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The rapid expansion of Internet of Things systems has increased the demand for low-power mixed-signal ICs capable of
operating under strict energy constraints. As autonomous sensor nodes are increasingly being used in sectors such as healthcare,
smart homes, and environmental monitoring, power management techniques are reaching their efficiency limits. Though
numerous low-power circuit techniques have been proposed, gaps remain in understanding how mixed-signal design strategies
can be applied to Internet of Things devices. This paper analyzes low-power mixed-signal IC design methodologies and
how they can overcome the limitations of current approaches. This study analyzes dynamic voltage and frequency scaling,
digitally assisted analog circuits, charge-recycling, event-driven architecture, and analog-digital co-design frameworks. Ad-
ditionally, this work compares metrics such as energy savings, power, latency, supply voltage, process node, bandwidth,
and applicability of each technique in various scenarios. The results of this study emphasize mixed-signal optimization’s
ability to cause reductions in power consumption while maintaining accuracy. This review establishes that a combination
of low-power techniques will help to achieve more power-efficient systems. Future directions in system- and circuit-level
co-optimization provide insight into developing a foundation tuned for essential energy-efficient IC architectures for IoT systems.
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Introduction %

80 1
Over the past decade, the Internet of Things (IoT) has ex-
panded rapidly due to the increasing affordability and prac-
ticality of its applications. Its growth has been significant:
industry reports and analysts project that by 2030, the mar-
ket valuation of IoT will grow to over US $800 billion, with
more than 39 billion connected IoT devices 2. IoT technolo-
gies have expanded into nearly every sector, including smart
homes, healthcare, agriculture, and industrial manufacturing.
As the number of IoT devices increases, energy efficiency
has emerged as a priority. Most IoT devices are powered
through batteries or energy harvesting, which requires circuits
that function with minimal power under strict constraints and
heavy demand?>. This rising demand has fueled the necessity
of low-power integrated circuit (IC) design to enable efficient
IoT systems®.

IoT devices are increasingly used across multiple sectors
to drive automation and efficiency, as shown in Figure 1. Key
applications include smart cities: traffic control, public service
management?; agriculture: soil sensing, automated irrigation,
crop monitoring’; health monitoring: continuous patient ob-
servation, early detection of medical issues®; environmental
sciences: continuous data on air quality, water systems, cli-
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Figure. 1 Sectors in which Internet of Things devices have seen
significant expansion>©. The figure illustrates representative IoT ap-
plications across key industries.

mate conditions®; banking: secure transactions, customer an-
alytics, asset tracking?; and smart manufacturing: automation,

real-time production monitoring '°.

IoT devices collect continuous data from their physical en-
vironment via analog sensors and actuators; these analog sig-
! Fremont High School, USA nals are converted, filtered, and processed into digital sig-
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nals that microcontrollers can read. Mixed-signal integrated
circuits (MSICs) integrate digital and analog functions on a
single chip; this approach enables digital sensors to perform
discrete tasks while also allowing high-precision, continu-
ous measurements with analog sensors. These circuits typ-
ically include components such as analog-to-digital convert-
ers (ADCs), digital-to-analog converters (DACs), and power-
management and communication interfaces '!. Thoughtful de-
sign and integration of these components onto circuits is es-
sential to minimize power consumption without sacrificing ac-
curacy and reliable communication.

Low-power MSIC design presents several challenges. It can
be more difficult to leverage clock or power gating methods in
analog circuits compared to digital circuits, because some ana-
log blocks have to remain biased or require settling time after
being activated. Integrating analog-digital blocks on a single
substrate also introduces signal integrity issues!>~'4. Rapid
digital switching creates coupling noise that can reduce the
accuracy of sensitive analog circuits, such as ADCs. Leak-
age also occurs in idle states in both domains, which reduces
the overall power efficiency. Process scaling additionally in-
troduces challenges because reduced supply voltages limit the
analog headroom, while device mismatch can make it more
difficult to maintain accuracy across process and voltage vari-
ations. Although these challenges are common for general
MSICs, they become prevalent in IoT devices because of the
strict energy constraints. These effects make it difficult to
optimize both low power consumption and high precision in
MSICs.

The effectiveness of these architectures also depends on
their level of scalability, reliability, and energy efficiency. The
primary objective of this paper is to synthesize the latest re-
search on low-power MSIC design and identify future avenues
that address current limitations within IoT applications.

