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ABSTRACT

A novel monolithic step-down dc-dc buck converter is proposed that uses a resonant gate drive
for lossless switching, resulting in a highly efficient topology. The main converter includes two
semiconductor switches connected in series. The common point of the switches is connected to a
filter inductor and capacitor that provide the output of the de-dc voltage converter. The converter
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also includes a control circuit that controls the switching of the synchronous rectifier switches by
comparing the output voltage to predetermined threshold values in order to regulate the output
voltage against load and input variations. The control circuit also contains a resonant inductor
and a capacitor to provide lossless switching in the converter. The resonance of the network is
initiated by a series semiconductor switch in the drive circuit. The synchronous rectifier
semiconductor switches, filter inductance and capacitance, resonant inductance and capacitance,
and the control circuit are fabricated as part of a single integrated circuit.
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FIELD OF THE INVENTION

The ficld of the invention is related to dc-dc converters and more particularly to voltage
step-down dc-dc converters.

BACKGROUND OF THE INVENTION

As VLSI circuits are scaled down to deep sub-micron dimensions, there is a need for
highly efficient low-voltage power supplies. A step-down synchronous buck converter is
popularly used to convert an unregulated input voltage to a lower regulated dc voltage to provide
power to a rapidly varying load. Very high efficiency (up to 90%) is desired for ultra low-power
loads. The primary contributions to losses in a power electronic circuit come from the switch and
the magnetic elements. Higher switching frequencies are needed to reduce the weight and
volume of circuit components. As switching frequency is increased, switching losses of the
switch become dominant. Resonant circuits have been used to control the ramp rate of current
and/or voltage of the switch during turn-off, thus reducing the switching losses. When using
MOS-gated switches in low-voltage power supplies, the energy loss in charging and discharging
the input gate is usually the dominant factor affecting the efficiency of power conversion.

A resonant gate-drive circuit has been proposed in prior art to ensure lossless switching
of the gate in switched-capacitor dc-dc converters. In this configuration, the input gate capacitor
of the switch forms a resonant network with a parallel-connected inductor. Energy circulates
within this network, thus leading to lossless switching. A switch is provided in series with the
LC-circuit. This switch is turned on for a very short time at the end of each resonant cycle. By
doing this, the inductor is allowed to charge up in order to compensate for the energy lost per
cycle due to stray resistance. This technique has been shown to result in significant reduction in
switching losses of a switched capacitor network.

One limitation of such an implementation is the lack of control over the switching. The
switch is turned on every cycle to recharge the inductor, and the duty ratio is fixed. This mode of
operation is acceptable for a switched-capacitor realization, which is a charge-transfer technique.
However, the synchronous rectifier is a duty-ratio controlled circuit where the amount of power
transfer critically depends on the ratio of the on-to-off duration of the switch. Hence, lossless
switching of the switches must be achieved with variable duty ratio.

SUMMARY

A novel monolithic step-down dc-dc buck converter is proposed that uses a resonant gate
drive for lossless switching, resulting in a highly efficient topology. The main converter includes
two semiconductor switches connected in series. The common point of the switches is connected
to a filter inductor and capacitor that provide the output of the dec-dc voltage converter. The
converter also includes a control circuit that controls the switching of the synchronous rectifier
switches by comparing the output voltage to predetermined threshold values in order to regulate
the output voltage against load and input variations. The control circuit also contains a resonant
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inductor and a capacitor to provide lossless switching in the converter. The resonance of the
network is initiated by a series semiconductor switch in the drive circuit. The synchronous
rectifier semiconductor switches, filter inductance and capacitance, resonant inductance and
capacitance, and the control circuit are fabricated as part of a single integrated circuit.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic view of a dc-dc voltage converter in accordance with an embodiment of the
invention;

FIG. 2 is an illustration showing the resonant waveforms at the gate terminal of the
semiconductor switches in the converter; and

FIG. 3 is an illustration of the potential improvement in system efficiency by the use of the
proposed control technique.

DETAILED DESCRIPTION OF THE INVENTION

FIG. 1 is a schematic diagram of a dc-dc step-down voltage converter in accordance with
an embodiment of the invention. The converter would be fabricated as an integral part of a
multifunctional chip by the use of existing chip fabrication techniques. The step-down converter
is fabricated using CMOS technology. The synchronous rectifier uses a pMOSFET in the main
current path, and an nMOSFET to divert the inductor current when the pMOSFET is turned off.
The resonant gate-drive for each device operates out-of-phase and accounts for the different
polarity of the two switches. This is accomplished by the circuit configuration in FIG. 1. A
control circuit, based on the feedback of output voltage, determines the switching sequence. Out-
of-phase signals are provided to the two switches.

