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Abstract. Diffuse Optical Tomography (DOT) is a diagnostic tool for detecting
inhomogeneities in translucent soft tissue based on the distribution of the tissue
absorption coefficient and reduced scattering coefficient. Its principle is to use multiple
movable light sources and detectors attached to the tissue boundary to collect
information on light attenuation, and to reconstruct the internal 3-D absorption and
scattering distributions. This work describes methods and protocols in generation,
modulation and signal acquisition and processing to operate an experimental DOT
system.
Key words: diffuse optical tomography, laser diode, modulation, optical multiplexer.

1. INTRODUCTION
Based on the main results provided by the literature in the field of DOT [1–8]
and also based on the scientific and technical experience of our research team, a
laboratory model of DOT with CW operation was constructed, able to meet the
requirements for sensitivity and resolution necessary to characterize nonhomogeneous structures of biological tissues of relatively large dimensions (5–10 cm),
specific to breast disease investigations.
The requirements for such a system are:
a) the use of compact laser systems, modulated in intensity over an extended
frequency range (DC – MHz), with continuous wave emission, on wavelengths
located in the near infrared (NIR), where absorption of hemoglobin (Hbred-780
nm) and oxyhemoglobin (HbOxy-835 nm) is significant;
b) the detection of intensity reflected and transmitted by tissue with optical
detectors that allow large dynamic ranges (~ 109) and noise equivalent powers as
low as reasonably possible (< 6.5 × 10–15 WHz-1/2);
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c) the multiplexed detection in a predefined number of points located on the
surface of the biological structure tomographically investigated and the processing
of signals in real-time, with algorithms adapted to physical processes in the
investigated tissue, for 2D and 3D reconstruction of its structure;
d) the use of trans-impedance and lock-in amplifiers in measuring detected
light signals, in order to ensure wide dynamic measuring ranges (> 109);
e) the use of optical radiation systems into direct contact with the investigated
tissue to eliminate coupling losses by the scattering the illuminating laser radiation
on the tissue;
f) the propagation of light signals and detected signals on optical fibers to
reduce interference in the measurement environment and to simplify practical
operating conditions;
g) the minimization by software of the contributions to disturbances and the
increase the contrast in defining biological formations tomographically investigated.
When building the laboratory model, the following functional modules were
used:
• laser sources built with laser diodes emitting in NIR, at 780 nm and 835 nm,
respectively, which provides illumination of investigated tissues, through 8 optical
fibers placed in the measuring head structure (optode);
• the measuring head (optode) with cylindrical symmetry with 8 receiving
optic fibers and 8 illuminating optic fibers;
• 2 optical multiplexers providing sequential coupling of illuminating optical
fibers to laser sources and the measurement by receiving optical fibers of the
intensity of laser light propagated through the investigated tissue, respectively;
• the measuring system of the received optical signals and their identification
in relation to the wavelength of the illuminating source;
• the data acquisition system;
• the command and the control system of the optical multiplexers;
• the computing unit to command the measurement and to the control system
and for the graphical reconstruction of the investigated tissue structure.
Modules used for the design and implementation of the laboratory DOT setup
ensured the required minimal configuration of a system for measuring the light
transmitted through an environment characterized by a specific absorption and
scattering, thus reconfiguring the internal structure of the crossed volume.
Experimental measurements have focused mainly on the parametric evaluation of
light propagation through homogeneous and/or controlled non-homogeneous
environments, through some phantoms (material structures with predefined
characteristics similar to those of the biological tissue specific to certain medical
applications), on the measurement reproducibility and accuracy in assessing the
characteristics of the investigated environment by the applied reconstruction method.
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2. MODULES OF THE EXPERIMENTAL SETUP
The laboratory model developed is based on the combination of: a) laser
diodes and optical detectors technique (emission and detection); b) with precision
mechanical and optical elements (electro-mechanical optical switch); c) mechanical
systems for positioning the measurement optical fibers at the periphery of the
investigated tissue (to adjust fibers contact to the irregular geometry of the tissue);
d) with optical fibers (light distribution to/from the measuring head). Advanced
knowledge in chemistry and medicine (enhancing contrast, making phantoms,
animal studies etc.), in electrical signal processing and data acquisition, in software
development for system testing and image reconstruction of investigated tissues
were of great importance.
The block diagram of the experimental setup is shown in Fig.1; it is
structured on the following elements:
• multispectral illuminating source, with two laser diodes (λ 1 and λ2) assisted
by electronic systems to control the stability of the power and frequency of the
laser diodes and two signal generators, to encode the spectral identity of the
radiation emitted by frequency modulation;
• collimating optical systems for coupling radiation emitted by laser diodes to
optical coupler and then to optical fibers in the measuring head (the illuminating
source and the signal detection system);

