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SYSTEMS AND METHODS FOR ESTIMATING ANGLE OF ARRIVAL

IN A WIRELESS DEVICE

RELATED APPLICATIONS

[0001] This application is an International Application of U.S. Non-Provisional Patent
Application No. 15/632,028, filed June 23, 2017, which claims the priority benefit of U.S.
Provisional Application No. 62/471,821, filed March 15, 2017, which are incorporated herein by

reference in their entirety.

TECHNICAL FIELD

[0002] The subject matter relates to the field of wireless connectivity solutions. More
specifically, but not by way of limitation, the subject matter discloses techniques for estimating

Angle of Arrival (AoA).

BACKGROUND

[0003] AoA typically refers to an angle between a source antenna and a group or array of
multiple receiving antennas. Receiving devices can estimate AoA based on a radio frequency
(RF) signal emitted by the source antenna. Existing designs and techniques for estimating AoA
face various challenges such as backward compatibility issues and demands to reduce cost,

footprint, and power consumption.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0004] Some embodiments are illustrated by way of example and not limitation in the
figures of the accompanying drawings in which:

[0005] FIG. 11s a block diagram illustrating a system including a receiving device to
estimate relative directions of transmitting devices, in accordance with various embodiments;

[0006] FIG. 2 illustrates a wave propagation model for determining AoA, in accordance
with various embodiments;

[0007] FIG. 3 is a block diagram illustrating a wireless device to estimate AoA based on
an RF signal, in accordance with embodiments;

[0008] FIG. 4 is a block diagram illustrating a receiver, in accordance with an
embodiment;

[0009] FIG. 5 is a block diagram illustrating a partial receiver, in accordance with an
embodiment;

[0010] FIG. 6 is block diagram showing a receiver coupled to an antenna and a partial
receiver coupled to another antenna through switch circuitry, in accordance with an embodiment;

[0011] FIG. 7 is a block diagram showing the receiver coupled to the same antenna and
the partial receiver coupled to yet another antenna through switch circuitry, in accordance with
an embodiment;

[0012] FIG. 8 is a chart diagram illustrating coordination of phase estimations during
different periods, in accordance with an embodiment;

[0013] FIG. 9 is a graph diagram illustrating a phase differences used to provide an

adjusted or estimated phase value, in accordance with an embodiment;
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[0014] FIG. 10 is a flow diagram illustrating a method of estimating AoA, in accordance
with an embodiment; and
[0015] FIG. 11 is a block diagram illustrating an AoA estimation configuration

applicable to various applications, in accordance with various embodiments.
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DETAILED DESCRIPTION

[0016] Systems and methods for estimating AoA is described. In the following
description, for purposes of explanation, numerous examples and embodiments are set forth in
order to provide a thorough understanding of the claimed subject matter. It will be evident to
one skilled in the art that the claimed subject matter may be practiced in other embodiments.
The detailed description discloses examples of estimating AoA based on any incoming pattern of
an RF signal with comparable accuracy and reduced power consumption compared to existing
arrangements.

[0017] Some embodiments are now briefly introduced and then discussed in more detail
along with other embodiments beginning with FIG. 1. AoA of an RF signal can be estimated
based on attributes or characteristics of the RF signal observed at two different antennas. For
example, a wireless device can estimate AoA based on a phase difference of an RF signal
concurrently received at two antennas spaced by a known amount. This direction-finding
capability can be used in, for example and not limitation, asset/object tracking, gaming,
networking, navigation applications, and/or Internet of Things (IoT) applications, including
industrial, consumer, and automobile applications.

[0018] Some wireless devices with direction finding capability dedicate a different radio
transceiver to each of its multiple antennas (e.g., referred to as multi-radio devices). In these
multi-radio devices, each antenna is associated with a level of complexity. Not only do the
number of transceivers impact the Bill-Of-Materials (BOM) and footprint of the wireless device,
but there is a linear relationship between the number of antennas and complexity, which impacts
power consumption, among other performance targets. On the other hand, some wireless devices

use switching circuitry to couple its single transceiver (e.g., single-radio) to multiple antennas,
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one at a time, which can result in reduced BOM, footprint, complexity, and overall power
consumption (e.g., compared to multi-radio solutions). These systems may have the complexity
associated with one antenna, plus a small overhead for the switching control. In single-radio
solutions, the RF signals are received through antennas at different times so determining the
relevant phase differences (e.g. for AoA estimation) may rely on AoA training patterns (e.g.,
constant and/or predetermined RF signal modulation) and time-based predictions of phase values
to provide reasonably accurate AoA estimations.

[0019] Embodiments described herein can accurately estimate AoA without the BOM,
footprint, complexity and power consumption issues presented by multi-radio (e.g., dedicated
transceiver per antenna) solutions and without a need for constant and/or predetermined
incoming patterns or phase prediction used in single radio solutions. Embodiments may have a
complexity that is not more than a factor of two greater than single radio solutions.
Embodiments that do use any transceivers can have complexity that is less than existing single
radio solutions.

[0020] In an embodiment, a wireless device and a source of an RF signal are connected
within a Wireless Personal Area Network (PAN). For example, the wireless device may be
configured to receive Bluetooth and/or ZigBee RF signals having frequencies in the Industrial,
Scientific, and Medical (ISM) band. The example wireless device includes a first receive path
coupled to a first antenna of an antenna array and a second receive path coupled to a coupling
circuit (e.g., a switch). The coupling circuit can alternately couple to a second antenna and a
third antenna of the antenna array. In an embodiment, the first receive path includes a phase
estimator to provide phase estimations associated with RF signals received through the first

antenna and a demodulator to demodulate those RF signals (e.g. for subsequent packet
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processing). The second receive path includes a phase estimator to provide phase estimations
associated with RF signals alternately received through the second antenna and the third antenna.
The example wireless device also includes processing circuitry that causes the coupling circuit to
couple to the second antenna during a first period and to couple to the third antenna during a
second period. The processing circuitry can estimate a direction of a source of the first and
second RF signals relative to the antenna array (e.g., AoA of RF signals), based on a first phase
difference of the first RF signal between the first antenna and the second antenna and a second
phase difference of the second RF signal between the first antenna and the third antenna.

