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(57) ABSTRACT

A base station can cause a multitude of user devices 1n a
network to be synchronized with the base station’s clock
using an ultra-lean low-complexity procedure 1n 5G or 6G.
On a predetermined interval, the base station can transmit a
timing signal in the guard-space of a predetermined resource
clement. The timing signal 1s a 180-degree phase reversal of
the cyclic prefix centered in the guard-space. Each user
device can receive the timing signal, determine how far the
received timestamp point 1s from the middle of the guard-
space (as viewed by the user device), and thereby determine
a timing error between the user device clock and the base
station clock, and correct the user device clock accordingly.
In addition, the user device can average the timing adjust-
ments over a number of instances, thereby determining a
frequency oflset 1f the average differs significantly from
zero, and thereby adjust the clock frequency.

431 - Base station: Periodically transmit a guard-space timing signal with I-branch
amplitude that varies from a maximum positive level to a maximum level, passing

through zero amplitude at a timestamp point centered in the guard-space, and Q-branch
of zero amplitude.

432 - User device: Receive the timing signal and separate the | and Q branches.
Calculate a signed amplitude equal to square root of sum of branch amplitudes squared,
times a sign that depends on the phase.

v

433 - Fit the amplitude distribution in the guard-space to a function, and find a time of a
Adjust a local clock according to the zero-
cross time relative to the transmitted time (such as the middle of the guard-space).

zero-cross which is the timestamp point.

434 - Determine an amplitude offset (due to additive amplitude noise) by comparing the
amplitude of the fitted function to the maximum amplitude level of the modulation
scheme.

435 - Correct the sum-signal amplitude of each message element (in the same symbol-

time and adjacent symbol-times) according to the amplitude offset. {Or alternatively,

correct the predetermined amplitude levels in the calibration set.)

436 - Determine a phase rotation angle {due to phase noise) according to an arctangent
of the Q-branch amplitude divided by the I-branch amplitude, as-received.

437 - Correct the sum-signal phase of message elements in the same symbol-time {and

adjacent symbol-times) according to the phase rotation angle.
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FIG. 2C

221 - Base station: Transmit a subframe with a timestamp point embedded in the first
guard-space of the first OFDM symbol. The timestamp point is an abrupt change in the
phase, amplitude, or branch of the signal, centered in the guard-space.

222 - User device: Receive the OFDM symbol containing the guard-space timestamp

point. Compare the guard-space timing signal to the corresponding final-portion signal
of the OFDM symbol.

223 - Based on the comparing, determine a precise time of the timestamp point by
detering an abrupt modulation change in the guard-space timing signal.

224 - Measure a timing error equal to a time difference between the timestamp point
and the center of the guard-space, as determined by receiver clock.

225 - Adjust the receiver clock time according to the timing error.

FIG. 2D

231 - Base station: Periodically transmit a guard-space timing resource element at a
predetermined subcarrier and symbol-time in the resource grid. Indicate periodicity in
system information files.

232 - User device: Receive two sequential guard-space timing resource elements.
Determine two timestamp points and measure the interval between them, according to
user device's clock.

233 - Compare the measured interval to the expected interval according to the
periodicity specified in system information files or elsewhere.

234 - Determine a frequency offset between base station clock rate and user device
clock rate.

235 - Adjust the receiver clock rate according to the frequency offset.
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FIG. 3A
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FIG. 3C
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FIG. 4A
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FIG. 4C

431 - Base station: Periodically transmit a guard-space timing signal with |-branch
amplitude that varies from a maximum positive level to a maximum level, passing
through zero amplitude at a timestamp point centered in the guard-space, and Q-branch
of zero amplitude.

432 - User device: Receive the timing signal and separate the | and Q branches.
Calculate a signed amplitude equal to square root of sum of branch amplitudes squared,
times a sign that depends on the phase.

433 - Fit the amplitude distribution in the guard-space to a function, and find a time of a
zero-cross which is the timestamp point. Adjust a local clock according to the zero-
cross time relative to the transmitted time (such as the middle of the guard-space).

434 - Determine an amplitude offset (due to additive amplitude noise) by comparing the
amplitude of the fitted function to the maximum amplitude level of the modulation
scheme.

435 - Correct the sum-signal amplitude of each message element (in the same symbol-
time and adjacent symbol-times) according to the amplitude offset. (Or alternatively,
correct the predetermined amplitude levels in the calibration set.)

436 - Determine a phase rotation angle (due to phase noise) according to an arctangent
of the Q-branch amplitude divided by the |-branch amplitude, as-received.

437 - Correct the sum-signal phase of message elements in the same symbol-time (and
adjacent symbol-times) according to the phase rotation angle.
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PHASE-SHIFT GUARD-SPACE TIMESTAMP
POINT FOR 5G/6G SYNCHRONIZATION

PRIORITY CLAIMS AND RELATED
APPLICATIONS

[0001] This application 1s a continuation of U.S. patent
application Ser. No. 18/096,052, entitled “Guard-Space
Timestamp Point for Precision Synchronization in 3G and

6G”, filed Jan. 12, 2023, which claims the benefit of U.S.
Provisional Patent Application Ser. No. 63/431,810, entitled
“Mid-Symbol Timestamp Point for Precision Synchroniza-

tion 1 5G and 6G”, filed Dec. 12, 2022, and U.S. Provi-
sional Patent Application Ser. No. 63/476,032, entitled

“Guard-Space Timestamp Point for Precision Synchroniza-
tion 1n 5G and 6G”, filed Dec. 19, 2022, and U.S. Provi-

sional Patent Application Ser. No. 63/435,061, entitled
“Compact Timing Signal for Low-Complexity 5G/6G Syn-
chronization”, filed Dec. 23, 2022, and U.S. Provisional

Patent Apphcatlon Ser. No. 63/ 437,839, entitled “Ultra-Lean
Synchronization Procedure for 5G and 6G Networking”,

filed Jan. 9, 2023, all of which are hereby incorporated by
reference in their entireties.

FIELD OF THE INVENTION

[0002] The disclosure pertains to synchronization of
clocks using a wireless message that contains a timestamp
point.

BACKGROUND OF THE INVENTION

[0003] Wireless messages depend on tightly controlled
timing, so that modulated signals will be received at the
expected time with the correct frequency. Distributing the
timing information by cable 1s no longer feasible, as many
users are mobile or at least portable; hence the time syn-
chronization and clock rate are generally distributed in
wireless messages. Due to the very high frequencies planned
for 1n 3G and 6G, improved means are needed to enable user
devices to synchronize their timing and frequency precisely,
without excessive messaging and overhead.

[0004] This Background is provided to introduce a brief
context for the Summary and Detailed Description that
follow. This Background 1s not intended 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 provide synchronization signals, the
method comprising: transmitting a signal occupying a single
symbol-time of a resource grid, the signal comprising a first
guard-space portion followed by a second guard-space por-
tion followed by a message portion; wherein the message
portion comprises a {inal region at an ending of the symbol-
time, and a pre-final region immediately preceding the final
region; wherein the second guard-space portion 1s a copy of
the signal 1n a final region of the message portion; and
wherein the first guard-space portion comprises a phase-
shifted copy of the signal in the pre-final region of the
message portion.

[0006] In another aspect, there 1s a method for a user
device of a wireless network to receive synchronization
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signals, the method comprising: receiving a signal occupy-
ing a single symbol-time of a resource grid, the signal
comprising a {irst guard-space portion followed by a second
guard-space portion followed by a mes sage portion; wherein
the message portion comprises a final region at an ending of
the symbol-time, and a pre-final region immediately preced-
ing the final region; comparing the signal in the second
guard-space portion to the signal in the final region of the
message portion; comparing the signal in the first guard-
space portion to the signal 1n the pre-final region, phase-
shifted according to a predetermined phase shiit; determin-
ing, according to the comparing, a timestamp time
corresponding to a boundary between the first guard-space
portion and the second guard-space portion; and adjusting a
clock setting of the user device according to the timestamp
time.

