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Abstract

In Broadband Stimulated Raman Spectroscopy, the intrinsic limit given by the
laser shot noise is seldom reached due to the electronic noise of the front-end am-
plifier and the intensity fluctuations of the laser source. In this paper we present
a low-noise multi-channel acquisition system, with an integration-oriented de-
sign, able to compensate the common-mode fluctuations of the laser output
power with the pseudo-differential structure and reach a sensitivity better than
10 ppm thanks to the lock-in technique.
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1. Introduction

This work was conducted as part of the ERC-VIBRA project - Very fast
Imaging by Broadband coherent RAman - headed by Dario Polli in the Depart-
ment of Physics of Politecnico di Milano. The goal is to build an innovative
microscope for real-time and non-invasive functional characterization of tissues
and cells. Final application concerns cancerous cells differentiation and detec-

tion of neuronal tumours.
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Every organic compound, cell or tissue, is characterized by a specific vibra-
tional spectrum, which is a function of the chemical bonds and structures of
molecules. Stimulated Raman spectroscopy (SRS) is commonly used in chem-
istry to provide that spectrum by which molecules can be identified and anal-
ysed. This technique, non-contact and label-free, is based on the Raman scat-
tering effect, an inelastic scattering of photons by molecules discovered in the
early 1930s by the Indian scientist C.V. Raman.

Samples under test interact with two synchronized pulsed lasers, called Pump
and Stokes, having different wavelengths in the near-infrared region (NIR).
When a Pump photon hits a molecule, this may first raise to a virtual vibrational
level and successively relax to a lower level different from the ground state. It
results that a photon with lower energy can be emitted at Stokes wavelength
(Raman signal or Raman gain). The presence of the latter laser (the Stokes)
enhances the relaxation transition because when the Stokes-Pump frequency
difference matches a vibrational mode of the molecule, all the molecules in the
focal volume are resonantly excited [1]. This translates in a signal enhancement
by many orders of magnitude with respect to spontaneous Raman scattering,
where only one laser is used [2]. Consequently, acquisition speed is signifi-
cantly improved opening new possibilities to the video-rate imaging [3]. Since
each molecule has a specific Raman spectrum, the sample composition can be
analysed by measuring the vibrational behaviour on a wide wavenumber range,
typically spanning from 100 em~! to 3500 cm~!. Scientific papers in cancer dif-
ferentiation show how the spectral regions 800-1800cm~! and 2800-3100cm !
are highly informative, respectively, for gastric [4] and brain tumour [5].

In the single-frequency SRS, different vibrational modes of molecules can be
investigated by a wavelength time-scan of Stokes or Pump laser. Only narrow-
band lasers are required, but the whole spectrum measurement is slow because
of the laser tuning. In broadband SRS, several vibration modes are excited in
the same time by using either the Pump or the Stokes broadband. Supposing
the correct detection of each wavelength and a parallel elaboration, this results,

in principle, in a faster acquisition of the Raman Spectrum.



In the VIBRA setup a commercial 1.55pum femtosecond Er:fiber 40MHz-
oscillator followed by two erbium-doped fiber amplifiers (EDFAs) is used to

generate two coherent pulse train beams:

e the first beam goes through a Periodically Poled Lithium Niobate (PPLN)
producing, with the second harmonics generation, the narrowband Pump

with A, = 770nm and average power of ~1mW

e the second beam passes through a Non Linear fiber (NL fiber) that mod-
ifies the wavelength and enlarges the spectrum. A broadband Stokes,
consisting in sub-20fs pulses, with A; = 950 + 1050nm and average power

of ~1mW is produced.

