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Abstract - Electroceutical has been used as an attractive 

approach to disease treatment, using electrical stimulation to 

modulate metabolic function and restore body homeostasis. As 

the first generation of electroceuticals, cardiac pacemakers and 

implantable defibrillators have saved countless lives over 

several decades. Due to the remarkable technological progress 

of implantable medical systems over the past few years, it has 

reached the point of transforming the existing system into a 

micro-scale system using semiconductor microelectronics. 

Herein, research trends regarding various disease applications 

of electroceuticals are reviewed. In particular, the components, 

specifications, and circuit structures of the stimulation sub-

systems in electroceuticals are thoroughly analyzed. 
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I. INTRODUCTION

Electroceutical, derived from electronics and 

pharmaceuticals, has been used to treat diseases by 

regulating the body's natural healing mechanism through 

electrical stimulation of the nervous system. First-generation 

electroceuticals, which are cardiac pacemakers, 

defibrillators, cochlear implants, and deep brain stimulators, 

have helped improve the quality of life of numerous patients 

for decades. 

Electroceutical has the advantage of having fewer side 

effects by stimulating only a specific target organ. It 

eliminates the inconvenience of taking medicine every day 

and maintains the result for a long time. Hence, the treatment 

cost is lower than medicine that is purchased periodically. 

Researchers at the University of Wisconsin developed an 

implantable system to reduce food intake and control weight 

after stimulation of vagus nerve afferent fibers [1]. 

Researchers at Tohoku Medical University reported that it 

could promote regeneration of damaged liver by activating 

FoxM1 through vagus nerve stimulation [2]. Wuhan 

University, China, published a study showing that vagus 

nerve stimulation using implantable high-performance 

hydrogel nanogenerators (HENG) inhibits pro-inflammatory 

cytokines [3]. According to an animal model experiment in 

[4], Cristin Welle's group at the University of Colorado 

announced that it could improve motor function learning 

during vagus nerve stimulation [4]. Researchers at the 

University of Pittsburgh have confirmed that vagus nerve 

stimulation has a potential therapeutic effect on 

cardiovascular, cerebrovascular, metabolic and depression, 

and mortality [5]. Since research to use electroceuticals for 

various target diseases has been actively reported, the related 

market size will grow further. 

Estimating how electroceuticals will play a significant 

role in therapeutic medicine depends on an accurate 

understanding of the link between nerves, organs, and 

diseases. Equally important, however, are technological 

advances in implantable electronics. Unlike the studies on 

the stimulation devices, most electroceuticals are still in their 

prototype stages. Issues such as size, usability, the lifetime 

of the battery, and lack of long-term implantable technology 

still need to be addressed to enhance the usability and 

functions of these devices for practical use. 
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Fig. 1. Clinical electroceuticals widely investigated. 
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In this study, we comprehensively explain the stimulation 

methods associated with pre-clinical data and circuit-level 

detail in implementing the stimulator. These, as shown in 

Fig. 1, include clinical nerve implants such as cochlear 

implants to restore hearing [6], [7], retinal prosthesis to 

restore vision [8], heart failure [9], deep brain stimulator 

(DBS) for the treatment of movement disorders [10], [11], 

and pharyngeal and peripheral nerve stimulation to help with 

dysphagia and gait disorders. Recent electroceuticals include 

electrical stimulation of the vagus nerve, which modulates 

the immune system to prevent epileptic seizures [5], relieves 

rheumatoid arthritis [12], treats heart failure [13], and treats 

inflammatory bowel disease and intestinal motility disorders 

[14]. It also includes the hypothesis that electroceuticals may 

improve memory and consciousness against depression and 

dementia [15]. 

In section Ⅱ, we describe the basic concept of electrical 

stimulation. In Section Ⅲ, we report detailed information 

about stimulation circuit design and define our 

considerations and results in producing a retinal stimulator. 

Sections Ⅳ deal with the challenges and advantages of 

distributed microstimulators. Finally, we comment on the 

overall review of designing a microstimulator and applying 

it to clinical experiments. 