[0007] In another aspect, there 1s a method for a user
device, of a wireless network comprising a base station, to
adjust a clock frequency, the method comprising: periodi-
cally recerving a guard-space timestamp point comprising a
180 degree phase reversal of a signal in a guard-space of a
predetermined resource element; upon receiving each time-
stamp pomt detemnmng a timing correction according to a
time difference comprising a time of the timestamp point
minus a time of a midpoint of the guard-space, and applying
a time correction to a clock of the user device according to
the time difference; after recerving at least integer N time-
stamp points, detemumng an average of N time differences;
calculating a frequency oflset comprising the average of N
time differences, times a frequency of the clock of the user
device, divided by an interval between the timestamp points;
and adjusting the frequency of the clock of the user device
according to the frequency oflset.

[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 it 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

[0010] FIG. 1A i1s a schematic showing an exemplary
embodiment of a symbol-time 1n a single resource element
with a guard-space timestamp point, according to some
embodiments.

[0011] FIG. 1B 1s a schematic showing an exemplary
embodiment of a symbol-time and an OFDM symbol with a
guard-space timestamp point, according to some embodi-
ments.

[0012] FIG. 2A 1s a schematic showing an exemplary
embodiment of a guard-space timing signal containing a
phase reversal, according to some embodiments.

[0013] FIG. 2B 1s a schematic showing an exemplary
embodiment of analysis procedures to localize a guard-space
timestamp point, according to some embodiments.

DRAWINGS
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[0014] FIG. 2C 1s a flowchart showing an exemplary
embodiment of an analysis procedure to synchronize a user
device with a base station, according to some embodiments.
[0015] FIG. 2D 1s a flowchart showing an exemplary
embodiment of an analysis procedure to correct a user
device clock rate, according to some embodiments.

[0016] FIG. 3A 1s a schematic showing an exemplary
embodiment of a guard-space timing signal with a large
amplitude pulse, according to some embodiments.

[0017] FIG. 3B 1s a schematic showing an exemplary
embodiment of a guard-space timing signal with a brief
amplitude null, according to some embodiments.

[0018] FIG. 3C 1s a schematic showing an exemplary
embodiment of a guard-space timing signal with a ramp-
shaped amplitude distribution, according to some embodi-
ments.

[0019] FIG. 4A 1s a schematic showing an exemplary
embodiment of a timing signal containing a branch ampli-
tude change, according to some embodiments.

[0020] FIG. 4B 1s a schematic showing an exemplary
embodiment of a timing signal containing a ramp-like
amplitude change 1n one branch, according to some embodi-
ments.

[0021] FIG. 4C 1s a flowchart showing an exemplary
embodiment of an analysis procedure to correct a user
device clock time and mitigate noise, according to some
embodiments.

[0022] FIG. SA 1s a schematic showing an exemplary
embodiment of a resource grid containing a guard-space
timestamp point, according to some embodiments.

[0023] FIG. 3B 1s a schematic showing an exemplary
embodiment of a resource grid contaiming two guard-space
timestamp points, according to some embodiments.

[0024] FIG. 3C 1s a schematic showing an exemplary
embodiment of a resource grid containing two guard-space
timestamp points in the same symbol-time, according to
some embodiments.

[0025] Like reference numerals refer to like elements
throughout.

DETAILED DESCRIPTION
[0026] 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 pre-
cisely synchronizing clocks using wireless messages that
provide an explicit timestamp point that a receiver can
measure. Improved precision timing will be required for
reliable communication at the high frequencies planned for
3G and 6G. An explicit guard-space timestamp point, dis-
closed herein, may be configured to enable rapid precision
time and frequency adjustment, according to some embodi-
ments.

[0027] A “‘guard-space” 1s an initial short region of each
message element before the beginning of the message data.
For convenient signal processing, the guard-space 1s gener-
ally filled with a *“cyclic prefix”, which 1s simply a dupli-
cation of the final region of the message data. In examples
below, the cyclic prefix may be modified by an amplitude
spike or other feature, which demarks a specific timestamp
point that the recerver can use for precision clock synchro-
nization. The timestamp point may be added to the cyclic
prefix of a particular resource element at a particular sub-
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carrier frequency, or the timestamp point may be imposed on
the guard-space signal of a composite OFDM symbol that
accumulates multiple subcarrier signals together. If the time-
stamp point 1s imposed on the OFDM symbol, the receiver
can compare the OFDM guard-space with the OFDM final-
portion signal to discern the timestamp point. If the time-
stamp point 1s imposed on a single subcarrier’s guard-space,
the recetver can separate that subcarrier signal from the
received OFDM symbol and compare the subcarrier guard-
space to the subcarrier final-portion signal to localize the
timestamp point. In either case, the receiver can obtain a
precise time mark according to the time of the timestamp
point relative to the guard-space boundaries.

[0028] The guard-space timestamp point 1s a detectable
pattern or change in the modulation of a “synchromization
wavelorm™ or “timing signal” in the guard-space. The
guard-space timestamp point may be positioned at a par-
ticular time, such as the center of the guard-space of a
particular subcarrier signal or a composite OFDM symbol,
according to some embodiments. For example, the modu-
lation pattern may be a sudden phase or amplitude reversal,
or a detectable 1increase or decrease 1n the signal amplitude,
or a sudden interchange between I and (Q quadrature branch
signals, or other abrupt signal change that a receiver can
precisely detect within the guard-space of a timing resource
clement. The guard-space timestamp point may be centrally
positioned 1n the modulation pattern, and the modulation
pattern may be centrally positioned in the guard-space, as
determined by the transmitter’s clock. The receiver can then
measure the time of the timestamp point relative to the start
or end of the guard-space, as determined by the receiver’s
clock. The time of arrival of the timestamp point 1s deter-
mined by the transmitter, whereas the time of the symbol
boundary 1s determined by the receiver’s clock. Therelore,
by measuring the time of the timestamp point relative to the
symbol boundaries, the recerver can detect a disagreement
between the transmitter’s clock and the receiver’s clock. In
addition, a base station can transmit timing signals on a
predetermined schedule or periodicity, and the user devices
can measure a time interval between successive timestamp
points. The receiver can then correct 1ts clock rate according
to any difference between the measured interval and the
periodicity, thereby maintaining the receiver’s clock rate in
accordance with the transmitter’s clock rate, as well as the
clock time.

[0029] Insome embodiments, the receiver can set its clock
so that the received time of the timestamp point equals the
scheduled transmission time of the timestamp point, as
indicated 1n system information files, or the like. In that case,
the transmitter and recerver clocks differ by the one-way
signal propagation time (plus electronic delays 1n amplifiers,
etc.). The receiver can then transmit uplink messages by
applying a timing advance equal to the round-trip propaga-
tion time, thereby causing the uplink messages to arrive at
the base station synchronized with the base station’s
resource grid.

[0030] In other embodiments, the receiver can determine
the propagation time 1n advance. Then upon receiving each
timestamp point, the recerver can set the recerver’s clock
equal to the scheduled transmission time of that timestamp
point, plus the one-way propagation time. The uplink mes-
sages can then be transmitted with a timing advance of one
propagation time. By either method, the user device can
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cause the uplink messages to arrive at the base station
synchronized with the base station’s resource grid, as
desired.

[0031] In prior art, guard-space signal 1s generally a dupli-
cate of a final-portion signal of the message data, as men-
tioned. Although redundant, the cyclic prefix can minimize
inter-symbol interference, ensure orthogonality, and accom-
modate a wide range ol propagation times. The guard-space
timestamp point disclosed herein changes the guard-space
signal, which then differs from the final-portion signal.
Nevertheless, as explained below, the modified cyclic prefix
1s expected to provide substantially the same services as the
prior-art cyclic prefix, while also providing a precision
timestamp point.

[0032] Processes detailed below show how the receiver
can precisely localize the timestamp point to a particular
time within the guard-space. For example, the receiver can
compare the cyclic prefix wavetform to the final-portion
signal, and can thereby determine the time of the phase or
amplitude change. The timing of the receiver’s resource grid
1s determined by the recerver’s clock, but the timing signal
itself, including the timestamp point, 1s determined by the
transmitter’s clock. Therefore, any disagreement between
the transmitter and receiver clocks would cause the time-
stamp point to deviate from the expected time within the
guard-space, which would indicate a clock time error equal
to that deviation amount.

