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Abstract- Low voltage high-efficiency DC-DC conversion circuits are integral components of battery operated
portable systems. This paper presents the design of a
pulse width modulated (PWM) controller for a milliwatt
level DC-DC converter. Low power control circuitry is
constructed by utilizing a delay line based PWM generator and low-resolution feedback. A IDC-DC converter has
been fabricated which delivers 5mW’ at lV,while achieving an efficiency of 88%. The PWM consumes only 1OpW.
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In mobile systems, electronic circuits can be designed
to operate over the range of the voltages supplied by the
battery over its discharge cycle. Hlowever, adding some
form of power regulation can significantly increase battery life, since it allows circuitry t o operate at the “optimal” supply voltage from a power perspective. As the
power dissipation of electronic circuits drop (exploiting
low-voltage process technology and other power management techniques), there is a need for high-efficiency DCDC conversion circuits to deliver llow power levels. A
high efficiency low-voltage down coiiverter that delivered
power levels of 750mW has been previously reported [l],
and there are numerous commercial controllers available
to create logic level outputs in the lOOmW to 1W range
PI, [31.
For systems that operate with a very low duty cycle
(such as pagers and cellular phones), but have some circuitry which operates when the resi; of the system is off,
the power dissipation of the standby circuitry can have
a significant effect on the battery life! of the system. Systems with varying load conditions in different operating
modes present the challenge of creating a voltage converter which can operate efficiently over a wide range of
output powers. In order t o maintain efficient operation
at very low output powers, the power dissipation of the
control circuitry, as well as that of i,he power conversion
circuit must be minimized.
This work addresses high-efficiency conversion techniques at power levels on the order of hundreds of microwatts to tens of milliwatts. Although this power level
is very low relative to most current system power levels,
it is actually possible to implement complex DSP, such
its video compression, with only a few milliwatts [4], [ 5 ] .
In order to facilitate integration with other system components and the possibility of variable-voltage operation,
a digital PWM controller was designed. Also, low res-
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Fig. 1. Block diagram of implemented converter. Dashed lines
represent, blocks not integrated on chip.

olution feeldback of the output voltage is employed to
provide regulation of the converter output with very little control overhead power. Fig. 1 shows a block diagram
of our low-]power integrated down converter.

11.

CONTROL STRATEGIES FOR LOW POWER
CONVERTERS

A . Require,ments
Typically, power converter design has focused on output regulation, power density, and dynamic response.
Low power systems present :new requirements for power
converters, due to the need for higher levels of integration, t,he opti.rnization of the supply voltage to the load
conditions, a n d the low output voltages of low power digital loads. The desire t o increase system integration can
force the power converter comtroller and switches to be
implernented on the same die as its load. Optimization of
the su:pply vol.tage can require the output supply voltiage
t o vary dynamically, based on the computational load
or environmerital conditions. Intermittent operation, or
multiple-mode operation requires efficient operation over
a broaid range of output powers. Output powers may
also be reduiced to the level that the power consumptiion
of the converter control circuits is a concern.
When a power converter is integrated on the same ]die
as a d:igital load, it must be designed to have some degree of immui~ityto the switching noise which will be
generated by that load. Another challenge in such an
application is the need t o reduce the number of external
parts and bond pads required for the operation of the
power convertier.

The power consumption of a digital circuit increases
with the square of its supply voltage, so in order to minimize power consumption of digital circuits, it is desirable
to reduce the supply voltage as much as possible. For the
greatest savings, this reduction can be done in a closed
loop fashion, where the speed or computational load of a
digital circuit is measured, and the supply voltage adjusted accordingly. This may be done to compensate
for variations in circuit performance due to processing
and temperature [ 6 ] ,or the current computational load
[7]. Such measurements may be conveniently available
in digital form from a frequency counter, motivating the
creation of a digital power supply controller.
For variable voltage schemes, the speed at which the
output voltage is required to change can vary from system to system. For video decoders, rapid changes in the
supply voltage allows the system power to be minimized
depending on the content of each frame. In other cases,
the voltage change can be slow, changing only as the
system adjusts from full output power to a standby or
“keep-alive” mode. The precise regulation of the output
voltage is not necessarily critical. Most of the savings
possible with variable voltage operation can be achieved
by using only a few discrete output voltages [7].
In order to provide reasonable efficiencies for the low
supply voltages present in low power digital systems,
power converters must incorporate synchronous rectification (active power devices are used to replace diodes).
A drawback of synchronous rectification is that without
explicit monitoring of the output current and control of
the synchronous rectifier, the circuit will not enter discontinuous mode at light loads. The resulting ripple current
in the inductor will cause resistive losses that will reduce
efficiency at light loads. Hence, the ability t o create a
“turn-off” signal for the synchronous rectifier could be
an important feature for a low power controller.

