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(57) ABSTRACT

A method and network node for spatial audio assisted radio
frequency (RF) beamforming for millimeter wave and tera-
hertz communications in safe mode are disclosed. According
to one aspect, a method in a network node includes trigger-
ing a wireless device (WD) to transmit at least one acoustic
pulse, the triggering being prior to entering a safe mode of
operation. The method also includes determining a direction
of arrival of the at least one acoustic pulse received from the
WD via the microphone array. The method further includes
determining an RF beam for communication with the WD
based at least in part on the determined direction of arrival.
Transmission to the WD may occur on the determined RF
beam.
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SPATIAL AUDIO ASSISTED BEAMFORMING
FOR COMMUNICATIONS IN SAFE MODE

TECHNICAL FIELD

[0001] This disclosure relates to wireless communication
and in particular, to spatial audio assisted radio frequency
(RF) beamforming for millimeter wave and terahertz (THz)
communications in safe mode.

BACKGROUND

[0002] The Third Generation Partnership Project (3GPP)
has developed and is developing standards for Fourth Gen-
eration (4G) (also referred to as Long Term Evolution
(LTE)) and Fifth Generation (5G) (also referred to as New
Radio (NR)) wireless communication systems. Such sys-
tems provide, among other features, broadband communi-
cation between network nodes, such as base stations, and
mobile wireless devices (WD), as well as communication
between network nodes and between WDs. Sixth Generation
(6G) wireless communication systems are also under devel-
opment.

[0003] Radios with antenna arrays are capable of beam-
forming. Beamforming is a general concept where the signal
is transmitted from multiple locations after being weighted
with appropriate complex weights based on element location
relative to a fixed position. Typically, the fixed position is set
as one of the antenna element positions on which the signal
is being transmitted. The coverage shape of the transmission
is managed via the complex weights. This concept has found
significant use in acoustics communications, radar and wire-
less communications. In various devices, microphone arrays
are deployed to control the direction of received or emitted
audio signals. In wireless communications, both access
points and mobiles are equipped with multiple antennas
where beamforming can be used to improve the desired
signal and/or cancel undesired interference towards selected
directions. RF frequency band varies significantly from HF
band all the way to terra-hertz spectrum.

[0004] In order to benefit from beamforming, the trans-
mitter needs to calculate the complex phases to create the
desired beam shape. In some cases, the transceiver may have
means of estimating the channels and deriving those
weights. In some other cases, however, the network protocol
may not have the means to estimate the channel and may fall
back to common beam transmissions. For example, in 3GPP
millimeter wave (mm Wave) communications, during certain
periods of transmissions, the synchronicity between the
transmitters and receiver may be lost for a prolonged period
of time at which point they need to undergo a safe mode
operation where the achievable throughput performance
degrades significantly. An example of when safe mode
operations are triggered in 3GPP mmWave communications
is when several consecutive CSI reports are missed, result-
ing in discontinuance of beam management. Thus, a safe
mode operation has reduced performance.

[0005] When the transmitter loses access to training pro-
tocols based on which the beamforming weights are esti-
mated, the link falls back typically to a non-multiple input
multiple output (non-MIMO) transmission mode to create
wider beams to reach the target receivers. Equipping the
radio with a large-array and reducing the transmission to a
common beam is disadvantageous in most cases, whether it
is during normal operation or it is during a recovery phase.
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[0006] In some other cases, the reliability of methods to
determine beamforming weights may become critical in
achieving the desired coverage shape. Radio frequency (RF)
characteristics and design accuracies significantly change
across these RF bands and proper protocols are required to
determine the complex weights. The reliability of RF beam-
forming may also vary vastly due to the frequency depen-
dency of the medium on electromagnetic waves. As one gets
to mmWave frequencies and higher, radio waves suffer from
huge propagation loss and atmospheric absorption, so that
the cell coverage area shrinks significantly. Thus, at
mmWave frequencies and higher, highly directional trans-
missions enabled by beamforming may be important. Fall-
ing back to a common beam transmission mode may result
in loss of communication and restart of beam management
protocols (which is a resource and time-consuming proce-
dure).

SUMMARY

[0007] Some embodiments advantageously provide a
method and system for spatial audio assisted radio frequency
(RF) beamforming for millimeter wave and Tera Hertz
communications in safe mode.

[0008] Inorderto avoid the complete lack of MIMO mode
operation that occurs during safe mode operational periods
in known methods, and/or during the periods where the
usual beamformer estimation procedures become less reli-
able, some embodiments provide an emergency-mode

beamforming procedure where acoustics array are
employed.
[0009] Beamforming in most cases reduces to determining

the desired directions and undesired directions and steering
one or more beams in the desired directions while steering
one or more nulls in the undesired directions. Any additional
information to determine the directions contribute to more
accurate beam steering and null steering. Some embodi-
ments provide an audio-RF heterogenous beamforming
architecture which includes an access point and a micro-
phone array collocated with the RF antenna array of the
access point. The access point, which hereinafter is referred
to as a network node, can trigger acoustics-based direction
acquisition. A beam management entity of the network node
(e.g., during beam-refinement periods) can combine the
information obtained from an out-of-band acoustic array and
an in-band RF signal. The information from an acoustic
array can be mapped to a spatial angle direction. Then, a
beam-forming mode of operation may be performed during
safe mode procedures or during protocol periods where the
transmitter loses access to channel state measurements. In
cases where limited in-band channel estimation available,
some embodiments include combining acoustics-based
beamforming information with beamforming information
derived from the usual channel state information (CSI)
estimation procedure. In some embodiments, a selective
direction information combination includes determining
acoustic signal quality and RF signal quality to be used for
direction estimation. The use of comparison and a weighted-
beam approach may be employed where the direction of an
RF beam can be based on an RF signal, or acoustic signal,
or may be based on a both the RF signal and the acoustic
signal.