[0033] Clock time errors are generally due to clock drift 1in
the receiver. If the receiver finds that the timestamp point 1s
centered 1n the recerver’s guard-space interval, the receiver
can conclude that the receiver’s clock 1s still synchronized
with the transmitter’s clock. If the receiver detects a time
deviation between the timestamp point and the center of the
guard-space, this indicates that the receiver’s clock has
drifted by the deviation amount. The receiver can then reset
its clock time to agree with the transmitter, and thereby
regain synchronization. By this method, all of the user
devices 1 a network can simultaneously synchronize with
the base station, without exchanging unnecessary messages
and without consuming any resource elements (since the
timing signal 1s contained 1n a guard-space, outside the
message data region).

[0034] In some cases, the receiver’s clock rate or {fre-
quency may have drfted, as well as 1ts clock time. The
transmitter can assist the receiver by providing two guard-
space timestamp points, which are separated 1n time by a
predetermined interval. For example, the base station can
transmit guard-space timestamp points periodically, or upon
another predetermined schedule, which may be specified 1n
system information files. The receiver can then measure the
time 1nterval between the two guard-space timestamp points
using 1ts own (the receiver’s) clock. The receiver can then
compare the interval measurement to the expected interval
according to the periodicity or schedule, and can thereby
determine a frequency mismatch between the base station’s
clock rate and the user device’s clock rate. By measuring the
time between successive guard-space timestamp points, the
receiver can measure the total clock rate deviation (includ-
ing the Doppler shift, if mobile). The receiver can then
adjust 1ts clock rate to negate that mismatch. Thus the
receiver has synchronized its clock setting with the base
station’s clock, and has adjusted its clock rate in agreement

with the base station’s clock rate, without exchanging
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unnecessary messages such as legacy synchronization mes-
sages between the transmitter and receiver.

[0035] The examples presented below are suitable for
adoption by a wireless standards organization. Providing a
compact, precision timestamp point within a guard-space,
and the associated ultra-lean procedures for time/frequency
alignment, may enable user devices to rapidly synchronize
to the base station, and may thereby optimize communica-
tion reliability at high frequencies, without exchanging
unnecessary messages.

[0036] 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)
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) in which the individual signals of
multiple subcarriers are added 1n superposition. The time
domain may be divided into ten-millisecond frames, one-
millisecond subframes, 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 into “‘resource
blocks™ (also termed “‘resource element groups™ or “REG”
or “channels™ 1n references) including 12 subcarriers, each
subcarrier at a slightly different frequency. The “numerol-
ogy”’ of aresource grid corresponds to the subcarrier spacing
in the frequency domain. Subcarrier spacings of 135, 30, 60,
120, and 240 kHz are defined 1n various numerologies. Each
subcarrier can be mdependently modulated to convey mes-
sage 1nformation. Thus a resource element, spanning a
single symbol period in time and a single subcarrier 1n
frequency, 1s the smallest unit of a message. “Classical”
amplitude-phase modulation refers to message eclements
modulated 1n both amplitude and phase, whereas QAM
“quadrature amplitude modulation™ or “PAM” (pulse-am-
plitude modulation) includes two signals, separately ampli-
tude-modulated, and then multiplexed and transmitted with
a 90-degree phase shift between them. The two signals may
be called the “I” and “Q” branch signals (for In-phase and
(Quadrature-phase) or “real and 1imaginary” among others.
Standard modulation schemes 1n SG and 6G include BPSK
(binary phase-shiit keying), QPSK (quad phase-shift key-
ing), 16QAM (quadrature amplitude modulation with 16
modulation states), 64QAM, 256QAM and higher orders.
Most of the examples below relate to QPSK or 16QQAM,
with straightforward extension to the other levels of modu-
lation. QPSK 1s phase modulated but not amplitude modu-
lated. 16QQAM may be modulated according to PAM which

exhibits two phase levels at zero and 90 degrees (or 1n
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practice, for carrier suppression, +45 degrees) and four
amplitude levels including two positive and two negative
amplitude levels, thus forming 16 distinct modulation states.
For comparison, classical amplitude-phase modulation with
16 states includes four positive amplitude levels and four
phases of the overall wave signal, which are multiplexed to
produce the 16 states of the modulation scheme. “SNR”
(signal-to-noise ratio) and “SINR” (signal-to-interference-
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 wavelform 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 selecting one
component of the incoming signal. “DFT” (discrete Fourier
transformation) 1s a mathematical operation.

[0037] In addition to the 3GPP terms, the following terms
are defined. As used herein, a “timing symbol” 1s an OFDM
symbol that includes an explicit timestamp point. An
“explicit ttmestamp point™ 1s a sudden modulation change 1n
a “timing signal” or “synchronization waveform™ in a timing
symbol. A “guard-space timestamp point” 1s an abrupt
change 1n a wireless signal at or near the midpoint (or other
predetermined location) of the guard-space of a particular
subcarrier or of a composite OFDM symbol. A receiver can
detect the guard-space timestamp point, for example by
comparing the timing signal in the guard-space with the
final-portion signal of the symbol-time. Since the guard-
space signal includes the timestamp point while the final-
portion does not, the receiver can thereby determine the time
of the timestamp point relative to a recerver’s clock. Then,
if the time of the timestamp point differs from the expected
time (as specified in the periodicity or schedule), the recerver
can adjust its clock time accordingly, and thereby synchro-
nize with the base station. “Synchronization™ means adjust-
ing a clock setting to match another clock’s time. “Synton-
1zation” means adjusting a clock frequency to match another
clock’s frequency.

[0038] Although in references a modulated resource ele-
ment of a message may be referred to as a “symbol”, this
may be confused with the same term for a time interval
(“symbol-time”), or a composite wavelorm (“OFDM sym-
bol”), among other things. Therefore, each modulated
resource element of a message 1s referred to as a “modulated
message resource element”, or more simply as a “message
clement”, 1 examples below. “RF” or radio-frequency
refers to electromagnetic waves in the MHz (megahertz) or
GHz (gigahertz) frequency ranges. “Phase noise™ 1s random
noise or time jitter that alters the overall phase of a recerved
signal, usually without significantly affecting the overall
amplitude. “Phase-noise tolerance” 1s a measure of how
much phase alteration can be imposed on a message element
without causing a demodulation fault. “Amplitude noise”
includes any noise or interference that primarily afiects
amplitudes of recerved signals. Interference due to compet-
ing signals 1s treated as noise herein, unless otherwise
specified. Referring to quadrature or QAM or PAM modu-
lation, an “I-QQ” space 1s an abstract two-dimensional space
defined by an I-branch amplitude and an orthogonal
Q-branch amplitude, 1n which each transmitted message
clement occupies one of several predetermined I-Q states of
a modulation scheme. The orthogonal branches are some-
times called “real” and “imaginary”, and the I-Q space 1s
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sometimes called the “complex plane”. The mncoming signal
to the receiver may be termed the “raw” signal or “overall”
wavelorm, which includes an “overall amplitude™ and an
“overall phase”. The receiver can then process the overall
signal by separating 1t into two orthogonal branches as
mentioned. The recerver can also combine the branch ampli-
tudes to determine a “sum-signal”, which 1s the vector sum
of the I and Q branch signals and generally approximates the
overall waveform. A vector sum 1s a sum of two vectors,
which 1n this case represent the amplitudes and phases of the
two orthogonal branches in 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” ol I and Q)), and a “sum-signal phase”, equal to the
arctangent of the ratio of the I and Q signal amplitudes (plus
an optional base phase, 1ignored herein). Thus the sum-signal
represents the overall received wavelorm of a particular
subcarrier, aside from signal processing errors in the
receiver—which are generally negligible and are i1gnored
herein.

[0039] Turning now to the figures, examples show how a
precision timestamp point can be configured 1n a guard-
space region.

[0040] FIG. 1A i1s a schematic showing an exemplary
embodiment of a symbol-time 1n a single resource element
with a guard-space timestamp point, according to some
embodiments. As depicted 1n this non-limiting example, a
single resource element 100 of a resource grid 1s defined by
a symbol-time 101 and a subcarrier 105. The resource
clement 100 1s generally divided into a guard-space 102
tollowed by message data 104, separated by a dashed line.
A receiver can receive a transmitted OFDM symbol that
includes the symbol-time 101 shown, extract the subcarrier
105 signal, and decode the message data 104 therein. The
receiver generally discards the guard-space 102.