plemented without a feedback amplifier, by simply comparing the output voltage to a reference, and initiating
current pulses when the output voltage is low. A slight
variant of this method is a burst-mode controller (e.g.
[2]), where a fixed frequency train of current pulses are
applied when the output voltage is below the reference.
Drawbacks of PFM operation (as described) are the use
of discontinuous mode at all loads and variable frequency
switching. These characteristics increase the radiated
output noise (EMI) , and using discontinuous operation
for all loads requires oversizing the output filter inductor t o accommodate the inherently large peak inductor
current.
A fully digital controller can also be used to control a
DC-DC power converter. A digital PID (proportional,
integral, derivative) controller has been presented [8],
which is suited for situations where the feedback signal
is available in digital form. This type of controller has
the potential to have very low power consumption, and
its digital nature makes it a good choice t o be integrated
with other systems.

C. Low Resolution Digital Feedback
In order to achieve the low power operation of the
commercial PFM controllers, while retaining fixed frequency, continuous mode operation, a very simple A/D
conversion with some digital processing can accomplish
the voltage feedback function. This entails far less power
dissipation than that required by even the simplest analog feedback circuits, due to the static current draw of
the analog circuits. Minimally, the A/D conversion can
be accomplished by a comparator, which decides whether
the sensed output voltage is above or below a reference
voltage. If the comparator is implemented as a dynamic
comparator, which evaluates only upon command, it will
not dissipate any power outside of the brief evaluation
period. In this single bit feedback case, a digital word
representing the duty cycle is created by a counter which
counts up when the output is lower than the reference
and counts down when the output is higher than the reference (see Fig. 1). This digital counter accomplishes the
functionality of an integrator.
There are certain disadvantages t o using a single bit
feedback signal. First, the output will never reach an
equilibrium voltage, rather it will approach a limit cycle, since the output is always measured to be in error
(either too high or too low) and the error signal is not
proportional to the magnitude of the error. Second, the
response of the control loop must be slow in. order to
limit the magnitude of the steady state limit cycle. After the duty cycle is changed, it should not be modified
again until the dynamic response of the output filter has
decayed. If the duty cycle is adjusted faster than the
filter response time, the magnitude of the steady state

B. Current Techniques
The most common power converter controller consists
of an amplifier which creates a voltage proportional to
the desired duty cycle, by comparing the output voltage to a reference, and perhaps adding some dynamics
such as an integrator. Some problems with this technique
for low power, integrated applications are sensitivity t o
noise (when integrated with a digital load circuit), difficulty interfacing to a digital frequency feedback signal
(for variable voltage operation), and challenges achieving
low power (microwatt level) operation.
Another control technique employed in low power DCDC converters is pulse frequency modulation (PFM) [3].
With PFM, pulses of current are output to the load filter,
and voltage regulation is achieved by varying the time
delay between pulses (the power circuit is always operating in discontinuous mode). The control can be im22
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Fig. 3. A CMiOS dynamic comparator. V+ and V - are the
inputs, Out and Out are the outputs. Outputs are valid some
time after Eva1 has gone high.
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itself a severe problem. If the duty cycle increments are
small enough, the magnitude of the limit cycle can be
on the order of'the switching frequency ripple. The lirnit
cycle could also be eliminated by generating a three state
feedback representing too high, too low, and acceptabile.
In some cases, the slow response time of the control loop
may be an important consideration. This can be addressed by performing comparisons between the output
voltage and other reference values, creating an error signal with more than just a single bit of resolution. Additional com~parisonscould eliminate the limit cycle behavior and allow faster response time.
A schematic of the dynamic comparator used is shown
in Fig. 3. This design is relatively common, for example,
see [9]. In this icomparator, the offset voltage is a function
of the parameter matching (dimensions and thresholdls)
between the pairs of devices iW1, M 2 ; M 3 , M4; and M 5 ,
M 6 . VVhen a comparison is initiated by a rising Eva1
signal, M1 and M 2 begin discharging the nodes Out and
Out. The croscr-coupled feedback causes whichever node
is falling more slowly t o become latched high.

