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Abstract—On-chip DC-DC converters have the potential to offer
fine-grain power management in modern chip-multiprocessors.
This paper presents a fully integrated 3-level DC-DC converter, a
hybrid of buck and switched-capacitor converters, implemented in
130 nm CMOS technology. The 3-level converter enables smaller
inductors (1 nH) than a buck, while generating a wide range
of output voltages compared to a 1/2 mode switched-capacitor
converter. The test-chip prototype delivers up to 0.85 A load
current while generating output voltages from 0.4 to 1.4 V from
a 2.4 V input supply. It achieves 77% peak efficiency at power
density of 0.1 W/mm? and 63% efficiency at maximum power
density of 0.3 W/mm?. The converter scales output voltage from
0.4 V to 1.4 V (or vice-versa) within 20 ns at a constant 450 mA
load current. A shunt regulator reduces peak-to-peak voltage
noise from 0.27 V to 0.19 V under pseudo-randomly fluctuating
load currents. Using simulations across a wide range of design
parameters, the paper compares conversion efficiencies of the
3-level, buck and switched-capacitor converters.

Index Terms—DC-DC conversion, dynamic voltage and fre-
quency scaling, fully integrated converter, switching converter,
3-level.

1. INTRODUCTION

ODERN processors pack increasing amounts of func-
M tionality and numbers of components into a single chip,
whether in the form of multiple cores or specialized hardware
(e.g., memory controllers, hardware accelerators, etc.). Con-
currently, power has emerged as a primary concern for both
high-performance and battery-driven systems. Current proces-
sors employ numerous low-level techniques to reduce power
consumption, such as aggressive clock and power gating and
dynamic voltage and frequency scaling (DVFS). Current im-
plementations of DVFS track coarse-grained (often OS-level)
fluctuations in processor activity to improve energy utilization
or boost performance. However, detailed study of processor
workloads shows that high levels of activity fluctuation exist at
finer timescales that traditional DVFS cannot track [1]. While
highly efficient (>90%), the bulky off-chip components and
low switching frequencies of conventional off-chip DC-DC
converters limit voltage transition times. The high board-level
footprint, cost, and package issues related to off-chip converters
also hamper the use of multiple voltage domains to improve
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energy efficiency in multi-core designs. Given these drawbacks
of off-chip DC-DC converters, there has been a surge of interest
in building on-chip converters [2]-[13] to implement multiple
on-chip voltage domains. This paper presents the design and ex-
perimental results of a fully integrated 3-level DC-DC converter
[13], which enables fast voltage scaling at nanosecond timescales
and 77% peak conversion efficiency at 0.3 W/mm? maximum
power density. (We calculate power density excluding the 10 nF
output decoupling capacitors, assuming that the converter uses
existing on-chip decoupling capacitors on the processor.)

On-chip DC-DC converter designs range from buck con-
verters to switched-capacitor converters to low-dropout linear
regulators. Linear regulators have a maximum efficiency limit
given by the ratio of output voltage to input voltage; they
suffer from low efficiency at high ratios. In contrast, switching
converters can maintain high efficiency across a wide range
of output voltages. There are two types of switching DC-DC
converters commonly used for low step-down ratios — buck and
switched-capacitor (SC) converters. Shown in Fig. 1(a), the
buck converter relies on an inductor to generate a step-down
voltage on the output capacitor, Couyr. The buck converter
creates a square-wave voltage — of varying duty cycles (D) —
at the output of the power FETs (Vx). While traditional buck
converters rely on single pull-up and pull-down power FETs,
series stacks of switches enable use of thin-oxide devices in
integrated voltage converters [7]. By adjusting the duty cycle
of Vx, buck converters can provide a wide range of Vour.
However, the buck converter requires a large, high-quality
inductor, which is difficult to integrate on-chip.

In contrast, the SC converter uses flying capacitors (Crry),
without an inductor, to nominally divide the high input voltage
(Vin) by pre-determined integer ratios. For example, the SC
converter in Fig. 1(b) divides Vx by two as it iterates between
two phases of capacitor configurations — series-stack and par-
allel. Although it does not need inductors, this particular con-
figuration of SC can only step Vouyr down to values lower than
Vix/2. Additional step-down ratios, such as 1/3 and 2/3, are
also possible as demonstrated by Ramadass ef al. [9] and Le et
al. [10], in order to extend the range of output voltage conver-
sion. However, the added power switches needed for the addi-
tional capacitor configurations can exacerbate conversion loss.

As shown in Fig. 1(c), a 3-level converter merges character-
istics of both inductor-based buck and SC converters to gain the
benefits of both [12], [14]. Similar to the buck, the output LC
pair of the 3-level converter filters Vx to generate Vouyr with
small ripple. While the Vx of the buck converter swings be-
tween 0 and Vi, the Vx of the 3-level converter either swings
between 0 and Vin/2, or Vix/2 and Vi, to convert Vour
to voltages under and over Vix /2, respectively. The switching
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Fig. 1. Power FET and output filters of (a) buck, (b) switched-capacitor, and (c) 3-level converters.

action of the power FETs, combined with the flying capacitor,
effectively generates a third voltage, Vin/2 (hence the name
3-level converter), and adjusts D to set Voyr across a wide
range of voltage levels. Notice that Vx of the 3-level converter
swings with half the amplitude and at twice the frequency com-
pared to that of the buck. Both of these attributes enable the
3-level converter to exhibit smaller inductor current ripple and
voltage ripple on V oy or to use a smaller inductor for the same
ripple target.

