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ABSTRACT Advancements in functional near-infrared spectroscopy (fNIRS) neuroimaging have extended
its usage from clinical settings to real-life applications. We developed a wearable and wireless fNIRS-
based neuroimaging system that can be applied for brain disease diagnostics and during daily life activities.
We utilized 128 compact dual-wavelength LEDs of 735 nm and 850 nm and a silicon photodiode (SiPD). The
LEDs and SiPDwere closely assembled in a 3D-printed flexible configuration holder fitted in a soft neoprene
cap. The developed configuration has 128 channels in a 7 × 7 cm area with source-detector separations
ranging from 5mm to 38 mm, which intends to provide a high-density device. The system acquires data from
multiple brain depths to generate a 3D activation image. Short-separation channels provide the physiological
noise in the superficial layer, which can be used to enhance fNIRS signals. The experimental data are stored
in a USB flash disk attached to the device. We developed software that is connected to the device using
Wi-Fi to display the oxyhemoglobin (HbO) and deoxyhemoglobin (HbR) levels in real-time. The system
architecture allows the selection of channels and the use of multiple devices simultaneously. The system
was tested using a silicone phantom as well as human subjects. The LED intensity is dynamically calibrated
within the safety range once the device is set up, so that every channel can acquire stable data. The system
provided high-quality signals with a signal-to-noise ratio of more than 64 dB, high optical sensitivity, and
dynamic optical range of 140 dB in the phantom test. A sampling rate of 30 Hz was achieved with all the
channels used. The system exhibited valid HbO and HbR responses during the arterial occlusion test and
a motor task. These results show that the developed system can provide precise, robust, and multi-depth
measurements resulting in high-density images. With these novel characteristics, the system favors clinical
usage and outdoor activities as well as brain-computer interface applications.

INDEX TERMS Multi-depth fNIRS, brain-computer interface, 3D fNIRS, wearable, wireless, real-time
display.

I. INTRODUCTION
Developments in the field of neuroimaging technologies
are vital to enhance our understanding of human brain
operation. Comprehensive interpretation is crucial in find-
ing discrepancies leading to several brain diseases. The
healthcare industry is increasingly burdened by degenerating
brain diseases. The rise in these brain diseases stems from
the aging population. The aging society is significant in
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developed countries at present, while the developing world
will encounter this dilemma soon [1]. To cope with this
situation, a noninvasive neuroimaging technology that can
provide continuous monitoring is required. Brain imaging
can help distinguish different neuronal conditions in vari-
ous dementias (e.g., Alzheimer’s disease, vascular dementia,
Lowy body dementia, frontotemporal dementia, Parkinson’s
disease, etc.), psychiatric disorders, or neurological impair-
ments. Functional magnetic resonance imaging (fMRI) has
been a well-established clinical choice for a neuroimaging
modality for several decades for diagnosing various diseases.
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fMRI has undeniably advanced the understanding of the
functional framework of the human brain [2]. fMRI has the
advantage of a high spatial resolution with a voxel size of
1–2 mm3. However, it is plagued with several disadvantages
such as poor temporal resolution, non-portability due to bulky
size, unaffordability for imaging in natural positions (like
moving, sitting, or standing), financial burden, and incompat-
ibility with infants and patients with implants [3]. Therefore,
we developed a brain-imaging system that can produce results
with high temporal as well as densely configured channels.
The presented system is suitable for patients/subjects of all
ages in all environments. The proposed system will reduce
the financial burden due to continuous monitoring.

Functional near-infrared spectroscopy (fNIRS) is a
noninvasive brain-imaging technique that can overcome the
drawbacks of fMRI. It is a light-based method, which can
efficiently reveal and quantify the activity in the human
brain [4]–[7]. A near-infrared source attached to the scalp
shoots light, which travels through the superficial layers of
head and brain tissues. The photodetectors receive diffused
reflective light, and the portion of light detected at the
photodiodes is assumed to have traveled through a banana-
shaped path from the emitter. The penetration depth of
NIR light in the brain tissue depends on the separation
between the source and detector [8], [9]. A larger source-
detector separation can provide an image of the signal from
a deeper brain region, assuming that the detected photons
have traveled the deeper region. The attenuation of received
light is significantly increased as the distance traveled by
the photon increases, which limits the maximum source-
detector separation. The changes in received light intensity
from a constant NIR source correspond to the concentration
changes in oxyhemoglobin (HbO) and deoxyhemoglobin
(HbR) [10], [11]. These blood chromophores are the main
absorbers in the NIR spectrum and are calculated using the
modified Beer-Lambert law (MBLL) [12], [13]. Variations in
the HbO and HbR concentrations occur due to the neurovas-
cular coupling mechanism in which neurons draw energy
through the network of tiny blood vessels laid out in the
brain. Neuronal firing is directly related to regional brain
activation, which is commonly perceived by changes in HbO
only because it has higher sensitivity over HbR [14]–[16].
However, several studies show that the information provided
by HbR cannot be altogether neglected, and the combined
information is important in computing local brain activity
[17]–[20]. Furthermore, the quantitative information can be
used to assess the cerebral blood volume and the tissue
oxygenation index, which strengthens the revelation of hemo-
dynamic activation [21].

The detection of small light intensities is a challenging task
that requires highly sensitive equipment. Avalanche photo-
diodes or photomultiplier tubes are recommended because
of the high photosensitivity, and they are a popular choice
for expensive and stationary fNIRS machines that operate at
high voltages [22], [23]. However, those machines are unsuit-
able for compact wearable devices. Silicon photodiodes

are commonly utilized in wearable devices because they are
available in small sizes and can be operated at low volt-
ages. They are extremely economical when compared to the
avalanche photodiodes or photomultiplier tubes. Wearable
and cost-effective fNIRS devices can be applied at home by
patients with various brain disorders. They can be used to
monitor the neuronal health of patients with impaired brains
daily while performing different tasks in unrestricted envi-
ronments [24]–[26]. This will reduce the current healthcare
burden for the rising number of brain diseases with innovative
solutions where telemedicine and self-examination will be
possible. The wearable technology can also be utilized as a
brain-computer interface (BCI) [27]. BCIs are involved in
maneuvering assistive or rehabilitative robots or communi-
cation by brain-impaired patients. EEG is another popular
option for BCI, but fNIRS with better spatial resolution
and robustness to electronic noise can prove to be more
fruitful [28]–[31].

