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DESCRIPTION

BACKGROUND

1. Field

[0001] The present application is directed to networks in general and in particular to time
synchronized networks of wireless nodes and to wireless nodes in a network.

2. Background

[0002] Almost every standard compliant wireless system as of today uses quartz technology
for precise timing and frequency reference. The quartz crystal (Xtal) is a bulky off-chip
component that puts a size limitation towards miniaturization and adds to the Bill of Material
(BOM) cost of a sensor node. Accordingly, improved systems and methods are required for
precise timing and frequency references in wireless systems. WO 2009/019639 A2 discloses
transmitter, receiver and transceiver circuits that do not require a crystal resonating element.

SUMMARY OF THE DISCLOSURE

[0003] There is provided a wireless slave node for use in a wireless network system according
to claim 1.

[0004] An aspect of the present disclosure is to provide a wireless slave node for a wireless
network system. The slave node includes a tunable radiofrequency (RF) receiver configured to
be in wireless communication with a master node and to receive at a slave frequency, the
master node being configured to transmit at a master frequency, and an RF oscillator
configured to communicate with the tunable RF receiver, the RF oscillator being configured to
communicate an RF oscillator frequency to the RF receiver to determine and tune the slave
frequency. The slave node also includes a signal processor configured to communicate with
the tunable RF receiver. The signal processor is further configured to provide instructions to
the tunable RF receiver to search for reception of a signal from the master node by tuning the
slave frequency of the tunable RF receiver within a predetermined search band of frequencies,
to provide an initial detected master frequency. The signal processor is further configured to
instruct the tunable RF receiver to receive a calibration signal at the initial detected master
frequency from the master node, the calibration signal containing time information or frequency
information, or both. The signal processor is further configured to provide a frequency error of
the RF oscillator frequency relative to the calibration signal by comparing information from the
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calibration signal to a corresponding signal from the RF oscillator to tune the RF oscillator
frequency to the frequency of the master node to enable communication between the slave
node and the master node at the tuned RF oscillator frequency.

[0005] Another aspect of the present disclosure is to provide a wireless network that includes a
master node comprising a master radio frequency (RF) transmitter configured to transmit at a
master frequency, the master frequency being generated by the master node using a master
clock; and said slave node.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The present disclosure, as well as the methods of operation and functions of the related
elements of structure and the combination of parts and economies of manufacture, will
become more apparent upon consideration of the following description and the appended
claims with reference to the accompanying drawings, all of which form a part of this
specification, wherein like reference numerals designate corresponding parts in the various
figures. It is to be expressly understood, however, that the drawings are for the purpose of
illustration and description only and are not intended as a definition of the limits of the
invention. As used in the specification and in the claims, the singular form of "a", "an”, and "the"
include plural referents unless the context clearly dictates otherwise.

FIG. 1 shows a schematic diagram of a wireless network, according to some embodiments of
the present disclosure;

FIG. 2 depicts a schematic diagram of a wireless slave node for a wireless network system,
according to some embodiments of the present disclosure;

FIG. 3 depicts a measurement interval T defined by a number N1 count of Counter 1 in an
internet-of-things (1oT) sensor node that can employ simple counters for an on-chip frequency
measurement of RF (LC/Ring) oscillators to tune their frequency, according to an embodiment
of the present disclosure;

FIG. 4 is a measurement set-up for a first experiment; according to an embodiment of the
present disclosure;

FIG. 5Ais a plot of a measured RC oscillator frequency over 12 hrs at a constant temperature
of 23 °C, according to an embodiment of the present disclosure;

FIG. 5B is a plot of the estimated frequency error versus time, according to an embodiment of
the present disclosure;

FIG. 5C is a plot of the calibrated RC oscillator frequency, according to an embodiment of the
present disclosure;

FIG. 6A is a plot showing the temperature ramp profile, according to an embodiment of the
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present disclosure;

FIG. 6B is a plot showing the measured frequency of the relaxation oscillator, according to an
embodiment of the present disclosure;

FIG. 6C is a plot showing a 10 MHz Xtal referenced frequency generated on an FPGA for
comparison, according to an embodiment of the present disclosure;

FIG. 7A shows the effect of temperature ramp on the RC oscillator frequency, according to an
embodiment of the present disclosure;

FIG. 7B shows the estimated frequency error and FIG. 7C shows the calibrated residual error
in the RC oscillator frequency, according to an embodiment of the present disclosure;

FIGs. 8A and 8B show the measured calibrated RC oscillator frequency reference with and
without the FIR filter, respectively, according to an embodiment of the present disclosure;

FIG. 9 shows a measurement setup to investigate the different synchronization intervals at
room temperature, according to an embodiment of the present disclosure; and

FIG. 10 shows a plot of the standard deviation corresponding to each synchronization interval
with and without FIR filter, according to an embodiment of the present disclosure.

DETAILED DESCRIPTION

[0007] Some embodiments of the current invention are discussed in detail below. In describing
embodiments, specific terminology is employed for the sake of clarity. However, the invention is
not intended to be limited to the specific terminology so selected. A person skilled in the
relevant art will recognize that other equivalent components can be employed and other
methods developed without departing from the broad concepts of the current invention as
defined in the appended claims.

[0008] FIG. 1 shows a schematic diagram of a wireless network, according to some
embodiments of the present disclosure. In an embodiment, the wireless network 100 includes
a master node 102 and a slave node 110, 112. The master node 102 includes a master radio
frequency (RF) transmitter 104 that is configured to transmit at a master frequency. The
master frequency is generated by the master node 102 using a master clock 108. In an
embodiment, the master clock 108 comprises a quartz or microelectromechanical systems
(MEMSs) oscillator.

[0009] In the following paragraphs, the wireless network 100 will be described by referring to
the slave node 110. However, as it can be appreciated, the same or similar description can
also be applied to the slave node 112. The slave node 110 includes a tenable RF receiver 116
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that is configured to be in wireless communication with the master node and to receive at a
slave receive frequency. In an embodiment, the slave node 110 may further include a tunable
RF transmitter 114 that is configured to be in wireless communication with the master node
102 and to transmit at a slave transmit frequency. In an embodiment, the slave receive
frequency of the tunable RF receiver 116 is substantially the same as the slave transmit
frequency of the tunable RF transmitter 114. However, the slave receive frequency and the
slave transmit frequency can also be different. For example, a difference of a few MHz (e.g.,
2.5 MHz) can exist between the slave transmit frequency and the slave receive frequency.

