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A B S T R A C T

Radars have been under steady development to track, identify, image,
and classify targets. Modern radar systems, with the help of embed-
ded systems, have additional comprehensive signal processing capa-
bilities. They can extract useful information from very noisy data, e. g.
interference from the environment and unwanted echoes which is col-
lectively known as clutter in radar terms. Concerning the healthcare
industry, radar applications for detection of vital signs, i. e. breathing
and heart rate, have been extensively developed during the last few
decades. Modern radar systems are expected to be a large part of
non-intrusive monitoring in the coming smart home industry, where
vital signs need to be monitored in the currently aging population.

The research presented here is to break new ground in the radar-
based healthcare technology, enabling detection of cold-induced shiv-
ering to such level that the micro-shivering can be clearly identified.
To simplify the radar software optimization, a commercially available
radar kit with demo application and a muscle model system using a
vibration generator is used.

The model is quantified through precise measurements. A simulated
human body vital sign plus shivering is applied. By optimizing the
radar software, the shivering amplitude and frequency are measured.
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L I S T O F T E R M S

doppler effect

the change in frequency or wavelength of a wave in relation to an
observer who is moving relative to the wave source

heterodyne

a signal processing technique that creates new frequencies by mixing
two frequencies in a nonlinear device

kinect

a line of motion sensing input devices produced by Microsoft

micro-shivering

vibration of the human body in the range of 1 to 5 µm

shivering

vibration of the human body in the range of 10 to 50 µm

vitals signs

breathing and heart rate

vi



A C R O N Y M S

ADC Analog to Digital Converter

a.u. Arbitrary Unit

CW Continuous Wave

DAC Digital to Analog Converter

DSP Digital Signal Processor

ECG Electrocardiography

EVM Evaluation Module

FFT Fast Fourier Transform

FMCW Frequency Modulated Continuous Wave

GUI Graphical User Interface

IF Intermediate Frequency

ISM Industrial, Scientific and Medical radio band

Ka-band 26.5 to 40 GHz

LNA Low Noise Amplifier

LPF Low Pass Filter

MCU Microcontroller

mmWave millimeter wavelength

PLL Phase Locked Loop

RF Radio Frequency

RMS Root Mean Square

Rx Receiver

SDR Software-Defined Radio

SNR Signal to Noise Ratio

TI Texas Instruments

Tx Transmitter

VCO Voltage controlled oscillator

W-band 75 to 110 GHz

X-band 8 to 12 GHz
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1
I N T R O D U C T I O N

The science of medicine has come a long way from bloodletting in
the ancient Greek time to the high-tech full body scanners commonly
used today. All with the goal to cure diseases and extend life ex-
pectancy. The work described in this thesis comes with the same goal
as its goal is to detect micro-shivering. Which help to monitor the
human body after surgery.

The term micro-shivering was first introduced by Rohracher [1] to
describe muscular vibrations with very low amplitude, which always
occurs in the human body. He found that micro-shivering is different
from macroscopic shivering (tremor) not only in the amplitude, but
also in the cause of the phenomena. The later occurs only with exter-
nal stimuli such as excitement or coldness for healthy body.

The maintenance of a normal core body temperature is called nor-
mothermia which is crucial for patient safety. While cold exposed,
the human body defense to maintain its temperature is to increase the
rate of heat production via shivering response. Muscles can sustain
shivering over several hours [2]. When a body dissipates more heat
than it absorbs, the reduced body temperature (undesirably less than
35

◦C) is called hypothermia. However, in case of cardiac arrest, thera-
peutic hypothermia might be needed to increase the likelihood of sur-
vival, improve neurological outcomes, and preserve the brain. During
the cooling process, the body shivering that causes increase in core
temperature, metabolic and hemodynamic stress for patients must be
prevented or managed. Shivering also might produce distortions for
measuring devices because of the intense muscle contractions. By in-
corporating either external devices or intravascular catheters, the pa-
tient is cooled down to approximately 33

◦C. The patient is rewarmed
at a controlled rate after about 24 hours [3]. Medication can be used to
reduce the shivering threshold but is associated with undesirable side
effects. There are pharmacological and nonpharmacological strategies
for management of shivering in patients. In either case, it is extremely
essential to detect body shivering at early stages [4], which the target
for this thesis.

The intensity and frequency of the shivering should be quantified
through detection. The detection can be performed in two major ways,
through contact sensors (e. g.tactile, Electrocardiography (ECG)), and
non-contact sensors or remotely (e. g.Ultrasonic, Laser, Radio Frequency
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2 introduction

(RF)). The purpose of this thesis is to develop micro-shivering detec-
tion through the means of a high frequency radar. Remote measure-
ments are more desirable when the direct contact with the body is
either impossible or undesirable, as it causes skin irritations or sim-
ply lack of access for direct contact. The main limitations of contact
methods are due to movement artifacts and the subject’s position. For
long-term health care, people are reluctant to wear contact sensors all
the time. The contact sensors can limit the duration of monitoring,
restrict the patient’s movements, cause signal artifacts, and in some
cases, represent a risk for the patient (burns, micro-shocks, infections,
etc.). Remote sensing usually is a noninvasive and nonintrusive mea-
surement method. This way, patient’s vital signs as well as shivering
can be measured without the discomfort of skin mounted sensors.

The amplitude of micro-shivering of the human body can go down
to 1-5 µm with a corresponding frequency of 7-11 Hz at rest [5]. This
means that accurate vibration measurements are necessary to detect
the micro-shivering. In the work described in this thesis an Evaluation
Module (EVM) of TI radar sensor (AWR1642Boost) is used to test if it
is possible to detect these small vibrations at µm level by the means
of a 77 GHz radar unit.



