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A Reconfigurable Resonant Modular Multilevel
PMIC for Wide Input Voltage Range With Inherent
Balancing and Soft Switching in 180 nm CMOS
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Abstract—Design of integrated power converters capable of
operating with a wide input voltage range in standard CMOS
technologies is challenging due to the low breakdown voltage of
modern transistors. This article presents a fully integrated, fully
soft-switched resonant modular multilevel converter (IRMMC),
designed in standard 180 nm CMOS with nominal supply voltage of
1.8 V, that enables high-efficiency power conversion over a wide in-
put voltage range of 2-5.5 V—well beyond the safe operating limits
of scaled CMOS devices. The proposed architecture combines mul-
tilevel voltage division, resonant energy conversion, and modular
reconfiguration to simultaneously support wide input adaptability,
inherent flying-capacitor voltage balancing, and continuous output
voltage regulation. A dynamically reconfigurable multilevel con-
verter, utilizing an additional sub-module and control logic, enables
seamless mode transitions and capacitor self-balancing without
the need for complex sensing or control loops. An integrated LLC
resonant tank, using a 0.8 nH in-package series inductor, along with
an active rectifier, achieves output regulation from 0.4-1.2 V and
ensures full zero-voltage switching (ZVS) for all power MOSFETS
across the entire operating range. The prototype converter delivers
a maximum output power of 2 W with a peak efficiency of 88%,
demonstrating its suitability for compact, energy-efficient power
delivery in integrated system-on-chip applications.

Index Terms—DC-DC converter, Li-ion battery, modular
multilevel converter (MMC), power management, resonant
converter, switched capacitor (SC) converter.

1. INTRODUCTION

OWER converters are essential components in nearly all
P electronic devices, including modern mobile systems, [oT
devices, and sensors, as they enable efficient regulation and
distribution of power to meet diverse voltage and current require-
ments. With most of today’s electronics being fully integrated
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on-chip to reduce cost and minimize form factor, there is an
increasing demand to integrate power management functions
directly on-chip to achieve a true system-on-chip (SoC) solution.
As standard CMOS is the most commonly used semiconductor
technology because of its low fabrication cost, high transistor
density, low power consumption compared to other semicon-
ductor technologies [1], [2], [3], [4], it is desired to develop
the power management integrated circuits (PMICs) in the same
technology for full system integration. Over the past decade,
substantial research has focused on the design and implemen-
tation of efficient PMIC to supply integrated circuits using
energy stored in batteries or supercapacitors [5], [6], [7], [8],
(91, [10], [11], [12], [13], [14], [15], [16], [17], [18], [19], [20],
[21], [22], [23], [24], [25], [26], [27], [28]. However, standard
thin-oxide, short-channel-length CMOS MOSFETSs typically have
low breakdown voltages, which presents a significant design
challenge when interfacing with standard power sources such as
Li-ion batteries that operate in a voltage range of approximately
2.5 to 5V, far more exceeding the safe operating voltages of
scaled CMOS system-on-chips. To handle various input sources
and provide efficient, regulated output, it is essential to design
CMOS-based PMICs with a wide input voltage range and high
conversion efficiency.

Power converters are generally categorized as either two-
level or multilevel architectures. Two-level converters require
high-voltage switches to withstand the full input voltage, which
makes them unsuitable for implementation in low-breakdown
voltage CMOS technologies. In contrast, multilevel converters
can distribute the input voltage across multiple switching de-
vices, enabling compatibility with lower voltage semiconductor
processes. Among various multilevel converter types [29], [30],
[31], flying-capacitor multilevel (FCML) converters are well-
suited for integration in low-voltage semiconductor as voltage
stress across switches is reduced as the input voltage is divided
using multiple flying capacitors [5], [6], [7], [32], [33], [34].
However, FCML converters can still experience voltage im-
balances across the flying capacitors. One approach to balance
the flying capacitors is to employ a preset calibration strength
for duty ratio adjustment based on direct flying-capacitor volt-
age monitoring [6], [35], [36]. However, this method relies
on fixed calibration parameters and is therefore susceptible to
process, voltage, and delay variations. In contrast, the auto-
capacitor-balancing pulse-frequency-modulation (ACC-PFM)
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controller [37], [38], which combines peak and valley current-
mode control, achieves adaptive self-balancing and mitigates
the limitations of direct voltage monitoring. Although voltage
balancing can be realized through advanced control techniques,
such methods typically require numerous sensors and multiple
control loops, thereby increasing system complexity.

Alternatively, the dual-path method [8], [9] can help with
capacitor voltage balancing, but introduces additional charge
sharing losses, which is caused by energy dissipation during
charge redistribution between capacitors with different voltages.

Another category of multilevel converters, switched-capacitor
(SC) converters [10], [11], [12], [13], [39], has emerged as
promising candidates for these applications because of their
inherent voltage balancing capability. However, their conversion
ratios are discrete, and achieving finer output tuning results in
increased losses due to impedance modulation [39]. To alleviate
this problem, reconfigurable SC architectures, with multiple
conversion ratios N, are introduced to increase the efficiency
over a wide input voltage range [14]. However, the required
increase in the number of power switches and drivers, along with
the obvious limitation in achieving very low output impedance
due to charge sharing loss and conduction loss, results in a
smaller than expected increase in efficiency for the multiratio
configuration [15].

To address these issues, hybrid SC converters [17], [18], [19],
[32], [40], [41], [42], [43], [44] have emerged as a promising
alternative. These architectures incorporate inductors into the
SC structure, where the SC stage produces a high step-down
pulsed output, and the inductor acts as a filter to enable con-
tinuous voltage regulation. Furthermore, the inductor facilitates
soft charging of the flying capacitors [20], thus improving the
overall conversion efficiency. To further reduce the converter
footprint, resonant switched-capacitor (ReSC) converters have
been introduced [21], [22], [23], [45], [46], [47], [48], [49].
By leveraging LC resonance, ReSC architectures achieve re-
duced passive component size and enable soft switching, which
supports higher-frequency operation and, in turn, greater area
efficiency [50]. ReSC converters can be classified into two
categories: direct and indirect. In the direct category, the in-
ductor is placed at the output of the converter [22], [47], [48],
which enables better output voltage regulation. In contrast, in
the indirect category [21], [22], [23], [46], [49], the inductor is
placed in series with the flying capacitor, providing soft charging
of the capacitors and reduced switching loss, but making precise
output voltage regulation more challenging [22], [51].

However, the primary disadvantage of ReSC converters, is
their need for high-Q magnetic components [22], making them
unsuitable for integration as on-chip spiral air-core inductors
tend to be lossy and consume substantial die area to realize
even with modest inductance values [24]. Moreover, ReSC
converters typically operate in discontinuous conduction mode
(DCM), which can realize the zero-current switching (ZCS)
condition. However, the ZCS approach cannot eliminate the
dominant switching losses components in MOSFET-based con-
verters, which can be more effectively mitigated using zero
voltage switching (ZVS) techniques [52]. In addition, ReSC
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converters operating in DCM are generally optimized for light-
load conditions and fixed conversion ratios. This operating mode
limits their ability to regulate the output voltage when the input
voltage changes. In [25], [26], [27], the switch conductance
regulation (SWCR) method has been used to tune the output for
low output powers. In this way, the power switch is segmented;
i.e., composed of an array of transistors stacked switches,
level shifters, charge pump and logic, which activates as re-
quired [28]. Although this method enhances output regulation, it
also adds significant design complexity and is not well suited for
high-power applications.

