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PHASE SHIFTER WITH ACTIVE SIGNAL PHASE GENERATION

CROSS-REFERENCE TO RELATED APPLICATION(S)

[0001] This application claims the benefit of U.S. Utility Application No. 16/785,440, filed
7 February 2020, which in tum claims priority to U.S. Provisional Application No. 62/945,043,
filed 6 December 2019, the disclosures of which are hereby incorporated by reference in their

entireties herein.

TECHNICAL FIELD

[0002] This disclosure relates generally to wireless communications with electronic devices

and, more specifically, to implementing a phase shifter with active signal phase generation.

BACKGROUND

[0003] Electronic devices include traditional computing devices such as desktop computers,
notebook computers, smartphones, wearable devices like a smartwatch, internet servers, and so
forth. However, electronic devices also include other types of computing devices such as personal
voice assistants, thermostats and other sensors or automated controllers, robotics, automotive
electronics, devices embedded 1n other machines like refrigerators and industrial tools, Internet of
Things (IoT) devices, and so forth. These various electronic devices provide services relating to
productivity, communication, social interaction, security, safety, remote management,
entertainment, transportation, and information dissemination. Thus, electronic devices play

crucial roles in many aspects of modem society.

[0004] Many of the services provided by electronic devices 1n today’s interconnected world
depend at least partly on electronic communications. Electronic communications include, for
example, those exchanged between or among different electronic devices using wireless or wired
signals that are transmitted over one or more networks, such as the Intemet, a Wi1-F1 network, or
a cellular network. Electronic communications therefore include both wireless and wired
transmissions and receptions. To make such electronic communications, an electronic device uses

a transceiver, such as a wireless transceiver.

[0003] Electronic communications can therefore be realized by propagating signals between
two wireless transceivers at two different electronic devices. For example, using a wireless
transmitter, a smartphone can transmit a wireless signal to a base station over an air medium as
part of an uplink communication to support mobile services. Using a wireless receiver, the

smartphone can receive a wireless signal from the base station via the air medium as part of a
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downlink communication to enable mobile services. With a smartphone, mobile services can
include phone and video calls, social media interactions, messaging, watching movies, sharing
videos, performing searches, acquiring map information or navigational instructions, finding
friends, location-based services generally, transferring money, obtaining another service like a car

ride, and so forth.

[0006] To provide these and other types of services, electronic devices typically use a
wireless transceiver to communicate wireless signals 1n accordance with some wireless standard.
Examples of wireless standards include an IEEE 802.11b or 802.11g Wi-F1 standard and a Fourth
Generation (4G) cellular standard, both of which are used today with smartphones and other
connected devices. However, efforts to enable faster wireless networks through the creation of
newer wireless standards are ongoing. Next-generation cellular networks and newer Wi-Fi
networks, for example, are expected to offer significantly higher bandwidths, lower latencies, and
access to additional electromagnetic spectrum. Taken together, this means that exciting new
wireless services can be provided to users, such as self-driving vehicles, augmented reality (AR)
and other mixed reality (MR) imaging, on-the-go 4K video streaming, ubiquitous sensors to keep

people safe and to use natural resources more efficiently, real-time language translations, and so

forth.

[0007] To make these new, faster wireless technologies more widely available, many wireless
devices besides smartphones will be deployed, which 1s sometimes called the “Intermnet of Things™
(IoT). Compared to today’s use of wireless devices, tens of billions, and eventually trillions, of
more devices are expected to be connected to the internet with the arrival of the Internet of Things.
These IoT devices may include small, inexpensive, and low-powered devices, like sensors and
tracking tags. Further, to enable next-generation wireless technologies, Fifth Generation (5G)
cellular wireless devices and Wi-F1 6 devices will be communicating with signals that use wider
frequency ranges that are located at higher frequencies of the electromagnetic spectrum as
compared to those devices that operate in accordance with older wireless standards. For example,
newer devices will be expected to operate at mullimeter wave (mmW) frequencies (e.g.,

frequencies between at least 30 and 300 Gigahertz (GHz), but also including frequencies as low

as 4-6 GHz).

[0008] To accommodate these commercial expectations and surmount the associated
technical hurdles, the physical components that enable wireless communications under these
constraints will be expected to operate efficiently at mmW frequencies. One component that
facilitates electronic communication 1s the wireless interface device, which can include a wireless

transceiver and a radio-frequency front-end (RFFE). Unfortunately, the wireless interface devices
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designed for electronic devices that operate in accordance with the Wi-F1 and 4G cellular
standards of today are not adequate for the faster Wi-F1 6 and 5G-capable devices of tomorrow,
which devices will confront higher frequencies, more-stringent latency demands, and tighter fiscal

constraints.