[0041] In this example, the guard-space 102 includes a
timestamp point 107 which 1s a specific signal or modulation
that a receiver can detect. The recetver can measure the time
of the timestamp point 107 relative to the start of the
guard-space or the boundaries of the symbol-time 101. The
timestamp point 107 1s transmitted, by a transmitter, at a
transmitted time 1n the guard-space (such as centered 1n the
guard-space), according to a clock in the transmitter. How-
ever, the timestamp point 107 1s detected by the recerver at
a received time, relative to the receiver’s guard-space
according to the receiver’s clock. If the recerver’s clock 1s
synchronized with the base station’s clock, the received time
of the timestamp point 107 will be the same as the trans-
mitted time of the timestamp point, and the received time-
stamp point 107 will be centered 1n the guard-space 102. But
if the recerver’s clock has drifted relative to the transmaitter’s
clock, then the timestamp point 107 will appear displaced
from the center of the receiver’s guard-space. The displace-
ment represents a timing error of the receiver’s clock, which
the recerver can then correct by adjusting 1ts clock time.

[0042] Also shown 1s a final-portion signal 103 of the
symbol-time 101. The final-portion signal 103 is the same
length as the guard-space 102. The final-portion signal 103
1s typically copied into the guard-space as a cyclic prefix
108. The timestamp point 107 in the guard-space 102 1s a
modification of the final portion 103 of the symbol-time 101,
such as an abrupt change in the amplitude or phase modu-
lation, an abrupt interchange between QAM branches, or a
predetermined shaped modification or pattern as explained
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below. The receiver can determine the time of the timestamp
point 107, relative to the guard-space 102 boundaries. For
example, the receiver can compare the guard-space signal
102 to the final-portion signal 103, or by other methods as
explained below. The receiver can then compare the mea-
sured time of the timestamp point 107 to a predetermined
time (as specified by convention or 1n a system information
file, for example), and thereby determine the timing error,
and can then bring its clock into synchronization with the
base station’s clock.

[0043] The cyclic prefix 1s generally intended to provide
inter-subcarrier orthogonality by arranging an integral num-
ber of whole wavelengths between adjacent subcarrier sig-
nals, inter-symbol isolation by providing a ringdown inter-
val without message data, accommodation for distant users
that may have large propagation times, and certain simpli-
fications regarding mathematical operations by the receiver.
The modified guard-space that includes a timestamp point
may also provide those benefits. For example, the guard-
space signal may be tailored to provide orthogonality 1n the
same way as the cyclic prefix. The guard-space timestamp
point has no eflect on the inter-symbol 1solation, as long as
the modified guard-space 1s the same duration as the prior-
art guard-space. As for the distant user devices, they can
correct for their excessive propagation time by applying a
suitable timing advance to their uplink transmissions, and
can thereby conform to the base station’s clock instead of
relying on the cyclic prefix for sloppy timing. The modified
guard-space signal may or may not provide the same math-
ematical simplifications as the prior art (as mn DFT precod-
ing), depending on implementation as described below, but
such operations are usually not obligatory, and anyway they
are not performed on downlink transmissions. Therefore 1t 1s
believed that the guard-space signal, including the time-
stamp points disclosed herein, can be configured to provide
the same services as the unmodified cyclic prefix, while
additionally providing substantial benefits 1n synchroniza-
tion.

[0044] Multiple user devices 1n a network can synchronize
their clocks with the base station simultaneously by receiv-
ing the timestamp point 107 and correcting any timing error
determined by each user device. The base station can
transmit guard-space timing signals periodically, such as
once per frame or subirame or other periodicity, and the user
devices can thereby maintain synchronicity and syntonicity
with the base station. Importantly, the disclosed method
involves no handshaking or messages or other overhead,
other than the modification of one guard-space to provide
the timestamp point. In addition, no communications are
delayed or interrupted by this method because the timestamp
point 107 1s placed in the guard-space 102, which 1s gen-
crally discarded, instead of the message data 104 portion,
which contains the message information. In addition, no
significant increase 1n transmitter power or rece1ver power 1s
required since the transmitter already transmits the cyclic
prefix 1n the guard-space and the recerver already receives
the guard-space of each message element. Hence the base
station, by periodically transmitting a timestamp point in the
guard-space of a particular resource element or OFDM
symbol, can enable all of the user devices of a network to
maintain synchronization at substantially zero cost, accord-
ing to some embodiments.

[0045] FIG. 1B 1s a schematic showing an exemplary
embodiment of a symbol-time containing an OFDM symbol
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which includes a guard-space timestamp point, according to
some embodiments. As depicted in this non-limiting
example, a single symbol-time 121 of a resource grid 120 1s
shown divided into subcarriers 125. Each subcarrier 1235 has
a guard-space region 122 followed by a message data
portion 124. The message data portion 124 includes a
final-portion signal 123 at the end of the symbol-time 121.
The final-portion signal 123 1s generally copied into the
guard-space 122, where 1t 1s termed a cyclic prefix 1n prior
art. Dashed lines indicate boundaries between the guard-
space region 122, the final-portion signal 123, and the rest of
the message data 124.

[0046] Also shown 1s an OFDM symbol 126 1n which the
message data 124 regions of all the subcarriers 125 are
added together, as suggested by fat arrows. In modemn
networks, the base station generally transmits the OFDM
symbol 126 instead of the individual subcarrier 125 signals.
The user devices receive the OFDM symbol 126 and sepa-
rate the subcarrier signals 125 by various signal processing
means. The OFDM symbol 126 includes a guard-space 122
temporally preceding the message data 124. The final-
portion signal 123 of the OFDM symbol 126 1s generally
copied 1nto the guard-space 122 of the OFDM symbol 126,
as suggested by a curvy arrow 128. In this example, how-
ever, the OFDM guard-space 1s modified by the addition of
a guard-space timestamp point 127 (double line). Thus the
signal 1n the OFDM guard space 122 differs from the OFDM
final-portion signal 123 by the addition of the guard-space
timestamp point 127. Unlike the previous example (1n which
the timestamp point 107 appears 1in only one subcarrier
signal), 1n this example the timestamp point 1s mnserted nto
the composite OFDM symbol 126. Therefore the receiver
can measure the timestamp point 127 in the OFDM guard-
space without extracting the individual subcarrier signals.
This may be advantageous by avoiding the narrowband
filtering involved 1n subcarrier extraction, and therefore the
OFDM method may preserve finer features of the timestamp
point 127.

[0047] The guard-space timestamp point 127 1in the
OFDM symbol 126 can be used to synchronize the clock of
a receirver to the clock of a transmitter. The receiver can
detect the guard-space timestamp point 127 by various
means. For example, the receiver can compare the signal in

the guard-space 122 of the OFDM symbol 126 to the final
portion 123 of the OFDM symbol 126, which generally
differ only by the addition of the timestamp point 127. The
receiver can determine the time of the timestamp point 127
within the guard-space 122. The guard-space 122 boundar-
1es are determined by the receiver’s clock, but the timestamp
point 127 1s determined by the transmitter’s clock. Thus any
displacement of the timestamp point 127 from the midpoint
of the guard-space 122 indicates that the receiver’s clock has
drifted. The receiver can then correct its clock setting

according to the displacement, and thereby synchronize with
the transmatter.

[0048] The depicted symbol-time 121, including the
guard-space timestamp point 127 1n the OFDM symbol 126,
may be transmitted on a predetermined schedule, such as a
periodic schedule, such as the first symbol-time of each
frame or each subirame. The timestamp point 127 may be
transmitted at a particular time 1n the OFDM guard-space
122, such as the midpoint of the OFDM guard-space 122.
Thus the receiver can determine, from convention or system
information files for example, the exact transmitted time of
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the timestamp point 127 within the guard-space 122 of the
OFDM timing symbol 126. The receiver can then measure
the received time at which the timestamp point 127 1s
received, relative to the receiver’s guard-space 122 bound-
aries, and can thereby detect a timing disagreement between
the transmitter and receiver. The receiver can then adjust its
system clock to correct the disagreement.

[0049] Importantly, the synchronization as described
involves no unnecessary overhead such as message
exchanges. Unlike prior-art synchronization procedures, the
depicted example avoids unnecessary messages without loss
of performance. In addition, the example provides that
normal communications can proceed uninterrupted because
the timestamp point 127 1s configured in the guard-space
region, which 1s generally not used for message data. Indeed,
the message data region 1s generally unatfected by the
presence of the timestamp point 127. Hence the communi-
cations remain uninterrupted while the transmitter and
receiver perform a precision resynchronization on a prear-
ranged schedule. Unlike legacy synchronization procedures,
burdened by unnecessary message exchanges, the disclosed
synchronization procedure can be accomplished with zero
Increase 1n resource consumption at substantially zero cost,
according to some embodiments.

