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RELAY BEAMFORMING WITH
PREDICTIVE RELAY SELECTION FOR
MILLIMETER WAVE COMMUNICATIONS

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority to U.S. Provisional
Patent Application No. 63/041,479 filed on Jun. 19, 2020
entitled RELAY BEAMFORMING WITH PREDICTIVE
RELAY SELECTION FOR MILLIMETER WAVE COM-
MUNICATIONS (Attorney Docket No. RU-2020-107),
which application is incorporated herein by reference in its
entirety.

FIELD OF THE DISCLOSURE

[0002] The present disclosure generally relates to wireless
communications, in particular, to an improved relaying of
millimeter wave (mmWave) communications such as in an
urban setting.

BACKGROUND

[0003] This section is intended to introduce the reader to
various aspects of art, which may be related to various
aspects of the present invention that are described and/or
claimed below. This discussion is believed to be helpful in
providing the reader with background information to facili-
tate a better understanding of the various aspects of the
present invention. Accordingly, it should be understood that
these statements are to be read in this light, and not as
admissions of prior art.

[0004] While millimeter wave (mmWave) communica-
tions are expected to provide very high data rates within 5G
networks, their sensitivity to blockage and severe signal
attenuation present deployment challenges in, for example,
urban settings. One way to mitigate this problem and
increase communication range is the use of relaying tech-
niques in combination with beamforming techniques. How-
ever, relay-assisted beamforming requires a relay selection
process that is resource demanding and introduces network
latency.

[0005] Support of outdoor mmWave wireless communi-
cations in an urban setting may be provided by deploying a
dense network of base stations configured to optimize city-
wide Line-of-Sight (LLoS) coverage. However, optimizing
the LoS coverage rate does not necessarily guarantee qual-
ity-of-service (QoS) to end users, and can possibly cause
interference between the base station transmissions.

SUMMARY

[0006] Various deficiencies in the prior art are addressed
by systems, methods, architectures, mechanisms and appa-
ratus for relay beamforming of mmWave communications in
an environment having signal blockage and signal attenua-
tion challenges, such as found in an urban setting. The
various embodiments support distributed, relay-assisted
beamforming mechanisms that exploit the spatial diversity
of mmWave signal propagation, including a resource effi-
cient relay selection scheme designed to optimally enhance
QoS in 2-hop Amplify-and-Forward (AF) cooperative net-
works. Relay selection is implemented in a predictive and
distributed manner, with some embodiments also employing
predictive schemes to optimally select transmitting relays.
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[0007] Various embodiments contemplate a system com-
prising static relays deployed in clusters along and across
streets such as in an urban setting, wherein each cluster
selects a representative relay to forward toward a destination
node a signal received from a source node. At each cluster
and for each time slot t, a respective estimation is made of
Channel State Information (CSI) associated with a currently
selected relay and CSI associated with network segments
traversed by the signal between the source node and the
currently selected relay. During the time slot t, each cluster
selects a representative relay for a next time slot t+1 in
accordance with respective magnitude CSI estimations asso-
ciated with a maximized minimum mean square error
(MMSE) predictor of a next time slot Signal-to-Interfer-
ence+Noise Ratio (SINR), V(t+1), at the destination node.
Also during the time slot t, the currently selected relay of
each cluster performs respective beamforming using beam-
forming weights determined in accordance with a corre-
sponding contribution to expected SINR of a current time
slot at the destination node.

[0008] Additional objects, advantages, and novel features
of the invention will be set forth in part in the description
which follows, and will become apparent to those skilled in
the art upon examination of the following or may be learned
by practice of the invention. The objects and advantages of
the invention may be realized and attained by means of the
instrumentalities and combinations particularly pointed out
in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The accompanying drawings, which are incorpo-
rated in and constitute a part of this specification, illustrate
embodiments of the present invention and, together with a
general description of the invention given above, and the
detailed description of the embodiments given below, serve
to explain the principles of the present invention.

[0010] FIG. 1 graphically depicts a simplified network
deployment example useful in understanding the various
embodiments;

[0011] FIG. 2 depicts a high-level block diagram of a
computing device configured for implementing a controller
function according to one embodiment;

[0012] FIG. 3 graphically depicts a cross-correlation struc-
ture of incoming and outgoing channel terms useful in
understanding the various embodiments;

[0013] FIG. 4 depicts a pseudocode representation of a
2-stage joint beamforming and relay selection method
according to an embodiment; and

[0014] FIG. 5 depicts a flow diagram of a method accord-
ing to an embodiment and suitable for use as an execution
method at a cluster of relays, such as described in more
detail with respect to the simplified deployment example of
FIG. 1.

[0015] It should be understood that the appended drawings
are not necessarily to scale, presenting a somewhat simpli-
fied representation of various features illustrative of the
basic principles of the invention. The specific design fea-
tures of the sequence of operations as disclosed herein,
including, for example, specific dimensions, orientations,
locations, and shapes of various illustrated components, will
be determined in part by the particular intended application
and use environment. Certain features of the illustrated
embodiments have been enlarged or distorted relative to
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others to facilitate visualization and clear understanding. In
particular, thin features may be thickened, for example, for
clarity or illustration.

DETAILED DESCRIPTION

[0016] The following description and drawings merely
illustrate the principles of the invention. It will thus be
appreciated that those skilled in the art will be able to devise
various arrangements that, although not explicitly described
or shown herein, embody the principles of the invention and
are included within its scope. Furthermore, all examples
recited herein are principally intended expressly to be only
for pedagogical purposes to aid the reader in understanding
the principles of the invention and the concepts contributed
by the inventor(s) to furthering the art, and are to be
construed as being without limitation to such specifically
recited examples and conditions. Additionally, the term,
“or,” as used herein, refers to a non-exclusive or, unless
otherwise indicated (e.g., “or else” or “or in the alterna-
tive”). Also, the various embodiments described herein are
not necessarily mutually exclusive, as some embodiments
can be combined with one or more other embodiments to
form new embodiments.

[0017] The numerous innovative teachings of the present
application will be described with particular reference to the
presently preferred exemplary embodiments. However, it
should be understood that this class of embodiments pro-
vides only a few examples of the many advantageous uses
of the innovative teachings herein. In general, statements
made in the specification of the present application do not
necessarily limit any of the various claimed inventions.
Moreover, some statements may apply to some inventive
features but not to others. Those skilled in the art and
informed by the teachings herein will realize that the inven-
tion is also applicable to various other technical areas or
embodiments.

[0018] The various embodiments provide a relay-assisted
beamforming approach for mmWave communications in an
urban scenario, and a resource efficient relay selection
scheme designed to optimally enhance QoS in 2-hop
Amplify-and-Forward (AF) cooperative networks. By
exploiting the correlation structure of the channel induced
by shadowing, a phenomenon prominent in mmWave com-
munications, the inventors devise mechanisms to reduce
both latency and CSI estimation overhead. AF is adopted
herein as it is the simplest forwarding scheme, and of
minimal implementation complexity. Other, possibly more
involved forwarding schemes may also be utilized within the
context of the various embodiments.

[0019] FIG. 1 graphically depicts a simplified network
deployment example useful in understanding the various
embodiments. Specifically, FIG. 1 depicts a plurality of city
blocks defined by streets and buildings in the normal man-
ner, wherein clusters C of relays R form respective com-
munications nodes which are deployed across certain street
segments and configured to beamform a signal received
from a source node S toward a destination node D. A dashed
line depicts all mmWave signal propagation paths from the
source S to the destination D, passing through a relay cluster
C3. It is noted that relay cluster C3 is depicted as receiving
the signal from the source node S and having a currently
selected relay Rs which has been configured for beamform-
ing/forwarding the signal toward the destination node D.
Each of the nodes (i.e., each cluster C of relays R) is
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associated with a respective location that may be defined
using street addresses such as from city/area mapping data,
global positioning system (GPS) coordinates, or other loca-
tion defining means.

[0020] For simplicity of this discussion it is assumed that
each cluster C contains R evenly spaced relays. However,
the various embodiments discussed herein are suitable for
use with any spatial relay distribution and/or relay quantity
within any cluster. At each time instance, only one relay
from every cluster, namely, the cluster representative, is
active. The relays are connected via the fiber-optic link or
other back channel to computational resources such as at a
central node, where information may be exchanged in accor-
dance with the various embodiments. In various embodi-
ments, a propagation path between the source or destination
and any of the cluster representatives, as well as the corre-
sponding line-of-sight (L.oS) and non-line-of-sight (NLoS)
portions of the path, may be configured/operational in the
manner described herein with respect to the various relay
clusters.