II. ELECTRICAL STIMULATION AS ELECTROCEUTICAL 

Clinical research has utilized commercial stimulation 

devices with FDA approval to improve disease severity or 

suppress abnormal nerve activity, such as seizures. Clinical 

stimulators depict different stimulation architectures 

considering electrodes and tissue environments for optimal 

performance to the target disease. As shown in Fig. 2, the 

amount of charge and injection methods differ, which 

correlates to the electrode's type and size and the target 

tissue's characteristics. Since the area to the point refers to 

the injected charge, the graph shows the average amount of 

charge needed for AP activation. The stimulation charge of 

electroceutical is relatively low when directly delivering 

stimulus to nerve cells. In contrast, when a specific area 

needs constant stimulation using a relatively large electrode, 

the overall charge density is lowered, and the amplitude 

increases because it spreads widely. 

For instance, cochlear implants at the left bottom side 

bypass the sensory hair cells and directly stimulate the 

auditory nerve to restore auditory perception. In stimulation, 

each parameter is related to sound components—usually, the 

greater the charge, the louder the sound to the patients. 

Unlike cochlear targeting auditory nerve cells, DBS uses a 

considerably large electrode to stimulate target tissue. By 

inserting electrodes into the abnormal part of the brain and 

giving electrical stimulation, abnormal neural circuits are 

controlled by DBS, and abnormal movement symptoms are 

improved. In particular, nerves distributed over a wide area 

like Vagus nerves have different stimulation methods 

depending on their use and location. Even if the same 

amount of charge is applied, there is a difference in applying 

stimulus in a short time or applying an appropriate amount 

for a long time. 

The generation of an action potential in neurons through 

electrical stimulation is achieved by delivering a sufficient 

charge to its membrane. As the excess charge accumulates 

outside the cell membrane, a potential reversal occurs, 

triggering an action potential (Fig. 3). Therefore, the energy 

efficiency of electrical stimulation is highly dependent on 

the generated voltage and current waveforms and the 

electrodes' characteristics.  

The waveform is determined based on the circuit structure 

of the output stage and the form of the electrode combined. 

Electrode connections in a monopolar and a bipolar 

configuration are widely used in standard physiological 

experiments. Both formats have all the pros and cons in the 

application, hence selected based on their purposes. The 

bipolar configuration needs pairs of electrodes and 

stimulates a limited area while exhibiting a greater 

compliance voltage because of the circuit structure. The 

electrode's size and impedance must also be considered prior 

to the electrode configuration. Size should be small enough 

compared to the neural cells (~10 µm) to ensure selective 

stimulation and charge density, while impedance should be 

low enough to permit effective stimulation. The charge 

density is determined by the amount of the charge executed 

and the apparent area of the electrode interface. 

Conventionally, if the size of the electrode interface reduces, 

the impedance and the load on the stimulator increase. 

Therefore, it is vital to find a suitable compromise between 

them. 
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Fig. 2. Commercial stimulation devices and stimulation parameter 
comparison used in clinical trials 

 
 

Fig. 1. Electrical stimulation topology at the electrode-tissue interface 
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After determining the stimulation architectures, neural 

stimulation has been achieved by either constant-voltage 

(CV) or constant-current (CC) waveforms from electrical 

stimulation devices. CV was used in medical devices in the 

past due to its simple structure, but as a result of clinical trials, 

patients preferred and experienced greater satisfaction and 

pain relief with CC stimulation than with CV stimulation  

[16], [17]. Compared to the same results, CC stimulation has 

the advantages of better controllability of the amount of 

charge delivered during stimulation, the accuracy of 

calibration, and stimulation efficiency so that dominantly 

used. Also, the CC stimulator is believed to provide a fixed 

charge regardless of the impedance variation of electrode-

tissue interfaces. Research in [18] presented a current-

controlled stimulator delivering adiabatic waveforms that is 

fully-integrated on-chip with no external components 

necessary to achieve efficient, single-step waveform 

synthesis.  

The CC stimulator also has its drawbacks. A current 

mismatch causing a charge imbalance is easily observed in 

the output stage. Moreover, even if the amount of charge 

reached is calculated through impedance modeling, the ideal 

value is affected by environment variables before going 

neurons. Recent studies showed strategies to address this 

issue in addition to primary stimulation IC. 