Prior 3-level converter designs include an off-chip converter
for envelop tracking [14] and an integrated 3-level converter with
27 nH bondwire inductors [12]. We build upon these works and
present a fully-integrated 3-level converter with 1 nH on-chip
spiral inductors. One-nanoHertz inductors, placed on top of
flying capacitors to minimize area overhead, enable voltage
transition across 1 V within 20 ns, which is 100 x faster than
previously published data [3]. The converter can be externally
programmed to adjust design parameters (switching frequency,
number of phases and power FET size) to study trade-offs
associated with different design parameters. We also add fast
shunt regulation to the converter to reduce voltage noise.

The next section studies how design parameters affect con-
version loss in 3-level converters and compares the conversion
efficiencies of 3-level to those of buck and SC converters. Then
Section III presents a detailed, circuit-level description of the
3-level converter design that was implemented in a test-chip
prototype using a 130 nm CMOS process technology. Exper-
imental results from the test-chip, in Section IV, demonstrate
fast voltage scaling and high conversion efficiency across a wide
range of output voltages. Section V summarizes our findings.

II. 3-LEVEL CONVERTER TOPOLOGY

There are multiple sources of conversion loss in the 3-level
converter. Understanding how converter design parameters af-

fect different sources of losses is important for achieving max-
imum efficiency. We first study the different design parameters
of the 3-level converter and then compare its efficiency to those
of buck and SC converters.

A. Design Parameters for 3-Level Converters

Three design parameters of the 3-level converter significantly
affect conversion loss — switching frequency, number of phases
and power FET size. For maximum efficiency, the choice of
design parameters should take output voltages and load currents
into account.

Fig. 2 presents simulated conversion efficiencies of a 3-level
converter running in continuous conduction mode (CCM) ac-
quired using a fast circuit simulator HSIM, set to the highest
simulation accuracy level. As specified in the table in Fig. 2, the
converter operates with DC load current ranging from 0.2 A to
1 A for output voltages ranging from 0.6 to 1.35 V. Load current
scales quadratically with output voltage to mimic a processor
operating with DVFS. Simulations sweep design parameters to
find the maximum efficiency for each output voltage value. The
converter uses 1 nH inductors with 400 m2 series. Up to four
copies of power FETs and inductors can be interleaved to form
multi-phase converters [2] to distribute current flow and reduce
output voltage ripple. Fig. 11 presents an example of a 4-phase
converter that can dynamically change the number of operating
phases according to load levels. Fig. 2 shows that optimizing
design parameters significantly improves conversion efficiency
compared to a converter using fixed parameters (100 MHz fre-
quency, two phases, 48 mm total power FET width).

Fig. 3 shows how to determine switching frequency and
number of phases to maximize efficiency. When duty cycle
is in the vicinity of 50%, a converter needs to operate at low
switching frequency with maximum number of phases. As
duty cycle deviates from 50%, the converter needs to increase
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Fig. 2. Simulated conversion efficiencies of 3-level converters with fixed and optimal design parameters. Table shows the range of design parameters used in

simulations.
switching . i
frequency high low high
number of small large medium
phases
50% duty cycle
0.6v 1.35v Output
voltage
028 ' 1A load
current

Fig. 3. Design parameters that maximize efficiencies across duty cycle, output
voltage, and load current ranges.

switching frequency and reduce the number of phases. The
selection of design parameters aim to balance different sources
of losses. High switching frequencies increase switching loss
(CV?21), but reduce resistive loss (I%{MSR) caused by inductor
current ripple (Al pp). Assuming a converter operating under
CCM with a triangular wave for the inductor current (I), the
following equation shows that both DC value and peak-to-peak
ripple of the inductor current contribute to 1%,,sR loss:

AT pp
L%,RMS = I%,DC + T (D

Shown in Fig. 4, Al pp of the 3-level converter reaches min-
imum at 50% duty cycle, increases as duty cycle deviates from
50% and decreases again when duty cycle goes below 25% or
over 75%. Taking advantage of small Al pp at duty cycles
near 50%, the 3-level converter minimizes switching loss by
running at low frequencies. As Aly, pp grows at duty cycles
away from 50%, the converter runs at higher frequencies to sup-
press 13,5 R loss, albeit with larger switching loss. Increasing
switching frequency at light loads contradicts the conventional
wisdom of using pulse frequency modulation (PFM) in buck
converters to reduce frequency at light loads. As duty cycle de-
viates from 50%, Aly, pp of the 3-level increases while that of
the buck converter decreases. This allows the buck to reduce
frequency at light loads, while forcing the 3-level converter to
increase frequency.

To study how the number of phases affects conversion loss,
the following equation expands (1) to a multi-phase 3-level con-
verter, which consists of multiple interleaved copies of a single
phase converter:

12

ANES
I%,RMS = (Ii,DC + LPP) X Npn

— oap AI%,PP « N
Npi 12 PH

(Npp :number of phases,
I, pc : DC inductor current per phase,

Al pp :inductor current ripple per phase). 2)

Equation (2) shows that using larger number of phases reduces
loss due to DC current, while increasing loss caused by Aly, pp.
Atlight loads, the converter uses a single phase because Aly, pp
is a larger source of loss compared to DC current. Near 50%
duty cycle, the converter uses all four phases since Aly, pp is
small. At high load currents, the converter uses two out of four
phases to balance the losses due to Aly, pp and DC current,
contradicting conventional wisdom that increases the number of
phases at full loads to minimize loss due to DC current. Again,
the difference is due to increasing Al pp as duty cycle devi-
ates from 50% at full loads. Moreover, reducing the number of
phases allows a portion of Cgry to stay idle, resulting in smaller
loss due to bottom-plate parasitic capacitance.

