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(57) ABSTRACT

5G and especially 6G are susceptible to phase faults due to
rapid phase fluctuations, usually 1n the local oscillator of the
user device. Low-cost IoT applications that 6G 1s intended
to serve may be impractical unless phase noise mitigation
can be applied on each uplink and downlink message.
Accordingly, a single-branch phase-tracking reference 1s
disclosed occupying just a single resource element, 1n which
one quadrature branch i1s transmitted with a predetermined
maximum modulation amplitude, and the other branch has
zero amplitude. The receiver can then quantily the phase
noise (or the phase rotation angle) according to a ratio of the
as-recerved branch amplitudes, and mitigate a concurrent
message by de-rotating each message element by the same
phase angle, thereby restoring high reliability at high fre-
quencies at negligible cost.

401 - Determine a modulation scheme including allowed states in I-Q. space.

402 - Transmit a single-branch reference and a message.

403 - Receiver: measure | and Q amplitudes of single-branch reference as-received.

404 - Calculate phase rotation angle from single-branch amplitude ratio.

405 - Calculate amplitude adjustment from root-sum-square of branch amplitudes.

406 - Receive message, separate | and Q branches, measure amplitudes.

407 - Calculate phase-corrected | and Q amplitudes from rotation angle.

408 - Calculate adjusted | and Q amplitudes from adjustment factor.

409 - Demodulate message element by comparing phase-corrected and amplitude-

adjusted | and Q amplitudes to predetermined amplitude levels.
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FIG. 4

401 - Determine a modulation scheme including allowed states in I-Q space.

402 - Transmit a single-branch reference and a message.

403 - Receiver: measure | and Q amplitudes of single-branch reference as-received.

404 - Calculate phase rotation angle from single-branch amplitude ratio.

405 - Calculate amplitude adjustment from root-sum-square of branch amplitudes.

406 - Receive message, separate | and Q branches, measure amplitudes.

407 - Calculate phase-corrected | and Q amplitudes from rotation angle.

408 - Calculate adjusted | and Q amplitudes from adjustment factor.

409 - Demodulate message element by comparing phase-corrected and amplitude-

adjusted | and Q amplitudes to predetermined amplitude levels.
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FIG. 5

501 - Select amplitude levels

502 - Single-branch reference Q=0 10 - Receive ACK
/503 - Transmit message

TRANSMITTER 1M —

RECEIVER oo mn Mo
509 - Transmit ACK

508 - Demodulate the message
507 - De-rotate each message element

506 - Receive message, determine |,Q amplitudes

505 - Calculate Sum-signal amplitude, phase

504 - Receive Single-branch reference
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SCHEDULING SINGLE-BRANCH
PHASE-TRACKING REFERENCES IN 535G
AND 6G

PRIORITY CLAIMS AND RELATED
APPLICATIONS

[0001] This application 1s a continuation of U.S. patent
application Ser. No. 18/095,089, entitled “Extremely Com-
pact Phase-Tracking 5G/6G Reference Signal”, filed Jan. 10,
2023, which 1s a continuation of U.S. patent application Ser.
No. 17/964,330, entitled “Single-Branch Reference ifor
High-Frequency Phase Tracking in 5G and 6G”, filed Oct.
12, 2022, which claims the benefit of U.S. Provisional Patent
Application Ser. No. 63/403,924, entitled “Phase-Noise
Mitigation at High Frequencies 1n 3G and 6G”, filed Sep. 6,
2022, and U.S. Provisional Patent Application Ser. No.
63/409,888, entitled “Single-Branch Reference for High-
Frequency Phase Tracking in 535G and 6G”, filed Sep. 26,
2022, all of which are hereby incorporated by reference 1n
their entireties.

FIELD OF THE INVENTION

[0002] The disclosure pertains to phase-noise mitigation
in wireless messaging, and particularly to phase-noise miti-
gation at high frequencies.

BACKGROUND OF THE INVENTION

[0003] Wireless communication at very high frequencies,
such as tens to hundreds of GHz, 1s needed for the massively
increased demand 1n bandwidth and throughput expected 1n
5G and 6G. However, phase noise 1s an increasing problem
at higher frequencies, preventing full usage of the bandwidth
for messaging. What 1s needed 1s means for mitigating the
phase noise so that the promise of high-speed messaging at
high frequencies can be at least partially realized.

[0004] This Background is provided to introduce a brief
context for the Summary and Detailed Description that
follow. This Background 1s not itended to be an aid in
determining the scope of the claimed subject matter nor be
viewed as limiting the claimed subject matter to implemen-
tations that solve any or all of the disadvantages or problems
presented above.

SUMMARY OF THE INVENTION

[0005] In a first aspect, there 1s a method for a base station
ol a wireless network to communicate, the method compris-
ing: providing a resource grid comprising resource elements,
cach resource element comprising a symbol-time represent-
ing time and a subcarrier representing frequency; and trans-
mitting, on a predetermined subcarrier, in one or more
symbol-times scheduled for downlink transmissions, a
single-branch phase-tracking reference; wherein the single-
branch phase-tracking reference comprises a resource ele-
ment comprising an I-branch signal and an orthogonal
QQ-branch signal, the I-branch signal comprising a predeter-
mined non-zero amplitude and the Q-branch signal com-
prising zero amplitude as transmitted.

[0006] In another aspect, there 1s a method for a user
device of a wireless network to communicate, the method
comprising: receiving or determining a schedule and a
format, wherein the schedule comprises a particular subcar-
rier and one or more downlink symbol-times, wherein the
format specifies parameters of a single-branch phase-track-
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ing reference, wherein the single-branch phase-tracking
reference comprises a reference I-branch signal and an
orthogonal reference Q-branch signal, wherein the reference
I-branch si1gnal 1s transmitted with a predetermined non-zero
amplitude and the reference Q-branch signal has zero ampli-
tude; recerving, at one of the downlink symbol-times, on the
particular subcarrier, a received single-branch phase-track-
ing reference comprising a received I-branch amplitude and
a recerved Q-branch amplitude; and determining, according
to a ratio of the received (Q-branch amplitude and the
received I-branch amplitude, a phase rotation angle.

[0007] In another aspect, there 1s a method for a user
device of a wireless network to communicate with a base
station, the method comprising: receiving, from the base
station, a downlink message comprising a downlink single-
branch phase-tracking reference; wherein the downlink
single-branch phase-tracking reference comprises an
I-branch signal and an orthogonal Q-branch signal, wherein
the I-branch signal 1s amplitude modulated according to a
maximum branch amplitude of a QAM (quadrature ampli-
tude modulation) modulation scheme, and the Q-branch
signal has zero amplitude, as transmitted by the base station;
determining, according to the downlink single-branch
phase-tracking reference as-receirved, a received I-branch
amplitude and a received QQ-branch amplitude; and deter-
mining, according to a ratio of the received I-branch ampli-
tude and the received Q-branch amplitude, a phase rotation
angle.

[0008] This Summary 1s provided to introduce a selection
of concepts 1n a simplified form. The concepts are further
described 1n the Detailed Description section. Elements or
steps other than those described in this Summary are pos-
sible, and no element or step 1s necessarily required. This
Summary 1s not intended to 1dentify key features or essential
features of the claimed subject matter, nor 1s 1t intended for
use as an aid 1n determining the scope of the claimed subject
matter. The claimed subject matter 1s not limited to 1mple-
mentations that solve any or all disadvantages noted 1n any
part of this disclosure.

