
514 IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 11, NO. 3, JUNE 2003

[7] , “On optimal board-level routing for FPGA-based logic emula-
tion,” IEEE Trans. Computer-Aided Design, vol. 16, pp. 282–189, Mar.
1997.

[8] S. Lin, Y. Lin, and T. Hwang, “Net assignment for the FPGA-based logic
emulation system in the folded-clos network structure,” IEEE Trans.

Computer-Aided Design, vol. 16, pp. 316–320, Mar. 1997.
[9] N. C. Chou, L. T. Liu, C. K. Cheng, W. J. Dai, and R. Lindelof, “Circuit

partitioning for huge logic emulation systems,” in Proc. Design Automa-

tion Conf., 1994, pp. 244–249.
[10] P. K. Chan and M. D. F. Schlag, “Architectural tradeoffs in field-pro-

grammable-device based computing systems,” in Proc. IEEE Workshop

on FPGAs for Custom Computing Mach., Apr. 1993, pp. 152–161.
[11] M. Gokhale, W. Holmes, A. Kopser, S. Lucas, R. Minnich, and D.

Sweely, “Building and using a highly parallel programmable logic
arrays,” Comput., vol. 24, pp. 81–89, Jan. 1991.

[12] Y. Shang and B. W. Wah, “A Discrete lagrangian-based global-search
method for solving satisfiability problems,” J. Global Optim., vol. 12,
no. 1, pp. 61–99, 1998.

[13] M. N. Velev, “Effective use of boolean satisfiability procedures in the
formal verification of superscalar and VLIW microprocessors,” in Proc.

ACM/IEEE Design Automation Conf., Las Vegas, NV, June 18–22, 2001,
pp. 226–231.

[14] M. W. Moskewicz, C. F. Madigan, Y. Zhou, L. Zhang, and S. Malik,
“Chaff: Engineering an efficient SAT solver,” in Proc. Design Automa-

tion Conf., June 18–22, 2001, pp. 530–535.
[15] W. N. N. Hung, , http://www.ece.pdx.edu/~whung/BLRP, Aug. 2002.
[16] R. G. Wood and R. A. Rutenbar, “FPGA routing and routability esti-

mation via Boolean satisfiability,” IEEE Trans. VLSI Syst., vol. 16, pp.
222–231, June 1998.

Analysis of Buck Converters for On-Chip Integration

With a Dual Supply Voltage Microprocessor
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Abstract—An analysis of an on-chip buck converter is presented in this

paper. A high switching frequency is the key design parameter that simulta-
neously permits monolithic integration and high efficiency. A model of the

parasitic impedances of a buck converter is developed. With this model, a
design space is determined that allows integration of active and passive de-

vices on the same die for a target technology. An efficiency of 88.4% at a
switching frequency of 477 MHz is demonstrated for a voltage conversion

from 1.2–0.9 volts while supplying 9.5 A average current. The area occupied
by the buck converter is 12.6 mm assuming an 80-nm CMOS technology.
An estimate of the efficiency is shown to be within 2.4% of simulation at

the target design point. Full integration of a high-efficiency buck converter
on the same die with a dual- microprocessor is demonstrated to be

feasible.

Index Terms—Buck converter, dc-dc converter, dual supply voltage,
high efficiency, integrated inductors, low power, low voltage, modeling of

dc–dc converters, monolithic dc–dc conversion, multiple supply voltages,
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I. INTRODUCTION

Decreasing the power dissipation and current demand of high-per-

formance microprocessors are the two primary reasons for im-

plementing a dual-VDD microprocessor [1]. Due to the quadratic

dependence of the dynamic switching power and the more than linear

dependence of the subthreshold and gate oxide leakage power on

the supply voltage, power dissipation is significantly reduced when

portions of a microprocessor operate at a lower voltage level. A linear

relationship exists between the current demand and power consump-

tion of a microprocessor. Reducing the maximum power consumption,

therefore, reduces the maximum current required by a microprocessor,

thereby decreasing the number of power and ground pads on a

microprocessor die. In order to maximize this reduction in current,

the lower voltage supply of a dual-VDD microprocessor should be

integrated on the same die with the microprocessor. Moreover, in

order to fully exploit expected reductions in power and current, the

energy overhead of an integrated dc–dc converter to produce a second

voltage level must be minimized.

