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Abstract—The energy demand of future computing gives rise
to new challenges in high current voltage regulator modules
(VRMs). This paper reviews the recent development in archi-
tecture and magnetics for 48-V VRMs, with a focus on achieving
high efficiency, high power density, high control bandwidth, and
compact system packaging. The strengths and weaknesses of
many representative solutions are compared. We highlight the
key opportunities and challenges and present comprehensive co-
design guidelines for 48-V VRM architecture and magnetics.

Index Terms—voltage regulation module (VRM), power archi-
tecture, magnetics, packaging, switched-capacitor, transformer

I. INTRODUCTION

Voltage regulation modules (VRMs) with high efficiency,
high power density, and high control bandwidth are needed
to support future microprocessors [1], [2]. Figure 1 shows the
principles a future vision where the VRM can be embedded be-
tween the motherboard and the microprocessor. Figure 2 shows
data on 50 years of microprocessor development highlighting
the rapid growth in power demand [3]. As Moore’s Law and
Dennard Scaling approach to the end [4]-[6], future computers
comprise many large-scale microprocessors near each other
with high speed data link. Holistic innovations in architecture,
magnetics, packaging, and control are needed to improve the
efficiency and power density of VRMs [7], [8].

One emerging trend in point-of-load power delivery is
to feed the low-voltage high-current processors (e.g., <1-V,
>500-A) with high voltage (e.g., 48-V) from the computer
racks to leverage the existing telecom power ecosystems [9],
[10]. Multiphase interleaved buck converter is one of the most
widely adopted 12-V VRM solutions [2]. However, with the
input voltage increasing to 48-V, it can no longer offer satisfac-
tory efficiency, power density, or control bandwidth. Various
topologies for high voltage conversion ratio high current VRM
applications have been proposed, including hybrid-switched-
capacitor-based designs [11]-[20], transformer-based designs
[21]-[23], multicell multi-stage designs [24]-[26]. Delivering
massive current to a constrained space, the power converters
need to be co-designed with the packaging with thorough
power integrity and signal integrity considerations.

Figure 3 listed the important milestones for the 48-V VRM.
The recent demand of 48-V VRM architecture was triggered
from 2012 by the adoption of the classic 48-V voltage bus
from telecom standards. In 2016, Google’s 48-V architecture
was announced, followed by the disclosure of the switch-tank-
converter [12] as a representation of the early exploration of
the hybrid switched capacitor approach. Later, STMicro [27],
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Fig. 1. Ultra-thin VRM embedded in microprocessors packaging for extreme
efficiency, density, and control bandwidth.
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Fig. 2. 50 years of microprocessor trend data [3]. Microprocessors consume
more power in a large die area with billions of transistors. The number of
cores increases together with the thermal determined power (TDP) per core.

Analog Devices [28], Texas Instruments [29], MPS [30], Infi-
neon [31] also released 48-V VRM solutions, followed by the
launching of the Power Stamp Alliance [32]. In 2018, Nvidia’s
48-V GPU (DGX-2), with Vicor’s two-stage solution moti-
vated extreme performance and miniaturized size. Intermediate
bus solutions other than 12-V are emerging [16], [25], [30].
In most of these designs, magnetic components are limiting
the system size, efficiency, and control bandwidth. Coupled
inductors [33]-[37], together with the Trans-inductor Voltage
Regulator (TLVR) concept [38], were gradually adopted to
achieve fast transient while improving efficiency and power
density. Since 2021, with the annoucement of Intel PowerVia
[39] and Tesla Dojo [40], 2.5D/3D packaging and vertical
power delivery are becoming the next focuses. The current
area density of 48-V VRMs is about 1-A/mm?, while peak
current area density is about 5-A/mm? [4], [5], [24], [41].
This paper reviews the recent development in architecture
and magnetics for 48-V voltage regulation modules, with a
focus on highlighting the strengths and limitations of various
options and providing comprehensive design guidelines.
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Fig. 3. Important industry milestones for the 48-V VRM development. The announcement of the Google’s data center 48-V architecture and Nvidia’s high
power 48-V GPU are two key industry milestones to drive the development of the 48-V VRM ecosystem.

II. ARCHITECTURE CONSIDERATIONS FOR 48-V VRM

Many factors need to be considered when designing 48-V
VRMs, including area, efficiency, height, control bandwidth,
thermal, signal integrity, and power integrity. Different ar-
chitectures offer different options when making performance
tradeoffs. There are four major design choices when selecting
the power conversion architectures for 48-V VRMs:

« Number of stages: single-stage or multi-stage? For
multistage designs, the classic two-stage intermediate bus
architecture (IBA) uses 12-V as the intermediate voltage
bus. 24-V, 8-V, 6-V, and 4-V are all emerging options.

o Energy transfer mechanism: capacitor-based,
inductor-based, or transformer-based? Switched-
capacitor-based topologies have the potential to achieve
high power density; switched-inductor-based topologies
have mature control models and offer superior transient
performance; transformer-based topologies have the
lowest stress on semiconductor devices.

« Operation waveform: PWM or resonant? Some topolo-
gies operate in pulse-width-modulation (PWM) with en-
ergy processed as pulsed square wave, and other topolo-
gies operate in resonant with energy in sinusoidal or
piece-wise sinusoidal. PWM topologies tend to be more
widely used with more mature control solutions; reso-
nant topologies offer soft-switching opportunities and can
achieve higher energy efficiency.

« Regulation mechanism: current source or voltage
source output? Sometimes the VRM needs to perform
dynamic voltage scaling. Sometimes the VRM needs to
behave as a fast current source to maintain small voltage
ripple. The current control functions can be performed
close to the input, in the middle, or near the output of the
VRM system. One can also parallel a current regulation
converter with a dc voltage transformer.

All these options require holistic design considerations.
Many factors may co-exist and co-impact the system’s per-
formance. Combining many circuit cells and merging their
strengths enables new opportunities to achieve high efficiency,
high power density, and high control bandwidth, with higher
component count and potentially higher cost.