B. Comparison to Buck and SC Converters

Remaining simulation plots (Figs. 5, 6,7, 11) present efficien-
cies with optimized design parameters using ranges specified in
Fig. 2. Fig. 5 presents a similar efficiency versus output voltage
plot of the buck converter for different inductance values, as-
suming CCM operation across all load conditions. Simulations
use a buck converter design similar to one proposed in [7] with
series stacks of power FETs using thin-oxide devices. For the
same inductor quality (I./R = 2.5 nH/), larger inductance re-
duces Aly, pp while increasing inductor series resistance (Ry,).
At low load currents, 2 nH and 4 nH inductors achieve higher

Authorized licensed use limited to: Harvard Library. Downloaded on April 27,2022 at 12:37:25 UTC from IEEE Xplore. Restrictions apply.



KIM et al.: A FULLY-INTEGRATED 3-LEVEL DC-DC CONVERTER FOR NANOSECOND-SCALE DVFS 209

Freq=100MHz, L=1nH

sl cevBuck
3 —3-Level

50
Duty Cycle (%)

Fig. 4.

70
65
)
€60
>
(&]
C
.0 55
Q
=
L 50 -&-puck (L=1nH)
®-buck (L=2nH)
“¥buck (L=4nH)
450 . buck (L=6nH)
0.6 1.2

0.8 1
Output Voltage (V)

Fig. 5. Simulated conversion efficiencies of buck converters across inductance
values (L/R = 2.5 nH/Q).

efficiencies than 1 nH and 6 nH, which suffer from large Aly, pp
and Ry, respectively. At high load currents, Ry, significantly af-
fects conversion loss, allowing 1 nH and 2 nH to achieve higher
efficiencies than 4 nH and 6 nH. We choose 2 nH for further
comparisons to 3-level converters.

Since a 3-level converter adds flying capacitors on-die, it oc-
cupies larger die area than a buck using the same inductor. As-
suming the buck converter can use additional die area to imple-
ment larger, higher quality inductors, Fig. 6 compares conver-
sion efficiencies of 3-level and buck converters, providing similar
or higher quality inductors to buck converters. The 3-level con-
verter uses 16 nF of Cgry, and both buck and 3-level converters
use 10 nF of Coyr, operating with up to four phases. To make a
fair comparison between converters with different V oy ripple
characteristics, as proposed in [10], we calculate conversion ef-
ficiency using the minimum value of Voyur ripple, instead of
the average Vour value. For the same inductor quality (I./R =
2.5 nH /), the 3-level converter exhibits higher efficiency than
the buck converter. Both converters suffer from degrading effi-
ciencies at low voltages, but the slope of 3-level is steeper than
that of the buck. This is because Aly, pp of the 3-level increases

100

Simulated peak-to-peak inductor current ripple (I, pp) of 3-level and buck converters in continuous conduction mode (CCM).
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Fig. 6. Simulated conversion efficiencies of 3-level and buck converters across
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Fig. 7. Simulated conversion efficiencies of 3-level and switched-capacitor
converters across inductor qualities.

as duty cycle deviates from 50%, while that of the buck de-
creases. Using a higher quality inductor (I./R = 5 nH/Q) al-
lows the buck to achieve higher efficiencies than the 3-level con-
verter at low and high loads.

Fig. 7 compares the conversion efficiency of the 3-level con-
verter to a reconfigurable SC converter that can switch between
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Fig. 8. Block diagram of 3-level converter with slow digital feedback control and

three modes — 1/3, 1/2 and 2/3. Simulations use a SC converter
design similar to one in [10] with series stacks of thin-oxide de-
vices to support high input voltage. While the 3-level converter
has 16 nF of Cgry and 10 nF of Coyr, SC can use Cpry as
an output decoupling capacitor, obviating additional Coyr. As-
suming the same die area for the two converters, the SC converter
can use 26 nF of Cgry without any Coyr. For the 3-level con-
verter, we assume that Crry is MOS capacitors placed under-
neath the inductor to avoid additional area overhead (as explained
later in Fig. 13). Since 16 nF of MOS capacitance occupies 1.6
mm? in UMC 130 nm technology, four 0.4 x 0.4 mm inductors
occupying 0.64 mm? can fit on top of Cpry. In contrast to the
3-level and buck converters, the SC converter does not need a
thick metal layer for high quality inductors. For fair comparison,
we present conversion efficiencies across inductor qualities that
represent different metal characteristics. Again, efficiency is cal-
culated using minimum V oy instead of average Vour.
Assuming an inductor built with two metal layers in par-
allel using the digital logic process in UMC 130 nm (L/R =
2 nH/Q), the SC converter in 1/2 mode achieves higher effi-
ciency than the 3-level converter at the center where duty cy-
cles are in the vicinity of 50%, while the 3-level converter ex-
hibits higher efficiencies at light loads than the SC converter in
1/3 mode. The trend is similar assuming an inductor built with
two metal layers (one 2 pm thick layer) using the RF process
in UMC 130 nm (L/R = 2.5 nH/Q). The 3-level has the po-
tential for even higher efficiencies when assuming an ultra-thick
metal available in modern process technologies that enables an
even higher quality inductor (/R = 5 nH/Q), albeit with
higher cost. Although the inductor adds series resistance, the
3-level converter has the following benefits when operating at

fast shunt regulation. Finer duty cycle control is necessary to avoid limit-cycling.

50% duty cycle. First, the inductor allows the 3-level to have
a lower per-phase peak current than the SC converter, reducing
resistive loss [21]. Second, the inductor reduces loss caused by
charge redistribution in the 3-level converter. Whenever capac-
itors switch between series stack and parallel configurations in
the SC converter, the resulting charge redistribution between
Crry and Cout increases conversion loss [22]. In contrast,
the inductor in the 3-level converter sits between Cgry and
Cour to store a portion of the charge otherwise lost to charge
redistribution.

The next section provides an in-depth explanation of 3-level
converter operation and circuit details found in a multi-sector,
multi-phase regulator test-chip prototype, which we evaluate in
Section IV.