[0010] The slave node 110 also includes an RF oscillator 118 that is configured to
communicate with the tunable RF receiver 116. The RF oscillator may also be configured to
communicate with the tunable RF transmitter 114. The RF oscillator 118 is configured to
communicate an RF oscillator frequency to at least the tunable RF receiver 116 to determine
and tune the slave frequency. In an embodiment, the RF oscillator 118 is configured to
communicate the RF oscillator frequency to both the tunable RF transmitter 114 and the
tunable RF receiver 116. In another embodiment, the RF oscillator 118 may include a first RF
oscillator configured to communicate with the tunable RF receiver 116 and a second RF
oscillator configured to communicate with the tunable RF transmitter 114. The first and second
RF oscillators of the RF oscillator 118 are configured to communicate frequency information to
the tunable RF receiver 116 and to the tunable RF transmitter 114, respectively, to determine
and tune the slave frequency of the tunable RF receiver 116 and the slave frequency of the
tunable RF transmitter 114.

[0011] The slave node 110 also includes a signal processor 120 that is configured to
communicate with the tunable RF receiver 116. The signal processor 120 can be a digital or an
analog circuit. In an embodiment, the signal processor may also be configured to communicate
with the tunable RF transmitter 114. In an embodiment, the signal processor 120 is further
configured to provide instructions to the tunable RF receiver 116 to search for reception of a
signal from the master node 102 by tuning the slave frequency of the tunable RF receiver 116
within a predetermined search band of frequencies to provide an initial detected master
frequency. In an embodiment, the signal processor 120 is further configured to instruct the
tunable RF receiver 116 to receive a calibration signal at the initial detected master frequency
from the master node 102. The calibration signal may contain time information or frequency
information, or both. For example, in an embodiment, the calibration signal may contain time
information in a form of two beacon signals transmitted at two different point in time. The two
beacon signals may have the same frequency. In another embodiment, the calibration signal
may contain a first signal at a first frequency, transmitted at a first point in time and a second
signal at a second frequency, transmitted at a second point time. The first point in time and the
second point in time can be the same or different.

[0012] The signal processor 120 is further configured to provide a frequency error of the RF
oscillator frequency relative to the calibration signal by comparing information from the
calibration signal to a corresponding signal from the RF oscillator 118 to tune the RF oscillator
frequency to the frequency of the master node 102 to enable communication between the
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slave node 110 and the master node 102 at the tuned RF oscillator frequency. In an
embodiment, the frequency error of the RF oscillator 118 can be computed by the signal
processor 120 by comparing information from the calibration signal from the master node 102
to a corresponding signal from the RF oscillator 118. The computed frequency error can then
be used to calculate a communicating frequency that more closely matches or approaches the
master frequency than the initial detected master frequency.

[0013] In another embodiment, the frequency error may not need to be computed. In this
case, for example, the frequency error can be provided in a form of a direction or a sign "+" or
sign "-" which can be coded as a "bit charge pump." Hence, the error can be provided as an
information of the slave frequency being greater "+" than the master frequency or smaller "-"
than the master frequency. The slave frequency can decrease its frequency if the slave
frequency is greater than the master frequency or increase its frequency if the slave frequency
is smaller than the master frequency and repeat this operation a plurality of times until the
slave frequency is tuned to the master frequency.

[0014] In an embodiment, the RF oscillator 118 includes a relaxation oscillator circuit or a LC
circuit (LC tank), or both. In an embodiment, the tunable RF receiver 116 and the RF oscillator
118 are structured as a single-chip semiconductor device on one semiconductor die. In
another embodiment, the tunable RF receiver 116, the tunable RF transmitter 114 and the RF
oscillator 118 are structured as a single-chip semiconductor device on one semiconductor die.
For example, the single-chip semiconductor device is a complementary metal-oxide
semiconductor (CMOS) device. In an embodiment, the slave node 110 may also include an
antenna electrically connected to the tunable RF receiver 116. The antenna may also be
connected to the tunable RF transmitter 114. Alternatively, a separate antenna may be
connected to the tunable RF transmitter 114. The antenna can be provided on the single-chip
semiconductor device on the one semiconductor die. In an embodiment, the slave node 110
further includes a source of electrical energy in electrical connection with the tunable RF
receiver 116 and the RF oscillator 118 to power the slave node 110. In another embodiment,
the source of electrical energy is in electrical connection with the tunable RF receiver 116, the
tunable RF transmitter 114, and the RF oscillator 118 to power the slave node 110. In an
embodiment, the source of electrical energy is a further structure on the single-chip
semiconductor device on the one semiconductor die. In an embodiment, the source of
electrical energy may include an energy scavenging structure that extracts energy from a local
environment of the wireless slave node. The energy scavenging structure can be, for example,
a photovoltaic cell. In an embodiment, the slave node 110 further includes an energy storage
structure in electrical connection with the source of electrical energy. The energy storage
structure can be, for example, a battery. In an embodiment, the slave node 110 further
includes an energy storage structure in electrical connection with the source of electrical
energy. The energy storage structure can be, for example, a thin-film battery printed onto the
single-chip semiconductor device.

[0015] In an embodiment, the slave node 110 may also include a memory device configured to
communicate with the signal processor 120 to store the tuned RF oscillator frequency. In an
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embodiment, the slave node may also include a local clock 119 that is configured to
communicate with the tunable RF receiver 116 to provide timing information to the tunable RF
receiver 116. In an embodiment, the local clock 119 may also communicate with the tunable
RF transmitter 114 to provide timing information to the tunable RF transmitter 114. In an
embodiment, the local clock 119 is configured to receive a calibration signal from the master
node 102. The calibration signal may contain time information or frequency information, or
both, to tune the local clock 119 to the master clock 108 of the master node. In an
embodiment, the local clock 119 comprises a low frequency oscillator having a lower frequency
than the RF oscillator frequency of the RF oscillator 118.