[0021] The various embodiments utilize a relay-assisted
beamforming for mmWave communications in an urban
scenario, which exploits the shadowing-induced correlation
structure of the channel to reduce both latency and CSI
estimation overhead. In particular, one relay from each
cluster is optimally selected at each time slot to participate
in optimal beamforming at the next time slot. This relay
selection is implemented in a predictive and distributed
manner, by exploiting channel correlations and by using past
and present measurements of magnitude CSI. As a result, at
each time slot, optimal beamforming based on relays
selected in the previous slot and optimal predictive relay
selection for the next time slot are implemented completely
in parallel. This parallelization eliminates delays induced by
sequential execution of relay selection and beamforming,
and substantially reduces CSI estimation overhead. Simula-
tions confirm that the proposed relay selection scheme
outperforms any randomized selection policy, while, at the
same time, achieves comparable performance to an ideal
selection scheme that relies on perfect CSI estimates for all
candidate relays.

[0022] The system 100 of FIG. 1, as well as the various
embodiments discussed herein, will be described as a 2-hop
Amplify-and-Forward (AF) cooperative network. AF is the
least resource-demanding forwarding scheme, and it offers a
closed form solution. However, various embodiments may
also be implemented using Decode-and-Forward (DF). By
exploiting the correlation structure of the channel, induced
by a phenomenon that is prominent in mmWave communi-
cations, caused by large objects in the path of the propagat-
ing signal (i.e., shadowing) the various embodiments oper-
ate to predict CSI magnitude in time and space, and thus
reduce both latency and CSI estimation overhead. The
various embodiments provide joint optimal relay selection
and distributed cooperative beamforming that maximizes
the expected Signal-to-Interference plus Noise Ratio (SINR)
at the destination, and under power constraints. In particular,
assuming a time-slotted system operation, one relay from
each cluster is optimally selected at each time slot to
participate in optimal beamforming at the next time slot. An
execution method suitable for use at each cluster is
described in more detail below with respect to FIG. 5.

[0023] Assuming a time slotted system operation, various
embodiments optimize QoS in a 2-stage fashion, where, in
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every time slot, and simultaneously with AF beamforming to
the destination, each cluster predictively selects a cluster
representative (1st stage) to optimally enhance AF beam-
forming at the subsequent time slot (2nd stage). As a result,
at each time slot, optimal beamforming based on relays
selected in the previous slot and optimal predictive relay
selection for the next time slot are implemented completely
in parallel.

[0024] Predictive relay selection is achieved by exploiting
channel correlations with current and past networkwide
magnitude-only CSI (also known as Received Signal
Strength (RSS)) which is invariant to relay cluster size and
is measured sequentially during the operation of the system.
This combination of cooperative beamforming and relay
selection, which together comprise the proposed 2-stage
problem formulation, presents distinct operational advan-
tages over the trivial ideal scheme, stemming directly from
the predictive nature of the approach.

[0025] This parallelization eliminates delays induced by
sequential execution of relay selection and beamforming,
and substantially reduces CSI estimation overhead. Simula-
tions confirm that the proposed relay selection scheme
outperforms any randomized selection policy, while, at the
same time, achieves comparable performance to an ideal
selection scheme that relies on perfect CSI estimates for all
candidate relays.

[0026] FIG. 2 depicts a high-level block diagram of a
computing device configured for implementing a controller
function according to one embodiment and suitable for use
in performing the various functions as described herein. It
will be appreciated that the controller function described
herein may be located within the network 100 of FIG. 1,
proximate a particular element within the network 100 and
SO on.

[0027] As depicted in FIG. 2, computing device 200
includes a processor element 210 (e.g., a central processing
unit (CPU) or other suitable processor(s)), a memory 220
(e.g., random access memory (RAM), read only memory
(ROM), and the like), a communications interface 230 (e.g.,
one or more interfaces enabling communications via a
wireless communication network such as a 3G/4G/LTE/5G
wireless network, an optical fiber link and the like), and an
optional input/output interface 240 (e.g., GUI delivery
mechanism, user input reception mechanism, web portal
interacting with remote workstations and so on).

[0028] It will be appreciated that computing device 200
depicted in FIG. 2 provides a general architecture and
functionality suitable for implementing functional elements
described herein or portions of the functional elements
described herein.

[0029] It will be appreciated that the functions depicted
and described herein may be implemented in hardware or in
a combination of software and hardware, e.g., using a
general purpose computer, one or more application specific
integrated circuits (ASIC), or any other hardware equiva-
lents. In one embodiment, computer instructions are loaded
into memory 220 and executed by processor 210 to imple-
ment the functions as discussed herein. The various func-
tions, elements and/or modules described herein, or portions
thereof, may be implemented as a computer program prod-
uct wherein computer instructions, when processed by a
computing device, adapt the operation of the computing
device such that the methods or techniques described herein
are invoked or otherwise provided. Instructions for invoking
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the inventive methods may be stored in tangible and non-
transitory computer readable medium such as fixed or
removable media or memory, or stored within a memory
within a computing device operating according to the
instructions.

[0030] The communications interface 230 facilitates com-
munications with various elements within or related to the
network 100 of FIG. 1, such as various clusters C of relays
R, channel sounders S and other devices (not shown) that
may be implemented within the context of a mmWave
network such as described herein. In various embodiments,
the communications interface 230 facilitates high-speed
communications with the various millimeter wave network
elements to enable the controller 200 to provide rapid
management of these elements.

[0031] The memory 220 is depicted as storing computer
instructions executable by the processor 210 to implement
various functions associated with the network 100 of FIG. 1,
such a configuration manager 220-CM, a session manager
220-SM, a relay selection and beamforming module 220-
RSBM, and (optionally) a cluster timing/phase control mod-
ule 220-CTPCM.

[0032] The configuration manager 220-CM is used to
manage the various elements of the network 100 of FIG. 1
as needed. Such elements may comprise base stations,
eNodeBs, relays, relay clusters, nodes, sounders and so on.
[0033] The session manager 220-SM is configured to
manage network services sessions supported by the network
100 of FIG. 1 as needed. Such sessions may be associated
with voice, video, data, and/or other types of network
services.

[0034] The relay selection and beamforming module 220-
RSBM operates to select appropriate relays within the
various relay clusters for use in forwarding a signal, as well
as determining the beamforming characteristics to be used in
forwarding that signal. The various functions associated
with the relay selection and beamforming module 220-
RSBM will be described in more detail below with respect
to the various embodiments.

[0035] The cluster timing/phase control module 220-
CTPCM supports cluster timing and/or phase control
mechanisms suitable for use in enabling the various clusters
C within the network 100 to modify local timing/phase
parameters (e.g., of a local oscillator) such that the various
clusters C (and relays R therein) operate in a synchronized
manner. In various embodiments this module generates
timing signals suitable for use by the clusters and/or relays
to adapt local oscillator operation such that local timing
errors may be reduced or eliminated. Such timing signals
may be propagated via a communications interface 130,
such as by using timestamps, reference signals and so on.
Different mechanisms are contemplated by the inventors.
[0036] As depicted above with respect to FIG. 1, a system
model according to various embodiments comprises static
relays deployed in clusters across streets. Each cluster is
defined within an area over which the channel exhibits
similar statistical characteristics. This is typical in mmWave
networks, which are primarily designed for relatively short
distance point-to-point communications. Assuming a time-
slotted system operation, the proposed scheme optimizes
QoS in a 2-stage fashion, where, in every time slot, and
simultaneously with AF beamforming to the destination,
each cluster predictively selects a representative relay (1st
stage) to optimally enhance AF beamforming at the subse-
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quent time slot (2nd stage). Predictive relay selection is
achieved by exploiting channel correlations with current and
past networkwide magnitude-only CSI (also known as
Received Signal Strength (RSS)) which is invariant to relay
cluster size, and is measured sequentially during the opera-
tion of the system. This combination of cooperative beam-
forming and relay selection, which together comprise the
proposed 2-stage problem formulation, presents distinct
operational advantages over the trivial ideal scheme, stem-
ming directly from the predictive nature of the approach.
[0037] As discussed herein, network QoS is quantified by
the expected Signal-to-Interference+Noise Ratio (SINR) at
the destination, which is a standard performance metric. One
of the communications goals is to maximize that expected
SINR, subject to a shared power constraint among all relay
clusters. Therefore, in various embodiments the optimal
beamforming weights need to be computed centrally for all
clusters. Nevertheless, the proposed relay selection proce-
dure is conducted in a completely distributed manner; each
cluster independently decides its successor representative
for the subsequent time slot by solving a simple local
stochastic optimization problem, without the need for inter-
cluster information exchange.