The fNIRS signal is prone to multiple physiological noises.
As light travels through superficial layers, it induces changes
from these layers which do not relate to functional informa-
tion. Short-separation channels are one of the highly effective
methods to remove systemic physiological noise [32]–[34].
These short-separation channels have a source-detector
separation of less than 1 cm [35]. Therefore, only phys-
iological effects are captured by these channels. The
information from these channels can be subtracted from
conventional long-separation fNIRS channels to acquire a
clean signal [36], [37]. Although the integration of short-
separation channels in the conventional channel configura-
tion requires extra components, it can significantly improve
the signal quality by removing physiological noises. In addi-
tion, most fNIRS equipment can only be used to monitor
brain areas with a reasonable spatial resolution that is lower
than fMRI. For high-resolution imaging using fNIRS, many
channels should be configured in a closely-knit fashion,
and the optodes should be placed very close to each other
[38], [39]. This creates a large dataset for fNIRS, unlike the
dataset created by conventional limited channels. The created
dataset can be processed by complex algorithms like neural
networks, which require large datasets [40]–[43]. This type
of configuration utilizesmultiple source-detector separations,
which results in light penetrating multiple depths in the brain.
The depth information can be incorporated in the output to
deliver a 3D functional brain image.

In this study, we describe the design and development of
a densely-configured fNIRS system that extends the current
continuous-wave fNIRS framework. The device is economi-
cal, battery-operated, portable, and wearable. It can be oper-
ated wirelessly to ensure use in open environments beyond
any restrictions. The system incorporates short-separation
channels along with long-separation channels to provide a
wide range of source-detector separation of 5 mm to above
38mm. This is the first wearable system to incorporate a large
number of sources and detector to create densely positioned
channels targeting various depths in the brain to generate a
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FIGURE 1. Simplified block diagram showing components and modules used in the system.

3D brain activation image with high temporal resolution. The
system is extendable for multimodal fNIRS-EEG imaging.
The system provides a graphical user interface (GUI)-based
software, which computes and displays blood chromophore
levels in real-time. Multiple brain regions can be studied
simultaneously usingmultiple devices. The developed system
with a unique combination of these features will extend the
application of fNIRS technology as an open-environment
friendly option. In the following sections, the principle
and technical details of the system are provided in detail.
We also report the preliminary validation of the system’s
performance through phantom and human-subject-based
measurements.

II. METHODOLOGY
To observe the neuronal activation using the fNIRS-based
system in a free environment, the system should have a
reduced form factor and wireless communication. This will
allow portability, wearability, configurability, and battery-
operated power supply. The system requirements expo-
nentially increase when the source-detector combinations
increase. This includes real-time data processing and stor-
age, information transmission, and visualization of mea-
sured chromophores. These qualities make the system design
a challenging task. A high signal-to-noise ratio (SNR) is
required for such systems to accurately measure the changes
occurring in the brain. A higher sampling frequency is crucial
in constructing a reliable signal by rejecting the influence
of various noises. Continuous brain monitoring for longer
durations also emphasizes the safety aspect of the system. The
systemmust involve user-protection at all levels so that it does
not harm the patient electrically (current), thermally (heat),

optically (intensity), or mechanically (headgear and device
enclosure). The system should be user-friendly with an easy-
to-understandGUI for smooth and convenient operation and a
comfortable headgear embodying the sources and detectors.
Various experimental paradigms require different area cov-
erage of the brain; therefore, the system should be modular
and configurable such that multiple devices with selective
channels can be used simultaneously.

A. SYSTEM ARCHITECTURE
The system overview is pictorially presented in Fig. 1. The
system is a combination of our developed software and hard-
ware modules. A Windows-based computer hosts the soft-
ware, which communicates wirelessly with the embedded
system. The electronics of our designed embedded system
reside on a single board. The headgear containing NIR light
sources and a photosensor is attached to the board. The board
houses various modules that include light switching and gain
adjustment, photosensor interfacing, wireless communica-
tion, USB storage, power supply, and, most importantly, com-
mand and control. The details of these modules are provided
in subsequent subsections. Serial peripheral interface (SPI)
and universal asynchronous receiver transmitter (UART) pro-
tocols are used in the embedded system for communication
between devices.

B. NIR LIGHT SOURCE MODULE
NIR light sources are one of the most critical parts of an
fNIRS device. They are the interface between the scalp and
the machine. The imaging result considerably depends on
the type of the source, its attachment with the skin, and the
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stability of the current supplied to the source. The curved
shape of the human head and hair are significant challenges in
coupling the sources to the scalp. If the sources are not prop-
erly placed, the light entering the head can leak toward the
photosensor, producing unreliable results. These key aspects
of usability should also be monitored so that the subject under
study feels comfortable. The incoherent and uncollimated
light output makes the LED a safer choice. In addition,
the laser diodes require additional temperature measurements
and control, which is not suitable for a portable system.
We utilized dual-wavelength LEDs (SMT735D/850D) with
a narrow spectrum (1λ < 30 nm) for both wavelengths pro-
vided by Marubeni America Corporation, USA. The wave-
lengths (735 nm and 850 nm) were selected based on previ-
ous studies to prevent signal contamination due to crosstalk
[44], [45]. These wavelengths are adequate in computing the
desired chromophores, that is, HbO and HbR. This precise
LED was also selected because of the incentive of a small
package.

