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COMMUNICATION DEVICE AND METHOD FOR DETERMINING

INFORMATION FROM ANOTHER APPARATUS

Technical Field

[1] Various aspects of this disclosure relate generally to a method and a device for
wireless communications.
Background

2] To meet the increasing data demand in wireless communications, the Long Term
Evolution (LTE) standard has proposed to increase the number of antennas at its base stations,
i.e. Evolved Node B (abbreviated as eNodeB or enB), to better utilize available resources and
increase effective cell capacity. Large-scale multiple-input and multiple-output (or massive
MIMO) systems have been employed to increase the number of antennas at both the
transmitter and receiver ends of the wireless communication system in order to boost the
number of possible signal paths and enhance performance. While conventional mobile
communication protocols, such as Long Term Evolution (LTE) standards as specified by the
Third Generation Partnership Project (3GPP), may utilize, for example, 2, 4, or 8 layer MIMO
systems to supports wireless communications, massive MIMO architectures may expand well
past these numbers in order to increase spatial antenna diversity and maximize beamforming
gain.

[3] An important factor in improving resource management at the base station, e.g. eNB,

is the ability to consistently determine the location of the user equipment (UE).

Brief Description of the Drawings

[4] In the drawings, like reference characters generally refer to the same parts throughout
the different views. The drawings are not necessarily to scale, emphasis instead generally

being placed upon illustrating the principles of the invention. In the following description,
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various embodiments of the invention are described with reference to the following drawings,
in which:
FIG. 1 shows an exemplary communication network in an aspect of this disclosure.
FIG. 2 shows an exemplary communication network scenario in an aspect of this
disclosure.
FIG. 3 shows an exemplary system model at a base station for hybrid beamforming
in an aspect of this disclosure.
FIG. 4 shows a graphical model for hybrid beamforming in an aspect of this
disclosure.
FIG. 5 shows an exemplary graph for a ratio of difference to sum for two antenna
ports in an aspect of this disclosure.
FIG. 6 shows an exemplary message sequence chart in an aspect of this disclosure.
FIG. 7 shows an exemplary design of a portion of a beamforming pattern in an aspect
of this disclosure.
FIG. 7A shows an exemplary design of a beamforming pattern in an aspect of this
disclose.
FIG. 8 shows a flowchart of CDI acquisition in an aspect of this disclosure.
FIG. 9 shows a flowchart in an aspect of this disclosure.
FIG. 10 shows a diagram of a communication device in an aspect of this disclosure.

FIG.11 shows a graph demonstrating the improved performance of an aspect of this

disclosure.
Description
[5] The following details description refers to the accompanying drawings that show, by

way of illustration, specific details and embodiments in which the invention may be practiced.
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[6] The word “exemplary” is used herein to mean “serving as an example, instance, or
illustration”. Any embodiment or design described herein as “exemplary” is not necessarily
to be construed as preferred or advantageous over other embodiments or designs.

[7] The words “plural” and “multiple” in the description and the claims, if any, are used
to expressly refer to a quantity greater than one. Accordingly, any phrases explicitly invoking
the aforementioned words (e.g. “a plurality of [objects]”, “multiple [objects]”) referring to a
quantity of objects is intended to expressly refer more than one of the said objects. The terms

bR T LE T

“group”, “set”,

b I b I b I L I

collection”, “series”, “sequence”, “grouping”, “selection”, etc., and the like
in the description and in the claims, if any, are used to refer to a quantity equal to or greater

EEINNT3

than one, i.e. one or more. Accordingly, the phrases “a group of [objects]”, “a set of [objects]”,

b I b I b I

“a collection of [objects]”, “a series of [objects]”, “a sequence of [objects]”, “a grouping of
[objects]”, “a selection of [objects]”, “[object] group”, “[object] set”, “[object] collection”,
“[object] series”, “[object] sequence”, “[object] grouping”, “[object] selection”, etc., used
herein in relation to a quantity of objects is intended to refer to a quantity of one or more of
said objects. It is appreciated that unless directly referred to with an explicitly stated plural
quantity (e.g. “two [objects]” “three of the [objects]”, “ten or more [objects]”, “at least four
[objects]”, etc.) or express use of the words “plural”, “multiple”, or similar phrases, references
to quantities of objects are intended to refer to one or more of said objects.

[8] As used herein, a “circuit” may be understood as any kind of a logic implementing
entity, which may be special purpose circuitry or a processor executing software stored in a
memory, firmware, and any combination thereof. Furthermore, a “circuit” may be a hard-
wired logic circuit or a programmable logic circuit such as a programmable processor, for
example a microprocessor (for example a Complex Instruction Set Computer (CISC)
processor or a Reduced Instruction Set Computer (RISC) processor). A “circuit” may also be

a processor executing software, e.g., any kind of computer program, for example, a computer

program using a virtual machine code, e.g., Java. Any other kind of implementation of the
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respective functions which will be described in more detail below may also be understood as a
“circuit”. It may also be understood that any two (or more) of the described circuits may be
combined into one circuit.

9] A “processing circuit” (or equivalently “processing circuitry”) as used herein is
understood as referring to any circuit that performs an operation(s) on signal(s), such as e.g.
any circuit that performs processing on an electrical signal or an optical signal. A processing
circuit may thus refer to any analog or digital circuitry that alters a characteristic or property
of an electrical or optical signal, which may include analog and/or digital data. A processing
circuit may thus refer to an analog circuit (explicitly referred to as “analog processing
circuit(ry)”), digital circuit (explicitly referred to as “digital processing circuit(ry)”), logic
circuit, processor, microprocessor, Central Processing Unit (CPU), Graphics Processing Unit
(GPU), Digital Signal Processor (DSP), Field Programmable Gate Array (FPGA), integrated
circuit, Application Specific Integrated Circuit (ASIC), etc., or any combination thereof.
Accordingly, a processing circuit may refer to a circuit that performs processing on an
electrical or optical signal as hardware or as software, such as software executed on hardware
(e.g. a processor or microprocessor). As utilized herein, “digital processing circuit(ry)” may
refer to a circuit implemented using digital logic that performs processing on a signal, e.g. an
electrical or optical signal, which may include logic circuit(s), processor(s), scalar
processor(s), vector processor(s), microprocessor(s), controller(s), microcontroller(s), Central
Processing Unit(s) (CPU), Graphics Processing Unit(s) (GPU), Digital Signal Processor(s)
(DSP), Field Programmable Gate Array(s) (FPGA), integrated circuit(s), Application Specific
Integrated Circuit(s) (ASIC), or any combination thereof. Furthermore, it is understood that a
single a processing circuit may be equivalently split into two separate processing circuits, and
conversely that two separate processing circuits may be combined into a single equivalent

processing circuit.
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[10] As used herein, “memory” may be understood as an electrical component in which
data or information can be stored for retrieval. References to “memory” included herein may
thus be understood as referring to volatile or non-volatile memory, including random access
memory (RAM), read-only memory (ROM), flash memory, solid-state storage, magnetic tape,
hard disk drive, optical drive, etc., or any combination thereof. Furthermore, it is appreciated
that registers, shift registers, processor registers, data buffers, etc., are also embraced herein
by the “term” memory. It is appreciated that a single component referred to as “memory” or
“a memory” may be composed of more than one different type of memory, and thus may refer
to a collective component comprising one or more types of memory. It is readily understood
that any single memory “component” may be distributed or/separated multiple substantially
equivalent memory components, and vice versa. Furthermore, it is appreciated that while
“memory” may be depicted, such as in the drawings, as separate from one or more other
components, it is understood that memory may be integrated within another component, such
as on a common integrated chip.

[11] As used herein, a “cell”, in the context of telecommunications, may be understood as
a sector served by a base station. Accordingly, a cell may be a set of geographically co-
located antennas that correspond to a particular sector of a base station. A base station may
thus serve one or more “cells” (or “sectors”), where each cell is characterized by a distinct
communication channel. An “inter-cell handover” may be understood as a handover from a
first “cell” to a second “cell”, where the first “cell” is different from the second “cell”. “Inter-
cell handovers” may be characterized as either “inter-base station handovers” or “intra-base
station handovers”. “Inter-base station handovers” may be understood as a handover from a
first “cell” to a second “cell”, where the first “cell” is provided at a first base station and the
second “cell” is provided at a second, different, base station. “Intra-base station handovers”
may be understood as a handover from a first “cell” to a second “cell”, where the first “cell” is

provided at the same base station as the second “cell”. A “serving cell” may be understood as
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a “cell” that a mobile terminal is currently connected to according to the mobile
communications protocols of the associated mobile communications network standard.
Furthermore, the term “cell” may be utilized to refer to any of a macrocell, microcell, picocell,
or femtocell, etc.

[12] The term “base station”, used in reference to an access point of a mobile
communications network, may be understood as a macro-base station, micro-base station,
Node B, evolved Node B (eNodeB, eNB), Home eNodeB, Remote Radio Head (RRH), or
relay point, etc.