[0009] These and other embodiments are described 1n
turther detail with reference to the figures and accompany-
ing detailed description as provided below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1A i1s a schematic showing an exemplary
embodiment of a 16QQAM constellation chart, according to
prior art.

[0011] FIG. 1B 1s a schematic showing an exemplary
embodiment of the eflect of phase noise on a 16QAM
constellation chart, according to prior art.

[0012] FIG. 2A 1s a schematic showing an exemplary
embodiment of a single-branch reference signal as transmiut-
ted, according to some embodiments.

[0013] FIG. 2B 1s a schematic showing an exemplary
embodiment of a single-branch reference signal as received,
according to some embodiments.

[0014] FIG. 3 1s a schematic showing an exemplary
embodiment of a resource grid including messages, accord-
ing to some embodiments.

[0015] FIG. 4 1s a flowchart showing an exemplary
embodiment of a procedure for mitigating phase noise 1n a
message, according to some embodiments.
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[0016] FIG. 5 1s a sequence chart showing an exemplary
embodiment of a procedure for transmitting and receiving a
message with phase-noise mitigation, according to some
embodiments.

[0017] Like reference numerals refer to like elements
throughout.

DETAILED DESCRIPTION
[0018] Systems and methods disclosed herein (the *“sys-

tems” and “methods”, also occasionally termed “embodi-
ments” or “arrangements” or ‘“‘versions” or “examples”,
generally according to present principles) can provide
urgently needed wireless communication protocols for miti-
gating the eflects of phase noise at high frequencies planned
for late 5G and 6G communications. Disclosed herein 1s a
“single-branch reference signal”, usually occupying just a
single resource element, transmitted with orthogonal I and Q)
branches, 1n which the I branch i1s amplitude modulated
according to the one of the predetermined amplitude levels
of the modulation scheme, while the Q branch 1s transmuitted
with zero power, that 1s, an amplitude of zero (among other
versions). Such a single-branch reference signal may pro-
vide both phase tracking and amplitude calibration, accord-
ing to the sum-signal phase and the sum-signal amplitude of
the single-branch reference signal. For example, a receiver
can quantitatively determine the effects of phase noise by
determining a rotation angle according to a ratio of the
as-received Q and I branches. Phase noise generally rotates,
or intermingles, the I and QQ branches, resulting 1n a non-zero
amplitude 1n the reference Q branch as-received, even 1f 1t
1s transmitted with zero amplitude. The receiver can calcu-
late the phase rotation angle according to a ratio of the
received branch amplitudes. The receirver can then negate
phase noise 1n a message by subtracting that angle from each
of the message elements. More specifically, the receiver can
negate phase noise in each message element by calculating,
a sum-signal phase angle of the message element, subtract-
ing the phase angle of the single-branch reference signal
from 1t, calculating the corrected I and Q amplitudes using
that corrected phase angle, and then demodulating the mes-
sage element according to the corrected branch amplitudes,
with the phase noise substantially negated.

[0019] The method 1s resource-eflicient. Using only one
branch of one resource element, the receiver can negate the
phase noise 1n a large number of message elements encoded
in an entire OFDM symbol spanning multiple subcarriers
and, usually, one or two adjacent OFDM symbols as well. In
addition, the receiver can update the amplitude calibration
from the other branch, which 1s generally modulated accord-
ing to the maximum branch amplitude of the modulation
scheme (or the same times v2). The single-branch reference
signals disclosed herein can negate both amplitude and
phase noise, thereby enabling high frequency communica-
tions with high reliability, for minimal overhead cost,
according to some embodiments.

[0020] In one embodiment, the single-branch reference
signal 1s transmitted with the reference I-branch amplitude
equal to the maximum branch amplitude level of the modu-
lation scheme, and the reference QQ branch with zero ampli-
tude. The sum-signal phase 1s 1mitially zero degrees 1n that
case, since the reference Q branch 1s transmitted with zero
amplitude. In another embodiment, the reference QQ-branch
may have the maximum branch amplitude and the reference
I-branch may have zero amplitude, such that the initial
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sum-signal phase 1s 90 degrees. Upon receiving the single-
branch reference signal, the receiver can determine the phase
rotation angle by first calculating a reference phase angle
equal to the arctangent of a ratio of the branch amplitudes,
and then subtracting that angle from a predetermined 1nitial
reference phase angle. The difference 1s the phase rotation
angle. For example, when the Q-branch 1s transmitted with
zero amplitude, the mitial reference phase angle 1s zero, 1n
which case the phase rotation angle 1s equal to the received
phase angle. If the single-branch reference signal 1s config-
ured with the I-branch zero, or some other arrangement of
branch amplitudes, then the receiver 1s expected to know
how 1t 1s configured so the receiver can calculate the phase
rotation angle accordingly.

[0021] In some embodiments, one of the branches may
have a predetermined amplitude while the other branch has
zero amplitude. The predetermined amplitude may be the
maximum branch amplitude of the modulation scheme, or
the maximum sum-signal amplitude of the modulation
scheme (which is V2 times the maximum branch amplitude),
or other predetermined value. The receiver 1s expected to
know the imitial branch amplitude of the single-branch
reference signal.

[0022] In another embodiment, both branches may have
the maximum branch amplitude, 1n which case the sum-
signal phase 1s 45 degrees. It 1s immaterial which branch of
the single-branch reference signal 1s selected for zero ampli-
tude, or whether both branches are powered, or other
branch-amplitude ratio, so long as the receiver knows the
initial sum-signal amplitude and the 1nitial sum-signal phase
of the reference signal, and can thereby determine the effects
ol noise from the received sum-signal amplitude and sum-
signal phase. It 1s generally convenient to transmit one
branch with zero amplitude, because the receiver can then
measure the rotation angle to high precision according to the
received amplitude in the orthogonal component. For best
SNR, a large amplitude may be transmitted in the non-zero
branch, such as the maximum branch amplitude or the
maximum sum-signal amplitude of the modulation scheme,
according to some embodiments.

[0023] In some embodiments, the single-branch reference
signal can be made optional, while 1n other embodiments,
the single-branch reference signals may be automatic or
defaulted or compulsory. In some embodiments, a conven-
tion or format may be specified 1n a system information file,
such as an SSB (synchronization signal block) or an SIBI
(system information block number 1) message. The format
of the single-branch reference signal may include the 1nitial
phase angle of the reference signal (usually zero degrees it
the Q-branch amplitude 1s zero), the mitial amplitude level
(usually the maximum branch amplitude, or the maximum
sum-signal amplitude, of the modulation scheme), among,
other variables and parameters. “Initial” 1n this context
implies “prior to phase noise distortions”.

[0024] In some embodiments, the use and format of
single-branch reference signals may be uniform and auto-
matic, while 1n other embodiments, each user may request a
custom format, or select a default convention individually.
In some embodiments, a system-level convention may
specily the use or format of single-branch reference signals,
such as specilying a particular configuration under certain
conditions, or usage when the frequency 1s above a certain
level. In other embodiments, the use or format of single-
branch reference signals may be assigned by the base
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station, and may optionally be configured in an RAR (radio
resource control) message or a Msg4 (fourth message of the
4-step mitial access procedure) or MsgB (second message of
the 2-step 1itial access procedure), or other unicast down-
link message. In some embodiments, the use or format of the
single-branch reference signals may be requested by a user
device 1n an uplink message such as a Msg3 (third message
of the 4-step mitial access procedure) or MsgA (first mes-
sage ol the 2-step 1n1tial access procedure) or other message.