The femtosecond laser beam containing the Raman information over a wide
range of wavelengths, is spatially diffused on a photodiode array (PDA) with
a diffraction grating. Each wavelength of the broadband laser is separately ac-
quired by a specific element of the array and amplified simultaneously with the
respective transimpedance amplifier to retrieve the sample Raman spectrum.
The Pump beam, having no information, is instead optically filtered. We adopt
32 elements PDA (Osi-optoelectronics A5C-35) because a resolution of 32 in-
tervals in the Raman spectrum is sufficient to differentiate normal cells from
cancerous ones. A second PDA is used as reference for a balanced detection in
order to compensate the laser common mode noise. Since the detected laser is
in the near-infrared range, arrays made of silicon photodiodes provide a suffi-
cient responsivity (Ry ~ 0.5A /W) in the whole wavelength range. The VIBRA
optical setup is represented in Fig. [I}

The lock-in technique (LIA) has been adopted as detection scheme for two

main reasons:

e the Stokes beam has an average power P, greater by a factor of 10 or
more [6] with respect to the superimposed SRS signal AP which has to

be measured;
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Figure 1: Simplified balanced acquisition scheme adopted in the broadband SRS of the ERC-
VIBRA project.

e the Stokes noise has a frequency dependence decreasing with f as shown

in the following laser noise analisys;

This is done by modulating the Pump source in the MHz range (1 -+ 10MHz)
with an acousto-optic modulator (AOM) before the sample under test. A custom
IC with Double-Balanced Mixers is used, at the end of the acquisition chain, to
demodulate the Raman signal [7].

In this paper we address the problem of designing a valid front-end for broad-
band Raman spectroscopy 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 few mW (therefore ~ 100uW per channel) to avoid the
damage of the organic sample during the measurement . These requirements
together with the multi-channel approach constitute the key elements for an
integration-oriented design of the front-end. In order to validate the acquisition
scheme before the IC designing process, a first discrete-component prototype
with 4 identical differential channels has been designed and tested. A single-
frequency SRS experiment on a Methanol sample shows the correct operation
of the single channel paving the way to the IC realization.

This paper is an extension of that one originally reported in Proceedings of



the 14th International Conference PRIME 2018 [9].

2. Noise sources

In order to achieve fast Raman frames acquisition, goal of the VIBRA
project, the pixel dwell time has to be minimized. This is strictly related to the
signal to noise ratio (SNR) that in the lock-in acquisition scheme can be written

as:
APyin 1 APmin (1)
RMSnoise V2 [Suf)

4.7

=zl w

where AP,,;, is the minimum Raman signal, S, (f) is the total input equivalent
noise spectral density and 7 is the low-pass filter time constant. The pixel dwell
time is tguwey = 4 - 7 for a first order low-pass filter.

Typically, in SRS the main noise sources are:
e Shot Noise

e Laser Intensity Noise

e Electronics Noise

The Shot Noise (Sspot), modelled by a Poisson process, is proportional to the
mean power detected by the photodetector (P) and it represents the theoretical
limit for these measurements (eq.

The Intensity Laser Noise is due to the power fluctuations and can be the
major contribution to the noise in SRS measurements |10] if not correctly com-
pensated. Figure|2|shows the Relative Intensity Noise (RIN) of the Femto Fiber
Pro commercial laser. The RIN represents the noise spectral density of the laser
Sjaser normalized for the average power P and is defined as

RIN = 10 log (SZPQ) {if] @)
Since the laser noise behaviour decreases with frequency, we decided to modu-

late the Raman signal in the MHz range, where the noise level is lower. From

Fig[2] is possible to calculate the Stokes intensity noise Sstokes and make a
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Figure 2: Measured Relative Intensity Noise (RIN) of Stokes (Blue) and Pump (Red) with
1.6mW Pump power . The Raman signal adds to the Stokes which gives the main contri-
bution to the noise if no compensation technique is adopted (Stokes RIN ~ —115dBHz""! in
the MHz range). © 2018 IEEE.

comparison with the theoretical shot noise Sy, only depending on the mean
power . For an average power of 100uWV these value are:
pW )2

vVHz

SStokes(f) ~ (1778 (3)