[0050] FIG. 2A 1s a schematic showing an exemplary
embodiment of a guard-space timing signal containing a
phase reversal, according to some embodiments. As depicted
in this non-limiting example, a guard-space 202 1s shown
expanded, such as the single-subcarrier guard-space 102 of
FIG. 1A or the OFDM guard-space 122 of FIG. 1B, but
greatly expanded. Also shown i1s the final portion 205 of the
message data 204, containing a final-portion signal 210,
greatly expanded. The guard-space 202 contains a timing
signal 203, which 1s followed by message data 204, sepa-
rated by a dashed line. The message data 204 1s depicted as
a simple sine wave for clarity, which may be realistic for the
case ol a single subcarrier signal as 1n FIG. 1A. For an
OFDM symbol as in FIG. 1B, on the other hand, the
composite signal 1s extremely complex due to the many
subcarrier signals added together. The sine wave depiction
will sutlice to illustrate the methods.

[0051] In the example, the timing signal 203 includes a
guard-space timestamp point 207 depicted as an abrupt
reversal of phase of the timing signal 203. The timing signal
203 1includes a pre-timestamp wave 208, and a post-time-
stamp wave 210. The post-timestamp wave 210 1s a dupli-
cate of the corresponding final-portion signal 210, but the
pre-timestamp wave 208 1s a phase-inverted copy of the
corresponding final-portion signal 210. The timestamp point
207 1s the interface between those two waves 208, 209 and
1s demarked by the abrupt phase reversal.

[0052] The receiver can determine the time of the time-
stamp point 207 by comparing the timing signal 203 to the
final-portion signal 210, and can thereby determine the time
at which the relative phase reverses. The timing signal 203
matches the corresponding final-portion signal 210 1n the
post-timestamp wave 209 after the timestamp point 207, but
1s opposite to the final-portion signal 210 1n the pre-time-
stamp wave 208 before the timestamp point 207. This can be
seen as the wavelorms are 1nitially crest-on-trough, and then

suddenly change to crest-on-crest, as suggested by short
marks 206.

[0053] The first half of the timing signal 203 1s different
from the first half of the final-portion signal 210, and
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therefore does not serve as a cyclic prefix. Nevertheless, the
receiver may regard the second half of the timing signal 203
as a shortened cyclic prefix, since that part of the timing
signal 203 1s 1dentical to the second half of the final-portion
signal 210. The transmitter can configure the timing signal
so that the second half of the timing signal 203 and the
remaining message data 204 and the final-portion signal 210
are orthogonal to the adjacent subcarrier signals, thereby
preserving the inter-subcarrier orthogonality. In addition, the
transmitter can leave the adjacent subcarriers blank with no
transmission, above and below the depicted resource ele-
ment, so as to accommodate sidebands and an expanded
bandwidth due to the modulation pattern of the timing signal

203.

[0054] The recerver can measure the time of the timestamp
point 207 1n various ways, as described 1n the next figure.

[0055] FIG. 2B 1s a schematic showing an exemplary
embodiment of analysis procedures to localize a guard-space
timestamp point, according to some embodiments. As
depicted 1n this non-limiting example, the first graph shows
the sum 218 of the timing signal 203 plus the final-portion
signal 210. For example, the receiver can digitize the timing,
signal 203 and the final-portion signal 210, and can add
those two signals, thereby producing the sum of signals
curve 218. The sum 1s nearly zero throughout the region to
the left of the timestamp point 217, due to the phase
inversion of the timing signal 203 there. At the timestamp
point 217, the sum of signals 218 abruptly changes to a high
value (twice the amplitude of the final-portion signal 210)
and remains constant thereafter. The precise location of the
timestamp point 217 1s where the sum of signals 218 crosses
a halt-way value (equal to the amplitude of the final-portion
signal 210), as suggested by a horizontal bar 216.

[0056] As an alternative analysis procedure, the receiver
may calculate a fit quality using a *“fitting template”. The
figure includes a fit quality graph 212 generated by posi-
tioning a fitting template 211 at various places on the timing
signal 203 and calculating the overlap or quality of fit. The
fitting template 211 includes the modulation pattern, or the
expected shape, of the timing signal 203 near the timestamp
point 217. The quality of fit 212 therefore exhibits a promi-
nent timestamp peak 219 in the vicinity of the timestamp
point 217, enabling a precise determination of the time of the
timestamp point 217 relative to the symbol-time boundaries.

[0057] As a further alternative, 1n cases where the SNR 1s
suflicient, the receiver can subtract the individual digitized
amplitude measurements in the guard-space signal 202 from
the corresponding measurements 1n the final-portion signal
203, the result being indicated as “AA”. In the pre-time-
stamp wave 208, AA 1s widely scattered due to the opposite
phases of the two added signals 203, 210, but in the
post-timestamp wave 209, AA 1s zero since this region of the
timing signal 203 1s a copy of the corresponding region of
the final-portion signal 210. Accordingly, the graph shows a
widely scattered AA 214 1n the pre-timestamp region 214,
followed by a AA-O 1n the post-timestamp region 215. The
receiver can determine when AA abruptly changes from
widely scattered to zero, which indicates the time of the
timestamp point 217. This requires that the signal 1s strong
enough for each individual amplitude data point to provide
a reliable amplitude determination, but can provide maximal
time resolution when needed.

[0058] There are many other signal processing and data
analytic means for locating the timestamp point 207 1n the
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timing signal 203, which are foreseen. The receiver can
correct its clock setting and cancel clock drift by measuring
the time of the timestamp point by any means relative to the
resource grid of the receiver’s clock.

[0059] FIG. 2C i1s a flowchart showing an exemplary
embodiment of a procedure to synchronize a user device
with a base station, according to some embodiments. As
depicted 1n this non-limiting example, at 221 a base station
transmits a subirame with a guard-space timestamp point in
a particular OFDM symbol’s guard-space, which in this case
1s the first OFDM symbol of the frame. The timestamp point
1s indicated by a detectable change 1n a timing signal in the
OFDM symbol’s guard-space. Generally, the timing signal
1s a cyclic prefix consisting of the message signal from a
final portion of the OFDM symbol. In this case, the time-
stamp point 1s a modulation change 1n the timing signal, at
the particular time of the timestamp point. The change may
be an abrupt alteration of the phase or amplitude of the
timing signal, or a switch between two orthogonal branch

signals, or other user-detectable difference relative to the
final-portion signal of the OFDM symbol.

[0060] At 222, the user device receives the frame and the
OFDM symbol with the embedded timestamp point. Before
interpreting the message data, the receiver may search for
the timestamp point 1n the guard-space by comparing the
guard-space timing signal with the message signal in the
final-portion signal of the OFDM symbol. More generally,
the timing signal diflers from a normal cyclic prefix 1n some
way that indicates the location of the timestamp point, and
the recerver can find the timestamp point by recognizing that
difference. For example, the receiver can subtract the final-
portion signal from the timing signal in the guard-space, and
thereby detect where the two signals differ. The timestamp
point 1s the time of the iterface between regions of equality
and regions of non-equality of the two signals, 1n this case.

[0061] At 223, the user device can determine the time-
stamp point location in the guard-space region as, for
example, an abrupt change 1n the modulation, or an abrupt
change relative to the final portion of the message signal, or
other recognizable change. The particular configuration of
the timing signal, and the position (centered or otherwise in
the guard-space) of the timestamp point, may be determined
by convention, or system information files, or an RRC or
other downlink message, for example.

[0062] At 224, the user device can determine a timing
error equal to a difference between the time of the timestamp
point as-received and the expected time as-transmitted. For
example, the transmitter may place the timestamp point 1n
the center of the guard-space (as determined by the trans-
mitter’s time-base), and the receiver can measure the time of
the timestamp point (according to the recerver’s time-base).
The recerver can then determine a time difference equal to
a difference between the time of the timestamp point and the
receiver’s guard-space center, and can thereby reveal (and
quantily) the time mismatch between the receiver and trans-
mitter clock settings.