[13] It is to be noted the ensuing description discusses utilization of the mobile
communications device under 3GPP (Third Generation Partnership Project) specifications,
notably Long Term Evolution (LTE), Long Term Evolution-Advanced (LTE-A), and/or 5G.
It is understood that such exemplary scenarios are demonstrative in nature, and accordingly
may be similarly applied to other mobile communication technologies and standards, such as
WILAN (wireless local area network), WiFi, UMTS (Universal Mobile Telecommunications
System), GSM (Global System for Mobile Communications), Bluctooth, CDMA (Code
Division Multiple Access), Wideband CDMA (W-CDMA), ctc.. The examples provided
herein are thus understood as being applicable to various other mobile communication
technologies, both existing and not yet formulated, particularly in cases where such mobile
communication technologies share similar features as disclosed regarding the following
examples.

[14] The term “network™ as utilized herein, e.g. in reference to a communication network
such as a mobile communication network, is intended to encompass both an access
component of a network (e.g. a radio access network (RAN) component) and a core

component of a network (e.g. a core network component).
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[15] FIG. 1 shows a communication network 100 in an aspect of this disclosure. It is
appreciated that communication network 100 is exemplary in nature and thus may be
simplified for purposes of this explanation.

[16] Communication network 100 may include at least a base station 120 with a
corresponding cover region, or cell, 110. Base station 120 may be an eNB with the capability
of hybrid beamforming. Communication network 100 may also contain UEs 130-136. Base
station 120 may produce beamforming directions 140a-146awith corresponding beamforming
areas 140b-146b, which together, make up a beamforming pattern from the base station.

[17] An important factor in improving resource management at the base station, e.g. eNB,
is the ability to consistently determine the location of the user equipment (UE). In order to
acquire accurate UE position information, base stations must accurately acquire the UE’s
channel direction information (CDI, or p).

[18] Beamforming is a technique used in wireless communications for directional signal
transmission and/or reception. It combines elements in a phased array in a way to
constructively interfere with signals at certain angles while other angles experience
destructive interference. In this manner, beamforming may concentrate a signal to a target
location, e.g. the UE’s location. The improvement compared with omnidirectional
reception/transmission is known as the gain (or loss in the case of diminishment). Hybrid
beamforming consists of a digital unit with antenna ports processing digital signals and an
analog beamforming unit with antenna elements processing analog signals. Each antenna port
is connected to a subarray of several antenna elements and receives a digital signal filtered by
the analog beamforming.

[19] The desirable beamforming direction is towards the channel direction, or location, of
the UE, so that the received digital signal strength at the antenna port can be maximized.

Accordingly, acquiring the channel direction information,CDI, from the UE at the base station,
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e.g. eNB, is fundamental to improve the receiving signal quality and data rate in wireless
transmissions.

[20] The channel direction information, CDI, acquisition process may be problematic,
which can be attributed to the fact that the individual analog signals on each antenna element
are not visible to the antenna ports and only the filtered digital signals can be used to acquire
the CDI and determine the best analog beamforming direction. In previous solutions, the
analog beamforming directions are restricted to a finite set. The base station attempts each
beamforming direction in the set and selects the best result as the acquired channel direction
information, CDI. The main drawback of this solution is that the acquired channel direction is
finite, discrete, and therefore inaccurate to the true channel direction information, CDI. This
degrades the performance of analog beamforming in a massive MIMO system.

[21] Communications Network 160 may be configured in accordance with the network
architecture of any one of, or any combination of, 5G, L'TE (Long Term Evolution), WLAN
(wireless local area network), WiFi, UMTS (Universal Mobile Telecommunications System},
GSM (Global System for Mobile Communications), Bluetooth, CDMA (Code Division
Multiple Access), Wideband CDMA (W-CDMA), ctc.

[22] Base station 128 may be associated with a radio access section of communication
network 384, i.e. the Radio Access Network (RAN) of communication network 104, Base
station 128 may thus act as an interface between the RAN of communication network 100 and
an underlying core network of communication network 166 and may allow any proximate
UEs, such as, for example, UEs 130-136 to exchange data with the core network of
communication network 100.

[23] Base station 120 may provide mobile communication coverage to coverage region
110. As shown in FIG. 1, mobile terminals 130-136 may be physically located within
coverage region 110 of base station 120. It is appreciated that although coverage region 110

is depicted as having distinct boundaries, it is understood that coverage region 110 may
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overlap with another coverage region (not pictured), and accordingly there may exist
geographical regions served by two or more of base stations. As depicted in FIG. 1, mobile
terminals 130-136 are physically located within coverage region 110. In this manner, mobile
terminals 130-136 may access the RAN of mobile communication network 100 via the base
station 120.

[24] Base station120 may have a plurality of antennas capable of operating in a massive
multiple input multiple output (massive MIMO) system. Furthermore, base station120 may
have both digital and analog components in order to employ hybrid beamforming.

[25] Base station120 may emit hybrid beamforming directions 140a-146a covering areas
140b-146b which collectively form an overall beamforming pattern. Base station 120
initializes a beamforming direction 6,, e.g. one of 140a-146a, and its corresponding
beamforming area on each of its plurality of antenna ports (n=1, 2,..., N). As shown in FIG.
1, each beamforming area 140b-146b is a main beam (or main lobe). Although not shown in
FIG. 1, it is appreciated that each beamforming area 140b-146b may also have sidelobes.

[26] As can be seen from communication network 100, the UEs 130-136 are positioned
throughout the coverage region 110 of the base station120 and thus may be located in various
areas of the beamforming pattern produced by the base station120. For example, UE 130 and
136 may be positioned substantially in beamforming directions 140a and 146a,
respectively,and thus very strong signal gains may be achieved from each of the
corresponding antenna ports. UE 132 may be positioned in between beamforming directions
140a and 142a, and thus may still report a strong signal gain, albeit not as strong as those
exhibited by 130 and 136. In this example, UE 134 may be located in the weakest area of the
beamforming pattern as shown in communication network 100, and thus may report the
smallest signal gains. However, the beamforming pattern in this disclosure is designed in a

manner in order to maximize coverage and therefore maximize the signal gains in
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communication network 100. The strategy and employment of the beamforming pattern will
be discussed in more detail in the proceeding figures and corresponding explanation.

[27] FIG. 2 shows an exemplary communication network scenario200 in an aspect of this
disclosure. In this scenario, a single beamforming direction and its corresponding
beamforming area of the overall beamforming pattern will be discussed. It should be
appreciated that communication network scenario 200 is exemplary in nature and thus may be
simplified for purposes of this explanation.

[28] Base station (e.g. eNB) 220 provides coverage to cell 210and serves UEs in the
coverage area by hybrid beamforming. In the structure of hybrid beamforming, there are N
antenna ports (n= 1, 2, ..., N) at the base station and each antenna port is connected to a
subarray of M antenna elements (m= 1, 2, ..., M). Each antenna element has a phase shifter
controlled by the analog beamforming weight. In this respect, each antenna port is connected
to a phased array of antenna elements in which the relative phases of the respective signals
feeding the antenna elements are set in such a way that each antenna port’s effective
beamforming radiation pattern is reinforced in a desired direction and suppressed in undesired
directions.

[29] Broadside 250 is the line from which locations (i.e. angles) in relation to the base
station are measured from. Accordingly, UE’s230relative location to the base station 220 is
the channel direction information, or p, 252.The arrow232 pointing to UE 230 is known as the
line of sight (LoS), or the direct line between the base station 220 and the UE 230.

[30] Beamforming direction 256a (and corresponding beamforming area 256b) of base
station antenna port n(not pictured) are at angle 6,254. It is appreciated that beamforming
direction 256a is just one or a plurality of beamforming directions (and beamforming areas,
e.g. 256b) which help to form the overall beamforming pattern from base station 220. It is
also appreciated that the main beam (or main lobe) of beamforming area 256b is depicted in

FIG. 2, but beamforming area 256b may also comprise sidelobes.
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[31] The analog beamforming associated with the nth antenna port in FIG. 2, is built from
a discrete Fourier transform (DFT) beamformer in a form of:
w, = [1,e70n . e iM-1]T

where w,, represents the beamforming weights and [..]" represents the matrix transpose. The

line of sight (LoS) channel from UE to base station, e.g. eNB, is

h(p) = \/E[l, e, .., e iM=DiT

where g is the channel gain and p is the channel direction information (CDI) related to the
location angle of UE with respect to the broadside of the antenna array at base station. When
UE 230 send a signal s in uplink, e.g. a sounding reference signal (SRS), the base station220,
e.g. eNB, receives a digital signal on the nth antenna port with a strength G,, = ||w} h(W)s]|?,
where [..]" represents the conjugate and transpose. The best analog beamforming direction
maximizing the signal strength is when 6, = p, i.e. the best analog beamforming direction is
towards the channel direction of UE. However, p is unknown to the base station prior to the
CDI acquisition.

[32] FIG. 3 shows an exemplary hybrid beamforming system model 300 at a base
station, e.g. eNB, in an aspect of this disclosure. It is appreciated that system model 300 is
exemplary in nature and may thus be simplified for purposes of this explanation.