2
B A C K G R O U N D

Radar-based small vibration detection at different distances provides
valuable data for fault diagnosis in many industrial and civilian appli-
cations. For mechanical structures, micro-vibration or weak-vibration
terminologies are commonly used. Heifetz et al. [6] have remotely
measured the weak mechanical vibration of structures made of typ-
ical construction geomaterials, such as concrete at vibration ampli-
tudes of 1, 10, and 100 µm. Their numerical simulations indicate that
94 GHz frequency is optimal in terms of signal sensitivity and speci-
ficity for long-distance (>1.5 km) sensing of weak multi-mode vibra-
tions. At a distance less than 1.5 km, 260 GHz frequency is preferable.

Radar-based vibration signal detection from human vocal folds is an-
other interesting field for applications related to phonation. The vocal
vibrations are in a higher frequency range (typically between 20 Hz
and 20 kHz) compared to body shivering, and not modulated over
other signals, therefore the detection method cannot be directly ap-
plicable for human body shivering detection.

The vital sign measurement using radars has been under investiga-
tion for more than 40 years. Scalise et al. [7] used numerical simu-
lations to show that the highest sensitivity of radar for respiratory
activity is to the thorax movement, where the sensitivity can be im-
proved by reducing the antenna beam width. Li and Lin showed that
the optimal carrier frequency for non-contact Doppler radar vital de-
tection is in the lower range of the Ka-band e. g. 27.1 GHz [8]. However,
several other carrier frequencies and architectures have been investi-
gated for vital sign detection.

The early attempts to measure the respiratory movements of human
and animals using microwave in the X-band e. g. 10 GHz was done
by Lin at a distance of 30 cm [9]. The scattered energy modulated by
the respiratory movements was detected and then, the instantaneous
ratio between the scattered and the reference signals was computed.
The frequency of the ratio corresponded to the respiration rate. A
more accurate detection was investigated by Chan and Lin, who used
a Doppler radar to detect chest movement at a distance of a few cen-
timeters from the subject at 10.5 GHz with output power levels of
typically 5-10 mW [10]. A more detailed review of previous works
done in the 1970-90s on microwave sensing of physiological move-
ments is presented by Lin [11].
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4 background

Sacco et al. [12] designed a radar system for indoor human local-
ization and breath monitoring by linear Frequency Modulated Con-
tinuous Wave (FMCW) and hybrid scheme (combining FMCW and CW
interferometry modes) in the 24 GHz ISM band with 250 MHz band-
width. They preferred to use the triangular wave signal over the ramp
signal for FMCW modulation to avoid the harmonic components pro-
duced by strong discontinuity on the Intermediate Frequency (IF) sig-
nal. Their maximum registered errors were about 6 cm in range mea-
surement and 30 µm in small movements.

When it comes to heart rate detection, more advanced methods are
needed because of its smaller amplitude. In addition to the common
approach in signal processing techniques such as peak detection or
autocorrelation, adaptive filter processing is needed for heart rate
monitoring [13]. Ernst et al. [14] have used a 60 GHz FMCW single
chip radar in combination with 3D-printed quasi-optics that was ca-
pable of tracking vital signs up to 1 m. Li et al. [15] have used a 5

GHz double-sideband radar sensor chip for non-contact vital sign de-
tection. This architecture eliminates the need for image rejection and,
it has the advantage of avoiding null detection point by its wide fre-
quency tuning range while having less harmonic interference. Petkie
et al. [16] have developed a 228 GHz heterodyne radar system up to
a distance of 50 meters, by measuring the directional Doppler, that is
realized through digitization of the in-phase (I) and quadrature (Q)
signals recorded from the IF delivered to the receiver in order to de-
termine the vital signs. Mikhelson et al. [17] presented a solution for
heart rate detection in a realistic situation where the human is mov-
ing. In this research they make use of active tracking through means
of a camera. The heart rate is calculated using wavelet multiresolution
decomposition and statistical techniques. Through means of a Kinect,
it was possible to detect real-world coordinates so that they could
compensate for motor motion. Bakhtiari et al. [18] have developed a
low-power homodyne transceiver radar, which employs a W-band (94

GHz) Gunn diode oscillator, capable of measuring the vital sign up
to 15 m. They employed a laser vibrometer for the verification. Raffo
et al. [19] adopted a 1 GHz Doppler radar vibration sensor based on
the use of a Software-Defined Radio (SDR) platform. They utilized the
Fast Fourier Transform (FFT) to retrieve the phase shift related to the
target vibration, and the arctangent demodulation method to recover
this phase shift caused by the movement of the object. They used an
audio speaker with approximately 0.1 mm displacement amplitude
at 5 cm distance for verifying the functionality of the radar.

In the presence of clutter, that is the interference from the environ-
ment and unwanted echoes, a clutter cancellation method must be
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used for vital sign measurement. Chen et al. [20] have developed a
microwave life-detection system for searching human subject behind
a barrier, operating at 1.15 and 0.45 GHz by eliminating the clutter.
Chuang et al. [21] also used a 60 GHz radar for vital sign monitor-
ing using a clutter canceller with an adjustable attenuator and phase
shifter. By taking into account the stationary clutters, Alizadeh et al.
[22] used the same 77 GHz radar as used in the work presented in
this thesis for vital sign monitoring. To verify their measurements,
they utilized the commercial novel Hexoskin smart garment as a refer-
ence sensor. Their results accuracy was higher than 94%.

The above studies verified the effectiveness of the radar sensor in
the measurement of the human vital signs. However, none of them
address the radar-based human body shivering detection. This short-
coming leads us to conduct the present study.