III. IMPLEMENTATION OF 3-LEVEL CONVERTER

Fig. 8 presents an overall block diagram comprising a set of
thin-oxide transistors used as power FETSs for power conversion,
drive circuitry for the power FETs, a flying capacitor, an on-die
LC filter, and control circuitry for voltage regulation. A rela-
tively slow digital feedback loop sets the signals out of the dig-
ital pulse-width modulator (DPWM) that feed drivers to switch
the 3-level converter with appropriate duty cycles (D). In par-
allel, a fast shunt regulator [18] on the output reacts to sudden
load current transients to maintain a steady voltage. The overall
design target is to minimize conversion loss, on-die area over-
head, voltage fluctuations, and dynamic voltage scaling time.
This section further studies the components in Fig. 8 and looks
at circuit implementations in detail.

The 3-level converter uses four power FETs, a flying ca-
pacitor, and an output LC filter to generate a wide range of
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Fig. 9. Schematic of the proposed 3-level power converter. Signal timing diagrams illustrate different operating modes.

output voltages. Fig. 9 illustrates the converter’s operation via
signal waveforms associated with the power FETs (MProp,
MNgorToMs MPMmip, and MNyp) and the output inductor
for two scenarios: D > 0.5 and D < 0.5. As previously
described, node Vx can swing between three voltage levels
by iterating through four steps per switching period (T) that
control the power FETs and Cgry.

For D > 0.5, step 1 turns on MNgorroMm and MPyp,
placing Cgry between Vx and 0. In step 3, MProp and
MNyp turn on, placing Cpry between Viy and Vx. As
in a SC converter, where two capacitors alternate between
series-stack and parallel configurations, steps 1 and 3 generate
Veay and Vin — Veay, respectively, on Vx. Assuming the
ideal case where Vcay is equal to Vin/2, Vx stays at Vin/2
in steps 1 and 3. In steps 2 and 4, Vx connects to Viy through
MProp and MPy1p. By adjusting the time spent in each step,
the converter can generate any voltage between Viy and Vin/2
at Vour.

Conversely, for D < 0.5, steps 2 and 4 connect Vx to ground
through MNyp and MNporrowm. Steps 1 and 3 operate in
the same manner as described above for D > 0.5, generating
Vin/2 at Vx. Again, by adjusting D, the converter can generate
any voltage between Vin/2 and 0 at Voyr. For the special case
when D = 0.5, steps 1 and 3 in the above descriptions effec-
tively disappear and the 3-level converter operates much like a
conventional SC converter.

To understand what input signals these power FETSs need to
iterate across the different steps, we investigate the operation
and design requirements for the four power FETs.

A. Power FETs

The power FETs use thin-oxide devices in a stacked struc-
ture to support input voltages (Vin) up to twice the maximum

gate-source voltage allowed by the process technology. Com-
pared to thick-oxide devices for I/O, the thin-oxide counterparts
exhibit lower conversion loss due to lower parasitic resistance
and capacitance. They also require lower voltages to operate,
which reduces switching loss. To minimize ON-state resistance,
each of the middle transistors MPyip and MNyp connects its
body node to its source instead of to Vix or ground (either of
which is possible with triple-well devices).

Again referring to Fig. 9, the stacked structure using
thin-oxide devices requires voltage stress across each device
to be limited to Vin/2. Input signals to the power FETs need
to be carefully set in order to meet this requirement in each
step. For this purpose, the input signal to MProp (Vrop)
swings between Vi and Vin/2, while Vporrom swings
between Vix/2 and 0. To limit voltage stress on the middle
FETs (MPy1p and MNy1p), their input (Vyp) swings across
three voltage levels, Vin, Vin/2 and 0. In step 1 for D > 0.5,
Vi is set to O to simultaneously turn MPyp on and turn
MNyp off. In step 2, both MPyp and MNyp remain in
their respective on and off states from step 1. However, as Vx
goes up to Vin, Vyp must increase to Vi /2 to meet voltage
stress requirements on MPyp and MNyp. In step 3, Vi
is set to Viy to turn MNyp on and turn MPyp off. Step 4
sets Vyip to Vin/2 again to alleviate voltage stress as seen
in step 2. When the converter operates with D < 0.5, similar
voltage stress constraints must be observed.

This circuitry requires an additional voltage, Vin/2, to
generate inputs for power FETs that switch between two sets
of supply rails (Viny and Vin/2 or Vix/2 and ground). To
generate Vin/2, we use an external power source with 20 pF
on-board and 660 pF on-chip decoupling capacitance. Since
the pFETs switching between the top supply rails (Vin and
Vin/2) are larger than nFETs between the bottom rails (Vin/2
and ground), current usually flows into the power source that
provides Vix /2. An integrated linear regulator [16] can replace
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Fig. 10. Schematic and waveforms that drive power FETs when duty cycle is over 50%.

the external source by bleeding in current caused by the imbal-
ance between top and bottom rails without adding significant
power loss.

B. Driver Circuits

Creating appropriate signals to limit voltage stress on the
power FETs requires careful design of the circuitry that gener-
ates Vrop, Vmip, and VeorTowm. Fig. 10 presents schematics
of the drivers for the four power FETs and associated signal
waveforms for the case when D > 0.5. A digital pulse-width
modulator (DPWM) block generates signals based on a digital,
thermometer coded representation of the desired converter duty
cycle, NpyTy (19 : 0), using a 20-phase VCO. The DPWM
consists of digitally controlled switches that choose two VCO
phases that determine the duty cycle of the output signal. While
inverters can generate Vporrowm from the DPWM output
signal (VppwMbottom), VTOP requires a level-shifter [15] to

(0]
o

~
o

D
(@)

Efficiency (%)

)]
(@)

:f' ~ -#-3-level (w/o bottom-plate C)

40f gy i ~4-3-level (w/ bottom-plate C) -1
*» 7 -¥SC (w/o bottom-plate C)
30k *¢ ___ -+-SC (w/ bottom—plate C)
0.6 1.2

0.8 1

Output Voltage (V)
Fig. 11. Simulated conversion efficiencies of 3-level and SC converters with
and without bottom-plate parasitic capacitance.

shift the DPWM output (Vppwhntop), Which swings between
Vix/2 and 0, up to swing between Vix and Vin /2.
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Fig. 12. High-level architecture of the 3-level converter test-chip prototype.

