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Abstract: Except the fundamental modulation frequency, by higher-order-
harmonic modulations of mode-locked laser pulses and a simple frequency
demodulation circuit, a novel approach to GHz frequency-domain-photon-
migration (FDPM) system was reported. With this novel approach, a wide-
band modulation frequency comb is available without any external
modulation devices and the only electronics to extract the optical
attenuation and phase properties at a selected modulation frequency in
FDPM systems are good mixers and lock-in devices. This approach greatly
expands the frequency range that could be achieved by conventional FDPM
systems and suggests that our system could extract much more information
from biological tissues than the conventional FDPM systems. Moreover,
this demonstration will be beneficial for discerning the minute change of
tissue properties.
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1. Introduction

Diffuse Optical Spectroscopy (DOS) has been applied to study the properties of various
biological tissues. DOS is a model based technique and can be used to noninvasively
determine the average absorption and scattering coefficients and chromophore concentrations
of deep or superficial tissues, such as breast, brain, and skin [1-4] and non-biological samples
[5, 6]. The derived information can further be utilized for monitoring the condition of tissues
and/or performing diagnosis or prognosis [1, 4]. Several types of light source can be
employed in the DOS setup, such as pulsed, intensity modulated light sources, and continuous
wave [7-9]. These light sources have to work in conjunction with proper light detecting
schemes. For example, a pulsed light source usually works with a time correlated single
photon counting system to obtain the time point spread function of turbid samples [7]. On the
other hand, a high speed detector is generally used to detect the diffused photons generated
from an intensity modulated light, and the detected signal would be further processed to
determine the amplitude demodulation and phase delay introduced by samples [8]. By
measuring the response of the samples with respect to a certain light source and fit the data to
an appropriate photon transport model, the optical properties of samples can be derived.

DOS systems that employ intensity modulated light sources are usually termed as the
Frequency Domain Photon Migration (FDPM) technique [1]. In a typical FDPM system, laser
diodes are modulated with radio frequency (RF) signals to generate intensity modulated light
in the range from a few MHz to 1 GHz with a modulation depth as close to unity as possible.
Single-modulation-frequency and multiple-modulation-frequency FDPM systems have both
been successfully applied to study turbid samples [8, 10]. It has been reported that at higher
modulation frequencies, the phase shift introduced by the variation of optical properties is
larger [11, 12]. Such phenomenon is beneficial for discerning the minute change of tissue
properties and thus is helpful for prognosis and biological status monitoring. In addition,
because the light intensity is strongly attenuated in most biological tissues due to absorption
and scattering, to acquire proper frequency domain diffuse reflectance, it is important to drive
the laser at a modulation depth as close to one as possible. Up until now, the upper bound of
laser modulation frequencies of most FDPM systems has been limited below around 1.0 GHz
[8] and the modulation depth generally rolls off quickly with the modulation frequency. This
limitation comes from the intrinsic nature of laser diodes; most of them are not designed to
operate at high modulation frequencies with a close-to-unity modulation depth.

Alternatively, mode-locked lasers, generating pico-second or even femtosecond pulses,
with proper light detection scheme can also be used as the light source of FDPM systems.
Previous studies [13, 14] have shown that mode-locked laser pulses have higher modulation
depth and greater power levels compared with externally modulated laser diodes usually
utilized in FDPM system. Such great power levels and high modulation depths of mode-
locked laser pulses are extremely helpful for increasing the signal-to-noise ratio of FDPM
systems working at large source-detector separations for studying the optical properties of
thick tissues. Based mode-locked Ti:Sapphire laser pulses, by using the fundamental intrinsic
modulation frequency which is equal to the laser repetition rate, Wang and his collaborators
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have demonstrated FDPM at the 80MHz fundamental intrinsic modulation frequency in the
690-850 nm wavelength regime to study the tissue hemoglobin and oxygen saturation [13].

Both the direct modulation method of laser diodes [8] and the fundamental modulations of
mode-locked laser pulses [13, 14] have not shown the capability to work at modulation
frequencies beyond 1.0 GHz. Nevertheless, to further increase the sensitivity of FDPM
systems to a slight change of tissue properties, it is essential to extend the light source
modulation frequency beyond 1.0 GHz.

