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In this paper, we propose an efficient and robust non-contact heart
rate estimation algorithm. The key idea is to recover the fundamen-
tal heartbeat frequency from its higher-order spectral features. Our
contributions are threefold: 1) carefully review and examine possible
approaches in vital signs detection with ultra-wide band (UWB) im-
pulse radar; 2) numerically and experimentally show an important
result that, in the spectral domain, the fundamental heartbeat signal is
respiration-interference-limited, whereas its higher-order harmonics
are noise-limited; and 3) implement an adaptive heart rate monitor-
ing algorithm based on the proposed theory, which is feasible with
continuous monitoring. To justify the proposed theory, we perform a
spectral analysis of the harmonics of vital signs signal. We validate
the proposed algorithm using a controlled vital sign simulator. We
experimentally demonstrate the effectiveness of the harmonics-based
heart rate estimation algorithm and compare it against existing meth-
ods. For completeness, we also provide a limitation analysis of the
proposed algorithm.
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[. INTRODUCTION

Ultra-wide band (UWB) radar systems are very useful
in homeland security, rescue missions, and obscured object
detection applications. Different from other radar systems,
the UWB radar system has strong penetrating ability com-
pared to optical systems, and fine range resolving ability
compared to continuous wave (CW) radar systems [1]-[3].
By using an impulse or frequency-modulated signal, UWB
radars can measure micro-motion such as vital signs [4], hu-
man gait [5], and distinguish targets at different ranges, such
as human counting application [6]. More popularly, UWB
impulse radars employ a carrier-free signaling scheme and
transmit a very narrow pulse, on the order of nanosecond,
achieving a bandwidth of couple of GHz. Typically, for a
UWRB radar, the range is sampled at analog to digital con-
verter (ADC) rate and cross range is sampled at the radar
output frame repetition rate [7].

UWRB radar can non-invasively monitor internal phys-
iological motion of the organs of a body such as heartbeat,
lung, and blood flooding, by transmitting low-energy
electromagnetic waves, leading to transformational appli-
cations in medical diagnosis [4], [8], [9]. In this paper, we
discuss monitoring vital signs of stationary human subjects
remotely using a UWB impulse radar by coherently
processing the time history of narrow pulses backscattered
by the human chest. Detecting human vital sign using
short-range radar technology is an important application
in health development. The non-invasive detection of vital
sign has led to several potential applications such as elderly
care and in-hospital monitoring.

Recently, smart wearables, such as smart watches and
headphones, for healthcare, have become available and con-
venient. Most of these devices use photoplethysmography
sensor (often a green light LED sensor) to measure the in-
tensity of light reflected through tissue to detect the pulse in-
formation. Compared with wearable technologies, the radar
technology causes no discomfort to the human subject since
no sensor is physically connected to the human body. In
some situations, these wearables are difficult to use on in-
fants or skin-burned patients. Another concern for smart
wearables is power consumption. The light-based sensors
consume much more energy than the radar sensors for vital
signs monitoring. These vital signs radar sensors are gener-
ally portable, with low power consumption and low power
emission, satisfying the federal communications commis-
sion (FCC) Part 15 requirement.

This paper is organized as follows. In Section II, we
introduce related works on radar-based vital sign detection
and the main motivation for this paper. In Section III, we
present the UWB impulse radar signal model for extracting
vital information. In Sections III-A and III-B, we examine
different approaches for vital sign detection in great detail.
In Section IV, we preset the proposed theory and provide
theoretical justification. Accordingly, in Section IV-D, we
propose a harmonics-aided heart rate estimation algorithm.
In Section V, we provide extensive experimental examples
to demonstrate the proposed theory and algorithm. Finally,
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in Section VI, we conclude the paper and identify on-going
efforts.

[I. BACKGROUND

Theoretical analysis for vital sign extraction has been
well-established for CW radar. Single channel selection se-
lects either the I channel or the Q channel is selected for
vital signs detection. This method, however, suffers when
the signal sensitivity is very weak in I or Q channels. To deal
with this problem, a complex signal demodulation (CSD)
method was proposed in [10]. A theoretical analysis on
spectrum representation is carried out, demonstrating that
ideally the Fourier spectrum of the vital signs is actually a
pulse train with decaying amplitudes associated with each
pulse. This is an important result because it states that the
fundamental heartbeat frequency is closely spaced with the
higher-order harmonics (usually the third) of the fundamen-
tal respiration frequency and often these higher-order har-
monics are much stronger than the heartbeat signal strength.
Because of these two facts, long-term heart rate monitoring
using CSD is not possible. A phase-based method, called
Arctangent demodulation (AD) method, was proposed in
[11] with phase calibration techniques. Similar phase-based
methods and extension of AD method was reported in [12].

