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Abstract  

We theoretically investigate the feasibility of using a fiber laser source for high resolution and 
broadband coherent Raman scattering (CRS) spectroscopy/imaging employing spectral 
focusing technique. To accomplish this task, we have developed a simulation tool where the 
laser pulse parameters can be imported directly from any pulse propagation software using split-
step Fourier method to evaluate the spectral resolution and spectral coverage of CRS 
spectroscopy. Thus, the simulation tool can accommodate optical pulses of arbitrary shape and 
central wavelength, being also a user-friendly and versatile open-source software. We validate 
the numerical simulation tool by comparing its results with published theoretical and 
experimental data. We then use the tool to study the feasibility of using an all-fiber laser source 
for high resolution CRS spectroscopy in both the C-H window and the fingerprint region. This 
tool has a broad scope of applications in multiple fields where CRS spectroscopy is useful such 
as biomedicine, materials characterization, and biological imaging. 
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1. Introduction 

In the last decade, coherent Raman scattering (CRS) which includes stimulated Raman 
scattering (SRS) and coherent anti-Stokes Raman scattering (CARS) has emerged as the most 
recognized method of vibrational spectroscopy and microscopy [1,2]. CRS has become a widely 
used technique in several applications, such as biomedical imaging [3-5] and in material sciences 
as a characterization tool [6,7] among others, owing to its inherent properties including non-
invasiveness, high sensitivity, three-dimensional imaging capability and chemical identification 
of samples or living cells without the use of fluorescent dyes or labels [8,9].  CARS is based on 
a four-wave mixing process [10] – a shorter wavelength pulse, namely the pump with angular 
frequency  interact with a longer wavelength, the Stokes beam, with angular frequency , 
in a nonlinear material, resulting in an anti-Stokes signal (AS) with a frequency of 

2AS p S , blue-shifted with respect to the input wavelengths. On the other hand, the SRS 
signal appears at the same wavelength as the excitation fields, in which the Stokes beam 
experiences a gain in intensity, namely stimulated Raman gain (SRG), while the pump 
experiences an intensity loss (SRL). In CARS, the AS signal is resonantly enhanced when the 
difference of the pump and Stokes frequencies matches a Raman resonance in the sample under 
study )( R p S . This implies that by using broadband sources in combination with a high 



resolution and high-speed scanning mechanisms, multiple vibrational transitions in a sample 
can be interrogated. These properties make CARS and SRS a powerful intrinsic label-free 
imaging/spectroscopy tool for chemical identification of a wide variety of compounds. [11-15].  

Nevertheless, the main drawback of most CRS spectroscopy/imaging systems is their 
complexity. Both CARS and SRS require a synchronized interaction of the two different laser 
pulses within the sample (in time, space and polarization). Additionally, the wavelengths of 
these pulses must be tunable over a wide range to cover the vibrational frequencies of the 
molecules of interest (mainly in the fingerprint and C-H window regions). Solid state lasers 
based on Ti:sapphire or Nd:YVO4 crystals have been successfully used to perform CRS 
spectroscopy/imaging [16-18]. However, they are still very expensive, bulky and difficult to use 
[19].  For that reason, a strong push to develop compact, low-cost laser sources based on optical 
fiber format has been taking place [20]. As the result, various fiber laser sources have been 
demonstrated to be suitable for CARS and SRS spectroscopy/imaging in various capacity [20-

25]. Notable results have been published with fiber based optical parametric oscillator approach 
[26-28], where the full fingerprint window is covered. However, it is still difficult to scale up the 
power output of these fiber laser systems to meet the demand of most practical applications 
with low-cost configurations. The main reason is the use of narrow band transform-limited 
picosecond pulses for both the pump and Stokes beams. 

 On the other hand, broadband fiber laser sources have a great potential for output power 
scaling using chirped pulse amplification technique (CPA) [27]. It turns out that high resolution 
CARS and SRS spectroscopy can be realized by broadband sources where the laser pulses are 
chirped instead of being transform-limited [29,30]. This principle is known as the spectral 
focusing technique (SF) [29-36]. An optimization of the CRS system can be accomplished by 
chirp-matching the pump and Stokes pulses, that is, both beams must have identical chirp rate. 
One of the simplest chirp control techniques can be accomplished by using a variety of passive 
optical elements such as optical fibers, prisms [37,38], spatial modulators [39,40], or dispersion 
gratings [27], among others.  