In the designed fNIRS system, we used 128 dual-
wavelength LEDs, i.e., 256 NIR light sources. To control the
switching of this large number of NIR sources, SPI-based low
side switching IC (MCZ33996) was applied. An LED source
of dual wavelengths has a compact size of 2.7 × 3.5 mm.
This IC is operated with a 3.3 V logic level, which allows
the flow of sharp currents. Each IC has 16 available outputs,
and 16 ICs are employed to control the switching of the
256 NIR sources arranged in the headgear. The cathodes of
all LEDs are connected to the output pins of the switching IC.
Once the IC is configured, a 24-bit command is received to
allow current to flow through a specific LED. The LEDs are
switched on using time multiplexing technique, where only
a single source is powered at a time. The LEDs follow the
round-robin sequence for switching.

The LED intensity depends on the supplied current. Light
absorption differs according to various skin colors [22].
In addition, the brain location under observation is an impor-
tant factor for the required light intensity. The light intensity
should be such that it can cross the scalp and skull to reach
the brain [46]. Therefore, gain adjustment for the NIR source
is required to develop a device that can be used to study all
the brain areas. A single stabilized current driver, which is
a combination of op-amp and transistor, is utilized to supply
current to all the 256 NIR sources. The current driver adjusts
the current for each wavelength of every LED individually.
The gain of the current driver is controlled by a digital-
to-analog converter (DAC). The DAC output is supplied to
the current driver, thus varying the intensity of light sources
within the safety limits. The safety limit must be strictly
adhered to because going beyond the safety limit can cause
redness of skin, skin irritation, or skin burn in severe cases.
Stable light intensity is also critical to detect the changes in
chromophores. A variation in source intensity cannot be dis-
tinguished from the changes occurring because of absorption
by blood chromophores. Therefore, the NIR source driver
should be compulsorily robust.

C. PHOTOSENSOR MODULE
The photosensor, other than the NIR light source, is the
most important component of the fNIRS system because
it is also the interface between the skin and the machine.
We utilized a single silicon photodiode (SiPD) to design
the photosensing system because it is appropriate for our
objectives of portability and economic efficiency. It is suit-
able for rapid data acquisition for a faster fNIRS imaging
frame rate. The selected SiPD (S12158-01CT) was provided
by Hamamatsu Photonics, Japan. The SiPD package has a
compact size of 4.2 × 4.2 mm. It has a substantial pho-
tosensitive area of 2.77 × 2.77 mm, which is appropri-
ate to detect the reflected NIR light from the brain cortex.
The selected chip-on-board type package has a good ratio
of package size to the photosensitive area. The utilized
SiPD has a high sensitivity for both the NIR source wave-
lengths utilized in our design. A high SNR is mandatory in
fNIRS-based brain imaging. Several factors affect the quality
of signals obtained during the actual human subject-based
experiments, which include source-detector separation, light
intensity, physiological noises, ambient noise, sampling fre-
quency, skull thickness, and skin tone. Therefore, special care
should be taken in designing and placing the SiPD interface
circuit.

Signal digitization is required for designing an fNIRS
system. An analog signal is generated as the reflected light
reaches the surface of a SiPD. Upon the arrival of NIR light,
a tiny current is generated, which is amplified considerably
before reaching the analog-to-digital converter (ADC) termi-
nal. A shielded cable is carefully used in the design to secure
the acquired signal from being contaminated by environmen-
tal noises as it travels from the headgear to the designed
device board. We employed an onboard 12-bit successive
approximation type ADC. To achieve a high sampling rate
with a large number of NIR sources, the SiPD was used in
photoconductive mode. A filter circuit was used to block
the effects of high-frequency noise from the voltage supply.
The amplifier gain was static for SiPD, whereas the NIR
source gain was dynamic. Therefore, the SiPD interface cir-
cuit can provide substantial value for each of the 256 NIR
sources.

D. WIRELESS COMMUNICATION MODULE
If a device can transfer data wirelessly to a monitoring con-
sole, it can be used freely in any environment. We used an
ESP8266 Wi-Fi module for incorporating portability in our
system. The Wi-Fi module was only employed in the case
of real-time monitoring of neuronal activation. The module
receives fNIRS data using a universal asynchronous receiver-
transmitter (UART) that is transferred to the monitoring con-
sole, which is a personal computer in our design. It is a low
power board requiring 3.3 V operating voltage. This module
is small and compact because of the onboard printed antenna
for transmission and receiving signals. The small footprint
allows painless integration in our device.
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E. USB STORAGE MODULE
An onboard USB interface is used to connect the USB flash
disk for data recording purposes. Data recording is mandatory
for offline data processing. In fNIRS-based neuroimaging
studies, data are recorded, which are analyzed later. The
USB storage allows small disk drives to be attached to the
designed embedded system for data recording. Additionally,
data extraction from the device to a computer for processing
does not require the device to be accessed. The USB flash
disk has data files that can be copied easily. The intensities of
the NIR source light received by the SiPD are stored in text
files that can be readily transferred to processing software or
used to compute HbO and HbR levels.

F. POWER SUPPLY MODULE
The power supply module provides multiple voltage levels
required by all devices and circuits throughout the designed
board. The module supplies 9, 5, and 3.3 V to the switch-
ing ICs, Wi-Fi module, controller board, USB storage, LED
driver, and SiPD amplification. The system controls the
shooting of 256 NIR light sources, which requires a stable
and rugged power source. A compact 11.1 V lithium-ion
battery is used to meet the power requirements of the system.
The battery has a capacity of 1500 mAh, which allows long
duration experiments. The use of a battery is imperative for
wearable mobile devices. The option of an alternate power
source through a 9 V adapter is also integrated into the
system, and a dedicated jack is attached to the designed board.
This source is useful during device testing or when the system
is not used in a mobile configuration.

G. COMMAND AND CONTROL MODULE
Every embedded system must have a dedicated module for
controlling the flow of the system. We used a powerful rapid
prototyping board, mbed LPC1768, provided by Arm Lim-
ited, United Kingdom, in our designed system. This module
communicates with all the aforementioned modules. It is a
compact board that has a 40-pin DIP package, which allows
easy attachment on the board. The module has various inter-
faces, among which we utilized digital output, SPI, UART,
ADC, DAC, and USB. The mbed LPC1768 board is powered
with 9 V from the power supply module. It is responsible for
shooting and controlling the intensities of LEDs, receiving
data from SiPD, storing data in the USB flash disk, and trans-
ferring the data to the monitoring console. A state machine
is designed and implemented in the onboard microcontroller,
LPC1768, provided by NXP Semiconductors N.V., Nether-
lands, to control the flow of the system, as shown in Fig. 2.

