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(57) ABSTRACT 

A single-inductor dual-output buck converter and control 
method that facilitates power conversion by converting a 
single DC power source/supply into two separate DC out 
puts, each of which can be configured to provide a selected/ 
desired voltage by selection of respective duty cycles. The 
topology of the inverter includes a pair of diodes or Switches 
that can selectively re-circulate inductor current. The con 
verter is generally operated at a fixed frequency with four 
stages of operation. A first and third stage of operation 
provide power to a first and second output, respectively. A 
second and fourth stage of operation re-circulate inductor 
current and can partially recharge a battery type power 
source. The power output for each stage (voltage and 
current) can be selectively obtained by computing and 
employing appropriate time periods for the stages of opera 
tion that correspond to appropriate duty cycles. 

23 Claims, 17 Drawing Sheets 
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SINGLE INDUCTOR DUAL OUTPUT BUCK 
CONVERTER WITH FREQUENCY AND 
TIME VARYING OFFSET CONTROL 

FIELD OF THE INVENTION 

The present invention relates generally to power conver 
Sion, and more particularly, to systems and methods for 
operating a single inductor dual output buck converter with 
fixed frequency and time varying offset control. 

BACKGROUND OF THE INVENTION 

Switching power Supply circuits are utilized in a number 
of different circuit applications. There are three basic switch 
ing power Supply topologies in common use; buck con 
verter, boost converter, and buck boost converter. These 
topologies are generally non-isolated, that is, the input and 
output voltages share a common ground. There are, how 
ever, isolated derivations of these non-isolated topologies. 
The differing topologies refer to how the switches, output 
inductor and output capacitor associated therewith are inter 
connected. Each topology has unique properties that include 
the steady-state Voltage conversion ratios, the nature of the 
input and output currents, and the character of the output 
Voltage ripple. Another property is the frequency response of 
the duty cycle-to-output voltage transfer function. 
A single output buck converter topology is also referred to 

as a buck converter, buck power stage or a step-down power 
stage (because the output is always less than the input). The 
input current for a buck power stage is said to be discon 
tinuous or pulsating if a Switching current pulses from Zero 
or some negative value to Some positive output current value 
every switching cycle. The output current for a buck power 
stage is said to be continuous or non-pulsating because the 
output current is Supplied by an output inductor/capacitor 
combination. In the latter event, the inductor current never 
reaches a Zero or negative value. 
An exemplary basic buck converter circuit is illustrated in 

prior art FIG. 1A, and designated at reference numeral 10. 
When a power switch 12 is activated, the switch behaves 
like a closed circuit, as illustrated in prior art FIG. 1B, and 
the input voltage VIN is applied to an inductor 14, and 
power is delivered to an output load 16. The output load 
voltage is VOUT=VIN-VL, wherein the VL, the voltage 
across the inductor 14, is given by L(di/dt). The output 
voltage VOUT also is formed across a capacitor 18, thus the 
capacitor charges and the output Voltage increases each time 
the switch 12 is closed. 
When the Switch 12 is deactivated, or turned off, the 

Switch 12 behaves as an open circuit, as illustrated in prior 
art FIG. 1C, and the voltage across the inductor 14 reverses 
due to inductive flyback, thus making a circuit diode 20 
forward biased. The circuit loop generated by the diode 20 
allows the energy stored in the inductor 14 to be delivered 
to the output load 16, wherein the output current is smoothed 
by the capacitor 18. Typical waveforms for a buck converter 
are shown in FIG. 2. The power switch 12 is switched at a 
relatively high frequency (e.g., between about 20 KHZ and 
about 300 KHZ for most converters) to produce a chopped 
output voltage, however, the inductor 14 and capacitor 18 
together operate as an LC filter to produce a relatively 
Smooth output Voltage having a DC component with a small 
ripple Voltage overlying the DC value (see, e.g., output 
voltage waveform of FIG. 2). The ripple voltage can be 
controlled by varying the duty cycle of the power switch 
control Voltage. 
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2 
The base principle of operation in the above buck con 

verter 10 is often utilized in hysteretic dc-dc converters, as 
illustrated in prior art FIG. 3, and designated at reference 
numeral 30. The circuit 30 is similar in various respects to 
the buck converter 10 of FIG. 1A and employs a unity gain 
buffer 32 serially coupled to an analog comparator circuit 34 
having a hysteresis VH. The comparator 34 compares the 
input reference voltage VREF to the circuit output voltage 
VOUT and provides an output signal at node 36, which is a 
function of the comparison and constitutes a generally 
square wave. An exemplary output voltage waveform for the 
circuit 30 is illustrated in FIG. 4. 
The hysteresis VH of the comparator 34 impacts the 

operation of the circuit 30 in the following manner. As the 
output VOUT falls below a voltage VREF-VH, the com 
parator 34 trips and the output thereof at node 36 goes from 
Zero to the supply, ideally, which then is fed to the circuit 
output VOUT (wherein, VOUT is a function of the output of 
the comparator and the duty cycle of the driver). Similarly, 
as VOUT increases to a voltage VOUT+VH, the comparator 
34 again trips and the output thereof at node 36 decreases to 
Zero volts, which is fed to the circuit output VOUT. There 
fore the hysteresis VH of the comparator 34 dictates an 
amount of voltage ripple (2*VH) about the target reference 
voltage VREF, as illustrated in FIG. 4, and, in conjunction 
with the output capacitor dictates a natural frequency of the 
ripple voltage at the output VOUT. 

Single output buck converters work well in applications 
and/or devices that employ a single input voltage. However, 
Some applications and/or devices utilize two power sources. 
For example, a digital signal processor (DSP) generally 
employs two power supplies; one power supply (1.8V) is to 
power an I/O ring and the other (1.2V) is to power a digital 
core. Dual Voltage outputs of the power converter are also 
reported to reduce power dissipation. Two single output 
buck converters can be employed in Such instances, but at a 
relatively high cost in terms of power utilization, area 
utilization, and component costs. Typically, inductors are the 
highest cost component and employing two buck converters 
requires two inductors. Additionally, more Switches are then 
employed, which can result in greater power consumption. 

