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ABSTRACT

Multiple supply voltage levels (multi-Vdd) are effective to
reduce power at the system level, and field programmabil-
ity of multiple Vdd domains is a must for designing a sin-
gle FPGA chip architecture for a spectrum of applications.
This paper develops circuits and architectures with field pro-
grammable multiple Vdd domains for system-on-an-FPGA.
The sizes and locations of these domains are configurable.
The voltage levels of these domains are field programmed by
a stacked power supply, which consists of an off-chip pulse
width modulation (PWM) buck converter to supply major-
ity of the power and a distributed array of on-chip pulse fre-
quency modulation (PFM) buck converters to obtain supply
voltage levels that may be individually programmed during
mapping-time and run-time for different regions over the
chip. The current is recycled between stacked Vdd domains,
and total supply current from outside of the chip is reduced
to 1/2 and 1/3 in the two- and three-level stacked power
supplies, respectively. The reduced current proportionally
decreases the number of power pins and alleviates signal
integrity concerns. Experiments show that the proposed
stacked power supply has over 90% power efficiency in volt-
age conversion. Finally, we also discuss CAD needs to map
system applications to the proposed multi-Vdd FPGA.

1. INTRODUCTION

Benefiting from the continuous scaling of semiconductor
technology, modern FPGAs have multi-million gate capacity
and high speed clock frequency approaching 400MHz which
makes a system-on-an-FPGA become realizable. Multiple
soft and application specific processor cores (in addition to
hard cores for general-purpose) can be implemented on one
single FPGA. Power consumption is a large limitation for
such a system-on-an-FPGA, and the existing power mini-
mization techniques for a system-on-a-chip should also be
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examined for a system-on-an-FPGA. A system-on-a-chip,
mostly in the form of ASIC, has multiple cores or modules
on a single chip. These multiple cores either communicate
with each other through system level pipelines [1] or have
little interaction between each other, but each of them has
individual performance constraints. The technique of mul-
tiple supply voltages has been studied to reduce power con-
sumption of such a system [2-6]. For example, [2,3] applied
different voltages to different stages of a system level pipeline
and removed the temporary “idleness” in the stage computa-
tion due to unbalanced stage delay, but still guaranteed the
pipeline latency requirement. [4] studied system-level appli-
cation partitioning for multiple voltage processor cores and
minimized power under quality of service (QoS) constraint
for each application. To support multi-Vdd, multiple supply
voltages could be generated off-chip and distributed to cores
in the chip by multiple sets of Power/Ground (P/G) net-
works. Alternatively, DC/DC converters can be integrated
on chip and convert the input voltage to different voltage
levels internally [7-9].

However, there are unique challenges in applying multi-
Vdd to a system-on-an-FPGA. First, unlike ASICs where
the multi-Vdd layout can be customized for different appli-
cations, FPGAs have to use the same fabric and layout to
accommodate a spectrum of applications. Previous studies
have shown that a fixed multi-Vdd layout does not produce
a satisfactory power and performance trade off, and field
programmable dual-Vdd [10-12] is needed to obtain a good
trade off. While the programmable Vdd in [10-12] is fine-
grained, the core level multi-Vdd in [2-6] can be viewed as
coarse-grained. Similar to the fine-grained designs, we be-
lieve that power domains in coarse-grained multi-Vdd FP-
GAs should be able to accommodate (i.e., be reconfigurable
for) different requirements on voltage levels, domain sizes,
and domain locations by various applications in order to
achieve the desired power reduction without performance
loss. In other words, field configurable multi-voltage do-
mains should be developed to reduce the power of a system-
on-an-FPGA. Secondly, generating and delivering multiple
Vdd levels from off-chip with large amount of current require
more power pins, which is not preferred in FPGA because
FPGA is often pin limited.

In this paper, we develop FPGA circuits and architectures
that support field programmable multi-Vdd for system-on-
an-FPGA. The enabling technique is an innovative stacked
power supply system, containing an off-chip pulse width
modulation (PWM) buck converter to supply majority of
the power and a distributed array of on-chip pulse frequency



modulation (PFM) buck converters to obtain supply voltage
levels that may be individually programmed during mapping-
time and run-time for different regions over the chip. Power
efficiency, defined as the ratio of output power delivered and
input power, is over 90% compared to 78% for the charge-
recycling linear regulator based stacked power supply that
has been studied in the literature [7]. Because the current is
recycled between stacked voltage domains, the total supply
current from outside of the chip is reduced to 1/2 and 1/3
in the two- and three-level stacked power supplies, respec-
tively. The reduced current decreases the number of power
pins. According to [13], 257 out of 684 pins are used as power
pins in the BF957 package for Virtex-II. A reduction in sup-
ply current roughly decreases the number of power pins lin-
early and also alleviates signal integrity concerns. For ex-
ample, the IR drop [14,15] through P/G network segments
reduces proportionally as the supply current decreases. In
contrast to fine-grained programmable Vdd in [10-12] with
pre-defined Vdd levels and patterns, the proposed FPGA in
this paper can configure the Vdd levels and patterns (i.e.,
Vdd domain locations and sizes) when mapping an applica-
tion to the FPGA. Also, the proposed FPGA allows dynamic
voltage scaling during runtime®.

