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ADAPTIVE DIGITAL PRECODER CODEBOOK CONFIGURATIONS FOR MMWAVE COMMUNICATION
BASED ON HYBRID BEAMFORMING

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present application is a non-provisional filing of, and claims benefit under 35 U.S.C. §119(e)
from, U.S. Provisional Patent Application Serial No. 62/477,183, filed March 27, 2017, entitled “ADAPTIVE
DIGITAL PRECODER CODEBOOK CONFIGURATIONS FOR muWAVE COMMUNICATION BASED ON
HYBRID BEAMFORMING”, which is incorporated herein by reference in its entirety.

BACKGROUND

[0002] In order to meet the high data rate required for next generation of cellular communication
systems, the wireless industry and academia have been exploring ways to leverage the large bandwidths
available at above-6 GHz frequencies (e.qg., centimeter wave (cmW) and millimeter wave (mmW)
frequencies). One challenge of using these above-6 GHz frequencies may be issues with signal
propagation, which has been considered unfavorable for wireless communication, especially in an outdoor

environment.

[0003] The propagation of higher frequencies, such as these, may experience higher free space path
loss. Rainfall and atmospheric gasses (e.g., oxygen, nitrogen, and hydrogen) may add further attenuation
for above-6 GHz frequencies. In addition, foliage may cause attenuation and depolarization. Penetration
and diffraction attenuation may also become more severe. As a result, Non Line-Of-Sight (NLOS)
propagation path loss may be significant at above-6 GHz frequencies. For example, at mmW frequencies
NLOS path loss may be more than 20 dB higher than Line-Of-Sight (LOS) path loss.

[0004] Outdoor mmW cellular networks may be feasible through the use of beamforming techniques. In
particular, hybrid analog-digital beamforming may be one approach to realize mmWave communications in
future wireless networks. Thus, it may be desired to develop a mechanism to enhance operational
efficiency of a mmWave cellular system based on a hybrid beamforming framework.

SUMMARY

[0005] Methods, apparatuses and systems are provided for adaptively configuring a digital precoder
codebook for mmWave-based hybrid beamforming.
-1-
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[0006] According to an example, methods, apparatuses and systems are provided for transmitting a

signal using hybrid beamforming including adaptively applying digital beamforming and analog
beamforming, the digital beamforming including adaptively configuring a digital precoder codebook

resolution.

[0007] Methods, apparatuses and systems may further include, determining at least one analog
beamformer and combiner, determining a lowest codebook resolution of digital precoding that can be used
to achieve at least one performance parameter, transmitting the determined lowest codebook resolution of

digital precoding to a network.

[0008] Inone embodiment, a method for a mmWave user terminal capable of analog beamforming and
digital beamforming may comprise: receiving, from an access node, a downlink reference signal using an
analog beamforming setting; measuring, using the received downlink reference signal, an effective channel
based on the analog beamforming setting; receiving, from the access node, an assistance parameter
relating to an achievable performance gain using digital precoding; determining, based on the measured
effective channel and the received assistance parameter, a minimum digital precoder codebook resolution;

and sending the determined minimum digital precoder codebook resolution to the access node.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] A more detailed understanding may be had from the following description, given by way of

example in conjunction with the accompanying drawings wherein:

[0010] FIG. 1A is a system diagram of an example communications system in which one or more
disclosed embodiments may be implemented.

[0011] FIG. 1B is a system diagram of an example wireless transmit/receive unit (WTRU) that may be
used within the communications system illustrated in FIG. 1A.

[0012] FIG. 1Cis a system diagram of an example radio access network and an example core network
that may be used within the communications system illustrated in FIG. 1A.

[0013] FIG. 2 illustrates a block diagram of a transceiver architecture for hybrid beamforming according
to one or more embodiments.

[0014] FIG. 3 illustrates a graph of a comparison of achievable rate between hybrid beamforming
schemes with and without digital precoding, in a LoS channel.

[0015] FIG. 4 illustrates a schematic block diagram of a system for hybrid beamforming, according to
one or more embodiments.

[0016] FIG. 5illustrates a flow diagram of an example system process according to one or more

embodiments.
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[0017] FIG. 6 illustrates a flow diagram of a first example user terminal process of FIG. 5, according to

one or more embodiments.

[0018] FIG. 7 illustrates a flow diagram of a second example user terminal process of FIG. 5, according

to one or more embodiments.

[0019] FIG. 8 illustrates a flow diagram of another example system process according to one or more

embodiments.

[0020] FIG. 9 illustrates a flow diagram of the user terminal process of FIG. 8, according to one or more

embodiments.

[0021] FIG. 10 illustrates a flow diagram of another example system process according to one or more

embodiments.

[0022] FIG. 11 illustrates a flow diagram of the user terminal process of FIG. 10, according to one or

more embodiments.

EXAMPLE NETWORKS FOR IMPLEMENTATION OF THE EMBODIMENTS

[0023] FIG. 1A is a diagram of an example communications system 100 in which one or more disclosed
embodiments may be implemented. The communications system 100 may be a multiple access system
that provides content, such as voice, data, video, messaging, broadcast, etc., to multiple wireless users.
The communications system 100 may enable multiple wireless users to access such content through the
sharing of system resources, including wireless bandwidth. For example, the communications systems 100
may employ one or more channel access methods, such as code division multiple access (CDMA), time
division multiple access (TDMA), frequency division multiple access (FDMA), orthogonal FDMA (OFDMA),
single-carrier FDMA (SC-FDMA), and the like.

[0024] As shown in FIG. 1A, the communications system 100 may include wireless transmit/receive
units (WTRUs) 102a, 102b, 102¢, 102d, a radio access network (RAN) 104, a core network 106, a public
switched telephone network (PSTN) 108, the Internet 110, and other networks 112, though it will be
appreciated that the disclosed embodiments contemplate any number of WTRUSs, base stations, networks,
and/or network elements. Each of the WTRUs 102a, 102b, 102¢, 102d may be any type of device
configured to operate and/or communicate in a wireless environment. By way of example, the WTRUs
102a, 102b, 102¢, 102d may be configured to transmit and/or receive wireless signals and may include
user equipment (UE), a mobile station, a fixed or mobile subscriber unit, a pager, a cellular telephone, a
personal digital assistant (PDA), a smartphone, a laptop, a netbook, a personal computer, a wireless

sensor, consumer electronics, and the like.
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[0025] The communications systems 100 may also include a base station 114a and a base station 114b.

Each of the base stations 114a, 114b may be any type of device configured to wirelessly interface with at
least one of the WTRUs 102a, 102b, 102¢, 102d to facilitate access to one or more communication
networks, such as the core network 106, the Internet 110, and/or the other networks 112. By way of
example, the base stations 114a, 114b may be a base transceiver station (BTS), a Node-B, an eNode B
(eNB), a Home Node B, a Home eNode B, a site controller, an access point (AP), a wireless router, and the
like. While the base stations 114a, 114b are each depicted as a single element, it will be appreciated that
the base stations 114a, 114b may include any number of interconnected base stations and/or network

elements.

[0026] The base station 114a may be part of the RAN 104, which may also include other base stations
and/or network elements (not shown), such as a base station controller (BSC), a radio network controller
(RNC), relay nodes, etc. The base station 114a and/or the base station 114b may be configured to transmit
and/or receive wireless signals within a particular geographic region, which may be referred to as a cell (not
shown). The cell may further be divided into cell sectors. For example, the cell associated with the base
station 114a may be divided into three sectors. Thus, in one embodiment, the base station 114a may
include three transceivers, i.e., one for each sector of the cell. In another embodiment, the base station
114a may employ multiple-input multiple-output (MIMO) technology and, therefore, may utilize multiple
transceivers for each sector of the cell.

[0027] The base stations 114a, 114b may communicate with one or more of the WTRUs 102a, 102b,
102¢, 102d over an air interface 116, which may be any suitable wireless communication link (e.qg., radio
frequency (RF), microwave, infrared (IR), ultraviolet (UV), visible light, etc.). The air interface 116 may be

established using any suitable radio access technology (RAT).