The two main parameters that determine the viability of a CRS system for most practical 
application are the spectral resolution and the spectral coverage. The spectral resolution in SF-
CRS systems is defined as the ability to distinguish two closely located resonances. The spectral 
resolution can be calculated as the bandwidth of the cross correlation between the pump and 
Stokes pulses, represented as , being  the intensity of the pump beam and  the 
Stokes intensity. This spectral resolution is mainly limited by the chirp rates as well as by the 
similarity of these chirps [41,42]. On the other hand, the difference between the frequency 
components of the pump and Stokes electric fields, also known as the instantaneous frequency 
difference (IFD), and denoted from this point as Ω, corresponds to a single Raman resonance (

R ) [43,44]. Each of the Raman frequencies can be probed by introducing a time delay varying 
the temporal overlap of the pump and Stokes pulses [45]. Thus, high-speed scanning of the time 
delay allows for the acquisition of spectral resonances in a short period of time. Therefore, the 
Raman signal R and its 1/e bandwidth R determine the Raman mode and the spectral 
resolution, respectively. The schematic representation of the time-overlapping of two Gaussian 
pump (higher frequency) and Stokes (lower frequency) pulses at three different time delays is 
shown in Fig. 1(a). As it can be seen in this figure, the IFD value decreases ( ) as 
the time delay increases (positive delay). On the other hand, if the Stokes beam arrives before 
the pump (negative delay), the IFD value becomes larger as a function of delay time. Therefore, 
the optical bandwidth denoted by the maximum and minimum IFD values will be related to the 
spectral coverage as explained in the following section. The out-of-resonance frequencies 
related to the interactions involving the highly detuned electronic energy levels become part of 
the background noise. However, the background noise can be eliminated by multiple techniques 
such as polarization-sensitive detection [46], Epi-CARS spectroscopy [47], or frequency 
modulation CARS [48]. In these cases, a pulse-shaping approach has been incorporated so that 



only a portion of the pump and Stokes pulses overlap in time. This method is based on the 
restriction of the excitation overlapping portion, plotted in Fig. 1(a) with green-dashed lines, 
not only enables the suppression of the non-resonant background noise, but also gives a high 
spectral resolution [49]. 

When the chirp of the pump and Stokes pulses are matched, the IFD value remains constant 
along the pulse overlapping at each time delay. This can be easily confirmed by comparing the 
slope (chirp-rate) of both pulses in the time-frequency representation (spectrogram) of Fig. 1(a). 
As the time delay increases (as one of the pulses is delayed in time relative to the other pulse), 
different IFD values of the chirp-matched pulses are obtained. Furthermore, the intensity of the 
Raman signal, whose bandwidth is related to the spectral resolution, will vary as a function of 
the time delay, and is maximized when the two pulses are fully overlapped. However, when 
nonlinear chirps are present in the optical pulses, the IFD is no longer constant but changes over 
the pulse duration. This results in a reduction of the Raman signal intensity (same IFD values 
but lower intensities at each time delay), which leads to the lessening of the spectral coverage 
and spectral resolution (the cross-correlation bandwidth of the Raman intensity signal depends 
on the chirp similarity) [41,44].  The same principle is accomplished when the pulses are not 
chirp-matched (different slopes imply different IFD value during the overlap of the pulses and 
less Raman signal intensity at the output). An example of the maximum spectral resolution 
(complete coincidence of the incident beams) of two linearly-chirped Gaussian pulses is shown 
in Fig. 1(b). The overlapping of the pump (blue line) and Stokes (orange dashed line) beams is 
represented on the inset of Fig. 1(b) at three different time delays.  

Fig 1. (a) Time-frequency representation of Gaussian ultrashort pump (higher frequency) and 
Stokes (lower frequency) pulses with linear chirp. Green-dashed line separates the interaction 
region for each shown time delay ( , . (b) Spectral resolution calculation of the AS signal 
due to the cross-correlation of the pump and Stokes pulses at each time-delay (centered at 0 for 
simplicity). Inset: time-overlap of the pump (blue line) and Stokes (orange dashed line) 
Gaussian pulses at three different delays. 

