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Investigation of Candidate VRM Topologies for
Future Microprocessors
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Abstract—By reducing the power supply voltage, faster, lower TABLE |
power consumption, and high integration density data processing SPECIFICATIONS FOR CURRENT AND
systems can be achieved. The current generation high-speed FUTURE VRM
complementary metal-oxide-semiconductor (CMOS) processors
(e.g., Alpha, Pentium, Power PC) are operating at above 300 MHz Current Future
with 2.5 to 3.3 V output range. Future processors will be designed 3 ~ ~
in the 1.1-1.8 V range, to further enhance their speed-power Output Voltage: 21-35V 1-2v
performance. These new generations microprocessors will present  Load Current: 0.3~13A 1~30A
very dynamic loads with high current slew rates during transient.
As a result, they will require a special power supply, voltage Output Voltage Tolerance: | +5% 2%
regulator module (VRM), to provide well-regulated voltage. The " *
VRMs should have high power densities, high efficiencies, and i?é?pilﬁxsat decoulp- | 1A/nS SAJns

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
guasisquare-wave (QSW), is proposed. The design, simulation, *: Current Slew rate at today’s VRM output is 30A/uS
and experimental results are presented.

Index Terms—Interleaved, microprocessor, QSW, voltage regu- .
lator module. 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
N EVOLUTION in microprocessor technology poses newo the load and the parasitic elements of capacitors have a dra-
challenges for supplying power to these devices. The evsatic effect on VRM voltage [2]. Future microprocessors are
lution began when the high-performance Pentium processor vexpected to exhibit higher current slew and larger current draw.
driven by a nonstandard, less-than 5 V power supply, instead\d@reover, the total voltage tolerance will become much tighter.
drawing its power from the 5-V plane on the system board [1fzurrently, the voltage tolerance is 5% (for 3.3 V VRM output,

In order to meet faster and more efficient data processing de voltage deviation can ke 165 mV). In the future, the total
mands, modern microprocessors are being designed with loweltage tolerance will be 2% (for 1.1 V VRM output, the voltage
voltage implementations. The processor supply voltage in fdeviation can only be- 33 mV). All these requirements pose
ture generation processors will decrease from 3.3 V to 11 Vserious design challenges. Table | shows the specifications for
1.8 V. Meanwhile, because more devices are packed on a singlerent and future VRMs.
processor chip and the processors operates at higher operatingost of today’s VRMs use conventional buck or synchronous
frequencies, microprocessors need aggressive power managetifier buck topology. In future microprocessor application,
ment. Future generation processors’ current draw will increatbe limitations of these topologies are very clear. In order to
from 13 A to 30 A~ 50 A [2]. These currents in turn requiremaintain voltage regulation of future requirements during the
special power supplies, voltage regulator modules (VRMSs), tansient, more output filter capacitors and decoupling capac-
provide lower voltages with higher current capability for microitors will be needed [3]. However, the space of the VRM and
processors. motherboard are very limited. Increasing capacitors is an im-

As the speed of the processor increases, they increase theptgetical approach. To meet future specifications, novel VRM
namic loading of the VRM. These slew rates represent a sevepologies are required. On the other hand, an advanced integra-

tion approach is required to minimize the effect of connection
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near and around the microprocessors to reduce noise and main-
Fig. 2. Synchronous rectifier buck. tain voltage regulation. Bulk capacitors are VRM output capac-
itors. Because of the low voltage, high current, and fast load

. . . ransient characteristics, parasitic parameters play very impor-
and low ripple voltage together with advanced packaging tectla P P play very imp

logies for | ; densit h ; Nt roles in both steady state and transience. In transient anal-
nologies Tor improving power denstly are among these imp réis, a capacitor can no longer be considered an ideal capacitor.
tantissues to be addressed. In addition, the limitations of toda