Technolo 130nm TABLE I
ay CMOSs SPECIFICATIONS OF ON-CHIP SPIRAL INDUCTORS MODELED
USING ASITIC [23] AND MOS CAPACITORS

Load Power 0.2-1W

Input Voltage o4V Inductance 1nH
£ Output Voltage 0.4-1.4V Series Resistance 400mQ (@200MHz)
S
()
e I Inductor 1nH Area 400x400um
< per phase

Total Flying

phasel  phase0 Capacitance 18nF # of turns 1.25
| Total t .
£ CZ:a(%l:r?:e 10nF Trace Width 80um
=
[=] Total Input inF
S Capacitance n Metal Layers M7 and M8 (top 2 layers)
Switching
Frequency | 50-250MHz Capacitor Density 10fF /um?
Peak 77%
2000um Efficiency Bottom-plate Capacitance | 0.3fF/um?

Fig. 13. Die micrograph of the converter with dimensions of main blocks.
Flying capacitors are placed underneath the inductors to reduce area overhead.
The table shows converter specifications.

The middle FETs, MPy1p and MNy1p, need a special driver
to generate Vyp that swings across three different voltages,
Vixn, Vin/2 and 0. The buffer, INVgry, needs to dynamically
switch between two configurations—sitting between Viy and
Vin/2 and sitting between Vin /2 and 0. Since Cgry alternates
between the same two configurations, one way to implement
INVpry is to place it between the top (Vctop) and bottom plate
(Vebottom) of Crry, creating a “flying inverter” [10]. In step
1, INVgpy follows Cgry to sit between Vix/2 and 0. Input
to INVrry (Vinvay) is set to Vin/2 to generate 0 at Vyip. In
steps 2 to 4, INV gy sits between Viy and Vin /2 with Vinviay
swinging between Vix and Vix/2 to generate Vyip. While
this is the case for D > 0.5, Vixvay needs to swing between

213

Vin/2 and 0 for D < 0.5 (Vinvay is fixed at Vin/2 for D =
0.5). To accommodate both cases, D > 0.5 and D < 0.5, the
buffer, INVyp, that generates Vinyay sits between Vin and
Vin/2 for D > 0.5, while it sits between Vix/2 and O for
D < 0.5. INVyp switches between these two configurations
using power switches. The switch (sw1) that connects the input
to INVy1p is an analog 2:1 mux built with thick-oxide devices
to accommodate input signals ranging from 0 to Vix.

C. Passive Elements

For high efficiency, it is crucial to design high quality pas-
sive elements while not incurring excessive on-die area over-
head. Table I shows specifications for the spiral inductor im-
plemented using top two metal layers in parallel to reduce se-
ries resistance. To save on-die area, the flying capacitor resides
under the inductor. Since the flying capacitors can potentially
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Fig. 14. Measured snapshot of fast dynamic voltage scaling of the converter operating in open-loop. Voltage scales from 1.4 V to 0.4 V and vice versa within

20 ns.

inject noise into the inductor, a patterned ground shield protects
the inductor from noise coupling [17]. The flying capacitor is
implemented with a MOS gate capacitor, because of its higher
density compared to metal wire capacitors. However, both sides
of the flying capacitor swing by Vix/2, which impacts the de-
sign of the MOS capacitor.

While a triple-well nFET offers slightly higher capacitor
density, a pFET incurs less area overhead associated with the
surrounding wells. Hence, we opted to implement the MOS cap
using a pFET with drain, source, and body all tied together. A
major overhead of this choice comes from the junction capac-
itance between the P-substrate and N-well, which adds large
bottom-plate parasitic capacitance that exacerbates switching
loss. Fig. 11 presents simulated conversion efficiencies of SC
and 3-level converters including and excluding bottom-plate
parasitic capacitance. Both converters benefit from a ~10%
efficiency gain across a wide range of loads when bottom-plate
parasitic capacitance is eliminated. This motivates using a
process technology with high density capacitors with less
bottom-plate parasitic capacitance.

D. Feedback Loop and Shunt Regulator

Building on the previous blocks that generate an output
voltage with respect to different duty cycles, we now turn
our attention to the relatively slow digital feedback loop and
shunt regulator loop that regulate Vouyr to a desired level,
especially under load fluctuations. Revisiting Fig. 8, both loops
share a pair of fast voltage comparators with hysteresis to sense
whether the output voltage is above or below a desired reference
level, Vrer. In the digital loop, a pair of simple time-to-dig-
ital converters (TDC) generates 4-bit thermometer codes,
Nyp(3:0) and Npown (3:0), whose difference corresponds to
the Vour-Vrer error within each switching cycle. Accumu-
lating the difference between Nyp(3:0) and Npown(3:0), and
adding it to a reference duty cycle, Npuryrer(3:0), results

in a digital code, NpyTy(19:0), that feeds the DPWM de-
scribed above. Npuryrer(3:0) can be programmed externally
and changes only when the converter needs to dynamically
scale the output voltage. Simultaneously changing Vrgr and
Npurvrer(3:0) together enables nanosecond-scale voltage
scaling, as opposed to only adjusting Vrgr and slowly ac-
cumulating error through the digital loop. NpyTy(19:0) can
generate a range of duty cycles between 25% and 75%, in
5% steps, which leads to 120 mV output voltage resolution
for a 2.4V Vin. The coarse resolution hinders the feedback
from providing tight regulation, often resulting in steady-state
limit-cycling [24]. Finer-grain duty cycle control, possible
using a VCO with a larger number of phases, is necessary to
achieve tighter regulation.

