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Abstract — A 40nm microcontroller featuring voltage-stacked memory and logic is presented. This
involved connecting the power domains of the memory and logic in series, such that the ground of
one power domain is connected to the positive supply rail of the other. In this work, an ARM Cortex-
MO0+ and its peripherals are powered from 0V and Vpp, while its 4kB ROM and the 16kB SRAM are
powered from Vpp and 2Vpp. Since the memory and logic will, in general, draw different supply
currents, the mid-rail Vpp is provided by an on-chip switched-capacitor voltage regulator (SCVR). To
allow direct comparison of voltage stacking with a conventional single supply, it can be turned off by
configuring the SCVR to power both the memory and logic from 0V and Vpp. Turning on voltage
stacking results in 96% power conversion efficiency, while the active converter area is reduced by
2.6x. Despite the use of a smaller SCVR, voltage stacking reduces the supply noise by 3.4dB and the

output voltage drop from 58mV to 36mV.

Index Terms — microcontrollers, switched capacitor regulators, balanced voltage islands, charge-

recycling, power management, level shifter, voltage stacking
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I. INTRODUCTION

Power management plays a key role in an era of autonomously connected devices. Such devices form the
backbone of the so-called ‘Internet-of-Things’ (IoT), and so must be as power efficient as possible in order to
maximize their power autonomy and battery life. However, the steady scaling of CMOS technology has been
accompanied by lower supply voltages, which translates into larger supply currents for a given power
dissipation. At the same time, interconnect resistance has increased, leading to larger IR drops and making
it increasingly difficult to realize efficient power management systems. Furthermore, battery voltages have
not scaled at the same rate as supply voltages, adding to the costs.

To cope with this challenge and to deliver power with high efficiency and minimum area, various types of
voltage regulators are used [1][2]. However, none of these are ideal, with each type having its own unique
set of advantages and disadvantages. Although linear regulators can be quite area efficient and can provide
high amounts of power, their efficiency is ultimately limited by the ratio of their input- and output voltages [3].
Inductive switched-mode power supplies have high efficiency but typically require off-chip discrete
components such as inductors. Capacitive switched-mode power supplies can be integrated on-chip with
moderate efficiency, at the cost of low area efficiency and output current. While some of these limitations can
be mitigated by conventional techniques such as the use of trench capacitors [4] or in-package inductors [5],
they cannot be completely circumvented. In this paper, we will introduce the voltage stacking technique [3],
and show that it can significantly increase both the power- and area efficiency of on-chip power management
systems.

Voltage stacking [3] is a technique that involves connecting power domains in series rather than in parallel.
As shown in Fig. 1, disregarding the calculations for now, this is analogous to connecting resistors in series
rather than in parallel. If a system has two power domains, each modeled as impedances between supply
and ground rails, then a conventional implementation would see these impedances connected in parallel, i.e.

connecting ground rail to ground rail and supply rail to supply rail. In contrast, a voltage stacking scenario
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would involve connecting the supply rail of the first (bottom) power domain to the ground rail of the second
(top) power domain. Assuming that each power domain uses the same supply voltage and current, this
means that the total supply voltage doubles, while the total supply current halves. In other words, an implicit
2:1 conversion has been realized without the power conversion losses associated with voltage converters,
and with no area overhead.

In practical implementations, the top and bottom power domains will not consume the same current and so
a voltage regulator will be needed to stabilize the mid-rail between the series connected power domains. If
the supply current mismatch is small, the power supplied by this regulator will be much less than that supplied
by the regulator of a conventional, parallel-connected, system. In consequence the voltage regulator of a
voltage stacked system can be quite compact. Furthermore, since it delivers less current, its losses will not
be significant, and so the overall system power efficiency will be higher than that of a conventional system.
Therefore, the implicit conversion step associated with voltage stacking relaxes the requirements on the
explicit conversion step (e.g. voltage regulator).