Methodology

Google Scholar, IEEE Xplore, and SpringerLink were used
to survey literature relevant to low-power MSICs for Inter-
net of Things applications. Searches were conducted us-
ing keywords such as “low-power design”, “mixed-signal
integrated circuits”, “IoT hardware”, “dynamic voltage and
frequency scaling”, “digitally assisted analog”, ‘“charge re-
cycling”, “event-driven circuits”’, and “analog-digital co-
design”. The literature was restricted to publications from
2005 through 2026.

Studies were considered for this review when they were
published between 2005 and 2026, addressed low-power cir-
cuit design or MSIC design, contained a technique that was
related to IoT or low-power embedded systems, and provided
technical information to evaluate the approach. Peer-reviewed
journal articles and conference papers were prioritized for col-

lecting evidence. Non-peer-reviewed articles and industry re-
ports were used only for background information and not as
primary studies reviewed.

Studies were excluded when they did not address low-
power or MSIC design, were not relevant to IoT or low-power
embedded systems, or lacked detail or quantitative results.
Three duplicate records were removed, which left a total of 48
papers for initial screening. 17 papers were excluded because
they were not relevant enough to the review. The remaining
31 were assessed by their full text, and three were excluded
because they did not meet the inclusion criteria. Therefore,
28 studies were chosen to be included in the literature review.
The included studies were organized based on the technique
studied: dynamic voltage and frequency scaling, digitally as-
sisted analog circuits, charge-recycling, event-driven circuits,
and analog-digital co-design.

For each study, the following information was extracted:
circuit or system architecture, application, supply voltage,
power or energy consumption, achieved energy savings, and
performance metrics. The studies were then compared to find
advantages, limitations, and application areas that were com-
mon for each low-power technique. Additional metrics con-
sidered in this study are non-power metrics, such as accuracy,
noise, linearity, latency, area, reliability, and security, as re-
ported by the source.

This study adopts a thematic research approach to analyze
design techniques and challenges, identify common trends,
and emphasize future directions. The literature screening pro-
cess is summarized by using a PRISMA-style flow diagram in
Figure 2.

Literature Review

As CMOS technology has progressed from mature to ad-
vanced process nodes, digital circuits have excelled due to
the increased transistor density. However, this reduces sup-
ply voltages from 1.8 V in many 180 nm chips to approxi-
mately 0.9-1.0V in many 28nm chips. Consequently, there
is significantly less analog headroom voltage, which makes it
more difficult to design high-gain amplifiers and analog inter-
faces while maintaining accuracy and low noise. Therefore,
low-power MSIC techniques are adapted to account for this
scaling. For example, digitally assisted circuits become very
valuable because the digital logic can compensate for the ana-
log limitations, while dynamic voltage and frequency scaling
and charge-recycling require more optimization to account for
the decreased voltage headroom.

Research has produced a range of fundamental low-power
design methods that are principles for IoT systems. Not all
of the studies reviewed were developed specifically for IoT
applications. Some demonstrate general low-power MSIC
techniques that are broadly applicable in embedded systems,
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Figure. 2 PRISMA-style flow diagram, summarizing the screening
process used to evaluate sources for this review.

while others target IoT-specific areas. In this review, the
broader methodologies are evaluated based on their relevance
to IoT MSIC design. This paper will focus on the following
widely used mixed-signal power reduction methods: dynamic
voltage & frequency scaling (DVFS), digitally assisted ana-
log circuits (DAA), charge-recycling, event-driven architec-
ture (EDA), and analog-digital co-design.

Dynamic Voltage & Frequency Scaling

Dynamic voltage and frequency scaling (DVFS) is most com-
monly employed as a system-level power-saving technique in
which the supply voltage and clock frequency are adjusted ac-
cording to the energy demand. In MSIC IoT systems, DVFS
uses chip components such as voltage regulators and digital
control units to adjust the parameters. When the system de-
mand is low (low workload or idle), the circuit can operate at
a lower supply voltage and lower clock frequency, which low-
ers power consumption. When high performance is needed,

the voltage/frequency is increased to meet the demand. This
technique corresponds to the dynamic power equation (1).

denamic = aCLdedf (1)
where Piynamic 1S power in watts, ¢ is switching activity,
Cy is load capacitance, V,, is supply voltage, and f is clock
frequency. DVFS involves reducing V,;; and f to yield a re-
duction in dynamic power, making DVFS a powerful tool in
energy-conservative devices. DVFS is useful in systems with
changing workloads because most of the time they operate at
a lower frequency and voltage, and only increase these param-
eters when peak performance is needed.