[0009] Consequently, to facilitate the adoption of newer cellular and faster Wi-Fi
technologies, as well as the widespread deployment of electronic devices that can provide new
capabilities and services, wireless interface devices will be deployed having designs that can
handle mmW frequencies. Electrical engineers and other designers of electronic devices are
therefore striving to develop new wireless interface devices that will enable the promise of 5G,

Wi-F1 6, and other higher-frequency technologies to become a reality.

SUMMARY

[001 0] The developing wireless standards for cellular 5G and Wi-F1 6 networks, for instance,
are intended to establish broadband capabilities at higher frequencies in the gigahertz (GHz) range,
including those frequencies with corresponding millimeter wavelengths (e.g.., mmW frequencies).
To enable wireless communications with mmW frequencies, some electronic devices use signal
beamforming. Beamforming entails employing an antenna array to direct a signal beam. Aiming
a signal beam from an origin apparatus toward a destination apparatus can decrease an amount of
transmit power required to reach the destination apparatus. Further, beamforming enables a signal
to be propagated over a greater distance as compared to an omnidirectional transmssion, including
with transmissions at mmW frequencies. To generate a signal beam, multiple antenna elements
of an antenna array transmit or receive different versions of a wireless signal, such as different
delayed or phase-shifted versions of a wireless signal. In some architectures, a component chain
1s assoclated with each antenna element of the antenna array to generate a respective wireless
signal version. Individual physical components of each component chain are therefore reproduced
for each antenna element, and a single electronic device can include many antenna elements, such
as 4, 12, 16, 18, or more across multiple antenna arrays. Consequently, a negative effect resulting
from any particular physical component that 1s part of a component chain, such as a size occupied
by an individual physical component, 1s multiplied by a quantity of antenna elements included in

the electronic device.

[0011] An example of an individual physical component that may be included in each
component chain 1s a phase shifter. A phase shifter can adjust a phase of a version of a wireless
signal relative to other versions of the wireless signal to enable beamforming for mmW and other
frequencies of wireless communications. A phase shifter can be constructed using, for example,

a signal phase generator and a vector modulator. In some implementations, the signal phase
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generator converts a signal having one phase to a split signal having at least two phases for at least
two components of the signal. In some scenarios, two phases of a split signal are separated by
ninety degrees (90°), such as by having 0° and 90° phases. Such a split signal can be referred to
as having an in-phase signal component and a quadrature signal component. The vector modulator
of the phase shifter adjusts relative amplitudes of the components of the split signal. After
recombining the components of the split signal, the relative amplitude adjustment can effectively
change a phase of a signal flowing through a given component chain to support beamsteering

operations.

[0012] A signal phase generator of a phase shifter can be implemented using active or passive
components. Passive components include capacitors, resistors, and inductors. Inductors occupy
a significant area of a radio-frequency (RF) integrated circuit (IC) (RFIC). Resistors introduce an
appreciable level of loss to a signal propagating through a signal phase generator. Generally,
smaller RF ICs can enable less expensive devices, and lower-loss circuitry can provide higher
signal processing performance. Accordingly, performance can be improved by avoiding usage of
inductors and resistors.

[001 3] More specifically, by reducing the usage of inductors and resistors in a signal phase
generator, an area occupied by a phase shifter that includes the signal phase generator and an
amount of loss caused by the phase shifter can both be reduced. To do so, described phase shifter
implementations utilize an active signal phase generator. An active signal phase generator can
include, for example, transistors and capacitors in which a direct-current (DC) current flows
through at least a portion of the transistors. In some implementations, transistors are deployed as
amplifiers in multiple columnar circuits that align with a signal flow direction, and capacitors
couple transistors in consecutive columnar circuits together to form a loop that 1s orthogonal to
the signal flow direction. During propagation of at least one altermating-current (AC) signal
through the amplifiers of the columnar circuits, the capacitors of the capacitively-coupled loop
can distribute phase differences of the AC signal across the amplifiers of the columnar circuits.
For instance, 1f a signal having two phases of 0° and 180° (e.g., one differential signal) 1s applied
to one side of a signal phase generator, the signal phase generator can produce a signal having
four relative phases of 0°, 90°, 180°, and 270° (e.g., two differential signals) at another side of the
signal phase generator. Both bidirectional and unidirectional implementations of active signal
phase generators are described herein.