The rest of the paper is organized as follows. In Sec-
tion 2 we introduce circuits and architectures for field pro-
grammable mutli-Vdd FPGA. We use the simplest stacked
power supply based on a linear regulator to illustrate the
concepts. In Section 3 we describe a stacked power supply
system that consists of a PWM and multiple PFMs with
power efficiency much higher than linear regulator. In Sec-
tion 5 we discuss the necessity of CAD algorithms to support
the design of stacked power supplies, and we conclude the
paper in Section 6.

2. FPGA FABRIC FOR PROGRAMMABLE
STACKED POWER DOMAINS

2.1 A primitive example of stacked voltage
supplies

2.1.1 Circuit design

The first power supply system described which imple-
ments stacked voltage domains is a linear regulator. Fig. 1
(a) shows the schematic of a conventional linear regulator.
The variable resistor is implemented as a power transistor
controlled by a feedback amplifier and the intermediate volt-
age level VddL, which is converted from the original supply
voltage VddH, is kept almost constant. Although this linear
regulator does not require off-chip components, its energy ef-
ficiency is limited to VddL/VddH, and a significant portion
of the total power is wasted on the power transistor.

Recently, charge-recycling voltage regulator has been pro-
posed to improve the energy efficiency of on-chip regula-
tors [7]. The idea is illustrated in Fig. 1 (b). Logic circuits
in different Vdd domains can be concatenated in series or
stacked between VddH and Gnd, which are provided ex-
ternally. VddL is an intermediate voltage level due to the
stack structure. The top logic operates between VddH and
VddL, and the bottom logic operates between VddL and

!Nevertheless, the fine-grained programmable Vdd [10-12]
and the coarse-grained one proposed here are orthogonal and
can be applied simultaneously.

Gnd. The lost energy for providing VddL in a conventional
linear regulator is now employed in the computation of the
top logic. The charge/currents used in the top logic is “recy-
cled” in the computation of the bottom logic. By regulating
VddL to a specified voltage level with a push-pull power
transistor pair, we can control the effective supply voltages
of different power domains. The two power domains in one
single stack structure are called sibling power domains. To
reduce the regulation current i,y drawn from the regula-
tor and therefore ensure a high energy-efficiency, we need
to balance the charge demand between the two sibling do-
mains. Specifically, the current i:op and ipo+ should match
each other within certain range of runtime variations.
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Figure 1: Design concepts: (a) Conventional linear
regulator; (b) Charge-recycling voltage regulator.

We use the circuits for a charge-recycling regulator in
Fig. 2, which is similar to that [7]. The push-pull output
stage is comprised of two power transistors M1 and M2.
Two single stage amplifiers, Ampl and Amp2, provide the
negative feedback control for the power transistors respec-
tively. The output stage is a pair of source-follower type
transistors. The voltage of intermediate node VddL sta-
bilizes at the reference voltage Vief. Vies is on-chip pro-
grammable and can be generated by a simple resistance lad-
der or switch capacitor (SC) voltage divider controlled by
two-phase non-overlapping clock signals. An auxiliary de-
coupling capacitor may be attached to the regulator output
to provide additional regulation capability for a very quick
change of the charge demand. Overall, this linear regulator
has a limited power efficiency, and a more power-efficient
power supply will be presented in Section 3.
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Figure 2: Circuit design for charge-recycling voltage
regulator.
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Figure 3: SPICE simulation results for the charge-
recycling voltage regulator.

2.1.2 Smulation Results

The functionality of the voltage regulator is validated by
SPICE simulation using FPGA circuits. Two MCNC bench-
mark circuits of similar scales, b1 and parity, are first mapped
to a conventional FPGA fabric with lookup table (LUT) size
4 and cluster size 4. LUT size is the number of inputs to an
LUT, and cluster size is the number of LUTs inside a logic
cluster®. We assign circuits b1 and parity to the top and bot-
tom domains, respectively, to form a stacked structure. The
externally generated supply voltage VddH is 1.95V, and the
reference voltage V;.cr is programmed to 1.08V. The sizes of
transistors M1 and M2 in Fig. 2 are 3330X and 6660X min-
imum width, respectively. The two amplifiers Ampl and
Amp2 operate between 2.0V and 0V (Gnd). We do not at-
tach a decoupling capacitor to the intermediate node VddL
in this validation experiment. This allows us to test the
regulation capability of the regulator itself.

