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Abstract

Large digital chips use a significant amount of energy to
distribute a multi-GHz clock. By discharging the clock
network to ground every cycle, the energy stored in this
large capacitor is wasted. Instead, the energy can be
recovered using an on-chip DC-DC converter. This paper
investigates the integration of two DC-DC converter
topologies, boost and buck-boost, with a high-speed clock
driver. The high operating frequency significantly shrinks
the required size of the L and C components so they can
be placed on-chip; typical converters place them off-chip.
The clock driver and DC-DC converter are able to share
the entire tapered buffer chain, including the widest drive
transistors in the final stage. To achieve voltage
regulation, the clock duty cycle must be modulated;
implying only single-edge-triggered flops should be used.
However, this minor drawback is eclipsed by the benefits:
by recovering energy from the clock, the output power
can actually exceed the additional power needed to
operate the converter circuitry, resulting in an effective
efficiency greater than 100%. Furthermore, the converter
output can be used to operate additional power-saving
features like low-voltage islands or body bias voltages.

1. Introduction

The rapid increase in energy consumption of large digital
circuits has been predominantly due to an increase in total
gate capacitance combined with an increase in operating
frequency. As a result, a large fraction of the total energy
budget is used by the high-frequency clock network [1].
While the clock energy is obviously proportional to
frequency, additional energy is also expended in modern
designs to reduce clock skew and to drive increased
capacitance caused by the more closely spaced wires and
thinner gate oxides. Most of this energy is consumed in
the final drive stage where a large load capacitance is
charged and discharged every cycle.

There are several methods that are used to reduce
clock distribution energy, such as gating the clock, low-
swing signals, double-edge triggered flip-flops, adiabatic
switching [2], and resonant clocking [3]. All of these
previous techniques have attempted to reduce the power
consumption of operating the clock. This paper
investigates a new method, summarized in Figure I,
where the energy of the clock is not reduced directly but
is instead recovered using a DC-DC converter and
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Figure 1. Recycling clock enefgy with a DC-DC converter.
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redeployed to another circuit in a regulated fashion. The
redeployment reduces the total current draw from the
primary supply. We call this concept energy recycling [4].

Integrating a clock driver intended for high-
performance logic with a DC-DC converter merges
several compatible concepts. Using the same high
switching frequency (e.g., 3GHz) for the clock and
converter reduces the size of on-chip inductor and
capacitor needed by the converter. Also, the final clock
drivers and the DC-DC power transistors are both very
wide to improve switching time of the clock and reduce
output losses of the converter. These large, low-
impedance transistors need to be driven by a tapered
inverter chain to keep up with the high frequency.
Similarly, the power used by this chain should be
minimized in both cases. Lastly, many DC-DC converters
use pulse width modulation for output regulation, a
scheme compatible with single-edge triggered clocking.

One of the main advantages of this new approach is the
efficient generation of an on-chip voltage supply which
differs from the level offered by the primary supply. Since
the DC-DC converter is small, several can be deployed
across the chip to produce independent, regional power
supplies. This allows several different regulated voltages
to be on-chip at the same time, all powered from the same
off-chip primary supply. Several power-saving techniques
such as mixed-voltage islands and adaptive body bias
(ABB) [5] can utilize additional supply voltages. An on-
chip DC-DC converter can power these schemes without
the need for external pins, external components, or board
design effort.

Fully on-chip power converters are not very popular
because they are not very efficient. To boost efficiency, a
low switching frequency and large LC components are
often used. For example, [6] uses 27mm” at 45MHz to
reach an efficiency of 65%. The DC-DC converters
designed here operate at far higher frequencies to shrink
area by 99%, but maintain good efficiency by taking
energy stored in the clock capacitance. This extra energy
is available for free, since it would normally be wasted
every cycle when the clock node is discharged. As a
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Figure 2. A boost converter (top) and the
simplified diagram of the new converter

boost converter signals.
(bottom).

result, the power needed to operate the DC-DC converter
is greatly reduced.