[0025] In some embodiments, a single-branch reference
signal may be required at the head (initial subcarrier or
symbol-time) of a message by default. The leading single-
branch reference signal may thereby compensate phase
noise 1n message elements which are (temporally) proximate
to the single-branch reference signal. In some embodiments,
a base station may provide single-branch reference signals
periodically during intervals scheduled for downlink, and
optionally 1n unscheduled intervals as well. For example, the
base station can transmit one of the single-branch reference
signals 1n each symbol-time, or one per two symbol-times,
or other interval as specified in system information files or
conventions. In some embodiments, the use of single-branch
reference signals may be different for uplink and downlink
messages, such as being provided by the base station in
downlink but not by the user device in uplink, or vice-versa.
In some embodiments, the use of single-branch reference
signals for phase tracking and phase-noise mitigation may
depend on the frequency, for example requiring single-
branch reference signals at high frequencies, not requiring,
them at low frequencies, and making them optional at
intermediate frequencies. In some embodiments, the use of
single-branch reference signals may be based on the rate of
phase faults 1n messages. For example, the receiver can
require the use of single-branch reference signals when the
rate of phase faults 1s high, and can decline them when phase
faults are below a threshold. In some embodiments, the
single-branch reference signals by be provided to each user
only it needed. For example, a simple user device with a
low-cost semiconductor clock may have more need for
phase-noise mitigation than a high-performance user with an
atomically stabilized time-base. In some embodiments, each
user device that detects phase faults above a certain rate may
request the phase-noise mitigation service when needed to
achieve a required QoS level, or for message reliability at
high frequencies, or to avoid retransmission requests, or to
conserve resources, or for other reason.

[0026] Since the single-branch reference signals generally
occupy only one resource element, and involve transmitted
power 1n only one branch, they impose a negligible resource
cost and power overhead, yet provide both phase-noise
mitigation and amplitude calibration transparently.

[0027] The examples presented below are suitable for
adoption by a wireless standards organization. Standardizing
the single-branch reference signals may thereby provide the
benefits of automatic and transparent phase-noise mitigation
at negligible cost 1n power and resources, and may thereby
benefit billions of future wireless users worldwide, 1n 5G

and 6G and beyond.

[0028] Terms herein generally follow 3GPP (third genera-
tion partnership project) standards, but with clarification
where needed to resolve ambiguities. As used herein, “5G”
represents fifth-generation, and “6G” sixth-generation, wire-
less technology 1n which a network (or cell or LAN Local

Area Network or RAN Radio Access Network or the like)
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may include a base station (or gNB or generation-node-B or
eNB or evolution-node-B or AP Access Point) in signal
communication with a plurality of user devices (or UE or
User Equipment or user nodes or terminals or wireless
transmit-receive units) and operationally connected to a core
network (CN) which handles non-radio tasks, such as
administration, and 1s usually connected to a larger network
such as the Internet. The time-frequency space 1s generally
configured as a “resource grid” including a number of
“resource elements”, each resource element being a specific
unit of time termed a “symbol period” or “symbol-time”,
and a specific frequency and bandwidth termed a “subcar-
rier” (or “subchannel” 1n some references). Symbol periods
may be termed “OFDM symbols™ (Orthogonal Frequency-
Division Multiplexing) 1n references. The time domain may
be divided into ten-millisecond frames, one-millisecond
subirames, and some number of slots, each slot including 14
symbol periods. The number of slots per subirame ranges
from 1 to 8 depending on the “numerology™ selected. The
frequency axis 1s divided mnto “resource blocks” (also
termed “resource element groups” or “REG” or “channels™
in references) including 12 subcarriers, each subcarrier at a
slightly different frequency. The “numerology” of a resource
orid corresponds to the subcarrier spacing 1n the frequency
domain. Subcarrier spacings of 15, 30, 60, 120, and 240 kHz
are defined 1n various numerologies. Each subcarrier can be
independently modulated to convey message information.
Thus a resource element, spanning a single symbol period 1n
time and a single subcarrier in frequency, 1s the smallest unit
of a message. “Classical” amplitude-phase modulation
refers to message elements modulated in both amplitude and
phase, whereas “quadrature” or “PAM” (pulse-amplitude)
modulation refers to two signals, separately amplitude-
modulated, and then multiplexed and transmitted with a
90-degree phase shift between them. The two multiplexed
signals may be called the “I” and “Q” branch signals (for
In-phase and (Quadrature-phase) or “real and imaginary”
among others. Standard modulation schemes 1 5G and 6G
include BPSK (binary phase-shiit keying), QPSK (quad
phase-shift keying), 16QAM (quadrature amplitude modu-
lation with 16 modulation states), 64QAM, 256QQAM and
higher orders. Most of the examples below relate to QPSK
or 16QAM, with straightforward extension to the other
levels of modulation. QPSK 1s phase modulated but not
amplitude modulated. 16QAM may be modulated according
to PAM which exhibits two phase levels at zero and 90
degrees (or 1n practice, for carrier suppression, =45 degrees)
and four amplitude levels including two positive and two
negative amplitude levels, thus forming 16 distinct modu-
lation states. For comparison, classical amplitude-phase
modulation 1 16QAM includes four positive amplitude
levels and four phases of the raw signal, which are multi-
plexed to produce the 16 states of the modulation scheme.
“SNR” (signal-to-noise ratio) and “SINR” (signal-to-inter-
ference-and-noise ratio) are used interchangeably unless
specifically indicated. “RRC” (radio resource control) 1s a
control-type message from a base station to a user device.
“Digitization” refers to repeatedly measuring a waveform
using, for example, a fast ADC (analog-to-digital converter)
or the like. An “RF mixer” 1s a device for multiplying an
incoming signal with a local oscillator signal, thereby select-
ing one component of the incoming signal.

[0029] In addition to the 3GPP terms, the following terms
are defined herein. Although in references a modulated
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resource element of a message may be referred to as a
“symbol”, this may be confused with the same term for a
time interval (“symbol-time”), among other things. There-
fore, each modulated resource element of a message 1is
referred to as a “modulated message resource element”, or
more simply as a “message element™, in examples below. A
“demodulation reference” 1s a set of Nref modulated “ret-
erence resource elements” or “reference elements” modu-
lated according to the modulation scheme of the message
and configured to exhibit levels of the modulation scheme
(as opposed to conveying data). Thus integer Nref 15 the
number of reference resource elements 1n the demodulation
reference. A “calibration set” 1s one or more amplitude
values (and optionally phase values), which have been
determined according to a demodulation reference, repre-
senting the predetermined modulation levels of a modulation
scheme. A “short-form” demodulation reference 1s a
demodulation reference that exhibits the maximum and
mimmum amplitude levels of the modulation scheme, from
which the receiver can determine any intermediate levels by
interpolation. “RF” or radio-frequency refers to electromag-
netic waves in the MHz (megahertz) or GHz (gigahertz)
frequency ranges. The “raw” signal 1s the as-received wave-
form before separation of the quadrature branch signals.
“Phase noise” 1s random noise or time jitter that alters the
phase of a recerved signal, usually without significantly
allecting the overall amplitude. “Phase-noise tolerance” 1s a
measure of how much phase alteration can be imposed on an
allowed state without causing a demodulation fault. A
“faulted” message has at least one incorrectly demodulated
message element. A “phase fault” 1s a message element
demodulated as a state differing 1n phase from the intended
modulation state, whereas an “amplitude fault” 1s a message
clement demodulated as a state differing 1n amplitude from
the intended modulation state.

