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MASTER-SLAVE DIGITAL VOLTAGE REGULATORS

BACKGROUND

Known switched mode voltage regulators (VRs) may use digital controllers to
generate the required load voltage from the input line voltage. The digital controllers
include an input sampler implemented as an Analog-to-Digital Converter (ADC), a digital
control loop controller, and a digitally implemented Pulse Width Modulation (PWM)
generator, for example, using a digitally controllable delay line. Disadvantageously, each
VR instantiation may either require an independent controller each with associated area
and power overhead or alternately a smaller number of interleaved controllers may be
deployed. In interleaved controllers, a single controller cycles between two or more
voltage domains with the disadvantage of increased power from the ‘N’ sampling and
clocking operations, where ‘N’ is the number of interleaved VRs.

In advanced deep sub-micron technologies, the area associated with the digital
controller may be small, however, since ADCs rely on analog circuits, which do not scale
to Moore’s Law, they disadvantageously lead to an increased area and hence cost overhead.
The interleaving approach additionally can be problematic to implement on advanced deep
sub-micron process nodes due to the routing congestion and impedances associated with
interconnect between local power islands and the time interleaved ADC, which may lead to
error in the monitored voltage.

So conventional multiple controller instantiations (i.e., ‘N’ instantiations) may be
burdened with the power and area associated with ‘N’ ADCs and controllers, all running at
8 x VR switching frequency (which may be in excess of 1GHz for advanced controllers) or
with a smaller number of time interleaved ADCs and controllers running at greater than
‘M’ GHz, where ‘M’ is the number of interleaved controllers. For example, embedded
VRs may desirably run at a clock rate greater than 100MHz and the ADC, and hence
controller, may desirably run at a minimum of 8 times the oversampling frequency leading
to high ADC and controller clock frequencies. These high frequencies result in high

dynamic power consumption.

BRIEF DESCRIPTION OF THE DRAWINGS

The embodiments of the disclosure will be understood more fully from the detailed

description given below and from the accompanying drawings of various embodiments of the
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disclosure, which, however, should not be taken to limit the disclosure to the specific
embodiments, but are for explanation and understanding only.

Fig. 1 illustrates master-slave architecture to provide multiple regulated power supplies,
according to one embodiment of the disclosure.

Fig. 2 illustrates master-slave architecture with shared delay line, according to one
embodiment of the disclosure.

Fig. 3 illustrates master-slave architecture with calibration and single time interleaved
ADC, according to one embodiment of the disclosure.

Fig. 4 illustrates master-slave architecture with calibration and time interleaved slow
ADC, according to one embodiment of the disclosure.

Fig. § illustrates a heterogeneous die with master-slave architecture to provide multiple
regulated voltages, according to one embodiment of the disclosure.

Fig. 6 is a smart device or a computer system or a SoC (System-on-Chip) with master-
slave architecture to provide multiple regulated power supplies, according to one embodiment of

the disclosure.

DETAILED DESCRIPTION

Some embodiments utilize the PWM control data generated within the digital controller
of a first VR (i.e., Master VR) to set the output voltage of one or more further VRs (i.e., Slave
VR(s)) through direct control of the Slave VRs’ power train(s) (also referred here as bridges). In
one embodiment, digital voltage scaling is applied to the PWM control word to accommodate
differences in load voltage and/or current, and/or component tolerance. In one embodiment,
correlation/calibration features may be included to improve accuracy.

In one embodiment, an apparatus is provided which comprises: a first bridge (e.g., first
power train) to be coupled to a first load (e.g., processor core); a first PWM circuit to drive the
first bridge; a second bridge to be coupled to a second load (e.g., another processor core); and a
second PWM circuit to drive the second bridge, wherein the first PWM circuit is controlled by a
first digital word different from a second digital word, wherein the second PWM circuit is
controlled by the second digital word, and wherein the second digital word is derived from the
first digital word.

There are many technical effects of the embodiments. One non-limiting technical
effect is that for solutions with multiple independent voltage domains, some embodiments
reduce the area and power overhead associated with prior art. Some embodiments may

also reduce the need for digital controllers and/or ADCs on non-ideal process nodes.
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In the following description, numerous details are discussed to provide a more thorough
explanation of embodiments of the present disclosure. It will be apparent, however, to one
skilled in the art, that embodiments of the present disclosure may be practiced without these
specific details. In other instances, well-known structures and devices are shown in block
diagram form, rather than in detail, in order to avoid obscuring embodiments of the present
disclosure.

Note that in the corresponding drawings of the embodiments, signals are represented with
lines. Some lines may be thicker, to indicate more constituent signal paths, and/or have arrows
at one or more ends, to indicate primary information flow direction. Such indications are not
intended to be limiting. Rather, the lines are used in connection with one or more exemplary
embodiments to facilitate easier understanding of a circuit or a logical unit. Any represented
signal, as dictated by design needs or preferences, may actually comprise one or more signals
that may travel in either direction and may be implemented with any suitable type of signal
scheme.

Throughout the specification, and in the claims, the term "connected" means a direct
electrical connection between the things that are connected, without any intermediary devices.
The term "coupled” means either a direct electrical connection between the things that are
connected or an indirect connection through one or more passive or active intermediary devices.
The term "circuit" means one or more passive and/or active components that are arranged to
cooperate with one another to provide a desired function. The term "signal" means at least one

current signal, voltage signal or data/clock signal. The meaning of "a," "an," and "the" include
plural references. The meaning of "in" includes "in" and "on."

The term “scaling” generally refers to converting a design (schematic and layout) from
one process technology to another process technology. The term “scaling” generally also refers
to downsizing layout and devices within the same technology node. The term “scaling” may

also refer to adjusting (e.g., slow down) of a signal frequency relative to another parameter, for

13 LYY LYY

example, power supply level. The terms “substantially,” “close,” “approximately,” “near,” and

“about,” generally refer to being within +/- 20% of a target value.

LYY

Unless otherwise specified the use of the ordinal adjectives “first,” “second,” and “third,”
etc., to describe a common object, merely indicate that different instances of like objects are
being referred to, and are not intended to imply that the objects so described must be in a given
sequence, either temporally, spatially, in ranking or in any other manner.