Spectral focusing is an established technique for high resolution and broadband CRS 
spectroscopy. However, it is still difficult to systematically describe the interaction between the 
pump and Stokes pulses that aren’t exactly Gaussian, linearly chirped or perfectly chirp-
matched.  Based on the impact of the bandwidths/chirp rates of the pump and Stokes pulses on 
spectral resolution and coverage, we propose a numerical simulation approach for full 
characterization of a SF-CRS system using real pump and Stokes pulses as inputs. These input 
pulses are generated by solving the generalized nonlinear Schrödinger equation (GNLSE) 
considering both dispersive and nonlinear responses. The development of this Raman 
simulation tool allows researchers to connect the nonlinear pulse propagation simulation of 
their laser systems to the CRS spectral coverage and resolution (which has not been done 
before). This tool can be used to optimize and guide the design of ultrafast lasers. In this sense, 



we provide a quantitative characterization tool for high resolution CRS spectroscopy 
experiments. This paper is organized as follows: first, a detailed description of the numerical 
simulation tool is given in Sec. 2. This incorporates the analysis of spectral coverage, spectral 
resolution, and the corresponding implementations in MATLAB. Then, Sec. 3 is where we 
validate our simulation tool by using published experimental data. We also investigate a 
practical scalable fiber laser system for SF-CRS spectroscopy working in both fingerprint and 
lipid region. 

2. Simulation code and experimental validation 

Throughout the work we assume that the CRS signal is generated by two ultrafast optical pulses, 
the pump and Stokes with the same input polarization and different central frequencies. The 
procedure, shown in Fig. 2, can be listed as follows: (i) the pump and Stokes beams are plotted 
in a time-frequency representation (spectrogram) to check the chirp-matching conditions and 
possible nonlinear effects on the pulse shape that could be detrimental for the spectral coverage 
and spectral resolution of the experiment [39,50]. (ii) The IFD values between the two pulses at 
each time delay are then determined, and the corresponding intensities of the Raman signal over 
the duration of the temporal overlap are calculated (CRS signal). (iii) Finally, the spectral 
coverage and spectral resolution are obtained at each time delay following the procedure 
explained in the previous section. This tool estimates the resolution and spectral coverage of 
the SF-CRS system, giving practical information as well as its limitations. 

First, the pump and Stokes pulses are simulated using a pulse propagation simulation 
software based on the GNLSE equation. The complex amplitudes returned by these simulations 
are then used as the input for our MATLAB simulation tool.  

A time-frequency representation (spectrogram) is calculated by using these 1-by-n matrix 
complex amplitudes, being n the number of points, and a Gaussian gate function, where the 
width of the gate function was chosen to compromise the resolution of the spectrogram in both 
the temporal and frequency domains. Therefore, an intensity matrix is obtained from the 
spectrogram of each pulse.  

Subsequently, we measure the IFD by comparing the spectrogram of the pump and Stokes 
pulses at each time delay. In order to keep computing time low, we do not use the full matrix 
representation of the pump and Stokes pulses. Instead, for each time ‘column’ of the 
spectrogram (matrix) the frequency point which has the highest intensity is selected for both 
pulses. This allows us to use the shape of the chirped pulses with two 1-by-n matrices, rather 
than two n-by-n matrices. The IFD value can therefore be calculated as the frequency difference 
of these 1-by-n matrices.  

The intensity of the cross-correlation (R) between the pump and Stokes pulses (Raman 
signal) is also calculated. The bandwidth of the Raman signal Δ  is the 1/e bandwidth of this 
cross-correlation, which determines the spectral resolution. The corresponding equations and 
simulation steps have been included in Fig.2. 

The pump and Stokes pulses are shifted in time relative to one another. Initially, the Stokes 
pulse is shifted in time such that only one of the points overlaps with the pump beam. From this 
pair of points, their frequency difference and their Raman intensity are calculated. The Raman 
excitation intensity value is found as . Next, we shift the Stokes pulse so two points 
overlap, and calculate the two pairs of frequency differences and Raman intensities. We can 
continue this process of shifting the Stokes beam in time through the whole-time delay.  



 

Fig. 2. Diagram of the Raman simulation algorithm for the estimation of the Raman spectral 
coverage and spectral resolution from nonlinear pulse propagation simulations. Us(t) and Up(t) 
are the electric field of the Stokes and pump pulses in the temporal domain, respectively.  

