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Integrated Regulation for Energy-Efficient
Digital Circuits

Elad Alon, Member, IEEE, and Mark Horowitz, Fellow, IEEE

Abstract—Despite their use in analog or mixed-signal applica-
tions, the high power overheads of traditional linear regulators
(both series and shunt) have precluded their successful adoption
in regulating the supply of energy-efficient digital circuits. In
this paper, we show that linear regulation can in fact reduce the
effective supply impedance of digital circuits without increasing
their total power dissipation. Achieving this goal requires min-
imizing the static power dissipation of the regulator, leading to
a push-pull topology (similar to the regulators demonstrated
by Wu and Sanders, 2001, Poon et al., 1999, and Intersil, 1998)
with comparator-based feedback and a switched source-follower
output stage. Measured results from a regulator implemented
in a 65 nm SOI test-chip verify that by using these techniques,
regulation reduces the effective supply noise by 30% while also
enabling a slight decrease (1.4%) in total power dissipation.

Index Terms—Digital integrated circuits, power supply distribu-
tion, regulators.

I. INTRODUCTION

W ITH THE roughly 1 m impedance required by today’s
1 V, 100 A microprocessors, concerns about the effects

of supply noise on the robustness, performance, and power dis-
sipation of modern chips have been steadily increasing. Supply
noise has always been a major concern for sensitive analog or
mixed-signal circuits, but it can have significant impacts on dig-
ital circuits as well. For example, noise on the supply voltage
directly modulates the delay of digital gates. Thus, supply vari-
ations force increased buffering to avoid hold-time violations
on fast paths, and decreased nominal delay (i.e., extra timing
margin) on slow paths in order to meet performance. Further-
more, overshoots in the supply voltage can accelerate long-term
degradation in the transistor characteristics.

Regulation is often used to combat the issue of supply noise
in harsh mixed-signal environments, particularly to reduce the
power supply noise seen by sensitive circuits such as VCOs [1],
[2] or high-speed transceivers [3]. More recently, in order to
alleviate the previously mentioned robustness concerns, tech-
niques such as switched decoupling capacitors proposed by Ang
[4], active decoupling capacitors proposed by Gu [5], and a
noise canceller proposed by Nakamura [26] were explored for
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active on-chip noise reduction in digital chips. However, these
approaches are often suitable only for resonant load current pro-
files [4], [5] or isolated current steps due to turn-on transients
[26]. Even more importantly, they have so far all increased the
total power dissipation of the chip. Thus, despite the potential
robustness benefits of such regulation, its associated power over-
head has been a significant barrier to widespread adoption in
today’s power-limited chips.

To improve chip power by reducing the DC losses of the
supply distribution (and to enable dynamic voltage scaling),
works such as [6] and [7] have explored integrated switching
DC-DC converters. However, at the W/mm power den-
sity required in modern processors, these converters have not
achieved the efficiencies needed to actually reduce total chip
power. Specifically, Lee et al. in [6] projected a peak effi-
ciency of less than 70% with a power density of approximately
70 mW/mm for a fully integrated buck converter in a 0.13 m
technology. Furthermore, the high frequency output impedance
of such a switching converter is limited by its switching fre-
quency—which for optimal efficiency will be relatively low [6]
compared to what would be required to counter broadband load
current noise. Thus, in this paper we will focus on integrated
linear regulator topologies that efficiently reduce the supply
impedance. Even if technology changes such as the addition
of magnetic materials [8] enable improved switching converter
efficiencies, such an integrated linear regulator could further
improve the overall efficiency of these converters by reducing
their output impedance.

Since a linear regulator must spend power to reduce noise on
the supply voltage, at first glance it may seem impossible for
the regulator not to increase total power. However, variations in
the supply voltage (caused by variations in the load current) are
themselves a direct cause of additional power dissipation. This
is due to the fact that in synchronous digital systems, the oper-
ating frequency is set by the minimum average supply voltage
over a clock cycle. Hence, to maintain the same performance,
noise-induced drops in the minimum supply voltage necessitate
an increase in the nominal voltage. Therefore, if a regulator con-
sumes less power countering noise than the power saved by re-
ducing the nominal voltage, it will not significantly add to the
chip’s total power—and in fact may even reduce it.

To achieve this power-neutral objective, the static power dis-
sipation of the regulator (both in the output stage and in the feed-
back circuitry) must be minimized. Unfortunately, as we will
show in further detail in Section II, single-supply linear regula-
tors (both series and shunt) intrinsically burn significant static
power in their output stages—making them unsuitable for this
application. However, by adding a second, higher-than-nominal
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supply voltage, a push-pull shunt regulator (similar to the “ac-
tive clamps” developed for board-level power distribution appli-
cations [9]–[11]) with zero nominal output current can be built.

By spending output power only when necessary to counter
noise, this regulator has the potential to achieve no net increase
in the chip’s total power consumption. Since such a regulator
must make use of a second power supply, in Section III we ex-
amine some of the important considerations in the design of the
additional shunt supply network. We then describe in Section IV
circuit techniques for ensuring that the regulator burns minimal
static power. Finally, in Section V we present measured results
from a regulator implemented in a 65 nm SOI technology that
meets the goal of reducing noise without increasing total chip
power.