Buck converters are popular due to the high efficiency and good

output voltage regulation characteristics of these circuits [2]–[5]. In

single power-supply microprocessors, the primary power supply is typ-

ically an external (nonintegrated) buck converter. In a dual-VDD micro-

processor, the choices are either a second external dc–dc converter, or

a monolithic (both active and passive devices on the same die as the

load) dc–dc converter.

In a typical nonintegrated switching dc–dc converter, significant

energy is dissipated by the parasitic impedances of the interconnect

among the nonintegrated devices (the filter inductor, filter capac-

itor, power transistors, and pulse width modulation circuitry) [3].

Moreover, the integrated active devices of a pulsewidth modulation

circuit are typically fabricated in an old technology with poor parasitic

impedance characteristics.

Integrating a dc–dc converter with a microprocessor can potentially

lower the parasitic losses as the interconnect between (and within) the

dc–dc converter and the microprocessor is reduced. Additional energy

savings can be realized by utilizing advanced deep submicrometer fab-

rication technologies with lower parasitic impedances. The efficiency

attainable with a monolithic dc–dc converter, therefore, is higher than

a nonintegrated dc–dc converter.

Fabrication of a monolithic switching dc–dc converter, however,

imposes a challenge as the on-chip integration of inductive and

capacitive devices is required for energy storage and output signal

filtering. Integrated capacitors and inductors above certain values are

not acceptable due to the tight area constraints that exist within high

performance microprocessor integrated circuits (ICs). Another signif-

icant issue with integrated inductors is the poor parasitic impedance

characteristics which can degrade the efficiency of a voltage regulator.

The value, physical size, and parasitic impedances of the passive

devices required to implement a buck converter, however, are reduced

with increasing switching frequency [2]–[4]. Integrated capacitors of

small value (used for decoupling and constrained by the available area

on the microprocessor die) are available in high-performance micro-

processors [6]. Furthermore, with the use of magnetic materials, a new

integrated microinductor technology with relatively small parasitic

impedances and higher cutoff frequencies (over 3 GHz) has recently

been reported [7]. Therefore, employing switching frequencies higher

than the typical switching frequency range found in conventional

dc–dc converters permits the on-chip integration of active and passive

devices of a buck converter onto the same die as a high-performance

microprocessor.

1063-8210/03$17.00 © 2003 IEEE
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Fig. 1. Buck converter circuit.

The efficiency characteristics of a buck converter, however, change

dramatically as the switching frequency is increased. The switching

frequency of dc–dc converters has been, so far, limited to the range

from a few kilohertz to a few megahertz [2], [3]. Based on oversimpli-

fied circuit models of switching dc–dc converters, a general assumption

in the research community has been that a high switching frequency

dc–dc converter is not feasible with the expectation that the efficiency

would degrade significantly due to the increased power losses at high

switching frequencies [2], [3]. The low switching frequency range uti-

lized in typical nonintegrated dc–dc converters has been a result of this

assumption rather than based on a study modeling the variation of the

dc–dc converter efficiency as a function of the switching frequency.

Comprehensive circuit models of the parasitic impedances of mono-

lithic switching dc–dc converters are necessary in order to characterize

an optimum circuit configuration with the maximum efficiency.

A parasitic model is presented in this paper to analyze the frequency

dependent efficiency characteristics of a buck converter. A closed-form

expression that characterizes the power consumption of a monolithic

buck converter is proposed. The effects of scaling the active and pas-

sive devices and the related switching and conduction losses on the

total power characteristics of a buck converter are examined. With the

proposed buck converter energy model, a design space which charac-

terizes the integration of both active and passive devices on the same

die as a dual-VDD microprocessor while maintaining high efficiency is

determined for an 80-nm CMOS technology. An efficiency of 88.4% is

shown for a voltage conversion from 1.2 to 0.9 V while supplying 9.5 A

maximum current. The area of the buck converter at the target design

point is 12.6 mm2 which is primarily occupied by a 100-nF filter ca-

pacitor. Full integration of a high-efficiency buck converter on the same

die as a dual-VDD microprocessor is demonstrated to be feasible.