After sweeping through the complete time delay, a matrix of IFD and Raman intensities 
is obtained for each time delay, whose size varies with the number of overlapping points. This 
n-by-n representation, which we have named the Raman spectrogram, is represented as a 
function of the time delay that was swept through on the x-axis, the y-axis is the frequency 
differences (IFD), and the z-axis (color coded) shows the weight of the Raman intensities of 
the calculated IFD at each time delay. The simulation procedure with the corresponding steps 
for the IFD and intensity calculations is shown in Fig. 3(a). In this case, the pump beam has a 
frequency of  THz (  nm), whereas the Stokes beam is centered at 

 THz  nm). An example of a Raman Spectrogram is shown in Fig. 3(b).  We 
define the spectral coverage as the spectral bandwidth at the 1/e maximum intensity decay of 
the Raman spectrogram, as represented in Fig. 3(b) with an orange and green line, respectively. 
The spectral resolution is calculated as the minimum value of the 1-by-n vector related to the 
1/e bandwidth calculation of the cross-correlation of the pump and Stokes beams. A plot of 
spectral resolution versus time delay can be extracted from this calculation.  



 

Fig. 3. Schematic procedure of the MATLAB simulation code (a) Calculation of the IFD from 
the pump and Stokes pulses at each time delay. (b) Calculation of the Raman spectrogram by 
the analysis of the intensity of the anti-Stokes signal as a function of the IFD and the relative 
time delay. The intensity values are collected by clusters and represented in a color bar function.  

This simulation tool can accommodate optical pulses of arbitrary shape and central 
wavelength, making it a user-friendly and versatile open-source software. The suitability of the 
CRS system (pump and Stokes pulses generation) will be evaluated based on the estimation of 
the spectral resolution and spectral coverage by taking into account the values of the optical 
bandwidths and chirp values (chirp matching condition).   

We validate the accuracy of our simulation tool by comparing our calculation results with 
published experimental results, published in [50]. In this example, a CRS signal centered at 3000 
cm-1 (Fig. 4(a)) is simulated by calculating the cross-correlation of the pump and Stokes pulses. 
The spectral resolution calculation for each time delay is depicted in Fig. 4(b). Finally, we 
estimate the intensity of the CRS signal, plotted in a Raman spectrogram (Fig. 4(c)) in terms of 
the IFD and the relative temporal delay. From this representation we can calculate the spectral 
coverage, denoted by green-dashed lines. In this sense, a spectral coverage in the lipid region 
of 2620-3450 cm-1 and a spectral resolution of 8 cm-1 have been estimated in the simulation 
code for the relative temporal delay region of 5-11 ps. These measurements are in quantitative 
agreement with those shown in [50] (spectral resolution of 8 cm-1 in the 2800-3100 cm-1 
wavenumber window). Furthermore, the optical resolution of 8 cm-1 coincides with the 
theoretical approximation obtained from [41].  



 

Figure 4. Simulation results of the experimental data from [50]. (a) CRS signal centered at 3000 
cm-1 with a spectral coverage (measured as its FWHM) from 2600 to 3400 cm-1, covering the 
lipid region. (b) Raman spectrogram of the experimental Gaussian pulses. (c) Spectral 
resolution from the cross-correlation function of the pump and Stokes pulses. The mean value 
of the spectral resolution in the region of coincidence is 8.1 cm-1.  