For purposes of the embodiments, the transistors are metal oxide semiconductor (MOS)

transistors, which include drain, source, gate, and bulk terminals. The transistors also include
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Tri-Gate and FinFET transistors, Gate All Around Cylindrical Transistors or other devices
implementing transistor functionality like carbon nanotubes or spintronic devices. Source and
drain terminals may be identical terminals and are interchangeably used herein. Those skilled in
the art will appreciate that other transistors, for example, Bi-polar junction transistors—BJT
PNP/NPN, BiCMOS, CMOS, eFET, etc., may be used without departing from the scope of the
disclosure. The term “MN” indicates an n-type transistor (e.g., NMOS, NPN BJT, etc.) and the
term “MP” indicates a p-type transistor (e.g., PMOS, PNP BIT, etc.).

Fig. 1 illustrates master-slave architecture 100 to provide multiple regulated power
supplies, according to one embodiment of the disclosure. In one embodiment, architecture 100
comprises ADC 101, Digital Control Loop controller 102, Digital Delay Line 103, PWM
Generator 104, Bridge and Filter 105, Logic Unit 106, Digital Delay Line 107, PWM Generator
108, and Bridge and Filter 109. In this embodiment, master-slave architecture 100 is a switched
mode buck regulator that provides regulated voltages Vout and Voutl to Loadl and Load2,
respectively. In one embodiment, ADC 101, Digital Control Loop controller 102, Digital Delay
Line 103, PWM Generator 104, and Bridge and Filter 105 together form a Master VR, while
Logic Unit 106, Digital Delay Line 107, PWM Generator 108, and Bridge and Filter 109 form a
Slave VR1. In one embodiment, L.ogic Unit 106 is part of the Master VR.

In one embodiment, output Vout of Bridge and Filter 105 is received by ADC 101 which
converts the analog voltage Vout to a digital representation ‘d.” In one embodiment, the digital
representation ‘d’ of Vout is then processed by Digital Control Loop controller 102. In one
embodiment, Digital Control Loop controller 102 receives Reference Clock (RefClk) and
programming data (not shown) which among other parameters programs the desired load voltage
represented as digital word i.e., First Word. In one embodiment, ADC 101 also operates using
RefClk. In one embodiment, Digital Control Loop controller 102 adjusts a programmable delay
applied to the VR Clock (VRCIk) whose delayed output is then compared in time against the
root clock to generate a PWM signal by PWM Generator 104. In one embodiment, frequency of
VRClk is much slower than frequency of RefClk. In one embodiment, the mark-space ratio (MS
ratio) of the PWM signal is set by the First word. Here, MS ratio indicates the duty cycle of the
PWM signal. By changing the MS ratio, voltage level of Vout is adjusted. The PWM signal
controls the power train (i.e., Bridge) to generate Vout to close the loop. This loop forms the
Master VR.

In one embodiment, Digital Control Loop controller 102 adjusts the MS ratio of the
PWM signal such that Vout (which is represented by digital word ‘d’) substantially equals the

commanded voltage set by the programmed data word. Digital Control Loop controller 102 can
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be implemented in a variety of ways and can provide features such as soft start, over voltage
detection, etc. In one embodiment, Bridge and Filter 105 includes p-type high-side switch
coupled in series with an n-type low-side switch, where the two switches are controlled by PWM
signal. In one embodiment, Bridge and Filter 105 further includes an inductor with a first end
coupled to the high-side and low-side switches, and a capacitor coupled to a second end of the
inductor and the ground. In one embodiment, the common junction of the inductor and the
capacitor is coupled to the output voltage node Vout. Here, labels for signals and nodes are
interchangeably used. For example, Vout may refer to node Vout or signal Vout depending on
the context of the sentence.

An input voltage (Vin) is received by the high-side switch and a regulated output voltage
Vout is provided by turning ON/OFT the high-side and low-side switches by the PWM signal.
For example, part of the PWM signal turns ON the high-side switch and the remaining part of
the PWM signal turns ON the low-side switch. In one embodiment, switching of the bridge may
be arranged to avoid shoot through on Vout where both high-side and low-side switches are ON
at the same time.

While the embodiments are described with reference to a buck converter, they are not
limited to such. In one embodiment, architecture 100 is applicable for a boost converter. The
embodiments may also be applicable to switched mode step up or down regulation where output
regulated voltage (e.g., Vout and Voutl) are controlled by an analog or digital PWM signal. For
example, when architecture 100 is used for a boost converter, Vout and Vin are swapped.

In one embodiment, architecture further comprises the Slave VR1 which provides
another regulated output voltage Voutl for L.oad2 by sharing hardware of the Master VR. In one
embodiment, a known relationship (here referred as ‘K’) between Vout and the First Word can
be determined when the input voltage Vin is known. In such an embodiment, ‘K’ is used by
Logic Unit 106 to generate the Second Word. In one embodiment, the Second Word is used to
adjust delay of VRCIk to generate dw1 signal for PWM Generator 108. In one embodiment,
PWM Generator 108 generates another PWM signal (here, PWM1 signal) for controlling Bridge
and Filter 109 to generate regulated output voltage Voutl for Load2. Here, since both ‘K’ and
the commanded voltage (i.e., Vout which is the desired voltage) of a further rail (i.e., supply rail
to provide supply voltage to the circuit block) are both known, then the First Word may be fed
into a slave regulator digital delay line to control the load voltage of the second regulator.

In one embodiment, the Second Word is adjusted by Logic Unit 106 according to voltage
ratio between Slave VR1 (i.e., Vs ave) and Master VR (Vyaster). In one embodiment, Logic

Unit 106 generates the Second Word according to Vsiave/Vmastor * K. Here, Vg avp is Voutl
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and Vyaster 18 Vout. In one embodiment, the Second Word (i.e., the modified First Word) is
used to control Digital Delay Line 107. In one embodiment, Digital Delay Lines 103 and 107
are matched delay lines i.e., they have identical designs and layout. While the embodiment of
Fig. 1 shows one Slave VR1 cascaded with the Master VR, multiple Slave VRs can be cascaded
to generate local regulated voltages for their respective load circuits. In one embodiment, when
the two output voltages (i.e., Vout and Voutl) are the same, then the First and Second Words
may also be the same.

