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Abstract—The intrinsic sensitivity limit of Stimulated Raman
Spectroscopy (SRS) is given by the shot noise of the optical
stimulation. However, it is seldom reached due to the electronic
noise of the front-end amplifier and the intensity fluctuations
of the laser source. Here, we present a low-noise differential
amplifier able to compensate the common-mode fluctuations
given by the laser and to reach a sensitivity better than 10 ppm
thanks to the lock-in technique.

Index Terms—Raman Spectroscopy, lock-in, differential, tran-
simpedance, amplifier, photodiode, laser, noise

I. INTRODUCTION

Raman spectroscopy is a label-free technique for non-
invasive and non-destructive imaging, with growing applica-
tions in biomedicine and in materials science for the identi-
fication and analysis of molecules and organic compounds. It
is based on the Raman scattering effect of molecules that was
discovered by Indian scientist C.V. Raman in the early 1930s.
In stimulated Raman spectroscopy (SRS), samples under test
interact with two synchronized pulsed lasers, called Pump and
Stokes, which have different wavelengths. The Pump excites
the sample molecules to a virtual state, which then relax to
the ground state emitting photons with lower energy at Stokes
wavelength. The presence of this latter enhances the relaxation
transition because when the Pump-Stokes frequency difference
matches a vibrational frequency of the molecule, all the
molecules in the focal volume are resonantly excited [1]. This
provides signal enhancement by many orders of magnitude
with respect to spontaneous Raman scattering where only
Pump laser is used [2]. Consequently, acquisition speed is
significantly improved opening new possibilities to the video-
rate imaging [3].

Different vibrational modes of molecules can be investigated
with a wavelength scan of Stokes or Pump laser beam. Since
each molecule has a specific Raman signature, it is possible to
analyse the sample composition by measuring the vibrational
behaviour on a wide energy range (i.e. the Raman Spectrum),
typically with a Raman wavenumber spanning from 100 cm !
to 3500 em~!. The SRS signal over the Stokes beam, whose
average power is typically greater by a factor of 10* or more
[4], is finally acquired with a photodiode and amplified with a
transimpedance amplifier to retrieve the sample Raman spec-
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trum. The pump, having no information, is instead optically
filtered.

In this work we address the problem of designing a valid
front-end for Raman spectroscopy applications combining high
sensitivity, to detect the weak Raman signal, and high dynamic
range to correctly manage the Stokes average power. The
latter is limited to less than 1 mW for organic samples to
avoid the damage of the molecules during the measurement.
A commercial 1.55pm femtosecond Er:fiber 40MHz-oscillator
followed by two erbium-doped fiber amplifiers (EDFAs) is
used to generate two coherent pulsed trains beams:

o the Pump with A\, = 770nm and average power of
~1mW

o the Stokes with a A\, tunable from 950nm to 1050nm
and average power of ~100pW.

This latter, being in the near-infrared range, is detected
with a silicon photodiode providing a sufficient responsivity
(~0.5A/W) in the whole wavelength range.

For a better understanding of the physical quantities in-
volved in the experiment, a laser noise measurement was
performed. In fact, intensity fluctuations of the Stokes beam
are often the main contribution to the noise in SRS [5, p. 474].
Figure 1 shows the Relative Intensity Noise (RIN) of the two
beams, the Pump, used to excite the molecules and the Stokes,
containing the Raman information. The frequency dependence
behavior of the noise, decreasing with f, suggests need for
modulation in the MHz range of the Raman signal. In the setup
used in the experiment, this is done by modulating the Pump
source before the sample under test, with an acousto-optic
modulator (AOM). A lock-in based front-end (LIA) is then
used for demodulation and amplification. A tuned amplifier
(TAMP) used in [6] is also valid solution but only when the
modulation frequency f,, is fixed.

In the MHz range, the Stokes has RIN ~ —115dBHz~!
which results in a fluctuation of the optical power with a
spectral density of

pW
vVHz

with an average power of ~100u4W. The corresponding shot
noise, only depending on the Stokes average power [8] and

Sstokes(f) ~ (177.8 )? (1)
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Fig. 1. Measured Relative Intensity Noise (RIN) of Stokes (Blue) and Pump
(Red) with 1.6mW Pump power [7]. The Raman signal adds to the Stokes
which gives the main contribution to the noise if no compensation technique
is adopted (Stokes RIN ~ —115dBHz~"! in the MHz range).
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Fig. 2. Differential acquisition scheme for single frequency stimulated Raman
spectroscopy over a sample. The PC can control the Stokes wavelength over
the interval 950nm <+ 1050nm in order to investigate the whole Raman
spectrum.

setting the intrinsic limit of sensitivity, is:
pW
VvVHz

This comparison confirms that the Stokes fluctuations are
the main contribution to the noise, moreover they depend on
working conditions (i.e. wavelength, temperature, humidity)
resulting in an unpredictable SNR on the final measurement.
To compensate the Stokes fluctuations we have adopted a
differential architecture where the Stokes noise becomes a
common mode contribution. The difference of the signals
and the lock-in demodulation are done in the analog domain
to overcome the resolution limit of digital lock-in amplifiers
[9]. Moreover, an analog approach is better suited to have a
compact system operating in parallel on different wavelengths,
as required by video-rate imaging applications [3].