The microcontroller (master) communicates with
16 switching ICs (slave) using SPI. An independent slave
control architecture is employed where the microcontroller
addresses each switching IC individually. Sixteen digital
outputs from the controller board are used for individual
selection of switching ICs using their corresponding chip-
select pins. The microcontroller configures the SPI for

FIGURE 2. State machine for fNIRS device.

switching ICs and sends a 24-bit command for switching
each NIR source. The calibration of low-signal channels can
be done at each experiment by adjusting the LED intensities
automatically. The intensity for every LED is adjusted in the
configuration state using DAC to generate a ramp-up signal
until the SiPD signal value reaches the desirable range. Thus,
the supply source of LEDs becomes a ramp-up current source.
The final gains for individual LEDs are stored for use during
the experiment. The gain can only be increased within the
safety range, which ensures that the sources do not become
hot even after long experiment duration. In case the light from
any NIR source measured by SiPD does not reach the desired
stable range, both wavelengths from that source are marked
to be discarded, and a channel is lost. This information allows
the user to start with a few channels or restart the experimental
protocol after checking the headgear.

The microcontroller board can digitize five analog inputs.
A single ADC channel is utilized in our design. The 12-bit
ADC has a resolution of detecting a minimum change of 805
µV. The sampling rate of ADC is critical in defining the
frame rate of our system. A full-frame is the combination of
intensities of received light from all 256 LEDs. A maximum
of 40 Hz can be achieved with the full-frame. This means
that the acquisition from 256 sources can be completed in less
than 25 ms. The system can integrate four EEG electrodes for
hybrid fNIRS-EEG imaging by utilizing four vacant onboard
ADC pins. This allows the system to measure the electric
potential from active EEG electrodes. This compatibility
allows the design of a wearable multimodal fNIRS-EEG
system.

When a single frame measurement is completed,
the 256 digital light intensities are stored in a USB flash disk.
During the configuration state, a text file is made in the USB
flash disk that we keep appending with new data after every
frame acquisition. The file is closed when the experiment is
completed. The complete frames are also transferred to the
computer using the Wi-Fi module. The Wi-Fi connection is
established between the designed embedded system and the
computer during the configuration state. The microcontroller
continuously sends data to the Wi-Fi module using UART
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after every frame acquisition. Eachmeasured light intensity is
16-bit wide and stored in a 16-bit memory. The UART of the
Wi-Fi module receives the 8-bit data; therefore, the intensity
is broken into two separate bytes. The two bytes that represent
a single value are transferred successively.

FIGURE 3. Visual representation of LEDs’ sequence and timing for data
acquisition and recording.

All sources are powered down during the configuration
state. The SiPD reads the NIR light in the order of 850 nm
and 735 nm from the first LED package, then from the second
LED package, and continues until the last LED package.
Then, it restarts from the first, as shown in Fig. 3. It takes
0.13 ms to shoot both wavelengths from an LED package and
their measurement through SiPD. For measuring a complete
frame, 17.5 ms are required, while its storage in the USB disk
takes 12.0 ms. The system can acquire data at a stable rate
of 30Hz for the full-frame. For a reduced number of channels,
the sampling rate can be even higher and can go up to 3.2 kHz
for a single channel.

FIGURE 4. Channel configuration of the device: The channel number
increases in the clockwise direction.

H. OPTODE CONFIGURATION AND 3D IMAGING
We designed a novel high-definition configuration, as shown
in Fig. 4. A total of 128 LED packages were arranged around
a single SiPD located in the center, covering an area of
7× 7 cm, using the bundled-optode method of configuration
design [38]. The separation between two successive LED
packages is 5 mm. This configuration significantly improves
the spatial density, which allows themeasurement of neuronal
activation with more data points within a focused region.
An fNIRS channel is formed between the SiPD and each
LED source. Therefore, a total of 128 channels are formed in
the designed configuration. Among the 128 channels, eight
channels are short-separation channels, where the distance

between the SiPD and an LED source is less than 10 mm.
The integration of these channels is advantageous as they
are utilized to remove physiological effects from the chan-
nels carrying information regarding brain activation. Short-
separation channels capture the physiological effects from the
superficial layers (scalp, skull, cerebral spinal fluid) and not
from the brain. These effects can be subtracted from the long-
separated channels that capture the effects from the brain
as well as the superficial layers [37]. The subtraction can
be performed after applying a scaling factor to the short-
separation channel. The scaling factors for each channel can
be computed by measuring the correlation between the long
and short channels [26]. The LEDs are arranged at variable
distances from the SiPD starting from 20 mm, which results
in channels reaching different depths in the brain compared
to the channels reaching the same depth in the conventional
fNIRS imaging; this allows 3D brain imaging using fNIRS.
To realize a 3D image, the measured point by each channel
is assumed to be the midpoint between the source and the
detector, and the depth of the measured point is assumed to
be half of the distance [47]. Using this approach, the channel
information can be displayed in the 3D space. If the SiPD
is located at the origin and the LED sources are placed in the
xy-plane, each quadrant shows a mirror image of its neighbor.
With the negative z-axis going into the brain, the locations of
long-separated channels are computed in Table 1. The resul-
tant channel locations in the 3D space are shown in Fig. 5.

FIGURE 5. Channel configuration in the 3D space mapped on the head:
a) The conical surface, and (b) voxel form where the red dots are the
center points of the channels represented in (a).

The head surface was assumed locally flat in the brain
part covered by the configuration. In this configuration, there
are no overlapping channels. To visualize volumetric imag-
ing, a rectangular volume can be used, whose edges are
located at locations of the aforementioned channels, as shown
in Fig. 5(b). The x- and y-dimensions of the volume are con-
stant throughout the image, whereas small variations occur in
the z-dimension. Each rectangular volume represents a single
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TABLE 1. Location of long–separation channels.

voxel similar to fMRI. The x- and y-dimensions of each voxel
are 2.5 mm.

