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Abstract: In typical stimulated Raman scattering (SRS) signal extraction, the photodetector and lock-
in amplifier are often based on separate platforms, rendering the system cumbersome and non-scal-
able. This paper proposes an SRS double-demodulation lock-in amplifier implemented with a com-
plementary metal-oxide semiconductor (CMOS) image sensor technology that integrates two-stage
1/f noise and offset reduction circuits with a high-speed lateral electric field modulation (LEFM)
photo-demodulator. A weak SRS signal is buried in a large offset with a ratio of 10~ to 10-; boosting
such signals in a CMOS device requires an extremely high offset and noise reduction capability. The
double-modulation two-stage lock-in amplifier demodulates at 40 MHz with a sampling frequency
of 20 MHz, can suppress the laser and circuit’s 1/f noise to achieve higher detection sensitivity. A
prototype chip fabricated using 0.11 um CMOS image sensor technology is evaluated. Both simula-
tion and measurement results are presented to verify the functionality and show that the differential
readout structure can successfully reject laser common mode components while emphasizing its
differences. The measurement results show that the double-modulation lock-in amplifier effectively
suppresses the circuit’s 1/f noise by a factor of nearly two decades.

Keywords: stimulated Raman scattering; CMOS image sensor; lock-in amplifier; 1/f noise; switched
capacitor; double-modulation

1. Introduction

Optical spectroscopy permits noninvasive monitoring and has found a place for bio-
medical, materials, and nanotechnology applications [1,2]. Raman method, a subset of op-
tical spectroscopy, has evolved as an effective vibrational imaging tool that uses the inter-
action of light with a molecule to get an insight into its material characteristics. The Raman
process happens spontaneously in conventional Raman spectroscopy, but the signal ac-
quisition is very slow [3]. The more promising enhancement is coherent Raman spectros-
copy (CRS), where the signal can be extracted at a higher rate. There are two commonly
known techniques in CRS; coherent anti-Stokes Raman scattering (CARS) and stimulated
Raman scattering (SRS) [4-7]. The CARS is suffered from a non-resonant background
(NRB) and requires additional procedures during the signal extraction to remove the NRB
[8]. The SRS, on the other hand, does not suffer from NRB. Standard SRS spectroscopy
employs two synchronized and combined high-frequency laser pulse trains indicated by
their angular frequency, the pump (wp) and the Stokes (ws) [9]. The SRS occurs when the
two laser pulses excite a sample and a Raman shift, defined by wp — ws, matches the ob-
served molecule’s vibrational mode, w:. Consequently, some pump photons are scattered
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to the Stokes, resulting in pump intensity attenuation, known as stimulated Raman loss
(SRL), and Stokes intensity increment, known as stimulated Raman gain (SRG) [10]. In
SRS microscopy, either SRL or SRG is utilized to extract the SRS signal.

Several research groups have reported varying approaches for SRS signal extraction
[10-17]. However, few are working on the SRS detector development. A balanced detec-
tion method has been proposed using a balanced photodiode and a lock-in amplifier
[1,15]. Two photodiodes are utilized, one for reference and another with the SRS signal.
Since this method uses a commercially available balanced photodiode, it is bulky and usu-
ally limited to single-point detection. An on-chip lock-in amplifier employing two exter-
nal photodiodes has been proposed [11,12]. The combination of solid-state and discrete
devices might have several drawbacks, such as large-scale detectors and non-uniformity
effects between the photodiodes and circuitry. The integration of the photodetector and
the readout circuit into a single platform [16,17] has been demonstrated. However, the
single-stage readout circuit implemented has no compensation circuit to overcome the
non-ideal effect of CMOS devices, such as offset and 1/f noise (low-frequency noise). These
offsets and the low-frequency noise will saturate the readout circuit and hinders boosting
the small SRS signal [18]. Although the double-modulation is implemented digitally in
[17] to reduce the 1/f noise, the offset in the analog domain still dominates, causing limited
integration cycles.