II. SUPPLY NOISE AND DIGITAL CIRCUIT EFFICIENCY

Since it sets the amount of power a regulator would be al-
lowed to spend to reduce noise on the supply, we must first
evaluate the power loss caused by supply variations. We will
calculate this power loss by assuming that as the supply noise
increases, the digital circuit’s performance—and hence its min-
imum supply voltage—must be kept constant. Therefore, as the
noise on the supply increases, the nominal supply voltage must
increase. An additional factor to consider is that since the dy-
namic current (and hence current variation) of a digital circuit
is proportional to (where is effective switched
capacitance per cycle and is the operating frequency), the
effective noise current increases along with the nominal supply
voltage.

For this analysis, we define as the minimum supply
voltage required to achieve a given target operating frequency,1

as the nominal supply voltage, and as the nom-
inal load current. We will next assume that the variations in load
current are zero-mean and equal in positive and negative magni-
tudes (i.e., the peak increase in load current is equal to the peak
decrease in load current). Making the peak-to-peak load current
variations equal to , the minimum supply voltage will
be

(1)

where is the effective impedance of the supply network
(e.g., for a worst-case sinusoid, is the supply network’s
maximum impedance). Defining , we
can further simplify to

(2)

where we have defined the load rejection of the supply network
as . With these definitions, the peak-to-
peak noise on the supply voltage divided by the nominal supply
voltage (i.e., ) is exactly .

With the simplifying assumption that the chip’s power con-
sumption is purely dynamic (i.e., no leakage current), the power

1For a synchronous digital circuit, � is set by the worst-case supply
voltage averaged over one clock cycle.

Fig. 1. Series regulator and example waveforms on input supply �� � and
regulated supply �� �, highlighting the need to margin the dropout voltage of
the regulator to include the variations on � .

consumption of the chip is proportional to . In this case,
the efficiency of the chip (relative to the case with no noise)
is set by , and hence

(3)

A. Efficiency With a Series Regulator

Fig. 1 shows a conceptualized series regulator, where we have
drawn the output stage as a variable resistor instead of the tran-
sistor that implements this resistor. We have drawn the regulator
this way because the major limitation on the efficiency of the
regulator is essentially independent of the actual implementa-
tion, and is inherent to the series topology itself.

For a series regulator to maintain an output impedance that is
decoupled from (and hence can be lower than) the impedance
of the input supply , the input supply voltage must remain
above the regulated output . The minimum allowable
voltage drop from to is typically referred to as the
dropout voltage. As Fig. 1 also shows, this dropout voltage
must be maintained not only in a DC sense, but must also take
into account the dynamic variations.

Unfortunately, a series regulator does not alter (relative to an
unregulated chip) the impedance of the input supply, nor does it
significantly alter the magnitude of the load current variations.
Thus, the voltage margin required to achieve a certain minimum

will be just as large as in the unregulated case. Even worse,
to keep the same performance, in the regulated system also
has to be increased by the regulator’s dropout. Thus, it is clear
that a series regulator can not achieve the goal of reducing the
net power consumption of the chip.2

Intuitively, it is not very surprising that a series regulator re-
duces the overall efficiency of a digital chip. The noise on the
power supply is set by the supply impedance and by the vari-
ations in the load current, and the series regulator by defini-
tion adds series resistance to the impedance of the supply net-
work. Although the regulator uses negative feedback to reduce
the voltage noise seen by the load, this clearly does not improve
the impedance of the input supply network.

Despite making a series regulator unsuitable for supply
impedance reduction of digital circuits, the regulator’s series
resistance is exactly what allows it to isolate the regulated

2Since the nominal voltage seen by the series regulated digital circuits will be
lower than in the unregulated case, the noise current magnitude in the regulated
chip will be smaller than in the unregulated chip. However, this reduction in
noise current will typically be small; the reduction is only large enough for the
series regulated chip’s power dissipation to approach that of an unregulated chip
when the noise is very large (� 50% supply variation).
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Fig. 2. Shunt regulator and example load current �� � and shunt current �� � waveforms, highlighting the need for the shunt current source to statically
draw current proportional to the maximum noise current �� �.

Fig. 3. Push-pull shunt regulator topology and example current waveforms.

supply from externally generated noise on the input supply.
It is this isolation that makes the series topology effective
in regulating the supply of sensitive analog or mixed-signal
components.

B. Efficiency With a Shunt Regulator

Since the underlying cause of noise on the power supply of
digital circuits is variation in the load current itself, a shunt regu-
lator that directly reduces these current variations is much more
suitable to this application than a series regulator. Fig. 2 shows
such a shunt regulator, where we have once again depicted the
output stage with a conceptual element (a current source) in
order to highlight the fact that the efficiency limitation is in-
herent to the regulator’s topology.

As also shown in Fig. 2, the instantaneous load current
draw can be larger or smaller than the average current—in
other words, the current variations are bidirectional. However,
without an additional power supply or energy storage element,
the shunt regulator’s current source must be unidirectional, and
can only pull current out of the power supply. Therefore, the
shunt regulator must statically pull an output current that is
proportional to the worst-case excess load current, so that it can
then dynamically reduce this current when necessary.