The basic operation of a buck converter is described in Section II.

The proposed parasitic circuit model and a closed form expression

of the average power dissipation of a buck converter are presented in

Section III. With the proposed analytic model, the efficiency charac-

teristics of a buck converter are investigated in Section IV. Simulation

results at a target design point are presented in Section V. Finally, some

conclusions are offered in Section VI.

II. OPERATION OF A BUCK CONVERTER

A buck converter is a standard switching dc–dc converter circuit

topology with high efficiency and good output voltage regulation char-

acteristics. Buck converters are used to generate a regulated dc output

supply voltage from a higher (possibly nonregulated) dc input voltage.

A typical buck converter circuit is shown in Fig. 1.

The operation of a buck converter circuit behaves in the following

manner. The power MOSFETs, labeled as P1 and N1 in Fig. 1, pro-

duce an ac signal at Node1 by a nonoverlapping switching action con-

trolled by the pulse width modulator. The ac signal at Node1 is applied

to a second-order low-pass filter composed of an inductor and a capac-

itor. The low-pass filter passes to the output the dc component of the ac

signal at Node1. A small amount (assuming the filter corner frequency

is much smaller than the switching frequency fs of the power MOS-

FETs) of high-frequency harmonics generated by the switching action

of the power MOSFETs also reaches the output due to the nonideal

characteristics of the output filter.

The buck converter output voltage VDD2(t) is [2]

VDD2(t) = VDD2 + Vripple(t) (1)

where VDD2 is the dc component of the output voltage and Vripple(t)
is the voltage ripple waveform observed at the output due to the non-

ideal characteristics of the output filter. The dc component of the output

voltage is [2]

VDD2 =
1

Ts

T

0

Vs(t)dt = DVDD1 (2)

where Vs(t) is the ac signal generated at Node1 and Ts, D, and VDD1

are the period, duty cycle, and amplitude, respectively, of Vs(t). As

given by (2), any positive output dc voltage less than VDD1 can be

generated by a buck converter by varying the duty cycle D.

The power transistors are typically large in physical size with a high

parasitic capacitance. To control the operation of the power transis-

tors, a series of MOSFET gate drivers are used. The driver buffers are

tapered [8], [11] as shown in Fig. 1. The gate driver buffers are con-

trolled by a pulse width modulator (PWM). Using a fast feedback cir-

cuit, the PWM generates the necessary control signals for the power
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MOSFETs such that a square wave with an appropriate duty cycle is

produced at Node1. During operation of the buck converter, the duty

cycle and/or switching frequency are modified in order to maintain the

output voltage at the desired value (output regulation) whenever vari-

ations in the load current and input supply voltage VDD1 are detected.

Due to the strong dependence of the output voltage on the switching

duty cycle [see (2)], precise output voltage regulation can be main-

tained by a buck converter with a fast feedback circuit [2].

The inductor current iL(t), output voltage VDD2(t), and capacitor

current iC(t)waveforms are shown in Fig. 2. The output voltage ripple

is exaggerated in Fig. 2 for better illustration. The amplitude of the

output voltage ripple �VDD2 is maintained at a small level (less than

1%) as compared to the output dc voltage VDD2 in a typical buck

converter.

The filter capacitance is chosen such that the impedance of the ca-

pacitor is much smaller than the load impedance. The ac component of

the inductor current, therefore, passes through the filter capacitor while

the dc component I passes through the load (see Fig. 2). The output

voltage increases while the filter capacitor is being charged when the

inductor current rises above I . Similarly, the output voltage falls while

the filter capacitor is being discharged when the inductor current de-

creases below I .

Expressions for the inductor current ripple �i and the amplitude of

the output voltage ripple �VDD2 (see Fig. 2) are, respectively

�i =
(VDD1 � VDD2)D

2Lfs
(3)

�VDD2 =
(VDD1 � VDD2)D

16LCfs
2

=
�i

8Cfs
(4)

where L is the filter inductance, C is the filter capacitance, and fs is

the switching frequency.

III. CIRCUIT MODEL OF A BUCK CONVERTER

A circuit model has been developed to analyze the frequency de-

pendence of the efficiency characteristics of a buck converter. The pro-

posed circuit model for the parasitic impedances of a buck converter is

shown in Fig. 3.