This article presents a reconfigurable modular multilevel con-
verter (MMC) featuring an LLC resonant filter with a package-
integrated series inductor, simultaneously enabling continuous
output voltage regulation over a wide input voltage range with
high conversion efficiency. The reconfigurable multilevel struc-
ture enables the converter to operate in a wide input voltage
range by adjusting the number of active cells according to
the input voltage level. In addition, using one extra cell in
each operating mode provides inherent voltage balancing of
the flying capacitors. Output voltage regulation is achieved
through frequency control of the LLC resonant filter and an active
rectifier. The resonant filter also guarantees full ZVS for all
power MOSFETs across the entire operating range. The converter
is fabricated in standard 180 nm CMOS technology, and its
performance is validated through both simulation and experi-
mental results under various load conditions and input voltages,
achieving a maximum output power of 2 W and peak efficiency
of 88%. This power converter structure was implemented with-
out any extra complicated control to achieve capacitor voltage
balancing.

II. PROPOSED RESONANT MODULAR MULTILEVEL PMIC

The proposed resonant MMC (RMMC), as shown in Fig. 1(a),
consists of three primary stages: a reconfigurable dc-to-ac con-
verter, a resonant tank, and an active rectifier. To build a dc—
dc converter with the highest input voltage range, utilizing a
semiconductor technology with a low breakdown voltage, like
CMOS technology, the first step is to divide the input voltage
into smaller levels which can be reliably handled by the semicon-
ductor technology. The first stage is a dc—ac converter that can
convert a wide range of dc voltage to a low-voltage ac (pulsed)
signal. Utilizing a MMC topology, which divides the input dc
voltage by N — 1 by organizing N modules connected in series
between two distinct upper and lower arms. The extra module
enables the inherent voltage balancing of the flying capacitors
in the first stage of the RMMC circuit without the need for
additional balancing mechanisms, as described in Section II-A.
Each module comprises one capacitor and two MOSFET’S, which
enable us to either include the capacitor in the circuit or bypass
it. The proposed RMMC structure can be reconfigured to operate
over a large input voltage range. When the input voltage is within
its high voltage range, the converter utilizes all the sub-modules
(SM) in the circuit to divide the input voltage at its highest rate.
As the input voltage decreases below the high voltage range, a
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Fig. 1.
of the first stage of an N-level converter.

suitable number of SM can be removed from the converter to
decrease the voltage division ratio.

The second stage of the converter is an ac—dc converter, which
converts the ac voltage generated by the first stage to the desired
dc voltage by using an LLC resonant tank, which can achieve
a gain lower than or higher than one and an output rectifier to
convert the ac voltage into dc voltage. The topology utilizes
resonant processes to achieve fully soft switching across the
entire power range, improving overall efficiency.

The subsequent sections will provide detailed descriptions of
the operation of both stages of the RMMC circuit along with the
supporting analysis.

A. Reconfigurable DC to AC Converter

The first stage of the converter consists of two distinct arms,
each containing an equal number of SM. The primary purpose of
this stage is, first, to divide the input voltage into lower levels that
can be handled by the low-voltage MOSFETS available in CMOS
technology, and second, to generate the acvoltage required for
the resonant filter in the second stage, which provides voltage
regulation and soft switching for all power MOSFET’S. The
following sections discuss how this objective is achieved while
satisfying the design constraints.

1) Input Voltage Division With Inherent Balancing: Accord-
ing to the circuit shown in Fig. 1(a), in the upper arm SM, the
capacitor is bypassed (“zero state:”’) when the upper switch is ON
and the lower switch is OFF, while it is engaged in the circuit (“ON
state”’) when the lower switch is ON and the upper switch is OFF.
Conversely, in the lower arm SM, the capacitor is engaged (“ON
state””) when the upper switch is ON and bypassed (‘zero state”)
when the lower switch is ON. To support the input voltage, the SM
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Schematic and time-domain voltage waveforms of an N-level RMMC. (a) Schematic of proposed N-level RMMC. (b) Time domain key voltage waveforms

are used predominantly in the “one state” in which the module
inserts the capacitor voltage into the circuit. This is arranged so
that only one cell at a time is in “zero state,” thus the step-down
ratio of the circuit becomes dependent on the number of cells N.

To demonstrate the general operation principle, the converter
in Fig. 1(a) is considered. In this figure, the output voltage
of the jth (j = 1,2,..., N) module and the output voltage of
the first stage of the converter are represented by Vsy; and
Vi, respectively. The converter configuration must include N/2
modules in both the upper and lower arms to adequately divide
the input voltage. This ensures that all capacitors in the system
are balanced at a fixed voltage. The switching pattern is designed
such that, in each mode, all capacitors play a role in regulating
the voltage across the converter. The operation consists of two
primary phases, with a distribution of active modules between
the upper and lower arms. In the first phase, all capacitors in
the upper arm are engaged, while one capacitor in the lower
arm is shorted. The input voltage Vi, is divided across the
remaining active capacitors. Assuming that all SM capacitors
are sufficiently large and their voltage ripples can be ignored,
the equation below can be derived based on Kirchhoff’s voltage
law

ey

where n and m are the number of active modules in the upper arm
and lower arm. In this phase, n = (N/2) and m = (N/2) — 1,
meaning one capacitor is shorted in the lower arm. In the second
phase, the configuration is reversed, with all capacitors in the
lower arm active, while one capacitor in the upper arm is shorted.
The same voltage relationship applies, but with n = (N/2) — 1
andm = (IN/2). This switching strategy effectively balances the
voltage stress across the converter, maintaining each capacitor

Vin =nVo +mVe = (n + m)VC
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at a stable voltage of

2

In [53], it is formally proven that a MMC can achieve self-
balancing of all SM capacitor voltages without any voltage
sensing or active balancing control, provided that

1) The converter visits a set of switching patterns in which, at

each pattern, some subset of SM is inserted (their capacitor
voltages sum to the dc link).

2) Over time, every SM appears in every relevant role (in-

serted / bypassed) in a symmetric way.

Their proof proceeds in three steps. First, for each distinct
switching pattern, KVL is applied to derive linear equations
relating the individual capacitor voltages Vi1, Vs, . .. to the
total dc source voltage. Second, all of these KVL equations are
stacked into a single linear system Y.V = Vg..1. Third, it is
shown that the coefficient matrix Y has full rank. When the
rank equals the number of capacitors, the system has a unique
solution, implying that the only physically valid operating point
is Vo1 = Voo = ... equal capacitor voltages are therefore not
just one possible solution, but the only steady-state solution
consistent with the enforced switching patterns.