[0030] Referring to quadrature or PAM modulation, an
“I-QQ”” space 1s an abstract two-dimensional space defined by
an I-branch amplitude and an orthogonal Q-branch ampli-
tude, 1n which each transmitted message element occupies
one of several predetermined I-Q states of a modulation
scheme. When the orthogonal branches are called “real” and
“mmaginary”’, the I-Q space 1s sometimes called the “com-
plex plane”.

[0031] The recerver may process the received signals by
determining a “sum-signal”, which 1s the vector sum of the
I and Q branch signals. A vector sum 1s a sum of two vectors,
in this case representing the amplitudes and phases of the
two orthogonal branches 1n I-Q space. The sum-signal has a
“sum-signal amplitude”, equal to the square root of the sum
of the I and Q branch amplitudes squared (the *“root-sum-
square” of I and QQ), and a “sum-signal phase”, equal to the
arctangent of the ratio of the I and Q signal amplitudes (plus
an optional base phase, which 1s 1gnored herein). When a
message element 1s received at a receiver, the recerved I and
QQ amplitudes may be substantially diflerent from the trans-
mitted values due to phase noise, which generally inter-
mingles the two branches. Phase noise tends to change the
ratio of I and Q amplitudes, but does not tend to change the
overall amplitude of the message element (absent amplifier
nonlinearities, which are ignored herein). Therefore, the
receiver can correctly demodulate the message by determin-
ing a phase rotation angle according to a single-branch
reference signal, and then de-rotating the sum-signal phase
ol each message element to negate phase noise.
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[0032] Turning now to the figures, a prior-art modulation
scheme 1s susceptible to phase noise at high frequencies.

[0033] FIG. 1A 1s a schematic showing an exemplary
embodiment of a 16QQAM constellation chart, according to
prior art. As depicted in this prior-art example, a modulation
scheme 101 includes 16 allowed modulation states 102, each
allowed state determined by an I-branch signal and a
Q-branch signal orthogonal to the I-branch signal (for
example, the Q-branch phase-modulated at 90 degrees rela-
tive to the I-branch). The horizontal axis shows the ampli-
tude modulation of the I-branch signal, and the vertical axis
shows the amplitude modulation of the Q-branch signal,
cach branch being amplitude-modulated at one of certain
predetermined amplitude levels of the modulation scheme.
In this case, the predetermined amplitude levels are -3, -1,
+1, and +3 arbitrary units. The various amplitude levels are
equally separated and symmetrical around zero. The central
cross-shape represents zero amplitude. Negative amplitude
levels are equivalent to a 180-degree phase change. There
are 16 states, as expected for 16QAM. Arecelver can receive
a message element modulated according to this modulation
scheme, and can extract the I and Q branches separately by
analog or digital signal-processing means. The receiver can
then measure the amplitudes of those two branches, compare
the measured amplitude values to a predetermined set of
amplitude levels, select the closest match to each branch
amplitude, and thereby determine the modulation state of the
message element. 16QAM encodes 4 bits per message
clement.

[0034] FIG. 1B i1s a schematic showing an exemplary
embodiment of the effect of phase noise on a 16QAM
constellation chart, according to prior art. As depicted 1n this
prior-art example, the modulation states 112 of a 16QAM
constellation chart 111 can be distorted (“smeared out”) by
phase noise in a characteristic way as indicated by phase
distortion clouds 118. The depicted distortions would be
caused by moderate phase noise at moderate frequencies; at
high frequencies 1t 1s much worse. If the same modulation
scheme were attempted at the much higher frequencies
planned for future wireless operation, the phase noise would
be much larger than depicted, and the phase-noise clouds
would substantially overlap, resulting in frequent message
faults. Hence the need for strategies to enable communica-
tion despite strong phase distortions.

[0035] FIG. 2A 1s a schematic showing an exemplary
embodiment of a single-branch reference signal as transmiut-
ted, according to some embodiments. As depicted 1n this
non-limiting example, a constellation chart 201 for 16QAM
1s shown with various modulation states as circles 203
indicating the I and (Q branch amplitudes of each state 203.
Also shown 1s a single dot indicating a single-branch refer-
ence signal 202, as transmitted by a transmitter, without
phase noise. In this case, the I-branch of the single-branch
reference signal 202 1s amplitude modulated according to
the maximum branch amplitude level 204 of the modulation
scheme, while the Q-branch has zero amplitude. Thus the
single-branch reference signal 202 has an 1nitial sum-signal
amplitude 204 equal to the maximum branch amplitude of
the modulation scheme, and an iitial sum-signal phase of
zero degrees. The single-branch reference signal 202 is
distinct from all of the 16QQAM allowed states 203, since the
allowed states generally do not have a zero-amplitude
branch, do not have a sum-signal amplitude equal to one of
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the branch amplitude levels of the modulation scheme, and
do not have a sum-signal phase of zero degrees.

[0036] In other embodiments, the single-branch reference
signal may be transmitted with zero amplitude in the
I-branch and a non-zero amplitude in the Q-branch instead
of the depicted version. Alternatively, the single-branch
reference signal may be transmitted with equal amplitudes in
both branches with 45 degree imitial phase, or some other
phase upon transmission, so long as the receiver knows the
initial amplitude and phase. The receiver, upon measuring
the I and Q branches as-received, can calculate the phase
rotation angle due to phase noise according to the received
I and QQ branch amplitudes. The receiver can then receive a
message and correct each message element by de-rotating by
the phase rotation angle, and then demodulate according to
the corrected branch amplitudes of the message element.

[0037] In some embodiments, the receiver may determine
the sum-signal amplitude and sum-signal phase of a single-
branch reference signal, by measuring properties of the
as-recerved wavelorm directly, instead of separating the 1
and Q branches. For example, the receiver can calculate a
phase rotation angle by comparing the received phase to the
transmitted phase of the single-branch reference signal. The
receiver can then subtract the phase rotation angle from each
of the message elements, then separate the corrected I and ()
branches of the message elements, and thereby demodulate
the message with phase noise negated.

[0038] FIG. 2B 1s a schematic showing an exemplary
embodiment of a single-branch reference signal as received,
according to some embodiments. As depicted i1n this non-
limiting example, a constellation chart 211, such as that of
the previous figure, includes 16QAM modulation states 213.
Also shown 1s a single-branch reference signal 212 as-
received, including phase noise that rotates the phase
through a phase rotation angle 217 relative to the nitial
phase, which 1s zero degrees since (Q 1s mtially zero
amplitude. T

The as-received I-branch amplitude 214 1s
smaller than the transmitted I-branch amplitude 204 due to
the rotation, and the Q-branch amplitude 215 has been
increased due to the rotation. For comparison, the iitial
transmitted modulation 1s shown as an “X” 216. The phase
noise causes a phase rotation by the phase rotation angle
217, but the sum-signal amplitude 218 as-received 1s the
same as the sum-signal amplitude 204 as-transmitted.

