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ABSTRACT Electrical neural stimulators (ENS) play a crucial role in medical applications and have emerged
as promising therapeutic techniques for neurological disorders. The purpose of designing this device in
medicine and research is to provide therapeutic benefits, aid in rehabilitation, restore sensory perception,
advance scientific knowledge, and enable personalized treatment approaches. The utilization of ENS can
significantly improve the quality of life for individuals with neurological disorders and contribute to advance-
ments in neuroscience. Recently, there has been a growing inclination towards implantable biomedical
microsystems, which has enticed biomedical engineers and researchers to integrate and implement electrical
neural stimulators using CMOS technology. Thus, we present this review to provide a comprehensive
overview of integrated circuits in the ENS field. The review aims to discuss the operational principles, design
considerations, and approaches while highlighting advancements, applications, and future directions. The
review begins with an introduction, emphasizing the necessity of stimulation and the fundamental principles
of the ENS. It then discusses the various stimulation patterns, exploring how these patterns can modify
neural circuits and restore normal function, as well as the circuit implementations involved in generating
the stimulation. Design considerations specific to stimulators are also discussed. Furthermore, the review
summarizes the state-of-the-art circuits and systems for the ENS, employing a top-down approach that covers
specifications, circuits, and system design. Additionally, it briefly provides an overview of experimental
approaches and results from various biomedical tests. Finally, this review outlines future directions, trends,
and challenges for enhancing precision, safety, and patient outcomes in stimulation therapies.

INDEX TERMS Functional electrical neural stimulation (FENS), electrical neural stimulator (ENS),
charge-balance, monophasic, biphasic, current stimulator, voltage stimulator, H-bridge, voltage compliance,
anodic/cathodic phase, implantable medical devices (IMD).

I. INTRODUCTION

Functional electrical neural stimulation (FENS) is a promis-
ing method for treating various neural disorders, including
central and peripheral nervous system dysfunction [1], [2],
[31, [41, [5], [6], [7], [8], which has recently gained significant
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attention. Figure 1 depicts the significantly increasing num-
ber of recent FENS-related publications, indicating a growing
interest in this field. FENS has also been utilized in many
biomedical applications to restore physical sensory damage
caused by injury or disease [9], [10], [11], [12], [13], [14],
(151, [16], [17], [18], [19], [20], [21], [22], [23], [24], [25],
[26], [27]. Notable applications include cardiac pacemak-
ers [9], cochlear and retinal implants [10], [11], [12], [13],
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FIGURE 1. FENS-related and ENS-related papers published over the last
years.
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FIGURE 2. Biphasic current pulse with interphase delay.

[14], [15], [16], seizure control [17], [18], and vestibular
prostheses [21]. The primary objective of these prosthe-
ses is to establish a direct connection between the neural
stimulator and the nervous system, providing therapeutic
interventions and restoring or enhancing compromised neural
functions. These advancements in electronic devices have
the potential to significantly improve the quality of life for
individuals with neural disorders or dysfunctions. Figure 2
depicts a widely used type of stimulation current wave known
as biphasic stimulation and its specifications. According to
numerous research results, the stimulation parameters such as
pulse interval, pulse width for each phase, interphase delay,
voltage/current amplitude for each phase, and monopha-
sic/biphasic waveform can be optimized based on patient
symptoms [28], [29], [30]. Moreover, by adjusting these
parameters in certain neuro-stimulation techniques such as
deep brain stimulation (DBS), cortical stimulation, and Vagus
nerve stimulation (VNS), safe and efficacious stimulation
can be achieved for treating diseases like Parkinson’s and
epilepsy [31].

Neuro-stimulation devices are used to generate the desired
stimulation wave and are employed in implantable medical
devices (IMDs), as shown in Figure 3, which consist of exter-
nal and internal parts. The external part transmits power and
data through an inductive link to the inner part. The internal
part includes wireless power and data telemetry to supply
power and input data to the chip, a processor to control the
system’s operation procedure, an acquisition unit to record
neural signals, and a stimulator that must stimulate the tissue
based on the received data from the external part. The ENS is
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FIGURE 3. Block diagram of an implantable medical device.

one of the essential blocks in IMDs and has recently gained
significant attention and development. As shown in Figure 1,
the number of published ENS-related papers has increased
over the last ten years. The ENS operates by delivering
electrical charges to nerve tissues to elicit action potentials,
thereby effectively modulating neural activity. The electrical
charge can be injected into the nerve tissues via constant volt-
age (CV) or constant current (CC) stimulation [32]. Recently,
the current stimulator has been preferred over the voltage
stimulator. The ability to directly regulate the current output,
along with the improved stability and protection benefits,
make current mode stimulation the preferred choice in many
power electronics applications, especially where precise cur-
rent control and high reliability are critical.

However, the voltage stimulator still plays a significant
role in electrical therapeutics and remains the subject of
recent studies [30], [33], [34], [35]. ENS consists of ana-
log circuits, such as high-voltage-tolerant switches, a level
shifter, a Digital-to-Analog Converter (DAC), a current mir-
ror, and a current-source reference. Designing these circuits
with the necessary constraints is vital for Integrated Medical
Devices (IMDs) and various other applications in integrated
circuits and systems. Two significant considerations are
reducing size and power consumption. Power is consumed
due to the voltage drop on electrodes and heat dissipation.
Therefore, reducing these factors improves power efficiency
[36], [37], [38].

Voltage compliance is another crucial aspect of the ENS.
Certain applications, such as deep brain stimulation, require
high-current stimulation [39]. Additionally, in these cases,
the tissue impedance is typically high, necessitating a suffi-
ciently high electrode voltage to provide the desired current.
Ensuring safe electrical stimulation is one of the primary
challenges in ENS design. If the residual voltage exceeds the
safe range after each stimulation, tissue damage can occur.
Therefore, to prevent tissue damage under any condition,
charge-balanced stimulation is necessary to mitigate the risk
of tissue damage [40]. Another critical issue in designing the
ENS is the consideration of tissue and electrode impedance.
It is important to model this impedance to better estimate the
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circuit’s performance. The impedance varies for each organ
in the body [41], [42].

In certain cases, circuits have been designed specifically
to measure tissue impedance [43]. The number of stimulation
channels is another important factor in stimulator design. The
required number of channels depends on the targeted organs
and diseases. For example, eye stimulators typically require
a higher number of channels [44], [45], while for disorders
like epilepsy, one or two channels may be sufficient [39].
The stimulation amplitude, frequency, and pulse width of the
stimulators are other critical parameters. These parameters
should be carefully designed and tailored to the target tissue,
and they can also be adjusted in specific steps. The ability
to adjust stimulation parameters allows for better and more
efficient performance [31].

This review paper focuses extensively on ENS design and
describes advanced circuits and systems for ENS using a
top-down approach, starting from specifications and moving
towards circuits and systems. Various stimulation types and
system structures will be analyzed.

Design challenges and considerations for ENS will be
discussed to provide a thorough comparison and identify bot-
tlenecks and potential solutions. The rest of the paper is orga-
nized as follows: Section II outlines the operational principles
of stimulation and the stimulator. Design considerations and
critical issues will be discussed in section III, while section IV
will explain design approaches and recent circuit imple-
mentation methods for each block of the ENS. Section V
focuses on application-specific stimulators, emphasizing the
results of in vitro and in vivo experiments conducted with
implantable stimulators. Section VI will present future trends
and potential improvements, and finally, the conclusion will
be presented in section VII.

Il. STIMULATOR OPERATION PRINCIPLE

In ENS, ensuring safe and efficacious stimulation is critical.
Efficacious stimulation refers to the ability to achieve the
desired physiological outcomes. On the other hand, it is cru-
cial to prevent any damage to the tissue and electrodes during
the stimulation process to ensure safety. To address these
requirements, two different types of stimulation waveforms
have been introduced [46].

The first type of stimulation waveform is monophasic
stimulation, as depicted in Figure 4(a). It involves the appli-
cation of current pulses in one direction without any current
pulses in the opposite direction. Typically, the cathodic pulse
shape is used for monophasic stimulation, although in some
cases, the anodic form may also be employed. Based on
experimental studies and results, monophasic stimulation has
shown the best efficacy in preventing electrode damage [46].
However, for long-term stimulation, tissue damage cannot be
completely avoided due to the residual voltage that remains
on the tissue. The symbols “+ + +” and “*- - -” represent
the best and worst cases, respectively, in terms of efficacy
and minimal tissue or electrode damage. Figure 4(b) and
Figure 4(c) illustrate monophasic stimulators. The current can
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FIGURE 4. Monophasic signal and generator circuits: (a) Stimulation
waveform, (b) Current-source stimulator, (c) Current-sink stimulator.

either be sourced to the tissue or sunk from the tissue to a
lower potential.

Each type of stimulator incorporates a switch to control
the pulse width of the stimulation. In the case of the current-
source stimulator, the switch is connected to the supply and
current flows from the supply to the tissue. Conversely, in the
current-sink stimulator, the switch is connected to the neg-
ative supply, and the current path is from the tissue to the
negative supply.

The second type is biphasic stimulation, which consists
of two phases. There are five different types of biphasic
stimulation, as shown in Figure 5. In biphasic stimulation,
the desired physiological effects occur in the first phase, and
the second phase applies an opposite-direction pulse shape
to remove any remaining residual voltage on the tissue. This
stimulation technique significantly reduces tissue damage by
using a pulse in the reverse direction. Figure 5(a) shows the
first type of biphasic stimulation, known as charge-balanced
biphasic, which is widely used to prevent tissue damage.

Figure 5(b) demonstrates charge-imbalanced stimulation,
which can prevent electrode corrosion [47]. Ideally, during
the stimulation, the charge on the reversal phase should equal
the charge involved in reversible processes. In this case, the
pre-pulse value of the electrode potential can be restored
at the end of the reversal phase. Charge-balanced biphasic
stimulation, in addition to preventing electrode corrosion, can
also reverse other concerns such as electrochemical processes
and some desired physiological effects of the stimulation.
It has been shown that this effect increases the threshold
in biphasic stimulation compared to monophasic stimula-
tion [46]. To make the threshold similar for biphasic and
monophasic stimulation, an open circuit interphase delay
between the two phases, as shown in Figure 5(c), was intro-
duced [48]. An interphase delay of 100us is sufficient to
prevent the mentioned effects, including the reversal phase
and Faradaic reaction, and improve the threshold of biphasic
stimulation [46]. Figure 5(d) and Figure 5(e) depict two other
types of charge-balanced biphasic stimulation. In these cases,
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FIGURE 6. Dual supply biphasic current stimulator.

tissue damage is directly related to the discharge time of the
reversal phase. Less tissue damage occurs when the tissue
rapidly gets discharged in the second phase, which brings
the electrode potential out of the negative range. However,
a high current in the fast reversal phase can lead to electrode
corrosion.

Figure 6 and Figure 7 display two neuro-stimulator struc-
tures capable of producing biphasic stimulation. The first
structure, known as the dual-supply voltage architecture,
is based on sourcing and sinking current, as shown in
Figure 6. It includes two current sources connected to positive
and negative supply voltages, as well as two switches to
control the phases and pulse width of the stimulation. In this
type of stimulator, one electrode is connected to the point
between the two current sources and switches, while the other
electrode, known as the reference electrode, is connected to
the reference point (ground). Current can be sourced to the
tissue or sunk from the tissue, depending on the stimulation
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FIGURE 7. Single supply (H-bridge) biphasic current stimulator with:
(a) the bottom-side current source, (b) the top-side current source, and
(c) both-side current source.

type. The upper switch is turned on to allow current flow to
the tissue with a specific pulse width. If an interphase delay
is required, the switches are opened. The bottom switch is
closed for the next phase, and the current is sunk from the
tissue to the negative supply. The dual-supply architecture,
with a common ground electrode across the channels, is com-
monly used in applications requiring multiple electrodes.
This technique reduces the number of electrodes to N-1 for
an N-channel stimulator.

In the dual-supply structure, voltage compliance is limited
by the amount of supplies [49]. Therefore, to achieve high
voltage compliance on the tissue, both positive and negative
supply voltages need to be increased. However, generating
high negative and positive voltages is complex and leads to
increased power consumption. To address this issue, another
type of stimulator, known as the H-bridge stimulator, was
introduced. Figure 7 illustrates the H-bridge stimulator with a
single-supply voltage. The H-bridge stimulator requires two
electrodes for each channel to produce biphasic stimulation,
resulting in a total of 2N electrodes. However, unlike the dual-
supply stimulator, there is no need for a negative supply, and
the voltage compliance is doubled. In the H-bridge stimulator,
biphasic stimulation is generated by switching the current
direction. To produce the anodic phase, the switches at the
top left and bottom right are closed, allowing the current to
pass through the tissue. If an interphase delay is required, all
the switches open. For the cathodic phase, the top right and
bottom left switches are turned on, enabling the current to
flow through the tissue on the opposite side of the first phase.
In Figure 7 depicts three types of H-bridge stimulators. The
difference between these stimulators lies in the placement of
the current source. The current source can be positioned at
the bottom, top, or on both sides. Placing the current source
on both sides ensures accurate current delivery but requires
more area and consumes more power.
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Another form of biphasic current stimulator, which uses
a single supply voltage and generates a middle voltage,
is shown in Figure 8(a) [49]. Generating a middle voltage
involves creating a voltage between the positive and neg-
ative phases. This middle voltage, often referred to as the
common mode or midpoint voltage, is necessary to ensure
that the average voltage over time is zero. This helps prevent
charge accumulation and minimize tissue damage in specific
applications such as neural stimulation. Various approaches
exist for generating a middle voltage in biphasic stimulation
using a single supply. One common approach is to use a
voltage divider or virtual ground circuit to create a reference
voltage between the positive and negative supply voltages.
This reference voltage can then serve as the common mode
voltage for the biphasic stimulation waveform. As shown in
Figure 5(d), one of the biphasic stimulation methods is per-
forming exponential waveform, which can be implemented
using an RC-based circuit. Figure 8(b) depicts the exponential
waveform stimulator, including a capacitor at the output and
the switches. In the first step, the capacitor is charged to a
specific voltage by activating one of the switches connected
to Vpp and Vsg, depending on the desired rising or falling
exponential waveform. In the next step, the capacitor delivers
the desired charge to the load by activating the switch between
the electrode and the capacitor.