[0021] The example wireless device does not rely on constant and/or predetermined
incoming patterns and phase predictions (e.g., of single radio solutions) because the first and
second receive path can estimate the phases of an RF signal received and observed at two
different antennas during the same period. In an embodiment, the wireless device achieves this
without the full BOM, footprint, complexity, and power consumption (e.g., of the multi-radio
solutions) by sharing among the second and third antenna (e.g., or additional antennas), a partial
receive path, which need not include the additional processing required to demodulate RF
signals.

[0022] As described, the phase difference used to estimate AoA is based on phase values
acquired by different receive paths. Thus, a difference in phase offsets experienced by the two
receive paths can influence the accuracy of AoA estimations. Some embodiments include a
regulator to identify, regulate, and/or initiate compensation for such differences in phase offset.
For example, the regulator may regulate one or more local oscillator inputs to down-conversion
mixers (e.g. in each of the first receive path and the second receive path) to reduce and/or

compensate for an effect of phase offset on the AoA estimation.
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[0023] The detailed description below includes references to the accompanying
drawings, which form a part of the detailed description. The drawings show illustrations in
accordance with embodiments. These embodiments, which are also referred to herein as
“examples,” are described in enough detail to enable those skilled in the art to practice
embodiments of the claimed subject matter. The embodiments may be combined, other
embodiments may be utilized, or structural, logical, and electrical changes may be made without
departing from the scope of what is claimed. The following detailed description is, therefore, not
to be taken in a limiting sense, and the scope is defined by the appended claims and their
equivalents.

[0024] FIG. 1 is a block diagram illustrating a system 100 including a receiving device
110 to estimate relative directions of transmitting devices 120 and/or 130, in accordance with
various embodiments. The transmitting device 120 is shown to transmit through antenna 122 RF
signals 124 encoding a training pattern 125 and the transmitting device 130 is shown to transmit
through antenna 132 RF signals 134 encoding any pattern 135. The receiving device 110 is
coupled to multiple antennas 112 (e.g., three or more) to receive the RF signals 124 and 134. To
estimate the relative directions of transmitting devices 120 and/or 130, the receiving device 110
determines the AoA of the RF signals 124 and the RF signals 134, in accordance with
embodiments described herein. As will be discussed with respect to FIG. 11, embodiments
described herein may be used to enhance numerous direction finding uses cases and applications.

[0025] In some embodiments, one or more of the transmitting devices 120 and 130
include circuitry to not only transmit RF signals but also to receive RF signals. Although not
shown, either of the transmitting devices 120 and 130 may include multiple antennas for transmit

and/or receive operations. Conversely, the receiving device 110 may include circuitry to not
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only receive RF signals but also to transmit RF signals. In embodiments, any of the devices 110,
120, and 130 may be coupled to another computer device (not shown) through a wired or
wireless connection.

[0026] Communication protocols supported by one or more of the devices 110, 120, and
130 may include, without limitation, Bluetooth, ZigBee, or Wi-Fi. The devices 110, 120, and 130
may be connected as part of a Wireless Personal Area Network (WPAN), a Wireless Local Area
Network (WLAN), or any other wireless network to wirelessly connect computer devices.

[0027] In embodiments, the RF signals 124 and 134 (e.g., the carrier waves) may be
modulated to encode messages and/or to define patterns, either streamed or packetized, of a
communication protocol. In embodiments, the receiving device 110 can estimate the AoA of RF
signal 134 based on any pattern 135 where the modulation of the RF signal 134 does not present
a constant or predetermined incoming pattern. For example, unlike single-radio systems that rely
on incoming patterns corresponding to a known sequence of zeros and ones, such as the training
pattern 125, embodiments described herein can estimate AoA using any incoming pattern of any
RF signal, whether or not the incoming pattern is known (e.g., by the receiving device 110).
Without this ability of the embodiments, devices that do not transmit the training pattern 125 will
be difficult if not impractical to track using devices with low complexity comparable to single-
radio solutions. An example wave propagation model for estimating AoA is discussed with
respect to FIG. 2.

[0028] FIG. 2 illustrates a wave propagation model 200 for determining AoA, in
accordance with various embodiments. The RF signal/incoming pattern 202 in FIG. 2 is
represented by isoplane wavefronts from a far-field transmitting antenna 206. FIG. 2 shows that

the transmitting antenna 206 is at an angle 6, AoA 208 from the axis 210 of the antenna 1 207
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and antenna 2 209, which are a distance, d 212 apart. The extra distance that the RF signal
travels from antenna 1 207 to reach antenna 2 209 can be expressed as the path difference AD

213. By trigonometric identity, 6, AoA 208 is expressed as in the following equation (1):
0 = cos™t (£>
d
[0029] In some embodiments, AD 213 may be estimated by calculating the distance that
the RF signal 202 (e.g., a wavefront) traveled (e.g., at the speed of light) between the time it
arrived at antenna 1 207 and the time it arrived at antenna 2 209. These times of RF signal 202
arrival and speed of the RF signal 202 are examples of attributes of the RF signal 202 that may

be used to estimate the AoA 208. The path difference AD 213 may also be expressed through

other attributes of the RF signal 202, for example, as the following equation (2):

A
AD = % (Paz — Pa1)

where A is the wavelength of the RF signal 202 and @a1 and @a» are phase values
of the RF signal 202 antenna 1 207 and antenna 2 209, respectively.

[0030] A can be expressed as in the following equation (3):

)sz

where f is the frequency of the RF signal 202 and c is the speed of light.
[0031] Substituting equation (3) into equation (2) above, with all other variables known,
AoA 208 can be estimated by determining the phase difference, gpa>-@a1 as illustrated in the
following equation (4).

6 — cos-1 (c((pAZ - cpAl))

2nfd

[0032] In embodiments described herein, estimating the AoA 208 of the RF signal 202 is
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based on estimating the phases of the RF signal 202 (e.g., an attribute of the RF signal) at
multiple antenna elements. Due to the difference in propagation distances from the transmitting
antenna 206, the antenna 1 207 and the antenna 2 209 observe a different phase of the RF signal
202. For example, if the wavefronts 204 are assumed to propagate in parallel through space, the
phase observed by antenna 1 207 will be @a1 (not shown) and the phase observed by antenna 2
209 will be @a2 (not shown). In embodiments, the difference between ¢a1 and @a> is the phase
difference used to estimate AoA based, at least in part, on equation 4, and/or other relationships
involving RF signal attributes that can be used to estimate the AoA 208.

[0033] Example structures and methods for estimating AcA without the BOM, footprint,
complexity and power consumption issues of some multi-radio (e.g., dedicated transceiver per
antenna) solutions, and without the constant and/or predetermined incoming patterns and phase
prediction requirements of single radio solutions, are discussed with respect to FIG. 3.