[0038] It is noted that the diversity resulting from the
reflective nature of the mmWave signal propagation, as well
as the possibly street-wise varying channel parameters,
induce significant differences as far as both problem descrip-
tion and development of corresponding efficient implemen-
tation techniques are concerned.

[0039] Various embodiments provide distributed coopera-
tive beamforming for expected SINR maximization in
mmWave networks. The disclosed beamforming formula-
tion allows for efficient exploitation of the spatial diversity
induced by dominant mmWave propagation paths, which is
a consequence of the spatial propagation patterns of the
mmWave medium. The CSI induced by the mmWave propa-
gation paths is optimally combined constructively at the
destination, resulting in superior network QoS, without the
disadvantages of multi-hop relaying. Although distributed
beamforming is a well established technique for exploitation
of spatial diversity in free-space communications, the vari-
ous embodiments described herein utilize beamforming
within the context of urban mmWave networks, which are
inherently topologically distinct as compared to the free-
space setting. Indeed, the spatial structure of the mmWave
medium is explicitly reflected in the adopted mmWave
channel model, as well as in the form of the optimal
beamforming weights and achieved network SINR. In par-
ticular, the channel model extends the state of the art by
introducing a new channel correlation kernel for effectively
modeling the statistical dependencies among the involved
source-relay and relay-destination channels; such dependen-
cies do not appear in free-space channel modeling.

[0040] As briefly mentioned above, within each time slot,
the implementation of the proposed relay selection scheme
is completely decoupled from that of optimal beamforming.
This is due to the predictive nature of the proposed scheme,
which determines the best cluster representative before the
start of each time slot. Consequently, in a given slot, optimal
beamforming and optimal predictive relay selection for the
next slot can be performed in parallel, as one does not
depend on the other. This parallelism results in improved
time slot utilization. Additionally, as predictive selection is
implemented solely based on past channel measurements,
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significant reduction of CSI estimation overhead per time
slot is achieved as compared to the respective ideal scheme,
with the reduction being more pronounced as the relay
density per cluster increases. This is particularly important
in mmWave networks, where dense infrastructure is essen-
tial for achieving satisfactory performance.

[0041] Generally speaking, the various embodiments pro-
vide a novel, practical and computationally efficient tech-
nique for implementing the disclosed relay selection
scheme. Specifically, the local stochastic problem each
cluster is responsible for is replaced by a surrogate based on
Sample Average Approximation (SAA), which relies on
predictive Monte Carlo sampling of the channel uncertainty
involved. Heavily appealing to the statistical structure of the
adopted mmWave channel model, the proposed technique
efficiently exploits spatiotemporal correlations of the
mmWave medium, and results in easily computable, near-
optimal relay selection policies. This is achieved via, illus-
tratively, a well-designed, non-trivial combination of Kal-
man filtering and Gaussian process regression.

mmWave Urban Channel Model

[0042] As previously noted, the various embodiments find
particular utility within the context of urban setting. It is
noted that the various embodiments may also be used within
the context of non-urban settings. This section is dedicated
to the development of a sufficiently detailed illustrative
urban mmWave channel model. This channel model may be
applied to any city topology such as one comprising a
densely built area with high-rise buildings, separated by
non-curved street canyons.

[0043] Consider simplified city topologies such as that of
FIG. 1, which shows a top view schematic of a particular
urban area including road intersections, streets and the like.
Due to blockage caused by high-rise buildings, the only way
a mmWave signal starting from a source located at p  (e.g.,
S) can reach its destination at p ., (e.g., D) is by traversing
street segments. More specifically, the transmitted signal is
spatially diversified through all sets of consecutive, non-
repeating segments from the source to the destination. Then,
a (dominant) propagation path is defined as every such set of
traversed street segments whose aggregate length is equal to
the minimum £ ,-distance from the source to the destina-
tion. The following conventions used herein: where the
Line-of-Sight (LoS) portion of every path is the segment
between the transmitting node and the nearest intersection,
while the remaining segments comprise the Non-Line-of-
Sight (NLoS) portion of the path. All considered paths have
common LoS portion, while their NLoS portions differ.

[0044] As previously noted, to overcome severe signal
attenuation, various embodiments deploy clusters of relays
across certain street segments, which will beamform the
signal to its destination. For simplicity in exposition, assume
that each cluster contains evenly spaced relays. It is noted
that the approach works for any spatial relay distribution
within each cluster. At each time instance, only one relay
from every cluster, namely, the cluster representative, is
active. The relays are connected via optical fiber to a central
node via which they can exchange information. A propaga-
tion path between the source or destination and any of the
cluster representatives, as well as the corresponding LoS and
NLoS portions of the path are all defined in exactly the same
fashion as in the previous paragraph.
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[0045] Let N_ be the number of available relay clusters C
in the network. Also, let L, be the number of all possible
signal paths from p < (e.g., S) to relay cluster r=1, . . ., N_..
The channel between p 5 and a relay in cluster r (e.g., Rs)
located at p is experienced as a combination of all channels
across all possible paths between p g and p . In particular,
under the flat fading assumption, the complex channel gain
from p ¢ to point p along path i can be decomposed as
follows:

= 1
Fitp 02 £ L0 £ (pu 0, W
path-loss  shadowing  multi_path

[0046] where f,7%(p) is the path-loss component, f 7(
p, t) the large-scale fading component (shadowing), and
£ 2 (p , t) the small-scale fading component (multi-path). A
similar decomposition holds for the channel g,,(p, t) from
p to p . along path i=1, . .., K, where K, is the number
of respective signal paths from cluster r to the destination.

[0047] Inthe mmWave setting, the channel path-loss does
not depend on the Euclidean distance between pg and p, but
rather on their absolute locations (e.g., such as by the
“Manhattan distance” or distance between two points mea-
sured along axes at right angles), and is therefore param-
etrized separately for each segment. As previously noted,
each of the nodes/clusters p is associated with a respective
location that may be defined using street addresses such as
from city/area mapping data, global positioning system
(GPS) coordinates, or other location defining means. Let the
set of all individually traversed street segments T of path i to
cluster r be denoted by § ,;/, which includes the segment Tt
where the source is located, but does not include segment T,
where cluster r is located. Similarly, the set of traversed
segments of path i from cluster r to the destination, including
the segment T, the destination is located but excluding
segment T,, is &, In the following, consider only the
source-relay channels f,,, for every path i associated with
cluster r. The discussion for g, follows in a completely
analog manner, and is omitted for brevity.

[0048] It is also assume an additional loss A occurring at
every intersection, i.e., every propagation path exhibits a
total intersection loss AN/, where N/ are the number of
traversed intersections from p s to p . Therefore, the overall
path-loss component of channel f,, is expressed as

aN (2)

d. 2
reshvrgy T

f
_ANy  OL _ON
FHpy =107 210 d? @l () 2 [ ]

[0049] where d_, denotes the length of the LoS segment
T, dTrf(p) is the distance between the intersection of seg-
ment T, associated with f,, and location p in T, (that is, the
intersection of T, which is #,-closest to the source), and d,
denotes the length of the t-th street segment. Assume that a
relay cannot be located exactly on an intersection, so dtrf #0.

[0050] Likewise, the shadowing and multi-path compo-
nents of the channel experienced across each path may be
decomposed on a per-segment basis as
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[0051] where s_ and q, are the shadowing and multi-path
terms experienced across segment T.