The generation of biphasic stimuli involves different con-
figurations, as depicted in Figure 9 [31], [46]. In the monopo-
lar structure, stimulation is delivered through a single chosen
channel. On the other hand, the bipolar method utilizes two
channels to stimulate the tissue in opposite directions, typ-
ically with a positive supply voltage. The main difference
between these two techniques is the generation of negative
stimulus pulses. In the monopolar configuration, the cathodic
stimulus pulse (CSP) is generated within a circuit operating in
the negative power domain. In contrast, the bipolar configura-
tion generates the CSP from another channel operating in the
positive power domain, similar to the generation of the anodic
stimulus pulse (ASP) in both setups. Monopolar stimulation
allows for deep penetration of the electrical current and can
cover a large area of tissue. However, it may result in a less
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FIGURE 9. Two different configurations for stimulation: (a) Monopolar,
(b) Bipolar [31].

focused stimulation and a broader dispersion of current. Bipo-
lar stimulation is commonly used in situations where precise
and targeted stimulation is desired, such as in neurosurgery
or in the treatment of specific neural disorders. However,
this configuration requires larger number of channels and
electrodes, which occupies large area. It’s important to note
that the choice between monopolar and bipolar stimulation
depends on the specific application, the desired depth and
area of stimulation, and the intended therapeutic objectives.
Monopolar stimulation is used in some application such
as cardiac pacemakers, spinal cord stimulation, and retinal
implants, while bipolar stimulation is employed in deep brain
stimulation, cochlear implants, transcranial magnetic stimu-
lation, and functional electrical stimulation.

Another consideration in biphasic stimulation involves the
choice of first-anodic or first-cathodic biphasic stimulation.
They are two variations of electrical stimulation that differ in
the order in which the anodic (positive) and cathodic (nega-
tive) phases of the electrical pulse are delivered. The choice
between first-anodic and first-cathodic stimulation depends
on various factors, including the specific application, target
tissue or neural system, and desired physiological response.
The order of the phases can influence the activation of neural
cells, the direction of current flow, and the recruitment of
neuronal populations [46]. Both variations have been studied
and utilized in different contexts, including neurostimulation,
neuromodulation, and bioelectric therapies. The selection of
first-anodic or first-cathodic stimulation is often based on
empirical evidence, experimental findings, and clinical con-
siderations specific to the particular application and treatment
goals [46].

It is important to note that since the elements to design
and implant the stimulator are not ideal, the two phases
in charge-balanced biphasic stimulation cannot be perfectly
equal. This results in a charge mismatch between the two
phases, leading to a residual voltage on the tissue. This resid-
ual voltage can cause tissue damage in long-term stimulation
and should be mitigated to a safe region. Therefore, an addi-
tional circuit should be employed to minimize the charge
mismatch on the tissue (further explained in Section III).
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Based on mentioned information, the optimal operation
principle for Electro-Neural Stimulation (ENS) in medical
applications is charge-balanced biphasic stimulation. This
involves delivering a positive (cathodic) phase followed by a
negative (anodic) phase, ensuring the total charge is balanced.
This approach improves safety, selectivity, and long-term
reliability of neural stimulation devices used in applica-
tions like cardiac pacing, cochlear implants, and deep brain
stimulation.

Ill. STIMULATOR AND STIMULATION DESIGN
CONSIDERATIONS

This section outlines the key performance specifications that
are essential to consider when designing stimulators and
aiming for precise, accurate, and efficient tissue stimulation.
By addressing these primary and critical issues, the design of
stimulators can be improved to meet the desired objectives
effectively.

A. STIMULATOR AND STIMULATION MODE

In ENSs, electrical charge can be delivered to nerve tissues
through different modes: constant voltage (CV), constant cur-
rent (CC), or charge mode (switched-cap), aiming to prevent
neural disorders by stimulating the target tissues [50], [51],
[52]. Figure 10 illustrates the system-level schematic and
current/voltage waveforms for each mode. In the CV mode
(Figure 10(a)), the loss can be considered negligible since
the voltage is directly applied to the tissue, resulting in high
efficiency.

However, the delivered charge to the tissue cannot be con-
trolled due to the change in the impedance of the neural tissue.
On the other hand, as illustrated in Figure 10(b), the CC mode
has a high accuracy in controlling the delivered charge to the
tissue because a constant current directly provides the charge,
and its quantity can be governed by the duration and ampli-
tude of the stimulation under impedance changes. In the CC
mode stimulation, higher voltage compliance causes more
comprehensive current ranges to the tissue.

However, in this mode, due to the use of a current source,
the difference between the supply and the electrode voltage
causes power to be consumed on the current source. Addition-
ally, the current source needs a minimum voltage for proper
operation, which reduces efficiency. In the switched capacitor
mode, a capacitor is first charged to a specific voltage for
the charge mode and then discharged to deliver the charge
to the load. Figure 10(c) depicts this method, which aims to
combine the advantages of both voltage and current mode
techniques.

By eliminating the headroom voltage of the current
source, the switched capacitor mode improves efficiency
and provides better control over the delivered charge. How-
ever, in this mode, it is not possible to precisely identify
the exact stimulus charge, except by limiting the maxi-
mum charge amplitude, as the maximum charge delivered
is determined by the amount of charge stored in the
capacitor.
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FIGURE 10. Types of electrical charge injection: (a) Voltage mode,
(b) Current mode, (c) Charge mode.

B. ELECTRODE-TISSUE MODEL

A simplified electrode-tissue electrical circuit model, com-
prising a capacitor and resistor, is depicted in Figure 11(a)
[46], [53], [54], [55]. Cq (double-layer capacitance) rep-
resents the capacitance of the electrical double layer
formed at the interface between the electrode and the elec-
trolyte. It quantifies the electrode’s ability to induce charge
flow in the electrolyte without involving electron transfer.
On the other hand, Zg (Faradaic impedance) represents the
impedance associated with the Faradaic processes, which
involve electron transfer between the electrode and the elec-
trolyte. These processes typically encompass reduction and
oxidation reactions, and the Faradaic impedance reflects the
resistance to these electron-transfer reactions. Cq; and Zg
are important parameters used to characterize the behavior
of electrodes in electrochemical systems. Cq; (0.5-1.5 uF)
relates to the charge storage capacity at the electrode-
electrolyte interface, while Zg relates to the impedance
associated with electron transfer reactions. The electrode
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FIGURE 11. Electrode-tissue electrical circuit model: (a) Simple model
with two elements, (b) Accurate model [46].

interface model shown in Figure 11(a) illustrates charge
injection mechanisms from an electrode. However, it does
not consider the equilibrium interfacial potential A¢ across
the interface in equilibrium. Figure 11(b) presents an alter-
native model that incorporates this aspect. Additionally, Rg
models the solution resistance existing between two elec-
trodes in solution. A more comprehensive understanding of
the electrochemical system can be achieved by incorporating
the equilibrium interfacial potential and the solution resis-
tance into the model. Based on experimental results, Rg
typically has a nominal value of 1200 ohms with a variance of
500 ohms due to its variations [56]. These factors provide a
more accurate representation of the electrical behavior and
performance of the electrodes and electrolyte solution in
various electrochemical processes and devices [46].

C. CURRENT LEVEL AND RESOLUTION

The change in current steps represents the resolution of the
stimulator current. The difference between each step deter-
mines the current resolution, which can vary depending on the
application and the specific disease or neural disorder being
targeted.

A current DAC is used to control the change in current, and
the number of DAC bits determines the current resolution.
The designed stimulators can achieve 2 to 10 bits [31], [44],
[57], [58], [59], [60], [61], [62], [63], [64], [65], [66]. The
maximum stimulation current delivered to the tissue defines
the current level in stimulators.

This current level is directly influenced by the supply
voltage and tissue impedance. Increasing the supply voltage
results in a higher voltage across the tissue; consequently,
more current can go through the tissue. To ensure a well-
designed stimulator, a suitable range for the tissue impedance
is considered [67], and in some cases, a circuit is designed
to measure the impedance [43]. The maximum current can
be achieved by considering the voltage across the tissue and
its impedance. Another crucial aspect is the accuracy of the
injected current into the tissue, which is achieved through a
well-designed current source and current mirror. The output
impedance of the current mirror should be as high as possible
to accurately mirror the current. Recent advancements in
stimulator design have focused on achieving high currents
using both low and high-voltage technologies [39], [68].

D. VOLTAGE COMPLIANCE
Voltage compliance is a critical aspect of stimulator design
and operation, referring to the maximum voltage that the
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stimulator can deliver to the target tissue or electrode without
exceeding its operational limits. In medical and neurostim-
ulation applications, where electrical stimulation is used to
modulate neural activity or treat medical conditions, voltage
compliance plays a crucial role [44], [57], [69], [70].

One of the factors influencing voltage compliance is the
impedance of the tissue-electrode interface. The resistance
of the electrodes used and the tissue impedance can be high,
necessitating a high voltage on the tissue, known as voltage
compliance, to achieve the desired current flow. For example,
in certain applications, electrodes with a resistance of 100 k2
may require a 10V voltage across the electrodes and tissue
to deliver a current of 100 wA. It means that more current
needs more voltage compliance. Consideration of voltage
compliance is essential in electrical stimulation systems to
ensure both the safety and effectiveness of the stimulation.
Increasing the supply voltage can enhance voltage compli-
ance, but it is necessary to consider specifications for the
components used in the stimulator design, such as voltage
tolerance, to prevent device damage.

The voltage compliance limit is typically set based on the
characteristics of the target tissue and the desired stimulation
parameters. It is influenced by various factors, including the
tissue type, cellular composition, and the specific stimula-
tion parameters used. For example, smaller-diameter nerve
fibers require lower stimulation voltages compared to larger
fibers. Additionally, factors like stimulation frequency, elec-
trode configuration, and the distance between the electrodes
and target tissue can also affect the optimal voltage range.
Table 1 shows the voltage compliance limits for different
tissues in the body when using electrical stimulation [83].
Exceeding the voltage compliance limit can lead to vari-
ous issues, including tissue damage, unwanted side effects,
or even electrical breakdown in the stimulator circuitry. Stim-
ulators often incorporate safeguards such as voltage limiters
or current-limiting circuits to prevent exceeding the voltage
compliance. These safety features monitor the output voltage
or current and automatically adjust or terminate the stimu-
lation if the limits are exceeded. Proper configuration of the
voltage compliance settings, based on the specific require-
ments of the stimulation application, and adherence to the
guidelines and recommendations provided by the stimulator
manufacturer are crucial to ensuring safe and effective stimu-
lation. This ensures that the stimulation is delivered safely
and effectively, minimizing the risk of adverse effects and
maximizing the therapeutic benefits of electrical stimulation.

E. EFFICIENCY

The efficiency of a stimulator refers to its ability to convert
electrical power into the desired output, typically in the form
of electrical stimulation. The efficiency (nfr) from the power
source to the tissue is calculated as [71]

Istim X Vsuppiy
Neff = ——F ()
i Piotal
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TABLE 1. Voltage compliance limits for different tissues in the body.

Voltage
Tissue Compliance Limit Factors Affecting Limit
V)
Nerve 10-15 Nerve ﬁ_ber dla_meter, myelination,
stimulation frequency
Mauscle 5.10 Muscle fiber type, stimulation
frequency, muscle length
Heart 5.10 Carfilac tissue type _(atrle_ll vs
ventricular), stimulation timing
Brain 155 Brain region, neur_ona_l dens_lty, blood-
brain barrier integrity
. Retinal cell type, distance from
Retina 13 epiretinal/subretinal electrodes
Cochlea 13 Ha}r cell type, distance from
intracochlear electrodes
Spinal Cord 510 Spmsatlil;(‘)lrlcitxi'zlgllon, ﬁbetr tracts,
parameters
Skin 10-50 Skin thickness, hydration, stimulation

electrode configuration

where Istiv, Vsupply, and Pioar indicate stimulation current,
supply voltage, and total consumption power. It is an impor-
tant parameter to consider in electrical stimulation systems,
as higher efficiency results in the more effective power uti-
lization. There are two ways to supply the stimulator: using a
battery or a coil for wireless power transfer. When a battery
is used, higher efficiency improves the battery’s lifetime,
reduces its size, and minimizes heat generation. Conversely,
when a coil is employed, improving efficiency directly con-
tributes to reducing the size of the power coil. Several key
factors can affect the efficiency of a stimulator [71], [72].
The first factor is power conversion, which measures how
effectively electrical energy is converted from the power
source into stimulation output. High power conversion leads
to minimized losses and improved efficiency. Another impor-
tant parameter is impedance matching between the load and
the stimulator’s output, which maximizes power transfer to
the load and reduces power losses. Proper circuit design,
component selection, and topology play a significant role
in enhancing stimulator efficiency. Control Algorithms are
another factor that can impact efficiency. The control signals
should optimize stimulation parameters based on the desired
therapeutic effect. Adjusting stimulation parameters, such as
time interval, interphase delay, pulse width, etc., contributes
to improved efficiency. Lastly, the stimulation waveform,
as explained in Section II, is another key parameter that can
affect stimulator efficiency [46], [73], [74].