[33] The digital domain 310 of the base station consists of a plurality of antenna ports,
312-316. In this example, the first two antenna ports 312 and 314 and the last (or N™) antenna
port 316 are shown. Each antenna port is connected to an array of antenna elements which
operate in the analog domain 330. For example, the first antenna port 312 is connected to an
array of antenna elements, a first antenna element342b through an M™ antenna
element348b(as illustrated in FIG. 3,M=4). In system model 300, there are four antenna
elements shown for each antenna port, but there may be any number of antenna elements

associated with each antenna port. Each antenna element 342b-348bconnected to the first
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antenna port 312 has a phase shifter 342a-348a, respectively, controlled by an analog
beamforming weight. Likewise, each antenna element 352b-358b connected to second
antenna port 314 has phase shifters 352a-358a, respectively, and each antenna element 362b-
368b connected to the Nth antenna port 316 has phase shifters 362a-368a, respectively. By
applying a phase shift to the signals transmitted by the antenna elements, the direction at
which constructive interference may be altered so as to direct the main beam towards any
direction. The amplitudes and phases of the signals may be adjusted by applying suitable
antenna weights. Also, for each antenna port/antenna element array system with M antenna
elements, the direction of the main beam from each antenna port/antenna element array can be
adjusted with up to M-2sidelobes.

[34] FIG. 4 shows a graphical model 400 for hybrid beamforming in an aspect of this
disclosure. A numerical example by assuming M (the number of antenna elements) = 8, N
(the number of antenna ports)= 4 and p falling in the range [-w, 7] is shown in graph 400. It
should be appreciated that this illustration is exemplary in nature and other values for M,N,
and the range may be assumed.

[35] The base station, e.g. eNB, initializes the analog beamforming directions on the
four antenna ports by setting [04, 65, 85, 84] = [- 7w, 7/2, 0, - @/2 ]. The specific design of the
analog beamforming directions will be discussed more in detail in FIG. 7. For purposes of
FIG. 4, it is important to note that the entire range of possibilities for p is covered and that
there is overlap between each of the adjacent antenna port beamforming areas.

[36] The overall analog beamforming pattern consisting of the four beamforming
directions (i.e. Analog Beamforming Directions 1-4)and respective beamforming areas
(consisting of the main beam and the side lobes) are shown in 400, where the x-axis is the
possible range of the CDI, or p, and the y-axis is the normalized maximum beamforming gain.
By using the initial directions and beamforming weights w,, each antenna port’s main beam is

overlapped at least with a first sidelobe from each adjacent antenna port.
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[37] In graphical model 400, the main beams of each of the analog beamforming
directions are depicted by the high peaks in the gains and the sidelobes are depicted by the
smaller peaks.

[38] After the beamforming pattern has been initialized, the UE may send a signal, e.g.
a sounding reference signal (SRS) to the base station, e.g. eNB. The base station then
measures the strength of the digital signal gain on each antenna port (in this example, antenna
ports 1-4) at the output of the analog beamforming.

[39] After measuring the digital signal gain G, at each of the four antenna ports, the
base station performs the fast CDI acquisition for the UE. To illustrate the CDI acquisition,
consider that antenna port 3 (i.e. antenna port producing Analog Beamforming 3) reports the
highest signal gain of the signal sent by the UE. This indicates that the CDI p must fall within
the range of [- n/4, n/4], i.e. the range covered by the main lobe (highest peak) of Analog
Beamforming 3. Next, the two adjacent antenna ports’ (antenna port 2 and 4) signal gains are
compared to determine which one reports a higher signal gain. In this example, consider that
antenna port 2 reports a higher signal gain than antenna port 4. In this manner, we have
determined that the range, or concerned direction interval, that the UE is located in (i.e. the
CDI, p)is in [0, n/4]. The strength of digital signals on antenna port 3 and 2 are G3 and Ga,
respectively. The process by which this interval is determined is discussed more in detail in
FIG. 8.

[40] In order to acquire the CDI for the UE, the base station, e.g. eNB, calculates a
difference-sum ratio given by the highest signal gain (in this example, G3) and the adjacent
signal gain with the higher value (in this example, G2). The ratio in this example may be

demonstrated as follows:

_ G3—(&
G3+Gy
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[41] Once the ratio is determined, a graph plotting the function r with respect to the
value of p can be used in order to determine the CDI p.

[42] In FIG. 5, a graph 500 plotting the ratio of two signal gains (in this example, G3
and G) as a function of the CDI p is shown. It should be appreciated that graph 500 is
exemplary in nature and may thus be simplified for purposes of this explanation.

[43] Graph 500isgenerated once the parameters of the overall beamforming pattern are
set, i.e. the parameters described for FIG. 4. The function of the ratio r with respect to the
value of n shows a monotonic decreasing property, and, importantly, the unknown value of
the channel gain g and signal s is removed from the value of the ratio ». This important fact
guarantees that the monotonic function, denoted as r= f{p), is uniquely determined by the two
adjacent analog beamforming patterns initialized by the base station only, and irrespective of
any value of g and s. Because the function is monotonic, only one value of pu can correspond
to each value of r, so by determining the value of r, we may determine the value of p
according to r.

[44] Using this property, the CDI p can be found via the inverse function p = f L (), or
more generally, the one-to-one- map between p and r since it has been determined that p is in
the range [0, n/4]. This means that the base station employs ratio r, together with the inverse
function p = f L), to acquire the continuously valued CDI p for the UE. Then, the best
analog beamforming on the antenna ports at the base station can be updated according to the
acquired CDI p for achieving the best beamforming gain. This update may consist of steering
a beamforming direction by adjusting the beamforming weight (i.e. adjusting the phase
shifters)in order to maximize the signal gain at an antenna port. The updated beamforming
pattern may still satisfy the overlapping and monotonicity aspects of the initial beamforming
pattern. Once the beamforming pattern is updated, the base station may calculate new
functions for the updated concerned direction intervals. In this manner, as the CDI changes,

i.e. the UE moves, the beamforming pattern may continuously be updated.
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[45] Graph 500 may be used for the range of [0, n/2], i.e. the entire range for which
antenna ports 2 and 3 report the highest and higher signal gains, irrespective of order. In this
example, since G3 was higher than G, the range of [0, n/4] would be considered, but if, for
example, antenna port 2 reported the highest signal gain and antenna port 3 reported the
higher signal gain of antenna port 2’s adjacent antenna ports, then the range of [n/4, n/2] of
graph 500 would be considered in order to calculate the CDI p. Similarly to graph 500
describing the relationship of signal gains between adjacent antenna ports 2 and 3 and their
concerned direction interval, a similar graph describing the relationship in the signal gains for
all of the adjacent antenna ports (i.e. for antenna ports 1 and 2; antenna ports 3 and 4; and
antenna ports 1 and 4) is generated once the parameters of the overall beamforming pattern
are set.

[46] FIG. 6 shows a message sequence chart600 showing the exchange between base
station, e.g. eNB,602 and a UE 604in an aspect of this disclosure. It is appreciated that chart
600 is exemplary in nature and thus may be simplified for purposes of this explanation.

[47] Once there is a session data flow 610, the base station sets the initial analog
beamforming directions for each antenna port612. Upon setting the initial beamforming
directions, the base station is able to generate a relationship (such as the graph shown in FIG.
5) describing a monotonic function between the concerned direction interval (range) and a
correlation of the gains of adjacent antenna ports, i.e. a difference-to-sum ratio. After the UE
sends an uplink signal 614, e.g. a sounding reference signal, the base station performs the fast
CDI acquisition 616. This acquisition consists of determining which of the antenna ports
reports the highest signal gain and its adjacent port with the higher signal gain in order to
determine a ratio as described in FIG. 4-5.0nce the ratio is determined, the value of the CDI n
may be determined using p =f ' (r). After the CDI n has been acquired, the base station can
perform an analog beamforming update 618, i.e. adjust the beamforming weights, in order to

achieve the best gain to receive uplink transmission 620at a particular antenna port.
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Alternatively, a similar process may be performed in order to achieve the best gain to send a
downlink transmission from the base station to the UE.

[48] FIG. 7 shows a portion of a design 700 of the overall beamforming pattern. It is
appreciated that design 700 is exemplary in nature and may thus be simplified for purposes of
this explanation. Design 700 takes into account main beams (main lobes) of the beamforming
areas of two adjacent antenna ports, n and n+1.

[49] The two adjacent antenna ports n and n+/will have beamforming directions 6, and
O.+1, respectively. The adjacent beamforming directions 8, and 8, will cover beamforming
areas702 and 704, respectively, which are part of the overall beamforming pattern from base
station, e.g. eNB. As seen in FIG. 7, the two adjacent beamforming areas of 8, and 6, are
monotonic on their right and left side as demonstrated on either side of dashed lines 712 and
714.

[50] Additionally, the beamforming area702corresponding to8, and the beamforming
area704 corresponding toBy.joverlap on the interval 720. Interval 720 is the concerned
direction interval for the two antenna ports for 6, and 6,.;. The concerned direction interval
720covers the possible range in which the CDI p may be found between the two antenna ports.
In an aspect of this disclosure, each pair of adjacent antenna ports has a concerned direction
interval associated with the pair in which the pair of antenna ports will report back the highest
and the higher signal gains if the other communication device (e.g. UE) is positioned within
that particular concerned direction interval.

[51] A more schematic design of this initial beamforming pattern should satisfy two
requirements: monotonicity and overlap.