[0016] FIG. 2 depicts a schematic diagram of a wireless slave node for a wireless network
system, according to some embodiments of the present disclosure. The slave node 200
includes a tunable RF receiver 204 that is configured to be in wireless communication a master
node and to receive at a slave receive frequency. In an embodiment, the slave node 200 may
further include a tunable RF transmitter 202 that is configured to be in wireless communication
with the master node and to transmit at a slave transmit frequency. In an embodiment, the
slave receive frequency of the tunable RF receiver 204 is substantially the same as the slave
transmit frequency of the tunable RF transmitter 202. However, the slave receive frequency
and the slave transmit frequency can also be different. For example, a difference of a few MHz
(e.g., 2.5 MHz) can exist between the slave transmit frequency and the slave receive
frequency.

[0017] The slave node 200 also includes an RF oscillator 206 that is configured to
communicate with the tunable RF receiver 204. The RF oscillator 206 may also be configured
to communicate with the tunable RF transmitter 202. The RF oscillator 206 is configured to
communicate an RF oscillator frequency to at least the tunable RF receiver 204 to determine
and tune the slave frequency. In an embodiment, the RF oscillator 206 is configured to
communicate the RF oscillator frequency to both the tunable RF transmitter 202 and the
tunable RF receiver 204. In another embodiment, the RF oscillator 206 may include a first RF
oscillator configured to communicate with the tunable RF receiver 204 and a second RF
oscillator configured to communicate with the tunable RF transmitter 202. The first and second
RF oscillators of the RF oscillator 206 are configured to communicate frequency information to
the tunable RF receiver 204 and to the tunable RF transmitter 202, respectively, to determine
and tune the slave frequency of the tunable RF receiver 204 and the slave frequency of the
tunable RF transmitter 202.

[0018] The slave node 200 also includes a signal processor 208 that is configured to
communicate with the tunable RF receiver 204. The signal processor 208 can be a digital or an
analog circuit. In an embodiment, the signal processor 208 may also be configured to
communicate with the tunable RF transmitter 202. In an embodiment, the signal processor 208
is further configured to provide instructions to the tunable RF receiver 204 to search for
reception of a signal from the master node by tuning the slave frequency of the tunable RF
receiver 204 within a predetermined search band of frequencies to provide an initial detected
master frequency. In an embodiment, the signal processor 208 is further configured to instruct
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the tunable RF receiver 204 to receive a calibration signal at the initial detected master
frequency from the master node. The calibration signal may contain time information or
frequency information, or both. For example, in an embodiment, the calibration signal may
contain time information in a form of two beacon signals transmitted at two different point in
time. The two beacon signals may have the same frequency. In another embodiment, the
calibration signal may contain a first signal at a first frequency, transmitted at a first point in
time and a second signal at a second frequency, transmitted at a second point time. The first
point in time and the second point in time can be the same or different.

[0019] The signal processor 208 is further configured to provide a frequency error of the RF
oscillator frequency relative to the calibration signal by comparing information from the
calibration signal to a corresponding signal from the RF oscillator 206 to tune the RF oscillator
frequency to the frequency of the master node to enable communication between the slave
node 200 and the master node at the tuned RF oscillator frequency. In an embodiment, the
frequency error of the RF oscillator 206 can be computed by the signal processor 208 by
comparing information from the calibration signal from the master node to a corresponding
signal from the RF oscillator 206. The computed frequency error can then be used to calculate
a communicating frequency that more closely matches or approaches the master frequency
than the initial detected master frequency.

[0020] In another embodiment, the frequency error may not need to be computed. In this
case, for example, the frequency error can be provided in a form of a direction or a sign "+" or
sign "-" which can be coded as a "bit charge pump." Hence, the error can be provided as an
information of the slave frequency being greater "+" than the master frequency or smaller "-"
than the master frequency. The slave frequency can decrease its frequency if the slave
frequency is greater than the master frequency or increase its frequency if the slave frequency
is smaller than the master frequency and repeat this operation a plurality of times until the
slave frequency is tuned to the master frequency.

[0021] In an embodiment, the RF oscillator 206 includes a relaxation oscillator circuit or a LC
circuit (LC tank), or both. In an embodiment, the tunable RF receiver 204 and the RF oscillator
206 are structured as a single-chip semiconductor device on one semiconductor die. In
another embodiment, the tunable RF receiver 204, the tunable RF transmitter 202 and the RF
oscillator 206 are structured as a single-chip semiconductor device on one semiconductor die.
For example, the single-chip semiconductor device is a complementary metal-oxide
semiconductor (CMOS) device. In an embodiment, the slave node 200 may also include an
antenna electrically connected to the tunable RF receiver 204. The antenna may also be
connected to the tunable RF transmitter 202. Alternatively, a separate antenna may be
connected to the tunable RF transmitter 202. The antenna can be provided on the single-chip
semiconductor device on the one semiconductor die. In an embodiment, the slave node 200
further includes a source of electrical energy in electrical connection with the tunable RF
receiver 204 and the RF oscillator 206 to power the slave node 200. In another embodiment,
the source of electrical energy is in electrical connection with the tunable RF receiver 204, the
tunable RF transmitter 202, and the RF oscillator 206 to power the slave node 200. In an
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embodiment, the source of electrical energy is a further structure on the single-chip
semiconductor device on the one semiconductor die. In an embodiment, the source of
electrical energy may include an energy scavenging structure that extracts energy from a local
environment of the wireless slave node. The energy scavenging structure can be, for example,
a photovoltaic cell. In an embodiment, the slave node 200 further includes an energy storage
structure in electrical connection with the source of electrical energy. The energy storage
structure can be, for example, a battery. In an embodiment, the slave node 200 further
includes an energy storage structure in electrical connection with the source of electrical
energy. The energy storage structure can be, for example, a thin-film battery printed onto the
single-chip semiconductor device.

[0022] In an embodiment, the slave node 200 may also include a memory device configured to
communicate with the signal processor 208 to store the tuned RF oscillator frequency. In an
embodiment, the slave node 200 may also include a local clock 207 that is configured to
communicate with the tunable RF receiver 204 to provide timing information to the tunable RF
receiver 204. In an embodiment, the local clock 207 may also communicate with the tunable
RF transmitter 202 to provide timing information to the tunable RF transmitter 202. In an
embodiment, the local clock 207 is configured to receive a calibration signal from the master
node. The calibration signal may contain time information or frequency information, or both, to
tune the local clock 207 to a master clock of the master node. In an embodiment, the local
clock 207 comprises a low frequency oscillator having a lower frequency than the RF oscillator
frequency of the RF oscillator 206.

