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1. Introduction

Raman Imaging allows the discrimination of sev-
eral molecular compounds of biological samples
exploiting their unique vibrational spectrum as
a source of contrast, providing detailed maps
with precise chemical specificity and high spa-
tial resolution. It is of particular interest in can-
cer diagnosis [1][2], with the aim of replacing
the traditional clinical practice, which is slow
and subjective, with a faster and more objec-
tive identification technique. In order to shorten
acquisition time broadband Stimulated Raman
Scattering (SRS) technique is employed. Fig. 1
shows a simplified scheme of the adopted opti-
cal setup. Despite the Stimulated Raman signal
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Figure 1: Simplified optical setup for Broadband
Stimulated Raman Spectroscopy. 80 MHz laser
repetition rate.

being much larger with respect to the sponta-
neous version it is still minute: 10-100ppm of

the total optical power. To properly detect it
the Stokes laser beam is modulated within the
frequency range in which the employed laser (Fi-
delity coherent HP) exhibits the lowest noise: 1-
10MHz. Synchronus demodulation of the broad-
band Pump beam is performed by a custom mul-
tichannel lock-in amplifier (LIA). This is done
in order to stimulate multiple spectral compo-
nents at a time, the resulting signal can then be
spatially spread on multiple photodiodes so that
the acquisition of an entire spectrum can hap-
pen in a single measurement. In this project,
part of the European project "CRIMSON", the
broadband Raman signal is spread over 76 pho-
todiodes to be acquired simultaneously. Fur-
thermore a replica of the Pump beam is spread
over 76 reference photodiodes resulting in 76
differential acquisition channels, a solution em-
ployed to remove common mode noise from the
laser. Commercial and custom instruments cur-
rently available exploiting SRS are limited ei-
ther in terms of resolution, number of channels
or optical power per channel. Table 1 sum-
marises the state of the art in stimulated Raman
spectroscopy. The platform this master thesis
is based on is a dual-mode, lock-in based in-
strument for the simultaneous acquisition of 76
wavelengths in parallel.



per channel

Paper name channels .
min. power

2018 [3] 1 SE. 80mW

2019 [4] 1 SE 65mW

2019 [5] 1 SE 35mW

2023 [6] 38 SE 25uW
VIBRA 32-ch

LIA 2022[7] 32 DIFF 40pW

76 DIFF
CRIMSON mLIA 152 SE <1puW

Table 1: State of the art comparison in stimu-
lated Raman detection. SE stands for "Single
Ended" while DIFF for "Differential”.

2. Platform overview

The main objective of this thesis was to design,
simulate and implement a custom firmware so-
lution for an already existing broadband Raman
spectroscopy system. In order to contextualise
the choices made in developing the firmware this
section will briefly describe the overall device.
The system is made of 10 custom modules and
an FPGA module plugged into a motherboard.
On the motherboard two couples of 38 common
cathode photodiode arrays are arranged. Each
custom module is based on an ASIC specifically
designed for this purpose by a previous thesis
student. Each ASIC handles the signal coming
from 8 photodiodes in parallel, within the chip
the signal is preamplified, balanced and sub-
tracted and, finally, demodulated by a passive
mixer. After analogue elaboration by the chip
each channel is fed to an ADC, one per module,
to be digitalised and sent to the FPGA. The cho-
sen ADC is the AD7616, a dual 16bit, 1M SpS,
SAR based converter. Each ADC samples two
channels in parallel and time interleaves eight
conversions. The resulting sampling frequency
is 125kSpS for each channel. The results are
sent by serial transmission (SDI) to the FPGA.
Fig. 2 shows a simplified scheme of the platform
in which the modular structure of the device is
highlighted, Fig. 3 shows the physical system.

3. Resolution limit

The main reason behind the design of a com-
plex firmware within the FPGA is a resolu-
tion limit which experimental results have high-
lighted. Unfortunately a significant output volt-
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Figure 2: CRIMSON 76-ch system simplified di-
agram

10 modules

Four PDA
(38 elements)

90 mm

120 mm

Figure 3: CRIMSON 76-ch system

age offset (5-100mV) with superimposed offset
drift was discovered. While the offset can be
software calibrated by sampling before acquisi-
tion, the drift, of the order of a couple mV over
minutes, behaves as a low frequency noise com-
ponent that is indistinguishable from the Raman
information once brought to base band. This
phenomenon represents the main constraint on
the minimum detectable signal. For example,
considering a 10uW optical power impinging on
the photodiode an offset drift of 2mV limits res-
olution to 330ppm. Fig. 4 shows offset voltage
over a 10min acquisition. In order to surpass
such a limit a 2-step frequency down conversion
technique was proposed as a solution.