Fig. 1 – The block diagram of the experimental setup.
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• two optical multiplexers, for illumination and sequential measuring of
optical signals transmitted through tissue on the 16 optical fiber structure of a
circular optode with radial distribution of optical fibers;
• electronic control system of optical multiplexers;
• electronic assembly for the detection, amplification, decoding and
processing of light signals from the receiving fibers;
• the computing unit for controlling the operation of the laser illumination
source, optical multiplexers, data acquisition system and graphic reconstruction of
the investigated tissue structure.
An overview of the laboratory model of the DOT is presented in Fig. 2, the
three pictures showing the measuring head assembly (optode) (picture a),
electronic modules for automatic control of temperature and operating current in
laser diodes, of coding frequencies through intensity modulation of the radiation
emitted by laser diodes, illuminating and receiving optical multiplexers (picture b),
and the electronic control system of laser sources and optical multiplexers, adder
optical fiber and amplifiers used in the measuring and decoding system of light
received from the measuring optode (picture c).

Fig. 2 – An overview of the laboratory experimental setup.

The whole system is controlled by a computing unit which provides
parametric control for the operation of multiplexers and measurement and
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acquisition interface, the graphic reconstruction is made by using the specific
methods of solving the equations of light propagation (Boltzmann) in the
investigated environment, either by the same computing unit or by a more powerful
specialized graphics station, after the acquisition of optical signals provided by the
measurement optode.
2.1. SPECTRAL SOURCES
In DOT, tissue illumination is provided by high-power laser diodes [9],
emitting in near-infrared (with integrated thermoelectric cooling system-TEC)
which are optically coupled to the D-MUX de-multiplexor via optical fibers.
Figure 3 is a schematic diagram of the laser source used in the laboratory
model.
To increase operational reliability and monitor the functional parameters of
the laser diodes, wiring of the component modules was achieved (2 laser diode
drivers type MPL 2500, 2 low voltage power supply sources of 12 V/3., 2
temperature controllers MPT 2500, for controlling Peltier elements in the
temperature controlled mounts type TCLDM9 of laser diodes, 2 low-voltage power
supply sources of 5 V/3A type HB5-3/OVP-AG and 2 signaling and protection
circuits, which enable the connection of the modules to the 220 V 50 Hz AC supply
grid). A front panel allows access to on/off switches of temperature and laser
power controllers and to visualize optical indicators of normal or emergency
operation.

Fig. 3 – Laser source schematic diagram.

The wiring diagram of the control circuit achieved is shown in Fig. 4.
Laser diodes used to build laboratory model are two diodes type RLT 7801000G and RLT8350G, providing 1 W at 780 nm and 500 mW at 835 nm.
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Fig. 4 – Electrical diagram presenting the interconnection of modules for power supply,
temperature and laser power control for the two laser diodes.

Fig. 5 – Electrical diagram designed for power supply and protection to overload of MPT 2500
and MPL 2500 modules used for temperature and power control of laser diodes used
in the laboratory setup.

2.2. THE MULTICHANNEL ACQUISITION SYSTEM
To determine any changes in the propagation of light in the investigated
tissue structure, receiving fibers in the measuring optode are connected to a high
sensitivity photo-detector (photodiode SiPD), providing optical signal to the
measuring chain, which consists of a trans-impedance amplifier with variable-gain
OE-200-SI (represented in Fig. 6) and lock-in amplifiers LIA MV-150 (represented
in Fig. 7), which provide decoding of photo-detector signals amplitude for the two
wavelengths emitted by laser diodes.
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Fig. 6 – The trans-impedance amplifier with variable-gain OE-200-SI used in the system measuring
the light received at the periphery of the investigated tissue through DOT.