Fig. 2 illustrates master-slave architecture 200 with a shared delay line, according to one
embodiment of the disclosure. It is pointed out that those elements of Fig. 2 having the same
reference numbers (or names) as the elements of any other figure can operate or function in any
manner similar to that described, but are not limited to such. So as not to obscure the
embodiments of Fig. 2, differences between Fig. 1 and Fig. 2 are described.

In this embodiment, Digital Delay Lines 103 and 107 are combined in a single delay line
(i.e., shared delay line) which is operable to generate delayed versions of VRClk as “dw” and
“dw1” signals according to the First and Second Words, respectively. In one embodiment, the
First Word is received as multiplexer select signal in Digital Delay Line 203 which causes a
selection of a first delay path from Digital Delay Line 203 to generate “dw.” In one
embodiment, the Second Word is received as multiplexer select signal in Digital Delay Line 203
which causes a selection of a second delay path from Digital Delay Line 203 to generate “dw1.”
One technical effect of this embodiment is that the Slave VR is smaller in size than the Slave
VRI1 of Fig. 1. Referring back to Fig. 2, the communication between the Slave VR and the
Master VR uses digital signals (e.g., Second Word, VRCIk, etc.). These digital signals allow the
Slave VR to be placed at far distances away from the Master VR with little or no impact on the
regulation characteristics of the Slave VR.

Fig. 3 illustrates master-slave architecture 300 with calibration and single time
interleaved ADC, according to one embodiment of the disclosure. It is pointed out that those
elements of Fig. 3 having the same reference numbers (or names) as the elements of any other
figure can operate or function in any manner similar to that described, but are not limited to such.
So as not to obscure the embodiments, difference between Figs. 1-2 and Fig. 3 are described.

In one embodiment, the Second Word may include a calibration factor (“error”) to
compensate for any systematic system offsets between the Master VR and the Slave VR
determined during a calibration stage. These systematic differences may arise as a result of
impedance differences between the Slave and Master implementations. For example, 1mOhm

difference in impedance between the power stage and the load may result in ImV of voltage
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offset when there is a difference in current of 1A. In one embodiment, these systematic effects
can be mitigated by designing slave and master VRs to match as closely as possible (i.e., having
substantially identical designs and layout for Bridge and Filters).

In one embodiment, architecture 300 comprises calibration unit 301 and multiplexer
(Mux) 302 in addition to the components discussed with reference to Figs. 1-2. In one
embodiment, Mux 302 receives regulated voltages from respective Bridges. For example, Mux
302 receives Vout and Voutl from Bridge and Filter units 105 and 109, respectively. In one
embodiment, Mux 302 selectively provides an output Voutm to ADC 101. In this embodiment,
ADC 101 is time interleaved between Master VR and Slave VR such that Vout (i.e., master
output voltage sample) is used to control the Master VR loop while Voutl (i.e., slave output
voltage sample) is used to calculate the adjustment to the First Word. In one embodiment, the
time interleaving is performed by the select (Sel) signal to Mux 302.

One technical effect of the time interleaved ADC 101 is that compared to known
interleaved control loops, where ‘N’ number of VRs share a common controller running at ‘N’
times the operating frequency, here Digital control Loop 102 continues to operate at RefClk
frequency which is much slower than the VRCIk frequency. By operating Digital control loop
102 at RefClk frequency, power consumption for that block remains unchanged.

While architecture 300 is illustrated with a single Slave VR which is time interleaved
with Master VR, multiple Slave VRs may be used. In such an embodiment, a multiple input
multiplexer (instead of 2:1 Mux 302) is used, and the select (Sel) signal causes the respective
Vouts to be provided to ADC 101. In one such embodiment, ADC 101 may operate faster than
RefClIk, by a factor determined by the number of samples per VRCIk cycle required by the Slave
VRs. In another embodiment the number of samples may be unaltered.

For example, eight ADC samples may be used for the master VR control loop for one
cycle of the switching regulator VRCIk, whereas for the Slave VR(s) correction loop less than
one sample per switching cycle may be used as the correction loop(s) are responsive to slowly
varying changes, for example, systematic error. In one embodiment, Slave voltage Voutl may
be sampled between once every 10 and once every 100 switching cycles. In such an
embodiment, one of the Master VR control loop samples may be intermittently replaced by a
sample of Voutl so ADC 101 operates at the same speed. To avoid any issue with a missed
sample, in one embodiment, a generated sample is substituted for the skipped sample which may
be the previous sample, the next sample or the interpolation between the previous and next
samples. In one embodiment, as a maximum, the slave loop or loops is sampled once per

switching cycle so giving eight samples for Master and one for slave. In such an embodiment,
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the net increase in RefClk is 9/8. To avoid any issue with the missed sample, a generated sample
is substituted for the skipped sample which may be the previous sample, the next sample or the
interpolation between the previous and next samples, according to one embodiment

Fig. 4 illustrates master-slave architecture 400 with calibration and time interleaved slow
ADC, according to one embodiment of the disclosure. It is pointed out that those elements of
Fig. 4 having the same reference numbers (or names) as the elements of any other figure can
operate or function in any manner similar to that described, but are not limited to such. So as not
to obscure the embodiments, difference between Figs. 1-2 and Fig. 4 are described.

In one embodiment, instead of time interleaving ADC 101, a slower speed ADC 401 (i.e.,
slower than ADC 101) is time interleaved with other Slave VRs. In this embodiment,
architecture 400 comprises ADC 401, Mux 402, PWM Generator 408, and Bridge and Filter 409
in addition to the components discussed with reference to Figs. 1-2. In one embodiment, PWM
Generator 108 and Bridge and Filter 109 together form Slave VR1, while PWM Generator 408
and Bridge and Filter 409 together form Slave VR2. In another embodiment, PWM Generator
108 and PWM Generator 408 are part of the Master VR as shown. In one embodiment, output
PWM2 signal of PWM Generator 408 controls Bridge and Filter 409. In one embodiment, PWM
Generator 408 is controlled by dw2 which is a delayed version of VRCIk according to the Third
Word. In this embodiment, ADC 401 operates at a frequency slower than RefClk (which is
operating frequency of ADC 101).