The drive circuit of the semiconductor switches utilizes a series resonance of the inductor
and capacitor. The input capacitance of the switch and an external inductor constitute the
resonant network. A switch is placed between the control voltage source and the resonant
network. Turning the switch on activates the resonant network. At the end of each cycle, the
capacitor voltage and current return to zero. The auxiliary switch is then turned off under zero-
current conditions. Turning the switch off disconnects the voltage source from the tank and also
opens the circuit. Thus, no change occurs until the switch is turned on again. Since the time of
turning on the switch again is controllable, this circuit offers flexibility of duty-ratio control. The
switch can be turned on to result in a desired duty ratio with negligible switching losses. Typical
simulated capacitor voltage and current waveforms for the resonant control circuit are shown in
FIG. 2. The voltage across the capacitor periodically rises towards twice the supply voltage of
the control circuit and returns to zero at a pre-determined duty-ratio.

The circuit can be integrated monolithically by choosing a sufficiently high switching
frequency to ensure low values of passive components. A typical switching frequency of 100
MHz will result in inductor values less than 100 nH and capacitance around 1 oF. Such values
can be provided on-chip. However, presently available on-chip inductors have poor quality
factor, typically restricted to less than 15. Using such practical components, an efficiency
improvement up to 10% is expected from the use of this topology over the conventional
synchronous rectifier. The predicted efficiency of a monolithic synchronous rectifier with
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resonant gate drive for various values of inductor Q and load is depicted in FIG. 3. This justifies
the advantages of this invention.

A specific embodiment of a method and apparatus of dc voltage conversion according to
the present invention has been described for the purpose of illustrating the manner in which the
invention is made and used. It should be understood that the implementation of other variations
and modifications of the invention is not limited by the specific embodiments described.
Therefore it is contemplated to cover the present invention any and all modifications, variations,
or equivalents that fall within the true spirit and scope of the basic underlying principles
disclosed and claimed herein.

CLAIMS
We claim:
1. A dc-dc voltage converter comprising:

a series synchronous rectifier connection of two main switches that operate as a voltage step-
down device,

an inductor connected to the common point of the series switch configuration, which provides an
output of the dc-dc voltage converter;

a step-down switch configuration operating at a load-dependent switching frequency,

a control circuit that monitors the output voltage of the voltage step-down device and triggers the
switches each time the output of the dc-dc converter falls below a threshold voltage,

an auxiliary switch connected to the output of the control circuit, and

an inductor connected between the output of the auxiliary switch and the input of the main
switch. =

2. The dc-dc converter as in claim 1 further wherein the voltage step-down device further
comprises a power supply connected in series with the synchronous rectifier configuration.

3. The dc-dc converter as in claim 1 further comprising a capacitor coupled across an output of
the dc-dc step-down converter.

4. The dc-dc converter as in claim 1 wherein both the switch comprising the synchronous
rectifier are implemented using MOSFET devices.
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5. The dc-dc converter as in claim 1 further comprising a feedback and startup circuit, the output
of which controls the switching of the synchronous rectifier switches.

6. The dc-dc converter as in claim 5 further comprising of an auxiliary resonant network that gets
the input signal from the feedback circuit to provide a lossless switching waveform at the control
terminal of the main switch

7. The dc-dc converter as in claim 6, with the auxiliary network comprising of an auxiliary
switch, resonant inductor and resonant capacitor.

8. The dc-dc converter as in claim 6 further comprising the network of auxiliary switch, resonant
inductor and resonant capacitor to the control terminal of each of the main switches in the
converter.

9. The dc-dc converter in claim 8, with the control signal for the two main switches being out of
phase with each other.

10. The dc-dc converter as in claim 9, with the control signal being generated from the same
feedback circuit with the use of an inverter.

11. The dc-dc converter as in claim 7 wherein the voltage regulator further comprises an LC
filter providing the regulated output voltage at the output of the LC filter.

12. A monolithic step-down dc-dc converter with resonant gate voltage control for improved
performance comprising:

a series switch with the first end of the switch connected in series with a positive side of a power
supply, the power supply also having a negative side,

another series switch with the first end of the switch connected in series with the first switch, the
second end being connected to the negative side of the power supply,

an inductor, with the first end of the inductor connected to the common connection point of the
two switches,

a capacitor with a first end of the capacitor connected between a second end of the inductor and

the negative side of the power supply and the voltage across the capacitor defining an output of
the monolithic dc-dc converter,
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a control feedback and startup circuit receiving an output of the dc-dc converter, and a reference
voltage as input, generating the required switching signals for the step-up switch,

an auxiliary switch, with the first end connected to the output point of the control feedback,

a resonant inductor, with the first end of the inductor connected to the second end of the auxiliary
switch, the second end being connected to the control terminal of the aforementioned switch,

an auxiliary switch, resonant inductor and resonant capacitor arrangement for each of the main
switches,

with the two main switches, one auxiliary switch, control feedback and start-up circuit, filter

inductor, filter capacitor, resonant inductor and resonant capacitor all being fabricated within a
substrate of an integrated circuit forming the monolithic dc-dc voltage step-up converter.
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