Fig. 7 – One of the two lock-in amplifier modules used in the measuring chain
of the multi-channel system.

The measuring system [10] ensures the sensitivity necessary to determine
optical signals with a dynamic range of approximately 109 (which requires
extensive adjustment of the amplification), but also decoding wavelength of diodes
used in tissue irradiation by means of lock-in modules synchronized on the
modulation frequency used to encode them. Gain control can be achieved manually
and/or by software and covers an adjustment range of over 160 dB in terms of
equivalent noise signal (NEP) lower than 20 pW. Lock-in module offers the
reference frequency used for encoding (modulation) laser diodes. Modulation
frequencies are limited by control modules of laser diodes at 1.4 kHz, while the
maximum modulation depth is 90%. For commissioning the laboratory model
described, it is necessary to characterize laser diodes emission (power emitted,
radiation power and frequency dependence on the current in the laser diode and the
diode temperature, power and frequency stability during the acquisition process,
maximum modulation index and optimum modulation frequency) and functional
optimization by optimum coupling of laser diodes power to illuminate optical
fibers in the optode structure (adjusting collimation systems in relation to optical
fibers and positioning optical fiber in multiplexing units). It is also required to align
optical fibers of the measuring optode and mobile collimation systems of optical
multiplexers and to implement the absolute values of collimators displacement in
the program for driving the translational tables, for their perfect positioning in front
of the illuminating and receiving optical fiber packets. To optimize detected
signals, it is necessary to adjust the gain in the trans-impedance amplifier of the
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measurement chain and the lock-in amplifiers sensitivity in order to avoid their
saturation to minimize the system noise and to optimize the response time. Also it
is required to select the optimal bandwidth of the amplifier, to adjust the phase in
lock-in amplifier units and the time constant of the filter passes from the output of
the sensitive detector to the phase. Modulation frequencies used to encode the two
laser radiations were selected within the modulation band specific to the two
drivers of the laser diodes at values which provide a crossover less than 0.01%, and
the value of modulation index was optimized by viewing the detected signals
oscillograms to ensure good linearity between the modulated signal and modulation
signal by selecting the operating point (DC value set by diode and/or offset
amplitude of the modulation signal) and the modulation signal amplitude. Final
optimization of the system can also be performed globally, directly in the beam
provided by the illuminating laser diodes when using specialized adjustment
programs that allow individual correction of absolute positioning values in a
reproducible reception geometry (e.g. emission on fiber S1, and reception on fiber
R4 or R5 or alternative to acquisition specific rhythm on fibers R4 and R5).
At the commissioning of the laboratory model, the following devices,
interconnections and mechanical systems were used:
• Rk 5720 type laser radiometer (1 mW ÷ 30 W)
• NOVA II type laser radiometer (1 nW ÷ 3 W), with integrating sphere;
• HeNe alignment laser of 1 mW, coupled to an FC optical fiber, equipped
with collimating optical fiber;
• WaveSurfer 44Xs (LeCroy) – 4 ch. multichannel digital oscilloscope;
• 4-digit portable digital multi-meter;
• 4 ¾ digit multi-meter, Model HM8012 (Hameg);
• optical fiber spectrometer, model S2000 (Ocean Optics Inc.) with
integrating sphere with 8 mm coupling aperture and SMA connector for coupling
the 400 µm fiber of the spectrometer;
• QTY 17 type optical fiber terminated FC with a diameter of 1 mm;
• Connection and FC clipping mounts.
The laboratory setup was placed on a stable metal table, in a room with
possibilities to controllably eliminate the action of natural and/or artificial lighting
on measuring systems (mainly on the measurement optode and multiplexers
systems).
Using optical and electronic components designed for the laboratory
prototype modules, as well as specific elements designed for building optode, at
this stage we aimed to:
– commissioning of the modular and the integral measuring system;
– determining the equivalent noise power in the measuring circuit of the
multichannel system and optimizing modulation frequency of the laser radiation
intensity in the two emitting laser diodes to minimize coupling (cross-talk) between
adjacent lighting channels (emission fibers of the optode) and between the two
signals detected by lock-in decoding circuits;
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– designing and testing software programs;
– testing linear displacement systems used in making optical multiplexers;
– designing and testing programs for data acquisition and indexing them in
relation to the position of the lighting fibers and reception fibers in the optode;
– developing a mathematical formalism leading to the determination of
related absorption and scattering coefficients, according to the associated coordinates,
inside the phantom.
2.3. LASER DIODES EMISSION CHARACTERISTICS
When designing tissue lighting source for the laboratory model of DOT,
there were used two laser diodes with a maximum power radiated in multimode
structure of 1,000 mW and 500 mW, respectively, were used.
The laser diodes were chosen in order to be situated in the optimal region of
the spectra (600 nm and 1300 nm). This spectral window is called – the optical
imaging window.
The technical characteristics of the two laser diodes are shown in Table I for
780 nm laser diode and Table II for 835 nm laser diode.
RLT780-1000G
Modal structure: multimode
Wavelength: 785 nm
Optical Power: 1 W
Table 1
Technical characteristics of the RLT780-1000G laser
Characteristic

