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Abstract—By reducing the power supply voltage, faster, lower
power consumption, and high integration density data processing
systems can be achieved. The current generation high-speed
complementary metal-oxide-semiconductor (CMOS) processors
(e.g., Alpha, Pentium, Power PC) are operating at above 300 MHz
with 2.5 to 3.3 V output range. Future processors will be designed
in the 1.1–1.8 V range, to further enhance their speed-power
performance. These new generations microprocessors will present
very dynamic loads with high current slew rates during transient.
As a result, they will require a special power supply, voltage
regulator module (VRM), to provide well-regulated voltage. The
VRMs should have high power densities, high efficiencies, and
good transient performance. In this paper, the critical technical
issues to achieve this target for future generation microprocessors
are addressed. And a VRM candidate topology, interleaved
quasisquare-wave (QSW), is proposed. The design, simulation,
and experimental results are presented.

Index Terms—Interleaved, microprocessor, QSW, voltage regu-
lator module.

I. INTRODUCTION

A N EVOLUTION in microprocessor technology poses new
challenges for supplying power to these devices. The evo-

lution began when the high-performance Pentium processor was
driven by a nonstandard, less-than 5 V power supply, instead of
drawing its power from the 5-V plane on the system board [1].

In order to meet faster and more efficient data processing de-
mands, modern microprocessors are being designed with lower
voltage implementations. The processor supply voltage in fu-
ture generation processors will decrease from 3.3 V to 1.1 V
1.8 V. Meanwhile, because more devices are packed on a single
processor chip and the processors operates at higher operating
frequencies, microprocessors need aggressive power manage-
ment. Future generation processors’ current draw will increase
from 13 A to 30 A 50 A [2]. These currents in turn require
special power supplies, voltage regulator modules (VRMs), to
provide lower voltages with higher current capability for micro-
processors.

As the speed of the processor increases, they increase the dy-
namic loading of the VRM. These slew rates represent a severe
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TABLE I
SPECIFICATIONS FOR CURRENT AND

FUTURE VRM

problem for large load changes that are usually encountered in
systems with power management when the systems transition
from the sleep mode to the active mode and vice versa. In this
case, the parasitic impedance of the power supply connection
to the load and the parasitic elements of capacitors have a dra-
matic effect on VRM voltage [2]. Future microprocessors are
expected to exhibit higher current slew and larger current draw.
Moreover, the total voltage tolerance will become much tighter.
Currently, the voltage tolerance is 5% (for 3.3 V VRM output,
the voltage deviation can be 165 mV). In the future, the total
voltage tolerance will be 2% (for 1.1 V VRM output, the voltage
deviation can only be 33 mV). All these requirements pose
serious design challenges. Table I shows the specifications for
current and future VRMs.

Most of today’s VRMs use conventional buck or synchronous
rectifier buck topology. In future microprocessor application,
the limitations of these topologies are very clear. In order to
maintain voltage regulation of future requirements during the
transient, more output filter capacitors and decoupling capac-
itors will be needed [3]. However, the space of the VRM and
motherboard are very limited. Increasing capacitors is an im-
practical approach. To meet future specifications, novel VRM
topologies are required. On the other hand, an advanced integra-
tion approach is required to minimize the effect of connection
and component parasitics.

To achieve this target, a number of critical issues have to
be addressed. For example, advanced power device and con-
trol technologies are needed for high efficiency and high fre-
quency operation. Today’s vertical power device technology can
not provide acceptable conversion efficiency at multimegahertz
due to its high conduction and switching and gate drive losses. In
this paper, advanced VRM topologies for fast transient response
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Fig. 1. Conventional buck converter.

Fig. 2. Synchronous rectifier buck.

and low ripple voltage together with advanced packaging tech-
nologies for improving power density are among these impor-
tant issues to be addressed. In addition, the limitations of today’s
technologies, VRM topologies and power device, are analyzed.

