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Abstract—A novel remote respiration and heartbeat monitoring
sensor is presented. The device is a monostatic radar based on a
six-port interferometer operating a continuous-wave signal at 24
GHz and a radiated power of less than 3 W. Minor mechanical
movements of the patient’s body caused by the respiration as well
as hearbeat can be tracked by analyzing the phase modulation of
the backscattered signal by means of microwave interferometry
with the six-port network. High-distance measurement accuracy
in the micrometer scale as well as low system complexity are the
benefits of the six-port receiver. To verify the performance of the
system, different body areas have been observed by the six-port
radar. The proposed system has been tested and validated by mea-
surement results.

Index Terms—Heartbeat monitoring, remote sensing, respira-
tion rate monitoring, six-port, vital sign.

I. INTRODUCTION

H EARTBEAT and breath rate monitoring is of primary
interest for several medical applications that range from

simple vital-sign detection to accurate monitoring of a patient’s
health status. Several different diagnosis procedures benefit
from these vital-sign monitoring techniques. For instance, the
ability to observe the breath and heartbeat of a patient overnight
allows one to detect sleep disorders or anomalies. Another
promising approach could be the early and contactless detec-
tion of Sudden Infant Death Syndrome (SIDS), which is still
the leading cause of infant death, accounting for approximately
25% of all deaths of children younger than one year of age [1],
[2]. Further, the workaday life in clinical environments could
benefit from such a system, since a patient will not have to be
connected by wires in order to be monitored. Within the next
several years, the market of cardiovascular monitoring and
diagnostic (CMD) devices such as electro-cardio-graph (ECG)
or cardiopulmonary diagnostic devices (CPDs) is expected
to reach over one billion USD with a 5% annual growth rate
[3], to a wide diffusion of such monitoring devices not only
in hospitals and medical care centers but also in domestic
environments for homecare and telemedicine. For these kinds
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of scenarios, contactless ECG and CPD techniques are strongly
preferred and have therefore been of great interest lately in the
medical and scientific community.

II. STATE OF THE ART

Several different concepts based on different physical prin-
ciples have been proposed, although most of the introduced
contactless concepts are based on the detection of minor ge-
ometrical changes of the patient’s torso due to heartbeat and
breathing. In order to detect such minor variations, several
solutions based on the radar principle with traditional het-
erodyne transceivers were introduced in the past [4]. First
Doppler radar experiments were conducted in the early 1970s,
nevertheless, poor performance of the proposed approaches led
to the introduction of alternative systems [5]. Those are based
on pneumatic mattress sensors or carbon dioxide detectors
for breath monitoring; however, these techniques can only be
considered as semicontactless [6], [7]. Thus, radar techniques
are preferred due to several advantages with respect to other
solutions. An improvement in performance of various radar
techniques in the last decade boosted the research oriented
towards this particular application scenario [8]–[11]. Several
approaches based on frequency-modulated continuous-wave
(FMCW) radar techniques attracted the attention of the sci-
entific community. However, only a few radar systems that
have been presented reach the required accuracy. Most FMCW
radars require an extremely wide frequency band of oper-
ation to reach the required accuracy level. Some advanced
FMCW systems perform measurements with an accuracy in
the micrometer range [12]. Though the performance of such
systems is strongly related to the linearity of the generated
frequency ramps. Nonidealities in the frequency sweep from
the voltage-controlled oscillator (VCO) of the FMCW radar
device introduce measurement errors. Furthermore, another
relevant aspect for the right choice of the frequency of op-
eration is the spectrum allocation with different bands and
licensing schemes. For the target applications, it is necessary
that a radar based sensor works within specified Industrial-Sci-
entific-Medical bands (ISM). Therefore, such devices always
need to satisfy a trade off between bandwidth, compliance
within ISM bands and center frequency of operation. Other
alternative radar techniques that satisfy these criteria have also
been introduced. Continuous Wave (CW) radar technology has
been implemented showing excellent results [13]. Neverthe-
less, most accurate measurements of minor distance variations
can be performed by interferometric methods. Lately, a lot of
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research has been conducted on alternative microwave interfer-
ometric radar techniques. Microwave interferometry offers the
advantages of microwave propagation and material interaction
with high resolution and low complexity of the radar device.
The six-port receiver architecture, used as an interferometer,
has recently gained relevance for extremely accurate angle,
displacement and vibration measurements [14]–[22]. Although
well known since the early 1970s, the six-port technique gained
relevance only recently in radar measurements. In comparison
with the FMCW technique, instead of evaluating the frequency
offset of an FMCW ramp, only the phase difference between
the reference and the backscattered microwave signals is
measured. The six-port interferometer can easily discriminate
a phase difference in the range of directly at the
microwave frequency, therefore, presenting excellent spatial
detection accuracy. The heartbeat and breathing activities affect
the phase of the reflected signal, which is compared with the
reference signal source in the radar device.