[0014] To produce a phase shifter, an active or a passive vector modulator can be
implemented with an active signal phase generator. The phase shifter can be configured so that

the vector modulator operates before or after the signal phase generator along a signal flow
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direction. In other words, the vector modulator can adjust at least one amplitude of one or more
signal components either before or after the signal phase generator generates at least one additional
signal phase component. Further, some described phase shifters can be operated bidirectionally,
which enables one phase shifter to be used for both transmit and receive operations. In these
manners, a fully or partially active phase shifter can be realized that 1s smaller than those
implemented with an inductive-capacitive network and that introduces less loss than those

implemented with a resistive-capacitive network.

[001 3] In an example aspect, an apparatus for phase-shifting signals with active signal phase
generation 1s disclosed. The apparatus includes a phase shifter. The phase shifter includes a first
port, a second port, a vector modulator coupled to the first port, and a signal phase generator. The
signal phase generator includes multiple amplifiers coupled between the vector modulator and the
second port. The signal phase generator also includes multiple capacitors that couple the multiple
amplifiers together to form a loop. Each respective capacitor of the multiple capacitors 1s coupled

between a respective pair of consecutive amplifiers of the multiple amplifiers to form the loop.

[0016] In an example aspect, an apparatus for phase-shifting signals with active signal phase
ogeneration 1s disclosed. The apparatus includes a phase shifter. The phase shifter includes a first
port, a second port, a vector modulator coupled to the first port, and a signal phase generator. The
signal phase generator includes amplification means for amplifying a signal being phase shifted,
with the amplification means including multiple input terminals and multiple output terminals and
coupled between the vector modulator and the second port. The signal phase generator also
includes capacitive means for distributing multiple phases of the signal across the amplification
means, with the capacitive means coupling the multiple input terminals to the multiple output

terminals.

[0017] In an example aspect, a method for phase shifting with active signal phase generation
1s disclosed. The method includes coupling a signal having a first quantity of phases via a second
port. The method also includes amplifying multiple components of the signal using multiple
amplifiers. The method additionally includes distributing multiple phases of the multiple
components of the signal across the multiple amplifiers using a capacitively-coupled loop, with
the multiple phases having a second quantity of phases that 1s greater than the first quantity. The
method also includes adjusting one or more amplitudes of the multiple components of the signal
based on a phase control signal. The method further includes combining the multiple phases of
the multiple components of the signal to produce a combined signal having the first quantity of
phases. The method additionally includes coupling the combined signal having the first quantity

of phases via a first port.
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[001 8] In an example aspect, an apparatus for phase-shifting signals with active signal phase
generation 1s disclosed. The apparatus includes a phase shifter. The phase shifter includes a first
port including two or more nodes, a second port including two or more nodes, and an interface
including four or more nodes. The phase shifter also includes a vector modulator coupled between
the first port and the interface. The phase shifter further includes a signal phase generator. The
signal phase generator includes four or more columnar circuits coupled between the interface and
the second port, with each columnar circuit including a first transistor and a second transistor. The
first transistor and the second transistor of each respective columnar circuit are coupled together
1n series between a node of the interface and anode of the second port. The signal phase generator
also 1includes a first set of four or more capacitors that couple the four or more columnar circuits
together to form a first loop, with each respective capacitor coupled between a respective pair of
first transistors from two consecutive columnar circuits of the four or more columnar circuits to
form the first loop. The signal phase generator further includes a second set of four or more
capacitors that couple the four or more columnar circuits together to form a second loop, with
each respective capacitor coupled between a respective pair of second transistors from two

consecutive columnar circuits of the four or more columnar circuits to form the second loop.

BRIEF DESCRIPTION OF DRAWINGS
[0019] FIG. 1 1llustrates an example environment that includes an electronic device having a
wireless interface device with a radio-frequency (RF) front-end (FE) (RFFE), which includes a
phase shifter.
[0020] FIG. 2 illustrates an antenna array coupled to an example wireless interface device
that includes a communication processor and an RF front-end with at least one phase shifter.
[0021] FIG. 3-1 1llustrates an antenna array coupled to an example RF front-end that includes
multiple component chains, each of which includes a phase shifter.
[0022] FIG. 3-2 illustrates an antenna element coupled to a portion of a component chain,
which includes a phase shifter that can be operated bidirectionally.
[0023] FIG. 3-3 1llustrates an antenna element coupled to a portion of a component chain,
which includes two phase shifters that can each be operated unidirectionally.
[0024] FIG. 4-1 1llustrates an example phase shifter including a signal phase generator, a
vector modulator, an interface therebetween, and multiple ports.
[00235] FIG. 4-2 illustrates an example phase shifter including a signal phase generator and a

vector modulator and depicts multiple phases of multiple components of a signal using phasors.
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[0026] FIG. 4-3 illustrates an example phase shifter including a signal phase generator and a
vector modulator and depicts multiple example signal flow directions across different

implementations of the phase shifter.

