0.125f F/µm2 and the perimeter capacitance
is around 0.8f F/µm. Given a photodiode size of 40µm × 40µm, the junction capacitance is around 0.125f F/µm2 × 40µm × 40µm + 0.8f F/µm × 4 × 40µm = 328f F .
At an operation frequency of 500Hz or higher, the parasitic capacitance starts to
degrade the effective photodiode impedance and at above 5MHz operation frequency
the noise peaking effect becomes significant. However, the operation region of the
TIA is always less than 1MHz, therefore the noise peaking won’t affect the overall
circuit performance.

5.4

Comparator Noise

Figure 5.9 shows the simplified noise model associated with the high speed comparator circuits. The input referred noise can be analyzed by calculating the output
noise of each pre-amplifier stage and convert it back as the input referred noise voltage
by dividing the corresponding small signal gain. Equation (5.26) shows the output
noise voltage of the comparator, where A represents the small signal gain of each
pre-amplifier stage that can be represented using equation (5.27).

2
2
2
2
2
2
Vn,out
= Vn,out1
A8 + Vn,out2
A6 + Vn,out3
A4 + Vn,out4
A2 + Vn,out5

(5.26)



A = gm|N 1,N 2 ro|N 1,N 2 || ro|P 1,P 2 ||1/gm|N 4,N 5
≈

(5.27)

gm|N 1,N 2
gm|N 4,N 5

Figure 5.10 shows the noise sources associated with the pre-amplifier gain stage.
Except for the current source transistors, all other transistors contribute to the output
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Figure 5.9: Noise model of high-speed comparator

Figure 5.10: Noise of pre-amplifier stage
noise current. Equation (5.28) shows the equivalent output noise voltage, where ROU T
is the equivalent output impedance shown in equation (5.29). Here we neglect the
transistors’ flicker noise and only consider the thermal noise due to high bandwidth
operation and relatively large transistor sizes.
 2
2
2
2
2
2
2
2
Vn,out
= In,P
1 + In,P 2 + In,N 1 + In,N 2 + In,N 4 + In,N 5 ROU T
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+
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T
3
3
3
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ROU T
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(5.28)

ROU T = ro|N 1,N 2 || ro|P 1,P 2 ||1/gm|N 4,N 5
≈


(5.29)

1
gm|N 4,N 5

If we divide the output noise voltage from equation (5.26) by the overall gain of
the cascaded stages, the input referred noise can be obtained. Moreover, since each
pre-amplifier stage has a voltage gain of around 16dB, the contributing noise sources
are from the first three stages. The input referred noise voltage is shown in equation (5.30):
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=

(5.30)

5.5

Summary

This chapter performed the analysis of all the noise sources associated with the
phase-shift to time delay conversion readout circuits. At the pixel level, the dominant
noise source is the photodiode shot noise. The readout transistors are simply switches
that operate in sub-threshold region, and their noise contribution is attenuated by the
large photodiode resistance. Hand calculation results suggested that the equivalent
√
pixel output noise current is less than 14fA/ Hz, which is negligible compared to
the TIA noise.
The TIA’s input referred noise is the most dominant noise source in the phase
readout signal chain. The TIA noise consists of both the thermal noise from the
feedback resistors and the noise of the core OTA. Among the T-Network feedback
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resistors, R1 contributes most of the thermal noise due to its high resistance value.
In order to reduce the thermal noise from R1 the resistor value should be lowered
at the cost of reduced conversion gain and sensitivity. Therefore an optimization
should be achieved between the TIA gain and noise performance. However in our
application the photocurrent is in the nanoamperes’ range, the TIA gain needs to be
100MΩ or higher to generate reasonable output voltage. Therefore, we have chosen
a relatively small R1 value of 2MΩ and rely on the high ratio of R3/R2 to achieve
an overall high gain. Further reducing the R1 value would require an increase of
R3/R2 ratio, which would suffer from device mismatch. The OTA noise is dominated
by the input transistor pairs and current source transistors in the cascoded branch.
To reduce the transistor flicker noise, large transistor sizes can be applied but at a
cost of reduced bandwidth due to additional parasitic capacitance. The transistor
thermal noise can be reduced by decreasing the transistor’s transconductance but
also at a cost of degraded speed performance. In our design we have carefully sized
the transistors and biasing points (as have been shown in Section 4.4.1 of Chapter 4)
and have achieved 97pARM S noise over a 1MHz bandwidth according to simulation
results. Such performance is within the desired specification requirements since the
photocurrent is usually kept at least 30dB above this noise level.
The comparator noise is dominated by the input stage, which is approximately
245µVRM S over a 100MHz bandwidth according to the simulation results. Although
the second and third stages do contribute to the input referred noise, they make up less
than 2% of the total noise. The forth and fifth stages do not add to the input referred
noise because of the cascaded high gain that attanuates the noise contribution. The
comparator noise is over 30dB less than the output voltage noise from TIA, therefore
the phase readout circuit noise is still dominated by the TIA noise.
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CHAPTER 6

Characterization of CMOS Digital Phase Imager

Chapter 4 gave a comprehensive and detailed discussion on the design and implementation of a CMOS digital phase imager for luminescence lifetime imaging. We
have fabricated a prototype chip in an IBM 65nm low-power CMOS technology with
10 metal layers and 1.2V power supply. This chapter focuses on the electrical and
optical characterization of the fabricated image sensor chip.
This chapter is organized as follows: Section 6.1 shows the measurement results
of electrical testing, during which all the electronic circuit blocks including the TransImpedance Amplifier (TIA), phase readout circuit, and the Time-to-Digital Converter
(TDC) are extensively tested to make sure they meet the design specifications; Section 6.2 shows the optical measurement results, during which the photodiode has been
evaluated and its optical parameters including Quantum Efficiency (QE), responsivity,
and Fixed-Pattern Noise (FPN) are measured; Section 6.3 shows the characterization
results of the complete imager chip utilizing a phase image reconstruction experiment
over a wide range of modulation frequency; Section 6.4 concludes this chapter and
summarizes the measured performance of the fabricated digital phase imager.
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6.1