[0023] In the above paragraphs, it is described that the calibration signal or calibration
information is provided by the master node. However, it must be appreciated that the
calibration signal or calibration information can be provided by a reference node which can be
the master node or can also be any other reference node including, but not limited to, GPS
satellite, mobile cellular tower, FM radio, TV and/or the atomic clock. Therefore, the calibration
information or calibration signal can include calibration information from the master node,
calibration information from a GPS signal, calibration information from mobile cellular signal,
calibration information from a FM radio signal, calibration information from a TV signal,
calibration information from the atomic clock signal, or any combination thereof.

[0024] As it can be appreciated from the above paragraphs, there is also provided, according
to an embodiment of the present disclosure, a method of tuning a communication frequency of
a slave node (e.g., slave node 110) to a communication frequency of a master node (e.g.,
master node 102), the master node 102 having a master RF transmitter 104 configured to
transmit at a master frequency, the master frequency being generated by the master node 102
using the master clock 108. The method includes searching, by the slave node 110, for
reception of a signal from the master node 102 by tuning a slave frequency of a tunable RF
receiver 116 of the slave node 110 within a predetermined search band of frequencies to
provide an initial detected master frequency, the slave frequency corresponding to an RF
frequency provided by an RF oscillator 118 in the slave node 110. The method further includes
receiving, by the slave node 110, a calibration signal at the initial detected master frequency
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from the master node 102, the calibration signal containing time information or frequency
information, or both, and determining, by the slave node 110, a frequency error between the
calibration signal containing the time information or frequency information, or both, and the
slave frequency. The method also includes tuning, by the slave node 110, the slave frequency
to the frequency of the master node 102 based on the frequency error to enable
communication between the slave node 110 and the master node 102 at the tuned slave
frequency.

[0025] In an embodiment, the determining of the frequency error between the calibration
signal and the slave frequency includes computing a frequency error of the RF oscillator 118
by comparing information from the calibration signal from the master node 102 to a
corresponding signal from the RF oscillator 118 to calculate a communicating frequency that
more closely matches the master frequency than the initial detected master frequency. In an
embodiment, the tuning of the slave frequency to the frequency of the master node 102
comprises correcting for the frequency error between the calibration signal and the slave
frequency.

[0026] As it can be appreciated from the above paragraphs, there is further provided another
method of communicating over a wireless network, according to an embodiment of the present
disclosure. The method includes transmitting RF calibration information from a master node
102, and tuning an RF receiver 116 of a slave node 110 within a preselected frequency band to
receive the RF calibration information from the master node 102. The method further includes
tuning an RF transmitter 114 of the slave node using the calibration information from the
master node 102, and transmitting local information from the slave node 110 subsequent to the
tuning the RF transmitter 114 such that at least the master node 102 or at least one other
slave node 112 is able to receive the local information. The tuning of the RF transmitter 114 of
the slave node 110 comprises tuning an RF oscillator 118 of the slave node 110.

[0027] In an embodiment, the method further includes tuning an RF receiver of a second slave
node 112 within the preselected frequency band to receive the RF calibration information from
the master node 102. The tuning of the RF transmitter of the second slave node 112 includes
tuning of an RF oscillator of the second slave node. In an embodiment, the method also
includes transmitting local information from at least one of the first-mentioned slave node 110
or the second slave node 112 subsequent to the tuning the corresponding RF transmitter such
that local information is transmitted therebetween. In an embodiment, tuning the RF oscillator
comprises tuning a frequency of the RF oscillator based on the calibration information from the
master node 102 to enable communication between at least the slave node 110, 112 and the
master node 102 at the tuned RF oscillator frequency.

[0028] The following paragraphs describe various examples of implementations of the above
described wireless network and various implementations of the slave node. However, it must
be appreciated that the disclosure is not limited to the implementations described herein but
encompasses other configurations. The term "master node" is intended to have a broad
interpretation, including but not limited to a root node, a node having a crystal reference, or a
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node transmitting a calibration signal containing time information or frequency information, or
both. The term "slave node" is intended to have a broad interpretation, including but not limited
to, a wireless sensor node. The term "slave node" is intended to have a broad interpretation,
including but not limited to dedicated digital logic, a microprocessor, an electronic processor, or
a processor configured to execute commands stored in software, etc.

[0029] As it can be appreciated from the following paragraphs, there is provided a crystal free
sensor node designed in the absence of a crystal reference. In an embodiment of the present
disclosure, the nodes in the wireless network operate in a Time-Synchronized Mesh Protocol
(TSMP) with at least one node in the network having a crystal reference (K. Pister and Lance
Doherty, "TSMP: Time synchronized mesh protocol," in IASTED Distributed Sensor Networks,
2008, pp. 391-398.)

[0030] In the absence of any quartz crystal oscillator, an on-chip relaxation oscillator is used as
a frequency reference. For a frequency reference, the frequency stability and accuracy of the
frequency reference are desired. There are several factors that contribute to frequency
fluctuations of an oscillatory signal of an oscillator from its nominal oscillation frequency. These
factors can be broadly categorized as short-term (within approximately seconds) and long-term
(within approximately hours). The frequency fluctuations of the oscillator are caused due to
random noise, deterministic environmental effects, and aging. The environmental effects
include temperature, vibration, shock, power-supply variation, humidity, stress, etc. It is
worthwhile to note that these effects occur at different time scales. A factor that is of interest is
short-term frequency stability of a relaxation oscillator for a given power budget which limits its
inherent frequency stability due to pure random noise.