II. L IMITATIONS OF TODAY’S TECHNOLOGIES

A. Limitation of Present VRM Topologies: Transient Limitation

Most of today’s VRMs use conventional buck or syn-
chronous rectifier buck topology. Fig. 1 shows the conventional
buck circuit, which is the most cost-effective approach. Usually,
Schottky diodes are used as a rectifier. The top MOSFET trans-
fers energy from the input and the bottom rectifier conducts the
inductor current. The control regulates the output voltage by
modulating the conduction interval of the top MOSFET. Fig. 2
shows the synchronous rectifier buck circuit. This topology
increases the efficiency by replacing the rectifier with a low
Rds(on) MOSFET. The synchronous switch is controlled by
the complementary signal of the top switch’s gate signal.
The synchronous rectifier buck always operates in continuous
current mode. In order to reduce output ripple, conventional
VRMs inductor design is according to

(1)

where
duty cycle;
input voltage;
output voltage;
full load current;
switching frequency.

Today’s VRMs usually use large output filter inductance, 24
H.
The simulation circuit for the VRM and today’s processor is

shown in Fig. 3. The power stage is a traditional synchronous
buck converter with 5 V input and 3.1 V output. The load is sim-
plified as a current source with exponential transition from 1 A
to 13 A with the highest slew rate being 1.6 A/ns (the slew rate
is 1A/ns at decoupling capacitor and 30 A/s at VRM output).
The packaging capacitor is the parasitic capacitor inside the mi-
croprocessor package. There are a lot of decoupling capacitors

Fig. 3. Pentium Pro processor simulation model.

near and around the microprocessors to reduce noise and main-
tain voltage regulation. Bulk capacitors are VRM output capac-
itors. Because of the low voltage, high current, and fast load
transient characteristics, parasitic parameters play very impor-
tant roles in both steady state and transience. In transient anal-
ysis, a capacitor can no longer be considered an ideal capacitor.
It is actually a capacitor with equivalent-series-resistor (ESR)
and equivalent-series-inductor (ESL). The interconnections be-
tween the VRM and motherboard, motherboard and processor,
and so on cannot be ignored either. In this case, all these par-
asitics have significant effect on VRM transient voltage. These
parasitic parameters form resonant loops in the circuit. The reso-
nance corresponds to the transient voltage drop spikes. In steady
state, the interconnection resistance also causes regulation error
due to the high current that flows through it at full load. The
circuit parasitic parameters such as ESR and ESL of the capac-
itors and link impedance are also shown in Fig. 3. The transient
voltage waveforms at VRM output and decoupling capaci-
tors are shown in Fig. 4. For today’s requirement, the tran-
sient voltage deviation limit at VRM output is 5% and 7% at
the decoupling capacitors. The waveforms show that they both
meet their requirements.

Assume that a future processor still has the same structure
as shown in Fig. 3 except that the transient load magnitude
is changed to 0.130 A with a higher slew rate of 8 A/ns.
The steady state output of the VRM also is changed to a lower
voltage of 1.5 V. The transient voltage waveforms ofand
are shown in Fig. 5. The transient voltage deviation limit at
and will be 2% and 100 mV, respectively, as also shown in
Fig. 5. Neither of the waveforms meets the requirement.

A closer look at the transient voltage waveforms reveals that
the VRM output transient voltage drop contains three spikes.
They are marked as first, second, and third spike, respectively, as
shown in Fig. 4 and Fig. 5. These three spikes are decided by the
R-L-C resonant loops shown in Fig. 6. The first high frequency
spike is dominated by loop 1, which combines the parasitic of
the packaging capacitors and decoupling capacitors and the in-
terconnection between them. The second spike is controlled by
loop 2, which combines the parasitic of the decoupling capaci-
tors and VRM bulk capacitors and the interconnection between
them. The third spike is decided by loop 3, which is combines
the parasitic of the VRM output filter inductor and bulk capac-
itors.

However, for different loops, because of the different char-
acteristics of different capacitors, the effects of each parameter
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Fig. 4. Transient-voltage waveforms at VRM output and decoupling capacitor
for present processor model.

Fig. 5. Transient-voltage waveforms at VRM output and decoupling capacitor
for future processor model.