For the proposed N-level RMMC, Kirchhoff’s voltage law
can be expressed in matrix multiplication form, encompassing
all the unknowns, namely the floating-point voltages, as well as
the circuit equations. Since only one capacitor is removed from
the circuit during each half-period, meaning that all modules
are connected in one arm while only one capacitor serves as
the load circuit in the other arm, Kirchhoff’s voltage law can be
formulated as follows:

Ve lyy| Voo | _Ygal Ly
]_ﬂ*ﬂ Yﬂ*ﬂ VCdnwn 1ﬂ*1
2 ¥ 272 ?
where
0 1 1 11 1]
1 0 1 1 1 1
1 10 11
Y = 4)
2 2
111 0 1
11 1 1o
111 .1 0]
and
[ Vo ] Vo]
Vo Voyio
Vew =1 | WVewn=| )
Vex Ven-1
Ven Ven

L 5 - L .

where the left-hand side represents the voltage drops across the
capacitors in different modes based on the switching pattern
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and the right-hand side shows that the sum of these voltage
drops equals Vi,, multiplied by the ones matrix, which essentially
indicates that the total voltage is distributed across all capacitors.
Since the coefficient matrix in the equation set (3) is of full
rank, the solution to the system is unique. This indicates that the
proposed switching pattern can inherently balance the voltages
of the floating capacitors without requiring additional control
mechanisms. In other words, the converter achieves intrinsic
voltage balancing. This guarantees that, even in the presence
of uncertainties such as timing mismatch and asynchronous
module pulses, all SM capacitors remain well balanced.

In the generalized N-level case, wide input-voltage adapt-
ability is achieved by sequentially inserting SM into the zero-
state (bypassed) or reactivating them as Vj, crosses predefined
thresholds 7', T5, . . .. Each threshold corresponds to changing
the active stack height by exactly one cell, so that the effective
division ratio tracks the input voltage while keeping the device
stress within safe limits. By alternating which arm contributes
the next zero-state cell, the symmetry of the pulsed ac node
is preserved and all flying capacitors experience comparable
charging and discharging intervals, which supports inherent
voltage balancing without complex sensing or multiloop con-
trol. This stepwise short/add procedure maintains appropriate
gate-drive levels for the active MOSFETS across the entire input
range, avoids operating with an unnecessarily large stack at low
Vin or insufficient division at high Vi, and thereby improves both
efficiency and reliability.

It is worth mentioning that in this N-level configuration,
the switching frequency is multiplied by N/2, as depicted in
Fig. 1(b), allowing for a reduction in the required filter size.

Asadesign example, a4-module RMMC operating in patterns
A and B to support a wide input voltage range is considered.
A more in-depth explanation of how these operating patterns
comply with the two aforementioned rules for the modulation
method is provided in the following sections.

2) Reconfigurable Structure for Variable Input Voltage Lev-
els: To support the highest input voltage, all floating capacitors
should be used to divide the input voltage into smaller levels,
ensuring that the voltages across the components in the circuit
do not exceed their maximum tolerable values. The converter
functions through a series of four distinct phases, as shown in
Fig. 2, which inherently balances the four flying capacitors to
a voltage level of Vi, /3. The switching pattern is designed so
that, in each mode, only three capacitors in series are connected
in parallel with the input voltage. Specifically, in modes 1, 2,
3, and 4, capacitors [Co, C3, Cy]; [C1,C2, Cyl; [Cy,C3,Cyl;
and [C,Cy, Cs5] are successively placed in parallel with the
input voltage. This switching sequence ensures effective volt-
age balancing across the flying capacitors, with each capacitor
independently stabilized at its designated value.

To generate the periodic pulse, as illustrated in Fig. 3, for
filtering through the LLC resonant filter, the switching pattern
must alternate the capacitor configuration between the two arms
in consecutive modes, ensuring that no two consecutive modes
involve the same capacitor exchange within the same arm.
During normal operation, the Vx node alternates between 2V,
and V¢, where V. = V4,/3, by cycling through the following
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Fig. 2. Operating principle of the four-cell converter in pattern A. (a) Mode 1. (b) Mode 2. (¢c) Mode 3. (d) Mode 4.
AModel Mode2 Mode3 Mode4 where the left-hand side of the equation represents the voltage
V. v o drops across the capacitors in different modes, determined by
X ¢ ¢ the switching pattern, while the right-hand side shows that
the sum of these voltage drops equals Vj, multiplied by the
0 > ones matrix. Since the coefficient matrix in equation set (6)
Top is of full rank, the system has a unique solution, confirming
Ty that the proposed switching pattern inherently balances the
% v voltages of the floating capacitors and essentially indicates that
SM1 0 ] C the total voltage is evenly distributed across all the capacitors.
As illustrated in Fig. 3, the waveforms for each module of
Vsma Ve 0 the converter demonstrate that the blocking voltage across all
MOSFETs and capacitors does not exceed V4,/3, which is the
Vsus 0 Ve minimum possible voltage rating for a four-level topology. This
reduced voltage rating helps minimize both the implementa-
Vsma Ve 0 tion area and associated losses. For an input voltage Vi, up
to 5V, using 1.8-V core MOSFETs in 180-nm CMOS technol-
Fig. 3. Time-domain voltage waveforms of four-cell converter operating in Og},/ climinates the need for stacking MOSFETs in any of the
pattern A. switches.

sequence of modes: mode 1, mode 2, mode 3, and mode 4, with
each module operating ata duty cycle of 3/4, as depicted in Fig. 3.
Notably, in this configuration, the operational frequency is twice
the switching frequency, offering the advantages of reduced filter
size and improved efficiency.

By expressing Kirchhoff’s voltage law in matrix multipli-
cation form for the four-leve]l RMMC with the modulation
shown in Fig. 3, the same approach as for an N-level RMMC,
discussed in Section II-A1, can be achieved. Assuming that all
SM capacitors are sufficiently large and that their voltage ripples
can be ignored, the equation below can be derived based on
Kirchhoft’s voltage law

0 1 1 1 Ver 1
1 0 1 1 Ve 1
Pl =] % Vi (6)
1 1 0 1| |Ves 1
11 1 0| |[Veu 1

When the input voltage decreases in the four-level converter,
the flying capacitor voltages drop accordingly, leading to lower
driving voltages for the MOSFETs. This increases their on-
resistance (Ro,) and slows down the switching speed. Although
switching losses are minimized due to the fully soft-switched
operation (ZVS), higher driving voltages, still reduce R,, and
enhance switching speed, helping to minimize conduction losses
and improve overall efficiency.

In terms of designing the filter, for a wide input voltage range,
maintaining a fixed output voltage requires a wider operat-
ing frequency range. However, this approach presents several
challenges. First, the LLC converter gain is less sensitive to
frequency modulation in the “over resonance f; > f,” region,
therefore the switching frequency must increase much to reach
the minimum voltage gain, causing extra switching losses. It also
adds complexity to the control system, requiring more advanced
algorithms to ensure stability across varying input conditions.
In addition, managing a broad frequency spectrum can result
in higher levels of electromagnetic interference (EMI), which
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Fig. 4. Operating principle and time-domain voltage waveforms of four-cell converter operating in pattern B. (a) Mode 1, 3. (b) Mode 2. (c) Mode 4. (d) voltage

waveforms in pattern B.

necessitates additional filtering to mitigate, further complicating
the design.