[0052] Consequently, by expressing the magnitude of (1)
in logarithmic scale (dB), then obtain the additive model

Fatp. )2 1000gyo|£74p)- £ (p. 0 £ F(po ) £ ©)

ali(p)+bhip, D+ chip. )
where

~al(p) & ©

ar10logodeg + aNzresf_ 10logyydr + ay 10log;od! (p) + ANT,

7
B2 Y _ s 100oglsc D + 10log,olsf, (p, 0 2 @

Dt B0+ B (p.0y and

8
chip =Y s 10loglardl +10logglaf, (p, oI £ ®

Dest S0+ EL (P

[0053] It should be noted that in the above equations, the
combined shadowing components pertaining to segments
without relays have been separated from the respective term
referring to the segment containing the relay cluster. Those
terms exhibit distinct statistical behavior, and will be con-
sidered separately.

[0054] In addition to the above, for every time slot t,
assume a phase term &> for each distinct segment €
§./,r=1,...,N_i=1,..., L, where each ¢_(t) is uniformly
distributed in [0,1]. Modeling the phase as a uniformly
distributed process and independent of the respective chan-
nel magnitude is a standard assumption in the literature,
which heuristically follows from the statistical structure of
the well-known Rayleigh fading model. Additionally, as
phase varies rapidly both in time and space, phase correla-
tions are difficult to capture, therefore model, let alone
exploit in statistical prediction. This fact consequently jus-
tifies the phase whiteness assumption, in both time and
space. Note that phase whiteness is a standard assumption in
the literature, and in various contexts. Similarly, for every
time slot t and every location p, assume another phase term
¢.7(p , 1), also uniformly distributed in [0,1]. Across all time
slots, all segments, and all locations, all phase components
are mutually independent, and also independent of the
respective channel magnitudes, as well. Then, the channel
f.(p, 1) can be reconstructed as

BAOLIED oo ) ©

filp, D =e

ul A f
where @;(p, ) = Zre5£ -0+ ¢7 (p, D).
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[0055] For all segments, assume a log-normal distribution
for modeling shadowing and multi-path fading. The channel
paths f,, i=1, . . ., L,, are statistically dependent, as they
might traverse common segments. Still, it is reasonable to
model all shadowing and multi-path components as being
mutually independent across different segments, since each
segment will exhibit distinct spatial features.

[0056] However, within each segment T€S ,/, p.(t) is
assumed to be zero mean and jointly Gaussian in tlme with
correlation between two time slots k and 1 given by

ELB: (0B D) 2 1 e, 4o

[0057] where m? is the shadowing power and y the corre-
lation time. Further assuming that the multi-path component
q.(t) is white in time with variance o.?, the combined

log-magnitude terms z (t)= . (D)+E.(1), t=1, , N are
jointly Gaussian with mean zero and covariance
1 o e by (n

1 A
+opdy, =
e Wby 1

7T +0¢ly, e RN TN

[0058] Likewise, the term B.”(p, t), corresponding to the
segment where cluster r is located, is assumed to be jointly
Gaussian, both in space and time. Specifically, assume that
the individual relays of cluster r can be located at a discrete
set of O positions across the segment T,. At two such
positions, say p ,, and p,, and between any two time slots
k and 1, the spatiotemporal correlation of B, (P, t) is defined
as:

~lk=lly (12)

ELBL (. KL, (Pms L 2 Ker(pns pme

where the spatial kernel K is given by

A 2 ipn— 13
Krr(prs p) & 1pePrpml2s, 4

[0059] We further assume that the “incoming” and “out-
going” shadowing terms f_/(p , t) and B 2(p , t) at positions
p ,,, and p, and between time slots k and 1 are themselves
correlated as

W=ty (14)

ELB, (s K)BE (P D] & Kr(prs Prde

[0060]
as

where the cross-correlation kernel K. is defined

Kec (P, pr) & 7 elPnPil~dnax)i8 s
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[0061] with e=1 for de(p )+d1g(p )zdg,, and €=-1 oth-
erwise, and where d;,;; is the length of segment t,, and d,,
is the furthest possible distance between two dlscrete relay
positions of a cluster. This kernel describes the correlation
between the incoming and outgoing channels at each cluster,
at different locations and at different time slots. Intuitively,
correlation should be proportional to the size of the part of
the segment which is traversed by both channels, if such a
part exists (as shown in FIG. 3(c)). Otherwise, as the
distance between the locations where the two channels are
respectively experienced increases, their correlation should
be decreasing (as shown in FIG. 3(54)). The proposed kernel
captures precisely the behavior outlined above, while result-
ing in a valid cross-covariance structure for f.” and .
[0062] FIG. 3 graphically depicts a cross-correlation struc-
ture of incoming and outgoing channel terms useful in
understanding the various embodiments. Specifically, FIG. 3
graphically depicts a cross-correlation structure of the
incoming and outgoing channel terms Btf (P, 0 B5(P s
t) when (FIG. 3(a)) d,/(p ,)+d, *(P ,)=dz.z5 (FIG 3(b) d.(
P+ 5P )<d  and  (FIG.  3()  d/(p,)+d 5
P ,)>dg,;; for cluster r with 6=3 relay posmons at a com-
mon time slot t.
[0063] As discussed above, assuming that q./(p, t) and
q.%(p, t) are both white in both space and time, as well as
mﬁtually independent, the collection of combined terms

[z{,(p;, n} R [ﬁ{,(p;, n+é (pi, n} 16)

£ (pin 1) £ (pi D+ &8 (pin ) |
[0064] fori=1,...,dandt=l,..., N, are Gaussian with
mean zero and covariance ZtrER 2eNP2NT given by
5., tTerct, w

»

[0065] where & indicates Kronecker product, and the
per-slot cross-covariance matrix KER 222 is defined as

KA [ Krr KFG} (18)

Kre Koo |

[0066] where, overloading notation, K.z, K;s and K.,
are correlation matrices corresponding to the kernels (13)
and (15), respectively, each evaluated on all 8 pairs of
possible positions across segment T,, according to some
common order.

Joint Beamforming and Relay Selection

[0067] The various embodiments assume that the network
configuration and/or topologies associated with the clusters
change at a low rate, and may focus on the time period over
which the clusters have been optimally determined and are
fixed. During that time, the statistical model of the channel
stays the same; however, the channel itself changes. There-
fore, assignment of new clusters is necessary only when
“coarse-grained” features of the communication system
change, such as the locations of the source and destination,
the ergodic properties of the communication channel, and



US 2021/0399788 Al

other similar statistics. Then, cluster assignment should be
performed at a coarser time scale than the change of the
individual relay channel realizations. For the duration of a
communication task, the aforementioned features typically
do not change rapidly, and therefore the cluster does not
need to change, justifying the need for a relay selection
scheme that operates at a per time-slot basis.

[0068] In every time slot, the proposed system jointly
performs beaforming and relay selection, by addressing a
2-stage stochastic problem. Before going into the details
(and the advantages) of each stage separately, it is noted that
although the 2-stage problem refers to the necessary actions
needed to be taken during a single time slot, in practice these
actions refer to two consecutive time slots, due to the
availability of the required CSI. More specifically, during
time slot t, both current beamforming weights of the cluster
representative are calculated (corresponding, as discussed
below, to the 2nd stage problem at time slot t), and the relays
from all clusters to be selected at the next time slot are
determined (which corresponds to the 1st stage problem at
time slot t+1). Both tasks (beamforming and relay selection)
are based on current CSI, as well as past CSI of cluster
representatives selected up to time slot t.

[0069] We assume that 2-hop relaying is used to assist the
communication between p ¢ and p 5. The whole network is
assumed to operate for N, time slots. In each time slot t=1,
...y N the source at p s transmits the signal \/P—Ss(t), where
s(t) is an information symbol with E[Is(t)I*]=1, and Ps>0 the
source transmission power. The signal received at the rep-
resentative relay of each cluster r, located at p ,(t) is,

L (19
R0 = )" VPs f1(0s@) + (1),
i=1

[0070] where n,(1)~CN (0, o) is the reception noise at
cluster r. Working in an AF fashion, each cluster represen-
tative modulates its received signal R,(t) by a complex
weight w,(t) and re-transmits it. Note that a mm Wave signal
arriving at p 5, directly from the source and without the help
of a relay has negligible power, and can be ignored. There-
fore, the aggregate signal received at the destination from all
relay representatives is

Ne Ky (20)
0= 3 wg DR +np) =

r=1 k=1

K Ly

Ne
VPs Z WD Y > 2w (D0 +
r=1

k=1 i=1

signal

Ne

Kr
Z WD) ) g (O, (0) + np @),

=) k=1

interference +destination noise

[0071]
P

where ny(t)~EN (0, 05°) is the reception noise at
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Optimal Beamforming for 2-Hop Relaying

[0072] The various embodiments may be used to extend
known distributed relay beamforming schemes to the sig-
nificantly more complex setting of urban mmWave relay
networks. Here, distributed beamforming is considered for
enforcing relay cluster cooperation, such that all individual
signal paths forwarded from all relay clusters are combined
constructively at the destination. Although the solution of
the beamforming stage for the mmWave communication
setting studied herein is a straightforward manipulation of
the expressions found in the literature pertaining to the
free-space communication scenario, the result is interesting
because it shows the explicit dependence of the optimal
beamforming weights and achievable SINR on the aggregate
mmWave channels from all propagation paths.

