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Minimum Energy Tracking Loop With Embedded
DC–DC Converter Enabling Ultra-Low-Voltage

Operation Down to 250 mV in 65 nm CMOS
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Abstract—Minimizing the energy consumption of battery-pow-
ered systems is a key focus in integrated circuit design. This paper
presents an energy minimization loop, with on-chip energy sensor
circuitry, that can dynamically track the minimum energy oper-
ating voltage of arbitrary digital circuits with changing workload
and operating conditions. An embedded DC–DC converter which
enables this minimum energy operation is designed to deliver load
voltages between 0.25 V to 0.7 V. The minimum energy tracking
loop along with the DC–DC converter and test circuitry were fabri-
cated in a 65 nm CMOS process. The area overhead of the control
loop is only 0.05 mm2. Measured energy savings of the order of
50%–100% are obtained on tracking the minimum energy point
(MEP) as it varies with workload and temperature. The DC–DC
converter delivers load voltages as low as 250 mV and achieved an
efficiency 80% while delivering load powers of the order of 1 W
and higher from a 1.2 V supply.

Index Terms—DC-DC conversion, energy sensor circuitry, min-
imum energy point, minimum energy tracking loop, subthreshold
logic, ultra-low-voltage operation.

I. INTRODUCTION

THE energy efficiency of digital circuits continues to be a
major factor in determining the size and weight of bat-

tery-operated electronics. Emerging applications like wireless
microsensor networks [1], [2] and implantable medical elec-
tronics [3] are severely energy constrained. For applications like
implantable medical devices that are battery operated, though
the required speed of operation is low, the battery is expected
to last through the lifetime of the device, without the possi-
bility of a recharge. On the other hand, a key requirement in
the design of sensor systems is constraining the power dissipa-
tion of the system below 10 W [4] which will allow operation
strictly using scavenged energy. So, irrespective of the mode
of power delivery, there is a severe constraint on the energy
consumed per desired operation of these devices. This forces
us to look into system-level energy management techniques to
further these applications. Subthreshold operation [5], [6] is a
technique wherein the circuits are operated at a below the
threshold voltage of its devices. While subthreshold operation
promises an order of magnitude reduction in power dissipation
over above-threshold approaches, it comes at the cost of circuit
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speed. Since the performance requirements are quite relaxed
in many of these energy-constrained applications, subthreshold
operation is a feasible approach to minimize energy.

Operating at the minimum energy operating voltage of dig-
ital circuits has been proposed as a solution for energy-critical
applications [5]. The minimum energy point (MEP) is defined
as the operating voltage at which the total energy consumed per
desired operation of a digital circuit is minimized. Switching
energy of digital circuits reduces quadratically as is de-
creased below , while the leakage energy increases expo-
nentially. These opposing trends result in the minimum energy
point. The MEP is not a fixed voltage for a given circuit, and
can vary widely depending on its workload and environmental
conditions (e.g., temperature). By tracking the MEP as it varies,
energy savings of 50%–100% has been demonstrated [7] and
even greater savings can be achieved in circuits dominated by
leakage.

In this paper, a 65 nm CMOS circuit that can dynamically
track the MEP of a digital circuit with varying operating con-
ditions is presented. The tracking loop employs on-chip en-
ergy sensor circuitry that calculates the actual energy consumed
per desired operation of the load circuit. Embedded within the
tracking loop is a switching DC–DC converter that can effi-
ciently deliver supply voltages down to 250 mV at ultra-low
load power levels of 1 W, thereby enabling minimum energy
operation.

II. MINIMUM ENERGY POINT

The total energy consumed per operation by a digital circuit
can be split into two components: an active energy component
and a leakage energy component. The active energy consumed
per operation assuming rail to rail swing is given by

(1)

where is the average effective switched capacitance per
desired operation of the digital circuit. The active energy con-
sumed per operation scales down quadratically with , as can
be seen by the active energy curve in Fig. 1 which shows the
energy/operation breakdown for a 7-tap finite impulse response
(FIR) filter in 65 nm CMOS.