On the other hand, the possibility of vital signs extrac-
tion using UWB impulse radar was reported in [13]-[15].
However, a detailed discussion and theoretical justification
on the feasibility of applying the popular CSD method and
AD method for UWB impulse radar is not available. A lim-
ited discussion on this subject was carried outin [16]. Due to
different signaling schemes, the mathematical formulation
of UWB impulse radar for vital sign detection is some-
what different from that of the CW radar. Besides, we show
that the CSD and AD methods and related methods can be
applied for vital sign detection using a UWB impulse radar.

In this paper, we highlight an important result: spec-
trally, the fundamental heartbeat frequency is respiration-
interference-limited, whereas its higher-order harmonics
are noise-limited. These higher-order statistics related to
heartbeat can be a robust indication when the fundamental
heartbeat is masked by the strong lower-order harmonics
of respiration and when phase calibration is not accurate
if phase-based method is used. Additionally, we propose a
novel approach based on the concept of harmonics-based
heart rate estimation. This approach was demonstrated in
[17] and [18] for multiple-subject heart rates detection. In
this paper, we elaborate this concept and propose an adap-
tive heart rate estimation algorithm. We also provide more
theoretical analysis and experimental examples. A high-
level signal processing chain for the heart rate estimation
based on its higher-order harmonics is illustrated in Fig. 1.

Our contributions:

1) review and compare existing vital signs detection for
impulsed-based UWB radar;

2) numerically and experimentally show an impor-
tant result that, in the spectral domain, the funda-
mental heartbeat signal is respiration-interference-
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limited, whereas its higher-order harmonics are
noise-limited;

3) present and implement an adaptive heart rate estima-
tion algorithm using multiple heartbeat related spec-
tral features.

[ll.  VITAL SIGN MODELING IN UWB IMPULSE RADAR

In this section, we discuss the signal model for vital sign
detection using a UWB impulse radar. We summarized and
extended the results in [13] and [14]. The received signal
was directly sampled in radio frequency (RF) and then dig-
itally converted to the complex baseband. In our model, t
denotes the fast sampling time and v is the transformed fre-
quency component, whereas ¢ denotes the slow cross-range
sampling time and f denotes the corresponding Fourier do-
main component. The vital signs of a subject at a nominal
distance dj can be modeled a sum of two periodic signals
from respiratory and cardiac activities

d(t) = dy + My, sin(2m ft) + My, sin(27 fj, 1) (1)

where M), is the amplitude of respiratory activity, and M),
is the amplitude of cardiac activity. fj, and fj are respira-
tion and heartbeat frequencies. The received signal can be
modeled as a sum of the target response and the delayed,
attenuated versions of the transmitted pulse due to static
environment

rt,T)=Arp(t — M) + Y Aip(t —1)  (2)

where p(f, ) is the generated short pulse, centered at the
carrier frequency F,.. Ar and A; denote the magnitude of
the target response and the multi-path components, whereas
Tp(t) = 2d(t)/c and t; are the corresponding delays, where
c is the speed of light. The signal of interest can be modeled
as

ro(t, T) = Arp(t — Tp(1)) 3)

where the multi-path components due to static environment
can be eliminated by mean subtraction. The received sig-
nal is then down converted to the complex baseband and
represented as

y(t, 1) = ro(t, T)e T

= Arp(t — p(0))e I,

)

A. 1/Q Channel-Based Approaches

In this section, we show that the CSD method using I/Q
channels for vital sign detection can be applied to the com-
plex baseband signal [see (4)]. The CSD method can be per-
formed directly onto (4). By invoking the two-dimensional
(2-D) Fourier transform, we derive the final expression for
the Fourier transform of the complex baseband signal in
slow time

Y(f.7) = Ape Tl
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Fig. 1. High-level processing diagram: recover the fundamental heartbeat frequency from its higher-order harmonics.
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where Cy (1) = fdv[P(v + F)el2m =) J (4 (v + F,)
mp/c)Ji(4w (v + F.)my/c)] and Cy; achieves a maximum
value of Cy (7o) at 1. P(v + F,) is the fast-time Fourier
transform of the transmitted pulse shifted to dc.

