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Abstract—In this paper, we investigate the possibility of using
remote sensing technique - radar to detect vascular flow changes
in peripheral body part, wrist. Unlike computed tomography,
X-rays, radars emit very low power, non-ionizing radio fre-
quency signals, and thus have been shown to detect inner
organ vibrations previously [1]-[4]. In our radar-based study,
we show pulse rate and pulse strength/pressure as a result of
radial arterial blood flow changes at wrist can be detected
through carefully designed experiments, in which, we mimic
reduced blood circulation such as blood clots in one arm by
applying variable physical pressure to peripheral artery. Our
proposed radar measurements are (negatively-) correlated with
the sphygmomanometer pressure readings. Our results indicate
that radar is a potential non-invasive sensing technology to detect
vascular flow changes in prevention of peripheral artery diseases.

Index Terms—FMCW radar, remote sensing, wrist palpation,
pulse detection

I. INTRODUCTION

The vascular system, also referred as the circulatory system,
is made of the vessels that carry blood and other essential body
fluids through the body. Blood moves through the circulatory
system as a result of being pumped out by the heart.

Also, the vascular system functions as an important com-
ponent of other body systems, such as respiratory system,
digestive system. It is vital important to be able to monitor
vascular blood flow [5]. Organs and other body structures may
be damaged by vascular disease as a result of decreased or
completely blocked blood flow. The causes of vascular disease
are found not uncommon among people, such as blood clots,
inflammation, trauma and so on. Physical surgeries can change
blood circulation as well.

II. RELATED WORKS

There are a few techniques available for vascular health
monitoring. Computed tomography (CT) angiography [6] uses
an injection of contrast material into the blood vessels and
the CT scans provide blood flow images. However, the in-
vasive nature gives a painful experience for users. Medical
Doppler ultrasonography [7] is a non-invasive alternative that
can be used to estimate blood flow through the body by
bouncing sound waves off circulating red blood cells, but it
requires direct physical contact. Similarly, laser Doppler-based
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methods [8] and, later, laser specke-based methods [9] are
widely exploited for microcirculation analysis. But in general
lasers cannot penetrate through clothes. Another promising
technology is Terahertz wave [10] because of its attractive
characteristics and interactions with tissues. High cost is one
obvious issue that hinders Terahertz detection and imaging for
large-scale use in near future.

In this paper, we focus on cost-effective and commer-
cial available radio frequency (RF) sensors. A Frequency-
Modulated Continuous Wave (FMCW) radar unit is con-
sidered in our study. Relatively high carrier frequency (77
GHz) gives good phase sensitivity. Relatively large bandwidth
and multiple-input multiple-output (MIMO) array allow tar-
get/signal isolation via advanced signal processing techniques.
Additionally, radar sensors have some desired features such
non-invasive, non-contact, non-ionizing, material penetration,
privacy preserving, which are not available in existing medical
sensing techniques aforementioned. We exploit these facts
and show that by analyzing reflected radar signal from the
peripheral body parts the variations in blood flow are detected
in a controlled environment, which mimics reduced/blocked
blood flow in vascular diseases.

III. NOVEL CONTRIBUTIONS

Our major contributions in microwave-based remote sensing
for peripheral vascular blood flow studies lie in twofold:

e We proposed to use micro-vessel motion, which can
be reliably and remotely measured by radar sensors, to
characterize blood flows in peripheral body parts. As
more blood travels through vessels to/from the heart
driven by cardiac cycles, the stronger micro-vessel motion
(or pressure) is observed; and vise versa.

o We carefully designed three experiments to validate the
proposed methodology; experiment 1: detecting radial
arterial pulse wave; experiment 2: demonstrating radar
pulse rate variability measurement when the test sub-
ject was cooling down right after physical exercise;
experiment 3: demonstrating radar blood flow variability
measurement at wrist when controlled variable pressure
was applied to the same upper arm over a period of time.

IV. MICROMOTION DETECTION IN FMCW RADAR

We consider a sawtooth waveform of the FMCW signal in
Fig. 2. The transmitted frequency increases with sweep time
(T). The initial frequency is f. and the maximum frequency is
bounded by the signal bandwidth (B). A chirp rate is defined
as a speed of the frequency change, which is a constant
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Fig. 1. A sketch of experiment setup. Radar is used to detect radial arterial
blood flow changes caused by the controlled external forces.
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Fig. 2. FMCW sawtooth signal model.

a within T, « = B/T. The transmitted periodic linearly-
increasing sawtooths are described as,

2,.(1) = A,cos[2m for + maT? + ], (1)

where A,, is the transmitted power and g is considered to
be the initial phase of the signal. The receiver signal is an
attenuated and delayed version of the transmitted sawtooth,

2,.(1) = Apcos[2m fo(T —7.(8) + ma(r — 7.(t))* + @0, (2)

where A,, captures the round-trip pathloss and target response.
Two different time scales are used fast-time 7 and slow-time
t. The first one is used for inter-chirp processing, measuring
time of flight and range profile. The latter one is used
for intra-chirp processing, measuring Doppler and velocity.
7,(t) = 2D(t)/c = 2(Dg + Dp(t))/c denotes the range and
slow-time dependent time-varying delay, where D, denotes
the nominal radial distance to the target, D,(t) skin motion
related to arterial pulsation and c speed of light. The received
signal is mixed with a copy of the transmitted signal and after
filtering, by ignoring the phase noise, the constant terms, and
receiver noise, the complex baseband signal is approximated
as,

y(rt) = A, ¢ [Premurtansen )] 3)
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Fig. 3. TDM based MIMO configuration.