In one embodiment, output of each Slave VR is received by Mux 402 which time
interleaves those outputs as Voutm1 (which is output of Mux 402) for ADC 401. In one
embodiment, output “d1” of ADC 401 is provided as input to calibration unit 301 which adds
calibration error to the word “d1.” In one embodiment, Logic Unit 106 receives error signal and
the First Word and generates an adjusted Second Word for Digital Delay Line 203. One
technical advantage of architecture 400 is that it runs the Master control loop and associated
ADC 101 at the fundamental operating frequency so power savings are maximized.

While architecture 400 is illustrated with two Slave VRs which are time interleaved using
ADC 401, more Slave VRs may be used. In such an embodiment, a multiple input multiplexer
(instead of 2:1 Mux 402) is used, and the select (Sel) signal causes the respective Vouts from the
Slave VRs to be provided to ADC 401.

Fig. § illustrates a heterogeneous die 500 with master-slave architecture to provide
multiple regulated voltages, according to one embodiment of the disclosure. It is pointed out that

those elements of Fig. 5 having the same reference numbers (or names) as the elements of any
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other figure can operate or function in any manner similar to that described, but are not limited to
such.

In one embodiment, heterogeneous die 500 comprises multiple dies stacked together
which includes a Power Management Integrated Circuit (PMIC) stacked together with
Processorl, Processor2, Radio Die, Flash Memory, SxP (i.e., Phase Change Memory) and
Dynamic Random Access Memory (DRAM) modules. In other embodiments, fewer or more
dies may be stacked to form heterogeneous die 500. In one embodiment, the stack of dies
communicates with one another using Through-Silicon-Vias (TSVs), wire-bonds, or any other
technology. In one embodiment, heterogeneous die 500 may use multiple voltage supplies of
different voltage levels for different voltage domains. In this example, four voltage domains are
shown for the DRAMs.

In one embodiment, PMIC includes the Master VR as described with reference to Figs. 1,
2, 3, or 4. In one embodiment, Master VR generates the reference word (i.e., the First Word). In
one embodiment, the First Word is then adjusted by a ‘K’ factor to generate a plurality of Second
Words (Second Word[0:N], where ‘N’ is an integer). In one embodiment, each of the Second
Words is sent to Digital Delay Line 203 which provides respective delay words dw[0:N] (which
are delayed versions of VRCIk). In one embodiment, the PWM generators and associated
Bridge and Filter units of the Slave VR are located near the respective voltage domains. The
inductors of the Filter can be on-die or off-die. One technical advantage of such architecture is
that analog signals are not transmitted long distances from the Master VR and only digital
signals (e.g., dw[0:N]) are transmitted from PMIC to target voltage domains.

In this exemplary embodiment, DRAM stack has independent voltage domains per
memory bank. One advantage of the independent voltage domains is that it enables efficient
control of power to the DRAM stacks. For example, voltages to banks of DRAMs that are not in
use can be reduced while active DRAM banks may receive operating voltages. In one
embodiment, each voltage domain has an associated PWM generator. One technical advantage
of keeping the PWM generator close to the sink reduces the current density requirement on the
power TSVs. While the embodiments are described with reference to one PWM generator per
die, each die may also have multiple voltage domains (e.g., voltage domains within Processorl
and/or Processor2). In such an embodiment, multiple PWM generators are located per voltage
domain.

Fig. 6 is a smart device or a computer system or a SoC (System-on-Chip) with master-
slave architecture to provide multiple regulated power supplies, according to one embodiment of

the disclosure. It is pointed out that those elements of Fig. 6 having the same reference numbers
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(or names) as the elements of any other figure can operate or function in any manner similar to
that described, but are not limited to such.

Fig. 6 illustrates a block diagram of an embodiment of a mobile device in which flat
surface interface connectors could be used. In one embodiment, computing device 1600
represents a mobile computing device, such as a computing tablet, a mobile phone or smart-
phone, a wireless-enabled e-reader, or other wireless mobile device. It will be understood that
certain components are shown generally, and not all components of such a device are shown in
computing device 1600.

In one embodiment, computing device 1600 includes a first processor 1610 having
apparatus with master-slave architecture to provide multiple regulated power supplies described
with reference to embodiments. Other blocks of the computing device 1600 may also include
apparatus with master-slave architecture to provide multiple regulated power supplies described
with reference to embodiments. The various embodiments of the present disclosure may also
comprise a network interface within 1670 such as a wireless interface so that a system
embodiment may be incorporated into a wireless device, for example, cell phone or personal
digital assistant.

In one embodiment, processor 1610 (and processor 1690) can include one or more
physical devices, such as microprocessors, application processors, microcontrollers,
programmable logic devices, or other processing means. Processor 1690 may be optional. The
processing operations performed by processor 1610 include the execution of an operating
platform or operating system on which applications and/or device functions are executed. The
processing operations include operations related to I/O (input/output) with a human user or with
other devices, operations related to power management, and/or operations related to connecting
the computing device 1600 to another device. The processing operations may also include
operations related to audio I/O and/or display I/O.

In one embodiment, computing device 1600 includes audio subsystem 1620, which
represents hardware (e.g., audio hardware and audio circuits) and software (e.g., drivers, codecs)
components associated with providing audio functions to the computing device. Audio functions
can include speaker and/or headphone output, as well as microphone input. Devices for such
functions can be integrated into computing device 1600, or connected to the computing device
1600. In one embodiment, a user interacts with the computing device 1600 by providing audio
commands that are received and processed by processor 1610.

Display subsystem 1630 represents hardware (e.g., display devices) and software (e.g.,

drivers) components that provide a visual and/or tactile display for a user to interact with the

10
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computing device 1600. Display subsystem 1630 includes display interface 1632, which
includes the particular screen or hardware device used to provide a display to a user. In one
embodiment, display interface 1632 includes logic separate from processor 1610 to perform at
least some processing related to the display. In one embodiment, display subsystem 1630
includes a touch screen (or touch pad) device that provides both output and input to a user.