III. CIRCUIT IMPLEMENTATIONS 

Stimulator ICs typically comprise three main parts to 

fulfill their functionality; a DAC to directly modify the 

amount of charge supplied from a current source, an output 

pulse driving stage connected to the electrodes for 

stimulation, and a digital logic that controls the switches of 

the connected analog backend according to the digital input 

command. With these three parts integrated, the desired 

pulse shape could be obtained by adjusting the waveform 

parameters, as shown in Fig. 4. Also, complementary circuits 

are requested for stimulator IC to work as fully implantable 

electroceuticals. These are wireless power transmission 

circuits, circuits that could detect optical and chemical 

changes, electrical signal recording/stimulation, and 

communication technology 

 

A. Digital to Analog Converter 

Conventionally, current source designs with voltage DAC 

connected to voltage to current converter were used, where 

the converted voltage determines the voltage amplitude of 

the pulse [19], [20]. However, the current-mode technique 

has the primary advantages of high-speed, low voltage 

potential. Current DACs in the stimulator analog backend 

are usually correlated to the digital controller, which 

programs stimulus pulse parameters (including pulse width, 

amplitude, and frequency). Each transistor works as a 

current source, and analog switches are connected to a 

summing point and control the ratio of the current flowing 

through the point. Most devices use the current steering 

DACs where the output current is multiplied or mirrored to 

the output stage, as shown in Fig. 5(a). It is preferred because 

of its small size, simplicity, high resolution, and fast 

conversion speed [21]. Based on the binary principle, binary-

weighted structures are applied to current sources, as in Fig. 

5(b). The number of bits that determine the stimulation pulse 

amplitude sets the resolution of DAC. Therefore, DAC 

topologies and sizes are chosen based on their purpose and 

characteristics. 

For instance, we applied a 5-bit binary-weighted current 

steering DAC for the current source. Given the operation 

speed of the retinal prosthesis, a fast on/off switching speed 

is crucial. The PMOS analog switches placed on each stage 

are controlled by a digital controller. With a 10 µA reference 

current, the maximum summed-up current was 310 µA. Also, 

a multi-channel system's relatively low stimulation current 

and high spatial resolution prefer current DAC with a small 

IC area.  

The area should be a concern considering that the 

matching and parasitic components determine the accuracy 

of the current source. In addition to the DAC topology, 

various attempts are proposed to reduce the area and increase 

the efficiency of the floor plan guaranteeing performance. 

Sharing the DAC is widely used in multi-channel systems 

[22], [23] or bidirectional systems with recording circuits 

integrated. Capacitive DACs (in Fig. 5(c) are typically found 

primarily in SAR ADCs at the neural recording stage in 

neural interface integration systems [24], sharing them to 

provide a compact design with low power consumption. 

 
 

Fig. 3. Block diagram of stimulator IC. 

*Charge balancer is optional for primary stimulator IC 

 
(a)     (b) 

 

 
(c) 

Fig. 2. Simplified schematics of DACs. (a) Current steering DAC, (b) 

Binary weighted current steering DACs, (c) Capacitive DACs. 
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Meanwhile, the linearity and the minimum mismatch of each 

LSB and MSB in DAC are always considered low power 

consumption. Linearity of the DAC is affected by the current 

output stage that follows, and as the number of channels of 

the stimulator increases, errors due to power distribution and 

simultaneous control exist. To deal with the issue, creating 

power isolation of each channel with switch capacitors was 

attempted in [25]. The study in [26] presented a 10-bit 

capacitor-charge time-based DAC (CT-DAC) as a revision 

of the conventional current-mode DAC that uses microamps 

for biasing and offers high resolution with simple layout 

requirements with low power consumption. 

B. Stimulation Output Stage 

The circuit that plays a significant role in determining the 

characteristic of the stimulator is the output pulse generation 

stage. The stimulation output stage delivers a monophasic, 

biphasic, or arbitrary-waveform current to the electrode-

tissue interface. The interface is modeled into a serial 

impedance known as load(Z) (Fig. 6(a). The findings that the 

load impedance increases over time because of the electrical 

reaction between the electrode and electrolyte during 

stimulation and scar tissue adhesion after implementation 

shows that the output stage endures large ranges of load 

impedances. With higher compliance voltage, the current 

driver can supply a broader range of currents to a given load. 