[0063] At 225, the user device can adjust 1its system clock
according to the time difference, thereby bringing the user
device into synchronization with the base station’s time-
base.

[0064] FIG. 2D 1s a flowchart showing an exemplary
embodiment of an analysis procedure to correct a user
device clock rate, according to some embodiments. As
depicted 1n this non-limiting example, the timing signal 1s
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now transmitted 1n a single subcarrier instead of the OFDM
symbol. Hence the receiver can extract the timing signal by
separating the subcarrier signals.

[0065] At 231 a base station can transmit a series of
guard-space timing resource eclements containing guard-
space timestamp points. The guard-space timing resource
clements may be transmitted according to a synchronization
schedule or periodicity, which may be indicated 1n a system
information file such as an SSB message or an SIB1 mes-
sage, or another message associated with a random access
procedure, for example. Each guard-space timing resource
clement may be transmitted in the first symbol-time of each
frame at the first subcarrier 1n the base station’s resource
orid, for example. At 232, a user device can receirve two
successive guard-space timing signals, determine the time of
cach guard-space timestamp points therein, and determine
the length of the iterval between timestamp points accord-
ing to the user device’s clock. At 233, the user device can
compare the measured interval to the expected interval
between timestamp points as indicated 1n the system infor-
mation files, and at 234 determine a frequency oilset
between the base station’s clock rate and the user device’s
clock rate. At 235, the user device can adjust its clock rate
to negate the frequency oflset.

[0066] If the user device 1s stationary, the user device’s
clock rate can be set equal to the base station’s clock rate by
this procedure, and the user device’s uplink messages will
arrive at the base station with the correct frequency for
reception, according to some embodiments. However, 1t the
user device 1s 1n motion, there 1s also a Doppler frequency
shift. The Doppler shift generally changes much more
slowly than oscillator fluctuations and therefore can be
measured 1 advance. The user device can then correct its
oscillator drift according to the measured frequency oflset
minus the predetermined Doppler frequency shift. The user
device can also provide uplink messages to the base station
by applying a reverse Doppler shift to each transmission, so
that the predetermined Doppler shiit will then bring the
uplink message ito agreement with the base station’s
subcarrier frequency, as desired.

[0067] The following figures show alternative configura-
tions for the timestamp point wavelorm.

[0068] FIG. 3A 1s a schematic showing an exemplary
embodiment of a guard-space timing signal with a large
amplitude pulse, according to some embodiments. As
depicted 1n this non-limiting example, a guard-space 302 of
an OFDM symbol includes a timing signal 303 consisting of
a cyclic prefix equal to a final-portion signal at the end of the
OFDM symbol, but modified by addition of a localized
amplitude enhancement at a timestamp point 307. Thus the
modulation pattern indicating the timestamp point 307 1s the
region of enhanced amplitude. The receiver can compare the
timing signal 303 with the final-portion signal to 1dentify the
added amplitude enhancement, and can thereby localize the
timestamp point 307. The receiver can then measure a
timing error 309 between the timestamp point 307 and a
fiducial point such as the center 308 of the guard-space 302.
The timing error 309 indicates a disagreement with a time-
base of a transmitter such as a base station, 1n which case the
receiver can reset its own time-base or clock setting by
adding or subtracting the timing error 309 to or from its (the
receiver’s) clock setting. Subsequent communications
between the user and the base station can thereby arrange
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that uplink messages will arrive at the base station with the
expected timing, synchromized with the base station’s
resource grid.

[0069] An advantage of the timing signal 303 as shown
may be that 1t closely copies the duplication region of the
OFDM symbol throughout most of the guard-space, except
for a very narrow region of amplitude enhancement, and
therefore the guard-space signal as shown may continue to
serve as an adequate cyclic prefix. In the example, the timing
signal 303 matches the final-portion signal at the end of the
symbol-time, except for the short amplitude enhancement
region. Hence the timing signal 303 may provide the 1sola-
tion and orthogonality and range of propagation delays and
other benefits that an undistorted cyclic prefix normally
provides, notwithstanding the briel enhancement at the
timestamp point 307.

[0070] FIG. 3B 1s a schematic showing an exemplary
embodiment of a guard-space timing signal with a brief
amplitude null, according to some embodiments. As
depicted 1n this non-limiting example, a guard-space 312 of
an OFDM symbol contains a timing signal 313, which in this
case 1s a uniform sine wave except for a brief amplitude null
314 at the guard-space center 318. A graph of the amplitude
of the timing signal 313 1s also shown, in which the
mimmum point represents the guard-space timestamp point
317. The recerver can measure the amplitude of the timing
signal 313 and determine the time of the timestamp point
317 according to the amplitude null 314. Alternatively, the
receiver can measure two times at which the amplitude
(magnitude) crosses a threshold value 319 1n the forward
and backward directions, and can average the two times to
locate the timestamp point 317. There are many other
possible ways for the receiver to measure the time of the
guard-space timestamp point 317 according to the amplitude
null 314 1n the timing signal 313.

[0071] FIG. 3C 1s a schematic showing an exemplary
embodiment of a guard-space timing signal with a ramp-
shaped amplitude distribution, according to some embodi-
ments. As depicted 1n this non-limiting example, a guard-
space 322 of a timing resource element contains a guard-
space timing signal 323 configured as a ramp-shaped
amplitude distribution, starting at a high amplitude (such as
the maximum amplitude level of a modulation scheme), and
then reducing linearly to zero amplitude at a timestamp point
327, and continuing back to the maximum amplitude again
but with the opposite phase. The receiver can detect the
timing signal 323, measure the amplitude and phase versus
time 1n the guard-space 322, and determine a time corre-
sponding to the mimimum amplitude. The opposite-phase
portion 1s equivalent to a negative-amplitude wave.

[0072] Also shown 1s a signed amplitude function 329
indicating the amplitude distribution in the guard-space 322,
including the inverted phase portion plotted as a negative
amplitude. The receiver can fit the signed amplitude function
to the timing signal 323, such as a linear or slowly-varying
function proportional to the signed amplitude of the timing
signal 323. The receiver can then determine a zero-cross
time at which the function passes through zero amplitude,
and can thereby determine the time of the timestamp point
327. An advantage of fitting the ramp-shaped timing signal
323 to the signed amplitude function 329 may be that a large
number of data points may contribute to the fitting, and
hence the time of the zero-cross may be determined with
greater precision than single-point-based methods, espe-
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cially when the SNR 1s low. In contrast, other methods for
measuring the time ol the timestamp point, that rely on

individual digitized wavelorm measurements, generally
require high SNR.

[0073] FIG. 4A 1s a schematic showing an exemplary
embodiment of a timing signal containing a branch ampli-
tude change, according to some embodiments. As depicted
in this non-limiting example, a guard-space 402 of a single
resource element 1s configured as a pair of QAM branches,
configured here as an I-branch signal 403 and an orthogonal
(90-degree phase shifted) Q-branch signal 404, that together
include a modulation pattern that defines a timestamp point
407. The I-branch signal 403 includes a first portion with a
large sinusoidal signal, such as the maximum branch ampli-
tude level of a modulation scheme as shown, followed after
the timestamp point 407 by zero amplitude. The Q-branch
signal 404 1s mitially zero, and then at the timestamp point
407 changes to the maximum branch amplitude. There 1s a
very briel (4 wavelength) overlap between the two non-
zero regions, due to the 90-degree phase difference between
the branches. A recetver can recerve such a timing signal and
separate the I and Q branches, then determine where the
amplitude shifts from the I-branch signal 403 to the
(Q-branch signal 404, and thereby determine the time of the
timestamp point 407.

[0074] Altematively, the receiver can calculate a sum-
signal phase equal to the arctangent of the amplitude ratio
Q/1 versus time. The resulting phase curve 409 1s shown
extending from zero degrees to 90 degrees and passing
through 45 degrees at the timestamp point 407. The recerver
can thereby determine the time of the timestamp point
relative to the expected time.

[0075] The timing signals depicted in this case do not
resemble the duplication region of an OFDM symbol
because, among other things, QAM modulation does not
normally include any zero-amplitude states. Hence the
receiver may readily recognize the timing signal as such.