The benefits of voltage stacking have been demonstrated before [6], but its use in realistic applications has
only been described in [7]. Earlier work featured either simple circuit blocks, or larger but disconnected
systems. In [6] multipliers were used to read out operands from on-chip SRAM. The circuit infrastructure like
level shifters between the power domains and voltage regulator that can control the mid-node were well
studied and implemented, but the system lacks the complexity of a real application. Similarly, in [8] the
concept of voltage regulation is further developed into several linear regulator blocks providing the current in
the design, and the application space has similarly been well established in the form of a lock-step MCU
system. The final silicon implementation, however, only featured PLLs stacked on top of each other, which
is still not a complete system that could demonstrate the feasibility of voltage stacking. In [9] the complexity
of the implemented system was much higher with stacked memory blocks and processor cores, however,

the separate MCUs were disconnected from each other and did not function as one system that is needed in
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realistic application. The other novelty was the introduction of switched capacitor converters into voltage
stacking implementation, which employed an adaptive regulation scheme further enhanced by per-core
frequency scaling that reduced the current imbalance even further. The final work that treated the topic was
in [10] where a stacked 10 driver was proposed with thin oxide transistors for low power and high speed. The
benefits compared to thick oxide 10 pad implementations were due to voltage stacking — although the
delivered supply voltage was 2Vpp, the thin oxide devices observed only Vpp over their respective voltage
range.

In this paper, the realized system addresses the shortcomings of the previous implementations. Firstly, a full
microcontroller IC is implemented featuring an ARM Cortex-MO0+ processor, 16kB SRAM, 4kB ROM and an
on-chip SCVR in 40nm technology and uses only thin-oxide, single threshold voltage transistors. The
important part to realize that, while this system features sufficient complexity (20k standard cells), it also
functions on its own without the use of duplicates or multiple systems stacked on top of each other. The
system is stacked at the IP level where level shifters interface between the power domains. To the best of
our knowledge, this is the first work where such scheme is implemented on heterogeneous components in a
scalable manner, fully compatible with the conventional digital design flow. Furthermore, while previous
voltage stacking implementations were fixed and could not be configured into an alternative operating mode
with voltage stacking off, this work features a reconfigurable chip where the system can work both with
voltage stacking turned on or off. This way, the benefits of voltage stacking can explicitly be measured on
the same chip, which was not done in previous works. Thirdly, previous level shifter implementation were
typically impractical for high complexity systems and were not standard cell compatible, while here a novel
level shifter is presented that does not rely on exotic elements like capacitors, thick oxide devices and can
be densely laid out along with the standard cells.

The test chip not just fulfills the mentioned features, the benefits from voltage stacking are also significant.

While voltage stacking was off, the maximum power efficiency was 81%, which improved to 96% for the case
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when voltage stacking was enabled. Similarly, the converter area has also reduced and the supply quality

has improved.

Il. SYSTEM DESIGN
The primary goal of voltage stacking is to reduce the amount of power processed by the voltage regulators.
This comes with power- and area benefits. While the area of the converter can be estimated from its type
and its output current, the power benefit has to be calculated. If a 100% efficient power delivery system would
exist, voltage stacking would not confer power benefits since it does not influence the power consumption of
the load circuitry itself, only reduces the losses of the power conversion step. The power efficiency for stacked
system can be calculated as the ratio of the output- and input power, illustrated in Fig. 1 b. At the input, |
current flows into the upper domain supply rail, while I, yg flows into the VR input, both at 2Vpp. At the output,
| current is the same as at the input, while the VR output observes g flowing out at Vpp voltage. This

adds up to a combined system efficiency Nsys? which is also derived in Fig. 1:

Ngys = Pout/Pin =(2l+loutvr) / (21+ lowtvr/Myg ) (1)
Where |, yg=Al is the difference current between the top- and bottom domains that needs to be supplied by
the VR. In the limiting case when 1=0, voltage stacking is off since there is no charge recycling between the
power domains, while when Al=0, there is perfect voltage stacking where there is no current mismatch
between the power domains. Since the converter size is also proportional to its output current Al, the ultimate
goal while designing a voltage stacked system is to minimize Al. lllustration of (1) for various VR efficiency
can be seen in Fig. 2.
While (1) seems simple enough to minimize, there are several secondary effects that are needed to be taken
into account. The first effect is that the efficiency of the voltage regulator depends on the output current Al.