(6)

B. Phase-Based Approaches

In this section, we show how to extract phase variation
due to vital sign activity. The fast-time (v) Fourier transform
is applied to (4) to separate out the time delay in p(r —
7p(1))

Y(t,v) = Ap P(v + F.)e P270+Fm® (7)

In order to evaluate the above equation, one can set v = 0,
corresponding to the fast-time Fourier transform evaluated
at dc as suggested in [14]

Y(t,0) = Ar P(F.)e 27 Femo(®), ®)
For convenience, (8) is re-written as
Y(1,0) = ArP(1, Fe 27 feo®
00 .
= Ar (/ dtp(t, 'c)eJZ”F”T) 9)
—00

% e~ Fen(®

where P(¢, Fc) is a constant complex value since the trans-
mitted pulse p(t, 7) is constant over slow time. P(t, Fc)
is thus decomposed as M,e 7”7 with magnitude Mp and
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phase ¢p

Y(t,0) = ApMpe 1T FetnOtor) (10)

Note that A7 and M p are real numbers and the vital infor-
mation is preserved in the phase term. The I and Q channels
can be represented as

I(t) = ArMp cos2rt F.tp(1) + ¢p)
Q(t) = ArMp sinQ2r F.tp(t) + ¢p).

1) Phase Demodulation Methods: One way to reli-
ably detect vital information in a quadrature demodulation
system is to use the AD method. By directly calculating the
phase shift as an Arctangent function of Q(¢)/1(t), accurate
phase variation extraction is possible. The phase variation
is linearly related to the vital signs as follows:

Q())}

1(1)

an
(12)

®(t) = unwrapping {atan (

- 47 M, Sin(ZJbet) 4 My, sin(27rf;,t)
B A A
4 d 13
n 0 4 g (13)
_Ax M, sinQr fpt) | 4m M), sin(2r fyt)
B N A
+ ¢pc

where A = F_/c is the wavelength and ¢pc = 4rdy/c +
¢p denotes the total dc information including two phase
terms: the first term 4mdy/c is determined by the target
position information and the second term is determined by
the transmitted pulse waveform and the center frequency.
Often a phase unwrapping function is needed to deal with
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the phase discontinuity outside of [—m /2, /2] due to the
Arctangent function. The result in (13) is the ideal situa-
tion. In general, phase noise is inevitable and independently
present in I/Q channels ¢; and €. Let us define the overall
vital sign as V(1) = M} sin(2r ft) + My, sin(2w fj,t). The
complete signal model that captures this I/Q imbalance ef-
fect is given as follows:

~ . (1)

®(t) = unwrapping {atan ( 0 )}

= unwrapping (14)

{atan (AQ sin(4 V(t)/1 + @) + DQ) }
Ajcos(4nV()/h + @) + Dy

where A;, ¢; and D;, i = I, or Q, represent amplitude
imbalance, phase imbalance, and dc offset. The total resid-
ual phase in I/Q channels contain two parts: dc and phase
noise, D; = ¢pc + €7 and Dy = ¢pc + €¢. For our case,
the raw radar data are directly RF sampled and the down-
conversion is done in digital signal processor (DSP). There-
fore, there are no amplitude and phase imbalances, and
A =Ap = Apand ¢; = ¢p = ¢p. Only dc offsets in I/Q
channels need to be compensated. If perfect correction is
done, (14) is reduced to

d(r) = unwrapping
{ ( A sin(dm V(1) /A + @o) ) }
atan

Agcos(drV(t)/A + o)
4 V(1) (15)
= Iy %o
4 My sinQ2r fpt) 4w My, sin(27 ft)
= Y Y %o-

Now the Fourier transform can be directly applied to the
extracted phase in (15). Two peaks in the spectrum domain
correspond to the respiration frequency and the heartbeat
frequency. Since ¢y has no effect on the vital sign detection,
it can be ignored.

2) Related Methods: Besides the AD method, the
Logarithmic method [19] uses a similar approach to extract
the phase variation that is directly related to the physiolog-
ical motion. Alternatively, an extended differentiate and
cross-multiply (DACM) method [12] can be used for vital
sign detection. This method consists of two operations:
differentiation and integration. The phase unwrapping is
not required in DACM but phase calibration is required be-
fore applying the extended DACM method. The extended
DACM can be treated as an alternative to other phase-based
methods: the AD and the Logarithmic methods, since it
only uses a different phase unwrapping method. The goal of
phase-based methods is to suppress the inferencing harmon-
ics, which is determined by the phase calibration process.

3) Phase Calibration Technique: A key process com-
mon to all phase-based approaches is phase calibration,
which determines the heartbeat detection performance. The
signal model in (15) is adopted and only dc offsets in the I/Q
channels need to be compensated. This calibration process
is often referred as circle fitting [20] or center tracking [21].
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Note that if the RF to baseband conversion is done in the
hardware, in which there are two independent I/Q receiver
chains, the model in (14) should be considered and the
corresponding phase calibration procedure is an elliptical
fitting problem [22].

In this paper, we consider an iterative least-square fitting
algorithm, called the Levenberg—Marquardt (LM) method
[20]. It can effectively solve the least-squares problem with
the following form, given n data points (/(i), Q(i)), 1 <
i1 <n
2

F=3 (/(10) — D +(Q) — Do)? - R)
i=1

n
_ 2
-2
i=1

where F denotes the objective function. The geometric fit
tries to minimize the mean square distance from the fitting
circle to the distorted data points and produces a tuple of
(D;,Dg, R), where Dy, Dy are the center points and R is
the radius of the fitting circle

R? = (I(i) — D1)* + (i) — D).