To address the mentioned issues, an alternative operation is
proposed. Given the modular nature of the topology, the number
of cells can be reduced by shorting certain modules. As shown
in Fig. 4, the second module is shorted, leaving the other three
modules active. The operating pattern remains similar to the
original. The converter operates through four phases, where two
capacitors are connected in series and placed in parallel with the
input voltage during each mode: in modes 1 and 3, capacitors
Cj5 and Cy are connected; in mode 2, capacitors C; and Cy; and
in mode 4, capacitors C; and C'5. This ensures effective voltage
balancing of the flying capacitors. as depicted in Fig. 4(d), The
Vx node alternates between 2V, and V. (where V. = V},/2),
with the lower arm modules operating at a 3/4 duty cycle, while
the upper arm operates at double the frequency with a 0.5 duty
cycle.

By expressing Kirchhoff’s voltage law in matrix multiplica-
tion form for the three-level RMMC with the modulation shown
in Fig. 4, the equation below can be derived

01 1] [ve 1
10 1].|Ves| = * Vi, 7)
1 1 0| |Veu 1

Similarly, for this configuration, since the coefficient matrix in
the equation set (7) is full rank, the system has a unique solution,
ensuring that the converter achieves intrinsic voltage balancing.
As shown in Fig. 4(d), the waveforms for each module of the
converter indicate that the blocking voltage across all MOSFETS
and capacitors remains below Vi, /2. For an input voltage Vi,
below 3.6 V, utilizing 1.8-V core MOSFETs in 180-nm CMOS
technology, this pattern proves more efficient than pattern A.

B. Resonant Tank

Now that the first stage has divided the input voltage and
generated a periodic ac voltage, a resonant tank can be used for

@ (b)

Fig. 5. Equivalent circuit of: (a) modular structure of the proposed N-level
RMMC and (b) ILLC resonant tank.

voltage regulation. While the primary objective is to generate the
dc voltage, achieving fully soft switching along with soft charge
sharing of the capacitors is crucial for enhancing the overall
efficiency of the converter. Fig. 5(a) shows the equivalent circuit
of the proposed N-level RMMC, Taking one half-switching
cycle [0,7,,/2) as an example. The multiple series connected
SMs capacitors in each arm are merged into one, represented by
Clup and Cyown. The rest of the circuit, including the resonant tank
and the LV side, is approximated as a sinusoidal current source
I,.. Considering that the total number of series connected SMs
capacitors in upper and lower arm are k and h and that the input
voltage remains constant and ignoring the parasitic parameters,
the ac part of arm currents can be described as

{IUPaC(t) = }#klr(t)

, t€0,Top/2)
Tgown—ac(t) = — 7 I (1) *

®)

where Iy oc(t) and Igown—ac (t) are the ac part of the arm currents.
It can be derived that the arm current is proportional to Cy,
and Cyown- As illustrated in Fig. 6, the resonant current is split
between both arms according to the number of inserted SMs.
Besides the ac arm current, a circulating current exists in
modular multilevel structures. It can be decomposed as

Zc(t) = Idc + Z’2w (t) (9)
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where the first term I = % is set by the output power, and
the second term o, (t) arises from the double-frequency energy
exchange whose amplitude scales with ac power (i.e., increases
with load) [54]. Collectively, these components add to the arm
currents and vertically shift their instantaneous values, thus, ZVS
for one switch in each arm could be jeopardized if the net turn-ON
current becomes positive. The effect of this circulating current
will be investigated in Section IV.

The LLC converter can operate with a switching frequency at,
below, or above the resonant frequency. In an LLC resonant con-
verter, soft switching is achieved by operating in the inductive
region, where the resonant current /,. lags the voltage across the
resonant tank. This lagging characteristic plays a crucial role in
enabling ZVS during turn-ON (ZVS-0ON) for the power switches.
This lagging behavior ensures that, during the transition phase
of a switching cycle, the current direction forces the body diode
of the complementary MOSFET to conduct before its gate drive
signal turns it ON.

C. Active Rectifier

Since the LLC filter produces a sinusoidal output voltage, a
rectifier is required between the filter and the load. Traditional
passive rectifiers are not ideal due to their high conduction losses
and significant voltage drops caused by the presence of two
diodes in the power path. To address this issue, this work employs
an active rectifier, depicted in Fig. 7, which is more suitable for
low-power and low-amplitude ac input signals. Unlike passive
diodes, active full-wave rectifiers utilize controlled switches,
known as active diodes, which are typically implemented using
MOSFETs driven by comparators. This approach eliminates the
large voltage drops and reverse leakage currents associated with
conventional diodes. The comparators operate by comparing
the ac input voltages (e.g., Vaci1 and Vico in Fig. 7) against
a reference level, effectively enabling a differential comparison
between the two input terminals. This configuration also enables
fully ZVS turn-oN for all active rectifier switches, as the com-
parators turn the MOSFETs on after their drain-source voltages
have dropped to zero.

Beside the rectifier configuration described earlier, another
configuration shown in Fig. 8 can be used for those applications
that require a common ground between the output and the
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TABLE I
DESIGN PARAMETERS OF THE 4-CELL RMMC
Parameter Value
Vi — Ve [ 245V
Vout 1.2V
Pt 2 W
fupmm 2.5 MHz

battery. In this case, the parallel inductor Lp is replaced by
a 1 : 1 coupled inductor whose magnetizing inductance equals
Lp, the primary winding remains in the resonant tank, while
the secondary winding feeds the rectifier. This modification
connects the rectified output to the same ground as the input. In
this case, if there is any leakage between primary and secondary,
that will be added to the tank inductance Lr and does not create
any challenge.

III. CIRCUIT DESIGN AND IMPLEMENTATION

The objective of this section is to design the converter based
on the parameters listed in Table I to efficiently convert a Li-Ion
battery voltage of 2.5 — —5V into a typical output voltage of
1.2V suitable for powering the majority of semiconductor ICs
with a maximum power rating of 2 W. Detailed procedures for
the design and implementation of the dc—ac converter, resonant
filter, output stage, and associated control circuits are presented
in the following sections.

The proposed RMMC was fabricated using a standard 180 nm
CMOS process. This technology enables compatibility with
advanced SoC and mixed-signal designs, allowing seamless
co-integration within a unified platform. The process provides
CMOS transistors optimized for the converter’s operating range.
However, the limited density and low quality factor (Q-factor) of
integrated passive components, such as capacitors and inductors,
pose challenges to achieving high power density and efficiency
in practical power converter implementations.

To address these limitations, a hybrid integration approach
is employed. The series resonant inductor (Lg) is implemented
using wire-bond inductance, while the parallel inductor (Lp)
is realized with external discrete components mounted on the
PCB. Similarly, the flying capacitors and bootstrap capacitors
are implemented as a combination of small on-chip capacitors
(0.2, 0.3 nF) and external discrete components. This hybrid con-
figuration balances integration constraints with the performance
requirements of high power density and efficiency.

Fig. 7 illustrates the high-level schematic of the RMMC,
highlighting the key power switches and passive components.
The design integrates the power switches and diode bridge,
along with the corresponding gate drivers and level shifters, into
a fully monolithic solution. Further implementation details are
provided in the subsequent sections.

A. Implementation of Reconfigurable DC to AC Converter

The integrated section of the first stage of the IRMMC circuit
consists of power MOSFETSs, gate drivers, level shifters, a
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nonoverlapping pulse generator, and control logic, all of which
will be discussed in more detail in the following sections.