We apply different input vectors to the top and bottom
domains, and the simulation results are shown in Fig. 3.
Comparing the waveforms in Fig. 3 and the stand-alone
waveforms of the top and bottom domains, it is clear that
both power domains function correctly in their own volt-
age ranges. The operating voltage ranges of the two sibling
power domains do not overlap with each other. The output
voltage of the regulator is also shown in the figure and it is
within +/-6% away from the reference voltage. This amount
of voltage oscillation does not cause circuit malfunction and
only has a little impact on the circuit delay. The energy
efficiency observed in a simulation period of 1320ns is 78%.
A simple linear regualtor to produce the same voltage level
only has an energy efficiency of 55% (=1.08V/1.95V).

2.2 Inter-domain voltage level shifters

Vdd level conversion circuits are needed as the interface
between two voltage domains. Traditional level shifters [17—-
20] require that the operating voltage range of one domain
be covered by the operating range of another, and they do
not work for our stacked power domains. We use the sense
amplifier based flip-flop (SAFF) [21] as our synchronous
level shifter. The circuit is shown in Fig. 4. Signals D and
D are the complementary inputs of the level shifter and op-
erate either between the VddH and VddL or between VddL

2Refer to [16] for more detailed descriptions of FPGA archi-
tectures.

and Gnd. The sense amplifier goes from pre-charge state
to the evaluation state at the rising edge of the clock signal
clk. The sensing nodes S’ and R/ further drive a RS flip-
flop to generate rail-to-rail output signals. The full-swing
signals @@ and @Q/ converted from the level shifter inputs can
drive any other power domain, regardless of its operating
voltage range. Therefore, the same level shifter can be used
when either the top domain drives the bottom domain or
vice versa. Fig. 5 shows the SPICE simulation results for
the level shifter. We present the waveforms of three signals:
level shifter input D, level shifter output ), and clock signal
Clk. We label the operating voltage range beside each sig-
nal waveform. The level shifter output signal always makes
transitions at the rising edge of the Clk. It is clear that
the input signal D is correctly latched into the synchronous
level shifter.
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Figure 4: Sense amplifier based level shifter in our
stacked power domains.
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Figure 5: SPICE simulation results for the sense
amplifier based level shifter.

2.3 Fabric of configurable stacked power do-
mains
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Figure 6: An FPGA fabric with configurable voltage domains. VddH and VddL are generated on-chip and

can be programmable.

We show the FPGA fabric to implement configurable stacked

power domains in Fig. 6. A Vdd-programmable region is the
smallest granularity for coarse-grained Vdd change and con-
tains Vdd-programmable logic blocks and interconnects. In
order to make the location and size of a voltage domain
software-configurable, power switches are inserted between
Vdd-programmable regions and power supplies as shown in
Fig. 6. Specifically, we insert PMOS power switches between
the Vdd port of a Vdd-programmable region and the supply
node VddH as well as between the Vdd port and interme-
diate node VddL. We also insert NMOS power switches be-
tween the ground port of a Vdd-programmable region and
intermediate node VddL as well as between the ground port
and the real ground node Gnd. The power switches are
controlled by configuration SRAM cells, and therefore each
Vdd-programmable region can be field programmed to op-
erate either between VddH and VddL or between Vdd[L and
Gnd. Note that the voltage levels of these regions are pro-
grammable on-chip. As shown in Section 3, an array of PFM
DC/DC converters will be used to customize Vdd levels for
different regions over the chip.

All Vdd-programmable regions configured to the same op-
erating voltage range naturally form a voltage domain and
therefore the domain size and location can be easily con-
trolled. For example, in Fig. 6, the same circuit can be
configured as two horizontal voltage domains A and B in
configuration 1 or two irregular domains C and D in configu-
ration 2. This novel fabric provides similar Vdd programma-
bility originally proposed in the previous work [10-12], but
the programmable voltage region is far more coarse-grained
(several logic blocks) and the area for power switches is much
smaller. Because the logic blocks consist of LUTs and flip-
flops, we use the sense amplifier based flip-flop for all the flip-
flops in a Vdd-programmable region. The boundary logic
blocks in a Vdd-programmable region can be configured as
1/0 blocks and their flip-flops may serve as the level shifters
between different power domains. The sense-amplifier based
flip-flops also function correctly as an intra-domain connec-
tions. Conventional flip-flops without level shifting function
may also be used for intra-domain connections to reduce the

circuit area.

