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SYSTEM AND METHOD FOR VITAL
SIGNAL SENSING USING A
MILLIMETER-WAVE RADAR SENSOR

TECHNICAL FIELD

[0001] The present invention relates generally to a system
and method for vital signal sensing using a millimeter-wave
radar sensor.

BACKGROUND

[0002] Applications in the millimeter-wave frequency
regime have gained significant interest in the past few years
due to the rapid advancement in low cost semiconductor
technologies such as silicon germanium (SiGe) and fine
geometry complementary metal-oxide semiconductor
(CMOS) processes. Availability of high-speed bipolar and
metal-oxide semiconductor (MOS) transistors has led to a
growing demand for integrated circuits for millimeter-wave
applications at 60 GHz, 77 GHz, and 80 GHz and also
beyond 100 GHz. Such applications include, for example,
automotive radar systems and multi-gigabit communication
systems.

[0003] In some radar systems, the distance between the
radar and a target is determined by transmitting a frequency
modulated signal, receiving a reflection of the frequency
modulated signal, and determining a distance based on a
time delay and/or frequency difference between the trans-
mission and reception of the frequency modulated signal.
Accordingly, some radar systems include a transmit antenna
to transmit the RF signal, a receive antenna to receive the
RF, as well as the associated RF circuitry used to generate
the transmitted signal and to receive the RF signal. In some
cases, multiple antennas may be used to implement direc-
tional beams using phased array techniques. A MIMO con-
figuration with multiple chipsets can be used to perform
coherent and non-coherent signal processing, as well.

SUMMARY

[0004] A system includes a millimeter-wave radar sensor
disposed on a circuit board, a plurality of antennas coupled
to the millimeter-wave radar sensor and disposed on the
circuit board, and a processing circuit coupled to the milli-
meter-wave radar sensor and disposed on the circuit board.
The processing circuit is configured to determine vital signal
information based on output from the millimeter-wave radar
sensor.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] For a more complete understanding of the present
invention, and the advantages thereof, reference is now
made to the following descriptions taken in conjunction with
the accompanying drawings, in which:

[0006] FIG. 1A illustrates an embodiment vital signal
measurement system; and FIGS. 1B, 1C and 1D illustrate a
smart watch, a chest strap, and a smart phone that incorpo-
rate embodiment vital signal measurement systems;

[0007] FIG. 2A illustrates a block diagram of an embodi-
ment millimeter-wave radar sensor; FIGS. 2B and 2C illus-
trate plan views of embodiment millimeter-wave radar sen-
sor circuits; and FIG. 2D illustrates a block diagram of an
embodiment vital signal sensing method,;
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[0008] FIGS. 3A, 3B, 3C, 3D and 3E illustrate radar
sensor circuit boards according to embodiments of the
present invention;

[0009] FIGS. 4A and 4B illustrate an embodiment radar
sensor implemented using a waver level package construc-
tion;

[0010] FIG. 5 illustrates a flowchart of an embodiment
method of millimeter-wave based vital signal detection;
[0011] FIG. 6 illustrates an embodiment heart rate detec-
tion processing block diagram;

[0012] FIGS. 7A and 7B illustrate block diagrams of
embodiment confidence level determination algorithms;
[0013] FIG. 8 illustrates a block diagram an embodiment
self-calibration data flow method;

[0014] FIG. 9 illustrates an embodiment method of cali-
brating an embodiment adjustable adaptive filter;

[0015] FIG. 10A illustrates a block diagram of an embodi-
ment self-calibration procedure flow; and FIG. 10B illus-
trates a corresponding embodiment run-time procedure
flow;

[0016] FIG. 11 illustrates a block diagram of an embodi-
ment artery/vein detection method; and

[0017] FIG. 12 illustrates a block diagram of a processing
system that may be used to implement portions of embodi-
ment vital signal detection systems.

[0018] Corresponding numerals and symbols in different
figures generally refer to corresponding parts unless other-
wise indicated. The figures are drawn to clearly illustrate the
relevant aspects of the preferred embodiments and are not
necessarily drawn to scale. To more clearly illustrate certain
embodiments, a letter indicating variations of the same
structure, material, or process step may follow a figure
number.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

[0019] The making and using of the presently preferred
embodiments are discussed in detail below. It should be
appreciated, however, that the present invention provides
many applicable inventive concepts that can be embodied in
a wide variety of specific contexts. The specific embodi-
ments discussed are merely illustrative of specific ways to
make and use the invention, and do not limit the scope of the
invention.

[0020] The present invention will be described with
respect to preferred embodiments in a specific context, a
system and method for vital signal sensing using a millime-
ter-wave radar sensor. The invention may also be applied to
other RF-based systems and applications that detect and
identify the presence of one or more objects based on motion
of the object.

[0021] In embodiments of the present invention, a milli-
meter-wave based radar sensor is used to measure vital
signal information such as pulse rate. Such a millimeter-
wave based radar sensor may be mounted to a smartphone,
a wristwatch, a chest strap or other device. In various
embodiments, the relevant vital signal is determined by
using high response “range gate” measurements that may be
determined, for example, by taking a fast Fourier transform
(FFT) of down-converted frequency modulated continuous
wave (FMCW) measurements from the millimeter-wave
based radar sensor. These range gate measurements are then
filtered determine the relevant vital signal. Such filtering
may be adaptively calibrated to compensate for irregularities
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in the physical coupling between the millimeter-wave based
radar sensor and the body being measured. In some embodi-
ments, the motion of the millimeter-wave based radar sensor
with respect to the body being measured is compensated for
by tracking shifts in the high response range gates and
stitching together measurements from multiple range gates
to form the basis for the vital signal measurement.

[0022] Advantages of embodiment vital signal sensing
systems may include the ability to perform accurate vital
signal measurements in the presence of relative motion
between the millimeter-wave based radar sensor and the
body being measured. Such advantages are particularly
relevant for vital sensing applications in which heartbeat is
measured on a human being in motion, such as someone
who is exercising.

[0023] FIG. 1A illustrates a block diagram of radar-based
vital signal measuring system 100. As shown, radar-based
vital signal measuring system 100 includes a millimeter-
wave radar sensor 102, and a processor 104 that controls the
operation of millimeter-wave radar sensor 102 and performs
various radar signal processing operations on the data pro-
duced by millimeter-wave radar sensor 102. During opera-
tion, millimeter-wave radar sensor 102 transmits millimeter-
wave RF signals that are reflected by object 106. While
object 106 is depicted as a human hand, it should be
understood that object 106 may be any body from which a
vital signal is to be measured. The reflected signals are
received by millimeter-wave radar sensor 102, converted to
a digital representation, and processed by processor 104 to
determine, for example, a vital signal produced by object
106, such as a pulse rate. The result of this processing
produces various data (represented by signal DATA) indica-
tive of the measured vital signals.

[0024] FIGS.1B, 1C and 1D illustrate example vital signal
sensing configurations. For example, FIG. 1B illustrates a
rear-view and a side-view of a wristwatch no that includes
millimeter-wave radar sensor 112, As shown, millimeter-
wave radar sensor 112 includes one transmit antenna Tx and
two receive antennas Rx1 and Rx2. Alternatively, other
antenna configurations may be used. During operation,
millimeter-wave radar sensor 112 transmits millimeter wave
radar signals to a user’s wrist and determines, for example,
a heart rate based on the reflected RF signal.

[0025] FIG. 1C illustrates various views of a chest strap
120 that includes millimeter-wave radar sensor 122. During
operation, millimeter-wave radar sensor 112 transmits mil-
limeter wave radar signals to the chest of user 124 and
determines a heart rate of user 124 by analyzing radar
signals reflected from the chest of user 124.

[0026] FIG. 1D illustrates a rear view of a smart phone
130 on which a millimeter-wave radar sensor 132 is
mounted. As shown, millimeter-wave radar sensor 132
includes one transmit antenna Tx and one receive antenna
Rx. Alternatively, other antenna configurations may be used.
During operation, millimeter-wave radar sensor 132 trans-
mits millimeter wave radar signals to any portion of the body
to which the rear portion of smartphone 130 is facing, and
determines for example, a heart rate based on the reflected
RF signal. The results of the vital signal measurement may
be shown on the screen of 130 via a software application or
graphical user interface 134.

[0027] It should be understood that wristwatch no, chest
strap 120 and smartphone 130 shown in FIGS. 1B, 1C and
1D, respectively, are just three specific embodiment

Jul. 18,2019

examples of many possible embodiment system configura-
tion that employ millimeter-wave radar based vital signal
sensing.