On circuit design, it is conventionally difficult to generate 

the large compliance voltages necessary to support constant-

current stimulation across the load. For the large compliance 

voltage, transistor stacking output current driver is typically 

used with HV generation circuits such as charge-pump [27], 

[28], or HV output stage with OP Amp [26]. For instance, 

the pulse frequency modulation (PFM) feedback network in 

[29] implemented the stimulation pulse generator, which 

digitally controls the charge pump to generate a dynamic 

supply voltage to the output stage of four stacked transistors. 

There was an attempt to lower the risk of using the HV 

output interface by putting the HV protective switch [30]. 

However, high voltage supplies and current sources in an HV 

process may lead to poor power and area efficiencies. 

Therefore, maximizing the output impedance of the 

stimulator lets well-controlled constant current under 

variable load conditions. As for increasing the output 

impedance of the stimulator, output stages are proposed in 

various structures, such as using a modified regulated 

cascoded current mirror [31] and customized output current 

source [22]. 

C. Circuits for Charge-Balanced Stimulation 

Charge balanced stimulation gain attention for prohibiting 

nerve damage due to electrochemical reactions, pH changes, 

gas formation, and excessive production of toxic by-

products from electrode dissolution [32]. However, the 

imbalance charge results from different reasons. Various 

things include unequal pulse shapes, imbalances and 

mismatches in the current source, and DC voltage due to the 

residual charge. 

It is well known that a biphasic pulse guarantees a 

balanced charge injection. Generally, two approaches are 

employed to generate the biphasic current pulse: a source-

sink current driver (Fig. 6(b) and an H-bridge topology (Fig. 

6(c). The source-sink model dual supplies stimulation with a 

single current driver providing desired current to each phase 

respectively [30], [33]–[35]. Mostly, current steering DACs 

are combined as current sources. H-bridge topology is 

employed to produce a biphasic pulse from a single current 

source, intended to reduce the mismatch between phases 

[36]–[38]. 

Regarding the retinal prosthesis, we tried to increase the 

output impedance of the output pulse generator. Retinal 

prostheses are applied to high-density retinal ganglion cells 

and require smaller electrodes for higher spatial density. As 

shown in Figure 6d, the current source-sink driver is 

modified with a regulated cascode current mirror. The 

feedback allows the current mirror output stage to withstand 

impedance changes of up to 40 kΩ. Biphasic pulses from 

active electrode E1 are guided by reference electrode E2. 

The monophasic cathodic pulses are efficacious in 

generating a desired neural reaction (action potential) but 

create residual charge at the electrode-electrolyte interface 

causing potential electrode corrosion and tissue damage. In 

a biphasic current stimulation, mostly the anodic pulse 

(second phase) neutralizes the excess charge, thus 

eliminating DC-current flow. Therefore, it is crucial that the 

cathodic pulse accurately delivers the charge to the tissue, 

and the anodic pulse compensates for the injected charge. 

Different stimulation output stages are compared against our 

design in Table Ⅰ. The architectures vary along with their 

applications.  

As for the design methods to deliver precise charge-

balanced charge injection, many studies have been 

conducted. Active charge balancing either removes the 

residual charge on the electrode or controls the output charge. 

Despite the increase in system size, various techniques have 

been studied that take advantage of the improvements. In 

contrast, passive charge balancing is the simplest form of 

charge balancing. It utilizes a passive in-line capacitor to 

provide an inverse stimulation pulse to the electrode. These 

methods have side effects of losing control of precise 

waveform output. Moreover, since chemically reactive 

electrolytes surround the exposed environment, the system 

without the blocking capacitor remains at the risk of 

waveform distortion. 

