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Abstract—Medical radar for non-contact vital signs
measurement exhibits great potential in both clinical and
home healthcare settings. Especially during the corona virus
spreading time, non-contact sensing more clearly shows the
advantages. Many previous studies have concentrated on
medical radar-based healthcare applications, but pay less
attention to the working principles. A clear understanding of
medical radars at both the mathematical and physical levels is
critically important for developing application-specific signal
processing algorithms. Therefore, this study aims to re-define
the operating principle of radar, and a proof-of-principle
experiment was performed on both actuator and human
subjects using 24 GHz Doppler radar system. Experimental
results indicate that there is a difference in the radar output
signals between the two cases, where the displacement is
greater than and less than half of the wavelength. For the
former situation, the displacement © = n.\/2 (n > 1), one
peak of radar signals corresponds to n peaks of baseband
signals. By contrast, for the latter situation, the displacement
z < A/2, one peak of radar signals corresponds to one peak
of baseband signals. Strikingly, with human measurement on
the dorsal side, the the number of respiration peaks are seen
from the radar raw signals.

I. INTRODUCTION

Medical radar for non-contact vital signs measurement
is one of the most promising solutions in both clinical
and home healthcare settings. For instance, a radar-based
non-contact system becomes more important in situations
where the skin is damaged, which cannot attach an electrode
to the patient’s skin to measure the electrocardiography
signal (ECG) and in the absence of skin damage, patient
discomfort remains [1], [2]. Medical radar can remotely
obtain heartbeat and respiration rate at a distance from a
subject, but the signals obtained by using the radar do not
show clear peaks like those in the ECG because of the
operating characteristics of the radar. Many previous works
have used radar to collect and process signals to extract vital
signs information. From the perspective of digital signal
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processing, the time domain peak-detection algorithm has
been applied for the acquisition of respiration and heart
signals [3]-[5], to create the infection screening systems in
diagnosing influenza [6]. An ultra-wide band (UWB) radar-
based system was developed to cancel harmonics as well
as interference [7]-[9]. Moreover, recent works have used
radar output to detect heartbeat using neural networks [4],
[10]. However, there are few previous works that explain
in detail why radar channel signals can carry information
on the tiny movement of the human chest corresponding to
cardiac and pulmonary peaks [11].

Hence, in this study, we restate the principle of the I
and Q channels on the 24 GHz Doppler radar and explain
why the received wave after the human reflection contains
information on chest movement. In addition, the experiments
show that human measurement from dorsal side can give
the information of respiration rate, which does not need
to demodulate. Respiratory and heart movements can be
detected by 24 GHz Doppler radar and are concentrated in
the human chest and heart lie. The chest surface motion
associated with respiration varies from 4 to 12 mm depend-
ing on individual physiology [12], whereas the chest wall
motion due to heartbeat has an average of 0.6 mm [13].
The radar system can simultaneously measure chest surface
motion caused by respiration and heart movement. We first
explained the principle of radar for vital measurement at the
mathematical level based on physiological motion. In this
work, we designed a proof-of-principle experiment using 24
GHz Doppler radar. To obtain the Doppler frequency in the
radar output, the movement needs to move at least more
than 1/2 the wavelength (\) of the transmitted frequency.
In the case of a 24 GHz sensor, the half of wavelength is
approximately 6.2 mm. (f = 24GHz, A = 12.4mm,\/2 =
6.2mm). Therefore, the experiments were performed using
an actuator and a human subject with different depth of
breathing. With the plate experiment, the depth of plate
movement can be easily change by setting the plate control
program from the computer. In the human experiment, the
subject was asked to breathe normally and deeply, so that
the chest wall produced a displacement smaller than \/2
and greater than \/2, respectively. With different movement

6884

© IEEE 2021. This article is free to access and download, along with rights for full text and data mining, re-use and analysis.



do

Fig. 1. System of radar for non-contact vital signs measurement

depths, the relationship between the peaks number of base
band signal and the peaks number of the raw radar signal
will be different.

The remainder of this paper is organized as follows.
Section II presents the principle of continuous-wave (CW)
Doppler radar in mathematical detail. The proof-of-principle
experiments on 24 GHz radar for actuator and human
subjects are demonstrated in Section III. Finally, some
discussions and conclusions are presented in Section IV.

II. PRINCIPLE OF CW DOPPLER RADAR WITH VITAL
SIGNS

Suppose that a radar system emits the signal, and the
transmitted signal hits the chest region in the body, chest
wall moves with velocity v, as shown in Fig. 1. This section
will analyze in detail the inhalation process as the chest
moves towards the radar. Similar principles are applicable
to the exhalation process.