Research by Ahn et al. proposed a cochlear-implant stimu-
lation front end that reduces wasted energy by only supplying
the voltage needed for a pulse'>. This system integrates an
adaptive dynamic voltage switching (ADVS) block that dy-
namically adjusts the supply voltage to real-time environmen-
tal conditions. Upon receiving the stimulation requirements,
the ADVS block dynamically commands the regulator to sup-
ply the minimum required voltage during the instantaneous
pulse. After testing, results showed up to ~13.5% longer bat-
tery life due to ADVS reducing wasted energy.

In a study by Zidar et al., the authors evaluated DVFS in
ultra-low-power embedded systems'®. However, instead of
examining whole-system power, they focused on individual
tasks that require heavy processing; by doing this, they were
able to assess the direct effect of DVFS, independent of system
architecture. The authors utilized a DC-DC programmable
voltage regulator, which allowed them to track the minimum
frequency and voltage at which the chip still works reliably.
Based on these measurements, an exponential model for stable
voltage scaling relative to operating frequency was proposed.
Rather than relying on conservative power guardbands, the
model determines the lowest supply voltage that will reliably
support the chosen clock frequency. This approach allows
low-power embedded systems to minimize energy consump-
tion while maintaining stable operation, and this can be ap-
plied to many battery-powered embedded systems beyond the
chip surveyed in the study. The paper concluded that DVFS
resulted in energy savings of 27.74% to 47.74% compared to
running at a fixed V-F level. While these studies highlight the
advantages of utilizing adaptive voltage scaling in biomedical
stimulation and embedded systems, DVFS can also be applied
directly to MSICs. Chou et al. demonstrated an embedded dy-
namic voltage scaling system in a 55-nm CMOS mixed-signal
system that used a 12-bit video DAC and a single-inductor
dual-output (SIDO) converter, which allowed the analog and
digital blocks to receive independently controlled voltages'”.
The system acquired an 11.5% improvement in power effi-
ciency in the DVS mode; the DAC also achieved 69.88 dB
SFDR with a 1 V swing and 1 MHz input frequency. The
system demonstrated that voltage scaling can be implemented
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while meeting the analog performance. However, DVFES does
not always provide an energy benefit because manipulating
voltage and frequency introduces transition overhead. Park et
al. analyzed the energy and timing overhead that arose with
DVS transitions in a processor 8. The authors found that a
DVS transition causes additional energy consumption from
the voltage regulator and inductor losses. Using their analyt-
ical model and LTSPICE simulations, they showed that the
transition overhead varies depending on the voltage and fre-
quency levels being changed. For example, transition over-
heads varied from 14.7 uJ to 73.7 uJ across different voltage
changes. They concluded that there was a break-even time
where the system must remain at the new voltage-frequency
points for the energy saved from DVFS to exceed the en-
ergy consumed during transitions. This limitation is specifi-
cally relevant to IoT systems with short or frequently changing
workloads. If a sensor node constantly switches between ac-
tive and idle states before remaining at the voltage-frequency
point for longer than the break-even time, the energy saved
with DVES implementation will be ineffective. Consequently,
DVES is most beneficial when the workload contains long
operating periods. Across the analyzed research, IoT-based
DVFES is implemented in two primary methods: event- and
task-driven DVFS. Event-driven frameworks tightly coordi-
nate voltage scaling to short pulses and prioritize instanta-
neous voltage accuracy and fast regulator pulses. This style
minimizes energy when the circuit is idle, making it highly
applicable to duty-cycled IoT sensor nodes. However, task-
level DVFS frameworks that operate at varying time lengths
change the voltage and frequency to optimize average energy
per task. This design is useful for computationally intensive
tasks, which makes it more applicable for IoT edge processors
that execute changing workloads.

These results underscore DVFS’s tradeoff between low idle
power and computational strength. DVES is most effective
in IoT architectures where workload timing can be predicted
or when devices perform continuous computation to prevent
transition overhead.

For example, a soil-moisture sensor that only wakes up a
few times per hour to sample data will have long idle states.
During these intervals, the processor can operate at a lower
voltage and frequency, and then increase when computation
or transmission of data is required. Conversely, IoT edge pro-
cessors experience large changes in computational demand;
the ability to modulate the energy spent with task-level DVFS
will significantly help to maintain performance.