Fig. 6. Processor model can be considered as three resonant loops with
different resonant frequencies.

are quite different. For example, the die capacitor, , has very
small ESR and ESL that can be ignored. The voltage spike on
it will not have the proportional and differential part. For the
other capacitors in the model, the ESR and ESL cannot be ig-
nored, as shown in Fig. 3. Fig. 7 shows the practical capacitor
model. When a capacitor provides a current,, the total voltage
drop on it can be divided into three parts:

1) PROPORTIONAL PART is due to the current flow through
the ESR of the capacitor

(2)

2) INTEGRAL PART is due to the loss of charge in the capac-
itor. Charge is equal to the integral of current. The part

Fig. 7. Voltage drop of a capacitor can be divided into three parts: proportional,
integral, and differential.

Fig. 8. Voltage drops distribution on decoupling capacitor (for future
application:V o = 1.5 V and load= 30 A).

Fig. 9. Voltage drops distribution on VRM output capacitor (for future
application:V o = 1.5 V and load= 30 A).

is determined by the capacitance and the integral of the
current

(3)

3) DIFFERENTIAL PART is caused by the on ESL of the
capacitor

(4)

The breakdown of the voltage drop on decoupling capacitors
is shown in Fig. 8. The major part of voltage drop on decoupling
capacitors is the integral part. It indicates that the decoupling ca-
pacitors do not have enough capacitance. It can be expected that
effective increase of the decoupling capacitance can improve the
performance greatly.

For VRM output bulk capacitors, the story is different. The
three parts contributing to the voltage drop on bulk capacitors
are shown in Fig. 9. The proportional part and the differential
part contribute major portions to the voltage drop on the bulk



ZHOU et al.: INVESTIGATION OF CANDIDATE VMR TOPOLOGIES 1175

Fig. 10. Simplified VRM model.

Fig. 11. Unbalanced current throughCo during transient.

Fig. 12. Control delay.

capacitors. The capacitance of the bulk capacitors is not a big
problem. The problem arises because of the high ESL and ESR
of the bulk capacitors. High ESL restricts the speed at which the
capacitor can provide current. ESR limits the largest current the
capacitor can provide if the total voltage drop is set. It is obvious
that effective reduction of ESL and ESR on bulk capacitors can
be of great improvement to the performance. But, in today’s
VRM topologies, the bulk capacitor design is not that simple.
Fig. 10 shows the simplified VRM model. The VRM output ca-
pacitance is basically determined by the unbalanced current
between the VRM output current and the VRM inductor cur-
rent during transient.

The unbalanced current is determined by the two second-
order resonant loops. The simplified curves are shown in Fig. 11.
The shaded area is the charge that needs to be provided by the
VRM output capacitor during the transient. It is determined by
the delay time and the slew rate of . The delay time
consists of the delay in the control feedback loop and the power
stage. The major part of it is because of the switching frequency
of the power stage. For today’s application, the inductor charge
voltage is equal to , which is 1.9 V. And the inductor
discharge voltage is , which is 3.1 V. As a result, when the
load changes from light load to heavy load, the output voltage
has the largest voltage drop. The design of the VRM output filter
capacitance has to make this voltage drop meet the requirement.

When a transient comes, the duty cycle of VRM can only be
changed at the next switching cycle. The worst case is shown in
Fig. 12. Change of the duty cycle can only start from the next
switching cycle if the transient happens after the upper switch
is turned off.

Fig. 13. Typical duty cycle signal during transient.

In worst case

(5)

During transient the current slew rate on the VRM output
inductor is determined by the following formula:

(6)

where is the duty cycle during the transient,is the steady
state duty cycle.

The slew rate of shown in Fig. 11 is the effective slew rate
of the VRM output inductor current. From the circuit point of
view the maximum slew rate can be got is when the duty cycle
is saturated. The maximum inductor current charge slew rate is

(7)

However, this maximum duty cycle can not be achieved for
the whole transient period with conventional voltage loop feed-
back design. The typical duty cycle curve during transient is
shown in Fig. 13. The duty cycle can not be saturated for the
whole transient period.

