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Abstract—An integrated single-inductor dual-output boost con-
verter is presented. This converter adopts time-multiplexing con-
trol in providing two independent supply voltages (3.0 and 3.6 V)
using only one 1- H off-chip inductor and a single control loop.
This converter is analyzed and compared with existing counter-
parts in the aspects of integration, architecture, control scheme,
and system stability. Implementation of the power stage, the con-
troller, and the peripheral functional blocks is discussed. The de-
sign was fabricated with a standard 0.5- m CMOS n-well process.
At an oscillator frequency of 1 MHz, the power conversion effi-
ciency reaches 88.4% at a total output power of 350 mW. This
topology can be extended to have multiple outputs and can be ap-
plied to buck, flyback, and other kinds of converters.

Index Terms—Cross regulation, discontinuous conduction
mode (DCM), pulsewidth modulation (PWM), single-inductor
dual-output (SIDO) converter, single-inductor multiple-output
(SIMO) converter, time-multiplexing (TM) control.

I. INTRODUCTION

W ITH THE proliferation of battery-operated portable ap-
plications such as personal digital assistants and mobile

phones, minimizing power consumption becomes one of the
most important design criteria. It has been shown that voltage
scaling and effective power management are the most effective
ways in reducing the power consumption for digital systems
[1]. Recent works showed that having multiple supply voltages
can further reduce the power consumption at different design
abstraction levels [2]–[7]. In [3], an energy-efficient high-level
scheduling and allocation algorithm exploiting multiple supply
voltages was proposed. In [4], system-level memory power op-
timization technique using multiple supply voltages was dis-
cussed. Gate- and system-level power reduction techniques uti-
lizing multiple supply voltages were presented in [5], [6], and
[7]. In these works, it is assumed that multiple supply voltages
are available on-chip. Yet, details of the supply voltage gener-
ation were not discussed. Traditional on-chip dc–dc converters
only provide one supply voltage for the core of the chip [8].
These designs cannot be directly adapted to systems that require
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Fig. 1. Isolated multiple-output converters. (a) Forward converter. (b) Flyback
converter.

multiple supply voltages. To reduce the number of power and
ground pins and to have a clean power supply, an on-chip dc–dc
converter that can provide multiple output voltages is desirable
for these applications. In this paper, we address the issues of
designing an on-chip single-inductor multiple-output (SIMO)
dc–dc converter.

Conventional implementation of a dc–dc converter that has
output voltages may consist of independent converters,

or employ a transformer that has secondary windings
to distribute energy into the various outputs (isolated mul-
tiple-output converter) [Fig. 1(a) and 1(b)] [9], [10]. The first
method requires too many components, including controllers
and power devices, and this will increase the system cost.
The second method does not allow individual outputs to be
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Fig. 2. Two boost converters with interleaving inductor currents in DCM.

precisely controlled and has a big limitation for the applica-
tions of multiple voltage supply scaling. In addition, leakage
inductance and cross coupling among windings cause a serious
cross-regulation problem. Moreover, both methods require at
least inductors or windings, which may be too bulky and
costly. In [11], a multiple-output architecture was proposed
which combines the control loops of converters into a single
one. Multiple inductors are still needed and the reduction in
external components is very small.

In this paper, we introduce a new single-inductor dual-output
(SIDO) dc–dc converter [12]. Only a single inductor is required
for providing two different output voltages. Using a novel time-
multiplexing (TM) control scheme, the converter only needs one
controller to regulate all the outputs. Compared with other de-
signs, both on-chip and off-chip components are reduced sig-
nificantly. Implementation issues such as synchronous rectifica-
tion, controller design, current detection, dead-time buffer, and
ringing suppression techniques are also addressed. The design
of a SIDO boost converter has been fabricated using a standard
0.5- m CMOS n-well process. Experimental results verify the
validity of the design. The topology can easily be extended to
give multiple outputs and to implement buck and flyback con-
verter architectures. The remainder of the paper is organized as
follows. Section II describes the basic architecture and control
strategy of the proposed converter. Section III discusses the im-
plementation details of the design. Section IV presents experi-
mental results and Section V concludes our research efforts.