Electrical Testing

Figure 6.1(a) shows the simplified block diagram of the test system designed for the
extensive electrical characterization. The imager chip is digitally controlled by an Altera Cyclone II FPGA chip via a 3.3V/1.2V level translator interface [SN74AVC4T245,
Texas Instruments Inc.]. The FPGA also acquires the TDC outputs and uploads data
into an USB-6251 data acquisition card from National Instruments. All the data acquisition and signal processing for phase image reconstruction is controlled at top
level by a customized LabVIEW program. The analog circuits are powered and biased by seven voltage regulators [LT3021, MAXIM-IC Inc.]. The test current sources
IRef erence and IT est are both generated via on-board Op-Amp (Operational Amplifier)
based current generation circuits, and two resistor trimmers [PV36W, Murata Electronics] are used to generate variable biasing currents 272µA and 60µA for chip level
biasing network.

6.1.1

Trans-Impedance Amplifier

The TIA specifications include low frequency current-to-voltage gain and 3-dB
bandwidth. In order to obtain the gain versus frequency response, an external arbitrary function generator [AFG3022B, Tektronix Inc.] is used to generate a test
voltage signal with a fixed peak-to-peak amplitude and sweep the frequency over a
5MHz bandwidth. A current generation circuit has been designed to convert the
voltage signal from the function generator into a test current and feed it into the test
TIA. Figure 6.2 shows the schematic of the voltage-to-current conversion circuit. An
Op-Amp AD797 [Analog Devices Inc.] configured in a negative feedback topology
takes in Vtest from the external function generator and outputs IT est test current via
a 1GΩ resistor. Vtest is an intensity modulated sinusoidal signal with a peak-to-peak
amplitude Vpp of 3V and a DC offset of 1.5V. The corresponding testing current Itest
is sinusoidally modulated in the same frequency centered around 1.5nA offset and
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(a) Simplified block diagram of the electrical test setup

(b) Characterization board for the fabricated digital phase imager

Figure 6.1: Implementation of electrical test setup
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Figure 6.2: Schematic of TIA test circuit
has a peak-to-peak amplitude of 3nA. Equation (6.1) shows the voltage-to-current
conversion.
IT est = −

VT est
R3

(6.1)

Figure 6.3 shows the measured frequency domain response of TIA’s gain over 32
channels. The measured DC gain has a mean value of 160.2873dB and a standard
deviation of 0.2183dB. The measured 3-dB bandwidth is 0.79MHz with a standard
deviation of 0.187MHz. The relatively large variation on the TIA’s bandwidth is
due to the variation of parasitic capacitance of different channels, introduced by
complicated physical routing of signal layers.

6.1.2

Coarse Phase Readout Characterization

The row level readout circuit is used to improve the pixel readout linearity and
speed. However, the performance drift and mismatch from different readout channels
need to be characterized to make sure that there is little distortion introduced during
the image acquisition from the entire pixel array. Figure 6.4 shows the electrical
setup for characterizing the functionality and linearity performance of row level phase
readout circuits. Due to the time interpolation structure of the TDC, we characterize
the phase readout in two steps: a coarse phase readout test that verifies the high
dynamic range operation of an off-chip 14-bit digital counter based TDC, and a fine
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Figure 6.3: Frequency response of TIA over 32 channels
phase readout test that demonstrates the sub-nanoseconds temporal resolution of
the on-chip 8-bit delay line based TDC. During the coarse phase readout test, an
arbitrary function generator is used to generate both the excitation signal Vex and
the test signal Vtest , and at the same time sweep the phase-shift between the two.
The voltage input Vtest is converted to a current output Itest via a Voltage-Controlled
Current Source (VCCS) similar to the one used for TIA characterization. Both Itest
and reference current Iref are amplified and converted back to voltage domain signals
via two TIAs, and a comparator performs zero-crossing detection. At the TDC input,
the phase difference α2 − α1 generated by the function generator is converted as a
time-domain delay, and the time interpolation block extracts the coarse time interval,
which is quantized by a FPGA based 14-bit counter during data acquisition.
The characterization of coarse phase readout monitors the TDC coarse output.
Moreover, in order to cover the entire dynamic range of 414µs with adequate phase
resolution, both Vex and Vtest are modulated at 1.2KHz, and the phase shift between
the two is swept from 0 to 180 degrees with 0.01 degrees per step. The corresponding
time domain sweeping covers a total of 417µs dynamic range with 23ns per step. The
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Figure 6.4: Electrical test setup for row level phase readout circuits

Figure 6.5: Transfer curves of 32-channel row level coarse phase readout
converted test current Itest is 3nA peak-to-peak with 1.5nA offset. Figure 6.5 shows
the measured transfer curves of 32 channel coarse phase readout circuit. The x axis
shows the phase shift and y axis shows the digital output code from the off-chip 14-bit
counter. We can observe that the all the channels have good linear responses to the
phase shift and very little mismatch is observed between different channels.
A code density test is carried out to evaluate the linearity performance. This
process is similar to that of the traditional ADC linearity characterization and is
accomplished by performing iterations of linear phase sweeping from 0 to 180 degrees
and plot the histogram distribution of the counter’s digital codes. Figure 6.6(a)
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(a) Differential Nonlinearity of coarse phase readout circuit

(b) Integral Nonlinearity of coarse phase readout circuit

Figure 6.6: Measured linearity of row-level coarse phase readout
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Figure 6.7: Test setup for fine phase readout characterization
and Figure 6.6(b) present the measured Differential Nonlinearity (DNL) and Integral
Nonlinearity (INL) of the coarse phase-shift to time delay conversion. The results
indicate an INL of 0.58LSB and a DNL of 0.5LSB, where one LSB is 25ns. Here 25ns
represents the resolution of coarse TDC only.