I. GUI MODULE
An embedded system used by humans essentially needs a
user-friendly and robust operating interface. A Windows-
based desktop application was developed using Microsoft
Visual Studio, which provided the GUI. This software can
receive, compute, display, and record the fNIRS data in real-
time. The data, which were stored in the USB flash disk by
the wearable device, can be converted to HbO and HbR levels
by this GUI.

For Wi-Fi network communication, a transmission control
protocol (TCP) is used because of its reliability. A connection

is established between the software and hardware after secu-
rity verification to ensure the legitimate software is connected
with our designed embedded system. The GUI sends the
current time and date to the wearable device, which is used
to name the data file saved in the USB disk. Furthermore,
the user can select the type of configuration from a list of
predefined channel configurations. The user can set whether
he wants the data to be displayed in the software, or he only
wants the data to be recorded in the wearable device for the
desired duration. In case a data display is required, the soft-
ware shows the time-series signals of HbO and/or HbR or the
activation map of the brain area under study. The time-series
signals for a maximum of 16 channels can be shown simul-
taneously in separate plots. Data visualization is hampered
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when more than 16 channels are shown because the graph
size becomes very small. The channels to be displayed can
be selected from a list of available channels. The activation
map is generated based on the relative HbO. The intensity of
activation is proportional to the HbO level because neuronal
activation is linked with elevated HbO levels [48], [49]. The
depth information is also embedded in the image, which
is based on the length of the channel, i.e., source-detector
separation. It allows channels with a specific depth as well
as all channels to be displayed together. Each channel is
represented by 25 pixels (5 × 5 px) in the activation map.
The smoothing filter is used to generate the activation map
such that the edges of each channel are not shown. The Wi-Fi
connection is terminated upon completion of the experiment.

The data are transferred to the software frame by frame.
The data in the frame received by the software are in the
ASCII format, which is a single byte. The frame is processed
by consolidating every two successive bytes to give a 16-bit
wide integer because each of the original intensity values wes
16-bit wide. The data from both wavelengths are stored in
the program memory separately and used for conversion to
the HbO and HbR levels in real-time. This converted data
are displayed in real-time as well as stored on the computer.
Data conversion is performed by implementing the theory
of MBLL [50]. The values of differential pathlength factor,
based on the wavelengths, were taken as 6.3125 and 5.235
for 735 and 850 nm. The software can compute the abso-
lute concentration of HbO and HbR because of the novel
source-detector configuration, in which the absolute values
were computed by implementing the bundled-optode theory
[38], [47]. The HbO and HbR values for the short-separation
channels are not used for real-time noise removal by the soft-
ware. These values are only stored for offline processing. The
measured light intensity file stored by the wearable device
and the GUI are formatted identically. The GUI provides the
option to convert these files to HbO and HbR.

J. HEADGEAR
Headgear design is very important for any fNIRS system.
The headgear must provide the absolute coupling of sources
and detectors with the scalp. Ambient light must be blocked
because it can distort the effort for acquiring brain activation
data. The holding of a large number of optodes in the head-
gear design is a challenging task [39]. A flexible pad was
designed to be manufactured using a 3D-printing facility, as
shown in Fig. 6. Multiple design iterations were performed to
select the thickness of the pad. A 3 mm thickness was used
to provide the best combination of flexibility and durability.
The 3D-printed configuration holding pad fits in a square
area of 90 × 90 mm. The pad contained hollow boxes of
5 × 5 mm (including a 0.5-mm separation wall), which
houses the LEDs and SiPD. Each hollow box had tiny holes
that allow the electric wires soldered with the LEDs or
SiPD to pass through. The wires connecting the headgear
and embedded device were covered with flexible cable hold-
ers. The 3D-printed pad was placed inside a neoprene cap,

which the human subject can wear. The pad can easily bend
inside the cap according to the shape of the head and does
not irritate the subject even during a long experiment. The
integration of square-shaped EEG electrodes that can fit in
the LED package is possible for multimodal imaging.

FIGURE 6. (a) The 3D-printed configuration holder is flexible to fit the
spherical head, (b) the SiPD is placed in the center, and every box has
holes for wires.

TABLE 2. Optical properties of optical silicone phantom used for
validation measurements.

K. PHANTOM TEST
The developed system was evaluated to verify the reliabil-
ity in obtaining hemodynamic changes. An optical phan-
tom mimicking the absorption and scattering properties of
the human brain was used to evaluate device performance.
A silicone phantom provided by ISS Inc., Illinois, USA,
with known absorption and scattering characteristics, was
employed. Table 2 shows the coefficients of the phantom in
comparison with those of the brain (gray and white matter
combined) [46]. High-quality data acquisition of raw light
intensities is critical to attaining reproducible and reliable
HbO and HbR levels. SNR was computed to evaluate the
effect of noise in computing the desired chromophores. SNR
was calculated as 20 log10(m/σ ), where m is the mean value
and σ is the standard deviation of the measured signals [26].
The measurements from all channels were acquired using the
phantom, which was placed inside a box in which ambient
light could not enter. The original sampling frequency and
configuration were used for these experiments. Many opti-
cal devices face the problem of optical drift after long data
acquisitions due to temperature changes. Therefore, this drift
was computed by measuring the slope for the data of 1 min
after the continuous acquisition of 10 min. The normal data
acquisition routine for all channels was followed for the slope
measuring test. The noise equivalent power (NEP) of the
SiPD was used to measure the optical sensitivity. NEP was
calculated as I /R, where I is the dark current with no LED
light on and R is the responsivity of the SiPD for a given
wavelength [51]. The dynamic optical range was evaluated
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by increasing the power of LED to the extent where the SiPD
did not undergo saturation. The ratio of maximum intensity
and NEP, calculated in decibels as 20 log10(Pmax/NEP), is the
dynamic optical range, where Pmax is the maximum optical
power of LEDs [26]. The silicone phantom is a staticmedium;
therefore, light intensity signals were used for measuring the
test metrics.