[0028] More specifically, as noted above, the communications system 100 may be a multiple access
system and may employ one or more channel access schemes, such as CDMA, TDMA, FDMA, OFDMA,
SC-FDMA, and the like. For example, the base station 114a in the RAN 104 and the WTRUs 102a, 102b,
102¢ may implement a radio technology such as Universal Mobile Telecommunications System (UMTS)
Terrestrial Radio Access (UTRA), which may establish the air interface 116 using wideband CDMA
(WCDMA). WCDMA may include communication protocols such as High-Speed Packet Access (HSPA)
and/or Evolved HSPA (HSPA+). HSPA may include High-Speed Downlink Packet Access (HSDPA) and/or
High-Speed Uplink Packet Access (HSUPA).

[0029] In another embodiment, the base station 114a and the WTRUs 102a, 102b, 102¢c may implement
a radio technology such as Evolved UMTS Terrestrial Radio Access (E-UTRA), which may establish the air
interface 116 using Long Term Evolution (LTE) and/or LTE-Advanced (LTE-A).
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[0030] In other embodiments, the base station 114a and the WTRUs 102a, 102b, 102¢ may implement

radio technologies such as IEEE 802.16 (i.e., Worldwide Interoperability for Microwave Access (WiMAX)),
CDMA2000, CDMA2000 1X, CDMA2000 EV-DO, Interim Standard 2000 (IS-2000), Interim Standard 95
(1S-95), Interim Standard 856 (1S-856), Global System for Mobile communications (GSM), Enhanced Data
rates for GSM Evolution (EDGE), GSM EDGE (GERAN), and the like.

[0031] The base station 114b in FIG. 1A may be a wireless router, Home Node B, Home eNode B, or
access point, for example, and may utilize any suitable RAT for facilitating wireless connectivity in a
localized area, such as a place of business, a home, a vehicle, a campus, and the like. In one embodiment,
the base station 114b and the WTRUs 102c, 102d may implement a radio technology such as IEEE 802.11
to establish a wireless local area network (WLAN). In another embodiment, the base station 114b and the
WTRUs 102c, 102d may implement a radio technology such as IEEE 802.15 to establish a wireless
personal area network (WPAN). In another embodiment, the base station 114b and the WTRUs 102c, 102d
may utilize a cellular-based RAT (e.g., WCDMA, CDMA2000, GSM, LTE, LTE-A, etc.) to establish a
picocell or femtocell. As shown in FIG. 1A, the base station 114b may have a direct connection to the
Internet 110. Thus, the base station 114b may not be required to access the Internet 110 via the core
network 106.

[0032] The RAN 104 may be in communication with the core network 106, which may be any type of
network configured to provide voice, data, applications, and/or voice over internet protocol (VolP) services
to one or more of the WTRUs 102a, 102b, 102¢, 102d. For example, the core network 106 may provide call
control, billing services, mobile location-based services, pre-paid calling, Internet connectivity, video
distribution, etc., and/or perform high-level security functions, such as user authentication. Although not
shown in FIG. 1A, it will be appreciated that the RAN 104 and/or the core network 106 may be in direct or
indirect communication with other RANs that employ the same RAT as the RAN 104 or a different RAT. For
example, in addition to being connected to the RAN 104, which may be utilizing an E-UTRA radio
technology, the core network 106 may also be in communication with another RAN (not shown) employing
a GSM radio technology.

[0033] The core network 106 may also serve as a gateway for the WTRUs 102a, 102b, 102¢, 102d to
access the PSTN 108, the Internet 110, and/or other networks 112. The PSTN 108 may include circuit-
switched telephone networks that provide plain old telephone service (POTS). The Internet 110 may
include a global system of interconnected computer networks and devices that use common
communication protocols, such as the transmission control protocol (TCP), user datagram protocol (UDP)
and the internet protocol (IP) in the TCP/IP internet protocol suite. The networks 112 may include wired or
wireless communications networks owned and/or operated by other service providers. For example, the

-5-
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networks 112 may include another core network connected to one or more RANs, which may employ the

same RAT as the RAN 104 or a different RAT.

[0034] Some or all of the WTRUs 102a, 102b, 102¢, 102d in the communications system 100 may
include multi-mode capabilities, i.e., the WTRUs 102a, 102b, 102¢, 102d may include multiple transceivers
for communicating with different wireless networks over different wireless links. For example, the WTRU
102¢ shown in FIG. 1A may be configured to communicate with the base station 114a, which may employ a
cellular-based radio technology, and with the base station 114b, which may employ an IEEE 802 radio

technology.

[0035] FIG. 1B is a system diagram of an example WTRU 102. As shown in FIG. 1B, the WTRU 102
may include a processor 118, a transceiver 120, a transmit/receive element 122, a speaker/microphone
124, a keypad 126, a display/touchpad 128, non-removable memory 130, removable memory 132, a power
source 134, a global positioning system (GPS) chipset 136, and other peripherals 138. It will be

appreciated that the WTRU 102 may include any sub-combination of the foregoing elements.

[0036] The processor 118 may be a general purpose processor, a special purpose processor, a generic
processor, a digital signal processor (DSP), a plurality of microprocessors, one or more microprocessors in
association with a DSP core, a controller, a microcontroller, Application Specific Integrated Circuits
(ASICs), Field Programmable Gate Array (FPGAS) circuits, any other type of integrated circuit (IC), a state
machine, and the like. The processor 118 may perform signal coding, data processing, power control,
input/output processing, and/or any other functionality that enables the WTRU 102 to operate in a wireless
environment. The processor 118 may be coupled to the transceiver 120, which may be coupled to the
transmit/receive element 122. While FIG. 1B depicts the processor 118 and the transceiver 120 as
separate components, it will be appreciated that the processor 118 and the transceiver 120 may be

integrated together in an electronic package or chip.

[0037] The transmit/receive element 122 may be configured to transmit signals to, or receive signals
from, a base station (e.g., the base station 114a) over the air interface 116. For example, in one
embodiment, the transmit/receive element 122 may be an antenna configured to transmit and/or receive
RF signals. In another embodiment, the transmit/receive element 122 may be an emitter/detector
configured to transmit and/or receive IR, UV, or visible light signals, for example. In another embodiment,
the transmit/receive element 122 may be configured to transmit and receive both RF and light signals. It will
be appreciated that the transmit/receive element 122 may be configured to transmit and/or receive any

combination of wireless signals.

[0038] In addition, although the transmit/receive element 122 is depicted in FIG. 1B as a single element,
the WTRU 102 may include any number of transmit/receive elements 122. More specifically, the WTRU

-6-
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102 may employ MIMO technology. Thus, in one embodiment, the WTRU 102 may include two or more

transmit/receive elements 122 (e.g., multiple antennas) for transmitting and receiving wireless signals over

the air interface 116.

[0039] The transceiver 120 may be configured to modulate the signals that are to be transmitted by the
transmit/receive element 122 and to demodulate the signals that are received by the transmit/receive
element 122. As noted above, the WTRU 102 may have multi-mode capabilities. Thus, the transceiver 120
may include multiple transceivers for enabling the WTRU 102 to communicate via multiple RATS, such as
UTRA and IEEE 802.11, for example.

[0040] The processor 118 of the WTRU 102 may be coupled to, and may receive user input data from,
the speaker/microphone 124, the keypad 126, and/or the display/touchpad 128 (e.g., a liquid crystal display
(LCD) display unit or organic light-emitting diode (OLED) display unit). The processor 118 may also output
user data to the speaker/microphone 124, the keypad 126, and/or the display/touchpad 128. In addition,
the processor 118 may access information from, and store data in, any type of suitable memory, such as
the non-removable memory 130 and/or the removable memory 132. The non-removable memory 130 may
include random-access memory (RAM), read-only memory (ROM), a hard disk, or any other type of
memory storage device. The removable memory 132 may include a subscriber identity module (SIM) card,
a memory stick, a secure digital (SD) memory card, and the like. In other embodiments, the processor 118
may access information from, and store data in, memory that is not physically located on the WTRU 102,

such as on a server or a home computer (not shown).