Single inductor dual output converters are available, but 
have limited output power availability. Conventional control 
algorithms that are used to operate these converters result in 
relatively high peak-to-peak currents that increase output 
Voltage ripple for both outputs and also increase electro 
magnetic interference (EMI) radiation, which reduces their 
suitability for wireless applications. Furthermore, the con 
trol of one output often interferes with the control of a 
second output, particularly at full output load currents. This 
interference is also referred to as cross talk. 

SUMMARY OF THE INVENTION 

The following presents a simplified Summary in order to 
provide a basic understanding of one or more aspects of the 
invention. This summary is not an extensive overview of the 
invention, and is neither intended to identify key or critical 
elements of the invention, nor to delineate the scope thereof. 
Rather, the primary purpose of the Summary is to present 
Some concepts of the invention in a simplified form as a 
prelude to the more detailed description that is presented 
later. 
The present invention facilitates power conversion by 

providing systems and methods for controlling a single 
inductor dual output buck converter. The present invention 
facilitates sourcing of high output currents, with relative 
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peak-to-peak currents being Small as a result of a continuous 
mode of operation. Additionally, the present invention pro 
vides a “current on demand” feature. The systems and 
methods mitigate cross talk and employ battery current 
recirculation thereby reducing energy consumption and 
improving efficiency. The present invention employs an 
OFFSET ramp generation scheme that allows each output to 
have complete un-truncated duty cycles when both outputs 
are at full load. 
The present invention includes a single inductor dual 

output buck converter that can re-circulate current during 
non-power providing periods. The topology of the inverter 
includes a pair of diodes or switches that selectively re 
circulate inductor current. The converter is generally oper 
ated at a fixed frequency with four stages of operation. A first 
and third stage of operation provide power to a first and 
second output, respectively. A second and fourth stage of 
operation re-circulate inductor current and can partially 
recharge a battery type power source. The power output for 
each stage (voltage and current) can be selectively obtained 
by computing and employing appropriate time periods for 
the stages of operation that correspond to appropriate duty 
cycles. 

To the accomplishment of the foregoing and related ends, 
the invention comprises the features hereinafter fully 
described and particularly pointed out in the claims. The 
following description and the annexed drawings set forth in 
detail certain illustrative aspects and implementations of the 
invention. These are indicative, however, of but a few of the 
various ways in which the principles of the invention may be 
employed. Other objects, advantages and novel features of 
the invention will become apparent from the following 
detailed description of the invention when considered in 
conjunction with the drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1A is a schematic diagram illustrating an exemplary 
basic buck converter. 

FIG. 1B is a schematic diagram illustrating operation of 
the exemplary buck converter. 

FIG. 1C is a schematic diagram further illustrating opera 
tion of the exemplary buck converter. 

FIG. 2 is a graph illustrating typical waveforms for the 
exemplary buck converter. 

FIG. 3 is a diagram illustrating base operation of the 
exemplary buck converter. 

FIG. 4 is a graph illustrating an exemplary output Voltage 
waveform. 

FIG. 5 is a schematic diagram illustrating a single induc 
tor dual output buck converter in accordance with an aspect 
of the present invention. 

FIG. 6 is a graph illustrating two exemplary ramp signals 
that can be employed in accordance with an aspect of the 
present invention. 

FIG. 7 is a schematic diagram illustrating the buck 
converter of FIG. 5 in a first stage of operation in accordance 
with an aspect of the present invention. 

FIG. 8 is a schematic diagram illustrating the buck 
converter of FIG. 5 in a second stage of operation in 
accordance with an aspect of the present invention. 

FIG. 9 is a schematic diagram illustrating the buck 
converter of FIG. 5 in a third stage of operation in accor 
dance with an aspect of the present invention. 

FIG. 10 is a schematic diagram illustrating the buck 
converter of FIG. 5 in a fourth stage of operation in 
accordance with an aspect of the present invention. 
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4 
FIG. 11 is a graph illustrating a first output of the buck 

converter in accordance with an aspect of the present inven 
tion. 

FIG. 12 is a graph illustrating a second output of the buck 
converter in accordance with an aspect of the present inven 
tion. 

FIG. 13 is a graph illustrating exemplary control signals 
and duty cycles in accordance with an aspect of the present 
invention. 

FIG. 14 is a graph illustrating two exemplary ramp signals 
that can be employed in accordance with an aspect of the 
present invention. 

FIG. 15 is a graph illustrating exemplary inductor current 
obtained during operation of the converter in accordance 
with an aspect of the present invention. 

FIG. 16 is a graph illustrating Superimposed ramp signals 
and feedback voltages of the converter in accordance with 
an aspect of the present invention. 

FIG. 17 is a graph illustrating exemplary control signals 
and duty cycles for the buck converter of the second 
simulation in accordance with an aspect of the present 
invention. 

FIG. 18 is a graph illustrating exemplary inductor current 
obtained during operation of the converter in accordance 
with an aspect of the present invention. 

FIG. 19 is a graph illustrating Superimposed ramp signals 
and feedback voltages of the converter in accordance with 
an aspect of the present invention. 

FIG. 20 is a graph illustrating simulated voltage output for 
a first output of the single inductor dual output buck con 
verter in accordance with an aspect of the present invention. 

FIG. 21 is a graph illustrating simulated output for a 
second output of the single inductor dual output buck 
converter in accordance with an aspect of the present inven 
tion. 

FIG. 22 is a graph illustrating simulated current output for 
the first output of the single inductor dual output buck 
converter in accordance with an aspect of the present inven 
tion. 