6.1.3

Fine Phase Readout Characterization

Due to its high temporal resolution, the VCDL based fine phase readout is characterized by using external programmable delay lines that can generate a minimum
time delay of 10ps. Figure 6.7 shows the electrical test setup of characterizing the fine
phase readout. The test signal trigger is generated via an FPGA chip and is passed
into two channels of delay path with each containing three cascaded programmable
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Figure 6.8: Measured voltage-controlled buffer delay vs. bias voltage
delay lines [MC100EP195, MAXIM Inc.]. The two channels are controlled via a 12-bit
code and are capable of generating a differential delay ranging from 10ps to 30.71ns.
The differential delay is defined as a time interval between the rising edge of delay
channel 1 output Start and rising edge of delay channel 2 output Stop, which are
both fed into the fine TDC for measurement. A digital multiplexer [SN74CB3T3257,
Texas Instruments Inc.] is used here for the I/O expansion of the FPGA.
A zoomed in schematic view shows the internal architecture of the programmable
delay line. The 10-bit control signal (DIN [9 : 0]) is latched internally and selects a
sequence of binary weighted delay buffers (512τ , 256τ , ..., 4τ , 2τ , 1τ ), with τ being
10ps. The SET M IN and SET M AX controls will by-pass the 10-bit control data
and directly set the effective delay to minimum or maximum values.
Figure 6.8 shows the measured buffer delay versus the bias voltage. The tunable
range of the buffer delay covers from 162ps at 1.1V to 106ps at 0.2V. Figure 6.9 shows
the code density test results by sweeping the effective differential delay from 10ps to
28.16ns. The measured DNL is 0.49LSB and INL is 1.65LSB, where one LSB is 110ps.
Here 110ps refers to the resolution of the fine TDC.
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(a) Measured DNL of fine phase readout

(b) Measured INL of fine phase readout

Figure 6.9: Measured linearity performance of fine phase readout
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6.1.4

Jitter Noise Characterization

The jitter noise is characterized by generating an electrical test signal with a fixed
peak-to-peak amplitude and sweeping the modulation frequency. Here we use the
same test setup in Section 6.1.2 and fine tune the test signal so that the TIA output
voltage has a 0.7V peak-to-peak amplitude. The modulation frequency is swept from
10KHz to 1MHz and a total of 20 points are collected to reconstruct the jitter noise
distribution curve shown in Figure 6.10(a). For each point, a total of 1000 cycles
of ZCD output pulses are collected and the standard deviation of the pulse period
is recorded as the RMS value of the jitter noise at that given frequency. At 1MHz
modulation frequency and 0.7Vpp input signal amplitude the measured jitter noise is
2.4ns, which correlates to the simulation results very well. The jitter noise is not
only affected by the input signal frequency but also the amplitude that defines the
SNR of the input signal. In Figure 6.10(b) we present the input signal dependent
RMS jitter noise. The input signal frequency is fixed at 1MHz and the peak-to-peak
amplitude is swept from 0.25V to 0.7V. As expected, the resulting RMS jitter noise
at the comparator output increases as the signal amplitude decreases. At an input
signal amplitude of 0.25Vpp the measured RMS jitter noise is around 11.9ns.

6.2

Optical Testing

During the optical tests, various optical parameters of the PPS pixel were measured, including the photodiode responsivity, dynamic range, Quantum Efficiency
(QE) at the wavelength of interest, and the pixel array FPN. Figure 6.11 shows the
test setup for the optical characterization. An LED generates an optical test signal
that is collimated by a lens. A dichroic mirror guides the collimated light through a
bandpass filter with a center wavelength of λem = 610nm. That specific wavelength is
chosen based on the fact that our target luminescence signal lies within 610nm±50nm
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(a) Measured RMS jitter noise of phase readout circuit

(b) Measured RMS jitter noise versus input signal amplitude at 1MHz

Figure 6.10: Characterization of jitter noise of phase readout circuits
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Figure 6.11: Simplified block diagram of optical test setup
wavelength range. In front of the digital phase imager, a collection lens is used to
focus the test optical signal. For each measurement at a given illumination intensity,
an optical power meter [model 842-PE, Newport] is first used to measure the optical power, then the digital phase imager board is used to measure the optical test
signal, and its output VT IA,out is acquired by the USB-6251 data acquisition card for
post-signal processing.

6.2.1

Pixel Responsivity

Figure 6.12 shows the measured responsivity of the passive pixel. During the
measurement, the optical power is swept from 253nW/mm2 to 9.11µW /mm2 , which
covers the entire dynamic range of the pixel. A total of 10 optical intensities are measured and for each intensity level the corresponding TIA output VT IA,out is recorded
as a result of 100-point averaging that increases the SNR by approximately 31dB.
The measured pixel responsivity is 0.24A/W. The QE is calculated to be 48.8% using
the following equation (6.2).

QE =

0.24 hc
·
= 48.8%
e
λ
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(6.2)

Figure 6.12: Measured pixel responsivity
6.2.2

Fixed Pattern Noise

Here the intensity based FPN is obtained by projecting a uniform illumination
to the pixel array and measure the standard deviation of the TIA outputs. Both
Pixel-to-Pixel FPN (PPFPN) and Row-to-Row FPN (RRFPN) have been measured
over the entire dynamic range and Figure 6.13 shows the measurement results. At
illumination levels below 1.52µW/mm2 , both PPFPN and RRFPN are dominated by
the dark current of the photodiode and the thermal noise of the readout transistors.
The RRFPN also suffers from intrinsic gain mismatch from the TIA of the phase
readout circuit. As the illumination level increases the PPFPN also increases, peaking
to 3.95% of the Full Scale (FS) output (0.7V in our design) at maximum illumination
level. The RRFPN remains fairly constant at around 3.5%FS over 4.04µW/mm2
illumination range, and slowly increases to 5.23%FS at 9.11µW/mm2 illumination
level. The increase of RRFPN is also contributed by PPFPN since the 32 pixels at
each row are used to calculate the RRFPN, as the PPFPN gets worse the RRFPN
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Figure 6.13: Measured FPN vs. illumination
is also affected. The high FPN of row level readout results in a striped image shown
in Figure 6.14(a) under 1.52µW/mm2 uniform illumination. In order to perform
the FPN calibration, we first measure the voltage distribution of 32 row level readout
circuits under no illumination and store the voltage values as the offset for row readout
circuits. The offset will be subtracted from acquired image frames under arbitrary
illumination levels. Figure 6.14(b) shows an example image after the row level FPN
calibration under the same illumination level. It can be observed that the strip
pattern is significantly removed, and the noisy pixels due to PPFPN start to appear.
Figure 6.15 show the voltage distribution of row level readout circuits before and after
the FPN calibration. Before the calibration the RRFPN is 3.45%FS, and it decreases
to 0.8% after calibration.
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(a) Image under uniform illumination before
FPN calibration