3
T H E O RY

3.1 medical parameters of human chest displacement

The chest displacement of the human body consists of 3 signals, breath-
ing rate, heart rate, and either shivering or micro-shivering. Typical
body surface displacement parameters ([5]; [23]) are shown in Table 1.

Table 1: Typical body surface displacement parameters

Displacement
type

Frequency Amplitude
(Front)

Amplitude
(Back)

Breathing
Rate (Adults)

0.1 - 0.5 Hz 1 - 12 mm 0.1 - 0.5 mm

Heart Rate
(Adults)

0.8 - 2.0 Hz 0.1 - 0.5 mm 0.01 - 0.2 mm

Shivering 6 14Hz 0.01 - 0.05 mm 0.01 - 0.05 mm

Micro-
shivering

7.0 - 11 Hz 0.001 - 0.005 mm 0.001 - 0.005 mm

3.2 radar

There are several classification of radar systems. Based on the wave-
form, they are classified as Continuous Wave (CW) and pulsed radars.
CW radars continuously transmit signal and uses a separate antenna
for receiving the signal to avoid interruption of the continuous radar
energy emission. If the signal is unmodulated only the radial velocity
(by measuring the frequency difference as a result of Doppler effect)
and angular position can be measured. Range measurements how-
ever, requires some sort of timing marks that comes with modulation,
e. g. FMCW. Pulsed radars use a pulse train of signals. They can mea-
sure both the radial velocity and target range by utilizing different
modulation schemes.

For vibration measurement, the Doppler effect in radar suffers from
the problem of null point, where the received signal and the local
oscillator are either in-phase or 180

◦ out of phase. The harmonic fre-
quencies are generated around the null position, which decreases the
overall sensitivity of the system. The Quadrature FMCW radar with
a complex-baseband architecture is a solution to null point problem.
In Quadrature radar, in-phase (I) and quadrature (Q) channel out-
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8 theory

puts are generated by providing a 90
◦ phase shift to the oscillator fre-

quency and then mixing with the received echo signal so the power
of the signal is divided between I and Q. This structure improves the
noise figure as much as 3 dB and increases the interference tolerance
[24].

3.3 millimeter wave radar

In general, a shorter wavelength leads to a higher resolution in de-
tection, therefore higher sensitivity to vibrations. On the other hand,
specular surface reflection is required for backscattered signal mea-
surements in the far field, and thus, the wavelengths must be longer
than the characteristic surface roughness. Electromagnetic waves in
the visible to long-infrared spectrum produce diffuse reflection from
most structural geomaterials, while longer wavelength millimeter wave
result in specular reflection. In electromagnetic radiation up to 300

GHz, where the wavelength is large compared to human cell sizes,
there is little scattering, thus most of the wave reflection and trans-
mission line concepts are applicable.

mmWave radars are systems that operate at the wavelength in the mil-
limeter range, this result in small antennas and smalls component
sizes of the systems. The radar used in this thesis operates at 77

GHz which corresponds to a vacuum wavelength of approximately
3.9 mm.

3.4 chirp frame

In contrast to the CW radar, the FMCW radar can change its oper-
ating frequency so that the transmitted signal is modulated in fre-
quency. The frequency modulated waveform can have different pat-
terns including sawtooth (ramp), triangular (bidirectional ramp), si-
nusoidal, or rectangular (pulses). Linear FMCW uses the sawtooth pat-
tern where, it changes the frequency linearly over a time frame. This
frequency sweep is called “chirp” and is shown in Figure 1.

Figure 1: A chirp signal, with constant amplitude and with the frequency
changing linearly with time
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Figure 2 shows the same chirp signal but is displayed as frequency
vs chirp time (Tc). The chirp has several parameters. The most funda-
mental ones are start frequency fc (lowest frequency of radar), band-
width B, and Tc. The proportion of bandwidth over chirp time is
called the slope S.

S =
B

Tc
(1)

In the chirp example provided in Figure 2, fc = 77GHz, B = 4GHz,
Tc = 40µs and S = 100MHz/µs.

Figure 2: Chirp signal, with frequency as a function of time.

Multiple chirps together form a so-called “chirp frame”, as shown in
Figure 3. The frame is used as scope for the radar processing. Between
these chirp frames there is a small pause to show that the frame has
ended. This pause is called “inter-frame time”.

Figure 3: Frame structure of a series of chirps

All parameters of the chirp ramp influence the performance of radar.
Figure 4 shows a more detailed chirp signal and its corresponding
parameters.
In order to determine all parameters of the chirp, several consid-
erations need to be made. A useful tool is provided by TI named
“mmWave Sensing Estimator” which can ease the calculation of chirp
parameters. Based on the source code of the estimator tool, the rela-
tion between these parameters are provided in Appendix B.
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Figure 4: A single chirp and the timing parameters

3.5 fmcw radar system

The FMCW radar systems emits chirp signals. A simplified block dia-
gram of an FMCW radar with a single Transmitter (Tx) and Receiver
(Rx) antenna can be seen in Figure 5. The figure includes the main RF

components of the systems.