[52] By monotonicity, it means that two adjacent beamforming directions, such as 8,
and 6,4, shown in FIG. 7, can be mapped to a monotonic function that is invertible to the CDI

W, e.g. the difference-sum ratio shown in FIG. 5.
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[53] By overlap, it means that two adjacent beamforming areas, such as those shown
for 6, and 8,4, in FIG. 7, overlap to form a concerned direction interval720. For a concerned
direction interval [0,, ©,,1], the strength of digital signal gain signals G, and G4 on two
adjacent antenna ports cannot be zero in the design except for a few singular points. For the
concerned direction interval 720, the left side of line 722 represents the portion of the
concerned direction interval for antenna ports » and n +/ for which antenna port » will have a
higher signal gain than antenna port n+/ (i.e. G,> Gyu41) and the right side of line 722
represents the portion of the concerned direction interval for antenna ports n and n +/ for
which antenna port n+/ will have a higher signal gain than antenna port # (i.e. Gpe1> G).

[54] While there may be more of an overlap in the beamforming areas of the two
adjacent antenna ports, the overlap in the design of the beamforming pattern in this disclosure
is done such that the beamforming area of an antenna port n+/ will overlap with a monotonic
side of a beamforming area of an adjacent antenna port » in a manner that antenna port n+/
will account for the second highest signal gain (after antenna port n) over the aforementioned
monotonic portion of antenna port #. In other words, the beamforming area for antenna port
n+1 may protrude into more of the corresponding beamforming area for antenna port #, i.e.
may cross to the left of dashed line 712, but in that interval, the beamforming area of antenna
port n-I(not pictured) will account for a higher signal gain, and thereby, be the signal gain
that is used to calculate the difference-to-sum ratio. In other words, to the left of dashed line
712, the concerned direction interval will comprise of the beamforming areas of antenna port

n-1 (with its beamforming direction 6,.jand its associated beamforming area, not pictured)
and antenna port n (with beamforming direction 8, and the beamforming area 702 to the left
of 712).

[55] For the design of an initial beamforming pattern consisting of a plurality of

beamforming areas with both main beams and sidelobes, we refer back to FIG. 4. In FIG. 4,
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an exemplary beamforming pattern shown by the normalized signal gains was provided when
assuming M= 8, N=4, and the range for CDI p was [-&, «t].

[56] In FIG. 4, each beamforming area (which can be represented by the gains shown
by Analog Beamforming 1-4) consists of a main beam (or main lobe, shown by the high
normalized gain peaks) and six respective sidelobes (the little peaks). In this example, each
main beam may have up to M-2 sidelobes, and since M= 8, each main beam may have up to 6
sidelobes, which are all shown.

[57] An important factor in the design of the beamforming pattern shown in FIG. 4 is
that the main beam of each beamforming area (i.e. the four highest peaks corresponding with
each of Analog Beamforming 1-4) is overlapped by the sidelobes of the other beamforming
areas on one monotonic side of each of the main beams. For example, for antenna port 3, i.e.
Analog Beamforming 3, the main beam covers the interval [-n/4, n/4]. On the left monotonic
portion of the main beam of antenna port 3, i.e. the interval covering [-/4, 0], the sidelobes of
the beamforming areas of the other antenna ports are, in descending order of strength: 4, 2,
and 1. On the right monotonic portion of the main beam of antenna port 3, i.e. the interval
covering [0, m/4], the sidelobes of the beamforming areas of the other antenna ports are, in
descending order of strength: 2, 4, and 1. As a result of this design, the base station can
calculate a monotonic function depicting the relationship of the signal gains of adjacent
antenna ports. For the interval covering [-n/4, 0], a monotonic function for the difference-to-
sum ratio for the signal gain on antenna ports 3 and 4 across the interval is used. For the
interval covering [0, w/4], a monotonic function for the difference-to-sum ratio for the signal
gain on antenna ports 3 and 2 across the interval is used.

[58] Put in other words, when looking at Analog Beamforming 3 (i.e. the line denoted
with circles), the two most prominent sidelobes which cover the same rangeas the main beam
of Analog Beamforming 3 are Analog Beamforming 4 (i.e. the plain line) and Analog

Beamforming 2 (i.e. the line denoted with triangles). Each of these sidelobes overlap with
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Analog Beamforming 3 on one half of Analog Beamforming 3:a sidelobe of Analog
Beamforming 4 most prominently overlaps with main beam of Analog Beamforming 3 on the
left side of Analog Beamforming 3 and a sidelobe of Analog Beamforming 2 most
prominently overlaps with the main beam of Analog Beamforming 3 on the right side of
Analog Beamforming 3. In this manner, both the overlap and monotonicity requirements of
the beamforming pattern in an embodiment of this disclosure are satisfied.

[59] FIG. 7A shows a beamforming pattern 750 in an aspect of this disclosure. It is
appreciated that beamforming pattern 750 is exemplary in nature and may thus be simplified
for purposes of this explanation. For example, there may be a different number of main
beams and/or there may be overlap between main beams and sidelobes.

[60] In this example, the base station, e.g. eNB,752has six antenna ports, each of which
produce a beamforming direction with corresponding beamforming areas760-765. For
purposes of this explanation, each antenna port will be connected to an array of two antenna
elements (not shown) so that no sidelobes are formed. However, it is appreciated that this
configuration may be altered so that beamforming pattern 750may also consist of sidelobes
(as shown by the graphical plot in FIG. 4).

[61] Adjacent beamforming areas overlap to produce concerned direction intervals 770-
775. In this manner, the overlapping beamforming areas from adjacent antenna ports produce
concerned direction intervals which cover the entire range around the base station752.

[62] For beamforming area 760, the left side overlaps most prominently with
beamforming area 765to form concerned direction interval 770 while the right side of
beamforming area 760 overlaps most prominently with beamforming area 761to form
concerned direction interval 771. Each half (i.e. monotonic portion) of beamforming area 760
is shown on either side of line 780.

[63] Upon receiving the signal from the UE, e.g. SRS, the base station can proceed with

the fast CDI acquisition process.
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[64] FIG. 8 shows a flowchart 800 depicting the fast CDI acquisition process in an
aspect of this disclosure. It is appreciated that flowchart 800 is exemplary in nature and may
thus be simplified for purposes of this explanation.

[65] After the UE sends an uplink signal to the base station, e.g. eNB, the base station
commences the fast CSI acquisition process by measuring the digital signal gain G, on each
of its antenna ports 802. Once the digital signal gain has been measured on the antenna ports,
the antenna port with the maximum signal gain Gy = max,G, is determined 804.

[66] Once the antenna port with the maximum signal gain is determined, the two
adjacent antenna ports’ signal gains are compared to determine which signal gain is higher
806 in order to define the concerned channel direction interval for the CDI p. If the antenna
port with the highest signal gain is defined as Gy, and its corresponding beamforming
direction is defined as 6, then the CDI p may fall in the range of [8¢, 8¢41] or [B¢, 8¢-1].

[67] If the antenna port with signal gain Go.; (i.e. the antenna port corresponding with
beamforming direction 6¢,;) is higher than that of Gy.; (i.e. the antenna port corresponding
with beamforming direction 6.1), Go4;is used in the ratio calculation, i.e. the sum-difference
ratio function814. If signal gain Gy, is lower than Gy.;, Gy.;is used in the ratio calculation
812. By comparing Gy.;with Gy.;, the concerned direction interval of the adjacent antenna
ports with the highest signal strength is chosen in order to determine which signal gains to use
in the proceeding steps.

[68] Once the adjacent port with the higher signal gain is determined, this higher
determined signal gain is used in conjunction with the maximum (or highest) signal gain
found in 804 in order to calculate r820.

[69] Together with the ratio r and a function calculated when the initial beamforming

pattern was set (e.g. a graphical model as shown in FIG. 5), the base station acquires
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continuously-valued and accurate CDI p for the UE. The inverse function of ratio r with the
CDI p can be implemented by a graph, chart, or table or also be calculated online.

[70] Once the CDI p has been acquired, the base station may update the best analog
beamforming direction based on the acquire CDI p and use the updated beamforming for
better communication between the UE and the base station. The updated beamforming
pattern may still satisfy the overlapping and monotonicity aspects of the initial beamforming
pattern. Once the beamforming pattern is updated, the base station may calculate new
functions for the updated concerned direction intervals. In this manner, as the CDI changes,
i.e. the UE moves, the beamforming pattern may continuously be updated.

[71] An aspect of this disclosure can be generalized for massive MIMO systems with
3D beamforming. In this case, the CDI of the UE contains two kinds of information, the
horizontal CDI and the vertical CDI, and the process outlined in this disclosure can be applied
either separately or jointly to acquire each CDI. Moreover, the subarray of antenna elements
can be any type: uniform linear array, non-uniform linear array, uniform circular array, etc.
[72] In another example of the CDI acquisition process in an aspect of this disclosure,
the flowchart 800 of FIG. 8will be applied to the beamforming pattern shown in graphical
model 400 of FIG. 4.

[73] After measuring the signal gains on each of a plurality of antenna ports, the base
station, e.g. eNB, determines the antenna port with the maximum, or highest, gain 804 by
determining which of the four main beams (i.e. the high peaks corresponding to each of the
Analog Beamforming directions) the highest signal gain falls on.

