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Note: A simple broad bandwidth undersampling frequency-domain digital
diffuse optical spectroscopy system
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Near-Infrared frequency-domain technologies, such as Diffuse Optical Spectroscopy (DOS), have
demonstrated growing potential in a number of clinical applications. The broader dissemination of
this technology is limited by the complexity and cost of instrumentation. We present here a simple
system constructed with off-the-shelf components that utilizes undersampling for digital frequency-
domain dDOS measurements. Broadband RF sweeps (50–300 MHz) were digitally sampled at
25 MSPS; amplitude, phase, and optical property extractions were within 5% of network analyzer
derived values. The use of undersampling for broad bandwidth dDOS provides a significant reduction
in complexity, power consumption, and cost compared with high-speed ADCs and analog techniques.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4890669]

The clinical utility of quantitative tissue optical prop-
erty determination is becoming increasingly recognized in the
medical field.1 In the near-infrared (NIR) wavelength band
(650–1000 nm), knowledge of optical properties, including
the absorption coefficient (μa) and the reduced scattering co-
efficient (μs`), at multiple wavelengths, allows for the deter-
mination of molar tissue concentrations of endogenous chro-
mophores including oxy and deoxyhemoglobin, water, and
fat. These can then be used as markers for a variety of clinical
pathologies including the detection and monitoring of tumors
during treatment,2, 3 cerebral hemodynamics,4 and others.

Frequency-domain Diffuse Optical Spectroscopy (DOS)
and Tomography (DOT) methods utilize intensity modulated
light sources in the RF frequency range, typically between 50
MHz and 1 GHz. When incident on multiple-scattering me-
dia, the resultant light propagates as a diffusive wave with a
coherent front, called a photon density wave (PDW). The am-
plitude and phase of detected PDWs can be used to extract μa
and μs` through the use of an inverse model based on the dif-
fusion approximation to the radiative transfer equation.5 Re-
search groups developing DOS and DOT systems use differ-
ent instrumentation strategies, with some utilizing one or a
few modulation frequencies,6, 7 and others utilizing a sweep
in order to improve model fitting.5 To date, almost all de-
vices have utilized analog technologies to extract amplitude
and phase measurements of detected PDWs, with the most
common methods being homodyne and heterodyne detection.
The cost and/or difficulty in constructing these devices, which
require expensive components (e.g., a Vector Network An-
alyzer) or custom analog electronics, limits the expansion
and dissemination of this technology. In an effort to address
these limitations, a small number of research groups including
our own have recently demonstrated digital continuous wave
(CW) or frequency-domain DOS techniques (dDOS).8–10

Our previous dDOS method used a direct digital synthesis
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(DDS) integrated circuit (IC) for RF signal generation and a
two-channel 12-bit 1.8 gigasample-per-second (GSPS) ADC.
At the time of publication, this sampling rate was the state-of-
the-art for 12-bit ADC technology and was chosen to ensure
the sampling rate was at least 2X higher than the sampled
RF signals. High accuracy and precision DOS measurements
were available using this setup, but the ADC cost was rela-
tively high (∼$5k US) and the digital backend needed to han-
dle high data transfer rates limited opportunities to reduce sys-
tem complexity. In an attempt to reduce future device cost and
complexity, as well as to provide a blueprint for those inter-
ested in fabricating a dDOS system using off-the-shelf com-
ponents, we explore here, for the first time, extending digital
undersampling up to the 25th Nyquist zone for broad band-
width dDOS. We characterize the system in the context of
previous devices.