III. SIX-PORT NETWORK

Introduced in the 1970s by Engen and Hoer [23] for power
measurement applications, the six-port structure is nowadays
known as an alternative receiver setup for microwave and mil-
limeter-wave frequencies [24], [25]. Independent of the design,
a six-port receiver is a passive structure featuring two input ports
and four output ports [26]. As the six-port receiver is based on
the interferometric principle, the two input signals are superim-
posed with each other under four different relative phase shifts.
Depending on phase difference and amplitudes of the two input
signals, constructive and destructive interaction takes place at
the four output ports. For a six-port receiver (Fig. 1), two com-
plex input signals and with carrier frequency can be
defined as

(1)

(2)

Considering the relative phase differences between and
of 0, , , and at the output ports, the complex output
signals , , , and can be calculated as

(3)

(4)

(5)

(6)

Downconversion to baseband by power detectors (value
squared) delivers the following baseband voltages to :

(7)

(8)

(9)

(10)

Due to the fact that the relative phase shifts between the four
output ports are multiples of ,

Fig. 1. System concept of the proposed sensor device.

Fig. 2. (a) Circuit schematic and (b) implementation in microstrip technology
of the six-port network.

there is a complex representation for the baseband signals.
The in-phase as well as the quadrature component each can be
split up in two pairs with a relative phase shift of in between.
As a result, the baseband signals to can be handled like
differential I/Q signals as

(11)

Calculating the argument of the complex expression leads
to , which is equal to the phase shift between the two input
signals of the six-port as

(12)

As mentioned before, a six-port structure provides altogether
two input and four output ports. Fig. 2 shows the circuit
schematic and the microstrip implementation of the developed
network. A Wilkinson divider and three hybrid branchline
couplers generate the mentioned phaseshifts. The microstrip
structure is fabricated on a 200- m-thick Rogers RO4003
high-frequency laminate.

IV. SIX-PORT RADAR

To measure minor movements of the persons chest due to
breathing and heart activity, a continuous-wave (CW) mono-
static radar with interferometric evaluation is proposed. The
radar is based on the six-port receiver network to perform a
relative phase measurement between the received signal from
the antenna and a reference signal derived through a 10-dB
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Fig. 3. Schematic of the proposed six-port based monostatic radar.

directional coupler from a microwave VCO source generating
a 24-GHz CW signal (Fig. 3). The RX and TX paths are sep-
arated through a circulator installed directly behind the radar
antenna. In this case, a 20-dBi gain rectangular horn antenna
has been used. The received signal is amplified by a low-noise
amplifier (LNA) (HMC751LC4 from Hittite) and a variable at-
tenuator chain (Hittite HMC812LC4) to guarantee that the am-
plitude of the input signal at the second port of the six-port
receiver is comparable to the amplitude of the reference signal
at the first input port. This will ensure maximum phase res-

olution. The detector output signals in baseband , , ,
and are consequently amplified by precision low-noise op-
erational amplifiers (LMP7718 from Texas Instruments) with
variable gain configuration for signal conditioning purposes.

V. REMOTE VITAL-SIGN MONITORING

The introduced system will illuminate the patient-under-test
(PUT) with an electromagnetic wave. From animal experi-
ments, the permittivity of the upper skin layer was obtained
to at 24 GHz. Thus, the penetration
depth of the signal is determined to be 1.52 mm, which can be
calculated according to

(13)

Furthermore, the maximum reflectivity of the consid-
ered tissue has been determined to be 39%, which can be calcu-
lated according to (14) and (15), while and refer to the real
and imaginary part of the tissue permittivity [27]:

(14)

(15)

Fig. 4. Physiological explanation of the thorax movements and vibrations [28].

