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Abstract—This multi-mode multi-ratio switched-capacitor DC-
DC converter in 28 nm CMOS technology allows for integration
with an automotive or industrial microcontroller on the same die.
Its versatility with respect to operating modes and wide input
voltage range of 2-6 V make it suitable for a large variety of
system designs with different cost and performance targets. Auto-
tuning of the switching frequency in the resonant mode ensures
zero-current-switching and efficiency-optimized operation over a
range of load currents up to 1A.

Index Terms—DC-DC converter, switched capacitor converter,
resonant, auto-tuning

I. INTRODUCTION

The trend in automotive and industrial environments goes
towards reducing the number of separate control units to
decrease the required space and system complexity. With that,
each control unit has to handle more complex computing tasks
which leads to higher power demand. In addition, automo-
tive and industrial microcontrollers (MCUs) adopt advanced
CMOS technologies with low core voltages, increasing the
supply current for high performance computing cores. To-
gether with the system power supply bus, going up to 48V,
this raises the demand for an efficient and cost effective DC-
DC converter solution which can be achieved by an MCU-
integrated multi-mode power management.

II. SYSTEM APPROACH

Figure 1 shows an MCU in an automotive or industrial
setting. To generate the ~1V core voltage, typically a power
supply system with several ICs is used. An external Power
Management IC (PMIC) first converts the 12—48 V bus voltage
to an intermediate rail via a buck-boost pre-regulator. The
MCU can then be powered either through an additional LDO
(Option 1) or more efficiently by connecting it directly to the
pre-regulator (Option 2), also allowing the use of a simpler
PMIC. This work addresses such setups by presenting a multi-
ratio switched-capacitor DC-DC converter integrated on the
MCU die, able to handle input voltages up to 6 V. For higher
performance, it can also operate in hybrid resonant (reSC) or
FCML mode [1] with an optionally added output inductor.

Figure 2 shows the trade-offs between the three operation
modes of the DC-DC converter. While the multi-ratio SC
DC-DC mode can support the largest load current due to its
lowest possible output resistance in the fast-switching limit
(FSL), it does not achieve high efficiency over the whole
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Fig. I. MCU in automotive or industrial environment with integrated wide
Vin range SC DC-DC system approach.

input voltage range. This is due to the limited number of
SC DC-DC ratios and the regulation via the output resistance
Rout by applying switch-conductance regulation (SWCR) and
dynamic off-time modulation (DOTM). Therefore, this design
implements an FCML hybrid operation mode which allows
for an efficient regulation at any input voltage. The drawback
is the larger bill of materials (BOM) and minimal output
resistance Rout,min due to the extra inductor, reducing the
maximum load current. In resonant operation, an inductor is
required as well, contributing to an increased Ry, and BOM.
However, the main benefit is the reduced switching frequency,
making the resonant mode more efficient at light loads.

Since the presented design is able to operate in all three
modes, the optimal mode can be chosen from a system
design and BOM point-of-view. For lowest cost, lowest output
resistance and fixed voltage conversion ratios (VCRs) near
the implemented SC DC-DC ratios, the multi-ratio SC DC-
DC should be used. If an extra inductor can be afforded,
the two FCML hybrid and resonant operation modes are
available. However, the system’s resonance frequency will vary
significantly in series production and in the field because of
passive component tolerances, aging and parasitics [2], [3].
Off-resonant operation leads to increased R, and inefficient
switching. Therefore, a frequency auto-tuning control is im-
plemented to ensure zero-current switching (ZCS) in high-Q
resonant operation.
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Fig. 2. Multi-mode operation of the DC-DC converter indicating the trade-
offs over the load and input voltage range.

III. IMPLEMENTATION

For integration on the same die as the MCU the multi-
mode multi-ratio hybrid SC DC-DC is implemented in a planar
28 nm CMOS technology. This leads to design challenges in
the power stage architecture with input voltage up to 6V, but
also enables an area-efficient digital control. A system block
diagram is shown in Fig. 3(a). The digital core handles all the
power stage configurations and output regulation based on a
hysteretic control using comparators. It can be programmed
via a serial interface.
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Fig. 3. (a) Multi-mode power stage architecture with (b) required types of
power switches in 28 nm CMOS.
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A. SC DC-DC Architecture

The power stage is implemented with three external flying
capacitors (Cgy) as depicted in Fig. 3(a). The arrangement
of 12 power switches M1-M12 allows for Dickson, Series-
Parallel and Fibonacci SC DC-DC topologies. This way, the
power stage can be configured in 2:1, 3:1, 4:1 and 5:1 ratios.
In the 2:1 ratio all Cyy are used in parallel to reduce the
output resistance. For 3:1 and 4:1 ratios, Dickson or Serial-
Parallel topologies can reduce switch voltage stress or enable
full soft-charging. The maximum attainable ratio 5:1 with
three Cgy and two switching phases is implemented with the
Fibonacci topology. The additional switch Mpd supports the
FCML hybrid mode by pulling the node Vj, to ground.

The 28nm CMOS technology supports only 2.5V/3.3V
Vas devices, requiring careful design for safe operation up
to Vi, = 6 V. All power switches use more compact 2.5V
devices; some are stacked (Fig. 3(b)). M7 and M8 feature
variable substrate connections for bidirectional blocking in
the 5:1 Fibonacci ratio. Switch conductance is adjusted via
eight binary-weighted segments. High-side gate drive voltages
are supplied by bootstrapping (M4, M7, M8, M11, M12) and
charge pumps (M1, M2, M5, M10), similar to [4]. Clock
and configuration signals are transmitted via capacitive level
shifters.