_ hCo— W\ 2
Sshot(f) - QTP ~ (63@) (4)

Where A = 1000nm and h and Cj are, respectively, the Planck constant and the
speed of light in vacuum. Equations [3] and [f] show that intensity fluctuations of
the Stokes source are the main contribution to the overall noise. Moreover, they
depend on the working conditions (i.e. wavelength, temperature, humidity). A
differential architecture has been adopted in this work in order to compensate
these Stokes fluctuations being a common mode contribution. The adopted
subtractor and mixer are analog circuits to overcome the resolution limit of
digital lock-in amplifiers .

The last contribution to the noise is given by the Electronics, thus by the

acquisition system. The prototype presented in this paper has been designed



keeping this term lower than the Shot noise.

3. Analysis of the proposed solution

A wvalid front-end for this application should have the following characteris-

tics:

e working with common cathode array of silicon photodiodes with 4mm? ac-

tive area and 10pF of junction capacitance (e.g. A5C-35 Osi-Optoelectronics).

e handle a low power laser (few tenth of microwatts per channel) as in

broadband Raman spectroscopy to avoid sample damaging.

e High-bandwidth to amplify the weak Raman signal modulated in the fre-
quency range 1M Hz +~ 10M Hz. The total gain in this interval has to be
greater than 10M( to get an appreciable output voltage (mV or V) from
the weak Raman signal (10ppm to 1000ppm).

e Electronics noise lower than shot noise as seen in the previous section and

differential structure for intensity laser noise compensation;
e Separated outputs for DC and AC needed for Raman normalization;
e Compact structure, lock-in based and multi-channel oriented.

Figure [3] shows the Balanced acquisition scheme of the broadband SRS exper-
iment with the 4-ch prototype, lock-in based, developed in this work. FEach
photodiodes pair of the 2 PDAs detects a single colour of the broadband Stokes
which is a 40MHz pulse train. Since this laser has been splitted in two branches,
the Raman gain will occur only where the sample is present. The second branch,
having the same power fluctuations, is used instead as a reference.

The photodiodes pair of the x-Ch produces the current signals Ip, and

Iprefo respectively, these are mainly composed by the following terms:

IPm = IDC:L‘ + itrain:v + Z.Snoise:v + ighotw + Z‘RcmLanz (5)
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Figure 3: Balanced acquisition scheme of 1 channel over 4 inside the prototype (Chl = Red,
Ch2 = Purple, Ch3 = Blue and Ch4 = Green). The power graph Pg;41 is not drawn to scale
because the Raman signal (Grey) over the Stokes pulses (Red) is tipically 4 <+ 5 orders of

magnitude smaller.

IPref:v = IDCa: + itraine + iSnoisex + Zghot,refw (6)

where Ipc, is the current proportional to the average power of the Stokes
through the photodiode responsivity (R =~ 0.5A/W at 1000nm). This term
is important to normalize the Raman spectrum, so its value must be acquired
before the differential amplifier. The i¢rqin, consists in the AC 40MHz pulsed-
train response and ig,pisex represents the common mode fluctuations (equal for
both Ip, and Ipyefs). These two terms can be, in principle, cancel out with
the balanced detection. Then, isp01 i the shot noise which is uncorrelated
between the two beams and finally igqmans represents the weak Raman signal
(~ 107" respect to Ipc) which is only present in the ”Signal” branch. The
difference between Ip, and Ip,.s, corresponds to the Raman signal, that we
want to measure, with the intrinsic noise given by the shot.