Digitally Assisted Analog Circuits

Digitally assisted analog (DAA) systems utilize digital con-
trol circuits to enhance the performance of analog blocks. As
detailed in a review by Huang et al., DAA architectures lever-

age digital assistance to improve the accuracy and efficiency
of analog circuits without using a fully digital implementa-
tion (traditional DAA architecture illustrated in Figure 3)!°.
In low-dropout regulators (LDOs), for example, digital com-
ponents can adjust biasing dynamically, allowing high perfor-
mance under heavy loads. Compared to traditional analog de-
signs, DAA techniques allow more control over power con-
sumption and faster response times, which makes them im-
portant for energy-sensitive applications.

o —

Sensor Input

Analog

—  Optimized Output
(ex: regulated voltage,
bias currents/voltages,
clocks)

Circuit

Feedback
controls

Digital

Assistance

Figure. 3 Digitally assisted analog circuit framework. A sensor or
analog input is processed by an analog circuit while digital assistance
monitors the analog output and provides feedback controls to adjust
circuit parameters and optimize outputs such as regulated voltage,
bias current, or clock signals.

In a study by Yan Lu, the primary aim was to develop an
LDO that can operate efficiently under changing power de-
mands??. Figure 4(a) shows the proposed design, which in-
corporates a digitally assisted control loop to optimize short
response and reduce unnecessary current during low duty-
cycle operation. Based on the workload requirements, the
digital control logic modulates Vs (voltage reference) and
Ipias (current bias) of the voltage regulator. When the per-
formance requirement increases, the control logic boosts the
Vier by dynamically scaling the voltage, and the regulator, in
turn, increases the V,,, to track the V,.r. As shown in Figure
4(b), once the high-performance requirements are achieved,
the logic dynamically scales down the V. and V. Thus,
the scheme transitions between sleep and active modes and
achieves low-power and performance requirements.

Results highlight the achieved low current (28 ©A) and low
sleep current (45 nA). This demonstrates digitally assisted cir-
cuits’ ability to balance energy efficiency with performance
and maintain stable voltage regulation.

DAA techniques have also been applied to low-power ADC
architectures. Xu et al. developed a digitally calibrated 10-bit
SAR ADC array for applications that require small area and
low power?!. The design consisted of 256 ADCs, and digital
calibration was used to compensate for capacitor mismatch in
the CMOS fabrication. The calibration permitted the authors
to use small-sized capacitors in the SAR ADC while main-
taining conversion accuracy. Along with reducing the area
required for each ADC, the results showed that the effective
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Figure. 4 (a) Digitally controlled voltage regulator scheme; (b) dy-
namic voltage scaling adapted from Yan Lu20.

number of bits (ENOB) improved as well. This demonstrates
how digital assistance can reduce the analog hardware needs
of an ADC while increasing performance with the help of digi-
tal calibration. The digital correction additionally helped scale
area efficiency.

The reviewed examples demonstrate different applications
of DAA in low-power mixed-signal systems. The LDO de-
sign uses digital control to dynamically reduce analog current
during periods of low processing, while the SAR ADC uses
digital calibration to compensate for analog mismatches and
reduce the size of circuitry. Overall, DAA can be used dynam-
ically to control analog power or reduce the hardware required
to achieve performance requirements. In low-power IoT sen-
sor nodes, analog frameworks often have the highest energy
consumption during both active and idle states. In event-
driven sensors, such as environmental monitors and wearable
technologies, the ability to decrease bias currents while main-
taining fast wake-up behavior is essential to foster long battery
life.

Charge-Recycling

Charge-recycling is a technique used in switched capacitor or
capacitive-DAC circuits (e.g., SAR ADCs) and other mixed-
signal blocks. Rather than dissipating the charge stored on

sampling capacitors to ground after each conversion step,
charge-recycling reuses and redistributes previously stored
charge through digitally controlled switching steps, thereby
reducing the energy drawn from the supply.

Charge-recycling introduces an analog circuit that is con-
trolled by digital logic (SAR state machines, clocks). Since
the architecture involves the co-design of analog energy stor-
age and digital sequencing, this technique is classified as a
mixed-signal methodology.

Figure 5 shows a switched-capacitor charge-recycling cir-
cuit using two capacitors that operate in a two-phase cycle. In
phase-1, the first switch (S7) closes while the second switch
(S2) remains open, allowing C to charge to V;y. In phase-2,
S1 opens, and S, closes, letting C; transfer charge to C, until
their charges balance. After C, supplies energy to the load, C;
partially replenishes C», and finally S closes again to recharge
Cj from Vy, repeating the cycle.