Sshot(f) ~ (6.3 )? )

II. ANALISYS OF THE PROPOSED SOLUTION

Figure 2 shows the differential setup adopted in this work.
The Pump is modulated with an AOM at f,,, = IMHz =+
10M Hz and it is blocked after the sample with an optical
filter. The Stokes is split in two parallel laser beams of ~40pW
each: the first one crosses the sample under investigation and it
will result in a Raman gain while the second, having the same
power fluctuations, is used as a reference. Both get acquired by
two identical photodiodes (TeMd5020X01 - Vishay) producing
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Fig. 3. Photodiode connected to a standard TIA configuration. C;y, is the
sum of all capacitances connected to the virtual ground node of the amplifier
(major contribution is given by the photodiode capacitance.

two current signals I, and I,r.; mainly composed by the
following terms:

ighot + iRaman (3)

IpRef == IDC + it’rain + iSnoise + \/’m (4)

where Ip¢ is the current proportional to the average Stokes
power through the photodiode responsivity (R=~0.5 A/W
at 1000nm), %4.qin consists in the AC 40MHz pulsed-train
response and igy0ise represents the common mode fluctuations
(equal for both I, and I,rcy). Then, isn0¢ is the shot noise
which is uncorrelated between the two beams and finally
i Raman Tepresents the weak Raman signal (~107° respect to
Ipc) which is only in the branch where the sample is present.

The difference between I, and I, r. (i.e. the Raman signal
with the intrinsic noise given by the shot) is amplified with
a differential transimpedance amplifier while the Stokes fluc-
tuations, being a common mode contribution, are in principle
cancel out. The Ip¢ signal is important for normalization, so
its value must be acquired before the differential amplifier.

If a photodiode is connected to a standard TIA, see Fig. 3,
the output voltage in the ideal case is a single-pole transfer
function given by the following expression:

Voutl(s) _ Rf
Im(s) 1+ SRfo

The feedback capacitor C'¢ sets the bandwidth of the TIA and
its value should, in principle, be minimized. Considering the
stage stability, however, there is a low limit due to the input
node capacitance C;, that includes all the stray capacitances
related to the virtual ground node of the amplifier. The main
contribution is given by the photodiode capacitance which is
about 10pF with a reverse voltage Vr =~15V. Moreover,
because of parasitic capacitances are in the order of few
hundreds of femtofarad for discrete components technology,
it is not possible to control lower value of C. It follows
that, in practice, the feedback resistor Ry is setting both the
DC gain and the bandwidth of the TIA, resulting in a trade-
off. Its value should be maximized in order to reduce the
equivalent input current noise (proportional to 1/Ry), but this
way the bandwidth it is also reduced. Furthermore, since the
output voltage V1 is proportional to the short and powerful

[p = IDC + itrain + Z-Snoise +
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Fig. 4. The advanced TIA [10] used in this work connected to the photodiode
modelled with a current source I;,,. The DC feedback network (with Rpc =
47k$2) manages the DC current while the Raman signal is amplified with
Cy = 0.5pF. Cy,, = 20pF and it includes the photodiode capacitance
de ~ 10pF .

Stokes pulses, Ry value is strongly limited by the operational
amplifier output dynamic range to prevent clipping.

These limitations are overcome by connecting the silicon
photodiode to an integrator stage with an additional feedback
network needed to manage the DC bias current. Figure 4
shows the schematic of the advanced TIA topology [10] of the
readout path. The feedback network consists in an amplifier
H (s), designed to have high gain in DC and high attenuation
in the signal bandwidth, in series to the resistance Rpc. While
the AC term i,., including the pulsed train current and the
Raman signal, results amplified by the integrator at the output

node:
1

SCf
the DC current Ipc of the photodiode (related to the Stokes

average power) flows through the resistor Rpc resulting in
the voltage:

Voutl(s) = - : iac(s) (6)

Vbe(s) = —Rpce - Ipc(s) @)

Having the two terms amplified on different nodes strongly
relax the output dynamics. Moreover, the amplifier in H(s)
can have a greater power supply voltage because it operates at
low frequency while the operational amplifier in the integrator
stage can only be selected for speed and noise performance.
This translates in a greater Rpc that will benefit the input
noise. This stage has no more the gain-bandwidth trade-
off seen in the previous example because, referring to the
integrator, the bandwidth is proportional to the gain-bandwidth
product irrespective of the Rpc value. With the operational
amplifier LTC6268-10 the bandwidth is ~100MHz. Finally,
the information about the DC current, useful for the Raman
signal normalization, is already available on the Vpc node.