In this paper, based on higher-order-harmonic modulations of excitation mode-locked
laser pulses and a frequency demodulation circuit, we report a novel GHz FDPM system
providing multiple modulation frequencies within a broadband bandwidth without any
external modulation devices. In the frequency demodulation circuit, the only electronics to
extract the optical attenuation and phase properties at a selected modulation frequency are
good mixers and lock-in devices. Finally, corresponding optical attenuation and scattering
properties at different modulation frequencies inside samples can be sequentially retrieved.
Without any external modulators in the source side, the demonstrated high-frequency-
modulated FDPM system, which breaks the frequency limitation of modulated optical source,
shows great potential for future high-sensitive FDPM detections. Moreover, mode-locked
laser pulses are with better modulation depth than other internally or externally modulated
light source which offers the benefits to increase the signal to noise ratio. It is also
advantageous to employ a pulse laser in the clinical FDPM system because low average
power is required, which reduces tissue damage effect.

2. Higher-order modulations inside mode-locked laser pulses

Figure 1 illustrates the operation principle of this work. In the time domain, mode-locked
laser pulses, as shown in Fig. 1(a), are intrinsically repetitive unity optical modulations with
periods T and durations At. As shown in Fig. 1(b), the Fourier transform of mode-locked
pulse trains is a periodic modulation in the frequency domain with a period 1/T, which
implies mode-locked laser pulses are capable of offering a series of modulation frequencies
simultaneously. The modulation frequency bandwidth, (Av), is inversely proportional to the
pulse width (A1), as shown in Fig. 1(c). In previous studies [13, 14], the application of mode-
locked laser on FDPM systems was limited in the fundamental modulations of laser pulses,
which is equal to (1/T) as shown in Fig. 1(b). Inside the mode-locked laser pulses, the higher-
order modulations, ranging from (2/T) to (Av), have the capability to provide modulation
frequencies beyond tens of GHz depending on the pulse width.

For a transform-limited Gaussian femtosecond pulses, the time-bandwidth product of (At)
and (Av) must be greater than 0.441 [15]. Typically, a 100-fs transform-limited mode-locked
laser pulses provides a 4.41 THz maximum modulation bandwidth, which is one order greater
than the detectable bandwidth of existing photo-detector and detection electronics [16].
Compared with other light sources in FDPM whose modulation bandwidth is limited by light
source or external modulators, femtosecond lasers offer ultra-broadband modulation
frequencies and the intrinsic unity modulation depth, which are promising tool for discerning
the minute change of tissue properties.
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Fig. 1. Operation principles of high-frequency FDPM system. (a): Periodic mode-locked laser
pulse trains with period T and pulse duration. (b): The Fourier transform of mode-locked laser
pulse trains. A(f) means the amplitude in the frequency domain and is equal to the Fourier
transform of A(t). (c): The bandwidth Fourier transforms in the frequency domain is
determined by the pulse width. The fundamental modulation frequency (demonstrated in
previous report) is labeled by a green line and the higher-order modulation frequencies
(demonstrated in this report) are labeled by blue lines.

3. Experimental setup

The experimental setup is shown in Fig. 2. The excitation laser was a compact mode-locked
Ytterbium-YAG laser with a 54.79 MHz fundamental repetition rate, which is equal to the
spacing between nearby modulation frequencies. In the setup, mode-locked laser pulses
provide a wide-band modulation frequency comb is available without any external
modulation devices. The full-width-half-maximum of laser spectrum was 7.89 nm with a
1022.5 nm central wavelength. The measured pulse duration was 252.6 fs. Part of the laser
output was detected by a photo-detector (PD1) as a reference. Another part of light source
output, delivered by a multi-mode fiber with a 400 pum core diameter, illuminated on the
sample. Diffusely reflected photons were collected from a sample with a series of modulation
frequencies and guided to another avalanche detector (PD2) by another multi-mode fiber. The
output of PD1 and PD2 are connected to a home-build frequency demodulation circuit, which
is similar to the coherent detection scheme in the communication circuits [17] and the only
electronics needed to have higher harmonics are good mixers and lock-in amplifiers in our
design.
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Fig. 2. (a) Schematic for proposed FDPM system. Abbreviations: BS beam splitter, PD1 and
PD2 photodetector, LPF 10MHz electrical low-pass filters. (b) Operation principles of
frequency demodulation circuits. § is the detuning frequency for lock-in detection.

The working principle of frequency demodulation circuit is shown in Fig. 2(b). At the
output of PD2, the reflected radio frequency (RF) signals from the sample, RF, are composed
with a series of modulation frequencies and can be expressed as:

RF =" 4, cosRm ft + @) (1)

where Ax and @k are the amplitude and phase of diffused photons from the sample with a
modulation frequency, fx.