The leakage energy per operation is due to the subthreshold
leakage power of the digital circuit, which integrates over the
time period of an operation, and is given by

(2)
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Fig. 1. Active, leakage, and total energy per operation curves showing the min-
imum energy point (0.42 V) for a 7-tap FIR filter implemented in 65 nm CMOS.

where is the time required to complete an operation, is
a delay-fitting parameter, is the average effective width of
the leaking transistors, is the output capacitance of a char-
acteristic inverter, is the depth of the critical path in char-
acteristic inverter delays, is the subthreshold slope factor, and

. A more detailed description of the above-men-
tioned terms and how the equation is derived is given in [8].
The leakage energy component is negligible at higher voltages,
but increases exponentially as is decreased close to sub-
threshold voltages, as can be seen from the leakage energy curve
in Fig. 1. This is because of the exponential increase in the time
to complete an operation at subthreshold voltages. The
opposing trends of the active and leakage energy components
with give rise to a minimum in the total energy consumed
per operation. The minimum energy operating voltage usually
falls in the subthreshold regime of operation and for the 7-tap
FIR filter is at 420 mV. Adding equations (1) and (2), the total
energy consumed per desired operation is given by

(3)

is a nonlinear function of and can be minimized with
respect to by differentiating (3) and equating it to 0. An an-
alytical solution for the minimum energy operating voltage has
been derived in [8]. The analytical solution shows that the min-
imum energy operating voltage for a particular circuit is not a
fixed voltage. The MEP depends on temperature, , , and

. Any relative increase in the active energy component of
the circuit due to an increase in the workload or activity of
the circuit decreases the minimum energy operating voltage. On
the other hand, a relative increase of the leakage energy compo-
nent due to an increase in temperature or the duration of leakage
over an operation pushes the minimum energy operating
voltage to go up. This makes the circuit go faster, thereby not
allowing it to leak for a longer time. Fig. 2 shows the simulated
energy/operation curves with change in workload for a 12-tap
FIR filter. The workload of the circuit is varied by turning ON or
OFF the taps of the filter. The leakage energy/operation remains
fixed as the number of taps are varied. It can be seen that the

Fig. 2. Simulated energy/operation curves with change in number of taps of a
12-tap FIR filter at 27 C.

minimum energy operating voltage decreases as the number of
taps and thereby the workload is increased. When the FIR filter
operates with all 12 of its taps active, the MEP is at 250 mV.
On decreasing the number of taps to two, the MEP increases to
400 mV. If the FIR filter working with two taps active continues
to operate at the MEP corresponding to its 12-tap scenario (250
mV), the energy/operation curves show that 2.2X more energy
is consumed, or in other words, a 120% savings in energy con-
sumed can be achieved on tracking the MEP as it moves. In gen-
eral, energy savings of the order of 50%–150% are possible by
tracking the MEP as it changes with operating conditions and
this motivates the design of a circuit that can dynamically track
the MEP.

III. MINIMUM ENERGY TRACKING LOOP

Fig. 3 shows the architecture of the minimum energy tracking
loop. The objective of this loop is to track the minimum energy
operating voltage of the load circuit (FIR filter). The load cir-
cuit is powered from an off-chip voltage source (1.2 V) through
a DC–DC converter and is clocked by a critical path replica ring
oscillator which automatically scales the clock frequency of the
FIR filter with change in load voltage. The energy sensor cir-
cuitry calculates on-chip the energy consumed per operation of
the load circuit at a particular operating voltage. It then passes
the estimate of the energy/operation to the energy mini-
mizing algorithm, which uses the to suitably adjust the ref-
erence voltage to the DC–DC converter. The DC–DC converter
then tries to get close to the new reference voltage and the
cycle repeats until the minimum energy point is achieved. The
only off-chip components of this entire loop are the filter pas-
sives of the DC–DC converter.

A. Energy Sensing Technique

The key element in the minimum energy tracking loop is the
energy sensor circuit which computes the of the load cir-
cuit at a given reference voltage. Methods to measure , by
sensing the current flow through the DC–DC converter’s in-
ductor, dissipate a significant amount of overhead power. The
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Fig. 3. Block diagram of the minimum energy tracking loop and embedded DC–DC converter.