. . X ¥s actually a capacitor with equivalent-series-resistor (ESR)
technologies, VRM topologies and power device, are analyz%%d equivalent-series-inductor (ESL). The interconnections be-
tween the VRM and motherboard, motherboard and processor,
II. L IMITATIONS OF TODAY'S TECHNOLOGIES and so on cannot be ignored either. In this case, all these par-
A. Limitation of Present VRM Topologies: Transient LimitatioAsitics have significant effect on VRM transient voltage. These
Most of today’s VRMs use conventional buck or Synparasmc parameters form resor_lant loopsinthe cwc_un. Thereso-
qnce corresponds to the transient voltage drop spikes. In steady

chronous rectifier buck topology. Fig. 1 shows the ConVemior{étate the interconnection resistance also causes regulation error
buck circuit, which is the most cost-effective approach. Usuall ' ; .
bp r¥ e to the high current that flows through it at full load. The

Schottky diodes are l.Jsed as arectifier. The top_MOSFET tra Ircuit parasitic parameters such as ESR and ESL of the capac-
fers energy from the input and the bottom rectifier conducts tlje

inductor current. The control regulates the output voltage byrs and link impedance are also shown in Fig. 3. The transient

modulating the conduction interval of the top MOSFET. Fig. orlggcel ;vrzvsrf]gm:]s'r?tp\'m% %%tfggaavsdrgecﬁiﬂlggtC;%aﬁgn-
shows the synchronous rectifier buck circuit. This topolog:\]%f/..I wn In Fg. <. y qui '
t

- =0 0
increases the efficiency by replacing the rectifier with a lo lent voltage deviation limit at VRM output is 5% and 7% at

Rds(on) MOSFET. The synchronous switch is controlled b%e decoypllng _capacnors. The waveforms show that they both
eet their requirements.

the complementary signal of the top switch’'s gate signal. .
The synchronous rectifier buck always operates in continuousAssume that a future processor still has the same structure

current mode. In order to reduce output ripple, convention P shown in Fig. 3 except that Fhe transient load magnitude
VRMs inductor design is according to IS changed to 0430 A with a higher slew rate of 8 A/ns.

The steady state output of the VRM also is changed to a lower

10 X (Vin— Vo) x D voltage of 1.5 V. The transient voltage waveform&/efandV d
L> Tox fs (1) are shown in Fig. 5. The transient voltage deviation limivat
andVd will be 2% and 100 mV, respectively, as also shown in
where Fig. 5. Neither of the waveforms meets the requirement.
D duty cycle; A closer look at the transient voltage waveforms reveals that
Vin input voltage; the VRM output transient voltage drop contains three spikes.
Vo output voltage; They are marked as first, second, and third spike, respectively, as
Io  full load current; shown in Fig. 4 and Fig. 5. These three spikes are decided by the
Fs switching frequency. R-L-C resonant loops shown in Fig. 6. The first high frequency
Today’s VRMs usually use large output filter inductance42 spike is dominated by loop 1, which combines the parasitic of
pH. the packaging capacitors and decoupling capacitors and the in-

The simulation circuit for the VRM and today’s processor igerconnection between them. The second spike is controlled by
shown in Fig. 3. The power stage is a traditional synchronolsop 2, which combines the parasitic of the decoupling capaci-
buck converter with 5V input and 3.1 V output. The load is sinters and VRM bulk capacitors and the interconnection between
plified as a current source with exponential transition from 1 fhem. The third spike is decided by loop 3, which is combines
to 13 A with the highest slew rate being 1.6 A/ns (the slew rathe parasitic of the VRM output filter inductor and bulk capac-
is 1A/ns at decoupling capacitor and 3QuA/at VRM output). itors.