To measure the amplitude and phase of Ay and @y at modulation frequency fy, the output
signal from the local oscillator (LO), should be in the form as:

LO=A4.cosrf t+D.) 2)

where fc = fy + 9, is the frequency of LO and Ac is the amplitude of LO. 9 is the reference
frequency for lock-in detection, equal to 100 kHz in this experiment. ®¢ is the phase shift
induced by the LO.

The input of mixers with modulation frequency, fy, can be expressed as:
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RF = 4, cosrf t+®,) 3)

where Ay and @y is the amplitude and phase of diffused photons from the sample with a
modulation frequency fy. The output from the mixer, the intermediate frequency (IF), is
proportional to the product of RF and LO, and can be expressed as:

IF =

(%) A, A, cos[2n(2f, t+ ) t+ (P, +D )]+ (%) A, A.cos2n(O)t+ (P, -D)] (4)

The first term in Eq. (4) represented an up-converted signals with a carrier frequency 2fyt
+ 8, whereas the second term is proportional to Ay with a carrier frequency 6 from the
sample. The second term can be filtered out by a low pass filter as shown in Fig. 2(b). In the
reference arm, the signal of PD1 with modulation frequency, fy, has a similar form in Eq. (4).
Then, two filtered reference and signal outputs were connected to a lock-in amplifier (SR830,
Stanford Research Systems) and the contributed amplitude, Ay, and relative phase, @y, of
photon density waves from the sample with a modulation frequency, fy, were measured. By
sequentially changing frequencies from local oscillator, we can get changes in photon density
waves in amplitude and phase as a function of modulation frequency. Then, the
corresponding macroscopic absorption and scattering coefficients were calculated.

4. Results and discussion

The bandwidth in a FDPM system is both determined by the maximum optical modulation
frequency (OMF) that a light source can provide and the maximum electronic detectable
frequency (EDF) in a FDPM system. In this experiment, to quantitatively characterize
maximum OMEF in the demonstrated FDPM systems, we measure the optical spectrum and
intensity autocorrelation of laser pulses, as shown in Figs. 3(a) and 3(b). From Fig. 3(a), the
full-width-half-maximum of laser spectrum was 7.89 nm with a 1022.5 nm -central
wavelength. The corresponding full-width-half-maximum bandwidth in frequency is 2.26
THz. The full-width-half-maximum bandwidth of the mode-locked laser pulses sets the upper
limit of OMF. In this experiment, the modulation frequency 3dB bandwidth is 2.26 THz,
corresponding to 195.1 fs transform-limited pulse duration. However, due to the pulse chirp,
the pulse duration is usually not transform-limited so that the practical OMF, determined by
the pulsewidth, is smaller than full-width-half-maximum modulation bandwidth. Practical
OMF decreases with the pulse-broadening. The measured pulse duration at the sample was
252.6 fs, which implies the practical OMF in our source was 1.75 THz. To increase practical
OMF, the laser pulses must be further compressed.

Figure 3(c) shows the RF spectrum of the pulse train, which was measured by a photo-
detector (PD2 in Fig. 2(b)) and a RF spectrum analyzer. From Fig. 3(c), we can
experimentally show that mode-locked laser pulses can be regarded as the combination of
multiple harmonic modulation signals whose frequency spacing between nearby modulations
is equal to the laser fundamental repetition rate (54.78 MHz). According to Fig. 3(c), the 3dB
bandwidth of EDF was 1.003 GHz, arising from the limitations of the amplified detector
(PD2). In the frequency demodulation circuit, shown in Fig. 2(b), the 3dB bandwidth is the
bottleneck of the maximum EDF since the bandwidth of frequency mixer and local oscillator
are larger than that of amplified detector.

Figure 3(d) shows the relationship between OMF and EDF in previous work and this
demonstrated work. As shown in Fig. 3(d), in previous reports [8], the EDF was always larger
than maximum OMF that a light source can provide. Thus, the maximum operation frequency
in the FDPM was always on the order of 1 GHz. However, in this work, excited by the
higher-order modulations of femtosecond pulses, practical OMF was greatly extended to the
order of THz, which is much larger than any EDF. The modulation frequency in the FDPM
system could be increased up to several hundred of GHz if the speed of electronic system can
be further upgraded by high speed detectors, such as metal-semiconductor-metal traveling
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wave photo-detectors with a more than 100 GHz bandwidth as shown in the dashed lines of
Fig. 3(d) [16].
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Fig. 3. (a) Optical spectrum and (b) auto-correlation traces of the excitation femtosecond
pulses. (c) Electrical spectrum of the modulated signals. (d) The relationship between OMF
and EDF in previous work and this work.