Fig. 4. Circuitry to compute energy/operation (E ) at a given operating voltage.

approach is more complicated at subthreshold voltages because
the current levels are very low. Further, an estimate of the energy
consumed per operation is what is required and not just the cur-
rent which only gives an idea of the load power. Our proposed
method to estimate does not require any high-gain ampli-
fiers or analog circuit blocks. The DC–DC converter while op-
erating in steady state keeps the output voltage close to the ref-
erence voltage set. Just before the energy sense cycle begins, the
DC–DC converter is disabled. The energy sense cycle consists
of operations of the digital circuit where the value can be
32 or 64. Assuming that the voltage across the storage capacitor
of the DC–DC converter, , falls from the reference voltage

to in the course of operations of the digital circuit,
at the voltage is

(4)

To measure accurately, should be close in value (within
20 mV) to . Measuring by digitizing and using con-
ventional ADCs would require at least 11 bits of precision in the
ADC. This could prove costly in terms of power consumed. Our
proposed energy-efficient approach to obtain is to observe

that, by design, is very close to . Thus, the following sim-
plification can be applied within an acceptable error.

(5)

(6)

From (6), it can be seen that the energy consumed per operation
is directly proportional to the product of and . Since
the digital representation of , which is the reference voltage
to the DC–DC converter is already known, only the digital value
for is required to estimate .

Fig. 4 shows the voltage difference measuring circuitry. Be-
fore starting an operation energy sense cycle, the voltage

across is sampled on a small 5 pF capacitor . The
DC–DC converter is then disabled. The digital circuit runs for

operations using the energy stored in , thereby bringing
down the voltage across to . At the end of
the operation energy sense cycle, the value is sampled
across another 5 pF capacitor . Subsequently, the DC–DC
converter is enabled and normal operation of the digital circuit
continues. At this point, a current sink of high output impedance
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Fig. 5. Flowchart showing the operation of the minimum energy tracking algorithm.

( , ) connected across turns ON, and the voltage across
is allowed to droop. At the same time a counter is enabled.

The counter is run by a fixed frequency clock. As the voltage
across droops, a preamplifier-comparator system compares
the voltage across with . The same clock that is used in
the counter is also used to clock the dynamic comparator. The
fixed frequency clock, together with the constant current sink
that drains , quantizes voltage into time steps, as in an inte-
grating ADC [9]. The number of fixed frequency clock cycles
required for to droop down to is directly proportional to

. This can be seen from the following equation:

(7)

(8)

where is the time taken for the voltage across to droop
down to , is the number of clock cycles registered in the
counter, and is the time period of the fixed frequency clock.
The quantity is then digitally multiplied with which is the
reference voltage to the DC–DC converter. The product of
these two quantities gives an estimate of the energy consumed
per operation by the digital circuit at voltage . This estimate
is passed on to the energy minimization algorithm block. The
estimate obtained is a normalized representation of the absolute
value of the energy consumed per operation.

B. Energy Minimization Algorithm

Once the estimate of the energy per operation is obtained, the
minimum energy tracking algorithm uses this to suitably adjust
the reference voltage to the DC–DC converter. The minimum
energy tracking algorithm is a slope-tracking algorithm which
makes use of the single minimum, concave nature of the
versus curve. This can be seen from the curves in

Fig. 2. The algorithm described by the flowchart in Fig. 5 starts
by setting the reference voltage to some initial value. The
energy per operation at this voltage is computed and stored in a
minimum energy register . The tracking loop then au-
tomatically increments by one voltage step. Once set-
tles at this newly incremented voltage, is computed again
and is compared with the value stored in the minimum energy
register. At this point, if the newly computed is found to
be smaller, the loop then just keeps incrementing at fixed
voltage steps, while at the same time updating until the
minimum is achieved. The other possibility is that the newly
computed energy per operation is higher than that stored in the
minimum energy register. In this case, the loop changes direc-
tion and begins to decrement . The loop keeps decrementing

until the calculated is higher than at which
time the loop increments by one voltage step to get to the
MEP and shuts down.

The voltage step used by the tracking algorithm is usually
set to 50 mV. A large voltage step leads to coarse tracking
of the MEP, with the possibility of missing the MEP. On the
other hand, keeping the voltage step too small might lead to the
loop settling at the non-minimum voltage due to errors involved
in computing which will be described in Section V. The

versus curve is shallow near the MEP and hence a
50 mV step leads to a very close approximation of the actual
minimum energy consumed per operation. The MEP tracking
loop can be enabled by a system controller as needed depending
on the application, or periodically by a timer to track tempera-
ture variations.