(b) Image under uniform illumination after FPN
calibration

Figure 6.14: Sample images before and after FPN calibration

Figure 6.15: Row level readout before and after FPN calibration
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Figure 6.16: Simplified block diagram of phase image reconstruction setup

6.3

Phase Image Reconstruction

6.3.1

Overview of Phase Imaging Setup

Prior to luminescence imaging experiments using actual chemical sensors, a phase
image reconstruction is carried out to demonstrate the overall optical-electrical performance of the digital phase imager. This is accomplished by simulating the luminescence signal using a LED. The phase image reconstruction test also makes it possible
to conveniently evaluate the high dynamic range performance of the digital phase
imager, because the function generator can be used to output flexible phase-shift at
various modulation frequencies. It provides a suitable experiment to characterize chip
performance for indirectly measuring different luminescence lifetimes.
Figure 6.16 shows the simplified setup for performing phase image reconstruction.
The setup is similar to that of the electrical testing of phase readout, however, an
optical test signal is generated here to simulate the luminescence signal. The phaseshift is generated via the two-channel arbitrary function generator. The excitation
signal with a constant phase offset α0 goes directly into the imager’s TDC, and a test
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Figure 6.17: Example luminescence lifetime image from Oxyphor G2/G3 oxygen
sensor [3]
signal with a modulated phase-shift α(t) drives an external LED. Both the excitation
and the test signals are intensity modulated at the same frequency. The LED output
optical signal is filtered using a 610nm bandpass filter with a passband of less than
10nm. A dichroic beamsplitter guides the light through a correction lens onto the digital phase imager and a microscopic objective is used to focus the optical signal. Both
the digital phase imager control and the TDC output acquisition are performed by an
off-chip FPGA chip, which uploads the collected data into a customized LabVIEW
program for image reconstruction.

6.3.2

Phase Pattern Generation

The phase-shift between the excitation and the optical test signal from LED is
defined using an example image from [3], which used time gated imaging technique to
measure the luminescence lifetime. Figure 6.17 shows a luminescence lifetime image
from phosphorescent oxygen sensors Oxyphor G2/G3. The time domain information
is represented in the form of image intensity with intensity-to-lifetime scale bar shown
on the right. Two types of oxygen sensors with unique lifetimes are shown here. The
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Figure 6.18: Converted luminescence lifetime image
three spots on the top represent an oxygen sensor with a lifetime of approximately
180µs, and the three spots at the bottom represent an oxygen sensor with a 280µs
lifetime. In [3], a time-domain exponential curve fitting was used to measure the
lifetime, and three different excitation pulse widths (10µs, 70µs, and 250µs) were
used to excite the sensor, resulting three reconstructed lifetime images for each sensor from left to right. This image is a good example of luminescence lifetime imaging,
and it also reveals the fact that in order to get good contrast luminescence lifetime
measurement using time-gated imaging technique, narrow excitation pulses that are
much shorter than the lifetime scale should be used. Therefore if the lifetime of luminescent sensor is very small in the sub-microsecond range, an ultrafast laser pulse
source is needed for good SNR performance, leading to expensive experiment setups.
In order to generate digital phase pattern for phase image reconstruction experiment, the example image is first scaled to 32×32, which is the same resolution of the
fabricated digital phase imager. Figure 6.18 shows the 8-bit gray-scale fluorescence
lifetime image that is converted to the 32×32 resolution, and figure 6.19 shows the
generated 2-D phase pattern that is to be measured by the digital phase imager.
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Figure 6.19: Table of digital phase pattern for phase image reconstruction experiments
6.3.3

Results

The phase image reconstruction is carried out by performing a one-to-one mapping
between the phase pattern from figure 6.19 and the pixel array of digital phase imager.
As the FPGA scans through the entire pixel array, the LabVIEW controls the function
generator to generate the corresponding phase-shift for the specific pixel testing. The
LabVIEW collects the digitized phased output from each pixel and converts the phase
output into intensity data for image reconstruction. The reconstructed images are
8-bit gray scale images with bright pixels representing large phase-shifts and dark
pixels that correspond to small phase-shifts.
In order to reconstruct the image with similar fluorescence lifetime scale as that of
the original lifetime image, the modulation frequency is set to 1KHz with a phase-shift
ranges from 0 to 101 degrees. Moreover, this experiment allows one to verify the wide
dynamic range and fine temporal resolution performance by varying the modulation
frequency. Here we have varied the modulation frequency from 1KHz to 1MHz while
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(a) 1KHz reconstruction

(b) 10KHz reconstruction

(c) 50KHz reconstruction

(d) 1MHz reconstruction

Figure 6.20: Reconstructed phase image from 1KHz, 10KHz, 50KHz, and 1MHz
modulation frequencies
keeping the phase sweep range fixed, therefore nanoseconds temporal resolution can
be demonstrated. Figure 6.20 shows the reconstructed phase images from different
modulation frequencies covering 60dB dynamic range. The measured equivalent timedomain delay ranges from 3ns in Figure 6.20(d) to 280µs in Figure 6.20(a).