This paper presents a solid-state approach to SRS signal detection using a CMOS
double-demodulation lock-in amplifier. The lock-in amplifier consists of a photo-demod-
ulator and a readout circuit to achieve in-pixel double-demodulation. The pinned-photo-
diode-based photo-demodulator operates at a high frequency of 40 MHz, where the noise
of the laser modulated at such a high frequency is limited only by the laser shot noise
rather than the intensity noise, which outweighs the shot noise at low frequencies. Dou-
ble-modulation is utilized to suppress the 1/f noise and offset of the lock-in amplifier,
achieving a low noise system suitable for SRS detection. The operating frequency of sam-
pling and integration is 20 MHz. A prototype chip has been implemented in 0.11 um
CMOS image sensor technology, and the effectiveness of the double-demodulation oper-
ation is demonstrated. With the form factor of one unit column (one channel) being 50 pm
x 575 um, the design can easily be expanded to multiple channels, for example, 128 chan-
nels. The multiple channels arrangement will be useful for the observation of SRS multi-
plex detection. Compared to the currently available SRS multiplex system, which is bulky,
expensive, and has few channels, the solid-state solution paved by the proposed design
will certainly overcome those limitations [12,19].

The paper is organized as follows. Section 2 describes the SRS signal detection
method using the in-pixel double-demodulation lock-in amplifier. Section 3 provides the
details of the double-demodulation lock-in amplifier design. Section 4 discusses the im-
plementation and measurement results, and Section 5 concludes the paper.

2. Method of SRS Signal Detections with an In-Pixel Double Demodulation
Lock-In Amplifier

2.1. SRS Principle and the Noise Reduction Mechanism with the In-Pixel Double-Demodulation

Figure la shows the principle of lock-in SRS signal detection. The pump and the
Stokes pulses are combined temporally and spatially before coherently exciting a sample.
One of the lasers, in this case, the Stokes laser, is modulated at fm1 to distinguish the SRS
signal using an electro-optic modulator (EOM) or an acousto-optic modulator (AOM)
[20,21]. The modulation enables an SRS signal to be extracted using a lock-in technique by
filtering out the resulting Stokes and observing the resulting pump. The small SRS signal,
Alp, which is buried in a large offset with a ratio of 10 to 10-%, occurs when the angular
frequency difference between the pump laser and the Stokes laser, wp — ws, matches the
observed molecule’s vibrational mode, wr.
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Figure 1. Principle of lock-in SRS signal detection: (a) Single-modulation and (b) Double-modula-
tion.

Figure 1b shows the principle of the proposed lock-in SRS signal detection. The
Stokes laser is double-modulated with fm and fu2 to implement the capability of 1/f noise
reduction in the readout circuits. Since the laser frequency is 80 MHz, the range for mod-
ulation frequency fm can be 20 MHz—40 MHz. By utilizing a two-stage readout, with a
predetermined gain setting of 250 at the first stage, the frequency range of fn2 would be 40
kHz-80 kHz. The circuit operation frequency in the first stage will be half of the frequency
of fm, concerning the time for sampling in the first half of fu1 and integration in the second
half.