[0041] The processor 118 may receive power from the power source 134, and may be configured to
distribute and/or control the power to the other components in the WTRU 102. The power source 134 may
be any suitable device for powering the WTRU 102. For example, the power source 134 may include one
or more dry cell batteries (e.g., nickel-cadmium (NiCd), nickel-zinc (NiZn), nickel metal hydride (NiMH),
lithium-ion (Li-ion), etc.), solar cells, fuel cells, and the like.

[0042] The processor 118 may also be coupled to the GPS chipset 136, which may be configured to
provide location information (e.g., longitude and latitude) regarding the current location of the WTRU 102.
In addition to, or in lieu of, the information from the GPS chipset 136, the WTRU 102 may receive location
information over the air interface 116 from a base station (e.g., base stations 114a, 114b) and/or determine
its location based on the timing of the signals being received from two or more nearby base stations. It will
be appreciated that the WTRU 102 may acquire location information by way of any suitable location-

determination method.

[0043] The processor 118 may further be coupled to other peripherals 138, which may include one or
more software and/or hardware modules that provide additional features, functionality and/or wired or

-7-
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wireless connectivity. For example, the peripherals 138 may include an accelerometer, an e-compass, a

satellite transceiver, a digital camera (for photographs or video), a universal serial bus (USB) port, a
vibration device, a television transceiver, a hands free headset, a Bluetooth® module, a frequency
modulated (FM) radio unit, a digital music player, a media player, a video game player module, an Internet
browser, and the like.

[0044] FIG. 1C s a system diagram of the RAN 104 and the core network 106 according to an
embodiment. As noted above, the RAN 104 may employ an E-UTRA radio technology to communicate with
the WTRUs 102a, 102b, 102¢ over the air interface 116. The RAN 104 may also be in communication with
the core network 106.

[0045] The RAN 104 may include eNode-Bs 140a, 140b, 140c, though it will be appreciated that the
RAN 104 may include any number of eNode-Bs. The eNode-Bs 140a, 140b, 140c may each include one or
more transceivers for communicating with the WTRUs 102a, 102b, 102¢ over the air interface 116. In one
embodiment, the eNode-Bs 140a, 140b, 140¢c may implement MIMO technology. Thus, the eNode-B 140a,
for example, may use multiple antennas to transmit wireless signals to, and receive wireless signals from,
the WTRU 102a.

[0046] Each of the eNode-Bs 140a, 140b, 140c may be associated with a particular cell (not shown) and
may be configured to handle radio resource management decisions, handover decisions, scheduling of
users in the uplink and/or downlink, and the like. As shown in FIG. 1C, the eNode-Bs 140a, 140b, 140c

may communicate with one another over an X2 interface.

[0047] The core network 106 shown in FIG. 1C may include a mobility management entity gateway
(MME) 142, a serving gateway 144, and a packet data network (PDN) gateway 146. While each of the
foregoing elements are depicted as part of the core network 106, it will be appreciated that any one of
these elements may be owned and/or operated by an entity other than the core network operator.

[0048] The MME 142 may be connected to each of the eNode-Bs 140a, 140b, 140c in the RAN 104 via
an S1 interface and may serve as a control node. For example, the MME 142 may be responsible for
authenticating users of the WTRUs 102a, 102b, 102c, bearer activation/deactivation, selecting a particular
serving gateway during an initial attach of the WTRUs 102a, 102b, 102¢c, and the like. The MME 142 may
also provide a control plane function for switching between the RAN 104 and other RANs (not shown) that
employ other radio technologies, such as GSM or WCDMA.

[0049] The serving gateway 144 may be connected to each of the eNode Bs 140a, 140b, 140c in the

RAN 104 via the S1 interface. The serving gateway 144 may generally route and forward user data packets

to/from the WTRUs 102a, 102b, 102¢. The serving gateway 144 may also perform other functions, such as

anchoring user planes during inter-eNode B handovers, triggering paging when downlink data is available
-8-
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for the WTRUs 102a, 102b, 102¢, managing and storing contexts of the WTRUs 102a, 102b, 102c, and the

like.

[0050] The serving gateway 144 may also be connected to the PDN gateway 146, which may provide
the WTRUs 102a, 102b, 102c with access to packet-switched networks, such as the Internet 110, to
facilitate communications between the WTRUs 102a, 102b, 102¢ and IP-enabled devices.

[0051] The core network 106 may facilitate communications with other networks. For example, the core
network 106 may provide the WTRUs 102a, 102b, 102¢ with access to circuit-switched networks, such as
the PSTN 108, to facilitate communications between the WTRUs 102a, 102b, 102¢ and traditional land-line
communications devices. For example, the core network 106 may include, or may communicate with, an [P
gateway (e.g., an IP multimedia subsystem (IMS) server) that serves as an interface between the core
network 106 and the PSTN 108. In addition, the core network 106 may provide the WTRUs 102a, 102b,
102¢ with access to the networks 112, which may include other wired or wireless networks that are owned

and/or operated by other service providers.

[0052] Other network 112 may further be connected to an IEEE 802.11 based wireless local area
network (WLAN) 160. The WLAN 160 may include an access router 165. The access router may contain
gateway functionality. The access router 165 may be in communication with a plurality of access points
(APs) 170a, 170b. The communication between access router 165 and APs 170a, 170b may be via wired
Ethernet (IEEE 802.3 standards), or any type of wireless communication protocol. AP 170a is in wireless
communication over an air interface with WTRU 102d.

DETAILED DESCRIPTION

[0053] A detailed description of illustrative embodiments will now be provided with reference to the
various Figures. Although this description provides detailed examples of possible implementations, it
should be noted that the provided details are intended to be by way of example and in no way limit the

scope of the application.

[0054] Note that various hardware elements of one or more of the described embodiments are referred
to as “modules’ that carry out (i.e., perform, execute, and the like) various functions that are described
herein in connection with the respective modules. As used herein, a module includes hardware (e.g., one
Or more Processors, one or more MICroprocessors, one or more microcontrollers, one or more microchips,
one or more application-specific integrated circuits (ASICs), one or more field programmable gate arrays
(FPGAs), one or more memory devices) deemed suitable by those of skill in the relevant art for a given
implementation. Each described module may also include instructions executable for carrying out the one
or more functions described as being carried out by the respective module, and it is noted that those
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instructions could take the form of or include hardware (i.e., hardwired) instructions, firmware instructions,

software instructions, and/or the like, and may be stored in any suitable non-transitory computer-readable
medium or media, such as commonly referred to as RAM, ROM, etc.

[0055] Atleast one base station (BS, or access node) and at least one user device / user terminal (e.g.,
a WTRU) may be used in a mmWave system operating in a mmWave frequency range, where the user
terminal (WTRU) can be either a human-device (e.g., a smartphone) or a machine-type device (e.g., a
sensor). Additionally, by using beamforming technologies with a massive antenna array, at least one
narrow directional beam may be generated by a transmitter of each device, which effectively enhances the
signal gain toward the target receiver, while reducing potential interference to other receivers. Moreover,
through beam division, multiple users can be concurrently served in the same time/frequency resource

(MU-MIMO), which improves the system spectral efficiency.

[0056] In hybrid beamforming, both digital beamforming (i.e., in a baseband domain) and analog
beamforming (i.e., in an RF domain) are applied to strike a balance between performance and complexity
(as discussed in S. Kutty and D. Sen, “Beamforming for millimeter wave communications: an inclusive
survey’, [EEE Communications Survey & Tutorials, Vol. 18, No. 2, Apr. 2016, pp. 949-973). In some
embodiments, the digital beamforming may comprise digital precoding using one or more digital precoder
codebooks.