Clearly, statically dissipating current proportional to the
worst-case load current variations is very inefficient—espe-
cially if the load current variations have large peaks but on
average are relatively small. The fundamental cause of this need
to statically dissipate output current in a single-supply shunt
regulator is that it cannot deliver energy when the load tran-
siently demands more power. Thus, the regulator is forced to
burn excess static power in its output stage, and then modulates
this power dissipation to compensate for the load variations.

C. Efficiency With a Push-Pull Shunt Regulator

To enable the regulator to transiently deliver energy without
static power overhead, we can introduce a second, higher-than-
nominal supply voltage and build a push-pull shunt regulator
[9]–[11] (Fig. 3). With the use of a second power supply, the
nominal output current of the regulator can be set to zero, and
the appropriate current source turned on only when necessary.
Therefore, as also shown in Fig. 3, the average current through
each of the regulator’s output current sources is set by the av-
erage of one side of the noise current. Clearly, if the peaks of
the noise current are significantly larger than the average current
deviation, the average current flowing through a push-pull shunt
will be significantly lower than that of a single-supply shunt.

In order to highlight the potential of this topology to meet the
efficiency requirements of digital regulation, we will briefly de-
scribe a model for the overall efficiency of a digital chip using
this regulator. Defining as the additional rejection con-
tributed by the regulator, the minimum regulated supply voltage

will be

(4)

To achieve this additional rejection, the push and pull sides
of the regulator will each supply an average current of

(5)

where accounts for the percentage of current the shunt reg-
ulator must handle for a specific noise excitation,3 and

3The percentage of the noise current that the regulator’s output stage must
handle will vary with the spectral content of the noise, and must be calculated
for a given noise current excitation. With the assumption of an ideal amplifier,
for sinusoidal noise current � � �. For broadband (white), random (but
bounded) current noise, � is typically � 1/3.
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Fig. 4. Digital chip efficiency versus unregulated supply noise for (a) an unreg-
ulated chip, (b) a push-pull shunt regulated chip with �� � ���, and (c) a
push-pull shunt regulated chip with �� � �. In all cases, � � �,
� � ���, and �� � �.

is the peak current deviation divided by the mean current devia-
tion. For simplicity, if we assume that the second power supply

, the total power dissipated by pushing and
pulling this current is

(6)

If we assume ideal feedback amplifiers with infinite band-
width and no power consumption, the total power dissipated by
the chip will be

(7)

and therefore the overall efficiency is

(8)

Using this simplified model and (1), Fig. 4 shows a compar-
ison between the overall efficiency of regulated and unregulated
digital chips. Even at a relatively moderate of 3, the reg-
ulator achieves a higher overall efficiency (i.e., a reduction in
total power) while reducing the effective supply impedance.

III. SHUNT SUPPLY NETWORK DESIGN

Since modern chips already dedicate most of the available
pad, pin, and metal resources to the supply distribution network,
integrating a push-pull shunt regulator requires allocating these
resources between the main power supply and the shunt
supply . Clearly, taking resources away from the main
power supply increases its loss (since its series resistance will
increase), but allocating too few resources to the shunt supply
makes it too lossy to be effective.

Ideally, would be set to the minimum voltage required
for the push-side of the shunt regulator to operate properly. In
other words, as fewer metal resources are allocated to ,

Fig. 5. Simplified model of the supply impedances in a push-pull shunt regu-
lated system, highlighting the on-chip and off-chip return paths for � .

the nominal value of would be raised in order to com-
pensate for the increased IR drop. In this case, the resources for
the two supplies should be allocated according to their relative
contributions to the total loss, leading to

(9)

where is the percentage of the total resources dedicated
to the shunt supply, and is the percentage dedicated to the
main power supply.4 As long as the regulator delivers only tran-
sient currents with reasonable peak-to-average ratio, this allo-
cation results in low (typically 5%), and hence the
impact on the resistive losses of the main supply will be rela-
tively minor.

In addition to properly allocating resources to minimize the
resistive losses of the supply network, steps must be taken
to ensure that returns only through the on-chip path
(highlighted in Fig. 5). If is supplied by an external
voltage source, the push side return current will flow almost
entirely through the on-chip path when
is significantly larger than at the frequencies of
interest. Thus, part of ’s decoupling capacitance must be
used for . Of course, removing decoupling capacitance
from increases the noise on the main supply. Therefore,
to keep the capacitance reallocated to low ( 10%
of the total available), it is typically necessary to intention-
ally increase as well. To avoid sacrificing
the DC resistive losses of the shunt supply, this increase in

is best achieved by increasing the shunt
supply’s series inductance.5

Even though the average current through will be rel-
atively small, the transient currents are set by the full load cur-
rent variations. Since the impedance of the shunt supply will
be relatively high, these large transient currents make

4If for simplicity � is set to a fixed voltage (independent of the resource
allocation), then � should be allocated just enough metal tracks to maintain
the minimum required voltage at the regulator.