Figure 2 illustrates the noise reduction mechanism using the proposed two-stage am-
plification circuit to demodulate the double-modulated signal. A commonly known chop-
ping technique is adopted to realize the in-pixel double-demodulation for the proposed
circuit [22,23]. The double-modulation applied on the Stokes and transferred to the pump
pulses comprises two-frequency components, where the spectrums at the circuit input can
be represented by fu1 + fuz and fn1 — fm2. Initially, the lateral electric field charge-modulator
(LEFM) photo-demodulator demodulates the double-modulated pulse with fm1, and its
outputs are sampled for common-mode component subtraction. The difference goes for
signal integration. Due to the double-modulation, the output of the first stage is a high-
frequency component that comprises an SRS signal at the fn2 band, including the low-
frequency circuit noise and offset. The second stage demodulator will further demodulate
this first-stage output with fu2, which returns the SRS signal to the baseband. At the same
time, low-frequency circuit noise and offset imposed at the first stage are modulated to
the fuz frequency band. The second stage will further amplify the SRS signal. As for the
modulated low-frequency noise, a low-pass filter (LPF) is applied digitally to remove the
noise.
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Input »| First ’ >_< > Second R
X stage 7\ stage
LEFM Sampling & Demodulation Sampling & Low-pass Filter
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Figure 2. Overall noise reduction process through the in-pixel double-demodulation.
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Figure 3 shows the circuit block diagram for the SRS signal extraction with the pro-
posed in-pixel double-demodulation technique. As the Stokes laser is modulated with two
modulating signals (fu1 x fu2), the LEFM lock-in photo-demodulator initially detects and
demodulates the pump pulse with fu1 by splitting higher and lower-intensity pulses. The
sampling and hold (S/H_a and S/H_b) sample the demodulated photocurrent Ii, and i,
where Iiy and Iinare photocurrents of the positive and negative half cycles of the modulated
light at fm1, respectively. Since the higher-intensity pulses (normal pulses) and lower-in-
tensity pulses (attenuated pulses) generate offset photocurrent I, and attenuated photo-
current I, — Al,, where Aly is a photocurrent due to the SRS signal, the ideal response of
the photo-demodulator is expressed as

Lip =1L, 11 =0 (for higher-intensity pulses)
Iy, =0, I, = I, — AL, (for lower-intensity pulses)
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Figure 3. Circuit block diagram for the SRS signal extraction with in-pixel double-modulation.

Since the SRS signal is very small, the sampled charge is transferred to an integrator,
temporarily storing it for subsequent iterations that amplify the SRS signal. The double-
modulation reverses first stage output polarity for every half-duty cycle of modulation
frequency fw2. The differential output of the first stage, Vop1 — Von1, comprises an amplified
signal Al, which resides at the fu2 frequency band, a residual circuit offset, and 1/f noise of
the first-stage amplifier.

The second demodulator, operating at the frequency fn2, demodulates Vi1 = Vot into
the baseband. The residual circuit offset and 1/f noise are then modulated to the frequency
fm2 band. The second stage will further amplify the SRS signal by the integration while
cancelling the large accumulated offset that appears at the output of the first stage. This
cancelling of the accumulated offset by alternatively switching the sampling polarity of
the first-stage output is done by the demodulator implemented with a cross-coupled
switch in front of the second-stage integrator. Finally, the second stage output, Voy — Von,
comprises an amplified SRS signal at the baseband and modulated 1/f noise at the high-
frequency band (f2). The noise can then be suppressed with LPF in the digital domain.

2.2. Operation of LEFM Photo-Demodulator to Extract the SRS Signal

The sub-structure of the LEFM photo-demodulator designed for SRS detection is
shown in Figure 4a. A photodetector and charge-modulation gates are implemented on
the same device. The photodetector is implemented with a pinned photodiode structure,
and the photo-charge modulation is done by lateral electric field control using MOS gates
[24]. The photodiode uses three-step n-type doping (n1, nz, ns) for building a lateral drift
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electric field to allow photo-electrons to be transferred to the modulation gates at the bot-
tom of the structure labelled as the XX’ plane. The doping density for ns is the highest,
followed by n2 and ni. The three-step doping will increase the lateral electric field across
the photodiode, resulting in more efficient charge transfer than the two-step doping. A
high and low voltage, 2.6 V and -1.0 V, respectively, are applied to the modulation gates
G1 and Gz to control the electric field. Charges obtained from the incident light are trans-
ferred by controlling these gates, thus enabling the lock-in detection method [16]. The gate
Gs is to drain the unnecessary charges by applying a high voltage of 3.3 V. Figure 4b illus-
trates the charge flow within the LEFM photo-demodulator when the voltage of gates Gi
and Gz is varied as (Gi: High, G2: Low) or (Gz: High, Gi: Low). The gate clock is synchro-
nized with the Stokes modulation signal for the SRS lock-in detection. This configuration
effectively demodulates higher-intensity pulses generating the photocurrent I and lower-
intensity pulses generating the photocurrent I, — Al into two floating diffusion nodes, FD1
and FD», respectively. The potential profile in the Y=Y direction is shown in Figure 4c,
indicating that the charge can be transferred to the modulating gates without a barrier.
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Figure 4. Three-step ion implantations LEFM photo-demodulator: (a) The structure of LEFM photo-
demodulator, (b) Potential profile of the photo-electrons transfer mechanism in the LEFM photo-
demodulator at X—X’ direction, and (c) Potential profile at Y=Y’ direction.