[0031] The short-term frequency stability of relaxation oscillators, published in the literature as
measured by the Allan deviation directly in the time domain, shows that beyond 1 second
better than 20 ppm frequency stability is achieved at nW power for 18.5 KHz (A. Paidimarri, D.
Griffith, A. Wang, A.P. Chandrakasan, and G. Burra, "A 120nW 18.5kHz RC oscillator with
comparator offset cancellation for +0.25% temperature stability," in Solid-State Circuits
Conference Digest of Technical Papers (ISSCC), 2013 IEEE International, Feb. 2013, pp. 184-
185) and 33 KHz (D. Griffith, P.T. Roine, J. Murdock, and R. Smith, "A 190nW 33kHz RC
oscillator with £0.21% temperature stability and 4ppm long-term stability," in Solid-State Circuits
Conference Digest of Technical Papers (ISSCC), 2014 IEEE International, Feb. 2014, pp. 300-
301) for RC oscillators and <100 ppm for 11 Hz for RC oscillator beyond 100 seconds
(Seokhyeon Jeong, Inhee Lee, D. Blaauw, and D. Sylvester, "A 5.8 nW CMOS Wake-Up Timer
for Ultra-Low-Power Wireless Applications,” Solid-State Circuits, IEEE Journal of, vol. 50, no. 8,
pp. 1754-1763, Aug. 2015). The frequency stability of relaxation oscillators is not limited by the
pure random noise but is in fact due to environmental factors, e.g. temperature and supply
voltage sensitivity. Measured temperature accuracy of £2100 ppm (-20 °C to 90 °C) and £1000
ppm (-20 °C to 100 °C) while voltage accuracy of 900 ppm and 600 ppm per volt has been
reported (D. Griffith, P.T. Roine, J. Murdock, and R. Smith, "A 190nW 33kHz RC oscillator with
+0.21% temperature stability and 4ppm long-term stability,” in olid-State Circuits Conference
Digest of Technical Papers (ISSCC), 2014 IEEE International, Feb. 2014, pp. 300-301 and
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Keng-Jan Hsiao, "A 32.4 ppm/°C 3.2-1.6V self-chopped relaxation oscillator with adaptive
supply generation,” in in VLSI Circuits (VLSIC), 2012 Symposium on, June 2012, pp. 14-15).
Therefore, the sensitivity to environmental factors can set the lower limit on the frequency
accuracy of the relaxation oscillators.

[0032] In an embodiment, after calibrating for static errors, e.g. process variations,
approximately 1% (i.e., approximately 10000 ppm) initial frequency accuracy of relaxation
oscillators can be achieved keeping environmental factors into account. For example, in a
wireless network if one node (e.g., master node 102 shown in FIG. 1) has a crystal-referenced
oscillator used as a clock (called Root clock), then all other nodes in the network can
synchronize their local reference clock (relaxation oscillator) to the Root clock by exchanging
packets and using time-stamp information to track their clock drift with respect to a crystal clock
(Tengfei Chang, Thomas \Watteyne, Kris Pister, and Qin Wang, "Adaptive synchronization in
multi-hop TSCH networks," Computer Networks, vol. 76, pp. 165-176, Jan. 2015). However,
the problem with this approach is that in order for the nodes to initially communicate (listen) to
a Root node to get the time information, the listening nodes need to tune their local oscillator
(LO) to a precise RF frequency (typically <100 ppm accuracy) which can be achieved with an
on-chip phase locked loop (PLL) using an accurate crystal based frequency reference.

[0033] An algorithm that allows a sensor node to communicate with a Root node with
inaccurate frequency reference (~10000 ppm) is implemented. Once communication with a
Root node (e.g., master node 102) is established and time-information exchanged, this initial
frequency accuracy can be improved (< 100 ppm) and in principle is limited only by the noise
of the relaxation oscillators for a given power as quantified by the Allan deviation and the time
synchronization algorithm accuracy.

[0034] An internet-of-things (IoT) sensor node can employ simple counters for an on-chip
frequency measurement of RF (LC/Ring) oscillators to tune their frequency, as shown in FIG.
3. As depicted in FIG. 3, the measurement interval T is defined by the number N1 count of

"counter 1". The RF frequency frr can be estimated by using equation (1).

NxN2
frp = %fREF (1)

where N2 is a count value of "counter 2" for the interval T. The number N is the frequency
divide value for the RF frequency. The accuracy with which the RF frequency frg can be

determined is dictated by the accuracy of the reference frequency fREF . The accuracy can be
initially assumed to be approximately 1%. The 2.4 GHz ISM band is approximately 83 MHz
wide which correspond to 3.4% of the band center frequency of 2450 MHz. With 1% frequency
accuracy all the nodes in the network are guaranteed to find the 2.4 GHz ISM band and can
tune their local oscillators or LOs to be within about 1% (i.e., within about 24.5 MHz) of the
desired channel as illustrated in FIG. 3.

[0035] Depending on a communication channel bandwidth (communication between the
master node 102 and the slave node 110, 112), a frequency resolution (4R) can be selected to
tune the RF frequency of an loT sensor node (slave node) that guarantees to find the Root
node (master node 102) transmit frequency in the 24.5 MHz search band (SB) in a reasonable
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time. Therefore, the number of potential RF channels to search would be calculated by dividing
the search band SB by the frequency resolution AR (i.e., SB/AR). For example, if the Root
node (master node 102) sends a beacon signal every time period Tg seconds on a

predetermined RF channel then an loT node (slave node 110) needs to listen at least
1.0202xTg seconds on each potential RF channel to guarantee finding a beacon signal if it

happens to be on that frequency. The time period Tg is defined with respect to a crystal clock

(master clock 108 in the master node 102) and the factor 1.0202 takes into account the initial
approximate 1% (10000 ppm) clock error with respect to a Root node master clock 108 in the
master node 102. Therefore, the maximum time (Tg) that it would take for an IoT node to find

the Root node (master node 102) is bounded by the following inequality (2). The number of
potential RF channels to search SB/AR is multiplied by the time period 1.0202xTg seconds the

loT need to listen to define an upper limit or bound.
Te < (10202 X Tg) X 5= (2)

[0036] For example, if we assume a communication channel bandwidth of 2 MHz then a
frequency resolution of AR = 0.5 MHz is acceptable and with a beacon interval of Tg = 1

second, the maximum time it would take for an loT node (slave node 110) to find the root node
(master node 102) transmit frequency would be less than 50 seconds (< 50 seconds). Once
communication with a Root node (master node 102) is established, an |oT node (slave node
110 or 112) can then calculate its frequency error by receiving a calibration signal containing
time information for at least two time instants. According to some embodiments, the calibration
signal can be two beacon signals from the Root node separated in time by Tg seconds, though

the embodiments of the invention are not limited to this example. According to some
embodiments, each beacon packet contains the precise time-stamp in terms of counter value
cr(t) of the Root node's clock. An IoT node can then compare this counter value against its

own counter value cpft) to estimate the current average relative frequency error by using

equation (3) which can be derived from (Thomas Schmid, Roy Shea, Zainul Charbiwala, and
and Mani B. Srivastava Jonathan Firedman, "On the Interaction of Clocks, Power, and
Synchronization in Duty-Cycled Embedded Sensor Nodes,” ACM Transactions on Sensor
Networks (TOSN), vol. 7, no. 3, Sept. 2010).