1) Power MOSFET Realization: In the employed 180nm
CMOS technology, each switch is realized with a 1.8V core
MOSFET and can be implemented as either NMOS or PMOS.
NMOS transistors offer several advantages over PMOS, includ-
ing higher electron mobility, which results in faster switching
speeds, lower ON resistance for reduced power dissipation, and
better current-driving capabilities. In addition, NMOS devices
can be smaller for the same drive current, making them more
suitable for high-performance and high-density applications.
Based on these advantages, NMOS is more suitable than PMOS

for implementing power switches. Consequently, all the power
switches in the modules are implemented as NMOS.

Although implementing all the power MOSFETs as NMOS is
challenging due to gate-driving complexity, a bootstrap tech-
nique is employed using each module’s flying capacitor to charge
the corresponding bootstrap capacitor. In addition to gate drive
considerations, achieving full ZVS across the wide input voltage
range requires preserving the intrinsic body diode of the NMOS
transistors, which facilitates lossless turn-ON by conducting
just before the gate signal activates the switch. In standard
CMOS processes, NMOS bodies are tied to the p-substrate
(typically at ground), and when the source floats, common in this
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architecture, this configuration disables the body diode and
prevents achieving ZVS. To retain body diode functionality, the
NMOS body must track its source voltage, which necessitates
electrical isolation from the substrate. This is achieved using
a triple-well (or deep n-well) process, wherein each NMOS
is placed in an isolated p-well embedded in a deep n-well,
as illustrated in Fig. 9. The deep n-well enables the body to
be biased to the local source potential, ensuring correct diode
orientation, preventing latch-up, and minimizing substrate noise.
Hence, all the NMOS switches, except for Sg, are implemented
in deep n-well to ensure proper operation and isolation. Since
the source of Sg is always at substrate potential and its body
is shorted to the source to use the intrinsic body diode, there
is no need to isolate it in a deep n-well. Implementing Sg in
a deep n-well would only increase area and layout complexity,
so it is instead realized as a conventional NMOS directly in the
p-substrate.

2) Gate Drivers: Since the power train was implemented
exclusively with n-channel devices, the gate driver design re-
quired careful attention. As shown in Fig. 7, only the power
MOSFET Sy is referenced to a constant voltage, allowing it to be
driven by a conventional tapered buffer structure with a fixed
supply.

In contrast, the remaining power switches are referenced to
their respective source terminals, requiring a floating gate drive
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structure capable of reliably driving the transistors relative to the
voltage swing at their sources. Within each module, the bottom
switch (S3, Sy, Sg, and Sg in Fig. 7) can be driven using the
module’s capacitor, as the source terminal of these transistors
is connected to the lower terminal of the corresponding capaci-
tor. This configuration ensures that the transistor experiences a
constant voltage in steady-state operation, enabling the module
capacitor to function effectively as the gate driver for the lower
switches.

For the upper switches in each module (51, S5, S5, and S7 in
Fig. 7), a bootstrapped gate drive structure with active PMOS
bootstrap diodes (Mp_poor1 to Mp_poors in Fig. 7) has been
employed. This bootstrap structure operates as follows: when
the lower-side device is turned ON, the PMOS bootstrap device
is also activated, allowing the bootstrap capacitor to charge to
the same voltage as the corresponding module capacitor. During
this time, the switching node remains low. Once the PMOS
bootstrap device is turned off, the bootstrap capacitor floats with
the switching node, enabling it to supply the necessary gate-drive
voltage for the upper switch when it is turned ON.

3) Level Shifter and Non-Overlapping Pulse Generation: As
shown in Fig. 7, all eight power MOSFETs are driven by four
control pulses generated by the micro-controller. These four
pulses are expanded into eight nonoverlapping pulses by four
nonoverlapping pulse generator blocks. Each pulse generator
block consists of an inverter, a latch, and two nanosecond delay
blocks, producing output pulses with voltage levels of 0 and
1.8 V.

As previously mentioned, since the source terminals of the
power MOSFETs float with respect to ground, the output of the
nonoverlapping pulse generator blocks cannot be used directly
to drive the switches. This limitation necessitates the use of
two level shifters for each power MOSFET in each module. The
internal circuit of the modified level shifter, proposed in [55], is
shown in Fig. 10.

In the first stage of the level shifter, the input voltage is trans-
lated into a current that flows through a pull-up resistor, R2. By
appropriately selecting Ra, the resulting voltage drop across it
can meet the condition Vi) < Ra2la, where Vi, () is the thresh-
old voltage of the PMOS transistors. This current-to-voltage
conversion helps decouple the input and output voltage domains.
Consequently, the output of the level shifter can drive power
switches without exceeding the voltage limits of transistors in
the given CMOS technology.

4) Feedback Network and Control Logic: AsshowninFig.7,
a dynamic two-stage comparator is placed at the input to sense
the input voltage and generate a digital signal that determines
the operating pattern of the converter. When Vj, is high (e.g.,
5, V), this signal configures the gate-driving logic so that all
three SM are active and the input is divided to approximately
Vin/3 across each cell, ensuring uniform voltage sharing. As
Vin decreases and crosses a defined threshold (around 3.6, V),
the comparator toggles its output and the control logic forces
one submodule into a zero-state mode, so that only two SM
remain active and the input is divided to approximately Vi,/2.
This stepwise reconfiguration enables smooth mode transition,
extends the usable input-voltage range without overstressing



8878

N Vour
L

VBs

Vsw

Ry
M, |_,_| M
Low voltage
Vbpr -
section
Vi
M,
Vbpr
0
Fig. 10.  Schematic of level shifter.
VDD VDD
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lowed by SR latch.

any device, and maintains proper gate-drive levels for the active
MOSFETS.

At the output, a sampling circuit is used in conjunction with
a window comparator, using the same comparator architecture
as in the input stage, to generate control signals to adjust the
switching frequency. As it can be seen in Fig. 12, these con-
trol signals are processed externally by a simple UP/DOWN
controller and tri-state charge pump that drive the VCO control
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Fig. 12.  Frequency-control and gate-generation blocks for the IRMMC.

capacitor, increasing or decreasing the oscillation frequency to
keep Vour within the desired regulation band [56]. A subsequent
phase-shift and gate-generation block then derives the required
drive signals for the converter modules from the VCO clock.
Once the gate-driver signals are generated with the desired pat-
tern and frequency, a dead time is inserted between complemen-
tary transitions using a simple nonoverlapping pulse-generator
block. This ensures that the corresponding switches are never
on simultaneously, so even in the presence of small timing mis-
matches or asynchronous module pulses, shoot-through currents
are effectively prevented. The dynamic two-stage comparator is
shown in Fig. 11. The first stage is a voltage amplification stage,
accepting differential inputs Vi, and Vj, and producing dif-
ferential outputs F', and F'_. The subsequent stage incorporates
both a basic voltage amplifier and a positive feedback amplifier
to generate a rail-to-rail digital output. An SR latch then stores
the result, ensuring a stable digital output [57].