I/O controller 1640 represents hardware devices and software components related to
interaction with a user. I/O controller 1640 is operable to manage hardware that is part of audio
subsystem 1620 and/or display subsystem 1630. Additionally, I/O controller 1640 illustrates a
connection point for additional devices that connect to computing device 1600 through which a
user might interact with the system. For example, devices that can be attached to the computing
device 1600 might include microphone devices, speaker or stereo systems, video systems or
other display devices, keyboard or keypad devices, or other I/O devices for use with specific
applications such as card readers or other devices.

As mentioned above, 1/0 controller 1640 can interact with audio subsystem 1620 and/or
display subsystem 1630. For example, input through a microphone or other audio device can
provide input or commands for one or more applications or functions of the computing device
1600. Additionally, audio output can be provided instead of, or in addition to display output. In
another example, if display subsystem 1630 includes a touch screen, the display device also acts
as an input device, which can be at least partially managed by I/O controller 1640. There can
also be additional buttons or switches on the computing device 1600 to provide I/O functions
managed by 1/0 controller 1640.

In one embodiment, 1/0 controller 1640 manages devices such as accelerometers,
cameras, light sensors or other environmental sensors, or other hardware that can be included in
the computing device 1600. The input can be part of direct user interaction, as well as providing
environmental input to the system to influence its operations (such as filtering for noise,
adjusting displays for brightness detection, applying a flash for a camera, or other features).

In one embodiment, computing device 1600 includes power management 1650 that
manages battery power usage, charging of the battery, and features related to power saving
operation. Memory subsystem 1660 includes memory devices for storing information in
computing device 1600. Memory can include nonvolatile (state does not change if power to the
memory device is interrupted) and/or volatile (state is indeterminate if power to the memory
device is interrupted) memory devices. Memory subsystem 1660 can store application data, user

data, music, photos, documents, or other data, as well as system data (whether long-term or
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temporary) related to the execution of the applications and functions of the computing device
1600.

Elements of embodiments are also provided as a machine-readable medium (e.g.,
memory 1660) for storing the computer-executable instructions (e.g., instructions to implement
any other processes discussed herein). The machine-readable medium (e.g., memory 1660) may
include, but is not limited to, flash memory, optical disks, CD-ROMs, DVD ROMs, RAMs,
EPROMs, EEPROMSs, magnetic or optical cards, phase change memory (PCM), or other types of
machine-readable media suitable for storing electronic or computer-executable instructions. For
example, embodiments of the disclosure may be downloaded as a computer program (e.g.,
BIOS) which may be transferred from a remote computer (e.g., a server) to a requesting
computer (e.g., a client) by way of data signals via a communication link (e.g., a modem or
network connection).

Connectivity 1670 includes hardware devices (e.g., wireless and/or wired connectors and
communication hardware) and software components (e.g., drivers, protocol stacks) to enable the
computing device 1600 to communicate with external devices. The computing device 1600
could be separate devices, such as other computing devices, wireless access points or base
stations, as well as peripherals such as headsets, printers, or other devices.

Connectivity 1670 can include multiple different types of connectivity. To generalize,
the computing device 1600 is illustrated with cellular connectivity 1672 and wireless
connectivity 1674. Cellular connectivity 1672 refers generally to cellular network connectivity
provided by wireless carriers, such as provided via GSM (global system for mobile
communications) or variations or derivatives, CDMA (code division multiple access) or
variations or derivatives, TDM (time division multiplexing) or variations or derivatives, or other
cellular service standards. Wireless connectivity (or wireless interface) 1674 refers to wireless
connectivity that is not cellular, and can include personal area networks (such as Bluetooth, Near
Field, etc.), local area networks (such as Wi-Fi), and/or wide area networks (such as WiMax), or
other wireless communication.

Peripheral connections 1680 include hardware interfaces and connectors, as well as
software components (e.g., drivers, protocol stacks) to make peripheral connections. It will be
understood that the computing device 1600 could both be a peripheral device ("to" 1682) to other
computing devices, as well as have peripheral devices ("from" 1684) connected to it. The
computing device 1600 commonly has a "docking" connector to connect to other computing
devices for purposes such as managing (e.g., downloading and/or uploading, changing,

synchronizing) content on computing device 1600. Additionally, a docking connector can allow
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computing device 1600 to connect to certain peripherals that allow the computing device 1600 to
control content output, for example, to audiovisual or other systems.

In addition to a proprietary docking connector or other proprietary connection hardware,
the computing device 1600 can make peripheral connections 1680 via common or standards-
based connectors. Common types can include a Universal Serial Bus (USB) connector (which
can include any of a number of different hardware interfaces), DisplayPort including
MiniDisplayPort (MDP), High Definition Multimedia Interface (HDMI), Firewire, or other
types.

Reference in the specification to "an embodiment,

one embodiment,"” "some
embodiments," or "other embodiments" means that a particular feature, structure, or
characteristic described in connection with the embodiments is included in at least some
embodiments, but not necessarily all embodiments. The various appearances of "an

embodiment," "one embodiment," or "some embodiments" are not necessarily all referring to the

same embodiments. If the specification states a component, feature, structure, or characteristic

"may," "might," or "could" be included, that particular component, feature, structure, or

characteristic is not required to be included. If the specification or claim refers to "a" or "an"
element, that does not mean there is only one of the elements. If the specification or claims refer
to "an additional" element, that does not preclude there being more than one of the additional
element.

Furthermore, the particular features, structures, functions, or characteristics may be
combined in any suitable manner in one or more embodiments. For example, a first embodiment
may be combined with a second embodiment anywhere the particular features, structures,
functions, or characteristics associated with the two embodiments are not mutually exclusive.

In addition, well known power/ground connections to integrated circuit (IC) chips and
other components may or may not be shown within the presented figures, for simplicity of
illustration and discussion, and so as not to obscure the disclosure. Further, arrangements may
be shown in block diagram form in order to avoid obscuring the disclosure, and also in view of
the fact that specifics with respect to implementation of such block diagram arrangements are
highly dependent upon the platform within which the present disclosure is to be implemented
(i.e., such specifics should be well within purview of one skilled in the art). Where specific
details (e.g., circuits) are set forth in order to describe example embodiments of the disclosure, it
should be apparent to one skilled in the art that the disclosure can be practiced without, or with
variation of, these specific details. The description is thus to be regarded as illustrative instead

of limiting.
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The following examples pertain to further embodiments. Specifics in the examples may
be used anywhere in one or more embodiments. All optional features of the apparatus described
herein may also be implemented with respect to a method or process.