6.4

Summary

This chapter presented the measured electrical and optical performance of the fabricated CMOS digital phase imager chip. Table 6.1 summarizes the chip specifications
and Table 6.2 compares our work with published results from peer-reviewed journals.
Our digital phase image sensor achieves the best temporal resolution over the highest
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Table 6.1: Specifications of the CMOS digital phase imager
Technology
Chip area
Power supply
Pixel array size
Pixel Size
Fill factor
QE
Responsivity (@610nm)
PPFPN/RRFPN (%FS)
Optical intensity DR
Temporal DR
Coarse phase readout linearity (DNL/INL)
Fine phase readout linearity (DNL/INL)
VCDL delay (adjustable by Vb )

65nm low-power digital CMOS
4mm×4mm
6.88mA@1.2V
32×32
72µm×60µm
37%
0.49@610nm
0.24A/W
3.95/5.23
31dB
132dB
0.5LSB/0.58LSB
0.49LSB/1.65LSB
106ps∼162ps

Table 6.2: Comparison of various CMOS imagers for fluorescence lifetime imaging
Technology
Pixel array
Pixel size
Fill factor
Photodetector
Power
FLIM
technique
Excitation
Temporal DR
Temporal
resolution
TDC
resolution
TDC
ADC

JSSC’08 [102]
0.35µm
128×128
25µm×25µm
6.17%
Avalanche
photodiode
150mW

JSSC’09 [62]
0.18µm
64×64
50µm×50µm
23%

TCAS1’07 [23]
1.5µm
16×16
40.8µm×40.8µm
N/A

N-Well/P-Sub

Phototransistor

250mW

55mW
Frequency
modulation
LED
N/A
Submicroseconds

TCSPC

Time-gating

laser diode
97ps∼204.8ns

laser diode
N/A

97ps

800ps

97ps

N/A

Two-stage
time interpolation
N/A

N/A

TED’09 [150]
0.18µm
256×256
7.5µm×7.5µm
N/A
P+-buried
N-Well/P-Sub
N/A
Charge
modulation
laser diode
N/A

This work
65nm
32×32
72µm×60µm
21%
P+-buried
N-Well/P-Sub
8.26mW
Frequency
modulation
LED
110ps∼414µs

250ps

110ps

N/A

N/A

N/A

N/A

on-chip 13-bit

off-chip ADC

off-chip 14-bit

110ps
VCDL with
time interpolation
N/A

dynamic range, while utilizing conventional photodiodes for imaging. The chip power
consumption is only 8.26mW, which is at least an order of magnitude lower than
other works.
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CHAPTER 7

Luminescence Lifetime Imaging of Oxygen Sensors

In previous chapters, we have extensively discussed the design and implementation of a 32×32 CMOS digital phase imager and its characterization results. In this
chapter we present the experimental results of luminescence lifetime imaging using
the fabricated sensor chip. Two experiments are performed to evaluate the imager
performance: oxygen sensing using a fluorescent ruthenium complex and the timeresolved wide field imaging of a phosphorescent platinum complex.
This chapter is organized as follows: Section 7.1 shows the wide field luminescence
lifetime imaging results of polybeads that contain a Platinum Octaethylporphyrin
dye; Section 7.2.1 discusses in general the oxygen sensing applications using luminescence lifetime imaging techniques; Section 7.2.2 presents the measurement results of
a sequence of oxygen sensing experiments, during which the fabricated CMOS digital
phase imager is used to measure the fluorescence lifetime of a ruthenium-tris(2,2’bipyridyl) dichloride based oxygen sensor as a function of the dissolved oxygen concentration in water; Section 7.3 concludes this chapter.
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Figure 7.1: PtOEP molecular structure

7.1

Platinum Octaethylporphyrin

7.1.1

Sample Preparation

The overall chip performance of the fabricated digital phase imager is first evaluated through a time-resolved wide field imaging experiment using a Platinum Octaethylporphyrin (PtOEP) dye [98%, Sigma Aldrich]. The PtOEP is a phosphorescent
dye that has been widely used as oxygen sensors [97]. Both the steady state optical
properties and the phosphorescence lifetime of PtOEP have been extensively studied
in lateratures [10], and here we take the advantages of strong phosphorescence emission and long lifetime of this chemical compound to evaluate the overall performance
of the fabricated digital phase imager. Figure 7.1 shows the molecular structure of
the PtOEP dye used in our experiments.
The PtOEP dye is embedded inside polybeads as imaging samples, which are
prepared using the following recipe:
Materials: Platimum Octaethylporphyrin (PtOEP) and Tetrahydrofuran (THF)
were both obtained from Sigma Aldrich. Polybead polystyrene microspheres (10µm
in diameter) were obtained from Polysciences [Warrington, PA].
Procedure: The dye encoded microspheres used in this experiment were prepared
by adding 5µL of the commercially available microsphere solution (about 2×105 par-
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Figure 7.2: Measured absorption and emission spectra of PtOEP in THF solution
ticles) to 1.5mL of a 1mg/mL solution of PtOEP in THF. The mixture was shaken
for 2 hours at room temperature. The beads were then washed 5 times in methanol
by vortex and centrifugation at 9300g for 2 minutes. This step was performed 3 times
in 1mL methanol and 3 times in 1mL ultra-pure water. Finally, the beads were resuspended in 1mL of ultra-pure water. The beads were then immobilized by drying
50µL of the bead solution on a glass slide.