Symbol

Value

Unit

Optical power

Po

1,2

W

Laser diode reverse voltage

VR(LD)

1,5

V

Photodiode reverse voltage

VR(PD)

10

V

RLT835-500G
Modal structure: multimode
Wavelength: 735 nm
Optical Power: 600 mW
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Table 2
Technical characteristics of the RLT835-500G laser
Characteristic

Symbol

Value

Unit

Optical power

Po

600

mW

Laser diode reverse voltage

VR(LD)

0,5

V

Photodiode reverse voltage

VR(PD)

25

V

To assess the technical characteristics of laser diodes, the alignment of
collimators and coupling optical fibers to the optical system adding the two
wavelengths, the following were used: the module for power supply and operating
temperature control of laser diodes described above, two collimators C230220P-B.,
2 mounts HPT1 for positioning optical fibers in the focal of the laser diode
collimator, 2 FC connectors for terminated clipping of adder fibers input, type
Patchcord-1m-1000/1035/1400, a laser radiometer LaserProbe Inc., with measuring
detector, thermopile RKT-30 type and a laser radiometer with integrating sphere,
with FC terminated input.
To measure the stability of the power emitted by the two laser diodes, laser
radiometers outputs were connected to an acquisition board AD/DA Keithley with
a dedicated acquisition program, conducted under TEST POINT software and the
power output of the laser was recorded in real time and its average instability was
calculated in the two possible operating modes: constant current (CRT Control)
and constant power (PWR Control).
Automatic control of laser power is achieved by the MPL2500 diode driver
circuit with regulator jumper fixed in the PWR Control position by changing the
bias current of the diode.
The optimum area for laser power control is located in the linear range of
power output characteristic, P(W), depending on the diode bias current, IOP [mA].
The P = f (IOP) characteristics measured for the two diodes are shown in Figs. 8 and
9, respectively.
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Fig. 8 – P = f(IOP) characteristic of the RLT780-1000G diode.
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Fig. 9 – P = f(IOP) characteristic of the RLT83500G diode.

2.4. INTENSITY MODULATION OF RADIATION EMITTED
BY LASER DIODES
Intensity modulation of radiation emitted by the two laser diodes can be done
either by applying external modulation signal (DC – 1.4 kHz and maximum
amplitude 10 V) to the pins 2 – Modulation Input, and 3 – Monitor GND of the
MPL 2500 module used for the diode power supply, or by applying a radio
frequency signal (hundreds of MHz and amplitude) to the RF IN connector located
on the TCLDM9 mount.
The frequency modulation does not allow the use of synchronous detection
in lock-in amplifiers for radiation spectral decoding, except for the heterodyning of
modulated laser signal at detection by applying a modulation voltage to the
detection unit to a power frequency deviation from the laser radiation modulation
frequency. This involves the use of high stability synchronized radio-frequency
signal generators, and to encode emitted radiation, the intensity modulation by
controlling the bias current was used. In accordance with the manufacturer's
prescription, at the modulation input of the MPL 2500 module (780 nm diode) it
was applied a sinusoidal signal with a frequency of 1.384 Hz, with DC offset and
adjustable sinusoidal amplitude (Fig. 10) and a similar frequency signal of 1.811 Hz
for the 835 nm diode (Fig. 11).
Since the signal applied to the modulation input is summed up to the current
set in the potentiometer Current setting of the MPL2500 module (both in Constant
Current and Constant Power modes) the voltage, applied to the modulation input,
must not exceed the V+ range of the input voltage and must not drop by more than
0.5 V below the potential of the mass (pin 9). For laser emission with reduced
noise, it is recommended that during periods when the emitted intensity modulation
is not used, the modulation input is kept in short-circuit (pin 2 connected to pin 3).
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Fig. 10 – Oscillograms of the frequency modulation signal fm780nm = 1.349 Hz (C1), of the signal
detected at the lock-in 2 amplifier output (synchronized with the modulation frequency fm780nm)
and of the signal proportional with the intensity emitted (C3).