3. PWM/PFM STACKED SUPPLIES

Due to the fact that linear regulator based power supply
systems have downfalls, especially in terms of power effi-
ciency, we introduce DC/DC converters that are based on
inductor-capacitor (LC) low-pass filters, which extract a DC
output from an input pulse signal. If the output voltage is
less than input, such DC/DC converters are called buck con-
verters. In this section, we first introduce pulse width modu-
lation (PWM) and pulse frequency modulation (PFM) buck
converters and then propose a PWM/PFM stacked power
supply system based on these two types of converters.

3.1 Pulse width modulation buck converters
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Figure 7: Schematic of a PWM buck converter.

The schematic of a PWM buck converter is shown in Fig.
7. It consists of two power transistors, M1 and M2, with
their drivers, a low-pass LC filter consisting of Ly and Cy, a
snubber capacitor Cs,up, and a pulse width modulator. The
basic operation of the PWM can be summarized as follows:
The voltage comparator converts a source voltage to a pulse
signal with an average magnitude equal to a given reference
voltage. The low-pass filter is used to obtain the desired DC
component. Furthermore, the power transistors’ switching



patterns are used to dictate the duty cycle and in effect the
output voltage.

The output voltage level V¢ is the DC component of the
pulse signal generated by the PWM, and it is

Vout = Vddin - D7 (1)

where D is the duty cycle of the pulse signal, which is con-
trolled by Vies as an input of the PWM. In fact,

V’ref
=< 2
Vddin @
Therefore, we have
Vout = Vref- (3)

As shown in [22], the output voltage ripple of a PWM buck
converter can be expressed as

Vddin(1 — D)
8LsCyf? )

where Ly and Cy are the inductance and capacitance of the
LC filter and f is the frequency of the pulse signal. f is also
called the operation frequency of the buck converter.

Equation (4) shows that to keep AV,y: at a low level, Ly
and/or Cy has to be large if the operation frequency f is
low. In other words, an effective way to reduce the area of
the LC filter in the buck converter is to use a high operation
frequency [8]. However, a high operation frequency leads to
a high switching power loss. To reduce the switching power
loss, a technique called zero voltage switch (ZVS) has been
widely adopted. As shown in [23], ZVS ensures that both
power transistors switch under a zero voltage drop between
source and drain.

Assuming ZVS, the conduct loss of power transistors is
given by

A‘/out -

-2
Yrms RO

Pconduct = W (5)

and the switching loss is given by
Pswitching = EOfSW7 (6)

where i,ms is the RMS current passing through the power
transistor, Ry is the equivalent series resistance of a unit size
transistor in the ohmic region, W is the size of the transistor,
FE) is the energy of one switch for a unit size transistor, and
fs is the operation frequency of the DC/DC converter. The
optimum width to minimize the total power loss is given by

_ ROigms
WOPt - H fsEO ’ (7)

and the total power loss could be expressed as

Prin =2 V Roi%msfsEo' (8)

3.2 Pulse frequency modulation buck convert-
ers

The schematic of a synchronous pulse frequency modu-
lation (PFM) buck converter is shown in Fig. 8 [24]. In
the PFM buck converter, Vo, is compared with a reference
voltage level Vier. If Vour < Viep, the output of the volt-
age comparator opens power transistor M; for a short time
period T. During this time period, currents are charged
into Cy from Vdd;, passing through M:; and Ly. After-
ward, M is closed, and the edge detector opens the NMOS
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Figure 8: Schematic of a synchronous PFM buck
converter.

power transistor Mz to maintain a continuous current pass-
ing through Ly. This current is monitored by the NMOS
current comparator, which signals to turn off M2 once the
current decreases to zero. In summary, the PFM buck con-
verter provides a current pulse when V,,: becomes smaller
than Vyey.

PFM DC/DC converters have a higher power efficiency
than PWM converters when the loading burden is low be-
cause power transistors only open when V,,: drops below
Vrer, which significantly reduces both conductive and switch-
ing power loss. In contrast, the power transistors in a PWM
converter always switch and power loss is constant regardless
of the loading.