On one hand, according to (1), higher the current imbalance the more Al current is sourced from the VR,

Copyright (c) 2018 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record is available at http://dx.doi.org/10.1109/JSSC.2016.2637003

increasing the proportion of the current that suffers from conversion losses. This is limited by the output
current dependence of the VR efficiency: n, o (Al) itself is a function rather than a constant in relation to Al.
The second mechanism that influences the efficiency is the additional power consumption of the level shifters,
which is not represented in (1). Finally, the output impedance of the VR drops the output voltage by R,;*Al,
which scales the voltages applied to the bottom and top power domains, and influences their power
consumption.

Based on these considerations, a practical implementation of voltage stacking should, on one hand, benefit
in power and area, while on the other hand, should be simple enough to be implemented with minimum
overhead in design effort. In the following, we present our voltage-stacked microcontroller system where we

focused on maximizing gains with only small modifications to the otherwise complex, standard design flow.

A. Power delivery

Fig. 1 a) shows a conventional power delivery scheme where the power domains are connected in parallel
and are supplied by the same voltage regulator. The first power domain in our case incorporates most of the
logic of the system, while the second power domain contains the memory. The voltage stacking scenario
which has beneficial power efficiency over the traditional approach, is shown in Fig. 1 b). The second (top)
power domain is now stacked on top of the first (bottom) power domain. Since in prior works either a) or b)
is implemented on-chip, quantifying the benefits of voltage stacking has been largely implicit and relied on
many assumptions. Therefore, we transform the system into a reconfigurable architecture where the first
power domain containing the logic is fixed between 0V and Vpp, while the second power domain with the
memory is reconfigurable to be either between 0V and Vpp or between Vpp and 2Vpp. The same system is
compared in two power modes, ‘Stacking Off as shown in Fig. 1 a) and ‘Stacking On’ as in Fig. 1 b).

In ‘Stacking On’ mode, the memory becomes the top power domain and the logic the bottom power domain.

The current that is drawn by the memory from the external 2Vpp supply is routed from the Vpp ground of the
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top power domain to the Vop supply rail of the bottom power domain, which means that this current is directly
sourced from the 2Vpp supply without conversion losses. The SCVR regulating the Vpp supply now has to
be capable of supplying the system in both power modes.

The transition between power modes should be as seamless as possible. The system should not require a
power-up or even a reset after stepping from stacking off to stacking on and back. The whole procedure

should only require the clock of the system to be stopped and then resumed.

B. System Architecture

Fig. 3 depicts the architecture of the complete microcontroller system. The bottom power domain incorporates
the core and the peripherals, and the top power domain the memory. The top power domain is placed in a
deep n-well so that its supply- and ground voltages can be arbitrarily set. With either stacking on or off, the
system requires an external supply, Vin=2Vpp, with Vour=Vop generated by the SCVR. The two power
domains communicate via level shifters in Stacking On mode and through regular buffers acting as a bypass
circuitry in Stacking Off mode.

The Cortex-M0+ core accesses the ROM and SRAMs through Advanced High-performance Bus (AHB),
which also can be controlled through Serial Wire (SW) interface. Next to general purpose 10 (GPIO), the AHB
bus is connected to Advanced Peripheral Bus (APB) that provides access to various peripherals like UART
module, 32-bit timer and Clock Generation Unit (CGU). The ISRAM can be programmed through the SW
interface.

The partitioning choice of placing memory on top of logic was motivated, on one hand, by the system power
composition for the typical testcase of Fig. 4. As can be seen from the figure, memory- and logic power
consumption is well matched, furthermore, there is not a scenario where one is completely off — in active
mode, the core needs to read instructions from the instruction SRAM every clock cycle, toggling several

nodes in both power domains and securing a well-balanced power consumption scenario. While more refined
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partitioning approaches that exploit high granularity partitioning are possible, our heuristic approach produced
good results with minimum design effort which is important in typical applications. Next to this, the system’s
overhead needs to be taken into account. Basically, the number of level shifters and the layout partitioning
cost limit the partitioning efforts. From this perspective simplicity is important, e.g. a minimum number of level
shifters and power domains. When counting the number of level shifters, the connections to the 10 pads also
need to be included. This motivated that the memory would be placed in the top domain and the logic in the
bottom one, and not the other way around. No 10 pad is directly connected to the memories, this way the
order of stacking ensured that no level shifter was needed to interface to the 10 pads, which reduced the
number of level shifters.
C. Level shifter