S1 S2
el 92
1 2 1. 2 ~ VOouT

L« ___cz"
T i

GND GND GND

VIN

Figure. 5 Charge-recycling as a switched-capacitor, adapted from
Ma et al. 22,

This switched-capacitor design conserves energy by reusing
stored charge rather than drawing it directly from the source
for every cycle. Since C; acts as an intermediate voltage
source, transferring part of its stored charge to partially re-
plenish C,, this reduces the amount of current that must be
drawn from V. This reduces the energy drawn from the sup-
ply compared with conventional charge-dissipative switching.
By timing the switches through digital logic, the circuit en-
sures that Cj is recharged only when needed, and C, receives
energy efficiently from C;. In this way, the circuit recycles
energy between capacitors and the load, improving overall
efficiency compared to directly powering the load from the
voltage source each time??. Ginsburg et al. apply charge-
recycling techniques to the capacitive DAC of a SAR ADC?3,
Their switching energy method reduces the average switching
energy of the capacitor array by 37% compared with tradi-
tional switching.

Charge-recycling can also be extended beyond individual
ADC circuits to architectures considering power management.
Blutman et al. demonstrated a 40-nm CMOS low-power
microcontroller that used charge-recycling through voltage
stacking?*. Voltage stacking involves arranging power do-
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mains so that energy can be reused between the domains rather
than have each domain draw power independently. The system
additionally incorporated a switched-capacitor voltage regula-
tor to provide an intermediate voltage. The converter achieved
a power-conversion efficiency of 96%, while the system re-
duced the converter area by a factor of 2.6 and supply noise
by 3.4 dB. Across IoT MSIC designs, charge-recycling is a
frequently employed strategy to reduce the energy usage at
both the circuit and system levels. This study evaluates the
effectiveness of charge-recycling in reducing conversion en-
ergy and also improving power-conversion efficiency. This
technique is not limited to a specific mixed-signal block, but
should instead be used to store energy that would otherwise be
discarded during switching or voltage conversion.

These results indicate that charge-recycling is most advan-
tageous for duty-cycled IoT nodes, in which a large portion
of total energy is spent charging and discharging capacitors.
Charge-recycling addresses this issue by implementing inter-
nal charge redistribution and significantly lowering the energy
consumption. Charge-recycling is especially beneficial in sen-
sor nodes that perform continuous analog-to-digital conver-
sions, such as temperature systems. Because capacitive-DAC
conversion requires charging and discharging of capacitors,
recycling the charge lowers the energy needed for each shift.
This significantly extends the battery life of devices that per-
form thousands of sensing operations in their lifespan. De-
spite the benefits, charge-recycling introduces additional de-
sign complexity. Implementing this technique requires extra
switching paths and digital control logic, and careful timing is
needed to ensure that the charge is distributed without reduc-
ing conversion accuracy. With these additions come increased
circuit area and design complexity, which are important fac-
tors in IoT devices. Although the reviewed studies demon-
strate strong energy-saving results through charge-recycling,
they do not mention the additional area or control management
compared to traditional capacitive DACs. Ultimately, design-
ers have to balance the reduced energy consumption with the
implementation complexity when selecting charge-recycling
architectures.

Event-Driven Architecture

Event-driven architecture (EDA) in low-power design is a
method in which a system remains in an “idle” state until an
event occurs (e.g., a sensor crossing a threshold). Ultra-low-
power analog comparators and event-driven ADCs continu-
ously monitor the sensor inputs while the rest of the system
operates in the “idle” state. EDA is a system-level methodol-
ogy that is performed with low-powered mixed-signal circuit
blocks. When such an event is detected, the circuit “wakes
up” and performs more power-consuming processing. This
method ensures the circuit is only enabled during relevant

events. In Figure 6, Rovere et al. present an always-on, event-
driven wake-up circuit (WuC) that continuously monitors in-
puts while the rest of the system remains completely powered
off25. When the WuC detects an event, it activates stronger
analog and digital blocks to perform computation. The WuC
is able to perform these actions with the integration of a level-
crossing ADC (LC-ADC) with a digital logic classifier that
recognizes predefined signal patterns. When the LC-ADC de-
tects a threshold crossing, it triggers the classifier, and if the
pattern matches, it wakes up the rest of the system. Their pro-
totype achieves classification of real-world events (e.g., hand
movement recognition with the use of an accelerometer). This
design consumes just 2.2 uW at 1V while supporting signals
up to 2.6 kHz. Besides ultra-low power, this design reports
significantly less switching losses because the LC-ADC pro-
vides analog preprocessing without a continuous clock.