[0010] According to one aspect, a method for beamform-
ing at a network node configured to communicate with a
plurality of WDs. The network node has a microphone array.
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The method includes triggering a WD to transmit at least one
acoustic pulse and determining a direction of arrival of the
at least one acoustic pulse received from the WD via the
microphone array. The method also includes determining a
radio frequency, RF, beam for communication with the WD
based at least in part on the determined direction of arrival,
and transmitting to the WD on the determined RF beam.

[0011] According to this aspect, in some embodiments, the
determined RF beam is based at least in part on a beam index
corresponding to the determined direction of arrival, the
beam index being based at least in part on a weighted
average of beam steering vectors. In some embodiments, the
determined RF beam is based at least in part on a beam index
corresponding to the determined direction of arrival, the
beam index being based at least in part on a largest eigen-
vector of a weighted singular value decomposition, SVD,
matrix. In some embodiments, the determined RF beam is
based at least in part on a beam index corresponding to the
determined direction of arrival, the beam index being based
at least in part on a beam synthesis process to determine an
RF beam in a direction toward the WD. In some embodi-
ments, determining an RF beam based at least in part on the
determined direction of arrival is performed when a channel
state information, CSI, is not available. In some embodi-
ments, determining an RF beam based at least in part on the
determined direction of arrival is performed when a P2
report from the WD is not received within an expected time
slot, the P2 report indicating which of a plurality of RF
beams is associated with the WD. In some embodiments,
determining an RF beam based at least in part on the
determined direction of arrival is performed when a P2
report from the WD is deemed to be unreliable, the P2 report
indicating which of a plurality of RF beams is associated
with the WD. In some embodiments, the P2 report is based
at least in part on a downlink control information, DCI,
format DCI_0_1. In some embodiments, the method also
includes adjusting a margin of a link adaptation process
based at least in part on a reliability or noise level of a beam
index estimation module. In some embodiments, the method
further includes switching an outer loop link adaptation
process to conservative mode, where in the conservative
mode, a signal to noise ratio, SNR, is not increased in
response to receipt of a non-acknowledgment, NACK, from
the WD. In some embodiments, the triggering is prior to
entering a safe mode of operation.

[0012] According to another aspect, a network node is
configured to communicate with a plurality of WDs. The
network node includes a microphone array configured to
receive an acoustic pulse from a WD. The network node also
includes processing circuitry configured to trigger the WD to
transmit at least one acoustic pulse, and determine a direc-
tion of arrival of the at least one acoustic pulse received from
the WD via the microphone array. The processing circuitry
is also configured to determine a radio frequency, RF, beam
for communication with the WD based at least in part on the
determined direction of arrival. The network node also
includes a radio interface configured transmit to the WD on
the determined RF beam.

[0013] According to this aspect, in some embodiments, the
determined RF beam is based at least in part on a beam index
corresponding to the determined direction of arrival, the
beam index being based at least in part on a weighted
average of beam steering vectors. In some embodiments, the
determined RF beam is based at least in part on a beam index
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corresponding to the determined direction of arrival, the
beam index being based at least in part on a largest eigen-
vector of a weighted singular value decomposition, SVD,
matrix. In some embodiments, the determined RF beam is
based at least in part on a beam index corresponding to the
determined direction of arrival, the beam index being based
at least in part on a beam synthesis process to determine an
RF beam in a direction toward the WD. In some embodi-
ments, determining an RF beam based at least in part on the
determined direction of arrival is performed when a channel
state information, CSI, is not available. In some embodi-
ments, determining an RF beam based at least in part on the
determined direction of arrival is performed when a P2
report from the WD is not received within an expected time
slot, the P2 report indicating which of a plurality of RF
beams is associated with the WD. In some embodiments,
determining an RF beam based at least in part on the
determined direction of arrival is performed when a P2
report from the WD is deemed to be unreliable, the P2 report
indicating which of a plurality of RF beams is associated
with the WD. In some embodiments, the P2 report is based
at least in part on a downlink control information, DCI,
format DCI_0_1. In some embodiments, the processing
circuitry is further configured to adjust a margin of a link
adaptation process based at least in part on reliability or
noise level of a beam index estimation module. In some
embodiments, the processing circuitry is further configured
to switch an outer loop link adaptation process to conser-
vative mode, where in the conservative mode, a signal to
noise ratio, SNR, is not increased in response to receipt of
a non-acknowledgment, NACK, from the WD. In some
embodiments, the triggering is prior to entering a safe mode
of operation.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] A more complete understanding of the present
embodiments, and the attendant advantages and features
thereof, will be more readily understood by reference to the
following detailed description when considered in conjunc-
tion with the accompanying drawings wherein:

[0015] FIG. 1 is a schematic diagram of an example
network architecture illustrating a communication system
according to principles disclosed herein;

[0016] FIG. 2 is a block diagram of a network node in
communication with a wireless device over a wireless
connection according to some embodiments of the present
disclosure;

[0017] FIG. 3 is a block diagram of a beamformer con-
troller constructed in accordance with principles disclosed
herein; and

[0018] FIG. 4 is a flowchart of an example process in a
network node for spatial audio assisted radio frequency (RF)
beamforming for millimeter wave and Tera Hertz commu-
nications in safe mode according to some embodiments of
the present disclosure.

DETAILED DESCRIPTION

[0019] Before describing in detail exemplary embodi-
ments, it is noted that the embodiments reside primarily in
combinations of apparatus components and processing steps
related to spatial audio assisted radio frequency (RF) beam-
forming for millimeter wave and Tera Hertz communica-
tions in safe mode. Accordingly, components have been
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represented where appropriate by conventional symbols in
the drawings, showing only those specific details that are
pertinent to understanding the embodiments so as not to
obscure the disclosure with details that will be readily
apparent to those of ordinary skill in the art having the
benefit of the description herein.

