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Abstract—This paper describes an energy-efficient means to
achieve on-chip dc—dc conversion for digital CMOS circuits. The
approach uses balanced voltage islands running at fractions of
the off-chip supply voltage. Charge ‘“discarded” by one domain
is “recycled” to supply energy for another. When the domains
are ideally balanced, all the energy dissipated by electrons in
“dropping” to lower potentials is used for active computation.
We describe the design and measurement of a prototype system
in a 0.18 um CMOS process that provides active on-chip voltage
regulation and controlled dc—dc conversion with this technique.

Index Terms—Dc-Dc conversion, power management.

1. INTRODUCTION

YNAMIC (or adaptive) voltage scaling (DVS) of dig-

ital circuits offers the ability to trade-off power and
performance through adjustment of the supply voltage, Vpp
[1]-[3]. Most DVS systems are based on the idea that multiple
power grids are available to be “tapped into” to support mul-
tiple voltage operation, which comes at the cost of additional
complexity and area [4], [5]. An alternative is to provide for
dynamic dc—dc conversion for each voltage island, which
would allow for continuous scaling, negate the need for mul-
tiple global power grids, but require a very efficient adaptive
power supply regulator, preferably one that is small and can
be completely integrated on-chip. This on-chip support for
multiple supply voltages also allows analog circuits (which in
general benefit from larger voltage headroom) access to higher
operating voltages.

The most efficient dc—dc converters are buck-type regulators,
which generate a reduced dc level by filtering a pulse-width
modulated (PWM) signal through a simple LC filter [6]. By
varying the frequency or duty-cycle of the PWM signal, dif-
ferent dc levels can be generated. While buck converters can
operate at very high efficiencies (> 80%), they require off-chip
filter components, which limits their usefulness. Recent work
has considered the prospect of integrating inductors on chip that
include magnetic materials [7], but this clearly adds consider-
able cost and complexity to fabrication. To deal with this limita-
tion, two other types of dc—dc converters are possible which can
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Fig. 1. (a)Linearly regulated reduced voltage requires a large power transistor;
(b) this power transistor can be replaced with a logic and only a small push-pull
regulator is needed to regulate the node Vip¢.

be easily integrated on-chip—Ilinear regulators and switched-
capacitor power supplies—but these offer comparatively poor
efficiencies.

A linear regulator is a power transistor [shown as a variable
resistor in Fig. 1(a)] that is controlled by a feedback ampli-
fier to keep the intermediate supply voltage Vi, constant with
changing load current demands. The efficiency of such a linear
regulator is limited to Vi, /Vpp, which provides for low effi-
ciencies at small values of Vj,;. In principle, switched-capac-
itor (SC) supplies allow one to produce lower voltages at higher
efficiencies than linear regulators. SC supplies are capacitance
dividers, in which the capacitors are periodically “exchanged”
as they are discharged by the load current. Because of prac-
tical limitations, overall efficiency in generating, for example,
a Vpp/2 supply voltage with reasonable loading is still quite
poor even in carefully designed systems [8] (about 60%—65%).
Furthermore, both linear regulators and switched-capacitor sup-
plies consume large on-chip areas for both the power transistors
(of the linear regulator) and the capacitors (of the switched-ca-
pacitor supply).

In this paper, we explore an alternative, charge-recycling low-
voltage regulation, that allows for very energy-efficient on-chip
generation of reduced supply voltages [9]. The idea borrows, in
part, from charge-recycling ideas as applied in buses [10] or the
highly capacitive lines of memories [11], [12]. In this case, as
shown in Fig. 1(b), we replace the power transistor of the linear
regulator by another domain of logic. Now, the energy lost by
electrons in dropping from potential Vpp to potential Vi is
usefully employed in computation in the “top” logic domain.

0018-9200/$20.00 © 2005 IEEE
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Fig. 2. Die photo of the prototype system.

This charge is then “recycled” to be used in the logic compu-
tation of the “bottom” domain. If Vi, = Vpp/2, then this top
logic domain is operating between Vpp and Vpp/2 while the
bottom domain is operating between Vpp /2 and ground. Inter-
face circuits, considered in more detail in Section II-B, allow
for communication between logic circuits operating across dif-
ferent potential ranges.

To achieve high efficiency, the charge demands of the top and
bottom domain must be “balanced,” so that the charge required
by the bottom domain can be completely provided by the top
domain. Charge imbalances will inevitably come about because
of differences in the evaluation node capacitances of the two
domains or because of differences in circuit activity in the two
domains. A push-pull linear regulator, shown schematically in
Fig. 1(b), controls the Vj,; supply node by adding or subtracting
charge as required. The power transistors [shown in Fig. 1(b) as
two variable resistors] can be far smaller than the power tran-
sistor required for the linear regulator of Fig. 1(a) because they
must only provide the supply-current difference between the two
domains. Similarly, the decoupling capacitance requirements on
the Vi, node in Fig. 1(b) are significantly lower than the require-
ments in Fig. 1(a).