'
Wake-up Circuit
(WuC)

Amplifier ADC

Pattern
________ , Digital

Inputs Wake-up Enable
Pattern

Recognition

HTENGL e i

High Performance

computing Module

Figure. 6 Event-driven wake-up circuit, adapted from Rovere et
25
al.=>.

Zhang et al. present an ultra-low-power, event-driven ADC
for wearable electrocardiogram sensors 2°. Instead of utilizing
traditional ADCs that continuously sample, the designed ADC
only activates when the input signal crosses a threshold. This
detection simultaneously starts digitization and detection al-
gorithms, so cardiac events are processed without continuous
monitoring. The proposed event-driven approach allows the
rest of the system to remain mostly idle during quiet periods,
which drastically reduces power consumption. Their proto-
type operates at just 300 mV and 220 nW, while the simulated
QRS detector achieves 97.63-97.76% sensitivity and 97.33-
98.59% positive prediction. By integrating the detection logic
directly with event-triggered detection, this design also re-
duces switching losses and unnecessary ADC activity. As
highlighted in the analyzed research, event-driven low-power
architectures are most effective in IoT systems where signal
activity is low. Rather than continuously clocking all subsys-
tems, event-driven architectures concentrate power consump-
tion on single instances of information, allowing circuits to
remain in idle states for the majority of runtime. Typical ap-
plication domains include those where long-lifetime sensing
is required: platforms such as wearable health monitors, im-
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plantable devices, and wildlife monitoring nodes.

Wearable electrocardiogram (ECG) monitors provide an ex-
ample where this low-power strategy is a suitable approach.
Instead of continuously activating the ADC and digital pro-
cessor, the event-driven system remains in an ultra-low-power
state and only wakes when an important signal is detected.
Similarly, security and other monitoring sensors remain idle
for long periods, only briefly activate for unusual events, and
event-driven approaches to these devices significantly reduce
average energy consumption.

Despite the advantages, event-driven architectures have
many design trade-offs. Their performance heavily depends
on reliable threshold detection, since circuit noise and com-
parator offset can cause false wake-ups or events to be missed.
Because the system is idle until an event is detected, there is
also latency between when the system wakes up and when pro-
cessing begins. In applications where events occur frequently,
repeated wake-ups reduce the energy savings compared to
continuously operating systems. Therefore, event-driven tech-
niques are most effective in systems with infrequent and dis-
tinct events.

Analog-Digital Co-design

Analog-digital co-design optimization frameworks model the
interactions between analog and digital blocks and involve
the simultaneous optimization between these domains. This
method allows system energy, area, and accuracy to be co-
optimized, which is crucial in IoT applications. By jointly
optimizing analog currents and digital voltage/frequency, the
framework minimizes total energy while ensuring constraints
are maintained.

As highlighted by the analog-digital co-design workflow in
Figure 7, co-design also applies to individual circuit blocks by
treating the analog and digital units as one system. Rather than
designing the components independently, parameters such as
bias currents, digital supply voltage, clock frequency, and sig-
nal processing algorithms are jointly optimized so that they
satisfy system-level parameters such as power consumption
and latency. For broader co-design, this optimization can also
extend to the interaction between sensors, ADCs, bandwidth,
and digital computation. This approach is valuable in [oT sys-
tems, where performance in one domain can influence the en-
ergy consumption in the other.

An example of this workflow for IoT-specific implementa-
tion is presented by Shatta et al., where the authors propose
a feature-to-classifier mixed-signal co-design framework for
flexible, wearable healthcare devices?’. They aimed to ad-
dress a concern with existing systems: prior works optimized
the digital classifier, even though feature extraction and ADCs
were the majority of the hardware cost (feature extraction ac-
counted for ~46% of area, and ADCs ~51% of the system

Feedback/Calibration

Analog
Processing

Digital
Processing

Optimized
Output

(ex: clock frequency, power

Sensor Input management control)

Figure. 7 Analog-digital co-design optimization workflow. The sen-
sor input is first processed by the analog circuit and digitized before
digital processing. Feedback from the digitized signal can be used to
adjust the analog stage, while the digital processing controls parame-
ters such as clock frequency and power management to optimize the
system’s performance.

power). To overcome this, the authors designed a fully mixed-
signal chain consisting of custom analog feature extractors,
a low-resolution SAR ADC, and an MLP on FlexIC chips.
By performing all computations in the analog domain, the
framework reduced the requirements of the digital block while
maintaining accuracy.