[0028] FIG. 2A illustrates a block diagram of a millimeter-
wave radar sensor system 200 that may be used to imple-
ment millimeter-wave radar sensor circuits in the various
disclosed embodiments. Millimeter-wave radar sensor sys-
tem 200 includes millimeter-wave radar sensor circuit 202
and processing circuitry 204. Embodiment millimeter-wave
radar sensor circuits may be implemented, for example,
using a two-dimensional millimeter-wave phase-array radar
that performs measurements on object 106. The millimeter-
wave phase-array radar transmits and receives signals in the
20 GHz to 122 GHz range. Frequencies outside of this range
may also be used. In some embodiments, millimeter-wave
radar sensor circuit 202 operates as a frequency modulated
continuous wave (FMCW) radar sensor having multiple
transmit and receive channels. Alternatively, other types of
radar systems may be used such as pulse radar, continuous
wave (CW) radar, frequency modulated continuous wave
(FMCW) radar, and non-linear frequency modulated
(NLFM) radar to implement millimeter-wave radar sensor
circuit 202.

[0029] Millimeter-wave radar sensor circuit 202 transmits
and receives radio signals for determining vital signals of
object 106. For example, millimeter-wave radar sensor
circuit 202 transmits incident RF signals 201 and receives
RF signals 203 that are a reflection of the incident RF signals
from object 106. The received reflected RF signals 203 are
down converted by millimeter-wave radar sensor circuit 202
to determine beat frequency signals. These beat frequency
signals may be used to determine information such as the
location and motion of object 106. In the specific example
of FMCW radar, the beat frequency is proportional to the
distance between millimeter-wave radar sensor circuit 202
and the object being sensed.

[0030] In various embodiments, millimeter-wave radar
sensor circuit 202 is configured to transmit incident RF
signals 201 toward object 106 via transmit antennas 212 and
to receive reflected RF signals 203 from object 106 via
receive antennas 214. Millimeter-wave radar sensor circuit
202 includes transmitter front-end circuits 208 coupled to
transmit antennas 212 and receiver front-end circuit 210
coupled to receive antennas 214.

[0031] During operation, transmitter front-end circuits
208 may transmit RF signals toward object 106 simultane-
ously or individually using beamforming depending on the
phase of operation. While two transmitter front-end circuits
208 are depicted in FIG. 2A, it should be appreciated that
millimeter-wave radar sensor circuit 202 may include less
than or greater than two transmitter front-end circuits 208.
Thus, in various embodiments, the number of transmitters
can be extended to nxm. Fach transmitter front-end circuit
208 includes circuitry configured to produce the incident RF
signals. Such circuitry may include, for example, RF oscil-
lators, upconverting mixers, RF amplifiers, variable gain
amplifiers, filters, transformers, power splitters, and other
types of circuits.

[0032] Receiver front-end circuit 210 receives and pro-
cesses the reflected RF signals from object 106. As shown in
FIG. 2A, receiver front-end circuit 210 is configured to be
coupled to four receive antennas 214, which may be con-
figured, for example, as a 2x2 antenna array. In alternative
embodiments, receiver front-end circuit 210 may be config-
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ured to be coupled to greater or fewer than four antennas,
with the resulting antenna array being of various nxm
dimensions depending on the specific embodiment and its
specifications. Receiver front-end circuit 210 may include,
for example, RF oscillators, upconverting mixers, RF ampli-
fiers, variable gain amplifiers, filters, transformers, power
combiners and other types of circuits.

[0033] Radar circuitry 206 provides signals to be trans-
mitted to transmitter front-end circuits 208, receives signals
from receiver front-end circuit 210, and may be configured
to control the operation of millimeter-wave radar sensor
circuit 202. In some embodiments, radar circuitry 206
includes, but is not limited to, frequency synthesis circuitry,
up-conversion and down-conversion circuitry, variable gain
amplifiers, analog-to-digital converters, digital-to-analog
converters, digital signal processing circuitry for baseband
signals, bias generation circuits, and voltage regulators.
[0034] Radar circuitry 206 may receive a baseband radar
signal from processing circuitry 204 and control a frequency
of an RF oscillator based on the received baseband signal. In
some embodiments, this received baseband signal may
represent a FMCW frequency chirp to be transmitted. Radar
circuitry 206 may adjust the frequency of the RF oscillator
by applying a signal proportional to the received baseband
signal to a frequency control input of a phase locked loop.
Alternatively, the baseband signal received from processing
circuitry 204 may be upconverted using one or more mixers.
Radar circuitry 206 may transmit and digitize baseband
signals via a digital bus (e.g., a USB bus), transmit and
receive analog signals via an analog signal path, and/or
transmit and/or receive a combination of analog and digital
signals to and from processing circuitry 204.

[0035] Processing circuitry 204 acquires baseband signals
provided by radar circuitry 206 and formats the acquired
baseband signals for transmission to an embodiment signal
processing unit. These acquired baseband signals may rep-
resent beat frequencies, for example. In some embodiments,
processing circuitry 204 includes a bus interface (not shown)
for transferring data to other components within the occu-
pancy detection system. Optionally, processing circuitry 204
may also perform signal processing steps used by embodi-
ment occupancy detection systems such as a fast Fourier
transform (FFT), a short-time Fourier transform (STFT),
macro-Doppler analysis, micro-Doppler analysis, vital sign
analysis, object classification, machine learning, and the
like. In addition to processing the acquired baseband signals,
processing circuitry 204 may also control aspects of milli-
meter-wave radar sensor circuit 202, such as controlling the
transmissions produced by millimeter-wave radar sensor
circuit 202.

[0036] The various components of millimeter-wave radar
sensor system 200 may be partitioned in various ways. For
example, millimeter-wave radar sensor circuit 202 may be
implemented on one or more RF integrated circuits (RFICs),
antennas 212 and 214 may be disposed on a circuit board,
and processing circuitry 204 may be implemented using a
processor, a microprocessor, a digital signal processor and/
or a custom logic circuit disposed on one or more integrated
circuits/semiconductor substrates. Processing circuitry 204
may include a processor that executes instructions in an
executable program stored in a non-transitory computer
readable storage medium, such as a memory to perform the
functions of processing circuitry 204. In some embodiments,
however, all or part of the functionality of processing
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circuitry 204 may be incorporated on the same integrated
circuit/semiconductor substrate on which millimeter-wave
radar sensor circuit 202 is disposed.

[0037] In some embodiments, some or all portions of
millimeter-wave radar sensor circuit 202 may be imple-
mented in a package that contains transmit antennas 212,
receive antennas 214, transmitter front-end circuits 208,
receiver front-end circuit 210, and/or radar circuitry 206. In
some embodiments, millimeter-wave radar sensor circuit
202 may be implemented as one or more integrated circuits
disposed on a circuit board, and transmit antennas 212 and
receive antennas 214 may be implemented on the circuit
board adjacent to the integrated circuits. In some embodi-
ments, transmitter front-end circuits 208, receiver front-end
circuit 210, and radar circuitry 206 are formed on a same
radar front-end integrated circuit (IC) die. Transmit antennas
212 and receive antennas 214 may be part of the radar
front-end IC die, or may be implemented as separate anten-
nas disposed over or adjacent to the radar front-end IC die.
The radar front-end IC die may further include conductive
layers, such as redistribution layers (RDLs), used for routing
and/or for the implementation of various passive or active
devices of millimeter-wave radar sensor circuit 202. In an
embodiment, transmit antennas 212 and receive antennas
214 may be implemented using the RDLs of the radar
front-end IC die.

[0038] FIG. 2B illustrates a plan view of millimeter-wave
radar sensor circuit 220 that may be used to implement
millimeter-wave radar sensor circuit 202. As shown, milli-
meter-wave radar sensor circuit 220 is implemented as an
RFIC 224 coupled to transmit antennas 212 and receive
antenna 214 implemented as patch antennas disposed on or
within substrate 222. In some embodiments, substrate 222
may be implemented using a circuit board on which milli-
meter-wave radar sensor circuit 202 is disposed and on
which transmit antennas 212 and receive antennas 214 are
implemented using conductive layers of the circuit board.
Alternatively, substrate 222 represents a wafer substrate on
which one or more RDLs are disposed and on which
transmit antennas 212 and receive antennas 214 are imple-
mented using conductive layers on the one or more RDLs.
[0039] FIG. 2C illustrates a plan view of millimeter-wave
radar sensor circuit 232 that includes an array of transmit
antennas 212 and an array of receive antennas 214 coupled
to RFIC 234 disposed on substrate 236. In various embodi-
ments, transmit antennas 212 may form an array of m
antennas and receive antennas 214 may form an array of n
antennas. Each of the m transmit antennas 212 is coupled to
a corresponding pin on RFIC 234 and coupled to a corre-
sponding transmit circuit within RFIC 234; and each of the
n receive antennas 214 is coupled to a corresponding pin on
RFIC 234 and coupled to a corresponding receive circuit
within RFIC 234. In various embodiments, the array of
transmit antennas 212 and the array of receive antennas 214
may be implemented as a uniform array or a linear array of
any dimension. It should be appreciated that the implemen-
tations of FIGS. 2B and 2C are just two examples of the
many ways that embodiment millimeter-wave radar sensor
circuits could be implemented.