FIG. 23 is another graph illustrating simulated current 
output for the second output of the single inductor dual 
output buck converter in accordance with an aspect of the 
present invention. 

FIG. 24 is a flow diagram illustrating a method of 
operating a single-inductor dual-output buck converter in 
accordance with an aspect of the present invention. 

FIG. 25 is a flow diagram illustrating a method of 
operating a single-inductor dual-output buck converter in 
accordance with an aspect of the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The present invention will now be described with respect 
to the accompanying drawings in which like numbered 
elements represent like parts. The figures provided herewith 
and the accompanying description of the figures are merely 
provided for illustrative purposes. One of ordinary skill in 
the art should realize, based on the instant description, other 
implementations and methods for fabricating the devices 
and structures illustrated in the figures and in the following 
description. 
The present invention facilitates power conversion by 

providing systems and methods for controlling a single 
inductor dual output buck converter. The present invention 
facilitates sourcing of high output currents, with relative 
peak-to-peak currents being Small as a result of a continuous 
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mode of operation. Additionally, the present invention pro 
vides a “current on demand” feature. The systems and 
methods mitigate cross talk and employ battery current 
re-circulation thereby reducing energy consumption and 
improving efficiency. The present invention employs an 
OFFSET ramp generation scheme that allows each output to 
have complete un-truncated duty cycles when both outputs 
are at full load. 
The present invention includes a single inductor dual 

output buck converter that can re-circulate current during 
non-power providing periods. The topology of the inverter 
includes a pair of diodes or switches that selectively re 
circulate inductor current. The converter is generally oper 
ated at a fixed frequency with four stages of operation. A first 
and third stage of operation provide power to a first and 
second output, respectively. A second and fourth stage of 
operation re-circulate inductor current and can partially 
recharge a battery type power source. The power output for 
each stage (voltage and current) can be selectively obtained 
by computing and employing appropriate time periods for 
the stages of operation that correspond to appropriate duty 
cycles. 

Switch mode buck converters have become popular due to 
two attractive features: first, they are more efficient than 
traditional low drop out regulators (LDO) (e.g., up to 95%) 
and second, they can provide relatively high currents with 
lower power dissipation on chip than an LDO can. However, 
buck converters can have relatively costly components, 
which can include an inductor, capacitor, and/or a Schottky 
diode. 
As the demand for integration and system on chip (SOC) 

solutions increase, the exploration of power management 
integrations in deep sub-micron becomes useful. The SOC 
Solutions usually require more than one power source/supply 
operating at different Voltages. In wireless cell phone plat 
forms, where battery life is important, Voltage regulators are 
desired to be relatively efficient. However, the SOC solu 
tions, being cost sensitive, cannot afford the cost of extra 
external components for multiple Switching power Supplies 
(the most expensive component being an inductor). 

Beginning with FIG. 5, a schematic diagram of a single 
inductor dual output buck converter in accordance with an 
aspect of the present invention is provided. The converter is 
operable to controllably provide multiple output voltages 
from a single input power source. Desired output voltage 
levels can be obtained by selection of component parameters 
and control and operation of the converter during use. 
The converter, during operation, receives an input power 

source/supply 502 (VIN) and provides a first output 504 
(VO1) and a second output 506 (VO2). The converter 
includes a single inductor 518 and five controllable 
switches, a first switch 508 (S0), a second switch 510 (S1), 
a third switch 512 (S2), a fourth switch 514 (S3), and a fifth 
switch 516 (S4). The fourth switch 514 and the fifth switch 
516 are employed for re-circulation purposes and can be 
replaced with diodes in alternate aspects of the present 
invention. The first output 504 includes a first capacitor 524 
and a first load 526, in parallel, and the second output 506 
includes a second capacitor 520 and a second load 522, also 
in parallel. 
The converter employs synchronous rectification in order 

to improve efficiency. Additionally, current re-circulation is 
applied to the power source 502 instead of one or both of the 
outputs 504 and 506, which can reduce cross talk from 
memory current remaining in the inductor 518 from a 
previous stage. Additionally, if output current requirements 
of both outputs 504 and 506 are satisfied, the current remains 
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6 
in battery re-circulation mode and the energy of the inductor 
can be provided to power Support circuitry. 
The first switch 508 controllably connects a positive 

terminal of the power source 502 to the inductor 518 (a first 
terminal of the inductor 518). The second switch 510 
controllably connects a second terminal of the inductor 518 
to the first output 504 and the third switch 512 controllably 
connects the second terminal of the inductor 518 to the 
second output 506. The fourth switch 514 controllably 
connects the first terminal of the inductor 518 to ground and 
the fifth switch 516 controllably connects the second termi 
nal of the inductor 518 to the positive terminal of the power 
Source 502. 

The converter is controlled by using two ramp signals and 
by offsetting the signals by a predetermined and calculated 
factor, which with the feedback signals of the respective 
outputs operates the converter in four stages of operation. 
FIG. 6 is a graph illustrating two exemplary ramp signals 
that can be employed in accordance with an aspect of the 
present invention. A first ramp (RAMP1) signal 601 is the 
cycle which when positive, power is Supplied to the second 
output 506, and a second ramp signal (RAMP2) 602 is the 
cycle in which when positive power is supplied to the first 
output 504. The ramp signals 601 and 602 are generated by 
signal generators (not shown) and provided to comparators 
along with respective feedback signals of VOUT1 and 
VOUT2 that drive logic and a driver that operates the 
switches of the converter. Generally, when the first ramp 
signal is positive 603, the switches are controlled and/or 
configured to operate the converter in third and fourth stages 
of operation according to time periods T3 and T4, respec 
tively. Similarly, when the second ramp signal is positive 
604, the switches are controlled and/or configured to operate 
in first and second stages of operation according to time 
periods T1 and T2, respectively. The four stages of operation 
are described below with respect to FIGS. 7, 8, 9, and 10. 