As shown before, the level shifter is responsible for the effectiveness of voltage stacking — it must offer
minimum timing, power and area overhead. The levels shifter needs to be standard cell compatible and laid
out in a dense manner. These requirements necessitate the use of thin oxide devices, which in turn raises
questions about reliability. The 2Vpp voltage that is the maximum voltage drop across the level shifter is
usually harmful for thin oxide devices, so special care has to be taken to ensure that there devices are not
subject of voltage overstress. Furthermore, the extreme voltage shift between the input and output is a
challenge since there is barely any overlap between the voltages of the input and the output. The signal
voltages within the level shifter have to be high enough to toggle a change and low enough to avoid the
problem of voltage overstress.

Meeting the aforementioned requirements is not possible with most conventional level shifters. Commonly,
the application that requires these kind of extreme level shifters is floating voltage HV drivers for e.g. boost

converter control circuitry as in [12]. In these applications, however, thick-oxide devices are used. Thin oxide
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devices are used in [6] for voltage stacking purposes, however these cells were still heavily dependent on
the ratio of the input- and output devices and need a large capacitor to operate.

The proposed level shifters compatible with standard digital cells and entirely made of thin oxide devices, are
depicted in Fig. 5. Fig. 5 a (b) shows an up (down) level shifter instance. They are fully-static and can be
densely laid out, enabling standard cell-based design. lllustrating the operation on the up level shifterthe input
signal is buffered by two inverters that, shielded by four clamp transistors, control a PMOS latch, whose
output swings from rail-to-rail without floating nodes, due to the PMOS pull-down transistors. To protect these
devices from overvoltage, the PMOS devices have been placed in a so-called “hot” n-well which limits the
voltages between two arbitrary terminals of the device to Vpp.

The operation of the up level shifter in Fig. 5 a, is as follows (the down level shifter in Fig. 5 b works in a
similar way). The input signal propagates through 11 and 12 inverters that buffer it and convert the single-
ended input into a differential signal. Being differential, either 11 or 12 assumes a low level value, and the
corresponding transistors (either M1-M5 or M2-M6 pair) opens and pulls down the appropriate node in the
PMOS latch. Having pulled down one node of the latch, as a results, either M8 or M7 opens and pulls up the
other node, producing a differential signal which is buffered by I3 at the output.

From possible voltage overstress point of view, M1-M8 devices need to be carefully analyzed. If the output
of 12 is at 0V, M2 is open and pulls down the drains of M4 and M6 to OV. In turn, the M4 and M6 pull down
the gate of M7 to VSS TOP voltage (1.1V). The reason why it is not pulled further is because M6 connects
the gate of M7 to VSS TOP, and this turns off M4, which has also VSS TOP at its gate, therefore Vgs(M4)
becomes 0V. We can now observe that M2 has Vpses=(0,0,1.1,0)V while M7 has Vpses=(2.2,2.2,1.1,2.2)V,
therefore no overvoltage occurs. For M4, Vpses=(0,1.1,1.1,1.1)V holds and for M6, Vbsee=(1.1,1.1,0,1.1)V.
The last concern is on transistor M1, since M5 and M3 pull up its drain to 2.2V. However, the lowest voltage
over M1 is still 1.1V since 11 keeps its source at VDD level: Vpses=(2.2,1.1,1.1,1.1)V. The illustrated behavior

of the up level shifter cell holds similarly for the down level shifter cell, and the degradation mechanisms for
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both cells have been simulated with industry standard aging simulation tools. It has been found that the
lifetime of the level shifters did not exceed the standard requirements.