FIGURE 7. Setup for an arterial occlusion test: The cap is tied on the arm,
while the gray elastic band ensures coupling of sources and the detector
with the skin (the device is placed on a table).

L. ARTERIAL OCCLUSION TEST
The device was tested on a human subject to verify its ability
to measure the correct hemodynamic response in situations
when the desired output is known. For this purpose, an arm
arterial occlusion test was performed. The headgear was
adjusted for attachment with the forearm, as shown in Fig. 7.
The intensity of light was adjusted in the configuration state
such that the SiPD could receive an adequate amount of NIR
light. The occlusion caused the HbO to decrease while the
HbR increased because the oxygen was consumed constantly
while no further oxygen was supplied. Once the supply is
allowed, the trend of HbO and HbR will be reversed because
HbO will increase while HbR will decrease [24]. Occlusion
was observed for 120 s by applying pressure using a manual
cuff. The occlusion was repeated three times, and every time,
it was followed by a resting state of 180 s. The arm was
kept stationary on the table while the subject was comfortably
seated in a chair during the whole experiment in a dark
room. Four channels were utilized with LEDs that are in
a straight line with source-detector separations of 20, 25,
30, and 35 mm. A Velcro band was used to tightly fix the
configuration on the arm, and a black fabric was utilized
to block ambient light. The measured chromophores were
filtered with a low pass filter with a cutoff frequency of 1 Hz.

M. BRAIN ACTIVATION TEST
The capability of our designed system for detecting cere-
bral hemodynamic changes was evaluated. Neuronal acti-
vation was observed on a human subject during a motor

execution task. The configuration was placed to cover the
left motor cortex. The area of C3 was the desired region of
interest. The subject was asked to tap his right-hand fingers
at a comfortable pace. A total of 10 trials were performed.
Each trial consisted of a task duration of 10 s followed by
a resting period of 20 s. The subject was asked to continu-
ously tap his right hand during the task duration and remain
calm while looking at the screen. An initial resting period
of 60 s was observed before the start of trials. Therefore,
the complete experiment lasted for 360 s. The headgear was
worn by the subject, and good scalp coupling was observed
for all channels. The SiPD values were reported to reach
the desired range, indicating proper light reception from
all sources. The subject was comfortably seated in a dark
room with the instruction screen at a distance of 90 cm. The
subject’s arm was kept on the table with foam under his
hand to reduce vibrations generated by finger tapping. The
subject was instructed to stay silent and stationary to avoid
contamination by motion artifacts. The data were acquired at
a sampling rate of 30 frames per second (FPS). The hemody-
namic signals were filtered to remove various kinds of noises
using a fourth-order Butterworth low- and high-pass filter
with cutoff frequencies of 0.15 and 0.01 Hz, respectively [5].
The channel showing prominent hemodynamic changes was
selected as the representative channel.

FIGURE 8. The wearable device can be placed in a backpack while the
subject can wear the headgear and move freely.

III. RESULTS
The technical performance of the designed system was eval-
uated and is summarized in Table 3. The system shows a
fruitful combination of SNR, sampling rate, power consump-
tion, wearability, and safety. The wearability of the devel-
oped device is shown by a walking person in Fig. 8. The
size of the board is 28 × 7 × 2 cm without casing and
29× 10× 5 cm including the mechanical casing. The weight
of the embedded system, including the casing, is 455 g,
and the complete wearable system, including the headgear,
is 674 g. The wavelengths were selected to minimize the
optical crosstalk for the computation of HbO and HbR
[44], [45]. Power consumption is important for a wearable
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TABLE 3. Specifications of developed fNIRS system.

system and depends on device usage. The selection of chan-
nels, light intensities from NIR sources, received light by
SiPD, and real-time display are major factors affecting the
required power. The power consumed by the device with
complete frame acquisition was less than 3.5 W.

The noise equivalent power (NEP) was determined for both
wavelengths and was found to be 1.79 nW and 1.50 nW for
735 nm and 850 nm, respectively. The ratio of the maximum
NIR source power measurable without saturating the SiPD
and NEP provided the dynamic optical range of 138 dB and
140 dB for 735 nm and 850 nm, respectively. This demon-
strates that the system can measure a wide range of optical
intensities. The average SNR of the above 50 dBwas obtained
for data from all NIR sources. The maximum SNR achieved
was more than 64 dB. This shows that the designed system
has good data acquisition ability, and all channels reached
an SNR of over 40 dB. The average of the measured slope
from all NIR sources showed an increase of less than 0.001%
per sample, which is negligibly small. A full-frame sampling
rate of 30 FPS was achieved. The sampling rate depends
on the frame size (number of channels in the configuration)
because the conventional spatial resolution may be used to
find a region of interest before high-resolution imaging is
utilized. A sampling rate of 2.4 kFPS was attained when the
configuration was limited to 16 channels in the shape of a plus
sign (+) with four channels on each side of SiPD. The use of
a shielded cable ensures that the SiPD signal is not affected
by other electronics in the system.

Low light intensities were adequate to acquire the SiPD
signal from the forearm because the forearm is not encapsu-
lated by the skull. The sphygmomanometer cuff was quickly
filled with air on the upper arm to block the blood supply

FIGURE 9. Average response of the arterial occlusion experiment at
240 mmHg.

to the forearm. A pressure of 240 mmHg was used to stop
blood flow [26]. The time-series signal of HbO and HbR
was computed using the raw intensity data acquired by the
system under testing. Fig. 9 shows the mean and standard
deviations of HbO, HbR, and HbT for all trials marked with
occlusion and rest conditions. The graph shows the desired
variations of HbO and HbR in-line with the expectations. The
HbO signal can be seen to be decreasing during the duration
of occlusion, while the HbR shows the same trend in the
opposite direction. Once blood supplywas resumed, HbO and
HbR showed inverse behavior from the occlusion state, where
the HbO increased and HbR decreased.