FIG. 7 is a schematic diagram illustrating the buck 
converter of FIG. 5 in a first stage of operation in accordance 
with an aspect of the present invention. In this stage, the first 
Switch 508 and the Second Switch 510 are turned ON and the 
third switch 512 is turned OFF. The re-circulation switches 
(514 and 516) are also turned OFF for this stage. Accord 
ingly, the power source 502 supplies power/current that 
flows through the inductor 518 and charges the first capaci 
tor 524 and supplies power to the first load 526. This 
operation corresponds to the converter working in the top 
half 603 of the first ramp 601. A duty cycle or operation time 
for this stage in this example is less than 50% and the first 
output 504 is turned ON during this stage but is turned OFF 
at the end of the positive portion of the first ramp 601. 
However, it is appreciated that the duty cycle can be adjusted 
to have other suitable values, described infra, and still be in 
accordance with the present invention. The converter 
remains in this stage until output power requirements for the 
first load 526 are attained. 

Continuing with FIG. 8, another schematic diagram illus 
trating the buck converter of FIG. 5 in a second stage of 
operation in accordance with an aspect of the present 
invention is provided. The second stage is entered from the 
first stage. In the second stage, the first 508, the second 510, 
and the third 512 Switches are turned OFF and the fourth 514 
and the fifth 516 Switches are turned ON. The fourth 514 and 
fifth 516 switches being ON permit inductor current and/or 
ground current to re-circulate to the power source 502 (e.g., 
a battery), which can, in some instances, store this power 
and thus conserve overall power consumption. 
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FIG. 9 is a schematic diagram illustrating the buck 
converter of FIG. 5 in a third stage of operation in accor 
dance with an aspect of the present invention. The third stage 
is entered from the second stage. For the third stage, the first 
Switch 508 and the third Switch 512 are turned ON and the 
second switch 510, the fourth switch 514, and the fifth 
switch 516 are turned OFF. As a result, the power source 502 
provides power/current through the first switch 508, the 
inductor 518, and the third switch 512 to the second output 
506, thereby charging the second capacitor 520 and provid 
ing power to the second load 522. The power provided from 
the power source 502 can be mitigated if excess current 
remains in the inductor 518 from the previous stages. The 
converter remains in this stage until output power require 
ments for the second load 522 are met. 

FIG. 10 is a schematic diagram illustrating the buck 
converter of FIG. 5 in a fourth stage of operation in 
accordance with an aspect of the present invention. The 
fourth stage is entered from the third stage and is Substan 
tially similar in operation to the second stage. In the fourth 
stage of operation, the first 508, the second 510, and the third 
512 Switches are turned OFF and the fourth 514 and the fifth 
516 switches are turned ON. As with the second stage, the 
fourth 514 and fifth 516 switches being ON permit inductor 
current and/or ground current to re-circulate to the power 
Source 502 (e.g., a battery), which can, in Some instances, 
store this power and thus conserve overall power consump 
tion. The converter can continue to the first stage if contin 
ued operation is desired. 
A complete cycle for the converter is a single pass through 

the four stages of operation described above. The duty cycle 
for the first output 504 is defined as the ON time of Stage 1, 
or percentage of the complete cycle spent in the first and 
second stages of operation. Likewise, the duty cycle for the 
second output 506 is defined as the ON time of Stage 3, or 
percentage of the complete cycle spent in the third and 
fourth stages of operation. The exemplary ramp signals 
illustrated in FIG. 6 depict duty cycles of about 50% for both 
the first output 504 and the second output 506. However, the 
duty cycles can vary to provide power requirements. For 
example, if the second output has relatively low or no power 
requirements, its duty cycle can be relatively small or Zero 
and the first outputs duty cycle can be relatively large (e.g., 
greater than 50%). Furthermore, the second and fourth 
stages of operation permit inductor current to re-circulate 
during non-duty cycle periods. A controller (not shown) can 
control the switches and thereby, the duty cycles to provide 
or meet the power requirements. Additionally, the controller 
can dynamically modify the duty cycles to meet changing 
power requirements. For example, the controller can cause 
the converter to only provide power to the first output for a 
period of time and then later provide controlled power to 
both outputs. 

The control described above permits each duty cycle to be 
calculated and permits a proportionally larger amount of the 
complete cycle to be allocated to the output requiring the 
larger duty cycle, depending on output requirements (e.g., 
output voltages requirements, output current requirements, 
and the like). 
The converter of FIG. 5 operated as described above, has 

a relatively low delta I peak current when the outputs have 
comparable loads (e.g., 30 mA with a Voltage ripple of less 
than about 5 mV). Low cross talk is maintained and rela 
tively large output load currents (e.g., 800 mA) can be 
Sourced by the converter. Average inductor current can be 
relatively increased due to the re-circulation. 
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The following discussion provides a derivation of the duty 

cycle equations for the converter of FIG. 5. Vin is the power 
source 502, V is the voltage on the first output 504, and 
V is the voltage on the second output 506 of FIG. 5. V,is 
the diode forward voltage, which is the voltage across the 
fifth switch 516. “T” is the converter operating period or 
complete cycle and t, t, t, and t are the times the 
converter operates in the first, second, third, and fourth 
stages, respectively, as described Supra. 

(Vin–Vol)ti-(Vin+2W)t+(Vo2-Vin)ts+(Vin+2V)t. Eq. 1 

t+to+ts+i-T Eq. 2 

Eq. 1 and Eq. 2 can be rearranged into Eq. 3: 

(Win - Wo)i + (Vin - Vo2)is Eq. 3 
- - = t2 + i. 