3. Proposal for Scalable All-Fiber Format Laser for CRS spectroscopy in both 
Fingerprint & Lipid Regions 

As it was mentioned before, most CRS systems have a limited spectral coverage due to the use 
of narrow-band pump and Stokes pulses. This range can be expanded by employing tunable 
light sources, covering most of the vibrational frequencies of the molecules of interest, centered 
in the fingerprint and C-H window regions. However, the complexity, costs or issue with power 
scaling of these assemblies make it unfeasible to meet the demand of most practical 
applications. Here, we propose the development of a scalable all-fiber format source that can 
be used for CRS spectroscopy in the lipid and fingerprint regions simultaneously. The fiber 
laser source is based on our previous laser systems that have been developed in our laboratory. 
For that reason, we can perform our calculation using realistic physical parameters. 
 The laser cavity is based on a lab-built Er-doped fiber oscillator with a SWCNT-polymer 
composite for passive mode-locking operating at 100 MHz repetition rate [51,52]. The output 
ultrashort Gaussian laser pulse (centered at 1550 nm) is split by a 50/50 beam splitter into two 
arms to form the pump and Stokes beams. In order to generate the pump pulse, the laser pulse 
is sent through a high nonlinear fiber (HNLF, OFS) to generate a broadband supercontinuum 
(SC) spanning from 900 nm to 1800 nm [50]. Subsequently the region near 1040 nm of the SC 
is amplified using an Yb-doped fiber amplifier to create a high-power output pump beam. Both 
beams then travel through different lengths of fibers (single-mode fiber (SMF) and a single-
clad fiber (SCF-UN-3, Coractive)), for chirp-matching purposes. A complete description of the 
fiber laser setup can be found in [51,53]. The schematic diagram of the fiber laser system for CRS 



spectroscopy is plotted in Fig. 5. The nominal bandwidth of the 1040 nm source combined with 
the 1550 nm beam allows for spectral coverage in the lipid region [50]. 

 

 

Fig. 5. Diagram of the fiber laser for CRS spectroscopy in both the fingerprint and lipid regions 
based on a passively mode-locked ring fiber laser cavity. WDM- wavelength division 
multiplexer; SA – saturable absorber; ISO – isolator; PC – polarization controller; EDFA – Er-
doped fiber amplifier; SC – supercontinuum; ILP – In-line polarizer; PM-YDFA – Polarization 
maintaining Yb-doped fiber amplifier; DC-YDFA – Double-Clad YDFA; DM – Dichroic 
Mirror; DL – Delay Line; PM-AOM – Polarization maintaining acousto-optic modulator. 

Next, to reach the fingerprint region (400 cm-1-1600 cm-1) we need two beams that are closer 
in central frequency to have spectral coverage at lower wavenumbers. To make spectral 
focusing technique to work, we need to make the 1040 nm signal stronger and wider (in 
spectrum domain), while also keeping the chirp rate almost linear. The laser system can be 
realized in fiber format, with the use of an intermediate grating pair for pulse compression in 
free-space. The alternative to the grating pair would be to use a hollow-core PCF for pulse 
compression, leading to a complete all-fiber format laser source. Subsequently, the 1040 nm 
pump pulse is separated into two sections by using a dichroic mirror centered at 1000 nm, 
creating a low-frequency beam, and a high-frequency beam. The combination of these three 
beams enables full spectral coverage in both the lipid and fingerprint regions. A schematic 
representation of the dual-coverage procedure is represented in Fig. 6.  

To simulate the pump pulse, we explored different fibers and pulse parameters to generate a 
linearly-chirped SC pulse centered at 1040 nm. We used nonlinear pulse propagation using a 
split-step Fourier method for this purpose [54]. We found that an initial 10 nJ-Gaussian pulse 
can be compressed down to 100 fs using a free space grating pair. The pulse is then broadened 
self-similarly with parabolic shape by propagating through 1-m of PM-SCF-UN3 (Nufern). The 
broadened spectral bandwidth up to 300 nm in the spectral domain is achieved. The length of 
the SCF fiber, pulse compression and pulse energy have been optimized to maximize spectral 
broadening while keeping the chirp nearly linear. We have also simulated the pulse propagation 
of the 1550 nm Stokes beam accordingly to the chirp rate of the pump pulse in order to 
accomplish the chirp-matching condition of the SF-technique. The results of these pulse 
propagation simulations are shown in Fig. 7. 

 



 

Fig. 6. Diagram of ‘three beam method’ for covering the fingerprint and lipid regions with the 
output of our laser system. The 1040 nm supercontinuum is split into two beams in free space, 
and the long wavelength side is put on a delay line and then overlaps in time with the short 
wavelength 1040 nm SC beam to excite the Raman resonances in the fingerprint region FP (600 
cm-1 – 1600 cm-1). The long wavelength can also overlaps in time with the 1550 nm beam to 
excite Raman resonances in the lipid region LP (2800 cm-1 – 3200 cm-1). 