Fig. 2. Simulation of low-resolution feedbmk limit cycle. For both
plots, the resolution on the duty cycle is 8 bits (256 different
discrete duty cycles are possible). In .the upper plot, output
voltage is sampled once every 100 switching cycles, and the
duty cycle is incremented or decremented one level per sample. In the lower plot, output voltage is sampled once every 12
switching cycles, and the duty cycle is incremented or decremented only 1/8th of a full increment in the output at each
sample.

limit cycle will be large (several dw;y cycle increments)
air unbounded.
The statement that increasing tlhe sample rate can
cause instability runs counter t o the conventional thinking that higher sample rates improve performance. For
the system described, increasing the sample rate also increases gain, since the up/down counter is incremented
or decremented by one for every sample. If the amount
the counter is changed at each sample is reduced, the
rate at which the output voltage is sampled can be increased. The simulation results shown in Fig. 2 illustrate
this tradeoff. In the upper plot, thtb comparator evaluates once every 100 switching cycles. On the lower plot,
the comparator evaluates 8 times as often, but at each
sample, the duty cycle is incrementecl only 1/8th of the
minimum duty cycle increment. In both cases the resollution of the duty cycle is 256 leveils, and the output
liimit cycle is the result of the commanded duty cycle
switching between two consecutive values. Notice that
the magnitude of the limit cycle remains approximately
constant, but the frequency content changes between the
tvvo cases. Also note that the ripple is not at the switching frequency; the ripple in the output voltage is due
to the excitation of the output filter resonance. The response will change significantly if the filter damping increases, but the limit cycle behavior is inherent t o this
control mechanism.
The existence of a steady state limit cycle is not in

.__

111. DELAYLINEBASEDPWM

A . P W M S y p d Generataon
When using analog circuits, a PWM signal is typically created by comparing a ramp signal to a reference
value with a static comparator (a static comparator is
one which requires DC current draw). Digital PWM circuits can avoid the problem of static power dissipatioin.
A previously reported method of creating a PWM signal
from a digital (command is to use fast-clocked counteirs
[8], but the pourer of the reported controller alone is om
the order of milliwatts. A clock frequency fclh is chosen to b e ZN times the switching frequency, f s w , where
N is the number of bits in the digital command word.
The clock is used to divide the switching period into 2"
increments. This method requires the use of very fast
clocks for large values of N , and the need to run an N biit
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Fig. 6. Selection logic used to prevent propagation of input pulse.
Outputs of 4x1 muxes are ORed together. Schematic is for a
256 stage delay line.
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Fig. 4. Standard analog and digital PWM signal generation. In
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Fig. 5. Proposed PWM circuit created with a tapped delay line
and a multiplexer.

counter at fCfclk precludes the use of low supply voltages,
which would otherwise save power. Fig. 4 illustrates typical analog PWM generation, as well as the fast-counter
digital PWM generation scheme.
Another way to create a pulse width modulated signal from an N-bit digital value is to use a tapped delay
line. Since this approach uses the switching frequency
clock, the power is significantly reduced relative to the
fast-clocked counter approach. Fig. 5 shows a schematic
for the proposed digital word-to-PWM circuit. The essential components of a tapped delay line PWM circuit
are the delay line and a multiplexer. A pulse from a reference clock starts a cycle, and sets the PWM output to
go high (after a delay designed to match the propagation
delay experienced through the multiplexer). The reference pulse propagates down the delay line, and when it
reaches the output selected by the multiplexer, it is used
to set the PWM output low. The total delay of the delay

line is adjusted so that the total delay is equal to the
reference clock period. That is, feedback is used to turn
the delay line into a delay-locked-loop (DLL), which locks
to the period of the input clock. Multiple PWM signals
can be generated by adding multiplexers to a single delay line, a feature which might be used to create a timing
signal to turn off a synchronous rectifier.
In order to avoid superfluous switching activity (and
the resulting power dissipation), the multiplexer is flat
(as opposed to a tree structure), so that only the selected input propagates (causes switching transitions) on
the outputs of the first level of gates. The flat multiplexer increases the energy dissipated when the selection
signals change (relative to a more hierarchical, tree structured multiplexer), but due to the slow rate at which the
duty cycle will change, this increase will not affect the
power of the PWM circuit significantly. It is also possible t o avoid switching transitions on the delay line buffers
past the selected tap. As a consequence of the design and
layout of the delay line and multiplexer, selection signals
are available which indicate which block of four buffers
contains the tap which the multiplexer is configured to
select. These selection signals take the form of 64 (for a
256 stage delay line) “one-hot” signals, each available in
the proximity of their respective set of buffers. These selection signals can be used t o gate the pulse propagating
down the delay line to save power. The pulse is prevented
from propagating past the set of four buffers which is selected by the multiplexer (see Fig. 6), eliminating unnecessary switching events in the nodes downstream from
the selected taps. Another signal is available to override
this feature so that all pulses propagate to the end of the
delay line. This is necessary to measure and control the
total delay of the delay line.