[0040] FIG. 2D illustrates a method 250 of performing
vital signal measurement that may be used in conjunction
with an embodiment millimeter-wave radar sensor circuit
such as millimeter-wave radar sensor circuit 202, 220, or
232 described above with respect to FIGS. 2A, 2B and 2C.
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In step 252, the millimeter-wave sensor circuit performs a
set of radar measurements, such as FMCW radar measure-
ments. In step 254 an FFT is taken of the baseband repre-
sentation of these measurements, which are in the form of
beat frequencies. Such an FFT may be referred to as a “range
FFT” because each bin of the resulting FFT represents
energy reflected by an object at a particular range or dis-
tance. In alternative embodiments, other transforms may be
used besides an FFT, such as a discrete cosine transform
(DCT), Short Time Fractional Fourier Transform (STFrFT),
z-transform or other transform types known in the art. In
step 256, the highest amplitude FFT bins or “range gates”
are determined. These high response range gates represent
the distance to the largest objects in the range of the
millimeter-wave radar sensor. Thus, in various embodiments
in which the monitored object is a portion of the human body
that includes arteries or portions of the body that move
during due to blood flow, the motion of these high response
range gates may contain information related to the moni-
tored object’s heart rate. In some embodiments, determining
the high response range gates includes determining which
range gates of a first set of range gate measurements have a
higher peak-to-average ratio or a higher amplitude compared
to the mean amplitude. For example, in some embodiments,
the peak-to-average ratio is greater than 1.3 and/or the
amplitude is twice the mean amplitude. Alternatively, dif-
ference peak-to-average ratios and amplitudes may be used.

[0041] In step 258 a correction filter is applied to the high
response range gates. This correction filter may provide
equalization and/or compensate for losses or distortion in the
physical coupling between the millimeter-wave radar sensor
and the target. In some embodiments, this correction filter is
an adaptive filter, such as an adaptive Finite Impulse
Response (FIR) filter, that is calibrated according to a
particular use case. For example, the correction filter may be
calibrated to correct for the coupling between a millimeter-
wave radar sensor mounted in a smart-watch or wrist band
and the user’s wrist. Another correction filter may be cali-
brated to correct for the coupling between the millimeter-
wave radar sensor mounted in a chest strap or and the user’s
chest. The correction filter may be calibrated to correct for
the coupling between the millimeter-wave radar sensor and
other mounting or use scenarios. In some embodiments this
correction filter may be calibrated using an adaptation
algorithm during the manufacture of the vital signal sensing
device and/or during a user calibration of the vital signal
sensing device, as will be described below. In some embodi-
ments, the particular use case (e.g., wrist strap, chest strap,
etc.) may be automatically detected base on the set of radar
measurements performed in step 252 and the applicable
correction filter (or correction filter coefficients) are selected
based on the particular use case. In step 260, the output of
the correction filter is further filtered by a vital signal filter
to extract vital signal information such as heart beat signals.

[0042] FIGS. 3A to 3E illustrate side views of various
embodiment substrate configurations that may be used to
implement radar sensors for embodiment millimeter-wave
radar based vital signal sensing systems, such as radar
sensors 110, 112, 122 and 132 shown in FIGS. 1A, 1B, 1C
and 1D, respectively. In accordance with one embodiment,
FIG. 3Aillustrates a side view of a radar sensor circuit board
300 that includes three conductive layers, M1, M2 and M3
and two laminate layers 302 and 304. As shown, conductive
layer M1 is used as an antenna layer and is used to
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implement transmit antenna TX1 and receive antennas RX1
and RX2. Conductive layer M2 is used, for example, as a
ground plane, and conductive layer M3 is used to make
contact with solder balls 312. In the illustrated embodiment,
RF and baseband integrated circuit 308, digital signal pro-
cessor (DSP) integrated circuit 306 and memory integrated
circuit 310 are embedded within laminate layer 304. Inte-
grated circuits 308 and 310 may be embedded in a laminate
using an embedding process known in the art. For example,
the embedding process may include making a cavity in the
laminate and placing the integrated circuit therein. The
process may also include growing a substrate after the
integrated circuits are embedded. Contact between RF and
baseband integrated circuit 308 and antennas Tx1, Rx1 and
Rx2 is made using vias 314. In alternative embodiments,
laminate layers 302 and 304 may be implemented differ-
ently. For example, layers 302 and 304 may be implemented
using low temperature co-fired ceramic (LTCC) substrates.
[0043] In various embodiments, RF and baseband inte-
grated circuit 308 includes the RF and analog components of
a millimeter-wave radar sensor including the RF/radar front
end, the various frequency generation circuitry, as a one or
more oscillators and phase locked loops (PLLS), upconver-
sion and downconversion circuitry, baseband circuitry and
various support circuitry. RF and baseband integrated circuit
308 may also include analog-to-digital converters that con-
vert analog signals derived from the received radar signal to
the digital domain in the form of raw data.

[0044] DSP integrated circuit 306 is coupled to RF and
baseband integrated circuit 308 and is configured to receive
the raw data produced by RF and baseband integrated circuit
308. In various embodiments, DSP integrated circuit 306 is
configured to perform embodiment vital signal analysis and
machine learning functions described below. DSP integrated
circuit 306 may also be configured to perform calibration,
adaptive filtering and signal processing algorithms that
support the operation of the embodiment radar system. DSP
integrated circuit 306 may be implemented using digital
signal processing circuitry and/or other processing circuitry
known in the art. DSP integrated circuit 306 also enables the
execution of various computationally intensive algorithms
within the radar system, which reduces the computational
loading of and the amount of data exchanged with external
application processors.

[0045] Memory integrated circuit 310 may include vola-
tile and/or non-volatile memory on which configuration data
and intermediate calculations data are stored. In some
embodiments, memory integrated circuit 310 may be con-
figured to store several days, months or years worth of vital
signal data in order to support the various machine learning
algorithms implemented by DSP integrated circuit 306. In
addition, statistics may be generated using the data stored in
memory circuit 310. Memory integrated circuit 310 may
also help support the storage of data for an external appli-
cation processor in addition to supporting operation of DSP
integrated circuit 306.

[0046] In some embodiments, the conductive layers Ml,
M2 and M3 may be formed from a metal foil, metal layer,
or metallization that has been laminated to a laminate layer.
In one embodiment, the conductive layers comprise copper
(Cu). In some embodiments, the conductive layers comprise
other conductive materials such as silver (Ag) and aluminum
(Al). In some embodiments, the conductive layers may
comprise different conductive materials.
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[0047] The laminate layers may separate the conductive
layers and provide structural support for radar sensor circuit
board 300. In various embodiments, the laminate layers are
implemented using an insulator material. For example, a
low-loss high frequency material such as a woven glass
reinforced hydrocarbon ceramic and/or polytetrafluoroeth-
vlene (PTFE) may be used. In some embodiments, the
laminate layers comprise a pre-impregnated composite
material (PPG). One or more of the laminate layers may be
commercial laminate material manufactured with copper
cladding on one or both surfaces. In some embodiments, all
laminate material layers may comprise the same insulator
material, while in other embodiments, different laminate
material layers may be implemented using different insulat-
ing materials.

[0048] One type of laminate material that may be used to
form the conductive layers and laminate layers in radar
sensor circuit board 300 is copper clad laminate. Sheets of
copper clad laminate material may be fabricated as single-
sided or double-sided copper clad sheets. During the fabri-
cation process, copper sheets may be placed on one or both
sides of the laminate material. Some combination of heat
and pressure may then be applied to facilitate attachment of
the copper sheets to the laminate material.

[0049] A conductive layer on a surface of a laminate layer
may be an electrodeposited (ED) foil or a rolled foil, for
example. A rolled foil sheet may be produced by repeatedly
feeding the foil sheet through rollers to evenly reduce the
thickness of the foil sheet. ED foil may be more rigid and
have a different grain structure. In contrast, rolled foil may
be smooth and flexible. In some cases, rolled foil may be
advantageous in RF applications, due to decreased surface
roughness.