4. 'Two-step
conversion

frequency down

In order to eliminate the offset and offset drift

entirely the demodulation step is divided into
two steps:

e The modulated Raman signal (1-10MHz)

is demodulated by the analogue mixer to

a low frequency carrier f,,;q4, it is filtered

to remove higher order harmonics and dig-
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Figure 4: Offset drift and low frequency noise
acquired in a time window of 10 minutes

italised by the ADC (Fig. 5, steps 1 to 3)
e a second demodulation is performed in the
digital domain bringing the Raman signal
to base band and modulating offset and off-
set drift to f,.;q. Properly designed digital
filtering removes the modulated offset and
keeps the signal intact (Fig. 5, steps 4 and
5)
It is important to note that implementing the
entire acquisition chain in the digital domain
would also solve the problem of the low fre-
quency fluctuations. However it would require a
20MSample/s ADC for each channel, 76 for the
signal photodiodes dramatically increasing the
complexity of the system. Fig. 5 summarises the
operation of the hybrid approach chosen. The
LPF used in step 3 is implemented in hardware
while the filtering shown in step 5 is all imple-
mented in the digital domain. Every digital sig-
nal is demodulated once more, if the two-step
down conversion is enabled, then goes through
an Infinite Impulse Response (IIR) LPF and fi-
nally throug a Gated Integrator (GI) acting as
a comb filter.

5. FPGA firmware

Due to the modular, highly parallelised struc-
ture of the device the firmware has also been
organised in a modular fashion: three levels of
Intellectual Property cores (IPs) have been de-
signed. The IPs are:
e Single channel IP: implementing the Digital
Signal Processing (DSP) chain responsible
for a single channel, one version was im-
plemented for signal channels and one for
reference channels.
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Figure 5: 2-step frequency down-conversion:

1) Raman signal 2) main harmonic of the 1%
demodulating signal 3) Output of the analog
stage: residual modulation and offset, LPF ef-
fect 4) 274 digital demodulating signal 5) Two-
step frequency-down-conversion result

e Sixteen channels IP: responsible for 8 sig-
nal and 8 reference path acquisition chains.
Sixteen Single channel IPs are instantiated
within this higher level IP. Data comes in
the IP serially, is parallalised, processed in
parallel and re-serialised before exiting the
IP.

e Single Module IP: responsible for the con-
trol and configuration of each component
on a module. Within it a Sixteen channel
IP is instantiated for signal processing.

5.1. Single channel IP

The simplified structure of the block is shown in
Fig. 6. Of particular interest are the low pass
filter and the GI. The infinite impulse response
structure has been chosen for resource efficiency:
it requires one less multiplier with respect to the
finite impulse response counterpart. The block
is present once per acquisition chain, therefore
160 times (10 modules -8 channels - 2) resulting
in a saving of roughly 40% of the FPGA DSP re-
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Figure 6: Single channel IP firmware simplified
diagram

sources (final utilisation report 62%). The filter
transfer function is:
1— 271
H(z) = ——
(2) 1—az !
where « is a value between 0 and 1 and sets
the filter bandwidth. Anti-transforming in the

discrete time domain results in the structure in
Fig. 7.
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Figure 7: Digital low pass filter diagram

The gated integrator is crucial to cancel the off-
set component modulated at f,,;q in case the
2-step frequency is turned on. The comb filter
action of the GI, therefore, has to be carefully
considered when setting the amount of averages.
Since the system gives the option to choose the
values of f,;q4, each choice will result in a subset
of possible average options available to the user:
all the ones which properly comb filter out the
most limiting harmonic component. The choice
of finiq is limited to multiples of 975.5625H z due
to the limited resolution of the DDS.

fmia = k- 975.5625Hz k € [1,10]

The first notch of the comb will be at frequency:

ffn: f;llk ) fclk:64MHz

where m is the number of averages of the DTI.
For simplicity the allowed amount of averages
are only powers of two. The maximum frequency
available to the first notch is:
feik

ffn = 27 =
where n is the minimum power of two which can
be chosen. All higher n values are allowed. Fig.
8 shows two possible settings of the integrator.
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Figure 8 Up: GI set to the minimum number of
averages required to cancel the lowest frequency
harmonic. Down: GI reasonable setting, the
module is doing twice the minimum number of
averages.