_ {cr(t=Tp)—cn(t=Tp)}-{cr(t=D)—cy(t=0}}

ferr = ®)

cr(t=Tg)—cg(t=0)

[0037] The minimal resolution for frequency error estimation is given by the following equation
(4).

. 1
Oerr =

o 4
frerTE @)
where frer is the clock frequency used for the digital counters and Tg is the time interval used

for synchronization between the two nodes. The accuracy of the frequency error estimation is
limited by the rate at which the environmental factors change over the period of time Tg.

Therefore, a tradeoff exists between frequency error resolution and the error introduced by the
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environmental factors over the period of time Tg. The parameter or factor Tg can be adapted
dynamically for a particular environmental condition. The synchronization interval Tg should be

long enough to meet the desired average fractional frequency accuracy specification while
short enough to calibrate out the relatively slow varying environmental factors, as expressed by
the following inequality (5).

TResolution error < TB < TEnviromental factors’ error (5)

The resulting estimate of the frequency error can then be used to calibrate and tune the RF
oscillator frequency with improved accuracy using Equation (1).

[0038] Commercial off-the-shelf hardware platform OpenMote by OpenMote Technologies of
Spain was used to verify the feasibilty of the frequency -calibration algorithm. The
measurement setup for the first experiment is shown in FIG. 4. There are three motes. One is
configured as a transmitter (Tx), the other two motes (RC mote and Rx mote) emulate a crystal
free wireless node. Two motes are needed to emulate a crystal free wireless node since
commercial hardware platforms don't allow the radio to communicate without Xtal oscillator
running. Therefore, one mote is configured as receiver (Rx) to communicate with the Tx mote
while the other mote is configured as RC (Xtal oscillator disabled) on which relaxation oscillator
is running. The three motes are placed inside a temperature chamber to exclude any
temperature dependent frequency variation. The Tx mote is configured to periodically send RF
packets with 100 ms time interval (synchronization interval) defined by a crystal clock that acts
as a time reference for the network. The crystal free node (Rx and RC) is connected to a field-
programmable gate array (FPGA). A counter is setup in the FPGA to measure the relaxation
oscillator frequency. The Rx node sends an interrupt to the FPGA on receiving the RF packet
from the Tx. The FPGA records the current value, resets the counter and the measurement is
repeated.

[0039] FIG. 5A is a plot of a measured RC oscillator frequency over 12 hrs at a constant
temperature of 23 °C, according to an embodiment of the present disclosure. The counter
value is recorded every 100 mS, which is then compared with its ideal value, and the frequency
error is thus estimated. FIG. 5B is a plot of the estimated frequency error versus time,
according to an embodiment of the present disclosure. The computed error is then used to
calibrate the RC oscillator frequency. FIG. 5C is a plot of the calibrated RC oscillator frequency,
according to an embodiment of the present disclosure. The maximum residual frequency error
is less than 1000 ppm due to random noise. To demonstrate that the RC oscillator frequency
can be calibrated for environmental factors, a fast temperature ramp was setup from 0 °C to
70 °C with a slope of 9 °C/min. The synchronization interval is 100 mS.

[0040] FIG. 6A is a plot showing the temperature ramp profile, according to an embodiment of
the present disclosure. FIG. 6B is a plot showing the measured frequency of the relaxation
oscillator, according to an embodiment of the present disclosure. FIG. 6C is a plot showing a
10 MHz Xtal referenced frequency generated on an FPGA for comparison, according to an
embodiment of the present disclosure. Note that the FPGA is not placed inside the
temperature chamber and is not subjected to the temperature ramp.
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[0041] FIG. 7A shows the effect of temperature ramp on the RC oscillator frequency, FIG. 7B
shows the estimated frequency error and FIG. 7C shows the calibrated residual error in the RC
oscillator frequency, according to an embodiment of the present disclosure. The temperature
ramp resulted in about 25,000 ppm frequency deviation which has been calibrated to less than
1000 ppm limited by the random noise. The standard deviation of the residual error is 134
ppm. A Finite Impulse Response (FIR) filter was then used to filter the residual frequency error.
The FIR filter was designed to compute the cumulative moving average (MAVG) and the
filtered response is plotted on top of the residual frequency error in the bottom plot. The FIR
filter reduced the standard deviation to about 70 ppm.

[0042] FIGs. 8A and 8B show the measured calibrated RC oscillator frequency reference with
and without the FIR filter, respectively, according to an embodiment of the present disclosure.
Now if the RC oscillators on two Xtal free nodes are calibrated with this accuracy then for
99.7% (three-sigma) of the cases the two motes will be off in frequency at most by 420 ppm.
This corresponds to roughly 1 MHz for the 2.4 GHz ISM band. If the receiver acquisition range
is designed to be greater than 1 MHz than the two crystal free motes will be able to
communicate.

[0043] FIG. 9 shows a measurement setup to investigate the different synchronization intervals
at room temperature, according to an embodiment of the present disclosure. The Tx and the
crystal free mote (RC & Rx) are placed at a Line-of-Sight (LoS) distance of 1 m. The Tx is
programmed to send periodic RF packets at synchronization interval from 100 ms up to 1000
ms with step size of 100 ms, as well as synchronization interval of 10 s and 100 s. The residual
frequency error is still less than 1000 ppm limited only by random noise process for longer
synchronization intervals at room temperature.

[0044] FIG. 10 shows a plot of the standard deviation corresponding to each synchronization
interval with and without FIR filter, according to an embodiment of the present disclosure. The
solid line corresponds to the RC calibration and the dashed line corresponds to a cumulative
moving average (MAVG) of the RC calibration computed with a Finite Impulse Response (FIR)
filter. The error bars are computed as reciprocal of the square root of the number of data
points.