Let dy refer to the distance from radar to the object at
time %y (time reference) [14]. Then the distance to the chest
at any time ¢ is

d(t) = do — ’U(t—to) (l)
The signal received by the radar is then given as
z(t) = x(t — (1)) 2

where x(t) is the transmitted signal, and

2d(1) _ % (do — vt + vtg) 3)

c

Substituting Eq. (3) into Eq. (2), and collecting the terms
yields

zr(t) = z [t — 2 (dy — vt +vty)]
“4)

:x(t-%_k%_%ﬂ)

c

Since the transmitted signal can be modeled as a cosine
harmonic motion as

T(t) = A.cos (2w ft) 5)
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Fig. 2. Structure of a 24 GHz radar

Then, the received signal can be written according to

Eq.(4)
4rd N dms(t) 0) ©)

A A

where s(t) = v.t and 0 = (4dwvtg) /.

The structure of the CW Doppler radar (New Japan Radio,
NJR4262) is presented in Fig. 2. The received signal is
combined with the transmitted signal through a multiplier.
This means that the two cosine functions in Eq. (5) and Eq.
(6) are multiplied. Then, a high-frequency signal at twice
the transmitted frequency and baseband signal are obtained.
Using the filter to obtain the baseband signal, the I channel
signal is obtained as follows

dms(t)  4mdo 0>

R(t) = A.cos (27rft -

7
\ \ (N

To receive the Q-channel signal, the received signal is
delayed by 7/2 , and then multiplied by the transmitted
signal. Using the filter to obtain the baseband signal, the Q
channel signal is obtained as follows

Bg(t) = A,.cos <47Tj\(t) — 4mdo —0— ﬂ—) (8)

Bi(t) = A,.cos (

A 2

In the exhalation process (chest wall moves leaving the
radar), (1) can be re-written as

d(t) = do + v(t —to) 9
and (6) becomes
R(t) = A. cos <27r ft— 47;‘[0 - 4”i(t) + 9> (10)

Applying the principle of operation shown in Fig. 2, the
baseband signals of the I and Q channels in the exhalation
process are obtained, respectively, as follows

Bi(t) = A,.cos <47Tj\(t) + 47;\d0 - 9) (11)

Bo(t) = A,.cos <4Wi(t) + 4”;[0 —0+ g) (12)

From Eqgs. (7) and (8), it can be observed that when the
target moves toward the radar, the I channel signal is always
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Fig. 3. Principle of radar demodulation

/2 earlier than the Q channel signal. In addition, from
Eq. (11) and Eq. (12) when the target moves leaving radar,
the T channel signal is /2 later than the Q channel signal.
Rewrite expression (8) as follows

dmws(t)  4wdy
- 0> (13)

Then, dividing the corresponding sides of (13) by (7), the
equation can be inferred as

Bo(t) = Ar.sin<

4rs(t) By (t) 4rdy
= t 0 14
\ arctan (B[(t) + \ + (14)
Thus, s(t) has a linear relationship  with

arctan Z(Bg(t), Br(t)) when the wavelength is fixed.

—. arctan

4dn (15)

Bq(t) A
t) = do+ —.0
0 (54) v+
From Eq. (15), we suppose so = do + (A.0/4m) is the
starting point, if we call x as the displacement and o =
arctan Z(Bg(t), B(t)), « can be written as

A
T Ax

Substituting « = 27 into (16), we obtain x = A/2. It
means that displacement is * = A/2 corresponding to a
circle, and furthermore, when z = n.(A\/2) then @ = n.27
as shown in Fig. 3. We will discuss further details in the
next section.

T (16)

I1I. PROOF-OF-PRINCIPLE EXPERIMENT ON 24
GHZ MEDICAL RADAR FOR ACTUATORS AND
HUMAN SUBJECTS

In this section, the experiments are conducted as follows
(Fig. 4). A 24 GHz radar provides I and Q channel signals. A
laser device next to the radar is used to measure the distance
from radar to the object, as the reference signal, when the
object approaches the laser, the voltage will go up and vice
versa, and an ADC sampling at 100 Hz. In addition, we

Laser range finder Actuator

24GHz Radar
Metal Plate A6

About 420 mm

(a) Plate movement

(b) Chest movement

Fig. 4. Arrangement of equipment in the experiment measuring the plate
and chest movement using 24 GHz radar
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Fig. 5. Radar output and reference signal of plate movement with
displacement=20 mm and different velocities, (a) 2 mm/s and (b) 8 mm/s
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Fig. 7. Radar output and reference signal of plate movement with
displacement=1 mm and velocity=1 mm/s, show imbalanced signals

have a PC with an actuator control program that induces
the movement of the metal plate and a program that receives
data from radar and laser.