If a standard TTA is connected to the photodiode (Fig. a), the output

voltage in the ideal case is a single-pole transfer function as follow:

Ry

Voule) = 1Ry

Lin(s) (7)
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Figure 4: Comparison between Standard TIA configuration (a) and advanced version (b)
used as first-stage in this work [14]. The current source I;,, models the photodiode while
C'in, represents the sum of all the stray capacitances connected to the virtual ground node of
the amplifier, the major contribution is given by the photodiode capacitance Cpq ~ 10pF'.
The DC feedback network (with Rpc = 47kQ) in the advanced topology manages the DC
current while the Raman signal is amplified with the LTC6268-10 (GBWP=4GHz) having the
feedback capacitance C'y = 0.5pF. The second stage (subtractor) and the INA have a gain
Gg;pr = 40 and G = 10 respectively. The first order low-pass filter at the end of the lock-in

scheme has a cut-off frequency f. ~ 480H z corresponding to 7 ~ 330us.

The feedback capacitor C'y should, in principle, be minimized because it sets

Cs

the TIA bandwidth. However, since the stage Gjoop is a function of [er=xem

there is a low limit due to all the parasitic capacitances related to the virtual
ground node of the amplifier being included in Cj,. The photodiode capaci-

2 and with a reverse

tance, which is about 10pF" for an active area of ~ 4mm
voltage Vi =~15V, gives the main contribution. Furthermore, because of stray
capacitances are in the order of few hundreds of femtofarad for discrete compo-
nents technology, working with lower value of C is not trivial. In practice, the
feedback resistor Ry sets both the DC gain and the bandwidth, so there is a

trade-off. Its value should be maximized in order to reduce the input equivalent

current noise being:

22
o T3 22 e? 4kT
an(f) ~ e%w Ctot + R? + Rf

but this way the bandwidth it is also reduced. Furthermore, since the output



voltage V,u is proportional to the short and powerful laser train pulses, Ry
value is strongly limited by the operational amplifier output dynamic range to
prevent clipping.

These limitations are overcome with the advanced TIA topology [14], used
in this work, having an additional feedback network H (s) needed to manage the
DC bias current (see Fig. [ilb). The network H(s) in series to the resistance

Rpc has the expression:

 Vaels) 1 14sR,Ca 1
 Vour(s) R, sCy 1+ sRqsCy

Therefore, the transfer function H(s) is designed to have high gain in DC
and high attenuation in the signal bandwidth. The AC part of Ip,, including
the pulse-train and the Raman signal, results amplified by the integrator at the

output node:

Vout(s) = _Sé'f . 7:ac(s) (8)

Having and integrator transfer function, the 40MHz unwanted component
of the laser is attenuated, with respect to the signal, and this improves the
dynamic-range. Differently, the DC component Ip¢c of the photodiode (given
by the Stokes average power) is made to flow through the resistor Rpc by the

H(s) network. This results in the voltage:
Vbe(s) = —Rpc - Ipc(s) (9)

The advanced TTA topology allows to strongly relax the amplifier output
dynamics because the two components of the current Ip,, AC and DC, are
amplified on different nodes. Moreover, the operational amplifiers in the H(s)
can have a wide power supply voltage because they operate at low frequency.
This translates in a greater Rpc that will benefit the input noise as shown in
the equation The operational amplifier in the integrator stage can only be
optimized for bandwidth and noise performance because there is no more the
gain-bandwidth trade-off seen for the standard TIA. The bandwidth is propor-

LV and it

tional to the O.A. gain-bandwidth product through the factor o7

10



does not depend on the Rp¢c value. With the operational amplifier LTC6268-10
(GBWP=4GHz), selected for this work, the bandwidth is ~100MHz. Finally,

with this advanced TIA topology, the information about the Stokes average

power P, = —Vpo /Ry, useful for the Raman signal normalization A?PS, is al-

ready available on the Vpe node.
The input equivalent current noise of the advanced TIA is:
E% é?{(s) 4kT
RQDC R%C Rpe