Figure 5: FMCW radar block diagram

The chirp signal is generated in the synthesizer. It is then transmitted
by the Tx antenna. The reflected chirp from an object is received a bit
later at the Rx antenna. In the mixer the Rx signal and the Tx signal are
combined and results in IF beat signal b(t) with a frequency f0 which
is proportional to the round-trip time τ. If two sinusoidal signals are
fed into a mixer, the output of the mixer is a sinusoid with a frequency
equal to the difference of the two input sinusoids frequencies. The
initial phase of the output sinusoid is equal to the difference of the
starting phases of the two input sinusoids.

x1 = sin(ω1t+φ1), x2 = sin(ω2t+φ2) (2)

xout = sin[(ω1 −ω2)t+ (φ1 −φ2t)] (3)
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Assuming only one object in front of the radar, for each Tx signal, only
one Rx chirp is reflected. As illustrated in Figure 6 the Rx chirp is a
delayed version of the Tx chirp. The time delay τ is given by:

τ =
2d

c
(4)

where d is the distance to the object and c is the speed of light. The
distance between the two chirps is fixed, therefore the IF signal con-
sists of a single constant frequency. This frequency can be calculated
by:

f0 = Sτ =
S2d

c
(5)

where S is the slope of the chirp. The IF signal is only valid in the
interval between the vertical dotted lines in Figure 6, where there is
an overlap between the Tx and Rx chirps. The non-overlapping portion
of the Tx chirp τ is usually negligible and small compare to the total
chirp time Tc. As one example for the case where an object is 300 m
away from a radar with Tc = 40µs:

τ =
2× 300
3× 108

= 2µs⇒ τ/Tc = 5% (6)

Figure 6: IF frequency is constant

The initial phase of output is:

φ0 = φ1 −φ2 = 2πf0τ (7)
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We already know that:

f0 = c/λ (8)

From Equations (4), (7) and (8) we get the initial phase:

φ0 =
4πd

λ
(9)

It must be noted that, the above equation is valid only for small slopes
and distances. However, the change in the phase of the IF signal is
always proportional to small distance changes:

∆φ =
4π∆d

λ
(10)

To summarize, the IF signal for an object at a distance d from the
radar will be a sine wave:

A sin(2πf0t+φ0) (11)

Where f0 = S2d
C and φ0 = 4πd

λ . In FMCW radar applications, the
mixer output beat frequency f0 can be calculated by taking the FFT of
the beat signal and it is directly proportional to the object distance d.
The phase can be measured at the same object range-bin (where the
object displacement is within the range resolution of radar).

3.6 digitizing the if signal

In a typical radar, the IF signal needs to be digitized for subsequent
processing. The IF signal is first filtered with a Low Pass Filter (LPF)
and then digitized by an Analog to Digital Converter (ADC) and then
sent to the Digital Signal Processor (DSP). The DSP performs an FFT to
estimate the range of objects. The desired IF bandwidth determines
the LPF cut-off frequency and the ADC sampling rate.

Figure 7: Digitizing the IF signal
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The maximum frequency of the IF signals depends on the maximum
distance according to:

fIF_max =
S2dmax

C
(12)

Correspondingly, the bandwidth of interest is from zero to this maxi-
mum IF frequency. The ADC should also have a sampling rate greater
than this maximum IF frequency (Fs > fIF_max). Therefore, the maxi-
mum sampling rate of the ADC can limit the maximum distance that
the radar can cover.

dmax =
FsC

2S
(13)

The maximum IF bandwidth depends also on the chirp slope. So, if
the ADC sampling rate, and hence the IF bandwidth, is a bottleneck
in the radar sensor, there is a tradeoff between the slope and the
maximum distance. Typically, radars tend to use smaller slopes to
achieve larger dmax.

3.7 range resolution

The ability to distinguish between two or more objects is called range
resolution. When two objects are getting so close to each other, a
radar might not be able to distinguish between them. According to
the Fourier transform theory, by increasing the length of the IF signal
the resolution can be increased. In order to increase the length of
the IF signal, the bandwidth must be increased. It is known from
Fourier transform theory that, an observation window (Tc) can resolve
frequency components which are separated by more than 1/Tc Hz.
As a result, two IF signals can be resolved in frequency only if the
frequency difference is greater than 1/Tc:

∆f >
1

Tc
(14)

Since ∆f = S2∆d
C , the above equation can be expressed as ∆d > C

2STc
=

C
2B (since B = STc). So, the range resolution (dRes) depends only on
the bandwidth
swept by the chirp:

dRes =
c

2B
(15)

Thus, an FMCW radar with a chirp bandwidth of a few GHz will have
a range resolution in the order of centimeters (e. g.a chirp bandwidth
of 4 GHz translates into a range resolution of ≈ 4 cm).
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Figure 8: Two chirps in comparison

Moreover, as depicted in Figure 8, two chirps with the same band-
width (i. e.the same range resolution) and different slopes offer differ-
ent advantages.
For the same range, chirp A requires only half the IF bandwidth, there-
fore it requires lower sampling rate in ADC. On the other hand, Chirp
B has the advantage of requiring half the measurement time.

3.8 vibration measurement accuracy

An important point to notice is to first determine how the vibration
measurement accuracy is defined. As we have already seen, the range
resolution is defined by the bandwidth of the radar. This range resolu-
tion is only the accuracy the radar setup has to distinguish between
two different objects. To achieve the ability for sensing small vari-
ations in a single object, a radar interferometry technique must be
employed [25]. This method utilizes the phase evolution along multi-
ple sweep periods (the so-called “slow time”) to retrieve the displace-
ment history of the vibration. Therefore, the approach for measuring
small scale vibrations is to measure the change in phase instead of
the change in range. This tracking of the phase will result in much
higher accuracy of vibration measurements.