16)

a7

The efficiency and accuracy of the LM circle fitting method
has been reported in many papers. A theoretical analysis
of LM method was presented in [20]. A comparative study
of dc offset calibration algorithms using the Doppler radar
was presented in [23] and their result shows that the LM is
one of the most accurate circle fitting algorithms. A repre-
sentative experimental example is illustrated in Fig. 2. The
dc corrected I/Q data samples are shown in Fig. 2(a) and
an empirical convergence rate of LM method is shown in
Fig. 2(b).

IV. OUR APPROACH
A. Heartbeat Spectral Harmonics Estimation

In this section, we present an effective heart rate es-
timation algorithm based on recovering the fundamental
heartbeat frequency from its second-order harmonic. The
main idea of this algorithm is shown in Fig. 3. This typical
vital signs spectrum is obtained following the flow chart in
Fig. 1. The detection range of the UWB radar is set to | m
with a frame rate of 10 Hz. A 20-s moving processing win-
dow is used. In total, 200 frames of data are processed each
time. The direct sampled RF signal is first acquired, then
converted to the complex baseband using the known radar
parameters. The baseband signal is often organized in 2-D
matrix format, one dimension representing fast-time sam-
ples (range profile) and the other representing the slow-time
samples (vital motion of interest). The clutter mitigation is
realized by mean subtraction. The range-Doppler matrix
is obtained by applying Fourier transform on each range
bin over time. The vital signs spectrum in Fig. 3 is one
slice of the range-Doppler matrix at the selected range bin.
In general, most of the respiratory and heartbeat activities
happen in a single range bin and thus only the range bin
with maximum spectral energy is used. Next, a bandpass
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Fig. 3. Harmonics-based heart rate estimation.

filter is applied to emphasize the second-order harmonic of
the heartbeat with negligible respiration harmonics. Once
the second-order harmonic of the heartbeat frequency, f>n4,
is identified, the fundamental heartbeat frequency, or heart
rate, can be recovered accordingly, f;, = fona/2. A numeri-
cal justification of the proposed method is provided in next
section.

B. Advantages: Free of Respiration Harmonics

Phase-based methods (AD) and its variations have
been proposed to suppress respiration harmonics and
inter-modulations. Theoretically, these algorithms can
successfully eliminate respiration harmonics and inter-
modulations. Their performance, however, are not guar-
anteed as demonstrated in [12] since the required phase
calibration can never be perfect in a real system.

Instead of separating the fundamental heartbeat fre-
quency from strong respiration harmonics and related inter-
modulations in the relatively low frequency domain, the
proposed method focuses in the relatively high frequency
region and tries to locate the 2nd-order harmonic of the
fundamental heartbeat frequency. In this way, the funda-
mental heartbeat frequency can be easily recovered. In this
frequency region, the second-order harmonic of the heart-
beat will compete with higher-order harmonics of respira-
tion, e.g., the eighth respiration harmonics, or higher-order
harmonics of inter-modulations. As the order number in-
creases, the harmonic strength decreases dramatically. The
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second-order harmonic of the heartbeat can thus be easily
identified as if there is no interference from the respiration
harmonics.

To further validate the theory, a quantitative analysis of
the harmonics strength in the spectral domain is provided
based on the complex baseband signal model in (6). Ig-
noring the common terms, the relative absolute magnitude
of each frequency harmonic in §(f — kf, — [f;) is deter-
mined by Cy ;(19). A coarse representation of the harmonic
strength of interest can be done based on Cy ;(t) in (6)

BW/2 4 FOM,
Ci(t0) = / dvP( + F.)Ji (M)

BW/2 c
4 F)M,
J[ ( H(V+ c) h) (18)
c
BW/2+F. 4v M, 4wv M,
= dvPW)J | —— | i | ———
—BW/2+F, c c
47ZFCM1, 4 FCMh
~ BWP(F,)J; Ji >
c c
(19)

where BW denotes the system bandwidth, and change of
variable and mean value approximation have been invoked
to derive (19).