A. Single-Stage Power Architecture

We define a single-stage power conversion architecture
as one with (1) all switches operate at a single frequencys;
and (2) all the non-input/output passive components process
energy in similar ways with similar duty cycles. They are
building blocks for more complicated systems. Figure 4 shows
four example single-stage topologies, including: (a) multiphase
buck family [2]; (b) transformer-based family [21], [42] (e.g.,
LLC, Forward, DFX, DAB); (c) series-capacitor buck family
[18], [44], [45]; and (d) switch-tank family [13], [43], [46]:

1) Multiphase buck and other PWM converters are the

most well-understood and widely used building blocks for
many composite topologies. It offers simple implementa-
tion and can be controlled by mature methods, but suffers
high power conversion stress and narrow duty ratio.
Transformer-based topologies rely on turns ratio and
flux distribution to realize voltage conversion. The par-
asitic components of the circuits can often be ab-
sorbed into circuit operation to reduce the loss. However,
transformer-based topologies usually have more compli-
cated control dynamics than PWM topologies.
Single stage hybrid PWM converters, such as the
series-capacitor buck converter, load the switched-
capacitor cells with an inductor to create a current source
output. The regulation of the inductor current is achieved
by adjusting the duty ratios. One limitation of series-
capacitor buck converters is the segmented duty ratio
regions which add more complexity to system control.

2)

3)
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Fig. 4. Four single-stage topologies for 48-V to 1-V VRM: (a) Multiphase
buck/PWM converter [2]; (b) Transformer-based converter (LLC, Forward,
DFX, DAB) [42]; (c) Series-capacitor buck converter [18]; (d) Switch-tank
converter [43]. The unit cells of these topologies can be used as building
blocks to synthesize more complicated topologies.

4) Single stage hybrid resonant converters, such as the
switch-tank converter. Many inductor-capacitor resonant
tanks are configured in a way such that energy is trans-
ferred between them in a resonant manner with very low
loss. Similar to transformer-based resonant topologies,
switch-tank converters are also usually non-regulated.

B. Multi-Stage Power Architecture

We define a multi-stage architecture as one that (1) has
multiple standalone “single-stage” units. The frequency, duty
ratio, and other mechanisms of different stages are not coupled
and can be freely adjusted; (2) has one or more dc intermediate
voltage buses with large decoupling capacitors and small
voltage ripple. In a multi-stage design, regulation is usually
performed by one stage and other stages only function as dc
transformers (DCXs) for voltage conversion. Figure 5 shows
three example two-stage solutions for 48-V VRM, including:

1) A regulation stage followed by a transformer-based
current multiplier, such as the fractional power archi-
tecture (FPA) developed by Vicor [47]. By moving the
regulation stage to the front, the regulation module can
be placed at any location on the motherboard while the
critical current delivery module can be placed very close.
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Fig. 5. Three two-stage topologies with an intermediate voltage bus: (1) A
1:1 buck-boost regulation stage followed by a 48:1 dc transformer [47] with
inductors at the front; (2) A 12:1 minimum-switch DPX architecture [48]
followed by a two-phase series tapped buck converter with tapped inductors
[49]; (3) A 6:1 switch-tank converter followed by an 8:1 multiphase buck
[43], [50] with inductors in the middle and at the end.

2) A transformer-based DCX followed by a PWM regu-
lation stage, such as the DPX architecture developed by
Differential Power SL [48]. A novel transformer-based
DCX topology with a very low component count was
developed to leverage the recent development of wide-
bandgap (WBG) devices in blocking high voltage with a
low duty ratio and features a new segmented transformer
technology to handle the very high output current.

3) A switch-capacitor DCX followed by a PWM regula-
tion stage, such as the Google 48-V power architecture
[43], [50]. The switched capacitor stage can be imple-
mented in many different ways including charge pumps
or resonant switched capacitor circuits. The regulation
stage can be implemented as three-level buck or flying
capacitor multilevel converters (FCMLs), and can be
integrated on-chip [51] with low voltage rating devices.

C. Stacked and Crosslinked Power Architecture

A third way to interface with the high input voltage (e.g., 48-
V) with low voltage rating devices is to stack multiple power
conversion cells. Figure 6 shows a few examples of stacked
and crosslinked power architecture with different building
blocks. These conversion cells can be stacked series-capacitor
buck converters [19], Dickson converters [52], FCML convert-
ers [53], LLC converters [54], and resonant switched-capacitor
converters [55]. The operation of all switches in a stacked and
crosslinked topology is usually coordinated.
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Fig. 6. Stacked and crosslinked power architecture: (a) crosslinked series-buck converter [18], [19]; (b) crosslinked Dickson converter [52]; (c) crosslinked
FCML and buck converter [53]; (d) crosslinked LLC converter [54]; and (e) crosslinked LLC and resonant switched capacitor converter [55]. These converters
can be designed as a single-stage solution for 48-V-1V conversion, or be included as a part of a multi-stage solution to create an intermediate bus voltage.

D. Cascaded Architecture with Virtual Intermediate Bus

We define a virtual intermediate bus architecture as one that
(1) has multiple merged “single-stage” units whose operations
need to be synchronized; (2) does not have obvious dc
intermediate voltage buses or large decoupling capacitors. The
virtual intermediate bus approach is usually used to merge
a switched-capacitor stage with a switched-inductor stage to
enable soft-charging of the switched capacitors [11], [14], so
that smaller capacitors and lower switching frequencies can be
used, leading to higher efficiency and power density. Figure 7
shows four example virtual intermediate bus solutions for 48-
V to 1-V VRM, including:

1) A merged-multi-stage structure with a 2:1 charge pump

as the dc transformer and a multiphase buck converter as
the regulation stage [56], [57].

2) A virtual-intermediate-bus (VIB) architecture with a 2:1
charge pump as the first stage and a higher order series-
capacitor buck converter as the regulation stage [25].

3) A multistack switched-capacitor (MSC) architecture with
a stackable 2:1 charge-distributor as the first stage and
a higher order series-capacitor converter buck as the
regulation stage [58] .