B. Switching Frequency Auto-Tuning in Resonant Operation

The resonant switching frequency can deviate from its
modeled value due to passive component tolerances, aging and
derating as well as parasitic resistances and capacitances in the
power path. Since the switching frequency also significantly
affects the output resistance of the whole converter, it is crucial
to set it automatically to ensure optimal operation. As shown
in Fig. 4(a), a too low fswitch increases Ry, preventing high
output currents. fswiten > fres can reduce Ry, further at the
cost of increased switching losses until the deadtime between
switching phases starts to dominate, causing R, to increase
again.

The proposed auto-tuning concept makes use of the dead-
time between switching phases @1 and o during which the
SC power stage is disconnected from the switching node,
similar to [3], [5]. However, [3] implements a discrete solution
and [5] uses a much more predictable integrated inductor.
During the dead time, Vi, starts to oscillate depending on
the inductance L and the parasitic node capacitance Cly,.
Depending on the residual inductor current at the beginning
of the dead time, Vi, is pulled up or down, i.e. the respective
switching phase has been too long or too short. The Vi
signal is filtered by two on-chip RC low pass filters with
different time constants (see Fig. 4(b)) to create a positive
or negative differential input signal for a clocked comparator,
which samples at the middle of the deadtime interval. Unlike
previous solutions [3], [5] this two-time-constant method does
not require an absolute comparator threshold or sample-and-
hold circuit. This design implements a time-constant ratio of
eight (R_C_ = 8- R (), which leads to a sufficently large
differential signal for the comparator to trigger.
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A digital control loop takes the information from the sens-
ing circuitry to fine-tune individual phase durations of the
relaxation oscillator, shown in Fig. 5, cycle by cycle. The
tuning is implemented by two 6-bit DACs, setting the reference
voltages Vier1 and Vieps for the comparators I; and I, which
determine the threshold for charging the capacitors C; and C,.
In addition, the capacitor C, can be charged with an additional
current to change the duty cycle to 33:66, 25:75 or 40:60
required for resonant ZCS operation of the VCRs 3:1, 4:1 and
5:1 respectively.
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Fig. 5. Relaxation oscillator with coarse duty cycle setting and individually
tunable phase durations.

IV. EXPERIMENTAL RESULTS

The DC-DC converter test chip was fabricated in a 28 nm
CMOS process with an active power stage area approximately
3mm? (Fig. 6(a)). Figure 6(b) shows the experimental assem-
bly with three 0201 flying capacitors and an optional inductor
with 0806 footprint.

(W)

Fig. 6. (a) Die photo and (b) Assembly with 3x 0201 SMD capacitors and
optional 0806 inductor.

Fig.7 shows that the FCML mode outperforms the SC mode
over the 2-6V input range, as SC mode efficiency drops for
non-ideal VCRs due to regulation via R,,;. The FCML mode
adds a 1pH / 60mS2 inductor and a pull-down phase (using
Mpd, Fig.3) while using the same three 2.2 uF flying capacitors
and 600kHz fgswitch. This results in a flatter efficiency curve.

Efficiency

Fig. 7. CEfficiency over Vi, for SC mode (x) and FCML mode (O),
Vout = 0.9V, I15aq = 100mA.

The reSC mode is operated at approximately 1/3 the
SC mode frequency and has an efficiency advantage for
Jioaa < 100mA as depicted in Fig. 8. In this load region,
switching losses dominate over the R, losses.

However, to achieve the lowest possible R, in high-Q
reSC mode, fsywitch must be set correctly. This is performed
by the reSC auto-tuning control loop verified in Fig. 9 for
the ratio 2:1. Initially, the switching phase ¢; is set too long,
allowing the inductor current to oscillate to negative values and
resulting in excessive losses. After the auto-tuning control loop
is enabled at ¢ = 0, the converter gradually achieves ZCS as
the switching frequency is increased by the oscillator (Fig. 5).
This reduces not only the R,.; but also the inductor RMS
current. The impact of the auto-tuning is also confirmed by the
efficiency measurements in Fig. 10. At fiwiten = 0.4 - fres the
converter is able to reach only very small output currents due
to Rous limitations. Switching at 3- fi.os significantly decreases
light-load efficiency and also limits the Ij,.q. If the residual
inductor current is large at the switching event, the switching
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node voltage Vg, is pulled below 0V during the dead time as
shown in Fig. 11. This leads to forward-biased body diodes of
the power switches and, therefore, to additional losses in the
power stage.
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Fig. 9. Auto-tuning transient behavior, SC ratio 2:1, I1joaq = 100mA.
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V. CONCLUSION

Multi-mode operation of the presented DC-DC converter
greatly enhances flexibility regarding different cost and perfor-
mance targets in automotive and industrial applications. The
wide input voltage range of 2-6V allows for integration in
various existing system designs. Load currents up to 1 A fulfill
the power requirements also for high-performance processor
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TABLE 1
COMPARISON TO PRIOR ART
[5] [6] 71 [8] This work
Technology 180nm 130nm 180nm 130nm 28nm
Topology reSC Dickson reSC reSC + Buck |Dual-Output SC| Multi-mode
DCDC hybrid SC
DCDC
Autotuning yes no no n/a yes
Ratios 3:1 2:1 2:1,3:1,4:1 2:1+4:1, 3:2+3:1|2:1, 3:1, 4:1, 5:1
Vi range (V) 3.3-6.6 2.25-2.75 12 27-42 2-6
Vout (V) 0.8-2.2 0.7-1.39 06-1.2 0.8/1.6 0.9
max. VCR (Vi /Vout) 6.25 3.92 20 5.25 6.6
Max. ljoaq (A) 03 0.925 5 2x0.6 1
Peak efficiency (%) 783 84.7 91.8 89.5 92

cores. In resonant operation, auto-tuning of the switching
frequency ensures ZCS and low Royus.
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