The LEFM photo-demodulator lock-in operation starts with intensity modulation of
the Stokes laser using frequency fu1. If SRS occurs, the Stokes modulation will imprint the
SRL effect, which modulates the pump intensity. The frequency fum is then used to demod-
ulate the pump. In addition to the ability of small signal detection in large offset and shot
noise, another advantage of the lock-in method is that the high-frequency setting (>1
MHz) for fm distinguishes the SRS signal from the laser intensity fluctuation noise [25,26].

3. Design of Double-Demodulation Lock-In Amplifier
3.1. Large Area Photo-Detector and LEFM Photo-Demodulator Design

The single sub-structure of the LEFM photo-demodulator shown in Figure 4a con-
verts the detected modulated light to a photocurrent and demodulates it. For implement-
ing the lock-in amplifier chip using CMOS image sensor technology, ten units of the sub-
structure are combined to create a large area detector, as shown in Figure 5b, to ensure
the sufficiency of charge transfer speed as the detected pump pulse needs to be demodu-
lated at a high frequency. The charge path is indicated by a solid black line, representing
the charge movements from points A, B, and C to reach the gates. Table 1 shows the charge
transfer time simulation results based on the SPECTRA device simulator. The color
scheme scale in the simulation diagram represents potential in voltage. Since the pump
pulses run at 80 MHz, the transfer time for each initial location must be less than 12.5 ns.
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Figure 5. LEFM photo-demodulator. (a) Large area implementation with the combination of ten
sub-structure LEFM photo-demodulator. (b) Simulation of photo-charges time transfer from three
locations (A, B, and C) to evaluate charge transfer speed for large area LEFM photo-demodulator.

Table 1. Photo-charges transfer time simulations for the large area LEFM photo-demodulator.

Initial Location Transfer Time (ns)
A 0.92
B 2.03
C 2.97

As shown in Table 1, the longest path for charge transfer requires only 2.97 ns, and
is thus sufficient for SRS detection.

3.2. Circuit Implementation of the SRS Signal Lock-In Amplifier

The circuit implementation of the SRS signal lock-in amplifier with in-pixel double
demodulation is shown in Figure 6. Two-stage switched-capacitor integration circuits us-
ing a fully-differential configuration are employed, as schematically shown in Figure 6a.
The operation timing diagram is shown in Figure 6b. The modulated photocurrent gener-
ated in the photodiode is demodulated by G: and Ge. Then at the output of the LEFM
photo-demodulator, the averaged currents (I, I,,) in one cycle of the modulation fre-
quency fum is ideally I, and I, — AlL,, respectively, where I, and Al, are the averaged
amount of offset photocurrent and SRS signal photocurrent, respectively. The timing sig-
nal for Gi1 and Gz are synchronized with the first modulating frequency, fu, which is used
to modulate the Stokes laser. These Gi and Gz signals are appropriately aligned with the
laser phase. Appropriate gate timing settings will ensure that maximum laser light is cap-
tured.
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Figure 6. Schematic design of the SRS signal lock-in amplifier: (a) Schematic diagram. (b) A timing
diagram for the circuit operation.