The effective inductor current charge slew rate can be approx-
imated as

(8)

The VRM output capacitor need to maintain output voltage
during transient. The capacitance requirement can be estimated
as

(9)

where is the load step magnitude of the transient, is
the VRM output voltage drop due to the discharge of the output
bulk capacitor, which is shown in (3). Considering the effect of
ESL and ESR, leave one-third transient-voltage drop budget for
capacitor discharge voltage

mV (10)

For worst case, A. Let KHz, H,
, the output capacitance requirement can be estimated
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Fig. 14. Conventional VRM efficiency (V in = 5 V,V o = 2 V,fs = 300 kHz,
switches: IRL3803).

as mF. In the simulation model shown in Fig. 3, four
OSCON capacitors are used as output bulk capacitor, which has
820 F capacitance, 12 mESR and 3 nH ESL each. The tran-
sient result is shown in Fig. 4, which can meet today’s specifi-
cation. Lots of today’s commercial VRMs operates at 150 kHz
switching frequency and use 3.8-H output filter inductance.
Usually, four to six 1500 F aluminum capacitors are used as
output bulk capacitors, which has 5 nH ESL and 30 meach.
For future application, is increased to 30 A. Let
KHz, H, and V. According to (9),
the output capacitance needed is larger than 20 mF. Actually,
since the output voltage is reduced, the largest voltage drop is
happened when the load changes from heavy load to light load.
The needed filter capacitance is even more. With such large ca-
pacitance, it will be too expensive and too large to use high per-
formance low ESR capacitors like ceramic capacitors and the
VRM will be very bulky.

The transient limitation of today’s VRM topologies comes
from their large output filter inductance. According to (9), the
inductor current slew rate is too low. During the transient, this
large inductor limits the energy transfer speed and the capaci-
tors have to store or discharge all the energy from load. With
the large output filter inductance, the VRM not only needs large
filter bulk capacitance to reduce the third spike, but also requires
large decoupling capacitance to reduce the second spike. For fu-
ture application, if the VRM operates at 300 kHz with 2H filter
inductor and enough bulk capacitance to maintain VRM output
voltage regulation, the microprocessor still needs 23 times the
decoupling capacitors to maintain the voltage drop on the de-
coupling capacitors lower than 100 mV during the transient [3].
However, the space of VRM is very limited and the real estate
of motherboard is very expensive. The need of a large quantity
of capacitors makes the VRMs, which use today’s techniques,
impractical for future microprocessors.

B. Limitation from Power Devices: Efficiency Limitation

Another limitation of the conventional VRM is efficiency.
Fig. 14 shows the conventional VRM efficiency at 2-V output.
Using IRL3803 as switches, with an on-resistance of 6 mand
30 V voltage rating, the conventional VRM can not meet 80%
efficiency requirement at heavy load. For lower output voltage,
it will be even more difficult to meet the efficiency require-
ment. Fig. 15 shows the conventional VRMs’ efficiency at 1.2-V

Fig. 15. Conventional VRM efficiency (V in = 5 V, V o = 1.2 V, fs =

300 kHz, switches: IRL3803).

Fig. 16. Switching loss and gate drive loss and conduction loss of IRL3803
versus parallel switch number (V in = 5 V, fs = 300 kHz, Iload = 50 A,
total loss of IRL3803 is 6 m
).

output. Their efficiency can not meet the 80% requirement for
the whole load range.

This limitation is from today’s power device’s technology.
Based on vertical power MOSFET technology, most of today’s
low-voltage power MOSFETs are available at a rating of 30 V.
Roughly, the total power loss of a power device can be divided
into three parts

1) conduction loss;
2) gate drive loss;
3) switching loss.

Fig. 16 shows the relationship between conduction loss and gate
drive plus switching loss. For this kind of low-voltage high-cur-
rent application, conduction loss contributes a large percentage
of the total loss. When only one IRL3803 is used, the MOS-
FETs conduction loss is 25 times gate drive plus switching loss.
To reduce conduction and total loss, more switches need to be
paralleled. However, this does not necessarily mean that more
parallel switches equals lower total loss. When five IRL3803
are paralleled, the total loss is reduced to the minimum. After
this point, paralleling more switches will not improve efficiency.
Fig. 17 shows the VRM efficiency with five IRL3803 in parallel.
With the optimized efficiency design, the VRMs efficiency still
can not meet the 80% requirement for the whole load range.
This limitation is due to high Figure of Merit (FOM) of today
devices. FOM is equal to times . For today’s device
technology, the lowest FOM value is around 400 (m ).
With such a high FOM value, power devices not only limit the
VRMs efficiency, but also limit the VRMs ability to operate at
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Fig. 17. Efficiency of synchronous buck VRM (V in = 5 V, V o = 1:2 V,
fs = 300 kHz, 5 IRL3803 in parallel).