[0073] At every time slot t, the goal is to obtain the
respective beamforming weights to be used by each cluster,
w(t)2 [w*, (1), . . . W”‘Nc(t)]TECNC><1 such that the SINR at
p 5 is maximized, subject to a total transmission power
budget P >0 over all relay clusters. Define the vectors

FAP DRSPS, (P 0] € CL, @b
g D2 (8P D s g, (o DT €L, @2
[0074] r=1, ..., N_. Then, after dropping dependence on

(t) and (p (1), t) for brevity, the SINR is maximized by
solving the following:

wH Rw (23)

maximize 7
w wHQw+0op | where

subjectio w"Dw < P¢

REPsh n2 (1717 f, .. 1w 1711 .
D2 Psdiag(llellz, v |1Tch|2)+ UllNcand @)
0 & diagl gl ... L 117, [P) 0

[0075] and 1 is the all-ones vector. A crucial technical
property of problem (23) is that its optimal can be explicitly
expressed as:

Vi) = @7

NC

N,
PePsllT £ g ) <

E ST e = 2, VIS0, ),
- sopllT fil* + Pco?|1Tg,|* + oop

=

[0076] where S,(p (1), t) is a vector of all random vari-
ables referring to the shadowing, multi-path, and phase
terms of all unique segments traversed for all paths from p ¢
to P 5, which also pass through each cluster representative,
located at p (t). Specifically, V(t) depends on the relay
positions at time slot t. Thus, by optimally positioning the
relays, V(t) can be further maximized. This problem is
explored in the next subsection.
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[0077] It is noted that the optimal beamforming vectors
enjoys an explicit form similar to that used in the free-space
scenario:

1 Viay 28
Wopt (D) =V Pc D Zm, @8
max|2

[0078] where the alignment vector v, , € C»*! is defined

as
Ps17gt1" sy 29
PsaBlIT AP + Pco?|1Tg | + o20p
N .
Vinax = :
Pst7gy 1T £,
PsoBlL7 fy P + P gy | + 020}

[0079] and where 17T | and 117g,1* are the incoming and

outgoing aggregate channels at p,, respectively. In other
words, each cluster representative at p , does not need to
estimate the individual channels from every propagation
path, but rather only the aggregate channel from all propa-
gation paths. In practice, this can be computed by the
selected relay via the exchange of pilots.

[0080] One may also observe that, while the i-th element
of v, can be estimated by the i-th relay only, the vector
norm in (28) involves the source and destination channels of
all cluster representatives who will beamform at the current
time. Therefore, that scalar will have to be computed cen-
trally and then distributed to all clusters. This may be
implemented using module 220-CTPCM of FIG. 2 and a
high-speed, optical fiber based backhaul network that con-
nects all relay clusters, as well as all relays within a cluster,
with each other. For the source and destination which are,
e.g. moving vehicles, no wired connection to the backhaul
exists. The beamforming stage requires O (N,) operations.
[0081] It is noted that during the beamforming step, phase
synchronization is required to take care of local oscillator
phase offsets. Thus, in various embodiments, phase synchro-
nization between relay clusters is performed via the back-
haul network (e.g., via controller 200) or via a master relay
cluster (e.g., cluster C3 of the network 100 of FIG. 1) to
which all other relay clusters synchronize, or by some other
means.

Optimal Relay Selection for 2-Hop Relaying

[0082] At every time slot, each cluster must decide which
is the appropriate relay to be used for beamforming. Typi-
cally, this would first require estimating the respective
channel of every relay in the cluster, and then deciding upon
the strongest one. Clearly, this decision making procedure
not only wastes power and bandwidth during CSI estima-
tion, but also induces extra delay before optimized commu-
nication can take place within each time slot. This delay is
significant, especially if the number of relays per cluster is
large. In this subsection, a new scheme for adaptive relay
selection which completely avoids this overhead is pro-
posed, thus resulting in much better time slot utilization.

[0083] More specifically, the proposed relay selection
scheme is based on transferring the implementation of the
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relay selection procedure from the current time slot, to the
previous time slot. In other words, relay selection would be
implemented predictively by efficiently exploiting the sta-
tistical model of the mmWave channel, before the respective
time slot starts. As a result, at each time slot, optimal
beamforming is implemented by utilizing the cluster repre-
sentatives which were optimally selected during the previ-
ous slot. This immediately results in the complete elimina-
tion of the “waiting delay” discussed above; indeed, if
predictive relay selection is sufficiently accurate, then the
cluster representatives at each time slot can be predeter-
mined, before the slot starts. This means that relay selection
and beamforming can be completely decoupled within each
time slot, and thus can be parallelized; indeed, at each time
slot, optimal beamforming can be implemented simultane-
ously with optimal predictive relay selection affecting the
next time slot. In addition to eliminating the “waiting delay”,
the proposed scheme also enables a substantial reduction of
the CSI estimation overhead required for relay selection, as
well as significant power savings.

[0084] We now describe the proposed relay selection
scheme in detail. As described above, at time slot t, the
interest is in deciding on the best relay representatives from
all clusters to participate in beamforming at time slot t+1,
such that the networkwide SINR, V(t+1), is maximized.
However, at the current time slot t, future CSI needed for
evaluating V(t+1) is not yet available. Nevertheless, a rea-
sonable causal criterion for optimal relay selection is to
maximize a projection of V(t+1) on information available at
time slot t. Following this path, it is proposed to maximize

an WSE predictor of V(t+1) relative to the collection € ()
of all magnitude CSI, or RSS, from the segments of all
propagation paths associated with all previously selected
representatives of cluster r, as well as the positions of the
representatives themselves, up until and including t. Then,
due to the additive structure of (27), each cluster r can
independently solve

maximize E[V,S,(p, 1+ 1)|C,(2)] (30)
)
subjectto peC,(

[0085] where C (*) constitutes the set of candidate relays
within the cluster which can potentially be selected. This set
can either be unconstrained, including any relay within the
cluster, or constrained to only a subset of relays within the
cluster. As can be seen by (30), the approach exploits spatial
and temporal dependencies of channel shadowing, an oth-
erwise negative effect imposed by the communication
medium, in order to actually benefit network QoS by pre-

dicting future, one-step-ahead SINR.
[0086] Next, define the sets §/~U_* s,/
§ 2=U,_ % & £ Then, atevery feasible location p €C (1),
the objective of (30) may be expressed as

and

31
EViS,(p. 1+ 1) | C(0)] = f Vips P8, e (s, 6D

[0087] where, dropping dependence on (p, t+1), V, may
be reexpressed in a more integration-friendly form as
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PcPsF(ZL, ol YG(ZE, ¢f) (32)
PsodF(Zi ol )+

PcoG(ZE, of ) + a0 h

Vit ZE el Z8 ¢f) =

[0088] with F being a function of the sets er:{ztrf,

zdeest) , and @ /={¢,”, @} }, corresponding to the com-
bined shadowing plﬁs multi-path, and phase terms of the
unique segments traversed in all paths between the source
and cluster r, and respectively for G, Z % and ¢,%.