(Vin +2Vf) 

T-i- is = t2 + 14 Eq. 4 

By equating and re-arranging, the following 
obtained: 

equation is 

(Vin - Voi)t -- (Vin - Vo2)13 Eq. 5 
H - + i + i = T 

(Vin +2Vf) 

t1: L = of 3: T; i3 : L = lo2 : T Eq. 6 

t1: L of 3: T Eq. 7 
> 

13 : IL 2 : T 

i loi Eq. 8 
X - -- 

It is inductor current, I is current Sourced to the first 
output, and I is current sourced to the second output. The 
duty cycles for the first output (DC1) and the second output 
(DC2) are defined as: 

DC1=t.1/Tand DC2=f3/T Eq. 9 

To solve for DC1, Eq.8 is solved for t3, and then replaced 
in Eq. 5. After which, the following equation is obtained: 

DCI = H Eq. 10 
T 

Wii 

(2Vin - Vof -2Vf) + (2Vin + Vo2 - 2V1) 
O2 

DC2 can be solved also by replacing t in Eq. 5, with that 
variable in Eq. 9. The diode forward voltage can be assumed 
to be zero (V-0), resulting in the following suite of equa 
tions to describe the converter. 

i Wii Eq. 11 
DC1 = , = --; T lo2 

(2Vin - Vo) + (2 Vin - Vo2). 
loi 

Vin, DC2 = , = O 
T lo2 

(2Vin - Vo) + (2 Vin - Vo2). 
loi 
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-continued 

Vin(1 + ;) Eq. 12 
lo2 

(2Vin - Vo) + (2 Vin - Vo2). 
lo, 

The above derived duty cycle equations have some inter 
esting properties. First they are only symmetrical when both 
output currents are equal (I–I). In this scenario, the duty 
cycle for both outputs is also equal and is about 30% for 
V5.4V, V=1.2V, and V=1.8V and 34% for V-2.7V. 
with both duty cycles being less than 50%. As a result, both 
converters have un-truncated duty cycles. Additionally, 
because of the non-symmetry that results in having different 
output currents, it is possible to find a range with which both 
converters will have <50% duty cycle. Such a range can 
indicate when cross talk is at or about a minimum value 
(ideally Zero). That range of reduced cross talk is given by 
the ratio equation: 0.375-I/I-3.5 or 0.286.<I/ 
I<2.6667. When the current ratio falls outside of these 
boundaries, the equations show that one converter output 
has a duty cycle greater than 50% and the other has a duty 
cycle of much less than 50%. Hence with the time-varying 
control algorithm, the output load current requirements for 
both converters are satisfied, and complete un-truncated 
duty cycles are maintained. 

FIGS. 11–16, described below, relate to a first exemplary 
simulation of operation and use of a single inductor dual 
output buck converter in accordance with an aspect of the 
present invention. In this simulation, the buck converter is 
providing a first output at 1.2 V and 600 mA and a second 
output at 1.8 V and 200 mA. A suitable exemplary value for 
output capacitors (e.g., 816 and 820 of FIG. 8) is 22 micro 
Farads and a suitable value for an inductor (e.g., 812 of FIG. 
8) is 10 micro Henries. If the load (e.g., 818 and 822) is 
modeled as a resistor then it is commensurate with the load 
current and voltage (e.g., 1.2V7100 mA=12 Ohms resis 
tance). FIGS. 11 and 12, described below, illustrate exem 
plary output voltages and currents for the single inductor 
dual output buck converter of this simulation. 

FIG. 11 is a graph illustrating a first output of the buck 
converter in accordance with an aspect of the present inven 
tion. The X-axis represents time in micro seconds and the 
y-axis represents Voltage and current. As can be seen, the 
first output voltage V is about 1.2 V and the first output 
current I is about 600 mA. FIG. 12 is a graph illustrating 
a second output of the buck converter in accordance with an 
aspect of the present invention. The X-axis represents time in 
micro seconds and the y-axis represents Voltage and current. 
As can be seen, the second output voltage V is about 1.8 
V and the second output current I is about 200 mA. 

FIG. 13 is a graph illustrating exemplary control signals 
and duty cycles in accordance with an aspect of the present 
invention. An X-axis depicts time in micro seconds, wherein 
a complete cycle or time period is about 1 micro second. A 
y-axis depicts control signals for a first Switch (S0), a second 
switch (S1), and a third switch (S2), which are further 
described with respect to FIG. 5. Generally, high indicates 
the respective switch is ON and low indicates that the 
respective switch is OFF. A duty cycle for the second output 
(DUTY2) indicates that it is ON about 35% whereas a duty 
output for the first output (DUTY1) indicates that is about 
equal to 50%, in this example. 

FIG. 14 is a graph illustrating two exemplary ramp signals 
that can be employed in accordance with an aspect of the 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

10 
present invention. A first ramp (RAMP1) signal controls 
operation in the third and fourth stages wherein power is 
supplied to the second output when positive and DUTY2 in 
FIG. 13 is ON, and a second ramp signal (RAMP2) controls 
operation in the first and second stages wherein power is 
supplied to the first output when positive and when DUTY1 
in FIG. 13 is ON. As described supra, two comparators 
receive the ramp signals, which drives logic that controls 
operation of the converter in the respective stages. The logic 
controls the amount of time spent in the re-circulation stages 
(stage 2 and 4). 

FIG. 15 is a graph illustrating exemplary inductor current 
obtained during operation of the converter in accordance 
with an aspect of the present invention. The inductor current 
is depicted for a complete cycle of operation. In the first half, 
stages 1 and 2 are performed. The trough of the current 
depicts the beginning of stage 1. As a result, inductor current 
is seen initially increasing. At 96.5 microseconds stage 1 
ends and stage 2 begins. However in this example, stage2 is 
ON for approximately ZERO microseconds. Hence stage 3 
begins at 96.5 microseconds; wherein the inductor current 
initially continues to increase throughout the second half. 
where stages 3 and 4 are performed. At 97 microseconds 
stage 3 ends and stage 4 begins. The inductor current slowly 
decreases as it re-circulates to the battery. This will occur 
until the inductor current reaches the same magnitude as the 
trough value that stage 1 began at. This occurs around 93.7 
microseconds at which point stage 4 ends and stage 1 begins 
again. 