If we inspect one chirp by fixing ¢, the second term in the
phasor in Eqn. (3) is simply a constant. The beat frequency
fo = a7,(t) in the first term of the phasor is often used to
generate the range profile via fast Fourier Transform (FFT)
with repect to 7.

y(v.t) = A8 — fy) 1TTTET )
where v denotes the FFT of ¢ and \ = ¢/ f, is the wavelength.
Range bins of interest should be first located via Dirac delta
function 6(v) evaluated at f;, before processing applied to ¢.
If a simplified motion model is considered for D, (¢) with
physical displacement A, and repetition frequency f,, such
that D, (t) = Apsin(27 fpt), Eqn. (4) is reduced to,

4xDg . AmApsin(2wfpt)
y(fbat) = ARrej el A
A Apsin(27 fpt) (5)
HGPES
Ply(fo, t)] ~ Dp(t) = Apsin(2m fpt), (6)

where C' encapsulates the terms not dependent on ¢ and O[]
denotes the phase operation. The phase in Eqn. (6) is linearly
related to the skin motion.

V. SPATIAL-RANGE-TEMPORAL PROCESSINGS
A. Beamforming

We apply beamforming technique to boost the received
signal-to-noise-ratio (SNR). The chirps were transmitted in
a time division multiplexing (TDM) MIMO configuration by
transmitting sequentially through the transmit (Tx) antennas.
Two linearly separated Tx antennas with spacing 2\ and 4-
element receive (Rx) array with spacing A\/2 forms a 8-element
virtual array as shown in Fig. (3). For a multiple Rx antenna
system, the signal model in Eqn. (3) will accordingly has
an additional phase shift representing the phase progression
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Fig. 4. Process of creating pulse sensitivity map (normalized) overlaid with
the range profile.

across the array. For a target at an angle 6, the signal received
at the k-th Rx antenna is,

y(T, t; k) _ AR‘,,Cj [27ro¢7’,;(t)7'+277fc7',;(t)] ejfr(kfl)sin(e)' (7)

We apply steering weights to range FFT results of Eqn.
(7) to focus on the targeted range-angle cell. The output of
beamformer is,

BF(t) =Y y(v = fu, t; k) wi(0), ®)
k

where wy, () = e/™(k=1)0,

B. Pulse Sensitivity In Range Profile

We demonstrate the varying pulse sensitivity across range
bins in the form of pulse sensitivity map. Usually the stronger
reflection point in the range profile is used to locate the target
position. However, the pulse signal quality is necessary the
best at this single range bin. We propose the pulse sensitivity
map to show the motivation of applying multi-channel signal
processing to the phase signals from multiple range bins.
In order to create the exemplary pulse sensitivity map, we
consider 20 seconds radar measurement and 20 seconds pulse
reference signal. The temporal phase variation is first extracted
from all range bins using Eqn. (6), and then compute the
cross-correlation of the extracted phase and the reference pulse
signal. Finally, the correlation values are color coded and
overlaid with one range profile from the 20 seconds data. The
above analysis is illustrated in Figure. 4. The darker the color
(dark red) is the higher pulse sensitivity (normalized to unit)
is in this range bin, and vice versa.

C. Multivariate Variational Mode Decomposition (MVMD)
Formulation

MVMD [11] is an multivariate extension of variational
mode decomposition (VMD) [12], which has a precise math-
ematical framework and good mode alignment capability for
analyzing multi-channel signals. Previously [13], [14], MVMD
has been demonstrated for denoising real-world multivariate

dataset with non-stationary nature and low SNR signal re-
covery in distributed sensor configuration. The MVMD signal
model is briefly introduced here and the focus is on how to
apply MVMD to this specific problem. The goal of MVMD
is to extract predefined O number of multivariate modulated
oscillations u,(t) from the phase components from a group
of range bins (say M) around the peak in the range profile,
where the input signals W (t) = [p1(t); p2(¢);...; par(t)].