[0027] FIG. 5-1 illustrates a schematic diagram of an example signal phase generator
including multiple capacitors and multiple amplifiers having at least one amplification stage per

amplifier.

[0028] FIG. 5-2 1illustrates a schematic diagram of an example signal phase generator
including multiple capacitors and multiple amplifiers having at least two amplification stages per
amplifier.

[0029] FIG. 6 1llustrates a schematic diagram of an example phase shifter including a signal
phase generator with multiple amplifiers having at least two amplification stages that are each

implemented using at least one transistor and that are arranged into multiple columnar circuits.

[0030] FIG. 7 illustrates a circuit diagram of a phase shifter including an example signal
phase generator including multiple capacitors and multiple amplifiers having two common-gate
amplification stages per amplifier.

[0031] FIG. 8 1illustrates a circuit diagram of a phase shifter including an example signal
phase generator including multiple capacitors and multiple amplifiers having a common-source
amplification stage and a common-gate amplification stage per amplifier.

[0032] FIG. 9 1llustrates an example phase shifter including a signal phase generator and a
passive vector modulator that 1s implemented using resistors.

[0033] FIG. 10 1llustrates another example phase shifter including a signal phase generator
and a passive vector modulator that 1s implemented using resistors.

[0034] FIG. 11 illustrates an example phase shifter including a signal phase generator and an
active vector modulator that 1s implemented using banks of transistors.

[00335] FIG. 12 1llustrates another example phase shifter including a signal phase generator

and an active vector modulator that 1s implemented using banks of transistors.

[0036] FIG. 13-1 1llustrates an example phase shifter including a signal phase generator and
an active vector modulator that 1s implemented using banks of transistors configured as vanable
gain amplifiers (VGAS).

[0037] FIG. 13-2 illustrates an example bidirectional VGA that can be used in the active
vector modulator of FIG. 13-1.

[0038] FIG. 14 1s a flow diagram 1llustrating an example process for phase shifting with

active signal phase generation.
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DETAILED DESCRIPTION

[0039] As compared to 4G cellular and existing Wi-F1 networks, next-generation networks,
such as 5G cellular and Wi-F1 6 networks, will utilize higher electromagnetic (EM) frequencies.
These higher EM frequencies include millimeter wave (mmW) {requencies that can span
approximately 3 to 300 Gigahertz (GHz) of the EM spectrum. Although higher frequencies can
offer higher bandwidth and lower latency, higher frequencies also cause technical difficulties. For
example, signals transmitted at higher frequencies are attenuated by the atmosphere more quickly
and therefore have shorter intrinsic ranges at a given power level. To account for the naturally-
shorter propagation distances, signals can be transmitted in signal beams that direct a signal toward
a particular target with more effective power, which 1s called antenna beamforming. Using
antenna beamforming, a transmission at a given power level can travel farther as a signal beam as

compared to a signal being transmitted ommnidirectionally.

[0040] Thus, 5G cellular and Wi-F1 6 (e.g., IEEE 802.11ax) electronic devices may utilize
beamforming to direct signals toward receiving devices. A wireless interface device of an
electronic device 1s at least partially responsible for generating signal beams for beamforming. To
form a transmission signal beam, a wireless interface device uses an antenna array to emanate
multiple versions of a transmission signal 1n which the versions are modified with respect to each
other to cause the signals versions to constructively and destructively combine during signal
propagation. The modifications of the different signal versions can include being amplified by
different amounts or being phase shifted with respect to each other (e.g., delayed relative to one
another by different time durations). Areas of constructive EM combination produce a signal
beam that can be received at relatively farther distances as compared to without using antenna
beamforming. Receilving a communication signal with beamforming techniques works 1n a
reverse manner by processing the different versions to reconstruct a received signal beam.