5One interesting possible alternative that keeps the return current flowing on
the die is to generate � directly from � by using an integrated boost
converter or charge pump. However, any current that flows from � would
actually originate from on-chip � . Thus, in order to avoid interfering with
the operation of the push-pull shunt regulator at the frequencies of interest, the
series input impedance of the converter would have to be significantly higher
than the impedance in parallel with the converter’s output (i.e., ����� ).
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Fig. 6. Push-pull shunt regulator with local reference generation, comparator-
based feedback, and switched source-follower output stage to minimize static
power consumption.

very noisy. Therefore, to guarantee that the regulator’s push-
side output device does not fall out of saturation, appropriate
margin (typically 200–300 mV) must be added to ’s nom-
inal value.

IV. REGULATOR DESIGN FOR MINIMAL STATIC POWER

In Fig. 3 we presented a conceptual schematic of the push-
pull shunt regulator topology to highlight its potential for the
regulation of digital chips. However, as we will describe in this
section, several additional steps must be taken to ensure that the
regulator burns minimal static power in both its output stages
and its feedback circuitry.

A. Minimizing Static Output Power

Given the low resistance of the main supply distribution net-
work, attempting to counter slowly varying IR drops by stati-
cally pushing or pulling current with the regulator would clearly
be a waste of power. In fact, in modern chips it is particularly im-
portant that the regulator operate only on voltage transients since
functional units or even the entire chip may be shut down (or
placed into lower performance modes) by the operating system
for extended periods of time [14].

To avoid burning static current due to such long-term load
current variations, the regulator’s reference is generated by lo-
cally RC filtering [9], [11], as shown in Fig. 6. Thus, any
supply variations well below the bandwidth of the RC filter
(which is typically set in the low-MHz range) will be ignored
by the regulator. Since IR drop varies spatially within the die, a
local filter for each regulator location6 (versus one global filter)
is necessary.

Although this RC reference prevents the regulator from
spending output current on static IR drops, the output devices
could still burn significant current due to their nominal biasing.

6The impact of high-frequency current noise on the supply network is lo-
calized, and therefore a full chip would likely have many distributed regulator
sites. This paper focuses on a single isolated regulator site, which can be used to
project the impact of many such sites on an entire chip. An important topic for
further investigation is the density of regulator sites required to avoid site-to-site
interactions without sacrificing noise performance.

Minimizing this bias current rules out class-A operation of
the regulator’s power devices, necessitating instead a mode of
operation where the quiescent current of the output stage is set
by the power device’s bias voltage, IV characteristics, and gate
voltage swing.

In a regulator with linear, voltage-mode feedback amplifiers,
the power device gate voltage swing is not an independent de-
sign parameter—it is set by the magnitude of the supply voltage
noise and by the gain of the amplifier. The gain of the amplifier is
itself tied to the effective transconductance of the output stage,
as described in the Appendix. Therefore, it is not straightfor-
ward to guarantee gate voltage swings large enough to mitigate
any errors (systematic or random) in the biasing of the output
device with such a design—potentially leading to large static
output current and poor efficiency. The active clamp described
by Wu in [9] avoided some of these issues by feeding the output
of a transconductance feedback amplifier into a cascade of mul-
tiplying current mirrors. This essentially creates an amplifier
that is nonlinear in voltage, but linear in overall transconduc-
tance. However, in this application the degradation in feedback
bandwidth caused by these current mirrors is highly undesirable.

In order to completely eliminate the regulator’s static output
power in a robust manner, as shown in Fig. 6, we employed
comparator-based feedback. To avoid the limit cycles that can
potentially arise in such a comparator-based system [15], the
thresholds of the comparators are offset to create a symmetric
dead-band.7

In addition, the offsets of both comparators and the preamp
are tunable to compensate for mismatch and zero-center the
dead-band. While the use of comparators increases the feedback
gain required over a linear scheme (since the comparator outputs
must swing full-rail independent of the input voltage), as shown
in Fig. 7(b), it allows the use of CMOS inverters as gain stages
in the comparator and as buffers to drive the output stages. As
discussed by Hazucha et al. in [17], the efficiency of CMOS
buffers in modern processes allows the power consumption of
this approach to be the same or even less than a comparable de-
sign with class-A feedback amplifiers.

As shown in Fig. 7, the tunable offset and dead-band can
be implemented with digitally programmable (5-bit with a
thermometer decoder) current sources tied to the outputs of
the pre-amp and comparator. For the test-chip described in
Section V, this implementation was chosen for its simplicity,
although other potentially more efficient schemes such as a
pair of skewed-sizing differential pairs with programmable tail
currents [18] could be adopted. In order to allow both the push
side and pull side comparators to easily accept a single preamp
output (as opposed to two preamps with potentially different
offsets, gains, and bandwidths), common-mode feedback was

7In addition to limit cycle considerations, it is important to note that it can
beneficial from an efficiency standpoint to tune the dead-band along with the
magnitude of the supply noise. In essence, since digital performance is set by the
minimum voltage, the dead-band can be used to reduce the amount of current the
regulator consumes without significantly impacting the minimum voltage. The
exact relationship between the dead-band and noise magnitudes is strongly de-
pendent upon the current noise distribution, but in general the dead-band width
should be set at � 30% of the � of the noise. Further analysis of appropriate
dead-band settings can be found in [16, Appendix D].
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Fig. 7. (a) Preamp and (b) push side comparator implementations, showing programmable current sources to tune individual offsets. The pull side comparator
implementation is complementary (i.e., PMOS replacing NMOS, power and ground connections swapped) to the push side, but with the second mirror stage
operating between � and � (as opposed to between � and � for the push side).

used to set the preamp’s output common mode to . Finally,
the comparator design used a first current-mirroring stage in
order to simplify the task of level-translating from an input
centered at to a digital output swinging between and

(for the push side—the pull side output swings between
and ).