[0089] By a slightly tedious but straightforward proce-
dure, it may be shown that the joint conditional density of all
random variables contained in vector S,(p , t+1) relative to

C (1) can be expressed as (by overloading notation)

Psyparicy (L, o, Z8, ¢f) = (33)

1+1t
A/[[z{,zf,];ﬂ;:“'(p>, D)X UBL; 0, 1)

Tr

U0, Dx [ N s, @ 1 0, 1),
resfUSE

[0090] where U (+; 0,1) denotes the uniform density on
[051], and Where IJ'-c t+1\t(p )’ 21: t+1\t(p )’ IJ'-:H“t and (O.tt+1\t)2
constitute the corrésponding pbsterior statistics, each rela-
tive to local CSI at the corresponding segment, respectively.
This readily follows by mutual independence of the corre-
sponding CSI processes across segments.

[0091] Note that, although phase information at time slot
t+1 is present in (32), the objective (31) is independent of
phase information at past time slots. This is because of the
standard assumption that, for each segment, the phase com-
ponent of the channel is white in time and space, and
mutually independent of the respective phase component of
all other segments. Indeed, one may readily observe that, in
(33), all distributions associated with channel phases are
uniform in [0,1], which is precisely the prior distribution of
all phase components, for all segments taking part in the
communication.

[0092] From the discussion above, it follows that tractably
evaluating (31) is a challenging task. Of course, as expected,
the first step towards evaluation of (31) is the efficient
determination of the aforementioned predictors. This is the
subject of the next two subsections.

Channel Prediction for Cluster-free Segments

[0093] The shadowing component of the channel for a
cluster-free segment T, [, is a Gaussian process evolving in
time, which may also be represented as a stable autoregres-
sion of order 1. Indeed, it may be easily shown that, at every
segment 1€U,_,™(§ /U S ,£), B, can be represented via the
stochastic difference equation:

P =B —D+w(),1=1,..., N, 34
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[0094] where K= e 'Y, B(0)~N (0, v?), with the latter
being independent of w_(t) ti¢ N (0, (1-x*m?), =1, . . .,
N,

[0095] At the same time, across time slots, the shadowing
process f.(t) cannot be measured directly. Instead, it may be
considered as corrupted by unpredictable noise, due to the
presence of the multi-path component & _(t); indeed, at each
time slot t and segment T, the term z (t)=f.(t)+E.(t) is
observed.

[0096] Now, for every segment TEU,_ (S /US %),
define the vector

A

w2 (), L ] € R, @3

[0097] which contains all observable zero-mean CSI mag-
nitudes associated with that segment, up to time t. Then,
exploiting the autoregressive representation of (34), it fol-
lows that the posterior distribution of z (t+1) relative to m_'*
is Gaussian with conditional mean and variance given by

/,c’;’”’ = Kﬁ”r" and (36)

@1 = p (= + 37

[0098] respectively, where, by definition,
B 2 E[Be(0|ml] and G9)
A LE[(B) ~EIB, 0| mE1)? | L) 39
[0099] are the conditional mean and variance of P_(t)

relative to m_'*, respectively. Therefore, determination of
w " and (o, is equivalent to that of B, and pg ",
respectively, for all t=1, . . . , N, Again due to the
autoregressive structure of (34), the latter pair of conditional
estimates may be evaluated recursively via a Kalman filter,
achieving constant computational complexity per time slot.
Specifically, for every t=1, . .., Ny, both " and pj ** may
be evaluated recursively via the updates

ﬁtr\r — Kﬁt;l\t*l + K’(Zr(l‘) —Kﬂ’;wil), (40)

p:,lfr = K’o’é and (4D

ey @
sz'ﬁ;l‘FI + (1 -2 + o'g ’

olo.

[0100] initialized by setting B, =0 and pﬁto‘rr]z, stem-
ming from the statistics of the initial condition $,(0). By
direct comparison of (36) and (37) to the Kalman filter
equations (40), (41) and (42), it is easy to derive an algo-
rithm for the direct recursive evaluation of p*'" and T,**
112)*, comprised, for t=1, . . ., N, by the dynamic equations
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EE = k(L= KO+ kK 2 (0), @9
(U_H»l\t) a +K2K’)U'§ +(1 —KZ)T]Z and 44)
R @3)

K=

- ( 1\171)2 ’

[0101] initialized by setting pT“O:O and (01“0)2rr]2+0;.
[0102] For each cluster-free segment 1=U,_ ™ (8§ /U
S ,®), the corresponding Kalman filter may be implemented
either centrally within each cluster, or in a completely
distributed fashion, where each cluster-free segment is
responsible for tracking its own channel, and then for
distributing its estimate to the associated cluster, responsible
for the actual relay selection. Due to its recursive nature,
each Kalman filter required an order of O (1) operations for
each cluster-free segment.

Channel Prediction for Segments Containing
Clusters

[0103] Next, consider the segment T,, containing cluster r.
Then, if define th e [Ztrfztrg]T and store all CSI measure-
ments of every previously selected representative of cluster
rin

mb = L4 (p, (1), D, o LR (o), 0 e RPX, (46)

[0104] then, for each location p € C (1), the mean vector
and covariance matrix of the Gau551an random vector th #(
p ., t+1) conditioned on mE

EE (p) = @ (p)) (Z o ml e R¥1 @
Z:w( ) =K - (@ (p)) (Z ) *%;’(p)euwa “8)
[0105] respectively, where
[ Aot prednet 49)
Tpednats g2
[0106] and X '“ER***, g, "ER>*2 are sampled for

every time slot untll t from 2, E R 28MP<28NT 4t the positions

that correspond to the dlstance between the candidate loca-
tion p and the respective locations where the incoming and
outgoing channels of segment T, have been experienced so
far. It is noted that unlike before, (47) and (48) cannot be
estimated using a Kalman filter, but rather, using full-blown
Gaussian process regression. The dominant operation of
(47) and (48) is the inversion of the covariance matrix X_**.
The computational complexity of this inversion is of the
order of O(t) operations, and grows with time due to
conditioning on past CSI. Nevertheless, the complexity can
be reduced to O (%), via a classical application of the matrix
inversion lemma.
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Reduced-Complexity Sample Average
Approximation

[0107] Having determined the necessary posterior statis-
tics involved in (33), the next step is evaluate the objective
of (30) or, equivalently, the multi-dimensional integral (31).
However, since a closed-form representation of (31) is
substantially impossible to derive, a near-optimal approach
is used. In particular, the SAA method is relied upon, and
replace (30) by an easily computable surrogate, constructed
via unconditional Monte Carlo sampling.

[0108] To define the proposed surrogate to (30), fix p &€
€.t andt=1, ..., N and consider the change of variables
(again, overloading notation)

ve = (@) g - ), V1 e §TUSE and (50)
= (3 ) ek -, eb

[0109] to the integral of (31). Additionally, also define the
collections V /2 {v "¢, {V _} s }and V $£{v /¢ {
V. 1S } Then (31) may be equivalently represented as

1+1|¢ 52
EIV,(S,(p. 1+ 1) | (0] = f ¥ (p, $)ps(s)ds. 62

where

rl+1\r P ,Vf ¢f ,Vg ¢g (53)
PcPsF 1 (p, VI, o[)G* " (p, VE, ¢f)
Psab Folt(p, VI, ol )+ Pea Gl (p, VE, ¢f) + 020

[0110] with the functions F**'"” and G™*'" being defined as
follows (where if x is a vector, then x|, denotes its i-th entry):

Frp, VY, o) & CY
1]
F(p, (Z: I(p))l/vag +ﬂr+1\r(p)| {V U_r+1\r + ﬂr+1\r} 5{’ SOf)
and
1] 55
G, VE ¢ 2 6{p. (35 () P )] &)

t+ 1t t+1t
oot e, ),

[0111]
density

and where S follows the distribution induced by the

ps(VE, @l VE ¢B) = NOEE 0, ) U@L ;0,1) (56)

u@t 0. )] | Nz 0,1) U0, 1),

resf Us§

[0112] The representation (52) exhibits an important and
rather practically appealing property: The density ps is
completely independent of both p and C (t), and all such
dependence has been transferred to V,**".

