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Abstract—To compress the EMI and sub-harmonic Vsw-
spurious noise without impacting the flying capacitor voltage
(Vcr) balancing in three-level buck (3LB), a one-cycle true-
phase equalizer (OTE) and a Vin-tracking capacitive-charge
compensator (VC?) are designed and integrated with random
spread-spectrum modulator (RSSM), constructing integrative
RSSM and Vcr-self-balancing (IRV) control. Prototyped in a
0.18um BCD process, the design achieves 70us Vcr rebalancing
with a maximum Vin slew rate of 60V/ms, and reduces phase
mismatch from 10ns to sub-ns scale. Beneficially, it compresses
EMI by 35dB and sub-harmonic Vsw-spurious noise by 23dB.

Keywords—three-level buck, EMI, Vcr self-balancing, sub-
harmonic Vsw-spurious noise, GaN-based power converter.

I. INTRODUCTION

Hybrid converters achieve both high efficiency and high
power density, assisted by flying capacitors (Cr) to reduce
the voltage swings across inductors [1]. They are showing
great promise for automotive-uses with 12/24V batteries as
the inputs (Viv). However, with distinct operations, these
converters still face formidable noise issues, related to
electromagnetic interference (EMI) at the Vi side [2, 3] and
switching-node (Vsw)-spurious noise close to the load side
[4]. On one hand, the hybrid topologies multiply the effective
switching frequency (fsw) to reduce the inductor size, but
remain relatively low switching rate at Vix (fiv). As a result,
bulky EMI filters are still necessary to reduce low-frequency
conducted EMI, counteracting the benefits of power density
improvement. On the other hand, the hybrid converters are
supposed to split the inductor energizing into multiple phases
for evenly charging and discharging Cr. Whereas, these sub-
phases suffer from non-ideal timing mismatches, resulting in
Vsw-spurious noise at fsw/K, with K as the number of sub-
phases. Such sub-harmonic noise requires larger output LC
filter to remove the impact on the load, partly canceling out
the effect of improving fsw. To mitigate these, this work
proposes active noise compression compatible with hybrid
switching, simultaneously suppressing EMI by 35dB and
attenuating sub-harmonic Vsw-spurious noise by 23dB in a
typical hybrid topology, i.e., three-level buck (3LB).

Fig. 1 illustrates the main challenges to compress noise
actively without interfering with the normal operating in a
3LB [5, 6], which consists of four power switches M; to M4
and a flying capacitor Cr. As depicted in Fig. 1(a), Cr is
charged in tcy through M, and M3, and discharged in tpis by
M, and My Each tcy or tpis is followed by a current
freewheeling phase as M3 and My switching on. In steady
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Fig. 1. (a) Noise issues related to EMI and sub-harmonic Vsw-spurious
noise and (b) main challenges to compress the noise in three-level buck.

state, 3LB needs to balance the Cr voltage (Vcr) at Vin/2.
This can be naturally achieved by fixed-fsw valley-current
mode control [5]. However, to suppress EMI efficiently,
random spread-spectrum modulation (RSSM) is typically
applied, which varies fsw stochastically [7]. Consequently,
as shown in Fig. 1(b), when the switching period (Tsw)
increases from Tswo to Tswi, tcu is extended to charge Vcr
excessively. Even if Tsw drops to Tsw2, Vcr still struggles to
rebalance, increasing voltage stresses on M; to My and
causing system breakdown. On the other hand, 3LB ideally
owns identical tcy and tpis. In reality, tcy and tpis have
considerable discrepancy due to diverse driving paths of M,
and M. For even worse, to actively balance Vcr, tcy and tprs
are artificially mismatched to compensate Vcr deviations
(AVpr+AVopg) due to charge redistributions of Cg’s parasitic
capacitors (Cpr and Cpg) [8]. This results in sub-harmonic
Vsw-spurious noise at fsw/2, detrimental to noise-sensitive
loads. These analyses can be extended to the other hybrid
topologies, imposing a paradox between noise compression
and hybrid switching performance.

II. SYSTEM ARCHITECTURE

To tackle the challenges, this work develops three key
techniques to implement an integrative RSSM and Vcg-self-
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Fig. 2. Proposed GaN three-level buck (3LB) with integrative RSSM and Vg-self-balancing (IRV) control: (a) system architecture, (b) operating waveforms
with 2-period random pattern and (c) basic principle of Vix-tracking capacitive-charge compensator (VC?).