Since the permittivity of a blanket or clothes is
significantly smaller than , the radiated signal will mainly
be reflected at the patient’s upper skin layer. The patient’s res-
piration will result in a significant and periodic extension of the
torso, which is in the range of several millimeters. Additionally,
the heartbeat will be superimposed to this movement, which is
assumed to be in the submillimeter range. From Fig. 4 this cor-
relation can be obtained. The cardiac electrical impulse is fol-
lowed by a contraction of the heart muscle. Subsequently, a vari-
ation of the ventricle volume occurs which is also audible via a
stethoscope for instance. The acoustic wave propagates through
the thorax and leads, together with the extension of the blood
vessels due to the heart expansion, to minor skin movements in
the submillimeter range. This periodic movements and vibra-
tions can subsequently be detected by extensive signal postpro-
cessing.

VI. SIGNAL ACQUISITION AND CONDITIONING

In the proposed radar system, the four microwave output sig-
nals , , , and of the six-port interferometer structure
are converted into baseband voltages by diode-based power
detectors [29]. The detector structure (shown in Fig. 5) is based
on an input-matching network, a gallium–arsenide zero-bias
Schottky diode (Aeroflex Metelics MZBD-9161) and an output
low-pass filter.
Dynamic range measurements [30] show that the proposed

detector structure works for input signals from 55 dBm
(tangential signal sensitivity) up to 10 dBm and features a
voltage sensitivity of 2000 mV/mW at 40 dBm at 24 GHz
[31]. The four baseband signals , , , and are sent to
an antialiasing filter and then to an analog-to-digital converter
(ADC) (Maxim MAX1305ECM). The acquisition system has
been designed to acquire signals with an analog bandwidth up
to 50 kHz featuring eighth-order Butterworth low-pass filter
to avoid aliasing [30]. The signals are then sampled with 12-b
resolution at 640 Ksps. A digital signal-processing board (Al-
tera DE2) based on the Altera Cyclone2 FPGA has been used
to control the signal acquisition and the signal conditioning
as well as to stream the acquired raw data via Ethernet to a
computer. The transmitted data is received with a dedicated
software socket and then processed via MATLAB. To guarantee
optimal power–voltage conversion input signals conditioning
has been included, a variable RF amplification stage on the
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Fig. 5. Power detector network with .

Fig. 6. Flowchart of the signal conditioning algorithm.

six-port input branch and baseband variable amplifiers after
each power detector is used. The control algorithm (see Fig. 6)
monitors the four baseband signals acquired
by the ADCs. The first condition is to guarantee the same
amplitude of the two six-port input signals. This is done by
changing the RF amplification of the signal. The amplitude
of the reference signal can be computed by measuring
the four output voltages when the second input branch is
isolated (no received signal, ) with the following:

(16)

When this first condition is satisfied, a second conditioning step
based on the control of the baseband amplifiers will be executed.
Independent amplifiers are used to fit the baseband signals ( ,
, , and ) to the ADCs input dynamic range.
The conditioning algorithm works in real time in order to

avoid any possible signal saturation and to guarantee the best
acquisition condition.

VII. DIGITAL SIGNAL PROCESSING

To obtain the heart beat and respiration rate, it is necessary to
perform several digital signal-processing steps. At first, a simple
calibration algorithm is used to remove offset and gain errors
caused by the analog to digital conversion. After that, the de-
sired signal frequencies have to be filtered and the rates calcu-
lated. The whole signal processing is done by MATLAB, which
is also used to received the streamed data from the measurement
setup.