To enhance the operation, hot wells are used for transistors M1-M6. 13 and M7-M8 are placed in a triple well
so that the NMOS body bias voltage equals Vpp. During voltage stacking off, the level shifter is in off state
and the transistors M3-M8 receive 1x Vpp lower supply, so that M7 source is connected to Vop while M5 drain
to OV, etc. The sizing of the transistors in the design is important, the 11N, 12N and M1-M2 need to be about
9x larger than the rest of the devices. The up- and down level shifters were implemented with high threshold

voltage devices due to process limitations that did not allow multiple threshold voltage design.

D. Bypass

To ensure correct operation with voltage stacking on or off, the level shifters in Fig. 5 must be bypassed in
the conventional power mode when voltage stacking is off. To achieve this, the scheme in Fig. 6 is proposed,
which shows the implementation for up level shifters (a) as well as down level shifters (b). The signal path is
split into two paths; the first path with a level shifter, and the second bypassing the level shifter. The two
paths are selected with demultiplexers and multiplexers. The demultiplexers are realized with isolation cells
that select and drive the path that is active in the given power mode (stacking on and stacking off). The
multiplexer at the output of the level shifter then selects the active path and forwards it to the output.

The bypass circuit operates without external control signal. Staying at the example shown in Fig. 6 a, when
voltage stacking is on, memory ground VSS TOP node is at Vpp voltage, and memory supply VDD TOP at
2Vop. This enables the AND isolation gate and disables the OR isolation gate, since one of their input is
connected to VSS TOP. The OR gate output settles at 1.1V, not causing voltage overstress in the multiplexer.
Therefore the level shifter is activated and produces an output signal between Vpp and 2Vpp. The multiplexer
receives the VDD node at its select input, which corresponds to a logic 0 since the ground node VSS TOP is

at Vop, the same voltage as VDD node. Therefore the ‘SEL=0" input is selected which happens to be that of

10
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the level shifter. When voltage stacking is turned off, memory ground VSS TOP node is at 0V, and memory
supply VDD TOP at Vpp. This disables the AND isolation gate and enables the OR isolation gate, activating
the bypass path and disabling the level shifter. The multiplexer selects the ‘SEL=1" input since its ground
voltage is OV and the select input is hooked up to the VDD node. The output of the multiplexer copies the

bypass signal.

E. Switched Capacitor Voltage Regulator

The task of the voltage regulator is to regulate the mid node that serves as the supply rail of the top power
domain as well as the ground of the bottom power domain. It has to be sized for the worst-case current
consumption so that the mid node is always kept in the desired voltage level.

Just like in [9], we chose a switched-capacitor voltage regulator (SCVR) since it provides superior efficiency
compared to a linear regulator, and higher regulator efficiency means that there is less room for power saving
for voltage stacking, making the comparison with conventional power delivery more realistic. Since the
system is composed of two power domains stacked on top of each other, the voltage halving architecture
was chosen for its simplicity, high efficiency and low area, shown in Fig. 7. The concept of the voltage halving
SCVR is simple; a so-called flying capacitor swaps places between the input and the output. There are three
main nodes present in the converter, the input (Vin), output (Vour) and ground (Vss). In phase 1, which is
active corresponding to &, the capacitor is connected between Vin and Vour, while in phase 2, it is
connected between Vour and Vss. Since the charge on the capacitor stored in each phase corresponds to
the voltage present, over time there is a net charge transfer between Vin and Vour which reaches equilibrium
once the voltage on Vour is half that of Vin. This charge transfer works both ways, thus positive and negative
excess current both can be handled by the SCVR, making it suitable for voltage stacking.

The exact circuit implementation of the voltage halver is shown in Fig. 7.There is a clock signal needed to

control phase 1 and 2, which needs to be level shifted for the switches that are connecting the flying capacitor

"
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to Vinand Vour. For this purpose, the level shifter discussed in Section I1.C is used. Furthermore, the switches
cannot have overlap since that would result in undesired short-circuit current, therefore the switch control
signals that are derived from the clock signal need to be non-overlapping. To achieve this, the clock signal is
converted to non-overlapping clock signal pair through a separate circuit block. The control signals in the top
and the bottom part always have some latency compared to each other. Due to the synchronicity of the
signals, the overlap margin was chosen to be high since the level shifter delay is hard to account for over
several PVT corners. This high timing margin meant that the clock signal had a maximum frequency of 20MHz
that could not be exceeded.