The packaging capacitor is the parasitic capacitor inside the miHowever, for different loops, because of the different char-
croprocessor package. There are a lot of decoupling capacitacteristics of different capacitors, the effects of each parameter
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Fig. 6. Processor model can be considered as three resonant loops with 1 .
different resonant frequencies. AVr = 5 i-dt. (3)

3) DIFFERENTIAL PART is caused by thdi/dt on ESL of the

are quite different. For example, the die capac@by,., has very capacitor

small ESR and ESL that can be ignored. The voltage spike on
it will not have the proportional and differential part. For the AV — ESL - di @)
other capacitors in the model, the ESR and ESL cannot be ig- b= di’

nored, as shown in Fig. 3. Fig. 7 shows the practical capacitorT
model. When a capacitor provides a currénthe total voltage
drop on it can be divided into three parts:

he 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-
1) PROPORTIONAL PART is due to the current flow through pacitors do not have enough capacitance. It can be expected that
the ESR of the capacitor effective increase of the decoupling capacitance can improve the
performance greatly.
AVp = ESR-i. (2) For VRM output bulk capacitors, the story is different. The
three parts contributing to the voltage drop on bulk capacitors
2) INTEGRAL PART is due to the loss of charge in the capacare shown in Fig. 9. The proportional part and the differential
itor. Charge is equal to the integral of current. The pagart contribute major portions to the voltage drop on the bulk
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In worst case

Ty=(1-D) T, =~ (5)

Fig. 11. Unbalanced t th during transient. . :
9 nbalanced current througfe during transien During transient the current slew rate on the VRM output
inductor is determined by the following formula:

e d-[ D 1’Vvin - V:) Vvin

i i L _ Ztrfin = Vo = -2 .(Dy.— D) (6)

I — . o s

L P whereD;,,. is the duty cycle during the transied, is the steady

Duty cycle, ,Jransient

Syt Tyt state duty cycle.
The slew rate of ;, shown in Fig. 11 is the effective slew rate
Fig. 12.  Control delay. of the VRM output inductor current. From the circuit point of

view the maximum slew rate can be got is when the duty cycle

capacitors. The capacitance of the bulk capacitors is not a Bigaturated. The maximum inductor current charge slew rate is
problem. The problem arises because of the high ESL and ESR di; Vie—V, Vi
of the bulk capacitors. High ESL restricts the speed at which the <ﬁ> =—7 =7 @-D) @)
capacitor can provide current. ESR limits the largest current the max
capacitor can provide if the total voltage drop is set. Itis obvious However, this maximum duty cycle can not be achieved for
that effective reduction of ESL and ESR on bulk capacitors céime whole transient period with conventional voltage loop feed-
be of great improvement to the performance. But, in todaytsck design. The typical duty cycle curve during transient is
VRM topologies, the bulk capacitor design is not that simplshown in Fig. 13. The duty cycle can not be saturated for the
Fig. 10 shows the simplified VRM model. The VRM output cawhole transient period.
pacitance&’ is basically determined by the unbalanced current The effective inductor current charge slew rate can be approx-
between the VRM output currefy, and the VRM inductor cur- imated as
rent!;, during transient. -

The unbalanced current is determined by the two second- SE(Ir) = e _ . <ﬂ> —p Ymbe

L L dt dt L
order resonantloops. The simplified curves are shownin Fig. 11. max
The shaded area is the charge that needs to be provided by thEhe VRM output capacitor need to maintain output voltage
VRM output capacitor during the transient. It is determined guring transient. The capacitance requirement can be estimated
the delay timel’, and the slew rate of ;. The delay timel’, as
consists of the delay in the control feedback loop and the power AL T AJ2
. . . . o 4d

stage. The major part of it is because of the switching frequency C, > + =
of the power stage. For today’s application, the inductor charge avo 2-SR(I)- AV,
voltage is equal t&’in — Vo, which is 1.9 V. And the inductor whereAlo is the load step magnitude of the transied¥ o is
discharge voltage i¥,, which is 3.1 V. As a result, when thethe VRM output voltage drop due to the discharge of the output
load changes from light load to heavy load, the output voltageilk capacitor, which is shown in (3). Considering the effect of
has the largest voltage drop. The design of the VRM output filtBSL and ESR, leave one-third transient-voltage drop budget for
capacitance has to make this voltage drop meet the requiremeapacitor discharge voltageV o

When a transient comes, the duty cycle of VRM can only be %V
changed at the next switching cycle. The worst case is shown in AV, = 270" Yo
Fig. 12. Change of the duty cycle can only start from the next
switching cycle if the transient happens after the upper switchFor worst casej\lo = 13 A. Let F's = 300 KHz, L = 2 uH,
is turned off. K = 0.5, the output capacitance requirement can be estimated