[0034] FIG. 3 is a block diagram illustrating a wireless device 300 to estimate AoA based
on an RF signal, in accordance with embodiments. In an embodiment, the wireless device 300
may be the receiving device 110 of FIG. 1. The various function blocks in FIG. 3 are shown to
be coupled to one another through a bus system 301. The bus system 301 including the
connections (e.g., the arrows) between the various blocks may represent one or more media for
propagation of analog signals, digital data, control signals, power supply, and/or or any other
communication. The bus system 301 may include any appropriate bus configuration without
departing from the claimed subject matter.

[0035] The direction estimator 302 is to estimate the direction of a source (e.g., a
transmitting antenna) of an RF signal relative to multiple receive antennas (e.g., three or more)

using one or more attributes of the RF signal. The direction estimator 302 may estimate

10
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direction based, at least in part, on equation 4, discussed above with respect to FIG. 2. Accuracy
of the AoA estimate can depend on various factors including, without limitation, the number of
antennas (e.g., diversity in space), the duration that RF signals are received on each antenna (e.g.,
number of samples), and signal quality. In embodiments, the samples of the RF signal all
correspond to one or more communication protocol packets (e.g., successive packets) and the
direction estimator 302 can estimate AocA without establishing a modulation (e.g., Gaussian
Frequency-Shift Keying (GFSK)) connection with the source device. In embodiments, the
direction estimator 302 may provide or initiate raw data processing to perform noise filtration,
data averaging over time, and/or antenna model correlation for the estimation of the final result.
Since the direction estimator 302 can estimate AoA based on any incoming pattern, it can locate
devices that are not AoA aware (e.g., legacy devices that do no not send a predetermined training
signal for AoA estimation) as well as AoA aware devices.

[0036] The receiver 304 is to receive RF signals through one or more antennas.
Although the receiver 304 is shown in FIG. 3 to be coupled to antenna 1 305, in other
embodiments, the receiver may be coupled through switching circuitry (e.g., switching circuitry
314), to any antenna of the wireless device. In an embodiment, the receiver 304 along with the
transmitter 305 is part of the transceiver 310. The partial receiver 312 is shown to be coupled to
the switch circuitry 314 and is to receive RF signals through one antenna at a time depending on
the switch configuration. Although the partial receiver 312 is shown to be coupled to the switch
circuitry, the receiver 304 may alternatively or additionally be coupled to the switch circuitry
314. For example, diversity in space can be achieved by coupling the receiver 304 to multiple
antennas (e.g., one at a time) through a switch and coupling the partial receiver 312 to a single

(e.g., or multiple) antennae. For some embodiments, the partial receiver is part of a transceiver

11
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(not shown). In an embodiment, the switch circuitry 314 is a multi-pole switch controlled by the
processing circuitry 340 by an input signal. The switch circuitry 314 may be any appropriate
coupling circuitry known in the art whose switching and/or selection function may be controlled
by any block (e.g., within or external to the wireless device 300) coupled to its input.

[0037] In embodiments, the receiver 304 provides additional functionality compared to
the partial receiver 312 and consequently may have additional processing requirements and
hardware. As will be discussed in more detail with respect to FIGS. 4 and 5, in some
embodiments, in addition to estimating phase of RF signals for AoA estimations, the receiver
304 may provide analog and digital signal processing to provide demodulation of RF signals for
the wireless device 300. The partial receiver 312 may provide the relatively less analog and
digital signal processing used to estimate phase of the RF signals for AoA estimations. The
partial receiver 312 may also be referred to as a partial functionality receiver or a partial receiver
processing.

[0038] Although some embodiments may include more receive processing (e.g., the
receiver 304 and the partial receiver 312) than single radio solutions, embodiments can estimate
AoA of a source of any RF signal (e.g., any incoming pattern) received at multiple antennas
using as little as two partial receivers. Neither the receiver 304 nor the partial receiver 312 need
be part of a full transceiver to estimate AoA, but even in embodiments where one or both
receivers are a part of full transceivers, those embodiments would still represent lower BOM,
footprint, power consumption, and ability to estimate AoA based on any incoming pattern (e.g.,
protocol independence) compared to conventional multi-radio and single radio solutions.

[0039] The attribute estimator 320 is to estimate attributes of RF signals. Attributes of RF

signals may include, without limitation, signal frequency, angular frequency, amplitude, phase,

12
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wavelength, wave speed, time of arrival, time difference of arrival, phase difference, phase
difference of arrival, signal strength, and/or any other RF signal attributes or derivatives thereof.
The attribute estimator 320 is to provide estimated attributes to the direction estimator 302 for
use in estimating AoA. In some embodiments, the attribute estimator 320 receives attribute
information representing or related to RF signal attributes from the receiver 304 and/or the
partial receiver 312 and the attribute estimator 320 may estimate RF signal attributes using the
attribute information. The attribute estimator 320 may include analog and/or digital logic and/or
measurement configurations to obtain RF attributes based on measurements or samples made at
one or more locations along the receive path of an RF signal. Although shown as being separate,
the attribute estimator 320 may be implemented in whole or in part within the direction estimator
302, the receiver 304, or the partial receiver 312. In an embodiment, the receiver 304 and the
partial receiver 312 each include their own attribute estimator (e.g., see phase estimators in
FIGS. 4 and 5).

[0040] In embodiments, the partial receiver 312 is used to acquire a second reference in
space (e.g., the receiver 304 acquires the first reference in space) of AoA estimation, the
regulator 322 is to establish that that two the references in space are not unacceptably separated
in time (e.g., outside of compensation capabilities).

[0041] The regulator 322 is to regulate and/or compensate for conditions of the receiver
304 and the partial receiver 312 so that attributes of the received RF signals can be relied upon
for use in AoA estimations. For example, the regulator 322 may determine and/or regulate
frequency, phase, or other characteristics of input to or output from the receiver and the partial
receiver 312 to control the effect on RF signal attributes used for AoA estimation. In one

embodiment, the regulator 322 includes a local oscillator whose signal is coupled to both the

13
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receiver 304 and the partial receiver 312 as input to their respective mixers to down-convert
incoming RF signals to intermediate frequency signals. By applying the same local oscillator
signal to the receiver 304 and the partial receiver 312, the regulator 322 can establish acceptably
similar phase offset (e.g., to the RF signal) in the receiver 304 and the partial receiver 312. In an
embodiment, the phase offsets are acceptably similar and within a predetermined range of
synchronization when the effect of the pattern change (e.g., due to the offset) is within an
acceptable estimation error (e.g., assuming that capture time is within a fraction of the symbol
duration). As a result, when the attribute estimator 320 provides phase values as RF signal
attributes, the phase value of the RF signal received through antenna 1 305 and the phase value
of the RF signal received through antenna 2 315 will have the acceptably similar phase offset
introduced by the regulator 322.