We note that this approach is general in that voltages other
than Vpp/2 may be regulated; for example, one domain may
operate at Vpp/3, while another operates at 2Vpp/3. Simi-
larly, the scheme can be generalized to more than two domains
and to regulate down from voltages above Vpp. For example,
one could bring in an off-chip 3Vpp supply and recycle charge
through three domains, one operating between 3Vpp and 2Vpp,
the second operating between 2Vpp and Vpp and the third op-
erating between Vpp and ground. By “stacking” the logic do-
mains n high, the current demands on the power and ground
networks are also reduced by a factor of n over the current de-
mands of all of the domains running in parallel at the reduced
supply.

In this paper, we consider the use of charge-recycling, low-
voltage regulation to dynamically operate a large block of digital
CMOS either at full Vpp supply or at a scaled Vpp /2 supply.
In Section II, we describe the prototype system that we have
designed, fabricated, and tested. Measurement results on this
system are presented in Section III. Section IV concludes.

II. SYSTEM DESIGN

We have designed and fabricated a simple prototype system,
shown in the die photo of Fig. 2, consisting of a 16 x 16 carry-
save-array multiplier in a TSMC 0.18 pm triple-well process.
The multiplier, which has 20 pipeline stages, can be dynamically
configured to run at 400 MHz at full supply or 200 MHz at
half-supply.! Two on-chip SRAMs feed data into the multiplier
and a third stores the result.

The overall structure of the voltage-scaled multiplier is shown
in Fig. 3. The multiplier logic is partitioned into a set of 16
partitions (or “granules”), representing a total gate capacitance
of approximately 8 pF per granule. When running full-rail, all
the granules are configured to operate between Vpp and ground.
When running at Vpp /2, approximately half of the granules are
configured to operate between Vpp and Vpp/2 and the other
half to operate between Vpp /2 and ground. The linear regulator,
in addition to controlling the Vj,; node, monitors the amount of
current being sourced or sunk through the output stage. This
allows granules to be automatically switched (by the action of
the granule-switching control logic) between the top and bottom
domains in the presence of long-time-scale mismatch.

A. Linear Regulator

The linear regulator design, consisting of two single-stage
differential error amplifiers and a push-pull output stage (tran-
sistors M1 and M2), is shown in detail in Fig. 4. A simple
switched-capacitor divider is used to generate the Vpp /2 ref-
erence (half_vdd_ref) for the linear regulator. At 1 mA of dc
output load, the regulator (with 13 pF of decoupling capacitance
on Vi,¢) has an open-loop dc gain of 38 dB and a unity gain
bandwidth of 130 MHz with a phase margin of 70 degrees. The
amplifier driving transistor M1 is biased with 200 A, while the
amplifier driving M2 is biased with 400 pA. The output stage
has a quiescent current of 50 ptA. This quiescent current has an
unfortunately strong dependence on error amplifier dc offsets
which directly add into the gate-to-source bias of output transis-
tors M1 and M2. We attempt to minimize amplifier offset with
large input devices and careful layouts. The regulator can source

Unfortunately, the longest pipeline state is approximately 35 fanout-of-four
(FO4) delays, limiting the performance.
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Fig. 3. Charge-recycling prototype system. A linear regulator controls the V;,; node. When the linear regulator is sourcing or sinking a large amount of current,

the high or low signals trigger the granule-switching control logic to switch granules between domains to remove the imbalance.
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Fig. 4. Linear regulator design with domain charge mismatch monitoring.

or sink I,,,x = 30 mA of current before losing regulation, pro-
viding current efficiency of 96% for maximum load.