IV. LOW-POWER DC–DC CONVERTER

This section talks about the design of the DC–DC converter
that enables minimum energy operation. Since the minimum en-
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Fig. 6. Architecture of the DC–DC converter employing a pulse frequency modulation (PFM) mode of control.

Fig. 7. NMOS pulse width determining circuitry using open loop control. The time delays are chosen to turn the nMOS power transistor OFF as the inductor
current approaches zero.

ergy operating voltage usually falls in the subthreshold regime
of operation, the DC–DC converter is designed to deliver load
voltages from 250 mV to around 700 mV. The power consumed
by digital circuits at these subthreshold voltages is exponen-
tially smaller and hence the DC–DC converter needs to deliver
efficiently load power levels of the order of microwatts. This
demands extremely simple control circuitry design with min-
imal overhead power to get good efficiency. The DC–DC con-
verter shown in Fig. 6 is a synchronous rectifier buck converter
with off-chip filter components. It employs a pulse frequency
modulation (PFM) [10] mode of control in order to get good
efficiency at the ultra-low load power levels that the converter
needs to deliver. The reference voltage to the converter is set
digitally by the minimum energy tracking loop and is converted
to an analog value by an on-chip DAC before it is fed to the
comparator. The comparator compares with this reference
voltage and when it is found to be smaller, generates a pulse of
fixed width to turn the pMOS power transistor ON and ramp up
the inductor current. A variable pulse width generator to achieve
zero-current switching is used for the nMOS power transistor.
The comparator is clocked by a divided and level converted ver-
sion of the system clock which feeds the load FIR filter.

A. Approximate Zero-Current Switching

The ultra-low load power levels demand extremely simple
control circuitry to achieve good efficiency. This precludes the
usage of high gain amplifiers to detect zero-crossing and thereby
do zero-current switching [11]. In order to keep the control cir-
cuitry simple and consume little overhead power, an all-digital

open loop control as shown in Fig. 7 is used to achieve zero-cur-
rent switching. The variable pulse width generator block which
accomplishes this functions as follows. When the comparator
senses that has fallen below the reference voltage, a pMOS
ON pulse of fixed pulse width is generated. This ramps up
the inductor current from zero. Once the pMOS is turned OFF,
the nMOS power transistor is turned ON after a fixed delay.
This ramps down the inductor current. Ideally, in the discon-
tinuous conduction mode (DCM) used in this implementation,
the nMOS has to be turned OFF just when the inductor current
reaches zero. The amount of time it takes for the inductor cur-
rent to reach zero is dependent on the reference voltage set and
in steady state, the ratio of the nMOS to pMOS ON-times is
given by

(9)

where and are the nMOS and pMOS ON-times and
is the battery voltage. Thus, by fixing , the values of for
specific load voltages can be predetermined. The variable pulse
width generator block then suitably multiplexes these predeter-
mined delays depending on the reference voltage set to achieve
approximate zero-current switching. Increasing the number of
these delay elements and the complexity of the multiplexer
block gives a better approximation to zero-current switching.
Since only the ratios of the nMOS and pMOS ON-time pulse
widths need to match, this scheme is independent of absolute
delay values and any tolerance in the inductor value.



RAMADASS AND CHANDRAKASAN: MINIMUM ENERGY TRACKING LOOP WITH EMBEDDED DC–DC CONVERTER 261

B. Efficiency of the DC–DC Converter

The efficiency of the DC–DC converter operating in the PFM
mode can be given by a simple equation as follows:

(10)

Here, is the energy delivered by the converter to the load
every switching cycle. is the amount of energy lost every
switching cycle due to conduction losses which occur primarily
due to current flow through power transistors with finite on-state
resistances. The gate-switching losses labeled as are due
to the energy lost turning ON or OFF the gates of the power
transistors every switching cycle. The energy lost due
to non-zero voltage switching of the intermediate parasitic ca-
pacitance at the drains of the power transistors dominates the
timing error related losses [11]. The parasitic capacitance also
includes the package and board parasitics and is close to 2 pF for
the implemented converter. While zero-voltage switching was
not actively tackled in this implementation of the DC–DC con-
verter, was reduced by introducing a finite delay between
the pMOS and nMOS ON pulses. Also, the energy delivered to
the load per cycle, was increased by properly choosing
the pMOS ON time and the inductor value. This helps in re-
ducing the contribution of the parasitic power losses compared
to , thereby increasing the efficiency.