[0042] Alternatively or additionally, the regulator 322 may determine an existing phase
offset of the receiver 304 and an existing phase offset of the partial receiver 312 and if the phase
offsets are not acceptably similar, perform or initiate a corrective action. For example, the
regulator 322 may provide the difference in phase offsets to the direction estimator 302 or the
attribute estimator 320 so that the difference can be compensated for in the AoA estimation.

[0043] A difference in phase offsets may occur in an embodiment where the receiver 304
and the partial receiver 312 receive their local oscillator signals from different local oscillators.
The local oscillator signal for the receiver 304 can have a different frequency or phase from the
local oscillator signal of the partial receiver 312 — resulting in different phase offsets. The
difference in local oscillator frequency may be due to inadvertent lack of synchronization, and/or
other tuning differences.

[0044] In an embodiment, the regulator 322 or the attribute estimator 320 (e.g., a phase

14
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estimator) may monitor and/or sample the signal output from each local oscillator and compare
the estimated phase of each signal to determine the difference in phase offset between the
receiver 304 and the partial receiver 312. Alternatively or additionally, the regulator 322 may
deduce the difference between the phase offsets caused by the two local oscillators. To this end,
the regulator 322 may cause antenna 1 305 to be concurrently coupled to the receiver 304 and the
partial receiver 312 (e.g., through the conductor 307 and the switch circuitry 314). The attribute
estimator 320 may then estimate the phase of the RF signal received through antenna 1 305 and
the receiver 304 and the phase of the same RF signal received through antenna 1 305 and the
partial receiver 312. Since the RF signal was received during the same period (e.g., at the same
time) and through the same antenna, the regulator 322 can deduce that any difference between
the estimated phases is the difference between the phase offsets introduced by the local oscillator
of the receiver 304 and local oscillator of the partial receiver 312. The regulator 322 may report
the difference in phase offsets to the direction estimator 302 so that the difference can be
compensated for in the AoA estimation.

[0045] In various embodiments, the processing circuitry 340 is to execute at least a
portion of one or more of the direction estimator 302, the attribute estimator 320, the regulator
322, or any other function block of the wireless device 300, using corresponding firmware stored
in the memory device 303. Alternatively or additionally, any of the function blocks of the
wireless device 300 shown in FIG. 3 may include its own processing circuitry (not shown) and/or
memory. For example, the direction estimator 302, the attribute estimator 320, the regulator 322,
or any other function block of the wireless device 300 may include hardware (circuitry,
dedicated logic, etc.), software (such as is run on a general purpose computing system or a

dedicated machine), firmware (embedded software), or any combination thereof to perform its
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functionality.

[0046] In an embodiment, the processing circuitry 340, the memory device 303, the
receiver 304, the partial receiver 312, and the switch circuitry 314 are part of a System on Chip
(SoC) and may reside on a common carrier substrate or be implemented in different
combinations of separate integrated circuits. The example SoC may be configured to implement
the attribute estimator 320, the direction estimator 302, and/or the regulator 322, in accordance
with embodiments.

[0047] Embodiments of the receiver 304 and the partial receiver 312 are discussed with
respect to FIGS. 4 and 5, respectively, and illustrate embodiments where the receiver 304 and the
partial receiver 312 each include its own attribute estimator (e.g., a phase estimator) and where
the partial receiver 312 has overall less circuitry and functionality that the receiver 304.

[0048] FIG. 4 is a block diagram illustrating a receiver 404, in accordance with an
embodiment. The receiver 404 of FIG. 4 is an example of the analog and digital signal
processing used to provide the demodulation function for a wireless device. The partial receiver
412 of FIG. 5 is an example of the relatively less analog and digital signal processing used to
estimate phase of the RF signals 451 for AoA estimations. By providing phase estimation but
not demodulation, the partial receiver 412 represents a reduction in BOM, complexity, and
power consumption compared to multi-radio AoA solutions.

[0049] The receiver 404 is shown to include continuous-time signal processing 432,
analog to digital converter (ADC) 434, phase estimator 436, and demodulator 438 all along a
receive path 430. In an embodiment, the RF signal 431 enters the continuous-time signal
processing 432 where it is filtered and mixed with the local oscillator signal 433 to down-convert

the desired frequency (e.g., or channel) to an intermediate frequency. In an embodiment, the
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down-conversion process provides the intermediate frequency as complex I and Q signals which
are sampled and digitized by the ADC 434. The phase estimator 436 may perform calculations
to estimate the phase 437 of the RF signal 431 for the time it was received at the antenna using
the T and Q values 435, and forward the phase value to the demodulator 438, which forwards the
data 439 (e.g., the decoded sequence of 1s and Os) for further processing (e.g., packet
processing). The phase estimator 436 also forwards the phase 437 to the direction estimator 302
of FIG. 3 (e.g., or to a memory) for use in AoA estimation as described herein.

[0050] FIG. 5 is a block diagram illustrating a partial receiver 412, in accordance with an
embodiment. The partial receiver 412 is shown to include continuous-time signal processing
452, ADC 454, and a phase estimator 456 along the receive path 450. In an embodiment, when
the RF signal 451 is received it enters continuous-time signal processing 452 where it is filtered
and mixed with the local oscillator signal 453 to down-convert the desired frequency or channel
to an intermediate frequency. In an embodiment, the down-conversion process provides the
intermediate frequency as complex I and Q signals which are sampled and digitized by the ADC
454. The phase estimator 456 estimates the phase 457 of the RF signal 451 for the time it was
received at the antenna using the I and Q values 455 and forwards the phase 457 to the direction
estimator 302 for use in AoA estimation.

[0051] FIGS. 6 and 7 are to illustrate switch configurations to couple the partial receiver
312 to different antennas during different periods. In the discussion of FIGS. 6 and 7, the
receiver 304, antenna 1 305, partial receiver 312, switch circuitry 314, antenna 2 315, antenna 3
317, and antenna N 319, of FIGS. 6 and 7 may be the same or similar to those described with
respect to FIG. 3.