[0050] One or more vias 314 connect the first conductive
layer M1 and the second conductive layer M2 and/or the RF
and baseband integrated circuit. For example, prior to
attaching laminate layer 302 to laminate layer 304, one or
more vias 314 may be formed as through substrate vias
(TSVs) passing through laminate layer 302 from the second
conductive layer M2 on the back side surface of laminate
layer 302 to an opposing surface of laminate layer 302. Vias
314 may be exposed at the opposing surface such that
electrical contact is made with third conductive layer M3
upon attachment laminate layer 302 to laminate layer 304.
[0051] FIG. 3B illustrates a side view of a radar sensor
circuit board 320 that includes three conductive layers, M1,
M2, M3 and M4 and two laminate layers 302 and 304.
Conductive layer M1 is used as an antenna layer to imple-
ment transmit antenna TX1 and receive antenna RX1. Con-
ductive layer M2 is used, for example, as a ground plane
and/or an interconnect layer, and conductive layer M3 is
used as an interconnect layer. Conductive layer M4 is used
to make contact with solder balls 312. In the illustrated
embodiment, RF and baseband integrated circuit 308, digital
signal processor integrated circuit 306 and memory inte-
grated circuit 310 are mounted on the bottom surface of
laminate layer 304. Contact between RF and baseband
integrated circuit 308 and antennas Tx1 and Rx1 is made
using vias 322. Integrated circuits 306 and 308 and 310 may
be attached to laminate layer 304 using chip-on-board
methods known in the art.

[0052] FIG. 3C illustrates a side view of a radar sensor
circuit board 330 that utilizes a four layer laminate structure
having four conductive layers M1, M2, M3 and M4 and
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three laminate layers 302, 304 and 332. Additional laminate
layer 332 may be constructed in a similar manner using
similar materials as laminate layers 302 and 304 described
above. In the embodiment of FIG. 3C, conductive layers
M1, M2 and laminate layer 302 and 304 are used to
implement an antenna stack. In an embodiment antenna
stack, conductive layer M4 functions as a ground plane,
conductive layer M3 functions as a feeding line, conductive
layer M2 functions as a ground plane, and conductive layer
M1 functions as a patch antenna. Conductive layer M3 may
include a slot to couple the energy of the feeding line to the
patch antenna of conductive layer M1. Laminate layer 302
define the bandwidth of antenna and laminate layers 304 and
332 may be selected to match the feeding line in M3. In
some implementations, laminate layers 304 and 332 are
selected to provide an optimum match. As shown, RF and
baseband integrated circuit 308, digital signal processor
integrated circuit 306 and memory integrated circuit 310 are
mounted on the bottom surface of laminate layer 332.
Contact between RF and baseband integrated circuit 308 and
the feeding line of the antenna is made using vias 322.

[0053] FIG. 3D illustrates a side view of a radar sensor
circuit board 340 that utilizes three conductive layers M1,
M2 and M3 and two laminate layers 302 and 304 and die to
die stacking. As shown, RF and Baseband integrated circuit
308 is stacked on top of DSP integrated circuit 306 and
memory integrated circuit 310 within laminate layer 304.
Contact between RF and baseband integrated circuit 308 and
transmit antenna Tx1 and receive antenna Rx1 is made using
vias 322.

[0054] FIG. 3E illustrates a side view of a radar sensor
circuit board 350 that utilizes three conductive layers M1,
M2 and M3 and two laminate layers 302 and 304 and
multilayer chip stacking. As shown, RF and Baseband
integrated circuit 308 is mounted on the bottom surface of
laminate layer 304. Memory integrated circuit 310 and DSP
integrated circuit 306 are disposed within the top surface of
laminate layer 304. Contact between RF and baseband
integrated circuit 308 and transmit antenna Tx1 and receive
antenna Rx1 is made using vias 322.

[0055] FIG. 4A illustrates a cross-sectional view of an
embodiment RF system/antenna package 400. In a specific
embodiment directed toward an embedded wafer level ball
grid array (eWLB) package, RF system/antenna package
420 includes a molding material layer 402 that is and a
redistribution layer (RDL) 406 disposed beneath molding
material. In some embodiments, molding material layer 402
is composed of mold and laminate materials and is between
about 200 pm and 600 pm thick, and RDL 406 is composed
of an conducting material, such as copper and is between
about 5 pm and about 15 um thick. As shown, integrated
circuit die 306, 308 and 310 are disposed in a single layer
within a cavity within molding material 402. Receive patch
antenna Rx, transmit patch antenna Tx are located in the fan
out area of the eWLB package, and connections between
integrated circuit die 306, 308 and 310 are made in a first
layer of metal M1 at a first surface of (RDL) 406. In
embodiments, RF system/antenna package 400 may include
further conductive layers used for routing and/or for the
implementation of various passive devices within the sub-
strate of the package. For example a second level of metal
M2 on the opposite side of RDL 404 from first level of metal
M1 is used to made contact to solder balls 312. It should be
understood that the specific dimensions detailed herein are
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just examples. In alternative embodiments of the present
invention, other dimensions could be used. In further altet-
native embodiments of the present invention, other package
types such as a BGA or Advanced Thin Small Leadless
ATSPL package may also be used.

[0056] FIG. 4B illustrates a plan view of embodiment
radar sensor 400. As shown, antennas Rx and Tx as imple-
mented as patch antennas in metal layer M1. It should be
understood that the embodiment shown in FIG. 4B is just
one example of the many possible ways the various com-
ponents can be arranged. In alternative embodiments RF and
Baseband integrated circuit 308, memory integrated circuit
310, DSP integrated circuit 306, transmit antenna Tx and
receive antenna Rx may be arranged differently.

[0057] It should be appreciated that the radar sensor circuit
board examples shown in FIGS. 3A to 3E and FIGS. 4A and
4B are just a few of the many possible configurations for
implementing embodiment radar sensor circuit boards. For
example, while FIG. 3B-3E and FIGS. 4A and 4B each show
a single transmit antenna and a signal receive antenna, in
alternative embodiments, different numbers of receive and
transmit antennas may be implemented depending on the
particular requirements of the radar system. In some
embodiments, the number and transmit and/or receive chan-
nels and antennas may be increased in order to implement
beam steering. By using beam steering, the radar beam may
be directed in a particular direction. This may be used, for
example, to direct the radar beam toward fine veins and
arteries in order to perform more accurate and precise vital
signal measurements.

[0058] FIG. 5 illustrates a flowchart of an embodiment
method 500 of millimeter-wave based vital signal detection.
In step 502, baseband FMCW radar data is collected over a
sampling window. In some embodiments, this window is
between about 3 seconds and 5 seconds in length, however,
other window lengths may be used. The downconverted
FMCW radar data may be in the form of digitized time
samples that form a periodic signal having an instantaneous
frequency proportional to a distance between the millimeter
wave radar sensor and a detected object. In step 504, range
gates with high responses are extracted from the windowed
FMCW data. In various embodiments, this may be accom-
plished by taking an FFT or other transform of the FMCW
data and determining which frequency bins have a highest
response. Since each frequency represents a “range gate” or
determined distance, the highest response range gate
responses represent the distance of the user whose vital
signals are to be measured. In the case of most wearable
devices in which only one target is to be tracked, there will
likely be either a single high response range gate or a cluster
of high response range gates that represent the distance from
the millimeter-wave radar sensor to the nearest target. These
high response range gates may shift over time due to the
relative motion between the millimeter-wave radar sensor
and the user. Thus, in some embodiments, the identity of the
high response range gates are tracked over time as described
in further detail below.

[0059] Once the high response range gates are extracted in
step 504, the motion represented by these high response
range gates may be analyzed to determine vital signals such
as heart rate. For example, in step 512, the high response
range gate signals are bandpass filtered to extract a heartbeat
signal. In some embodiments, the bandwidth of the heart
bandpass filter may be between about 0.8 Hz and about 3.33
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Hz. Bandwidths outside of these ranges may also be used
depending on the particular embodiment and its specifica-
tions. In step 514, identified range gates in which no signals
are detected are identified as static non-human objects and in
step 516, a heart rate is derived from the filtering operation
of step 512. In some embodiments, a confidence level of the
heart rate may also be derived as explained below.