is the energy lost every switching cycle due to
switching and leakage related losses in the control circuitry.
This loss mechanism affects significantly the low load effi-
ciency of the DC–DC converter. PFM mode control reduces
the switching frequency of the converter as load power drops.
While the other loss mechanisms remain constant as the
switching frequency is varied, the control circuitry leakage loss
integrates over the time period of a switching cycle and hence
increases in value as the load power and thereby the switching
frequency decreases. This leads to a drop in efficiency as
the load power decreases. In order to minimize the control
circuitry losses, the DC–DC converter uses a simple all-digital
PFM mode control which does not consume any static power.
The approximate zero-current switching block removes the
need for any high gain amplifiers. The clock for the reference
voltage comparator is derived from the critical path replica
ring oscillator which feeds the digital circuit. This allows the
comparator clock to scale automatically with and hence
the load power, eliminating unnecessary comparisons.

V. ERROR IN CALCULATING ENERGY/OPERATION

The approximations introduced in the formulation (5)
and the non-idealities of the comparator introduce errors in the
computed energy per operation. The major sources of error are
analyzed below and an estimate of the energy difference that can
be resolved is provided.

A. Error due to Voltage Approximation

The actual value of energy lost in the storage capacitor
when the voltage across it falls from to is proportional to

. The error introduced in approximating to be equal
to is given by

(11)

The relative error introduced in the calculation of the energy is
given by

(12)

The relative error is worst when is small, i.e., when is
calculated at the lowest allowed operating voltage. Since the
lowest voltage the circuit is allowed to operate at is 270 mV and
assuming falls from 270 to 260 mV in the course of opera-
tions, the relative error introduced due to voltage approximation
is equal to 1.9% (10/530). To get an estimate of the minimum
energy difference that can be resolved, it is assumed that the ac-
tual is the same at both 270 and 320 mV. A 10 mV drop
at 270 mV has the same energy consumption as a 9 mV drop at
320 mV. The computed at 320 mV would overestimate the
actual energy consumed per operation by 1.4% (9/631). Thus,
0.5% of the energy consumed at 270 or 320 mV is the min-
imum that can be resolved correctly. This value is small enough
to not considerably affect the accuracy of the minimum energy
tracking circuitry.

B. Error due to Comparator Offset

Another major source of error in the calculation is the
finite offset error in the dynamic comparator that is used to com-
pare voltages across the small capacitors and . The de-
vices that make up the comparator are sized up in area in order
to reduce the effect of variations that decrease proportional to
the increase in area of a MOSFET [12]. Further, the pre-ampli-
fier that goes before the comparator helps in reducing the effect
of the offset in the comparator. Even after taking these measures,
the offset in the comparator is of the order of 1 mV. Assuming
the offset is , which may be positive or negative, the error
introduced in computing is

(13)

The relative error introduced in the calculation of due to
offset error in the comparator is given by

(14)

An offset of 1 mV leads to a 10% relative error in the calculation
of the energy consumed per operation when a typical value of
10 mV for is plugged in. The comparator offset is a
static error and hence the same type of error occurs when
at a different voltage is computed. Assuming that the is
the same at operating voltages and , there should be no
difference in the computed if the comparator was ideal. Due
to the comparator offset of , the obtained energy difference
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is . The relative error in energy difference is
given by

(15)

is usually of the order of 50 mV, is 1 mV,
can go as low as 270 mV, and is around 10 mV. This
gives a relative error of 1.85%. This sets a lower limit on how
finely the minimum energy operating voltage can be tracked.
Between voltages where the difference in energy consumption
is less than 1.85% of each other, the loop cannot find the actual
minimum. This is the reason why very small voltage steps can
be detrimental. Since the error value of 1.85% is very low, not
much is lost by operating at the non-optimal point in terms of
total energy expended.