Power transistors M1 and M2 have widths of 600 pym and
1.2 mm, respectively, resulting in subthreshold biasing at zero
load current. Transistors M3—MS5 mirror out a current propor-
tional to that flowing through transistor M1 for integration onto
the capacitor C,,y = 0.4 pF. Similarly, transistors M6-M8
mirror out a current proportional to that flowing through tran-

sistor M2, also integrated onto a capacitor. The current being
integrated is 1/800 that flowing through the corresponding reg-
ulator output transistor. Clock phases ¢; and ¢3 are used to con-
trol the integration, establishing an integration time of approx-
imately ¢;,; = 150 ns. After the integration window, ¢» clocks
the comparators to compare the voltages Vyign and Vi, with
the reference levels Vs, and V,.q, respectively, producing the
signals high and low to the granule-switching control logic.
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The use of source-follower transistors M1 and M2 in the
output stage of the linear regulator provides better stability and
the need for less decoupling capacitance than the more tradi-
tional common-source output stage. In many linear regulator ap-
plications, the common-source is preferred because of its lower
dropout voltage. In this application, dropout voltage is not a con-
cern since we are regulating far from the rails. Assuming equal
transconductances ( gy, ) for transistors M1 and M2 and equal dc
gain (A) and output resistance (r, ) for the two error amplifiers,
the open loop gain of the regulator is approximately given by

A2
(14 s/w1) (14 s/ws)

A2
(14 s/ws) (14 s/ws)
(D

12

HOPCH(S)

where w; = 2gm/(Cgsl + Cdecap)s w2 = 2/Cgsl'roly w3 =
2gm/(0952 + Cdecap), Wy = 2/09527”02, Ogsl and Cgsz are the
gate-to-source capacitances of output transistors M1 and M2,
respectively, and Cgecap is the decoupling capacitance at the
output of the regulator. Assuming that the poles ws and w, dom-
inate and for frequencies w < w1, ws

A(l1+ s/(wg + w2) /2)

Hopen(s) = (14 s/wa2) (1 + s/ws)’

@

That is, a zero is introduced between the two poles at wy and
wy, leading to stable feedback as long as these two poles are
dominant. The poles due to the decoupling capacitance (w1 and
w3) will be large because of the large transconductances of the
output source follower transistors.

Decoupling capacitance on Vi, must ensure a low enough
impedance beyond the closed-loop —3 dB bandwidth (f_s4p =
130 MHz) of the regulator, where the linear regulator is ineffec-
tive. In this case, we are approximating the response time of the
regulator by Tg = 1/f_345 = 7.5 ns.

Alyeg

_ 3
AVin2m f_34B )

C(decap =

where Ai., is the peak-to-peak magnitude of high-fre-
quency-content current transients and AVjy; is the allowable
peak-to-peak voltage transient on the regulated node. In our
case, for the reasonably balanced domains guaranteed by the
presence of the domain switching logic, we find a maximum
transient current mismatch of approximately Aéep = 1 mA.
For a regulation requirement of AVi,; = 90 mV, this yields
AVint/ Adreg = 900 (a relatively high-impedance target
relative to most regulator applications) and Cqecap Of approx-
imately 13 pF, of which 4 pF is provided by explicit on-chip
thin-oxide decoupling capacitance, while the remainder is pro-
vided by nonswitching circuits and well capacitance. In Fig. 5,
we show the simulated output impedance of the regulator alone
(without Cgecap), the impedance of the decoupling capacitance
alone, and the combined impedance. Peaking of the output
impedance occurs around 250 MHz; since this is well beyond
the closed-loop bandwidth of the amplifier, we attribute this
to the inductive reactance of the source follower itself as Cy
shorts the gate and source at higher frequencies. This peaking
can be damped by adding an equivalent series resistance (ESR)
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Fig. 5. Simulated output impedance of the regulator alone (without Cyecap),
the decoupling capacitance alone, and the combined impedance.

with the decoupling capacitance or increasing the amount of
decoupling capacitance, which is quite undersized in this case.

When the average current sourced (sunk) by the linear regu-
lator exceeds 3 mA over an interval of approximately 150 ns, the
high (low) signal is asserted to indicate that granules should be
switched between domains to remove the imbalance. Since the
multiplier consumes an average total current of approximately
22 mA from the 1.8-V supply, with an average current mismatch
of 3 mA, the instantaneous efficiency degrades to 80%; granule
switching, therefore, assures that the instantaneous efficiency is
never worse than 80%. The fraction of the maximum mismatch
current (3.5 pA) integrated over C;,¢ =2 400 fF for 150 ns yields
appropriate comparator reference voltages of Vi, = 1.4V and
Vien = 0.4 V. When one of the comparators is triggered, the
switching control logic switches logic between domains.