balancing (IRV) control, which is integrated into a GaN 3LB
for demonstration (Fig. 2(a)). Firstly, employing a digital
random source and a digital-to-analog converter (DAC), a
random clock and a proportional ramp signal (Vrmp) are
generated to command the PWM control logic. The resultant
interleaved signals, Vpwmi and Vpwwme, determine tey and tprs,
respectively. As illustrated in Fig. 2(b), Tsw randomly
changes every 2 periods for RSSM to suppress EMI. Such a
2-period random pattern ensures that every tcy is paired with
a tpis seeing the same Tsw, facilitating the charge balance of
Cr. Secondly, a one-cycle true-phase equalizer (OTE) is
devised to align tcy and tpis in terms of Vsw. Compared to
the traditional duty mirroring [9], OTE covers the complete
propagation delay from PWM logic in low-voltage (LV)
domain to Vsw in high-voltage (HV) domain. Beneficially, it
accurately matches tcy to tpis, significantly attenuating the
sub-harmonic Vsw-spurious noise and mitigating Vcr
imbalance due to fsw dithering. Thirdly, a V-tracking
capacitive-charge compensator (VC®) is constructed to
enable both static and dynamic V¢r balancing. As depicted in
Fig. 2(c), when 3LB transits from freewheeling phase (M3
and My on) to discharge phase (M, and M4 on), the cap-bank
Ccg between Vsw and the bottom plate of Cr (Vsor) works as
a charge reservoir to absorb a portion of charges accumulated
at the top plate of C¢ (Vrop), inducing a voltage droop
(AVcg) on V¢r to compensate (AVprtAVpg). It is worth
noting that AVcg is proportional to Vcr but with an opposite
sign, forming a negative feedback effect to help stabilize
Vcr. Further, Ccp is dynamically programmed based on real-
time Vv detection, mitigating Vi impact on V¢r balancing
and forging a Vin-tracking balancing mechanism.

III. CIRCUIT IMPLEMENTATION

The OTE scheme and circuit are detailed in Fig. 3. As
demonstrated in Fig. 3(a), in the conventional dead time
control without OTE, Vpwwm: propagates via Path 1 to turn off
M, and subsequently turn on M, via Path 2 and 3, charging
up Vsw to initialize tcy. This leads to an initial delay for tcy
as Atcu pry’ =Ati+At+At;. Likewise, related to M, and M3,
the initial delay for tpis with respect to Vpwwmo is analyzed as
Atpis pLy=AtstAts. With two more level shifters (Level
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Fig. 3. (a) Circuit design and (b) operating waveforms of the proposed
one-cycle true phase equalizer (OTE).

Shifter 1 and 2) in Path 4 and 5, Atpis pry is excessively
longer than Atcy pry’. This results in the mismatch between
ten and tpis, even if Vpwmi and Vewwme have the same width of
ton_pwm. To solve this, OTE samples At; and Atpis pry. It
then generates a delay Atorg as Atpis pry—Ats to equalize
Atci py and Atpis pry. For this, OTE is designed with a
logic-to-Vsw phase detector, delay sampler and Vore logic.
The operating can be explained with the waveforms in Fig.
3(b), assuming an arbitrary Ccp voltage Vcp. The leading
edge of Vpwwm triggers Vup to high, charging Ccp with Iup.
As Vcp crosses the reference Vrst, Vore is set to high by a
comparator CMP1 and a DFF. The high-level Vore
propagates to turn on M; after Ats, pulling up Vsw to start
tcu[n-1]. This event is captured by an HV NMOS and an
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Fig. 4. (a) Circuit implementation and (b) measured curve of Ccp versus
Vix of the Vix-tracking capacitive-charge compensator (VC?).

inverter to terminate Ccp’s charging. Note that the Vcp
ramping amplitude above Vgsr is proportional to At;. As the
pulse of Vpwwmi expires, Vorg is reset. On the other hand,
triggered by Vewwmz, Ccp is discharged by Ipn (=Iup) during
AtDISfDLY till Vsw rises up. Thus, AtmsﬁDLY is sampled as Vcp.
Later, when Ccp is charged again triggered by the next
Vpwmi, Vore remains low until Vep hits Vgst, generating
Atore=Atpis pLy—Ats. In such a way, Atcy pry is calibrated as
AtoTetAts (:AtDlstLY), matching tcu[n] to tpis. From above,
OTE senses At in HV domain without adding any level
shifter. Beneficially, it eliminates any additional delay and
ensures the OTE accuracy. In addition, CMP1’s delay Atcwpi
is converted to the same Vcp offset as sampling At; and
Atprs pry, nullifying the impact on OTE accuracy.

Fig. 4(a) illustrates the circuit implementation of VC3
module to compensate (AVpr+AVpg) using Ccg between Vsw
and Vgor. Ccp is programmed in adaptive to Vi, enabling a
Vin-tracking Ver balancing. For this, Ccp is built with a
binary cap-array, 2°C, to 2V'Co, controlled by switches S to
Sx-1. The high-voltage Vi is sensed via a resistive divider
and quantized by an analog-to-digital converter (ADC). The
resultant digits are then encoded according to a Ccp-Vin
mapping relation, actively selecting Ccg. As shown in Fig.
4(b), the measured Ccp versus VN curve illustrates a
monotonically variation trend, striking a feedforward
mechanism to force Vcr towards the new balance state as Viy
changes. For example, as Vi increases, Ccp reduces
adaptively, lowering |[AVcg| in Fig. 2(c) to help V¢r achieve a
higher rebalancing level.