B. Minimizing Feedback Circuitry Power

Achieving a voltage-positioned response [12], [13] from the
regulator (i.e., the regulator’s output impedance remains con-
stant until roughly the frequency at which the decoupling ca-
pacitance reaches the required impedance) can require a high
gain–bandwidth (GBW) feedback loop, potentially leading to
high power dissipation in the feedback circuitry. For example,
as shown in the Appendix, achieving a worst-case impedance of
10% of the load resistance requires an effective feedback

of 12 with a bandwidth of 825 MHz (for typical
supply network parameters).

One method to reduce the power consumption of the feedback
circuitry is to exploit the comparator-based feedback to reduce
the effective delay of the regulator’s feedback loop. To illustrate
how this can be achieved, we will begin by considering the use
of an additive derivative term at the input of a linear feedback

amplifier. Such a configuration is shown in Fig. 8(a), where
is the additive derivative term; a pole is included as part of the
input filter since any real implementation will have finite max-
imum high-frequency gain.

By appropriately choosing the derivative time constant rel-
ative to the amplifier’s bandwidth (as described in [16]), some
of the amplifier’s negative phase shift can be canceled (over a
band of interest) by the positive phase shift of the derivative
term. As shown in Fig. 8(b), this reduced phase shift translates
into a reduction of the delay of the feedback action. There are
many ways such a peaking filter could be implemented, such
as negative feedback through a low-pass filter [19], [20]. How-
ever, without area-consuming peaking inductors [21], these im-
plementations all actually reduce the low-frequency gain of the
feedback signal (rather than increase the high-frequency gain).
Hence, as also shown in Fig. 8(b), although the delay of the feed-
back is improved, with a practical derivative filter the gain of the
loop is also decreased—limiting the potential performance im-
provement of this scheme in a purely linear loop.

Unlike the linear system, in a comparator-based loop it is only
the shape of the transfer function in front of the comparator that
sets the behavior of the system. In other words, the excess gain
of the comparator compensates for the derivative filter’s reduced
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Fig. 8. (a) Additive derivative term at the input of a linear feedback amplifier. (b) Example output waveforms for an amplifier in isolation, an amplifier with an
ideal derivative filter, and an amplifier with a practical (DC gain reduced) derivative filter.

Fig. 9. Preamp input stage modified to implement the derivative filter, where the filter time constants are programmable.

low-frequency gain. Therefore, with a properly chosen deriva-
tive time constant (typically, set to roughly half of the feed-
back bandwidth) the dominant impact of this scheme is to re-
duce the effective delay of the feedback action.8

In order to implement a derivative filter for the regulator de-
scribed here, the input stage of the preamp can be modified as
shown in Fig. 9. The derivative behavior is accomplished by sub-
tracting an RC-filtered version of from . Thus, the
effective input to each differential pair segment whose reference
is connected to is

(10)

where is the time-constant of the RC filter—which is signif-
icantly smaller than that of the filter generating . By sum-
ming the segments’ outputs with the segments’ outputs

8The use of a ���� feedback filter with comparator-based feedback is very
similar to the sliding mode controllers used in switching DC-to-DC converters
[22]–[24], although for efficiency the regulator described here rarely operates
inside of the sliding region [16].

(which provide low frequency gain), the transfer function im-
plemented by this circuit is

(11)

where is the number of segments tied to divided by the
total number of segments.

Applying the positive phase shift of the filter at the appro-
priate frequency requires the derivative time constant (which in
this implementation is ) to be set as a relative frac-
tion of the effective bandwidth of the feedback path. In addition,
the bandwidth of the filter generating should roughly match
the feedback bandwidth. For example, if the filter bandwidth
is significantly greater than the feedback bandwidth, would
need to be increased to set . This would further lower the DC
feedback gain and require additional gain margin from the com-
parators. Alternatively, if is too large it will reduce the filter’s
positive phase shift at the feedback bandwidth, which is where
this phase shift has the largest impact on effective delay.
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Fig. 10. Shunt regulators with (a) common-source and (b) source-follower output stages and their associated linearized noise models.

Since can be relatively well-controlled through transistor
matching and the derivative time constant scales with , the
most important matching in this design is between the band-
width of ’s RC filter and the bandwidth of the feedback path.
However, the feedback path bandwidth is set by several tran-
sistor parameters which can vary independently of the resistance
(typically polysilicon) and capacitance (either metal-to-metal or
gate) which set . Thus, should be made programmable in
order to compensate for these relative variations.

Another very effective method to reduce the power re-
quired from the feedback circuitry is to employ a source-fol-
lower-based output stage. To understand the reasons for this,
it is instructive to examine the small-signal noise models for
shunt regulators (with linear feedback amplifiers) based on
common-source and source-follower output stages (Fig. 10).