Turning now to FIG. 16, a graph that illustrates Superim 
posed ramp signals and feedback Voltages of the converter 
in accordance with an aspect of the present invention is 
shown. The graph shows a RAMP1 signal 1602, a RAMP2 
signal 1601, a first feedback voltage 1603, and a second 
feedback voltage 1604. As described with respect to FIG. 14, 
the RAMP1 signal 1602 and the RAMP2 signal 1601 are 
control signals along with their respective feedback Volt 
ages, which though respective comparators, logic, and a 
driver operate the converter. Power is supplied to the second 
output when the RAMP1 signal 1602 is positive AND above 
the feedback voltage 1604. Power is supplied to the first 
output when RAMP2 signal 1601 is positive AND above the 
feedback voltage 1603. The first feedback voltage is 
described by the following equation: VFB1=VREF+(1- 
DUTY1)*VRAMP where VREF is the system reference 
voltage (about 500 mV), VRAMP is the RAMP voltage 
magnitude (65 mV in this example) and DUTY1 is the ON 
time of the first output. The second feedback voltage is 
described by the following equation: VFB2=VREF+(1- 
DUTY2)*VRAMP where VREF is the aforementioned sys 
tem reference voltage (about 500 mV), VRAMP is the 
aforementioned RAMP Voltage magnitude (65 mV in this 
example), and DUTY2 is the ON time of the second output. 

FIG. 17–23, described below, relate to a second simula 
tion of operation and use of a single inductor dual output 
buck converter in accordance with an aspect of the present 
invention. For this simulation, the buck converter is provid 
ing a first output at 1.2 V and 600 mA and a second output 
at 1.8 V and 1.8 mA. 

FIG. 17 is a graph illustrating exemplary control signals 
and duty cycles for the buck converter of the second 
simulation in accordance with an aspect of the present 
invention. An X-axis depicts time in micro seconds, wherein 
a complete cycle or time period is about 1 micro second. A 
y-axis depicts control signals for a first Switch (S0), a second 
switch (S1), and a third switch (S2), which are further 
described with respect to FIG. 5. Generally, high indicates 
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the respective switch is ON and low indicates that the 
respective switch is OFF. A duty cycle for the second output 
(DUTY2) indicates that it is ON about 75% whereas a duty 
output for the first output (DUTY1) indicates that is much 
less than 50%, in this example. A system clock (VCLK) and 
its complement (VCLKZ) are also shown in the graph. 

FIG. 18 is a graph illustrating exemplary inductor current 
obtained during operation of the converter in accordance 
with an aspect of the present invention. Here, the inductor 
current can be seen increasing when Supplying current to the 
first output and second outputs respectively and relatively 
decreasing when in re-circulation. It is noted that even when 
power is not being delivered to the first and/or second 
outputs, inductor current, referred to as re-circulation cur 
rent, is present. The re-circulation current can charge a 
battery based power source. 

Turning now to FIG. 19, a graph that illustrates superim 
posed ramp signals and feedback Voltages of the converter 
in accordance with an aspect of the present invention is 
shown. The graph shows a RAMP1 signal 1902, a RAMP2 
signal 1901, a first feedback voltage 1903, and a second 
feedback voltage 1904. The RAMP1 signal 1902 and the 
RAMP2 signal 1901 are control signals along with their 
respective feedback Voltages, which through respective 
comparators, logic, and a driver to operate the converter. 
Power is supplied to second output when the RAMP1 signal 
1902 is positive AND above the feedback voltage 1904. 
Power is supplied to the first output when the RAMP2 signal 
1901 is positive AND above the feedback voltage 1903. The 
first feedback voltage is described by the following equa 
tion: VFB1=VREF+(1-DUTY1)*VRAMP where VREF is 
the system reference voltage (about 500 mV), VRAMP is the 
RAMP Voltage magnitude (65 mV in this example) and 
DUTY1 is the ON time of the first output. The second 
feedback voltage is described by the following equation: 
VFB2=VREF+(1-DUTY2)*VRAMP where VREF is the 
aforementioned system reference voltage (about 500 mV), 
VRAMP is the aforementioned RAMP Voltage magnitude 
(65 mV in this example), and DUTY2 is the ON time of the 
second output. 

FIGS. 20–23, presented below, depict simulated outputs 
for the buck converter of the second simulation over time 
and serve to illustrate the absence of substantial cross talk in 
the converter's outputs. FIG. 20 is a graph illustrating 
simulated Voltage output for a first output of the single 
inductor dual output buck converter in accordance with an 
aspect of the present invention. The first output is provided 
with a relatively stable voltage of about 1.8 Volts. FIG. 21 
is a graph illustrating simulated output for a second output 
of the single inductor dual output buck converter in accor 
dance with an aspect of the present invention. The second 
output is shown being provided with a relatively stable 
voltage of about 1.2 Volts. FIG. 22 is a graph illustrating the 
simulated overall current in the inductor of the single 
inductor dual output buck converter in accordance with an 
aspect of the present invention. The inductor current is an 
exemplary 600 mA, of which 33.33% or /, DUTY1 ON 
time (600 mA*/3–200 mA) power goes to first output of 
1.8V. FIG. 23 is another graph illustrating simulated current 
output for the second output (1.2V) of the single inductor 
dual output buck converter in accordance with an aspect of 
the present invention. Unlike the first output, the second 
output requires a pulse of current from Zero to about 600 
mA. Yet, the pulse of current does not indicate a substantial 
presence of crosstalk at the first output (1.8V), as can been 
seen in FIG. 20 at time 100 microseconds. This spike of 
current will cause a temporary transient undershoot on the 
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12 
second output (1.2V) as can be seen in FIG. 21 at time 100 
microseconds, which Subsequently recovers back to 1.2V. 
Finally the overall inductor current increases to 1.15A as can 
be seen in FIG. 22 at time 100 microseconds. 

