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ABSTRACT

In this paper we present a novel application of digital detection and data-acquisition techniques to a prototype
dynamic optical tomography system. The core component is a digital signal processor (DSP) that is responsible for
collecting and processing the digitized data set. Utilizing the processing power of the DSP, real-time data rates for
this 16-source, 32-detector system, can be achieved at rates as high as 140Hz per tomographic frame. Many of the
synchronously-timed processes are controlled by a complex programmable logic device (CPLD) that is used in
conjunction with the DSP to orchestrate data flow. The operation of the instrument is managed through a
comprehensive graphical user interface, which was designed using the LabVIEW software package. Performance
analysis demonstrates very low system noise (~.60pW RMS noise equivalent power) and excellent signal precision
(<0.1%) for most practical cases. First experiments on tissue phantoms show that dynamic behavior can be
accurately captured using this system.

1. INTRODUCTION

1.1. Diffuse Optical Tomography

Over the last decade considerable progress has been made towards a new biomedical imaging modality
often referred to as Diffuse Optical Tomography (DOT)."** This technique is based on measuring transmitted and/or
backreflected intensities of a low energy radiation in the near-infrared range directed to one or more locations on the
surface of the body part under investigation. In biomedical applications, the propagation of light in tissue is
governed by the spatially varying scattering and absorption properties of the medium, which are described in the
framework of scattering and absorption coefficients, 4 and ,, given in units of 1/cm. A spatial mapping of these
optical properties within the medium is attempted by reconstructing measurement data along its surface.

Within the field of DOT, the area of dynamic optical imaging appears particularly promising. In dynamic
imaging studies, one attempts to image changes in optical properties and/or physiological parameters as they occur
during a system perturbation. One of the foremost examples may be imaging of hemodynamic effects during
functional or drug-induced stimulation of the brain.**° By referencing the target itself at previous time points, these
measurements allow one to calculate changes in oxy and dexoy hemoglobin, without and the need for data
calibration using a separate reference measurement. The drawback of dynamic imaging is that absolute values for
hemodynamic parameters such as deoxy-hemoglobin concentration [Hb], oxyhemoglobin concentration [HBO,], or
total hemoglobin concentration [HbT], cannot be obtained without additional assumptions or measurements.’

1.2. Instrumentation

To achieve high temporal resolution and large dynamic range needed for dynamic imaging, most groups
rely on steady-state measurements.” Such systems illuminate at a constant amplitude or are modulated by a few
kilohertz, and measure the decay in amplitude of the incident source.*® Their relative simplicity, low cost, yet stable
performance have made them a popular option among researchers.

One of the major drawbacks to current real-time, dynamic optical tomography systems is that signal
conditioning and data processing is performed via analog techniques. Typically, a direct detection is made on the
attenuated signal, which is only nominally conditioned, and usually comprises no further processing.'”"' Their
simplistic design and relative low cost still make them a practical choice for many applications that do not require
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highest accuracy. However, in general these systems suffer from significant noise artifacts originating from both
external (ambient light, power lines) and internal (resistive elements, amplifiers, etc...) sources. In an effort to
overcome these limitations, some systems employ a bandwidth narrowing technique in the form of lock-in
detection.'"* Lock-in amplifiers or synchronous detection is used to isolate and measure a system’s response to an
amplitude-modulated signal that is obscured by noise sources greater in magnitude.'* However, currently available
systems employing lock-in-detection schemes execute all signal operations in the analog domain. While this is a
major functional improvement over direct DC measurements, these systems are still subject to numerous
performance-limiting factors including electronic nonlinearities, signal drift, output offsets, gain error, and harmonic
rejection.

Many of the problems associated with analog signals can be overcome by combining digital lock-in
techniques with digital data-acquisition and signal processing methods carried out through an embedded digital
signal processor (DSP). Firstly, in contrast to analog circuits, digital circuitry is immune to most external
parameters that are major contributors to analog noise, such as temperature or aging.'” Additionally, digital
processing is almost completely insensitive to tolerances of component values. The benefits afforded by digital lock-
in detection have long been established and supported in literature.'®'” In particular, the reference sine wave used for
the digital lock-in detector is computed in binary format by the DSP which contains very low harmonic content and
no offset. The accuracy of the multiplication (and all processing operations) is restricted to the resolution of the
binary word. As a result, the actual signal calculations in the digital PSD are virtually free of error. Furthermore, the
temporal response of the data acquisition is primarily determined by the settling time of the lock-in lowpass filter
which directly influences the dwell time of each source position. The DSP will thus enable enhanced filter operation
with faster settling times thereby increasing the temporal resolution. It is primarily for these reasons that digital
lock-in detection'™!” has seen increasing interest in more recent years, particularly for measuring optical
attenuation’>?'and photon counting.”* Furthermore, dedicating a DSP to perform data processing removes many
physical constraints thereby expanding the functionality while reducing the overall system cost and physical size.