[0113] Advantageously, sampling from ps is greatly facili-
tated for the SAA-based scheme, such as described with
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respect to the Joint Beamforming and relay Selection
Scheme of FIG. 4, which is also presented below:

fort=1:Nzdo
Beamforming (2nd stage of time slot t)
Inputs: Channel aggregates 117f,1 and |17, ?
Compute optimal w,,,(t) from (28)
Relay selection (1st stage of time slot t + 1)
for every cluster r do

Inputs: a) RSS {Zf(t)}reé‘f us? until t
b) RSS erf(t) and z, #(t) until t
Generate S from (56)
for each p € C,(t) do
Compute Vip, t + 1) from (57)
end for
Choose p,(t + 1) € Ar8MAXpec.(5) Vy(p, t + 1)
end for
end for

[0114] For each relay cluster r and at every time slot t, the
SAA method works by randomly generating a total of N
scenarios, drawn from the distribution induced by ps.
Clearly, due to the special form of pg, this is straightforward
to implement. Then, each scenario S @, i=1, . .., Ny is used
to evaluate V1", at every possible relay position within the
set of feasible locations, C,(t). Finally, leveraging (52), the
SAA of (31) is formulated by replacing the expectation in its
objective with an empirical mean as

s A L N el o) 57
max;mlze Vilp,t+ 1) = VSZ‘_ZI vV, (p, S )

5

subjectto peC(D

[0115] The above may be solved by enumeration. The
optimal solution of (57) corresponds to the selected relay at
t+1.

[0116] In some embodiments, the same set of scenarios
may be used by all relays, in all clusters, and even at all time
slots. This, of course, keeps the sampling requirements at a
bare minimum, networkwide.

[0117] Inregard to the per cluster computational complex-
ity of the proposed SAA-based scheme, at each time slot t,
the conditional statistics of the term z_"2(e, t+1) relative to
m, " need to be evaluated, for all r=1, . N.. As explained
above, for a single relay of a specific cluster, this requires an
order of O (t?) operations at time slot t, but since this needs
to be done for all relays of the cluster, then end up with an
order of O (dt%) operations. Additionally, for each of the
IS /US 2l segments (not containing a cluster) associated with
cluster r, O(1) complexity is required due to the recursive
form of the Kalman filter. Therefore, the total computational
complexity of the SAA-scheme for cluster r, in time slot t,
is at most of the order of O(3t*+S/US #); in fact, in most
cases, this complexity is often much smaller, since each of
the segments contained in S/US, £ may also be associated
with clusters other than r, as well.

2-Stage Joint Beamforming/Relay Selection

[0118] FIG. 4 depicts a pseudocode representation of a
2-stage joint beamforming and relay selection method or
scheme according to an embodiment. Specifically, at time t,
beamforming towards the destination is performed, which
corresponds to the 2nd stage problem of time slot t. In this
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stage, the RSS and phases of the channel aggregates at every
cluster representative need to be centrally collected, in order
to compute the optimal beamforming weights. Within the
same time slot t, and in parallel to beamforming, the 1st
stage problem of time slot t+1 is solved, i.e., every cluster
individually selects the relay to be used for beamforming in
the subsequent time slot. In this stage, in addition to the CSI
of the cluster representative at p,, the relay selection
process also requires the CSI of the unique segments that
comprise the propagation paths to that cluster. This infor-
mation can be easily acquired via low cost devices, e.g.,
channel sounders, placed on every street segment, and then
sent through the backhaul network to the respective cluster.

[0119] In various embodiments, it is deemed to be suffi-
cient to condition on a window of past time slots rather than
to the entire observed RSS history. Such an approximation
works well even for a relatively small window size, due to
the exponentially decaying structure of the temporal corre-
lation component of the channel model. Moreover, depend-
ing on the mmWave channel coherence time, some embodi-
ments are adapted to follow a two-timescale design, where
the beamforming weights are computed in every time slot
but relay selection would be executed over a longer time
interval (e.g., 2, 3, 4 or more time-slots). That is, in some
embodiments the steps of beamforming and relay selection
are performed during a first time slot and each subsequent
time slot. Whereas in other embodiments, the step of beam-
forming is performed during each time slot, but the step of
relay selection is performed during a first time slot and then
every Nth subsequent time slot, where N is an integer greater
than 0 (e.g., 1, 2, 3, 4, 10, 50 etc.).

Operational Phases of the Time Slot

[0120] This section provides a discussion of relay selec-
tion and beamforming operations. In every time slot of the
ideal scheme, relay selection is always implemented before
optimal beamforming; this is simply due to the fact that
acquisition of the current RSS has to inevitably be per-
formed in the same time slot as beamforming. On the other
hand, in the proposed scheme, relay selection at the current
time slot is implemented predictively during the previous
time slot, by efficiently exploiting past RSS observations. As
a result, the overhead caused by the relay selection process
can be effectively bypassed, and optimal beamforming at the
current time slot may be implemented completely in parallel
with the predictive relay selection affecting the next time
slot.

[0121] Next, looking at the CSI estimation requirement of
each selection scheme into more detail. In the ideal scheme,
the incoming and outgoing channels of every relay for all
clusters are initially estimated. This requires estimating
N, soa=20N,, distinct channels. Channel estimation is initi-
ated by a pilot symbol broadcaster from the source, with
every relay of all clusters measuring their RSS. A similar
procedure is done for estimating the respective channels
towards the destination. On the contrary, the proposed
scheme requires estimating the CSI of only the cluster
representative, as well as the CSI of every associated seg-
ment T€S /US 2, for every cluster r=1, .. . , N

[0122] Therefore, N,,,, 050 ~2N +1U,_, 8 /US 2| chan-
nels have to be estimated, where |*| denotes the cardinality
of a set.
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[0123] In other words, when 8>1+IU,_ 8§ /US £I/2N_,
the proposed scheme will always require less number of
channel estimations.

[0124] FIG. 5 depicts a flow diagram of a method accord-
ing to an embodiment and suitable for use as an execution
method at each of a plurality of relay cluster C, such as
described above with respect to the simplified deployment
example of FIG. 1. Specifically, the method 500 of FIG. 5§
tracks the method 400 discussed above with respect to FIG.
4, as well as the various teachings disclosed herein. In
various embodiments, it is contemplated that the method
500 of FIG. 5 is executed at each cluster operative to forward
a signal such as from the source node S to the destination
node D, as posited above. That is, the method 500 provides
for relay selection at each of a plurality of cooperating nodes
within a millimeter wave network, wherein each node is
configured to forward a received signal toward a destination
node, wherein at least some of the nodes comprise a cluster
of relays configured for beamforming in a link between the
respective node and the destination node. The method may
be implemented at the controller 200 as described above
with respect to FIG. 2.

[0125] At step 510, during an initial portion of a current
first or Nth time slot t (which may occur during each time
slot t, after the occurrence of some number of time slots t,
or periodically) the method estimates Channel State Infor-
mation (C SI) associated with a currently selected relay and
CSI associated with network segments traversed by the
received signal. Each cluster may receive this information
from respective clusters, such as initially provided by one or
proximately located sounders.

[0126] At step 520 (which may occur after or contempo-
raneously with step 530), during the current time slot t, the
method performs/causes beamforming at the currently
selected relay using beamforming weights determined in
accordance with a corresponding contribution to Signal-to-
Interference+Noise Ratio (SINR), given by V(t), at the
destination node.

[0127] At step 530 (which may occur before, after, or
contemporaneously with step 520), during the current time
slot t, the method selects a relay for a next time slot t+1 in
accordance with CSI estimations associated with a maxi-
mized minimum mean square error (MNISE) predictor of a
next time slot V(t+1) at the destination node. In particular,
the method 500 selects the most suitable relay to participate
in beamforming of the subsequent time slot, wherein the
selected relay may comprise the relay that maximizes the
prediction of the average SINR at the destination.

[0128] Specifically, step 530 may be implemented as fol-
lows:
[0129] Atstep 531, using the obtained estimates and/or the

accumulated CSI from some or all previous time slots (step
510), generate from the distribution of equation (56) Ng
samples of vector S.

[0130] At step 532, for each relay of the cluster, (1)
compute the optimal SINR (equation (53)) using the gener-
ated N samples; and then (2) evaluate the empirical mean
of the N values (equation (57)).

[0131] At step 533, choose the relay that yields the largest
value from the evaluation at step 532.