The more current that must be sourced or sunk by the reg-
ulator to maintain regulation, the lower the efficiency of the
dc—dc conversion. The “instantaneous” efficiency of the system
is given by the ratio of the instantaneous power delivered to the
load to the total instantaeous power:

_ VDDitop(t) + ‘/intireg(t)
Vbpive, (1)

where i¢op and i,.s are the currents flowing into the top do-
main from the Vpp supply and flowing from the output stage
of the regulator, respectively, as shown in Fig. 1(b). iy, (=
Lreg_top —f—itop) is the total current flowing out of the Vpp supply.
In addition, one can define a “running” efficiency given by the
ratio of the total energy used for logic to the total energy deliv-
ered to the system over a time window from % to ¢:

n(t) “)

_ VDD ftf;] itop(T)dT + ‘/int ftto ireg(T)dT

VDD JZ} iVDD (T)dT

(&)

B. Logic With Switchable Granules and Full-Rail Interfaces

Each granule shares a set of granule multiplexer transistors
(as shown in Fig. 3) in both the pull-up and pull-down networks
which determine the domain assignment of a particular granule;
these switches also allow a domain to be configured for full-rail
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Fig. 6. Two granules, each representing a latch bounded block of logic. Granule multiplexer transistors connect the virtual supply and ground nodes of each
granule to Vpp, Vit or ground. The granule-boundary latches produce full-rail outputs and are implemented with gate-isolated sense-amplifier-based flip-flops.

operation. The switches are similar to the “sleep transistors”
which can be employed to control standby power due to sub-
threshold leakage and can also be used to perform this function
if implemented with “high” Vi devices [13]. The drain nodes of
these multiplexer transistor represent virtual supply and ground
nodes.

Charge recycling dc—dc conversion does not work well in
“normal” bulk CMOS because of body effect. Because their
bodies are still tied to ground, nFETs in the upper voltage do-
mains are heavily body affected. This problem is avoided in
a triple-well process in which the nFETs are constructed in a
p-well within an n-well.2 These p-wells are then tied to the
virtual ground of the granule; similarly, the pFET n-wells are
tied to the virtual supply of the granule. The junction capac-
itance of these wells adds intrinsic decoupling to the virtual
supply and ground nodes, improving power supply integrity
for a given sleep-transistor width. Because of this well capac-
itance, each granule has a decoupling capacitance of approxi-
mately 0.5 pF on the virtual supply and ground nodes. The nFET
(pFET) multiplexer transistors have a total gate width of approx-
imately 400 pm (800 pm) per granule, which is sufficient to
keep Vps less than 5% of the target supply voltage for the do-
main.

Granules are chosen to be latch-bounded logic partitions, as
shown in Fig. 6. This allows the latches between granules to
provide full-rail interfaces, negating the need for more complex
level conversion between domains and easily allowing granules
to be moved between domains without any changes to the inter-
face circuit requirements. Gate-isolated sense-amplifier-based
(GISA) flip-flops, such as those used on the StrongArm pro-
cessor [14], are used for this purpose. By contrast, latches con-
tained within a granule can be of any type and operate at the
reduced supply levels of the granule. The switching energy of
these full-rail interface latches will not scale when the logic is

2Silicon-on-insulator (SOI) technology is also an attractive alternative for this
technique, since the bodies float to the required voltage by action of the gate,
source, and drain.

configured to run at reduced supply, reducing the overall achiev-
able power scaling.

C. Granule-Switching Control Logic

Special consideration must go into the logic that controls the
switching of granules between domains to guarantee system sta-
bility and ensure (because of the power overhead associated
with switching granules) that switching occurs only when the
linear regulator is providing too much current for an extended
period of time. Switching granules between domains dissipates
energy because of the power required to switch the capacitance
of the gates of the (large) granule multiplexer transistors. In ad-
dition, the decoupling (well) capacitance on the virtual supply
and ground nodes must be charged or discharged when a granule
switches between domains.? The switching control logic is im-
plemented using linear feedback shift register (LFSR) to “ran-
domly” choose a granule to be switched. At most one granule
can be “switched” every ting.

It is interesting to compare the energy wasted due to a de-
graded efficiency with that consumed in switching a domain.
For the maximum allowable mismatch current of 3 mA, 650 pJ
is wasted in the 150-ns integration interval. In contrast, we es-
timate that approximately 3.5 pJ is consumed in switching a
granule, including both the capacitance of the multiplexer tran-
sistors and the well capacitance that must be charged or dis-
charged. As a result, for optimal system efficiency, much more
frequent domain switching could be supported through a lower
maximum allowable mismatch current.

The system is designed to continue operating during domain
switching. This requires that, when a domain is switched, that
the virtual supply and ground nodes charge (or discharge)
quickly to their new state (and with comparable time constants)
to limit the duration and extent of supply rail collapse. In our
prototype system, these time constants are approximately 8 ps.

3Fortunately, however, most of the device capacitances and interconnect cou-
pling capacitances between wires of the same domain have the character of
floating capacitors, simply translating in voltage as domains are switched.