A. Initial Calibration

An initial calibration has to be done, because of the imperfec-
tions of the realized six-port microstrip circuit, diode detector
nonidealities as well as imperfections of the analog baseband
signal conditioning. The result of these influences can be seen

Fig. 7. Digitized raw six-port output voltages with offset and gain errors to-
gether with the compensated signals.

in the top of Fig. 7 as an obvious gain and offset mismatch be-
tween the four six-port output channels.
To compensate for these errors, the acquired signals must

sweep the entire dynamic range to detect offset and gain errors.
To do this, the body of the PUT has to move one time more than
a half wavelength of the used RF. In this use case, this means
a movement of more than 6 mm.
With the acquired information, the maximum amplitudes of the
single channels can be measured and therefore offset and gain
can be corrected. This condition is easily satisfied when the PUT
is observed by the monitoring system for several seconds before
starting the measurement. Within this initial observation time
window, a calibration can be performed as soon as the person
inhales and exhales one time.
Further compensation is not necessary for this measurement

setup because only relative changes in the distance are evaluated
to calculate the heartbeat and respiration rate.

B. Six-Port Specific Signal Processing

The vital parameter monitoring is based on a continuous mea-
surement of the distance between the radar module and the PUT.
This distance information can be extracted from the baseband
voltages by considering (11) and (12) through equation

(17)

This equation describes the projection of the phase difference
between transmitted and reflected signals to the used wave-
length leading to a distance. The correction factor of 1/2 is
caused by the round trip from the radar module to the PUT and
back that the wave has to travel. It is obvious that this distance
calculation leads to an ambiguous distance measurement if the
target moves more than half of a wavelength. However, because
of the continuous monitoring, the appearing phase wraps can
easily be detected and corrected by commonly known phase un-
wrap algorithms.

C. Digital Filtering and Vital Parameter Extraction

To reduce the noise and select only the needed frequencies of
respiration rate and heartbeat, the calculated distance signal is
digitally filtered. Therefore, a fifth-order low-pass filter with a
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TABLE I
MEASURED RF POWER LEVELS AND EIRP VALUES

Fig. 8. Photograph of the hardware prototype.

cutoff frequency of 200 bpm (3.33 Hz) and Butterworth charac-
teristic is implemented to remove high-frequency noise signals.
This filtering does not influence the respiration rate or heartbeat
rate in the range of 0 bpm (lowest possibility for breathing) up
to 180 bpm (upper limit for heart rate).
The cutoff frequency of the second filter stage is adjustable

and depends on the detected breathing frequency. The frequency
is chosen to be slightly over the first harmonic of the detected
breathing frequency, which is calculated by peak detection in the
power spectral density (PSD) spectrum of the low-pass-filtered
signal. The PSD is evaluated by a fast Fourier transformation
(FFT).
With the calculated filter coefficients for the second high-pass

filter stage, the previously filtered distance signal can be ban-
dlimited to the signal frequencies of the heartbeat rate. This
heartbeat rate can now be detected with a peak detection in the
resulting PSD.

VIII. MEASUREMENT RESULTS

A. Emitted Power Levels

To ensure the patient’s safety, especially under monitoring
conditions (this means continuous observation with the CW
radar), the radiated power levels have to be considered. There-
fore, measurements were done with a thermal power sensor
(Rohde & Schwarz NRP-Z55) to measure the actual power
levels in the system. The measurement results are shown in
Table I, where the measured output power of the used VCO and
the power level at the antenna feed are shown. The equivalent
isotropic radiated power (EIRP) is a calculated using the an-
tenna feed power and the gain of the used 20-dBi horn antenna.

B. Vital Parameters

A standard measurement has been performed with the PUT
lying on his back as the six-port based radar sensor was ob-
serving the chest of the PUT at a distance of approximately 1 m.
A photograph of the complete radar sensor is shown in Fig. 8
The results are plotted in Fig. 9. In the raw time-domain data of

Fig. 9. Time-domain signal of the measured raw data and low-pass-filtered
breathing signal. The signal delay in the respiration signal is due to the response
of the introduced filter.

Fig. 10. Measured heart beat signal in the time domain compared with a refer-
ence ECG.