For example, an apparatus is provided which comprises: a first bridge to be coupled to a
first load; a first Pulse Width Modulation (PWM) circuit to drive the first bridge; a second bridge
to be coupled to a second load; and a second PWM circuit to drive the second bridge, wherein
the first PWM circuit is controlled by a first digital word separate from a second digital word,
wherein second PWM circuit is controlled by the second digital word, and wherein the second
digital word is derived from the first digital word.

In one embodiment, the apparatus further comprises an Analog-to-Digital converter
(ADC) coupled to the first bridge. In one embodiment, the apparatus further comprises a digital
controller to generate the first digital word, the digital controller coupled to the ADC. In one
embodiment, the apparatus further comprises a first digital delay line to provide a first input to
the first PWM circuit, the first digital delay line to control propagation delay of the first input
according to the first digital word. In one embodiment, the apparatus further comprises a logic
unit to adjust the first delay word and to generate the second delay word.

In one embodiment, the apparatus further comprises a second delay line to provide a
second input to the second PWM circuit, the second delay line to control propagation delay of
the second input according to the second digital word. In one embodiment, the logic unit to
modify a calibration factor of the second digital word, the calibration factor to compensate for
systematic offsets associated with the first and second bridges. In one embodiment, the ADC is
time interleaved with the first and second bridges. In one embodiment, the apparatus further
comprises another ADC coupled to the second bridge, the other ADC to operate at a frequency
slower than a frequency of the ADC.

In one embodiment, the apparatus further comprises a digital delay line to provide first
and second inputs to the first and second PWM circuits respectively, wherein the digital delay
line to control propagation delay of the first input according to the first digital word, and wherein
the digital delay line to control propagation delay of the second input according to the second
digital word. In one embodiment, the first digital word is different than the second digital word.
In one embodiment, the first digital word is identical to the second digital word.

In another example, a system is provided which comprises: a memory unit; and a
processor coupled to the memory unit, the processor including a distributed voltage regulator
according to the apparatus discussed above. In one embodiment, the system further comprises: a

wireless interface for communicatively coupling the processor with another device. In one
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embodiment, the system further comprises a display unit. In one embodiment, the display unit is
a touch screen.

In another example, a stacked die is provided which comprises: a first die comprising a
first processor; a second die comprising: a second processor, the second processor stacked on the
first processor and communicatively coupled to the first processor by through silicon vias
(TSVs); a first bridge; a second bridge; a first Pulse Width Modulation (PWM) circuit to drive
the first bridge; and a second PWM circuit to drive the second bridge, wherein the first PWM
circuit is controlled by a first digital word separate from a second digital word, wherein the
second PWM circuit is controlled by the second digital word, and wherein the second digital
word is derived from the first digital word; and a memory die coupled to the second die, the
memory die having first and second voltage domains, wherein the first bridge to drive power
supply for the first voltage domain, and wherein the second bridge to drive a second power
supply for the second voltage domain.

In one embodiment, the stacked die further comprises power management die coupled to
the first die, the power management die comprising an Analog-to-Digital converter (ADC). In
one embodiment, the power management die comprises a digital controller to generate the first
digital word, the digital controller coupled to the ADC. In one embodiment, the power
management die further comprises a first digital delay line to provide a first input to the first
PWM circuit, the first digital delay line to control propagation delay of the first input according
to the first digital word. In one embodiment, the power management die further comprises a
logic unit to adjust the first delay word and to generate the second delay word. In one
embodiment, the power management die further comprises a second delay line to provide a
second input to the second PWM circuit, the second delay line to control propagation delay of
the second input according to the second digital word.

In another example, a system is provided which comprises: a memory unit; and a
processor coupled to the memory unit, the processor including a stacked die according to the
stacked die discussed above. In one embodiment, the system further comprises: a wireless
interface for communicatively coupling the processor with another device. In one embodiment,
the system further comprises a display unit. In one embodiment, the display unit is a touch
screen.

An abstract is provided that will allow the reader to ascertain the nature and gist of the
technical disclosure. The abstract is submitted with the understanding that it will not be used to
limit the scope or meaning of the claims. The following claims are hereby incorporated into the

detailed description, with each claim standing on its own as a separate embodiment.
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CLAIMS

We claim:

1. An apparatus comprising:
a first bridge to be coupled to a first load;
a first Pulse Width Modulation (PWM) circuit to drive the first bridge;
a second bridge to be coupled to a second load; and
a second PWM circuit to drive the second bridge, wherein the first PWM circuit is
controlled by a first digital word separate from a second digital word, wherein second
PWM circuit is controlled by the second digital word, and wherein the second digital

word is derived from the first digital word.

2. 'The apparatus of claim 1 further comprises an Analog-to-Digital converter (ADC)

coupled to the first bridge.

3. The apparatus of claim 2 further comprises a digital controller to generate the first digital

word, the digital controller coupled to the ADC.

4. 'The apparatus of claim 3 further comprises a first digital delay line to provide a first input
to the first PWM circuit, the first digital delay line to control propagation delay of the

first input according to the first digital word.

5. The apparatus of claim 4 further comprises a logic unit to adjust the first delay word and

to generate the second delay word.

6. The apparatus of claim 5 further comprises a second delay line to provide a second input
to the second PWM circuit, the second delay line to control propagation delay of the

second input according to the second digital word.
7. The apparatus of claim 4, wherein the logic unit to modify a calibration factor of the

second digital word, the calibration factor to compensate for systematic offsets associated

with the first and second bridges.
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8. The apparatus of claim 2, wherein the ADC is time interleaved with the first and second

bridges.

9. The apparatus of claim 2 further comprises another ADC coupled to the second bridge,

the other ADC to operate at a frequency slower than a frequency of the ADC.

10. The apparatus of claim 3 further comprises a digital delay line to provide first and second
inputs to the first and second PWM circuits respectively, wherein the digital delay line to
control propagation delay of the first input according to the first digital word, and
wherein the digital delay line to control propagation delay of the second input according

to the second digital word.

11. The apparatus of claim 1, wherein the first digital word is different than the second

digital word.