(8)

)

=50mV. (10)
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Fig_. 14. Conventional VRM efficiency(in =5V, Vo =2V, fs =300 kHz, Fig. 15. Conventional VRM efficiencyi(in =5V, Vo = 1.2V, fs =
switches: IRL3803). 300 kHz, switches: IRL3803).

asCo > 3 mF. In the simulation model shown in Fig. 3, four
OSCON capacitors are used as output bulk capacitor, which |
8204 F capacitance, 12fESR and 3 nH ESL each. The tran-
sient result is shown in Fig. 4, which can meet today’s speci
cation. Lots of today’s commercial VRMs operates at 150 kF
switching frequency and use 384 output filter inductance.

Usually, four to six 150Q:F aluminum capacitors are used a: ) - :_;_KJ__‘__,_,,”___.
output bulk capacitors, which has 5 nH ESL and 3@ grch. 1 e P - e
For future applicationAZo is increased to 30 A. Lef's = 300 ; . epeter

7 8

KHz, L =2 p4H, K = 0.5 andVe = 2 V. According to (9),

the output capacitance needed is larger than 20 mF. Actua _.

since the output voltage is reduced, the largest voltage drop is o _ _

happened when the load changes from heavy load to light l05l9: 16. Switching loss and gate drive loss and conduction loss of IRL3803

. . ; . versus parallel switch numbev'{n = 5V, fs = 300 kHz, Iload = 50 A,

The needed filter capacitance is even more. With such large gl loss of IRL3803 is 6 192).

pacitance, it will be too expensive and too large to use high per-

formance low ESR capacitors like ceramic capacitors and the o .

VRM will be very bulky. output. Their efficiency can not meet the 80% requirement for
The transient limitation of today’s VRM topologies come{n® Whole load range. , .

from their large output filter inductance. According to (9), the 1S limitation is from today’s power device’s technology.

inductor current slew rate is too low. During the transient, thgased on vertical power MOSFET technology, most of today’s

large inductor limits the energy transfer speed and the capd@i¥-voltage power MOSFETSs are available at a rating of 30 V.

tors have to store or discharge all the energy from load. WiPudhly. the total power loss of a power device can be divided

the large output filter inductance, the VRM not only needs lardBt© three parts
filter bulk capacitance to reduce the third spike, but also requires1) conduction loss;
large decoupling capacitance to reduce the second spike. For fu2) gate drive loss;
ture application, if the VRM operates at 300 kHz with A filter 3) switching loss.
inductor and enough bulk capacitance to maintain VRM outpBig. 16 shows the relationship between conduction loss and gate
voltage regulation, the microprocessor still needs 23 times thgve plus switching loss. For this kind of low-voltage high-cur-
decoupling capacitors to maintain the voltage drop on the dent application, conduction loss contributes a large percentage
coupling capacitors lower than 100 mV during the transient [3}f the total loss. When only one IRL3803 is used, the MOS-
However, the space of VRM is very limited and the real estaRETs conduction loss is 25 times gate drive plus switching loss.
of motherboard is very expensive. The need of a large quantity reduce conduction and total loss, more switches need to be
of capacitors makes the VRMs, which use today’s techniqugmralleled. However, this does not necessarily mean that more
impractical for future microprocessors. 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.
Another limitation of the conventional VRM is efficiency. With the optimized efficiency design, the VRMs efficiency still
Fig. 14 shows the conventional VRM efficiency at 2-V outpuitan not meet the 80% requirement for the whole load range.
Using IRL3803 as switches, with an on-resistance offamnd This limitation is due to high Figure of Merit (FOM) of today
30 V voltage rating, the conventional VRM can not meet 80%evices. FOM is equal t&dson timesQg. For today’s device
efficiency requirement at heavy load. For lower output voltageechnology, the lowest FOM value is around 400Xm nC).
it will be even more difficult to meet the efficiency require-With such a high FOM value, power devices not only limit the
ment. Fig. 15 shows the conventional VRMs’ efficiency at 1.2-WRMs efficiency, but also limit the VRMs ability to operate at