The drawbacks of the virtual intermediate bus approach
include (1) increased voltage stress on many switches due
to the larger intermediate bus voltage ripple; (2) the circuit
cells that interface with the virtual intermediate bus need to
reject significant dynamic voltage ripple; (3) the soft charging
current loops are usually long with non-negligible parasitic
inductance and %LI2 switching loss [25], which motivates
transformer-based or hybrid resonant topologies with zero-
current-switching (ZCS) opportunities [16], [21], [59], [60].

E. Sigma / Series-Input Parallel-Output Architecture

A series-input parallel-output architecture allows different
transistors and passive components to be used for different
purposes, maximizing the design flexibility with optimized
efficiency, power density, and control bandwidth.
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Fig. 7. Three two-stage topologies with virtual intermediate voltage buses:
(1) A charge pump stage followed by a multiphase buck converter [56], [57];
(2) A pair of 2:1 charge pump stage followed by two 24:1 series-capacitor
buck converters [25]; (3) Stacked charge-distributor / Dickson followed by
series-capacitor buck converters [58], [61].
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Fig. 8. LEGO-PoL composite power architecture with switch-tank front-end
and multiphase-buck regulation stage [41].
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Fig. 9. LEGO-PoL composite power architecture with switch-tank front-end
and multiphase-buck regulation stage [24].

The Sigma converter [41] is a quasi-parallel converter that
connects two converters in series on the input side, and in
parallel on the output side. One of the converters is an unreg-
ulated isolated dc transformer that carries the bulk power, and
the other is a nonisolated converter responsible for regulating
the output voltage with fast di/dt capability.

The LEGO-PoL converter [24] is a series-input parallel-
output converter that uses series stacked switched capacitor
cells for dividing the input voltage and parallel multiphase
buck converters for sharing the output current. LEGO-PoL ar-
chitecture features (1) complete soft charging of the switched-
capacitor stage for high efficiency and high power density;
(2) complete di/dt capability across the full current range;
(3) automatic voltage balancing and current sharing among
switching modules; and (4) scalable voltage and current rating
for higher output power.

F. Architecture Selection and Performance Tradeoffs

A 48-V VRM design may need to be optimized for ef-
ficiency, power density, and control bandwidth. A design
option that improves one design target may improve or reduce
other aspects. Different applications place different priorities
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Fig. 10. Design guidelines for 48-V to 1-V VRM (efficiency, density,
bandwidth) and six major design options (switched-cap, transformer, single-
stage, multi-stage, resonant, PWM) with performance tradeoffs. Adding more
capacitive energy transfer and reducing the number of stages tend to increase
power density; Adopting more magnetic energy transfer and more resonant
mechanism tend to increase efficiency; Increasing the number of stages and
operate more stages in PWM tend to improve the control bandwidth.
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in different targets. Multiple design options may co-exist in
multiple stages of the power converter. Figure 10 summarizes
the general design considerations for 48-V VRM.

1) The number of power conversion stages has a strong
impact on the performance tradeoff between power den-
sity and transient speed. Leveraging the lower component
count, single-stage designs can usually achieve higher
density than multi-stage designs. However, multi-stage
designs allow a part of the system to operate at fre-
quencies that are much higher than others, increasing the
control bandwidth. Merged-multi-stage designs offer new
opportunities for balancing power density and transient
performance with increased complexity.

2) The energy transfer mechanism of each stage de-
termines the efficiency and power density tradeoff. In
general, transformer-based designs have the potential
to achieve high efficiency and switched capacitor-based
designs have the potential to achieve high power density.
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Fig. 11. Example implementation of the matrix coupled transformers and
inductors, including: (a) matrix multileg transformer [22], [41]; (b) “Snake
Core” transformer [68]; and (c) matrix coupled SEPIC inductors [58].

Switched-capacitor circuits can be designed as less dense
and more efficient if large capacitors are used (with
lower charge sharing loss), or if magnetic components are
included for soft switching or soft charging. Transformer-
based designs require good magnetic coupling to achieve
high performance. The availability of high permeabil-
ity, low-loss magnetic materials may limit the highest
frequency that a transformer-based design can achieve.
The energy storage density of magnetic components is
usually lower than capacitors [62]. However, magnetic
components are usually deep-cycled in typical power
converter design. The performance metrics of magnetic
components increase as their physical size increases,
making small and efficient power inductors rare [63].

3) How the converter is operated — resonant or PWM
— impacts the tradeoff between efficiency and transient
performance. Resonant circuit topologies usually can
achieve higher efficiency due to the zero-voltage and
zero-current switching opportunities, at the cost of higher
control complexity for fast and precise regulation. The
electromagnetic interference (EMI) performance of res-
onant topologies is usually better. Control strategies for
classic PWM topologies have been well explored, while
control strategies for many resonant, hybrid, and coupled
inductor topologies are still limited [64]-[67].

III. HIGH VOLTAGE CONVERSION RATIO TRANSFORMERS

Transformer-based circuit topologies, such as LLC con-
verter, dual-active-bridge (DAB) converter, and phase-shift full
bridge (PSFB) converters, have been widely used in high
voltage conversion ratio dc-dc applications. Transformer-based
designs leverage the low component count of inverter and
rectifier circuits, and can offer low device stress [69], [70].
The following techniques can be applied to achieve a high
voltage conversion ratio through a transformer-based design:

1) Primary-series secondary-parallel: A well coupled
primary-secondary winding pair shares the same dv/dt
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Fig. 12. Example implementation of the multiphase coupled inductors: (a)
vertical coupled inductor [24]; (b) planar coupled inductor [37]; and (c)
integrated coupled inductor [75].

per turn for all windings. One can split a high turns
ratio transformer into multiple lower turns ratio trans-
formers with the primary side connected in series and
the secondary side connected in parallel, and explore
opportunities to merge the magnetic core and share the
flux path [68], [71], [72].

2) Segmented flux: Most VRM secondary windings are
single turn. Distributing the central flux into multiple
parallel paths can extend the voltage conversion ratio.
Splitting the magnetic flux reduces the d®/d¢ and reduces
the volt-per-tern, allowing lower voltage to be achieved
on the rectifiers. The split flux concept is well illustrated
by the matrix [22] and VIRT [73] structures.