[0020] As used herein, relational terms, such as “first” and
“second,” “top” and “bottom,” and the like, may be used
solely to distinguish one entity or element from another
entity or element without necessarily requiring or implying
any physical or logical relationship or order between such
entities or elements. The terminology used herein is for the
purpose of describing particular embodiments only and is
not intended to be limiting of the concepts described herein.
As used herein, the singular forms “a”, “an” and “the” are
intended to include the plural forms as well, unless the
context clearly indicates otherwise. It will be further under-
stood that the terms “comprises,” “comprising,” “includes”
and/or “including” when used herein, specify the presence of
stated features, integers, steps, operations, elements, and/or
components, but do not preclude the presence or addition of
one or more other features, integers, steps, operations,
elements, components, and/or groups thereof.

[0021] Inembodiments described herein, the joining term,
“in communication with” and the like, may be used to
indicate electrical or data communication, which may be
accomplished by physical contact, induction, electromag-
netic radiation, radio signaling, infrared signaling or optical
signaling, for example. One having ordinary skill in the art
will appreciate that multiple components may interoperate
and modifications and variations are possible of achieving
the electrical and data communication.

[0022] In some embodiments described herein, the term
“coupled,” “connected,” and the like, may be used herein to
indicate a connection, although not necessarily directly, and
may include wired and/or wireless connections.

[0023] The terminology used herein is for the purpose of
describing particular embodiments only and is not intended
to be limiting of the concepts described herein. As used
herein, the singular forms “a”, “an” and “the” are intended
to include the plural forms as well, unless the context clearly
indicates otherwise. It will be further understood that the
terms “comprises,” “comprising,” “includes” and/or
“including” when used herein, specify the presence of stated
features, integers, steps, operations, elements, and/or com-
ponents, but do not preclude the presence or addition of one
or more other features, integers, steps, operations, elements,
components, and/or groups thereof.

[0024] The term “network node” used herein can be any
kind of network node comprised in a radio network which
may further comprise any of base station (BS), radio base
station, base transceiver station (BTS), base station control-
ler (BSC), radio network controller (RNC), g Node B (gNB),
evolved Node B (eNB or eNodeB), Node B, multi-standard
radio (MSR) radio node such as MSR BS, multi-cell/
multicast coordination entity (MCE), relay node, donor node
controlling relay, radio access point (AP), transmission
points, transmission nodes, Remote Radio Unit (RRU)
Remote Radio Head (RRH), a core network node (e.g.,
mobile management entity (MME), self-organizing network
(SON) node, a coordinating node, positioning node, MDT
node, etc.), an external node (e.g., 3rd party node, a node
external to the current network), nodes in distributed
antenna system (DAS), a spectrum access system (SAS)
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node, an element management system (EMS), etc. The
network node may also comprise test equipment. The term
“radio node” used herein may be used to also denote a
wireless device (WD) such as a wireless device (WD) or a
radio network node.
[0025] Insome embodiments, the non-limiting terms wire-
less device (WD) or a user equipment (UE) are used
interchangeably. The WD herein can be any type of wireless
device capable of communicating with a network node or
another WD over radio signals, such as wireless device
(WD). The WD may also be a radio communication device,
target device, device to device (D2D) WD, machine type
WD or WD capable of machine to machine communication
(M2M), low-cost and/or low-complexity WD, a sensor
equipped with WD, Tablet, mobile terminals, smart phone,
laptop embedded equipped (LEE), laptop mounted equip-
ment (LME), USB dongles, Customer Premises Equipment
(CPE), an Internet of Things (IoT) device, or a Narrowband
IoT (NB-IoT) device etc.
[0026] Also, in some embodiments the generic term “radio
network node” is used. It can be any kind of a radio network
node which may comprise any of base station, radio base
station, base transceiver station, base station controller,
network controller, RNC, evolved Node B (eNB), Node B,
gNB, Multi-cell/multicast Coordination Entity (MCE), relay
node, access point, radio access point, Remote Radio Unit
(RRU) Remote Radio Head (RRH).
[0027] Note that although terminology from one particular
wireless system, such as, for example, 3GPP LTE and/or
New Radio (NR), may be used in this disclosure, this should
not be seen as limiting the scope of the disclosure to only the
aforementioned system. Other wireless systems, including
without limitation Wide Band Code Division Multiple
Access (WCDMA), Worldwide Interoperability for Micro-
wave Access (WiMax), Ultra Mobile Broadband (UMB) and
Global System for Mobile Communications (GSM), may
also benefit from exploiting the ideas covered within this
disclosure.
[0028] Note further, that functions described herein as
being performed by a wireless device or a network node may
be distributed over a plurality of wireless devices and/or
network nodes. In other words, it is contemplated that the
functions of the network node and wireless device described
herein are not limited to performance by a single physical
device and, in fact, can be distributed among several physi-
cal devices.
[0029] Unless otherwise defined, all terms (including tech-
nical and scientific terms) used herein have the same mean-
ing as commonly understood by one of ordinary skill in the
art to which this disclosure belongs. It will be further
understood that terms used herein should be interpreted as
having a meaning that is consistent with their meaning in the
context of this specification and the relevant art and will not
be interpreted in an idealized or overly formal sense unless
expressly so defined herein.
[0030] The heterogenous beamforming architecture
described herein may have any one or more features:
[0031] prolongs the beamforming-based transmissions
during safe mode operations where data signals can be
continued to be provided using directional transmis-
sions;
[0032] Improves the direction of transmissions and/or
receptions by combining the acoustics information
obtained via microphone arrays;
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[0033] Does not require a licensed RF band or does not
consume scarce resources during the safe mode opera-
tions. Since all estimation may be based on acoustics
signals generated either by the user or mobile equip-
ment, it is a low-cost solution and does not consume
scarce RF resources;

[0034] Avoids RF hardware impairments deteriorating
the direction estimation and may be free of RF cali-
bration burden that is essential to get accurate RF
beamforming information.

[0035] Can be used in combination with visually
assisted beamforming techniques which can also be
employed as part of safe mode procedures. In some
cases, visual information may not be reliable due to
lack of visible light not being able to penetrate trough
non-transparent blocking objects.