[74] Next, the adjacent antenna port with the higher signal gain is determined 806 by
determining which of the smaller peaks (i.e. sidelobes) overlapping with the main beam has
the higher signal gain. For example, if the maximum gain of the antenna port corresponding
to Analog Beamforming 3 (i.e. line denoted with the circles) is the highest, determining the

higher signal gain of the two adjacent antenna ports, i.e. either the antenna port responsible
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for Analog beamforming 2or the antenna port responsible for Analog beamforming 4, will
determine which half of Analog Beamforming 3 the gain falls on.

[75] Next, the highest signal gain, in this example, the signal gain from beamforming 3,
and the higher of the two adjacent beamforming signal gains, selected from 2 or 4, is used to
calculate the ratio (r) and also used to determine which of the functions determined at the
setting of the initial beamforming pattern to use in order to acquire the CDI.

[76] Alternatively, the antenna port with adjacent beamforming directions to the
antenna port with the highest signal gain may be compared in order to determine the higher
signal gain of the two compared antenna ports. In this manner, the beamforming direction
will dictate what antenna ports are compared and not the physical location of the antenna
ports at the base station.

[77] FIG. 9shows a flowchart 900 in an aspect of this disclosure. It is appreciated that
flowchart 900 is exemplary in nature and thus may be simplified for purposes of this
explanation.

[78] First, the base station, e.g. eNB, sets the initial overall beamforming
pattern902from its plurality of antenna ports. This initial overall beamforming pattern is
implemented taking into account the number of antenna ports, antenna elements and the
possible range where the UE can be located (e.g. a range of 0 to 2z, or — & to &, would account
for the entire range around the base station from an angular perspective). The overall
beamforming pattern produced from the plurality of antenna ports of the UE also takes into
account the overlapping and monotonic considerations previously described. Additionally,
after setting the initial beamforming pattern, the base station calculates graphs (or charts,
tables, etc.) showing a monotonic relationship for the signal gains (e.g. difference-to-sum
ratio) and the concerned direction interval of adjacent antenna ports.

[79] After receiving a signal from the UE 904, e.g. an SRS, the base station measures

the signal gain on its plurality of antenna ports 906. The base station then determines which
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of the antenna ports has the highest signal gain and which of the antenna ports adjacent to the
antenna port with this highest signal gain has the higher signal gain 908.In this manner, the
base station is able to determine the concerned direction interval and use the appropriate
graph (or chart, table, etc.) in determining the information (e.g. the CDI) from the other
apparatus 910.

[80] FIG. 10shows a diagram illustrating an exemplary internal configuration of a base
station 1000 in an aspect of this disclosure. It is appreciated that base station 1000 is
simplified for purposes of this explanation.

[81] Base station 1000 (e.g. an eNB) may include baseband unit (BBU) 1010 and
remote radio unit (RRU)1020 components. It is appreciated that base station may include
multiple BBUs 1010 and/or RRUs 1020 and may include these components in different
configurations, e.g. BBU-RRU integrated components. It is also appreciated that base station
1000 may include other components, e.g., at least one memory component, at least one power
component, at least one analog combiner, etc.

[82] The RRU 1020 may comprise an array of antenna ports 310 and an array of
antenna elements 330 as described in FIG. 3. RRU may further comprise an analog combiner;
an automatic gain control, analog to digital converter, and fast Fourier transform hardware;
RB selection hardware; and channel estimation and compression hardware.

[83] A BBU 1010 may serve multiple RRUs 1020 and may perform the baseband
processing of mobile communication signals. BBUs may further provide or receive digital
mobile communication signals to or from at least one RRU. The RRUs may be responsible
for radio frequency processing of mobile communication signals and may include digital (e.g.
the antenna ports 310) as well as analog circuitry (e.g. the antenna elements 330) in order to
receive and perform initial processing on wireless radio frequency signals. The BBU 1010

may exchange digital mobile communication data with one or more RRUs 1020 over an
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optical fiber or similar high-speed connection, such as using a Common Public Radio
Interface (CPRI) standard over an optical fiber data link.

[84] It is understood that the components of base station 1000, such as the BBU 1010,
RRU 1020, and all internal components thereof (e.g. the BBU hardware, RRW hardware,
memory components, compression components, etc.) may be structurally implemented as
hardware, software executed on hardware or a mixture thereof. Specifically, BBU 1010
andRRU 1020 may include one or more digital processing circuits, such as logic circuits,
processors, microprocessors, Central Processing Units (CPUs), Graphics Processing Units
(GPUs) (including General-Purpose Computing on GPU (GPGPU)), Digital Signal Processors
(DSPs), Field Programmable Gate Arrays (FPGAs), integrated circuits, Application Specific
Integrated Circuits (ASICs), or any combination thereof. It is understood that a person of skill
in the art will appreciate the corresponding structure disclosed herein, be it in explicit
reference to a physical structure and/or in the form of mathematical formulas, prose, flow
charts, or any other manner providing sufficient structure (such as e.g. regarding an
algorithm). The components of base station 1000 components may be detailed herein
substantially in terms of functional operation in recognition that a person of skill in the art
may readily appreciate the various possible structural realizations of each component that will
provide the desired functionality.

[85] RRU 1020 may exchange data with BBU 1010 over RRU-BBU interconnection link
1030, which may be e.g. an optical fiber. While the description may focus on the uplink path,
it is understood that base station 1000may additionally be capable of operating on the
downlink path.

[86] Base station 1000 may receive wireless uplink signals using antenna array 330. An
analog combiner in RRU 1020 may then combine the resulting uplink data signals, such as by
combining the uplink data signals from sets of two or more antennas of antenna array 330 in

the analog domain. Analog combiner may thus yield analog data streams which indicate the
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number of analog data streams produced by analog combiner, which may be equal to or less
than the actual number of physical receive antennas in antenna array 330.

[87] RRU 1020 may process the analog data streams received from analog combiner
using processing circuitry. RRU 1020may perform automatic gain control (AGC) and analog-
to-digital conversion (ADC) on the analog data streams received from analog combiner and
subsequently perform Fast Fourier Transform (FFT) processing in order to generate frequency
domain symbols.

[88] RRU 1020 may therefore further include channel estimation (CE) and compression
hardware, which may be composed of digital processing circuitry. RRU 1020 may thus
require extra calculation and processing hardware, which may be utilized in order to perform
channel estimation and calculate compression filters.

[89] RRU 1020 may then transmit resulting data to BBU 1010 over RRU-BBU
interconnection link 1030. BBU 1010 may receive the data and perform equalization and
coordinated processing. BBU 1010 may be composed of processing circuitry.

[90] The baseband unit (i.e. baseband modem or baseband processor) may be configured
to set an initial beamforming pattern to be produced by the antenna port and array
configuration, wherein the initial beamforming pattern consists of a beamforming direction
and its corresponding beamforming area from each of the plurality of antenna ports, wherein
the beamforming areas of adjacent antenna ports overlap each other to form a concerned
direction interval for each pair of adjacent antenna ports (e.g. if N antenna ports, a concerned
direction interval for: antenna ports 1 and 2, antenna ports 2 and 3, antenna ports 3 and 4, ...,
antenna ports N-1 and N, and antenna ports N and 1). The baseband unit can be further
configured to process received signals from each of the antenna ports (via the antenna arrays)
and measure the signal gains of each of the plurality of antenna ports. The baseband unit can
be further configured to determine which antenna port has the highest signal gain, and then

determine which of the antenna ports adjacent to the antenna port with the highest signal gain
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has the higher signal gain. In this manner, the baseband unit can determine the specific
concerned direction interval that the other communication device (e.g. the UE) occupies. The
baseband unit may be further configured to process the information from the other apparatus
received via the RRU. This information may include the CDI p or any other information
from the other communication device.

[91] The baseband unit may be further configured to, upon setting the initial
beamforming pattern, determining a function for each adjacent pair of antenna ports (e.g. if N
antenna ports, a concerned direction interval for: antenna ports 1 and 2, antenna ports 2 and 3,
antenna ports 3 and 4, ..., antenna ports N-1 and N, and antenna ports N and 1) for a
relationship of the signal gains of each of the antenna ports and a position within the
concerned direction interval of the pair of adjacent antenna ports. This graph can be a
difference-to-sum ratio of the signal gains as shown by graph 500 in FIG. 5.

[92] The baseband unit may be further configured to compute a difference-to-sum ratio of
the antenna ports with the highest signal gains, i.e. the antenna port with the highest signal
gain and its adjacent antenna port with the higher signal gain. The baseband unit may be
further configured to use the calculated difference-to-sum ratio and the appropriate graphical
relationship (or can be tabular, etc.) to determine the precise CDI p of the other
communication device (e.g. the UE).

[93] After determining the CDI p, the baseband unit may be further configured to update
the beamforming pattern to be produced by the antenna port/antenna element configurations
by adjusting the beamforming weights of at least one of the phase shifters connected to the
antenna arrays. After updating the beamforming pattern produced by the antenna
port/antenna element configurations, the baseband unit may be configured to receive further
information from the other communication device via the antenna port/antenna element
configurations and process it. The baseband unit may also be further configured to transmit

information to the other communication device after updating the beamforming pattern.
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[94] FIG. 11 shows graph 1100 showing a performance comparison between the previous
method of CDI acquisition and the method of CDI acquisition in an aspect of this disclosure.
[95] In the previous solution, the analog beamforming directions are restricted to a finite
set. The base station tries each beamforming direction in the set, and selects the best direction
as the acquired CDI from the UE. Therefore, the analog beamforming directions are only
limited to the pre-given set. As discussed before, the main drawback to this approach is that
the acquired CDI is finite, discrete, and this inaccurate to the true CDI. This degrades the
performance of analog beamforming in a massive MIMO system. In comparison, the aspect
of this disclosure considers an infinite number of beamforming directions due to the
continuous updating and also exploits the well-designed beamforming directions and patterns
to acquire true and accurate CDI.