To compare our dual-purpose circuit with traditional
on-chip power converters, we measure effective efficiency
as the output power divided by the incremental input
power needed to operate the converter. Effective
efficiency captures how efficient a traditional converter
would have to be if it was to supply the same output
power using just the incremental input power used by our
circuit. We consider an effective efficiency greater than
50% efficiency to be good for an on-chip converter.
However, in some cases, our effective efficiency is
greater than 100%. This is not evidence of the perpetual
motion fallacy; it is proof that energy is being recovered
from the clock tree and redirected to the converter output.

In our previous work [7], we constructed a working
prototype of a circuit similar to the two circuits proposed
in this paper. That work also demonstrated an effective
efficiency greater than 100%. Hence, we are confident
that the results shown in this paper are valid and not
simulation anomalies. One drawback of the earlier work
is that it employed a buck converter topology, where the
output voltage is always less than the primary supply.
This work explores two other common topologies, boost
and buck-boost, because they can provide a greater output
voltage range, including a magnitude greater than the
primary supply level. Higher output voltages can also be
useful for applications such as ABB.

To keep things simple, these new converters are
designed and simulated in an ‘open loop’ mode with no
voltage regulation capability. A more complete design,
such as the one presented in [7], would include a feedback
controller to regulate voltage by modulating the clock
pulse width.

Figure 3. Idealized timing diagram of

Figure 4. Fully-lntegrated clock driver and
boost converter.

2. Integrated Boost Converter Design

In this section, we describe how a boost converter
operates and show how it can be integrated with a clock
driver. This circuit drives clock node V. loaded by C,.
As well, it outputs a DC voltage, V,,;, and drives another
version of the clock, V i scareq, at the same output voltage.

2.1. Background

A typical boost converter is shown in Figure 2(top). When
the switch is on, voltage V;, will be across the inductor
and it will build up current. In the next phase, when the
switch is off, inductor current finds its way through the
diode and charges the output capacitor.

An alternative circuit, shown in Figure 2(bottom),
avoids the loss of a voltage drop across the diode. This
design requires suitable gating signals for the power
transistors. Since the output voltage is variable and can be
higher than Vpp, a switched-capacitor voltage-shifter
circuit is used to generate a shifted gating signal for M,

2.2. Basic Operation

The operation of the boost converter in Figure 2(bottom)

can be described using the timing diagram in Figure 3.

Ignoring the turn on/off times of the transistors, there are

two basic modes of operation:

e Mode I: At the beginning of this mode, V., goes high
and M, turns on. Consequently, voltage Vpp will be
across the inductor Lr and the inductor current
increases linearly (assuming a constant voltage across
the inductor). At the same time, the voltage of
capacitor Cy,; will be added to V. so that Vi
reaches voltage V.., a higher voltage than V,,. The
diodes Dqyy; are reverse biased. As Cyyp is pre-charged
t0 Vour — 2V diode drop 0 the previous Mode 2, Vs of M,
would be equal to: V,u — Vour = (Vop + (Vour —



2Vdi0deidmp)) - Vout = VDD - 2Vdi0deidmp which has a
positive value and M, turns off completely.

e Mode 2: As a new V. half-cycle starts, M, turns on
and M, turns off. Capacitor Cg; will be charged
through diodes Dy to a value of Viu — 2Viode arop- AS
the diodes are forward biased, V, of M, becomes
equal to — 2Vioqe arop Which has a negative value larger
than the threshold voltage of M,, turning it on
completely. At this time, inductor current finds its way
through M, and will charge up the output capacitor Cy.

In the above discussion, the average voltage of Cy, Vi, is
D x Vpp, where D is the duty cycle. This is the operating
voltage available to the boost converter (and not Vpp).
Ideally, the boost converter output voltage would be

= LX v, = b Vop - Therefore, at a 50% duty
1-D 1-D

cycle, the output voltage should be close to Vpp. To adjust

and regulate the output voltage, the duty cycle of the

clock signal could be changed by a control circuit.

In addition to providing output voltage levels higher
than Vpp, the circuit produces a buffered version of the
clock, Ve scatea> at the new voltage V,,,. This clock signal
can be used in the circuitry powered by the converter, but
allowances for clock skew and level-conversion will need
to be made in the datapath logic.