Since the digital loop cannot easily track sudden load cur-
rent transients, there is a supplemental shunt regulator that sup-
presses output voltage fluctuations by detecting when Vour
crosses low or high thresholds and injecting or extracting cur-
rent [18]. Based on the Vyp and Vpown signals from the two
comparators, the shunt regulator can either turn on pFETs sitting
between Vin and Vur to inject current to Voyr, Or turn on
nFETSs between VouT and 0 V to extract current from Voyur.
Since Vour varies widely, the shunt regulator uses thick-oxide
devices for pFETS sitting between Vin and Vour. In contrast,
maximum voltage stress is 1.4 V for nFETs sitting between
Vour and 0, allowing for thin-oxide devices.

IV. MEASUREMENT RESULTS

To demonstrate the benefits of the 3-level converter, we
designed a test-chip prototype in a 130 nm Mixed-Mode/RF
CMOS process from UMC with a 2 pm thick top metal layer.
Fig. 12 shows the high-level architecture of the test-chip pro-
totype that consists of a pair of 2-phase, 3-level converters
arranged as two identical sectors. The two phases share a single
output capacitor to reduce ripple on Vour. Low-impedance,

Authorized licensed use limited to: Harvard Library. Downloaded on April 27,2022 at 12:37:25 UTC from IEEE Xplore. Restrictions apply.



KIM et al.: A FULLY-INTEGRATED 3-LEVEL DC-DC CONVERTER FOR NANOSECOND-SCALE DVFS

(a) all data
80,

Efficiency (%)
o N
e

o
2

On
oL

80

(b) 50% duty cycle

70,
& -~
= R
4

5 60 oA

@

S it

= A Load Current (A)

M g2 0.3 0.4 0.5 0.6 0.7 0.8
i # of phases = b o
i ety eoe0o0

1.2 04 0 0.8 1 1.2 1
Output Voltage (V) Load Current (A) Output Voltage (V)
80 80
(c) 4 phases  D=50% a2 (d) 2 and 4 phases
¥ &as
70 , = 70 L&
< 47. ﬁ"g PRy, 55 3 gy .
g TR ‘»MS g 4 .-.W )
) N { DUsA © Ol 00 o0 .
5% 42&"'"& 575" g3 9 5 le o000 t
= e 62.5| &
w *0 p+ S| &
50F Load Current (A) 50 ,
0304050607 0.8 O line: 2 phases
AR > ’ no line: 4 phases
40 40
0.6 0.8 1 1.2 14 06 0.8 1 1.2 1.4
Output Voltage (V) Output Voltage (V)
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TABLE II
BREAKDOWN OF CONVERSION LOSS OF THE 3-LEVEL CONVERTER FOR THREE DESIGN POINTS
Vour |loao | Freq No. conduction | switch- | bottom- | Efficiency
of ph ing plate
1 [0.71V [ 0.26A | 152MHz | 1 28% 1% | 9% 52%
1.03V | 0.57A | 82MHz | 4 12% 7% 8% 73%
1.25V [ 0.78A | 152MHz | 4 20% 0% | 8% 62%
on-chip switches can connect the two sectors together to create 80F : mg
. . R
a single 4-phase converter with each phase offset by 90 degrees. Q ﬁ ‘Y
. .. . I ¢ O
Otherwise, the test chip implements two independent 2-phase =701 ‘$§A %‘ T
converters. An ability to disable power FETs further enables % .ﬁ o ’é
multiple 3-level converter configurations consisting of one to 'S 60f aﬁ Load Gurrent (A)
. S f= ‘ 0.1 0.20.30.40.5
four phases. A programmable load in each sector facilitates [0 o AN
experimental measurements by sinking up to 0.5 A in 25 mA 509‘ :
steps as steady or pseudorandom patterns of current. _250pm Hu oK "o mOOKEG
Measurement results demonstrate that the 3-level converter T o00+4 ® . A.‘ ;
can generate a wide range of output voltages using 1nH in- < 150t .
tegrated inductors. The converter presents nanosecond-scale 8100. .A‘? zaﬁ ﬂ?%‘ ﬁo ?‘Olw
.. . . . T O) y N3} B AN Bh
voltage transition times and peak conversion efficiency of 77%. 50k ; : i )
Fig. 13 presents a die micrograph and a list of specifications c 4F : T ORI
for the test chip. .,g'
Data captured from a real-time oscilloscope (plotted in G20 HEADEE O EEGINAN AN 40 AmOONE)
Fig. 14) demonstrates the converter can generate output volt- S sAd ANA ARG 000 iy @D O AN
ages across a wide range—from 0.4 to 1.4 V when the input 0.6 1.4

voltage is 2.4 V — and rapidly scale Voyr by 1 V within
20 ns. Such high-speed voltage transitions at nanosecond time
scales enable complex digital systems to leverage temporally
fine-grained DVFS and improve system-wide energy effi-
ciency [19].

Fig. 15 summarizes the conversion efficiency measurements
made on the test chip in CCM mode. The converter operates

0.8 1 1.2
Output Voltage (V)

Fig. 16. Measured conversion efficiency with optimal switching frequencies
and number of phases.

in open-loop with fixed duty cycles ranging from 40% to 65%
in 5% steps to facilitate measurements across a wide range of
conditions. Two converter sectors can also operate with duty

Authorized licensed use limited to: Harvard Library. Downloaded on April 27,2022 at 12:37:25 UTC from IEEE Xplore. Restrictions apply.