As seen in Equation (10) the phase change ∆φ between consecutive
measurements is directly proportional to the corresponding change in
displacement difference ∆d, and inversely proportional to the wave-
length. This means that a smaller wavelength will also result in bet-
ter displacement sensitivity. So, for the used wavelength of 3.9 mm
(77GHz) a displacement of ∆d = 100µm will result in∆φ = 0.1× π.
This phase shift in the IF signal can be used for vibrations monitoring.
Figure 9 represents a vibrating object and the corresponding mea-
sured phase shift. A prerequisite is that the displacement is a fraction
of the wavelength.
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Figure 9: The time evolution of an object moving with an oscillatory motion

3.9 velocity measurement

Another important parameter to consider in radar systems for chirp
formation is the maximum measurable velocity (Vmax) of the ob-
jects. In FMCW radars, Vmax depends on the chirp cycle time, that
is the time difference between the starting points of two consecutive
chirps. This in turn depends on how fast the frequency sweep can be
performed and the minimum allowed inter-chirp time. The faster the
radar can ramp the frequency, the higher the maximum unambiguous
velocity would be measurable. The radar used in this thesis allows a
fast ramp of 100MHz/µs. Moreover, the closed loop Phase Locked
Loop (PLL) is designed to support a very fast settling of the frequency
ramp. So, the time taken for the Voltage controlled oscillator (VCO) to
jump from the end of the ramp frequency to restart the next ramp is
very low and allows for a smaller idle time (as low as 2µs). Therefor
the total chirp time (Tc), which includes chirp time and idle time is
smaller.
In order to measure velocity, an FMCW radar transmits two chirps sep-
arated by Tc. Each reflected chirp is processed using the FFT to detect
the range of the object (range-FFT). The range-FFT corresponding to
each chirp will have peaks in the same location, but with a different
phase. The measured phase difference corresponds to a motion of the
object of νTc. The phase difference is derived from Equation (10) as
follow:

∆φ =
4πνTc

λ
(16)

The velocity is given by:

ν =
λ∆φ

4πTc
(17)
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Since the velocity measurement is based on a phase difference, there
will be an ambiguity. The measurement is unambiguous only if |∆φ| <
π. From Equation (14) follows:

ν <
λ

4Tc
(18)

This provides the maximum relative speed (Vmax) measured by two
chirps spaced Tc apart. Higher Vmax requires shorter transmission
times between chirps, e. g.: λ = 3.9mm, Tc = 40µs⇒ Vmax = 24.35m/s

3.10 fourier transforms

Within the observation window T that is seen in Figure 10, the low
frequency waveform completes two cycles (blue trace in the figure),
while the waveform with higher frequency completes 2.5 cycles (red
trace in the figure). The difference of half a cycle is not enough to give
distinct peaks in the FFT in Figure 11.

Figure 10: Two waveforms with slightly different frequency

Figure 11: FFT of the two signals in Figure 10

The size of the observation window has a big influence on the shape
of the FFT. In Figure 11, the FFT of the two signals in Figure 10 added
is shown. The difference between the two peaks is not large enough
to be visible in the broad resulting FFT.
If the observation window is widened by at least one more cycle in
difference between the two waveforms, then it will be possible to
observe two different distinctive peaks. This is shown in the Figure 12

and Figure 13. For this reason, the longer the observation window is,
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the more accurate the FFT of the signal will be. The general rule of
thumb is a window of size T can detect individual frequencies that
are separated by more than 1THz.

Figure 12: Waveform with time constant of 2× T

Figure 13: FFT of the added signals of Figure 12

3.11 radar hardware

The AWR1642 chip used in the EVM contains a Microcontroller (MCU),
a DSP core, and the RF components (ADC, Digital to Analog Converter
(DAC), Low Noise Amplifier (LNA), LPF, Mixer, etc). Along with the
interfacing components and antennas in the EVM, the chip provides
a complete solution for radar application development. The antenna
used for Tx and Rx are printed microstrip patch arrays.

3.12 millimeter wave vital signs lab

The radar is originally designed for the automotive industry, so its
original use is to be placed in the front (steering wheel) or at the back
of a driver (in the seat of a car). When the radar is used in the front
mode, the subject should be positioned about 0.3-0.9 m away from
the sensor. For the back mode, the radar can be placed in the back
of a car seat with 0.1-0.7 m distance. A lens in front of the radar an-
tenna can be used to direct the radar waves towards the chest of the
subject. For the initial measurements the subject should stay still for
10-15 seconds to allow the application to calibrate. For subsequent
measurements the subject must stay still for 5-10 seconds. The DSP
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of the radar is used to filter out the breathing and heart rate pattern
from chest displacements and estimate the breathing rate and heart
rate.

A text file containing the configurations of the radar must be pro-
vided to the radar at the boot up sequence. As mentioned, two differ-
ent scenarios (measurement from back and front) are defined for the
measurements of vital signs using the EVM. A couple of chirp parame-
ters are different in the configurations. In the back configuration there
is an ADC sampling rate of 2 MHz (2000 Ksps) with 100 ADC samples
per chirp, while there is an ADC sampling rate of 4 MHz (4000 Ksps)
with 200 ADC samples per chirp in the front configuration. The sam-
pling time or the chirp duration which is calculated from the division
of number of ADC samples per chirp by ADC sampling rate for both
configurations is 50 µs.

Each frame is configured to have two chirps. However only the first
chirp in the frame is used for processing. A single Tx-Rx antenna pair
is currently used for processing (although all the Rx antennas are en-
abled). The vital signs waveform is sampled along the “slow time
axis” hence the vital signs sampling rate is equal to the frame rate of
system. The default frame rate value is set to be 20 Hz. A schematic
overview of this is displayed in Figure 14.
As seen in Figure 14, each range-bin has a color-coded scale to show
where the radar has detected the most intense object range signal,
visible in the light blue area. Then the phase change in this range-
bin is used to extract the chest displacement data, this results in the
waveform visible in the right bottom of the figure. The size of the
breathing (or heart rate) waveform specifies the number of points
within the waveforms. As one example, a default frame rate of 20 Hz
and 256 number of samples in the waveform requires a time duration
of the waveform of 256 × 1/20 = 12.8s. In general, the larger the
time duration, the better the frequency resolution and processing gain
after the FFT. However, due to the inherent time-frequency resolution
tradeoff, the ability to measure instantaneous changes in the heart
rate and breathing rate will be lost. More details on the process of
waveforms extraction are presented in the following section.