[0057] FIG. 2 illustrates an example architecture of hybrid beamforming. In particular, the example
architecture shows that Ns =21 data streams (202) are mapped in the baseband domain to NRF=1 RF
chains (206) via an N{RF-by-N; digital precoder (Feg) (204). The RF output is further mapped in the RF
domain to N; physical antenna elements (210) via an Nr-by-N&F analog precoder (Frr) (208), where phase
shifters are applied for beamforming weights for analog beamforming. Similarly, at the receiver side, the
signal vector received at the array (214) comprising N: physical antenna elements is processed with analog
combiner (Wrr) (216) in the RF domain and followed by digital combiner (Weg) (218) in the baseband
domain, prior to demodulation of Ns 21 data symbols (220). Additionally, there are two types of analog

beamforming schemes, namely full-connection and subarray architectures.

[0058] The overall mathematical model of the received baseband signal y in flat fading can be written
as:

y = WppgWrpHFpFgpx + 1 Eqg. 1
[0059] where x represents transmit symbols and n denotes additive noise. Hybrid beamforming may be
undertaken with a two-stages procedure (as discussed in Alkhateeb, et al., “Limited feedback hybrid
precoding for multi-user millimeter wave systems”, [EEE Trans. Wireless Commun., Vol. 14, Nov. 2015, pp.

6481-6494) such that, at a first state, TX/RX analog beamformers (Frr and Wrr) are determined based on,
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for example, angular angles of departure and/or arrival of the dominant radio signal path at both the base

station and the user terminal. Then, at the second stage, digital precoder (Fgg) may be selected by the user
terminal from a pre-defined codebook based on the effective channel (i.e., the channel that captures the
effects of analog beamforming) measured using downlink reference signals. The codebook is a set of
matrices that can be used to represent Fgg. The selected precoder index (e.g., a precoding matrix index
(PMI)) may be reported by the user terminal with a dedicated feedback mechanism.

[0060] In view of the above, the effective channel Het can be written as:

Heff = WRFHFRF Eq 2

[0061] By measuring the downlink reference signals (e.g., channel state information-reference signal
(CSI-RS)) that undergo such effective channels, the user terminal can select a PMI for digital precoding by
evaluating which precoding matrix in the codebook C enables maximum performance gain if it is applied:

Fpp = argmax G(Hess, Fpp) Eq. 3

[0062] where the function G outputs certain performance metrics, such as capacity, throughput, or
signal-to-interference-plus-noise ratio (SINR). Meanwhile, the user terminal may compute the digital
combiner Wy based on the index selection from a precoder codebook.

[0063] In general, a digital precoder codebook with higher resolution (i.e., a larger codebook size) may
allow the transmitter to capture the spatial channel with a finer granularity, which in turn gives better
performance. However, at the same time, it increases the burden of feedback overhead for the receiver, as
the number of bits for digital precoder feedback (PMI) increases with codebook resolution. In hybrid
beamforming, it is possible that analog beamforming alone is sufficient to capture dominant paths in the
propagation channel. Therefore, the additional benefit brought by a high resolution digital precoder
codebook may be limited. For user terminals located in rich-scattering environment, digital precoding may
be helpful as diversity and/or multiplexing gain in the channel can be exploited. Nevertheless, in some
instances the benefits of digital precoding may be marginal for a user terminal with a strong line of sight
(LoS) path, in which cases analog beamforming alone may be sufficient.

[0064] FIG. 3 illustrates a graph of a comparison of achievable rate between hybrid beamforming
schemes with and without digital precoding, in a LoS channel. As shown in the simulation results of FIG. 3,
it can be observed that digital precoding (in which a mutual-unbiased (MUB) codebook is used) does not
provide further enhancement to achievable rate in a LoS channel when analog beamforming (based on a
discrete Fourier transform (DFT) codebook) is already applied.

[0065] A user terminal (e.g., a WTRU) is provided that is equipped with at least one radio transceiver

and at least one computational entity that enable the user terminal to measure effective downlink channel
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responses attributed to mmWave analog beamforming and conduct at least one of the following: (1)

determine the minimum digital precoder codebook resolution for achieving desirable link quality on top of
analog beamforming, (2) determine whether digital precoding is necessary to achieve desirable link quality
on top of analog beamforming, (3) extract information relating to assistance parameters (e.g., Performance
Improvement Threshold (PIT) and/or Absolute Performance Threshold (APT)) from the base station, and/or
(4) transmit a decision on digital precoder codebook resolution and/or a decision on activation/deactivation
of digital precoding (e.g., by activation or deactivation of digital precoder feedback at the user terminal) to

the base station.

[0066] A base station is provided that is equipped with at least one radio transceiver and at least one
computational entity that enable the base station to conduct at least one of following: (1) determine at least
one assistance parameter (e.g., PIT and/or APT) and transmit the information of these assistance
parameters to at least one user terminal, (2) receive information relating to decision on digital precoding
codebook resolution and activation/deactivation of digital precoding from the user terminal (e.g., by
activation or deactivation of digital precoder feedback at the user terminal), and/or (3) configure downlink
transmission module with the digital precoder codebook resolution in accordance to the related information

received from the user terminal.

[0067] FIG. 4 illustrates a schematic diagram of an embodiment of a system for adaptively configuring a
codebook for digital precoding of mmWave-based hybrid beamforming. In particular, the digital precoder
codebook resolution, on top of analog beamforming, can be adjusted across different radio resources (e.g.,

time/frequency), which in turn may optimize the feedback efficiency for a user terminal.

[0068] The system shown in FIG. 4 incorporates a two-stage procedure as described above. Therefore,
in the beginning, both the base station 402 and the user terminal 404 can determine the analog
beamformers (414)/combiners (424) F and Wy, which can be constructed or chosen from an “RF
beambook” based on estimations of spatial channel characteristics such as Angle-of-arrival (AoA) and/or
Angle-of-Departure (AoD), which are the angular bins in which the highest energy level can be perceived.
There are several different methods of RF beamformer/combiner selection for analog beamforming known
to those of ordinary skill in the relevant art (such as discussed in J. Singh and S. Ramakrishna, “On the
feasibility of codebook-based beamforming in millimeter wave systems with multiple antenna arrays”, IEEE
Trans. Wireless Commun., Vol. 14, May 2015, pp. 2670-2683), none of which are intended to be limiting

herein.

[0069] A base station 402 may comprise a TX 410 and a RX 412, and may perform RF beamforming
414. A user terminal 404 may comprise a TX 426 and a RX 428, and may perform RF combining 424. Both

the base station and user terminal may have antenna(s) 416.
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[0070] Given that analog beamforming is in place, such as by the above process (or comparable

processes as known to those of ordinary skill in the relevant art), the user terminal 404 may evaluate the
lowest codebook resolution of digital precoding (434) that may be utilized to achieve the desirable
performance in order to sustain a reliable wireless link to the network while minimizing feedback burden for
digital precoding.

[0071] To do this, the base station 402 may first determine at least one assistance parameter (406),
which may be shared with the user terminal as part of unicast/multicast/broadcast downlink control
signaling (420) (e.g., in either higher-layer signaling such as radio resource control (RRC) signaling or
physical control signaling), in a bid to assist digital codebook resolution determination (434) at the user
terminal 404. The assistance parameter may be a PIT and/or an APT, but is not limited thereto.

[0072] The PIT is a threshold level of difference of a certain performance metric between cases with and
without digital precoding. The performance metric may be SINR gain (in dB), channel quality indicator

(CQlI), capacity (in bits/sec), or any other metric that can be used to gauge link quality.

[0073] The APT is a threshold level of absolute value of a certain performance metric. The performance
metric may be SINR gain (in dB), channel quality indicator (CQlI), capacity (in bits/sec), or any other metric
that can be used to gauge link quality.

[0074] The assistance parameters received at the user terminal from the base station or access node
may indicate a target or desired performance threshold, that may or may not be achievable between the
base station and the user terminal without digital precoding. Generally, the indicated performance threshold
may require the use of digital precoding. In various embodiments, the evaluated performance of the user
terminal under one or more digital precoder codebook resolutions may be compared to the target
performance threshold to determine what codebook resolution, if any, may satisfy the target performance
threshold. In some embodiments, the smallest codebook resolution (e.g., smallest available codebook size)
under which the target performance threshold is satisfied may be selected as the minimum precoder
codebook resolution.