F. SPIKES

During the switching procedure, the parasitic elements can
cause unexpected issues. When a transistor is used as a
switch, Source and Drain inductance are parasitic elements
restricting switching performance. During the switching off
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process, the instantaneous rate of change in current over time
(di/dr) can be high. According to the equation v = L edi/dt,
the high variation in di / dt can result in significant turn-off
spikes. These voltage spikes can lead to instantaneous current
spikes that cause discomfort or pain for patients undergoing
stimulation. Additionally, high-amplitude voltage spikes can
generate sharp sensations or even result in tissue damage [21],
[39], [75], [76]. Furthermore, these spikes can cause the
potential differences across the transistor terminals to exceed
their maximum tolerable range, resulting in damage to the
transistors (switches). The presence of spikes can also impact
the accuracy and consistency of the stimulation waveform,
leading to a reduction in efficiency. Moreover, spikes in the
stimulation waveform can influence other nearby electronic
devices, causing some conflicts that should be prevented.
Reducing and mitigating these unwanted spikes at the stimu-
lator output requires considering some solutions. Decreasing
the switching speed for a smooth transition is one solution
leading to reducing di / dt and consequently minimizes the
buildup of charge as well as the levels of voltage and current
spikes [75]. Other solutions include filtering the output and
employing proper circuit design techniques [76].

G. POWER AND AREA

Reducing power consumption and size are two critical chal-
lenges in stimulator design. In stimulators, certain elements
and voltage drops contribute to power consumption, while
the remaining power is dissipated as heat. Minimizing heat
dissipation is crucial for decreasing power consumption and
improving power efficiency [36], [37], and [38]. High-voltage
technology is one approach to design a stimulator that can
handle high currents and avoid design complexity [12],
[44], [57], [77], [78], [79]. However, this approach leads to
increased power consumption and large area. To address this
issue, low-voltage technology can be employed, and stacked
structure can be utilized to achieve high currents and volt-
ages on the tissue [18], [26], [80], [81], [82]. The use of
low-voltage technology topologies reduces power consump-
tion and occupies a smaller area.

H. SAFE STIMULATION

A critical concern in neural stimulators is ensuring safe
long-term electrical stimulation. Safe stimulation is an essen-
tial consideration in electrical stimulation systems, partic-
ularly in medical and neurostimulation applications [83],
[84]. It aims to ensure the safety, efficacy, and durability of
the stimulation while minimizing potential risks and adverse
effects. It is crucial to avoid any situation that could lead
to an accumulation of charge on the tissue exceeding the
safe threshold, as this can result in tissue damage [40]. Safe
stimulation involves delivering electrical currents or pulses
within established safety limits to prevent tissue damage,
discomfort, or unintended side effects. The specific safety
limits depend on various factors, including the character-
istics of the target tissue, the stimulation parameters, and
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the intended purpose of the stimulation. Understanding the
electrical properties and thresholds of the target tissue is
crucial in designing the stimulation parameters accordingly.
This includes determining appropriate voltage, current, pulse
duration, frequency, and waveform characteristics to achieve
the desired therapeutic effect while avoiding harm.

To address these concerns, the charge-balanced biphasic
method is often employed to reduce the residual charge on the
tissue, prevent tissue damage, and ensure a safe stimulation.
Imbalances in charge delivery can lead to harmful electro-
chemical reactions, tissue damage, or electrode degradation.
The use of charge-balancing circuits has become widespread
in stimulators to ensure the delivery of equal amounts of
positive and negative charge over time, reduce charge mis-
match, and achieve a safe stimulation region [39], [45], [58],
[62], [66], [69], [85], [86], [87], [88], [89], [90], [91], [921],
[93], [94], [95], [96], [97]. Implementing safe stimulation and
charge balancing requires a comprehensive understanding of
the electrical properties of the target tissue, careful selection
of stimulation parameters, appropriate electrode design, and
adherence to established safety guidelines and standards.
Researchers, clinicians, and device manufacturers must con-
sider these factors to ensure the effectiveness and safety of
electrical stimulation therapies.

I. CHANNEL NUMBERS

Channel number in neural stimulators is a critical feature
that determines the level of control and specificity achievable
in the stimulation process. Each channel represents an inde-
pendent pathway through which the stimulator can deliver
stimulation. Having multiple channels allows the stimulator
to independently inject stimulation currents into different
regions of neurons, with varying parameters such as pulse
amplitude, frequency, and width. The number of channels
in an electrical neural stimulator depends on the specific
application. Some stimulators may require only one or a small
number of channels [10], [21], [39], [72], while others may
have dozens or even hundreds of channels for more complex
and fine-grained stimulation patterns [36], [43], [44], [57].
In some cases, such as stimulator in [43], a massive number
of channels were used to target the cortical neurons, which
occupied an area of 4.48 x 2.43 mm?.

The increase in the number of channels has a significant
impact on the performance and various parameters of the
ENS. Higher channel counts enhance the accuracy, precision,
and localization of the stimulation effect. It allows for more
precise positioning of the electrical field and enables better
control over the stimulation process. The number of channels
in a neural stimulator is closely related to its recording capa-
bilities. Many neural stimulators include neural recording
functionality [18], [36], [43], [81], which enables simultane-
ous stimulation and recording of neural activity. The channels
in neural stimulators can be utilized to record electrical sig-
nals from neural tissue. With a high number of channels, the
stimulator can capture signals from many neurons or differ-
ent regions simultaneously, providing a more comprehensive
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monitoring of neural activity. It is important to note that the
number of channels for recording part may not always be
the same as the number of stimulation channels in an ENS.
Different channel counts for stimulation and recording can
be implemented based on specific application requirements
and design considerations.

It is worth mentioning that this subsection provides a brief
explanation of the importance of channel numbers and the
recording part, which is not included in this review. The
review focuses on the stimulator circuits and their related
aspects.

IV. NEURO STIMULATOR DESIGN APPROACHES

In this section, the main approaches to ENS will be discussed.
This section will explain the structures and topologies used
in the introduced ENSs. This section will review and discuss
the primary challenges, advantages, and disadvantages asso-
ciated with the ENS implementations.

A. THE OUTPUT STAGE AND CURRENT DRIVER
APPROACHES AND CONSIDERATIONS

The first step in designing any circuit is selecting the appro-
priate technology. Each technology has limitations regarding
the maximum supply voltage and the voltage tolerated by its
elements. In ENSs, the output stage driver plays a crucial role
in delivering the current to the tissue. The voltage compliance
and output current in ENSs are determined by the character-
istics of this output stage, making the choice of technology
essential, as the current and voltage compliance directly
depend on the supply voltage. Other essential components in
ENSs include the current source, current DAC, and current
mirror, which generate the desired current amplitude for the
output stage. Therefore, selecting the appropriate technology
that aligns with the desired current and voltage compliance
for the specific application poses a significant challenge in
the initial stages of ENS design. High-voltage CMOS [12],
(191, [211, [38], [44], [57], [58], [59], [60], [61], [62], [68],
[69], [78], [86], [89], [98], [99], [100], [101], [102], [103],
[104], [105], [106], [107], [108], [109], [110], [111], [112],
[113] and low-voltage CMOS [18], [31], [36], [39], [45],
[63], [64], [65], [66], [71], [72], [75], [76], [80], [81], [82],
[871,[90], [92], [106], [114], [115],[116], [117],[118],[119],
[120], [121], [122], [123], [124], [125], [126], [127], [128],
[129], [130], [131], [132], [133], [134], [135], [136], [137],
[138], [139], [140], [141], [142], [143] technologies have
been widely employed in many introduced ENSs. In some
cases, other technologies such as BIT [98], BCD [106], [144],
and BiCMOS [87], [145] have also been utilized. Addition-
ally, discreet circuits have been designed using pre-designed
stimulator chips [146], [147], [148], [149], [150], [151],
[152], [153].

Many designed ENSs have utilized high-voltage CMOS
technology to overcome the limitations of supply and toler-
ated voltage. In recent developments, BCD technology has
also been employed for ENSs. These technologies enable
operation at voltages higher than the standard voltage for
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the specific technology and offer increased device resistance
under higher voltages. Notably, this voltage can grow to
38V [61] and 49V [94], providing the tissue with higher
current and voltage compliance. The high current levels of
16mA [78] and 150mA [151] have been achieved. All of
the presented ENSs in the literature employ biphasic stim-
ulation, which is preferred due to reduced charge mismatch,
safe stimulation, and prevention of tissue damage [46]. Two
common structures have been used in these stimulators to
generate biphasic stimulation. The first approach involves
a dual supply prototype or sourcing/sinking-current meth-
ods [31], [36], [38], [44], [45], [57], [59], [61], [62], [66],
[69], [78], [86], [87], [89], [90], [102], [116], [118], [119],
[121], [132], [133], [140], [144]. The second approach uses
a single supply method with a single/dual current source,
known as the H-bridge output stage [12], [18], [21], [39],
(58], [63], [65], [71], [72], [73], [74], [75], [76], [82], [101],
[104], [108], [111], [113], [115], [122], [130], [141], [142],
[143]. These two approaches were illustrated in Figure 6 and
Figure 7.

Since the output resistance of the current mirror is cru-
cial for accurately mirroring high currents, two types of
high-output resistance current mirrors are commonly used in
ENSs. The first type is the cascode current mirror [18], [21],
(311, [38], [391, [441, [571, [59], [63], [65]. [66], [71], [78],
[82], [87], [89], [90], [101], [102], [115], [118], [122], [130],
[133], [135], [144], as depicted in Figure 12(a). The second
type is the high output impedance current mirror based on
the gain boosting technique [12], [45], [58], [61], [62], [68],
[69], [75], [76], [86], [104], [108], [116], [119], [121], [123],
shown in Figure 12(b). In some designs, the modified version
of these two common structures have been employed [38],
[61], [62], [68], [99], [105], [123], [135], [136]. To reduce
the size of the DAC transistors, the output transistors of the
current mirror are appropriately sized to mirror nx Ipac.
The output resistance of the cascode current mirror and gain
boosting technique can be expressed as follows:

Rouwt = gmards3dsa )
Rouwr = gmardasarasa(1 +A) 3)

where gma, Tasa, ras3, and A are transconductance of My,
output resistance of My, output resistance of M3, and DC
gain of the Op-amp, respectively. These architectures are
employed for both sinking and sourcing the current to the
tissue in ENSs. At the output of the current mirror, there are
switches that control whether the current is sourced to the
tissue or sunk from the tissue. These switches play a crucial
role in directing the flow of current and providing control over
the stimulation process. By appropriately configuring these
switches, the ENS can deliver the desired current waveform
and achieve the desired stimulation effect.

In addition to controlling the direction of current flow,
these switches also play a role in controlling the pulse width
and period of biphasic stimulation in ENSs. Depending on the
design, there are two different approaches for implementing
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FIGURE 12. High-output resistance current mirror: (a) Cascode current
mirror (b) Gain boosting technique.

n-Bit L

Current DAC - n-Bit
Current DAC ISlim
lDACl Lgim l I l V_":
DAC Cntr

1

=

g .||||_ .

(@)

FIGURE 13. Current mirror with switch using: (a) A transistor in the
current mirror (b) An extra transistor.

these switches. In some designs, the bottom transistor at the
output of the current mirror can act as the switch, effec-
tively controlling the current flow to the tissue. Alternatively,
in other circuits, an additional switch is placed between the
output of the current mirror and the tissue, providing further
control over the stimulation parameters. Figure 13 illustrates
these two types of switches. The two types of current mir-
rors mentioned earlier can also be utilized in the H-bridge
structure shown in Figure 7. These current mirrors can be
positioned at the top using PMOS transistors or at the bottom
using NMOS transistors, depending on the specific imple-
mentation. Figure 14 depicts an H-bridge-based stimulator
with the current mirror positioned at the bottom.

It’s common to use low-voltage transistors in high-voltage
ENS systems for components other than the output stage
to decrease the cost, occupied area, and power consump-
tion. Consequently, a low-voltage to high-voltage shifter is
employed to achieve the high voltage for the output stage.
This level shifter is designed using low-voltage technology
and serves the purpose of generating the necessary high volt-
age to control the switches in the output stage. By using this
level shifter, the ENS system can operate with low-voltage
transistors for most of its components while still achieving
the desired high voltage at the output stage.
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FIGURE 15. The 4-bit current mode DAC.