To benefit from high efficiency, the flying capacitor and the switches have to be sized so that the switching
and the conduction losses are in balance and none of them limit the peak efficiency considerably. During the
design stage, a total of 656pF flying capacitance was available in the form of 2x20.5pF accumulation PMOS
capacitors per SCVR instance, and the maximum switching frequency was set to 25MHz. According to the
Seeman model [14], this meant a minimum output impedance with ideal switches (slow switching limit) of
about Rss.=1/4fs«C=19.1Q. Considering a maximum of 7.5% allowed average output voltage drop (82.5mV)
and 3mA maximum output current, the maximum allowed output impedance is 27.5 Q. Adding to this the
effect of finite switch conductance, the goal was to stay under 25Q output impedance, which indicated about

8.1Q switch impedance based on [14]:

Rest=2Rsw; Rout= / Rés. +Rés. (2)

There were in total 16 SCVR instances implemented. To adjust for the output current requirements between
stacking on and -off mode, 10 instances could be turned off for 6 active instances in stacked mode, while all
the 16 instances were active when voltage stacking was off. Further, the efficiency is enhanced by not
interleaving the regulator instances, similarly to the approach in [15]. This meant connecting the SCVR

instances in a daisy chain configuration, one 6x and one 10x chain, as shown in Fig. 7. The reduction in

12
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charge sharing by connecting the capacitor instances in series increased the SCVR efficiency at the cost of
higher voltage ripple.

Just like for the level shifter cells, overvoltage has to be avoided for the devices, since they are implemented
with traditional thin-oxide devices. To ensure proper operation upon startup, parallel to the power switches,
startup helper circuits were implemented to bring the flying capacitor's voltages to a known state. This
ensures that the thin-oxide flying capacitor is not exposed to higher voltage than 1.21V (Vpo+10%) which
could cause overstress and degrade the device. To ensure proper operation, the power-up of the SCVR is
performed in a stepwise fashion. First V,y is brought to Vpp voltage, then Vour also receives Vop voltage,

finally Vin is ramped up to 2Vop voltage.

lll. EXPERIMENTAL RESULTS
The testchip has been fabricated in a CMOS 40nm process. The micrograph can be seen in Fig. 8. The total
area accounts for 1.49mm2, of which the area of the bottom power domain is 0.077mm?2, the top power
domain is 0.113mm2, while the level shifter instances occupy 0.028mm?.
Since voltage stacking claims to improve the voltage regulator efficiency, first it is important to look at the
SCVR itself to characterize its behavior under various load conditions. Therefore, the SCVR efficiency was
measured separately under different load currents. The results can be seen in Fig. 9. It is important to note
that while with voltage stacking off, the output current lout is always positive, thus it is sourced from the
SCVR, in stacked mode the current can be either positive or negative. The sign is determined by the current
consumption of the power domains. If the bottom power domain consumes more, then lout will be positive,
meaning that the useful power is consumed between Vour and Vss. However if the top power domain is
consuming more, lout will take a negative sign as the current has to be sank by the converter. In this latter
case the useful power is consumed between Vv and Vour. As can be seen from the figure, the SCVR has

similar efficiency profile for both current sink and —source scenarios, which is expected since the capacitors
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are mostly symmetric for the charge transfer sign. The peak efficiency achieved in both cases was 81%. At
low load current lour, the switching losses of the converter start to dominate since they represent a load
current independent portion of the losses. The switching losses depend on the switching frequency of the
converter, which was fixed in this experiment. The measurements were at room temperature for a typical
sample.

After characterizing the SCVR, the next step was to measure the current consumption that can be expected
from the two power domains. Over 400 testcases were examined, where the current consumption of the top-
and the bottom power domains were compared. The results in Fig. 10 show that the logic in extreme cases
consumes 1.75x more current than the memory, while on average the mismatch is much smaller. The power
consumption of the two power domains is well correlated since the MCU core has to read instructions from
the memory every clock cycle, and there is no scenario where one of the power domains is inactive.