[0045] As it can be appreciated from the above paragraphs, a system solution is provided for a
crystal free wireless communication in a time synchronized mesh networks. By exchanging
time information with a Root node (master node 102) having a crystal time reference (master
clock 108) the frequency error due to the environmental effects can be estimated and
therefore calibrated for an on-chip RC oscillator. This enables wireless communication
between two crystal free nodes.

[0046] The embodiments illustrated and discussed in this specification are intended only to
teach those skilled in the art how to make and use the invention. In describing embodiments of
the disclosure, specific terminology is employed for the sake of clarity. However, the disclosure
is not intended to be limited to the specific terminology so selected. The above-described
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embodiments of the disclosure may be modified or varied, without departing from the invention
as defined by the claims. It is therefore to be understood that, within the scope of the claims,
the invention may be practiced otherwise than as specifically described. For example, it is to be
understood that the present disclosure contemplates that, to the extent possible, one or more
features of any embodiment can be combined with one or more features of any other
embodiment while still faling within the scope of the invention, which is defined by the
appended claims.
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Patentkrav

1. Tradlgs slave- (110, 112) knude til anvendelse i et tradlgst netvaerkssystem
(100), omfattende:

en indstillelig radiofrekvens RF-modtager (116) konfigureret til at veere i
tradlgs kommunikation med en master-knude (102) og til at modtage ved
en slave-frekvens, hvor master-knuden (102) er konfigureret til at sende

ved en master-frekvens;

en RF-oscillator (118) konfigureret til at kommunikere med den indstillelige
RF-modtager (116), hvor RF-oscillatoren er konfigureret til at kommunikere
en RF-oscillatorfrekvens til RF-modtageren (116) for at bestemme og

indstille slave-frekvensen;

en signalprocessor (120) konfigureret til at kommunikere med naevnte
indstillelige RF-modtager (116);

hvor naevnte signalprocessor (120) er yderligere konfigureret til at
tilvejebringe instruktioner til naavnte indstillelige RF-modtager (116) til at
spge efter modtagelse af et signal fra naavnte master-knude (102) ved at
indstille naevnte slave-frekvens af naevnte indstillelige RF-modtager (116)
inden for et forudbestemt sggeband af frekvenser, for at tilvejebringe en
indledende detekteret master-frekvens,

hvor naevnte signalprocessor (120) er yderligere konfigureret til at
instruere naevnte indstillelige RF-modtager (116) til at modtage et
kalibreringssignal ved naevnte indledende detekterede master-frekvens fra
neevnte master-knude (102), hvor naevnte kalibreringssignal indeholder
tidsinformation eller frekvensinformation, eller begge, og

hvor naevnte signalprocessor (120) er yderligere konfigureret til at tilvejebringe
en frekvensfejl af naevnte RF-oscillatorfrekvens i forhold til naevnte kalibrerings-
signal ved at sammenligne information fra naevnte kalibreringssignal med et
tilsvarende signal fra naevnte RF-oscillator (118) for at indstille RF-
oscillatorfrekvensen til frekvensen af master-knuden (102) for at muligggre
kommunikation mellem naevnte slave-knude (110, 112) og navnte master-knude
(102) ved naevnte indstillede RF-oscillatorfrekvens.
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2. Den tradlgse slave- (110, 112) knude ifglge krav 1, hvor slave-knuden
omfatter en eller flere komponenter struktureret som en singlechip-
halvlederindretning pa en halvledermatrice, hvor hver af den ene eller flere

komponenter er en af:
den indstillelige RF-modtager (116) og RF-oscillatoren (118);
en antenne elektrisk forbundet til den indstillelige RF-modtager (116);

en elektrisk energikilde i elektrisk forbindelse med den indstillelige RF-
modtager (116) og RF-oscillatoren (118) for at forsyne slave-knuden (110,
112) med strogm; og

et tyndfilmbatteri trykt pd navnte singlechip-halvlederindretning.

3. Den tradlgse slave- (110, 112) knude ifglge krav 2, hvor naevnte singlechip-
halvlederindretning er en komplementaer metaloxid-halvleder-(CMOS) indretning.

4. Den tradlgse slave- (110, 112) knude ifglge et hvilket som helst foregaende
krav, hvor naevnte slave-knude yderligere omfatter en elektrisk energikilde i
elektrisk forbindelse med naevnte indstillelige RF-modtager (116) og naevnte RF-
oscillator (118) for at forsyne naevnte slave-knude med strgm.

5. Den tradlgse slave- (110, 112) knude ifglge enten krav 2 eller 4, hvor naevnte

elektriske energikilde omfatter en af:

en energiudtgmningsstruktur som udtgmmer energi fra et lokalt miljg af

neevnte slave-knude; og

en energilagringsstruktur i elektrisk forbindelse med naevnte elektriske
energikilde, eventuelt hvor navnte energilagringsstruktur er et tyndfilm-
batteri trykt p@ en singlechip-halvlederindretning.

6. Den tradlgse slave- (110, 112) knude ifglge et hvilket som helst foregdende
krav, yderligere omfattende en master-RF-modtager (116) konfigureret til at
modtage ved naevnte master-frekvens.
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7. Den tradlgse slave- (110, 112) knude ifglge et hvilket som helst foregaende
krav, yderligere omfattende en indstillelig RF-sender konfigureret til at vaere i
tradlgs kommunikation med naevnte master-knude (102) og til at sende ved en

slave-frekvens.

8. Den tradlgse slave- (110, 112) knude ifglge krav 7, hvor naevnte slave-
frekvens af naevnte indstillelige RF-modtager (116) i alt vaesentligt er den samme

som navnte slave-frekvens af naevnte indstillelige RF-sender.

9. Den tradlgse slave- (110, 112) knude ifglge krav 8, hvor RF-oscillatoren (118)
omfatter en forste RF-oscillator konfigureret til at kommunikere med den
indstillelige RF-modtager (116) og en anden RF-oscillator konfigureret til at
kommunikere med den indstillelige RF-sender, hvor den fgrste og anden RF-
oscillator er konfigureret til at kommunikere frekvensinformation til den
indstillelige RF-sender og til den indstillelige RF-modtager (116) for at bestemme
og indstille slave-frekvensen af den indstillelige RF-modtager (116) og slave-
frekvensen af den indstillelige RF-sender.