[0075] Apart from the assistance parameters (420), the base station (e.g., an access node or “Node B”)
may also transmit downlink reference signals (e.g., RF beamformed reference signals) (418) (such as
(Cell-Specific Reference Signal) CRS or CSI-RS) to the user terminal. The reference signals may be
transmitted with the initially configured analog beamforming. Hence, a user terminal (e.g., WTRU) is able to
measure the effective channel Herr (430) where the effect of analog beamforming has been taken into
account. In addition, the user terminal may also extract the information of assistance parameters sent by
the base station (432). By using the measured effective channel Hett and/or the assistance parameters
received from the base station, the user terminal may compute a digital precoding codebook resolution
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(434) that allows it to maintain a radio link (to the base station) with sufficiently high quality to support the

desired data rate or another performance metric. The result of the codebook resolution evaluation may be
reported to the base station via uplink control channel such as an RRC reconfiguration message or
physical control signaling (422) (e.g., digital precoding codebook resolution reporting). The user terminal
may report more than one digital precoding codebook resolution, corresponding to multiple radio resources
such as resource blocks, frequency bands, and transmission time intervals (TTIs).

[0076] Since the assistance parameters can be sent by the base station using an RRC reconfiguration
message, the user terminal has the opportunity to update the codebook resolution whenever it receives an
RRC reconfiguration message. For instance, assuming that a downlink RRC reconfiguration message is
transmitted with a periodicity of 40ms, as is done in current LTE schemes, then the user terminal may carry
out computation and reporting of digital precoding codebook resolutions every 40ms. The length of the
interval, however, may change in future systems such as 5G. The reported codebook resolutions can be
applied in the time/frequency radio resources that are scheduled to the user terminal before the next
update.

[0077] Upon the reception of the reported codebook resolution from the user terminal with RX 412, the
base station may configure the baseband module to carry out downlink data transmission in the radio
resources scheduled for the user terminal with its reported codebook resolution. Also, in subsequent
sessions, the base station may extract the feedback information for digital precoding, such as PMI, from the
user terminal in accordance to the codebook resolution reported by the user terminal, as different codebook
resolutions correspond to different bit-widths for precoder feedback. Under this scenario, the mapping
between codebook resolution index and codebook size (and bit-width) has been specified and is known to
both the base station and the user terminal. An example of such mapping is shown in Table 1:

Codebtiﬁl(;eF){f?olution Codebook Size Precoder (e.gv.\;i(l;’tlt]/ll) Report Bit-
0 1 0 (precoder feedback deactivated)
1 4 2
2 16 4
3 64 6

Table 1: Exemplary Mapping of Codebook Resolution Index and Codebook Size

[0078] In some embodiments discussed herein, the codebook resolution index is utilized as an ordered
mapping from smallest to largest codebook resolution / codebook size (e.g., precoder report bit-width). In
other instances, the codebook resolution index may use an alternative mapping that is not ordered from
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smallest to largest codebook resolution / codebook size, for example most frequent selection to most

infrequent, largest to smallest codebook size, and/or the like.

[0079] Based on the previously discussed systems and methods for adaptively configuring a codebook
for digital precoding for mmWave-based hybrid beamforming, several different example embodiments are
provided. In some example embodiments (as discussed in relation to FIGS. 8-11), instances with binary
adaptation, activation and deactivation, of digital precoding are provided. When digital precoding is
‘deactivated” (e.g., by deactivation of digital precoder feedback from the user terminal to the base station),
an identity matrix may always be applied in baseband for mapping between data streams and antenna
ports (RF chains), which means that the codebook size is one with only a single entry (identity matrix), so
no PMI feedback is needed from the user terminal. Thus, “deactivation” of digital precoding by the base
station is a response to deactivation of digital precoder feedback from a user terminal. It is worth noting
that, although multi-user MIMO (MU-MIMQ) schemes rely on signal separation via digital precoding,
deactivation of digital precoding is still applicable as long as the users with preferred precoding matrices
that are orthogonal to identity matrices are co-scheduled for MU-MIMO operation. For example, two users
with digital precoding exemption can be paired for MU-MIMO since any two columns of an identity matrix
are orthogonal, and signal separation can be achieved by analog beamforming alone.

[0080] In one exemplary embodiment, a base station 502 configures at least one user terminal (e.g.,
WTRU) 504 with a PIT, which can be used by the WTRU to determine the codebook resolution for digital
precoding. An overall procedure for such an embodiment is depicted in the flow diagram of FIG. 5. Once an
analog beamformer and a combiner are determined (506) and applied (508, 510), the base station can
select a PIT (520) that will be configured to at least one user terminal. Note that a PIT can represent
various types of performance metrics. For example, it can be a SNR gain (in dB), reception error
probability, or a capacity gain (in bits/sec). The selection of a PIT may be determined by the base station
based on one or more of: availability of uplink resources, a battery status of the user terminal, a mobility
level of the user terminal, and/or the like. Thus, one or more assistance parameters, such as PIT, may be
determined based on at least one of network status (such as traffic load), or user terminal status (such as
mobility and/or battery status of the user terminal), and/or the like.

[0081] For example, if the uplink resources for CSI reporting are relatively scarce, the base station may
set a lower PIT compared to when more uplink resources are available, so that the probability that a user
terminal finds a low-resolution digital precoding providing performance improvement exceeding PIT is
higher. Hence, this results in lower total feedback overhead among the all radio resources and all active
users. Similarly, a low PIT may be configured if the user terminal has low battery, to reduce the chances
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that the user terminal may spend more computational power to select a PMI from a higher-resolution

(larger) precoder codebook.

[0082] After the value of PIT is chosen by the base station, it should be sent as, for example,
configuration information (522), to at least one user terminal based on unicast/multicast/broadcast
signaling, depending on whether it is a user-specific configuration or a cell-specific configuration.

[0083] The downlink reference signals (such as CSI-RS) may be transmitted (524) under the settings of
analog beamformers determined earlier so that the user terminal can measure the effective channel H ¢,
which is a NFF-by- NF channel matrix. Based on the measured channel H,, (526), the user terminal
evaluates the minimum digital precoder codebook resolution that allows the performance improvement to
exceed the configured PIT (528). An exemplary procedure that the user terminal may undertake to
determine the minimum codebook resolution is illustrated in the flow diagram of FIG. 6, where the user
terminal should determine a codebook resolution index (e.g., according to Table 1) based on the configured
value of PIT. In this example, the user terminal calculates channel capacity without digital precoding Cno pp
and channel capacities under different digital precoder codebook resolutions index values i (denoted as
Cor, ), and determines the value of / which maps to the smallest codebook resolution / size that achieves
Cop,i- Cno_pp > PIT.

[0084] Thus, determining a minimum digital precoder codebook resolution may include calculating a link
quality metric value (e.g., channel capacity, SNR or bit error rate) without digital precoding (Cno pr) and link
quality metric values under different digital precoder codebook resolutions index values i (Cop, i), and
determining determines the value of i which maps to the smallest codebook resolution / size such that a
performance difference between Cpp,i and Cno_pp satisfies the PIT, as the minimum digital precoder
codebook resolution.

[0085] Mobility level and battery status may also be taken into account in this example. When the user
terminal is either moving too fast or running out of battery, digital precoder feedback can be exempted
regardless of the configured PIT (for instance, as in Table 1 where codebook resolution index i = 0 maps to
precoder report bit-width of 0).

[0086] For each user terminal, at least one indication of codebook resolution may be reported to the
base station by the user terminal (530), which represents at least one radio resource (time/frequency/code)
that potentially can be scheduled to the user terminal for subsequent downlink services. That is the at least
one indication of codebook resolution may be a suggestion as to which codebook resolution the user
terminal has selected to meet above-mentioned criterial. The indication of codebook resolution may
preferably be reported to the base station before the next update of codebook resolution.
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[0087] In another embodiment, in the flow diagram of FIG. 5, the base station configures at least one

user terminal with an APT, rather than a PIT. The APT may be used by the user terminal to determine the
minimum digital precoder codebook resolution that can be used to achieve the configured APT.