The timing and power overhead from the level shifting must be minimized to keep voltage stacking beneficial
for various systems. In the current testchip the timing impact from the level shifting was 1.5ns added delay
to the critical path between memory and logic, which permitted only 80MHz operation in stacked mode
instead of the 100MHz that was used with stacking off. Further, the power penalty from the level shifters can
be captured with the difference in the power drawn by the system from the voltage conversion stage with
stacking on and off. It has been found that on average the output power of the conversion stage is 8% higher
in stacked mode, which is partially the power overhead of the level shifting, however, the total power
consumed by the entire system was still lower, as can be seen in the following, due to the higher efficiency
of the conversion stage.

Characterizing the SCVR and the digital MCU part separately, the next step is to operate them simultaneously
with voltage stacking on and off and quantify the benefits of voltage stacking. The system power efficiency
was measured across the 400 testcases in Fig. 11. In stacked mode, on one hand, the SCVR needs to

provide 4x less maximum output current, as well as the system achieves a 96% efficiency, a 15%
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improvement over the SCVR peak efficiency of 81%. All this despite that the SCVR becomes less efficient at
low load currents. The number of SCVR instances and their switching frequency was determined separately
for stacking on and stacking off modes, keeping the criterion that their output voltage drop and efficiency has
to be as much as possible aligned. After calibration, it was found that when stacking is off, using 16 SCVR
instances at 10MHz resulted in similar output voltage and SCVR standalone efficiency as 6 SCVR instances
at SMHz in stacked mode.

Fig. 12 shows a reconfiguration scenario where the system is in transition between the two power modes.
The supply and ground rails switch simultaneously so that the memory content is preserved and after re-
enabling the clock, the program execution can be resumed. The clock has to be disabled before the supply
rails change, and similarly, some minimum time is required before re-enabling the clock after the supply
transition. The transition did not take longer than 0.5us.

Zooming in to the supply waveforms in Fig. 13, the waveforms were compared for the case of voltage stacking
on or off, under active load. With stacking off, 16 instances of the SCVR, switched at 10MHz, are used to
process current Isot+ltop, while with stacking on, only 6 SCVR instances are turned on at 5MHz to process
current Isot-Itop. Turning on voltage stacking resulted in a 3.4dB supply ripple reduction, and the voltage
drop of the SCVR reduced from 58mV to 36mV, in accordance with [16]. Due to the smaller current that is
processed in stacked mode, even weaker VR can produce cleaner supply, lifting the tough constraints on the
power delivery system that is due to the scaled CMOS process.

Summarizing the results of this work, Table | shows a comparison with the previously reported works on
voltage stacking. In the comparison this is the first IC that implements voltage stacking within a practical MCU
system. Despite using bulk CMOS process, higher efficiency can be obtained using voltage stacking,
compared to converters implemented with deep trench capacitors. Another important point to note is that no

previous work features comparison of both conventional and voltage stacking power delivery for the same
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system on the same die. Here we present a comparison for voltage stacking on and off modes. The efficiency
has improved from 81% to 96%, while the power density increased threefold.

The benefit from voltage stacking can be further understood by comparing the efficiency and power density
to other converters. In Fig. 14, the X axis shows the power density while the Y axis shows the efficiency of
various SCVR implementation form bulk through SOI to processes that allow deep trench capacitors. It can
be observed that, for the same technology, there is a trade-off between efficiency and power density; high
efficiency converters typically have poor power density, and high power density converters have poor
efficiency. In this work, while the same limitation applies for the implemented SCVR, by using voltage
stacking, the trade-off can be bypassed and an improvement for both efficiency and power density can be
achieved. In the comparison, only advanced processes can achieve the same kind of benefit that voltage

stacking delivers in standard bulk CMOS.

IV. CONCLUSION

A microcontroller system with voltage stacking has been presented. For the first time, voltage stacking has
been applied on a practical system. Unlike previous works, the implementation did not focus on the stacking
of simple circuit blocks or larger, but independent systems, instead, a realistic system has been chosen as a
demonstration vehicle for the benefits of voltage stacking. Furthermore, for the first time, voltage stacking
could be turned off on the same system, making the benefits of voltage stacking directly quantifiable.