C. Effect of DC–DC Converter Efficiency Change With Load
Power on the MEP

The MEP obtained by using the minimum energy tracking al-
gorithm described in Section III does not take into account the
efficiency of the DC–DC converter. This would not lead to any
error if the efficiency plot of the DC–DC converter stays con-
stant with load power. However, in reality the DC–DC converter
efficiency drops with load power due to the leakage loss in the
control circuitry. Since the load power itself drops with , it
essentially leads the efficiency of the DC–DC converter to drop
with . This introduces errors in calculating the actual MEP
taking into account the efficiency loss of the DC–DC converter.
Consider that the is the same at 370 mV and at 420 mV. The
power consumed by the FIR filter at 420 mV is 10 W. From
Fig. 11, it can be seen that the efficiency of the DC–DC converter
at 10 W is 84%. Thus, the actual energy extracted from the
battery for every operation performed at 420 mV is 1.19 (1/.84)
times the computed by the energy sense circuitry. Assume
that in the worst case, the power consumed by the FIR filter at
370 mV falls down to 1 W. The efficiency of the DC–DC con-
verter at 370 mV would then be 81% (Fig. 11), which means
that the actual energy extracted from the battery is 1.23 (1/.81)
times the computed at 370 mV. Hence, in this worst case
scenario, the minimum energy tracking algorithm would choose
the wrong MEP as long as the energy difference between the two
voltages in question is lesser than 4% (1.23–1.19). This value is
much smaller than the potential energy savings that can be ob-
tained by tracking the minimum energy operating voltage using
the procedure described in Section III.

VI. MEASUREMENT RESULTS

A 7-tap FIR filter shown in Fig. 8 was designed to act as
the test load for the minimum energy tracking loop. The filter
is capable of operation down to 250 mV. The workload of the
filter is varied by changing the coefficient of the individual taps.
Leakage energy per operation remains fixed as the number of
taps is varied. Therefore, increasing the number of taps increases
the ratio of active to leakage energy per operation and vice-
versa. This feature is used to test the operation of the minimum
energy tracking loop.

The test chip containing the minimum energy tracking loop,
the DC–DC converter and the FIR filter was fabricated in Texas

Fig. 8. Block diagram of a 7-tap FIR filter. c1, c2,. . ., c7 are the tap coefficients
which can be set to zero if the tap is not used. The registers can be clock gated
independent of each other.

Fig. 9. Die photo of the test chip in 65 nm CMOS. EMB is the energy mini-
mizing block which comprises the energy sensor circuitry and the energy mini-
mization algorithm.

Instruments’ 65 nm CMOS process. Fig. 9 shows a die photo of
the implemented chip. The die area occupied is 1.05 1.12 mm
of which the active circuit area is only 0.23 mm . The minimum
energy tracking circuitry which comprises the energy sense ca-
pacitors and and the energy minimizing block (EMB)
occupies just 0.05 mm in area.

Fig. 10(a) shows a measured waveform of the minimum en-
ergy tracking loop in operation. For this measurement, only one
of the taps of the FIR filter was activated. The loop begins by
setting to 420 mV and the energy/operation is calculated
at this voltage. In accordance to the minimum energy tracking
algorithm (Fig. 5), the loop increments , by one voltage
step, to 470 mV. A 50 mV voltage step is used for the measure-
ment. Finding the at 470 mV to be higher, the loop changes
direction and starts reducing . Initially, is reduced to
370 mV, and the is calculated again at this new voltage. The
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(a)

(b)

Fig. 10. (a) Measured waveform showing the minimum energy tracking loop
in operation. V starts at 420 mV and is then increased to 470 mV. The loop
then changes direction and reduces V to 370 mV and 320 mV before settling
at the MEP of 370 mV. (b) Measured waveform showing the minimum energy
tracking loop in operation for a higher workload scenario. Here, the loop settles
at the MEP of 320 mV.

calculated here is lower than that at 420 mV. So, the loop
updates the minimum energy register and continues reducing

down to 320 mV. It calculates again at 320 mV where
it finds that the newly computed is higher. This makes the
loop realize that the MEP is at 370 mV. The loop then sets
to 370 mV, reverses direction again, and shuts down.

For the measurement in Fig. 10(b), the number of active taps
of the FIR filter was increased to seven. This increase in work-
load pushes the minimum energy operating voltage down to
320 mV. Here again, the tracking loop performs operations sim-
ilar to the scenario explained above. In this scenario, however,
the that the loop calculates at 320 mV is found to be smaller
than the one at 370 mV. So, the loop decrements further to
270 mV where it finds that the is higher. The loop then re-
alizes that the MEP is at 320 mV, sets to 320 mV and shuts
down until it is called into action again.

Fig. 11. Measured efficiency plot of the DC-DC converter while delivering a
load voltage of 0.5 V.