As mentioned earlier, a current DAC is utilized to control
the current level in ENSs. A commonly used 4-bit current
DAC, which can be found in many ENS designs, is depicted
in Figure 15. The number of bits (N) in the DAC can vary
from 2 to 10, depending on the current resolution of the
circuits [31], [44], [57], [58], [59], [60], [61], [62], [63], [64],
[65], [66]. In Figure 15, the sizing of the transistors is chosen
based on a multiple of 2", where n ranges from 0 to N-. This
means that the transistors are sized from 20 x %0 2V~ x
%, where W and L represent the width and length of the
transistors, respectively. By carefully selecting the transistor
sizes according to this scaling factor, the desired current can
be achieved. Furthermore, the upper PMOS transistors have
their gates connected to the current source, while the digital
code controls the bottom transistors to generate the desired
current. This configuration allows for precise control of the
current output based on the digital input.

As previously mentioned, the high-voltage technology
offers advantages such as less design complexity, increased
reliability, and tolerance to higher voltages. However, it also
comes with drawbacks such as larger occupation areas, higher
cost, and increased power consumption, which are significant
concerns in implantable devices. Consequently, low-voltage
technology has emerged as an alternative solution to address
these issues. Many ENSs have been designed using low-
voltage technology, employing the same topology for the
output stage. This includes the single supply configuration
with a current source or the double supply configuration with
both sinking and sourcing of the current. The current mirror
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and current DAC used in these low-voltage ENSs are similar
to those utilized in the high-voltage technology, as shown in
Figure 11 and Figure 14. However, it is important to note
that the low-voltage transistors used in these designs have
limitations in terms of supply voltage and voltage tolerance.
As a result, the proposed low-voltage ENSs may not support
high-voltage compliance or high current output.

To overcome this limitation, some designs have employed
larger technology nodes, such as 2pum [115], 1.5um [116],
1.2pum [114], [131], [133], 1pum [117], 0.6um [87], [134],
0.5um [121], and 0.35um [119], [128]. Applying this tech-
nology can enhance the tolerated voltage for transistors to
6.5V, increasing the voltage compliance to 5V [116]. Depend-
ing on the specific application and tissue impedance, the
current varies from 50 A to 1.3mA in these ENSs [121].
It is important to note that even with the application of men-
tioned low-voltage technologies, the voltage compliance and
current capabilities may still be insufficient. Moreover, these
low-voltage technologies often occupy significant areas, fur-
ther adding to the limitations of the designs.

Using a CCII (Current Conveyor II) current conveyor
for the output stage of ENSs is a solution to overcome
the aforementioned problems [123]. The circuit employs a
class-B second-generation current conveyor and digitally pro-
grammable time constants and DACs to generate exponential
current pulses for stimulation. This approach offers more ver-
satility and control over stimulation waveforms compared to
traditional rectangular pulses. The exponential current pulses
are generated by controlling the charging and discharging
of a capacitor. The capacitor is connected to the output of
the current conveyor. When the input current to the cur-
rent conveyor is high, the capacitor charges exponentially.
Conversely, when the input current is low, the capacitor
discharges exponentially. Adjusting the time constants of
the charging and discharging processes can control the rise
and fall times of the exponential pulses. In the presented
circuit, two modified gain-boosting current mirrors were used
to design the current conveyor [154]. Figure 16 shows the
modified current mirror and the current conveyor. The output
resistance for the modified current mirror can be written as

Rout = Azgmp8maro1roaRocs @

where Rycs is the output resistance of the current source.
Based on the equation mentioned, the output resistance
increased significantly, which resulted in a more accurate
output current. Using the current convey in the output stage
offers several advantages over other low-voltage techniques,
including low power consumption, high dynamic range, and
improved voltage compliance [155]. However, despite these
benefits, the proposed stimulator still faces challenges related
to low voltage compliance and output current. These limita-
tions indicate that the stimulator may not be able to provide
sufficiently high voltage levels or deliver the desired output
current for certain applications or requirements.

To address the issues of low voltage compliance and output
current, the stacked transistor method has been introduced in
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FIGURE 16. Circuit schematic of proposed class B CCllI [123].

the output stage to increase voltage compliance, particularly
in smaller-size technologies like 180nm and 65nm [18], [36],
[39], [63], [66], [71], [72], [75], [76], [81], [122], [124],
[142]. This technique can be applied to any device by stacking
multiple transistors, effectively increasing the supply voltage.
Using this concept can make the circuit fully integrated with
the digital control unit in a digital process without need-
ing any extra technology. However, in these designs, it is
necessary to set dynamic bias voltages for each phase of
stimulation. The dynamic bias voltages must be adjusted
according to the specific requirements of each stimulation
phase. This ensures proper operation and control of the circuit
throughout the stimulation process.

Figure 17 shows an example stimulator that utilizes the
stacking technique [36], [39]. As illustrated in Figure 17, the
gate voltage of transistor M3 is set at 0 and —Vpp during
the anodic and cathodic phases, respectively. In this kind
of stimulator, since the output of the stimulator may be
shorted to the positive or negative power supply by accident,
some failures can happen because the voltage drop between
two terminals of the transistors goes beyond the standard
value [39]. Therefore, for considerations of device reliability,
setting the dynamic bias voltage based on the stimulation
phases is not an appropriate choice. To address this issue,
a self-adaption bias circuit has been introduced to control
the stimulator and overcome the mentioned limitations [39].
Figure 18 depicts the proposed circuit, representing half of the
stimulator. In this circuit, four stacked transistors are utilized
as the pull-up and pull-down switches. This configuration
enables the switches to tolerate four times the standard supply
voltage without compromising device reliability.
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(a)

FIGURE 17. Stacked method for transistors in the output stage [36].

The self-adaption bias circuit was performed to regulate
the voltage between stacked transistor terminals, ensuring
that the voltage drop across them remains within the nominal
supply voltage range of the technology. Two voltage dividers,
including NMOS transistors Mpni—4 with resistors R5_g and
PMOS transistors Mpp;—4 with Rj_4, provided the desired
voltage for different part of the circuit and ensured specific
gate voltages for certain transistors. A non-overlap clock
generator is employed as an input for the level shifter, which
controls the output stage to prevent short-circuit currents. The
level shifter converts low-level voltage to a high-level voltage
with a DC offset of 3 times Vpp [39]. The self-adaptive bias
circuit is implemented to maintain voltages within the nom-
inal supply voltage limits, including for transistors Mpj_g.
Since the bodies in transistors Mg and Mp7 are connected to
the drains (n7 and nog), if the voltage at ny tends to decrease
below than 2Vpp or the voltage at ng tends to increase beyond
than 2Vpp, the parasitic diodes will turn on and fix ny and
ng to 2Vpp. Transistors Mpj_4 then control the voltage of
the transistors in the output stage based on these procedures
and the node voltages. Transistor stacking with self-adaption
or dynamic bias has been widely used in various designs to
overcome technology limitations and achieve higher voltage
compliance and, consequently, higher current [18], [39], [63],
[71], [72], [75], [76], [81], [122], [124], [142]. The 180nm
CMOS process is often chosen for stimulator design due to its
reliability and lower cost compared to deep sub-micron low-
voltage technologies [18], [31], [39], [63], [65], [66], [71],
[72], [75], [801, [811, [82], [92], [120], [122], [124], [132],
[142], [143], [144]. Other technologies, such as 130nm [64],
[90], [123] and 65nm [36], [45], [63], [76], [129], have also
been used, with the use of 2.5V/3.3V voltage transistors to
achieve higher voltage compliance. While low-voltage tech-
nology offers advantages in terms of power consumption,
cost, and occupied area, it also presents complexities and
challenges in implementing the stimulator.

Figure 19 provides a comparison of three different meth-
ods used to design the stimulator, based on the reported
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FIGURE 18. Proposed stimulator using stacked transistor and self-adaption bias [39].
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FIGURE 19. Comparison of three applied methods for the stimulator
output stage.

results. The comparison takes into account several parame-
ters, including voltage compliance, current, occupation area,
power consumption, cost, reliability, and design complexity
are compared. The performance of each method is evaluated
and presented in Figure 19. According to the illustration
in Figure 19, it can be observed that high-voltage circuits
outperform the other two methods in terms of voltage compli-
ance, current, and reliability. These high-voltage circuits are
capable of meeting the required voltage levels and delivering

VOLUME 12, 2024

higher currents. However, they exhibit drawbacks in terms of
cost, occupation area, and power consumption. On the other
hand, the stacked low-voltage and low-voltage methods show
better performance in terms of power consumption, occupa-
tion area, and cost. These methods are able to reduce power
consumption, occupy less area on the integrated circuit, and
are relatively more cost-effective. The design complexity for
both high-voltage and low-voltage methods is similar, while
the stacked structure introduces additional complexity to the
circuit design.

B. SPIKE AND VOLTAGE EXCEEDING CONSIDERATION

As discussed, the drain-source voltage (Vpsg) may exceed
the nominal voltage (spikes) when the transistor switches
from OV to Vpp or Vpp to OV. This issue becomes more
critical when the current is high. Thus, since the output
stage is responsible for the stimulation current, the spikes
and removing them are crucial concerns, especially in high-
current stimulators. The spikes become more severe while
using a low-voltage process because of limitations in tol-
erated voltage. Figure 20 illustrates the stimulation profile
and spike-removing technique in [21] using a dummy load.
The technique utilizes a dummy load in addition to the
cathodic and anodic phases in the stimulation profile. After
each phase, the switch connected to the dummy load is
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FIGURE 20. Stimulator prototype and stimulation phases: (a) Cathodic
current path, (b) Current path to dummy load, (c) Anodic current path [21].

closed, redirecting the current towards the dummy load. This
approach helps achieve a smooth transient response, mini-
mizing charge buildup and spikes. However, this structure
occupies more area and can produce thermal noise because
of the resistor.

In low-voltage technology, especially when the stacked
transistors are performed, these spikes happen during the
ON to OFF and OFF to ON procedures. In this situation,
to mitigate these spikes and maintain the drain-source voltage
(Vps) within a safe region, the transition time of the ON/OFF
control pulse should be appropriately selected [39]. If we
consider the transition time (fall/rise time) of the input signal
for the switches as T, the approximate expression for Vpg (or
Vsp) of each switch in the stacked method can be written
as [39]

NVpp —(N—1)Vpp
T

1,
Vps = %+ t +NVpp — (IpR; + EDf)
t

&)

where N is the number of stackings, Ip is the drain current,
R; is the total resistor seen from the drain, and C; is the
total capacitor seen from the drain. The negative or positive
sign the context mentioned indicates whether the level is
increasing or decreasing. According to (5), the rise/fall time
should be adjusted suitably. One method to drive the switches,
increase the transition time, and consequently prevent spiking
is using a chain of scaled inverters known as taper [71],
[75]. Another technique to prevent overvoltage in Vpg during
current conduction is by properly sizing the stacked output
transistors introduced in [76]. The sizing of transistors is
determined by considering the highest current level used for
stimulation, which corresponds to the transistor with the most
significant voltage drop. The transistors should be sized in
such a way that the Vpg remains below the maximum voltage
tolerated by the technology.
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C. CHARGE BALANCING APPROACHES AND
CONSIDERATIONS
One of the primary considerations in the design of stimulators
is the assurance of safe long-term electrical stimulation. It is
crucial to prevent tissue damage by avoiding the delivery of
a net charge that exceeds a certain threshold. To mitigate
the risk of tissue destruction, charge-balanced biphasic stim-
ulation pulses are commonly employed. Charge-balanced
biphasic stimulation pulses are designed to deliver equal
amounts of positive and negative charge over time. By ensur-
ing that the net charge is balanced, the stimulator minimizes
the potential for harmful electrochemical reactions at the
electrode-tissue interface. This helps maintain the safety and
integrity of the stimulated tissue during electrical stimulation.
There are two general approaches to achieving charge bal-
ance in electrical stimulation: passive and active charge bal-
ancing. Passive charge balancing involves large DC-blocking
capacitors that are inserted in series with each electrode [89],
[101], [108], [115]. These capacitors serve to remove the
residual DC voltage to balance the net delivered charge.
However, due to their large size, these capacitors are typically
implemented off-chip and cannot be fully integrated with
the stimulation circuitry. This limitation presents challenges
in the development of multichannel implantable stimula-
tors. To overcome the limitation of off-chip capacitors, the
High-frequency current switching (HFCS) technique has
been proposed. This technique utilizes two high-frequency
clocks with a phase difference of 180° [86], [103], [104].
The value of the DC-block capacitor in the stimulator can be
expressed as

Cc=1I AT 6

- .YtlmAV ( )
where I, is the stimulation current, AT is the pulse width,
and AV is the voltage variation of the capacitor. According
to equation (6), since ATwal/f, if the frequency increases,
the value of the capacitor will decrease. Figure 21 illustrates
the HFCS topology, which enables on-chip integration by
utilizing two small capacitors in the picofarad range. The
circuit operates as follows during different clock phases. For
phase ¢1, Si is closed, and S3 and Sp, are open. In this
phase, D1 is reversed-biased, while D, is forward-biased. The
constant current Igim passes through C; and Dy, resulting in
current flow through the load (I5;). Simultaneously, S, will
be open, S4 will be closed, and D3, S4, and C2 will create
a loop for discharging C, to one diode voltage drop. For
phase ¢y, the circuit operates like the first phase, generating
current Ip flow through the load and discharging loop for Cs.
This alternating charging and discharging of the two blocking
capacitors continue throughout the cathodic phase, resulting
in the generation of the cathodic current by the summation of
these high-frequency currents. During the final clock phase,
the load switch is closed, and all other switches are open,
allowing for the passive discharge of the load and forming
the anodic phase.
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Several charge-balancing methods based on electrode
shorting have been implemented in [12], [21], [31], [36],
[45], [57], [58], [61], [62], [65], [75], [76], [82], [116], [119],
[122], [126], [130], [141], and [142]. In this approach, the
electrodes are shorted for a specific duration after stimulation.
However, the exact discharge time cannot be determined
precisely due to factors such as unknown current mismatch
and varying electrode impedance. It is important to note that
this approach is often used in combination with other active
charge balancing techniques to achieve better performances
in terms of charge mismatches.