215



216

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 47, NO. 1, JANUARY 2012

1-phase 2-phase 4-phase

200
=
E£150
o
_&100
£s LA | | s
>

:_,\ O

= —

2 freq=81MHz
= -8-freq=147MHz
g 20 -o-freq=179MHz
< -®-freq=241MHz
[0

310

3

> 0
1.5
2
3
>

0.5

50
Duty Cycle (%)

50
Duty Cycle (%)

75 25 75

50
Duty Cycle (%)

Fig. 17. Measured peak-to-peak output voltage ripple of the 3-level converter with DC load current. Ripple changes across duty cycles, switching frequencies and

number of phases.

cycles that differ by 5% to implement finer steps. Since duty
cycle is fixed during open-loop measurements, IR drop due to
parasitic resistance causes a spread in output voltages with re-
spect to load currents for the same duty cycle. IR drop is larger
than expected due to parasitic resistance on the external power
supply, bond-wires, and metal trace. Fig. 15(a) aggregates all
of the measured efficiencies collected across a range of static
load current conditions (0.3 to 0.8 A), duty cycles (40 to 65%),
switching frequencies (50 to 160 MHz), and number of phases
(1 to 4). Efficiency peaks at 77% for low load current condi-
tions (0.1 W/mm?) at 50% duty cycle. Fig. 15(b) compares mea-
sured data for 50% duty cycle operation using 2 and 4 phases. IR
losses increase as load current increases, increasing further for
the 2-phase configuration. Higher switching frequency can also
degrade efficiency at low load currents due to higher switching
losses. Fig. 15(c) plots the upper range of efficiency measure-
ments for the 4-phase configuration by picking the best effi-
ciency data across different duty cycle settings. Trend line over-
lays again illustrate the spread in output voltages due to IR
drop. Efficiency peaks for 50% duty cycle owing to small in-
ductor current ripple as explained in Section II. As duty cycle
deviates from 50%, inductor current ripple grows and the cor-
responding increase in resistive losses degrades conversion ef-
ficiency. Fig. 15(d) adds results for the 2-phase configuration
(symbols with outlines) to show that fewer phases can improve
efficiency at duty cycles away from 50%.

Using data from Fig. 15, Table II presents the breakdown of
conversion loss for three different design points. At low loads
(point 1), the 3-level converter runs at 152 MHz with a single
phase to reduce loss due to inductor current ripple. At mid-loads
(point 2) where duty cycle is 50%, the number of phases in-
creases to 4 and switching frequency decreases, matching the
analysis in Section II. However, at high loads, the number of
phases does not decrease to 2, but stays at 4. Contrary to the

analysis in Section II, using 4 phases exhibits higher efficiency
than using 2 phases at high loads because a 2-phase converter
suffers larger parasitic resistance in the power delivery wires
due to floor-plan issues in the test-chip. The die micrograph in
Fig. 13 shows that pads are placed close to each phase of the
converter, allowing all phases to have low-impedance connec-
tions to power/ground pads. When the converter operates with
2 phases, it has low-impedance connection to about half of the
pads that are close to the 2 phases that are turned on. The rest
of the pads that are farther away from the 2 phases provide a
higher impedance connection with larger parasitic resistance.
Compared to a 4-phase converter with short distance to most
of the pads, a 2-phase converter suffers from loss due to larger
parasitic resistance on the power delivery path.

To further study the effect of frequency and number of phases
on efficiency, we measured a second chip across a wider range
of switching frequencies. Fig. 16 presents maximum efficiencies
for each load current from 0.1 A to 0.5 A plotted across output
voltages. As shown in the second subplot, frequency reaches
a minimum at the center and increases as duty cycle deviates
from 50%, following a U-shaped curve. The optimal number of
phases, presented in the bottom subplot, also matches the afore-
mentioned trend of 1 phase at low load, 4 phases at the center
and 2 phases at high loads. Since the maximum load current is
0.5 A, lower than 0.8 A in Fig. 15, larger parasitic resistance
on the power delivery path has less impact on conversion effi-
ciency, favoring 2 phases over 4 phases at high loads.

Fig. 17 presents peak-to-peak output voltage ripple across
duty cycles for 1, 2 and 4-phase configurations and different
switching frequencies. In this measurement, the converter
operates with DC load current ranging from 0.1 A to 0.7 A
that scales linearly with output voltage. As seen in the top
row, voltage ripple reaches a minimum at 50% duty cycle for
all cases, and increases symmetrically as duty cycle deviates

Authorized licensed use limited to: Harvard Library. Downloaded on April 27,2022 at 12:37:25 UTC from IEEE Xplore. Restrictions apply.



KIM et al.: A FULLY-INTEGRATED 3-LEVEL DC-DC CONVERTER FOR NANOSECOND-SCALE DVFS 217

connected p-domain Il w/o shunt
10r switching frequency: 115MHz W/ shunt ]
E gk # of phases: 4 . ]
g. load current frequency: 50MHz '
] ]
8 6f 5 : —
— 1 []
O 4r : : 4
S ' '
2t : —
1 ]
O 1 1 1 11
T T T T T T
disconnected p-domain Il w/o shunt
& 10r switching frequency: 115MHz W/ shunt
o gl # of phases: 2 )
CE:L load current frequency: 50MHz
© 6
S 4
S
2
0

0.9 0.95 1

1.05

1.1 1.15 1.2

Output Voltage (V)

Fig. 18. Histogram of measured voltage noise with and without shunt regulator for connected and disconnected power domains of two sectors.

from 50%, matching the trends of Aly, pp in Fig. 4. Although
the absolute magnitude of ripple is roughly symmetric, ripple
grows larger as a percentage of Vour at low output voltages
(second row). Interleaving larger numbers of phases helps
reduce voltage ripple, especially at extreme duty cycles far
from 50%. By increasing the frequency as duty cycle deviates
from 50%, and operating with two or four phases, the converter
can maintain 5% peak-to-peak (£2.5%) ripple at duty cycles
ranging from 30% to 75%, which covers a wide 0.6-1.5 V
output voltage range.