7.1.2

Results

Figure 7.2 shows the measured absorption and emission spectra of PtOEP in THF
solution. For the lifetime imaging, the excitation source is a blue LED coupled with
a bandpass filter with a center wavelength of 485nm. The luminescence emission is
monitored at 640nm [86, 48] in ambient air environment.
Figure 7.3(a) shows the phosphorescence intensity image of the prepared sample
beads and the image was captured using a CCD sensor under a microscope setup.
Figure 7.3 shows the reconstructed phosphorescence lifetime images of the same poly-
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(a) Phosphorescence intensity image of
PtOEP coated polybeads

(b) Reconstructed phosphorescence lifetime image at 500Hz modulation frequency

(c) Reconstructed phosphorescence lifetime im- (d) Reconstructed phosphorescence lifetime image at 1KHz modulation frequency
age at 10KHz modulation frequency

Figure 7.3: Phosphorescence lifetime imaging of PtOEP coated polybeads
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beads utilizing the fabricated CMOS digital phase imager. In order to demonstrate
high dynamic range operation, three different modulation frequencies are used for lifetime image reconstruction. Figure 7.3(b) shows the reconstructed lifetime image at
500Hz, which is well below the desired modulation frequency for measuring the long
phosphorescence lifetime of PtOEP, and the reconstructed lifetime is approximately
28µs. Figure 7.3(c) shows the reconstructed phosphorescence lifetime image at 1KHz
modulation frequency, and Figure 7.3(d) shows the reconstructed lifetime image at
10KHz modulation frequency. It is worth noting that as the modulation frequency
increases, the measured phosphorescence starts to deviate from the expected value,
and at 10KHz modulation frequency a 17µs lifetime has been measured.

7.2
7.2.1

Ruthenium Tris(2,2’-bipyridyl) Dichloride
Oxygen Sensing

Oxygen is an important metabolite and biochemical indicator, and oxygen sensing
has been widely used in a variety of environmental monitoring and tissue or cell imaging applications [7]. For environmental monitoring, the concentration of dissolved
oxygen in aqueous solutions provide important information on the toxicity level, the
bacteria growth conditions [109], and the pH level [108] of the water. In biomedical
sciences, the oxygen distribution in tissue has the potential to give important information on its health conditions [110]. For example, in vivo oxygen monitoring has
been used in retina vascular studies [131], assessment of heart conditions [122], and
tumor detections [152].
Traditional oxygen probes such as the Clark oxygen electrode [24], whose electrical
potential with respect to a reference electrode is a function of the partial oxygen pressure in the medium in which the electrode is immersed. Drawbacks of such oxygen
probes are they consume oxygen during chemical reactions and subsequently suffer
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Figure 7.4: Jablonski diagram illustrating the collisional quenching by oxygen. Revised from [81]
from poor sensitivity when measuring low oxygen levels, and their response is usually
very slow [70]. Moreover the oxygen electrodes are prone to long term reliability
issues and performance drift due to chemicals from the ambient environment such as
H2 S, proteins, and organic compounds [7].
Modern oxygen sensing is mostly accomplished in a non-invasive way by utilizing luminescent oxygen sensors. As a result of oxygen quenching, the luminescence
intensity and lifetime of such oxygen sensors exhibit highly sensitive and selective
response against the oxygen concentration. The advantages of luminescent oxygen
sensors compared to traditional oxygen electrodes are fast response, stable performance [19], and high sensitivity. Moreover, the luminescence sensing is intrinsically
non-invasive, which makes it possible to implement small size devices for portable
applications. The most frequently used luminescent oxygen sensors are Metal-Ligand
Complexes (MLCs) [144], which are a class of transitional metal complexes with long
luminescence lifetimes, such as ruthenium complexes [79] or platinum porphyrins [97].
The mechanism of luminescence based oxygen sensing is collisional quenching, which
can be simply illustrated using the modified Jablonski diagram shown in Figure 7.4.
The excited state S1 is transferred to a lower energy triplet state T1 due to Inter154

Figure 7.5: Absorption and emission spectra of the prepared [Ru(bpy)3+ ]2+ Cl2 solution
system Crossing [81]. The decay from the triplet state ST to the ground state S0 is
a slow process and results in long luminescence lifetime. The luminescence decay is
accompanied by a radiative decay kr , a non-radiative decay knr , and an additional
decay path kq due to oxygen quenching. The decay rate due to oxygen quenching is
the product of the quenching constant kq and the oxygen (quencher) concentration
[Q]. Here we select ruthenium-tris(2,2’-bipyridyl) dichloride for fluorescence lifetime
imaging experiments, to fully evaluate the fabricated CMOS digital phase imager
chip. During the experiments, we measure the lifetime response of the rutheniumtris(2,2’-bipyridyl) dichloride as a function of the dissolved oxygen concentration in
water.

7.2.2

Results

We have prepared the ruthenium based oxygen sensor by dissolving a tiny amount
of ruthenium-tris(2,2’-bipyridyl) dichloride [[Ru(bpy)3+ ]2+ Cl2 · 6H2 O, 99.95%, Sigma
Aldrich Inc.] compound into deionized water. The resulting ruthenium solution is
155

Figure 7.6: System test setup for oxygen sensing experiments
sealed in a quatz cuvett with 1cm lightpath and has a [Ru(bpy)3+ ]2+ Cl2 concentration
of approximatley 6.46µmol/L. We use a blue LED with a center wavelength of λex =
455nm as the excitation source and monitors the emitted fluorescence signal at λem =
610nm. The gaseous oxygen is generated from a compressed oxygen tank [Airgas]
with ultra high purity oxygen. The oxygen is delivered through a red tubing [VWR
International Inc.] into the cuvett. At the end of the tubing, a needle injects gaseous
oxygen stream into the solution and bubbles out the dissolved Argon. Figure 7.5 shows
the measured absorption and emission spectra of the prepared ruthenium solution.
Prior to the experiments, the inherent phase offset of the test system in Figure 7.6
is characterized by using a microscope fluorescence test slide with sub-nanosecond
fluorescence lifetime. Then we replace the fluorescence test slide with the prepared
[Ru(bpy)3+ ]2+ Cl2 solution and measure the additional phase-shift introduced by the
oxygen sensor. A modulation frequency of 10KHz is used throughout the entire experiments and each data point is a result of 100-point averaging.
The oxygen sensing experiments are carried out as follows: we first degas the
solution using Argon for 15 minutes to remove any dissolved oxygen. Then we ap-
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Figure 7.7: Measured luminescence lifetime response of [Ru(bpy)3+ ]2+ Cl2 over four
cycles of oxygen sensing experiments
ply a continuous stream of gaseous oxygen at 1atm pressure to bubble the solution
until the oxygen level saturates in the solution while collecting the real-time fluorescence lifetime response. The same experiment is repeated 4 times to generate
reproducible results. The ambient conditions during the experiments are 21 degrees
Celsius, 1.015atm atmospheric pressure, and 93% humidity.
Due to the quenching of [Ru(bpy)3+ ]2+ Cl2 by oxygen the expected fluorescence
lifetime will decrease as the oxygen concentration in the solution increases. This
relationship is commonly characterized by the Stern-Volmer equation [81]:
τ0
= 1 + kq τ0 [O2 ]
τ