[0039] The receiver can measure the amplitudes of the
as-recerved 1 and Q branches, calculate the phase rotation
angle (as the arctan(()/1)), and then use that angle to negate
the phase noise 1mn message elements. Each single-branch
reference signal can correct the phase 1n message elements
transmitted 1n the same symbol-time, and optionally in
adjacent or other closely proximate symbol-times, depend-
ing on the frequency spectrum of the phase noise. In a first
embodiment, the receiver can determine the phase rotation
angle, then receive and process the message elements by
separating their I and Q branch signals, measuring the I and
Q branch amplitudes of each message element, correcting
the message branch amplitudes according to the phase
rotation angle, and then demodulating the message by com-
paring the corrected branch amplitudes to the predetermined
amplitude levels of the modulation scheme. For example,
the receiver can calculate the sum-signal amplitude and
sum-signal phase of each message element from the
received I and Q branch amplitudes, then subtract the phase
rotation angle from the sum-signal phase, and then calculate
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the corrected I and Q amplitudes according to the corrected
sum-signal phase. The sum-signal amplitude 1s generally
unchanged by phase noise.

[0040] In a second embodiment, the receiver can deter-
mine the phase rotation angle as described, and can then
adjust the local time-base oflset or phase zero to negate the
phase rotation angle. Alternatively, and equivalently, the
receiver can adjust a time oflset equal to the phase rotation
angle divided by 2mxf, where 115 the frequency. In either case,
the recerver can then separate the I and Q branches using that
adjusted time-base, with the phase noise negated.

[0041] In a third embodiment, the receiver can determine
the phase rotation angle, and then adjust the branch-sepa-
ration phases of the I and QQ branches before processing the
message clements. (The branch-separation phase 1s the
phase at which the receiver determines the I and QQ branch
amplitudes.) The branch-separation phase i1s normally zero
for the I-branch and 90 degrees for the Q-branch (or £45
degrees 11 carrier suppression 1s enforced). To negate phase
noise, the recerver can instead use a branch-separation phase
of -0 for the I-branch, and 90-0 for the Q-branch (with ©
representing the phase rotation angle). The receiver can then
separate and processes the two branches at those revised
phases, with phase noise largely negated.

[0042] After determining the de-rotated I and Q branch
amplitudes by any of these methods, or other signal pro-
cessing methods that artisans may devise after reading this
disclosure, the receiver can then demodulate the message
clement by comparing the corrected I and Q amplitudes to
the predetermined amplitude levels of the modulation
scheme, with the eflects of phase noise largely removed.

[0043] FIG. 3 1s a schematic showing an exemplary
embodiment of a resource grid including messages, accord-
ing to some embodiments. As depicted 1in this non-limiting
example, a resource grid 301 1s defined by symbol-times 302
and subcarriers 303. A first message “M” 304 1s frequency-
spanning (occupying multiple subcarriers at a single sym-
bol-time) and 1s headed by a single-branch reference signal
305 configured to provide phase and amplitude modulation
information for demodulating the rest of the message 304. In
this case, the single-branch reference signal 305 is a single
resource element orniginally transmitted with an I-branch
amplitude according to the maximum branch amplitude
level of the modulation scheme, and a Q-branch transmaitted
with zero amplitude. The receiver can measure the as-
received I and Q) signals, measure theiwr amplitudes, and
calculate the sum-signal phase according to a ratio of the
and I amplitudes. The sum-signal phase 1s non-zero 1n this
case, due to phase noise. Since the initial phase was zero, the
received sum-signal phase equals the phase rotation angle.
The receiver can also calculate the sum-signal amplitude as
the root-sum-square (square root of the sum of the squares)
of the as-recetved I and Q amplitudes. The receiver can use
the sum-signal amplitude of the single-branch reference
signal to update the predetermined amplitude levels of the
modulation scheme, and thereby mitigate amplitude noise.
For example, the receiver can determine a “correction ratio”,
which 1s equal to the sum-signal amplitude of the single-
branch reference signal divided by the mnitial amplitude of
the I-branch. Normally the powered branch of the single-
branch reference signal 1s set to the largest branch amplitude
of the modulation scheme or the largest sum-signal ampli-
tude (or other known amplitude of the modulation scheme).
The recerver can then multiply all of the predetermined
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amplitude levels of the modulation scheme by the correction
rat10, and thereby mitigate the current amplitude noise.

[0044] The receiver can mitigate phase noise by subtract-
ing the phase rotation angle from each of the message
clements, and can mitigate amplitude noise by adjusting the
predetermined amplitude levels of the modulation scheme
according to the calculated sum-signal amplitude of the
single-branch reference signal. The figure shows the single-
branch reference signal 305 in the same symbol-time as the
message 304. However, 1n many cases, the message may be
in an adjacent symbol-time to the reference signal, or spaced
apart from the reference signal by two or three or more
symbol-times, depending on how rapidly the phase noise
changes over time. In general, the receiver can mitigate both
amplitude noise and phase noise 1 multiple messages at
multiple symbol-times, using the amplitude and phase 1nfor-
mation provided 1n the single-branch reference signal 303,
with an overhead burden of just one resource element.

[0045] Also shown 1s a time-spanning message 307, that
1s, a message occupying multiple symbol-times at a single
subcarrier. The message 307 includes a single-branch refer-
ence signal 308 in which the I-branch equals the maximum
branch amplitude of the modulations scheme and the
(Q-branch has zero amplitude. As mentioned, the receiver
can recalibrate the predetermined amplitude levels of the
modulation scheme by determining the sum-signal ampli-
tude of the reference 308, and can negate phase noise by
calculating a sum-signal phase of the reference 308 as-
received. The message includes message elements “M™ in
which both I and Q branches are amplitude-modulated
according to the message content, and at least one single-
branch reference signal “I/Z” 309 1n which the I branch 1s
amplitude-modulated according to the message content, but
the Q-branch 1s modulated as zero amplitude, upon trans-
mission. Thus the “I/Z” reference 309 can provide phase
noise mitigation according to the Q-branch, and can also
provide further message content which 1s encoded in the
non-zero branch (such as the I-branch), as-transmitted. The
receiver can then negate phase noise according to the
sum-signal phase, and can demodulate part of the message
according to the sum-signal amplitude. For example, 1t the
modulation scheme has 4 predetermined amplitude levels
(such as 16QAM), the sum-signal amplitude can convey 2
bits ol message information, while the sum-signal phase can
provide phase-noise mitigation.

[0046] In the depicted case, the message 307 includes one
single-branch reference signals for every two message ele-
ments. The receiver can update the phase rotation angle
according to the ratio of recerved Q and I branches in those
references 309, and can demodulate message bits according,
to the sum-signal amplitude (which 1s a measure of the
originally transmitted I-branch amplitude). Thus the
depicted message 307 provides a phase noise correction
periodically at multiple symbol-times throughout the mes-
sage 307. In the depicted case, the overhead burden 1s one
branch for each two message elements, while three branches
carry message data for each two message elements (except
for the first one 308, which instead indicates the maximum
amplitude level for calibration).