[0076] FIG. 4B 1s a schematic showing an exemplary
embodiment of a timing signal containing a ramp-like
amplitude change in one branch, according to some embodi-
ments. As depicted 1n this non-limiting example, a guard-
space 412 of a resource element includes an I-branch timing
signal 413 and a Q-branch timing signal 414. The I-branch
timing signal 413 1s modulated, 1n amplitude and phase, by
a transmitter, 1n a ramp-like fashion as described in FIG. 3C.
The Q-branch has zero amplitude, as transmitted. The
receiver can measure the amplitude of the I-branch signal
413 as-recerved and the Q-branch signal 414 as-received.
The as-received Q-branch signal 414 may be non-zero due
to phase noise, since phase noise typically rotates the
I-branch signal 413 partially into the Q-branch signal 414.
Amplitude noise can 1ncrease or decrease the amplitudes of
the I-branch and Q-branch timing signals 413, 414 depend-
ing on the phase of the noise relative to the signal.

[0077] Thereceiver can determine the time of a timestamp
point 417, correct for phase noise, and correct for amplitude
noise based on the as-received branch signals. For example,
the receiver can digitize the I-branch signal 413 and the
QQ-branch signal 414, and can calculate a sum-signal ampli-
tude equal to a square root of a sum of the squares of the I
and Q branch amplitudes, and can fit a function such as a
signed amplitude function (not shown here) to the signed
sum-signal amplitude, and can thereby determine the time of
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the timestamp point 417 as the time at which the signed
amplitude function passes through zero.

[0078] In addition, the receiver can compare the maximum
amplitude value of the sum-signal amplitude to an expected
amplitude level. The expected amplitude level may be
exhibited in a demodulation reference, for example. Alter-
natively, the recerver can determine the maximum amplitude
level according to the fitted amplitude function, and can
compare that to the expected value. In either case, any
difference between the measured amplitude and the expected
amplitude likely indicates amplitude noise. The receiver can
then add or subtract the difference to the message elements
of a message, depending on the relative phase, and can
thereby mitigate amplitude noise, according to some
embodiments.

[0079] In addition, the receiver can calculate a phase
rotation angle, due to phase noise, as the arctangent of the
Q-branch amplitude divided by the I-branch amplitude, for
example, and can mitigate phase noise 1n the message
clements at the same symbol-time by de-rotating their I and
(Q branch amplitudes by the phase rotation angle.

[0080] Thus the receiver, by analyzing the I and Q timing
signals as described, can determine the time of a timestamp
point 1n the guard-space, measure amplitude noise, and
measure phase noise, without consuming even a single
resource element (since the timestamp point 1s 1n the guard-
space), and without exchanging unnecessary messages of
the prior art, according to some embodiments.

[0081] FIG. 4C 1s a flowchart showing an exemplary
embodiment of an analysis procedure to correct a user
device clock time and mitigate noise, according to some
embodiments. As depicted 1n this non-limiting example, at
431 a base station can periodically transmit a guard-space
timing signal in the guard-space of a particular message
clement, configured as a pair of QAM branch signals such
as an I-branch and an orthogonal Q-branch. In this example,
the I-branch 1s modulated as a ramp-like amplitude distri-
bution changing linearly from the maximum branch ampli-
tude (or the maximum sum-signal amplitude) of the QAM
modulation scheme, down to zero amplitude at a timestamp
point, and then continuing back to the maximum amplitude
but with the opposite phase. The Q-branch has zero ampli-
tude, as-transmitted.

[0082] At 432, a user device can receive the guard-space
signals, separate the I and QQ branch signals, and determine
the amplitude distribution of those signals as-received. In
this case, the receiver calculates a sum-signal amplitude
equal to the square root of the sum of the squares of the two
branch signals, selecting the positive square root when the
I-branch signal has a first phase, and selecting the negative
square root when the I-branch signal has the first phase plus
180 degrees.

[0083] At 433, the recerver can fit a ramp-like function
such as a signed amplitude function to the sum-signal
distribution, and can thereby determine the time of the
timestamp point as the time at which the fitted function
passes through zero. Then, after comparing the time of the
timestamp point to an expected time (such as the center of
the guard-space), the receiver can adjust its local clock
reading to agree with the base station.

[0084] At 434, the receiver can also mitigate additive
amplitude noise by comparing the amplitude of the sum-
signal 1 the guard-space to the expected amplitude, as
indicated by a previous demodulation reference for example,
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and can thereby determine an amplitude and phase of the
amplitude noise. The receiver can then correct the various
message elements proximate to the timing resource element
by adding or subtracting (depending on the relative phase)
the noise amplitude to/from each message element at 435.

[0085] The recerver can also correct phase noise. At 436,
the receiver can determine a phase rotation angle according
to a ratio of the QQ and I branch amplitudes as-received, and
can then at 437 correct subsequent message elements by
de-rotating their sum-signals by that phase rotation angle.
Thus the receiver has adjusted 1ts clock setting, mitigated
amplitude noise, and mitigated phase noise, all based on the
timing signals received 1n a single guard-space.

[0086] FIG. 5A 1s a schematic showing an exemplary
embodiment of a resource grid containing a guard-space
timestamp point, according to some embodiments. As
depicted 1n this non-limiting example, the resource grid 501
1s a single slot with 14 symbol-times 503 and 12 subcarriers
502. A particular resource element 504 (heavy outline)
includes a guard-space (dark stipple) followed by a message
data portion (light stipple). The guard-space includes a
timing signal (not shown) by which a recerver can measure
a timing error relative to a base station’s clock, and can
thereby set its own clock for synchronization.

[0087] FIG. 5B i1s a schematic showing an exemplary
embodiment of a resource grid containing two guard-space
timestamp points, according to some embodiments. As
depicted 1n this non-limiting example, a slot 511 and part of
a second slot are shown sequential 1n time. Two resource
clements 3514, 3515 include guard-space regions (dark
stipple) which include timing signals that determine a time-
stamp point. The receiver can measure a time interval 516
between the two timestamp points in the two resource
clements 514, 5135 according to the receiver’s clock, and can
compare the measured value to a predetermined standard
time interval (such as one subiframe width), and thereby
determine a clock rate error relative to the clock rate of the
base station. The receiver can then adjust 1ts (the receiver’s)
clock rate to correct the clock rate error.

[0088] FIG. 5C i1s a schematic showing an exemplary
embodiment of a resource grid containing two guard-space
timestamp points 1 the same symbol-time, according to
some embodiments. As depicted in this non-limiting
example, a first slot 521 and a second slot 531 occupy the
same symbol-times 523 1n sequential subcarriers 522. Each
slot 521, 531 includes one resource element 524, 534 that
includes a guard-space (dark stipple) containing a timing
signal that defines a timestamp point. The receiver can
measure the times of the two timestamp points, as discussed
clsewhere herein, and can average, or otherwise combine,
those two timestamp points to obtain improved accuracy in
determining the clock time of the transmitter despite noise
and limited signal strength.

[0089] The examples have shown how a guard-space
timestamp point can enable a receiver to update 1ts clock
time without significantly impacting communications, and
without transmitting or receiving any messages (other than
the guard-space timestamp point), and without costing sig-
nificant transmission power. In some cases, however, the
receiver’s clock drift 1s an indication of a frequency drift or
a Doppler shiit, instead of a random fluctuation 1n timing. In
that case, the receiver may need to adjust 1ts clock rate as
well as the clock setting, to agree with the base station’s
clock. The base station may assist the user devices 1n
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maintaining “syntonized’ clock rates by transmitting two (or
more) spaced-apart guard-space timestamp points in, for
example, subsequent frames or subirames. The user device
can detect one of the guard-space timestamp points and
correct 1ts clock time according to a first difference, equal to
a difference between the first timestamp position as-received
and the middle of the first gunard-space as determined by the
receiver’s clock. The receiver can then detect a second
timestamp point using the corrected clock setting, and can
measure the time location of the second timestamp point,
and determine a second difference equal to a diflerence
between the second timestamp point and the middle of the
second guard-space. This second diflerence may indicate a
clock rate error since the clock time was adjusted according
to the first timestamp point. Therefore, the receiver may
update its clock time again according to the second differ-
ence, and may also adjust its clock rate according to the time
interval between the timestamp points.

[0090] As an alternative, the receiver can measure an
interval between the first and second timestamp points, and
compare that interval to a predetermined value, thereby
correcting the clock rate according to a difference.