Fig. 18. Quasi-square-wave (QSW) VRM topology.

higher operating frequencies. Most of toady’s VRMs operate at
a switching frequency lower than 300 kHz. This low switching
frequency causes slow transient response and very large energy
storage components.

III. A DVANCED VRM TOPOLOGIES

A. Fast VRM Topology—The Quasi-Square-Wave (QSW) VRM

To overcome the transient limitation occurring in conven-
tional VRMs, smaller output filter inductance is more desirable
to increase the energy transfer speed. Fig. 18 shows the quasi-
square-wave (QSW) circuit and operation waveforms. When Q1
turns on, the input voltage charges the inductor current from
negative to positive. After Q1 turns off and before Q2 turns
on, the inductor current flows through Q2’s body diode. Then
Q2 can turn on at zero voltage. After Q2 turns on, the inductor
current is discharged to negative. After Q2 turns off and before
Q1 turns on, the inductor current flows through Q1 body diode.
Then Q1 can turn on at zero voltage. In QSW topology, both top
switch and bottom switch can turn on at zero voltage. The miller
effect in both switches is eliminated and the gate drive loss and
switching loss is reduced. The QSW topology keeps the VRM

Fig. 19. Transient response of the QSW.

Fig. 20. Efficiency of the QSW compared with a conventional VRM (V in = 5

V, V o = 2 V, fs = 300 kHz).

output inductor current peak to peak value is two times the full
load current, which make the inductor current go negative in all
load range. Its inductor design is according to

(11)

Compared with inductor design [see (1)] in conventional buck
and synchronous buck topologies, its output filter inductance is
reduced significantly, 20 times smaller. At 13 A load and 300
kHz switching frequency, it needs only a 160 nH inductor as
compared with a 24 H inductor used in the conventional de-
sign at the same frequency. This small inductance makes the
VRM transient response much faster. Fig. 19 shows the tran-
sient response of the QSW topology. The third spike in output
voltage becomes insignificant and the second spike is reduced
significantly.

There are two disadvantages in this fast VRM topology.
The first one is the large current ripple. Large VRM output
filter capacitance is needed to suppress the steady state ripple.
Smaller inductance results in faster transient response, but
requires larger bulk capacitance. The second one is its low
efficiency shown in Fig. 20. Due to the large ripple current,
QSW switches have larger conduction loss. Its efficiency is
lower than that of conventional VRMs.

B. A Fast VRM with a Small Ripple—The Interleaved QSW
VRM

In order to meet both the steady state and transient require-
ments, a novel VRM topology, the interleaved QSW, is proposed
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Fig. 21. Current ripple canceling effect of interleaved QSW.

in Fig. 21. The interleaved QSW topology naturally cancels the
output current ripple and still maintains the fast transient re-
sponse characteristics of the QSW topology. A smaller capaci-
tance is needed compared to both the single-module QSW VRM
and the conventional VRM design. Fig. 22 shows the compar-
ison of ripple canceling effect in two-module interleaved QSW
VRM and four-module interleaved QSW VRM. In two-module
interleaved VRM, only when duty cycle is 0.5, the ripple is fully
canceled. But, in four-module interleaved VRM, the ripple can
be fully canceled when duty cycle is 0.5 or 0.25 or 0.75. If duty
cycle is not at these points, for example, when duty cycle is 0.3,
80% ripple is canceled in four-moduel structure and only 45%
ripple is canceled in two-module structure. The more modules
in parallel, the better the ripple canceling effect.