3) Winding placement: Minimizing the leakage inductance
is critical to improving the performance of 48-V VRM
when the output current is very high. Compact packaging
of windings can reduce the leakage inductance [48].

4) Merged multi-transformer configuration: Merging
many magnetic components into one often creates oppor-
tunities for improved magnetic performance [63]. Similar
to buck or other PWM converters, transformer-based
topologies can also benefit from multiphase interleaving
at the cost of increased component count [74].

IV. MULTIPHASE COUPLED INDUCTORS

Low current ripple and fast transient cannot be achieved
simultaneously with discrete inductors. Discrete inductors
suffer very high static %LI2 energy storage when the output
current is very high with a small current ripple. This static
energy storage necessitates higher core volume and reduces
the system’s transient speed. Multiphase coupled inductors,
capable of reducing the dc flux in the magnetic core and
greatly improving the transient performance, is a natural fit
for high-performance miniaturized VRMs [37], [89], [90].
Multiphase coupled inductors are compatible with a wide
range of multiphase buck and PWM operated hybrid-switched-
capacitor circuits [24], [55], [58], [74], and can be imple-



TABLE I
PERFORMANCE COMPARISON OF A FEW RECENT 48 V TO 1 V POINT-OF-LOAD VRM DESIGNS

Year Note Output | Box P_ower Current VArea l?gak Fulvl Load Switching Inclu'ding Gate Inclu'ding .Gate
Current Density? Density Efficiency | Efficiency | Frequency® Drive Loss Drive Size
2017 TI [76] 50 A 129 W/in® | 0.079 A/mm? 90.7% 87.7% 600 kHz Yes Yes
2019 MP-MIH [77] 40 A 83 W/in3 0.044 A/mm? 92.1% 80.4% 300 kHz No No
2020 QSD-Buck [78] 40 A 31 W/in® | 0.024 A/mm? 94.5% 91.1% 125 kHz No Yes
2020 MLB-PoL [79] 65 A 198 W/in® | 0.122 A/mm? 91.5% 86.4% 250 kHz Yes Yes
2020 Bel Power [80] 70 A 167 W/in® | 0.184 A/mm? 91.6% 90.5% 242 kHz Yes Yes
2020 Sigma [41] 80 A 420 W/in® | 0.127 A/mm? 94.0% 92.5% 600 kHz No Yes
2020 TSAB [81] 90 A 36 W/in3 0.023 A/mm? 91.5% 85.0% 500 kHz No Yes
2020 Hybrid FCBT [50] 200 A 153 W/in® | 0.036 A/mm? 91.4% 88.6% 205 kHz No Yes
2020 Vicor [82], [83] 214 A 400 W/in® | 0.202 A/mm? 90.1% N/A 1025 kHz Yes Yes
2021 On-Chip [84] 8 A 198 W/in® | 0.031 A/mm? 90.2% 76% 2500 kHz Yes Yes
2021 ADI [85] 50 A 89 W/in3 0.064 A/mm? 90.8% 88.1% 350 kHz Yes Yes
2021 24 V VIB [86] 450 A 325 W/in® | 0.219 A/mm? 95.2% 89.1% 417 kHz No No
2022 | Symmetric DIH [87] | 105 A | 598 W/in® | 0.131 A/mm? 83.5% 71.5% 750 kHz No Yes
2022 | Dickson Squared [88] 270 A 360 W/in3 0.142 A/mm? 93.8% 88.4% 280 kHz No Yes

1 The power density is calculated with the box volume (maximum length X width X height) of the prototype, including the gate drive and auxiliary circuitry.

1 The switching frequency of the voltage regulation stage.

mented in many different ways (Fig. 12). The multiphase
coupled inductors may resonate with the switched capacitors
in hybrid-switched-capacitor coupled inductor circuits [67]. A
coupled inductor is sensitive to phase current imbalance. As a
result, topologies with automatic current sharing capabilities
are sometimes preferable [25]. The following step-by-step
method can be used to design multiphase coupled inductors:

1) Step #1: Determine the number of phases based on
the circuit topology, the load current, the ripple reduction
target, and the device current rating.

2) Step #2: Determine the maximum required phase
leakage inductance based on the number of phases, the
targeted di/dt. A higher number of phases and a smaller
leakage inductance lead to faster di/dt.

3) Step #3: Determine the required coupling coefficient
based on the acceptable phase current ripple. A higher
coupling coefficient and a larger number of phases lead
to lower phase current ripple.

4) Step #4: Design a magnetic structure with appropriate
shared and independent reluctance paths to achieve the
target phase leakage inductance and coupling coefficient,
while minimizing the core loss.

5) Step #5: Optimize the winding configuration to mini-
mize the dc resistance and ac resistance.

6) Step #6: Verify the flux density and saturation limits
by simulating the core with phase current mismatch.

7) Step #7: Fine tune the core structure. Increasing the
leakage inductance can make the core more robust against
saturation and reduce the di/dt. Increasing the coupling
coefficient reduces the current ripple but may lead to
larger core volume and higher core loss.

V. VERTICAL POWER DELIVERY

The power density of a VRM needs to be higher than
the power density of processors for vertical power delivery.
Higher power density further stresses the importance of high
energy efficiency and thermal management. The current area
density of microprocessors is approaching 5-A/mm?, while the
current area density of 48-V VRM is still far behind (close
to 1-A/mm?). The limiting factors for achieving higher area
current density range from devices and circuits, to packaging
[1]. On the device level, the performance of low voltage
silicon MOSFETs [7] still cannot meet the demand of fu-
ture computing. GaN-based technologies are emerging [91].
The miniaturization of discrete, in-package, and integrated
magnetics is still limited by material characteristics [36]. On
the circuit level, series-input parallel-output composite/sigma
architectures [24], [41] and multilevel multiphase flying ca-
pacitor architectures are rapidly improving [67]. However, they
still require thorough investigation on startup, protection, regu-
lation, voltage and current balancing, and fast transient control.
Advanced control algorithms are needed to fully exploit the
strengths of the emerging circuit topologies. Power/signal in-
tegrity and EMI issues are still unexplored for most solutions.