In the case of the active charge balancing technique, either 

the stimulation reaction or the charge of the output stage 

functions as feedback control of the stimulator. Measuring 

 
(a)          (b)            (c)            (d) 

Fig. 4. Schematics of stimulation output stage driving biphasic pulse. 
(a) Load impedance model of the electrode-tissue interface. (b) 

Current source-sink model. (c) Current source H-bridge model. (d) 

High output impedance current output stage 
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the output voltage of the stimulation is one of the methods 

widely used. The charge balancing technique in [43] 

measured the residual voltage after each stimulation phase 

and adjusted the amplitude of the next anodic current pulse 

according to the value. In a similar context, the feedback 

sensor in Fig. 7(a) sends measured voltage to the 

proportional-integral-derivative (PID) controller, which 

manipulates the pulse width of each phase. Discharging by 

pausing the operation is sometimes chosen in active charge 

balancing. The additional comparator determines whether to 

shut down the process based on the voltage at the electrode, 

as shown in Fig. 7(b). Another simulator proposed in Fig. 7(c) 

used a time-based charge balancing (TBCB) loop to monitor 

the voltage at the stimulation electrode during the inter-pulse 

phase. Several other circuit designs demonstrate, such as a 

high-matching current driver to produce adjustable biphasic 

current [44] or a programmable charge-balanced 

neurostimulation waveform synthesizer which enables 

flexibility in finding optimal neuromodulation paradigms for 

pathological symptom suppression [45]. 

Table I describes the overall specifications of the recently 

investigated microstimulator. As previously mentioned, 

current-controlled current stimulation is recently preferred. 

According to the target, different specs of stimulators were 

designed. Also, due to the emergence of scar tissue and 

various other physiological components, the impedance of 

the electrode-tissue interface increases. Accurate charge 

delivery is essential when the required stimulation charge 

and the threshold charge density are high 

D. Digital Logic 

Different neural stimulus parameters improve stimulation 

performances, minimize energy usage, and decrease side 

effects with an electrical pulse. Many electrode 

combinations and stimulus parameter settings (including 

pulse width, amplitude, and frequency) could be modulated 

by the control output signal of the digital logic.  

As the clock and data recovery (CDR) circuit demodulates 

the RF signal, digital logic interprets the command and 

controls the stimulation analog backend. Several counters 

and registers produce the sequential switching signal 

delivered to the analog switches offering programmable 

stimulation pulses. The way of decoding the command varies 

on the parameter range. A lookup table with fixed order is 

preferred if the designer intentionally wants to adjust only a 

few variables and simplify the module [48].  

On the other hand, when a wide range of stimulation 

parameters is needed, more extended commands and more 

registers would increase the size of the design. One thing to 

be aware of is that if the designer recklessly lengthens the 

command bit to contain all the modulating commands, the 

 
(a)   (b) 

 

(c) 

Fig. 5. Conceptual image of various active charge-balancing methods. 

(a) Proportional-integral-derivative (PID) controller with feedback 
sensor [46]. (b) Active charge balancing with the comparator. The 

comparison between the reference voltage and electrode voltage 

controls the operation of the entire circuitry stops operating [41]. (c) A 
data processing procedure of time-based charge balancing (TBCB) [47] 

Table I. Comparisons of the microstimulator 

 
[39] [40] [28] [41] [42] 

This 

Work 

Stimulation Type 
Current controlled 

(CCS) 
Current controlled 

(CCS) 
Current controlled 

(CCS) 

High-frequency, 

switched-capacitor 

(HFSC) 

Current controlled 
(CCS) 

Current controlled 
(CCS) 

Supply voltage 3.3 V 3.2 V Adaptive (~3.3 V) 1.8 V 1 V 3.3 V 

Voltage compliance ± 6 V 12.8 VHV 6.7 – 12.3 V 5 V 2.5 V 3V 

Charge balancing 
method 

Discharge 

(Electrode 

shorting) 

Modulation 

(Anodic current 
modulation & 

electrode shorting) 

Discharge 

(Electrode 

shorting) 

Discharge 

(Electrode shorting 
- active charge 

balancing) 

Passive charge 
balancing 

Modulation (Anodic 
current modulation) 