[0041] Generally, each signal version 1s provided to or accepted from a respective antenna
element of an antenna array. To modify different signal versions corresponding to respective ones
of different antenna elements of an antenna array, a wireless interface device that 1s coupled to the
antenna array may include a respective component chain of multiple component chains for each
respective antenna element of multiple antenna elements. Further, an electronic device may
include multiple antenna arrays that each have multiple antenna elements to aim signal beams
from different sides of the electronic device. In some architectures, there 1s a component chain
associated with and coupled to each antenna element of an antenna array. Individual physical
components of each component chain are thus reproduced for each antenna element, which can

have a quantity of 6, 8, 12, 16, or more 1n a single electronic device. If, for instance, an electronic
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device includes three antenna arrays each having four antenna elements, the electronic device may
include a dozen total antenna elements and therefore a dozen corresponding component chains.
Consequently, an impact resulting from each individual physical component, such as a negative
effect caused by any individual physical component, of a component chain 1s multiplied by a
quantity of antenna elements included in the electronic device. Examples of negative effects
include a size occupied by an individual physical component, a power usage of the component, or

a loss of signal strength imparted to a signal being processed by the component.
[0042] An example of an individual physical component that may be included in each

component chain 1s a phase shifter. A phase shifter can adjust a phase of a version of a wireless
signal relative to other versions of the wireless signal to enable beamforming for mmW and other
frequencies of wireless communications. A phase shifter can be constructed using, for example,
a signal phase generator and a vector modulator. In some implementations, a signal phase
generator converts a signal having one phase to a split signal having at least two phases for at least
two components of the signal. In some scenarios, two phases of a split signal are separated by
ninety degrees (90°), such as by having 0° and 90° phases. This type of split signal that includes
two components having different phases that are separated by 90° can be referred to as having an
in-phase signal component and a quadrature signal component. The vector modulator of the phase
shifter adjusts relative amplitudes of the components of the split signal. After recombining the
components of the split signal, the relative amplitude adjustment can effectively change a phase
of a version of a wireless signal flowing through the corresponding component chain to realize

phase shifting in support of antenna beamforming.

[0043] Phase shifters can be implemented fully or partially in a passive or active manner.
Passive phase shifters can be used to achieve about three bits of resolution, with the number of
bits of resolution determining a granularity of the phase shift amounts. The quantity of bits 1n
passive phase shifters 1s limited due to the large size of, and appreciable attenuation caused by,
passive components (e.g., resistors, capacitors, and/or inductors) and switches that form a passive
phase shifter. Active phase shifters, on the other hand, can enable a higher bit resolution for a
finer phase-shift granularity. Instead of being limited to 45° phase-shift increments with a three-
bit phase shifter, 22.5° and 11.25° phase-shift increments can be achieved with four- and five-bit
phase shifters, respectively. This enables a signal beam to be more finely aimed with, e.g., a five-
bit active phase shifter. Active phase shifters typically use an active vector modulator for
amplitude adjustment of the split signals. However, active phase shifters typically employ a
passive circuit structure to generate the in-phase and quadrature (IQ) signal components that are

adjusted by the vector modulator for the phase shifting. Passive approaches to I1Q-signal
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generation usually result in approximately 3 decibels (dB) or more of loss. Passive 1Q-signal
generation with inductors (L) and capacitors (C) 1s lossy and can result in large LC circuits. In
contrast, passive 1Q-signal generation with resistors (R) and capacitors (C) can use smaller

circuits, but this RC-circuit approach 1s even more lossy than the LC-circuit approach.

[0044] In short, higher-resolution phase shifters tend to passively generate I1Q signal
components but actively perform the vector modulation. Although there are numerous ways to
passively generate 1QQ signals, each way usually causes a loss of approximately 3 dB or greater
and uses components that consume a significant portion of an area of an RF IC. Techniques to
compensate for this loss of signal strength, which arises from passively generating I1Q signals,
include ancillary signal amplification that both involves additional circuitry and introduces further

complications into using phased-array antennas for beamforming.

[00435] In contrast with a phase shifter that uses a passive 1Q-signal generator, some described
implementations are directed to a phase shifter that employs an active signal phase generator. An
example phase shifter includes an active signal phase generator and a vector modulator, which
may be passive or active. Thus, applicable vector modulators can include those formed with
resistors and those formed with transistors. Some described signal phase generators can be
implemented bidirectionally. Consequently, some phase shifter implementations can operate
bidirectionally, including fully-active implementations with both an active signal phase generator
and an active vector modulator. Depending on phase shifter implementation, an order of operation
of a vector modulator relative to that of an active signal phase generator can vary with respect to
a signal flow direction through the phase shifter. For instance, the vector modulator may operate
on a signal propagating through the phase shifter before or after when the signal phase generator
operates on the signal. In other words, the vector modulator can adjust at least one amplitude of
one or more signal components either before or after the signal phase generator generates at least

one additional signal phase component of the signal propagating through the phase shifter.