B. Limitation from Power Devices: Efficiency Limitation
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Fig. 18. Quasi-square-wave (QSW) VRM topology.
Compared with inductor design [see (1)] in conventional buck

higher operating frequencies. Most of toady’s VRMs operate%‘?d synch_ron_o_us buck top_ologies, its output filter inductance is
a switching frequency lower than 300 kHz. This low switchingaduced significantly, 20 times smaller. At 13 A load and 300

frequency causes slow transient response and very large en&fdg Switching frequency, it needs only a 160 nH inductor as
storage components. compared with a24 pH 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
A. Fast VRM Topology—The Quasi-Square-Wave (QSW) VRbltage becomes insignificant and the second spike is reduced
To overcome the transient limitation occurring in conversignificantly.
tional VRMs, smaller output filter inductance is more desirable There are two disadvantages in this fast VRM topology.
to increase the energy transfer speed. Fig. 18 shows the quibg first one is the large current ripple. Large VRM output
square-wave (QSW) circuit and operation waveforms. When differ capacitance is needed to suppress the steady state ripple.
turns on, the input voltage charges the inductor current frommnaller inductance results in faster transient response, but
negative to positive. After Q1 turns off and before Q2 turn€quires larger bulk capacitance. The second one is its low
on, the inductor current flows through Q2’s body diode. The®fficiency shown in Fig. 20. Due to the large ripple current,
Q2 can turn on at zero voltage. After Q2 turns on, the induct&SW switches have larger conduction loss. Its efficiency is
current is discharged to negative. After Q2 turns off and befol@ver than that of conventional VRMs.
Q1 turns on, the inductor current flows through Q1 body diode. . .
Then Q1 can turn on at zero voltage. In QSW topology, both t@) A Fast VRM with a Small Ripple—The Interleaved QSW
switch and bottom switch can turn on at zero voltage. The mill
effect in both switches is eliminated and the gate drive loss andn order to meet both the steady state and transient require-
switching loss is reduced. The QSW topology keeps the VRMents, a novel VRM topology, the interleaved QSW, is proposed

I1l. ADVANCED VRM TOPOLOGIES
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"N > can be dramatically reduced. As a result, interleaved QSW
l IL1 Io_L VRM can achieve very high power density and motherboard
( T LLoad space can be saved. Fig. 25 shows the efficiency comparison
results. For conventional buck, synchronous buck and single
N~ channel QSW VRM, IRL3803 is used as switches, which has
| —I—Lz—> 6 mQ2 on reS|stance._For mterle_aved QSW VRM, ea_ch channel
uses Si4480 as switches, which has 188 on resistance.
( Compared with the single-module QSW topology, since the
equivalent silicon die size is increased, the interleaved QSW
x g : VRM has higher efficiency.
IL1 /\ , IV. EXPERIMENTAL EVALUATIONS
: ; Afour-module interleaved QSW VRM is built and tested. The
2 \'._4..;\ ~ prototype is shown in Fig. 26. This VRM is designed for 5 V
/\/\/\/\/\ input voltage and 2 V output voltage. The load current changes
Io from 0.8 Ato 30 A. The power devices are Si4410DY, which has
: : 14 mf2 on resistance and SO-8 package. Each module operated

at 300 kHz. The output ripple frequency is 1.2 MHz. The induc-
Fig. 21. Current ripple canceling effect of interleaved QSW. tance in each module is 320 nH. The equivalent inductance of
the four-module interleaved VRM is 80 nH. The output filter ca-