The power consumption of a buck converter is a combination of

the conduction losses caused by the parasitic resistive impedances and

the switching losses due to the parasitic capacitive impedances of the

circuit components. The power consumption of the pulse width mod-

ulation feedback circuit is typically small as compared to the power

consumption of the power train (the power MOSFETs, MOSFET gate

drivers, filter inductor, and filter capacitor) [2], [3], [5]. Only the power

dissipation of the power train components is, therefore, considered in

the efficiency analysis.

MOSFET related power losses are analyzed in Section III-A.

An analysis of the filter inductor related losses is presented in

Section III-B. The filter capacitor related losses are discussed in

Section III-C. An analytical expression for the total buck converter

power dissipation is presented in Section III-D.

A. MOSFET Related Power Losses

The total power loss of a MOSFET is a combination of conduction

losses and dynamic switching losses. The conduction power is dissi-

pated in the series resistance of the transistors operating in the active

region. The dynamic power is dissipated each switching cycle while

charging/discharging the gate oxide, gate-to-source/drain overlap, and

drain-to-body junction capacitances of the MOSFETs. In the following

analysis it is assumed that the PWM control signals applied to P1
and N1 are nonoverlapping. There is, therefore, no short-circuit cur-

rent path through P1 and N1 during the PWM signal transition. The

Fig. 2. Inductor current i (t), output voltage V (t), and capacitor current
i (t) waveforms.

short-circuit power dissipated in the gate drivers is also neglected as-

suming the transition times of the input signal applied at each power

MOSFET gate driver is smaller than the output transition times [3], [8],

[11].

The average power consumption of a power MOSFET and the re-

lated gate drivers is

PMOS =
R0

W
i
2
rms +EWfs (5)

E �=
�

�� 1
(Cox + Cgs + 2Cgd + Cdb)V

2
DD1 (6)

where PMOS is the total power consumed during a switching cycle of a

power MOSFET (which includes the power dissipated by the MOSFET

gate drivers),R0 is the equivalent series resistance of a 1-�m-wide tran-

sistor, irms is the rms current passing through the power MOSFET, W

is the width of the power MOSFET,� is the tapering factor of the power

MOSFET gate drivers, Cox, Cgs, Cgd, and Cdb are the gate oxide,

gate-to-source overlap, gate-to-drain overlap, and drain-to-body junc-

tion capacitances, respectively, of a 1-�m-wide MOSFET, andE is the

unit energy (per 1-�m-wide power MOSFET) consumed during a full

switching cycle of a power MOSFET (includes the energy dissipated

in the gate drivers).

As given by (5), increasing the MOSFET transistor width reduces the

conduction losses while increasing the switching losses. An optimum

MOSFET width, therefore, exists that minimizes the total MOSFET re-

lated power. The optimum MOSFET width and power loss expressions

for a target rms current and switching frequency are

Wopt =
R0i2rms

fsE
(7)
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Fig. 3. Circuit model of the parasitic impedances of a buck converter.

PMOS(min) =2 R0i2rmsfsE: (8)

As previously mentioned, it is assumed that the PWM signals for the

power MOSFETs are nonoverlapping. The time period during which

both N1 and P1 are cutoff is called the dead time. The rms currents

through N1 and P1 (assuming a small dead time to switching period

(Ts) ratio as compared to D) are

irms(NMOS) = (1�D) I2 +
�i2

3
(9)

irms(PMOS) = D I2 +
�i2

3
(10)

where I is the dc current supplied to the load.