Next, we make the connection from the GNLSE pulse propagation simulation to the Raman 
simulation to obtain the expected Raman spectral coverage and resolution. This connection 
between the pulse propagation simulation and the simulated Raman coverage and resolution 
can be a valuable tool for researchers using spectral focusing techniques for Raman 
spectroscopy. We have done two simulations, one for the lipid region and one for the fingerprint 
region. The lipid region uses the 1550 nm beam and the lower-frequency beam from the 1040 
nm SC pump pulse. On the other hand, the fingerprint region simulation uses both sections from 
the 1040 nm SC pump pulse. We also implemented in the Raman simulation tool a method for 
simulating the dichroic mirror that splits the 1040 nm SC into two beams. This allows us to 
fully simulate the system, where the transition wavelength of the dichroic mirror is another 
degree of freedom. According to most common commercial dichroic mirrors, a split wavelength 
of 1000 nm has been set for this simulation. 

The simulation results for the fingerprint region are shown in Fig. 8(a) and (b). A 
spectral coverage from 230 cm-1 to 1646 cm-1 is estimated, with an average resolution of ~13.4 
cm-1.  Next, Fig. 8(c) and (d) show the simulation results for the lipid region. The estimated 
spectral coverage in the lipid region is from 1906 cm-1 to 3652 cm-1 with an average resolution 
of ~25.2 cm-1. Both simulations show lower resolution than what would be expected from 
elementary calculations assuming perfectly linear chirps and Gaussian pulses (ideal case) [41]. 
The connection from the pulse propagation simulation to the Raman simulation allows for a 
first estimation of the system’s resolution and the expected spectral range using real, non-ideal 
pulses. From the simulations we can determine that an all-fiber format laser system can be used 
for Raman spectroscopy to cover both the fingerprint region and the lipid region with high 
resolution simultaneously.  

 



 

Fig. 7. GNLSE pulse propagation simulation results for chirp-matched 1550 nm (Stokes) and 
1040 nm SC (pump) pulses. (a) Optical spectrum of the simulated SC 1040 nm pump pulse at 
the output of the fiber laser system in log scale (blue) and linear scale (black). (b) Temporal 
shape of the pump pulse after generating the SC and chirp compensation. (c) Simulated 
spectrum of the Stokes beam at the output of the laser system in log scale (red) and linear scale 
(black). (d) Temporal shape of the Stokes pulse. 

 



 

Fig. 8. Simulation results of the CRS dual-coverage spectroscopy all-fiber laser system (a) 
Spectral resolution of the coherent Raman signal in the fingerprint region with an average value 
of 13.4 cm-1. (b) Raman spectrogram centered in the fingerprint region with a spectral coverage 
of 230 cm-1 to 1646 cm-1. (c) Resolution calculation centered in the C-H window with an 
average value of 25.2 cm-1. (d) Raman spectrogram for the C-H window with a spectral 
coverage ranging from 1906 cm-1 to 3652 cm-1.  

4. Summary and Conclusions 

In summary, a novel simulation tool for spectral focusing CRS spectroscopy in both the 
fingerprint and lipid is presented. The tool is capable of modelling CRS signal in a wide variety 
of CRS geometries with arbitrary pulse shapes and energies. The influence of the laser pulse’s 
chirp and pulse width on the CRS signal provides useful and critical information for the 
appropriate selection of the optical chirping device (PCF, HNLF, grating prisms, glass, etc.) in 
order to find the optimal working point of the CRS system. These results make this simulation 
code a useful tool in SF-CRS characterization due to its versatility and simplicity yet 
informative nature. We have also theoretically established that our scalable fiber laser system 
should be able to provide high resolution and full coverage of the fingerprint as well as the lipid 
windows. The experimental effort to build this laser system is currently underway. We expect 
the optics and photonics research community to adapt the open-source code-with respect to 
their specific experimental parameters and thus to benefit from the versatility of our simulation 
tool.  
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The use of a numerical simulation 
tool enables us to evaluate the 
spectral resolution and spectral 
coverage of CRS spectroscopy. 
Preliminary results by using an all-
fiber laser source for high resolution 
CRS spectroscopy in both the C-H 
window and the fingerprint region is 
presented. The simulation tool can 
accommodate optical pulses of arbitrary shape, being a user-
friendly and versatile open-source software. 
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