Current ± 3 mA 1 mA 2.4 mA 34 nC and 120 nC 60 μA – 1.86 mA 
40 – 

330 µA 

Pulse width 
60 µs, 10 µs 

interphase delay 

100µs with 20 µs of 

interphasic 

0.5 ms pulse width, 

2.5 ms period 

2.37 μs clock 

period 

9.5 µs – 304 µs 
width, 9.5 µs – 304 

µs delay 

100 µs – 2ms 

Target Parkinson’s disease Universal use DBS DBS 
Hippocampal 

CA1, CA3 
Retinal Prosthesis 

Stimulus configuration 
Monopolar 

biphasic 

Bipolar 

Biphasic 
Biphasic Biphasic Biphasic Biphasic 

Technology 
180nm LV 

CMOS 

180nm standard 

CMOS 

180nm LV 

CMOS 

180nm HV 

CMOS 

130nm standard 

CMOS 

180nm TSMC 

CMOS 
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burden on other circuits increases. A faster clock enables the 

system to process a more extended order, and a more 

sophisticated wireless data transceiver is required to reduce 

the bit loss rate. As a method of decoding a command, there 

are various things such as relatively simple things such as 

the Manchester encoding [49], [50]. In particular, we used a 

1MHz system clock and the 34-bit serial command. Each 

data for stimulation parameters is placed after the address 

bit. A clock divided by 20 kHz resulted in a unit pulse width 

of 50 μs. 

Other than the binary command encoding, various 

implementations according to the application are suggested. 

Some clinical researchers implement feedback algorithms in 

digital logic operating based on their recorded reactions to 

calibrate stimulus. A research team in [51] modulated the 

frequency of the stimulation signal using filtering and linear 

delayed LFP recording to suppress neural oscillations in 

delayed-feedback high-frequency stimulation.  

E. Implantable system 

The technological challenge of implantable neural 

stimulation is to achieve a fully integrated independent 

stimulation system. Some conditions must be met for 

application in clinical practice. First, implantable electronic 

devices should operate for a long time in the physiological 

environment of the human body, so a very high level of 

sealing must be maintained for several decades. In addition, 

to measure nerve signals or stimulate nerves, parts of the 

system must be electrically exposed to bodily fluids. Second, 

if the device implanted in the body uses excessive power, the 

temperature rises, which may cause necrosis of the living 

tissue around the device or abnormal behavior of 

surrounding organs. Accordingly, the implantable electronic 

device should consume very little power. Third, since 

electrical energy is required to operate all electronic devices, 

a method capable of safely and continuously supplying 

sufficient electrical energy is needed for successful 

implantable electronic devices. Primarily, there is a limit to 

the rate at which the human body absorbs energy per unit 

mass when exposed to radio frequencies called the specific 

absorption rate (SAR) limit. 

However, since the stimulation causes instance power 

consumption while actively giving the stimulus, a stable and 

high-efficiency power source is essential. Until now, power 

transmission by batteries or magnetic induction has been the 

mainstream, but recently, there are energy-harvesting or bio-

cells that obtain power from RF electromagnetic waves, light 

energy, or kinetic energy for ultra-small and ultra-low-power 

bioelectronic devices. 

IV. SUB-MILLIMETER WIRELESS MICROSTIMULATORS 

Recent stimulators chose to shrink [52]–[57] and lower 

the power consumption by optimizing the stimulation 

circumstances. As research on the brain deepened, it became 

necessary to deal with a broad area of the cortex in a complex 

manner (as in Fig. 8), and the development of a wireless 

transceiver was able to support this. The key features are the 

whole system's on-chip integration and miniaturized 

wireless power transfer systems using ultrasound (US), 

inductive, or capacitive coupling. Smaller than invasive 

surgical tools, these devices only require a simple and non-

invasive method to implant into the nervous system. 

The tendency of miniaturization, integration, and broad 

distributions are evident in brain-machine interfaces (BMIs). 

In 2013, a research team led by Professor Elad Alon and 

Professor Michel M. Maharbiz of UC Berkeley offered the 

concept of a distributed neural stimulator, developed a 

wireless distributed brain signal recording device, and 

named it Neural Dust [58]. With a microstimulator, three 

distinguished transceivers are individually located on the 

skull, the sub-dura, and the IC. The network could connect 

to peripheral nerves or internal organs to treat or monitor 

inflammatory diseases. In 2018, the research team at Johns 

Hopkins University developed a wireless implantable neural 

stimulation system that applies voltage stimulation 

according to an external radio signal, named Microbead[54]. 