[0047] Also shown 1s a series of phase-tracking single-
branch reference signals 306 “P1” placed periodically in the
resource grid 301 on one subcarrier, which 1n this case 1s the
first subcarrier, but could be any one of the subcarriers 1n the
block. For example, the base station can transmit such a
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phase-tracking single-branch reference signal 306 during
cach resource grid portion that has been scheduled for
downlink, and optionally for each portion that 1s unsched-
uled, to provide near-continuous phase noise updating. Each
ol the phase-tracking single-branch reference signals 306 1s
transmitted with an I branch modulated at a standard ampli-
tude, and a Q-branch modulated at zero amplitude. As-
received, the phase-tracking single-branch reference signals
306 are generally phase-rotated due to phase noise, causing
some of the I-branch amplitude to rotate into the QQ-branch.
The recerver can measure the I and Q amplitudes of each of
the phase-tracking single-branch reference signals 306, and
thereby calculate an updated rotation angle, at multiple
symbol-times in the grnid. Receivers can then demodulate
their messages elsewhere 1n the grid, mstead of including
user-specific phase tracking elements 1 the messages.
Hence the individual messages can use the phase-noise
mitigation provided by the phase-tracking single-branch
reference signals 306 to correct the phase noise before
demodulating their message elements. For example, a base
station may 1insert such phase-tracking single-branch refer-
ence signals periodically in the downlink channels, thereby
enabling each user to mitigate phase noise 1n its received
messages.

[0048] In some embodiments, the receiver (such as a user
device) can prompt the transmitter (such as a base station) to
include single-branch reference signals for phase-tracking
periodically 1n the resource grid, when the receiver deter-
mines that the rate of phase faults 1s above a threshold.
Likewise, the receiver can include a single-branch reference
signal, such as 309, periodically within an uplink message,
while continuing to encode message bits 1n the non-zero
branch of each single-branch reference signal within the
message, as mentioned.

[0049] The phase-tracking single-branch reference signals
306 are shown repeated every fourth symbol-time in this
case. Depending on properties of the phase noise (such as
the size of the phase rotation angle on average, or the time
over which the phase rotation angle typically changes), the
phase-tracking single-branch reference signals 306 may be
placed closer together, such as 2 or 3 symbol-times apart, or
farther apart such as 1 or 2 reference signals per subirame.
In extreme phase noise cases, the phase-tracking single-
branch reference signals 306 may be included in each
downlink symbol-time.

[0050] The figure shows a variety of configurations for
implementing the single-branch reference signals for phase-
noise mitigation. In some embodiments, mitigation proce-
dures may be standardized and compulsory, such as applying
a single-branch reference signal at the start of each message
or periodically within time-spanning messages, and on
downlink, 1n certain symbol-times of each subiframe for
example. In other embodiments, the single-branch reference
signals may be applied only when desired for enhanced
message reliability, such as at high frequencies or when the
user device has a noisy clock for example. Options and
choices, as well as conventions and formats, may be pro-
vided 1n system information files, such as the synchroniza-
tion files and 1mitial access messages that all user devices
receive upon registering with a base station. Alternatively, if
the use of such mitigation 1s to be voluntary, a user device
may request same upon joining a network.

[0051] FIG. 4 1s a flowchart showing an exemplary
embodiment of a procedure for mitigating phase noise 1n a
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message, according to some embodiments. As depicted in
this non-limiting example, at 401 a transmitter and a receiver
determine or receive or otherwise learn of a modulation
scheme that includes integer Nstates allowed modulation
states 1 an I-Q space, such as 16QAM, and a plurality of
predetermined amplitude levels, such as -3, -1, +1, +3 of
16QAM. At 402, the transmitter modulates a message
according to the modulation scheme, and transmits a single-
branch reference signal followed (in time or in frequency)
by the message. The single-branch reference signal 1s trans-
mitted with a known sum-signal phase. In this example, the
transmitted Q branch amplitude 1s zero, so the transmitted
sum-signal phase 1s also zero. The single-branch reference
signal 1s transmitted with a known sum-signal amplitude. In
this example, the transmitted I branch amplitude equals the
maximum branch amplitude level (+3 umts) of the modu-
lation scheme, and the Q amplitude 1s zero, so the transmit-
ted sum-signal amplitude equals the maximum branch
amplitude level.

[0052] At 403, the receiver receives the single-branch
reference signal and measures the received reference I and
Q branch amplitudes therein. Generally, due to phase noise,
the received reference 1 and QQ branch amplitudes are dii-
ferent from those transmitted. At 404, the receiver calculates
a phase rotation angle based on the received reference I and
Q branch amplitudes. For example, the receiver can calcu-
late the arctangent of the received reference Q amplitude
divided by the received reference 1 amplitude. In this
example, the transmitted sum-signal phase 1s zero degrees;
hence the phase rotation angle 1s directly equal to the
received reference sum-signal phase. In other embodiments,
the single-branch reference signal may be transmitted with
a diflerent sum-signal phase, such as 90 degrees. In each
case, the transmitted phase 1s known to the recerver, so the
receiver can readily determine the phase rotation angle from
the received reference sum-signal phase.

[0053] At 405, the recerver calculates a received reference
sum-signal amplitude (sometimes called a waveform mag-
nitude) from the received reference branch amplitudes, such
as the root-sum-square of the received reference I and
amplitudes. The receiver then calculates an amplitude
adjustment by comparing the received reference sum-signal
amplitude to the transmitted reference sum-signal ampli-
tude. In this case the transmitted reference sum-signal ampli-
tude 1s the transmaitted I branch amplitude, which equals the
maximum branch amplitude of the modulation scheme, or
+3 units for 16QAM. The recerver 1s expected to know the
transmitted reference sum-signal amplitude and phase, or
equivalently, the transmitted I and QQ branch amplitudes.

[0054] The receiver can then calculate an amplitude
adjustment factor as a difference or as a ratio, depending on
the implementation. For mitigating additive noise, the
amplitude adjustment factor equals the received reference
sum-signal amplitude minus the transmitted reference sum-
signal amplitude, since the received version includes addi-
tive amplitude noise. Hence, the receiver can mitigate addi-
tive amplitude noise by subtracting the amplitude
adjustment factor from the message elements, as discussed
below. In other implementations, the amplitude adjustment
factor may be calculated as a ratio of the transmitted and
received reference sum-signal amplitudes, 1n which case the
receiver can mitigate complex amplitude noise by multiply-
ing or dividing the message amplitudes by that factor. In this
example, additive noise 1s assumed.
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[0055] At 406, the receiver receives a message element,
separates the received message 1 and (Q branches, and
measures the received message I and Q amplitudes. At 407,
the receiver determines a received message sum-signal
phase according to a ratio of the received message Q
amplitude divided by the received message I amplitude. The
receiver then subtracts the phase rotation angle from the
received message sum-signal phase, thereby determining a
corrected message sum-signal phase.

[0056] At 408, the receiver determined a received message
sum-signal amplitude such as the root-sum-square of the
received message 1 and QQ amplitudes. The recerver than
subtracts the amplitude adjustment factor from the message
sum-signal amplitude, thereby determiming a phase-cor-
rected and amplitude-adjusted message sum-signal ampli-
tude and phase. The recerver then calculates mitigated I and
Q amplitudes from the corrected adjusted sum-signal ampli-
tude and phase. For example, the receiver can calculate the
final 1 branch amplitude as the amplitude-adjusted sum-
signal amplitude times the cosine of the phase-corrected
sum-signal phase, and the final Q branch amplitude as the
amplitude-adjusted sum-signal amplitude times the sine of
the phase-corrected sum-signal phase.

[0057] At 409, the receiver demodulates the message
clement by comparing the phase-corrected, amplitude-ad-
justed final message I and Q amplitudes to the predeter-
mined amplitude levels of the modulation scheme, selecting,
the closest match 1n each case.