B. Delay Lane Length Control
The total delay of the delay line can be controlled if
the buffers in the delay line are “starved,” that is, the
current available t o switch their outputs is limited by a
series MOS device in the subthreshold or linear region.
A schematic of a starved buffer and measured data concerning the aggregate delay of a chain of such elements
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(a) Schematic of starved buffer.

Fig. 9. Circuitry to charge rate control gate of delay line. Cgateis
the distributed gate capacitaiice of the delay line, R p , and C g
are added for stabilization.
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(b) Aggregate delay of 256 starved buffers vs.
starvation input voltage.
Fig. 7. Circuit for variable delay buffer using starved inverters.
The delay is controlled by the analog level on the gates of the
lowest two NMOS devices. Measured delay of 256 stage chain
shown in (b), where the supply voltage is 1.1V.

are shown in Fig. 7. The delay decreases exponentially
with the starvation gate input voltage for voltages below
threshold (for the data shown, V’, M 0.8V), indicating
that in this region, the starvation KIMOS devices are operating in subthreshold conduction.
The voltage level on the starvation gates is controlled
so that the total delay of the chain of buffers matches
the period of the input reference clock (at the switching
frequency). In order to match the delay line delay and
the clock period, the time of arrival of a pulse to the last
tap of the delay line is compared to the time of the next
#clockpulse. The control circuitry determines which pulse
,arrived first, then charges or discharges the starvation
gate voltage until the other pulse arrives (see Fig. 8).
The control signals can modify the gate control voltage with the circuit of Figure 9. The gain of this control
lloop is determined by the charging; resistance, Rp, the
itotal capacitance on the signal node, Cgate C B , the
supply voltage, and the operating point DC voltage on
the output. C,,,, is the distributed gate capacitance of
the delay line, and C, is a capacitor added for loop stabilization. Because the charging or discharging current
depends on the voltage drop across Rp,the gain differs
for positive and negative errors. The power dissipation

+

of this feedback loop is small because only a few gates
switch at each evaluation, and operation is at a fraction
of the switching frequency.
For a fully integrated controller, it is prudent to have
the “charge up/down” control signals gate a current
source to increase or decrease the voltage on the output node. This configuration avoids the dependence of
the gain on the supply voltage and the bias voltage, and
avoids the problem of building either a large capacitor or
a large resistor on chip, saving die area. For a practicdly
sized integrated capacitor, the current source current will
be very small (on the order of O.1pA t o 1pA) so the additional power dissipation (from the current source) will
be minimal.
Gardner [10] discusses the stability of phase locked
loops contrdled by a charge pump (the mechanism described above). Controlling a delay locked loop as proposed here is fundamentally less difficult, since a DLL
does not integrate phase errors as a PLL. (A DLL has a
lower order than a PLL.) In order to generate a model for
the DLL, we consider it to be a discrete time system, and
linearize about the operating point of the sub-threshold
starvation devices:

D[n]= To - Kv[n]
v[n t I ] = U[.]

-

IC
-~
(To - an11

(1)

(2)
CB 3- C g a t e
Here, D[n]is the delay of the delay line in a given cycle, K is the incremental gain of the delay line in w i t s
seconds/voZt, U[.] is the small-signal value of the incremental rate control voltage, and IC is the charging current. For thLe case shown in Figure 9, IC will depend on
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the power supply, the bias point on the rate control gate,
the resistance R,, and whether the delay error is positive
or negative. The 2-transform of this first order system
yields the characteristic equation,

z=1-

C B f Cgate

K,

SUMMARY
OF PWM

AND

TABLE I
POWER
CONVERTER
PERFORMANCE.

Minimum PWM VDD: 1.1V
PWM Current with (VDD = 1.2V, fsw = 330kHz)
D = 12%: 1=7.1p.A
D = 50%: 1=8.8pA

(3)

and the system is stable if -1 < z < 1.
In the discussion of saving power by gating the propagation of the delay line pulse, it was assumed that the
length comparison is not done every cycle. This property
actually helps to avoid the problem that the delay of the
delay line may be a multiple of the clock period. If the delay of the delay line is twice the clock period, pulses at the
last tap may align perfectly with input clock pulses, and
the control circuitry will not converge correctly. When
the length comparison is not done every cycle, pulses are
only allowed to propagate to the last tap of the delay line
when a comparison is desired, and the threat of converging to the wrong delay length is reduced. The sample rate
for the length comparison is determined by the leakage on
the control gate, the tolerable ripple of the output duty
cycle (caused by delay length jitter), and the necessary
transient response for the delay length.