When M; is open, the current of Ly is given by,

di
Ly— = ddzn — Vou
rE =V Vour )
i(t) = 7‘/‘1‘1’2; Vout (10)

Assume the opening time period of M; is T', the peak current
of Ly is given by,

_ Vddzn — Vout

i(T) ”

T. (11)
Assuming the current of Ly is triangle, we can obtain that
this current pulse raises the output voltage by,

_ Vddin — Vout 2
Av = I D T (12)

Therefore, the maximum loading power that the DC-DC
converter can provide without lowering the output voltage
level is

Pmaz = % . Vout . Z(T) (13)
_ 1 (Vddzn - Vout) : Vout T (14)
2 Ly

According to [24], the switching energy loss for a pulse is
equal to

Eswiten =

% : Cac(Vddzn - Vout)2
L1
2

- CLVddZ, + %cxvfut



The conduct power loss of the PMOS power transistors is

1.
Peonduct ZEZ(T)2 - (Rpmos + Rnmos) (15)
1 Vddin - Vou
==(Rpmos + Rymos) - (——a—2u . 7)?
6 Ly
(16)
The total energy delivered to the output capacitor is
1
Edelive'r :EZ(T) . Vout -T (17)
Therefore, the power efficiency is
n= 1 Eswitch + Pconduct *T x D (18)

Edeliver'

Note that when 7" is comparable to the delay of the NMOS
current comparator, the power efficiency could be signifi-
cantly degraded. This is because the power of the ground
bounce caused by the late close of M2 and eventually dissi-
pated on the M, channel resistor becomes more significant.

3.3 PWM/PFM stacked power supply

3.3.1 Principles

In this paper, we propose a PWM/PFM stacked power
supply. The schematic is shown in Fig. 9, where (a) and (b)
shows a two- and three-level stacked power supply system,
respectively. A two-level stacked power supply consists of
an off-chip (in package) PWM DC/DC converter and an on-
chip PFM converter. In a three-level stacked power supply,
there are two on-chip PFM converters.

The FPGA fabric scheme proposed in Fig. 6 could be
fully adopted for the two-level DC power supply. More
power switches are needed to support the three-level or more
stacking level supplies. In general, an array of PFM DC/DC
converters is used to customize Vdd levels for different re-
gions over the chip. These converters are all stacked with the
off-chip PWM converter similar to the two- and three-level
cases in Fig. 9.

In a stacked power supply, circuit modules (load1, load2,
and load3 in Fig. 9) are all stacked and their currents are
recycled. In turn, the total current supplied to the chip
is reduced. For example, if we assume that the switching
currents of loadl and load2 have the same value of I under a
supply voltage level of V. When they are parallely connected
in a traditional design, the total chip supply current is 21.
However, in a stacked power supply system as in Fig. 9 (a),
the total chip supply current is only I if Vour1 = V, and
Voutz2 = 2V. Similarly, a three-level stacked power supply
could reduce total supply current by a factor of 3.

In the stacked power supplies, majority of the power is
supplied by the off-chip PWM converter, and the on-chip
PFM converters are used to control and stabilize the pro-
grammable voltage levels. Taking the two-level stacked power
supply system as an example, the power supplied by the off-
chip PWM and on-chip PFM converter are

Vout2 - Tioad1 (19)
and
(Voutz = Vout1) - (Tioad2 — lioad1), (20)

respectively. When ;o442 < lioad1, the power of the PFM
converter becomes negative by (20), meaning that there is a

current (Ijoad1 — l10ad2) charged to the output capacitor C
of the PFM converter. The consequence is that the voltage
level of the output capacitor C'y in the PEFM converter, which
is the same as the voltage level of load2 Vipaad2, raises above
Vier2. In turn, the voltage level of loadl Vioeq1 drops below
the desired voltage level V,.cf1 — Vief2. This problem can be
solved by always using the one with larger average current as
load2, and adopting a large enough Cy in the PFM converter
to tolerate short-time negative current charging.

When Ijo0d2 > livad1, the power supplied by the PFM
converter is non-negative. Once the output voltage level
of the PFM converter drops below V;.ef2, the PMOS power
transistor M7 opens and a pulse of current charge is injected
into C in the PFM converter. In this way, the voltage level
of load2 and loadl are maintained at Vy.er2 and Vyep1 —Viyeyo,
respectively.

In the ideal case when Ijoqd2 = lioad1, the power supplied
by the PFM converter is zero. Practically we choose load2
with a current slightly larger than load1 to reduce the power
drawn from PFM, which helps to reduce the output voltage
ripple and area usage of the on-chip PFM converter.

Power efficiency versus loading
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Figure 10: Power efficiency of PWM and PFM buck
converters versus loading.