(7.1)

In the above equation, [O2 ] represents the oxygen concentration in mol/L, kq is
the quenching constant, τ0 is the inherent fluorescence lifetime of [Ru(bpy)3+ ]2+ Cl2 in
the water solution without the presence of quencher (in this case oxygen), and τ is the
expected fluorescence lifetime at the presence of dissolved oxygen. Figure 7.7 shows
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the measured fluorescence lifetime response over 4 cycles of oxygen sensing experiments. Each cycle starts from a degassed solution and continues until it’s saturated
with oxygen. When the solution is degassed by Argon, the measured fluorescence
lifetime is approximately 581ns, and it decreases to around 385ns when the solution
is saturated with oxygen (at approximately 0.28mmol/L). The results obtained correlate well with those reported in [123] and [99].
In practical applications, tissues or cells will be stained with ruthenium complex
or other oxygen-sensitive dyes, and the digital imager chip can be retrofitted on any
commercial microscope, where the fluorescence lifetime can be directly measured.

7.3

Summary

This chapter presented the experimental results of applying the fabricated CMOS
digital phase imager chip to real-life luminescence lifetime imaging applications. We
first carried out a wide field phosphorescence lifetime imaging experiment on PtOEP
coated polybeads. In ambient air, the measured PtOEP lifetime was measured around
28µs. We have also carried out a sequence of oxygen sensing experiments by monitoring the fluorescence lifetime response of a ruthenium complex as a function of
the dissolved oxygen concentration in water solution. The results demonstrate that
the fabricated digital phase imager chip is capable of performing fast, accurate, and
high dynamic range luminescence lifetime imaging with sub-nanoseconds temporal
resolution.
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CHAPTER 8

Conclusion and Future Work

8.1

Conclusion

We have proposed and demonstrated the first CMOS image sensor with direct
digital phase output in an IBM 65nm low-power digital CMOS technology, for timeresolved luminescence lifetime imaging applications. The measurement results demonstrate high phase readout sensitive of better than 0.01 degrees at 1.2KHz modulation
frequency and better than 0.1 degrees at up to 1MHz. The digital phase readout is
realized by a novel combination of a Zero-Crossing Detection (ZCD) and a Time-toDigital Converter (TDC). The ZCD operation converts the frequency-domain phase
shift into a time-domain delay with high accuracy, and subsequently utilizes a TDC
for digital quantization of time delay. The TDC achieves 110ps temporal resolution over 414µs dynamic range. A 32×32 P+/N-Well/P-Substrate photodiode array,
row level phase readout circuit with ZCD operation, and a global TDC is fabricated
and tested. The fabricated CMOS digital phase image sensor has been extensively
characterized electrically and optically. The optical dynamic range is 31dB and the
pixel responsivity is 0.24A/W at 610nm, which suggests a corresponding Quantum
Efficiency (QE) of 48.8%. Over the entire optical dynamic range the Pixel-to-Pixel
Fixed Pattern Noise (PPFPN) is around 3.95% and the Row-to-Row FPN (RRFPN)
is 5.23%. In this dissertation we have made the following contributions:
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• We have implemented one of the few working image sensors in 65nm CMOS
technology. We have theoretically and experimentally proved that the traditional frequency-domain luminescence lifetime imaging can be adjusted to using
low frequency modulation, which allows for direct extraction of luminescence
lifetime into a time-domain delay signal.
• We have proposed and implemented the first CMOS image sensor with row level
ZCD operation for extracting phase-shift from frequency-domain luminescence
signal, by utilizing a cascaded configuration of a high-gain Trans-Impedance
Amplifier (TIA) followed by a high-speed comparator. We have also performed
a detailed timing jitter noise analysis of the implemented ZCD circuits and have
experimentally verified the jitter noise of the fabricated chip.
• The TDC is first introduced into CMOS image sensor to accommodate the
special application of luminescence lifetime imaging. A time-interpolated TDC
with novel readout algorithm for Voltage-Controlled Delay Line (VCDL) is proposed and implemented to facilitate the time-to-digital conversion rate. The
TDC conversion rate is only limited by the external readout clock.
• The fabricated CMOS digital phase image sensor has been successfully used to
obtain wide field phosphorescence lifetime imaging of PtOEP coated polybeads.
The imager chip also successfully captured the fluorescence lifetime response of
a ruthenium complex during a sequence of oxygen sensing experiments. The
image sensor demonstrates high frame rate with sub-nanosecond temporal resolution.