[0060] FIG. 6 illustrates a heart rate detection processing
block diagram 600 according to an embodiment. As shown,
block 602 determines maximum value range gates and
provides the identity of these maximum value range gates in
slow-time. In some embodiments, a range FFT is taken over
each FMCW chirp, and the maximum valued range gates are
determined for each chirp. As time progresses, the maximum
value range gates may shift according to the detected heart
beat as the relative distance between the millimeter-wave
radar sensor and the user moves back and forth due to
motion caused by the user’s beating heart. Heartbeat signal
filter 604, which may be a bandpass filter that performs the
filtering steps of step 512 in FIG. 5, provides an extracted
heartbeat signal. Smoothing filter 606 further filters the
heartbeat signal and heartbeat rate estimation block 608
determines a heartrate from the smoothed heartbeat signal.
In some embodiments, smoothing filter 606 is implemented
by a Savitzky-Golay filter that essentially performs a k-point
regression. Alternatively, other smoothing filters may be
used. In some embodiments, block 608 determines the
heartrate by measuring the time period of a heartbeat.
Alternatively, other methods of determining a frequency of
a periodic signal may be used.

[0061] Confidence indicator block 610 determines a con-
fidence level of the estimated heart beat using methods
described below. In one embodiment, confidence level indi-
cator block 610 provides a confidence level of an estimated
heart rate by determining a duration of an amplitude band for
an extracted range gate, and determining the percentage of
time that the time-window length is within the amplitude
band. For example, determining the confidence level may
include determining a percentage of time in which the
peak-to-average ratio of the determined high response range
gates is within a predetermined range. In one example, the
amplitude band is taken to be between about 0.8 and 1.2 of
a normalized average for a particular range gate or for a
group of range gates. If the normalized amplitude of the
range gate or the group of range gates is within the ampli-
tude band of 0.8 to 1.2 for 95% of the time window, then a
90% confidence level is assigned to the heartbeat measure-
ment. If the normalized amplitude is within the amplitude
band for 75% of the time window, then a 70% confidence
level is assigned, and if the normalized amplitude is within
the amplitude band for 55% of the time window, then a 50%
confidence level is assigned. It should be understood that the
numerical values of the normalized amplitude band and the
various confidence levels are just one of many possible
normalized amplitude band and confidence level definitions
that may be used. In alternative embodiments, other values
may be assigned. In various embodiments, all of the blocks
shown in FIG. 6 may be implemented, for example, using
DSP or other processor.

[0062] FIGS. 7A and 7B illustrate two example confidence
level determination algorithm methods. FIG. 7A illustrates a
first embodiment method 700. As shown, in step 704, the
maximum range gate values are determined for a set of
FMCW data 702 in a short time window. This short time
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window, which is narrower than the 3-5 second time window
described above, may be about 500 us long in one example.
Alternatively, other window time lengths may be used. In
step 706, the consistency for each range gate is determined,
for example, by determining the percentage of time the
amplitude of the particular range gate is within a normalized
amplitude band as described above. In step 710, a determi-
nation is made as to whether the range gate values are
consistent. This determination can be made, for example, by
comparing the percentage of time that the amplitude of a
particular range gate is within the normalized amplitude to
a predetermined threshold. For example, the percentage may
be compared with a predetermined threshold of 95%. Alter-
natively, other percentage threshold may be used.

[0063] Ifstep 710 determines that the particular range gate
values are consistent, additional data from the 3-5 second
time window is appended to the short time window data in
step 708 and the next group of short time window data 702
is analyzed. Thus, in various embodiments, a few seconds of
data from short time windows may be stitched together to
form longer lengths of vital signal data for analysis. In some
embodiments, data from the neighboring range gates along
with the high response range gates may be stitched together
to form a set of modified range gate data. By stitching
together data in this fashion, long term motion, as exempli-
fied by shifts in the maximum value range gates, can be
compensated for. Thus, in some embodiments, range gate
information relevant to vital signal measurements may be
segregated from irrelevant range gate information, and the
irrelevant range gate information discarded.

[0064] Ifstep 710 determines that the particular range gate
values are consistent, additional data from the 3-5 second
time window is appended to the short time window data in
step 708 if phase continuity can be preserved between
groups of data as determined in step 714. In various embodi-
ments phase continuity may be preserved, for example, by
adding or subtracting a number of samples from the begin-
ning of a second waveform segment and by subtracting or
adding a corresponding number of samples from the end of
a first waveform segment until phase continuity is achieved.
In some embodiments, zeros may be appended to the end the
first waveform segment and/or appended to the beginning of
the second waveform segment. By preserving phase conti-
nuity in this manner, spectral regrowth due to phase discon-
tinuities can be reduced, thereby allowing for more accurate
vital signal measurements.

[0065] In some embodiments, phase continuity is deter-
mined as follows:

where P is the average pairwise phase distance, 8, and 6, are
the relative phases, and d(0,, 0,) represents the Buclidean
distance (squared distance) or the Manhattan distance (abso-
lute distance). In some embodiments, phase contnuity is
deemed to exist when P is less than a predetermined phase
continuity threshold. In some embodiments, this predeter-
mined phase continuity threshold may be between about
0.01 rad/sec and about 0.5 rad/sec. Alternatively, other
thresholds outside of this range may be used depending on
the particular embodiment and its specifications. Once data
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is stitched together from multiple short time windows in step
708, the resulting stitched together data is filtered in step 716
to extract vital signals according to the embodiments
described herein.

[0066] FIG. 7B illustrates a confidence level determina-
tion algorithm method 730 according to a further embodi-
ment in which a confidence level measurement for an entire
3-4 second data window is determined. However, in method
730, the same set of range gates may be used over the course
of the entire 3-4 seconds of windowed data 732.

[0067] As shown, in step 734, the maximum range gate
values are determined for a set of FMCW data 732 in a long
time window, for example a 3-4 second time window.
Alternatively, other time window lengths can be used. In
step 736, the consistency for each range gate is determined,
for example, by determining the percentage of time the
amplitude of the particular range gate is within a normalized
amplitude band as described above. In step 716, range gate
data is filtered to extract vital signals according to embodi-
ments described herein, and in step 738, a confidence
level/value is generated the corresponds to particular long
window data 732 being evaluated using confidence level
indication techniques described above.

[0068] In various embodiments, method 730 shown in
FIG. 7B consumes less power when implemented than
method 700 shown in FIG. 7A. In some embodiments, both
method 700 shown in FIG. 7A and method 730 shown in
FIG. 7B may be performed within the same system. For
example, method 730 shown in FIG. 7B may be performed
under low power and low power conditions or in situations
where there is very little movement between the millimeter-
wave radar sensor and the target being measured. In some
embodiments, low power conditions may include low bat-
tery conditions. In situations where there is very little
movement, it is less necessary to stitch together data from
different range gates over the course of a long 3-4 second
window of data because the same range gates provide vital
signal data over longer periods of time. In an alternative
embodiment, data from the same range bins may be stitched
together over multiple data windows.

[0069] In some embodiments, the confidence level pro-
duced during step 738 may be used to determine whether to
keep using method 730 of FIG. 7B or whether to transition
to method 700 of FIG. 7A. For example, if the confidence
level is less than a predetermined threshold and/or of the
confidence level is less than the predetermined threshold for
more than a predetermined number of samples (e.g., over
long time window data, short time window data, or a subset
thereof), the system may transition to method 700 shown in
FIG. 7A in order to increase the detection performance of the
system by stitching together data from different range gates.
[0070] FIG. 8 illustrates an embodiment self-calibration
data flow method 800 that may be used to optimize vital
Doppler filters for a particular physical vital sensor imple-
mentation such as a wrist strap, arm strap, chest strap, etc.
In step 802, data is captured from the millimeter-wave data
sensor. Capturing data may include, for example, receiving
digital data from a data bus coupled to the millimeter-wave
data sensor. In step 804, interference mitigation is per-
formed. This includes pre-whitening the received radar
sensor data for mitigating antenna correlation and colored
clutter response. In step 806 range windowing and zero
padding is performed in preparation of the range FFT for the
sensor data received from each sensor. In this step, a window
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function is applied to the received radar data followed by
zero-padding to improve accuracy along range axis. In step
808, a range FFT is performed on the data received by each
sensor and/or each antenna of each sensor on the windowed
and zero-padded range data. In step 810, the maximum
range gates are determined by evaluating the amplitude of
each FFT bin produced by the range FFT of step 808 and
determining the maximum FFT bin(s) for each chirp.

[0071] Instep 812, a frequency response of the determined
maximum determined range gates is correlated with refer-
ence signals 814. In various embodiments, reference signals
814 are stored reference signals that correspond to a pat-
ticular use or coupling configuration case such as a wrist-
strap, arm strap and/or other coupling scenarios between the
radar sensor and the target. In some embodiments, these
stored reference signals may include stored reference vital
signals such as a reference heartbeat signal. In some embodi-
ments, the reference heartbeat signal is a standard FDA
approved heartbeat signal of 60 beats/min.