IV. EXPERIMENTAL RESULTS

A prototype chip was fabricated in a 0.18um BCD
process. Fig. 5 shows the die photo with a core area of 4mm?,
with the on-chip Ccg occupying 0.24mm?. The 3LB power
stage is constructed with 4 GaN FETs and a 200nF Cry,
delivering a maximum Ip of 2A. To validate the effectiveness
of OTE, the inductor current Ir, flying capacitor voltage Vcr
and switching node Vsw are measured with and without
OTE, as shown in Fig. 6. The results clearly demonstrate that
OTE enables a Vcr self-balancing with a settling time of
70us. Moreover, as indicated by the zoomed Vgsw traces,
OTE reduces the discrepancy between tcy and tpis from 10ns
to sub-ns scale, attenuating the sub-harmonic Vsw-spurious
noise by 23dB. As measured in Fig. 7, thanks to VC3, Vcr
achieves a Vin-tracking balancing as Vv increases from 12V
to 24V with a maximum slope of 44V/ms and Vv reduces
from 24V to 12V with a maximum slope of 60V/ms. To
validate the proposed IRV control, the neighboring Vsw
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pulses are captured under various fsw variations from +1% to
+15% of fswo=3.7MHz. As shown in Fig. 8(a), the same
magnitude of the adjacent Vsw pulses, which are equal to
Ver and (Vin—Ver) respectively, suggest a balanced Vcr
under RSSM. As measured in Fig. 8(b), without Vcr
imbalance issue, IRV reduces EMI by 35dB at 1.85MHz in
maximum, successfully solving the conflict between EMI
suppression and hybrid switching. The measured efficiencies
in Fig. 9 show a peak value of 89.3% when converting 12V
to 3.3V. As summarized in Table I, in comparison to the



TABLE I. Performance comparison with state-of-the-arts.

Design This Work ISSCC 2016 [5] 1SSCC 2023 [6] ISSCC 2020 [8] VLSI 2020 [3] JSSC 2023 [2] 1SSCC 2024 [7]
Process 0.18ym BCD 0.5ym 120V CMOS 0.18um BCD 0.18um BCD 0.18um BCD 0.18um BCD 0.18um BCD
Power Power Transistor GaN Si MOSFET Si MOSFET Si MOSFET GaN GaN Si MOSFET
Stage Topology 3-level buck 3-level buck 3-level buck® 3-level buck® 2-level buck 2-level buck 2-level buck®
Input Voltage 12-24V 12-100V 5-24V 12-24V 5-24V 5-24V 48V
Effective Switching Frequency 3.7MHz 2MHz 1.2MHz 1MHz 0.9-2.1MHz 3MHz 1.72-2.28 MHz
Maximum Output Power 10W 5W 21W 3w 1.2W 5W 10W
Flying Capacitor 200nF 1uF 5.8uF 1uF N/A N/A N/A
Peak Efficiency 89.3% @ 12V-t0-3.3V| 90% @ 24V-to-10V |92.1% @ 15V-t0-3.6V| 91.2% @ 12V-to-1V | 90.2% @ 5V-to-1V N/R N/R
Scheme OTE+VC® AOCT Duty feedback Duty feedback
c;',ﬂgﬁm w/N\;Il—;ag:ggg g()evs/nv;/é N/R 11?/%‘/1\/5/(3 N/R Not applied for
Balancing | Balancing Time 7ous NR NR NR 2-level topology
Phase Mismatch <1ns ~9ns® ~22ns°® 9ns
Modulation Range *15% +40% +16% +14%
Noise - Not applied for prior 3-level power converters 5
Emission Peak EMI Suppression 35dB 20dB 17.2dB 20dB
Reduction oA i 23dB No Attificial spur Attificial spur N/A N/A N/A

A For the first stage
B Assisted by energy resonant recycling w/ two-level switching

! Charge \
| phase (tcr) |
W \oan

fsw modulation range: 1%
) 270ns
NV

Vi

phase (tpis)

Discharge |

,
Y

F X

f Charge

fsw modulation range: #15%

phase (tch) |

60ns

! Discharge
: phase (tpjs)

LAA /i
W\

2.5v

fixed fsw
dBpV @ 1.85MHz

e fsw modulation range: £15%

C Estimated from the measured waveforms
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a 4 times faster Viy changing. With the highest fsw, this work
attains a comparable efficiency with similar conditions.

V. CONCLUSION

This paper proposes a comprehensive noise compression

solution compatible with the hybrid switching in three-level
buck. The measurements demonstrate a sufficient EMI
suppression and a decent sub-harmonic Vsw-spurious noise
attenuation. Overall, the design enables low-noise power
conversion, making it ideal for noise-sensitive applications.
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