Fig. 23 shows a four-module interleaved QSW VRM. Fig. 24
shows its transient response. Fig. 24(a) shows the current in
each single module, which has large ripple. Fig. 24(b) shows the
total current in output, which has very small ripple. Fig. 24(c)
shows the output voltage during transient. The results show that
this technique can meet future transient requirements without
a large steady-state voltage ripple. In the simulation shown in
Fig. 24, the full load current is 30 A and the output voltage is 2 V.
Each channel handles 7.5 A current and operates at 300 kHz.
According to (11), the inductance is 320 nH in each channel.
The equivalent inductance is 80 nH. Compared with traditional
technology, 2 H in Fig. 3, the filter inductance is reduced
by 25 times. Therefore, the inductor current charge slew rate
is increased by 25 times. Another benefit is the delay time
is reduced by 75%. According to (9), the output capacitance
needed is only 2 mF. Considering the worst case when load
change from heavy load to light load, in the simulation, 3
mF bulk capacitance is used. Meanwhile, due to the small
inductance, the decoupling capacitance needed is only three
times, as compared with 23 times requirement in conventional
technologies. The interleaved QSW topology can not only
reduce output current ripple, but can also reduce input current
ripple. For the same load, both input and output filter size

can be dramatically reduced. As a result, interleaved QSW
VRM can achieve very high power density and motherboard
space can be saved. Fig. 25 shows the efficiency comparison
results. For conventional buck, synchronous buck and single
channel QSW VRM, IRL3803 is used as switches, which has
6 m on resistance. For interleaved QSW VRM, each channel
uses Si4480 as switches, which has 18.5 mon resistance.
Compared with the single-module QSW topology, since the
equivalent silicon die size is increased, the interleaved QSW
VRM has higher efficiency.

IV. EXPERIMENTAL EVALUATIONS

A four-module interleaved QSW VRM is built and tested. The
prototype is shown in Fig. 26. This VRM is designed for 5 V
input voltage and 2 V output voltage. The load current changes
from 0.8 A to 30 A. The power devices are Si4410DY, which has
14 m on resistance and SO-8 package. Each module operated
at 300 kHz. The output ripple frequency is 1.2 MHz. The induc-
tance in each module is 320 nH. The equivalent inductance of
the four-module interleaved VRM is 80 nH. The output filter ca-
pacitance totally is 1200F. The output capacitors are combined
by ceramic and tantalum capacitors. The profile of the power
stage is 0.3 in. The power density is higher than 30 W/in.

In the VRM, integrated magnetic design is used. Every two
inductors use one magnetic core. As a result, totally, two mag-
netic cores are used for these four channel inductors. Fig. 27
shows the integrated magnetic structure [4]. By taking advan-
tage of interleaVing technology, AC flux of the two inductors is
canceled in the center leg. As a result, the core loss and center
leg crossing area is reduced. The planar core structure make the
VRM very low profile. And this kind of low profile magnetic
also has good thermal management. In the magnetic design, the
PCB trace is used as inductor winding. With symmetrical PCB
layout design, the resistance of the PCB winding can be used
to control average inductor current. Thus, the current sharing in
each module can be achieved [5]. This approach is very cost ef-
fective.

Fig. 28 shows the VRM transient response. When load
change from 0.8 A to 15 A and vice versa, the four-module
interleaved QSW VRM has only 40 mV voltage drop as
compared to conventional VRM which has 150 mV voltage
drop. Fig. 29 show the VRM efficiency. At 30 A full load,
its efficiency is higher than 85%. Table II compares the de-
sign of interleaved QSW VRM and conventional VRM. The
interleaved QSW VRM uses much smaller capacitance, only
one-sixth capacitance used in conventional VRM. And its
power density is much higher, six-time higher than that of a
conventional one.

V. FUTURE VRMS—HIGH FREQUENCY, HIGH POWER

DENSITY

In order to develop low-cost, high-efficiency, low-profile,
high-power density, fast-transient-response, board-mount VRM
modules for future generation microprocessor loads, high op-
erating frequencies are desirable. Fig. 30 shows the transient
response of the interleaved QSW VRM when it operates at 1
MHz. Obviously, the voltage spike is reduced significantly.
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(a)

(b)

Fig. 22. Ripple canceling effect: (a) two modules interleaved and (b) four modules interleaved.