[0036] Referring to the drawing figures, in which like
elements are referred to by like reference numerals, there is
shown in FIG. 1 a schematic diagram of a communication
system 10, according to an embodiment, such as a 3GPP-
type cellular network that may support standards such as
LTE and/or NR (5G), which comprises an access network
12, such as a radio access network, and a core network 14.
The access network 12 comprises a plurality of network
nodes 16a, 165, 16¢ (referred to collectively as network
nodes 16), such as NBs, eNBs, gNBs or other types of
wireless access points, each defining a corresponding cov-
erage arca 18a, 185, 18¢ (referred to collectively as coverage
areas 18). Each network node 164, 165, 16¢ is connectable
to the core network 14 over a wired or wireless connection
20. A first wireless device (WD) 22a located in coverage
area 18a is configured to wirelessly connect to, or be paged
by, the corresponding network node 16a. A second WD 2256
in coverage area 185 is wirelessly connectable to the cor-
responding network node 165. While a plurality of WDs
22a, 22b (collectively referred to as wireless devices 22) are
illustrated in this example, the disclosed embodiments are
equally applicable to a situation where a sole WD is in the
coverage area or where a sole WD is connecting to the
corresponding network node 16. Note that although only
two WDs 22 and three network nodes 16 are shown for
convenience, the communication system may include many
more WDs 22 and network nodes 16.

[0037] Also, it is contemplated that a WD 22 can be in
simultaneous communication and/or configured to sepa-
rately communicate with more than one network node 16
and more than one type of network node 16. For example,
a WD 22 can have dual connectivity with a network node 16
that supports LTE and the same or a different network node
16 that supports NR. As an example, WD 22 can be in
communication with an eNB for LTE/E-UTRAN and a gNB
for NR/NG-RAN.

[0038] A network node 16 (eNB or gNB) is configured to
include a beamformer controller 24 configured to determine
a direction of arrival of the at least one acoustic pulse
received from a WD via a microphone array. A wireless
device 22 is configured to include an audio unit 26 which is
configured to transmit an audio signal.

[0039] Example implementations, in accordance with an
embodiment, of the WD 22 and network node 16 discussed
in the preceding paragraphs will now be described with
reference to FIG. 2.

[0040] The communication system 10 includes a network
node 16 provided in a communication system 10 and includ-
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ing hardware 28 enabling it to communicate with the WD
22. The hardware 28 may include a radio interface 30 for
setting up and maintaining at least a wireless connection 32
with a WD 22 located in a coverage area 18 served by the
network node 16. The radio interface 30 may be formed as
or may include, for example, one or more RF transmitters,
one or more RF receivers, and/or one or more RF transceiv-
ers. The radio interface 30 includes an array of antennas 34
to radiate and receive signal(s) carrying electromagnetic
waves. In addition to the radio interface 30, the network
node 16 also includes a microphone array 35 configured to
receive acoustic signals. The radio interface 30 communi-
cates over the air on a wireless connection 32, e.g., an RF
link. The microphone array 35 senses audio frequency
signals communicated over the air by wireless devices 22,
shown in FIG. 2 as audio link 33.

[0041] In the embodiment shown, the hardware 28 of the
network node 16 further includes processing circuitry 36.
The processing circuitry 36 may include a processor 38 and
a memory 40. In particular, in addition to or instead of a
processor, such as a central processing unit, and memory, the
processing circuitry 36 may comprise integrated circuitry for
processing and/or control, e.g., one or more processors
and/or processor cores and/or FPGAs (Field Programmable
Gate Array) and/or ASICs (Application Specific Integrated
Circuitry) adapted to execute instructions. The processor 38
may be configured to access (e.g., write to and/or read from)
the memory 40, which may comprise any kind of volatile
and/or nonvolatile memory, e.g., cache and/or buffer
memory and/or RAM (Random Access Memory) and/or
ROM (Read-Only Memory) and/or optical memory and/or
EPROM (Erasable Programmable Read-Only Memory).

[0042] Thus, the network node 16 further has software 42
stored internally in, for example, memory 40, or stored in
external memory (e.g., database, storage array, network
storage device, etc.) accessible by the network node 16 via
an external connection. The software 42 may be executable
by the processing circuitry 36. The processing circuitry 36
may be configured to control any of the methods and/or
processes described herein and/or to cause such methods,
and/or processes to be performed, e.g., by network node 16.
Processor 38 corresponds to one or more processors 38 for
performing network node 16 functions described herein. The
memory 40 is configured to store data, programmatic soft-
ware code and/or other information described herein. In
some embodiments, the software 42 may include instruc-
tions that, when executed by the processor 38 and/or pro-
cessing circuitry 36, causes the processor 38 and/or process-
ing circuitry 36 to perform the processes described herein
with respect to network node 16. For example, processing
circuitry 36 of the network node 16 may include a beam-
former controller 24 configured to determine a direction of
arrival of the at least one acoustic pulse received from a WD
via a microphone array.

[0043] The communication system 10 further includes the
WD 22 already referred to. The WD 22 may have hardware
44 that may include a radio interface 46 configured to set up
and maintain a wireless connection 32 with a network node
16 serving a coverage area 18 in which the WD 22 is
currently located. The radio interface 46 may be formed as
or may include, for example, one or more RF transmitters,
one or more RF receivers, and/or one or more RF transceiv-
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ers. The radio interface 46 includes an array of antennas 48
to radiate and receive signal(s) carrying electromagnetic
waves.

[0044] The hardware 44 of the WD 22 further includes
processing circuitry 50. The processing circuitry 50 may
include a processor 52 and memory 54. In particular, in
addition to or instead of a processor, such as a central
processing unit, and memory, the processing circuitry 50
may comprise integrated circuitry for processing and/or
control, e.g., one or more processors and/or processor cores
and/or FPGAs (Field Programmable Gate Array) and/or
ASICs (Application Specific Integrated Circuitry) adapted
to execute instructions. The processor 52 may be configured
to access (e.g., write to and/or read from) memory 54, which
may comprise any kind of volatile and/or nonvolatile
memory, e.g., cache and/or buffer memory and/or RAM
(Random Access Memory) and/or ROM (Read-Only
Memory) and/or optical memory and/or EPROM (Erasable
Programmable Read-Only Memory).