[96] The performance of the aspect of this disclosure is shown by the line marked with
the squares and the performance of the previous solution is shown by the line marked with
triangles, where the final analog beamforming gain, G, = ||[wih(Ww)s||?, is averaged over
uniformly distributed u in [0, 2x] under different signal to noise ratios (SNRs). As shown in
FIG. 11, the method and apparatus described in this disclosure show a larger analog
beamforming gain than the previous implementations in spite of channel SNRs (receiver noise
is considered).

[97] In Example 1, a method for a communication device with a plurality of antenna
ports to determine an information from a second device comprisingsetting an initial
beamforming pattern, wherein the initial beamforming pattern comprises a beamforming
direction and a corresponding beamforming area for each of the plurality of antenna ports,
comprising determining a concerned direction interval based on overlapping beamforming
areas of adjacent pairs of the plurality of antenna ports;receiving a signal from the second
device; measuring a signal gain from the signal on each of the plurality of antenna ports;

determine which concerned direction interval the second device occupies based on an antenna
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port having the highest signal gain and on one of the adjacent pair of antenna ports to the
antenna port having the highest signal gain having a higher signal gain; anddetermining the
information from the second device based on the determined concerned direction interval.

[98] In Example 2, the subject matter of Example 1 may further include wherein the
information is a channel direction information (CDI).

[99] In Example 3, the subject matter of any one of Examples 1-2 may further include
wherein the concerned direction interval for each pair of adjacent antenna ports comprises a
first beamforming area of a first antenna port of the pair overlapping on a portion of a second
beamforming area of a second antenna port of the pair.

[100] In Example 4, the subject matter of any one of Examples 1-3 may further include
wherein the concerned direction interval for each pair of adjacent antenna ports comprises an
area in which the first antenna port of a pair of antenna ports and the second antenna port of a
pair of antenna ports account for the highest signal gain and the higher signal gain within the
concerned direction interval.

[101] In Example 5, the subject matter of any one of Examples 1-4 may further include
coupling each antenna port to an array of analog antenna elements.

[102] In Example 6, the subject matter of Example 5 may further include coupling each
antenna element to a phase shifter.

[103] In Example 7, the subject matter of Example 6 may further include controlling each
phase shifter with an analog beamforming weight.

[104] In Example 8, the subject matter of any one of Examples 1-7 may further include
wherein each beamforming area comprises a main lobe.

[105] In Example 9, the subject matter of any of Examples 1-8 may further include
wherein each beamforming area further comprises at least one sidelobe.

[106] In Example 10, the subject matter of any one of Examples 1-9 can further include

wherein overlapping of adjacent beamforming areas comprises one of the adjacent
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beamforming areas overlapping on at least one half of the main lobe of its adjacent
beamforming area.

[107] In Example 11, the subject matter of any one of Examples 1-10 may further include
wherein the signal is a reference signal.

[108] In Example 12, the subject matter of any one of Examples 1-11 may further include
wherein the signal gain on each of plurality of antenna ports is a digital signal gain.

[109] In Example 13, the subject matter of any one of Examples 1-12 may further include
upon setting the initial beamforming pattern, determining a function for a relationship of
signal gains for each pair of adjacent antenna ports and a position within the concerned
direction interval for each pair of adjacent antenna ports.

[110] In Example 14, the subject matter Example 13, wherein the function is monotonic.
[111]  In Example 15, the subject matter of any one of Examples 13-14 may further include
wherein the relationship of signal gains for each pair of adjacent antenna ports comprises a
difference-to-sum ratio of the signal gains of the adjacent antenna ports.

[112] In Example 16, the subject matter of any one of Examples 13-15 may further include
computing a difference-to-sum ratio of the highest signal gain and the higher signal gain of
the pair of adjacent antenna ports; and using the difference-to-sum ratio and the function to
determine the information.

[113] In Example 17, the subject matter of Examples1-16 may further include updating the
beamforming pattern based on the acquired information in order to maximize the signal gain
on at least one of the plurality of antenna ports.

[114] In Example 18, the subject matter of any one of Examples 1-17 may further include
updating the beamforming pattern by adjusting a beamforming weight of at least one phase

shifter.
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[115] In Example 19, the subject matter of any one of Examples 16-18 may further include
using the updated beamforming pattern to receive at least one transmission from the second
device.

[116] In Example 20, the subject matter of any one of Examples 16-19 may further include
using the updated beamforming pattern to send at least one transmission to second device.
[117] In Example 21, the subject matter of any one of Examples 16-20 may further include
further comprising continuously updating the beamforming pattern in order to maximize the
signal gain on an antenna port.

[118] In Examples 22, a method for a communication device with a plurality of antenna
ports to update a beamforming pattern, comprising:setting an initial beamforming direction
for each of the plurality of antenna ports, wherein each beamforming direction has a
beamforming coverage area, wherein beamforming coverage areas of antenna ports with
adjacent beamforming directions overlap each other to form a concerned direction
interval;receiving a signal from a second device and measuring a signal gain from the signal
on each of the plurality of antenna ports;determining an antenna port having the highest signal
gain;comparing signal gains of the two antenna ports with beamforming directions adjacent to
the antenna port having the highest signal gain and selecting the higher signal gain of the two
compared antenna ports;using the highest signal gain and the higher signal gain of the pair of
compared signal gains to determine a location of the second device; andupdating the
beamforming pattern.

[119] In Example 23, the subject matter of Example 22 may further include wherein each
antenna port is coupled to an array of antenna elements.

[120] In Example 24, the subject matter of Example 23 may further include wherein each

antenna element is coupled to a phase shifter.
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[121]  In Example 25, the subject matter of Example 24 may further include controlling
each phase shifter with an analog beamforming weight in order to update the beamforming
pattern.

[122]  In Example 26, the subject matter of any one of Examples 22-25 may further include
upon setting the initial beamforming pattern, determining a function for a relationship of
signal gains for each pair of antenna ports with adjacent beamforming directions and a
position within a concerned direction interval for each pair of antenna ports with adjacent
beamforming directions.

[123] In Example 27, the subject matter of Example 26 may further include wherein the
function is monotonic due to design in the overlap of the beamforming areas in the concerned
direction interval.

[124]  In Example 28, the subject matter of any one of Examples 26-27 may further include
computing a difference-to-sum ratio of the highest signal gain and the higher signal gain of
the two compared antenna ports; and using the difference-to-sum ratio and the function to
determine the location of the other second device.

[125]  In Example 29, the subject matter of any one of Examples 22-28 may further include
using the updated beamforming pattern to receive at least one transmission from the second
device.

[126] In Example 30, the subject matter of any one of Examples 22-28 may further include
using the updated beamforming pattern to send at least one transmission to the second device.

[127] In Example 31, a communication device configured to determine an information
from a second device comprising a radio frequency unit comprising a plurality of antenna
ports configured to receive a signal from a second device; a baseband unit configured to set an
initial beamforming pattern, wherein the initial beamforming pattern comprises a
beamforming direction and a corresponding beamforming area from each of the plurality of

antenna ports, comprising determining a concerned direction interval based on overlapping
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beamforming areas of adjacent pairs of the plurality of antenna ports;measure a signal gain
from the signal on each of the plurality of antenna ports; determine which concerned direction
interval the second device occupies based on an antenna port having a highest signal gain and
on one of the adjacent pair of antenna ports to the antenna port having the highest signal gain
having a higher signal gain; anddetermine the information from the second device based on
the determined concerned direction interval.

[128] In Example 32, the subject matter of Example 31 may further include wherein the
information is a channel direction information (CDI).

[129]  In Example 33, the subject matter of Example 31-32 may further include wherein the
concerned direction interval for each pair of adjacent antenna ports comprises a first
beamforming area of a first antenna port of the pair overlapping on a portion of a second
beamforming area of a second antenna port of the pair.

[130] In Example 34, the subject matter of Example 33 may further include wherein the
concerned direction interval for each pair of adjacent antenna ports comprises an area in
which the first antenna port of a pair of antenna ports and the second antenna port of a pair of
antenna ports account for the highest signal gain and the higher signal gain within the
concerned direction interval.

[131] In Example 35, the subject matter of any of Examples 31-34 may further include
wherein each antenna port is coupled to an array of analog antenna elements.

[132] In Example 36, the subject matter of Example 35 may further include wherein each
antenna element is coupled to a phase shifter.

[133] In Example 37, the subject matter of Example 36 may further include the baseband
unit further configured to control each phase shifter with an analog beamforming weight.
[134] In Example 38, the subject matter of any of Examples 31-37 may further include

wherein each beamforming area comprises a main lobe.
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[135] In Example 39, the subject matter of any of Examples 31-38 may further include
wherein each beamforming area further comprises at least one sidelobe.