[0088] Similar to the previous embodiment discussed in relation to FIG. 5, analog beamformers of both
base station 502 and user terminal 504 are first determined (506), and applied (508, 510). Then, depending
on the application-related performance requirement (e.¢. data rate, latency, etc.), the base station may
select an APT corresponding to a certain metric of the link quality (520). For instance, the metric may be
the channel capacity, the SNR, or the highest modulation and coding scheme (MCS) that can be used to
guarantee an error rate higher than certain value (akin to CQl in LTE). After the value of APT is selected,
the APT may be transmitted, for example, as configuration information (522), by the base station to at least
one of the user terminals in its coverage area based on unicast/multicast/broadcast signaling, depending

on whether it is a user-specific configuration or cell-specific configuration.

[0089] Downlink reference signals (such as CSI-RS) may be transmitted (524) under the settings of
analog beamformers determined earlier so that the user terminal can measure the effective channel He ;¢
(526), which is a NRF-by-NRF channel matrix. Based on the measured channel H, s, the user terminal
evaluates the minimum digital precoder codebook resolution (528) that allows the resultant performance to
reach the configured APT. An example procedure that the user terminal can undertake to determine the
minimum codebook resolution is illustrated in the flow diagram of FIG. 7, where a user terminal may
determine a codebook resolution index value (e.g., according to Table 1) based on the configured value of
APT. In this example, the user terminal may calculate channel capacities under different digital precoder
codebook resolution index values i (denoted as Cor, ), and determine the value of i which maps to the
smallest codebook resolution / size that achieves Copp,; = APT.

[0090] Thus, determining a minimum digital precoder codebook resolution may include calculating link
quality metric values (e.g., channel capacity, SNR or bit error rate) under different digital precoder
codebook resolution index values i (Cop, ), and determining the value of / which maps to the smallest
codebook resolution / size such that Cpp satisfies the APT as the minimum digital precoder codebook

resolution.

[0091] Mobility level and battery status may also be taken into account in this example. That is, one or
more assistance parameters, such as APT, may be determined based on at least one of network status,
such as traffic load, or user terminal status, such as mobility and/or battery status of the user terminal.
When the user terminal (such as a mobile phone, tablet, or other mobile device) is either moving too fast or
running out of battery, digital precoder feedback can be exempted regardless of the configured APT (for
instance, as in Table 1 where codebook resolution index i = 0 maps to precoder report bit-width of 0).
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[0092] Note that for each user terminal, at least one indication of codebook resolution may be reported

to the base station by the user terminal (530), which represents at least one radio resource
(time/frequency/code) that potentially can be scheduled to the user terminal for subsequent downlink
services. That is the at least one indication of codebook resolution may be a suggestion as to which
codebook resolution the user terminal has selected to meet above-mentioned criterial. The indication of
codebook resolution may preferably be reported to the base station before the next update of codebook

resolution.

[0093] In another example embodiment, the basic procedures are similar to the embodiments discussed
in relation to FIGS. 5-7, except that threshold levels (e.g., PIT or APT) are not configured by the network
(e.g., by the base station), but determined by the user terminal itself. Therefore, the base station does not
share the information of any assistance parameters with the user terminal(s) in this case. More generally,
upon the measurement of effective channel, the user terminal may calculate and determine the minimum
digital precoder codebook resolution that it suggests using in subsequent downlink service sessions. The
suggestion(s) on minimum digital precoder codebook resolution may be reported to the base station.

[0094] Note that for each user terminal, at least one indication of codebook resolution may be reported
to the base station by the user terminal, which represents at least one radio resource (time/frequency/code)
that potentially can be scheduled to the user terminal for subsequent downlink services. That is the at least
one indication of codebook resolution may be a suggestion as to which codebook resolution the user
terminal has selected to meet above-mentioned criterial. The indication of codebook resolution may
preferably be reported to the base station before the next update of codebook resolution.

[0095] FIG. 8illustrates a flow diagram for an exemplary procedure according to another embodiment.

In the previous exemplary embodiments discussed in relation to FIGS. 5-7, the user terminal determines
the resolution of the digital precoder codebook. In the embodiment of the flow diagram of FIG. 8, codebook
resolution adaptation includes switching between activation and deactivation of digital precoding (e.g., by
activation or deactivation of digital precoder feedback at the user terminal). For example, if digital precoding
is deactivated, an identity matrix is always applied in the baseband domain for mapping between data
streams and antenna ports (RF chains), which means that the codebook size is one with only a single entry
(identity matrix). As such, “deactivation” of digital precoding by the base station is a response to
deactivation of digital precoder feedback from a user terminal. Thus, instead of suggesting a suitable
codebook resolution, the user terminal may simply transmit one or more binary indications (for multiple
radio resources) to the base station to report the necessity (in a YES or NO sense) of digital precoding on

top of analog beamforming.
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[0096] Once the analog beamformers are determined (806) and applied (808, 810), the base station 802

may choose a PIT that will be configured to at least one user terminal 804 (820). Note that a PIT can
represent various types of performance metrics. For example, it can be a SNR gain (in dB) or a capacity
gain (in bits/sec). The selection of PIT could be determined based on at least one of the following
parameters: an availability of uplink resources, a battery status of the user terminal, and/or a mobility level

of the user terminal.

[0097] For instance, if the uplink resources for CSI reporting is relatively scarce, the base station may
tend to set a lower PIT, so the probability that a user terminal finds a low-resolution digital precoding
providing performance improvement exceeding PIT is higher, and, hence, results in lower total feedback
overhead among all radio resources and all active users. Similarly, a low PIT may be configured if the user
has low battery, to reduce the chances that the user terminal may spend more computational power to
select a PMI from a higher-resolution (larger) precoder codebook. After the value of PIT is chosen, it should
be sent to at least one user terminal based on unicast/multicast/broadcast signaling, depending on whether
it is a user-specific configuration or cell-specific configuration.

[0098] The downlink reference signals (such as CSI-RS) may be transmitted (824) under the settings of
analog beamformers determined earlier so that the user terminal can measure the effective channel H ;¢

(826), which is a N\RF-by-N:RF channel matrix. Based on the measured effective channel, the user terminal
may evaluate performance under hypotheses with and without digital precoding (828). For example, the
user terminal may calculate link quality metric values Cpp and Cno_pp, which may represent a capacity (or
other link quality metric) with and without digital precoding, respectively. Then, the user terminal should
compare the difference between these two capacities with the configured PIT value.

[0099] If the improvement attributed to digital precoding satisfies the configured PIT (e.g., if the
difference is higher than the PIT or lower than the PIT, depending on the link quality metric used), then the
user terminal may report a positive indication of applying digital precoding. Otherwise, if the improvement
attributed to digital precoding does not satisfy the configured PIT, the user may report a negative indication
of applying digital precoding and/or suggest that digital precoding be dispensed, which allows the user
terminal to be exempt from overheads such as PMI selection and feedback.

[0100] An example decision logic of the user terminal of FIG. 8 is shown in FIG. 9.

[0101] Atleast one indication should be reported to the base station by the user terminal, which
represents at least one radio resource (time/frequency/code) that potentially can be scheduled to the user
terminal for subsequent downlink services. For instance, the user terminal may report a bitmap with M>1
bits to represent necessity of digital precoding in M radio resources (e.g., resource blocks), where 0 and 1
indicate that digital precoding is desired or not respectively, or vice versa.
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[0102] FIG. 10 illustrates a flow diagram of an example procedure according to another example

embodiment. In this embodiment, the base station configures at least one user terminal with an APT, which
can be used by the user terminal to determine whether digital precoding is desired in addition to analog

beamforming.