2.3. Complete Circuit

A complete implementation of the integrated clock-
driver/boost-converter circuit is shown in Figure 4. Some
transistors have been added to implement the capacitors.
A tapered inverter chain has also been added to drive C.
Ceuy 1s 21pF, a value selected to approximate the clock
load in a 1mm” region of a high-performance processor.

One crucial change, the addition of M,, and M,,, has
been made to delay M,; from discharging the clock. By
waiting for the inductor to discharge V., the energy can
be transferred to the converter instead of being wasted.
This is known as zero-voltage switching (ZVS) because
M, is turned on when the voltage across it is zero.

The delay circuit works as follows. The gating signals
of M,; and M,; will have nearly the same falling edge
(since Ve is low and M, is turned on). On the rising
edge, M, is turned off first. M, is turned on after the
inductor has drained V sufficiently low to turn on M.
This allows the gating signal for M,; to turn on and
discharge any small amount of remaining energy in V.

The boost converter produces Vo, and Vey seatea- A
2.2pF capacitor Cuy scares Was added to represent the clock
load for a circuit powered by V,,,; its size is determined
by the strength of M,; and M,; as well as the desired
efficiency. Some of the recovered energy is subsequently
lost when this capacitor is discharged, so it should be kept

small. To keep the output ripple on V,,, < 5%, a large
capacitance Cr is needed for bulk energy storage.

Except for Dy and Cgp, all transistor body terminals
are connected to their source pins. The body terminals of
Dy and Cgyy are connected to ground instead. This
prevents forward biasing of the body-drain intrinsic diode,
in case the drain voltage goes lower than the source
voltage. Also, this makes the layout easier, since no deep
n-well structure is required.

Finally, a 1kQ resistor is added in parallel to Cy;; to
bias the Dy, diodes and provide a DC current path to
avoid floating nodes when the Dy, is off.

3. Integrated Buck-boost Converter Design

In this section, we describe how a typical buck-boost
converter operates and show how it can be integrated with
a clock tree. The converter produces a negative output
voltage. One use of a negative voltage is to control the
adaptive body bias of NMOS devices. However, unlike
the boost converter in the previous section, this circuit
does not produce another copy of the clock, Ve scaied-

3.1. Background

A typical buck-boost converter is shown in Figure 5(top).
When the switch is on, voltage V;, will be across the
inductor and its current will build up. In the next phase,
when the switch is off, inductor current finds its way
through the diode and, as a consequence, a negative
voltage appears at node V,,;.

In low-voltage applications such as this work, the
voltage drop across the diode would result in a
considerable power loss. Instead, it is more suitable to use
a transistor with an appropriate gating signal, such as the
circuit shown in Figure 5(bottom). However, since the
source of the NMOS transistor is connected to a negative
Vous the gating signal for this transistor should be
appropriately shifted to make sure that the transistor is off
when J is zero. Here, the required shift in the gate

voltage is achieved by a switched capacitor circuit
consisting of a Cg; capacitor and three diodes in series.
The detailed mechanism for the operation of this circuit is
explained in the next section.

An extra switch S, is also added between nodes V.
and V;,. This switch prevents V. from becoming
negative as V;,, goes below zero when M, is on.

3.2. Basic Operation

The operation of the buck-boost converter in
Figure 5(bottom) can be described using the timing
diagram in Figure 6. Ignoring the turn on/off times of the
transistors, there are two basic modes of operation:
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Figure 5. A buck-boost converter (top) and Figure 6. Idealized timing diagram of
buck-boost converter signals.

the simplified diagram of the new converter
(bottom).

e Mode 1: At the beginning of this mode, y, goes to

zero and M, turns on. The switch S, is closed and Cg
is charged. Consequently, voltage Vpp is across the
inductor Ly and the inductor current increases linearly
assuming a constant voltage across the inductor. At the
same time, voltage of the capacitor Cg,; from the
previous Mode 2 is added to a and V,;; reaches a

lower value than V,, as diodes Dy, are reverse
biased. Since Cyy is pre-charged to Viur + 3Viiode drop
in the previous Mode 2, the Vg, of M, would be equal
to Vshift - Vout = _VDD + 3Vdi0deidmp: which has a
negative value and M, turns off completely.