[0072] In an embodiment, slow time data from the
selected range bins are correlated with reference signals
corresponding to the expected response emanating from an
arm, chest or wrist. The response having the highest corre-
lation is selected and the corresponding vital Doppler Filters
and the corresponding vital Doppler Filter transform are
updated. Different filters and transforms are used due to the
different coupling and EM scattering characteristic between
the radar sensor and the particular part of the body being
monitored. For example, the coupling between the radar
sensor and a user’s arm is different from the coupling
between the radar sensor and a user’s chest.

[0073] In step 816, filtering functions for the Doppler
filters and Doppler transforms are determined based on the
correlated frequency response calculated in step 8§12.
Embodiment Doppler filters and Doppler transforms may be
implemented using non-linear functions. In some embodi-
ments, method 800 is performed during a factory calibration
flow. In various embodiments, the filter setting for the vital
Doppler filters and the vital Doppler filter transforms may be
used to compensate for signal loss due to the manner in
which the physical radar sensor is coupled to the target.

[0074] FIG. 9 illustrates an embodiment method 900 of
calibrating an embodiment adjustable adaptive filter. In an
embodiment, an adaptive algorithm 910 is used to adjust a
heartbeat signal adaptive filter 904 such that the error
between the output of the heartbeat signal adaptive filter 904
and a reference heart signal/value 908 is minimized or
reduced. In other words, the heartbeat signal adaptive filter
is calibrated to have a similar signal behavior as reference
heart signal value 908 for a particular use case (e.g., wrist
strap, arm strap, chest strap, etc.). For example, heartbeat
signal adaptive filter may be tuned to produce a measurable
heartbeat signal given range gate slow-time data 902 that
was generated for the particular use case. Heartbeat signal
adaptive filter 904 may also be referred to as correction filter
that is configured to correct the range gate data for the
manner in which the millimeter-wave radar sensor is
coupled to the biological target. Range-gate slow-time data
902 represents captured FMCW data from the system being
calibrated for a particular use case. In some embodiments,
heartbeat signal adaptive filter 904 is used to compensate for
the non-linear transformation undergone by the received
radar data due to back scattering. Moreover, in some
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embodiments, an embodiment calibration procedure may be
performed on a human subject.

[0075] Insome embodiments, reference heart signal/value
908 represents a template heartbeat signal that is based on a
normal heartbeat. This template heartbeat signal may be
generated by an approved medical organization based on
clinically approved measurements. Reference heart signal/
value 908 may represent, for example, a normal heartbeat of
about 72 beats per minute. Alternatively, other heart rates
may be used. In some embodiments, method 900 may be
performed during a factory calibration of an embodiment
millimeter-wave radar based vital signal sensing system
and/or may be performed periodically during used when or
if the performance of the millimeter-wave radar based vital
signal sensing system degrades over time, or the conditions
for comparable results are not obtainable.

[0076] Insome embodiments, adaptive algorithm 910 may
include, for example, a least mean square algorithm, a filter
stochastic gradient algorithm, a descent algorithm, or other
adaptive algorithm known in the art. For example, a least
squares based cost function used by an embodiment least
mean square algorithm may be expressed as:

Tuans)=Z " e@di)-30),
where d(i), y(i) are the reference heart-beat signal and
reference signal respectively, a(i) is the pre-defined coefli-
cients that define the LMS cost function. In some embodi-
ments, the heartbeat signal adaptive filter 904 in conjunction
with adaptive algorithm may operate according to the fol-
lowing adaptive filter update rule:

wint1)=w, () Hun)g (Tpags) g2y (-1)),
where w,(n) refers to the i” coefficient of the adaptive filter
at n” iteration of LMS. The above equation is the filter
weight update equation, p(n) is the step-size which can be
independent of the iteration as well, g, (.) and g,(.) are some
functions based on LMS type. For instance bate-LMS, g;(.)
is a derivative w.r.t. y(i), and g,(.) is the identity function.
For sign-RMS, g,(.) is the sign function, etc.
[0077] In some embodiments, an optional transform func-
tion 906 may be used to reduce adaptive filter convergence
or reduce computational complexity. The transform function
may be expressed as:

=f(Wy(-1), ... (1),

where f(.) defines the transformation which is a function of
the input data {y(n-1), . .. y(1)} and the ketnel W(n). In
various embodiment, transform function 906 may be used to
maximize FFT operation when the filter is being fit to an
absolute heart-beat while disregarding the subtleties of other
frequency components in the heart signal. In some embodi-
ments, a DCT transformation could be used to represent the
heartbeat signal using a lower number of coefficients,
thereby reducing the computational complexity of the filter
and reducing its convergence time.

[0078] FIG. 10A illustrates a self-calibration procedure
flow 1000 and FIG. 10B illustrates a corresponding run-time
procedure flow 1030 according to an embodiment of the
present invention. The procedure flows of FIGS. 10A and
10B may be used in any embodiment millimeter-wave based
vital signal sensing system.

[0079] During self-calibration procedure flow 1010 shown
in FIG. 10A, a range FFT 1012 is performed on radar
analog-to-digital converter (ADC) data 1010 that was cap-
tured using an embodiment millimeter-wave radar sensor,
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such as those described above. Artery/vein detection algo-
rithm, which is described with respect to FIG. 11 below,
determines a heartbeat signal, which is filtered by heartbeat
signal filter 1014. Heartbeat signal filter 1014 may be
implemented, for example, using a bandpass filter to extract
a filtered heartbeat signal. Smoothing filter 1016 smooths
the output of the heartbeat signal filter 1014 and heartbeat
estimation block 1016 determines a heartrate from the
smoothed heartbeat signal. Smoothing filter 1016 may be
implemented, for example using a 15” order Savitzky-Golay
filter, which essentially implements a 15 point regression.
Alternatively, other filter types can be used.

[0080] In some embodiments, heartbeat estimation block
1016 determines the heartrate by measuring the time period
of a heartbeat. Alternatively, other methods of determining
a frequency of a periodic signal may be used. Confidence
level indicator 1020 determines a confidence level of the
estimated heart beat using confidence level determination
methods described above. In some embodiments, the deter-
mined confidence level may be used to select the algorithm
used by heartbeat rate estimation block 1018. For example,
when confidence level indicator 1020 indicates a high con-
fidence a high confidence level, a lower complexity algo-
rithm could be used by heartbeat rate estimation block 1018
in order to save power.

[0081] During self-calibration procedure 1002, error
determination block 1008 produces an error signal by deter-
mining a difference between reference signal 1004 and the
estimated heartrate determined by heartbeat estimation
block 1016. In some embodiments, error determination
block 1008 may be implemented by subtracting reference
signal 1004 from the output of heartbeat rate estimation
block 1018. In various embodiments, adaptive algorithm
1006 updates the filter coefficients of heartbeat signal filter
1014 in order to reduce the error signal determined by error
determination block 1008. The operation of adaptive algo-
rithm 1006 in conjunction with reference signal 1004 and
heartbeat signal filter 1014 may proceed in a similar manner
as the calibration method described above with respect to
FIG. 9. In some embodiments, a plurality of sets of coefli-
cients directed toward various use cases may be derived
using self-calibration procedure 1002. For example, a first
set of filter coefficients for heartbeat signal 1014 may be
derived for a wrist strap, a second set of filter coefficients
may derived for an arm strap, a third set of filter coefficients
may be derived for a chest strap and so on.

[0082] During self-calibration, the user may attach the
millimeter-wave radar sensor to his or her body in the
applicable manner (e.g., wrist strap, arm strap, chest strap,
etc.) and initiate the self-calibration procedure. Thus, each
set of radar ADC data 1010 taken during the self-calibration
procedure represents FMCW data derived for a particular
use case. Once one or more self-calibration procedures are
complete, the various sets of filter coefficients for heartbeat
signal filter 1014 may be stored in memory for later retrieval
during operation.

[0083] FIG. 10B illustrates the corresponding run-time
procedure flow 1030 that represents the procedure flow that
an embodiment vital signal detection system may use during
normal operation. Range FFT 1012, artery/vein detection
1014, heartbeat signal filter 1014, smoothing filter 1016,
heartbeat rate estimation block 1018 and confidence level
indicator 1020 operate as described above with respect to
FIG. 10A. During operation, however, filter coeflicient
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selection block 1032 adaptively detects the use case best
represented by radar ADC data 1010. For example, filter
coeflicient selection block 1032 may determine whether the
user is using a wrist strap, arm strap, or chest strap, and loads
the corresponding coeflicients that were derived during the
self-calibration procedure flow 1010 shown in FIG. 10A. In
one example, filter coeflicient selection block 1032 may
include the functionality of blocks 812, 816, 818 and 820
shown in FIG. 8.