VI. CONCLUSIONS

This paper presents a comprehensive review and discussion
on the recent development of architecture and magnetics for
48-V VRM. We grouped the typical architectures into a few
categories according to their main operation mechanisms and
compared their strengths and weaknesses. Design guidelines
for achieving high performance with proper architecture se-
lection and magnetics integration are streamlined.



[1]

[2]

[3]
[4]
[5]

[6]

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

[23]

REFERENCES

K. Radhakrishnan, M. Swaminathan, and B. K. Bhattacharyya, “Power
delivery for high-performance microprocessors—challenges, solutions,
and future trends,” IEEE Transactions on Components, Packaging and
Manufacturing Technology, vol. 11, no. 4, pp. 655-671, 2021.

X. Zhou, P-L. Wong, P. Xu, F. Lee, and A. Huang, “Investigation of can-
didate vrm topologies for future microprocessors,” IEEE Transactions
on Power Electronics, vol. 15, no. 6, pp. 1172-1182, 2000.

K. Rupp, “50 years of microprocessor trend data.” [Online]. Available:
https://github.com/karlrupp/microprocessor-trend-data

“GPU Die Size & Process Technology.” [Online]. Available: https:
/Ipc.watch.impress.co.jp/img/pcw/docs/752/331/html/6.jpg.html
“Preventing Chips From Burning Up Dur-
ing  Test” [Online].  Available:  https://semiengineering.com/
preventing-chips-from-burning-up-during- test

R. Dennard, F. Gaensslen, H.-N. Yu, V. Rideout, E. Bassous, and
A. LeBlanc, “Design of ion-implanted mosfet’s with very small physical
dimensions,” IEEE Journal of Solid-State Circuits, vol. 9, no. 5, pp.
256-268, 1974.

D. Disney and Z. J. Shen, “Review of silicon power semiconductor
technologies for power supply on chip and power supply in package
applications,” IEEE Transactions on Power Electronics, vol. 28, no. 9,
pp. 4168-4181, 2013.

C. O. Mathidna, N. Wang, S. Kulkarni, and S. Roy, “Review of integrated
magnetics for power supply on chip (pwrsoc),” IEEE Transactions on
Power Electronics, vol. 27, no. 11, pp. 47994816, 2012.

P. Sandri, “Increasing hyperscale data center efficiency: A better way
to manage 54-v48-v-to-point-of-load direct conversion,” IEEE Power
Electronics Magazine, vol. 4, no. 4, pp. 58-64, 2017.

A. Bindra, “Driven by density, efficiency at low cost, power integration
reaches new heights: Psips and pwrsocs are growing faster than the
traditional power supplies,” IEEE Power Electronics Magazine, vol. 9,
no. 1, pp. 14-19, 2022.

D. M. Giuliano, M. E. D’Asaro, J. Zwart, and D. J. Perreault, “Minia-
turized low-voltage power converters with fast dynamic response,” IEEE
Journal of Emerging and Selected Topics in Power Electronics, vol. 2,
no. 3, pp. 395405, 2014.

S. Jiang, S. Saggini, C. Nan, X. Li, C. Chung, and M. Yazdani,
“Switched tank converters,” IEEE Transactions on Power Electronics,
vol. 34, no. 6, pp. 5048-5062, 2019.

Y. Li, M. John, Y. Ramadass, and S. R. Sanders, “Ac-coupled stacked
dual-active-bridge dc—dc converter for integrated lithium-ion battery
power delivery,” IEEE Journal of Solid-State Circuits, vol. 54, no. 3,
pp. 733-744, 2019.

R. C. N. Pilawa-Podgurski and D. J. Perreault, “Merged two-stage power
converter with soft charging switched-capacitor stage in 180 nm cmos,”
IEEE Jour. of Solid-State Circuits, vol. 47, no. 7, pp. 1557-1567, 2012.
Y. Li, X. Lyu, D. Cao, S. Jiang, and C. Nan, “A 98.55% efficiency
switched-tank converter for data center application,” IEEE Transactions
on Industry Applications, vol. 54, no. 6, pp. 6205-6222, 2018.

Z. Ye, R. A. Abramson, T. Ge, and R. C. N. Pilawa-Podgurski, “Multi-
resonant switched-capacitor converter: Achieving high conversion ratio
with reduced component number,” IEEE Open Journal of Power Elec-
tronics, vol. 3, pp. 492-507, 2022.

J. Zhu and D. Maksimovi¢, “A family of transformerless stacked active
bridge converters,” in IEEE Applied Power Electronics Conference and
Exposition (APEC), 2019, pp. 19-24.

K. Nishijima, K. Harada, T. Nakano, T. Nabeshima, and T. Sato,
“Analysis of double step-down two-phase buck converter for vrm,” in
International Telecommunications Conference, 2005, pp. 497-502.

J. M. Jang Yungtaek, “Non-isolated power conversion system having
multiple switching power converters,” U.S. Patent 7,230,405, June 2007.
P. S. Shenoy, O. Lazaro, R. Ramani, M. Amaro, W. Wiktor, J. Khayat,
and B. Lynch, “A 5 mhz, 12 v, 10 a, monolithically integrated two-
phase series capacitor buck converter,” in 2016 IEEE Applied Power
Electronics Conference and Exposition (APEC), 2016, pp. 66-72.

L. Jia, S. Lakshmikanthan, X. Li, and Y.-F. Liu, “New modeling method
and design optimization for a soft-switched dc—dc converter,” IEEE
Transactions on Power Electronics, vol. 33, no. 7, pp. 5754-5772, 2018.
C. Fei, M. H. Ahmed, F. C. Lee, and Q. Li, “Two-stage 48 v-12 v/6
v-1.8 v voltage regulator module with dynamic bus voltage control for
light-load efficiency improvement,” IEEE Trans. on Power Electron.,
vol. 32, no. 7, pp. 5628-5636, 2017.

M. H. Ahmed, C. Fei, F. C. Lee, and Q. Li, “48-v voltage regulator
module with pcb winding matrix transformer for future data centers,”
IEEE Trans. on Industrial Electron., vol. 64, no. 12, 2017.