e Mode 2: As y, is high, M, is off and M, is on. At the

same time, capacitor Cg,; will be charged through
diodes Dy to a value of Vpp — (Vour + 3Viiode drop)-
Since the diodes are forward biased, the Vg, of M, is
equal to 3Vgioge arop, Which is a positive value larger
than the threshold voltage of M,, thus ensuring it turns
on completely. At this time, inductor current finds its
way through M, and will charge up the output
capacitor Cr to a negative voltage value. The switch
Sei 1s closed at the beginning of Mode 2 to allow the
inductor to discharge C,;. However, when V},, starts to
go negative, the switch is opened to keep V. at zero.
The operating voltage available to the buck-boost
converter is V;, = D x Vpp. Ideally, the output voltage of
-D -p?
— XV, =
1-D 1-D
the earlier boost converter, the output voltage can be
regulated by modulating the duty cycle D.
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3.3. Complete Circuit

A complete implementation of the integrated clock driver/
buck-boost converter is shown in Figure 7. Many of the
changes are similar to those in the boost circuit, e.g., M,;3
and M,; to delay the energy-wasting discharge of C.

There are three implementation decisions in Figure 7
that warrant further discussion. First, transistors M,, and
M, are added to protect M,; and M, from large voltage
drops across them. Connecting the gates of transistors M,,
and M, to the ground will provide for automatic on-off
timing and proper operation of the circuit.

Second, transistor M, acts as the switch to prevent Ve
from going negative. The gate of M, is connected to Vs,
which is set at the threshold voltage of PMOS transistor
M,s. When V,, is positive, M, is on and provides the path
for the inductor current to discharge C.;. When V;,, falls
below zero, M,, turns off and nodes V;, and ¥V are
disengaged. Meanwhile, M, turns on and provides a path
for the inductor current. In this design, V};, is generated
by a small DC current passing through the diode-
connected PMOS transistor M,;s. To stabilize the voltage,
capacitor Cp,, is added to the node Vy;y.

Third, the body terminals of all NMOS transistors need
to be connected to their source or the most negative
voltage in the system to prevent forward biasing of body-
source intrinsic diodes. For M,; and M,,, their body is
connected to the (non-ground) source node, so these
transistors need to be isolated inside a deep n-well layout
structure. All other transistor body terminals are
connected to their sources. Cr and Cy;, are implemented
as PMOS transistors; NMOS transistors would require a
deep n-well since Vs and V,,, are both negative.



Table 1. Specification summary of the integrated clock driver / converter circuits.

Converter type Boost Buck-Boost
Technology 90nm CMOS 90nm CMOS
Layout Area (mm°) 0.26 0.20
Switching frequency, Fsw(GHz) 3 3
Inductor, Lr (pH) 310 310
Capacitor, Ce (pF) 378 356
Supply voltage, Vi (V) 1 1
Output voltage, Vout (V) 0.75~1.75 -0.5~-14
Output voltage ripple <5% <5%
Nominal output current, L. (mA) 50 50
Effective efficiency, 7.+ (%) at nominal output 98 ~ 24 66 ~ 20
Duty cycle, D (%) 40 ~ 80 20 ~ 70
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Figure 8. Simulation results of the boost converter in Figure 4.
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Figure 9. Simulation results of the buck-boost converter in Figure 7.
4. Simulation Results _ B %100, wWhere P;,; and P;,, are the power

To evaluate the performance of the combined clock-
driver/converter circuits, a reference circuit containing
only the tapered inverters to form a clock driver was
designed using similar transistor sizes. All circuits were
simulated in 90nm CMOS technology at F;,, = 3GHz. In
all circuits, the transistors were all of low-threshold
voltage type to facilitate operation at lower Vpp levels.
Figure 8 shows the output voltage and the effective
efficiency of the boost converter at different duty cycles
and output currents. We define the effective efficiency as

Ny =
g inl _Pin2

consumption of the new combined driver/converter circuit

and the reference clock circuit, respectively, and P,,,; is

the output power of the converter. For the reference

circuit, simulations determined P;,, was 100mW. High

power consumption is primarily due to a large C.