8.2

List of Publications

Here is a list papers that have published or submitted during my PhD research:
Journal:
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• J. Guo, S. Sonkusale. A 65nm CMOS Digital Phase Imager for Time-Resolved
Fluorescence Imaging. Journal of Solid-State Circuits, submitted.
• J. Guo, S. Sonkusale. A Single Chip Fluorometer for Oxygen Sensing Applications. IEEE Sensors Journal, submitted.
• G. Morrison, S. Thomas III, C. Lafratta, J. Guo, M. Palaciaos, S. Sonkusale,
D. Walt, G. Whitesides, L. Mahadevan. Robust error correction in Infofuses.
Proceedings of the Royal Society A, accepted.
• J. Guo, S. Sonkusale. A High Dynamic Range CMOS Image Sensor for Scientific
Imaging Applications. IEEE Sensors Journal, 2009, vol. 9, no. 10, 2009, pp.
1209-1218.
• J. Guo, S. Sonkusale. An Area-Efficient and Low-Power Logarithmic A/D Converter for Current-Mode Sensor Array. IEEE Sensors Journal, vol. 9, no. 12,
2009, pp. 2042-2043.
• J.M. Arnecke, J. Guo, S. Sonkusale, D. Walt. Design, Implementation and Field
Testing of Portable Fluoroscense-Based Vapor Sensor. Analytical Chemistry,
2009, vol. 81, no.13, 2009, pp. 5281-5920.
Conference:
• J. Guo, S. Sonkusale. A CMOS Imager with Digital Phase Readout for Fluorescence Lifetime Imaging. European Solid State Circuits Conference, 2011,
accepted.
• J. Guo, S. Sonkusale. A Single Chip Fluorometer for Fluorescence Lifetime
Spectroscopy. IEEE Sensors Conference, 2011, accepted.
• J. Guo, S. Sonkusale. An Auto-Switched Mode CMOS Image Sensors for High
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Dynamic Range Scientific Imaging Applications. Proc. IEEE Sensors Conference, 2008.
• J. Guo, S. Sonkusale. Current Mode Readout Circuits with Pixel Level Logarithmic ADC for IR FPA Applications. IEEE Midwest Symposium circuits and
systems, 2008.

8.3

Future Work

The following improvements can be applied to leverage the functionality and performance of the future versions of our digital phase imager:
• The pixel size should be reduced for high spatial resolution performance. The
large pixel is partially due to the use of additional layers to reduce the photodiode leakage current from the high doping concentration of the digital CMOS
technology. It is possible to use other techniques such as a pixel-level differential
photodiode or a row level dummy photodiode with Correlated Double Sampling
(CDS) to compensate for the leakage current at the circuit level. The use of
differential photodiode may decrease the fill factor and eventually degrade the
optical performance, and the use of CDS will increase power consumption and
circuit area. Therefore an optimization should be achieved to balance the pixel
size and the optical performance.
• The background calibration currently performed off-chip can be integrated at
row level or chip level, by using an amplitude detector and a charge pump.
• The noise performance of the TIA and comparator can be further improved
for better noise performance, which subsequently allows for better temporal
resolution and less noise averaging. This will allow for 3D optical imaging with
very fine depth resolution performance.
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• The implemented digital phase imager platform can also be interfaced with
acoustic sensors for range finding applications.
• The architecture of the TDC can be modified by using multi-stage time interpolation and a shared delay line structure to significantly reduce the circuit area.
This will make it possible to integrate TDC at row level for ultra-high frame
rate implementations.
• The sub-nanoseconds temporal resolution of the fabricated digital phase imager can be further evaluated in real applications by using chemical compounds
such as fluorescein, which has been extensively characterized to have very short
fluorescence lifetime in the nanoseconds range.

163

APPENDICES
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APPENDIX A

Post CMOS Processing of the Digital Phase
Imager

The fabricated digital phase imager came back from the foundry with three layers
of metal fill that covered the entire pixel array. Although the chip was electrically
functional, in order to characterize optical response the metal layers need to be removed to expose the pixel array.

A.1

Partial Encapsulation

In order to protect the bonding wires, two methods have been used for partial
encapsulation.

A.1.1

Method 1 (Epoxy)

• Starting with a CMOS chip with active sensor regions.
• The chip is placed in a package and wirdebonded. An appropriate sized piece of
PDMS is cut to cover the active portion of the sensor. This is placed securely
on top of the chip, and UV-curable (Norland 61) is dispensed around the block.
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Figure A.1: Flow diagram of partial encapsulation using epoxy
• The epoxy is cured under UV illumination.
• The PDMS block is removed, leaving a selectively encapsulated chip. The
wirebonds are protected, but the chip is open for further processing.
The disadvantages of using epoxy are: The exposed area is defined manually by a
PDMS block placed and cut by hand; Moreover the epoxy can seep under the PDMS
and mask important parts of the chip.

A.1.2

Method 2 (Parylene)

• A parylene conformal coating is deposited in a vapor phase reaction.
• A resist marker is used to mark the region, which is to be exposed.
• Aluminum is deposited over the entire surface of the entire chip assembly. Upon
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Figure A.2: Flow diagram of partial encapsulation using parylene
placement in a solvent bath, the aluminum lifts off where the resist marker was
used. The parylene is then etch in an O2 plasma, masked by the remaining
aluminum. This results in selective encapsulation.

A.2

Die Deprocessing

The following table gives the step by step by step to deprocessing an encapsulated
chip. This was done to remove the top metal fill layers that were blocking the light
reaching the photodiode array.
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Table A.1: Recipe of die deprocessing
Target layer

Etch

1

Polyimide passivation

CF4 + O2 Dry etch

2

Si3 N4 + SiO2 passivation

CF4 Dry etch

3

Top aluminum

KOH Etch

4

Aluminum adhesion layer

CF4 + SF6 + O2
Dry etch

5

SiO2 Interlayer dielectric

1:3 HF:H2 O

6

Copper interconnect

APS etchant

7

Copper adhesion layer

CF4 + SF6 + O2
Dry etch

N/A

Repeat steps 5-7 for
each ensuing copper layer

N/A
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Notes
250W, 5minutes x3 at 12◦ C,
CF4 @ 12.3 SCCM,
O2 @ 50 SCCM
250W, 5minutes x3 at 12◦ C,
CF4 @ 12.3 SCCM
20% w/w KOH
for 20 minutes
300W, 3minutes at 12◦ C,
CF4 @ 12.3 SCCM,
O2 @ 5 SCCM,
SF6 @ 1.4SCCM
300nm/min,
monitor carefully
Fast, ≤2minutes per
copper layer, etch until
complete layer removal
275W, 2minutes at 12◦ C,
CF4 @ 12.3 SCCM,
O2 @ 5 SCCM,
SF6 @ 1.4SCCM
Must take great care
not to over-etch the glass
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