Active charge balancing circuits have been proposed in
various studies. including those referenced in [36], [38],
[391, [441, [59], [601, [63], [65], [68], [69], [70], [76], [82],
[87], [90], [91], [92], [121], [126], and [130]. These cir-
cuits employ different techniques to achieve charge balance.
The specific techniques utilized may vary across studies,
but the overall goal is to actively monitor and adjust the
charge delivered to each electrode to maintain balance and
prevent net charge accumulation. In [87], an Operational
Transconductance Amplifier (OTA), is employed as a buffer
and connected to the electrode to balance the output currents
of the anodic and cathodic phases. Figure 22 illustrates the
circuit configuration. The OTA serves as a current limiter,
ensuring the equalization of the anodic and cathodic currents.
Depending on the output current, this circuit can either inject
or absorb current.

Some of the other methods include pulse insertion [44],
[59], [76], [88], [102], [121], [126], charge balancing based
on offset regulation [36], [58], [60], [65], [69], [70], [88],
[90], [91], [92], [110], [130], and digital approaches to bal-
ance charge mismatch [65], [82]. Figure 23 shows the pulse
insertion technique. In this method, a specific safe voltage
range is defined for the tissue, which is determined by the
residual charge remaining on the tissue after each stimulation
cycle.

After each cycle, the remaining voltage is compared to the
safe voltage region. If the voltage exceeds the safe region,
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FIGURE 23. Pulse insertion technique for charge balancing [88].

the anodic and cathodic phases are out of balance. To address
this, some pulses with small pulse width will be generated
after each cycle to decrease the residual voltage and make
a charge balance stimulation. This process is repeated until
the measured residual voltage enters the desired range. The
Offset Regulation method, shown in Figure 24, operates sim-
ilarly to the pulse insertion technique. If the residual voltage
exceeds the safe range, current is injected or drawn from the
electrode, resulting in a stimulation pulse being applied to the
electrodes.

The magnitude of this current is determined based on the
exceeded voltage level to return the stimulation to the safe
region. This process is performed in each stimulation cycle
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FIGURE 25. Pulse modulation technique for charge balancing [65].

and helps create charge balance. Another method for charge
balancing is pulse modulation, which is depicted in Figure 25
[65]. The process of comparison in this method is similar
to offset regulation and pulse insertion techniques. However,
in pulse modulation, according to the exceeded voltage on
the tissue after each cycle, the current level in the anodic or
cathodic phase will be increased.

In this approach, the residual voltage is monitored, and if
it exceeds the safe range, adjustments are made to the current
level in the subsequent anodic or cathodic phase. The goal
is to increase the current level in the phase corresponding to
the exceeded voltage, thereby compensating for the charge
imbalance. By modulating the current levels in response to
the residual voltage, the charge delivery can be adjusted to
achieve balance and maintain the stimulation within the safe
region.

In [65], a hybrid method was presented, combining the
shortening method, offset regulation, and pulse modulation
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FIGURE 26. Hybrid method for charge balancing based on residual
voltage (VR): (a) VR is low, (b) Vg is medium, and(c) Vg is high [65].

topologies. As shown in Figure 26, when the residual voltage
is low, the shortening circuit is activated, while for medium
and high remaining voltage, offset regulation and pulse mod-
ulation are used, respectively.

Many charge-balancing methods have been introduced
based on the mentioned structures, as well as some digital cir-
cuits to monitor the voltage of the tissue. In these stimulators,
the voltage on the tissue is monitored after each stimulation
cycle and compared with a reference voltage defined based
on the safe region for residual voltage.

The digital-based offset regulation charge balancing
method was introduced in [58]. This method utilizes digital
circuits to generate adjustable stimulation with controllable
amplitude and pulse width. After each phase, a constant cur-
rent is applied to the tissue based on the anodic-to-cathodic
ratio and the unbalanced amount. In [82], a subtractor mea-
sures the difference between the two phases and compares
it with a reference voltage. After each stimulation phase,
the voltage difference between the two phases is applied
according to the pulse modulation technique.

Another stimulator, introduced in [91] and [92], is a modi-
fied version of the pulse modulation structure. This stimulator
incorporates a calibration loop consisting of an integrator
and comparator. It monitors the tissue voltage and calibrates
the current DAC to reduce the mismatch between the anodic
and cathodic phases. A different modified charge balancing
method was presented in [126] and [127]. Instead of chang-
ing the amplitude, this stimulator adjusts the pulse width to
achieve charge-balanced biphasic stimulation. This technique
operates by sampling the electrode-tissue voltage (VE) of
the electrode at specific moments before and during the
first phase of the stimulation pulse. This sampling provides
information about the capacitive and resistive components
of the electrode-tissue interface impedance and the voltage
during the rest period induced by the residual charge. An on-
chip processor uses this information to calculate precise
timing adjustments for the second phase of the pulse, ensur-
ing complete neutralization of the residual charge by the
time the pulse is terminated. This adjustment is applied to
the duration of the second phase (e.g., cathodic phase) of
the pulse. Importantly, this method imposes no minimum
time requirement before starting the next pulse, allowing for
flexible and continuous stimulation. The stimulator in [38]
utilized a CMOS-integrated Twin-Track active charge bal-
ancer. The Twin-Track system, shown in Figure 27, employs
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active charge balancer [38].

two complementary approaches for charge balancing: long-
term balanced conditions and instantaneous autonomous
balancing. A cause-based proportional-integral (PI) con-
trolled offset compensation method is used for long-term
charge balancing.

It compensates for any remaining electrode voltage off-
set by adjusting the compensation currents. This approach
achieves balanced conditions over an extended period. For
instantaneous autonomous balancing, a consequence-based
Inter-Pulse Charge Control method is employed. It utilizes a
class-B architecture to generate compensation currents with-
out the need for additional references. This method ensures
immediate charge balancing during stimulation. By com-
bining these two approaches, the system achieves better
performance. Another form of pulse injection charge bal-
ancing was introduced in [96]. The charge-balance structure
includes a closed loop path for the adaptive, which applies
small current pulses after each stimulation cycle. This pro-
cess is designed to push or pull charges to maintain residual
charges within the safety limit.

Since amplitude regulation techniques impose analog
matching constraints and require a larger circuit area, another
charge balancing method based on pulse width changing was
introduced [76]. This method, known as digital time-domain
calibration (DTDC), digitally adjusts the second phase of
the biphasic stimulation pulses based on a one-time char-
acterization of all stimulator channels using an on-chip
analog-to-digital converter. The second phase of the biphasic
pulse is responsible for bringing the delivered charge back to
zero and achieving charge balance. The DTDC method recog-
nizes that the second phase does not have a direct stimulating
effect and can be adjusted without significantly impacting
stimulation efficacy. By digitally modifying the pulse lengths
in the time domain, the charge balance can be achieved, even
in the presence of circuitry mismatches.
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Another method for pulse duration control method was
proposed, which employed a time-based charge balancing
circuit to reduce charge imbalance. This circuit is depicted
in Figure 28 [97] and consists of a voltage-to-time converter
and a compensation current source/sink. A feedback mecha-
nism utilizing a comparator-based voltage-to-time converter
(VTC) was implemented to monitor the residual voltage after
each stimulation cycle. The voltage-to-time converter played
a crucial role in the charge-balancing phase. After moni-
toring the residual voltage, it converted the voltage across
the electrode-electrolyte interface into a corresponding time
duration. By repetitively injecting current pulses, the circuit
achieved charge-balanced stimulation, with the durations of
the pulses controlled by the voltage-to-time converter.

Other structures have been introduced to achieve charge-
balanced stimulation [39], [45]. In [39], two sample and
hold-based current memory cells were presented to decrease
the charge mismatch between the anodic and cathodic phases.
The block diagram of the stimulator is shown in Figure 29(a).
In this configuration, a memory cell samples the output of
the DAC during the first phase. Subsequently, a switch dis-
connects the path of the DAC, allowing the stored current in
the memory cell (from the first phase) to flow to the second
memory cell through a closed high-voltage tolerated switch.
This arrangement ensures precise current matching between
the two memory cells.

During the stimulation phase, the anodic, interphase delay,
and cathodic phases are generated by opening and closing
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FIGURE 29. Sample and hold-based stimulator with two current memory
cells: (a) Block diagram of the stimulator, (b) Top current memory cell,
(c) Bottom current memory cell with two calibration loops [39].

the switches. Figure 29(b) illustrates the current memory cell
(IBL). During the sampling mode, Sa; and Sa» are closed,
while Sa3 is open. The input current passes through transistor
Sa1 and causes the capacitor Cy to store the voltage V.
When Sa; becomes off, a percentage of charge due to the
charge injection and clock feed through is injected into the
sample capacitor, causing V, change as follows [153]:

WLCax (VDD - Vg - VTH ) Wcov
V= + Ve
2Cy WCo, + Cy

where V¢, Coy, and Vpp are clock amplitude, overlap
capacitance per unit width, and power supply, respectively.
In equation (7), the first term represents charge injection,
and the second part shows the effect of clock feedthrough.
For holding phase, Sa1, Sa2, and Sa3 will be open. A dis-
charge path will be provided for Cy, and simultaneously, the
gate-drain parasitic capacitor causes V, change by

(N

CoaVrH
Cga’ + CH

where 1, represents the off-state resistance of Sa1. The first
and second parts in equation (8) represent the effect of
off-state resistance and coupling effects of Cgq. Sa1 and Saz
are still open during the next phase while Sp3 becomes on.
In this case, the parasitic capacitor, Cgq, causes the volt-
age variation at node A to transfer to Cy, which can be

AV(t) = V(1 — ¢ 7o0h ) + ®)
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expressed as
CodVrH
Cea +Cp
Thus, based on 6, 7, and 8, the total voltage error for V,
can be written as follows:

WLCox (Voo — Ve — Vrn) n WC,,
20y *“WC,, + Cy
+ V(1 — e 7€) (10)

This error in voltage will result in a mismatch between Iy
and I;,, which can be described by

Al = Loyt — Iy = Ang (11)

AV (1) = — ©))

AV =

where g, indicates the transconductance of M. Equation
(11) shows that the current error is directly influenced by
gm, indicating that a larger off resistance of Sao; can result
in reduced current error. To address this, the current mem-
ory cell utilizes a modified switch that reduces the on-state
resistance and increases the off-state resistance. Figure 29(b)
illustrates this structure, which consists of two transistors,
Sa11 and Sa22, and one unity gain amplifier. By employing
this configuration, the drain-source voltage becomes zero,
leading to an infinite off-resistance. Consequently, based on
equations (8) and (10), the effect of off-resistance is negated,
and the voltage error can be written by

WLCox (Vpp — Vo =V wC
V= ox( DD g TH) TV, ov

2CH g WCov + CH
(12)

The second current memory cell is employed on the bottom
side to mitigate the impact of charge injection and clock
feedthrough. Figure 29(c) shows the bottom current mem-
ory cell, including two calibration loops. The first loop is
responsible for initial calibration, while the second loop com-
pensates for errors caused by the first loop. This circuit has
3 phases for its operation. During the first phase, Sgg, Sp1,
Sg3, and Sp4 are turned on, while switches Sg> and Sgs are
open.

Assuming a ratio of (W/L); : (W/L)4 = N, transistors Mp;
and Mp4 have drain current of [N/(N+1)]xIj, and [1/(N+1)]
xIiy, respectively. In the next phase, SB1 is turned off, and
Spo and Spy_5 remain on. Similar to the top current memory
cell, Cg; will have a portion of charge due to charge injec-
tion and clock feedthrough effects. Consequently, the drain
currents of M and Mp4 change to [N/(N+1)]x ;& Al and
[1/(N+1)] xLn F Al respectively. In the last phase, Sp3_s
are turned off, while the other remain on. This configuration
eliminates charge injection from Sg3.

As Sp4 is positioned at the input of the amplifier and the
charge injection appears as a common-mode disruption, it is
also eliminated. Based on amplifier gain, the gate voltage
error for Mp4 and the current error during the second and third
phases can be expressed as

Vi

AV =V — Vi = m (13)

VOLUME 12, 2024



M. Katebi et al.: Challenges and Trends of Implantable Functional Electrical Neural Stimulators

IEEE Access

Dynamic copy
current source

Vthres_nigh_2v7

BGR_VREF

source_amp_on

VVv=
v<—l

thres_low_0V3

< | AAA——AAA

>
1 S_calib
| v
.
ss
Voo //
S_vdd |:|:| 4
> Dynamic
—— Current Copy S_anodic
S_anodic Vthres_nigh 2v7 . flag_high
+
Electrode | S_short
T Vi S_calib
S_cathodic
S_cathodi
_cathodic - g low
+
C ) Vinres low_0v3
| A sink_amp_on
- vb_03
Vss N

Adjustable current
sink

FIGURE 30. Dynamic current copy electrode driver architecture [45].