II. SIMO BOOSTCONVERTER

A. Architecture and Control Strategy

Consider two conventional boost converters A and B working
at the same switching frequency. If both converters are working
in the discontinuous conduction mode (DCM), a possible
scheme of their inductor currents could be as shown in Fig. 2.
For Converter A, during , the inductor current ramps
up and the inductor is charged with a voltage of ,
where is the duty ratio, is the switching period and
is the voltage of the source. During , ramps down
with , and during , stays zero.
A similar scheme also applies to Converter B. Obviously, if

and , the two inductor
currents can be alternately assigned to occupy different parts
of the switching cycle without affecting each other. Hence, a
SIDO converter can be obtained as shown in Fig. 3.

The subconverters A and B of the SIDO converter share the
inductor and the switch . The working principle is best de-

Fig. 3. Proposed SIDO converter.

Fig. 4. Timing diagram of the SIDO converter.

Fig. 5. Converter presented in [13].

scribed with reference to the timing diagram shown in Fig. 4.
Let and be the complementary phases of the same dura-
tion. During , is opened and no current flows into the
output . Then, is closed first. The inductor current in-
creases until expires, which is determined by the output of
an error amplifier. During , is opened and is closed
to divert the inductor current into the output . A zero current
detector senses the inductor current, and when it goes to zero,
the converter enters , and is opened again. The inductor
current stays zero until . Here, , and satisfy
the requirements that

(1)

(2)

During , the inductor current is multiplexed into the
output . Similar switching action repeats for subconverter B
and the two outputs are regulated alternately.

Similar switching converter topologies have also been re-
ported [13]–[16]. However, in [13] and [14], power diodes are
added in series with and to prevent the inductor current
from going negative (Fig. 5). Besides almost doubling the
number of power devices, the addition of the diodes lowers theNetlist Ex 2004 
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efficiency significantly, which is unacceptable for low-voltage
applications. The converter in [13] works at the boundary
of continuous conduction mode (CCM) and DCM and the
converter in [15] works in CCM. Both of the converters suffer
serious cross regulation (Section II-C). [14] shows three control
schemes, all of which employ hysteretic control. For the first
scheme, if both outputs drop at the same time, only one output
could be charged up immediately, while the other has to wait
until the first output surpasses its upper bound voltage. If a large
load change occurs at the second output during this “dead-time”
period, its voltage drop could be tremendous and lead to a very
large ripple voltage. In the worst case, the converter may fail to
be regulated. For the second and third schemes, if the converter
operates in CCM, cross-regulation problem occurs as in [13]
and [15]. The design in [16] is, in fact, a special case of [14].
Therefore, it suffers similar problems on large load changes
and cross regulation. In addition, since the error signals are
extracted based on the differential and common mode voltages
of the two outputs, the converter requires two control loops.

B. Design Considerations

Next, our proposed converter is considered. Let the conver-
sion ratio of subconverter A be . Volt-second bal-
ance of subconverter A gives

(3)

The conversion ratio is thus given by

(4)

For a boost converter, the load current is equal to the averaged
diode current. Hence, from Fig. 4, a routine analysis gives

(5)

where is the switching frequency. The average power of sub-
converter A is given by

(6)

Maximum power occurs when , and subcon-
verter A works at the boundary of DCM and CCM. The max-
imum duty ratio, maximum load current, and maximum power
are then given by

(7)

(8)

(9)

Similar results apply to subconverter B. The total output power
is less than , where

(10)

(a)

(b)

Fig. 6. (a) Inductor current in the first scheme of [13]. (b) Inductor current in
the second scheme of [13].

C. Cross Regulation

For a multiple-output converter with stable outputs, each
output should be independently regulated. If the output voltage
of a subconverter is affected by the change of load of another
subconverter, cross regulation occurs. In the worst case, the
overall converter could become unstable. The following dis-
cussion compares the performance of the control schemes in
[13] with our suggested scheme.