A broader analog-digital co-design approach was demon-
strated by Datta et al. through their P2M framework for
TinyML systems28. Rather than optimizing purely machine
learning stages, such as feature extraction or classification, the
framework additionally optimizes sensing, analog computa-
tion, ADC conversion, data transfer, and digital computation.
Their approach also included circuit-level constraints in the
design process, which allowed the hardware and neural net-
work to be optimized altogether. The system-level approach
reported an approximate reduction in data-transfer bandwidth
and ADC conversions by a factor of 21, and a reduction in
energy-delay by a factor of 11, without a significant loss in ac-
curacy. These results highlighted that the optimization of ana-
log sensing and digital processing domains together reduced
the energy spent on data transfer and conversion.

Through the reviewed literature, it is demonstrated that
there are two levels of analog-digital co-design. The first fo-
cuses on the mixed-signal process, showing how analog fea-
ture extraction and conversion can reduce the demands for
later digital classification. In contrast, broader frameworks
that target the pathway from sensing to computation incor-
porate circuit constraints in algorithm logic. Therefore, co-
design extends to jointly optimizing analog and digital blocks
for energy, area, accuracy, latency, and bandwidth.

Comparison and Combination of Low-Power
Mixed-Signal IC Techniques

Tables 1a and 1b show that no single low-power MSIC tech-
nique consistently minimizes all forms of energy consump-
tion. The reviewed techniques target different components of
the energy budget of a system: DVFS addresses computational
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energy, DAA addresses analog bias and power management,
charge-recycling addresses switching and conversion energy,
event-driven architectures minimize unnecessary activity dur-
ing inactive periods, and analog-digital co-design jointly opti-
mizes interactions across these domains. Therefore, the most
appropriate technique depends on where the strongest source
of energy consumption originates and the specific characteris-
tics of the IoT system rather than on a single low-power ap-
proach.

Since each technique targets different sources of energy
consumption, combining techniques is also a viable method-
ology that may provide greater system-level savings. As a
thought experiment, consider a battery-powered environmen-
tal sensing node that monitors sound and temperature signals
and transmits data when a defined event occurs.

The architecture in Figure 8 utilizes all five discussed low-
power MSIC techniques: an event-driven front end that keeps
the system in ultra-low-power mode and only wakes the sys-
tem when a threshold crossing is detected; a DAA LDO that
regulates voltage across varying loads of the different blocks;
a charge-recycling SAR ADC that reduces conversion energy;
DVES adjusts the digital processor according to the workload
demand; and analog-digital co-design is applied across the
analog, digital, and power domains to jointly optimize energy
consumption and performance. To provide a hypothetical en-
ergy budget, assume 0.5 uJ for event detection, 1 uJ for regu-
lation, 2 uJ for ADC conversion, 5 uJ for processing, and 20
uJ for transmission, giving approximately 28.5 uJ per event.

DAA LDO

Digitally assisted power management
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Figure. 8 Conceptual IoT sensing node architecture combining
DAA power management, charge-recycling ADC, DVES, event-
driven sensing, and analog-digital co-design. Solid arrows denote
the signal path, while dashed arrows denote co-design optimization
across the blocks.

Discussion

In this study, low-power design in IoT MSICs, through
mixed-signal techniques such as DVFS, DAA circuits, charge-
recycling, event-driven architectures, and analog-digital co-
design, is explored. The findings highlight that an approach
combining circuit-level and system-level low-power strategies
is necessary to meet the energy and performance demands of
modern IoT devices.

Although the low-power techniques target energy effi-
ciency, they also affect other important mixed-signal met-
rics. Circuits operating at lower supply voltages are increas-
ingly susceptible to timing failures and soft errors as transis-
tor form-factor scales. In analog blocks, reduced supply volt-
age reduces the voltage headroom and signal amplitude, which
makes it difficult to maintain high linearity and dynamic range
while the sensitivity to noise and aging is increasing. Addi-
tionally, techniques such as charge-recycling digitally assisted
analog circuits can reduce power consumption, but they may
require complex switching networks, logic, and more chip
area. In low-power design, it is also essential to understand
the induced security risks. By scaling voltage and frequency,
circuit timing and power consumption may increase the sus-
ceptibility to side-channel attacks. In MSIC design, interfaces
are vulnerable to noise injections and signal manipulation be-
cause countermeasures are too power-hungry to implement.
Hence, reliability, efficiency, and security should be consid-
ered along with low-power methodologies to ensure [oT de-
vices can sustain long-term operations.