A Texas Instruments ADS62P49 dual channel 14-bit, 250
MSPS pipeline ADC with a 700 MHz analog input bandwidth
and a 2Vpk-pk input voltage range was chosen for this device.
This ADC was chosen because of its large analog bandwidth,
relatively high bit depth, modest cost (∼$250 for the eval-
uation module or IC), and its potential for incorporation in
future point-of-care (POC) devices due in part to its mod-
est sampling rate. An evaluation module incorporating the
ADC (ADS62P49EVM) was coupled with a low-cost data
capture board (TSW1405EVM) that utilizes a Lattice ECP3
Field Programmable Gate Array (FPGA) to format the dig-
itized low-voltage differential signaling (LVDS) data stream
from the ADC for storage on onboard RAM, and then to read
data from memory and transmit it over a USB connection to
the host computer. The sampling rate is controlled with an ex-
ternal clock source. A custom Labview based GUI was used
to communicate with the data capture board and perform re-
peated captures.

The accuracy and precision of amplitude, phase, and
optical property measurements was compared with a gold-
standard network analyzer based DOS system.5 For all mea-
surements, a frequency sweep from 50–300 MHz in 4 MHz
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FIG. 1. Picture of core dDOS components (a) and system diagram (b).

increments was conducted at a sampling rate of 25 MHz. Data
points collected at modulation frequencies that were integer
multiples of the Nyquist frequency were discarded. The most
important system component and a block diagram of the ex-
perimental setup is shown in Figure 1. A RF signal genera-
tor (Rohde and Schwarz SMIQ03B, Munich, Germany) pro-
duced a 7.8 dBm source signal which was routed through a
50/50 RF splitter to the reference channel of the ADC and to a
SP6T digitally controlled RF switch (HMC252QS24, Hittite
Microwave Corp., Chelmsford, MA). The RF switch routed
the signal to one of five laser diode modules (LDM9T, Thor-
labs Inc., Newton, NJ). DC current was provided by a laser
driver (ILX Lightwave LDX-3525B, Newport Optics, Irvine,
CA); DC and AC power were combined with a bias tee in-
tegrated in the laser module. Five laser diodes with wave-
lengths of 690, 785, 808, 830, and 850 nm were used; typi-
cal DC optical output was ∼10–20 mW (all laser diodes were
purchased from Thorlabs Inc.). Each laser was coupled to a
400 μm core optical fiber and the five fibers were bundled
and routed to a silicon optical phantom with known optical
properties. A 3 mm core detector fiber was coupled to a 3
mm avalanche photodiode (APD) (S11519-30, Hamamatsu,
Japan). A 20 mm source-detector center-to-center spacing
was used between the source bundle and detector fiber. A cus-
tom RF preamplifier was used prior to inputting the signal into
the sample channel of the ADC. Commercially available APD
preamplifiers such as Hamamatsu C5658 also work well for
this application. A custom Labview GUI was used to control
the system and communicate between the signal generator,
ADC, DC laser diode current controller and the RF switch.
For this proof-of-concept setup, acquisition times were lim-
ited by the relatively slow communication protocols between
the host computer and the ADC, with a typical sweep at one
wavelength taking 8 min. Sample lengths of 32 768 were col-
lected for all measurements.

Amplitude and phase are presented as calibrated values
taken from a silicone-based tissue-simulating phantom. Cal-
ibration accounts from the instrument response and is per-
formed using a second optical phantom with known opti-
cal properties. Optical properties were computed by fitting
amplitude and phase data to an analytical light propagation
model based on the diffusion equation in radiative transfer
with semi-infinite boundary conditions.5, 11

The phase and amplitude of the signal-of-interest at each
modulation frequency was determined for both the sample
and reference channel signals using a Fast Fourier Transform
(FFT) with a rectangular window. The dual channel ADC col-
lects data simultaneously from each channel at the sampling
edge of the system clock, allowing phase measurements to be
compared between the channels. The aperture delay match-
ing between the two channels is ±50 ps. The phase difference
and the amplitude quotient between the sample and reference
channels were used as inputs to the model.

