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Abstract—A 12V-to-1V Charge-Cross-Converging Converter
Ring, Mobius, is proposed for high-density power delivery
in AI computing infrastructure, rendering inherent balancing,
inductor current reduction, and Monolithic Handshake Driving.
Fabricated in a 130-nm BCD process with flip-chip assembly, it
achieves 94.7% peak efficiency, 3% improvement among state-
of-the-art (SOTA) designs, and 510-A/cm3 peak density.

Index Terms—Multi-phase, inherent balancing, cross-phase
charge converging, monolithic handshake driving

I. INTRODUCTION

The ever-growing power demands of next-generation AI
servers are catalyzing the transition toward 800-V HVDC
infrastructures. To mitigate I2R distribution losses within
power racks, a two-stage delivery architecture is typically
employed: initially stepping down the 800-V HVDC to a 12-V
intermediate bus voltage (IBV), followed by further regulation
via point-of-load (PoL) converters (Fig. 1). Among PoL solu-
tions, multi-phase (MP) hybrid Buck converters have gained
prominence for their superior current handling and extended
voltage conversion ratios (VCRs), facilitated by split inductors
and front-capacitive networks [1]–[5]. However, as current
density scales up and inductor footprints shrink to meet height-
limit constraints, the inductor DCR losses escalate sharply
(Fig. 2). Furthermore, the proliferation of passive devices,
such as bootstrap capacitors (CBST ), increasingly offsets the
density advantages offered by low-voltage transistors [6].

This paper introduces a Charge-Cross-Converging (QCC)
hybrid Buck converter, Mobius, that simultaneously achieves
continuous reduction of inductor current (IL) and ring-type
self-balancing. To eliminate redundant CBST components, a
Monolithic Handshake Driving (MHD) technique is proposed.
By strategically reusing intrinsic mid-voltage rails, this tech-
nique ensures deterministic switching sequences for multi-
level power transistors with high efficiency.

II. CHARGE CROSS CONVERGING

Fig. 3 illustrates the operating principle of the proposed
Cross-Phase Charge Converging technique. In State I (S1),
IL is equally partitioned through CF1 and CF2, then steered
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Fig. 1. Power delivery architecture for next-generation AI server.

Fig. 2. Limitations of conventional multi-phase (MP) hybrid Buck converters.

into the mid-rail DC capacitors (VMIDH and VMIDL). During
State II (S2), CF1 and CF2 are charged by VIN and VMIDH ,
respectively; their charge displacements subsequently converge
into CF3 along with IL. Based on the charge balance of the
flying capacitors (Cflys), the ratio between IL and the output
current IOUT is derived as 1

D+2 . This represents a substantial
reduction in inductor DCR loss compared to conventional
output-inductor topologies. The switching-node voltage (VSW )
is established at 3VOUT − 0.5VIN during the charge-steering
state (S1) and 2VOUT during the charge-converging state (S2).
By applying the volt-second balance principle, the voltage con-
version gain is determined as D

2(D+2) . At a nominal duty cycle
of D = 0.5, the proposed QCC converter effectively performs
a 10:1 step-down from a 12-V VIN to a 1.2-V VOUT . When
extending to 4-phase operation, the Cfly charge displacement
exhibits inter-phase cyclic symmetry (Fig. 4), where the charge
steered from phases in S1 is uniformly transferred to those
in S2. Consequently, inter-phase IL balancing is intrinsically
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Fig. 3. Switching states, inductor current reduction, and voltage gain extension
of the proposed Cross-Phase Charge Converging technique.

maintained by the cross-phase Cfly charge equilibrium, ne-
cessitating only minimal shared DC capacitance to suppress
VMIDH/L ripples. This cyclic symmetry remains robust for
general cases regardless of D. For a 3-phase configuration
(Fig. 5), the charge balance equations interconnecting the
phase currents (ILA,B,C) can be elegantly expressed in the
following matrix form, whether D = 1/3 or not:
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The system matrix M1, dictated by the QCC mechanism,
possesses a zero row-sum property and a rank of 2. Therefore,
the all-ones vector 1 constitutes the null space of M1, proving
that a uniform current distribution (ILA = ILB = ILC) is the
unique steady-state solution. As shown in Fig. 6, a parallel
derivation for the 4-phase case confirms this inherent balancing
even with D ̸= 0.5.