Fig. 11. Normalized PSD of the measured breath and heart-rate signals com-
pared with the PSD of a reference ECG.

the modulated distance, it is possible to recognize the breathing
as well as minor heart activity. By properly filtering the raw
signal, a clear time-domain respiration monitoring can be per-
formed (Fig. 9). Subtracting the calculated respiration signal
from the raw data, it is possible to extract the heartbeat signal,
which is plotted in Fig. 10. Please note that no hard synchro-
nization of ECG and radar-based heart signal has been applied
due to the influences of the filter response in the time domain.
For a direct comparison, the detected heartbeat signal is com-

pared with a reference ECG from a dedicated ECG measure-
ment belt. The measurement match exactly the reference ECG
signal. Furthermore, a frequency-domain analysis has been per-
formed. The PSD of the signal has been calculated with an FFT
leading to the results plotted in Fig. 11. A peak for the respi-
ration rate is evident and the detected heartbeat rate (70 bpm)
matches exactly the rate from the reference ECG (70 bpm as
well).

C. Measurement Scenarios

To test the system under real conditions, the shown measure-
ments were also taken under several different scenarios of target
and radar positions. Two setups feature the PUT in an upright
sitting position, measuring the vital signs from the front and
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Fig. 12. Measurement positions of the PUT with direction of observation and position of the radar sensor marked as a red arrow.

Fig. 13. Time-domain signals featuring the breathing process of low-pass-fil-
tered raw data for different measurement scenarios according to Fig. 12. Vertical
scaling is in millimeters.

the back of the patient. The other two scenarios were acquired,
while the PUT was lying on his back and in the abdominal posi-
tion, respectively. In this scenario, the radar sensor is positioned
on a table over the patient at a distance of approximately 1 m.
This setups are illustrated in Fig. 12.
As can be seen in Figs. 13 and 14, the results show excel-

lent performance and detection accuracy in all test cases. Nev-
ertheless, the heatbeat detection is more challenging when the
PUT is in position IV, since the superimposed heartbeat signal
is nearly negligible if compared with the amplitude of the respi-
ration signal. Also, the time-dependant scaling of the amplitude
is a result of the breathing influence and filtering. Nevertheless,
the periodicity and the principle characteristics states accurate
heartbeat detection. Excellent heartbeat detection can be per-
formed when the PUT is monitored as in position II (PUT is in
a seated position and is observed from the back). The detected
heart rates are 66 bpm for position I, 68 bpm for position II, 69
bpm for position III, and 63 bpm for position IV. The difference
between the detected heart rate for different positions is due to
a faulty periodical peak detection mostly due to measurement
nonidealities that influence the measurement. Longer detection
times would allow a better signal detection with an FFT. These
results lead to interesting conclusions for several monitoring ap-
plications where the PUT is not necessarily able to be moni-
tored in a standard position. Results are comparable to measure-
ments conducted with conventional CW radar sensors as can be

Fig. 14. Time-domain signals of bandpass-filtered heartbeat signal for different
measurement scenarios according to Fig. 12. Vertical scaling is in millimeters.

observed in [13]. However, the proposed six-port-based radar
sensor has additional advantages, due to better performance at
higher operating frequencies and potentially higher spacial res-
olution and accuracy if compared with other traditional radar
topologies at the same frequency of operation, as described in
[20] and [32].

IX. CONCLUSION

A novel remote respiration and heartbeat monitoring sensor
has been presented. The proposed device is based on the six-port
interferometer radar principle working with a CW signal at 24
GHz with a very low-power microwave signal of less than 3
W. This technique features several advantages with respect
to classical radar concepts. High accuracy in the micrometer
scale as well as low system complexity are some of the benefits
of the six-port receiver. A CW radar signal is sent towards the
PUT to observe minor mechanical movements of the patient’s
body. These movements are caused by the respiration as well as
hearbeat and can be tracked by analyzing the phase modulation
of the backscattered signal.
Simple digital signal-processing algorithms allow a clear de-

tection of the patient’s respiration rate as well as heartbeat from
the raw radar signal reflected from the person’s torso. Different
body areas have been observed by the proposed six-port radar
to verify the system performance under different measurement
scenarios. A PUT has been monitored from the front side of
the torso as well as from the backside when lying on a bed
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and when sitting on a chair. Measurements show excellent per-
formance under all investigated conditions. The results con-
firm that the six-port receiver is suitable for accurate remote
vital-sign monitoring.
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