For clarity, we first compare the strength of the res-
piration harmonics to that of the heartbeat harmonics up
to the second order. Then, we compare the higher-order
inter-modulations to the heartbeat harmonics of interest.
The normal resting breathing rate for an adult is about 12
to 20 beats per minute (B/Min) and the heart rate is about
60 to 80 on average [24]. For the numerical analysis, the
breathing rate is set to 15 B/Min and the heart rate is set to
70 B/Min. In this case, the second-order harmonics of heart-
beat (140 B/Min) is competing against the eighth, ninth, and
tenth order harmonics of the respiration, ranging from 120
to 150 B/Min. Here, only the higher-order harmonics that
are close to the second-order harmonics of the heartbeat
are considered, otherwise they can be easily filtered out.
The spectral magnitudes of the harmonics of interest are
compared in Fig. 4 as a function of chest displacement
(respiration) from 0.5 to 5.5 mm with a fixed heartbeat
amplitude 0.08 mm [13], [25]. For normal respiratory ac-
tivities, the second-order harmonic of the heartbeat is much
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stronger than those of the higher-order harmonics of res-
piration (eighth, ninth, tenth). For different chest displace-
ment, the fundamental heartbeat experiences interference
from the lower-order harmonics of respiration (second). It
should be noted that in general, higher-order harmonics
with order number m = k + [ > 4, where k and [ are from
Cr.1(t0), cannot be easily observed because of the weak vital
sign motion and the background noise. The main challenge
of monitoring fundamental heartbeat continuously is due to
the spurious spectrum peaks such as second- or third-order
harmonics of respiration. Fortunately, they are spectrally
further away from the second-order harmonics of the heart-
beat frequency. Therefore, it makes locating the heartbeat
harmonics a respiration-interference free task.

Similarly, we compare the strength of the higher-order
inter-modulations against the strength of the second-order
harmonics of the heartbeat signal in Fig. 5. The associated
inter-modulations close to 140 B/Min are CP__ 1.1=2(70) and
Ci_.1—»(10). Only the order numbers of inter-modulations
m < 3 are considered.

C. Limitation Analysis

We have demonstrated the feasibility analysis of re-
covering the fundamental heartbeat frequency with the aid
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Relative Magnitude [dB]

Fig. 6. Coherent processing gains from different pulse integration
levels: low (black curve), median (red curve), and high (green curve);
pre-defined heart rate: 56 B/Min, respiration rate: 26 B/Min. The dashed
and dotted vertical lines denote the reference respiration harmonics and
the heartbeat harmonics.

Fig. 7. Two experimental scenarios: (a) human subject; (b) controlled
motorized vital sign simulator.

of its second-order harmonics in the spectral domain. In
this section, we identify a few limitations for continuous
heart rate monitoring for stationary subjects using the novel
harmonics-based approach. Sufficient signal-to-noise-ratio
(SNR) is required in order to detect the second-order har-
monics of the heartbeat signal. The spectral energy of the
heartbeat signal is about 20 dB lower than that of respi-
ration. One would expect heartbeat harmonics to be even
weaker. The tracking performance is very sensitive to back-
ground noise and random body motion. This method, there-
fore, fails when the test subject is seated further away, or
facing the radar sideways, or wearing thick clothes. In our
experiment, all the test subjects are asked to sit about 40 to
80 cm away from the radar, and keep still.

An important result that spectrally fundamental heart-
beat is respiration-interference-limited, whereas its associ-
ated higher-order harmonics are noise-limited is presented
earlier in this paper. In order to boost the vital signs SNR,
the output frame rate of the radar is set as low as 10 Hz.
The maximum radar pulse rate is about 40 MHz and the
processing gain is achieved by coherently combining the
pules. Here, we use a carefully designed example to demon-
strate received signal SNR improvement from different
integration levels. The following results in Fig. 6 are gen-
erated using a controlled motorized vital signs simulator as
shown in Fig. 7(b). The respiration rate and the heart rate is
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pre-defined for demonstration. As shown in Fig. 6, the re-
ceived signal noise floor is significantly improved. By doing
s0, the higher-order harmonics such as second and third are
clearly revealed and are easily isolated. On the contrary,
the fundamental heartbeat frequency is competing against
the closely located second-order harmonics of respiration
and, therefore, is very difficult to correctly estimate using
conventional methods.

D. Harmonics-Aided Heart Rate Estimation Algorithm

1) Heartbeat Harmonics Filter Design: In this
section, we propose to adaptively utilize the fundamental
heartbeat and its associated harmonics to make continuous
measurement possible. Sine recovering the fundamental
heartbeat frequency from its second-order harmonics or
even third-order harmonics might not work when the SNR
is low and the spectrum is noisy, two heart rate harmonic
filters are designed. The primary filter y is to filter out the
spectrum content for the second- or third-order heartbeat
harmonics and, therefore, estimate its frequency fycs. The
secondary filter 7 is to estimate the fundamental heartbeat
frequency fiy. Only the lower cutoff frequencies need to
be determined, whereas the upper cutoff frequencies are
trivial. According to the resting adult heart rate statistics
in Section IV-B, the frequency limits of the two harmonics
filters are determined as

y,filterrange : 1.5 < f <4 Hz

(20)
n, filter range : 0.7 < f < 1.4 Hz.