[0052] FIG. 6 is a block diagram showing the receiver 304 coupled to antenna 1 305 and
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the partial receiver 312 coupled to antenna 2 315 through the switch circuitry 314, in accordance
with an embodiment. The configuration of the switch circuitry 314 is controllable via control
signal (not shown). RF signal RF1 601 is received at antenna 1 301 and antenna 2 315 during
the same period. Prior to or during that period, the switch circuity 314 couples the partial
receiver 312 to the antenna 2 315 in time to provide RF1 601 to the partial receiver 312 for phase
estimation before the switch circuitry 314 couples the partial receiver 312 to antenna 3 317 (e.g,,
or another of the antennas 2-N).

[0053] FIG. 8 is a chart diagram 800 illustrating coordination of phase estimations during
the different periods, in accordance with an embodiment. Referring to FIG. 8, the configuration
described with respect to FIG. 6 is discussed where the phase value of RF1 during the period
810, observed on antenna 1 305, is estimated as ¢lant1 814; and the phase value of RF1 during
the period 810, observed on antenna 2 315, is estimated as @1 ant2 816. As can be seen in FIG. 8,
different portions of RF1 are observed at antenna 1 305 and antenna 2 315 during period 810,
resulting in different estimated phases. Although FIG. 8 depicts the frequency modulated RF
signals reaching antenna 1 305 first, in some embodiments the RF signals may reach other
antennas first and/or be modulated with respect to phase or otherwise, without departing from the
claimed subject matter.

[0054] FIG. 7 is a block diagram showing the receiver 304 coupled to the antenna 1 305
and the partial receiver 312 coupled to the antenna 3 317 through the switch circuitry 314, in
accordance with an embodiment. In embodiments, switch circuitry 314 is controlled by the
partial receiver 312. RF signal RF2 701 is received at antenna 1 305 and antenna 3 317 during
the same period. Prior to or during that period, the switch circuity 314 couples the partial

receiver 312 to the antenna 3 317 in time to provide RF2 701 to the partial receiver 312 for phase
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estimation before the switch circuitry 314 couples the partial receiver 312 to another of the
antennas 2-N to receive a subsequent RF signal.

[0055] Referring again to FIG. 8, the configuration described with respect to FIG. 7 is
discussed where the phase value of RF2 during period 820, observed on antenna 1 305, is
estimated as ¢2ant1 824; and the phase value of RF2 during period 820, observed on antenna 3
317, is estimated as ¢2anT3 826. The switching circuitry 314 may proceed to couple the partial
receiver 312 to antenna N 319 by way of any intervening antennas, where the phase value of
RFN during period 830, observed on antenna 1 305, is estimated as @Nant1 834; and the phase
value of RFN during period 830, observed on antenna N 319, is estimated as ¢Nantn 836. FIG.
8 illustrates that the embodiments described herein provide phase estimations (e.g., or other RF
signal attributes) for RF signals received at antennas during a same period, where the antennas
are diverse in space to allow for AoA estimation based on any incoming pattern using less
receiver circuitry than multi-radio solutions.

[0056] The switching between the antennas can be timed and/or ordered such that an
adequate number of phase values are obtained within the duration of one or more successive
packets, such that resulting AoA estimations fall within a targeted range of accuracy. The
switching between antennas 2-N may be timed and/or ordered so that phase values of RF signals
corresponding to certain portions of packets (e.g., certain fields) can be estimated. In addition,
switch timing may be optimized to meet performance targets (e.g., power consumption,
accuracy, speed) based on based on the frequency, wavelength, receive strength, incoming
pattern, or any other attributes of the RF signal.

[0057] Accuracy of AoA estimation can typically improve by combining a number of

independent attribute estimations for a particular RF signal or packet. In embodiments, multiple
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antennas (e.g., 8-10) are used in various configurations to obtain multiple phase values, which
can be input to estimating algorithms such as MUItiple SIgnal Classification (MUSIC),
Estimation of Signal Parameters via Rotational Invariance (ESPRIT), Generalized Cross
Correlation (GCC), and the like, for AoA estimations. To estimate AoA, embodiments can
provide a number of phase values equal to the number of antennas. The RF signals used to
estimate these phase values however are observed on antennas during different periods. Some
estimating algorithms are designed to take as input, phase values corresponding to RF signals
observed on array of antennas approximately at the same time. FIG. 9 describes embodiments for
adjusting and/or estimating phase values to provide the set of adjusted or estimated phase values
as input to an estimating algorithm.

[0058] FIG. 9is a graph diagram 900 illustrating a phase difference used to provide an
adjusted or estimated phase value, in accordance with an embodiment. FIG. 9 shows the phase
values of FIG. 8 for RF1 during period 810 and RF2 during period 820, as observed on antenna 1
305, antenna 2 315, and antenna 3 317. For example, at t;, RF1 observed on antenna 1 305 has
the phase value ¢1ant1 814 and RF1 observed on antenna 2 315 has the phase value ¢1ant2 816.
At t2, RF2 observed on antenna 1 305 has the phase value ¢2anT1 824 and RF2 observed on
antenna 3 317 has the phase value p2ant3 826. At this point the phase values corresponding to
antenna 1 305 and antenna 2 315 at t1 have been obtained for t1 but no phase value has been
obtained that corresponds to antenna 3 317 at t1. The phase difference between the phase values
at antenna 1 305 is shown as Agti2 902. This difference represents the signal progression
between t1 and t2. If it is assumed that whatever progression and corresponding phase difference
observed on antenna 1 305 between t1 and t2 would have also been observed on antenna 3 317,

then subtracting the phase difference Agti.2 902 from the phase value @2 ant3 826 on the antenna
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3 at t2 will result in an estimated phase value @1 ant3 st 904 that would have existed at antenna 3
317 if RF1 were observed at antenna 3 317 at t1. In an embodiment, the direction estimator 302
of FIG. 3 provides the adjustments and/or estimations described with respect to FIG. 9. This
same technique can be used to provide adjusted phase values for any of the remaining N
antennas. In this fashion, a set of adjusted and/or estimated phase values corresponding to a
specific capture period can be provided as input to various estimation algorithms.