12. The apparatus of claim 1, wherein the first digital word is identical to the second digital

word.

13. A stacked die comprising:
a first die comprising a first processor;
a second die comprising:

a second processor, the second processor stacked on the first processor
and communicatively coupled to the first processor by through silicon vias
(TSVs);

a first bridge;

a second bridge;

a first Pulse Width Modulation (PWM) circuit to drive the first bridge; and

a second PWM circuit to drive the second bridge, wherein the first PWM
circuit is controlled by a first digital word separate from a second digital word,
wherein the second PWM circuit is controlled by the second digital word, and
wherein the second digital word is derived from the first digital word; and
a memory die coupled to the second die, the memory die having first and second

voltage domains, wherein the first bridge to drive power supply for the first voltage
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14.

15.

16.

17.

18.

19.

20.

21

domain, and wherein the second bridge to drive a second power supply for the second

voltage domain.

The stacked die of claim 13 further comprises power management die coupled to the first

die, the power management die comprising an Analog-to-Digital converter (ADC).

The stacked die of claim 14, wherein the power management die comprises a digital

controller to generate the first digital word, the digital controller coupled to the ADC.

The stacked die of claim 15, wherein the power management die further comprises a first
digital delay line to provide a first input to the first PWM circuit, the first digital delay

line to control propagation delay of the first input according to the first digital word.

The stacked die of claim 16, wherein the power management die further comprises a

logic unit to adjust the first delay word and to generate the second delay word.

The stacked die of claim 17, wherein the power management die further comprises a
second delay line to provide a second input to the second PWM circuit, the second delay
line to control propagation delay of the second input according to the second digital

word.

A system comprising:

a memory unit;

a processor coupled to the memory unit, the processor a stacked die according to
any one of claims 12 to 18; and

a wireless interface for communicatively coupling the processor with another

device.

The system of claim 19 further comprises a display unit.

. A system comprising:

a memory unit;
a processor coupled to the memory unit, the processor including a distributed

voltage regulator according to any one of apparatus claims 1 to 12; and
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a wireless interface for communicatively coupling the processor with another

device.

22. The system of claim 21 further comprises a display unit.

19



PCT/US2015/014854

WO 2015/142437

1/6

cpeoT

ILYA 2Ae|S |
| |
! 601 “
_ SEIE! _
“ FINAMA \ i i | \
|
m mp PIOAA PUODSS obpug | LINOA
| |
] |
- AT | PEOT
_ 801 L0l 901 o« e i
I | Jojesouss oulT 6 g - ———4
_ £ 6 nun 21607 I
_ WM efeq leubiq N oT
| |
¢ ! ! 1914
e __ Ll > pue ¢
| obpug
'nietetuiateintatel iafaieteteieieteteietetedetetedetefabedetadada - INOA
“m_> 1RISEW PJOAA 1S4
| \ WM // UIA
| \ 4
| voT cor 207 o7
_ Jojelsusn) aul <« — dooT
|
| WMd ]| #era eisia jojuog ewbia | Y oav
Mp
|
o F F
MOUA b mm e -

AIDJ8Y



PCT/US2015/014854

WO 2015/142437

2/6

CpEOT

[MA oAeIS i
|
| 0T |
! SEMIE “
| 4 " pue i \
_ LINMA Omb_‘_m “:30>
e |
— _ _ L PeoT
m 801 < _ 90T < JUAN i
| | H0IeIsuUsY _ nun 21607 FTTC T T T TT T TTTTTToTTo ——
[ | i 5o
e e __ r |
_ SEIE!
—> pUB \ ®
|
_ abpug
S (S S S —— - INOA
YA 19)SEeN PIOAA
! \_\,_>>a puogseg | POMIsiiH o
! - / .
m v v
| ¥01 €0¢ Z01 o7
| Jojelsusn) aul <« — dooT
! WMd _N Aeleq exbig jojuog ewbia | Y oav
M
|
o F F
ANOUA |

A48y



PCT/US2015/014854

WO 2015/142437

3/6

cpEO

i 1
A dAelS _ . m
— _ I
Jay
| |
| A - Y
| LWMJ abpug I LINOA
| M |
| L MP |
| / o ] |
_ — | STy ! 2o
“ wOF - | - “ll ||||||||||||| In FU I_
| | Joressuss _ e o
L amd i b | — |
! _ nun 01607 | _ 10 <« “
|
R 4 m “
|
Jodle “ a “
_ Jay _
|||||||||||||||||||||||||||||||||||| _ ™ pue ¢ |
'S 191SE obpug |
_ INOA _
_ PIOA “
| NMd puooseg | PIOMISi un |
! \. ™~ / _
| ! |
_ 0l €0¢ c0l ot | 19S
_ Jojesouan) aul - —— dooT
_ WM \ Aejoq [eybIQg |ojjuo |eybig U oav | WInoA
| F Mp F |
|
- “
AIDHUA ! _ A1049



WO 2015/142437 PCT/US2015/014854

4/6
400
[RefCk — —— ~— — — — — VRCIK |
| T | Master VR | I T |
d — —

Digital Control Digital Delay | _{ > PWM |
| ﬁg? _£> Loop —o— P! Line Generator |
| — 102 A 203 [ 104 |

w
| < - o 1 8 1 5
|8 vin |3 s N3 pwm | |
3 Vout | s Q < Generator —“
and 3 | =
| ’ Filter [ dwz  awl |
| Sel * 105 error ) VRCIk PWM |
| 402 401 | ,d1 [ Logic —— | Generator
Var 301 > Unit —————»__ 408 |
Y > 106 |
Load1
:‘ ________ Vin - T T “:
| | |
| ; |
/Vout1 | ngge / PWM1 |
| : < |
| Filter |
| |09 |
L e Slave VR1,
Load2
Vo vin T 1
: | I
: |
out2, Bridge PWM?2 |
| and < / I
: Filter :
— Slave VR2!
________________________ _l
Load3