III. MONOLITHIC HANDSHAKE DRIVING

Fig. 7 (left) illustrates the comprehensive architecture of
the proposed 4-phase QCC converter. The high-side switches
(SH1−6) are implemented with 5-V CMOS transistors, while
the low-side switches (SL1−3) utilize 1.5-V devices. Except
for the SH1 PMOS, all power switches are NMOS-based.
Among the high-side drivers, even-numbered stages are pow-
ered by adjacent DC rails, whereas odd-numbered stages are
referenced to the terminal voltages of the flying capacitors
(Cfly). Specially tailored dual-branch gate drivers are em-
ployed for SH5,6, leveraging the potential differences between
VC1T /GND and VSW /fixed-5V. This configuration ensures
robust gate overdrive despite significant voltage swings on
VC1T and VSW (ranging from −3VOUT +0.5VIN to 2VOUT )
[7]. To maintain strict non-overlapping operation, the raw

Fig. 4. 4-phase operating sequence and Cfly charge displacement of the
proposed QCC converter with D = 0.5.

Fig. 5. 3-phase operating sequence and Cfly charge displacement of the
proposed QCC converter with D = 1/3 (left) and D ̸= 1/3 (right).

Fig. 6. 4-phase operating sequence and Cfly charge displacement of the
proposed QCC converter with D ̸= 0.5.
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Fig. 7. Overall architecture of the proposed QCC converter (left), and the deterministic switching sequence of the proposed MHD technique (right).

duty cycle of each phase is logically combined with sampled
gate signals (GH(L)i). This deterministic switching sequence
maximizes zero-voltage switching (ZVS) while safeguarding
level shifters against false triggering and voltage overstress.
The key dead-time sub-intervals are detailed on the right,
with active driver rails highlighted in blue. Specifically, when
transitioning from State I to All-Off, SH6 is deactivated first
to clamp VC3B at VOUT , facilitating ZVS for SL3. Without
this sequence, the inductor would charge VC3B through SH6

(or its body diode), potentially causing the false turn-on of
SL3 if VC3B exceeds VOUT . Similarly, during the transition
from All-Off to Low-Side-Off, SH2,4 are engaged to pull down
VSW prior to SL1 activation, preventing SH6 from false turn-
on induced by a positive VSW excursion.

IV. MEASUREMENT RESULTS

The chip micrograph of the proposed QCC converter is
depicted in Fig. 8, where the inter-phase power traces are sym-
metrically routed to the Integrated Passive Devices (IPDs). To
comply with the 1-mm interposer height constraint, all flying
and decoupling capacitors are implemented using sub-0402
footprints. As illustrated in Fig. 9, the measured switching-
node waveforms and simulated MHD control signals exhibit
excellent agreement with the theoretical analysis. The pro-
posed QCC converter maintains a peak efficiency of approx-

Fig. 8. Chip and package photos of the proposed 4-phase QCC converter.

imately 95% across varying numbers of active phases (Fig.
10). It achieves a maximum IOUT of 8.52 A, the highest
among reported SOTA designs, while sustaining an efficiency
of 81.8% at full load. Table I provides a comprehensive
comparison with recent 12-V-to-1-V MP hybrid converters.
Notably, the QCC converter delivers a 3% improvement in
peak efficiency (Fig. 11) alongside highly competitive current
density, marking a significant advancement in high-density
power delivery.
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Fig. 9. (a) Simulated MHD signals, (b) Measured switching-node voltages, and (c) Measured 3-phase operation.

TABLE I
COMPARISON WITH SOTA 12-V-TO-1-V MP HYBRID CONVERTERS.

Fig. 10. Measured efficiencies with different numbers of active phases.

Fig. 11. Efficiency/density trade-offs of SOTA designs.
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