Thus, in addition to recovering the heartbeat frequency
from its harmonics, the secondary filter n provides a
second way to estimate the heartbeat frequency. The goal
is to selectively combine different sources of frequency
estimates and generate more robust estimates, so that
continuous monitoring is possible.

2) Spectral Peak Selection Criterion: To further im-
prove the robustness of our heart rate estimation algorithm,
two efficient processing steps are proposed. First, full fre-
quency spectrums are used for spectral peak localization
since the I and Q data are used for a spectral analysis. That
is because the spectral peaks might be either present in the
negative spectrum or the positive portion. Second, when
two spectral peaks with similar absolute frequency loca-
tions are present in the positive and negative spectrums,
the selection is based on a new criterion, called peak to
noise level (P2NL), instead of solely relying on the peak
height

pos+2
Zz _4Lui=pos—2 "1 2

pos+50
Z Jj=pos— 50
where V), is the peak spectral value at posth position.
The numerator is sum of the peak value and two nearby
data samples to the right and to the left, totaling five data
samples. The denominator is the sum of the corresponding

101 data values including the peak values and the noise-
like data values. Based on this criterion, one of the two

P2NL = 1)
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competing peaks with a larger P2NL value is selected. A
more noise-robust peak spectrum gives a larger P2NL value.

3) Adaptive Heart Rate Selection: In this section,
we present an adaptive heart rate selection scheme by
summarizing the results presented in previous sections.
The real-time signal processing algorithm starts when there
are 200 frames ready, but the algorithm starts outputting
the heart rate reading only if the frequency estimate of the
second-order harmonic of the heartbeat is stable for 1 s,
meaning that the heart rate estimate f;, = fucs/2 is stable
for ten consecutive estimates and the variation is less than
three beats. These estimates are obtained by applying the
primary bandpass filter y by selecting the peak location
based on the P2NL criterion in (21). The purpose of
waiting for stable estimates is to make sure the spectral
peak is heartbeat harmonics not some random peaks. As
demonstrated in Section IV-B, a stable spectral peak in
the second-harmonics frequency region is the result of the
cardiac activity with a high probability.

Similarly, the secondary heart rate estimate is obtained
using the filter . These estimates are stored along with the
primary estimates from y. However, they are only checked
when the primary estimate start fluctuating wildly, such
that the difference between the current estimate at time
instance ¢, where ¢ denotes some discrete sample index,
and the previous output heart rate at time instance t — 1 is
larger than three beats, such as | f{~' — fii-s/2| > 3 and
|fi7" = fies/3] > 3. Here, two situations are considered.
The dominant spectral peak location fycs can be either
the second-order harmonic of the heartbeat or occasionally
the third-order harmonic. If the current estimates fjj~q/2
and fjj-s/3 are different from the previous heart rate es-
timate f; ~! by more than three beats, then the secondary
estimate is compared against the previous output heart rate
f,fl. The secondary estimate is used when the difference
is small such as |f/~' — f! | <3 and thus is chosen as
the current output heart rate f; = f{,. Otherwise, both the
current primary and the secondary estimates are ignored.
The algorithm stops and print out warning message “Pos-
sible unreliable estimate due to body movement!”.

Above procedures are repeated every time when a new
data frame comes in until the recording time is reached.
The proposed adaptive heart rate selection scheme is sum-
marized in Table I.

V. RESULT DISCUSSION

In this section, we provide extensive examples to val-
idate the proposed theory and the proposed heart rate es-
timation algorithm. The UWB impulse radar sensor is the
Xethru X4M03 development kit." The detailed hardware
design can be found in [26]. For performance demonstra-
tion, we consider the time-frequency (2-D) analysis since
we are observing a time-varying process, in addition to the
conventional spectral (one-dimensional) analysis. Two ex-
perimental scenarios are considered: controlled motorized

“https://www.xethru.com/shop/x4m03-development-kit.html
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TABLE I
Adaptive HR Selection Scheme

Moving processing window 20-s,
with 1 sample increment each time

t = to — Start processing when 200 frames of data is available

t = t1 — Output the first HR reading fj, = fucs/2
if frcg is stable for 1-s or 10 consecutive estimates

t = to — Check the difference between the current fycg
and the previous f,
if | frn — fucs/2| <=3,
then output f;, = frucs/2
else
check if fics is close to the 3rd HR
if [fn — fucs/3| <=3
then output f, = frcs/3
else
check the secondary estimate
if [fn — fist| <=3
then output f, = fist
else
print out warning message
and stop algorithm
end
end
end

t = t3 — Repeat previous procedure until reach the recording time

TABLE IT
System Parameters
Specification Values
Center frequency 7.29 GHz
Bandwidth 1.4 GHz
Fast-time (RF) sampling rate | 23.328 GHz
Slow-time sampling rate
after coherent combing 10 Hz
Coherent processing time 20 s

vital signs simulator and human subjects. The experimental
setup is displayed in Fig. 7. Additionally, we demonstrate
the accuracy of the proposed heart rate estimation algorithm
by comparing against the reference pulse signal. What is
more, we conduct a limitation test by showing that how
the proposed method behaves in unfavorable situations in
Fig. 11. Some of the key radar parameters are summarized
in Table II.