[136] In Example 40, the subject matter of any of Examples 31-39 may further include
wherein overlapping of adjacent beamforming areas comprises one of the adjacent
beamforming areas overlapping on at least one half of the main lobe of its adjacent
beamforming area.

[137] In Example 41, the subject matter of any of Examples 31-40 may further include
wherein the signal is a reference signal.

[138] In Example 42, the subject matter of any of Examples 31-41 may further include
wherein the signal gain on each of plurality of antenna ports is a digital signal gain.

[139] In Example 43, the subject matter of any of Examples 31-42 may further include the
baseband unit further configured to upon setting the initial beamforming pattern, determine a
function for a relationship of signal gains for each pair of adjacent antenna ports and a
position within the concerned direction interval for each pair of adjacent antenna ports.

[140] In Example 44, the subject matter of Example 43 may further include wherein the
function is monotonic.

[141] In Example 45, the subject matter of any of Examples 43-44 may further include
wherein the relationship of signal gains for each pair of adjacent antenna ports comprises a
difference-to-sum ratio of the signal gains of the adjacent antenna ports.

[142] In Example 46, the subject matter of any of Examples 43-45 may further include, the
baseband unit further configured to compute a difference-to-sum ratio of the highest signal
gain and the higher signal gain of the pair of adjacent antenna ports; and use the difference-to-
sum ratio and the function to determine the information.

[143] In Example 47, the subject matter of Example 46 may further include the baseband
unit further configured to update the beamforming pattern based on the acquired information

in order to maximize the signal gain on at least one of the plurality of antenna ports.
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[144] In Example 48, the subject matter of Example 47 may further include the baseband
unit further configured to update the beamforming pattern by adjusting a beamforming weight
of at least one phase shifter.

[145] In Example 49, the subject matter of any of Examples 46-48 may further include the
baseband unit further configured to use the updated beamforming pattern to receive
transmissions from the second devicevia the radio frequency unit.

[146] In Example 50, the subject matter of any of Examples 46-49 may further include the
baseband unit further configured to use the updated beamforming pattern to send
transmissions to the second devicevia the radio frequency unit.

[147] In Example 51, the subject matter of any of Examples 46-50 may further include the
baseband unit further configured to continuously update the beamforming pattern in order to
maximize the signal gain on an antenna port.

[148] In Example 52, a communication device configured to update a beamforming pattern,
comprising a radio frequency unit comprising a plurality of antenna ports configured to
receive a signal from a second device; and a baseband unit configured to set an initial
beamforming direction from each of the plurality of antenna ports, wherein each beamforming
direction has a beamforming coverage area, wherein beamforming coverage areas of antenna
ports with adjacent beamforming directions overlap each other to form a concerned direction
interval;measure a signal gain from the signal on each of the plurality of antenna
ports;determine an antenna port having the highest signal gain;compare the signal gains of the
two antenna ports with beamforming directions adjacent to the antenna port with the highest
signal gain and selecting the higher signal gain of the two compared antenna ports;use the
highest signal gain and the higher signal gain of the two compared antenna ports to determine
a location of the second device; andupdate the beamforming pattern.

[149] In Example 53, the subject matter of Example 52 may further include wherein each

antenna port is coupled to an array of antenna elements.
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[150] In Example 54, the subject matter of Example 53 may further include wherein each
array of antenna elements is coupled to a phase shifter.

[151] In Example 55, the subject matter of Example 54 may further include the baseband
unit being further configured to control each phase shifter with an analog beamforming
weight in order to update the beamforming pattern.

[152] In Example 56, the subject matter of any one of Examples 52-55 may further include
the baseband unit being further configured to upon setting the initial beamforming pattern,
determine a function for a relationship of signal gains for each pair of antenna ports with
adjacent beamforming directions and a position within the concerned direction interval for the
pair of antenna ports with adjacent beamforming directions.

[153] In Example 57, the subject matter of Example 56 may further include wherein the
function is monotonic due to design in the overlap of the beamforming areas in the concerned
direction interval.

[154] In Example 58, the subject matter of any one of Examples 56-57 may further include
the baseband unit being further configured to compute a difference-to-sum ratio of the highest
signal gain and the higher signal gain of the two compared antenna ports; and use the
difference-to-sum ratio and the function to determine the location of the second device.

[155] In Example 59, the subject matter of any one of Examples 52-58 may further include
the communication device being further configured to use the updated beamforming pattern to
receive at least one transmission from the second device.

[156] In Example 60, the subject matter of any one of Examples 52-58 may further include
the communication device being further configured to use the updated beamforming pattern to
send at least one transmission to the second device.

[157] In Example 61, a non-transitory computer readable medium with computer readable
instructions to cause a processor to execute a determination of an information froma second

device, comprising setting an initial beamforming pattern, wherein the initial beamforming
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pattern comprises a beamforming direction and a corresponding beamforming area for each of
the plurality of antenna ports, comprising determining a concerned direction interval based on
overlapping beamforming areas of adjacent pairs of the plurality of antenna ports;receiving a
signal from the second device; measuring a signal gain from the signal on each of the plurality
of antenna ports; determine which concerned direction interval the second device occupies
based on an antenna port having the highest signal gain and on one of the adjacent pair of
antenna ports to the antenna port having the highest signal gain having a higher signal gain;
anddetermining the information from the second device based on the determined concerned
direction interval.

[158] In Example 62, the subject matter of Example 61 may further include wherein the
information is a channel direction information (CDI).

[159] In Example 63, the subject matter of any one of Examples 61-62 may further include
wherein the concerned direction interval for each pair of adjacent antenna ports comprises a
first beamforming area of a first antenna port of the pair overlapping on a portion of a second
beamforming area of a second antenna port of the pair.

[160] In Example 64, the subject matter of any one of Examples 61-63 may further include
wherein the concerned direction interval for each pair of adjacent antenna ports comprises an
area in which the first antenna port of the pair of antenna ports and the second antenna port of
the pair of antenna ports account for the highest signal gain and the higher signal gain of the
concerned direction interval.

[161] In Example 65, the subject matter of any one of Examples 61-64 may further include
coupling each antenna port to an array of analog antenna elements.

[162] In Example 66, the subject matter of Example 65 may further include coupling each
antenna element to a phase shifter.

[163] In Example 67, the subject matter of Example 66 may further include controlling

each phase shifter with an analog beamforming weight.
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[164] In Example 68, the subject matter of any one of Examples 61-67 may further include
wherein each beamforming area comprises a main lobe.

[165] In Example 69, the subject matter of any of Examples 61-68 may further include
wherein each beamforming area further comprises at least one sidelobe.

[166] In Example 70, the subject matter of any one of Examples 61-69 can further include
wherein overlapping of adjacent beamforming areas comprises one of the adjacent
beamforming areas overlapping on at least one half of the main lobe of its adjacent
beamforming area.

[167] In Example 71, the subject matter of any one of Examples 61-70 may further include
wherein the signal is a reference signal.

[168] In Example 72, the subject matter of any one of Examples 61-71 may further include
wherein the signal gain on each of plurality of antenna ports is a digital signal gain.

[169] In Example 73, the subject matter of any one of Examples 61-72 may further include
upon setting the initial beamforming pattern, determining a function for a relationship of
signal gains for each pair of adjacent antenna ports and a position within the concerned
direction interval for each pair of adjacent antenna ports.

[170] In Example 74, the subject matter Example 73, wherein the function is monotonic.
[171]  In Example 75, the subject matter of any one of Examples 73-74 may further include
wherein the relationship of signal gains for each pair of adjacent antenna ports comprises a
difference-to-sum ratio of the signal gains of the adjacent antenna ports.

[172] In Example 76, the subject matter of any one of Examples 73-75 may further include
computing a difference-to-sum ratio of the highest signal gain and the higher signal gain of
the two adjacent antenna ports; and using the difference-to-sum ratio and the function to

determine the information.
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[173] In Example 77, the subject matter of Examples 61-76 may further include updating
the beamforming pattern based on the acquired information in order to maximize the signal
gain on at least one of the plurality of antenna ports.

[174] In Example 78, the subject matter of any one of Examples 61-77 may further include
updating the beamforming pattern by adjusting a beamforming weight of at least one phase
shifter.

[175] In Example 79, the subject matter of any one of Examples 76-78 may further include
using the updated beamforming pattern to receive at least one transmission from the second
device.

[176] In Example 80, the subject matter of any one of Examples 76-79 may further include
using the updated beamforming pattern to send at least one transmission to the second device.
[177]  In Example 81, the subject matter of any one of Examples 76-80 may further include
further comprising continuously updating the beamforming pattern in order to maximize the
signal gain on an antenna port.

[178] In Examples 82, a method for a communication device with a plurality of antenna
ports to update a beamforming pattern, comprising: setting an initial beamforming direction
from each of the plurality of antenna ports, wherein each beamforming direction has a
beamforming coverage area, wherein beamforming coverage areas of antenna ports with
adjacent beamforming directions overlap each other to form a concerned direction interval;
receiving a signal from a second device and measuring a signal gain from the signal on each
of the plurality of antenna ports; determining which antenna port has the highest signal gain;
comparing the signal gains of the two antenna ports with beamforming directions adjacent to
the antenna port with the highest signal gain and selecting a higher signal gain of the two
compared antenna ports; using the highest signal gain and the higher signal gain of the two
compared antenna ports to determine a location of the other apparatus; and updating the

beamforming pattern.
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[179] In Example 83, the subject matter of Example 82 may further include wherein each
antenna port is coupled to an array of antenna elements.