Frequency domain diffuse reflectance of a tissue simulating liquid phantom at source-
detector separations of 8 and 10 mm were measured. The system response was calibrated by
taking the ratio of the amplitudes and the difference of the phases measured at source-detector
separations of 8 and 10 mm. The measured amplitude ratio and the phase difference between
the two source-detector separations at various frequencies are shown as squares in Fig. 4. The
data were then fit to a photon diffusion theory to extract the absorption and the reduced
scattering coefficients of the liquid phantom [18]. The photon diffusion theory is usually
employed for such purpose for its computational efficiency and adequate accuracy. The best
fit of the diffusion theory to the raw data is demonstrated as lines in Fig. 4. The liquid
phantom was composed of water, Lipofundin, and Nigrosin. To obtain the benchmark optical
properties of the liquid phantom, we filled a Scm*5cm*2.5mm cuvette with the liquid
phantom and measured the total transmission and reflection using an integrating sphere. The
measurement results were then fed to an inverse adding-doubling routine to calculate the
optical properties of the liquid phantom. The optical properties, including the absorption
coefficient p, and the reduced scattering coefficient i, of the liquid phantom at 1030nm were
both derived from benchmark and the mode-locked based FDPM system. Their values were
Ha = 0.026/mm, pg = 0.730/mm, and p, = 0.023/mm, p, = 0.618/mm, respectively.

The percent deviation of the recovered absorption and the reduced scattering coefficient of
our FDPM system from the bench mark values are 11.5% and 15.3%, respectively. Compared
with a network analyzer based FDPM system described by Pham et al [8], which had optical
properties recovery errors within 10% and 6% for absorption and reduced scattering
coefficients, respectively, the observed difference between network analyzer based FDPM
system and the demonstrated FDPM system leads us to further research on the -improvements
when we upgraded the system modulation frequency toward ten Giga-hertz regime.
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Fig. 4. (a) Amplitude ratio and (b) phase difference as a function of frequency. Squares and
lines represent the raw data and the best fit of the diffusion theory, respectively.

In this study, we employed a least squares fitting algorithm “Isqcurvefit” function from
Matlab to work in conjunction with the photon diffusion theory to solve the inverse problem.
The accuracy of the recovered optical properties strongly relies on the faithfulness of the
photon transport model. We found that the amplitude and the phase calculated from the
diffusion model deviated from those calculated from the Monte Carlo model, adapted from
the one developed by Wang [19], by around 5% and 1 degree, respectively, at modulation
frequency of 500 MHz and for optical properties closed to those described above. Thus the
deviation of the recovered optical properties from the benchmark values may be reduced by
using a more faithful photon transport model, such as Monte Carlo based models. Besides, the
deviation could be further reduced by employing electronic components of better
specifications to minimize the noise in the system.

It is worth noting that Haskell et al. [20], indicated that in practical terms the standard
diffusion theory in frequency domain has an upper limit in the tens of Giga-hertz region.
Thus, as the source modulation frequency extending to higher than ten Giga-hertz, it is not
suitable to employ a standard diffusion model to describe photon transport and a more
rigorous model such as Monte Carlo model should be used instead. Moreover, a high
frequency photon wave (ex: 1 THz) is also subject to a high attenuation [21] consequently,
the detection responsibility or input source power should be increased to improve the overall
signal to noise ratio.

5. Conclusions

In conclusion, we propose a novel FDPM system that does not require direct or indirect laser
amplitude modulation. Our system greatly expands the frequency range that could be
achieved by conventional FDPM systems from around 1 GHz to tens or hundreds GHz
depending on the pulse width of the laser source and the photo detector bandwidth. This
broad frequency range suggests that our proposed system could extract much more
information from biological tissues than the conventional FDPM systems, and theoretically
may retrieve information comparable to that obtained by the time resolved DOS systems.
Moreover, the cost of our system would be similar or lower than the conventional FDPM
systems and much lower than the time domain counterparts. In addition, it is advantageous to
employ a pulse laser in the system because such light source has low average power to avoid
tissue damage and has high instantaneous power to increase measurement signal to noise
ratio. Although we only demonstrate the phantom measurement at modulation frequencies of
up to 1 GHz, the maximal measurable modulation frequency can be readily elevated to 10
GHz by replacing the mixers and photo detectors in our system with better ones. An improved
version of our system that covers proper wavelength range for recovering chromophore
concentrations of biological tissues is currently being developed and will be applied to in-
vivo studies in the near future.
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