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ABSTRACT

Frequency domain photon migration (FDPM) uses modulated laser light to measure the bulk optical properties of turbid
media and is increasingly being applied for noninvasive functional medical imaging. Though semiconductor edge-
emitting laser diodes (EELs) have been traditionally used for this application, we show that VCSELs exhibit
performance characteristics suitable for FDPM measurements of tissue optical properties. Their output power and
modulation characteristics are more than sufficient for optical property recovery. In addition, their small size, high
efficiency, low cost, and simple packaging make them an attractive choice as components in clinical FDPM systems.
We demonstrate a unique, compact optical probe that was enabled by VCSEL technology.
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1. INTRODUCTION

The frequency-domain photon migration (FDPM) technique is used to measure the optical absorption and scattering
properties of turbid media and is under investigation for noninvasive medical imaging'> 2. FDPM provides quantitative
near-infrared optical absorption and scattering properties of tissue that provides functional biophysical information, such
as the tissue concentrations of chromophores (e.g. hemoglobin, water, and lipid) and the size and density of cellular and
subcellular components. It has been applied to a wide-range of clinical applications including studies of the human
brain® 4, hemodynamic stress’, muscle exercise®, neonatal care’, breast tissue and tumors®'®, and others. FDPM
separates absorption and scattering by precisely measuring the amplitude and phase of an intensity-modulated light wave
that has propagated through turbid media, also called a photon density wave (PDW). Light sources suitable for clinical
FDPM systems typically require at least | mW of optical power delivered to the tissue in the NIR (650-1000 nm) and
modulated in the range of 50-1000 MHz. Both overall optical attenuation and source-detector separation affect the
signal the noise ratio (SNR) and thus higher modulation depth (which is a function of both peak optical power and
modulation bandwidth) is typically required for increased depth sensitivity and for penetrating higher attenuating tissues.

VCSELs—semiconductor lasers that emit light normal to the substrate—have not been historically applied to FDPM
techniques primarily because of their perceived low output power. However, modern, commercially-available uncooled
continuous-wave (CW) VCSELs output up to several hundred milliwatts depending on wavelength (650-1100+ nm) and
greater than 10 W in a 2D array format. Designed for telecommunications, VCSELSs are easily intensity modulated at
frequencies relevant for optical property recovery and beyond. Their small size and simple packaging can enable new
applications in tissue optics. In this work, we show that single VCSELs and VCSEL arrays provide sufficient optical
power and bandwidth for optical property measurements in solid tissue-simulating phantom experiments and report a
unique multi-color FDPM source module that was enabled by VCSEL technology.

2. METHODOLOGY

800 nm single-aperture and multiple aperture (2 x 2 array) VCSEL devices manufactured by Vixar Inc. (Plymouth, MN
USA) were tested. A standard Fabry-Perot, single mode edge-emitting laser (EEL) diode was also tested for reference
and comparison (LD808-SA60, Thorlabs Inc., Newton, NJ USA). All devices were mounted in 5.6mm TO packages.
Benchtop testing was performed by attaching the laser to a custom PCB with backside MMCX RF connectors to
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connect the high-frequency laser drive current. The devices were current controlled without temperature stabilization
and were tested at room temperature. For fiber-coupled measurements, the VCSEL output was collimated with an
aspheric lens and coupled to a 400 pm core silica fiber.

For modulation testing, the lasers were current modulated by using a bias tee to combine DC current injection from a
standard laser driver (LDC-3916370, ILX Lightwave, Bozeman, MT USA) with an RF signal provided by a network
analyzer (8753ES, HP/Agilent, Santa Clara, CA USA). DC optical power was measured using an optical power meter
(PM100USB, Thorlabs Inc, Newton, NJ USA), and AC modulation was measured using a highspeed (>2 GHz)
photodiode (UPD-200-SP, Alphalas, Gottingen, Germany). An RF switch (HMC253QS24, Hittite, Chelmsford, MA
USA) enabled dynamic selection of the laser devices.

Optical properties of tissue-simulating silicone phantoms with varying optical properties were measured using the
FDPM technique. Phantom construction has been described previously!'!. Optical properties were measured by placing a
1 x 1 mm active area avalanche photodiode (APD) module (S12060-10/C5658, Hamamatsu Corp, Shizuoka, Japan) on
the surface of the phantom to collect multiply scattered photons 22 mm away from the source fiber. The network
analyzer measured the frequency-dependent amplitude attenuation and phase shift of the resulting PDW relative to the
source.. The instrument response was calibrated by first measuring another phantom with known optical properties.
Optical properties were recovered by fitting P1 approximation of the radiative transport model to the measured
amplitude and phase data (50 — 500 MHz) with semi-infinite boundary conditions'? 13,

A custom FDPM-module'* was modified to drive a tri-color (680, 795, and 850 nm) VCSEL package (a 5.6 mm package
with 3 different wavelength VCSEL dies) manufactured by Vixar Inc. A handheld probe containing a 3 x 3 mm active
area APD (S6045-05, Hamamatsu Corp, Shizuoka, Japan), custom APD module, the tri-color VCSEL package, and laser
switching DC/RF circuitry was fabricated.

3. RESULTS

Table 1 displays the characteristics of the tested lasers. The peak wavelength of the lasers was measured to be
approximately 800 nm. The optimal DC and RF biasing conditions were selected to maximize modulation depth at 50
MHz for optical property recovery. Figure 1 shows that the modulation bandwidth of all three lasers was comparable up
to 1 GHz, which was limited by the bandwidth of the detector.