As described in the Appendix, most of the loop gain in
these regulators will typically be contributed by the of the
output stage. In fact, the voltage gain of the amplifier itself
is often one or less. Thus, in the common-source regulator
shown in Fig. 10(a), the amplifier essentially acts only as a
power-consuming wire routing the error signal to ’s gate.
In contrast, with the source-follower design of Fig. 10(b),
the feedback signal is directly applied to through a
high-bandwidth wire that has no power dissipation. For a given
output impedance, this intrinsic feedback from the source-fol-
lower significantly reduces the requirements on the amplifier’s
GBW, hence reducing the amplifier’s power. At low GBW, one
can eliminate the amplifier entirely [25], while at higher gains
it can decrease the required GBW by over 40%.

Although a regulator for digital circuits will most likely be
based on comparators (for the previously described reasons),
such a regulator similarly benefits from a source-follower-based
output stage.9 For this application, the two principal require-
ments on the design of a source-follower-based output stage are

9As with a series regulator such as [25], the push-side source-follower output
stage requires a higher voltage (versus a common-source) at � ’s gate in
order to accommodate for its � . For simplicity, in this implementation �
was raised by � , but the regulator’s efficiency could be further improved with
a separate feedback path supply.

Fig. 11. (a) Replica-bias generation for a source-follower output driver.
(b) Output driver implementation, highlighting the switched source-follower
buffer isolating � from � . This figure shows the push side—the pull side
implementation is once again complementary.

achieving low turn-on delay (since feedback delay is analogous
to bandwidth in the linear loop), and maintaining predictable
output current with a noisy .

To achieve these goals, as shown in Fig. 11(a), we can employ
a replica-biasing scheme where a bias voltage is driven onto
the gate of the power device (through a buffer). For efficiency,
the power consumption of the amplifier in the replica-bias loop
should be minimized, making its output impedance relatively
high. This means that directly switching onto the gate
of the power device (which is nominally discharged to )
would create disturbances on . While adding capacitance
to can reduce the disturbance, this would exacerbate the
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Fig. 12. On-chip programmable broadband current noise generator.

Fig. 13. On-chip performance monitor circuit.

dependence of on the history of the comparator outputs.
Hence, it is advantageous to include a buffer to isolate from
the high-impedance . This additional buffer can be imple-
mented as another source follower, as shown in Fig. 11(b). To
eliminate its static power, the buffer is turned on only when cur-
rent is being pushed. Since the buffer current flows into (or
out of for the pull side) and only flows when the main output
current does, can simply be treated as a portion of the reg-
ulator’s total output current. However, waiting for to charge

up to its final value can cause significant delay, so during
the turn-on transition is left on to provide a large transient
current. For implementation simplicity, the width and magni-
tude of the pre-emphasis current pulse may not be well-con-
trolled, leading to some transient imprecision in the output cur-
rent (preferably an overshoot). Fortunately, as long as the tran-
sient is short its effects will be minor, while the improvement in
the feedback delay directly impacts the regulator’s performance.

V. EXPERIMENTAL VERIFICATION

In order to experimentally verify the benefits of integrated
regulation for digital logic, in collaboration with AMD, a push-
pull shunt regulator was included in a 65 nm SOI test-chip used
for technology bring-up. The die area of the regulator test-site
was 400 m by 400 m. The supply distribution network was
designed with a methodology similar to the rest of the processor

test-chip, but with the previously described reallocation of re-
sources for an externally generated . Specifically, 10% of
the total decoupling capacitance and 4% of the on-chip power
wires were reallocated from to .10 To characterize the
impacts of regulation, the test-chip included noise generators
and a performance monitor circuit.

The programmable on-chip noise generator shown in Fig. 12
was used to inject different levels of broadband current noise
onto the supply. As shown in the figure, the generator has five
banks, where each bank consists of a binary-weighted, 4-bit
array of nMOS devices tied between and . Each indi-
vidual bank can have its magnitude set by a static control signal

[3:0] (such that the bank draws only DC current), or by the
lower 4 bits of a 2 1 PRBS generator (such that the bank
draws a pseudo-random amount of current each clock cycle).
The current noise generated by the PRBS is essentially white up
to roughly half of the PRBS generator’s clock frequency. The
relative magnitude of the current noise is set by the number of
banks whose inputs are controlled by the PRBS generator, i.e.,
the relative current noise can range from roughly 0 to 5.

10Due to the limited area of the test-site, the C4 bump and package pin allo-
cation could not track the ideal ratios as closely: a single C4 bump was used for
� as opposed to four for � , and nine package pins were allocated to �
and one to � . However, from a total IR drop standpoint, these non-optimal
ratios of C4 bumps and package pins were compensated by the package and
PCB routing: a partial plane was used for � while � was routed through
a single trace (as well as a discrete external inductor).
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Fig. 14. Measured noise reduction provided by the push-pull shunt regulator.

To measure the supply variations as they would impact the
performance of the digital circuits themselves, the test-chip also
included the performance monitor shown in Fig. 13. The mon-
itor operates by generating a signal that transitions every clock
cycle ( ), and then checking on every cycle that this signal
was correctly captured by a flip-flop after N stages (typically
16–24) of fanout-of-four inverters. If on any cycle an error is de-
tected (i.e., ), the signal will remain high until
the circuit is externally reset. In this manner, the monitor indi-
cates whether the input clock frequency can be maintained at
the worst-case supply voltage.