[0132] It is noted that steps 520 and 530 may be performed
in parallel. Generally speaking, for an initial portion of at
least some of the time slots t, the method 500 comprises
estimating N channels. If N<2R, then the various embodi-
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ments require estimating fewer channels than the respective
initial time slot portions of conventional relaying. It is noted
that the decision-making method of a subsequent portion of
the time slots t may be performed using local or centralized
computational resources, such as a local (e.g. proximate one
or several clusters or communications nodes) or remote
(e.g., remote to the various clusters or communications
nodes, such as at a network operations center, network
management system or the like) controller configured in
relevant part as discussed above with respect to FIG. 2,
[0133] Compared to the ideal, the proposed relay selection
scheme is particularly advantageous in dense network
topologies, where, to account for high channel variability,
each cluster needs to include a large number of relays, and
the number of relays per cluster is relatively larger than the
number of segments taking part in the communication.
Actually, a dense network is required even if the shadowing
variance is low, since this implies weaker channel correla-
tion, due to the now dominant multi-path fading. It is then
clear that the proposed scheme requires significantly fewer
channels to be estimated than the ideal scheme, which in
turn leads to reduced channel estimation overhead.

[0134] It is noted that the various embodiments incur a
computational burden associated with the relay selection
process, due to the execution of the method 400 of FIG. 4 or
the method 500 of FIG. 5. However, the parallelization of
relay selection and optimal beamforming in each time slot
not only compensates for that burden, but also naturally
leads to more consistent ergodic performance, as long as the
accuracy of predictive relay selection is adequate.

[0135] It is noted that the various embodiments described
above contemplate the use of a specific mmWave commu-
nication model. However, the various embodiments are
applicable to any other mmWave communication models
where the respective channel model conforms to a seg-
mented structure as defined above. Further, it is noted that
various embodiments may be implemented in a model-free
or model-agnostic manner, such as by using reinforcement
learning and similar methodologies. In these embodiments,
the above-described methods are modified to correspond to
the channel model used, the specific reinforcement learning
methodology used and so on (e.g., steps in the relay pre-
diction phase are modified to correspond to a specific
reinforcement learning algorithm).

[0136] Although various embodiments which incorporate
the teachings of the present invention have been shown and
described in detail herein, those skilled in the art can readily
devise many other varied embodiments that still incorporate
these teachings. Thus, while the foregoing is directed to
various embodiments of the present invention, other and
further embodiments of the invention may be devised with-
out departing from the basic scope thereof.

What is claimed is:

1. A method for relay selection at each of a plurality of
cooperating nodes within a millimeter wave network, each
node configured to forward a received signal toward a
destination node, each node comprising a cluster of relays
configured for beamforming in a link between the node and
the destination node, the method comprising:

during a current time slot t, estimating Channel State
Information (C SI) associated with a currently selected
relay and CSI associated with network segments tra-
versed by the received signal;



US 2021/0399788 Al

during the current time slot t, performing beamforming by
the currently selected relays using beamforming
weights determined in accordance with a correspond-
ing contribution to Signal-to-Interference+Noise Ratio
(SINR), V(t), of a current time at the destination node;
and

during the current time slot t, selecting a relay for a next

time slot t+1 in accordance with CSI estimations asso-
ciated with a maximized minimum mean square error
(MMSE) predictor of a next time slot SINR, V(t+1),
received at the destination node.

2. The method of claim 1, wherein said estimating Chan-
nel State Information (CSI) associated with a currently
selected relay is performed during each time slot t.

3. The method of claim 1, wherein said estimating Chan-
nel State Information (CSI) associated with a currently
selected relay is performed during a first time slot t and
every Nth timeslot t thereafter.

4. The method of claim 1, wherein each cluster of relays
is associated with at least one channel sounding device
configured to estimate channel characteristics proximate the
cluster of relays.

5. The method of claim 1, wherein each node performs
beamforming and relay selection during each of a plurality
of subsequent time slots.

6. The method of claim 1, wherein each node participating
in beamforming performs beamforming during each of a
plurality of subsequent time slots, and wherein each node
performs relay selection every Nth time slot, wherein N is an
integer greater than O.

7. The method of claim 1, wherein the CSI estimation is
performed during a first stage of the current time slot t, and
the beamforming and next relay selection are performed
during a second stage of the current time slot t.

8. The method of claim 1, wherein the millimeter wave
cooperative network comprises a plurality of nodes, each
node comprising a cluster of relays, each relay configured
for beamforming in a link between a respective node and a
destination node.

9. The method of claim 1, wherein the signal to be
forwarded is associated with a source node and a destination
node, and the network segments traversed by the signal
comprise those network segments proximate a signal path
between the source node and the intermediate node.

10. The method of claim 1, wherein the signal to be
forwarded is associated with a source node and a destination
node, and the network segments traversed by the signal
comprise those network segments located on street paths
between the source node and the intermediate node.

11. The method of claim 1, wherein the signal to be
forwarded is associated with a source node and a destination
node, and the network segments traversed by the signal
comprise those network segments located on street paths
between the source node and the destination node.

12. The method of claim 1, wherein the street paths
traversed by the signal are determined using street map data
associated with the millimeter wave network.

13. The method of claim 1, wherein the millimeter wave
network has associated with it a segmented structure channel
model.

14. The method of claim 1, wherein the node comprises
one of a plurality of nodes distributed throughout a network
coverage area including nodes proximate respective channel
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sounders, each channel sounder configured to estimate chan-
nel characteristics and provide thereby CSI.

15. The method of claim 1, wherein the node comprises
one of a plurality of nodes located at respective streets in an
urban area.

16. A communications node for use in a millimeter wave
cooperative network to forward a received signal toward a
destination node, the communications node comprising:

a group of proximately located relays forming thereby a
cluster of relays, wherein during each a current time
slot t a controller performs the steps of:

estimating Channel State Information (CSI) associated
with a currently selected relay and CSI associated with
network segments traversed by the received signal;

performing beamforming at the currently selected relay
using beamforming weights determined in accordance
with a corresponding contribution to expected Signal-
to-Interference+Noise Ratio (SINR) of a current time
slot signal V(t) received at the destination node; and

selecting a relay for a next time slot t+1 in accordance
with CSI estimations associated with a maximized
minimum mean square error (MMSE) predictor of a
next time slot SINR, V(t+1), at the destination node.

17. The communications node of claim 16, wherein the
CSI estimation is performed during a first stage of the
current time slot t, and the beamforming and next relay
selection are performed during a second stage of the current
time slot t.

18. The communications node of claim 16, wherein:

the millimeter wave cooperative network comprises a
plurality of nodes, each node comprising a cluster of
relays, each relay configured for beamforming in a link
between a respective node and a destination node;

the signal to be forwarded is associated with a source node
and a destination node; and

the network segments traversed by the signal comprise
those network segments located on street paths between
the source node and the destination node

19. A computer-implemented method for relay selection
at each of a plurality of cooperating nodes within a milli-
meter wave network, each node configured to forward a
received signal toward a destination node, each node com-
prising a cluster of relays configured for beamforming in a
link between the node and the destination node, the method
comprising:

during a current time slot t, estimating Channel State
Information (CSI) associated with a currently selected
relay and CSI associated with network segments tra-
versed by the received signal;

during the current time slot t, performing beamforming at
the currently selected relay using beamforming weights
determined in accordance with a corresponding contri-
bution to expected Signal-to-Interference+Noise Ratio
(SINR), V(1), of a current time slot signal received at
the destination node; and

during the current time slot t, selecting a relay for a next
time slot t+1 in accordance with CSI estimations asso-
ciated with a maximized minimum mean square error
(MMSE) predictor of a next time slot SINR, V(t+1), at
the destination node.

20. A non-transitory computer readable medium storing
instructions which, when executed by a computing device,
cause the computing device to perform a method of relay
selection at each of a plurality of cooperating nodes within
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a millimeter wave network, each node configured to forward
a received signal toward a destination node, each node
comprising a cluster of relays configured for beamforming
in a link between the node and the destination node, the
method comprising:
during a current time slot t, estimating Channel State
Information (C SI) associated with a currently selected
relay and CSI associated with network segments tra-
versed by the received signal;
during the current time slot t, performing beamforming at
the currently selected relay using beamforming weights
determined in accordance with a corresponding contri-
bution to expected Signal-to-Interference+Noise Ratio
(SINR), V(1), of a current time slot signal received at
the destination node; and
during the current time slot t, selecting a relay for a next
time slot t+1 in accordance with CSI estimations asso-
ciated with a maximized minimum mean square error
(MMSE) predictor of a next time slot SINR, V(t+1), at
the destination node.

#* #* #* #* #*