[0045] Thus, the WD 22 may further comprise software
56, which is stored in, for example, memory 54 at the WD
22, or stored in external memory (e.g., database, storage
array, network storage device, etc.) accessible by the WD 22.
The software 56 may be executable by the processing
circuitry 50. The software 56 may include a client applica-
tion 58. The client application 58 may be operable to provide
a service to a human or non-human user via the WD 22.

[0046] The processing circuitry 50 may be configured to
control any of the methods and/or processes described
herein and/or to cause such methods, and/or processes to be
performed, e.g., by WD 22. The processor 52 corresponds to
one or more processors 52 for performing WD 22 functions
described herein. The WD 22 includes memory 54 that is
configured to store data, programmatic software code and/or
other information described herein. In some embodiments,
the software 56 and/or the client application 58 may include
instructions that, when executed by the processor 52 and/or
processing circuitry 50, causes the processor 52 and/or
processing circuitry 50 to perform the processes described
herein with respect to WD 22. For example, the processing
circuitry 50 of the wireless device 22 may include an audio
unit 26 which is configured to transmit an audio signal.

[0047] In some embodiments, the inner workings of the
network node 16 and WD 22 may be as shown in FIG. 2 and
independently, the surrounding network topology may be
that of FIG. 1.

[0048] The wireless connection 32 between the WD 22
and the network node 16 is in accordance with the teachings
of the embodiments described throughout this disclosure.
More precisely, the teachings of some of these embodiments
may improve the data rate, latency, and/or power consump-
tion and thereby provide benefits such as reduced user
waiting time, relaxed restriction on file size, better respon-
siveness, extended battery lifetime, etc. In some embodi-
ments, a measurement procedure may be provided for the
purpose of monitoring data rate, latency and other factors on
which the one or more embodiments improve.

[0049] Although FIGS. 1 and 2 show various “units” such
as beamformer controller 24 and audio unit 26 as being
within a respective processor, it is contemplated that these
units may be implemented such that a portion of the unit is
stored in a corresponding memory within the processing
circuitry. In other words, the units may be implemented in

Aug. 15,2024

hardware or in a combination of hardware and software
within the processing circuitry.

[0050] FIG. 3 illustrates a block diagram for an audio-RF
beamforming protocol which includes operations of the
beamformer controller 24. The beamformer controller 24
may include a beam manager module 60 configured to
perform initial beamforming or beam refinement and/or
tracking. The beamformer controller 24 may also include an
acoustic based beam index generation module 62 configured
to determine a beam index based on acoustic signal direc-
tion. The beamformer controller 24 may also include other
beam index generation modules 64, for example, video
based beam index generation modules. The beam manager
module 60, acoustic based beam index generation module
62, and any other optional beam index generation modules
64 may produce beam indices which may be input to a beam
index combiner 66. The beamformer controller 24 may
operate in a safe mode 68. Safe mode operation 68 may
generate an activation signal to cause activation of alterna-
tive beam index generation 70. In safe mode operation 68,
there may be performed, link adaptation 72 which may
include selection of a modulation and coding scheme. Safe
mode operation 68 may also include outer loop adaptation
74 and/or data transmission 76 which received input from
the beam index combiner 66.

[0051] FIG. 4 is a flowchart of an example process in a
network node 16 for spatial audio assisted radio frequency
(RF) beamforming for millimeter wave and Tera Hertz
communications in safe mode. One or more blocks
described herein may be performed by one or more elements
of network node 16 such as by one or more of processing
circuitry 36 (including the beamformer controller 24), pro-
cessor 38, and/or radio interface 30. Network node 16 such
as via processing circuitry 36 and/or processor 38 and/or
radio interface 30 is configured to trigger the WD to transmit
at least one acoustic pulse, the triggering being prior to
entering a safe mode of operation (Block S100). The process
also includes determining a direction of arrival of the at least
one acoustic pulse received from the WD via a microphone
array (Block S102). The process also includes determining
a radio frequency, RF, beam for communication with the
WD based at least in part on the determined direction of
arrival (Block S104). The process further includes transmit-
ting to the WD on the determined RF beam (Block S106).

[0052] Having described the general process flow of
arrangements of the disclosure and having provided
examples of hardware and software arrangements for imple-
menting the processes and functions of the disclosure, the
sections below provide details and examples of arrange-
ments for spatial audio assisted radio frequency (RF) beam-
forming for millimeter wave and Tera Hertz communica-
tions in safe mode.

[0053] An acoustics-based approach for mmWave (or
higher frequency) safe mode operations to continue regular
uplink/downlink (UL/DL) transmissions using directional
transmissions is provided. The approach described herein
may be utilized in normal operation modes where a channel
state information (CSI) report is not available due to UL
bottle neck or lack of in-band temporal resources to collect
the usual beam-refinement related reports. Some embodi-
ments are implemented in a network node 16, which may be,
for example, a gNB operating as a pico-cell or femto-cell in
an indoor environment. A microphone array 35 may have a
range of 200 meters, for example, and may operate at one or
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more audio frequencies that are greater than an audio
frequency that can be heard by a human being. By supple-
menting beam forming in the safe mode, latencies can be
reduced.
[0054] In a safe mode of operation, the network node 16
may not increase a signal to noise ratio when a hybrid
automatic repeat request (HARQ) non-acknowledgement
(NACK) is received.
[0055] Upon switching to safe mode operation 68 or upon
detecting deterioration in a normal beam-refinement pro-
cess, the network node 16 (e.g., a gNB), via processing
circuitry 36 and/or radio interface 30, may send a transmis-
sion mode modification message to the radio interface 46 of
the WD 22 via the user control plane (UPC). The network
node 16 and may continue the communication as follows:
[0056] 1. Use the fallback downlink control information
(DCI) formats to send uplink and downlink data sched-
uling information to the WD 22;