A. Vital Sign Extraction

We validate our results with experimental examples
from 1) vital signs simulator and 2) human subject. The
results are generated from a 20-s data set. The conventional
spectral analysis is conducted by comparing CSD, AD, and
the proposed method.

Results from the controlled vital sign simulator are
shown in Fig. 8(a). The motorized circulating frequencies
are set to 26 and 58 B/Min corresponding to the respiration
rate and heart rate, respectively. In this representative exam-
ple, we can see that all the methods are able to identify the
respiration frequency and the heartbeat frequency. How-
ever, the phase-based method suppresses the respiration

RONG ET AL.: REMOTE SENSING FOR VITAL INFORMATION BASED ON SPECTRAL-DOMAIN HARMONIC SIGNATURES

CSD Phase Harmonics
1 1 1
308 \ 0.8 \ 26 0.8 \115
. Resp. 26
50.6 0.6 0.6 2rd § 3rd HR
=
204 HR38 o, 0.4 /
2 4
02 _AJ 0.2 J\J X 57 0.2 172
0 0 L_/’\_./\. 0
0 50 100 0 50 100 80 120 160
(@
CSD Phase Harmonics
1 1 1
. L N N
g 0.8 16 0.8 0.8 121
§o.e 0.6 0.6
=
204 0.4 0.4
2
é 0.2 Qo1 o2 J ¢51 0.2
0 0 0
0 50 100 0 50 100 80 120 160
BPM BPM BPM

(b)

Fig. 8. Overall spectral analysis: (b) controlled motorized vital sign
simulator. Pre-defined heart rate: 58 B/Min, respiration rate: 26 B/Min;
(b) human subject, ECG reference heart rate: 61 B/Min, respiration
reference: 16 B/Min. The labeled numbers in above plots are rounded.

harmonics significantly and provides better identifiability
for the heartbeat. For the proposed approach, at the
heartbeat harmonics frequency region, the second-order
harmonic is very distinct as if there is no interference from
the respiration. Results from human subject are illustrated
in Fig. 8(b). Similar results observed here. Vital signs are
identified from all three methods. In the CSD spectrum, the
heartbeat frequency can be identified with the help of an ex-
ternal reference pulse signal. There is a potential heartbeat
spectral peak present at 61 B/Min, which is consistent with
the reference. However, it is very hard to separate it out
from the third-order respiration harmonic since it is com-
peting against the nearby third-order respiration harmonic;
although the phase-based method effectively suppresses
the nearby spectrum and improves the heartbeat detection
performance compared to that of CSD. Best performance
in terms of identifiability is observed in the proposed
method since the second-order heartbeat spectrum peak is
easily identified and, therefore, correctly estimated.

B. Time-Frequency Analysis of Popular Heart Rate Esti-
mation Algorithms

We compare popular heart rate estimation algorithms
using waterfall plots, a time-frequency (2-D) representa-
tion. The following results are generated from a 60-s data set
with a 20-s processing window and one sample increment
each processing time. Again, we first show results from
the controlled environment and then the human subject.
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Fig. 9. Time-frequency analysis waterfall plots. (a) Vital signs stimulator. (b) Human subject.

In Fig. 9(a), we can trace the respiration rate and heart
rate overtime using CSD, AD methods. However, in the
CSD waterfall plot, the heartbeat spectral energy is al-
most co-located with that of the second-order harmonic of
respiration. For the proposed method, the higher-order har-
monics second and third are clearly identifiable and, there-
fore, the heart rate can be estimated correctly. On the other
hand, the results from the human subject in Fig. 9(b) show
that when the spectrum is noisy around the fundamental
heartbeat frequency, it is very difficult to isolate the heart-
beat without any previous knowledge, which is the case
for the CSD and phased-based waterfall plots in this exam-
ple. However, in the heartbeat harmonics frequency region,
the second-order harmonic of the heartbeat has the most
significant spectrum energy over time.

C. Continuous Heart Rate Monitoring Performance
Demonstration

The main goal of this paper is to provide a real-time
continuous heart rate monitoring algorithm. The analysis
in Sections V-A and V-B is from the post-processing per-
spective and thus the estimates are obtained with the help
of visualization and external pulse reference. It should be
noted that the phased-based method is not fast enough for
real-time processing because of the iterative phase calibra-
tion process. For comparison purpose, we record two 2-min
data sets and process off-line. We compare three algorithms:
the conventional CSD, AD, and the harmonics-based al-
gorithm. The proposed algorithm is strictly implemented
following the procedure in Table 1.