All of these combined attributes outlined above encourage the design and development of a real-time,
dynamic, DSP-based optical tomographic instrument that offers promise of superior performance and increased
application. An instrument incorporating all of these features would be ideal for performing multi-spectral,
functional imaging for a wide range of applications in a clinical setting. Through careful circuit construction, a
higher temporal resolution can be achieved that will facilitate quantifying rapid dynamic behavior of physiologic
processes in addition to reducing the likelihood of such signals being corrupted by aliased contributions. In the
following sections we will describe the various components of our system in greater detail.

2. INSTRUMENT DESIGN

2.1. Overall Layout

Figure 1 shows the general system layout
identifying the primary building blocks involved in the
imaging hardware. The structure is comprised of two
principal subdivisions; one that addresses the light
delivery to the target and the other which focuses on the
detection of the emerging light. Two laser diodes
operating in the near-infrared range are coupled into
one of multiple fiber optic bundles that deliver light to
the target. Each diode is intensity-modulated with a DSF.prossecing fliming moclie
unique frequency generated by an autonomous
synthesizer. The individual wavelengths are combined Gonatr Diodes
to form a single collinear beam which is then directed
into a switch that redirects the beam in a sequential
succession to the array of source fiber bundles.
Attenuated photons exiting the tissue are coupled into
detection fiber bundles that guide them to the parallel
detector unit and are terminated at the input of the time
photodiode transducer. The converted electrical signal
is digitized and processed with the resulting amplitude/s
(multiple wavelengths) stored on a dedicated host
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Figure 1: Overview of complete system layout including
multi-wavelength  illumination, source multiplexing,
parallel detection, and data monitoring.
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personal computer via a digital data acquisition card. The quadrature phase-insensitive lock-in detection is
performed in the DSP residing in the timing module. Instrument operation is managed by a graphical user interface
which also monitors incoming data. Each component will be described more fully in the following sections.

2.2. Light Delivery

Light from two continuous wave laser diodes (wavelengths A=765nm and A=830nm) is focused into a 100
micron pigtailed fiber. The lasers are regulated by OEM laser diode controllers that combine a low noise, low drift
current source with a precise thermoelectric cooler. Merging two wavelengths into a single fiber is accomplished
through a wave-division multiplexer. A multimode fiber-optic switch based on MEMS technology is used to direct
the light source into 1 of 16 possible locations to be placed around the imaging target. The activated source channel
is encoded by a specific address received from the timing module. This opto-mechanical switch can achieve very
fast switching speeds with a maximum settling time specified at 5 msec.

For our design, we seek to maximize the temporal resolution so all wavelengths are illuminated
simultaneously. For this reason, and because a phase-sensitive detection scheme is used, the light sources must be
amplitude modulated at distinct frequencies. To this end, a technique known as direct digital synthesis (DDS) is used
to generate the modulating waveforms. Direct digital synthesis is a means of using digital data processing blocks to
generate a frequency- and phase- tunable output signal referenced to a fixed-frequency precision clock source™. A
dedicated microcontroller is incorporated into the design whose sole function is to program and control the DDS
chips.

2.3. Light Detection

The overall architecture of the signal detection is .
displayed in Fig. 2. Embedded in the heart of the [T = (Labng)l
instrument, is the digital signal processor. It is the place 6 BONTROL
where the signals are collected, processed and filtered, Serial ports, External buffers, Data bus
and finally routed to the host PC. We are using the
Analog Devices ADSP-21161 with Super Harvard DSP H
Architecture Computer (SHARC) whose key features ' Data Memory
inc'lude .61?0 MFL(()lPS peak,f32—b£;l arid041\(3[—k,bit ﬂoatilgg SPLD Trming sona = ,, ﬁ
point arithmetic and user-configurable 1. its on-chip and support circuitry -
SRAM memory. Our instrument employs parallel = Moing k1 Fiting |

detection to achieve a higher temporal resolution. This
Ti gain Analog to digital converter K

design accepts up to 32 independent detectors mpiifier amplmT Tow-pass fiter and input MUX
simultaneously whose distribution comprises 8 Printed ‘TIA ‘PGA IL o @
2 J

Circuit Boards (PCB), each accommodating 4 channels. A

single 4-channel, high-speed, 16-bit Analog-to-Digital e Gl 16t converter
Converter (ADC) is mounted on each board. Timing

control consisting of the Complex Programmable Logic Figure 2: Circuit architecture for signal detection and
Device (CPLD), clock, and some support circuitry is system timing

interfaced directly with the DSP and detector boards.
Buffers are used to regulate the data transfers between the fast DSP and slower host PC. LabVIEW is the software
running on the PC and acts as the master controller of the instrument.