The input referred current noise of the front-end is:

52 &2 4kT
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where i2 and €2 are the operational amplifier current and
voltage equivalent noise, respectively, and é%[(s) is the H(s)
network equivalent noise. By using a FET operational ampli-
fier and Rpc > 1k(2, at the signal frequency of 1 MHz the
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Fig. 5. Diagram of the balanced acquisition system developed in this work.
The differential stage and INA have a gain Gg;ry = 40 and G = 10
respectively while the low-pass filter has a cut-off frequency f. ~ 480H z.

noise of the first stage is mainly due to the input capacitance
Crn and the thermal noise of Rpc:

4kT
Rpc

In the frequency range 1M Hz <+ 10M H z and considering an
input capacitance of ~ 15 pF and Rpc = 20k(2, the input-
referred current noise i3, goes from (850%)2 to (5 %)2.
These values are comparable to the shot noise of the optical
signal (2 divided for the squared responsivity, ~0.5A/W), thus
the designed front-end satisfies the noise specification.

The balanced acquisition, required for the laser noise can-
cellation, is obtained by connecting a couple of the advanced
TIAs mentioned above, to a second stage in differential
amplifier configuration with a gain Gg;ry = 40 as shown in
Fig. 5. In principle, only the Raman signal and the uncorrelated
noise sources (as shot and thermal noise) get amplified. With
a custom CMOS mixer driven by the AOM clock, the signal
is then demodulated to baseband and finally amplified and
filtered with an instrumentation amplifier (INA with G = 10)
followed by a low-pass filter (LPF with 7 ~ 330us).

2.~ 2w (Cf + Cin)? + ©)

III. EXPERIMENTAL VALIDATION AND DISCUSSION

To characterize and experimentally evaluate the proposed
differential LIA, a single-frequency Raman spectroscopy ex-
periment has been carried out on a Methanol sample (MeOH)
in liquid phase with the acquisition scheme of Fig. 2. The
modulation frequency was chosen to f,,, = 1M Hz to meet
the best working condition for the amplifier. In fact, it results
to an input equivalent power noise equal to S¢; ~ (3.4’7—‘;}/’2)2
(considering the photodiode responsivity R=0.5A/W) which
is lower than Stokes shot noise Sy =~ (8\’/’%)2 with
P, ~ 40pW. Note that the input equivalent power noise
includes a factor 2 given by the sum of the uncorrelated noise
in the signal and reference path, as well another factor 2
given by the lock-in technique. Referring to Fig. 5, the output
voltages V,,; with the Raman information and Vp¢ for the
normalization were sampled with a data acquisition system
(NI USB-6259 by National Instruments) and sent to a PC. A
LabVIEW interface was used to control the laser and perform
the Stokes wavelength scan in the interval 950nm to 1050nm.

The normalized Raman spectrum of Methanol, plotted in
Fig. 6, was correctly acquired by the proposed front-end
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Fig. 6. Normalized Raman spectrum (AIs/Is) of Methanol (MeOH)

obtained with the proposed amplifier operating with 7 = 330us and with
~40pW Stokes power.
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Fig. 7. Normalized RMS noise spectra: measured (blue), theoretical noise
(red) which includes shot noise (dotted red) and electronics noise.

with a filter time constant 7 = 330us. The spectrum ex-
hibits two peaks typical of C-H stretching region, respectively
~2850cm ™! and ~2950cm ™! [11], [12].

The experimental data also indicates that the measured
noise is almost equal to the shot noise, as shown in Fig. 7,
leading to a sensitivity lower than 10ppm. This demonstrates
the ability of the proposed front-end to strongly compensate
Stokes intensity fluctuations. As further confirmation of this
experimental results, a subsequent measurement has indicated
a CMRR =~ 56 at IMHz, enough to make noise of eq. 1
negligible with respect to the intrinsic limit given by the shot
noise. A photo of the experimental setup is shown in Fig. 8.

IV. CONCLUSIONS

In this paper, a novel lock-in based differential amplifier, for
Raman Spectroscopy applications, is presented and tested. The
spectrum of liquid phase Methanol is correctly acquired, with
a time constant 7 ~ 330us, and normalized over the average
intensity. The measurement is practically shot noise limited
thanks to the low-noise advanced TIA - S, =~ (3.45—}%)2
at f,, = 1IMHz - and to the balanced acquisition with
CMRR =~ 56. A sensitivity lower than 10ppm is reached,
thus experimentally validating the proposed topology. The
front-end can be used with common cathode photodiodes
arrays making ideal for broadband Raman Spectroscopy where
a multi-channel architecture is needed. Indeed, we are de-

Fig. 8. Experimental setup for single frequency SRS with the proposed
differential lock-in amplifier (red circled)

veloping a custom integrated circuit able to readout four
differential channels including the analog front-end and the
lock-in demodulation.
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