The measurement procedure began with picking a supply
voltage , and with the regulator disabled, setting the
noise generator to statically draw roughly half of its maximum
current (i.e., no noise). The performance monitor was then
used to determine the maximum frequency of operation .
Leaving this frequency constant, measurements were then taken
at 4 magnitudes of current noise. Throughout this characteriza-
tion, all voltage and power measurements were performed by
a single digital multimeter with a relative accuracy of roughly
0.03%.

At each level of current noise, three different measurements
were taken. First, with the regulator still disabled and the supply
voltage at , the average power consumption of the chip (at
the current noise setting) was recorded. Since the devices within
the noise generator banks may not match perfectly, this mea-
surement provides the baseline power against which to
evaluate the chip’s efficiency (for that level of noise). Next, with
the regulator still off, the supply voltage was raised to the min-
imum level needed to operate at . This voltage
and the chip’s power consumption were once again
recorded. Finally, the regulator was turned on, and its param-
eters were tuned along with the supply voltage (calling the final
voltage ) to achieve minimum power consumption
at the same . The peak-to-peak voltage noise for each current
noise setting was calculated as

(12)

Fig. 15. Measured efficiencies of unregulated and push-pull shunt regulated
systems versus magnitude of the supply noise without regulation.

and the efficiency as

(13)

Figs. 14 and 15 show the results measured from this chip
using this procedure11 with V and

V. At this , was 1.67 GHz and (at zero
noise) was 105 mW. The static power of the regulator’s bi-
asing and feedback circuitry was less than 1.5 mW. Based on the
measured supply current and calculated peak-to-peak voltage
noise, the effective (broadband) unregulated supply impedance
was 869 m . For a 12 mm by 12 mm chip operating at the
same power density (i.e., 94.5 W total chip power), this corre-
sponds to an impedance of 966 .

In the range of expected supply noise ( 8% peak-to-peak
and above), the regulator reduces the effective noise by

30%,12 while successfully maintaining no net increase (in
fact, a drop of up to 1.4%) in total chip power. Although these
results already confirm the applicability of regulation to digital
circuits, the of the transistors in this developmental process
was significantly lower than that of a production process.

With a higher , the benefits of the regulator would be even
larger. Fig. 16(a) shows a simulation of the regulated supply

11Since (12) is based on measurements from the performance monitor, the
measured noise voltage should be interpreted as the worst-case average voltage
over one cycle. Note that the clock buffering was minimal (three stages) on
this test-chip in order to minimize artifacts from supply-induced clock jitter. It
should also be noted that these performance monitor-based measurements do
not directly verify the operation of the pull side of the regulator. However, the
pull-side circuits are complementary to the push-side circuits, and were verified
to function before the noise characterization procedure was run by skewing the
pull-side comparator until it triggered and caused additional � current. Fur-
thermore, the magnitude of the pull current and the pull-side dead-band were
adjusted to match those of the push-side to achieve a symmetric response to
positive and negative supply voltage variations.

12The external power supply used to generate � for the test chip had a
voltage resolution of � 5 mV. Hence, the measurements had to be snapped
to this relatively coarse grid. This coarse snapping is the most likely cause of
the low noise reduction at low unregulated noise (since the unregulated supply
droops are only� 30 mV in this case), and of the non-monotonicity of the noise
reduction curve.
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Fig. 16. Simulated effective impedance of (a) regulated supply with production
transistors, (b) regulated supply with test-chip transistors, and (c) unregulated
supply. The simulations use a block-level model similar to Fig. 12(b), but with
comparator-based feedback. The effective impedance of the regulator (which is
a nonlinear system) was calculated with� 14% peak-to-peak unregulated noise.

impedance with the target for the production process; with
this , the regulator’s feedback loop meets its target delay of

190 ps and the noise is reduced by 50%. Fig. 16(b) shows
the same simulation, but with the transistor speed scaled ac-
cording to the measured performance monitor frequency. Since
the measured noise reduction of 30% closely matches the sim-
ulation of Fig. 16(b), in a production process we anticipate the
regulator to achieve the simulated 50% reduction in noise. With
this higher level of noise reduction, the expected reduction in
total power increases to 4%.

VI. CONCLUSION

In order for on-chip regulation of digital power supplies to be
applied to modern, power-limited chips, this regulation must not
adversely impact the chip’s total power dissipation. Fortunately,
since variations on the supply voltage force the nominal supply
to be increased, the net power overhead of a regulator can in fact
be negative. However, single-supply regulator topologies cannot
achieve a net reduction in power because of the significant static
power they dissipate in their output stages, either because of
the required drop-out voltage in a series regulator, or the static
current draw in a shunt design.

To overcome this limitation, we can build a push-pull shunt
regulator that makes use of a second power supply, enabling it
to spend output power only when necessary to counter noise.
To distribute this second power supply for the regulator, re-
sources from the main power supply must be allocated to the
additional supply. Thus, we derived a strategy for this resource
allocation that minimizes the total loss. In addition, we showed
that keeping the regulator’s return current flowing through the
on-chip path requires careful design of the second supply’s
impedance—including the allocation of decoupling capacitance
to store energy for this supply.