We justify the usage of PFM instead of PWM converters
as the on-chip converters in the stacked power supplies by
showing the power efficiency of both PWM and PFM con-
verters under different loading levels in Fig. 10. The X axis
of Fig. 10 is the loading in terms of capacity where 100%
stands for full capacity, and the Y axis is the power effi-
ciency of the PWM and PFM buck converters. As shown
in the figure, the power efficiency of PWM converters drops
dramatically while the power efficiency of the PFM convert-
ers stays high as the loading becomes low. This behavior
is due to the fact that the power transistors of PWM con-
verters are always switching regardless of the loading while
those of PFM converters only open when the output voltage
level drops below the reference voltage level. Note that most
power loss of these types of converters comes from the con-
ductive and switching power loss of the power transistors.

3.3.2 Analysis

We first study the output voltage ripple and power effi-
ciency of a two-level stacked power supply and then extend
our study to the three-level case.

In a two-level stacked power supply system, the voltage
ripple of Vout2 is mainly determined by the off-chip PWM
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Figure 9: Schematic of PWM /PFM stacked power supply systems.

DC/DC converter because 1) the output capacitance of the
PWM is much larger than that of the on-chip PFM DC/DC
converter 2) the voltage level of Vout2 is the same as that
of the output capacitance of the PWM converter. I.e, the
voltage ripple of Viy2 is

Vddin(1 — D)
8L;Cyf?
Also, as the voltage level of load2 is the voltage level of the
output capacitor of the PFM DC/DC converter, the output

voltage ripple is the same as the PFM DC/DC converter.
Le., the voltage ripple of load?2 is

Vddzn — Vout 2
T 22

LC-D (22)
Therefore, the voltage ripple of loadl, i.e., Vout1 is given as

AVvloadl = AVvoutl = AVout2+AWOad2 =

AVoutz2 = AVpwm = (21)

AVipaaz = AVpry =

AVpwu+AVern.
(23)
In a two-level stacked power supply system, the power ef-
ficiency is a function of the total time that the PFM DC/DC
converter is open, which depends on the loading specifica-
tions. Assuming that the ratio to open the PFM DC/DC
converter is R, the total power loss of the two-level stacked
power supply system is

Eswitch
T-D
Similar conclusion can be drawn for three-level stacked

power supply system, the voltage ripple of load3, load2 and
loadl are

Ijloss =2 Roi?.msfsE() + ( + Pconduct) -R. (24)

AVipads = AVprua, (25)
AVigadaz = AVpram2 + AVprua, (26)

and
AVigaar = AVew iy + AVprare, (27)

respectively, where PFM1 and PFM2 stand for the right
and left on-chip PFM converters in Fig. 9 (b), respectively.
The total power loss of the three-level stacked power supply
system is

—F)loss =2 V ROZrmsfsEO +

EswitchZ
T - Do

swztchl
Pcon uc R 28
T T, Dy + ducty) - R1 (28)

+ ( + Pconductg) : R2 (29)

3.3.3 Design considerations

In order to design the PWM to achieve maximum effi-
ciency, several tuning factors including Ly, Cy, Csnup, and
the size of the power transistors need to be determined so
that the circuit operates in ZVS mode. Ly and Cjy were
tuned to achieve an optimum level for the current across the
inductor so that charging and discharging of all capacitances
occurs in a lossless manner. The size of Cs,.» was adjusted
so that the transition time of the switching is ideal for oper-
ating under ZVS mode. Also, the dead times, where neither
of the power transistors conduct, must be equal to the time
it takes for the inverter output to transition. Finally, the
size of the power transistors was manipulated to account
for the load so that the voltage drop from Vdd to ground
occurred optimally. All these values were tuned while still
considering the impact of the changes on the overall area
usage.

One of the down sides with the current tuning scheme
is that it has to be reconfigured when a different load is
used. [23] has introduced a technique to adjust the gate sig-
nals of the power transistors so that a proper dead time is
insured for optimal ZVS operation for any load. Integrating
this technique into stacked power supplies will be our future
work.

The design of on-chip PFM buck converters needs to bal-
ance maximum loading power capability, output voltage rip-
ple, and efficiency. The key parameter to find the balancing
point is the opening time of the PMOS power transistor 7.
By (14) and (11), the maximum loading power and current
of Ly are both proportional to T'. According to (12), the
output voltage ripple is proportional to T2. It is also shown
that the efficiency of the PFM increases as T' increases.

To obtain high efficiency and high loading power capa-
bility, a larger T is used. This requires a large Ly and Cjy
to limit the output voltage ripple to a low level. As shown
in Section 4, this case puts the inductance in package due
to the area footprint. On the other hand, to integrate the
inductance on-chip while keeping output voltage ripple low,
a small value T is adopted and power efficiency is sacrificed.
As shown in 4, this scheme is suitable for the situation where
the loading current is more balanced among voltage domains
and the power drawn from the PFM converters is small.