B. Design Methodology of Resonant Components

The first harmonic approximation (FHA) method is used to
analyze the equivalent circuit and gain characteristics of the
half-bridge LLC resonant converter. It provides a simple and
fast mathematical representation by approximating voltage and
current waveforms as sinusoidal, neglecting higher-order har-
monics. Under steady-state conditions, FHA is an acceptable
approach, as it simplifies the circuit analysis. Fig. 5(b) illus-
trates the converter model based on FHA, where Vi,_,. and
V,—_ac represent the fundamental components of the resonant
tank input voltage and output voltage, respectively, with R, as
the equivalent load resistance. Regarding Figs. 1 and 5(b), the
voltage gain G of the RMMC is determined by the product of
the modular structure voltage gain Gyis and the resonant tank
voltage gain G, expressed as

V;nfac
Vi

GGMs*Gt‘ (10)

‘ Vofac
*
Vvinfac

where Vi,_,. represents the amplitude of the resonant tank M V-
side voltage, while V,_,. corresponds to the LV-side voltage.
The value of Vj,_,. is obtained by subtracting Vx from the
dc voltage, which is blocked by the resonant capacitor. Given
that the number of SM in the lower arm is h, the dc voltage is
expressed as

2h —1
VinaoZVX—VDc=VX—K 5 )VC:|- (1)



MOHAMMADI et al.: RECONFIGURABLE RESONANT MODULAR MULTILEVEL PMIC FOR WIDE INPUT VOLTAGE RANGE

4.0

hed
W
f

ey
o
!

Attainable Peak Gain
) o
(e) (o))

—
W
1

0.1 02 03 04 05 06 07 08 09 1.0
Q

Fig. 13.  Peak gain curves.

Gvis varies with the gate signals for SMs, whereas G varies
with the switching frequency. G; can be expressed as follows:

Gi(Q,m, F,) = ’M
(m —1)F?
— \/(me — 12+ F2(F2-1)2(m—1)2Q?

(12)

where the quality factor (Q) is (v/L;/C:)/Rac, the reflected
load resistance (R,) is (8/7?) - R,, the normalized switch-
ing frequency (F) is fop/fr, the resonant frequency (f) is
1/(2m/L, - C;) and the ratio of total inductance to resonant
inductance (m) is (L, + L,)/ L.

Assuming design parameters given in Table I, the design
methodology for the proposed 4-cell RMMC can be outlined
in five steps.

Step 1: Determine the minimum and maximum voltage gains
(M ;‘i“, M;“"‘"): Since the converter operates in pattern A, when
the input voltage is between 3.6 — 5V, and operates in pattern B,
when the input voltage is between 2.4 — 3.6V, the corresponding
gains can be described as follows:

. ymino2%2x%1.2
Mmin = ot _ —1.34 13
NG (1
w VI 242412
M= Zow SRS (14)
|‘/in7ac 2.4

Step 2: Choose inductor ratio (m) and quality factor (Q):
Fig. 13 shows the peak gain curves, and it is plotted using (12).
(@ is the horizontal axis and the attainable peak gain (G) is
the vertical axis with respect to various values m on the curve.
values are obtained using different values of m and @ in the
[0, 0.5] interval of normalized frequency F.. In the design, the
selected G, should be greater than G** at reasonable m curve.
Based on the curves shown in Fig. 13, the decided values of the
parameters are G = 2.5, m = 22, and ) = 0.09. Choosing
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a high value for m, makes it possible to take advantage of low
circulating current in the converter. The normal side effect of
choosing a high m value is to lose soft switching in light load
conditions. However, since the on-chip parasitics are very small,
m value can be selected at 20 or higher.

Step 3: Determine the equivalent load resistance (R, ): At full
load, R, is determined from the following:

Ry = % - R,. (15)
0

Step 4: Determining the Minimum Normalized Switching
Frequency: After selecting a value for Qnax, an initial value
for m, and the equivalent load resistance R,., the next step is
to determine the minimum normalized switching frequency that
ensures inductive operation under the condition Q) ., (maximum
load). This frequency also guarantees inductive operation for all
other load conditions.

The minimum normalized switching frequency corresponds
to the peak gain of the Qu,x curve. It can be determined by
solving (16) or it can be visually identified from the gain plot in
Fig. 14

d

dFl Gt(Q,m,Fx ) = 0

(16)

Solving for FMn yields the required minimum normalized
switching frequency.

Step 5: Determining Resonant Parameters (C,., L,., and L,,):
The resonant circuit parameters at full load are determined based
on the resonant frequency

1
O = ol QR a7
1
L= Gaf Ve, (18)
L,=(m—1)L,. (19)
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Fig. 15.  Schematic of self-biased CGC used in the active rectifier [58].

Using the resonant parameters calculated in Step 4, suitable
component values are selected: C,. =290 nF, L, = 0.8 nH,
and L, = 17 nH.

1) Active Rectifier: The adopted topology, illustrated in
Fig. 7, consists of a P-side cross-coupled core rectifier (CR),
while two self-biased common-gate comparators (CGCs),
shown in Fig. 15, are responsible for driving the NMOS transis-
tors in the CR.

The biasing for COMP1 is supplied through transistors M
and M5 when Vco > 0 and Vacr < 0, while COMP2 operates
under the opposite conditions. The negative terminal of the
rectifier output is considered the reference potential for the load
(denoted as V). When Vacy (Vaco) falls below 0V, transistor
M35 conducts more current than Mg. Simultaneously, the diode-
connected transistor Mg experiences a gate voltage drop in
response to Vacy (Vacz), which in turn reduces Vgg7. Transistor
M3 also biases the current mirror formed by M3 — My, leading
to a higher current flow through M, compared to M7. As a
result, the output node is driven to a high level, and CMOS
buffers restore the signal, ultimately switching on transistor
Mn1 (Mn2) [58].

Itis essential to highlight that transistors M5 — Mg and Mg —
M7 are fabricated within a deep n-well, allowing their source and
isolated bulk terminals to be connected to Vac1 (Vac2) and the
reference potential of the output load (Voy.), respectively. This
design ensures that the p-substrate of the silicon die remains at
Vour potential, reducing the risk of unwanted leakage currents
and substrate noise while maintaining proper circuit isolation.

IV. SIMULATION AND MEASUREMENT RESULTS

In this section, the performance of the proposed PMIC is first
validated through simulation results obtained using Cadence.
Subsequently, experimental results are presented based on the
calculated values of the capacitance C,., inductances L, and
L,, and the designed IC discussed in Section II-B. Fig. 16
illustrates the key waveforms of the designed converter when
the input voltage is 5V and it operates in Pattern A. To verify
the self-voltage balancing capability of the flying capacitors, a
small timing mismatch is intentionally introduced in the gate
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Fig. 16.  Simulation results for a four-module converter operating in Pattern
A: (a) SM capacitor voltages balanced at 1.67V for Vi, = 5V. (b) Voltage
and current of the resonant tank. (c¢) Drain-source voltage and current of the
upper-arm power switches. (d) Drain-source voltage and current of the lower-arm
power switches in the first module.
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Fig. 17.  Simulation results for a four-module converter operating in Pattern

B: (a) SM capacitor voltages balanced at 1.8V for Vi, = 3.6 V. (b) Voltage
and current of the resonant tank. (c) Drain-source voltage and current of the
upper-arm power switches in the first module. (d) Drain-source voltage and
current of the lower-arm power switches in the first module.

driver signals. As shown in Fig. 16(a), all capacitors remain
balanced at 1.67 V despite the timing mismatch. Fig. 16(b)—(d),
respectively, show the pulsed voltage generated by the dc—ac
converter, the resonant current, and the drain-source voltage and
current of the switches in the first module of the upper and lower
arms, demonstrating the presence of ZVS in the power MOSFETS.
Similarly, Fig. 17 presents the converter waveforms for an input
voltage of 3.6 V operating in Pattern B. As seen, the capacitors
are balanced at 1.8 V under timing mismatch conditions, and
ZVS is achieved across all switches.