The benefits of voltage stacking were as follows. The system power efficiency improved from 81% with
voltage stacking off to 96% with voltage stacking on, while using 5 times less effective power converter area.
All this was achieved using bulk CMOS process with fully on-chip solution. Next to all this, though using a
much weaker converter, the supply ripple has reduced by 3.4dB and the voltage drop from 58mV to 36mV.
As future work, the technique can be extended to arbitrary system provided the partitioning of the design is

automated.
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Table Caption

Table I. Comparison of voltage stacking and other SCVR implementations

Figure Caption

Fig. 1. Power modes of the testchip. a) ‘Voltage Stacking Off mode b) ‘Voltage Stacking On” mode
Fig. 2. Efficiency improvement calculation for voltage stacking scheme compared to conventional power
delivery approach

Fig. 3. System level block diagram with the power domains, SCVR and 10 pads

Fig. 4. Power composition of the digital part of the system. Memory and logic power well balanced
Fig. 5. Level shifter cells used to translate the signals between memory and logic

Fig. 6. Level shifting scheme with bypass. Signal path is selected according to the power mode.
Fig. 7. Block diagram of the 2:1 SCVR used to regulate the mid node between memory and logic
Fig. 8. Chip micrograph of the voltage stacked microcontroller

Fig. 9. SCVR efficiency for positive and negative load current

Fig. 10. Characterization of current profiles for memory and logic demonstrating low mismatch

Fig. 11. Efficiency improvement through voltage stacking compared to conventional power delivery
Fig. 12. Clock and memory supply waveforms while turning voltage stacking on and off

Fig. 13. Supply quality comparison with voltage stacking on and off

Fig. 14. Power conversion figure of merit [18] improvement through voltage stacking
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[6]* [971* [8]* [17] [15] This Work | This Work
(flat) (stacked)
Circuit Stacked Stacked Stacked Switched- | MCU MCU Stacked
Multipliers | MCU cores | PLLs Capacitor MCU
+mem VR
Technology | 180nm 40nm 90nm 45nm SOl | 28nm 40nm 40nm
FDSOI
Area [mmZ] 0.47 + 1.79+1.08 | 7+0.032 | 0.0012 1.19+0.19 | 0.23+0.27 | 0.23+0.10
(System + 0.044 (VR)
VR)
Converter Linear Switched Linear Switched Switched Switched | Switched
Regulator | Capacitor Regulator | Capacitor | Capacitor Capacitor | Capacitor
Stacked? Yes Yes Yes No No No Yes
Conversion [3.6t018 |[3.6t0{2.7 | Several 2100.95 181009, |22to1.1 2.2Vto 1.1
Voltage [V] 1.8 0.9} {0.67 1} to
0.5
Frequency adaptive 100 55-498 10-20 5-10
[MHZ] (adaptive)
Converter ?7(<50%) | 75% 44% 90% 70-80% 81% 81%
Efficiency
Peak System | 93% 99% 87% - 86% 81% 96%
Efficiency
Power 1636 147 1500 2185 350 7 21
Density
[MW/mm’]

* Stacked circuit blocks like PLLs, multipliers only
** Stacked, independent MCUs only
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Fig. 1 Power modes of the testchip. a) ‘Voltage Stacking Off mode b) ‘Voltage Stacking On’ mode
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Fig. 2 Efficiency improvement calculation for voltage stacking scheme compared to conventional power
delivery approach
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Fig. 3 System level block diagram with the power domains, SCVR and |0 pads
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Fig. 4 Power composition of the digital part of the system. Memory and logic power well balanced
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Fig. 6 Level shifting scheme with bypass. Signal path is selected according to the power mode.
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Fig. 8 Chip micrograph of the voltage stacked microcontroller
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Fig. 10 Characterization of current profiles for memory and logic demonstrating low mismatch
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Fig. 11 Efficiency improvement through voltage stacking compared to conventional power delivery
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Fig. 12 Clock and memory supply waveforms while turning voltage stacking on and off
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Fig. 13 Supply quality comparison with voltage stacking on and off
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Fig. 14 Power conversion figure of merit [18] improvement through voltage stacking
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