At the first-stage integrator, the two capacitors of Ci1 temporarily sample and store
charges due to I_Z,J and I; - A_Ip, while the switches controlled by &: are activated. The
delayed @1, which is 14, is used at the input-side switches for reducing charge injection
error [27]. While the switches controlled by (J: are activated, the stored charges in Ci are
transferred to C: for integration. Because of the fully-differential configuration of the
switched-capacitor integrator, the common offset charge components due to I, is can-
celled out at the first-stage integrator outputs, if the switched-capacitor integrator is ide-
ally working. Then the differential outputs, Vo1 and Von of the first-stage integrator, have
an incremental voltage signal of AL/(fmCz) in one cycle of fum. To intensify the signal, this
cycle is repeated for N: times, and then the signal component appears at the first-stage
integrator output is expressed as

AL,
Vopr = Von1 = Ny (fm1pCz)' 1)

and the signal component is intensified by the gain of Ni. After reaching a sufficient am-
plitude with sufficient integration cycles, the second stage samples the output of the first
stage, and the reset switch RTiis turned on, for resetting the charges in Cz of the first stage.
The sampling frequency in the first stage is half the demodulating frequency fm. During
the signal integration, i.e.,, when @2 are activated, sampling is not performed, resulting in
the loss of half of the signals.

In the real implementation, the offset photocurrent is not perfectly cancelled in the
first stage because of many factors of analog imperfections such as mismatch in capacitors,
clock skews, and charge transfer time deviations of switches. The residual offset compo-
nent is accumulated during the integration cycles of the first-stage integrator and may
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saturate the integrator output and will limit the gain (N:). In the second-stage integrator
together with the second demodulator, the residual offset component is cancelled but the
signal component is further amplified. To do this, the second demodulator made of the
cross-coupled transmission gate demodulates the first integrator output at the frequency
fm2 before entering it into the second-stage integrator. The second demodulator’s clock sig-
nal is synchronized with the second modulation of the Stokes laser at the same frequency
of fuz, modulating the phase of the Stokes laser every cycle of fu2. Accordingly, in the first
half of the modulation cycle of fu, the gating clocks G: and Gzin the first demodulator
(LEFM photo-demodulator) are used to demodulate higher and lower-intensity light, re-
spectively, and because of the double modulation, this configuration is reversed in the
second half of fu2, where Gi1 and G2 demodulate lower and higher-intensity light, respec-
tively. The operation of the second-stage integrator or the clocking of Js, Qzq, B, and RT2
are similar to that of J1, Q14, D2, and RT1in the first stage. To further intensify the signal,
the integration cycle is repeated for N: times, and then the signal component appears at
the second-stage integrator output is expressed as

) )

Using the double-demodulation two-stage lock-in amplification, the SRS signal com-
ponent is amplified by the large gain of N1 x N2 while cancelling the offset component.
The double-modulation technique can also effectively reduce the low-frequency noise due
to laser power fluctuation by the first modulation (fm1), and the low-frequency noise (1/f
noise) of the first-stage integrator by the second modulation (fi2).

As shown in Figure 6a, fully-differential switched-capacitor integrators, which offer
superior rejection of common-mode components, are utilized for both stages. The CMOS
opamps used for both stages are the fully-differential folded cascode amplifier, but the
design parameters are different between the two stages for meeting the response-time re-
quirement at each stage [28]. The first stage employs a larger capacitor than the second to
sample the large-intensity current pulse in a short time. Therefore, the amplifier in the
first stage is designed to have a larger biasing current than the second to meet this settling
requirement. Considering the laser pulse is running at 80 MHz, the predetermined setting
for the first stage amplifier A1 runs at 20 MHz with a large capacitor for Ci and Cz, which
both are 1.25 pF. In contrast, the second stage amplifier Az runs at 80 kHz with a smaller
capacitor for Cs and Cs, both at 200 fF. Taking these factors, the delivered bias current for
both amplifiers A1 and A2 are determined and designed to be 100 pA and 20 pA, respec-
tively. Both amplifiers use switched-capacitor type common-mode feedback (SC-CMFB)
topology. Among the advantages of SC-CMEFB are no influence on the amplifier input and
output ranges, good linearity, and no additional poles imposed on the amplifier perfor-
mance [29]. As for the CMOS switches, based on A1 and A: operating frequencies, the
CMOS switches are designed to exhibit at most 750 () resistance during the “‘ON’ state.