The analog front end begins with Silicone photodiodes used to convert incident photon energy to a
photocurrent, which is then converted to a voltage through a transimpedance amplifier (TIA). For measuring a wide
range of input energies, one of three possible feedback resistor values may be selected: 1 kQ, 10 kQ or 10 MQ. To
further extend measurement sensitivity and increase the global dynamic range for each detector, we add an
additional programmable gain amplification (PGA) stage to provide signal gains of 1, 10, or 100V/V. This flexibility
allows for imaging both small and large geometries alike. Three gain-bits per channel encode the individual gain
settings and are stored in local on-board memory for immediate access. They are updated continuously with the
source position facilitating dynamic imaging capabilities. Prior to the signals being digitized by an analog-to-digital
converter, they pass through an 8" order Butterworth anti-aliasing filter to insure that the bandwidth conforms to the
Nyquist criterion.** Finally, the signals are digitized by a 16-bit successive approximation register (SAR) ADC
which affords very good performance for our modulation frequencies. The digitized samples are then streamlined
into the DSP for data processing.
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2.4. Digital Lock-in Detection

One of the more compelling motivations in employing a digital processor within the system architect is its
ability to efficiently perform signal processing tasks on a large quantity of data. Specifically, we demodulate the
detected photons using a quadrature-based digital lock-in detection scheme (Figure 3) to extract a target’s response
to individual wavelengths. This technique consists of two mixing stages and filtering stages operating in parallel and
then using those outputs to calculate the magnitude and phase. Initially, the digitized detected signal is separately
multiplied first by a sinusoid reference signal of an equal frequency (inphase) and then by a 90 degree phase shift of
that reference (quadrature). The resulting outputs in both cases are a composite of many frequency components
shifted across the Fourier spectrum whereas the signal of interest lies at zero frequency (DC). Therefore, the mixed
signals are sent through a lowpass filter which eliminates the cpl
higher-frequency contributions leaving only a narrow bandwidth l LPF
around DC. With only two single-frequency terms now present, 1[r] X[n]
the amplitude for a given channel can be computed by taking the ®_’ hy[n] A, =X [n] +¥[n]
magnitude of the filtered inphase and quadrature components.
Similarly, the phase can be computed as the inverse tangent of  ¥,[»
the ratio of the two outputs. These calculations are carried out
for each detector channel at every wavelength. LPF

The digitized reference signals are synthesized olr] hin - [7] i [MJ
numerically and stored as vectors in the memory of the digital I ? [7]
signal processor. Numerical sinusoids are naturally noise free
and calculated to an exactness that is bound only by the
mathematical precision of the computation unit. Also, they need
to be generated only once and then stored, which diminishes the
complexity of the system.

S[n]

Figure 3: Flowchart of quadrature digital lock-in
detection

2.5. System Timing

Orchestrating the many of events occurring throughout the course of an experiment presents itself as one of
the major challenges to this system’s design. For instance, prior to taking any measurements, the gain-bits for each
source-detector pair must be determined and downloaded to their respective memory banks. During the imaging
routine, as each source position is being aligned, the gain-bits must be updated for all detector channels and the
settling times of both the optical switch and analog electronics must be obeyed. The sampling and ADC-read
process of all 32 detectors must be synchronized meticulously so they can be efficiently streamlined into the DSP.
Finally, after the processor has completed the lock-in detection on the data set, it must direct the results to the host
computer to be viewed, analyzed, and saved.

All instrument functions are executed through precise timing protocols between the DSP, a high-
performance Complex Programmable Logic Device (CPLD), and a digital data acquisition card. The CPLD, as its
name implies, is a high density programmable device generally based on programmable array logic. While the
overall functions of the imager are controlled by the DSP, the timing management of many operations is coordinated
by the CPLD. For example, some duties performed by the CPLD include imposing the sampling frequency,
directing the conversion process of the ADC’s, switching the ADC MUX, and multiplexing the digitized data over
two serial lines.

Before any images may be obtained, the detection sensitivity needs to be configured for each channel by
setting their respective gain-bits. Gain-bit values for each source-detector combination are transmitted from the PC,
stored in the DSP, and sequentially transmitted through the CPLD who distributes them to their respective memory
banks. From there, they can be read out to individual detector channels at will. Once the suitable gain-bits are
downloaded and the signal intensities are confirmed, the instrument is ready to begin acquiring images. After the
DSP completes the lock-in detection, it sends the data out to a buffer where it is retrieved by the data acquisition
card and streamlined into the host PC. The process is repeated for all source positions.

Operational control of our imaging system is managed by a dedicated host computer that is administered by
the user. As such, a means for transferring data and maintaining system control is established through use of a high-

Proc. of SPIE Vol. 6434 64341T-4