The measured efficiency plot of the DC–DC converter im-
plemented as a part of the minimum energy tracking loop is
shown in Fig. 11. The DC–DC converter achieves an efficiency
of around 86% at a load power level of 100 W when deliv-
ering 0.5 V as the load voltage. At this power level, the effi-
ciency is primarily determined by the conduction and switching
loss mechanisms. As the load power levels decrease, the leakage
power loss in the control circuitry begins to gain dominance and
this brings the efficiency further down. The DC–DC converter
is still able to achieve greater than 80% efficiency at 1 W load
power, due to the extremely simple control circuit design that
consumes very little overhead power.

Fig. 12(a) shows the measured energy savings that can be ob-
tained by tracking the minimum energy operating voltage with
change in workload. It can be seen that as the workload of the
7-tap FIR filter is reduced by reducing the number of taps, the
minimum energy operating voltage increases. The doughnut-
shaped marks on the curves show the voltage at which the min-
imum energy tracking loop settles in measurements. Consider
the curves corresponding to the 7-tap and 7-tap A sce-
narios. The 7-tap curve corresponds to all seven taps of the FIR
filter being ON. A very small amount of leakage current of 1 A
is added in the scenario depicted by the 7-tap A curve. This
scenario is common in cases where another circuit with very low
activity is enabled. This additional leakage pushes the minimum
energy operating voltage from 320 mV to around 420 mV. If
the FIR filter continues to operate at the MEP corresponding
to the 7-tap curve, it would consume 2.1X times more energy
than the minimum necessary, or in other words, a 110% energy
savings can be obtained by tracking the minimum energy op-
erating voltage. Fig. 12(b) shows that the minimum energy op-
erating voltage increases as ambient temperature is increased
from 0 C to 85 C. This is as expected since an increase in
temperature produces a relative increase in the leakage energy
per operation. Here again, it can be seen from the curve cor-
responding to 85 C, that a savings of 50% in energy can be
achieved by tracking the minimum energy operating voltage.
The energy savings obtained are highly circuit dependent and
can be much larger in modern digital ICs which dissipate a sig-
nificant portion of power in leakage.
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(a)

(b)

Fig. 12. (a) Measured E curves with change in workload for a 7-tap FIR
filter. The curve with marks has an intentional 1 �A leakage current added
to the maximum workload scenario (curve with x marks). The doughnut marks
denote the measured voltage at which the minimum energy loop settles. (b) Mea-
sured E curves with change in ambient temperature.

The proposed minimum energy tracking loop is nonintrusive,
thereby allowing the load circuit to operate without being shut
down. At the same time, it calculates the energy per operation
of the actual circuit and not of any replica. This eliminates the
problems of designing a replica circuit that can track the energy
behavior of a load circuit over varying operating conditions. The
tracking methodology is independent of the size and type of dig-
ital circuit being driven and the topology of the DC–DC con-
verter. The energy overhead associated with obtaining the MEP
is equivalent to the energy consumed by 50 operations of the
FIR filter at its MEP in the minimum workload scenario (1 tap).
This combined with the small area overhead of 0.05 mm makes
it feasible to have multiple such minimum energy tracking loops
for each distinct voltage domain in a complex digital system.

VII. CONCLUSION

In this paper we have presented a control loop to track the
minimum energy operating voltage of arbitrary digital circuits.
The tracking loop makes use of on-chip energy sensor cir-
cuitry and a slope-tracking algorithm to arrive at the minimum
energy operating voltage. The nonintrusive tracking method-
ology presented is independent of the type of digital circuit
being tracked. An embedded DC–DC converter which enables
this minimum energy operation was designed to deliver load
voltages between 0.25 V to 0.7 V. The DC–DC converter
uses extremely simple all digital PFM mode control to de-
liver ultra-low load power levels. Measured energy savings of
the order of 50%–100% were demonstrated on tracking the
MEP as it varied with workload and temperature. The DC–DC
converter was able to achieve an efficiency 80% while de-
livering load powers of the order of 1 W and higher from a
1.2 V supply. The energy overhead associated with obtaining
the MEP is equivalent to the energy consumed by 50 operations
of a 1-tap FIR filter at its MEP. This combined with the small
area overhead of 0.05 mm makes it feasible to use multiple
such tracking loops to monitor distinct voltage domains in a
complex digital system.
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