[0
()= u(t), ©)
o=1

where u,(t) denotes the o-th mode in all channels, u,(t) =
[u1,0(t); u2,6(t); ...; unr,0(t)]. For this particular problem, the
underlying signal of interest is pulse-like signal. The input
signal ®(¢) contains out of band interference and noise. A
bandpass filter is first applied to ¥(¢) and to focus at the
relevant frequency bands for pulse. The objective function f
for the MVMD optimization problem is to find the solution
for Eqn. (9),

E (10)

£ =3 oot e

ul (t) denotes the vector analytic representation of u,(t), and
is written as,

ug () = u,(t) + jHu,(t), (1D
where H denotes Hilbert transform. The motivation for con-
verting to the analytic representation of u,(¢) being that a
multivariate AM-FM vector signal s(t),

s1(t) ay(t)cos(61(t))
s9(t) as(t)cos(0a(t

s(t) = . = : (12)
sy (t) ans (t)cos(Oar(t))

is not unique since more than one functions for a,,(t) and
0,,(t) may be associated with real valued s,,(t), which
m = 1,2,..., M. By using analytic representation of s(t) via
Hilbert transformation, a unique canonic set of amplitude and
phase functions can be defined, yielding the following complex
vector matrix form,

st (1) ay (t)ed?®
+(t £)ed02(t)

T Al I (13)
sti0] Lo o

The original real-valued signal vector can be obtained as the
real part R of s, () as,
s(t) = RsT (). (14)

The constrained optimization problem for MVMD is formally
presented as,
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Fig. 5. One snapshot of the experiment scene and used measurement devices.
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Fig. 6. Radar measured radial arterial pulse waveform.
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The solution to Eqn. (15) is solved through the Lagrangian-
multiplier frame work and the known alternating direction
method of multipliers (ADMM) in an iterative fashion. The
final solution can be written as the decomposed intrinsic mode
functions and the residual signal r(t),

o
Op(t) =Y ubtt () +rm(t),m=1,2,..., M.  (16)
o=1

where [ denotes the number of iterations.

VI. EXPERIMENT DEMONSTRATIONS

Our experiment setup includes a millimeter Wave
(mmWave) MIMO radar, fingertip oximeter for pulse signal
reference, and an arm pressure pump as an external force
to change the arm blood flow and consequently the radial
arterial pulse pressure. A hand stabling platform is designed
to avoid any inevitable hand shake movement during radar
measurement as shown in Fig. 5. The measurement site is
pre-determined by wrist palpation, which is a common way
to feel pulse. Then the boresight of the radar antenna array is
aligned with this measurement site as shown in Fig. 5.

In the first experiment example, we demonstrate the surface
wrist skin motion extracted from the radar phase by the

140
: —
2120} adar
s
3 100
o
n
S 80t
om
60 : ' -
0 20 40 60 80

Time [s]

Fig. 7. Radar radial arterial pulse rate variability.
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Fig. 8. Radar differential pulse strength/pressure measurement as a result of
varying applied external pressure.

proposed multi-channel signal processing method. One chunk
of measurement is displayed in Fig. 6 compared with the
reference pulse. The radar measurement resembles reference
pulse waveform.

In the second experiment example, we demonstrate the
pulse rate variability analysis for radial artery using radar.
This experiment was conducted in a similar setting, however,
the test subject was instructed to perform 10 minute cardio
physical exercise in order to elevate the heart rate right before
the measurement was taken. In this way, we can clearly see
the decreasing trend of the relaxing heart rate. The radar
measurement well follows this trend and matches with the
heart rate calculated from the pulse reference as shown in
Fig. 7. A moving slide window with 10 seconds is used to
generate the rates in Fig. 7.

In the last experiment example, we showcase the differential
radial arterial pulse pressure radar measurement. Absolute
blood pulse pressure measurement usually requires external
calibration process like seen in conventional cuff based blood
pressure device. Indirectly, we use pulse strength variation as a
metric to mimic the blood pressure variation because the direct
relationship between the measured pulse strength and the
blood pressure. The pulse strength is empirically quantified as
the ratio of the peak spectral value (sg) to the estimated noise
floor (ng) as illustrated in Fig. 8. Three measurements were
taken for this demonstration. At each measurement, a different
external arm pressure was applied and therefore resulted a
different arterial pulse strength/pressure. We can see a strong
negative correlation among the exerted external pressure and
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the measured arterial pulse strength/pressure. As the external
pressure increases at the upper arm, the radial arterial pulse
pressure taken at the same arm decreases. This result consists
with our expectation as the high pressure blocks the blood
flow and reduces the pulsation at wrist.

VII. CONCLUSION

We investigated remote assessment of vascular blood flow
using radar. We successfully extracted several important bio-
metrics related to the radial arterial blood flow by processing
the radar returns. These peripheral site vital sign parameters
are pulsation wave, pulse rate, and pulse strength (or relative
pressure). More importantly, we conducted pulse rate variabil-
ity analysis and pulse pressure variability analysis to validate
the radar measurements. Our results show the possibility
of radar-based remote sensing technology to detect vascular
flow changes for screening and diagnosis of peripheral artery
diseases.
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