We performed the experiment with a metal plate first,
so that the displacement in experiment could be precisely
controlled by employing an actuator controlled by the PC.

Figures 5-7 present the experiments with metal plates
movement. These figures illustrate that when the velocity of
movement increases, the Doppler frequency also increases,
and the I channel moves 7 /2 ahead while approaching, and
vice versa when leaving. Moreover, from Figs. 5a and 5b, it
can be seen that, for displacement x = 20mm ~ 3.2 \/2,
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we obtain 3.2 IQ peaks for once approaching or leaving for
different velocities. Looking back at Eq. (16), we can see
that this displacement corresponds to 3.2 circles for once
approaching or leaving. Then, the IQ signal frequency will
be 6.4 times the plate’s frequency.

In the situation of displacement z < A/2, the frequency
of the IQ signal is equal to that of the object, as shown in
Fig. 6. However, in this case, one problem we need to face
is the imbalance between two channel amplitudes, as shown
in Fig. 7.

This imbalance problem can be solved by choosing the
optimal distance from the radar to the object. On the unit
circle in Fig. 3, the best balance occurs when the motion
goes around the bisector position of the four quadrants.

Figures 8-11 show the explorations with human signal
measurement. The person in this experiment is a man from
our laboratory, male, healthy, 60kg weight and 170cm tall.
Fig. 8 and Fig.9 are the signals when measure from the
front side of chest. The man performed deep inhalation and
exhalation, causing the chest movement to be larger than
A/2, is demonstrated in Fig. 8, the frequency of the 1Q
signal obtained will be greater than the respiration rate.
In this case, it is necessary to perform demodulation in
order to obtain the breathing rate. As the person breathes
normally, the experimental result is illustrated in Fig. 9, and
the chest displacement is now shorter than /2. Therefore,
the frequency of the IQ signal is equal to breathing rate.
On the hand of displacement smaller than /2, imbalance
needs to be resolved by appointing the distance from the
radar to the human chest. Figs. 10 and 11 are obtained from
the back side of the person, but different distances from the
radar. Imbalanced and balanced signals are shown in the
former and latter figure, respectively.

IV. DISCUSSION AND CONCLUSION

Recently, many research works focus on processing the
output signal of radar. Many researchers are eager to find a
document with a fundamental analysis of the radar output
signal. [2] mentioned radar signal characteristics but has not
given mathematical expressions. [4], [9], [10] used radar
output expressions corresponding to equation (11), (12) in
this paper, but many readers will not understand why there
are two expressions. Therefore, this paper has analyzed the
very basic steps on the principle of operation of the radar to
get the output signal as (11), (12). Furthermore, the paper
gave a detailed explanation to get Eq (16) which is the
key formula for drawing conclusions about displacements
greater than or less than half of wavelength.

Paper [4] acknowledged detecting heartbeat peaks from
radar signals, presented a 1:1 correspondence between radar
signal peaks and R peaks of ECG. This correspondence can
be obtained because the chest movement due to heart beat
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Fig. 8. Radar output and reference signal of deep breath, from front side
chest
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Fig. 9. Radar output and reference signal of normal breath, from front side
chest
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Fig. 11. Balanced radar output from back side of human subject

is smaller than \/2. In this case, the IQ signals do not show
Doppler frequency information, but the number of 1Q peaks
caused by the heartbeat and ECG peaks are equal.

From the analysis and experiments above, we can draw
some conclusions. In case of displacement larger than half
of wavelength, the relationship between frequencies of 1Q
signals and object does not depend on velocity of object,
only depend on the magnitude of displacement, in detail,
if x = nA/2(n > 1), frequency of IQ signals equal to
n times of object movement frequency. In addition, the
signals are balanced between the two channels. In the case
of a displacement smaller than half of the wavelength, the
frequency of the IQ signals is equal to the object movement
frequency. Furthermore, the signals are imbalanced between
the two channels. In order to obtain balanced signals, the
distance from the radar to the object needs to be chosen. In
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addition to this, for vital signs, the measurement from the
front side can get displacement larger or smaller than \/2,
depending on how much of the person’s chest dilation when
breathing. However, the displacement is always smaller than
A/2 from the back-side measurement [15], so we can see the
respiration rate from raw radar output signals. With note that
these conclusions are only evident for good signals which
are signals without body random movement.

In conclusion, we illustrated a clear explanation of the
principle of the two-channel radar at 24 GHz. The principle
was clarified by the plate measurement and human subjects’
vital signs experiment. This study provides a detailed ex-
planation for understanding radar signals, which is crucial
for further studies, in the tendency of using the non-contact
method for patient.
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