[24]

[25]

[26]

[32]
[33]

[34]

[35]

[36]

(371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

J. Baek, Y. Elasser, K. Radhakrishnan, H. Gan, J. P. Douglas, H. K.
Krishnamurthy, X. Li, S. Jiang, C. R. Sullivan, and M. Chen, “Vertical
stacked lego-pol cpu voltage regulator,” IEEE Transactions on Power
Electronics, vol. 37, no. 6, pp. 6305-6322, 2022.

Y. Chen, P. Wang, H. Cheng, G. Szczeszynski, S. Allen, D. M. Giuliano,
and M. Chen, “Virtual intermediate bus cpu voltage regulator,” I[EEE
Transactions on Power Electronics, vol. 37, no. 6, pp. 68836898, 2022.
Y. Zhu, Z. Ye, T. Ge, R. Abramson, and R. C. N. Pilawa-Podgurski, “A
multi-phase cascaded series-parallel (casp) hybrid converter for direct
48 v to point-of-load applications,” in 2021 IEEE Energy Conversion
Congress and Exposition (ECCE), 2021, pp. 1973-1980.

“St 48v power conversion turnkey solution for servers.” [Online].
Available: https://www.st.com/content/ccc/resource/

“Max16610: Switched tank converter (stc) controller with integrated
drivers.” [Online]. Available: https://www.maximintegrated.com/en/
products/interface/controllers-expanders/MAX16610.html

“Lmg5200: 48 to 1 v or 40 a single-stage converter reference design.”
[Online]. Available: https://www.ti.com/lit/ug/tiduc72a/tiduc72a.pdf
“48v datacenter solutions dc/dc power conversion for datacenter,
open compute ai applications.” [Online]. Available: https://media.
monolithicpower.com/48v-solution-product-brochure.pdf

“Infineon ZsC topology.” [Online]. Available:
https://www.infineon.com/cms/en/applications/communication/
computing-and-data-storage/48v-power-distribution/zsc-topology/
“Power stamp alliance.” [Online]. Available: https://powerstamp.org

J. Li, A. Stratakos, A. Schultz, and C. Sullivan, “Using coupled inductors
to enhance transient performance of multi-phase buck converters,” in
Nineteenth Annual IEEE Applied Power Electronics Conference and
Exposition, 2004. APEC ’04., vol. 2, 2004, pp. 1289-1293 vol.2.

P-L. Wong, P. Xu, P. Yang, and F. Lee, “Performance improvements
of interleaving vrms with coupling inductors,” IEEE Transactions on
Power Electronics, vol. 16, no. 4, pp. 499-507, 2001.

Q. Li, Y. Dong, F. C. Lee, and D. J. Gilham, “High-density low-profile
coupled inductor design for integrated point-of-load converters,” IEEE
Transactions on Power Electronics, vol. 28, no. 1, pp. 547-554, 2013.
W. Huang and B. Lehman, “Analysis and verification of inductor
coupling effect in interleaved multiphase dc—dc converters,” IEEE Trans-
actions on Power Electronics, vol. 31, no. 7, pp. 5004-5017, 2016.

M. Chen and C. R. Sullivan, “Unified models for coupled inductors
applied to multiphase pwm converters,” IEEE Transactions on Power
Electronics, vol. 36, no. 12, pp. 14 155-14 174, 2021.

M. Xu, Y. Ying, Q. Li, and F. C. Lee, “Novel coupled-inductor multi-
phase vrs,” in APEC 07 - Twenty-Second Annual IEEE Applied Power
Electronics Conference and Exposition, 2007, pp. 113-119.

“Video:  Intel introduces new  ribbonfet and  powervia
technologies.” [Online]. Available: https://www.intel.com/
content/www/us/en/corporate/usa-chipmaking/news-and-resources/
video-intel-intros-ribbonfet- powervia-technologies.html

“Tesla bulks up its gpu-powered ai super — is dojo
next?” [Online]. Available: https://www.hpcwire.com/2022/08/16/
tesla- gooses-its- gpu-powered- ai- super-is-dojo-next/

M. H. Ahmed, C. Fei, F. C. Lee, and Q. Li, “Single-stage high-efficiency
48/1 v sigma converter with integrated magnetics,” IEEE Trans. on
Industrial Electron., vol. 67, no. 1, pp. 192-202, 2020.

C. Fei, F. C. Lee, and Q. Li, “High-efficiency high-power-density llc
converter with an integrated planar matrix transformer for high-output
current applications,” IEEE Transactions on Industrial Electronics,
vol. 64, no. 11, pp. 9072-9082, 2017.

M. Ursino, S. Saggini, S. Jiang, C. Nan, R. Rinaldo, and R. Rizzolatti,
“High-current switched capacitor converter for on-package vr with pdn
impedance modeling,” IEEE Journal of Emerging and Selected Topics
in Power Electronics, vol. 8, no. 2, pp. 1633-1643, 2020.

Y. Lei, R. May, and R. Pilawa-Podgurski, “Split-phase control: Achiev-
ing complete soft-charging operation of a dickson switched-capacitor
converter,” I[EEE Trans. on Power Electron., pp. 770-782, 2016.

R. Das, G.-S. Seo, and H.-P. Le, “Analysis of dual-inductor hybrid
converters for extreme conversion ratios,” IEEE Journal of Emerg. and
Selected Topics in Power Electron., vol. 9, no. 5, pp. 5249-5260, 2021.
J. Zhu and D. Maksimovi¢, “Transformerless stacked active bridge
converters: Analysis, properties, and synthesis,” IEEE Transactions on
Power Electronics, vol. 36, no. 7, pp. 7914-7926, 2021.

“Vicor Power-on-Package: Redefining 48V to PoL regula-
tion for high-power processors and AI ASICs” [Online].
Available: https://www.vicorpower.com/industries-and-innovations/

power-on-package#seeitinaction



[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

J. A. Cobos, A. Castro, Garcia-Lorenz, J. Cruz, and Cobos, “Direct
power converter -dpx- for high gain and high current applications,”
in 2022 IEEE Applied Power Electronics Conference and Exposition
(APEC), 2022, pp. 1016-1022.