[0059] FIG. 10 is a flow diagram illustrating a method 1000 of estimating AoA, in
accordance with an embodiment. The method 1000 can be performed by processing logic
comprising hardware (circuitry, dedicated logic, etc.), software (such as is run on a general
purpose computing system or a dedicated machine), firmware (embedded software), or any
combination thereof. In various embodiment, the method 1000 can performed by the wireless
device of FIG. 3 for example, as further described with respect to FIGS. 4-8 and 10.

[0060] For example, at block 1002 the regulator 322 of FIG. 3 regulates and/or
compensates for one or more conditions that have an effect on RF signal attributes used for
direction estimation. In some embodiments, the regulator 322 synchronizes to within a threshold
range of synchronization a phase offset of the transceiver 310 (e.g., the receiver) with a phase
offset of the partial receiver 312. Referring to the examples of FIGS. 4 and 5 the regulator 322
can regulate or synchronize the local oscillator signal 433 and 453 input to the first down-
conversion mixer and the second down-conversion mixer to reduce an effect of phase offset on
the estimate of the direction. Alternatively or additionally, the regulator 322 may determine a
phase difference between the phase offset of the transceiver 310 and the phase offset of the
partial receiver 312 (e.g., as described with respect to FIG. 3) to aid in compensating for the

difference in AoA estimations.
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[0061] At block 1004, the attribute estimator 320 of FIG. 3 determines a first attribute
value of a first RF signal received at antenna 1 305 (e.g, a first antenna) during a first period. In
an embodiment, the receiver 304 within the transceiver 310 of FIG. 3 includes the phase
estimator 436 of FIG. 4 as an attribute estimator to provide the first phase value (e.g., 814) of the
first RF signal received through a first antenna during a first period (e.g., 810) as illustrated in
FIG. 8.

[0062] At block 1006, the attribute estimator 320 of FIG. 3 determines a second attribute
value of the first RF signal received at a second antenna during the first period. For example,
the receiver 312 of FIG. 3 may include the phase estimator 456 of FIG. 5 as its attribute
estimator, and when coupled to antenna 2 315 through the switch circuitry 314 as shown in FIG
6, the partial receiver 312 can provide a second phase value (e.g., 816) of the first RF signal
received through the second antenna during the first period (e.g., 810) as illustrated in FIG. 8.

[0063] At block 1008, the switching circuitry 314 switches the attribute estimator (e.g.,
of the partial receiver 312) from being coupled to the second antenna to being coupled to a third
antenna. For example, FIG. 7 shows the partial receiver 312 having been switched by the
switching circuitry 314 from antenna 2 315 to antenna 3 317. The switching circuitry 314 is
controllable by an input signal and may couple the partial receiver 312 to any of the 2-N
antennas.

[0064] At block 1010, the attribute estimator 320 of FIG. 3 determines a first attribute
value of a second RF signal received at a first antenna during a second period. Referring again
to FIG. 4 the receiver 304 within the transceiver 310 of FIG. 3 includes the phase estimator 436
of FIG. 4 as the attribute estimator to provide the first phase value (e.g., 824) of the second RF

signal received through the first antenna during the second period (e.g., 820) as illustrated in
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FIG. 8.

[0065] At block 1012 the attribute estimator 320 of FIG. 3 determines a second attribute
value of the second RF signal received at the third antenna during the second period. For
example, the partial receiver 312 of FIG. 3 may include the phase estimator 456 of FIG. 5 as its
attribute estimator, and when coupled to antenna 3 317 through the switch circuitry 314 as shown
in FIG 7, the partial receiver 312 can provide a second phase value (e.g., 826) of the second RF
signal received through the third antenna during the second period (e.g., 820) as illustrated in
FIG. 8.

[0066] Atblock 1014, the direction estimator 302 of FIG. 3 estimates an angle of arrival
associated with the first and second RF signals based on the first and second attributes of the first
RF signal and the first and second attributes of the second RF signal. In some embodiments, the
direction estimator 302 is implemented using the processing circuitry and estimates a direction of
a source of the first and second RF signals relative to the antenna array, based on a first phase
difference of the first RF signal between the first antenna and the second antenna and a second
phase difference of the second RF signal between the first antenna and the third antenna.

[0067] In embodiments that estimate AoA using estimation algorithms, the direction
estimator 302, may further determine a phase difference between the first phase value of the first
RF signal observed on the first antenna and the first phase value of the second RF signal
observed on the first antenna, as illustrated and described with respect to FIG. 9. The direction
estimator 302 may then subtract this phase difference from the second phase value of the second
RF signal observed on the third antenna to estimate a third phase value of the first RF signal
received through the third antenna during the first period, as illustrated and described with

respect to FIG. 9. In an embodiment, the direction estimator 302 uses the phase values observed
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during the first period on antenna 1 305 and antenna 2 315 along with the estimated third phase
value for antenna 3 317 during the first period in the estimation algorithm to estimate the angle
of arrival.

[0068] In some embodiments, each RF signal may have a frequency within the ISM band
and encode at least a portion of a Bluetooth packet, ZigBee packet, or Wi-Fi packet. For
example, and not limitation, signals may be employed having characteristics that are compliant
with Bluetooth low energy (BLE), Bluetooth basic range/enhanced data rate (BR/EDR), or
Institute of Electrical and Electronics Engineers (IEEE) 802.11 and 802.15.4. A person having
ordinary skill will understand that other embodiments may provide direction estimation for RF
signals of any wireless communication spectra, modes of modulation, and/or communication
protocols without departing from the inventive subject matter.

[0069] As discussed above some AoA estimation solutions dedicate a different radio
transceiver to each of its multiple antennas (e.g., multi-radio devices). For these devices, not
only do the number of transceivers impact the BOM and footprint of the wireless device, but
there is a linear relationship between the number of antennas and system complexity, which
impacts power consumption. Other AoA estimation solutions use switching circuitry to couple a
single transceiver (e.g., single-radio) to multiple antennas, one at a time, which compared to
multi-radio solutions, can result in reduced BOM, footprint, complexity, and overall power
consumption. In single-radio solutions, the RF signals are received through antennas at different
times so determining the relevant phase differences (e.g. for AoA estimation) may rely on
constant and/or predetermined RF signal modulation (e.g., incoming patterns) and time-based
predictions of phase values to provide acceptable AoA estimations. Embodiments described

herein can accurately estimate AoA without the BOM, footprint, complexity and power
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consumption issues presented by multi-radio (e.g., dedicated transceiver per antenna) solutions
and without a need for constant and/or predetermined incoming patterns or phase prediction used
in of single radio solutions. Some non-limiting applications for AoA-based location finding
using any RF signal are discussed with respect to FIG. 11.