3.13 implementation on the awr-1642

As mentioned in the previous section, the original slow time axis
sampling frequency (frame rate) for vital sign measurements is 20

Hz. However, to be able to measure shivering and micro-shivering
at 7 to 14 Hz a higher frame rate is necessary, at least two times the
highest shivering frequency according to the Nyquist requirements.
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Figure 14: Slow time axis which displays the different chirp frames and the
corresponding range-bin

Therefore, a frame rate of 60 Hz was chosen. A summary of selected
radar parameters is listed in Table 2.

Table 2: Radar parameters

Parameters Values

Bandwidth 4 GHz

Fc (Starting Frequency) 77 GHz

Fss (Slow Time Axis sampling rate) 60 Hz

Fs (Fast Time Axis sampling rate) 2 MHz

N (Samples per Chirp) 100

Tc (Chirp Duration) 50 us

Based on the vital sign demo from TI, shivering and micro-shivering
detections with added blocks will be performed and implemented.
The overall block diagram of the process is shown in Figure 15.
The main blocks of the above figure are explained in the following
sections.
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Figure 15: Vital sign + micro-shivering blocks

3.13.1 Range FFT

The first step is to perform an FFT on the digitized IF signal from the
ADC. The peak in this FFT represents the range of the target to be
measured. The range-bin heatmap profile and the corresponding FFT

amplitudes at a selected frame number are show in Figure 16.

Figure 16: Range-bin heatmap profile (top) and the corresponding FFT am-
plitudes at a selected frame number (bottom)
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3.13.2 Extract phase from selected target bin

The next operations will be performed at the selected range-bin. Since
the target is the most interesting object. This peak is searched within
the user-defined range which is 0.1-0.7 m for Back configuration.

3.13.3 Phase extraction

The phase value of the received signal is calculated from the complex
range profile (both amplitude and phase). These measurements are
done over a fixed time window that is predefined. To be able to extract
the phase the assumption has been made that the vibration source
stays within the same range-bin throughout the measurements. If not,
the EVM needs a few seconds to lock back into the new range-bin. This
means that a stable distance of the vibration source is essential for a
consistent measurement output.

3.13.4 Phase unwrapping

The goal of phase unwrapping is to prevent shifts in the phase sig-
nal which should lay between [−π,π] this means that whenever the
consecutive phase value is either below or above ±π it will add or
subtract 2π. This unwrapping makes the actual displacement profile
of the phase visible.

3.13.5 Phase differences

The ∆phase calculation is implemented on the unwrapped phase by
subtracting successive phase values of the signal. By doing this, the
vital sign signals are enhanced, and any phase drift suppression re-
moved.

3.13.6 Impulsive noise removal

The unwrapped ∆phase can still have a lot of noise factors. The ap-
proach for filtering is to look at the phase values before and after the
measured signal. If the threshold is reached and it differs to much the
values is replaced by an interpolated value.

3.13.7 Bandpass filtering

The output of the phase values is fed through three bandpass filters,
two of them are cascaded Bi-Quad IIR filter. The BP-filter operates in
a real time mode which creates a continuous stream of output data.
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3.13.8 Motion filtering removal / gain control

The goal of this block is to filter out any sudden movements of the
vibration source. This is done by removing sudden peaks in the mea-
sured signal. The waveform is divided into blocks of 1 second that
are further subdivided into frame rate number segments (e. g. 60 Hz).
The way the filter works is that if the energy exceeds the user defined

threshold (E > ETh), then all the samples in block are scaled by
√
ETh
E

. It is also possible that the samples are discarded if they differ more
than the threshold.

3.13.9 Vital signs waveforms

The bandpass filter output is stored in the waveform of the breathing
and heart rate buffer. This allows a preprocessing such as defining
its window (windowing) and adjusting its gain before the FFT is per-
formed.

3.13.10 Spectral estimation

The buffers are then passed to the FFT block. Several spectral estima-
tion techniques can be utilized. This includes FFT, auto correlation
and interpeak distance estimation. The interpeak distance estimation
is performed in the time domain of the waveform and is used for
estimation of the vital signs.

3.13.11 Vital signs and shivering decision

The last step of the system is to calculate the out value of the vi-
tal signs and shivering. The decision made to show the heart rate
is based on the confidence metric from different spectral estimation
methods. Based on the vibration amplitude and frequency micro-
shivering or shivering is decided.
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This section describes a setup for creating well-controlled micro-shivering
and corresponding detection.

4.1 vibration generator quantification

To investigate if the radar can detect small sub-10 µm vibration de-
tection it is necessary to have an accurate vibration source. For this
reason the choice was made not to use an ordinary speaker but the
“Vibration Generator no. 2185.00 ,Frederiksen” [26]. The next step was
to quantify the vibration generator to be able to estimate a correlation
between the signal amplitude (mV) and the vibrating plate displace-
ment (µm). The overview of the setup is shown in Figure 17 and
Figure 18.