Delay Range:

< l k H z to l M H z

(VDD= 2V)
Efficiency with 5mW load: 88%
(VIN 3V, VOUT= l V , f s w = 330kHz,
L = 220pH, C = 0.22pF, Filter area is 0.024in2)

IV. EXPERIMENTAL
IMPLEMENTATION
A. Design

To test and evaluate the low resolution feedback and
digital PWM circuit discussed above, the circuits were
fabricated on an integrated circuit, along with output
switches to create a down converter. The fabrication was
done on a 0.6pm CMOS process.
The intended application is a 5mW, 3V in, 1V out
DC-DC converter, and the output switches were sized
for this load. In order to give about 10mV resolution for
the output voltage, a 256 tap delay line was used. (The
output resolution is about V I N / # Taps.) The dynamic
comparator and digital upldown counter were also integrated on the chip, but the delay line length control
and output L-C filter were implemented externally. The
comparator compares the filtered output voltage to an
external reference.
The output switches are a 2mm wide NMOS device
wide PMOS device, constructed with many
and a 3.8"
parallel fingers (see [l]for a discussion of the layout of
CMOS power devices). The gates of these devices were
driven by the same signal - there was no attempt to
achieve zero voltage switching by careful timing of the
gate signals.
The output filter for the down converter consisted of
a 220pH inductor and a 0.22pF ceramic capacitor. The
total filter board area is 0 . 0 2 4 2 ~ ~This
~ . filter was sized to
allow operation at a switching frequency around 330kHz
with an output power of 5mW.

Fig. 10. Photograph of fabricated chip. Chip area is 2.3"
2.4mm, technology is 0 . 6 p m CMOS.

x

B. Results
'4s shown in Table I, the power dissipation of the control circuitry is on the order of a mere 1OpW at low supply voltages. This power varies depending on the switching frequency and the control circuit supply voltage. The
power dissipation also depends on the duty cycle selected,
since nodes downstream from the selected tap of the delay line are not activated, except during cycles where the
delay line total delay is adjusted. For this data, half of
all input pulses traverse the total length of the delay line,
which explains why the power dissipation at 12% duty cycle is not one-quarter the dissipation at 50% duty cycle.
With a 2V supply, the controller is suitable for switching
frequencies as high as lMHz, and the lower limit on the
switching frequency is less than lkHz (limited by jitter
on the delay line length).
Fig. 11shows the action of the delay line length control.
For a clock frequency of 250kHz (shown in the figure), the
delay length jitter is 40ns, or about 1%of the switching
period. The magnitude of this jitter will increase if the
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Fig. 11. Jitter of delay line delay. The top signal is an inverted version of the reference clock, and the second signal is the output
of the last tap of the delay line (oscilloscope is in a long persistence mode). The bottom signal is node V, of Fig. 9. There
is some leakage from the control node to ground, so the delay
control circuit generates occasional pulses t o compensate.
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Fig. 13. Pulse width modulated signal, with clock. Duty cycle is
varied between duty cycles 2516, 50%, 12%, and 37%.

the output 7701 tage, albeit with degradation of output
response tim,e. A circuit was presented which creates
a pulse width modulated siginal from digital inputs at
frequencies appropriate for very small low power voltage converters, with a power dissipation on the order of
1OpW.
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delay length calibration is done less frckquently. Here, the
charge pump corrects €or errors every fourth cycle, or
16p.
Fig. 12 shows the steady state limit cycle behavior of
thle closed loop system with low resolution feedback. In
this case the switching frequency is 330kHz, and the duty
cycle is incremented or decremented by one level every 75
switching cycles. The magnitude of the limit cycle ripple
at steady state is 50mV, and the switching frequency ripple is 13mV. The response of the systeim to a step change
in commanded voltage (not shown) is slew limited, since
the duty cycle is only incremented by one step when it is
in error, no matter how large the error. This slow behavior is not inherent to the delay line PWM, as illustrated
in Fig. 13, where the selected duty cycle is being changed
every cycle.
The low power of this controller enabled the construction of an 88% efficient power converter. It is interesting
to note that the die area consumed by the power switches
for a 5mW load is significantly smaller than the area of
the circuit which controls those switclies.

V. CONCLUSIONS
We have shown that it is possible to achieve stable
operation with only a single bit of Seedback regarding
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