Applying (8) for N1 and P1 and substituting the rms current expres-

sions (9) and (10), an expression for the total MOSFET related opti-

mized power consumption of a buck converter Ptot;MOS(opt) is

Ptot;MOS(opt) = a I2 +
�i2

3
fs (11)

a =2 R0NMOS(1�D)ENMOS

+
p
R0PMOSDEPMOS : (12)

B. Filter Inductor Related Power Losses

Some portion of the total energy consumption of a buck converter

is due to the series resistance and the stray capacitance of the filter

inductor. Integrated spiral inductors have a high series resistance and

other intrinsic problems associated with a planar design, which makes

these inductors area inefficient [7]. Integration of a spiral inductor with

sufficient inductance is, therefore, not feasible for a high-performance

microprocessor. A novel low-resistance inductor has recently been re-

ported [7]. Assuming the inductor parasitic impedances scale linearly

with the inductance [10], the total power dissipated in the filter inductor

is

Ptot;inductor = b
I2

�ifs
+

�i

3fs
+
CL0V

2
DD1

RL0�i
(13)

b =
(VDD1 � VDD2)DRL0

2
(14)

where CL0 and RL0 are, respectively, the parasitic stray capacitance

and parasitic series resistance per nanohenry inductance.

C. Filter Capacitor Related Power Losses

The filter capacitance affects the total power consumption of a buck

converter due to the effective series resistance (esr) RC . Assuming the

integrated capacitor is implemented utilizing the gate oxide capacitance

of a MOSFET, the total power dissipation of a filter capacitor is

Ptot;capacitor = dfs�i; (15)

d =
8R0capLcapC0�VDD2

3
(16)

where R0cap is the effective series resistance of a 1-�m-wide

MOSFET, C0 is the gate oxide capacitance per �m2, and Lcap is the

channel length of the MOSFET.

D. Total Power Consumption of a Buck Converter

Combining (11), (13), and (15), the total power consumption of a

buck converter is

Pbuck = a I2 +
�i2

3
fs

+b
I2

�ifs
+

�i

3fs
+
CL0V

2
DD1

RL0�i
+ dfs�i (17)

where a, b, and d are given by (12), (14), and (16), respectively.

The power dissipation of a buck converter is a strong function of the

switching frequency and the inductor current ripple. As given by (17),

a higher switching frequency increases the MOSFET and filter capac-

itor related losses while decreasing the filter inductor related losses.

Similarly, the MOSFET and filter capacitor power losses increase with

greater inductor current ripple. The relationship between the inductor

losses and the inductor current ripple however is more complicated. In-

creased current ripple reduces the filter inductance required for a target

switching frequency, which reduces the inductor parasitic impedances
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and the related power loss. A higher current ripple, however, also in-

creases the rms current through the filter inductor which causes the

conduction losses of the inductor to be larger.

Depending upon the ratio of the inductor and MOSFET related com-

ponents of the total power dissipation of a buck converter, the effi-

ciency can actually increase with higher switching frequency and cur-

rent ripple within a specified (fs, �i) range. This observation agrees

with the analysis presented in Section IV.

IV. EFFICIENCY ANALYSIS OF A BUCK CONVERTER

The efficiency of a buck converter is

� = 100�
Pload

Pload + Pbuck

(18)

where Pload is the average power delivered to the load and Pbuck is the

average total internal power consumption of a buck converter as given

by (17).

The dc–dc converter efficiency is strongly dependent on the

switching frequency fs. The switching frequency is, therefore, a

primary design variable in this analysis. High fs is desirable for

a monolithic buck converter due to the dependence of the filter

inductance and capacitance on fs as described by (3) and (4). As fs
is increased, values of L and C required to satisfy the target output

voltage and current are reduced. Since the integration of the active

and passive devices of a buck converter circuit is a primary concern in

this analysis, a frequency range higher than the typical ranges found

in conventional buck converters is used throughout the analysis. The

range of switching frequency fs is varied from 10 MHz–4 GHz.

As given by (17), another buck converter circuit parameter that

strongly affects the circuit efficiency is the inductor current ripple �i.

For a target fs, increasing �i reduces the required filter inductance

[see (3)]. The filter capacitance, however, must be increased to main-

tain the output voltage ripple �VDD2 within acceptable limits with

increased �i for a target fs [see (4)]. An appropriate �i, therefore,

should be chosen that results in a filter inductance and capacitance

suitable for on-chip integration.

In the following analysis, it is assumed that the two power supply

voltage levels used in the microprocessor are 1.2 volts (VDD1) and

0.9 volts (VDD2). The average load current demand I is assumed to

be 9.5 A. It is also assumed that the tapering factor � of the power

MOSFET drivers is two for a worst case energy efficiency analysis. It

should be noted that an optimal tapering factor of the power MOSFET

gate drivers for energy efficiency is typically much greater than

the tapering factor assumed in this analysis [11]. An 80-nm CMOS

technology is assumed. The global maximum efficiency circuit con-

figuration is discussed in Section IV-A. The effect of a reduced filter

capacitance on the circuit configuration and the resulting efficiency

characteristics of a buck converter are analyzed in Section IV-B.