[0103] Similar to the process described in the previous example embodiment, analog
beamformers/combiners of both base station and user terminal are first determined. Then, depending on
the application-related performance requirement (e.g., data rate, latency), the base station may select an
APT corresponding to a certain metric of the link quality. For instance, the metric may include the channel
capacity, the SNR, or the highest modulation and coding scheme (MCS) that can be used to guarantee an
error rate higher than certain value. After the value of this APT is chosen, it should be sent to at least one
user terminal based on unicast/multicast/broadcast signaling, depending on whether it is a user-specific

configuration or cell-specific configuration.

[0104] The downlink reference signals (such as CSI-RS) may be transmitted under the settings of

analog beamformers determined earlier so that the user terminal can measure the effective channel H ¢,

which is an NRF-by-N;RF channel matrix. Based on the measured effective channel, the user terminal
should evaluate performance under hypotheses without digital precoding. For example, the user terminal
may first evaluate Cno_pp, which may represent a capacity (or other link quality metric) without digital
precoding. Then, the user terminal may compare the value of Cno_pp with the configured APT.

[0105] I the value of Cno_pp satisfies the configured APT (e.qg., greater than or equal to the APT or lower
than the APT, depending on the link quality metric used), then the user terminal may report a negative
indication of applying digital precoding and may suggest that digital precoding can be dispensed, which
may allow the user terminal to be exempt from overheads such as PMI selection and feedback. Otherwise,
if the configured APT is not satisfied, the user terminal may report a positive indication of applying digital
precoding, such that digital precoding may be applied to reach the performance threshold (or at least

improve performance over non-application of the digital precoding).

[0106] Atleast one indication should be reported by the user terminal, which represents at least one
radio resource (time/frequency/code) that potentially can be scheduled to the user terminal for subsequent
downlink services. For instance, the user terminal may report a bitmap with M=1 bits to represent necessity
of digital precoding in M radio resources (e.g., resource blocks), where 0 and 1 indicate that digital
precoding is desired or not respectively, or vice versa.
[0107] In another example embodiment, the basic procedures are similar to the two previous example
embodiments, except that threshold levels (either PIT or APT) are not configured by the network (e.g., the
base station), but instead determined by the user terminal itself. Therefore, the base station does not share
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the information of any assistance parameters with the user terminal in this case. More generally, upon the

measurement of effective channel, the user terminal may calculate and determine whether or not digital
precoding should be used in at least one radio resource in subsequent downlink service sessions. The
indications and/or suggestions on necessity of digital precoding may be reported to the base station by the
user terminal. At least one indication should be reported by the user terminal, which represents at least one
radio resource (time/frequency/code) that potentially can be scheduled to the user terminal for subsequent

downlink services.

[0108] In one exemplary embodiment, there may be a multi-resolution precoder codebook based on
LTE-A. In 3GPP LTE-A, a dual-codebook structure has been adopted for cases with eight antenna ports. In
this framework, the precoder Wis obtained as a product of a long-term precoder Wi and a short-term
precoder Wo:

w =w,w, Eq. 4
[0109] In this embodiment, multiple versions of such dual-codebook are specified, and each of the
multiple versions is associated to a codebook resolution /. Using the systems and methods set forth herein,
the resolution of the codebook may be adjusted in either or both of the long-term (/) and short term (/,)

components, as described below.

[0110] With regard to a long-term codebook Wi, the structure of the long-term precoder Wi is a block-
diagonal matrix that can be written as:

X; O
W]_: . ]

0 X, Eq. 5
where sub-matrices X; and X,, dedicated to two different antenna polarizations, are a set of DFT column
vectors (€.g., beam group). In the specifications of 3GPP LTE-A, only the case of X; = X, is present, so

in that case the same beam group may be used by both of the antenna polarizations.

[0111] Toincrease the codebook resolution according to the present disclosure, the number of W,
codebook entries may be increased by adding the cases where X; # X,. Thus, the codebook can also
cover the cases where different beam groups are used by the two different antenna polarizations. In such
cases, the content possibility of I/; may become more diverse, and more feedback bits may be needed to

capture this higher resolution codebook.

[0112] Forinstance, there are 16 possible entries of X, (P = 1,2), two exemplary codebook resolutions

of W, are tabulated below in Table 2:
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W, Codebook W, Codebook W, Bit-width (bits)
Size
Resolution index, i

0(X; = Xy) 16 4
1(X, £ Xy) 256 8

Table 2: Example Multi-Resolution Codebook for Wi

[0113] In addition, the W, codebook resolution can also be changed by adjusting the oversampling

factor of the DFT vectors in the beam group Xp.

[0114]  With regard to a short-term codebook W, the structure of the short-term precoder W>can be
deemed as a stack of two selection vectors (for the two antenna polarizations respectively), that is written

as:

1 [h

where Yp (P = 1,2) has only one non-zero entry that chooses a column vector out of X, in the reported

W, . Given that each of the beam group X, has four column vectors, the possibility of Y, are:

A

[0115] This leads to a codebook size of 16 for W,. To increase the resolution of W, codebook, the

0
1
0
0

cases of equal-gain linear combinations of a pair of beams within a beam group X, may be considered.

Therefore, the possibility of Y, becomes:

17 101 071 07 0.5 [0.57 10.571 1 O 0 0
Ol (1] [O] |Of |05 | O 0| [0.5] |05 0
ol [o["]1]"|of"] o |'{o.5]"| 0 |"[0.5]"] O | |O.5
04 tod tod L1 0 0 051 Lod Lo.51 Lo.5

[0116] The size of W, codebook is now 100. Thus, two exemplary codebook resolutions of I/, may

exist, as tabulated below in Table 3:

W, Codebook W, Codebook W, Bit-width (bits)
Resolution index, i Size
0 16 4
1 100 7

Table 3: Example Multi-Resolution Codebook for W,
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[0117]  Accordingly, in one or more embodiments as set forth herein, any multi-resolution codebook can

be applied to W, only, to W, only, or to both W, and W,. Furthermore, apart from the examples given

above, the discussed systems and methods are applicable to any precoder codebook framework.

[0118] In one embodiment, there is a method for wireless communications, comprising: transmitting a
signal using hybrid beamforming including adaptively applying digital beamforming and analog
beamforming, the digital beamforming comprising: adaptively configuring a digital precoder codebook
resolution. The method may further comprise: determining at least one analog beamformer and combiner;
determining a lowest codebook resolution of digital precoding that is required to achieve at least one
performance parameter; and transmitting the determined lowest codebook resolution of digital precoding to
a network. The may also further comprise: receiving downlink reference signals that indicate an analog
beamforming configuration based on the determined analog beamformer and combiner; measuring an
effective channel based on the indicated analog beamforming configuration; and determining a lowest
codebook resolution of digital precoding that is required to achieve at least one performance parameter and
the measured effective channel. The method may also further comprise: determining at least one
assistance parameter as the at least one performance parameter; and transmitting the at least one
assistance parameter to a wireless transmit receive unit (WTRU). The method may include wherein the at
least one assistance parameter is a performance improvement threshold (PIT) or an absolute performance
threshold (APT). The method may include wherein the at least one assistance parameter is determined
based on at least one of network status, such as traffic load, or WTRU status, such as mobility and/or
battery status. The method may further comprise: calculating, based on at least one of a measured
effective channel or an assistance parameter, at least one digital precoding codebook resolution that
maintains a radio link to a base station with a sufficiently high quality to support a desired performance; and
transmitting the at least one calculated digital precoding codebook resolution to the base station. The
method may further comprise: configuring a baseband module for downlink data transmission in radio
resources scheduled for the WTRU according to a digital precoding codebook resolution received from the
WTRU; and transmitting, by the configured baseband module, the downlink data transmission. The method
may include wherein determining a minimum digital precoder codebook resolution comprises: calculating a
channel capacity without digital precoding (Cno_op) and channel capacities under different digital precoder
codebook resolution index values i (Cop, }); and determining the value of / which maps to the smallest
codebook resolution / size that achieves Cop, ;- Cno_op > PIT as the minimum digital precoder codebook
resolution. The method may include wherein determining a minimum digital precoder codebook resolution
comprises: calculating a link quality metric value without digital precoding (Cno_pp) and link quality metric
values under different digital precoder codebook resolution index values i (Cop, ); and determining the value