In Fig. 10, we demonstrate the heart rate monitoring re-
sults from the human subjects using two 2-min data sets. In
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Fig. 10(a), we compare the continuous heart rate monitor-
ing performance of the proposed method and other popular
algorithms. The proposed method provides stable esti-
mates, which gradually changes with time, whereas the
results from the other two methods experience huge devia-
tions, which are not physically possible since for stationary
subject, we only expect heart rate fluctuate within a few
beats.

To be more specific, from 20-s to 78-s, the CSD method
has similar performance as that of the proposed method.
That is because the respiration rate is relative low at
about 14 B/Min and the heart rate is about 58 B/Min. The
second-order and third-order harmonics of the respiration
is relatively far away from the fundamental heartbeat
frequency. Therefore, a bandpass filter is able to separate
the fundamental heartbeat and attenuate these respiration
harmonics. From about 78-s to 85-s, the human subject
starts increasing the respiratory activity to 19 B/Min and
maintains at this level until the recording completes. Now
the second-order harmonic of respiration is getting closer
to the fundamental heartbeat frequency and the third-order
harmonics is almost co-located with a fundamental heart-
beat frequency. At the respiration acceleration stage (78-s to
85-s), the spectrum region near the fundamental heartbeat
frequency becomes noisy, and the fundamental heartbeat
frequency peak fades away. The second-order harmonic
of heartbeat is the dominant frequency component and
therefore the estimate of the CSD method jumps to about
110 B/Min. Once the respiration rate is stable (after 85-s),
the spectrum at the relatively lower frequency region be-
comes less noisy. The second-order harmonic of respiration
dominates the spectrum even after the bandpass filter since
usually respiration and its harmonics are much stronger
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Fig. 11.

than the heartbeat. As a result, the estimate jumps to the
second-order harmonic of respiration at about 38 B/Min.
Similar jumps of heart rate estimate occur at 108-s and
115-s for the same reasoning. The AD method performs
poorly compared to the other two methods. On top of the
overall trend of heart rate, there are lots of fluctuations
from the phase-based method. This is an important result,
showing that the phased-based method cannot provide con-
sistent estimates. This undesirable result is due to the fact
that there is no previous knowledge about which of the I/Q
data points need to be corrected. The precise phase calibra-
tion procedure is still unknown. Here, the phase calibration
is performed on a sliding window of 10-s data and it occa-
sionally introduces phase distortion in the spectrum. That
is why the heart rate estimate from the phase-based method
(solid blue curve) fluctuates wildly as seen in Fig. 10(a).

In Fig. 10(b), we showcase the accuracy of the pro-
posed heart rate monitoring algorithm by comparing against
the gold standard reference ECG sensor. We can see that
the heart rate estimates is gradually varying over time.
The accuracy is well within 2% error interval about (+/—)
1.1 beats from 20-s to 120-s in data set 2.

D. Limitation Demonstration

In previous results discussion, we have shown that
the proposed adaptive method with high integration gain
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Heartbeat detection performance demonstration (a) as a function of received signal SNRs and (b) as a function of target distances.

can provide continuous heart rate measurement with good
accuracy at close distance within 1 m. In this section,
for completeness, we perform a limitation test on the
harmonics-aided heart rate estimation algorithm. To gener-
ate Fig. 11(a), eight measurements are taken from a human
subject 1 m away from the radar sensor breathing normally.
For each measurement, the radar is running at various pulse
integration levels. The detection accuracy tends to decrease
when the received SNR (or equivalently integration level)
is low. The labeled SNRs are estimated from the vital signs
spectrum as the ratio of the respiration signal strength to
the noise floor. In Fig. 11(b), we use intermediate integra-
tion level so the radar scan covers a relatively larger area.
In total, ten measurements are taken from 0.5 to 3 m. The
corresponding results show that the heart rate detection
performance deteriorates with distance. The performance
metric is evaluated as the absolute value between the heart
rate estimate recovered from the second-order harmonic
and the reference pulse rate.

VI. CONCLUSION

In this paper, we presented a new heart rate monitor-
ing algorithm based on a novel concept that estimates the
fundamental heart rate from its higher-order features in the
spectral domain. We justified the theory through a spec-
tral analysis of the related harmonics. We implemented a
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real-time heart rate monitoring system and provided exten-
sive experimental results to demonstrate the effectiveness
of the proposed algorithm. For completeness, we also pro-
vided discussion on limitations of the proposed algorithm.
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