Figure 8 shows the output voltage and effective
efficiency of the integrated boost-converter circuit. The
clock duty cycle, D, and output current are both varied.
The output voltage increases as D is increased. At the

same time, the effective efficiency decreases because the



amount of energy that is being recycled (available in the
clock capacitor) is constant while the amount of energy
that is delivered to the output is increased (because of the
increase in the output voltage). For example, at S0mA
output current, the output voltage changes from 0.75 to
1.75V by varying the duty cycle from 40 to 80%. The
corresponding effective efficiency ranges from 98 down
to 24%. By varying the duty cycle, the output current
corresponding to the highest value of effective efficiency
is changed and maximum effective efficiency of 111% is
achieved at D = 40% with /,,, = 30mA and V,,, = 0.95V.
As mentioned earlier, achieving an effective efficiency
above 100% is definitive proof that “free energy” is being
recovered from the clock tree.

Similarly, Figure 9 shows the output voltage and
effective efficiency of the integrated buck-boost converter
circuit. In this case, at 50mA output current, the output
voltage changes from -0.5 to -1.4V when varying the duty
cycle from 20 to 70%. The corresponding effective
efficiency ranges from 66 down to 20%. The lower
efficiency is a result of more transistors in the main
current path. While the effective efficiency result does not
prove that clock energy is being recovered like the boost
circuit, looking at Figure 7 reveals that during recycling
time (when M, is off because Vi, > =V} umos) there is no
path from C, to ground except through L. This means
charge in C, is being recycled to current in Lg.

Table 1 provides a summary of the specifications and
results for the two converter circuits. We have performed
a layout of both circuits. To save time, we re-used many
circuit components between the two circuits. The
reference clock driver circuit (drivers and capacitive load)
is 0.03mm’. The boost and buck-boost circuits in this
paper require 0.26mm’ and 0.2mm’ area, respectively,
including the on-chip inductor and filter capacitor.
Although the buck-boost circuit has more components, it
was implemented in less area than the boost circuit
because of additional layout effort.

In contrast, [6] implemented a fully on-chip buck
converter in 0.18um SiGe RFBiCMOS technology was
65% efficient. It also used an area of 27mm’ to fit the
large passive components. The circuits in this paper
achieve an effective efficiency in the same range using
only 1/100™ of the area.

5. Conclusions

In this paper, the idea of energy recovery from a high-
speed clock load in digital circuits is investigated by
exploring the integration of two DC-DC converter
topologies, namely boost and buck-boost, with a high-
speed clock driver. These converters recycle the energy
(in the form of charge stored) from the clock capacitance.
Several characteristics make integration of these two
different circuits very promising: the multi-GHz

switching frequency of the clock allows the use of very
small passive components in the power converters,
enabling full on-chip integration; the clock driver and
power converter can share the tapered buffer chain, which
can be optimized for low power; and energy wasted
during clock discharge can be recovered using the
converter.

Simulation results of the circuits in a standard 90nm
technology show an effective efficiency up to 111%. The
only way for this to exceed 100% is to recover the “free
energy” from the clock that would otherwise be wasted.
Comparing the two converters, the boost converter has a
simpler implementation and results in higher efficiencies
than the buck-boost converter.

These results are very promising, but they are only
scratching the surface of a brand new area. A significant
amount of work remains to be done to improve these
circuits. No doubt the circuit implementations are sub-
optimal, and higher efficiencies are possible. Only ‘open
loop’ power measurements were done; a full circuit
including a controller for power regulation is needed.
Although simulations show good-quality, quasi-square
clock waveforms, there is concern that clock jitter may be
increased as a result of the power converter. Also, pulse
width modulation adds its own problems: it increases
jitter, and high-speed designers often use more complex
clocking schemes than single-edge-triggered clocking.
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