All three lasers were used to collect the amplitude decay and phase shift of tissue-simulating phantoms at a source
detector separation of 22 mm and frequency range. The measured data and model fit on a single phantom are shown for
all three devices in Figure 2. The lasers were used to recover the optical properties of 7 different tissue-simulating
optical phantoms with varying optical properties. Table 2 displays the optical properties of the tested phantoms as
recovered by the standard EEL and Figure 3 compares the results between lasers in Bland-Altman plots.

Table 1. Characteristics of the tested laser diodes and the optimal DC and RF bias to maximize modulation depth at SOMHz

Single Aperture VCSEL Array EEL
VCSEL

Wavelength (nm) 801 795 798
Maximum DC optical power (mW) 6.3 11.8 >100
Optimal DC current at 50 MHz (mA) 22 45 70
Optimal RF power at 50 MHz (dBm) 13.0 17.7 10.7
Optical Power at optimal bias (mW) 6.2 11.6 17.8
Total electrical power consumption 70 155 143
(DCHREF) at optimal bias conditions
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Figure 1: The modulation bandwidth of each laser measured with a high speed photodiode. The signal-to-noise ratio
(SNR) was calculated by dividing the measured RF power by a prior dark noise measurement.
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Figure 2: The calibrated amplitude and phase measured using FDPM through a tissue-simulating optical phantom
(4,=0.007 mm', #’=1.01 mm™) at a source-detector separation of 22 mm.

1

u, (mm ) - Difference

1.0

0.5

0.0

%107
a VCSEL (single) _ +5% @
19 VCSEL (array) .-~ - 8
-7 [
- =] p
L ke
=
2 1
& a o —
-~ Q -
o~ __8 o b
| T s% =
0.005 0010 0015 0.020

-1
u, (mm ) - Mean

o VCSEL (single)
o VCSEL (array)

0.20
0.151
0.10-
0.051
0.00
-0.051
-0.10
-0.151

0.0

-
.

-
]
T

-

-
-

-5%

3.0

10 20
W, (mm™") - Mean

Figure 3: Bland-Altman plots which compare the optical properties recovered with the VCSEL devices (single and
multiple aperture) with the standard EEL on 7 different phantoms with varying optical properties.
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Table 2: Optical properties of the tested phantoms as measured using the standard EEL source

Phantom# | u,(mm?) | u’(mm™)
! 0.0070 1.02
2 0.0096 0.71
3 0.0112 0.87
4 0.0117 1.97
3 0.0103 2.98
6 0.0067 0.79
7 0.0171 0.43
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Figure 4: Prototype VCSEL-based FDPM module and integrated VCSEL/APD probe

To demonstrate how the size and geometry of VCSELSs, which allows packaging of multiple sources in a single package,
enables smaller and more compact FDPM probes, we developed a miniature FDPM system based on a tri-color (680,
795, and 850 nm) VCSEL package (Figure 4). The prototype system is capable of collecting FDPM measurements at a
fixed 20 mm source-detector separation at frequencies 50 to 500 MHz. This system is currently undergoing validation,
the results of which will be presented in a future work.

4. DISCUSSION AND CONCLUSIONS

The data demonstrate that single and multiple-aperture (array) VCSEL devices are capable light sources for FDPM
recovery of optical properties in turbid media. We first examined the modulation characteristics to confirm that VCSELs
can modulate as well as EEL devices. As expected, VCSELs performed similarly to the EEL over the pertinent FDPM
modulation range of 50-1000 MHz. VCSEL bandwidth should be fairly equivalent or better than EELs in this range
since frequency response will be limited by the parasitic limitations of the laser packaging rather than the electro-optical
dynamics of the laser itself. At higher frequencies, properly designed and packaged VCSELs outperform EELs with
some demonstrating data rates over 40 Gbps using direct current modulation'>. We note that there was no difference in
the modulation bandwidth of the single aperture VCSEL and the 2 x 2 multiple aperture VCSEL array, which suggests
that VCSEL arrays are viable options for increasing optical power if required.

Next, we measured the optical properties of seven tissue-simulating phantoms with a range of attenuation using the
single and multiple aperture VCSELs and the EEL. Using the EEL as a reference, VCSELs recovered the same
absorption and reduced scattering coefficients within 5% in all but the highest attenuating phantom (which is difficult to
measure even for the standard EEL source). Compared to the standard EEL, the single aperture VCSEL performed
equivalently using 65% less optical power and 51% less electrical power.
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Finally, the small size and geometry of VCSELs allow for integration of multiple dies in a single package. The
miniature, dense integration of sources could be used to create FDPM imaging arrays as well as low-profile wearable
FDPM sensors. To demonstrate this benefit, we fabricated a compact VCSEL-based FDPM probe. About the size of a
deck of cards, the probe contains a tri-color VCSEL package, an avalanche photodiode, and the DC/RF electronics
necessary to individually address the source channels—all controlled by a custom FDPM instrument module. This
system is currently undergoing phantom and in vivo validation and results will be presented in a future work.

In conclusion, VCSELs exhibit performance characteristics suitable for FDPM measurements of tissue optical
properties. Their output power and modulation characteristics are more than sufficient for optical property recovery. In
addition, their small size, high efficiency, low cost, and simple packaging make them an attractive choice as components
in clinical and next-generation wearable FDPM-based sensors.
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