10. Den tradlgse slave- (110, 112) knude ifglge et hvilket som helst foregdende
krav, hvor naevnte signalprocessor (120) er yderligere konfigureret til at beregne
en frekvensfejl af naevnte RF-oscillator (118) ved at sammenligne information fra
naevnte kalibreringssignal fra naevnte master-knude (102) med et tilsvarende
signal fra naevnte RF-oscillator for at beregne en kommunikationsfrekvens, som
ngjere matcher naevnte master-frekvens end naevnte indledende detekterede

master-frekvens.

11. Den tradlgse slave- (110, 112) knude ifglge et hvilket som helst foregaende
krav, hvor slave-knuden yderligere omfatter et lokalt ur konfigureret til at
kommunikere med naevnte indstillelige RF-modtager (116) for at tilvejebringe
timing-information til naevnte indstillelige RF-modtager.

12. Den tradlgse slave- (110, 112) knude ifglge krav 11, hvor det lokale ur er
konfigureret til at modtage et kalibreringssignal fra master-knuden (102), hvor
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naevnte kalibreringssignal indeholder tidsinformation eller frekvensinformation,

eller begge, for at indstille det lokale ur til master-uret af master-knuden (102).

13. Den tradlgse slave- (110, 112) knude ifglge enten krav 11 eller 12, hvor det
lokale ur omfatter en lavfrekvensoscillator med en lavere frekvens end RF-

oscillatorfrekvensen af RF-oscillatoren.

14. Den tradlgse slave- (110, 112) knude ifglge et hvilket som helst foregaende
krav, hvor naevnte kalibreringssignal indeholder mindst to signalfyr-signaler sendt
fra master-knuden (102) til slave-knuden pa to saerskilte tidspunkter.

15. Tradlgst netvaerk, omfattende:

en master-knude (102) omfattende en master-radiofrekvens RF-sender
(116) konfigureret til at sende ved en master-frekvens, idet naevnte
master-frekvens er genereret af naevnte master-knude (102) under

anvendelse af et master-ur; og

en tradlgs slave-knude konfigureret ifglge et hvilket som helst af kravene 1
til 14.



DK/EP 3420665 T3

DRAWINGS

Py 119
Lerr= lfns
ﬁ A3
114 :::U : l/m
| . 122
162
Hé"[ | If

FIG. 1



FIG. 2

DK/EP 3420665 T3



DK/EP 3420665 T3

‘Measurement Interval T

f .r—>{Counter 1

2400 fo 2483 MHz

f —{=+N Counter 2

A4

FIG. 3



DK/EP 3420665 T3

RC

1

TEMPERATURE CHAMBER

FI1G. 4



DK/EP 3420665 T3

Temperaturs 23°C

A
l
i

o ot
S OSD o
S

>
L O (D

<
<

Error (MHz

[t
<

Time [}

FIG. 5B

— G
o M0 — “Z 2 0o

iz

(M

)
1
—

Freq.




Freq. {(MHz)

Syneh. inferval 100 ms

e : LEE N Y = *.E
;:LE‘: \ga\“’“*“‘\*‘“*w\“i‘\ o \ i ! h-ﬁz R(J
- S 3 M L 5
— 096 3 : : : ‘f\ L i

i ; B B & \

2] : 5’:* ’ ! R G
[ Q g 4 : e b TNORTRR—

05 sl 3

0 05 15 ) 25
Time {hr)

FIG. 6B

10.0002 — T
gp TR e
9,999 ?
0 05 i 15 ? 25

DK/EP 3420665 T3



Syneh. interval 100 ms, Temp. 0 070°C

(.98 ; 5 ; g
e R Y i O

) \ Q s o
: iy
0.5k T —— T T L O— -
m\g\my\w i TR
0 0.5 1 - 1b 25

Time {hr)

LY S

FIG. 7A

Estimated Error |

pom)

Error

FIG. 7B

— 3 #1342 ppm

Time {br)

FIG. 7C

DK/EP 3420665 T3



Freg. (MHz)

Synch. interval 106 ms, Temp. 010 70°C

e RC 1MEZ

e S s § {\\\mwmmmi g
X : § ‘
S

g 05 i 5 2
Time (e}

FIG. 8A

(o]

— RC Celib.
------------- RC Calib. MAVG
s s #1000 pom
e 1000 ppm

 Time{n)

FIG. 8B

DK/EP 3420665 T3



RC

Tx

Rx

FIG. 9

DK/EP 3420665 T3



DK/EP 3420665 T3

Synch. interval 100 ms 1o 100 s, Room Temp,

00 =
\ RC Calib. :
o B Ol BRG]
Bs0k i =
i
S o0t g
<
9]
8
ey
e . ‘
o150 :
o | s NS
B S 1 BTN EA IR S A
1
R e B -_
112 10

FIG. 10



	Page 1 - ABSTRACT/BIBLIOGRAPHY
	Page 2 - ABSTRACT/BIBLIOGRAPHY
	Page 3 - DESCRIPTION
	Page 4 - DESCRIPTION
	Page 5 - DESCRIPTION
	Page 6 - DESCRIPTION
	Page 7 - DESCRIPTION
	Page 8 - DESCRIPTION
	Page 9 - DESCRIPTION
	Page 10 - DESCRIPTION
	Page 11 - DESCRIPTION
	Page 12 - DESCRIPTION
	Page 13 - DESCRIPTION
	Page 14 - DESCRIPTION
	Page 15 - DESCRIPTION
	Page 16 - DESCRIPTION
	Page 17 - DESCRIPTION
	Page 18 - DESCRIPTION
	Page 19 - CLAIMS
	Page 20 - CLAIMS
	Page 21 - CLAIMS
	Page 22 - CLAIMS
	Page 23 - DRAWINGS
	Page 24 - DRAWINGS
	Page 25 - DRAWINGS
	Page 26 - DRAWINGS
	Page 27 - DRAWINGS
	Page 28 - DRAWINGS
	Page 29 - DRAWINGS
	Page 30 - DRAWINGS
	Page 31 - DRAWINGS
	Page 32 - DRAWINGS