[0084] In various embodiments, filter coefficient selection
block determines the set of coeflicients based on signal path
characteristics of the monitoring scenario and the particular
portions of the body being monitored. An initial set of
coefficients are first selected during self-calibration as
described above with respect to FIG. 10A. These coeflicients
may be adaptively updated as described hereinabove with
respect to FIG. 9. Once the coefficients for different use
cases are derived, a particular use case is identified for
operation as described above with respect to block 816 of
FIG. 8, and the coeflicients corresponding to the selected use
case are selected as filter coeflicients. For example, if filter
coefficient selection block 1032 determines that radar ADC
data 1010 is obtained in a system in which the millimeter-
wave radar sensor is coupled to the user’s wrist via a wrist
strap or a wrist watch, then the applicable coeflicients are
loaded into heartbeat signal filter 1014. On the other hand,
if filter coeficient selection block 1032 determines that radar
ADC data 1010 is obtained in a system in which the
millimeter-wave radar sensor is coupled to the user’s chest
via a chest strap, then the coefficients applicable to the chest
strap are loaded into heartbeat signal filter 1014.

[0085] FIG. 11 illustrates a block diagram of an embodi-
ment artery/vein detection method 1014 sitvated in the
context of other processing steps that occur prior to and after
the artery/vein detection method 1014. As shown, range FFT
block 1012 performs a range FFT of radar ADC data 1010.
A target range detection is performed on the range FFT and
the output of target range detection block 1102 is monitored
by monitor radar slow-time block 1104. In some embodi-
ments, target range selection block 1102 extracts the range
gates with the highest response, and monitor radar slow-time
block 1104 monitors the extracted range gates by storing the
slow-time radar data along the detected range bins.

[0086] Artery/vein detection block 1014 determines
whether the extracted range gates represent an artery or a
vein by applying heartrate vital-Doppler filters 1106 to the
values of the extracted range gates. In some embodiments,
vital-Doppler filters 1106 include low bandwidth filtering at
0.6 Hz-3 Hz. The output of heartrate micro-Doppler filters
1106 is smoothed using smoothing filters 1108, and vital
Doppler detection block 1110 filters the output of smoothing
filters 1108 in order to detect whether or not a heartbeat
signal is present. In some embodiments, vital Doppler
detection block 1110 is implemented as a threshold detector
to discriminate between valid vital signal and noise.
[0087] Vital Doppler detection block 1110 compares the
output of smoothing filters 1108 with a predetermined
threshold. In some embodiments, the predetermined thresh-
old may be about 3 dB above the noise floor. However, in
alternative embodiments, other threshold values may be
used. If the output of vital Doppler detection block 1110
exceeds the predetermined threshold, a potential artery/vein
is considered to be detected, and the set of detected range
bins are process by heartrate estimation pipeline 1114.
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[0088] Referring now to FIG. 12, a block diagram of a
processing system 1200 is provided in accordance with an
embodiment of the present invention. The processing system
1200 depicts a general-purpose platform and the general
components and functionality that may be used to imple-
ment portions of the embodiment vital signal sensing system
and/or an external computer or processing device interfaced
to the embodiment vital signal sending system. The pro-
cessing system 1200 may include, for example, a central
processing unit (CPU) 1202, memory 1204, and a mass
storage device 1206 connected to a bus 1208 configured to
perform the processes discussed above. The processing
system 1200 may further include, if desired or needed, a
video adapter 1210 to provide connectivity to a local display
1212 and an input-output (I/O) Adapter 1214 to provide an
input/output interface for one or more input/output devices
616, such as a mouse, a keyboard, printer, tape drive, CD
drive, or the like.

[0089] The processing system 1200 also includes a net-
work interface 1218, which may be implemented using a
network adaptor configured to be coupled to a wired link,
such as an Ethernet cable, USB interface, or the like, and/or
a wireless/cellular link for communications with a network
1220. The network interface 1218 may also comprise a
suitable receiver and transmitter for wireless communica-
tions. It should be noted that the processing system 1200
may include other components. For example, the processing
system 1200 may include power supplies, cables, a moth-
erboard, removable storage media, cases, and the like. These
other components, although not shown, are considered part
of the processing system 1200.

[0090] Example embodiments of the present invention are
summarized here. Other embodiments can also be under-

stood from the entirety of the specification and the claims
filed herein.

[0091] Example 1. A device for measuring vital signals
includes a first circuit board layer comprising a first insulator
material; a first integrated circuit disposed on the first circuit
board layer, the first integrated circuit including a millime-
ter-wave radar sensor and a digital interface configured to
provide digitized baseband radar signals; a second integrated
circuit coupled to the first integrated circuit and disposed on
the first circuit board layer, the second integrated circuit
including a digital signal processor (DSP) configured to
determine vital signal information based on the digitized
baseband radar signals; a second circuit board layer includ-
ing a second insulator material, the second circuit board
layer having a first surface disposed over a first surface of
the first circuit board layer; a transmit antenna disposed on
the second circuit board layer and coupled to the first
integrated circuit; and a receive antenna disposed on the
second circuit board layer and coupled to the first integrated
circuit.

[0092] Example 2. The device of example 1, where the
first insulator material is the same as the second insulator
material.

[0093] Example 3. The device of example 1 or 2, further
including a third integrated circuit disposed on the first
circuit board layer and coupled to the second integrated
circuit, wherein the third integrated circuit includes a
memory.
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[0094] Example 4. The device of one of examples 1-3,
where the first integrated circuit is disposed on a second
surface of the first circuit board layer opposite the first
surface.

[0095] Example 5. The device of claim 4, where the
second integrated circuit is disposed on the second surface
of the first circuit board layer opposite the first surface of the
first circuit board layer.

[0096] Example 6. The device of example 4, where the
second integrated circuit is disposed within the first surface
of the first circuit board layer.

[0097] Example 7. The device of one of examples 4-6,
where the transmit antenna and the receive antenna include
a conductive material disposed on a second surface of the
second circuit board layer opposite the first surface of the
second circuit board layer; the transmit antenna is coupled to
the first integrated circuit via a first via that extends through
the first circuit board layer and the second circuit board
layer; and the receive antenna is coupled to the first inte-
grated circuit via a first via that extends through the first
circuit board layer and the second circuit board layer.
[0098] Example 8. The device of one of examples 4-7,
further including a ground plane having a conductive layer
disposed between the first circuit board layer and the second
circuit board layer.

[0099] Example 9. The device of one of examples 4-7,
further including a third circuit board layer disposed
between the first circuit board layer and the second circuit
board layer.

[0100] Example 10. The device of one of examples 1 or 2,
where the first integrated circuit is stacked on top of the
second integrated circuit; the first integrated circuit is
embedded within the first surface of the first circuit board
layer; and the second integrated circuit is embedded within
a second surface of the first circuit board layer opposite the
first surface of the first circuit board layer.

[0101] Example 11. The device of claim 10, further
including a third integrated circuit disposed next to the
second integrated circuit, wherein the first integrated circuit
is further stacked on top of the third integrated circuit, a first
portion of a first surface of the first integrated circuit is
adjacent to a first surface of the second integrated circuit, a
second portion of the first surface of the first integrated
circuit is adjacent to a first surface of the third integrated
circuit, and the third integrated circuit comprises a memory.
[0102] Example 12. The device of one of examples 10 and
11, where the transmit antenna and the receive antenna
include a conductive material disposed on a second surface
of the second circuit board layer opposite the first surface of
the second circuit board layer; the transmit antenna is
coupled to the first integrated circuit via a first via that
extends through the second circuit board layer; and the
receive antenna is coupled to the first integrated circuit via
a second via that extends through the second circuit board
layer.

[0103] Example 13. A device for measuring vital signals
including a redistribution layer comprising an insulating
material; a first integrated circuit having a first surface
disposed on a first side of the redistribution layer, the first
integrated circuit including a millimeter-wave radar sensor
and a digital interface configured to provide digitized base-
band radar signals; a second integrated circuit having a first
surface disposed on the first side of the redistribution layer
and coupled to the first integrated circuit, the second inte-
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grated circuit including a digital signal processor DSP
configured to determine vital signal information based on
the digitized baseband radar signals; a transmit antenna
disposed in the redistribution layer and coupled to the first
integrated circuit via a first conductive layer of the redistri-
bution layer; a receive antenna disposed in the redistribution
layer coupled to the first integrated circuit via a first con-
ductive layer of the redistribution layer; and a molding
material disposed over a second side of the first integrated
circuit, a second side of the second integrated circuit and the
first side of the redistribution layer.