[0058] In an alternative embodiment, the receiver may
amplitude-adjust the set of predetermined amplitude levels
instead of the message sum-signal amplitude, thereby caus-
ing the calibration set to vary and track the varying noise
environment 1n real-time. In other embodiments, the
receiver can phase-correct the assumed transmitted sum-
signal phase 1nstead of the message sum-signal phase. It 1s
immaterial whether the phase and amplitude corrections are
applied to the transmitted or received or predetermined
values, so long as 1t 1s done consistently.

[0059] Insummary, the recerver has used 1ts knowledge of
the transmitted reference branch amplitudes to calculate a
phase rotation angle and an amplitude adjustment factor, and
has thereby mitigated both the phase noise and the amplitude
noise 1n the demodulated the message element.

[0060] FIG. 5 1s a sequence chart showing an exemplary
embodiment of a procedure for transmitting and receiving a
message with phase-noise mitigation, according to some
embodiments. As depicted 1n this non-limiting example,
actions of a transmitter are shown on the first line, of a
recetver on the second line, and time 1s horizontal with
arrows showing causation. At 501, a transmitter determines
a modulation scheme with predetermined amplitude levels
and quadrature modulation of orthogonal branch signals. At
502, the transmitter transmits a single-branch reference
signal consisting of one resource element with an I-branch
having the maximum branch amplitude level of the modu-
lation scheme, and the Q-branch having zero amplitude. At
503, the transmitter then transmits the rest of the message
clements.

[0061] At 504, the receiver receives the single-branch
reference signal and at 505 determines a sum-signal ampli-
tude and a sum-signal phase according to the I and Q branch
amplitudes as-received. The receiver recalibrates a set of
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predetermined branch amplitude levels of the modulation
scheme according to the sum-signal amplitude of the single-
branch reference signal.

[0062] At 506, the receiver receives the message and
determines the I and Q amplitudes, including phase noise
and amplitude noise, of each message element. At 507, the
receiver corrects the branch amplitudes of each message
clement, by de-rotating them opposite to the phase rotation
angle, as determined from the single-branch reference sig-
nal. At 508, the receiver demodulates the corrected branch
amplitudes by comparing the phase-corrected branch ampli-
tudes to the recalibrated amplitude levels of the modulation
scheme. At 509, the recerver transmits an acknowledgement
which the transmitter recerves at 510.

[0063] Thus the message has been transmitted with both
amplitude and phase corruption, but by using the single-
branch reference signal to mitigate each branch of each
message element, the recerver has mitigated both the ampli-
tude and phase noise, and thereby demodulated the message
to recover 1ts original content.

[0064] The de-rotation of the message element may be
performed 1n a variety of ways, depending on implementa-
tion. In one embodiment, the receiver can calculate the
sum-signal amplitude and sum-signal phase of a message
clement, subtract the phase rotation angle from the sum-
signal phase to get a corrected sum-signal phase of the
message element, and then reconstruct the branches trigo-
nometrically. More specifically, the receiver can calculate
the corrected I-branch amplitude of the message element as
the sum-signal amplitude times the cosine of the corrected
sum-signal phase, and can calculate the corrected Q-branch
amplitude as the sum-signal amplitude times the sine of the
corrected sum-signal phase. Artisans may devise other,
equivalent, calculation procedures for determining the mes-
sage eclement branch amplitudes with the phase noise
removed.

[0065] Due to the many options and variations disclosed
herein, and other versions derived therefrom by artisans after
reading this disclosure, 1t would be helpful for a wireless
standards committee to establish conventions governing the
use, mcidence, and formats of single-branch reference sig-
nals, so that future wireless users can enjoy phase-noise
mitigation transparently with each communication.

[0066] The wireless embodiments of this disclosure may
be aptly suited for cloud backup protection, according to
some embodiments. Furthermore, the cloud backup can be
provided cyber-security, such as blockchain, to lock or
protect data, thereby preventing malevolent actors from
making changes. The cyber-security may thereby avoid
changes that, 1n some applications, could result 1n hazards
including lethal hazards, such as in applications related to

traflic safety, electric grid management, law enforcement, or
national security.

[0067] In some embodiments, non-transitory computer-
readable media may include instructions that, when
executed by a computing environment, cause a method to be
performed, the method according to the principles disclosed
heremn. In some embodiments, the instructions (such as
soltware or firmware) may be upgradable or updatable, to
provide additional capabilities and/or to {ix errors and/or to
remove security vulnerabilities, among many other reasons
for updating software. In some embodiments, the updates
may be provided monthly, quarterly, annually, every 2 or 3
or 4 years, or upon other interval, or at the convemence of
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the owner, for example. In some embodiments, the updates
(especially updates providing added capabilities) may be
provided on a fee basis. The intent of the updates may be to
cause the updated software to perform better than previ-
ously, and to thereby provide additional user satistaction.

[0068] The systems and methods may be fully imple-
mented 1 any number of computing devices. Typically,
instructions are laid out on computer readable media, gen-
erally non-transitory, and these instructions are suflicient to
allow a processor 1n the computing device to implement the
method of the invention. The computer readable medium
may be a hard drive or solid state storage having instructions
that, when run, or sooner, are loaded into random access
memory. Inputs to the application, e.g., from the plurality of
users or ifrom any one user, may be by any number of
appropriate computer input devices. For example, users may
employ vehicular controls, as well as a keyboard, mouse,
touchscreen, joystick, trackpad, other pointing device, or
any other such computer input device to mput data relevant
to the calculations. Data may also be input by way of one or
more sensors on the robot, an inserted memory chip, hard
drive, flash drives, flash memory, optical media, magnetic
media, or any other type of file —storing medium. The
outputs may be delivered to a user by way of signals
transmitted to robot steering and throttle controls, a video
graphics card or integrated graphics chipset coupled to a
display that maybe seen by a user. Given this teaching, any
number of other tangible outputs will also be understood to
be contemplated by the invention. For example, outputs may
be stored on a memory chip, hard drive, flash drives, flash
memory, optical media, magnetic media, or any other type
of output. It should also be noted that the invention may be
implemented on any number of different types of computing
devices, e.g., embedded systems and processors, personal
computers, laptop computers, notebook computers, net book
computers, handheld computers, personal digital assistants,
mobile phones, smart phones, tablet computers, and also on
devices specifically designed for these purpose. In one
implementation, a user of a smart phone or Wi-Fi-connected
device downloads a copy of the application to their device
from a server using a wireless Internet connection. An
appropriate authentication procedure and secure transaction
process may provide for payment to be made to the seller.
The application may download over the mobile connection,
or over the Wi-F1 or other wireless network connection. The
application may then be run by the user. Such a networked
system may provide a suitable computing environment for
an 1mplementation i which a plurality of users provide
separate mnputs to the system and method.

[0069] It 1s to be understood that the foregoing description
1s not a definition of the invention but 1s a description of one
or more preferred exemplary embodiments of the invention.
The mvention 1s not limited to the particular embodiments(s)
disclosed herein, but rather 1s defined solely by the claims
below. Furthermore, the statements contained in the forego-
ing description relate to particular embodiments and are not
to be construed as limitations on the scope of the invention
or on the definition of terms used 1n the claims, except where
a term or phrase 1s expressly defined above. Various other
embodiments and various changes and modifications to the
disclosed embodiment(s) will become apparent to those
skilled 1n the art. For example, the specific combination and
order of steps 1s just one possibility, as the present method
may include a combination of steps that has fewer, greater,
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or different steps than that shown here. All such other
embodiments, changes, and modifications are intended to
come within the scope of the appended claims.