Vin

Al = Ioyr — Iin = mgm

(14)
where Vi, and Vg, are the gate voltages of Mpy at phases
2 and 3, respectively. Ay is the amplifier’s open loop gain,
and gy, is the transconductance of Mp4. The dual calibration
loop described earlier effectively mitigates the total current
error by a factor of (N+1). However, the design method
for this approach is complex, and the use of capacitors and
operational amplifiers in the current memory cells results in
a larger occupied area. Another approach to achieve current
balancing is the dynamic current copy structure, depicted in
Figure 30.

This structure is designed to balance the current for the
anodic and cathodic phases and provides precise and flex-
ible control over the stimulation current delivered to the
electrodes [45]. It ensures that each electrode receives the
desired stimulation current while maintaining high accuracy
and fidelity. This structure is responsible for generating indi-
vidual current pulses for each electrode driver. The circuit
has several components, including an 8-bit DAC, current
mirrors, and OTAs. The DAC converts the digital stimulation
commands from the digital controller into the desired current.
This current is then replicated and mirrored using the current
mirror circuit. The replicated current is then distributed to
the individual electrode drivers, ensuring that each electrode
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receives the intended stimulation current. This allows for
precise and independent control over the stimulation of each
electrode. In this method, the current of one driver was dupli-
cated for the other one during a calibration period. To reduce
residual charge and ensure accurate stimulation, a discharge
circuit is implemented to short the electrodes to the ground.
This helps in quickly dissipating any remaining charge.
Another active charge-balancing method, based on pulse
modulation, is introduced in [90] and illustrated in Figure 31.
This method utilizes two structures. The first structure,
labeled as number 1, incorporates a sample and hold circuit.
During the anodic phase, switch UP is turned on, allowing
current to flow from the current source to the electrode.
Subsequently, switch UP is opened, and switch IPD is closed,
causing the difference between the two current sources to
pass through the transistor Mj. This current generates a
gate-source voltage that is stored in the sample and hold
circuit. This voltage represents the current difference between
Ipy and Ipp. In the next step, switch DN is turned on, while
other switches are turned off. As a result, the cathodic cur-
rent, along with the stored current difference (A IS = IPU
— IPD), is injected into the tissue. Additionally, the offset
regulation technique is employed after the cathodic phase
for better charge balancing. However, it should be noted that
this structure has no solution if IPU becomes greater than
IPD, as it may lead to limitations or challenges in achieving
charge balance. The proposed stimulator in [143] employed
charge-mode neural stimulator. It utilizes a capacitor-reuse
technique with a residual charge detector and achieves active
charge balancing. It consists of a digital controller and an
integrating ADC for residual charge detector. The stimulator
in [144] proposed a new method including a CC mode and
a VC mode stimulator to achieve accurate anodic pulse gen-
eration. The CC operation compensates for the majority of
stimulation charge quickly, while the VC operation ensures
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TABLE 2. Comparison table for charge balancing method.

Method Occupation Scalable Charge ba'lancmg Desngn' Precision Unwa'nted SPlke
area duration complexity or stimulation

Electrode shortening [142] Very low v Unknown Very Low Moderate Yes
DC-block capacitor [108] Very High X Low Very Low High No
HFCS [86] High X Low Low High No
Limiter buffer [87] Moderate v Low Moderate Moderate No
Pulse insertion [88] Low v Very High Moderately High Molc_llei;ltely Yes

. . Moderately
Offset regulation [88] Low v Very Low Moderately High High No

. . Moderately
Pulse modulation [65] Low v Very Low Moderately High High No
Twin-Track [38] Moderate v Very High High High No
DTDC [76] Moderate v Low Moderately High High No
VTC-based method [97] MOSI‘;;"LMY v Moderately High Very High Very High No
Current memory cell [39] Mog?;z}iltely v Low Very High High No
Dynamic current copy [45] Mogzr‘itely v Very Low High High No
Sample & hold [90] Moderate v Moderately Low High Moderate No

high charge balancing precision. Several passive and active
methods have been discussed in this section.

The passive topologies were based on electrode-
shortening, the use of DC-block capacitors, and HFCS, which
offer ease of design. However, the discharge time cannot be
determined with the shortening method, and it may result
in some unwanted stimulation. On the other hand, since
DC-block and HFCS methods involve the use of capaci-
tors, the occupation area will be increased, and they cannot
be suitable for multi-channel stimulators. Active methods
such as pulse insertion, offset regulation, pulse modulation,
modified methods based on these methods, sample and hold
methods, and current memory cells have been introduced.
Implementing these methods eliminates the need for capaci-
tors and allows for scalable and integrated stimulation system.
However, each method has its own disadvantages. In the pulse
insertion method, the number and duration of current pulses
during the charge balancing phase can vary depending on the
accumulated charge in the tissue. If the imbalanced charge is
relatively small, a lower number of current pulses is required.

Conversely, achieving charge-balanced stimulation may
necessitate a larger number of current pulses and, conse-
quently, a longer duration. Longer duration and imposing
significant time constraints can potentially lead to tissue
failures. Furthermore, similar to electrode shortening, pulse
insertion may result in undesired spikes and stimulations.
In the offset regulation method, charge balancing is a con-
tinuous process, and the accumulated and imbalanced charge
is not removed after each single stimulation phase. This
eliminates the need for long durations. However, it does

103222

require additional control circuits and suffers from higher
design complexity. Pulse modulation is another method that
can address the long-duration issue by applying the dif-
ference between the two phases to the subsequent phase
(cathodic or anodic) within a stimulation cycle. This differ-
ence can be used to adjust the level or pulse width of the
next cathodic/anodic phase. Nevertheless, determining this
difference precisely can be challenging and requires careful
parameter selection and optimization. The current memory
cell method ensures consistent and precise delivery of the cur-
rent, even in the presence of impedance variations. However,
it utilizes capacitors that occupy a large area, and necessi-
tates accurate design, leading to increased design complexity.
To have better comparisons between the proposed methods,
Table 2 summarizes the advantages and disadvantages of the
main charge balancing methods discussed in this section.

D. POWER EFFICIENCY APPROACHES AND
CONSIDERATIONS

Power efficiency is a crucial parameter to consider in ENSs
as it helps to minimize power losses. Some methods have
been proposed to improve performance in terms of power
efficiency [71], [72], [103], [106], [111], [112], [124], [125],
[136], [137], [138].

A dynamic power supply technique and adaptive power
supply [71], [72] were presented for ENSs. Both stimulators
were designed based on transistor-stacking and self-adaptive
bias methods. Figure 32 illustrates the ENS and dynamic
power supply control system block diagram in [71] and [72].
The electrode is continuously monitored using a block
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[71], [72].

diagram consisting of a memory cell, an attenuator, and
an analog-to-digital converter (ADC). This monitoring sys-
tem outputs a digital code based on the electrode voltage.
This code serves as the input for the dynamic power supply
controller, which includes a voltage divider, error amplifier,
DAC, voltage-controlled oscillator, 4-phase clock generator,
and 3-stage charge pump. When the ENS does not require
high voltage on the tissue, the monitoring part generates a
code based on the electrode voltage. This digital code is then
applied to the DAC in the dynamic power supply. The VCO,
through a feedback loop controls the clock generated from
the phase generators. These clock signals manage the charge
pump and reduce the output voltage, which serves as the
power supply for the stimulator. This technique effectively
reduces power consumption and improves efficiency. The
same process is followed when increasing the power supply
for stimulating the electrode with higher voltage compliance.

In [71], a simple current source with a triode indicator was
utilized to prevent the current source from entering the triode
region. The triode indicator monitors the drain-source voltage
of the cascode current source, which includes push-up and
pull-up switches. When the transistor in the current source
exits the saturation region, the monitoring part generates a

VOLUME 12, 2024

digital code to control the dynamic power supply and increase
the supply voltage. Additionally, a quick discharge path was
designed to rapidly discharge the supply charge after each
stimulation phase within a short period. Figure 33 (a) illus-
trates the stimulator core with the triode indicator and quick
discharge path. Furthermore, Figure 33(b) depicts the output
stimulation based on the dynamic power supply. As shown
in Figure 33(b), when the voltage drops on transistors Mc3
and Mc4 becomes less than a threshold, the triode indicator
is activated and outputs an “‘error’ signal. Consequently, the
power supply voltage is incrementally increased to reach the
desired voltage and cause the transistor to leave the triode
region. This method significantly improves power efficiency;
however, coordinating the digital control signals and ensuring
proper timing and synchronization can introduce complexity
to the design.

The technique employed in [138] enhances the efficiency
of ENS through a voltage-switching method, similar to the
dynamic power supply approach in [71] and [72]. It utilizes a
secondary power telemetry coil to generate a programmable
set of voltage supplies, which are used for stimulating
the target tissue. In this technique, the circuit sequentially
switches the electrode through voltage steps instead of inject-
ing constant current into the tissue. These voltage steps can
effectively stimulate the target tissue, similar to the constant-
voltage stimulation. The selection and careful switching of
voltage steps are crucial to make the proposed method behave
more similarly to the constant-voltage approach.

While this method increases the power efficiency, the
process of selecting and switching voltage steps introduces
higher complexity due to the consideration of numerous
design parameters. Furthermore, the accuracy and precision
in current delivery are sacrificed to achieve higher efficiency.

In [103], the stimulator presents a high-frequency switched
capacitor (HFSC) stimulation prototype that combines the
voltage-mode stimulation (VMS) and constant-current stim-
ulation (CCS) methods. When Vg is smaller than V¢, the
gate voltage PMOS transistor, P, becomes low, causing the
capacitor Cgim, to charge to Vpp. Subsequently, Switches S
and S3 are turned on, and the charge is transferred to the
electrode to generate the anodic phase for charge balancing.
Opening switches S, and Sy during this phase is necessary
to prevent disturbance to the gate voltage of Pc, caused by
sampling and comparing the transient voltage before Vg
stabilization. This hybrid approach benefits the advantages
of both methods while mitigating their drawbacks, resulting
in improved energy efficiency. According to the results and
theoretical analysis in [103], employing this method leads to
higher efficiency.

Figure 34 illustrates the proposed HFSC stimulator circuit
in [103]. The switches S; and Sip are controlled by two
non-overlapping clocks to generate the cathodic phase and
remove the charges from the electrode. For the subsequent
phase, switches S; and S4 are activated, and a comparator
compares the electrode voltage (Vg) with a reference volt-
age (Vret)-

103223



IEEE Access

M. Katebi et al.: Challenges and Trends of Implantable Functional Electrical Neural Stimulators

Quick Discharge

Triode Indicator

posTossoosmoosses ' Fo============-=-
E E 4V
: ' L J
| | =
: ! ]
: i 5
1 1 J
H H 4Vpp o
i i Taper e
1 1 ] t
H 3%V :3*VDD Controller nverter
H H Level Shifter M,
1 1
1 1
\ H Vit "l: Mgpn H
v [ v | |
: : " : :
a a Voo AR Mo | 2 a Voo |
] ] ng -‘: Ll ] ]
| | = |
i I*VDD : EI*VDD : :
: : Vi :
H H Vis _|l: b4 s 1¥Vyp
! Controller ! Controller': Mpns
] ] _‘
1 1
1 1 5
H H Error
1 1
' H 3-bit Vie ‘||'-' Miggps g _D‘_
H R H Current()
' 3 I DAC Taper
| ] Controller Controllcr
! ! — Inverter () 5uA
s s L
H - H = Controller
: : -
[} [}
i i
e e RO
(@)
16 ! ' - !

Error(1Vidiv) -|\ | l d

|

L

T

12 S
s B et
e’ [ e
'_.3 4 - Adaptive ﬂynﬂmlc -
2 [ power supply{2\Hd|\r]
I =
1

_L_‘_;—'*Rr..r Step at 0.5V

Cathodic Voltage(zwdw} ,Ar/’lnnodic Voltage(2V/div)

400 1200

2000 2800 3600

Time (ps)

(b)

FIGURE 33. High-voltage-tolerant stimulator and its stimulation waveform: (a) Output stage with triode indicator, self-adaption bias, and
quick-discharge circuits, (b) The power supply self-adjusting procedure during stimulation in the dynamic power supply technique [71].

The stimulator operation and the charge balancing are
completed when Vg exceeds Viet. Since this stimulator uti-
lizes a capacitor in its structure, it occupies a significant
area. Additionally, implementing appropriate timing and syn-
chronization for the neural stimulator can be challenging.
In [106], to achieve high energy efficiency, the use of a Single
Ended Primary Inductor Converter (SEPIC) and optimization
of the switching frequency and gate width of the power
MOSFET are introduced. By employing a wireless charger
with closed-loop control feedback, the received energy can
be adjusted, eliminating the need for complex DC-DC con-
verters and improving efficiency. Furthermore, the system
includes an energy distribution circuit that allows the pulse
generator (the stimulator) to be powered either by wireless
energy or the implantable battery, depending on the situation.
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The energy distribution circuit manages the power source
to ensure that the stimulator receives the appropriate power
supply under different conditions. However, the output stage
of the stimulator in this structure includes an inductor, which
occupies large area.

