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Recently, mental diseases have been successfully treated by neuro-feedback
therapy based on Quantitative EEG (QEEG) and Event Related Potential (ERP)
online data measurements. The U.S. Food and Drug Administration (FDA)
approved the first EEG test for diagnosing attention deficit hyperactivity disorder
(ADHD) in 2013 [1]. The EEG signals are measured by an EEG cap and analyzed
by a high performance computer to extract not only the EEG power at a 
predetermined frequency and site combinations, but also the degree of 
coherence between all sites. Based on these results, brain stimulation is 
performed to modulate brain rhythms (EEG) toward the normal values for the
therapy. 

Portable and wearable monitoring and analysis devices for brain functions were
reported for personal assessment of mental health and stress level at any time
at any convenient place without visiting  psychiatrists. An EEG headset with 
1-channel electrode was well accepted in the toy and game devices but it was
not suitable for medical applications due to its functional limitation [2]. More
complicated wireless EEG headsets are widely used for brain research, but it
requires a high-performance computer to operate the device [3]. Recently, a
mental healthcare system with 4-channel EEG electrodes used a custom IC for
signal processing to extract the features to detect user’s mental health status [4].
However, it did not integrate the classifier used to make a decision whether the
obtained data is signal or noise, which was instead done by a healthcare expert
so that its practical mental healthcare applications were limited. In addition, all
of previous approaches did not provide the brain stimulation tools for treatment
of neuropsychiatric disorders. 

In this paper, a wearable mental healthcare system is proposed for real-time 
regulation, which has not only mental health status monitoring function but also
mental health therapeutic purposes such as neuro-feedback and non-invasive
stimulations. Non-invasive stimulations such as transcranial magnetic 
stimulation (TMS) and transcranial electrical stimulation (tES) are used for 
mental health problem treatments or “brain-state alteration” because they are
safer and easier than deep brain stimulation (DBS). Because of the huge size of
the inductor coil, TMS is inappropriate for the mobile applications. Recent
neuro-modulation research with tES shows respectable results compared to
TMS as a medical therapy [5]. Headset-type tES stands out as one of the 
simplest in design and the most cost-effective amongst neuro-modulators, and
has been increasingly investigated as a clinical tool for the treatment of 
neuropsychiatric disorders.

The neuro-therapeutic procedure is composed of 3 main functions: Recording,
Analyzing and Stimulating. In the proposed neuro-feedback system of Fig.
18.5.1, there are a solid headgear module with a neuro-feedback stimulation
(NFS) chip for Analyzing and Stimulating and a flexible active sensor module for
Recording.  The active sensor chip at each electrode senses and amplifies the
EEG signals and then converts them into digital signals to reduce the noise and
increase signal integrity. 16 electrodes are connected to the NFS chip through a
serial peripheral interface (SPI) bus. The Analyzing subsystem extracts the EEG
signals by independent component analysis (ICA), analyzes the features by fast
Fourier transform (FFT) and diagnoses automatically by support vector machine
(SVM) [6]. Finally, tES block stimulates the user based on the diagnosed results.

Figure 18.5.2 shows the NFS operating flow and chip architecture. The NFS chip
consists of: 1) sensor interface for gathering EEG data from the active sensor
SoCs which include programmable gain amplifiers and 10b SAR ADCs. 2) digital
signal processor including RISC, ICA accelerator, FFT accelerator and SVM 
classifier, 3) stimulating circuits for non-intensive current stimulation for 
therapeutic procedure and 4) wireless communication module for data transfer
between the proposed system and external devices such as active sensors,
smart device and computer. In this study, only a wired interconnection is used
between NFS and active sensors.

Figure 18.5.3 describes the proposed EEG analyzing datapath architecture. EEG
analysis is divided into three parts: ICA accelerator for signal enhancement and
feature extraction, FFT accelerator for spectrum analysis of EEG signals, and

SVM accelerator for decision of QEEG characteristics. In addition to the previous
forward ICA datapath [4], the feedback path from SVM is added to the step of
the ICA iteration loop in the NFS SoC. From the results of the SVM, the ICA can
be reconfigured in order to extract essential components to avoid unnecessary
redundant analysis later. The sensor interface generates an interrupt signal when
the 512-depth FIFO buffer is full, and then activates the ICA. The ICA outputs the
independent component waveforms and the electrode locations with the 
independent component values. A 64-point FFT accelerator, which consists of a
dual radix-8 architecture, transforms time-series data into the spectral domain
to obtain QEEG.

Figure 18.5.4 shows the SVM architecture and its operation. There are two SVM
operation modes with 64 support vectors of 16x8b stored in 4 different memory
spaces. The first classification mode makes a decision whether the independent
component output is a signal or noise as a binary classifier. In the other 
diagnosis mode, the SVM diagnoses the degree of the mental health status as a
regression. The 16 dimensions of supporting vectors are composed of 
alpha-/beta-/theta-/delta-band 4 powers, 2 peak frequencies and electrode 
locations where the high independent component is observed. The SVM is 
initially trained with external data and it can achieve 91% classification accuracy.
During analysis phase, the execution time of FFT and SVM is hidden by the ICA
operation and it can reduce the overall time by 34% compared with serial 
operation.

Figure 18.5.5 shows the waveforms from the stimulation circuit. The amplitude,
frequency and polarity of the stimulation current can be programmed with a 6b
control signal by the RISC. For example, the reconfigurable anode and cathode
electrodes, and various waveforms such as DC, AC and random noise signals
can be defined. Iout can be varied from 0-to-2mA with a 32μA (Ibias) step. Current
is multiplied from x1 to x32 by current mirror proportional to PMOS size.

Figure 18.5.6 shows the measurement results during the following experimental
protocol: 10-minute analysis and 20-minute stimulation. During the NFS analysis
period in an ADHD case, the delta-band power is measured larger than the alpha-
band power in the frontal electrodes. Then, the SVM turns on the stimulator at
the bi-frontal electrodes. After 10 sessions with 2mA of direct current tES, 
the peak delta-band power decreases dramatically to 1/5 and recovers to normal
level, which is consistent with the other previous reports [5]. Each session is
composed of 10-minute analysis and 20-minute stimulation and consumes 6.9J
of energy. To reduce power consumption, DVFS is applied for 4 different modes.
For the high-performance mode consuming 4.45mW, a 1V supply and a 20MHz
operating frequency are used. For the low-power mode dissipating 120μW, only
stimulation and sensor acquisition are activated with 700mV supply and 32kHz.

Figure 18.5.7 shows die micrograph and performance summary table. The NFS
chip is fabricated in a 0.13μm CMOS process with 5×2.35mm2 chip size. The
processor dissipates 4.45mW peak power and 2.14mW average power for 
mental health diagnosis with a maximum stimulation current of 2mA. The sensor
chip, which is fabricated in a 0.18μm CMOS process, converts EEG signals into
9.3b of digital data with 54dB-to-74dB of gain. The measured power 
consumption of the sensor chip is 75μW from a 1.5V supply.
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Figure 18.5.1: Mental health management system overview. Figure 18.5.2: Overall block diagram of NFS SoC.

Figure 18.5.3: Operating flow of data analysis.

Figure 18.5.5: Stimulation circuit with DC, AC and random noise. Figure 18.5.6: Measurement results during experiment protocol.

Figure 18.5.4: SVM architecture and its operation.
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Figure 18.5.7: Chip micrograph and its performance summary.