Fig. 11 – Oscillograms of the frequency modulation signal fm835nm = 1.811 Hz (C1), of the signal
detected at the lock-in 1 amplifier output (synchronized with the modulation frequency fm1) and of
the signal proportional with the intensity emitted (C3).

For the adjustment of modulation amplitude and offset voltage of the
modulation signal the following procedure was applied:
a) The frequency of the signal, generator was set to a very low value (tens hundreds of mHz) and the generation of a sinusoidal or rectangular symmetric
function was selected;
b) The current through the laser diode was set at a value in the first third of
the power transmitted;
c) The modulation signal was applied at the modulation input of the
MLP2500 module associated to the adjusted diode and the amplitude of the
modulation signal and the associated offset voltage were minimized;
d) The laser diode power is switched on and the power output is monitored;
e) Under monitoring, the amplitude of the modulation signal and the offset
voltage increase until the power deviation is obtained at approximately 90% of the
maximum power emitted;
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f) The frequency of the modulation signal is increased and the waveform
detected at pins 11 and 3 of the module MLP2500 is monitored on the oscilloscope;
g) If the power obtained at the output of the combiner/adder fiber is less than
1-10 mW, the trans-impedance amplifier with PIN detector can be used at
minimum gain (103) for monitoring modulation signal;
h) By controlling the modulation amplitude, the DC offset voltage and the
adjusted operating current, the modulation index is maximized and the modulation
signal distortion is minimized;
i) After modulation adjustment for each of the laser diodes used in combiner
fiber output, was obtained a sum signal of the two sinusoidal emitted signals.
Figures 12, 13 and 14 show the modulation signals applied to diodes and the
waveform of the intensity emitted at the adder fiber output, for the three possible
cases: when the 785 nm diode is emitting, the 835 nm diode is emitting and both
diodes are emitting, respectively.

Fig. 12 – Oscillograms of the frequency modulation signal fm835nm = 1.811 Hz (C1), of the signal
detected at the lock-in 1 amplifier output (synchronized with the modulation frequency) and
of the signal proportional with the intensity emitted (C3) for the 835 nm emission diode,
when the 785 nm diode is not emitting.

Fig. 13 – Oscilograms of the frequency modulation signal fm780nm = 1.349 Hz (C1), of the signal
detected at the lock-in 2 amplifier output (sincronized with the modulation frequency fm785nm)
and of the signal proportional with the intensity emitted (C3) when the 835 diode is not emitting.
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Fig. 14 – Oscillograms of the frequency modulation signal fm835nm = 1.811 Hz (C1),
of the frequency modulation signal fm780nm = 1.001Hz (C2), of the signal detected
at the lock-in 2 amplifier output (synchronized with the modulation frequency fm780nm)
and of the signal proportional with the intensity emitted (C4) when the illuminating beam
is the sum of the modulation signals emitted by the laser diodes.