The size of the system is incomparably small, which is 

0.1mm3. However, the amount of current obtainable for 

nerve stimulation is under 100 µA. A research team led by 

Professor Arto Nurimikko and Professor Yoon-Kyu Song 

developed a distrusted microstimulator called the optical 

Neurograin (ONG) and further developed networking 

methods combined with recording systems [50], [55]. 

Different approaches have been proposed as the power 

transmission efficiency (PTE) decreases along with the 

antenna size in the RF transceiver. The MagNI 

(Magnetoelectric Neural Implant) used a magnetoelectric 

 
(a)   (b) 

Fig. 6. Illustration of spatially distributed implanted wireless 

microstimulator network with an external wearable wireless hub. (a) 

Device placement and concept diagram of wireless power and data 
transmission through intra-cranial networking (b) Microstimulator 

with the on-chip coil antenna and electrode. 

TABLE I. Comparisons of state-of-the-art microstimulators 

 
Microbead 

[54] 
Stimdust 

[53] 
ONG 
[50] 

MagNI 
[59] 

Charthad, 

Jayant, et al. 

[57] 

Size 
0.3*0.34 

mm3 
2.2 mm3 

1.7 × 2.9 

mm2 
1.5 mm2 39 mm3 

Type 
Voltage 

Stim 

Current 

Stim 

Current 

Stim 

Current 

Stim 

Current 

Stim 

Current <40µA 400 µA 25 µA 
0.05–1.5 

mA 
22–5000 µA 

Power RF US NIR 

magnetoe

lectric 
(ME) 

US 

Target Cortex Peripheral Intracortical 
Spinal 
cord 

Peripheral 

Tech 
130nm RF 

CMOS 

TSMC 
65nm 

LPCMOS 

TSMC 
180nm 

RFCMOS 

TSMC 
180nm 

CMOS 

180nm HV 

BCD CMOS 
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transducer to convert an AC magnetic field to AC electrical 

voltage [59]. Because the lower frequency magnetic field is 

much stronger without exceeding the safety limits, magnetic 

fields are chosen based on the simulation data. On the other 

hand, ultrasonically powered nerve stimulator implants were 

developed [57]. The implant contains both electrical and 

optical stimulation sources. Biphasic current stimulation 

strategies were taken to ensure charge-balanced stimulation. 

It also implements a robust DL command/data transfer 

protocol for fully programmable stimulation and a high 

adaptive voltage (15V) stimulator for chronic applications. 

IV. CONCLUSION 

This paper described the fundamentals of electroceutical 

and organized circuit schematics by its purpose. Recent 

approaches showed state-of-the-art electroceutical focuses 

on miniaturization and fully integrated wireless interfaces 

with ultra-low power interfaces. However, there are still 

hindrances to using these systems directly for clinical trials. 

Several elements are combined in the implantable system 

until it is applied to the human body. In the microstimulator 

using electrodes, the impedance varies from 8kohm to 

11kohm even if the exact specification and process are used. 

In addition, the efficiency value of the circuit designed in the 

wireless power receiving circuit, the efficiency measured at 

the bench top, and the efficiency of the fully integrated 

system with the antenna and packaging are pretty different. 

When inserted into a body full of electrolytes, the operating 

efficiency is often reduced to less than half due to various 

interferences such as scar tissue, water, or bones. Moreover, 

design specifications are given tight in the case of a low-

power ultra-small system. Other factors that decrease 

efficiency, as mentioned above, are stimulation rate, mode, 

the number of electrodes (channels) used, and stimulation 

pulse parameters vary depending on the subject and disease. 

Therefore, it is vital to give a sufficient margin because 

factors decrease efficiency, as mentioned above, when 

applied to an animal model. Also, adjustment is essential for 

each patient, even with the same disease. The best way to 

satisfy both is that the system should have the flexibility and 

scalability to adapt to different situations. Primarily, a 

stimulation parameter study optimized for the target disease 

is essential. 
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