4. EXPERIMENT RESULTS



4.1 Vdd programmability

We have implemented prototype designs for two-level and
three-level PWM/PFM stacked power supplies in 100nm
technology and simulated our designs by SPICE under Berke-
ley predictive technology models [25]. To obtain realistic
loading circuits for demonstrating the functionality and per-
formance of the proposed stacked power supplies, we use
macro-models. We first map three MCNC benchmark cir-
cuits of similar scale b1, cm138a, and parity to a conven-
tional FPGA fabric with LUT size 4. We then simulate
these circuits by SPICE and obtain the current waveforms
drawn by these circuits from an ideal voltage source. These
current waveforms are amplified 1000 times to mimic a real
total chip current drawn by a typical FPGA chip®. To con-
sider the factor that the total chip current usually has much
smaller fluctuation than small circuits, we average the cur-
rent value every 10ns. In other words, every 10ns we obtain
a data point which is the average current value of the orig-
inal current waveform, and then link all these data points
together to build a new PWL current source. These current
sources are used as the loading in our experiments.

In the experiments for two-level stacked power supplies,
we target the voltage level of V2 at 2.3 volt and Vi1 at
1.0 volt (refer to Fig. 9 (a).). For three-level, we target
the voltage level of Viouis, Vourz and Vo at 2.7, 1.9 and
0.9 volt, respectively. The output voltage waveform from
the SPICE simulation of our prototype designs are shown in
Fig. 11. It can be seen clearly that after certain setup time
(8u for two-level and 4u for three-level), the output voltage
are stabilized at the desired levels. The overall voltage ripple
for all these output voltages is less than 15%.

Voitages (in)
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Figure 13: Dynamic voltage scaling from (1.0V,
2.3V) to (1.2V, 2.7V) in the two-level stacked power

supply.

The output voltage levels, such as Vout1 and Vioyurz can
be dynamically adjusted during run-time by changing the
reference voltage levels. Fig. 13 shows an example. The
reference voltage levels of V,ef1 and Vi.cr2 are initially set at
2.3 and 1.3 volt, respectively. Under these reference voltage
levels, Vour1 and Viyeo are programmed at 1.0 and 2.3 volt,
respectively. At 14us, Vieso and Viey1 are reset to be 2.7
and 1.5 volt, which re-programs Vyyt2 and Voye1 to 2.7 and
1.2 volt, respectively. It is clearly shown in the figure that
after a 6u transition time, these two voltages settle down to
the desired levels.

4.2 Power efficiency versus area

One of the main design considerations when creating a
power supply system is the area associated with such a

3Tt takes hours to simulate these “simple” circuits and it is
unrealistic to simulate 1000x larger circuits in SPICE.

design. In our experiment, we estimate the chip area by
the total current of the circuit divided by a current density
of 1A/cm2, representing the typical cases of FPGA chips.
For on-chip capacitance and inductance densities, we use
7.94nF/mm? [8] and 0.33nH /mm?, respectively. Note that
the on-chip inductance area is evaluated based on thin film
technology [9]. Also, technology has been developed to place
inductor for DC/DC converters both inside and outside the
CPU die [9] and it can be applied to this paper too. Ta-
ble 1 shows the area for two- and three-level stacked power
supplies. With inductance (L in the PFM converters) off-
chip (in package), the introduction of two-level and three-
level stacked power supplies can be achieved with an area
for capacitance that is less than 10% and 20%, respectively.
Furthermore, with the introduction of inductance on-chip,
the area is slightly higher at levels of 15% and 35% for the
two and three voltage domains.

Power supply efficiency plays a critical role in evaluating
a power delivery system. From our experiments as shown
in Fig. 12, we were able to achieve power efficiencies con-
sistently over 90% for both the two-level and three-level
stacked power supplies with inductance placed in package.
When the inductors are placed on-chip, the inductance of
the inductors has to be small due to the area of the on-
chip inductors. As shown in Section 3.2, a small inductance
leads to a small opening time of the PMOS power transistor
M; to limit the output voltage ripple and therefore a lower
power efficiency due to relatively more power loss during the
ground bounce caused by late close of power transistor Mo.
Because the power efficiency of PFM converters with on-chip
inductance is lower, the total efficiency of stacked power sup-
plies with on-chip inductance is lower than that with off-chip
inductance. This trend is clearly shown in Fig. 12 espe-
cially when the currents among loading are unbalanced. As
shown by (20), the power supplied by PFM converters are
increased when the loading current has more unbalance. In
conclusion, we obtain a high power conversion efficiency of
over 90% for both two-level and three-level stacked power
supplies when inductors are placed off-chip, and when the
loading current are balanced with inductors placed on-chip.
In contrast, the power efficiency of the charge-recycling lin-
ear regulator example in Section 2 has a power efficiency of
78%.