During data acquisition from the left motor cortex, higher
gains were set by the device to achieve adequate signals
from the NIR sources. All channels showed proper reception
of light, and none of the channels was discarded during
the configuration state. During the initial resting state, only
signals of heartbeat and Mayer waves were expected from
short-separation as well as long-separation channels. The
resting-state data from the short-separation and long-
separation channels showed similar variations in HbO
because of the aforementioned signals. The similarity of
short-separation and long-separation channels signifies the
absence of any neuronal activity in the area under study.
The HbO response for the motor task was observed because
it is more reliable for activation detection [33]. The block-
averaged HbO signals and standard deviations of 10 motor
trials from a representative channel are shown in Fig. 10(b).
During the task, the HbO signal was increased as anticipated,
and it tended to reduce after the task was completed.

The hemodynamic response acquired from a short-
separation channel can be used to remove the physiologi-
cal signals from the long-separation channels. The results
of short-separation-channel-based signal improvement are
shown in Fig. 11, where the blue solid line represents the
blocked averaged HbO value from a long-separated chan-
nel, the green dashed line indicates the signal from a short-
separated channel, and the red dash-dotted line is the signal
computed after applying the short-separation-based signal
enhancement. The second peak shown in the blue curve
during the task duration has been removed in the enhanced
HbO signal.
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FIGURE 10. Hand tapping task: a) Paradigm, and b) block averaged HbO
response of a representative channel.

FIGURE 11. Short-separation-channel-based signal enhancement: The
blue solid line is HbO from long-separated channel, the green dashed line
is HbO from short-separated channel, and the red dash-dotted line shows
the enhanced result of HbO from the blue line.

The system uses the automatic calibration of light intensi-
ties for every experiment such that the SiPD can receive stable
light from all the channels. When a constant light intensity
was used, the voltage produced by the photocurrent varied
by the source-detector separation, as shown in Fig. 13(a).
The LED-intensity adjustment circuit allows us to monitor
the voltage produced in real-time until it reaches the required
range. Fig. 13(b) shows the results obtained by adding real-
time intensity control.

The developed software was also tested while being uti-
lized to conduct the aforementioned testing procedures. The
software was run on a computer with the specifications listed
in Table 4. The software continuously showed HbO and HbR
signals as well as the activationmapwithout any interruptions
for long durations while the subject kept working on the com-
puter (duration up to 1 hr). The real-time display of an activa-
tion map and illustrative HbOs from 16 channels are shown
in Fig. 12. The continuity of real-time display implies the
stable working of the Wi-Fi module on the wearable device,

FIGURE 12. An example display when the subject worked on a computer:
(a) An activation map and (b) HbO times-series for 16 channels.

providing continuous communication. The light intensity sig-
nals were converted to HbO and HbR by the conversion
module of the software. The raw intensity data acquired for
960 s were converted to the desired chromophores and saved
to a text file in less than 5.5 s.

FIGURE 13. SiPD voltage: a) Without LED intensity gain circuit, and
b) with LED intensity gain circuit.

IV. DISCUSSION
We described the development and technical evaluation of
the developed fNIRS system. We focused on the design
methodology to innovatively develop a wirelessly operated
wearable device, which can perform real-time monitoring of
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TABLE 4. Specifications of computer that hosts developed fNIRS
software.

brain activation. The developed system caters to the need of
comfort for the subject under study. The novel arrangement
of sources and detector incorporates short-separation chan-
nels for providing robust brain imaging. The configuration
allows the channels to reach multiple brain depths, which
help construct a 3D brain activation map with high temporal
resolution. The channels to be used in the study can be
selected before the experiment. The system can add multiple
devices to allow larger brain coverage. The system computes
and displays the activation map and the desired chromophore
levels in real-time. To the best of our knowledge, this is
the first wearable device to incorporate this set of features.
There exist some commercial systems providing hundreds of
channels, however the size of their optodes and the detector
saturation practically limit the number of channels in a local
brain region. 3D printing was employed in fabricating the
holders of LEDs and SiPD as well as the enclosure of the
embedded system. The headgear is worn on the head while
the embedded device can be worn like a backpack or tied to
the upper arm. This allows the subject to comfortably perform
the task in natural surroundings.

The system was tested under various experimental condi-
tions for multiple characteristics. The results showed that the
system could capture the light intensity over a wide range.
The dynamic optical range measured was higher than that of
previously reported devices (i.e., 80 dB in [52], 55 dB in [53],
and 60 dB in [54], [55]). The device provided high SNR
values for all the channels with different source-detector sep-
arations, and thus outperformed previously developed fNIRS
devices (i.e., > 40 dB in [52], and max 19 dB in [56]).
An SNR of above 40 dB is required to provide robust hemo-
dynamic response [57]. The minimum SNR of any channel
reported by the developed device was more than 40 dB. The
maximum source-detector separation in this devicewas above
38 mm, which is more than that of the conventional 30 mm.
A stable signal with adequate value was acquired from all
the channels when the experiment was conducted over the
C3 region of the left motor cortex. The high SNR value can
be attributed to the high power of LEDs being used [58].
The optical drift measured was below 0.001% per sample.
The optical drift in this range does not affect the computation
of our desired chromophores. This drift value is better than
that of previously reported devices [26], [53]. The sampling
rate of 30 FPS was considerably high, considering the slow
nature of the hemodynamic response. A higher sampling rate
is important in reducing noise factors.