[0046] In example implementations, an active signal phase generator of a phase shifter
includes multiple amplifiers that are capacitively coupled together such that the capacitor
couplings form at least one loop. The multiple amplifiers are powered and have a direct-current
(DC) current that flows through them during operation. At least one capacitor 1s coupled between
consecutive amplifiers along the loop that 1s defined by the capacitor couplings. Each of the
amplifiers includes at least one amplification stage. A two-stage amplifier, for instance, includes
a first amplification stage and a second amplification stage, with each respective stage being
coupled together 1n a respective loop with a respective set of capacitors. The capacitors can be

cross-coupled between consecutive amplification stages such that one terminal of a capacitor 1s

10
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coupled to an 1mnput of a first instance of an amplification stage at a first amplifier and another
terminal of the capacitor 1s coupled to an output of a second instance of the amplification stage at

a second amplifier, which 1s consecutively coupled to the first amplifier by a capacitive loop.

[0047] By capacitively coupling the amplifiers together, the capacitors distribute different
phases of a signal around the loop of capacitors and thus across each amplification stage. In this
manner, an active signal phase generator can increase a quantity of phases of different components
of a signal that 1s traversing the active signal phase generator. A first quantity of phases that are
present at first side of the signal phase generator 1s increased relative to a second quantity of phases
that are present at a second side of the signal phase generator, and vice versa. For instance, if a
signal having two phases of 0° and 180° (e.g., a differential I signal) 1s applied to one side of a
signal phase generator, the signal phase generator can cause the signal to have four relative phases
of 0°, 90°, 180°, and 270° (e.g., differential I and Q signal components) at another side of the

signal phase generator.

[0048] By reducing usage of inductors and resistors in a signal phase generator, an area
occupied by a phase shifter that includes the signal phase generator and an amount of loss caused
by the phase shifter can both be reduced. As described herein, implementations of an active signal
phase generator can include transistors and capacitors in which a direct-current (DC) current flows
through at least a portion of the transistors during operation. In some implementations, these
transistors are deployed as amplifiers in multiple columnar circuits that align with a direction of
signal flow through the phase shifter, and the capacitors couple transistors in consecutive
columnar circuits together to form a loop of capacitors in a row that 1s orthogonal to the signal
flow direction. An active or passive vector modulator can be paired with the active signal phase
generator to construct a phase shifter. The vector modulator can include multiple portions with
each respective portion coupled to a respective columnar circuit of multiple columnar circuits to
adjust, for a respective amplifier corresponding thereto, at least one amplitude of a respective

component having a phase of a signal propagating through the phase shifter.

[0049] A passive vector modulator can be built using resistors that are arranged as respective
voltage dividers for respective portions of the vector modulator to adjust an amplitude of
respective phase components of a signal. An active vector modulator can be built using a bank of
transistors (e.g., multiple transistors coupled together in parallel for current steering or multiple
transistors realizing a variable gain amplifier (VGA)) for each portion of the vector modulator to
adjust an amplitude of each respective phase component of a signal. In these manners, a partially

or fully active phase shifter can be realized that 1s smaller than those implemented with an
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inductor-capacitor network and that introduces less loss than those implemented with a resistor-

capacitor network.

[0050] FIG. 1 illustrates an example environment 100 that includes an electronic device 102
having a wireless interface device 120 with a radio-frequency (RF) front-end (FE) 128 (RFFE),
which includes a phase shifter 130. The phase shifter 130 includes a signal phase generator 132
and a vector modulator 134. In the environment 100, the example electronic device 102
communicates with a base station 104 through a wireless link 106. In FIG. 1, the electronic device
102 1s depicted as a smartphone. However, the electronic device 102 may be implemented as any
suttable computing or other electronic device, such as a cellular base station, broadband router,
access point, cellular or mobile phone, gaming device, navigation device, media device, laptop
computer, desktop computer, tablet computer, server computer, network-attached storage (NAS)
device, smart appliance, vehicle-based communication system, Internet of Things (IoT) device,
sensor or security device, asset tracker, fitness management device, wearable device such as
intelligent glasses or smart watch, wireless power device (transmitter or receiver), medical device,
and so forth.