Despite significant advances in low-power MSIC design,
several research challenges remain. Improvement is required
for verification frameworks for analog-digital co-design archi-
tectures that can model interactions between analog and digital
blocks in early design periods. Additional research is needed
to reduce wake-up energy and false wake-ups caused by de-
tected errors in event-driven architectures, all while maintain-
ing ultra-low idle power. Charge-recycling techniques need to
be more scalable for implementations that minimize switching
complexity and chip area for IoT devices where cost is a high
priority. More broadly, future design methodologies should
jointly optimize power consumption, accuracy, reliability, and
cost across complete mixed-signal systems rather than opti-
mizing individual blocks separately.

Beyond individual circuit-level techniques, future system-
level research should focus on low-power architectures. In-
dustry research on multi-die chiplet architectures can po-
tentially help future MSIC designs to further achieve lower
levels of platform or system power consumption by decou-
pling high-computing digital and analog/mixed-signal circuits
onto different dies. Independent per-die DVFS, power gat-
ing, and event-driven techniques will boost performance and
allow each die to be manufactured with its own process
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Table 1a Study identification

Technique Energy/efficiency (application; evaluation)

DVES 6 27.74-47.74% lower energy vs. fixed V-F (embedded processor; measured)
DVS!7 11.5% power-efficiency improvement in DVS mode (low-power SoC; measured)
DAAZ (low-power LDO; simulated)

Charge recycling %3

Charge recycling?*

Event-driven 2

Event-driven 2
Analog-digital co-design?’

Analog-digital co-design?®

37% reduction in average DAC switching energy vs. usual switching (SAR ADC; simulated)
96% power-conversion efficiency (power converter; measured)

(IoT wake-up sensing; measured)

(Wearable ECG; measured + simulated)

(Wearable sensing; simulated)

~11x lower EDP (TinyML sensing; experimental)

Table 1b Comparison of performance and implementation metrics of low-power MSIC techniques. Each row reports values extracted from the
cited work identified in the first column. A blank cell indicates that the corresponding work did not report the corresponding metric.

Technique - cited work Power Wake- vdd (V) Process node Bandwidth/resolution
up/latency
DVEFS - Zidar et al. 1.94V
DVS - Chou et al. 55 nm CMOS 12-bit DAC, 1 MHz
DAA - Lu 28 uA active; 45 11 V/us tracking 65 nm CMOS
nA idle
Charge recycling - Ginsburg & 0.18 um CMOS  10-bit SAR ADC
Chandrakasan
Charge recycling - Blutman et al. 40 nm CMOS
Event-driven - Rovere et al. 22 uW IY 130 nm CMOS 2.6 kHz
Event-driven - Zhang & Lian 220 nW 300 mV 0.13 um CMOS
Analog-digital co-design - Shatta et al. 20.3 mW < 20 ms 3V FlexIC Gen-3 4-bit ADC; 10 kHz
IGZO TFT

Analog-digital co-design - Datta et al.

~21x lower
data-transfer/ADC activity

node to achieve overall power-performance-area enhance-
ments. These trends indicate that future low-power IoT de-
vices will be increasingly co-optimized analog-digital systems
that minimize lifetime energy consumption rather than single
low-power circuit techniques.

Conclusion

This paper discusses low-power MSIC design techniques and
how these methods are essential for meeting the energy con-
straints of modern IoT systems. The findings illustrate that
techniques such as DVFS, digitally assisted analog circuits,
charge-recycling, event-driven architecture, and analog-digital
co-design each have different ways to reduce power consump-
tion while maintaining accuracy and performance. However,
limitations stress the need for different, adaptive design ap-
proaches. Because each technique targets different sources of
energy consumption, no single method is sufficient for all low-

power MSIC IoT applications. The paper reinforces that a
holistic approach combining techniques can improve overall
energy efficiency while maintaining performance, accuracy,
and adhering to implementation constraints. Future research
should focus on predictive MSIC design optimization frame-
works, extended charge-recycling strategies, and multi-die ar-
chitectures. As IoT systems continue to expand into differ-
ent sectors and increase in autonomy, advances in low-power
MSIC design will play a crucial role in creating sustainable,
reliable computing.
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