Figure 17: Vibration generator quantification schematic overview 1-
vibration generator, 2-vibrating plate (a CD), 3-measuring probe,
4-micrometer movement table

The setup uses a function generator (B) for creating a 1 kHz signal
that is connected to the conductive shaft of the vibration generator
and a sharp probe is positioned in front of it. A signal is applied
to the vibration generator input by the main function generator (A).
Whenever the displacement of the vibration generator is big enough,
the sharp probe will be momentarily in galvanic contact with the vi-
bration generator depending on the applied input signal frequency.
The galvanic contact containing the 1 kHz signal is visible on the os-
cilloscope. The vibrating plate displacement is measured with a trans-

23
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Figure 18: Vibration generator quantification setup

lation stage with a 2 µm accuracy on which the probe is mounted.
Figure 18 shows a photograph of the setup. The measured displace-
ment of the vibrating plate vs applied driving voltage is displayed in
Figure 19. This results in a trend line with a slope of 0.7214 µm/mV

which shows that an increase of 1 mV corresponds to amplitude of
0.7214 µm.

Figure 19: Displacement vs applied driver voltage

4.2 phase accuracy of radar

To determine the phase/displacement sensitivity a simplified noise
model is used which is illustrated in Figure 20.

This is based on the information discussed by Ahmad et al. [27]. The
measured signal is the summation of signal S and noise N. As seen
in the Figure 20, the phase variation φ can also be determined by

ϕ =
|N| sinφr

|S|
(19)
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Figure 20: Simplified noise model

Assuming that the noise is uniformly distributed then the phase vari-
ation will be:

σ2ϕ =
1

2

|N2|

|S2|
=

1

2(SNR)2
(20)

which results in in an Root Mean Square (RMS) value according to:

σϕ =
1√

2(SNR)
(21)

The phase sensitivity can be estimated from a noise measurement.
This measurement is performed with the target mounted but no sig-
nal applied to the vibration generator. The result is shown in Fig-
ure 21. Since the Graphical User Interface (GUI) measures the displace-
ment in Arbitrary Unit (a.u.), the RMS value of this noise measurement
is 0.0014 a.u..

Figure 21: Noise measurement RMS 0.0015

The next step is to convert the a.u. to µm unit. This is done by com-
bining Equation (10) with the slope of 0.7214µm/mV and a measure-
ment performed at the test setup where the applied voltage and the
displacement are known.

The chosen measurement is [x Hz, 5 mV] shivering + [50 mV, 0.5
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Hz] breathing from Table 4. In Figure 22, a waveform of [15 Hz, 5

mV] shivering + [50 mV, 0.5 Hz] breathing is made. In this figure an
amplitude of 55 mV corresponds to an average amplitude of 0.07399

a.u. (not for measurements with lens). From this, it can be concluded
that 1 a.u. is equal to

55 mV/0.07399 = 743.4mV

From Figure 19 we know that 1 mv corresponds to 0.7214 µm, there-
fore 1 a.u. is equal to

0.7214× 743.4 = 536µm.

This results in a noise of

∆d = 0.0014a.u.× 536µm/a.u. = 0.7504 ≈ 1µm (22)

From this value, the phase change of the noise can be calculated from
Equation (10). A displacement noise of 1 µm correspond to a phase
change of 3.2 mrads.

Figure 22: 60 Hz sampling frequency, a 0.5 Hz, 50 mV breathing rate and a
15 Hz 5 mV shivering signal measured on the vibration generator

In Table 3, a list of measurements are given for different vibration am-
plitudes and their corresponding phase shift, based on Equation (10).
The table also shows values for detectable shivering amplitudes and
their corresponding required phase sensitivity. A factor 5 is applied
between phase sensitivity and detectable amplitude. This factor value
will be explained in the discussion chapter.

4.3 vibration generator testing

With the quantification described in the previous section, radar mea-
surements can be quantitatively compared to the quantified ampli-
tudes of the target. The radar measurement setup is schematically
displayed in Figure 23. The input signal (displayed in Figure 22) is
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Table 3: ∆d vibrations and their corresponding phase shifts a minimum of
factor 5 is between noise and detectable phase is required

∆d

(m)
φ

(radians)
Phase sensitivity
required
φ

(radians)

Detectable
with current
setup
(True /False)

Displacement
range

1.2E-2 3.87E+1 7.75E+0 True Breathing Rate
(Adults, Front)

1E-3 3.23E+0 6.46E-1 True

5E-4 1.61E+0 3.23E-1 True Heart Rate
(Adults, Front)

1E-4 3.23E-1 6.46E-2 True

5E-5 1.61E-1 3.23E-2 True
Shivering

1E-5 3.23E-2 6.46E-3 True

5E-6 1.61E-2 3.23E-3 True Micro-
shivering

1E-6 3.23E-3 6.46E-4 False

Table 4: Measurement of 5 mV vibrations and 50 mV breathing signal 0.5
Hz measured at the same distance according to setup in Figure 24

Input values Measured with radar

Sampling
frequency
(Hz)

Vibration
frequency
(Hz)

Lens
(True/False)

Amplitude
peak-to-
peak (a.u.)

SNR
(dB)

60 7 FALSE 0.0768 7.06

60 7 TRUE 0.0815 10.23

75 7 FALSE 0.0739 7.42

60 12 FALSE 0.0763 9.89

60 12 TRUE 0.0804 9.67

60 14 FALSE 0.0752 8.97

75 14 FALSE 0.0725 10.8

60 15 FALSE 0.0704 8.89

generated by a signal generator (marked A in the figure). This signal
is then amplified by an amplifier (marked B)and fed into the vibration
generator (marked by 1) which vibrates the target disc (marked by 2)
accordingly. The reflected signal is detected by the radar (marked by
3), processed and displayed on the GUI. A photograph of the setup is
also visible in Figure 24. The next step was to use the waveform of
Figure 22 a simulated breathing signal of [0.5 Hz, 50 mV] and a skin
vibration signal of [10 Hz, 5 mV]. This was then filter and an FFT of
the simulated signal was performed in Figure 25. The next step was
to apply this signal to the vibration generator and measure it with
the radar this is displayed in Figure 26. In Figure 25 it is seen that
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the signal has a Signal to Noise Ratio (SNR) of 60 dB, this is a much
higher value compared to the measured 21.6 dB in Figure 26 which
is the received signal. Since these signals are detected strong enough
it was ready for the next step detecting a waveform that consist of
breath rate, heart rate and skin vibrations.