The allowable output voltage ripple �VDD2 is assumed to be 5 mV

in Section IV-A and B. Another advantage of an integrated dc–dc

converter is that a higher �VDD2 is acceptable as compared to a

nonintegrated dc–dc converter, while satisfying the same load voltage

and current specifications. The beneficial effects of increasing�VDD2

on the efficiency characteristics of a buck converter are examined in

Section IV-C.

A. Circuit Analysis for Global Maximum Efficiency

The power dissipation and efficiency variation of a buck converter

are shown in Fig. 4 for 0:1 amperes � �i � 9:5 amperes and

10 MHz � fs � 4 GHz. The “z” axis represents the power (in watts)

and the efficiency (%) in Fig.4 (a) and (b), respectively. The MOSFET,

filter inductor, and filter capacitor components of the total power

(a)

(b)

Fig. 4. Total power consumption and efficiency of a buck converter as a
function of f and�i. (a) Total power (watts). (b) Efficiency (%).

dissipation of a buck converter are shown in Fig. 5. The “z” axis in

Fig. 5 represents the power (in watts).

As shown in Fig. 5, the MOSFET and capacitor related power

increases while the inductor power monotonically decreases with

increasing switching frequency and inductor current ripple. The

capacitor power, however, is negligibly small (less than 1%) as

compared to the inductor and MOSFET power over the entire (fs,

�i) range of analysis. The filter capacitor losses, although included

in the analysis are, therefore, not further discussed in the paper. The

efficiency of a buck converter is characterized by competing inductor

and MOSFET losses. At low fs and �i, the buck converter power is

primarily dissipated in the filter inductor. As the switching frequency

and current ripple are increased, the inductance is dramatically

reduced, lowering the parasitic losses of the inductor. The MOSFET

power increases, however, with increasing fs and �i. At a certain

range of fs and �i the inductor losses dominate the total losses. As

shown in Fig.4 (a), the total power dissipation of a buck converter

decreases with increasing fs and �i in the range dominated by the

inductor losses.
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(a)

(b)

(c)

Fig. 5. Distribution of the total power dissipation of a buck converter among
different circuit components. (a) MOSFET related power. (b) Filter inductor
related power. (c) Filter capacitor related power.

TABLE I
MAXIMUM EFFICIENCY CIRCUIT CONFIGURATIONS OF A BUCK CONVERTER

WITH DIFFERENT FILTER CAPACITANCES

After the peak efficiency is reached, increasing MOSFET losses begin

to dominate the total power dissipation of a buck converter. Hence, the

efficiency degrades with further increases in fs and �i.

An optimum switching frequency and inductor current ripple pair

exists that maximizes the efficiency of a buck converter. The global

maximum efficiency is 92% at a switching frequency of 114 MHz and

a current ripple of 9.5 A. The required filter capacitor and inductance at

this operating point are 2083 nF and 104 pH, respectively. This filter ca-

pacitor would occupy an unacceptably large area on a microprocessor

die for the target technology. Fabrication of a monolithic dc–dc con-

verter at this maximum efficiency operating point is, therefore, not

feasible.

B. Circuit Analysis With Limited Filter Capacitance

Because of the area overhead of an integrated capacitor, the filter ca-

pacitance that can be integrated on a microprocessor die is limited. The

filter capacitance is swept between 100 and 1 nF to evaluate the effects

of a reduced filter capacitance on the circuit configuration and the ef-

ficiency characteristics of a buck converter. The circuit configurations

at each operating point offering the highest efficiency (�) are listed in

Table I.