[0070] FIG. 11 is a block diagram illustrating an AoA estimation configuration 1100
applicable to various applications, in accordance with embodiments. In embodiments, the
tracked device 1102 includes at least one antenna (not shown) to transmit RF signals and the
tracking devices 1104 and 1106 each include at least three antennas and use the systems and
methods described herein to estimate an AoA of the tracked device 1102. AoA estimations from
the multiple tracking devices 1104 and 1106 and/or other information such as distance ranging or
topology knowledge can be used (e.g., by any network node) to estimate two or three-
dimensional location of the tracked device 1102. This capability may be used for, without
limitation, warehouse/retail inventory tracking indoor location/navigational services, network
efficiency, and home automation devices with location assistance.

[0071] For example, some smart lighting systems utilize ZigBee PAN protocol between
its hub and the lightbulbs. The set-up process may include assignment of each bulb ID with
specific location (e.g., the hall, the bedroom, etc.). While currently this process is manual, with
location tracking enabled, it can be semi-fully automated. Embodiments may be implemented in
control hub device(s) (e.g., the tracking devices 1104 and 1106) to identify the direction to each
lightbulb (e.g., the tracked device 1102). In embodiments, coordinate location of the lightbulbs
can be achieved through techniques known by those having ordinary skill in the art such as
distance finding, trilateration, indoor mapping information, and triangulation using multiple

tracking devices.
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[0072] Since the embodiments described herein can estimate AoA based on any
incoming pattern (e.g., protocol and pattern independent), the functionality can be enabled in
tracking devices (e.g., tracking devices 1104 and 1106) so that both AoA aware devices (e.g.
those that provide a predetermined pattern to the tracker for AoA estimation) and AoA unaware
devices in the PAN network can be located. The AoA-based tracking devices 1104 and 1106
will work with the existing PAN installment base (e.g., AoA unaware legacy devices) while
maintaining low complexity (e.g., some embodiments only add a partial receiver and a switch) of
the PAN solutions. One having ordinary skill in the art would recognize that some embodiments
described herein may be used in network devices not explicitly designated as PAN devices

[0073] Embodiments for tracking of AoA unaware devices can be applied to mesh
network management. When embodiments are used to gain a knowledge of physical topology of
the mesh elements — management, diagnostic, and use applications can be extended or developed
involving AoA unaware devices. For example, directional transmission can be used for
congestion reduction. Once AoA of a tracked device 1102 is established, a tracking device (e.g.,
1104) with an ability to direct its or the tracked device’s signals, can cause itself or the tracked
device to limit the range of signal broadcast to reduce interference to the neighboring networks.
This may be implemented using known beamforming techniques or through the use of
directional antennas.

[0074] The above description is intended to be illustrative, and not restrictive. For
example, the above-described embodiments (or one or more aspects thereof) may be used in
combination with each other. Other embodiments will be apparent to those of skill in the art
upon reviewing the above description. In this document, the terms “a” or “an” are used, as is

common in patent documents, to include one or more than one. In this document, the term “or”
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is used to refer to a nonexclusive or, such that “A or B” includes “A but not B,” “B but not A,”
and “A and B,” unless otherwise indicated. In the event of inconsistent usages between this
document and those documents so incorporated by reference, the usage in the incorporated
reference(s) should be considered supplementary to that of this document; for irreconcilable
inconsistencies, the usage in this document supersedes the usage in any incorporated references.
[0075] Although the claimed subject matter has been described with reference to specific
embodiments, it will be evident that various modifications and changes may be made to these
embodiments without departing from the broader spirit and scope of what is claimed.
Accordingly, the specification and drawings are to be regarded in an illustrative rather than a
restrictive sense. The scope of the claims should be determined with reference to the appended
claims, along with the full scope of equivalents to which such claims are entitled. In the
appended claims, the terms “including” and “in which” are used as the plain-English equivalents
of the respective terms “comprising” and “wherein.” Also, in the following claims, the terms
“including” and “comprising” are open-ended; a system, device, article, or process that includes
elements in addition to those listed after such a term in a claim are still deemed to fall within the

29

scope of that claim. Moreover, in the following claims, the terms “first,” “second,” and “third,”
etc. are used merely as labels and are not intended to impose numerical requirements on their
objects.

[0076] The Abstract of the Disclosure is provided to comply with 37 C.F.R. §1.72(b),
requiring an abstract that will allow the reader to quickly ascertain the nature of the technical

disclosure. It is submitted with the understanding that it will not be used to interpret or limit the

scope or meaning of the claims.
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CLAIMS

What is claimed is:

1. A method comprising:

using a transceiver, determining a first attribute value of a first radio frequency (RF)
signal received through a first antenna during a first period,

using an attribute estimator, determining a second attribute value of the first RF signal
received through a second antenna during the first period;

switching the attribute estimator from being coupled to the second antenna to being
coupled to a third antenna;

using the transceiver, determining a first attribute of a second RF signal received through
the first antenna during a second period,

using the attribute estimator, determining a second attribute of the second RF signal
received through the third antenna during the second period; and

estimating an angle of arrival associated with the first and second RF signals based on the
first and second attributes of the first RF signal and the first and second attributes of the second

RF signal.

2. The method of claim 1 wherein the determining of the first attribute value of the first
RF signal comprises determining a first phase value of the first RF signal, the determining of the
second attribute value of the first RF signal comprises determining a second phase value of the
first RF signal, the determining of the first attribute value of the second RF signal comprises

determining a first phase value of the second RF signal, and the determining of the second
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attribute value of the second RF signal comprises determining a second phase value of the

second RF signal.

3. The method of claim 2, wherein the estimating of the angle of arrival comprises
determining a first phase difference and a second phase difference, wherein the first phase
difference is between the first and second phase values of the first RF signal and the second

phase difference is between the first and second phase values of the second RF signal.

4. The method of claim 2 wherein the estimating of the angle of arrival comprises
adjusting the second phase value of the second RF signal to estimate a third phase value of the
first RF signal received through the third antenna during the first period, said adjusting
comprising determining a phase difference between the first phase value of the first RF signal
and the first phase value of the second RF signal, and subtracting the phase difference from the

second phase value of the second RF signal.