[0057] 2. For downlink beamformer estimation to be
performed by processing circuitry and/36 or the radio
interface 30, the network node 16 may obtain a first P2
report based on DCI_0_1. The first P2 report may
include information concerning which beam corre-
sponds to a particular WD 22. Such P2 reports may be
received every 40 milliseconds;

[0058] a. If the P2 report is not received in the
expected time slot, then the beam index indicated by
acoustics-based beam index generator 62 may be
used; or

[0059] b. If the P2 report is available in parts or
reliability of a report is low, a beam index may be
generated based on acoustics processed by acoustic
based beam index generator 62 and/or may be gen-
erated based on the beam index from a DCI report
using a weighted average of steering vectors or
strongest eigen vector of the weighted singular value
decomposition (SVD) of steering vectors corre-
sponding to directions of beams indicated by avail-
able beam-index information. Basing a beam index
on such beam-index information may be performed
by the beam index combiner 66;

[0060] The final beam-index may also be generated
by alternative beam synthesis approaches based on
numerical optimizations or array synthesis tech-
niques; such approaches may be implemented by the
processing circuitry 36 via, for example, by beam-
former controller 24;

[0061] 3. Apply a larger margin for the link-adaptation
process 72 based on the reliability/noise levels of
beam-index estimation modules 60, 62 and/or 64, the
larger margin being greater than a margin for the link
adaptation process in a normal mode of operation (i.e.,
not in safe mode).

[0062] 4. If applicable, switch the outer-loop link adap-
tation 74 to conservative mode wherein a signal to
noise ratio (SNR) is not increased in response to a
hybrid automatic repeat request (HARQ) non-acknowl-
edgement (NACK);

[0063] When the transmitter switches from safe mode
operation 68 to normal operation after receiving a confir-
mation signal from the WD:

[0064] 5. Continue to use the fallback or resume non-
fallback DCI format for data transmission 76 while at
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the same time, use non-fallback DCI 0_1 format to

trigger usual CSI estimation procedure;

[0065] 6. After safe mode operations 68, beam refine-
ment and tracking processes (e.g., P2 in 3GPP
mmWave beam management protocol) may be per-
formed by beam manager 60 by requesting aperiodic
CSI reports from the wireless device 22; and/or

[0066] 7. Resume normal link-adaptation procedures.

[0067] The radio interfaces 30 and 46 may exchange
control messages to agree on triggering the acoustics beam
acquisition procedure as an auxiliary method to be employed
during safe mode operations 68.

[0068] In some embodiments, the acoustics protocol
enables the transmission of spatial acoustic pulses from the
receiver to the transmitter. Angle-of-arrival techniques are
used to estimate the angle(s) of arrival(s) and this informa-
tion may be mapped to a beam-index within the usual
beam-management procedure. This acoustic protocol (pro-
cess) may be triggered by an application layer application
program interface (API) or built-in beam management pro-
tocol. The generation of an acoustic-assisted beam index
may be performed as follows:

[0069] 1. During normal operation or safe mode opera-
tion 68, trigger, via the processing circuitry 36 and/or
radio interface 30, the WD 22 to send acoustic pulses;

[0070] 2. Estimate, via the processing circuitry 36, a
direction of arrival of acoustic pulses received by the
microphone array 35;

[0071] 3. Calculate, via the processing circuitry 36,
audio interference and assign a signal quality to the
directional of arrival estimation;

[0072] 4. Map, via the processing circuitry 36 and/or the
radio interface 30, estimated direction of arrival to the
beam-index corresponding to the beam index that
would be available in the usual (RF) beam management
protocol;

[0073] 5. In case the radio is in safe mode operation 68
or a beam refinement process is ceased, use an acoustic-
based beam index;

[0074] The processing circuitry 36 and/or radio inter-
face 30 may be configured to perform one or more of
the following:

[0075] 6. In case the radio has beam-index estimates
performed by the processing circuitry 36 from a beam-
refinement process having reduced liability as com-
pared to a predetermined level of liability, then obtain
the beam steering vector for each beam-index and
merge beam index information into a single beam index
based on:

[0076] a. Weighted averaging of steering vectors; or

[0077] b. Strongest eigenvector of the weighted SVD
matrix of the steering matrix;

[0078] c. A least squares or similar optimization
based beam-synthesis method to determine the
beam-index whose radiation pattern is closest to
patterns available from beam-indices from in-band
(usual CSI report) or out-of-band (audio assisted or
visual assisted) originated beam indices;

[0079] The weights in above directions may be adjusted
based on the reliability and/or noise levels in each
beam-index estimation procedure; and/or

[0080] 7. Provide the determined beam-index to a safe
mode protocol beamformer generation module.
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[0081] According to one aspect, a method for beamform-
ing at a network node 16 configured to communicate with a
plurality of WDs. The network node 16 has a microphone
array 35. The method includes triggering a WD 22 to
transmit at least one acoustic pulse and determining a
direction of arrival of the at least one acoustic pulse received
from the WD 22 via the microphone array 35. The method
also includes determining a radio frequency, RF, beam for
communication with the WD 22 based at least in part on the
determined direction of arrival, and transmitting to the WD
22 on the determined RF beam.