[0051] The base station 104 communicates with the electronic device 102 via the wireless
link 106, which may be implemented as any sutable type of wireless link that carries a
communication signal. Although depicted as a base station tower of a cellular radio network, the
base station 104 may represent or be implemented as another device, such as a satellite, terrestrial
broadcast tower, access point, peer-to-peer device, mesh network node, fiber optic line, another
electronic device as described above generally, and so forth. Hence, the electronic device 102
may communicate with the base station 104 or another device via a wired connection, a wireless
connection, or a combination thereof.

[0052] The wireless link 106 extends between the electronic device 102 and the base station
104. The wireless link 106 can include a downlink of data or control information communicated
from the base station 104 to the electronic device 102 and an uplink of other data or control
information communicated from the electronic device 102 to the base station 104. The wireless
link 106 may be implemented using any suitable communication protocol or standard. Examples
of such protocols and standards include a 3rd Generation Partnership Project (3GPP) standard,
such as a Long-Term Evolution (LTE), a Fourth Generation (4G), or a Fifth Generation (5G)
cellular standard; an IEEE 802.11 standard, such as 802.11g, ac, ax, ad, aj, or ay standard,
including Wi-Fi 6; an IEEE 802.16 standard (e.g., WIMAX'™); a Bluetooth™ standard; and so
forth. In some implementations, the wireless link 106 may wirelessly provide power, and the

electronic device 102 or the base station 104 may comprise a power source.
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[0053] As shown, the electronic device 102 includes at least one application processor 108
and at least one computer-readable storage medium 110 (CRM 110). The application processor
108 may include any type of processor, such as a central processing unit (CPU) or a multi-core
processor, that 1s configured to execute processor-executable instructions (e.g., code) stored by
the CRM 110. The CRM 110 may include any suitable type of data storage media, such as volatile
memory (e.g., random-access memory (RAM)), non-volatile memory (e.g., Flash memory),
optical media, magnetic media (e.g., disk or tape), and so forth. In the context of this disclosure,
the CRM 110 1s implemented to store instructions 112, data 114, and other information of the
electronic device 102, and thus the CRM 110 does not include transitory propagating signals or

carrier waves.

[0054] The electronic device 102 may also include one or more input/output ports 116 (I/0
ports 116) or at least one display 118. The I/O ports 116 enable data exchanges or interaction
with other devices, networks, or users. The I/O ports 116 may include sernal ports (e.g., umversal
serial bus (USB) ports), parallel ports, audio ports, infrared (IR) ports, camera or other sensor
ports, and so forth. The display 118 can be realized as a display screen or a projection that presents
one or more graphical 1images provided by the electronic device 102, such as a user interface
associated with an operating system, program, or application. Alternatively or additionally, the
display 118 may be implemented as a display port or virtual interface through which graphical

content of the electronic device 102 1s communicated or presented.

[00535] The electronic device 102 further includes at least one wireless interface device 120
and at least one antenna array 122. The wireless interface device 120 provides connectivity to
respective networks and peer devices via a wireless link, which may be configured similar to or
differently from the wireless link 106. Alternatively or additionally, the electronic device 102
may 1nclude a wired interface device, such as an Ethemet or fiber optic transceiver for
communicating over a wired local area network (LAN), an intranet, or the Internet. The wireless
interface device 120 may facilitate communication over any suitable type of wireless network,
such as a wireless LAN (WLAN), wireless personal-area-network (PAN) (WPAN), peer-to-peer
(P2P) network, mesh network, cellular network, wireless wide-area-network (WAN) (WWAN),
and/or a navigational network (e.g., the Global Positioning System (GPS) of North America or
another Satellite Positioning System (SPS) or Global Navigation Satellite System (GNSS)). In
the context of the example environment 100, the electronic device 102 can communicate various
data and control information bidirectionally with the base station 104 via the wireless interface
device 120. However, the electronic device 102 may also or instead communicate directly with

other peer devices, an altemative wireless network, and the like.