2.5. CHARACTERISTICS OF THE AMPLIFIED OPTICAL SIGNAL
FROM TISSUE
In order to assess the characteristics of the measuring system of optical
signals detected at the periphery of the tissue, there were carried out noise
measurements at lock-in amplifiers output, under their synchronization with the
intensity modulation signal of the laser beams emitted by the two laser diodes and
under the connection of the trans impedance amplifier output to the lock-in
amplifiers input with unenlightened photo-detectors diode (at the dark current of
the diode).
The experimental values confirm the measuring system possibility to determine
light intensities of approximately 20 pW and a dynamic range of about 109.
The measuring system is connected to the receiver fibers of the optode
through the fast PIN diode of the trans-impedance amplifier, model OE-200-IN
(Femto) and two lock-in amplifiers, LIA-MV-150 (Femto), which provide
decoding of spectral information of laser illumination source.
After optimizing the alignment signals and analyzing the signals measured
under the action of the laser radiation scattering in the optode volume, a high
sensitivity for measuring system was revealed together with low action of external
disturbances (stray light from natural or artificial sources). This is possible due to
higher power densities associated with laser illumination, compared with those
from stray light and to the lack of correlation between coding frequencies and
useful spectral signals.
Figure 15 shows the multichannel oscillograms of the modulation signals of
the two laser radiations, the signal obtained at the trans impedance output, which
does not have selective character and is proportional to the sum signal of the
intensities and DC signal obtained at the output of the lock-in amplifier after the
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synchronous detection, which is proportional to the intensity of the laser radiation
of λ1 wavelength corresponding to the modulation frequency, fm1, in which it was
coded and which is used as reference frequency in lock-in 1 amplifier.
The time constant of the filter decreases, from the output of the phase
sensitive detector of the lock-in amplifiers and the synchronization frequencies
(modulation frequencies of the laser radiation intensity) are chosen so as to avoid
frequency beats and interferences between the two detection channels associated to
the cromophores, Hboxy Hbred, specific to wavelengths of 785 nm and 835 nm,
respectively. If the capture time of the measuring signal from each receiver fiber is
approximately 100 ms and the modulation frequencies fm835nm = 1348 Hz and
fm780nm = 1960 Hz, the time constant was set at position 2, which corresponds to
the value of 30 ms.

Fig. 15 – Diagram of oscillogram in the measuring chain, at the illumination and light scattering
in optode space, laser radiation emitted by laser diodes λ1 = 835 nm and λ2 = 780 nm (C1 represents
the visual signal at lock-in 1 output after synchronous demodulation with modulation frequency
of laser intensity, fm835nm; C2 is the amplitude of the frequency modulation, fm780nm; C3
is the amplitude of the frequency modulation, fm835nm; C4 - amplitude measured
at the trans-impedance amplifier output.

From the graphical representation of the calculated values it is observed that
the deviation of the values calculated in the unsaturated signal area of the amplifier
is reduced and allows the expansion of the dynamic range by at least 20 dB (the
adjusted value of the trans-impedance amplifier gain in) without introducing
noticeable phase changes by the lock-in detectors.
The acquisition board with 12 bit resolution ensures a minimum detectable
signal equal to the sampling threshold, ie VMAX/ 4.096 and corresponds to an
input power of 200 pW, at a sensitivity of the photo-pre-amplifier used of 107. But
since the detector has NEP of 20 pW, the dynamic range of 72 dB of the
acquisition board is limited and can be extended to the limit of the NEP value,
either by using a 16 bit acquisition board or by increasing the gain by 20 dB in the
measurement chain. This alternative is somewhat more difficult to implement as it
requires at least two measurement cycles and the operation of lock-in amplifiers in
overload mode (Fig. 16).

1076

Mihai Patachia et al.

16

Fig. 16 – The representation of values re-calculated for luminous intensity received by the 8 reception
fibers at the illumination the environment in source S1 of the optode, when the amplifier gain is
increased in 2 steps on a 20 dB interval.

3. CONCLUSION
This paper contains data, measurements and protocols that can be considered
prospects for building a model of DOT.
We describe a number of issues that influence the design and development of
diffuse imaging instrumentation such as choosing spectral sources, modulation
frequencies, programming etc.
Systematic errors in optical signal detection need to be eliminated by
normalization of the data or by some other means (i.e. multiple wavelengths,
frequencies, electronic filters etc.).
In conclusion, the system presented here is a complete description of a
computed tomography system which will be used to evaluate the potential for
breast cancer screening. The architecture of this setup provides an automated
method for data collection and image generation.
The technique developed as part of this research may aid the development of
new industrial applications where imaging through strongly scattering media is
required, and the measurement procedure is non-invasive, the radiation is nonionizing, and the technique is patient safe.
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