[0104] Example 14. The device of example 13, where the
transmit antenna and the receive antenna are implemented in
the first conductive layer; and the first conductive layer is
disposed at the first surface of the redistribution layer.
[0105] Example 15. The device of one of examples 13 or
14, where the redistribution layer, first integrated circuit,
second integrated circuit, transmit antenna, receive antenna
and molding material form an embedded wafer level ball
grid array (eWLB) package.

[0106] Example 16. The device of example 15, where the
transmit antenna and the receive antenna are disposed in a
fan out area of the eWLB package.

[0107] Example 17. A system including a wearable object
configured to be worn by a person; and a millimeter-wave
radar system mounted on the wearable object, the millime-
ter-wave radar system including a circuit board, millimeter-
wave radar sensor disposed on the circuit board, a plurality
of antennas coupled to the millimeter-wave radar sensor and
disposed on the circuit board adjacent to the millimeter-
wave radar sensor, and a processing circuit coupled to the
millimeter-wave radar sensor and disposed on the circuit
board, where the processing circuit is configured to deter-
mine vital signal information of the person based on output
from the millimeter-wave radar sensor.

[0108] Example 18. The system of example 17, where the
wearable object includes a wrist band.

[0109] Example 19. The system of example 17, where the
wearable object includes a chest strap.

[0110] Example 20. The system of one of examples 17-19,
where the vital signal information includes a heart rate.

[0111] Example 21. The system of one of examples 17-20,
where the processing circuit is further configured to instruct
the millimeter-wave radar sensor to perform a first set of
radar measurements to produce a first set of radar data;
determine a first set of range gate measurements from the
first set of radar data; determine high response range gates
from the first set of range gate measurements; apply a
correction filter to the determined high response range gates
in slow-time to produce corrected range gate data, the
correction filter configured to correct for a manner in which
the millimeter-wave radar sensor is coupled to the person via
the wearable object; and apply a vital signal filter to the
corrected range gate data to determine the vital signal
information of the person.

[0112] While this invention has been described with ref-
erence to illustrative embodiments, this description is not
intended to be construed in a limiting sense. Various modi-
fications and combinations of the illustrative embodiments,
as well as other embodiments of the invention, will be
apparent to persons skilled in the art upon reference to the
description. It is therefore intended that the appended claims
encompass any such modifications or embodiments.
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What is claimed is:

1. A device for measuring vital signals, the device com-
prising:

a first circuit board layer comprising a first insulator

matetial;

a first integrated circuit disposed on the first circuit board
layer, the first integrated circuit comprising a millime-
ter-wave radar sensor and a digital interface configured
to provide digitized baseband radar signals;

a second integrated circuit coupled to the first integrated
circuit and disposed on the first circuit board layer, the
second integrated circuit comprising a digital signal
processor (DSP) configured to determine vital signal
information based on the digitized baseband radar
signals;

a second circuit board layer comprising a second insulator
material, the second circuit board layer having a first
surface disposed over a first surface of the first circuit
board layer;

a transmit antenna disposed on the second circuit board
layer and coupled to the first integrated circuit; and

a receive antenna disposed on the second circuit board
layer and coupled to the first integrated circuit.

2. The device of claim 1, wherein the first insulator

material is the same as the second insulator material.

3. The device of claim 1, further comprising a third
integrated circuit disposed on the first circuit board layer and
coupled to the second integrated circuit, wherein the third
integrated circuit comprises a memory.

4. The device of claim 1, wherein the first integrated
circuit is disposed on a second surface of the first circuit
board layer opposite the first surface.

5. The device of claim 4, wherein the second integrated
circuit is disposed on the second surface of the first circuit
board layer opposite the first surface of the first circuit board
layer.

6. The device of claim 4, wherein the second integrated
circuit is disposed within the first surface of the first circuit
board layer.

7. The device of claim 4, wherein:

the transmit antenna and the receive antenna comprise a
conductive material disposed on a second surface of the
second circuit board layer opposite the first surface of
the second circuit board layer;

the transmit antenna is coupled to the first integrated
circuit via a first via that extends through the first circuit
board layer and the second circuit board layer; and

the receive antenna is coupled to the first integrated circuit
via a first via that extends through the first circuit board
layer and the second circuit board layer.

8. The device of claim 4, further comprising a ground
plane, the ground plane comprising a conductive layer
disposed between the first circuit board layer and the second
circuit board layer.

9. The device of claim 4, further comprising a third circuit
board layer disposed between the first circuit board layer and
the second circuit board layer.

10. The device of claim 1, wherein:

the first integrated circuit is stacked on top of the second
integrated circuit;

the first integrated circuit is embedded within the first
surface of the first circuit board layer; and

the second integrated circuit is embedded within a second
surface of the first circuit board layer opposite the first
surface of the first circuit board layer.
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11. The device of claim 10, further comprising a third
integrated circuit disposed next to the second integrated
circuit, wherein the first integrated circuit is further stacked
on top of the third integrated circuit, a first portion of a first
surface of the first integrated circuit is adjacent to a first
surface of the second integrated circuit, a second portion of
the first surface of the first integrated circuit is adjacent to a
first surface of the third integrated circuit, and the third
integrated circuit comprises a memory.

12. The device of claim 10, wherein:

the transmit antenna and the receive antenna comprise a
conductive material disposed on a second surface of the
second circuit board layer opposite the first surface of
the second circuit board layer;

the transmit antenna is coupled to the first integrated
circuit via a first via that extends through the second
circuit board layer; and

the receive antenna is coupled to the first integrated circuit
via a second via that extends through the second circuit
board layer.

13. A device for measuring vital signals, the device

comptrising:

a redistribution layer comprising an insulating material;

a first integrated circuit having a first surface disposed on
a first side of the redistribution layer, the first integrated
circuit comprising a millimeter-wave radar sensor and
a digital interface configured to provide digitized base-
band radar signals;

a second integrated circuit having a first surface disposed
on the first side of the redistribution layer and coupled
to the first integrated circuit, the second integrated
circuit comprising a digital signal processor DSP con-
figured to determine vital signal information based on
the digitized baseband radar signals;

a transmit antenna disposed in the redistribution layer and
coupled to the first integrated circuit via a first conduc-
tive layer of the redistribution layer;

a receive antenna disposed in the redistribution layer
coupled to the first integrated circuit via a first conduc-
tive layer of the redistribution layer; and

amolding material disposed over a second side of the first
integrated circuit, a second side of the second inte-
grated circuit and the first side of the redistribution
layer.

14. The device of claim 13, wherein:

the transmit antenna and the receive antenna are imple-
mented in the first conductive layer; and
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the first conductive layer is disposed at the first surface of

the redistribution layer.

15. The device of claim 13, wherein the redistribution
layer, first integrated circuit, second integrated circuit, trans-
mit antenna, receive antenna and molding material form an
embedded wafer level ball grid array (eWLB) package.

16. The device of claim 15, wherein the transmit antenna
and the receive antenna are disposed in a fan out area of the
eWLB package.

17. A system comprising:

a wearable object configured to be worn by a person; and

a millimeter-wave radar system mounted on the wearable

object, the millimeter-wave radar system comprising a
circuit board, millimeter-wave radar sensor disposed on
the circuit board, a plurality of antennas coupled to the
millimeter-wave radar sensor and disposed on the cir-
cuit board adjacent to the millimeter-wave radar sensor,
and a processing circuit coupled to the millimeter-wave
radar sensor and disposed on the circuit board, the
processing circuit is configured to determine vital sig-
nal information of the person based on output from the
millimeter-wave radar sensor.

18. The system of claim 17, wherein the wearable object
comprises a wrist band.

19. The system of claim 17, wherein the wearable object
comprises a chest strap.

20. The system of claim 17, wherein the vital signal
information comprises a heart rate.

21. The system of claim 17, wherein the processing circuit
1s further configured to:

instruct the millimeter-wave radar sensor to perform a

first set of radar measurements to produce a first set of
radar data;

determine a first set of range gate measurements from the

first set of radar data;

determine high response range gates from the first set of

range gate measurements;

apply a correction filter to the determined high response

range gates in slow-time to produce corrected range
gate data, the correction filter configured to correct for
a manner in which the millimeter-wave radar sensor is
coupled to the person via the wearable object; and
apply a vital signal filter to the corrected range gate data
to determine the vital signal information of the person.

* #* * #* #®
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