4.3 Trade-off of stacking levels

Adding additional stacking levels does not come without
trade offs. To demonstrate the trade offs, we compare the
metrics of two- and three-level stacked power supplies in
Table 1. Two PFM converters are placed on-chip in three-
level stacked power supplies, which by default doubles the
area usage of three-level stacked power supplies as compared
to two-level ones. However, to keep the voltage ripples less
than 15%, 35% of the chip area is consumed when the induc-
tors of PFM converters are placed on-chip. Note that the
additional area usage helps to improve the average power
efficiency by 4.6% (83.8% versus 79.2%) as shown in the ta-
ble. While area usage is increased with additional stacking
levels, it provides more voltage level options and reduces the
total supply current. Asshown in Table 1, ideally three-level
stacking would reduce the total supply current by 2/3 while
two-level stacking reduce the supply current by 1/2. Also,
the reduced supply current decreases the power pin number
proportionally and alleviates signal integrity concerns such
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Figure 12: Power efficiency versus current imbalance in (a) two-level and (b) three-level PWM /PFM stacked

power supplies.

as IR drop.

5. DISCUSSIONS ON CAD ALGORITHMS

The proposed power delivery system with field config-
urable stacked power domains can be readily used for hard
cores implemented inside FPGA. For example, the two Pow-
erPC cores in Vertix can be placed in two stacked power do-
mains. For application to programmable fabrics, we need to
optimize architectural parameters such as granularity and
organization of Vdd-programmable regions and distribution
of on-chip and off-chip DC/DC converters in addition to the
conventional FPGA architectural parameters such as LUT
size and logic block size. An architecture study similar to
that for island style FPGA architectures [26-29] needs to be
conducted, and design automation techniques to map a sys-
tem to the multi-voltage FPGA need to be developed. The
CAD components may include:

Clustering Algorithm: The objective of the clustering
algorithm is to group modules with similar voltage require-
ments and to minimize the connections between different
clusters. It therefore minimizes the potential interface cost
between different voltage domains.

Vdd Level Assignment: In this design stage, Vdd lev-
els for each cluster are determined, where clusters on crit-
ical paths use high Vdd levels and clusters with loose tim-
ing constraint can use low Vdd levels. Other constraints
to consider during this assignment process include number
of voltage regulators available, capacity of each voltage do-
main cluster, data-latching property of domain boundaries,
and current matching of power domains.

Voltage Domain Pairing: The efficiency of the charge-
recycling voltage regulator depends on the current match
level of the two sibling voltage domains. Different logic func-
tions mapped to the same programmable-Vdd region can
exhibit dramatically different current behavior. One must
ensure that voltage domains be paired up to minimize the
mismatch of current and maximize the utilization of voltage
domain clusters.

Placement of Voltage Domains:  The location of
Vdd-programmable regions for voltage domains affect the
interconnect power and system performance. Placement
should be developed to minimize the interconnect power and
meet timing constraints.

6. CONCLUSION

In this paper, we have designed a novel multi-Vdd power
supply system used to support an FPGA fabric that pro-
vides coarse-grained voltage programmability. With the use
of off-chip pulse width modulation buck converter and multi-
ple on-chip pulse frequency modulation buck converters, we
are able to create mapping-time and run-time programmable
supply voltages and obtain over 90% power efficiency during
power conversion. This is a vast improvement from existing
charge-recycling linear regulator based power supply sys-
tems that achieve power efficiencies in the 78% range. Our
power supply system also has the added advantage of cre-
ating voltage signals with minimal noise. For instance, the
output voltage ripple is less than 15%. Also, using stacked
voltage domains reduces total supply current which enables
us to have a solution with lower total power pins and IR



voltage current PWM PEFM w/ off-chip inductance PFM w/ on-chip inductance

ripple | reduction | freq/Ly/Cy T/L;/Cy | area [ efficiency T/L;/Cs | area [ efficiency
two-level | < 15% ~1/2 5M/50n/2u | 14n/50n/75n | < 10% 93.5% 3n/1.5n/75n <15 % 79.2%
three-level | < 15% ~ 2/3 5M/30n/3u | 9n/60n/85n | < 20% 91.4% 3.1n/1.6n/100n | <35 % 83.8%

Table 1: Metrics of the prototype designs for two- and three-level stacked power supplies.

drop. In the future, we will layout and fabricate the pro-
posed field programmable multi-Vdd FPGA and develop the
required CAD algorithms.
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