An important consideration is to verify ZVS across the en-
tire operating range of the converter, accounting for load and
input-voltage variations over the full output-voltage span. First,
the impact of circulating current on the ZVS condition of both
switches in each module must be assessed. Second, the influence
of higher-order harmonics across the frequency range should
be included, since FHA captures only the fundamental; notably,
capacitive pockets may appear during harmonic transitions [59].
To jointly validate the effects of circulating current and
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Fig. 18. Simulation results of switch turn-on current versus output voltage
for loads ranging from heavy to light: (a) on-state switch at Vi, ,c = 0.6 V;
(b) zero-state switch at Viy, ac = 0.6 V; (c) on-state switch at Viy ac = 0.9V}
and (d) zero-state switch at Vi, ac = 0.9V,

harmonics on ZVS, we rely on time-domain simulations. Fig. 18
reports the switch turn-ON current versus output voltage for
loads ranging from heavy to light. In this figure, the switch
that, when turned ON, places its module in the ON state is
the ON-state switch (plotted as /o, _saee0), and the switch that,
when turned ON, places its module in the zero state is the
zero-state switch (plotted as I ero—state0). Across all cases, the
turn-ON current of both switches remains nonpositive. While the
light-load curves of the zero-state switch approach zero at certain
points, they stay slightly negative—already sufficient for ZVS
given the small on-chip node/output capacitances. Hence, even
when considering the dc-circulating component and all relevant
harmonics over the operating range, ZVS is preserved for all
switches due to the low on-chip parasitics. It also demonstrates
that with the chosen tank ratio m = 22, the LLC-tank—related
circulating current is minimized, while the ZVS condition of
both switches in each module remains uncompromised across
the entire operating range.

Another important concern is to validate the gain curve con-
sidering all the harmonics. To achieve this, we have investi-
gated the gain curve both analytically and through time-domain
simulations that inherently include higher-order harmonics and
circuit parasitics. In particular, the FHA-based expression for
gain is compared against transient simulation results at the two
worst-case operating points, V, max = 1.2v and V,, nin = 0.4 0.
AsshowninFig. 19, the simulated curves closely follow the FHA
prediction over the full normalized-frequency range of interest,
confirming that FHA remains an accurate design tool for this
converter.

To evaluate the performance of the designed converter, the
RMMC converter was manufactured in a standard 180 nm
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Fig. 19. Comparison of analytical FHA and time-domain simulation gain
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Fig. 20. Photographs of (a) test-bench, (b) test-board, and (c) fabricated
CMOS chip.

CMOS process. Fig. 20 presents a photograph of the die along
with the employed test board and test bench to measure the
performance of the fabricated converter. In this implementation,
a 0.8 nH wirebonding inductor serves as the resonant inductor.
All flying capacitors and bootstrap capacitors are realized using
6 % 0.47 puF and 2 % 0.1 pF capacitors with COG dielectric mate-
rial. In addition, a 17 nH parallel inductor a COG 290 nF resonant
capacitor for the LLC filter and an X7R 1 uF output capacitor
were mounted on the PCB. The converter operates with an input
voltage range of 2.4 — —5 V and delivers an output voltage from
0.4 to 1.2V, supporting a maximum load current of 1.7A.

To start the converter safely, the input voltage is ramped so that
each sub-module capacitor is first pre-biased to approximately
the NMOS threshold (= 0.4-0.6 V), enabling the gate drivers
without overstressing any device. As the input rises to about
1.8-2.0 V, the series connection naturally distributes this voltage
so that all SM capacitors reach the required level and normal
switching can begin, after which the modulation equalizes any
residual mismatch. In practice, the Li-ion source and an input
capacitor Cj, form an RC network (R, ~ 50 mf2, 7 = R,Cy,),
and choosing 7 to be a few switching periods (e.g., 7 ~ 4 us,
Cin = 80 uF) provides a controlled input ramp for reliable
start-up.
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Fig. 21.

Measured waveforms of the converter response under the following conditions: (a) Switching pattern change triggered by a step in input voltage from

2.7V to 5 V. (b) Reference voltage Vief changed from 1.2 V to 0.4 V while maintaining a fixed input voltage of 4.5 V while the converter operates in Pattern A.
(c) A single change in Vier from 1.2 V to 0.4 V, followed by a change in Vj, from 5 V to 3.7 V while the converter operates in Pattern A. (d) A single change in
Viet from 1.2 V to 0.4 V, followed by a change in Vi, from 3.6 V to 2 V while the converter operates in Pattern B.

Measurements from the transient tests in Fig. 21, where V;,
is swept from 2 to 5 V, demonstrate that node Vx transitions
symmetrically to the corresponding voltage levels. This behav-
ior indicates proper voltage balancing of the flying capacitors.
Fig. 21(a) illustrates the transition of the converter between
operating patterns: from pattern B, activated when Vj, is below
3.6 V, where only three of the four modules are enabled, to
pattern A, where all four modules are activated as Vj, rises above
3.6 V. The steady-state waveforms of node Vx confirm effective
capacitor voltage balancing in both patterns.

Fig. 21(b) shows the dynamic response of the converter to a
Vies step from 1.2 to 0.4 V, with an approximate fall time of
100 ms, along with the corresponding output of the window com-
parator. The control loop demonstrates fast and accurate tracking
of the reference voltage during the transition. Fig. 21(c) and (d)
further illustrate the output voltage regulation under two test
conditions: 1) asingle-step transition in V;¢ from its maximum to
minimum value, and 2) a full-range sweep of V;, while operating
under both Pattern A and Pattern B. Measured efficiency data
for a range of input voltages, output voltages, and load currents
are presented in Fig. 22, covering the full operating envelope
of the converter. A peak efficiency of 88% is achieved. The
converter’s power losses are primarily proportional to the load
current and only weakly dependent on the output voltage. As
a result, under similar load conditions, the efficiency decreases
at lower output voltages, as shown in Fig. 22, due to reduced
output power while losses remain relatively constant. Measured
efficiency data for a range of input voltages, output voltages, and
load currents are presented in Fig. 22, covering the full operating

envelope of the converter. A peak efficiency of 88% is achieved.
The converter’s power losses are primarily proportional to the
load current and only weakly dependent on the output voltage;
therefore, under similar load conditions, the efficiency decreases
at lower output voltages, as shown in Fig. 22, because the output
power is reduced while losses remain relatively constant. From
these measured efficiency curves, the maximum power loss of
the converter is approximately 0.5 W, which determines the
worst-case heat dissipation in the IC. Since the IC is placed
at the center of a CQFP-type package and connected to the
package pads by wire bonds, heat can be dissipated through three
main paths, as illustrated in Fig. 24. First direct junction-to-air
exchange from the exposed die surface inside the cavity. second,
junction-to-case conduction through the backside of the die into
the package body and thermal pad, and third, junction-to-pins
via the wire bonds and package leads into the PCB copper. The
thermal resistances of these paths are denoted Ry 4, Ryg.jc, and
Ry jp, respectively. For a conservative estimate, we consider
only the junction-to-case path; assuming a typical value of
Ry jc ~ 2°C/W for a CQFP package and P, ,ax = 0.5 W, the
junction temperature can be approximated as

7} = Tambient + RGJC’PD,max ~ 28°C

indicating that the temperature rise is negligible and no heatsink
is required for this converter.