M. Chen, P. S. Shenoy, and J. Morroni, “A series-capacitor tapped
buck (sc-tab) converter for regulated high voltage conversion ratio dc-dc
applications,” in 2014 IEEE Energy Conversion Congress and Exposition
(ECCE), 2014, pp. 3650-3657.

M. Ursino, S. Saggini, S. Jiang, and C. Nan, “High density 48v-to-pol
vrm with hybrid pre-regulator and fixed-ratio buck,” in Applied Power
Electronics Conference and Exposition, 2020, pp. 498-505.

W. J. Lambert, M. J. Hill, K. Radhakrishnan, L. Wojewoda, and A. E.
Augustine, “Package inductors for intel fully integrated voltage regula-
tors,” IEEE Transactions on Components, Packaging and Manufacturing
Technology, vol. 6, no. 1, pp. 3-11, 2016.

N. M. Ellis and R. C. Pilawa-Podgurski, “A symmetric dual-inductor
hybrid dickson converter for direct 48v-to-pol conversion,” in Applied
Power Electronics Conference and Exposition, 2022, pp. 1267-1271.
M. Halamicek, T. McRae, and A. Prodié¢, “Cross-coupled series-
capacitor quadruple step-down buck converter,” in 2020 IEEE Applied
Power Electronics Conference and Exposition (APEC), 2020, pp. 1-6.
M. Ursino, R. Rizzolatti, G. Deboy, S. Saggini, and K. Zufferli,
“High density hybrid switched capacitor sigma converter for data center
applications,” in Applied Power Electronics Conf. and Expo., 2022.

A. Dago, M. Leoncini, S. Saggini, S. Levantino, and M. Ghioni, “Hybrid
resonant switched-capacitor converter for 48-3.4 v direct conversion,”
IEEE Trans. on Power Electron., vol. 37, no. 11, 2022.

G. Roberts, N. Vukadinovi¢, and A. Prodi¢, “A multi-level, multi-phase
buck converter with shared flying capacitor for vrm applications,” in
Applied Power Electronics Conference and Exposition, 2018.
“Ltm4664 54vin dual 25a, single 50a pmodule regulator with digital
power system management,” 2021. [Online]. Available: https:/www.
analog.com/media/en/technical-documentation/data- sheets/Itm4664.pdf
P. Wang, D. H. Zhou, Y. Elasser, J. Baek, and M. Chen, “Matrix coupled
all-in-one magnetics for pwm power conversion,” IEEE Transactions on
Power Electronics, vol. 37, no. 12, pp. 15035-15 050, 2022.

K. Kesarwani, R. Sangwan, and J. T. Stauth, “Resonant-switched capac-
itor converters for chip-scale power delivery: Design and implementa-
tion,” IEEE Trans. on Power Electron., vol. 30, no. 12, 2015.

C. Schaef, J. Rentmeister, and J. T. Stauth, “Multimode operation of
resonant and hybrid switched-capacitor topologies,” IEEE Transactions
on Power Electronics, vol. 33, no. 12, pp. 10512-10523, 2018.

Y. Zhu, T. Ge, Z. Ye, and R. C. Pilawa-Podgurski, “A dickson-squared
hybrid switched-capacitor converter for direct 48 v to point-of-load
conversion,” in 2022 IEEE Applied Power Electronics Conference and
Exposition (APEC), 2022, pp. 1272-1278.

M. Chen, K. K. Afridi, and D. J. Perreault, “Stacked switched capacitor
energy buffer architecture,” IEEE Transactions on Power Electronics,
vol. 28, no. 11, pp. 5183-5195, 2013.

C. R. Sullivan, B. A. Reese, A. L. F. Stein, and P. A. Kyaw, “On
size and magnetics: Why small efficient power inductors are rare,” in
2016 International Symposium on 3D Power Electronics Integration and
Manufacturing (3D-PEIM), 2016, pp. 1-23.

J. T. Stauth, “Pathways to mm-scale dc-dc converters: Trends, oppor-
tunities, and limitations,” in 2018 IEEE Custom Integrated Circuits
Conference (CICC), 2018, pp. 1-8.

D. H. Zhou, J. Celikovic, Y. Elasser, D. Maksimovic, and M. Chen,
“Balancing limits of flying capacitor voltages in coupled inductor fcml
converters,” in 2022 IEEE 23rd Workshop on Control and Modeling for
Power Electronics (COMPEL), 2022, pp. 1-8.

B. Oraw and R. Ayyanar, “Stability of multi-winding coupled inductors
in buck converters,” in INTELEC 2008 - 2008 IEEE 30th International
Telecommunications Energy Conference, 2008, pp. 1-6.

D. H. Zhou, J. Celikovic, Y. Elasser, D. Maksimovic, and M. Chen,
“Balancing limits of flying capacitor voltages in coupled inductor fcml
converters,” in 2022 IEEE 23rd Workshop on Control and Modeling for
Power Electronics (COMPEL), 2022, pp. 1-8.

G. C. Knabben, J. Schifer, L. Peluso, J. W. Kolar, M. J. Kasper,
and G. Deboy, “New pcb winding “snake-core” matrix transformer
for ultra-compact wide dc input voltage range hybrid b+dcm resonant
server power supply,” in 2018 IEEE International Power Electronics and
Application Conference and Exposition, 2018, pp. 1-6.

S. R. Sanders, E. Alon, H.-P. Le, M. D. Seeman, M. John, and V. W.
Ng, “The road to fully integrated dc—dc conversion via the switched-
capacitor approach,” IEEE Transactions on Power Electronics, vol. 28,
no. 9, pp. 41464155, 2013.

[70]

[71]

[72]

(73]

[74]

[75]

[76]

(771

[78]

[79]

[80]

[81]

[82]
[83]

[84]

[85]

[86]

(87]

[88]

[89]

[90]

[91]

M. D. Seeman and S. R. Sanders, “Analysis and optimization of
switched-capacitor dc—dc converters,” IEEE Transactions on Power
Electronics, vol. 23, no. 2, pp. 841-851, 2008.