WO 2015/142437 5/6 PCT/US2015/014854
500
3 4
1 2 awN_ _
°
DRAMs .
(L L) w0
SxP :
Flash |
Radio Die I
Processor?2 :
[
Processor1 |
[
_— PMIC i
[
[
[
[
______ £ GWIONT |
I
I
I
I
I
RefClk I VRClk
) | I
Digital Control Digital Delay PWM
131 —Lb Loop —@—P> Line —Lb Generator
— 102 203 104
A A
. ™~ N
Vin \irstWord Second — pyyiy
Vout | Word[0:N]
Bridge
and
Fiter [
105 Logic
Unit
—
Load1 106]0:N]

Fig. 5



WO 2015/142437

PCT/US2015/014854

AUDIO SUBSYSTEM
1620

I/l0 CONTROLLER

1640

DISPLAY SUBSYSTEM
1630

DISPLAY
INTERFACE
1632

6/6
1600
PERIPHERAL CONNECTIONS
1680
TO FROM
1682 1684
CONNECTIVITY
1670
CELLULAR
1672
WIRELESS
1674 \
PROCESSOR 1
1610
MEMORY SUBSYSTEM
1660
POWER MANAGEMENT
1650
PROCESSOR 2
1690




ATIONAL SEARC (8) International application No.
[NTERRATIONAL SEARCH REPORT PCT/US2015/014854

A. CLASSIFICATION OF SUBJECT MATTER
GOSF 1/56(2006.01)i, HO2M 3/157(2006.01)i

According to International Patent Classification (IPC) or to both national classification and IPC
B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
GOSF 1/56; GOSF 1/00; H02J 1/00; HOIL 21/50; HO1L 23/538; GOSF 1/10; HO2M 3/335; HO2M 3/157

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electromic data base consulted during the international search (name of data base and, where practicable, search terms used)
¢KOMPASS(KIPO internal) & Keywords: master slave, voltage regulator

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A US 2007-0069706 A1 (ALAIN CHAPUIS et al.) 29 March 2007 1-22
See abstract, paragraphs [0019]-[0029], claim 22 and figures 3,4.

A US 06157093 A (DEMETRI GIANNOPOULOS et al.) 05 December 2000 1-22
See abstract, column 4, lines 10-67, claim 1 and figures 2-4.

A US 2012-0074581 A1 (JOHN S. GUZEK et al.) 29 March 2012 1-22
See abstract, paragraph [0039], claim 1 and figure 1.

A US 2010-0225287 A1 (AARON M. SCHULTZ) 09 September 2010 1-22
See abstract, paragraphs [0026]-[0037], claim 1 and figure 1.

A US 4174534 A (PAUL KOTLAREWSKY) 13 November 1979 1-22
See abstract, column 3, line 37-column 6, line 31 and figures 1,2.

. . . . N7 .
|:| Further documents are listed in the continuation of Box C. See patent family annex.
* Special categories of cited documents: "T" later document published after the international filing date or priority
"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
"E"  earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
"L"  document which may throw doubts on priotity claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
"O"  document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination
means being obvious to a person skilled in the art
"P"  document published prior to the international filing date but later "&" document member of the same patent family
than the priority date claimed
Date of the actual completion of the international search Date of mailing of the international search report
15 May 2015 (15.05.2015) 15 May 2015 (15.05.2015)
Name and mailing address of the ISA/KR Authorized officer

International Application Division
Korean Intellectual Property Office

\ 189 Cheongsa-1o, Seo-gu, Dagjeon Metropolitan City, 302-701, KIM, Tae Hoon
AR Republic of Korea
Facsimile No. ++82 42 472 7140 Telephone No. +82-42-481-8407

Form PCT/ISA/210 (second sheet) (January 2015)



INTERNATIONAL SEARCH REPORT
Information on patent family members

International application No.

PCT/US2015/014854
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2007-0069706 Al 29/03/2007 CN 100465823 C 04/03/2009
CN 101641867 A 03/02/2010
CN 101641867 B 29/05/2013
CN 1834825 A 20/09/2006
EP 1703624 A2 20/09/2006
EP 1703624 A3 09/03/2011
EP 2122831 A2 25/11/2009
KR 10-0779785 Bl 27/11/2007
KR 10-1117416 B1 29/02/2012
KR 10-2006-0101213 A 22/09/2006
KR 10-2009-0108661 A 15/10/2009
US 2006-0208716 Al 21/09/2006
US 2007-0182391 Al 09/08/2007
US 7141956 B2 28/11/2006
US 7394236 B2 01/07/2008
US 7554310 B2 30/06/2009
WO 2008-097720 A2 14/08/2008
WO 2008-097720 A3 09/10/2008
US 06157093 A 05/12/2000 CN 1241456 C 08/02/2006
CN 1322456 A 14/11/2001
EP 1138177 Al 04/10/2001
EP 1138177 B1 01/12/2004
JP 2003-511006 A 18/03/2003
JP 4502353 B2 14/07/2010
WO 01-24587 Al 05/04/2001
US 2012-0074581 Al 29/03/2012 CN 103119712 A 22/05/2013
TW 201227907 A 01/07/2012
US 2014-295621 Al 02/10/2014
US 2014-327149 Al 06/11/2014
US 8786066 B2 22/07/2014
WO 2012-040682 A2 29/03/2012
WO 2012-040682 A3 05/07/2012
US 2010-0225287 Al 09/09/2010 US 2007-0075691 Al 05/04/2007
US 2007-0076452 Al 05/04/2007
US 2007-0076453 Al 05/04/2007
US 2007-0076454 Al 05/04/2007
US 2007-0076455 Al 05/04/2007
US 2009-0189576 Al 30/07/2009
US 7514909 B2 07/04/2009
US 7522436 B2 21/04/2009
US 7616463 B2 10/11/2009
US 7688607 B2 30/03/2010
US 7795850 B2 14/09/2010
US 7825643 B2 02/11/2010
US 7830688 Bl 09/11/2010
US 8014180 B2 06/09/2011

Form PCT/ISA/210 (patent family annex) (January 2015)




INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US2015/014854
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 85653438 Bl 08/10/2013
US 4174534 A 13/11/1979 None

Form PCT/ISA/210 (patent family annex) (January 2015)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - claims
	Page 18 - claims
	Page 19 - claims
	Page 20 - claims
	Page 21 - drawings
	Page 22 - drawings
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - wo-search-report
	Page 28 - wo-search-report
	Page 29 - wo-search-report