Another stimulator introduced in [111] utilizes the
ultra-high frequency (UHF) concept, which has been proven
to be as effective as current mode stimulation. This method
stimulates the tissue by a burst of current pulses with
adjustable amplitude at a high frequency. The ENS core
includes an inductor-based buck-boost DC-to-DC converter.
The system in [111] presents a novel zero-current detection
scheme to eliminate the need for a freewheel diode.

By accurately detecting the moment when the current flow-
ing through the inductor reaches zero during the switching
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cycle, the stimulator dynamically adjusts the switching sig-
nals to maintain a constant voltage across the inductor. This
constant voltage across the inductor prevents reverse flow
current from the load to the inductor without the use of a
freewheel diode. This scheme enables more efficient energy
transfer and contributes to achieving higher peak power effi-
ciency for the ENS.

However, the design suffers from a large occupation area,
sensitivity to noise and variations, design complexity, and
complex timing synchronization. As previously mentioned,
the stimulation waveform directly impacts the power effi-
ciency of the stimulators.

According to this issue, some stimulators have been
designed to output an exponential waveform [112] and
multi-waveform current stimulation [137]. The stimulator
in [112] generates a flexible rising exponential pulse, which
provides higher energy efficiency for stimulating action
potentials while releasing fewer toxic ions in cortical tissues.
Analytical studies and computational models have demon-
strated that rising exponential pulses can increase power
efficiency compared to rectangular pulses [73]. Addition-
ally, careful design of exponential waveform parameters,
such as amplitude, duration, and time constant, can deliver
the required stimulation while minimizing charge accumu-
lation on the tissue and achieving better charge balancing
to prevent tissue damage. The system introduced in [137]
presents a multi-wave output stimulator that generates three
waveforms: rising exponential, falling exponential, and rect-
angular pulse. This method can produce the appropriate
stimulation waveform to reach superior energy efficiency in
several applications.

While employing exponential waveform as output in stim-
ulators offers higher energy efficiency and improved charge
balancing, it does come with some disadvantages. Designing
the circuit to generate exponential waveforms can be more
challenging and complex compared to rectangular pulses.
This complexity can increase the overall system complex-
ity and potentially affect the cost and manufacturability of
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the stimulation device. Another concern is the sensitivity
of rising exponential pulses to variations in their parameter,
such as amplitude, duration, and time constant. Even slight
deviations or mismatches can impact the characteristics of
the exponential waveform. Achieving precise and consistent
control over these parameters may require more sophisticated
calibration and control mechanisms, adding complexity to
the system. Moreover, the use of rising exponential pulses
limits the flexibility of changing the parameters within spe-
cific ranges to meet different stimulation requirements in
various application. These limitations make the rising/falling
exponential-based stimulators incompatible with existing
systems.

The stimulator in [125] utilizes adiabatic supply voltage to
bypass losses introduced by a conventional system supply-
generating, thereby improving efficiency. Adiabatic supply
voltages can provide a high differential voltage range to
deliver a higher voltage level to the stimulator and inject more
efficient current into the tissue. Another approach employed
in [125] is energy replenishment, which redirects charges
accumulated across the electrodes back to the system power
supplies for recycling. This method aims to overcome draw-
backs and limitations of conventional stimulation methods
where the tissue delivers a fixed or pulsed current. In tradi-
tional topologies, the current amplitude gradually decreases
over time due to the electrical properties of the tissue and
the electrode-tissue interface. This phenomenon can lead to
a reduction in the overall power efficiency of the stimulator.
To address this issue, the charge replenishing technique uses
a feedback loop to continuously monitor the charge delivered
to the tissue for each stimulation phase and adjust the stimu-
lation parameters, such as amplitude or pulse width. If the
measured charge exceeds the desired value or falls below
it, the circuit adjusts the parameter accordingly to prevent
overstimulation or compensate for charge loss.

E. PERFORMANCE COMPARISON OF STATE-OF-THE-ART
ELECTRICAL NEURAL STIMULATOR
Table 3 presents recent work in the field of stimulator design
for various electrical neural stimulator application, includ-
ing peripheral nervous system, DBS, cochlear implants, and
retinal implants. According to Table 3, all the stimulators
were predominantly designed in Constant Current Mode
(CCM) due to its precise control of the injected charge into
the tissue. In CCM, the amplitude and pulse width of the
applied constant current can be regulated within a range
of impedance. However, some stimulators, such as those
n [31], [86], and [108] employed the Switched Capacitor
Mode (SCM) and Constant Voltage Mode (CVM), while [31]
and [108] incorporated the CCM mode as well. The table
also indicates that these stimulators were implemented using
various CMOS technology processes, which are popular and
preferred for their reliability and lower cost.

Among the CMOS technologies, the 0.18 um process has
been widely utilized in recent years due to its compatibility,
cost-effectiveness, and reliability, while still accommodating
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TABLE 3. Performance comparison of state-of-the-art electrical neural stimulators.
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high current and voltage levels. Moreover, considering all the
mentioned advantages, this process does not occupy much
area. Furthermore, most of the recent designs adopted the
LV topology due to its cost-effectiveness, compact size, and
lower power consumption. The number of channels in a
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stimulator depends on the target application. As claimed
by Table 3, the number of channels in ENSs can range
from 1 to 1225, depending on the device’s intended use. The
required channels in these stimulators are determined by the
medical condition being treated and the desired treatment
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approach. For instance, stimulators in [39], [72], and [125]
employ a single channel as they target a specific area in the
brain for treatment. On the other hand, stimulators like those
in [44], [57], and [140], aim to restore vision in limited vision
individuals by targeting the epiretinal area, requiring a large
number of channels.

The other two parameters, stimulation current and voltage
compliance, are also directly related to the intended applica-
tion. The current must fall within a safe stimulation range to
prevent tissue damage. Additionally, each patient may exhibit
different impedances in different body organs. Therefore, the
current level in the stimulators should be adjustable within a
range, considering the issues mentioned earlier. The output
voltage range or voltage compliance is also dependent on the
mentioned parameters. In some cases, a higher voltage com-
pliance is necessary due to the high impedance of electrodes.
The table highlights the characteristics of various stimula-
tor designs. For instance, in [97], the stimulator achieved
a voltage compliance of 40V and a current amplitude of
12.75mA, utilizing High-Voltage (HV) technology. However,
these stimulators also exhibited a high-power consumption
of 30.25mW. Conversely, design such as [39], [71], [72],
and [76] achieved significant voltage compliance (ranging
from 10 to 11.3) using Low-Voltage (LV) process. These
designs also had a current amplitude of up to 3mA for tissue
stimulation. Efficiency was not reported in many designs,
while it is a challenging issue in the stimulator, primarily
when the stimulator is powered by a battery However, in [44],
[71], and [72], efficiencies of 38%, 69%, and 56% were
achieved, respectively, by employing dynamic and adaptive
power supply techniques in the stimulator design. Addi-
tionally, the stimulator in [86], which employed the SCM
prototype, achieved an efficiency of 36%. Charge mismatch
is another crucial aspect in the ENS implementation, referring
to the residual voltage in the tissue caused by an imbalance
between the anodic and cathodic phases. Recent state-of-the-
art stimulators have achieved a mismatch of less than 1%,
such as 0.25% [39], 0.3% [77], 0.45% [19], and 0.8% [71] for
biphasic stimulation. Furthermore, in [90], a current error of
9.8nA was reported in the presented circuit. These low levels
of mismatch were achieved by employing novel methods,
including a current memory cell with dual calibration loops
in [39], an accurate current mirror with shortening in [19]
and [77], adaptive supply voltage control with shortening
in [71], and a sample & hold method with offset regulation
in [90].

V. IN VITRO AND IN VIVO EXPERIMENTS IN THE
STIMULATOR

In vitro and in vivo experiments play essential roles in scien-
tific research and contribute to our understanding of various
biological processes and diseases. Both types of experiments
are necessary and complement each other, contributing to our
overall knowledge of biology, disease mechanisms, and the
development of new treatments and interventions.
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FIGURE 35. The standard electrode-tissue model used for in vitro
experiments.

A. IN VITRO EXPERIMENTS

Historically, “In vitro™ is Latin for “In glass,” reflecting
the use of glass containers to conduct these experiments.
In vitro experiments refer to studies conducted outside a
living organism, typically in a controlled laboratory setting.
Applying these experiments allows researchers to study and
manipulate biological materials such as cells, tissues, or iso-
lated molecules in special situations and environments. These
experiments offer the opportunity to learn about cellular and
molecular mechanisms in a simplified and controlled manner.
The ENS can interface with organ tissue via micro-electrodes.
In vitro experiments are used in a ENS to verify the out-
put results of the presented methods using real electrodes.
The selection of electrodes for stimulation needs various
requirements, such as biocompatibility, mechanical suitabil-
ity, efficacy in delivering electrical stimulation, prevention of
Faradaic reactions and corrosion, and stable material charac-
teristics during implantation [46]. The chosen material must
be biocompatible to avoid toxic or necrotic responses in
nearby tissue, as well as excessive immune or foreign body
reactions.

Mechanical suitability ensures compatibility with the
desired application, maintaining integrity during surgical pro-
cedures and throughout usage. Efficacy is important to ensure
the device can deliver sufficient charge into the tissue. Mini-
mizing Faradaic reactions and corrosion is crucial to prevent
premature electrode failure, with corrosion rates depending
on the intended period of use. The stability of the material
features must be sufficiently high to ensure the device’s elec-
trical impedance, as well as intact conducting and insulating
properties. As mentioned in Section II, the electrode-tissue
model can be represented by a resistor in series with a parallel
capacitor-resistor, as shown in Figure 35. The values of these
elements directly relate to the stimulation application and
the material used for the electrodes. Table 4 summarizes
the element values for the capacitor-resistor electrode model
based on the application.

In the next step, before conducting in vivo experiments,
the stimulator chip is verified in a simulated environment
that mimics the target nerve and replicates tissue features
(ex vivo experiments). The stimulator can be tested in this
environment, especially before animal or human tests, to ver-
ify correct functionality. Different materials can be used
according to the target tissue. Based on research, a phantom
gel made of sodium chloride, agar, deionized water [31],
[66], phosphate-buffered saline (PBS) [36], [68], [79], [127],
saline solution [38], [62], [69], [104], sciatic nerve of a
frog in Ringer’s solution [86], peripheral nerve in Ringer’s
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TABLE 4. Element values for the capacitor-resistor electrode model.

Material Diameter (um) Ry (MQ) Cp. (nF) Rr (kQY) Application

[31] Platinuny/Iridium 1500 1 500 1 DBS (Parkinson)
[36] Platinum/Iridium 757300 - 160 20 Epiretinal
[38] pdyimid?]ftl}?g film cuff 800 0.1 1300 3 DBS (Vagus nerve)
[39] Platinuny/Iridium - 10 100 2 DBS (epilepsy)
[44] Platinum 200 6.8 kQ 10 1 Retinal
[57] Platinum 500 >10 100 10 Retinal
[68] Polyimide based platinum 220 0.075 1100 2.1 Spinal cord
[69] Platinum 200 >10 100 10 Epiretinal
[76] Iridium oxide - - 200 8 Visual Cortex

[77] Platinum - 1 100 10 Retinal

[79] Cuff electrodes (Pt/Ir) 100 100/240/300 3.7/8/10 Hand muscle

[86] Platinum 400 0.107 70 uF 0.1 Cochlear Nerve

[88] Platinum 150/580 - 240/1200 3.7/1.35 -

[97] Platinum 4000 2 880 1 Spinal cord
[104] Platinum 245 60 100 5.6 vestibular nerve
[108] - - 1 150 3 General
[118] platinum 200 2 - 1 DBS
[127] Polyimide based platinum 220 2kQ 1600 0.7 Motor Function Recovery
[138] Platinum 20 >10 100 10 Retinal

TABLE 5. Measured parameters within “in vitro” experiments.

Current Pulse Output Residual IxrlrtieTveal

Level (nA) Width (uS) Voltage (V) Voltage (mV) (mS)
[31] 1000 750 1 5 7.96
[36] 44 1000 1.5 11.2 35
[38] NA 75 4 20 10
[39] 3000 16 10 11.98 1
[66] 3000 60 35 3.42 0.15
[71] 2000 160 12 18.78 1
[72] 2500 160 12.3 1.492 350
[108] 5000 56 10 NA 0.15

solution [19], and phantom brain tissue [97], were used to
create the virtual environment. Performing this method leads
to more realistic results for the stimulators and ensure that
animal or human tests are preceded by appropriate validation.
During in vitro experiments, scientists often adjust certain
parameters to examine their effects on neural activity and
achieve desired outcomes. Table 5 summarizes some impor-
tant parameters that have been applied and measured during
these experiments.

B. IN VIVO EXPERIMENTS
The term “In vivo™ is derived from Latin and translates to
“within the living” or “in the living.” These experiments
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provide more comprehensive information about biological
phenomena and their relevance to the whole organism. Sci-
entists can use in vivo experiments to describe experiments
or studies conducted within a living organism or its natural
environment. In vivo experiments consider the interactions
and complexities of the biological systems within the organ-
ism, consisting of anatomical, physiological, and behavioral
features. These experiments are particularly valuable because
they allow researchers to learn about the effects of inter-
vention or treatments in a more holistic manner. Moreover,
more comprehensive details can be achieved about complex
diseases, assessing the impact of therapies and understanding
the physiological and behavioral responses to various stim-
uli. These data are critical for translating scientific findings
into clinical or real-world applications. As mentioned in the
previous section, electrodes serve as the interface between
the stimulators and the tissue, and it is crucial to choose
the appropriate material for the electrodes. The toxicity and
biocompatibility of different metals and materials have been
studied in animal experiments [46].