[180] In Example 84, the subject matter of Example 83 may further include wherein each
array of antenna elements is coupled to a phase shifter.

[181] In Example 85, the subject matter of Example 84 may further include controlling
each phase shifter with an analog beamforming weight in order to update the beamforming
pattern.

[182] In Example 86, the subject matter of any one of Examples 82-85 may further include
upon setting the initial beamforming pattern, determining a function for a relationship of
signal gains for each pair of antenna ports with adjacent beamforming directions and a
position within the concerned direction interval for the pair of antenna ports with adjacent
beamforming directions.

[183] In Example 87, the subject matter of Example 86 may further include wherein the
function is monotonic due to design in the overlap of the beamforming areas in the concerned
direction interval.

[184] In Example 88, the subject matter of any one of Examples 86-87 may further include
computing a difference-to-sum ratio of the highest signal gain and the higher signal gain of
the two compared antenna ports; and using the difference-to-sum ratio and the function to
determine the location of the other apparatus.

[185] In Example 89, the subject matter of any one of Examples 82-88 may further include
using the updated beamforming pattern to receive at least one transmission from the other
apparatus.

[186] In Example 90, the subject matter of any one of Examples 82-88 may further include
using the updated beamforming pattern to send at least one transmission to the other apparatus.
[187] It is appreciated that implementations of methods detailed herein are demonstrative

in nature, and are thus understood as capable of being implemented in a corresponding device.
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Likewise, it is appreciated that implementations of devices detailed herein are understood as
capable of being implemented as a corresponding method. It is thus understood that a device
corresponding to a method detailed herein may include a one or more components configured
to perform each aspect of the related method.

[188]  While the invention has been particularly shown and described with reference to
specific embodiments, it should be understood by those skilled in the art that various changes
in form and detail may be made therein without departing from the spirit and scope of the
invention as defined by the appended claims. The scope of the invention is thus indicated by
the appended claims, and all changes within the meaning and range of equivalency of the

claims are therefore intended to be embraced.
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Claims
What is claimed is:
1. A communication device configured to determine an information from a second device
comprising:
a radio frequency unit comprising a plurality of antenna ports configured to receive a
signal from the second device;
a baseband unit configured to
set an initial beamforming pattern, wherein the initial beamforming pattern
comprises a beamforming direction and a corresponding beamforming area
from each of the plurality of antenna ports, comprising determining a
concerned direction interval based on overlapping beamforming areas of
adjacent pairs of the plurality of antenna ports;
measure a signal gain from the signal on each of the plurality of antenna ports;
determine which concerned direction interval the second device occupies based
onan antenna port having a highest signal gain and on one of the adjacent pair
of antenna ports to the antenna port having the highest signal gain having a
higher signal gain; and
determine the information from the second device based on the determined
concerned direction interval.
2. The communication device of claim 1, wherein the information is a channel direction
information (CDI).
3. The communication device of any one of claims 1-2, wherein the concerned direction
interval for each pair of adjacent antenna ports comprises a first beamforming area of a
first antenna port of the pair overlapping on a portion of a second beamforming area of a

second antenna port of the pair.
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The communication device of claim 3, further comprising wherein the concerned direction
interval for each pair of adjacent antenna ports comprises an area in which the first
antenna port of a pair of antenna ports and the second antenna port of a pair of antenna
ports account for the highest signal gain and the higher signal gain within the concerned
direction interval.
The communication device of any one of claims 1-2, wherein each beamforming area
comprises a main lobe.
The communication device of claim 5, wherein overlapping of adjacent beamforming
areas comprises one of the adjacent beamforming areas overlapping on at least one half of
the main lobe of its adjacent beamforming area.
The communication device of any one of claims 1-2, the baseband unit further configured
to:
upon setting the initial beamforming pattern, determine a function for a relationship of
signal gains for each pair of adjacent antenna ports and a position within the concerned
direction interval for each pair of adjacent antenna ports.
The communication device of claim 7, wherein the function is monotonic.
The communication device of any one of claims 7-8, wherein the relationship of signal
gains for each pair of adjacent antenna ports comprises a difference-to-sum ratio of the
signal gains of the adjacent antenna ports.
The communication device of claim 9, the baseband unit further configured to:
compute a difference-to-sum ratio of the highest signal gain and the higher signal gain
of the pair of adjacent antenna ports; and
use the difference-to-sum ratio and the function to determine the information.
The communication device of claim 10, the baseband unit further configured to update the
beamforming pattern based on the acquired information in order to maximize the signal

gain on at least one of the plurality of antenna ports.
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12. A communication device configured to update a beamforming pattern, comprising:

13.

14.

a radio frequency unit comprising a plurality of antenna ports configured to receive a
signal from a second device; and
a baseband unit configured to:
set an initial beamforming direction from each of the plurality of antenna ports,
wherein each beamforming direction has a beamforming coverage area,
wherein beamforming coverage areas of antenna ports with adjacent
beamforming directions overlap each other to form a concerned direction
interval;
measure a signal gain from the signal on each of the plurality of antenna ports;
determine an antenna port having the highest signal gain;
compare the signal gains of the two antenna ports with beamforming directions
adjacent to the antenna port with the highest signal gain and selecting the
higher signal gain of the two compared antenna ports;
use the highest signal gain and the higher signal gain of the two compared
antenna ports to determine a location of the second device; and
update the beamforming pattern.
The communication device of claim 12, the baseband unit being further configured to
upon setting the initial beamforming pattern, determine a function for a relationship of
signal gains for each pair of antenna ports with adjacent beamforming directions and a
position within the concerned direction interval for each pair of antenna ports with
adjacent beamforming directions.
The communication device of claim 13, wherein the function is monotonic due to design
in the overlap of the beamforming areas in the concerned direction interval for each pair

of antenna ports with adjacent beamforming directions.
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15. The communication device of any one of claims 13-14, the baseband unit being further
configured to:
compute a difference-to-sum ratio of the highest signal gain and the higher signal gain
of the two compared antenna ports; and
use the difference-to-sum ratio and the function to determine the location of the other
apparatus.
16. A method for a communication device with a plurality of antenna ports to determine an
information from a second device comprising:
setting an initial beamforming pattern, wherein the initial beamforming pattern
comprises a beamforming direction and a corresponding beamforming area for each
of the plurality of antenna ports, comprising determining a concerned direction
interval based on overlapping beamforming areas of adjacent pairs of the plurality of
antenna ports;
receiving a signal from the second device;
measuring a signal gain from the signal on each of the plurality of antenna ports;
determining which concerned direction interval the second device occupies based on
an antenna port having the highest signal gain and on one of the adjacent pair of
antenna ports to the antenna port having the highest signal gain having a higher signal
gain; and
determining the information from the second device based on the determined
concerned direction interval.
17. The method of claim 16, further comprising wherein the concerned direction interval for
each pair of adjacent antenna ports comprises a first beamforming area of a first antenna
port of the pair overlapping on a portion of a second beamforming area of a second

antenna port of the pair.
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The method of claim 17, further comprising wherein the concerned direction interval for
each pair of adjacent antenna ports comprises an area in which the first antenna port of a
pair of antenna ports and the second antenna port of a pair of antenna ports account for the
highest signal gain and the higher signal gain within the concerned direction interval.
The method of any one of claims 16-18, further comprising:
upon setting the initial beamforming pattern, determining a function for a relationship
of signal gains for each pair of adjacent antenna ports and a position within the
concerned direction interval for each pair of adjacent antenna ports.
The method of claim 19, wherein the function is monotonic.
The method of claim 20, wherein the relationship of signal gains for each pair of adjacent
antenna ports comprises a difference-to-sum ratio of the signal gains of the adjacent
antenna ports.
The method of claim 19, further comprising:
computing a difference-to-sum ratio of the highest signal gain and the higher signal
gain of the pair of adjacent antenna ports; and
using the difference-to-sum ratio and the function to determine the information.
The method of claim 22, further comprising updating the beamforming pattern based on
the acquired information in order to maximize the signal gain on at least one of the
plurality of antenna ports.
A method for a communication device with a plurality of antenna ports to update a
beamforming pattern, comprising:
setting an initial beamforming direction for each of the plurality of antenna ports,
wherein each beamforming direction has a beamforming coverage area, wherein
beamforming coverage areas of antenna ports with adjacent beamforming directions

overlap each other to form a concerned direction interval;
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receiving a signal from a second device and measuring a signal gain from the signal on
each of the plurality of antenna ports;
determining an antenna port having the highest signal gain;
comparing signal gains of the two antenna ports with beamforming directions adjacent to
the antenna port having the highest signal gain and selecting the higher signal gain of the two
compared antenna ports;
using the highest signal gain and the higher signal gain of the pair of compared signal
gains to determine a location of the second device; and
updating the beamforming pattern.
25. The method of claim 24, further comprising:
upon setting the initial beamforming pattern, determining a function for a relationship
of signal gains for each pair of antenna ports with adjacent beamforming directions
and a position within a concerned direction interval for each pair of antenna ports with

adjacent beamforming directions.
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