3.3. Circuit Simulation Results

The operation of the SRS signal lock-in amplifier shown in Figure 6a is verified
through simulation using a method shown in Figure 7. The output of the LEFM photo-
demodulator is modelled using pulse current sources Isimp and Linn. The double-modula-
tion effect on the photocurrents is modelled by shifting the phase of the current sources
Isimp and Isimn to be 180° for every cycle. All other timing operations for the readout circuit
are the same as in Figure 6b. To model the measurement system, Linr and Linnlevels seen
by the circuit are varied through delay adjustment of the readout circuit timing across the
Iimp and Isimv pulses. The delay adjustment shown in Figure 7 would vary the currents
sampled for Vip and Vin. Hypothetically at the beginning, the input current Linn is leading
while Linris trailing, indicating that Linn > Lsimp produces one side polarity.
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Circuit

Adjust delay

Figure 7. Diagram for the simulation technique to verify the circuit functionality.

Then, once the delay reaches the C-C’ phase, Lsinr is leading, and Linn is trailing, indi-
cating Linr 2 Isimn, changing the polarity’s side.

A simulation result of the delay adjustment is shown in Figure 8. The result shows a
differential voltage output (Vop — Vou) of the lock-in amplifier observed when the delay of
the pulse current sources is varied. Initially, the result is negative when the delay adjust-
ment exhibits Limn 2 Limp. As the delay progresses, the dominant current changes, where
Limv < Lsimp; thus, output polarity is reversed. This finding shows that the circuit can pro-
duce a differential output proportional to the difference between Limn and Limp. As Isimn
becomes larger than Linr, the differential output increases in negative polarity, shown
from points A to B. Points B to C show that nothing changes even if a more significant
current difference is applied, indicating that saturation is reached. Points C to D suggest
that the difference between Linv and Linr decreases and approaches zero. The polarity
changes after point D, indicating that the adjustment has reached the C-C’ phase shown
in Figure 7. Points D, E, F, and G repeat similar behavior but in different polarities. Points
A, D, and G are where both currents Iy and Ii» are at the same value; therefore, no differ-
ential voltage output is produced. The simulation result shows that the difference between
two light intensities can be extracted, indicating the designed lock-in amplifier can be ap-
plied to SRS signal extraction.
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Figure 8. Simulation result of the differential output of the lock-in amplifier observed when the
delay for sampling and integration is adjusted across the pulse current. Points A to B, B to C and C
to D indicate the increasing difference between the two currents with [sinn > Lsimp, the largest differ-
ence between two currents with Limn > Isimp, and the decreasing difference between the two currents
with Iimy > Limp, respectively. Points D, E, F, and G repeat similar behavior, but in different polarities
for case, the two currents are Lsimn < simp.
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Figure 9 depicts the simulated linearity of the signal ratio to show the effectiveness
of detecting a small signal in a large offset. The ratio of ALimr/Lsinris set by varying the Isimp
while keeping Isimn constant.
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Figure 9. Simulated linearity plot for SRS signal detection.

The simulated linearity shows linear response even at the ratio of 106, which is a
typical lower limit of the SRS signal detection. The limiting factor of non-linear response
around 107 is that the residual noise, particularly from the second stage, starts to domi-
nate.