In view of the foregoing structural and functional features 
described supra in FIGS. 1–23, methodologies in accordance 
with various aspects of the present invention will be better 
appreciated with reference to the above figures. While, for 
purposes of simplicity of explanation, the methodologies 
described below are depicted and described as executing 
serially, it is to be understood and appreciated that the 
present invention is not limited by the illustrated order, as 
Some aspects could, in accordance with the present inven 
tion, occur in different orders and/or concurrently with other 
aspects from that depicted and described herein. Moreover, 
not all illustrated features may be required to implement a 
methodology in accordance with an aspect the present 
invention. 

FIG. 24 is a flow diagram illustrating a method of 
operating a single-inductor dual-output buck converter in 
accordance with an aspect of the present invention. The 
method is able to provide dual output voltages by operating 
a Suitable single-inductor dual-output topology (e.g., see 
FIG. 5) and controlling operation of the switches therein. 
Additionally, the present invention includes performing the 
below stages at a selected frequency to obtain desired output 
Voltages. 
The method begins at block 2402 wherein a single 

inductor dual-output buck converter of the present invention 
is provided. The converter comprises five switches, two 
capacitors, two outputs, one power Supply/source, and a 
single inductor (e.g., FIG. 5). The method enters a first stage 
of operation at block 2404 that supplies power to a first 
output. In this stage, a first switch is turned ON to connect 
the power source to the inductor and a second Switch is 
turned ON to connect the inductor to the first output. A third 
Switch, which connects the inductor to a second output, is 
turned OFF. Fourth and fifth switches, which essentially 
operate as re-circulation diodes, are OFF in this stage. The 
first, second, and third switches can be referred to as 
operational switches whereas the fourth and fifth switches 
can be referred to as re-circulation Switches. A capacitor at 
the first output stores some of the supplied power for later 
operation. 
The first stage is exited after a selected period of time and 

the method enters a second stage of operation at block 2406, 
also referred to as a re-circulation stage. In this stage, the 
inductor current re-circulates from the inductor to the power 
Source so as to reduce power consumption by the converter. 
The re-circulated current can partially charge the power 
Source. In the second stage, the operational Switches are 
turned OFF and the re-circulation switches are turned ON 
thereby permitting inductor current to re-circulate to the 
power source. 

After another period of time, the converter enters a third 
stage of operation at block 2408 wherein power is supplied 
by the power source to a second output. In this stage, the first 
switch is turned ON to connect the power source to the 
inductor and the third switch is turned ON to connect the 
inductor to the second output. The second switch, which 
connects the inductor to the first output, is turned OFF. The 
re-circulation switches (the fourth and fifth) are OFF in this 
Stage. 
The third stage is exited after a selected period of time and 

the method enters a fourth stage of operation at block 2410. 
also referred to as a re-circulation stage. This stage is similar 
to the second stage, also referred to as a re-circulation stage. 

Petitioners 
Ex. 1059, p. 24



US 7,061214 B2 
13 

Here, the inductor current re-circulates from the inductor to 
the power Source so as to reduce power consumption by the 
converter. The re-circulated current can partially charge the 
power source. As with the second stage, the operational 
switches are turned OFF and the re-circulation switches are 
turned ON thereby permitting inductor current to re-circu 
late to the power source. 
The voltage and current provided to the first and second 

outputs can be regulated and controlled by controlling the 
amount of time spent in the four stages of operation. The 
total time spent in the four stages is referred to as a cycle or 
complete cycle. The time spent in the first stage of operation 
as a percentage of the complete cycle is referred to as a first 
duty cycle and is the stage wherein power is Supplied to the 
first output. The time spent in the third stage of operation as 
a percentage of the complete cycle is referred to as a second 
duty cycle, and is the stage where power is Supplied to the 
second output. The choice of complete cycle times and the 
first and second duty cycles can be varied and modified, 
dynamically, during operation to attain desired Voltages, 
currents, and power savings. Further, as seen with the above 
simulations, the first and second duty cycles can vary widely 
to permit relatively large amounts of power to be supplied to 
one output and a relatively small amount of power to the 
other. 

FIG. 25 is a flow diagram illustrating a method of 
operating a single-inductor dual-output buck converter in 
accordance with an aspect of the present invention. The 
method dynamically selects and sets duty cycles for a first 
and second output to obtain the converter to Supply desired 
voltages and currents to the outputs. The method is able to 
provide dual output voltages by operating a suitable single 
inductor dual-output topology (e.g., see FIG. 5) and con 
trolling operation of the switches therein. 

The method begins at block 2502, wherein a power source 
Voltage and output parameters are obtained. The output 
parameters include a first output voltage, a first output 
current, a second output voltage, and a second output 
current. From the output parameters, a first duty cycle is 
computed at block 2504. The first duty cycle is a percentage 
of the complete cycle in which power is supplied to a first 
output. The first duty cycle is computed by utilizing Eq. 11, 
described above to solve for DC1. Continuing, a second duty 
cycle is computed at block 2506 from the output parameters. 
The second duty cycle is a percentage of the complete cycle 
wherein power is Supplied to a second output. 