To further analyze the efficiency, Fig. 23 presents an estimated
breakdown of loss components across different operating points.
At high load currents, losses are predominantly due to parasitic
resistances from both the on-chip interconnects and package



MOHAMMADI et al.: RECONFIGURABLE RESONANT MODULAR MULTILEVEL PMIC FOR WIDE INPUT VOLTAGE RANGE

Fig. 22.

traces. This highlights the potential for significant efficiency
improvement through enhanced packaging technologies, par-
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TABLE II

COMPARISON OF THE PROPOSED IRMMC CONVERTER WITH STATE-OF-THE-ART CONVERTERS

Publication [19] JSSC 2022 [8] TPEL'2021 This Work [27] APEC"2020 [7]1 JSSC*2019 [23] TCAS’2021
Technology 180 nm bulk 130 nm BCD 180 nm 130 nm 28 nm FDSOI 65 nm
Topology (Ca:clzg;dsc) Three-Level Buck IRMMC 3@-ReSC Four-Level Buck 3-ReSC
2 % 1.5 V Switches
Power MOSFET Type 5,18V 5V 1.8V (Segmented) 15V 1.2V
Vin 4-6 V 8V 2-55V 345V 28-42V 23-25V
Vout 04-12V 1.8-33V 04-12V 12-18V 06-12V 04 -0.625V
Faw 1.4 -1.6 MHz 0.8 - 1 MHz 1.25 - 25 MHz < 47.5 MHz < 67 MHz 10 MHz
0.8 nH (on-package)+ 9 nH (on-chip), .
Inductor 240 nH 10 o H 17 nH 10 nH 3 nH (on-chip) 10 nH
2% 47 uF 4% (6 047 p F) — . . 5.6 nF (on-chip) +
Ciy—resonant 0 #‘1; 2% 47 puF 290 nF reso‘;ant 2 % 1 nF (on-chip) | 2 * 5 nF (on-chip) 56 nF P
10 nF (on-chip),
Cour 144 0 F NR 1 uF 100 oF NR 22 nF
Peak Iour 1A 550 mA 17 A 120 mA 12 mA 130 mA
Chip area 7.82 mm? 20.25 mm? 9 mm? 8.41 mm? 1.5 mm? 1.39 mm?
Peak Output Power 1.1 W 1.35 W 2 W 216 mW 40 mW 8125 mW
Peak Power Density 0.14 0.067 0.22 0.026 0.027 0.059
(W / mm*)
Peak efficiency @ Py, 96.9% @ 0.18 W 88.6% @ 1.2 W 88% @ 0.98 W NA NA NA
T Estimated from the reference
NR - Not Reported
NA - Not Applicable
% Vin=3.7V Vin=35V,Vout=12V
I Driver Losses
801 0.4 WM Switching Losses
Conduction Losses
70 A 0.3
g
—— Vout=12V »
60 1 - @
—&— Vout=10V 3 0.2 1
—— Vout=0.8V
50 1 —— Vout=0.6V ol
—+— Vout=04V :
40 T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 0.0
Load Current (A) ' 0.1A 0.8 A 1.6A
@ Load Current (A)
90 - Vin=5V Fig. 23.  Estimated power loss breakdown for Vi, = 3.5V and Vo = 0.9V
under pattern B operation of the converter.
80 -
AAA
vy
70 Rosp
AAA
—— Vout=12V AN
60 oul . Rt9 JA
—— Vout=10V AAA
\AAJ
—&— Vout=0.8V RQJC
501 —— Vout=0.6V Pp Ta
—+— Vout=04V
40 T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Load Current (A) . . N
(b) Fig. 24.  Thermal equivalent circuit of the IC.

Measured efficiency across various input voltages, load currents, and
output voltages. (a) Vi, = 3.7V.(b) Vi =5V

ticularly under high-current conditions.

Table II summarizes the performance of the IRMMC con-
verter and compares it with prior-art hybrid converters that
are Li-ion compatible. The IRMMC converter achieves the
highest power density per the total die area of 0.22 W/mm?2,
where the paek efficiency at this point is 81.3%. Notably, this
converter supports the widest input voltage range (2 — —5.5V)
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and delivers the highest peak output power (2 W), significantly
outperforming others in terms of load capacity. The reported pa-
pers are categorized into two groups. low-power/high-frequency
and high-power/low-frequency designs. In most integrated im-
plementations, watt-level converters are constrained to relatively
low switching frequencies (typically below a few megahertz),
whereas converters operating at tens of megahertz are usually
limited to tens of milliwatts. This indicates that the proposed IR-
MMC occupies an intermediate design space, achieving nearly
watt-level output power while still operating up to 25 MHz,
thereby combining performance characteristics that are tradi-
tionally separated in prior art. While reference [19] reports a
higher peak efficiency, it employs 5 V devices, which limits both
its portability to advanced CMOS nodes and its applicability
in systems with varying or battery-based inputs. Also it has a
relatively narrow 4 — —6 V input range, larger off-chip passives,
and dedicated active balancing circuitry. Jung et al. [8] also uses
high-voltage devices with a fixed input voltage. Moreover, due
to the use of relatively large external inductors and capacitors, its
practical power density is reduced once passives are accounted
for. On the other hand, the IRMMC is implemented entirely with
low-voltage standard CMOS devices, maintains soft-switched
operation over a wider input range, and leverages resonant
energy transfer with compact passives. As a result, the pro-
posed IRMMC achieves higher usable output current and peak
power density with a simpler, inherently self-balancing control
core.

V. CONCLUSION

This article presents a fully soft-switched reconfigurable
integrated resonant modular multilevel converter (IRMMC)
implemented in 180 nm CMOS, combining multilevel voltage
division, resonant power conversion, and modular reconfigura-
tion to enable high efficiency and wide input voltage operation
without complex control. A dc to ac module in the first stage,
dynamically controlled based on input voltage, extends the
input range. A unified capacitor balancing strategy maintains
equal flying capacitor voltages across all modes, simplifying
design and improving reliability. The integration of an LLC
resonant tank and active rectifier enables fully ZVS for all power
switches, minimizing losses and supporting high-frequency
operation with compact passives. Frequency control provides
continuous, wide-range output voltage regulation under varying
input and load conditions, without added control complexity.
Measurements confirm 88% peak efficiency, 2W maximum
output power, and excellent regulation from 2 to 5.5V input.
Compared to prior art, IRMMC achieves superior power density
(0.22 W/mm?), higher load support, and competitive efficiency,
making it ideal for on-chip or package-integrated power man-
agement in compact, battery-powered devices.
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