- . acitance totally is 1200F. The output capacitors are combined
in Fig. 21. The interleaved QSW topology naturally cancels t %/ ceramic and tantalum capacitors. The profile of the power

output current ripple and still maintains the fast transient rgfage is 0.3 in. The power density is higher than 30 W/in
sponse characteristics of the QSW top_ology. A smaller capaci- n the VRM, integrated magnetic design is used. Every two
tance is needed compared to both the single-module QSWV mductors use one magnetic core. As a result, totally, two mag-

gnd thfe .corllvenuon?l VRf'\f/l de_S|gn. F'g'd22| showsl the gomgq{étic cores are used for these four channel inductors. Fig. 27
I\jlgrll/lo ”(5)? € cancde |Inget elct n t;VO_SmV?I \L/J;I\;lntlerteave (g I\@hows the integrated magnetic structure [4]. By taking advan-

. and four-module interleaved Q ) - [N two-mo uetage of interleaVing technology, AC flux of the two inductors is
interieaved VRM, only when duty cycle is 0.5, the ripple is fu"ycanceled in the center leg. As a result, the core loss and center

canceled. But, in four-module mte_rleaved VRM, the ripple Cai'%g crossing area is reduced. The planar core structure make the
be fuII-y canceled when.duty cycle is 0.5 or 0.25 or 0.75. If.du RM very low profile. And this kind of low profile magnetic
cycle is not at these points, for example, when duty cycle is 0 50 has good thermal management. In the magnetic design, the
809% ripple is canceled in four-moduel structure and only 4SIé’CB trace is used as inductor winding. With symmetrical PéB
_ripple is canceled in two-r_nodule strugture. The more mOdmﬁﬁ/out design, the resistance of the PCB winding can be used
in parallel, the better the ripple canceling effect. to control average inductor current. Thus, the current sharing in

Fig. 2.3 show; afour-module in_terleaved QSW VRM. Fig. 2‘elach module can be achieved [5]. This approach is very cost ef-
shows its transient response. Fig. 24(a) shows the curren dive

each single module,which_haslarge ripple. Fig.24(b) ;howst eFig. 28 shows the VRM transient response. When load
total current in output, which has very small ripple. Fig. 24(C8hange from 0.8 A to 15 A and vice versa, the four-module

shows the output voltage during transient. The results Show”i}ﬂ'érleaved QSW VRM has only 40 mV voltage drop as

this technique can meet future transient requirements With%%tmpared to conventional VRM which has 150 mV voltage
a large steady-state voltage ripple. In the simulation showndpop_ Fig. 29 show the VRM efficiency. At 30 A full load,

Fig. 24, the full load currentis 30 A and the outputvoltageisZYtS efficiency is higher than 85%. Table Il compares the de-
Each channel handles 7.5 A current and operates at 300 k n of interleaved QSW VRM and conventional VRM. The

?ﬁcord'ng ﬁo (tl'l)d thte mdu_ctggceHlsgzo nH '3 e_at‘ﬁr: cg_a:_nn- terleaved QSW VRM uses much smaller capacitance, only
€ equivaient Inductance Is 59 nH. Lompared with traditiongy, o_y ¢, capacitance used in conventional VRM. And its

technology, 2i:H in Fig. 3, the filter inductance is reduced

. ; ower density is much higher, six-time higher than that of a
by 25 times. Therefore, the inductor current charge slew ra§8nventional)c/)ne g g

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 smallln order to develop low-cost, high-efficiency, low-profile,
inductance, the decoupling capacitance needed is only thhégh-power density, fast-transient-response, board-mount VRM
times, as compared with 23 times requirement in conventiomabdules for future generation microprocessor loads, high op-
technologies. The interleaved QSW topology can not ongrating frequencies are desirable. Fig. 30 shows the transient
reduce output current ripple, but can also reduce input curreasponse of the interleaved QSW VRM when it operates at 1
ripple. For the same load, both input and output filter siz@Hz. Obviously, the voltage spike is reduced significantly.