[0091] As yet another alternative, the receiver can mea-
sure the first and second timestamp points without adjusting
its clock, and then finally adjust both the frequency and time
setting after the second timestamp point. By either method,
or other equivalent method, the receiver can use two time-
stamp points to adjust both the local clock setting and clock
rate of the receiver to comply with the base station, without
the unnecessary messaging of prior-art synchronization pro-
cedures, and without interrupting concurrent communica-
tions 1n the associated message data, according to some
embodiments.

[0092] In these examples, the base station has transmitted
no messages related to synchromization, other than the very
brief modification of a single resource element guard-space
or a single OFDM symbol guard-space, to demark the
timestamp point. Likewise, the user device has transmitted
no messages to the base station. By following a predeter-
mined synchronization schedule of timestamp points, the
user device has corrected 1ts clock time and clock frequency
to comply with the base station, and 1n some embodiments
has mitigated amplitude noise and phase noise, all at zero
cost 1n resources and without impeding the regular commu-
nication tratlic since the timing signals are provided only in
the guard-space regions. Such an ultra-lean, non-interfering,
synchronization/syntonization procedure may enable user
devices to maintain quality communications with the base
station by periodically correcting oscillator drift, and may
thereby provide enhanced reliability of communications.

[0093] Due to the many options and vanations disclosed
herein, and other versions derived therefrom by artisans after
reading this disclosure, it would be helptul for a wireless
standards committee to establish conventions governing
formats and implementation options for providing guard-
space timestamp points and ultra-lean procedures for preci-
sion synchronization, as disclosed. Such beneficial timing
and frequency alignment procedures may enable users to
communicate in 3G and 6G multi-GHz bands with increased
reliability, while avoiding unnecessary signaling and delays.

[0094] 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
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protect data, thereby preventing malevolent actors from
making changes. The cyber-security may thereby avoid
changes that, in some applications, could result in hazards
including lethal hazards, such as in applications related to
traflic safety, electric grid management, law enforcement, or
national security.

[0095] 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
herein. In some embodiments, the instructions (such as
software 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 convenience of
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 satisfaction.

[0096] The systems and methods may be fully imple-
mented 1n any number of computing devices. Typically,
instructions are laid out on computer readable media, gen-
crally 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 input 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, lap-
top 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 implemen-
tation, 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
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provide a suitable computing environment for an implemen-
tation 1n which a plurality of users provide separate 1inputs to
the system and method.

[0097] It 1s to be understood that the foregoing description
1s not a definition of the invention but i1s 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 1n 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,
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.

[0098] As used in this specification and claims, the terms
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“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 iterpretation.

1. A method for a base station of a wireless network to
provide synchronization signals, the method comprising:
a) transmitting a signal occupying a single symbol-time of
a resource grid, the signal comprising a first guard-
space portion followed by a second guard-space portion
followed by a message portion;

b) wherein the message portion comprises a final region
at an ending of the symbol-time, and a pre-final region
immediately preceding the final region;

¢) wherein the second guard-space portion 1s a copy of the
signal 1n a final region of the message portion; and

d) wherein the first guard-space portion comprises a
phase-shifted copy of the signal 1n the pre-final region
of the message portion.

2. The method of claim 1, wherein the message portion 1s
transmitted according to 3G or 6G technology.

3. The method of claim 1, wherein the phase-shifted copy
of the signal in the pre-final region 1s phase-shifted by a
multiple of 90 degrees relative to the signal 1n the pre-final
region.

4. The method of claim 1, wherein:

a) the signal occupies a particular subcarrier and a par-

ticular symbol-time of the resource grid during down-
link-scheduled symbol-times; and

b) the particular subcarrier and the particular symbol-time
are specified 1n a system information message.

5. The method of claim 4, wherein:

a) the particular subcarrier 1s adjacent to a first subcarrier
at a higher frequency and a second subcarrier at a lower
frequency; and

b) zero power 1s transmitted, during the single symbol-
time, 1n the first subcarrier and in the second subcarrier.
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6. The method of claim 1, wherein the signal comprises an
OFDM (orthogonal frequency-division multiplexing) sym-
bol comprising a sum ol multiple subcarrier signals.

7. The method of claim 1, wherein a duration of the first
guard-space portion 1s equal to a duration of the second
guard-space portion.

8. The method of claim 1, further comprising:

a) constructing a reconstructed cyclic prefix by inverting,
a phase of the first guard-space portion and appending,
the second guard-space portion; and

b) performing signal processing on a signal comprising
the reconstructed cyclic prefix concatenated with the
message portion.

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

receive synchronization signals, the method comprising:

a) recerving a signal occupying a single symbol-time of a
resource grid, the signal comprising a first guard-space
portion followed by a second guard-space portion fol-
lowed by a message portion;

b) wherein the message portion comprises a final region
at an ending of the symbol-time, and a pre-final region
immediately preceding the final region;

¢) comparing the signal 1n the second guard-space portion
to the signal in the final region of the message portion;

d) comparing the signal in the first guard-space portion to
the signal 1n the pre-final region, phase-shifted accord-
ing to a predetermined phase shiit;

¢) determiming, according to the comparing, a timestamp
time corresponding to a boundary between the first
guard-space portion and the second guard-space por-
tion; and

) adjusting a clock setting of the user device, according
to the timestamp time, to bring the clock of the user
device mto agreement with a clock of a base station of
the wireless network.

10. The method of claim 9, wherein the predetermined
phase shift 1s a non-zero multiple of 90 degrees.

11. The method of claim 9, wherein the signal occupies a
single subcarrier and a single symbol-time of the resource
orid, the subcarrier and symbol-time specified by a system
information message.

12. The method of claim 9, wherein the signal comprises
an OFDM (orthogonal frequency-division multiplexing)
symbol comprising a sum of multiple subcarrier signals.

13. The method of claim 9, further comprising;:
a) calculating an error comprising:

1) a difference between the signal in the first guard-
space portion and the signal 1n the pre-final region of
the message portion phase-shifted according to the
predetermined phase shift; plus

11) a difference between the signal 1n the second guard-
space portion and the signal 1n the final region of the
message portion;

b) varying a time of a boundary between the first guard-
space portion and the second guard-space portion; and

¢) determining, according to the varying, a particular time
of the boundary at which the error 1s minimized.

14. The method of claim 9, wherein the adjusting the
clock setting of the user device comprises:

a) determining a time error comprising a magnitude of a
difference between the timestamp time and a midpoint
of the guard-space;
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b) when the timestamp time occurs earlier than the
midpoint of the guard-space, adding the time error to
the clock setting of the user device; and

¢) when the timestamp time occurs later than the midpoint
of the guard-space, subtracting the time error from the

clock setting of the user device.

15. A method for a user device, of a wireless network
comprising a base station, to adjust a clock frequency, the
method comprising:

a) periodically receiving a guard-space timestamp point

comprising a 180 degree phase reversal of a signal 1n a
guard-space of a predetermined resource element;

b) upon receiving each timestamp point, determining a
timing correction according to a time difference com-
prising a time of the timestamp point minus a time of
a midpoint of the guard-space, and applying a time
correction to a clock of the user device according to the
time difference;

¢) after receiving at least integer N timestamp points,
determining an average of N time differences;

d) calculating a frequency ofiset comprising the average
of N time differences, times a frequency of the clock of
the user device, divided by an interval between the
timestamp points; and

¢) adjusting the frequency of the clock of the user device
according to the frequency oflset.
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16. The method of claim 15, wherein:

a) the 1interval between the timestamp points comprises an
integer M of subirames; and

b) the integer M 1s specified by the base station 1n a system
information message.

17. The method of claim 15, further comprising:

a) when the average of N time diflerences 1s positive,
reducing the frequency of the clock of the user device
by the frequency oflset; and

b) when the average of N time differences 1s negative,
increasing the frequency of the clock of the user device
by the frequency oilset.

18. The method of claim 15, further comprising, when a
magnitude of the average of N time diflerences 1s below a
predetermined threshold, declining to adjust the frequency
of the clock of the user device.

19. The method of claim 15, further comprising:

a) determining that the user device 1s 1n motion; and

b) transmitting a request message to the base station,
requesting that the interval between the timestamp
points be reduced.

20. The method of claim 15, further comprising:

a) determining that the clock of the user device has a rate
of drift above a predetermined threshold; and

b) transmitting a request message to the base station,
requesting that the interval between the timestamp

points be reduced.
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