As listed in Table I, an efficiency of 88.4% can be achieved with

a 100 nF filter capacitance. The area occupied by the maximum effi-

ciency configuration with a 100 nF filter capacitance is 12.6 mm2. The

maximum achievable efficiency is reduced to 74.7% as the filter capac-

itance is lowered to 1 nF. The reason for the increase in power dissi-

pation with reduced filter capacitance is explained by the relationship

between the filter inductor, filter capacitor, output voltage ripple, and

the inductor current ripple, as described by (3) and (4). As the filter ca-

pacitance is reduced, the filter inductance and switching frequency are

both increased to satisfy the output voltage and current requirements.

Therefore, both the switching and conduction power dissipation of the

power MOSFETs and the filter inductor increase with reduced filter

capacitance, thereby, degrading the converter efficiency. Note that the

conduction and switching components of the MOSFET power dissipa-

tion are equal at the optimum transistor width. Both power components

increase due to increasing fs and MOSFET series resistanceRon as the

filter capacitance is reduced.

With this analysis, a design space is presented that supports full inte-

gration of a high-efficiency buck converter onto a microprocessor die.

With further capacitor space available on the microprocessor die, the at-

tainable efficiency increases toward the global maximum efficiency of

92% as described in Section IV-A. Another advantage of a higher filter

capacitance is the lower-switching frequency requirement, thereby im-

proving circuit reliability and making the design of the pulse width

modulation circuitry less complicated.

C. Output Voltage Ripple Constraint

In an external (nonintegrated) dc–dc converter, as the current de-

mand of the microprocessor varies during operation with changing cir-

cuit activity level, the voltage supplied to the load also varies due to
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(a) (b)

(c) (d)

Fig. 6. Variation of circuit parameters and power dissipation of a buck converter with filter capacitance C(1 nF < C < 100 nF) and output voltage ripple
�V (5 mV < �V < 25 mV). (a) Maximum efficiency. (b) Switching frequency. (c) Filter inductance. (d) Filter inductor and MOSFET components of
the total power dissipation of a buck converter.

the resistance of the interconnect between the converter output and the

microprocessor input. A droop window of 10% is, typically, allowed

as the microprocessor current demand steps from a minimum (caused

by standby leakage current) to a maximum. The external wiring (the

interconnect between the converter output and the on-chip power dis-

tribution network) that exists in an external dc–dc converter does not

occur in an on-die dc–dc converter. A larger portion of the acceptable

10% voltage drop window can therefore be applied to the output voltage

ripple of an integrated dc–dc converter.

The effect of increasing the output voltage ripple on the circuit config-

uration and efficiency characteristics of a buck converter is examined in

this section. The output voltage ripple�VDD2 is increased from 5 mV

(the value assumed in Section IV-A and B) to 25 mV. The filter capac-

itance C is also increased from 1 to 100 nF. The maximum efficiency

attainable with each �VDD2 and C pair are shown in Fig. 6 (a). The

switching frequency and filter inductance of the buck converter circuit

configuration offering the highest efficiency are shown in Fig. 6 (b) and

(c), respectively. The filter inductor and MOSFET components of the

total power dissipation of a buck converter are illustrated in Fig. 6 (d).

As shown in Fig. 6, increasing the output voltage ripple reduces the

switching frequency and filter inductance required to satisfy the dc–dc

converter output voltage and current specifications for a fixed filter ca-

pacitance. With decreased switching frequency and filter inductance,

both the MOSFET and inductor related components of the total power

dissipation of a buck converter are reduced, as shown in Fig. 6(d).

The efficiency attained by a limited filter capacitance, therefore, in-

creases by relaxing the output voltage ripple constraint. Moreover, as

the required filter inductance is reduced, the die area required for the

integrated filter inductor becomes smaller. Similarly, as the required

switching frequency is reduced, the circuit reliability increases while

the design of the pulse width modulation circuit becomes less compli-

cated. As shown in Fig. 6, the maximum achievable efficiency increases

by up to 7.9% as the output voltage ripple is increased from 5 to 25 mV.

Similarly, the filter inductance and switching frequency required for a

corresponding maximum efficiency configuration are reduced by 24%

and 48.7%, respectively, as �VDD2 is increased from 5 to 25 mV.