[0082] According to this aspect, in some embodiments, the
determined RF beam is based at least in part on a beam index
corresponding to the determined direction of arrival, the
beam index being based at least in part on a weighted
average of beam steering vectors. In some embodiments, the
determined RF beam is based at least in part on a beam index
corresponding to the determined direction of arrival, the
beam index being based at least in part on a largest eigen-
vector of a weighted singular value decomposition, SVD,
matrix. In some embodiments, the determined RF beam is
based at least in part on a beam index corresponding to the
determined direction of arrival, the beam index being based
at least in part on a beam synthesis process to determine an
RF beam in a direction toward the WD 22. In some embodi-
ments, determining an RF beam based at least in part on the
determined direction of arrival is performed when a channel
state information, CSI, is not available. In some embodi-
ments, determining an RF beam based at least in part on the
determined direction of arrival is performed when a P2
report from the WD 22 is not received within an expected
time slot, the P2 report indicating which of a plurality of RF
beams is associated with the WD 22. In some embodiments,
determining an RF beam based at least in part on the
determined direction of arrival is performed when a P2
report from the WD 22 is deemed to be unreliable, the P2
report indicating which of a plurality of RF beams is
associated with the WD 22. In some embodiments, the P2
report is based at least in part on a downlink control
information, DCI, format DCI_0_1. In some embodiments,
the method also includes adjusting a margin of a link
adaptation process based at least in part on a reliability or
noise level of a beam index estimation module. In some
embodiments, the method further includes switching an
outer loop link adaptation process to conservative mode,
where in the conservative mode, a signal to noise ratio, SNR,
is not increased in response to receipt of a non-acknowl-
edgment, NACK, from the WD 22. In some embodiments,
the triggering is prior to entering a safe mode of operation.

[0083] According to another aspect, a network node 16 is
configured to communicate with a plurality of WDs. The
network node 16 includes a microphone array 35 configured
to receive an acoustic pulse from a WD 22. The network
node 16 also includes processing circuitry 36 configured to
trigger the WD 22 to transmit at least one acoustic pulse, and
determine a direction of arrival of the at least one acoustic
pulse received from the WD 22 via the microphone array 35.
The processing circuitry 36 is also configured to determine
a radio frequency, RF, beam for communication with the
WD 22 based at least in part on the determined direction of
arrival. The network node 16 also includes a radio interface
30 configured transmit to the WD 22 on the determined RF
beam.
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[0084] According to this aspect, in some embodiments, the
determined RF beam is based at least in part on a beam index
corresponding to the determined direction of arrival, the
beam index being based at least in part on a weighted
average of beam steering vectors. In some embodiments, the
determined RF beam is based at least in part on a beam index
corresponding to the determined direction of arrival, the
beam index being based at least in part on a largest eigen-
vector of a weighted singular value decomposition, SVD,
matrix. In some embodiments, the determined RF beam is
based at least in part on a beam index corresponding to the
determined direction of arrival, the beam index being based
at least in part on a beam synthesis process to determine an
RF beam in a direction toward the WD 22. In some embodi-
ments, determining an RF beam based at least in part on the
determined direction of arrival is performed when a channel
state information, CSI, is not available. In some embodi-
ments, determining an RF beam based at least in part on the
determined direction of arrival is performed when a P2
report from the WD 22 is not received within an expected
time slot, the P2 report indicating which of a plurality of RF
beams is associated with the WD 22. In some embodiments,
determining an RF beam based at least in part on the
determined direction of arrival is performed when a P2
report from the WD 22 is deemed to be unreliable, the P2
report indicating which of a plurality of RF beams is
associated with the WD 22. In some embodiments, the P2
report is based at least in part on a downlink control
information, DCI, format DCI_0_1. In some embodiments,
the processing circuitry 36 is further configured to adjust a
margin of a link adaptation process based at least in part on
reliability or noise level of a beam index estimation module.
In some embodiments, the processing circuitry 36 is further
configured to switch an outer loop link adaptation process to
conservative mode, where in the conservative mode, a signal
to noise ratio, SNR, is not increased in response to receipt of
a non-acknowledgment, NACK, from the WD 22. In some
embodiments, the triggering is prior to entering a safe mode
of operation.

[0085] As will be appreciated by one of skill in the art, the
concepts described herein may be embodied as a method,
data processing system, and/or computer program product.
Accordingly, the concepts described herein may take the
form of an entirely hardware embodiment, an entirely soft-
ware embodiment or an embodiment combining software
and hardware aspects all generally referred to herein as a
“circuit” or “module.” Furthermore, the disclosure may take
the form of a computer program product on a tangible
computer usable storage medium having computer program
code embodied in the medium that can be executed by a
computer. Any suitable tangible computer readable medium
may be utilized including hard disks, CD-ROMs, electronic
storage devices, optical storage devices, or magnetic storage
devices.

[0086] Some embodiments are described herein with ref-
erence to flowchart illustrations and/or block diagrams of
methods, systems and computer program products. It will be
understood that each block of the flowchart illustrations
and/or block diagrams, and combinations of blocks in the
flowchart illustrations and/or block diagrams, can be imple-
mented by computer program instructions. These computer
program instructions may be provided to a processor of a
general purpose computer, special purpose computer, or
other programmable data processing apparatus to produce a
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machine, such that the instructions, which execute via the
processor of the computer or other programmable data
processing apparatus, create means for implementing the
functions/acts specified in the flowchart and/or block dia-
gram block or blocks.

[0087] These computer program instructions may also be
stored in a computer readable memory or storage medium
that can direct a computer or other programmable data
processing apparatus to function in a particular manner, such
that the instructions stored in the computer readable memory
produce an article of manufacture including instruction
means which implement the function/act specified in the
flowchart and/or block diagram block or blocks.

[0088] The computer program instructions may also be
loaded onto a computer or other programmable data pro-
cessing apparatus to cause a series of operational steps to be
performed on the computer or other programmable appara-
tus to produce a computer implemented process such that the
instructions which execute on the computer or other pro-
grammable apparatus provide steps for implementing the
functions/acts specified in the flowchart and/or block dia-
gram block or blocks. It is to be understood that the
functions/acts noted in the blocks may occur out of the order
noted in the operational illustrations. For example, two
blocks shown in succession may in fact be executed sub-
stantially concurrently or the blocks may sometimes be
executed in the reverse order, depending upon the function-
ality/acts involved. Although some of the diagrams include
arrows on communication paths to show a primary direction
of communication, it is to be understood that communica-
tion may occur in the opposite direction to the depicted
arrows.