4. Measurement Results and Discussion
4.1. Implemented Lock-In Amplifier Chip and Measurement Setup

A prototype chip of the SRS signal lock-in amplifier is implemented using a 0.11 um
CMOS image sensor process technology. The block diagram and photomicrograph of the
chip are shown in Figure 10a,c, respectively. The packaged chip is mounted on a printed
circuit board (PCB) for characterization as shown in Figure 10b. In this design, ten pixels
are arranged as a line array. One unit pixel comprises a LEFM photo-demodulator and a
two-stage circuit. Each pixel is connected to the pixel driver and line sample and hold
circuit to form a column. The size for each column is 50 pm x 575 pm. The chip size is 1.4
mm x 5 mm. The pixel driver drives the LEFM photo demodulator by regulating the clock
amplitude to 2.6 V and -1.0 V for the "HIGH" and ‘LOW’ states, respectively. The line
sample/hold circuit temporarily stores each column’s output before reading out serially,
as all ten columns operate simultaneously. The serial readout is controlled using a line
scanner. The analog output goes through a buffer before connecting with external cir-
cuitry to avoid losses due to output loading. External clock signals drive the chip through
the clock buffer and level shifter block.
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Figure 10. (a) System block diagram of the proposed SRS chip architecture. (b) Photo of the chip
mounted on PCB. (c) Photomicrograph of the fabricated SRS chip.

Figure 11a shows the measurement setup to characterize the prototype chip. A laser
diode (LDB-100, Tama Electric Inc, Hamamatsu, Japan.) of 850 nm wavelength is used in
this measurement to emulate the pump pulse. A function generator drives the laser by
providing a trigger signal; one trigger produces one pulse. A field programmable gate
array (FPGA) is used as an external clock driver that controls all the digital clock signals
driving the chip, including an analog-to-digital converter (ADC). The FPGA also drives
the function generator with a modulation signal to double-modulate the laser pulse with
fm1 % fuz. An oscilloscope is used for analog signal monitoring. Digital data from the ADC
is transferred to a computer using a camera link for further processing. A photograph
image during the measurement is shown briefly in Figure 11b. The laser holder helps to
hold the laser source in position and direct the illumination to the pixel. The sensor PCB
houses the developed chip, ADC, FPGA, and other external circuitry essential for opera-
tion, such as a power regulator, voltage, and current reference circuitries.
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Figure 11. (a) The measurement setup for SRS chip evaluation. (b) The photograph of the chip on
the sensor PCB is illuminated with a laser for chip evaluation. (¢) A timing diagram to show the
laser trigger is aligned to either G1 or Gz clock signals (aligned to the Gi clock signal in this case). (d)
Measurement timing diagram with double-modulation used on the laser trigger.

A timing diagram for the laser trigger concerning the gate control signal (G1 and G)
is shown in Figure 11c,d. During an SRS measurement, G: and Gzare supposed to demod-
ulate the higher and lower-intensity pulses, Iy and I, respectively, as depicted in Figure
6b. However, only one laser source is used in the characterization setup proposed in Fig-
ure 11a. Therefore, the strategy to create a photocurrent imbalance between Iiy and I is
presented in Figure 11c, which only triggers the laser during the control signal for Gi or
Gzis high. In Figure 11c, the timing diagram shows that the laser trigger is aligned with
the control signal for Gi. Figure 11d shows the trigger signal when the double modulation
is imposed, where the phase is shifted corresponding to the state of modulation signal fuz.

4.2. Characterization

The lock-in amplifier circuit with the photo-demodulator’s parasitics and environ-
ment light may cause the differential output to occur even without laser illumination. The
delay adjustment across gate clocks leads to a point where the level of currents sampled
will be balanced; thus, zero or minimal differential output can be obtained. The calibration
is performed to determine the correct delay point for sampling and integration and to
minimize the output when the signal to be detected does not exist. The configuration for
this calibration is shown in Figure 12a. The gates G1 and G2 modulate the photocurrent
generated from environmental light, which acts as a DC offset. Figure 12b shows the dif-
ferential output as the delay is adjusted, obtaining similar behavior to the simulation re-
sult in Figure 8. The currents are balanced at point A, where the delay at this pointis 14.17
ns. The subsequent measurements will be based on this delay point for the circuit opera-
tion.
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Figure 12. Gate clock timing calibration. (a) Timing configuration for the calibration. (b) Result of
the timing calibration curve that determines the delay (balanced point) by observing the minimum
differential voltage proportional to the current difference at the circuit input.