5.2. Sixteen channel IP

Since one single ADC handles 8 differential chan-
nels a single IP was designed to handle the in-
coming data. The ADC IC is actually composed
of two SAR converters which acquire simultane-
ously and send the data to the FPGA on two
SDI lines, one per converter. The channel data
comes in precise order which is set at ADC con-
figuration. Within the list of channels to convert
an ADC test is added which returns a known
value, this is crucial to identify channels. The
data coming into the IP is sorted in the assigned
Single channel IP from a custom block "fDmux"
which uses the known test signal to guarantee
the data is assigned to the correct DSP chain.
Data is processed in parallel and fed to a cus-
tom bloc, "fMux" which is responsible for the
re-serialization of the data. Finally the option to
operate in single channel mode is added to the
IP, for debug reasons one might want to thor-
oughly analyse the output of a single channel.
The design also allows for a single channel to be
sampled for debug purposes exploiting the full
sample rate of the ADC, the option can be set
by the user through the GUIL.

5.3. Single module IP

The single module is the highest level IP imple-
mented in the design. Within the module one
16-channel IP is instantiated as the DSP chain.
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Figure 9: Functional description of the Single
Module IP. Different clock inputs are shown by
different colours.
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The purpose of this design is the configuration
and control of every component of the physical
module. A functional description of the block
is shown in Fig. 9 where the different clock re-
gions are highlighted. The main components in
the design are:
e two FSMs used for SDI communication with
the module ADC
e a Cross Domain Clock (CDC) FIFO used
to write acquisition data in at 40MHz and
read at 64MHz from
e the 16 channel IP containing all the DSP
e the DDS controller, which uses Xilinx’s IP,
DDS compiler, to generate the second de-
modulation sine wave and the square wave
used to control the passive mixer
e a decimator module used to reduce through-
put for debug
e the phase compensator, which will be ex-
plained in detail
e two output FIFOs, one for ADC line A and
one for line B
Of particular interest is the "phase compen-
sator" block: necessary because the phase of the
incoming signal is unknown. During demodula-
tion the product of two waveforms with unknow
phase is performed. For simplicity let’s assume
the two signals as: v, (t) = Asin(wmt + om)
and vg, (t) = sin(wimt + Gam). Assuming that
the modulation and demodulation frequency co-
incide the result is:

= v (Bt (8) = 5 05(9m — dum)

where Gy = cos(¢m — ¢am) can easily become
a problem as it is a value between 0 and 1.
The DDS controller accepts a phase offset for
the demodulation waves, to maximise the factor

H iterations cal. time theoretic min Gy H

27 64ms 0.999 698
20 32ms 0.998 795
20 16ms 0.995 184
21 8ms 0.980 785
23 4ms 0.923 879
22 2ms 0.707 106

Table 2: List of reasonable settings of the phase
compensator and the expected gain factor

the phase compensator block is employed in or-
der to find the optimal phase offset. The block
essentially tries multiple possible phases of the
demodulation wave and keeps the best result.
After calibration, the best phase is set. The
amount of brute force attempts can be set by
GUI and guarantees a minimum value of Gj.
Due to the nature of the device a higher mini-
mum gain results in larger calibration time. Ta-
ble 2 summarises some reasonable compensator
settings.

5.4. Parent block design

The system has 10 modules, therefore the final
block design contains 10 instances of the mod-
ule IP. This design also contains all the blocks
of which only one instance is needed. These in-
clude:

e the Opal Kelly Front Panel IP, part of the
SDK used to communicate with the com-
puter through USB

e two FSMs to configure and control the
motherboard DAC, responsible for sample
movement

e a further DDS controller block used to mod-
ulate the laser pulses in case the clock on
which the signal is locked is to be the FPGA
clock

e two "IO expander controllers" used to con-
figure and control two ADP5585 (through
12C) to expand the FPGA I/O capabilities

e two clocking wizards and the logic to steer
the external clock source used for clock gen-
eration

e a "serializer" block used to send the config-
uration bits to the 10 ASICs through serial
communication



6. Experimental results

The final system is currently under test, the first
results are here presented. The system has been
tested with a simulated Raman signal to eval-
uate optical performance. Fig. 10 shows how
with fixed input optical power single demodula-
tion, "fast" acquisition mode, is convenient up
to a LPF bandwidth around 1kHz. For lower
BW the 2-step down conversion is able to de-
tect smaller signals due to offset drift cancella-
tion, despite the SNR loss a further demodu-
lation causes. Furthermore, Fig. 11 shows how
the new technique allows the detection of a min-
imum detectable signal very close to the shot
noise limit in the entire range of input powers.
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Figure 10: Fixed incident power equivalent in-
put current noise at various bandwidth for single
and double demodulation operations
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