The design of the regulator itself must be optimized to
minimize all sources of static power consumption. The use
of a local RC filter-based reference guarantees that the regu-
lator will not inefficiently attempt to correct for quasi-static

shifts in the supply voltage. Comparator-based feedback with
a dead-band robustly eliminates quiescent current from the
output devices, and an input peaking filter exploits the excess
gain of the comparators to reduce the effective feedback delay
without increasing power consumption. Finally, a switched
source-follower output stage making use of replica biasing and
transient current peaking can be used to achieve low turn-on
delay with relatively predictable output current.

Measurement results from a fabricated design confirm that
regulation can significantly ( 30%) reduce the effective noise
on a digital chip’s power supply while actually resulting in a
slight improvement ( 1.4%) in the total power dissipation.
While issues related to distributing many regulator sites on a
die and adapting the parameters of each of these regulators for
maximum efficiency remain, the results presented here show
that integrated regulation is a promising approach to improving
the robustness of energy-efficient digital circuits.

APPENDIX

In this Appendix, we analyze the noise performance of regu-
lators with linear feedback paths as a function of the feedback
amplifier’s design parameters, leading to design equations that
maximize noise rejection for a given amplifier gain-bandwidth
(GBW). Even though an integrated regulator for digital circuits
will most likely use nonlinear comparator-based feedback, the
design rules developed here can be extended to this case by
using describing function [15] techniques to quasi-linearize the
comparator into an equivalent gain.

The noise performance of both series and shunt regulators
with common-source output devices can be analyzed using the
model shown in Fig. 10(a) by treating as the intrinsic
impedance of the regulated supply node (i.e., for the series
regulator, ). While this model
assumes that undesired coupling of the power device’s gate

to the regulated supply is negligible, including this
coupling would not change the nature of the tradeoffs shown by
the model. Finally, since with proper layout on-chip decoupling
capacitors can have very low equivalent series resistance (ESR),
we will also assume negligible capacitor ESR.

Using a first-order feedback amplifier with a DC gain of
and bandwidth of , the regulated supply impedance is

(14)

The amplifier’s limited bandwidth causes a zero in , such
that the dynamic noise performance of the regulator suffers if
the amplifier’s bandwidth is too low. Of course, excessively
high amplifier bandwidth with low gain will also result in poor
performance. Therefore, we next analyze optimizing the alloca-
tion between amplifier gain and bandwidth in order to maximize
the regulator’s performance. Since the regulator’s response
depends upon the type of noise excitation, we will perform the
analysis with two models of noise: worst-case sinusoidal, and
random, white noise. As we will see, the optimal allocation for
these two disparate types of noise is very similar, such that a
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Fig. 17. Magnitude plot of� ��� showing that both amplifier gain and band-
width must be increased by 2x to decrease impedance by 2x.

fixed gain/bandwidth allocation remains nearly optimal across
a broad variety of noise excitations. Because it is a lower-order
system, we will only describe in detail here the analysis of a
series regulator. However, particularly in the case of worst-case
sinusoidal noise, the isolating effect of the inductance
(mostly due to the package and external distribution network)
makes the results for shunt regulators essentially identical.

To minimize the regulator’s peak-to-peak response to load
current steps, it has been shown that the impedance of the reg-
ulator should exhibit no peaking [12], [13]—this is also known
as voltage positioning. As shown in Fig. 17, because of the first-
order roll-off of , maintaining this voltage-positioned re-
sponse while reducing the regulator’s impedance requires both
the gain and the bandwidth of the amplifier to be increased. This
means that the gain–bandwidth of the amplifier must scale with
the desired noise rejection squared. Indeed, for sinusoidal noise
at the worst-case frequency, minimizing the maximum value of
(14) leads to

(15)

where we have defined the power device’s gain as
, ’s pole as ,

and the minimum feedback-contributed load rejection as
. Correspondingly, the best

allocation between gain and bandwidth increases both with the
square-root of GBW:

(16)

The first point to notice with the allocation of (16) is that be-
cause of the provided by the output device itself, most of the
GBW will be allocated to amplifier bandwidth. For example,
with a GBW of , a of will make

. In addition, as GBW is increased, the allocation given
by (16) will cause the regulator’s damping to approach a con-
stant value of 0.61, leaving a small amount of peaking in the
regulator’s response (as seen in Fig. 17). This slight discrep-
ancy from traditional voltage positioning results from the lack

of capacitor ESR, and from the fact that the response to sinu-
soidal current (instead of square current steps) was optimized.
However, this does not mean that the ESR of should be
intentionally increased, since this would significantly degrade
high-frequency noise sensitivity while minimally reducing the
peak-to-peak ripple from a current step.

While load currents are unlikely to display truly sinusoidal
behavior, minimizing nearly minimizes the sensitivity
of the regulator to a variety of deterministic or repetitive cur-
rent variations. Furthermore, optimizing the response of the reg-
ulator to random, white load current noise (i.e., maximizing

) leads to a very similar allocation of

(17)

The slight reduction in bandwidth is explained by the fact that
for white, random load current, the noise energy is not concen-
trated at a single frequency. Therefore, additional peaking is ac-
tually desirable to minimize the total voltage noise energy. Cor-
respondingly, the regulator’s approaches a constant value of

0.5 at high .
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