[0089] Computer program code for carrying out opera-
tions of the concepts described herein may be written in an
object oriented programming language such as Java® or
C++. However, the computer program code for carrying out
operations of the disclosure may also be written in conven-
tional procedural programming languages, such as the “C”
programming language. The program code may execute
entirely on the user’s computer, partly on the user’s com-
puter, as a stand-alone software package, partly on the user’s
computer and partly on a remote computer or entirely on the
remote computer. In the latter scenario, the remote computer
may be connected to the user’s computer through a local
area network (LAN) or a wide area network (WAN), or the
connection may be made to an external computer (for
example, through the Internet using an Internet Service
Provider).

[0090] Many different embodiments have been disclosed
herein, in connection with the above description and the
drawings. It will be understood that it would be unduly
repetitious and obfuscating to literally describe and illustrate
every combination and subcombination of these embodi-
ments. Accordingly, all embodiments can be combined in
any way and/or combination, and the present specification,
including the drawings, shall be construed to constitute a
complete written description of all combinations and sub-
combinations of the embodiments described herein, and of
the manner and process of making and using them, and shall
support claims to any such combination or subcombination.
[0091] It will be appreciated by persons skilled in the art
that the embodiments described herein are not limited to
what has been particularly shown and described herein
above. In addition, unless mention was made above to the
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contrary, it should be noted that all of the accompanying
drawings are not to scale. A variety of modifications and
variations are possible in light of the above teachings
without departing from the scope of the following claims.

1. A method for beamforming at a network node config-
ured to communicate with a plurality of wireless device,
WDs, the network node having a microphone array, the
method comprising:

triggering a WD to transmit at least one acoustic pulse;

determining a direction of arrival of the at least one

acoustic pulse received from the WD via the micro-
phone array;

determining a radio frequency, RF, beam for communi-

cation with the WD based at least in part on the
determined direction of arrival; and

transmitting to the WD on the determined RF beam.

2. The method of claim 1, wherein the determined RF
beam is based at least in part on a beam index corresponding
to the determined direction of arrival, the beam index being
based at least in part on a weighted average of beam steering
vectors.

3. The method of claim 1, wherein the determined RF
beam is based at least in part on a beam index corresponding
to the determined direction of arrival, the beam index being
based at least in part on a largest eigenvector of a weighted
singular value decomposition, SVD, matrix.

4. The method of claim 1, wherein the determined RF
beam is based at least in part on a beam index corresponding
to the determined direction of arrival, the beam index being
based at least in part on a beam synthesis process to
determine an RF beam in a direction toward the WD.

5. The method of claim 1, wherein determining an RF
beam based at least in part on the determined direction of
arrival is performed when a channel state information, CSI,
is not available.

6. The method of claim 1, wherein determining an RF
beam based at least in part on the determined direction of
arrival is performed when a P2 report from the WD is not
received within an expected time slot, the P2 report indi-
cating which of a plurality of RF beams is associated with
the WD.

7. The method of claim 1, wherein determining an RF
beam based at least in part on the determined direction of
arrival is performed when a P2 report from the WD is
deemed to be unreliable, the P2 report indicating which of
a plurality of RF beams is associated with the WD.

8. The method of claim 6, wherein the P2 report is based
at least in part on a downlink control information, DCI,
format DCI_0_1.

9. The method of claim 1, further comprising adjusting a
margin of a link adaptation process based at least in part on
a reliability or noise level of a beam index estimation
module.

10. The method of claim 1, further comprising switching
an outer loop link adaptation process to conservative mode,
where in the conservative mode, a signal to noise ratio, SNR,
is not increased in response to receipt of a non-acknowl-
edgment, NACK, from the WD.

11. The method of claim 1, wherein the triggering is prior
to entering a safe mode of operation.

12. A network node configured to communicate with a
plurality of wireless device, WDs, the network node com-
prising:
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a microphone array configured to receive an acoustic

pulse from a WD;

processing circuitry configured to:

trigger the WD to transmit at least one acoustic pulse;

determine a direction of arrival of the at least one
acoustic pulse received from the WD via the micro-
phone array; and

determine a radio frequency, RF, beam for communi-
cation with the WD based at least in part on the
determined direction of arrival; and

a radio interface configured transmit to the WD on the

determined RF beam.

13. The network node of claim 12, wherein the deter-
mined RF beam is based at least in part on a beam index
corresponding to the determined direction of arrival, the
beam index being based at least in part on a weighted
average of beam steering vectors.

14. The network node of claim 12, wherein the deter-
mined RF beam is based at least in part on a beam index
corresponding to the determined direction of arrival, the
beam index being based at least in part on a largest eigen-
vector of a weighted singular value decomposition, SVD,
matrix.

15. The network node of claim 12, wherein the deter-
mined RF beam is based at least in part on a beam index
corresponding to the determined direction of arrival, the
beam index being based at least in part on a beam synthesis
process to determine an RF beam in a direction toward the
WD.
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16. The network node of claim 12, wherein determining
an RF beam based at least in part on the determined direction
of arrival is performed when a channel state information,
CS8]I, is not available.

17. The network node of claim 12, wherein determining
an RF beam based at least in part on the determined direction
of arrival is performed when a P2 report from the WD is not
received within an expected time slot, the P2 report indi-
cating which of a plurality of RF beams is associated with
the WD.

18. The network node of claim 12, wherein determining
an RF beam based at least in part on the determined direction
of arrival is performed when a P2 report from the WD is
deemed to be unreliable, the P2 report indicating which of
a plurality of RF beams is associated with the WD.

19. The network node of claim 17, wherein the P2 report
is based at least in part on a downlink control information,
DCI, format DCI_0_1.

20. The network node of claim 12, wherein the processing
circuitry is further configured to adjust a margin of a link
adaptation process based at least in part on reliability or
noise level of a beam index estimation module.

21. The network node of claim 12, wherein the processing
circuitry is further configured to switch an outer loop link
adaptation process to conservative mode, where in the
conservative mode, a signal to noise ratio, SNR, is not
increased in response to receipt of a non-acknowledgment,
NACK, from the WD.

22. The network node of claim 12, wherein the triggering
is prior to entering a safe mode of operation.
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