Figure 13 shows the measurement results using a laser source. All the circuit timing
operations are delayed by 14.17 ns with Gi and Gz, as shown in Figure 13a. As shown in
Figure 13b, the differential voltage output increases with the delay adjustment between
points A and B, indicating Ii > Iin. The differential voltage output is saturated at about 2.9
V between points B and C. The output decreases between points C and D, indicating the
response to the decrease of the difference between Iiy and Iin. Finally, the polarity is re-
versed as iy < Iin, and similar behavior from A to D is observed between the points D to G.
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This experiment resembles the output produced in SRS measurement when the I, (the
higher intensity light) is illuminated during one gate is turned on and the I, — Al, (the
lower intensity light) when the other gate is turned on. The output is reversed in polarity
when the position of I, and I, — Al is reversed. This result validates the circuit functionality
by producing an output that changes with the laser delay adjustment, which essentially
creates an imbalance of currents at the input of the first-stage integrator circuit.
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Figure 13. (a) Timing configuration for the SRS chip evaluation with a laser source. (b) The meas-
urement result obtained for the SRS chip across laser delay adjustment.

Figure 14 demonstrates the ability of the in-pixel double-modulation to reduce the
1/f noise of the lock-in amplifier. For comparison, Figure 14a shows the noise measure-
ment result when the double-modulation technique is not applied. The 1/f noise is ob-
served at a lower frequency, as highlighted with the red line. Figure 14b is the result when
the double modulation is applied, showing the effectiveness of the double-modulation
technique where 1/f noise of the first-stage integrator is suppressed. The data is obtained
based on a fast Fourier transform (FFT) of five thousand samples, showing that the double
modulation can effectively suppress low-frequency noise components, contributing to a
better signal-to-noise ratio (SNR) detection of small SRS signal when the implemented
chip is used for a real application in SRS signal measurement.
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Figure 14. Comparison of noise measurement: (a) No double-modulation is applied and (b) the dou-
ble-modulation is used.
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Compared to the single-stage implementation that requires off-chip processing to re-
move offset components and 1/f noise, this work offers an on-chip solution by performing
in-pixel double-demodulation [16,17]. In addition, a two-stage circuit provides more gain,
essential in boosting the weak SRS signal. In terms of form factor, an ASIC solution of four
channels has been proposed [12]. However, external discreet photodiodes were used,
which increased the overall size and made it difficult to expand. The fully-integrated
solid-state solution developed in this work combines a detector and readout circuit with
the size of 50 um x 575 um per channel. Currently, ten channels are implemented; how-
ever, the number of channels can be easily expanded to suit the SRS multiplex system.

5. Conclusions

This paper presents a double-demodulation lock-in amplifier for SRS application.
The chip prototype integrates the LEFM photo-demodulator with a readout circuit based
on the CMOS image sensor platform. A two-stage integrator-based double-demodulation
achieves analog-domain high-gain amplification while suppressing the offset and 1/f
noise of the laser and the front-end readout circuits. The implemented large-area LEFM
photo-demodulator is proven its efficiency for high-frequency charge transfer with
smaller than three ns of charge-transfer time, which are sufficient for responding laser
pulses running at 80 MHz. The design double-demodulation lock-in amplifier success-
fully works at 20 MHz. An experiment of the sampling phase adjustment for offset mini-
mization and sensitivity maximization is successfully carried out. The comparison of the
noise measurements between the two cases of with and without double modulation
clearly shows the effectiveness of double-modulation lock-in amplifier for reducing the
1/f noise of the SRS signal readout circuits. The preliminary experiments using the proto-
type chip suggest possible SRS detection with good SNR attributed to a reduction in 1/f
noise and offset, leading to higher SRS signal amplification.
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