Compared to steady-state voltage ripple, rapidly changing
load current further increases voltage fluctuation. Fig. 18
presents histogram plots created by sampling the output voltage
of the converter. We measure voltage noise due to pseudo-
random current patterns generated by the programmable loads,
with and without the supplemental shunt regulator turned on.
The simulated ramp time of load current is 1.5 mA/ps. With
connected sectors (top plot), the shunt regulator is able to re-
duce peak-to-peak voltage noise from 0.27 V to 0.19 V. These
results verify that the shunt regulator can appreciably squeeze
the noise distribution together and reduce peak-to-peak voltage
excursions, shown in dotted lines. Moreover, connecting the
power domains reduces voltage noise as a result of larger
output capacitance and some canceling of the pseudorandom
load currents.

While the shunt regulator—reacting to threshold cross-
ings—reduces voltage fluctuations, it has two drawbacks. First,
internal circuit delays limit how quickly this feedback loop can
sense and react. Second, simply relying on thresholds provides
limited information as to the magnitude of voltage noise and
the appropriate response needed to suppress it. One solution
is to use a prediction-based shunt regulator that leverages mi-
croarchitecture-level information to reliably predict upcoming

[“switching frequency: 115MHz
1.15}-# of phases: 2 (disconnected sectors)
S
E’ Nominal
> 1.1 Voltage \
— s "’ \7\ ]
6 : | r‘
= 1.05¢ ‘ ' 4.3% droop
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Fig. 19. Comparison of measured on-die voltage noise without shunt regulator,
with reactive shunt, and with predictive shunt.

voltage droops [20]. The processor can track the history of
microarchitecture events using a memory structure to predict
events that lead to a surge in load current.

To demonstrate the potential of predictive shunt regulation,
we use pulse signals generated externally to turn on the shunt
regulator, mimicking signals provided by a processor that pre-
dict upcoming voltage droops. Fig. 19 presents snapshots of
measured voltage droops due to two consecutive 80 ns wide cur-
rent pulses of 100 mA and 150 mA. Predictive current shunting
reduces the maximum voltage droop by over 40% compared to
simply reacting to threshold crossings.
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TABLE III
COMPARISON WITH PRIOR DC-DC CONVERTER DESIGNS.
This

[2] [3] [4] [8] [9] [10] [11] [12] work
Year 2004 |2008 |2008 |2008 |2010 |2010 |2010 |2008 |2011
Process | 90 130 130 130 |45 32 45 250 130
Tech (nm) | bulk bulk bulk bulk bulk SOl SOl bulk bulk

stacked
Topology | buck buck inter- buck SC SC SC 3level | 3level
leaved
Inductor 'cAcl)rr-e zoelf R gr?i-p gﬂi'p MOS | MOS | Trench | bond- ggi_p
Capacitor on-pkg | on-pkg | spiral spiral cap cap cap wire L spiral
Vin 1.2 3.3 1.2 226 [1.8 2 2 3.6 2.4
Vout 09 |016 |09 1; 081 |25 Joss |1 o
Freq 50-
(MH) 233 |60 170|225 |30 700 | 100|373 |55,
No. of 4 16 1 4 No 32 No 1, 4
phases info info
L per ph No
i 6.8 e |2 3.9 NA |NA |NA | 267 |1
Clly(mF) |NA  |NA |NA | NA - | 0534 | NO 0.2 507 |18
y (nF) info

Cout (nF) | 2.5 m?o 52 [122 |07 |o I’:?o 259 |10
Max 027 | 120 032 |08 0.008 | 0.3 0.0026 | 0.1 1
power (W)
Area 126 |376 |15 3.8 0.16 | 0.378 |0.0012 | 5.1 5
(mm2)
Power
density 021 |319 [021 |0213 |005 |055 |219 |[002 |o02*
(W/mm2)
Efficiency
(at power | g, 5 | No 76 48 No 81 90 No 63
density ’ info info info
above, %)
Efficiency | g3, | gg 779 |58 69 84 90 69.7 |77
(peak, %)

* power density including output decoupling capacitance

Lastly, Table III compares recently published DC-DC con-
verters using chip-integrated or package-integrated passive ele-
ments. Since the published test-chips use different process tech-
nologies, input/output voltage ranges and inductor technologies,
it is difficult to make a fair comparison across all of them. The
test-chip that is most similar to this work is a buck converter
builtin 130 nm using on-chip spiral inductors with 2-2.6 V input
and 1.1-1.5 V output voltage ranges [8]. Compared to this buck
converter, our 3-level converter uses a 4 x smaller inductor and
exhibits 15 percentage points higher efficiency at comparable
power densities.

V. CONCLUSION

Measurement and analysis from a 130 nm test-chip prototype
demonstrate the benefits of a fully-integrated 3-level DC-DC
converter. Merging the characteristics of the buck and SC
converters, the 3-level converter offers a wide output voltage

range using a small 1 nH inductor that is suitable for on-chip
integration.

For a 2.4 V to 0.6—1.4 V conversion, the converter achieves
77% peak efficiency and voltage scaling across 1 V within
20 ns, which is 100x faster than previously published con-
verters using on-package inductors [3]. Process technologies
with smaller bottom-plate parasitic capacitance and thick metal
layers offer the potential to further increase the conversion
efficiency of future 3-level converter designs.
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