V. FUTURE VRMS—HIGH FREQUENCY, HIGH POWER
DENSITY
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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 th ..
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.%6 With such a small
inductance and capacitance, very high-power-density VRMs (b)
can be created and energy storage costs can be dramatice
reduced. However, due to today’s device technology, mos* "
VRMs' operating frequencies are lower than 300 kHz. Evena”""3"
this frequency, the VRM can not meet efficiency requirements” "
When the frequency is increased, the resulting VRM efficiency™ ™
levels are shownin Fig. 32. At 10 MHz, the VRM will only have **"
40% efficiency. This efficiency makes thermal managemen* ™
and packaging very difficult. !
For future microprocessor application, the power device must ©
have a smaller FOM value<] 100(m2 x nC")] and a lower Fig. 24. Transient response of the four-module interleaved QSW: (a) current
miller charge. With improved device technologies, such as tfggach module, (b) total output current, and () output voltage.
SOI LDDMOS technology [6], future VRM efficiency will be
higher than 90% at several MHz operating frequencies. Fig. 33Although advanced topologies have very fast transients and
shows the difference between a vertical DMOS and the printure device techniques can operate at very high frequencies,
posed LDD MOSFET on SOl structure. Whose power density order to minimize the effects of the interconnection, an inno-
will be higher than 100 W/if Table Ill shows the VRM effi- vation design with a possible integration of the VRM and the
ciency comparison based on today’s device technology and tirecessor is still the key to meeting the ever-increasing demand

improved LDDMOS technology. for processor performance and speed.
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Fig. 29. Efficiency of four-module interleaved QSW VRM.

TABLE 1
DESIGN COMPARISON OF THEINTERLEAVED QSW VRM AND THE
CONVENTIONAL VRM

Interleaved Conventional
QSW VRM
Vin 5 5
Bulk capacitance 1200uF 7500uF
Output Inductance 320nH (x4) 3.8uH
Transient voltage 50 mV 150 mV
drop:
Vo @ load 2V@30A 2V@13A
Power stage
power Density 30 3~5
(W/in®)

L1

L2

Through Hole

__~|....Ix.nlu...l....lrnvln..I...'lu-.|....I..u]-...l...vlu--||...|..v.l
Bu 8u 10u 12u- 14u 16u 18u

Fig. 27. Integrated magnetic structure: (a) integrated magnetic structure and ) )
(b) implementation of the integrated magnetic. Fig. 30. Transient response of the interleaved Q$Wh(= 5V, Vo = 2,

fs = 1 MHz).

S0mV...

50mv/div,

ST VUt S e S 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

100us/div

[ SR,

the PCB board next to the processor. By connecting the output of

T . . - the VRM and the power input of the processor via a path through

a magnetic material sheet, the small output inductor can also be

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

VRM.

J A ’ created. With this kind of packaging approach, interconnection

S TR TR O N A parasitics can be minimized. For future application, some other
100us/div 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-

The integration of the VRM with the processor can take egessors. The interleaved QSW topology can significantly im-
ther a hybrid or a monolithic approach. In the hybrid approachrove VRM transient response. With this technique, both VRM
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100808 TABLE Il
) VRM EFFICIENCY COMPARISON
1.00E-06 P "
. Optimized Efficiency
§ \ , Vin=5V, BV FOM For Interleaved QSW VRM
s Vo=2V (V) | mQ*nC) | 300kHz | 1MHz | 10MHz
g 1.00E-07
=] 9.25n
£ T LDDMOS 10 71 95% 91% 88%
1.00E-08 \\ K
' Today’s Device 30 473 87% 79% 60%
1.00E-09
1.00E+00 2.00E+06 4.00E+06 6.00E+06 8.00E+06 1.00E+07
Frequency outputcagp  VBM  input cap
(@
1.00E-03 processor
\ Magnetic layer
® 1.00E-04
2
£
§ \ 5.26uF “—Insulation layer
©  1.00E-05 \
\\(, <+—PCB Laminated
“—Magnetic layer
1.00E-06 )
0.00E+00 2.00E+06 4.00E+06 6.00E+06 8.00E+06 1.00E+07
Frequency Fig. 34. Hybrid approach: (a) 3-D view and (b) side view.
(b)
Fig. 31. Inductance and capacitance needed in the interleaved QSW VRM . . .
topology at a high operating frequency: (a) inductance needed versusfrequ%a result, _the interleaved QSW VRM can achieve very hlgh
and (b) capacitance needed versus frequency. power density and can be easily packaged.
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