Although the device has a higher number of optodes than
conventional devices, the wearability of the system was the

focus during design. The wearability can be attributed to the
flexible 3D printed holder for LEDs and SiPD. The mobility
of the real-timemonitored systemwas ensured by the integra-
tion of aWi-Fi connection. The compact design of the double-
sided board for the prototype also ensured a small embedded
device that could be easily worn and carried by the subject
during the experiment. The embedded device encased in a 3D
printed box can be placed in a backpack like previously devel-
oped systems or can be attached on the upper arm [24], [53],
[58], [59]. The size of our 3D printed configuration holder
was larger than some of the developed devices [26], [59], [60],
but the number of optodes in the configuration was higher.
If a comparison is drawn where an equal number of optodes
is used, our configuration requires a substantially smaller
area than other systems. Our configuration holder is smaller
than the previously reported device montages [53], [55].
The size of the optode holder of a single source or detector
(same size in our design) is smaller than most fNIRS systems
[24], [58]. This allows the compact placement of a large
number of optodes in a smaller area, resulting in an array-
type of channels unlike that of any of the developed fNIRS
devices. All or a few channels, based on the specifications of
the investigation, can be selected, and multiple devices can
be used to image large brain regions. Other developed fNIRS
devices may reach 128 channels, but the spatial and temporal
characteristics of the presented system are way beyond those
of the other systems. The possibility of integrating EEG elec-
trodes in the designed wearable device provides an additional
advantage of multimodal imaging, a characteristic that has
been recently employed for brain imaging [56], [61].

The hemodynamic response acquired during the motor
execution task clearly showed neuronal activation phe-
nomenon. A rise in HbO and a decline in HbRwere observed,
which agreed with the results of previously reported studies
[24], [26]. The data from short-separated channels did not
demonstrate similar hemodynamic response during the motor
task. This showed that neuronal activation was captured from
the deeper brain tissues and not from the extracerebral layers.
An increase in HbO was observed in the short-separation
channel, which is attributed to the blood perfusion occur-
ring in response to the executed task [32], [62], [63]. The
occurrence of a double peak in the HbO time-series while
performing the task could be linked with the blood flow in the
superficial layers [26]. Software for real-time chromophore
computation and the display was not developed with previ-
ously reported devices [26], [53], [59], [60]. The utilization
of a short-separation channel allows the filtering of phys-
iological noises from the long-separated channels. Lately,
various methodologies have been proposed to use the infor-
mation from short-separation channels to improve fNIRS-
based hemodynamic signals [34], [35]. Various software-
based filtering schemes have been conventionally used
[34], [36]. These methods are complex and usually require
high computation power (which is not a major concern nowa-
days because of the widely available high-tech computers);
nevertheless, they cannot exactly match the physiological
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information directly. Multiple biomedical devices can be
used to measure pulse, respiration, blood pressure, and skin
conductance while performing an fNIRS-based study [64].
However, this requires an additional experimental setup,
which was seamlessly performed by the integration of short-
separation channels. Short separation channels also reduce
any additional hardware for reducing motion artifacts as
it also captures their effect along with physiological sig-
nals [65]. In addition, the mobility and wearability achieved
by the presented device can be hampered depending on the
characteristics of these biomedical devices.

The creation of a 3D image of the brain is critical for clini-
cal diagnosis. fNIRS has already shown the results in disease
diagnosis [66]. However, specifying a local region in the brain
responsible for the disease is yet to be done. Various tomo-
graphic techniques have been used in the literature for the
generation of a 3D image based on the hemodynamic signals
[8], [67], [68]. The activation maps of two fingers were dis-
tinguished during the somatotopic stimulation task using an
ultra-high density tomography approach [67]. The results of
activation mapping were compared with fMRI to find closely
matching results in the 3D space, which showed the possibil-
ity of utilizing fNIRS systems for creating a robust 3D image.
Furthermore, the topographic approaches differ based on
regularization techniques and their criteria. A comprehensive
analysis of the result of various tomography approaches was
conducted, including linearly constrainedminimum variance,
minimum {l0, l1, and l2}-norm estimate, depth- and noise-
weighted minimum norm, spatial flexibility, and truncated
singular value decomposition [68]. The analysis of these
methods concluded that linear methods provide fast and ade-
quate results. In the developed system, the bundled-optode
technique is used that takes assumption about depth being
equal to half of the source-detector separation [38], [47].
Laterally, the center of the vector from a source to a detector
represents the location. By combining the depth and lateral
information, we can generate a 3D image of the brain’s neu-
ronal activation. The bundled-optode technique has shown to
effectively identify the neuronal activation in a local brain
region with less computational power than other tomographic
approaches.

The device can be further advanced by adding more SiPDs.
The addition of a single SiPD will double the current number
of channels. The device can be used on subjects without hair.
The use of optical fibers as a light guide between the scalp
and the optodes will allow the seamless application of the
system on hairy surfaces. Further miniaturization of the sys-
tem is possible by stackingmultiple electronic boards inside a
smaller box, which can be attached directly with the headgear.
This will reduce the length of wires between the embedded
device and headgear, thus improving the robustness of the
system. EEG electrodes will be integrated to exhibit multi-
modality. The optode configuration can be modified such that
the channel locations can become uniform in the x-, y-, and
z-directions. This will enhance 3D image reconstruction.
A uniform 3D imaging for the full head should be the

target, which can be comparable with fMRI up to the physical
depth limit of fNIRS. Therefore, a single unit for whole-brain
imaging is anticipated in the future.

V. CONCLUSION
We designed and developed a novel fNIRS system that pro-
vides a working combination of prominent characteristics.
The system is wearable, includes channels that reach different
depths in the brain to provide a 3D image, allows channel
selection, has a significantly higher spatial density along
with sufficient temporal resolution, and provides a real-time
display of acquired chromophores (HbO and HbR). Multiple
modules can be used to cover a large brain area, while a single
module covers an area of 7 × 7 cm. The Wi-Fi-based system
allows the subject to move freely during the experiment,
which favors its utilization for BCI. The integration of short-
separation channels allows efficient removal of physiological
noise present in the fNIRS signal. The system characteristics
measured through the phantom tests showed higher values
when comparedwith the existing devices in the literature. The
chromophores were also acquired during multiple paradigms
on a human subject, which provided the anticipated results.
The system offers high-definition imaging with a large num-
ber of channels (128 channels) to cover a local brain region,
which will help clinicians and researchers monitor and mea-
sure brain activity indoors and outdoors. There is no wear-
able fNIRS system that incorporates these characteristics,
especially the bundled type arrangement of 129 sources and
detector. The developed system will allow the healthcare
industry to perform continuous brain-state monitoring of the
rising number of patients with various brain diseases in an
economically feasible manner.
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