P2, R+ 2w (Cr 4 Cin) +

neq ™

(10)

where 2 ~ (7\;—1‘%)2 and &2 ~ (4\77‘/7)2 are the O.A. current and voltage
equivalent input noise, respectively, and é?{(s) is the voltage equivalent noise
of the H(s) network. By using a FET operational amplifier and Rpc > 1k€Q,
at the signal frequency of 1 MHz, the first stage input referred noise can be
approximated with the following expression:
2, 2 W (Cf + Ci) + % (11)
In the modulation range, this equation shows that the input referred current
noise increases with frequency but thanks to the integrator transfer function of
the input stage, it becomes white before entering the CMOS mixer. Therefore,
by demodulating with a square-wave and considering all the harmonics, the
output noise is not amplified. In the frequency range 1M Hz + 10M Hz and
considering an input capacitance of ~ 15 pF and Rpc = 20k(2, the input
equivalent current noise 2., goes from (850\;—;7)2 to (5\5’—1%)2. In principle,
these values are of the same order of the Stokes shot noise (eq[) divided by the
squared responsivity, Ry ~ 0.5A/W in the NIR, making possible a shot noise
limited measurement using this front-end. The capacitance and resistors values
have been selected to be easily integrated in an ASIC using a standard 3.3V
CMOS 0.35um process, with poly-poly capacitance module and high resistance
polysilicon module. Furthermore, the signal is modulated in the MHz range, far
above the % noise corner frequency of the nMos and pMos transistors.

For each channel, a couple of advanced TIAs are connected to a second stage

differential amplifier with gain Ggiff = 40 as shown in Fig. [3] This stage can

11
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Figure 5: Internal scheme of the custom multichannel mixer. Non-overlapped clock generation

circuit (on the left). Double-balanced switching scheme (on the right).

be easily implemented in a custom ASIC using a fully differential stage. The
common mode laser fluctuations are compensated by the balanced acquisition
depending on the CMRR (Common-mode rejection ratio) of the stage and, in
principle, only the Raman signal and the uncorrelated noise sources (as shot and
thermal noise) get amplified. With a custom ASIC having 4 double-balanced
mixers, the signal coming from each channel 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 f. ~ 480Hz). The chip is
a simple structure made by 4 transmission gates switches per each channel as
shown in Fig. [5] that are driven by the clock signal used by the AOM to
modulate the Pump. In order to have fast rising edges, the external clock signal
goes through a digital on-chip stage, that generates four clock signals non-
overlapped in phase and in counter-phase. An external all-pass filter, finally, is

used to control the clock phase in order to maximize the output signal.

4. Experimental validation and discussion

To characterize and experimentally validate the acquisition scheme devel-

oped in the proposed front-end, a single-frequency Raman spectroscopy exper-

12
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Figure 6: Single-frequency stimulated Raman spectroscopy with balanced acquisition. The
whole Raman spectrum is acquired with a time-scan using a single channel of the prototype.

The Stokes wavelength is controlled with a PC over the interval 950nm -+ 1050nm.

iment has been carried out on a liquid phase Methanol sample (MeOH) in the
C-H stretch region using one channel of the prototype. A simplified scheme
of the adopted setup is represented in Figlf] The Stokes power was equal to
P, = 40uW for one channel to simulate the 32 channels broadband SRS exper-
iment where the total power is limited to avoid the organic sample damaging.
That is the average power acquired by the photodiode and measured from the
DC output voltage of the front-end, thus keeping in account the responsivity
Ry =~ 0.5A/W and the DC gain R4, = 47k€). The modulation frequency was
chosen to f,, = 1M Hz to make the front-end working in the optimal operating
point for minimum noise. In fact, in this condition the input equivalent power
noise is equal to S¢; ~ (2.4\’;%)2 (considering the photodiode responsivity Ry ~
0.5A/W in the NIR) which is lower than Stokes shot noise Sypo¢ ~ (7.2-292)2

VHz
with Ps; = 40pW. Note that the input equivalent power noise includes a factor

2 given by the sum, in the signal and reference path, of the uncorrelated terms:
Shot and Electronics noise.