Fig. 23. Four-module interleaved QSW VRM.

Fig. 31 shows the inductance and capacitance needed in the
interleaved QSW VRM when it operates at a high switching
frequency. At 10 MHz, the inductance needed is only 9.25 nH
and the capacitance needed is only 5.26F. With such a small
inductance and capacitance, very high-power-density VRMs
can be created and energy storage costs can be dramatically
reduced. However, due to today’s device technology, most
VRMs’ operating frequencies are lower than 300 kHz. Even at
this frequency, the VRM can not meet efficiency requirements.
When the frequency is increased, the resulting VRM efficiency
levels are shown in Fig. 32. At 10 MHz, the VRM will only have
40% efficiency. This efficiency makes thermal management
and packaging very difficult.

For future microprocessor application, the power device must
have a smaller FOM value [ (m )] and a lower
miller charge. With improved device technologies, such as the
SOI LDDMOS technology [6], future VRM efficiency will be
higher than 90% at several MHz operating frequencies. Fig. 33
shows the difference between a vertical DMOS and the pro-
posed LDD MOSFET on SOI structure. Whose power density
will be higher than 100 W/in. Table III shows the VRM effi-
ciency comparison based on today’s device technology and the
improved LDDMOS technology.

(a)

(b)

(c)

Fig. 24. Transient response of the four-module interleaved QSW: (a) current
in each module, (b) total output current, and (c) output voltage.

Although advanced topologies have very fast transients and
future device techniques can operate at very high frequencies,
in order to minimize the effects of the interconnection, an inno-
vation design with a possible integration of the VRM and the
processor is still the key to meeting the ever-increasing demand
for processor performance and speed.
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Fig. 25. Efficiency comparison.

Fig. 26. Four-module interleaved QSW VRM.

Fig. 27. Integrated magnetic structure: (a) integrated magnetic structure and
(b) implementation of the integrated magnetic.

(a)

(b)

Fig. 28. Transient response test results: (a) transient response of the
four-module interleaved QSW and (b) transient response of the conventional
VRM.

The integration of the VRM with the processor can take ei-
ther a hybrid or a monolithic approach. In the hybrid approach,

Fig. 29. Efficiency of four-module interleaved QSW VRM.

TABLE II
DESIGN COMPARISON OF THEINTERLEAVED QSW VRM AND THE

CONVENTIONAL VRM

Fig. 30. Transient response of the interleaved QSW (V in = 5 V, V o = 2 v,
fs = 1 MHz).

the VRM can be made as a silicon chip with all the control func-
tions. As shown in Fig. 34(a) and (b), several VRM chips can be
placed in parallel and be mounted close to the microprocessor
on the same cartridge. Ceramic capacitors with small ESRs and
ESLs can be used as the output capacitors, and can be placed on
the PCB board next to the processor. By connecting the output of
the VRM and the power input of the processor via a path through
a magnetic material sheet, the small output inductor can also be
created. With this kind of packaging approach, interconnection
parasitics can be minimized. For future application, some other
advanced packaging technologies, such as flipchip, can also be
used.

VI. CONCLUSIONS

Except for adding capacitors, it is difficult for conventional
VRMs to meet the transient requirements for future micropro-
cessors. The interleaved QSW topology can significantly im-
prove VRM transient response. With this technique, both VRM
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(a)

(b)

Fig. 31. Inductance and capacitance needed in the interleaved QSW VRM
topology at a high operating frequency: (a) inductance needed versus frequency
and (b) capacitance needed versus frequency.

Fig. 32. VRM efficiency based on today’s device technology (V in = 5 V,
V o = 2 V, switches: 5 IRL3803 in parallel).

Fig. 33. Future power device technology.

input current ripple and output current ripple are canceled. Both
VRM input and output filter sized can be dramatically reduced.

TABLE III
VRM EFFICIENCY COMPARISON

Fig. 34. Hybrid approach: (a) 3-D view and (b) side view.

As a result, the interleaved QSW VRM can achieve very high
power density and can be easily packaged.
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