Noble metals such as gold, palladium, iridium, platinum,
and rhodium have shown good resistance to corrosion during
electrical stimulation. However, for long-term stimulation,
they exhibit some toxic effects on the tissue [156], [157],
[158], [159], [160], [161], [162], [163]. Other materials
like platinum and platinum-iridium alloys have shown good
performance in terms of reversible charge storage capacity
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during electrical stimulation. This capability refers to the
electrode’s ability to store and deliver the electrical charge to
the tissue without corrosion or unwanted side effects [159],
[164], [165], [166], [167]. Based on experiments, the use
of Iridium-platinum alloy-based electrodes can increase the
mechanical strength. Bare iridium or rhodium electrodes
have the same performance in terms of charge storage
capacities as platinum, while applying an oxide surface
can improve the charge storage capacity and density [163].
There are also other materials for electrodes, such as Nickel-
titanium, nickel-chromium, cobalt-chromium, etc., which
have been performed based on their advantages [46]. Animal
tests have indicated that platinum, titanium, ceramic, and
platinum-iridium wire are preferred materials for electrodes
in cochlear, epiretinal, and DBS stimulation due to their
biocompatibility [168], [169], [170]. In vivo experiments in
ENS-related research involve implanting fabricated chips in
animals and testing them based on the target diseases.

The experiments aim to verify the effectiveness of the
implantable stimulators in suppressing the disease effects
with loading impedance adaptability. Furthermore, these tests
help to assess the stimulator’s ability to produce the desired
electrical stimulation waveforms and evaluate the safety and
efficacy in living organisms. Based on the animal tests pre-
sented, most of them utilized Long-Evan rats and implanted
the stimulator according to the target tissue [17], [39], [66],
[72], [78], [79], [81], [91], [92], [94], [102], [120], [128].
The target disease in these studies were epileptic seizure and,
in some cases, Parkinson’s disease. Depending on the disease,
the electrodes were inserted in a specific region, such as the
subthalamic nucleus for Parkinson’s [31], [33], [66], [171]
and the frontal barrel cortex for epilepsy [17].

The results showed that epileptic seizures can be signif-
icantly suppressed by delivering the current in the range
of £28 to £50uA. For Parkinson’s, the reported current
levels were higher, ranging from 200 to 250 A [66], [91].
In other cases, mini-pigs and guinea pigs were selected to
provide a closer estimation of the human body [18], [31],
[71], [108]. A stimulation range of 1.5 to 3 mA current was
applied to the cortical surface to suppress epileptic seizures,
which has been proven by clinical data [18]. The pulse widths
reported for each anodic and cathodic phase during the stim-
ulation were 0.5ms [17], [39], [72], 100us [71], 50us [91],
and 100~250us [94]. The reported stimulation periods were
2.5ms and 40ms in [17], [39], [72], and [71], respectively.
Furthermore, the duration of stimulation for in vivo tests
in [17], [39], [72], and [78] was 0.5s, and the stimulator
in [71] had a duration of 1s.

Based on some experiment results on EEG signals to
treat epilepsy during in vivo tests for closed-loop sys-
tems, the seizure onset was detected within 760ms [18]
and 800ms [81]. Other systems aiming to suppress EEG
signals associated with epilepsy seizures showed success-
ful results after a single stimulation [17], [39], [72], [78],
[120]. In these systems, the detection time typically ranged
from 1 to 1.5 seconds. Parkinson’s disease, on the other hand,
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is characterized by abnormal beta peaks (13)-35 Hz) in the
local field potential (LFP) of the subthalamic nucleus. This
biomarker can be used to identify and monitor symptoms
related to Parkinson’s disease [172], [173], [174]. Based on
experiments [31], [66], the injection of stimulation current
into the target tissue should lead to the suppression of these
beta peaks for the treatment of Parkinson’s disease. The
auditory brainstem response (ABR) is another method that
can be employed in in vivo tests. In this technique, the
peripheral hearing nerves are stimulated with sound, result-
ing in numerous nerve discharges before alteration of nerve
potentials [108], [175], [176]. The ABR waveform typically
consists of six or seven peaks, which correspond to different
auditory structures assessed in the medical and biomedical
fields. An electrically elicited auditory brainstem responses
(ee-ABR) trigger technique is utilized to verify the function-
ality of the stimulator. If the peaks are observed in this test,
it indicates that the stimulator is working correctly [108].

It is important to note that the loading impedance in the
stimulator can vary within a range of ohm, and this should
be considered based on factors such as the target tissue, tis-
sue location, distance, stimulation duration, and implantation
time. The stimulator should be capable of delivering suffi-
cient currents into the tissue based on the loading impedance.
This means that the circuit should be able to adjust voltage
levels to accommodate the varying loading impedance.

VI. RESEARCH CHALLENGES AND FUTURE PERSPECTIVES
ENS plays a crucial role in biomedical and bioengineering
systems and has emerged as a popular research subject in
recent years. Implantable ENS is expected to be a widespread
and promising method to treat many neural diseases. As dis-
cussed in this review, some principles and trade-offs should
be considered in ENS designing based on the target applica-
tion. One important consideration is the choice of technology,
as it directly impacts factors such as power consumption,
area, cost, current amplitude, and voltage compliance. Imple-
menting the circuit in a larger process will result in increased
power consumption, area, and cost. However, it allows for
higher current amplitude, voltage compliance, and reliabil-
ity. According to recent research, we have recognized some
research trends and challenges that we forecast for future
designs to optimize performance and enhance the commercial
market’s embrace of technology.

A. STIMULATION TARGET, METHOD, AND APPLICATION

Paralysis of organs is a common condition affecting many
individuals worldwide, with walking or movement dis-
abilities being among the most severe forms. Movement
disorders refer to neurological situations categorized by
abnormal or difficulty controlling movement. Implantable
microsystems, particularly DBS, have emerged as a treatment
approach for these disabilities. Non-implanted devices have
also been introduced to restore movement in humans [152].
Recent advancements in integrated circuit field have designed
and implanted the DBS for various applications, including
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Parkinson’s disease and epilepsy seizures. However, the treat-
ment of paralysis and movement recovery remains a critical
challenge, and future DBS systems are expected to address
this issue.

Another area of focus for future stimulators is visual
applications aimed at restoring or enhancing functional
vision in individuals with visual impairments or blindness.
This includes retinal prostheses, visual cortex stimulation,
and optogenetic stimulation. Optogenetic stimulation is a
cutting-edge field that combines optics and genetics to con-
trol neural activity using light-sensitive proteins. It involves
genetically modifying cells in the visual system to stim-
ulate target cells or neural pathways involved in vision.
Furthermore, future ENS system are expected to incorpo-
rate optogenetic stimulation technique to accurately and
precisely control neural activities with high temporal and spa-
tial resolution. This approach holds promise for developing
new therapies for various neural disorders, such as epilepsy
seizures, hearing loss, and Parkinson’s disease.

Based on the forecast, a future perspective in target appli-
cations involves the potential elimination of drug use for
many neurological disorders. Currently, there are numerous
medications available for various diseases, particularly psy-
chiatric disorders, but they often come with significant side
effects for patients. Moreover, in some cases, drug treatments
may be ineffective, and patients may respond poorly to them.
Therefore, it is predicted that integrated circuit designers will
be motivated to develop stimulators aimed at reducing or
eliminating the need for drug-based treatments.

B. TECHNOLOGY

One of the severe challenges in biomedical devices is the abil-
ity to be implanted in the human body. This feature is directly
influenced by the size and occupation area of the chip. Future
trends in ENSs are likely to concentrate on miniaturiza-
tion and the development of smaller implantable stimulators
device. This would enable more flexibility and adaptability
in electrode placement, as well as increased customization
and targeting options. Therefore, choosing the appropriate
technology for implementing the ENS circuit is a critical
issue. In addition to size and occupation area, power con-
sumption and cost are two other important factors that need
to be carefully considered when selecting the technology.
Regarding the mentioned concerns, researchers tend to prefer
low-voltage process for designing micro-stimulator due to
their smaller occupation area, lower power consumption, and
reduced cost. Recent studies have shown the implementation
of ENS circuits in 65nm LV CMOS, occupying a total area of
0.225 and 0.7 mm? for a 16-channel stimulator [76], [130].
These designs achieved a significant voltage compliance of
11V. It is expected that bioengineers will increasingly utilize
low-voltage deep sub-micron technologies, such as 180nm
and 65nm, to design ENS devices in the coming years.
They may also employ unique techniques, such as transistor
stacking to enhance the voltage tolerance and reliability of
the transistors. However, it should be noted that, in certain
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cases, HV process may be adopted when a higher voltage
is required to deliver tissue stimulation at higher current
levels, surpassing the tolerance of low-voltage technologies.
For example, according to Table 3, the stimulator in [97]
utilized HV 180nm CMOS with a high voltage compliance
and current amplitude of 40V and 12.75mA, respectively.
However, it occupied a large area of 30.25mm?.

C. TOPOLOGY OF THE ENS

According to the information provided in Table 3 most stim-
ulators have been designed in the constant current mode. This
mode delivers a consistent current to the neural tissue, mak-
ing the stimulator independent of impedance variations and
other factors that could influence the stimulation. Constant
current stimulators offer several advantages, including higher
stimulation precision, stability, reliability, patient safety,
adaptability to tissue changes, compatibility with electrode
arrays, and flexibility in programming. Given these advan-
tages, it is expected that stimulator designers will continue to
prefer the use of constant current mode topology and work on
addressing challenges associated with this mode in the future.
Biomedical engineers may focus on implementing constant
current stimulators while considering certain aspects, such
as closed-loop current regulation and adaptive control of the
current. These measures would ensure consistent and precise
stimulation delivery of stimulation to the tissue.

D. EFFICIENCY

Considering the results in Table 3, it appears that efficiency
is an important parameter that has barely been paid attention
to in ENS design. Also, preferring constant current mode
over constant voltage mode, which is more efficient, leads
to dealing with improving efficiency by employing some
novel methods. Based on our expectations, new neurostimu-
lator topologies will focus on improving power efficiency by
adopting advanced techniques. Future stimulator structures
are predicted to incorporate energy harvesting techniques and
advanced power management systems. Energy harvesting
methods, including wireless recharging or converting body
heat or motion to energy to supply the stimulator, lead to
decreasing or eliminating the requirement for frequent bat-
tery replacement or recharging. Employing this technique
increases patient convenience and reduces the burden of
device maintenance. Since the stimulator’s lifetime is a vital
necessity, improving efficiency and using efficient power
management systems will optimize energy consumption,
consequently enhancing the longevity and convenience of
neurostimulator devices and extending the operating lifespan
of the neurostimulator.

E. CHARGE MISMATCH

The future trends in charge mismatch and safe stimulation of
neurostimulators will concentrate on enhancing the accuracy,
precision, and safety of neuro-stimulators. The discrepancy
between the amount of delivered charge during the cathodic
and anodic phases of electrical stimulation causes charge
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mismatch. More charge mismatch may harm the tissue for
long-term stimulation. Considering the reported result in
Table 3, the designed stimulators achieved a charge mis-
match of less than 1%, which results in a high accuracy and
decreases the probability of tissue damage. Future stimula-
tors aim to develop advanced charge-balancing techniques
to have high-precision charge equity between the anodic
and cathodic phases and minimize charge mismatch for safe
long-term stimulation. We expect that designers utilize high
output impedance and precise current mirrors for the output
stage, design the switches on the output stage with minimum
mismatch for both cathodic and anodic current paths, per-
form novel active approach and closed-loop stimulation to
monitor the residual voltage on the tissue continuously to
reach as less as possible charge mismatch. These techniques
involve adjusting stimulation parameters, such as pulse width,
amplitude, and electrode configurations, to achieve balanced
charge delivery, thereby reducing the potential for tissue dam-
age and unwanted side effects.

VIl. CONCLUSION

Due to their capability to treat numerous neurological
disorders, implantable electrical neural stimulators have
attracted much attention in recent years. Biomedical engi-
neers employed various methods to implement these circuits
using deep sub-micron CMOS technology, providing a
promising therapeutic technique for patients suffering from
neural diseases. These implantable devices have the potential
to serve as a promising solution for treating certain neural
dysfunctions of the peripheral and central nervous system,
for which there are currently no available or curative treat-
ments. In this paper, we reviewed the fundamental principles,
operation principles, design considerations, and performance
metrics in electrical neural stimulation and stimulators. Fur-
thermore, we discussed the advanced circuits and systems
for electrical neural stimulators, considering the most critical
concerns in their design. In addition, practical results and
experiment methods were explained. Finally, we conclude
the paper by describing future research challenges and per-
spectives that are essential in the coming years. Addressing
these issues is expected to improve the design parameters
of electrical neural stimulators for the next generation of
implantable biomedical devices, thereby increasing the accu-
racy of treatment for patients.
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