Referring to Fig. [3] the output voltages of the first channel:
e V,,:1 containing the Raman information

e Vpc1 and Vpereyp1 for the power balancing and normalization

13
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Figure 7: Normalized Raman spectrum (APs/Ps) of Methanol (MeOH) obtained with the
proposed amplifier operating with 7 = 330us and with ~40uW Stokes power. The obtained
Methanol spectrum can be compared with those ones of papers and \\ © 2018 IEEE.

were sampled with a data acquisition system (NI USB-6259 by National Instru-
ments) and sent to a PC. A NI LabVIEW interface was used to control the laser
power and perform the Stokes wavelength time-scan in the interval 950nm to
1050nm. Stokes power in the two branches is manually adjusted with a polarizer
and a neutral density filter.

The normalized Raman spectrum of the Methanol sample, plotted in Fig.
[l was correctly acquired by the proposed front-end with a filter time con-
stant 7 = 330us. The spectrum exhibits two peaks typical of C-H stretching
region, respectively ~2850cm ™! for symmetric stretching and ~2950cm ™! for
anti-symmetric stretching [15], [16].

The experimental results also indicates that the measured noise is almost
equal to the theoretical Stokes shot noise, as shown in Fig. leading to a
sensitivity lower than 10ppm (with SNR=1). This demonstrates the ability
of the proposed differential structure to strongly compensate Stokes intensity
fluctuations. As further confirmation of this characteristic, a subsequent mea-
surement has indicated a CM RR ~ 56 at 1IMHz, mainly limited by electronics
mismatches, enough to make noise of Eq. [3| negligible with respect to the in-

14
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Figure 8: Normalized RMS noise spectra: measured (blue), theoretical noise (red) which
includes shot noise (dotted red) and electronics noise. The blue line also indicates the minimum

normalized Raman intensity detectable with SNR=1. © 2018 IEEE.

trinsic limit given by the shot noise. This result can be compared with those
ones of papers and where a resonance circuit has been used instead of
the lock-in technique.

The maximum SNR (Signal-to-Noise Ratio) that we achieved on the two
Raman peaks (250ppm Raman intensity), even with an intentionally low laser

power (Ps =~ 40uW), can be estimated as follow:
S 1 250ppm - P; N

N \/5 Sshot

4.1

350 (12)

5. Conclusions

In this paper, a novel multi-channel differential lock-in amplifier, for broad-
band Raman Spectroscopy applications, is presented and tested. The spectrum
of liquid phase Methanol is correctly acquired with a single-frequency SRS, using
a time constant 7 ~ 330us, and normalized over the average Stokes power. The
resulting SNR is equal to 350 on the Raman peak of the spectrum. The mea-
surement is practically shot noise limited, even with an intentionally low power

Stokes P, =~ 40uW, thanks to the low-noise advanced TIA - S = (3.4\’/’%)2

15



at f, = IMHz - and to the balanced acquisition with CMRR =~ 56. The
Stokes power acquired by each photodiode is kept low to simulate the 32 chan-
nels broadband SRS experiment where the total power is limited (few mW)
to avoid the organic sample damaging. The differential front-end, replicated
on each channel of the prototype, has been experimentally validated obtain-
ing a sensitivity lower than 10ppm. The proposed topology can be used with
common cathode photodiodes arrays making ideal for broadband Raman Spec-
troscopy where a multi-channel architecture is needed. Moreover, as long as the
Stokes laser is correctly detected by the photodiode with a sufficient respon-
sivity, this front-end structure can be potentially used in every spectral region
(100-3500cm™1). The advanced TIA and the differential second stage has been
designed with discrete components, but with a view to integration. Indeed, a
custom integrated circuit with 4 channels based on the same structure has been
already designed with AMS CMOS 0.35um technology. To better compensate
any optical and electronics mismatch, an innovative auto-balance feedback net-
work has been introduced inside the chip for each channel. The experimental

results obtained with this novel ASIC will be presented soon.
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