Operational times are computed for first, second, third, 
and fourth stages of operation at block 2508 according to the 
first and second duty cycles. The equations provided Supra 
(Eqs. 1-12) can be employed to determine the operational 
times. Finally, at block 2510, the converter is controlled 
according to the operational times computed at block 5208 
to provide the desired output Voltages and currents. If output 
requirements are modified during operation, the method can 
return to block 2504 to modify operation of the converter. 
Although the invention has been shown and described with 
respect to a certain aspect or various aspects, it is obvious 
that equivalent alterations and modifications will occur to 
others skilled in the art upon the reading and understanding 
of this specification and the annexed drawings. In particular 
regard to the various functions performed by the above 
described components (assemblies, devices, circuits, etc.), 
the terms (including a reference to a “means') used to 
describe Such components are intended to correspond, 
unless otherwise indicated, to any component which per 
forms the specified function of the described component 
(i.e., that is functionally equivalent), even though not struc 
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turally equivalent to the disclosed structure which performs 
the function in the herein illustrated exemplary embodi 
ments of the invention. In addition, while a particular feature 
of the invention may have been disclosed with respect to 
only one of several aspects of the invention, such feature 
may be combined with one or more other features of the 
other aspects as may be desired and advantageous for any 
given or particular application. Furthermore, to the extent 
that the term “includes” is used in either the detailed 
description or the claims. Such term is intended to be 
inclusive in a manner similar to the term "comprising.” 

What is claimed is: 
1. A single-inductor dual-output buck converter compris 

ing: 
a power source that supplies DC power for conversion by 

the converter by reducing the voltaae thereof; 
a first output that selectively obtains power from the 
power source through an inductor and provides a first 
output voltage and a first output current according to a 
first duty cycle; 

a second output that selectively obtains power from the 
power source through the inductor and provides a 
second output Voltage and a second output current 
according to a second duty cycle; and 

a re-circulation Switch that re-circulates inductor current 
to the power source during non-duty cycle periods. 

2. The converter of claim 1, further comprising a second 
first switch that controllably connects the power source to 
the inductor. 

3. The converter of claim 2, further comprising a thrid 
seoond switch that controllably connects the first output to 
the inductor. 

4. The converter of claim 3, further comprising a fourth 
third switch that controllably connects the second output to 
the inductor. 

5. The converter of claim 1, wherein the power source is 
a battery. 

6. The converter of claim 1, wherein the first output 
comprises a first capacitor and a first load. 

7. The converter of claim 6, wherein the second output 
comprises a second capacitor and a second load. 

8. The converter of claim 1, further comprising a control 
ler that operates the converter in a first stage that provides 
power to the first output, a second stage that re-circulates 
current to the power Source, a third stage that provides 
power to the second output, and a fourth stage that re 
circulates current to the power source. 

9. The converter of claim 1, wherein the controller further 
operates at a fixed frequency and controls the first duty cycle 
by a period of time spent in the first stage and controls the 
second duty cycle by a period of time spend in the third 
Stage. 

10. The converter of claim 1, wherein the power supply 
produces a voltage of about 5.4 V, the first output produces 
a voltage of about 1.8 V and a current of about 200 mA, and 
the second output produces a Voltage of about 1.2 V and a 
current of about 600 mA. 

11. A single-inductor dual-output buck converter com 
prising: 

a power source having a positive terminal and a negative 
terminal, wherein the negative terminal is connected to 
ground; 

a first Switch having a first terminal and a second terminal, 
wherein the first terminal is connected to the positive 
terminal of the power source: 
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an inductor having a first terminal and a second terminal, 
wherein the first terminal is connected to the second 
terminal of the first Switch; 

a second Switch having a first terminal and a second 
terminal, wherein the first terminal is connected to the 
second terminal of the inductor; 

a third Switch having a first terminal and a second 
terminal, wherein the first terminal is connected to the 
second terminal of the inductor; 

a first output connected to ground and the second terminal 
of the second switch; and 

a second output connected to ground and the second 
terminal of the third switch. 

12. The converter of claim 11, wherein the first output 
comprises a first load and a first capacitor, the first load 
having a positive terminal connected to the second terminal 
of the second Switch and a negative terminal connected to 
ground, the first capacitor having a positive terminal con 
nected to the second terminal of the second Switch and a 
negative terminal connected to ground. 

13. The converter of claim 11, wherein the second output 
comprises a second load and a second capacitor, the second 
load having a positive terminal connected to the second 
terminal of the third Switch and a negative terminal con 
nected to ground, the second capacitor having a positive 
terminal connected to the second terminal of the third switch 
and a negative terminal connected to ground. 

14. The converter of claim 11, wherein the first switch is 
turned ON during a first and a third stage of operation, the 
second switch is turned ON during the first stage of opera 
tion, and the third Switch is turned on during the third stage 
of operation. 

15. The converter of claim 11, further comprising a fourth 
switch and a fifth switch that operate to re-circulate current 
to the power Source during a second and fourth stage of 
operation. 
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16. A method of operating a single-inductor dual-output 

buck converter comprising: 
entering a first stage of operation that provides power 

from a battery through an inductor to a first output for 
a first period of time: 

entering a second stage of operation that re-circulates 
inductor current to at least partially recharge the battery 
for a second period of time; 

entering a third stage of operation that provides power 
from the battery through the inductor to a second output 
for a third period of time; and 

entering a fourth stage of operation that re-circulates 
inductor current to at least partially recharge the battery 
for a fourth period of time. 

17. The method of claim 16, wherein the method is 
performed in order and operates at a fixed frequency. 

18. The method of claim 16, wherein the first period of 
time is selected according to a first duty cycle and the second 
period of time is selected according to a second duty cycle. 

19. The method of claim 18, further comprising deter 
mining the first duty cycle according to a first output Voltage 
and a first output current. 

20. The method of claim 19, further comprising deter 
mining the second duty cycle according to a second output 
Voltage and a second output current. 

21. The method of claim 20, wherein the second duty 
cycle is determined to be about 30% and the first duty cycle 
is determined to be about 30%. 

22. The method of claim 20, wherein the second duty 
cycle is determined to be about 60% and the first duty cycle 
is determined to be about 5%. 

23. The method of claim 16, further comprising adjusting 
the first time period and the third time period according to 
modified output requirements. 
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