[0070] As used in this specification and claims, the terms

b= B Y 4 el S Y 4

“for example”, “e.g.”, “for mstance”, “such as”, and “like”
and the terms “comprising”’, “having”, “including”, and their
other verb forms, when used 1n conjunction with a listing of
one or more components or other items, are each to be
construed as open-ended, meaning that the listing 1s not to
be considered as excluding other additional components or
items. Other terms are to be construed using their broadest
reasonable meaning unless they are used 1n a context that

requires a diflerent interpretation.

1. A method for a base station of a wireless network to

communicate, the method comprising:

a) providing a resource grid comprising resource ¢le-
ments, each resource element comprising a symbol-
time representing time and a subcarrier representing
frequency; and

b) transmitting, on a predetermined subcarrier, in one or
more symbol-times scheduled for downlink transmis-
s1ons, a single-branch phase-tracking reference;

¢) wheremn the single-branch phase-tracking reference
comprises a resource element comprising an I-branch
signal and an orthogonal QQ-branch signal, the I-branch
signal comprising a predetermined non-zero amplitude
and the Q-branch signal comprising zero amplitude as
transmuitted.

2. The method of claim 1, wherein the resource grid 1s

configured according to 3G or 6G technology.

3. The method of claim 1, wherein:

a) a modulation scheme comprises amplitude modulation
according to a plurality of predetermined amplitude
levels;

b) the plurality of predetermined amplitude levels com-
prises a maximum amplitude level; and

¢) the predetermined non-zero amplitude equals the maxi-
mum amplitude level.

4. The method of claim 1, further comprising;:

a) transmitting a system information message indicating a
schedule and a format:

b) wherein the schedule indicates one or more times and
one or more frequencies at which the single-branch
phase-tracking reference 1s to be transmitted; and

¢) wherein the format indicates the predetermined non-
zero amplitude.

5. The method of claim 4, wherein the system information

message comprises at least one of:

a) an SSB (synchronization signal block) message;

b) an SIM (system information block number n) message;

¢) an RAR (random access response) message;

d) a Msg4 (message-4) of a 4-stage 1mitial access proce-
dure; and

¢) a MsgB (message-B) of a 2-stage 1nitial access proce-
dure.

6. The method of claim 1, further comprising repeating

the transmitting of the single-branch phase-tracking refer-

ence periodically according to a period, wherein the period
1s one Irame or one subirame or one slot of the resource grid.

7. The method of claim 1, further comprising transmitting,
the single-branch phase-tracking reference 1n every symbol-
time that 1s scheduled for downlink transmissions, other than

symbol-times allocated for downlink control messages.
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8. The method of claim 1, further comprising transmitting
the single-branch phase-tracking reference 1n every symbol-
time that 1s allocated for downlink control messages.

9. The method of claim 1, further comprising transmitting,
the single-branch phase-tracking reference 1n every symbol-
time that includes a downlink message.

10. A method for a user device of a wireless network to
communicate, the method comprising:

a) receiving or determining a schedule and a format,
wherein the schedule comprises a particular subcarrier
and one or more downlink symbol-times, wherein the
format specifies parameters of a single-branch phase-
tracking reference, wherein the single-branch phase-
tracking reference comprises a reference I-branch sig-
nal and an orthogonal reference Q-branch signal,
wherein the reference I-branch signal 1s transmitted
with a predetermined non-zero amplitude and the ref-
erence (Q-branch signal has zero amplitude;

b) recerving, at one of the downlink symbol-times, on the
particular subcarrier, a received single-branch phase-
tracking reference comprising a received I-branch
amplitude and a received Q-branch amplitude; and

¢) determining, according to a ratio ol the received
Q-branch amplitude and the received I-branch ampli-
tude, a phase rotation angle.

11. The method of claim 10, further comprising:

a) calculating the phase rotation angle according to an
arctangent of the received Q-branch amplitude divided
by the received I-branch amplitude;

b) receiving, in the particular symbol-time, a message
comprising message elements, each message element
comprising a modulated resource element; and

c) correcting each message element according to the
phase rotation angle.

12. The method of claim 11, further comprising:

a) determining a reference amplitude comprising a square
root of a sum of the received I-branch amplitude
squared plus the recerved Q-branch amplitude squared;
and

b) further correcting each message element according to
the reference amplitude.

13. The method of claim 12, further comprising:

a) alter the correcting each message element and the
turther correcting each message element, demodulating
the message element by comparing an amplitude of the
message element to a plurality of predetermined branch
amplitude levels.

14. The method of claim 12, further comprising:

a) for each message clement, calculating a corrected
I-branch amplitude and a corrected Q-branch amplitude
according to the phase rotation angle and the reference
amplitude; and

b) demodulating the message by comparing the corrected
I-branch amplitude to a plurality of predetermined
branch amplitude levels, and comparing the corrected
Q-branch amplitude to the plurality of predetermined
branch amplitude levels.

15. The method of claim 10, further comprising:

a) transmitting, to a base station of the wireless network,
an uplink message concatenated with an uplink single-
branch phase-tracking reference;
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b) wherein the uplink single-branch phase-tracking refer-
ence comprises a single resource element comprising
an uplink I-branch signal and an orthogonal uplink
(Q-branch signal; and

¢) wherein the uplink I-branch signal, as transmitted, has
a predetermined non-zero amplitude and the uplink
Q-branch signal has zero amplitude.

16. A method for a user device of a wireless network to

communicate with a base station, the method comprising;:

a) receiving, from the base station, a downlink message
comprising a downlink single-branch phase-tracking
reference:;

b) wherein the downlink single-branch phase-tracking
reference comprises an I-branch signal and an orthogo-
nal Q-branch signal, wherein the I-branch signal 1s
amplitude modulated according to a maximum branch
amplitude of a QAM (quadrature amplitude modula-
tion) modulation scheme, and the Q-branch signal has
zero amplitude, as transmitted by the base station;

¢) determining, according to the downlink single-branch
phase-tracking reference as-received, a received
I-branch amplitude and a received Q-branch amplitude;
and

d) determining, according to a ratio of the received
I-branch amplitude and the recerved Q-branch ampli-
tude, a phase rotation angle.
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17. The method of claim 16, further comprising:

a) transmitting, to the base station, an uplink message
comprising an uplink single-branch phase-tracking ret-
erence comprising an uplink I-branch signal and an
orthogonal uplink Q-branch signal, wherein the uplink
I-branch signal 1s amplitude modulated according to the
maximum branch amplitude of the QAM modulation
scheme, and the QQ-branch signal has zero amplitude
as-transmitted.

18. The method of claim 17, wherein:

a) the uplink message occupies a single OFDM (orthogo-
nal frequency-division multiplexing) symbol; and

b) the uplink single-branch phase-tracking reference 1is
concatenated with a beginning of the uplink message.

19. The method of claim 17, wherein the uplink message

comprises a request to suspend future transmissions of the
uplink and downlink single-branch phase-tracking refer-
ences.

20. The method of claim 19, further comprising receiving,
an acknowledgement message from the base station,
wherein the acknowledgement message includes no single-
branch phase-tracking references.
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