13



WO 2021/113011 PCT/US2020/059209

[0056] As shown, the wireless interface device 120 includes at least one communication
processor 124, at least one transceiver 126, and at least one RF front-end 128 (RFFE 128). These
components process data information, control nformation, and signals associated with
communicating information for the electronic device 102 via the antenna array 122. The
communication processor 124 may be implemented as at least part of a system-on-chip (SoC), a
modem baseband processor, or a baseband radio processor (BBP) that enables a digital
communication interface for data, voice, messaging, or other applications of the electronic device
102. The communication processor 124 includes a digital signal processor (DSP) or one or more
signal-processing blocks (not shown) for encoding and modulating data for transmission and for
demodulating and decoding received data. Additionally, the communication processor 124 may
also manage (e.g., control or configure) aspects or operation of the transceiver 126, the RF front-
end 128, and other components of the wireless interface device 120 to implement various

communication protocols or communication techniques.

[0057] In some cases, the application processor 108 and the communication processor 124
can be combined into one module or integrated circuit (IC), such as an SoC. Regardless, the
application processor 108 or the communication processor 124 can be operatively coupled to one
or more other components, such as the CRM 110 or the display 118, to enable control of, or other
interaction with, the other components of the electronic device 102. Thus, an operative coupling
can enable components to perform a function or operate as described herein. The communication
processor 124 may also include a memory (not separately shown), such as a CRM 110, to store
data and processor-executable instructions (e.g., code). The various components illustrated in
FIG. 1 using separate schematic blocks may be manufactured or packaged in different discrete
manners. For example, one physical module may include components of the RF front-end 128
and some components of the transceiver 126, and another physical module may combine the
communication processor 124 with the remaining components of the transceiver 126.
Additionally, at least one antenna array 122 may be co-packaged with at least some components
of an RF front-end 128 as an “antenna module.” Further, an electronic device 102 may include
multiple such antenna modules, thereby spatially distributing various physical components of at

least one RF front-end 128 within a housing of the electronic device 102.

[0058] The transceiver 126 can include circuitry and logic for filtering, amplification,
channelization, and frequency translation. The frequency translation may include an up-
conversion or a down-conversion of frequency that 1s performed 1n a single conversion operation
(e.g.., a direct-conversion architecture) or through multiple conversion operations (e.g., a

superheterodyne architecture). The transceiver 126 can include filters, switches, amplifiers,
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mixers, and so forth for routing and conditioning signals that are transmitted or received via the
antenna array 122. Although not explicitly shown, the wireless interface device 120 can also
include a digital-to-analog converter (DAC) or an analog-to-digital converter (ADC) to convert
between analog signals and digital signals. A DAC or an ADC can be implemented as part of the

communication processor 124, as part of the transceiver 126, or separately from both of them.

[0059] The components or circuitry of the transceiver 126 can be implemented in any suitable
fashion, such as combined transceiver logic or separately as respective transmitter and receiver
entities. In some cases, the transceiver 126 1s implemented with multiple or different sections to
implement respective transmitting and receiving operations (e.g., separate transmit and receive
chains, respectively). The transceiver 126 may also include logic to perform in-phase/quadrature

(I/Q) operations, such as synthesis, phase correction, modulation, demodulation, and the like.

[0060] Generally, the RF front-end 128 includes one or more filters, switches, or amplifiers
for conditioning signals received via the antenna array 122 or signals to be transmitted via the
antenna array 122. As shown, the RF front-end 128 includes at least one phase shifter 130 (PS
130). The RF front-end 128 may also include other RF sensors and components, such as a peak
detector, power meter, gain control block, antenna tuning circuit, N-plexer, balun, and the like.
Configurable components of the RF front-end 128, such as the phase shifter 130, may be
controlled by the communication processor 124 to implement communications in various modes,
with different frequency bands, or using antenna beamforming. Although the phase shifter 130 1s
depicted as being part of an RF front-end 128, described implementations of a phase shifter 130
can altematively be employed 1n other portions of the wireless interface device 120 (e.g.. the

transceiver 126) or 1n other portions of the electronic device 102 generally.

[0061] In example implementations, the phase shifter 130 includes at least one signal phase
generator 132 and at least one vector modulator 134. The signal phase generator 132 changes a
quantity of phases of a signal, such as by generating at least one phase to increase a quantity of
phases. For instance, a signal phase generator 132 can produce I and Q signal components (e.g.,
with two phases for single-ended signaling) from an I signal component (e.g., with one phase for
single-ended signaling). The vector modulator 134 adjusts at least one amplitude of one or more
components of a signal traversing circuitry of the vector modulator 134. The adjustment can
include increasing signal amplitude (e.g., positive amplification, amplification by a gain that 1s
oreater than one, or an amplification) or decreasing signal amplitude (e.g., negative amplification,
amplification by a gain between zero and one, or<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>