5. The method of claim 2 comprising processing the first RF signals using a transceiver
coupled to the first antenna and processing the second RF signals using a receiver configured to
be coupled to the second and third antenna through a switching circuit, wherein the receiver is

coupled to the attribute estimator.

6. The method of claim 5, comprising synchronizing to within a predetermined range of

synchronization a phase offset of the transceiver with a phase offset of the receiver.
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7. The method of claim 6, wherein said synchronizing comprises coupling a same

oscillator signal to a mixer of the transceiver and to a mixer of the receiver.

8. The method of claim 6, wherein said synchronizing comprises determining a phase
difference between the phase offset of the transceiver and the phase offset of the receiver and

compensating for the determined phase difference prior to the estimating of the angle of arrival.

9. The method of claim 1, wherein at least one of the first RF signal and the second RF

signal is modulated with respect to at least one of frequency and phase.

10. The method of claim 1, wherein using the attribute estimator to determine the second
attribute value of the first RF signal and the second attribute value of the second RF signal
comprises performing calculations using at least one of I and Q values associated with the first

RF signal and the second RF signal.

11. An apparatus comprising:

a transceiver configured to couple to a first antenna, the transceiver to provide a first
phase value of a first radio frequency (RF) signal received through a first antenna during a first
period and provide a first phase value of a second RF signal received through the first antenna
during a second period,

a switching circuit configured to switch between being coupled to each of a plurality of

antennas including a second antenna and a third antenna;
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a partial receiver coupled to the switching circuit, the partial receiver configured to
provide a second phase value of the first RF signal received through the second antenna during
the first period and provide a second phase value of the second RF signal received through the
third antenna during a second period; and

a direction estimator coupled to the transceiver and the partial receiver, the direction
estimator configured to estimate an angle of arrival associated with the first and second RF
signals based on the first and second phase values of the first RF signal and the first and second

phase values of the second RF signal.

12. The apparatus of claim 11, wherein the direction estimator is configured to estimate
the angle of arrival based on a first phase difference and a second phase difference, wherein the
first phase difference is between the first and second phase values of the first RF signal and the

second phase difference is between the first and second phase values of the second RF signal.

13. The apparatus of claim 11, wherein the direction estimator is configured to determine
a phase difference between the first phase value of the first RF signal and the first phase value of
the second RF signal and subtract the phase difference from the second phase value of the second
RF signal to estimate a third phase value of the first RF signal received through the third antenna
during the first period, wherein the direction estimator is configured to use the estimated third

phase value to estimate the angle of arrival.

14. The apparatus of claim 11, further comprising a regulator coupled to the transceiver,

the partial receiver, and the direction estimator, the regulator to synchronize to within a threshold
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range of synchronization a phase offset of the transceiver with a phase offset of the partial

receiver.

15. The apparatus of claim 14, wherein said regulator is configured to determine a phase
difference between the phase offset of the transceiver and the phase offset of the partial receiver
and wherein the direction estimator is configured to compensate for the determined phase

difference to estimate the angle of arrival.

16. The apparatus of claim 11, wherein each RF signal has a frequency within the
Industrial, Scientific, and Medical (ISM) band and encodes at least a portion of a Bluetooth
packet or a ZigBee packet, and wherein at least one of the first RF signal and the second RF

signal is modulated with respect to at least one of frequency and phase.

17. A wireless device comprising:

an antenna array including a first antenna, a second antenna, and a third antenna;

a first receive path coupled to the first antenna, the first receive path including a
demodulator to demodulate radio frequency (RF) signals received through the first antenna;

a coupling circuit to alternately couple to the second antenna and the third antenna;

a second receive path coupled to the coupling circuit, the second receive path including a
phase estimator to provide phase estimations associated with RF signals received through the
second antenna and the third antenna; and

processing circuitry configured to cause the coupling circuit to couple to the second

antenna during a first period and to couple to the third antenna during a second period, the
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processing circuitry to estimate a direction of a source of first and second RF signals relative to
the antenna array, based on a first phase difference of the first RF signal between the first
antenna and the second antenna and a second phase difference of the second RF signal between

the first antenna and the third antenna.

18. The wireless device of claim 17, wherein the phase estimator is to estimate a phase
value of the first RF signal received through the second antenna and a phase value of the second
RF signal received through the third antenna, based on at least one of an I signal and a Q signal

associated with each of the first and second RF signals.

19. The wireless device of claim 17, wherein the first receive path includes a first down-
conversion mixer and the second receive path includes a second down-conversion mixer,
wherein the wireless device further comprises a regulator coupled to the first receive path and the
second receive path, the regulator to regulate one or more local oscillator inputs to the first
down-conversion mixer and the second down-conversion mixer to reduce an effect of phase

offset on the estimate of the direction.

20. The wireless device of claim 17, wherein the wireless device and the source of the

first and second RF signals are connected within a Wireless Personal Area Network.
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REGULATE AND/OR COMPENSATE FOR ONE OR MORE j’EGOZ
CONDITIONS THAT HAVE AN EFFECT ON RF SIGNAL
ATTRIBUTES USED FOR DIRECTION ESTIMATION

1004
DETERMINE A FIRST ATTRIBUTE VALUE OF A FIRST RF SIGNAL —f
RECEIVED AT A FIRST ANTENNA DURING A FIRST PERIOD

1006
DETERMINE A SECOND ATTRIBUTE VALUE OF THE FIRST RF j
SIGNAL RECEIVED AT A SECOND ANTENNA DURING THE FIRST
PERIOD

1008
J

SWITCH ATTRIBUTE CIRCUITRY FROM BEING COUPLED TO THE
SECOND ANTENNA TO BEING COUPLED TO A THIRD ANTENNA

DETERMINE A FIRST ATTRIBUTE VALUE OF A SECOND RF _ﬁ‘m
SIGNAL RECEIVED AT A FIRST ANTENNA DURING A SECOND
PERIOD

1012
DETERMINE A SECOND ATTRIBUTE VALUE OF THE SECOND RF J—
SIGNAL RECEIVED AT THE THIRD ANTENNA DURING THE
SECOND PERIOD

ESTIMATE AN ANGLE OF ARRIVAL ASSOCIATED WiTH THE IWM
FIRST AND SECOND RF SIGNALS BASED ON THE FIRST AND
SECOND ATTRIBUTES OF THE FIRST RF SIGNAL AND THE
FIRST AND SECOND ATTRIBUTES OF THE SECOND RF SIGNAL

FIG. 10
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