of i which maps to the smallest codebook resolution / size such that a performance difference between Cpp,
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iand Cno_pp satisfies a PIT, as the minimum digital precoder codebook resolution. The method may include

wherein determining a minimum digital precoder codebook resolution comprises: calculating channel
capacities under different digital precoder codebook resolution index values i (Cop, ); and determining the
value of i which maps to the smallest codebook resolution that achieves Cop,; > APT as the minimum digital
precoder codebook resolution. The method may include wherein determining a minimum digital precoder
codebook resolution comprises: calculating link quality metric values under different digital precoder
codebook resolution index values i (Cop, }); and determining the value of / which maps to the smallest
codebook resolution / size such that Cpp, ; satisfies an APT as the minimum digital precoder codebook
resolution. The method may further comprise: determining, by a WTRU, at least one assistance parameter;
determining at least one minimum digital precoder codebook resolution based on the determined at least
one assistance parameter; and transmitting the at least one minimum digital precoder codebook resolution
to the base station. The method may further comprise: determining whether to activate or deactivate digital
precoding; switching between activation and deactivation of digital precoder feedback based on the
determination whether to activate or deactivate the digital precoding; and transmitting a report whether
digital precoding is active. The method may further comprise: determining whether to activate or deactivate
digital precoding; transmitting a report whether digital precoding is active; and switching between activation
and deactivation of digital precoder feedback based on the report. The method may include wherein
determining whether to activate or deactivate digital precoding is based on a threshold test using, wherein
the threshold is a PIT or an APT. The method may further comprise: adjusting a digital precoder codebook
resolution, including adjusting at least one of a short-term codebook resolution component or a long-term
codebook resolution component of the digital precoder codebook resolution.

[0119] In one embodiment, there may be a wireless transmit/receive unit (WTRU) configured to perform
at least part of any combination of the method as set forth above. In one embodiment, there may be a
server configured to perform at least part of any combination of the method as set forth above. In one
embodiment, there is a system, comprising a transmitter and a receiver, configured to perform at least part
of any combination of the method as set forth above. In one embodiment, there is at least one processor
configured to perform at least part of any combination of the method as set forth above. In one
embodiment, there is a network element configured to perform at least part of any combination of the
method as set forth above. In one embodiment, there is a base station configured to perform at least part of
any combination of the method as set forth above. In one embodiment, there is an access point (AP)
configured to perform at least part of any combination of the method as set forth above. In one
embodiment, there is a station (STA) configured to perform at least part of any combination of the method
as set forth above. In one embodiment, there is an integrated circuit configured to perform at least part of

any combination of the method as set forth above. In one embodiment, there is a computing device
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configured to perform at least part of any combination of the method as set forth above. In one

embodiment, there are instructions stored on a non-transitory computer readable storage medium which
when executed by a processing device cause the processing device to perform at least part of any
combination of the method as set forth above.

[0120] Although features and elements are described above in particular combinations, one of ordinary
skill in the art will appreciate that each feature or element can be used alone or in any combination with the
other features and elements. In addition, the methods described herein may be implemented in a computer
program, software, or firmware incorporated in a computer-readable medium for execution by a computer
or processor. Examples of computer-readable media include electronic signals (transmitted over wired or
wireless connections) and computer-readable storage media. Examples of computer-readable storage
media include, but are not limited to, a read only memory (ROM), a random access memory (RAM), a
register, cache memory, semiconductor memory devices, magnetic media such as internal hard disks and
removable disks, magneto-optical media, and optical media such as CD-ROM disks, and digital versatile
disks (DVDs). A processor in association with software may be used to implement a radio frequency
transceiver for use in a WTRU, UE, terminal, base station, RNC, or any host computer.
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CLAIMS
What is Claimed:

1. A method for a mmWave user terminal capable of analog beamforming and digital beamforming, the

method comprising:

receiving, from an access node, a downlink reference signal using an analog beamforming
setting;

measuring, using the received downlink reference signal, an effective channel based on the
analog beamforming setting;

receiving, from the access node, an assistance parameter indicating a target performance
threshold;

determining a minimum digital precoder codebook resolution for the performance threshold using
the measured effective channel; and

sending the determined minimum digital precoder codebook resolution to the access node.

2. The method of claim 1, wherein the at least one assistance parameter comprises a performance
improvement threshold (PIT).

3. The method of claim 2, wherein determining the minimum digital precoder codebook resolution
comprises:
calculating a channel capacity without digital precoding (Cno_pp) and channel capacities under
different digital precoder codebook resolution index values i (Cop,i); and
determining the smallest codebook resolution that achieves Cpp,i - Cno pp > PIT as the minimum
digital precoder codebook resolution.

4. The method of claim 2, wherein determining the minimum digital precoder codebook resolution
comprises:
calculating a link quality metric value without digital precoding (Cno_pp) and link quality metric
values under different digital precoder codebook resolution index values i (Coe,i); and
determining the smallest codebook resolution such that a performance difference between Cpp, i
and Cno pp satisfies a PIT, as the minimum digital precoder codebook resolution.

5. The method of claim 1, wherein the at least one assistance parameter comprises an absolute
performance threshold (APT).

6. The method of claim 5, wherein determining the minimum digital precoder codebook resolution

comprises:
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calculating channel capacities under different digital precoder codebook resolution index values i

(Cop,i); and
determining the smallest codebook resolution that achieves Cpp,i > APT as the minimum digital
precoder codebook resolution.

7. The method of claim 5, wherein determining the minimum digital precoder codebook resolution
comprises:
calculating link quality metric values under different digital precoder codebook resolution index
values i (Cpp, i); and
determining the smallest codebook resolution such that Cpp; satisfies the APT as the minimum
digital precoder codebook resolution.

8. The method of any of claims 3-4 and 6-7, wherein each digital precoder codebook resolution index value
iis mapped to a single available digital precoder codebook resolution.

9. The method of any of claims 1-8, wherein the assistance parameter is received in a radio resource

control reconfiguration message from the access node.

10. The method of any of claims 1-9, wherein the determined minimum digital precoder codebook
resolution indicates that digital precoder feedback is deactivated by the user terminal.

11. The method of any of claims 1-10, further comprising receiving at the user terminal from the access
node a subsequent downlink data transmission using the determined minimum digital precoder

codehook resolution sent to the access node.

12. The method of any of claims 1-11, wherein determining the minimum digital precoder codebook
resolution comprises:
determining, based on the measured effective channel, the received assistance parameter, and
at least one of a mobility level of the user terminal and a battery status of the user terminal, that the
digital precoder feedback of the user terminal should be deactivated; and

determining the minimum digital precoder codebook resolution as 0.

13.  The method of any of claims 1-12, further comprising:
communicating to the access node at least one of i) an availability of uplink resources, i) a
battery status of the user terminal, and iii) a mobility level of the user terminal; and
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wherein the received assistance parameter is based at least in part on the communicated at least

one of i) the availability of uplink resources, ii) the battery status of the user terminal, and iii) the

mobility level of the user terminal.

14. The method of any of claims 1-13, wherein the determined minimum digital precoder codebook
resolution is a codebook resolution of one of (i) a short-term precoder component and (i) a long-term
precoder component.

15. A user terminal comprising a processor and a non-transitory computer-readable storage medium

storing instructions operative, when executed on the processor, to perform functions including:

receiving, from an access node, a downlink reference signal using an analog beamforming
setting;

measuring, using the received downlink reference signal, an effective channel based on the
analog beamforming setting;

receiving, from the access node, an assistance parameter relating to an achievable performance
gain using digital precoding;

determining, based on the measured effective channel and the received assistance parameter, a
minimum digital precoder codebook resolution; and

sending the determined minimum digital precoder codebook resolution to the access node.
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