A simple correction algorithm was used during post-
processing to correct the phase of undersampled signals. In
the second Nyquist zone (0.5 fsampling – fsampling), and each
subsequent even Nyquist zones (the 4th, 6th,..), the sign of the
phase delay was reversed. In the third Nyquist zone (fsampling
– 1.5fsampling), and each subsequent odd Nyquist zones the
phase was not altered. The corrected phase was then un-
wrapped. An example of raw and corrected phase using a
50 MHz sampling rate is shown in Figure 2. No undersam-
pling correction was necessary for amplitude measurements.
Figure 3 shows example amplitude and corrected phase mea-
surements taken on an optical phantoms using a 785 nm laser
diode.

For evaluation of accuracy, the average of ten repeated
dDOS sweeps was compared with the average of ten re-
peated network analyzer measurements. For precision mea-
surements, the standard deviation of the measurements was
computed. Accuracy and precision were determined for both
amplitude and phase at each modulation frequency, then
averaged for each wavelength, and then averaged for the
whole system. Accuracy and precision of optical proper-
ties were determined at each wavelength and then averaged
to demonstrate overall system performance. Table I shows
results from the current undersampling dDOS system and
the 1st generation dDOS system.8 Values for both systems
are comparable and with 5% of network analyzer derived
values.

FIG. 2. Example figure of raw, corrected, and unwrapped corrected phase
for a frequency sweep collected using a 50 MHz sampling rate.
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FIG. 3. Example amplitude and phase measurements.

The system demonstrated here required no custom PCBs
and can be built using off-the-shelf components and evalua-
tion boards. This is possible because of the relatively straight-
forward direct-sampling method, which requires no external
sources or ICs for frequency mixing or IQ demodulation.
The performance was comparable to our previous work using
1.8 GHz digital oversampling method, and greatly reduces re-
quirements on future hardware designs, power consumption,
and cost. The slower sampling rates reduce concerns related
to coupling the LVDS ADC outputs to a FPGA, which re-
quire very careful PCB layouts and signal routing at high data
transfer speeds in order to avoid marginal capture issues. The
power consumption of the ADS62P49 at the 25 MHz sam-
pling rate is more than 7 times lower than the 1.8 GHz sys-
tem (∼0.6 W compared to ∼4.4 W) and the cost of the ADC
IC is ∼20X less than the 1.8 GHz ADC. Additionally, the
ADC used here is 14-bit (compared to 12-bit for the 1.8 GHz
system).

There are currently few other published works utiliz-
ing digital frequency-domain methodologies. Most notably,

TABLE I. A comparisons of the 1st generation dDOS system and the un-
dersampling dDOS system.

1st generation Undersampling
dDOS:1.8 GSPS (Ref. 8) dDOS 25 MSPS

Error Std. dev. Error Std. dev.

Amplitude 1.44% 1.02% 4.42% 3.62%
Phase 0.32% 0.59◦ 0.023◦ 0.02%
μa(mm-1) 3.60% 3.80% 4.87% 1.86%
μs

′(mm-1) 2.80% 2.00% 1.90% 2.30%

Weigel et al. demonstrated a three wavelength, single mod-
ulation frequency digital system with a 16-bit ADC and a
sampling frequency of 72 MHz. A 0.1 dB and 0.25◦ stan-
dard deviation in amplitude and phase measurements were
achieved during a drift test with good agreement in optical
property extractions.9 Lasker et al. demonstrated a digital sys-
tem that uses continuous wave tomographic methods with
low frequency lock-in detection.10 Our device compares fa-
vorably to these instruments, and is the first to use under-
sampling for broad bandwidth measurements. It does have
the limitation of slow measurement speed, which was sev-
eral minutes per sweep. This issue may be reduced some-
what by decreasing the captured signal length and narrow-
ing the bandwidth of frequency sweeps; we recently demon-
strated that 50–150 MHz sweeps provided optical property
extractions within 3.8% of 50–300 MHz sweeps.12 Acquisi-
tion time may not be a major concern for benchtop and labora-
tory systems, but clinical systems will require better integra-
tion between hardware components to achieve faster acqui-
sition times. Overall, the developments shown here pave the
way for future hardware implementations that optimize cost
effectiveness, power consumption, and device complexity to-
wards POC applications.
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