The two control schemes in [13] require the converter to
operate at the boundary of CCM and DCM (Fig. 6). For the
first scheme, the inductor current assumes the form as shown
in Fig. 6(a), with . Depending on the load,
in general, is not equal to , and the converter does not
operate with a fixed switching frequency. Moreover, analysis
shows that

(11)

while and are the equivalent load resistances at the two
outputs, respectively. This means that and , as well as

and , are interdependent. The consequence is that a load
change at the output will affect not only , but also at
the same time, and, thus, cross regulation occurs.

For the second scheme, the inductor current is charged to a
peak value. It is then discharged into for a duration of ,
before the inductor current reaches zero. The remaining charge
is then transferred to during until the inductor current is
zero. The relationship betweenand is given by

(12)

Again, the subconverters run at a variable switching frequency
according to the loads, and the interdependence ofand

causes severe cross regulation between the two outputs.
Analysis on the design in [14] gives similar results.

Different from the above, the proposed SIDO converter
employs TM control and works in the DCM. The converter
switches at a fixed frequency and the inductor current goes to
zero after discharging into each output. A load change at
will change both and , but as long as ,Netlist Ex 2004 
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Fig. 7. Error amplifier with pole-zero compensation.

the energy transfer for will remain unaffected. In fact,
is given by

(13)

which depends only on and not on . Hence, the con-
verter does not exhibit cross regulation.

D. Loop Gain Analysis and Compensation

Since subconverters A and B are decoupled from each other,
they can be considered as two independent converters. Without
going into the arguments of modeling, we make use of the result
derived in [17]–[19], which is accurate enough for our purpose.
The loop gain of subconverter, with is given by

(14)

where is the gain of the error amplifier, which consists
of the op-amp and the compensation network, is the con-
trol-to-output transfer function, is the scaling factor,

, is the peak-to-peak voltage of the oscillator
ramp, is the filtering capacitance, is the equivalent
series resistance (ESR) of , and is the equivalent load
resistance.

The low-frequency pole at
moves as changes. The strategy of compensation is to ensure
that the converter would be stable for all possible load changes.
By using the pole-zero compensation network shown in Fig. 7,
the corresponding transfer function, assuming an infinity gain
of the op-amp, is

(15)

which has a first pole at 0, a zero at , and a second
pole at . The zero is at a lower frequency in
magnitude than the second pole, and the Bode plot of is

Fig. 8. Frequency responses of the converter with pole-zero compensation.

Fig. 9. Simulated frequency responses of the proposed converter.

shown in Fig. 8. The control-to-output transfer function
changes as changes (Fig. 8), and combines with to
give the overall loop gain (Fig. 8). To en-
sure stability in the worst case, the zero introduced by

and is placed at the lowest possible pole frequency of
) in (14), which

corresponds to the lightest load, i.e., when the load resistance is
the largest. The high-frequency pole of the compensation
network caused by and is placed at the frequency of the
zero in the control-to-output
response curve caused by the ESR of the filtering capacitor.
Hence, the values of the components are given by

(16)

(17)
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(a)

(b)

Fig. 10. (a) SIMO converter withN outputs. (b) Timing diagram of the converter withN outputs having unbalanced loads.

TABLE I
COMPARISON OFMULTIPLE-OUTPUT CONVERTERARCHITECTURES

(18)

where is the gain of the compensation network at the
crossover frequency of the loop gain, and is the crossover
frequency which is related to the bandwidth of the converter.
Fig. 9 shows the simulated loop gain with compensation of this
design.

E. Topological Extensions

With TM control, this converter can be extended to have
outputs [Fig. 10(a)], when nonoverlapping phases are

Fig. 11. SIDO flyback converter.

assigned to the corresponding outputs accordingly. Also, these
phases do not need to have equal duty ratios [Fig. 10(b)].Netlist Ex 2004 
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