H. Zhao, S. Luan, Z. Shen, A. J. Hanson, Y. Gao, D. N. Dalal,
R. Wang, S. Zhou, and S. Munk-Nielsen, “Rethinking basic assumptions
for modeling parasitic capacitance in inductors,” IEEE Transactions on
Power Electronics, vol. 37, no. 7, pp. 8281-8289, 2022.

M. Chen, M. Araghchini, K. K. Afridi, J. H. Lang, C. R. Sullivan, and
D. J. Perreault, “A systematic approach to modeling impedances and
current distribution in planar magnetics,” IEEE Transactions on Power
Electronics, vol. 31, no. 1, pp. 560-580, 2016.

M. K. Ranjram, I. Moon, and D. J. Perreault, “Variable-inverter-rectifier-
transformer: A hybrid electronic and magnetic structure enabling ad-
justable high step-down conversion ratios,” IEEE Transactions on Power
Electronics, vol. 33, no. 8, pp. 6509-6525, 2018.

X. Lou and Q. Li, “300a single-stage 48v voltage regulator with mul-
tiphase current doubler rectifier and integrated transformer,” in Applied
Power Electronics Conference and Exposition, 2022, pp. 1004-1010.
N. Sturcken, E. J. O’Sullivan, N. Wang, P. Herget, B. C. Webb, L. T.
Romankiw, M. Petracca, R. Davies, R. E. Fontana, G. M. Decad,
I. Kymissis, A. V. Peterchev, L. P. Carloni, W. J. Gallagher, and
K. L. Shepard, “A 2.5d integrated voltage regulator using coupled-
magnetic-core inductors on silicon interposer,” IEEE Journal of Solid-
State Circuits, vol. 48, no. 1, pp. 244-254, 2013.

Texas Instruments, Using the LMG5200POLEVM-10 48V to Point of
Load EVM, LMG5200POLEVM, May 2016, rev. Oct 2017.

R. Das, G.-S. Seo, D. Maksimovic, and H.-P. Le, “An 80-w 94.6%-
efficient multi-phase multi-inductor hybrid converter,” in IEEE Applied
Power Electronics Conference and Exposition (APEC), 2019.

M. Halamicek, T. McRae, and A. Prodié¢, “Cross-coupled series-
capacitor quadruple step-down buck converter,” in 2020 IEEE Applied
Power Electronics Conference and Exposition (APEC), 2020, pp. 1-6.
Z. Ye, R. A. Abramson, Y.-L. Syu, and R. C. N. Pilawa-Podgurski, “MIb-
pol: A high performance hybrid converter for direct 48 v to point-of-load
applications,” in 2020 IEEE 21st Workshop on Control and Modeling
for Power Electronics (COMPEL), 2020, pp. 1-8.

Bel-Power, Main & Satellite Power Stamp 48V-to-PoL Isolated DC-DC
Converters, https://www.belfuse.com/resources/
datasheets/powersolutions/ds-bps-48-v-to-pol-power-stamp.pdf.

J. Zhu and D. Maksimovic, “48 V-to-1 V Transformerless Stacked Active
Bridge Converters with Merged Regulation Stage,” in IEEE Workshop
on Control and Modeling for Power Electronics (COMPEL), 2020.
Vicor, PRM™ Regulator High Efficiency Converter,
PRM48BH480x250A00, Nov. 2020, rev. 1.7.

Vicor, VTM™ Current Multiplier Sine Amplitude Converter™ (SAC™),
VTM48MP010x107AA1, Jul. 2017, rev. 1.5.

H. Cao, X. Yang, C. Xue, L. He, Z. Tan, M. Zhao, Y. Ding, W. Li, and
W. Qu, “A 12-Level Series-Capacitor 48-1V DC-DC Converter With
On-Chip Switch and GaN Hybrid Power Conversion,” IEEE Journal of
Solid-State Circuits, vol. 56, no. 12, pp. 3628-3638, 2021.

Analog Devices, 54VIN Dual 25A, Single 50A uModule Regulator with
Digital Power System Management, LTM4664, Jan. 2021, rev. B.

Y. Chen, P. Wang, H. Cheng, G. Szczeszynski, S. Allen, D. M. Giuliano,
and M. Chen, “Virtual Intermediate Bus CPU Voltage Regulator,” I[EEE
Transactions on Power Electronics, vol. 37, no. 6, pp. 6883—-6898, 2022.
N. M. Ellis and R. C. Pilawa-Podgurski, “A Symmetric Dual-Inductor
Hybrid Dickson Converter for Direct 48V-to-PoL. Conversion,” in 2022
IEEE Applied Power Electronics Conference and Exposition (APEC),
2022, pp. 1267-1271.

Y. Zhu, T. Ge, Z. Ye, and R. C. Pilawa-Podgurski, “A Dickson-Squared
Hybrid Switched-Capacitor Converter for Direct 48 V to Point-of-Load
Conversion,” in 2022 IEEE Applied Power Electronics Conference and
Exposition (APEC), 2022, pp. 1272-1278.

P.-L. Wong, Q. Wu, P. Xu, B. Yang, and F. Lee, “Investigating coupling
inductors in the interleaving qsw vrm,” in APEC 2000. Fifteenth An-
nual IEEE Applied Power Electronics Conference and Exposition (Cat.
No.00CH37058), vol. 2, 2000, pp. 973-978 vol.2.

J. Li, C. Sullivan, and A. Schultz, “Coupled-inductor design optimization
for fast-response low-voltage dc-dc converters,” in APEC. Seventeenth
Annual IEEE Applied Power Electronics Conference and Exposition
(Cat. No.O2CH37335), vol. 2, 2002, pp. 817-823 vol.2.

N. Desai, H. W. Then, J. Yu, H. K. Krishnamurthy, W. J. Lambert,
N. Butzen, S. Weng, C. Schaef, K. Radhakrishnan, K. Ravichandran,
J. W. Tschanz, and V. De, “A 32-a, 5-v-input, 94.2% peak efficiency
high-frequency power converter module featuring package-integrated
low-voltage gan nmos power transistors,” IEEE Journal of Solid-State
Circuits, vol. 57, no. 4, pp. 1090-1099, 2022.