V. SIMULATION RESULTS

The buck converter circuit configuration that produces the maximum

efficiency (see Table I) with a filter capacitance of 100 nF and an output
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Fig. 7. Simulation waveforms of a buck converter for C = 100 nF. (a) Output voltage ripple V (t). (b) Output response of a buck converter to a change in
load current from I to I . (c) Output response of a buck converter to a step current changing between I and I .

voltage ripple of 5 mV is evaluated assuming an 80-nm CMOS tech-

nology. The analytical expression [see (17)] for the total power con-

sumption of a buck converter is effective in estimating the circuit effi-

ciency characteristics. The buck converter efficiency as determined by

simulation at the target design point is 86%, which only differs by 2.4%

from the efficiency determined from the analytic expression.

The converter output voltage (which supplies 9.5 A of dc current to

the load) is shown in Fig. 7(a). The peak-to-peak output voltage ripple

is actually lower than the analytic expectation of 10 mV. This behavior

is noted since the voltage drop across the equivalent parasitic resis-

tance of the power MOSFETs and the filter inductor has been neglected

during the steady-state analysis used in the development of (3) and (4).

The response of the buck converter to changes in the current demand

(between the minimum and the maximum) at the load has also been

evaluated. A 10% output voltage window is allowed as the average

current demand of the microprocessor swings from a minimum (Imin)
to a maximum (I). The minimum current demand Imin is caused by

leakage current when the microprocessor is idle and is assumed to be

25% of the maximum current demand I [1]. The waveforms illustrating

the dc–dc converter output response for a current step from Imin to I

are shown in Fig. 7 (b) and (c). As shown in Fig.7 (b), the response time

for the buck converter to settle within the allowed 10% voltage window

after the microprocessor transitions to the maximum current mode from

the idle mode is 87 ns. One solution that provides a stable voltage to

the microprocessor until the buck converter output settles within the

10% window is to use several high-speed linear regulators distributed

around the microprocessor die. These regulators are activated when-

ever the buck converter output voltage drops below the lower limit of

the 10% window. The linear regulator circuits are intrinsically low-ef-

ficiency voltage converters [2], [3]. These large current steps, however,

do not occur frequently and the linear regulators are only active for a

brief amount of time (a worst case time of 87 ns) until the buck con-

verter output settles within the 10% voltage droop window. The overall

impact of these linear regulators on the energy dissipation of the mi-

croprocessor is, therefore, small.

VI. CONCLUSIONS

An analysis of the power characteristics of a standard switching

dc–dc converter topology, a buck converter, is provided in this paper.

A parasitic model of a buck converter is presented. With this model, a

closed form expression for the total power dissipation of a buck con-

verter is proposed. An analysis over a range of design parameters is

evaluated, permitting the development of a design space for full inte-

gration of active and passive devices on the same die for a target CMOS

technology.

Two major challenges for a monolithic switching dc–dc converter

are the area occupied by the integrated filter capacitor and the effect

of the parasitic impedance characteristics of the integrated inductor on

the overall efficiency characteristics of a switching dc–dc converter. A

high switching frequency is the key design parameter that enables the

integration of a high efficiency buck converter on the same die as a

dual-VDD microprocessor.

It is shown that an optimum switching frequency and inductor cur-

rent ripple pair that maximizes the efficiency of a buck converter exists

for the target technology. The global maximum efficiency is 92% at a
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switching frequency of 114 MHz and a current ripple of 9.5 A assuming

an 80-nm CMOS technology. The required filter capacitance and in-

ductance at this operating point are 2083 nF and 104 pH, respectively.

The effects of reducing the filter capacitance due to the tight area

constraints on a microprocessor die have been examined. An efficiency

of 88.4% is shown at a switching frequency of 477 MHz with a filter

capacitance of 100 nF. The area occupied by the buck converter is

12.6 mm2 and is dominated by the area of the integrated filter capac-

itance. The analytic model for the converter efficiency is within 2.4%

of the simulation results at the target design point.

The output voltage ripple can be increased in a fully integrated dc–dc

converter, offering the same 10% output voltage droop window as com-

pared to a nonintegrated dc–dc converter. It is shown that the maximum

attainable efficiency increases by up to 7.9% as the output voltage

ripple is increased from 5 to 25 mV. Similarly, the filter inductance and

switching frequency required for maximizing the efficiency of a buck

converter are reduced by 24% and 48.7%, respectively, with increasing

�VDD2.
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