RAJAPANDIAN et al.: IMPLICIT DC-DC DOWNCONVERSION THROUGH CHARGE-RECYCLING 851

TABLE 1
SUMMARY OF MEASURED SYSTEM CHARACTERISTICS

Scaling power @ Vpp and f=400 MHz 158 mW
Scaling power @ Vpp/2 and =200 MHz 20 mW
Full-rail latch and clock power at f=400 MHz || 108 mW
Full-rail latch and clock power at f=200 MHz || 54 mW
Multiplier area 1.4 mm?
Switch control logic area 0.0196 mm?
Linear regulator | Area 0.024 mm?

Bandwidth 130 MHz

Imaa 30 mA

Current efficiency at Imaz || 96%

III. MEASUREMENT RESULTS

Table I summarizes the measured characteristics of the mul-
tiplier and the linear regulator. The multiplier functions cor-
rectly running at both 1.8-V and at a charge-recycled 0.9-V
supply; functionality is not affected by the dynamics of domain
switching. In our model system, the regulator and switch over-
head add only approximately 3%—4% to the area of the system.

A switching energy of approximately 108 pJ is associated
with the full-rail boundary latches and associated full-rail com-
ponents of the clock distribution that do not scale with supply
voltage. This latch “overhead” can be expected to be inversely
proportional to the granule size; it is relatively high in this model
system because of the relatively small granule size chosen here
(8 pF of total gate capacitance). We consider the efficiency of
our system independent of this overhead because these compo-
nents are not regulated at the Vpp /2 supply.

In Fig. 7, we show how the measured efficiency of the system
degrades with mismatch between the top and bottom domains.
In this case, the domain-switching is disabled and granule as-
signments are “hard-wired.” The pairs of numbers in Fig. 7 de-
note the number of granules (out of a total of 16) assigned to the
“top” and “bottom” domains. “8—8” is an approximately matched
configuration, while “2-14” is heavily skewed. We note that the
current demands of each granule are not the same, although the
assignments noted achieve monotonicity by starting from a bal-
anced configuration and achieving the skewed configurations by
moving granules from one domain to the other. Energy efficiency
exceeds 85% for the matched configuration in which approxi-
mately 10 mA of current are being consumed by both domains
and approaches 50% when the domains are out of balance (and
the linear regulator must source or sink all of the current for the
logic). The linear regulator is easily able to maintain regulation
even in the “2-14” case.

In Fig. 8, we show how the measured dynamics of the system
automatically correcting for charge imbalance through granule
switching. Fig. 8 shows the running efficiency of the system as
given by (5). Before point A, the multiplier is running a set of
pseudorandom input patterns. At point A, the four least signif-
icant bits of the multiplier are forced to zero. This causes the
bottom domain to consume more charge than the top domain,
degrading the running efficiency. The regulator must source ap-
proximately 4 mA to regulate the V¢ node, mirrored and inte-
grated. The integrated voltage is compared with Vi, and the

100

Efficiency (percent)

Granule assianment

Fig. 7. Efficiency of the charge-recycling dc—dc conversion as a function of
charge mismatch. The number of granules assigned to each domain is noted by
the pair of numbers.
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Fig. 8. Dynamics of charge-imbalance correction: “running” efficiency of the

system beginning from a charge utilization mismatch (at A) and an “adjustment”
through granule switching (at B).

comparator sends the high pulse at point B to activate the con-
troller to switch granule from bottom to the top domain to cor-
rect the imbalance. The “running” efficiency over the window
subsequently recovers to the 80% target level.

The chip also contains a 40-MHz, 6-bit flash analog-to-digital
converter to monitor the regulation of the Vi, = Vpp/2. Such
noninvasive ADC-based on-chip monitoring of power supply
integrity is becoming increasingly necessary. Attempting to
buffer the power supply voltage for off-chip measurement is
difficult because of the bandwidth limitation in the buffer am-
plifier, the load this amplifier presents to the supply node, and
the noise introduced in the buffer. Fig. 9 shows the output of
this power-supply-monitoring ADC, showing 10% regulation
for the multiplier running with a random input pattern.
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IV. CONCLUSIONS AND FUTURE WORK

In this paper, we have described a new approach for on-chip
dc—dc conversion using charge-balanced voltage islands run-
ning at fractions of the supply voltage. Charge “discarded”
by one domain is “recycled” to supply energy to another.
In a simple prototype system for a dynamic voltage scaling
application, we achieved greater than 85% measured efficiency
for Vpp /2 conversion.

Future implementations will improve the linear regulator de-
sign to improve bandwidth and reduce the decoupling capac-
itance on internal nodes and will introduce true level-shifting
circuits for domain interfaces.
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