Figure 23: Schematic overview of the radar measurement setup

Figure 24: Test setup with lens. 1 vibration generator, 2 metal reflecting ob-
ject used as a target (CD), 3 TI-AWR1642 radar

The next step is to create a more accurate simulation. This is done
with a waveform that consists of all three frequencies of human chest
displacement. The following are chosen: a breathing signal of [0.5 Hz,
2 V], a hear rate signal [2 Hz, 500 mV], and a skin vibration signal
of [7 Hz, 50 mv]. The resulting signal is displayed in the top graph
of Figure 27. Then the datapoints of this waveform is exported and
converted to a binary file that the frequency generator can read and
output. This waveform is then applied to the vibration generator and
the corresponding measured radar signal is displayed in Figure 28.
When comparing Figure 27 with Figure 28 it is observed that all three
frequencies show up as spikes in the FFT. When zooming in on the
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Figure 25: A simulated breathing signal of [0.5 Hz, 50 mV] and a skin vibra-
tion signal of [10 Hz, 5mv] and SNR of 60.1 dB, bandpass filter
[4,12]

Figure 26: Filtered data set Fs = 30 Hz, 10 Hz signal back, lens SNR of 21.6
dB, bandpass filter [4,12]

7 Hz signal from the measured values Figure 28 is suppressed com-
pared to the 7 Hz spike in the simulated Figure 27.

Table 5: Estimation of the voltage levels related to wave form that includes
breath rate, heart rate and micro-shivering

Displacement
(µm)

Corresponding
voltages (mV)

Frequency
(Hz)

Breath rate 7000 504 0.5

Heart rate 250 18 1.5

Micro-shivering 5 3.6 7

Then it was important to create a perfect modulated wave configura-
tion one with also the right proportion this is done based on the val-
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Figure 27: Ideal signal amplitude [2 0.5 0.05], frequency [0.5 2 7] Hz, band-
pass filter [6,18]

Figure 28: Waveform of Figure 27 measured and filtered with a bandpass
filter of 6 to 16 Hz

ues calculated in Figure 19. This 0.7214mV/µm can be translated into
a modulated signal that can be used for simulating heart rate, breath
rate and Micro-shivering and noise of 1 µm. Table 1 front values are
used for estimating the correct amplitudes of the various signals that
resulted in Table 5 and the waveform of all the added signals and the
passed through a bandpass filter of 6 to 18 Hz is displayed Figure 29.

4.4 human test subject

The next step was to try to detect micro-shivering in a test setup
with humans. The setup is shown in Figure 30. An overview of the
GUI that shows the original chest displacement waveform is shown in
Figure 31. Figure 33 shows an FFT of the measurement data recorded
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Figure 29: Simulated [7 mm 0.25 mm 5 µm 1 µm], [0.5 1.25 7 noise] Hz SNR
10.8661 dB

for Test subject 1. The clear spike observed at 6.7 Hz is attributed to
micro-shivering of the test subject.

Figure 30: Human test subject measurement
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Figure 31: Chest displacement snapshot of GUI

Figure 32: Simulated [test subject 1, signal at 6.7 Hz

Figure 33: Simulated [zoom-in of Figure 32]
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5.1 micro-shivering recognition

The goal was at first to detect micro-shivering. However, with the
current setup it is necessary to limit the detection level to shivering.
Based on the experimental measurements in [27] “at SNR > 40 dB, the
phase sensitivity is < 7 milli-radians which corresponds to a displace-
ment sensitivity of ≈ 2 microns. This gives us confidence that the
system has the ability to measure tens of microns of displacements
for heart-beat measurements.”. It can be inferred that if the displace-
ment is five times bigger than the phase noise, the displacement can
be confidently detected. In our measurement setup, the phase noise
was determined to be around 1 µm. Therefore, as also mentioned
in Section (4.2) it is safe to say that the lowest detectable amplitude
is around 5 µm. Since micro shivering is 1-5 µm according to [5] it
can be concluded, that the upper edge of micro-shivering at 5 µm is
detectable.

5.2 reliability

Important to notice is that the vital sign demo provided by TI used
for our initial measurements is not optimized for shivering detection.
This means that a lot of factors can still have a big influence on the
actual measurement. These factors include noise, misalignment, in-
terference, and possible breathing and heart rate harmonics. For this
reason, it is recommended to continue developing an application for
radar with more advance filters. An important feature for the im-
provement of the radar setup would be tracking the subject and pre-
dicting to which range-bin it would move to next and compensate the
range-bin change for the phase detection. This can also be done with
a combined camera solution which has been shown by Sacco et al.
[12].

5.3 radiation safety

The maximum recommended safe power density for long-term hu-
man exposure in the United States is 10 mW/cm2 [28]. The AWR1642

radar is compliant with DIRECTIVE 2014/53/EU if a minimum dis-
tance of 5 cm between human body and the transmitter is always
maintained. This distance can be easily achieved by using a thin 3D
printed dome over the radar. The dome has other benefits such as

33
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acting as a quasi-optical lens for focusing the radiation pattern and
protecting the radar from direct contact to the moisture which can
degrade the antenna performance.

5.4 ethical issues

The fact that the system can measure vital signs is not always positive
since the systems could also be used for unwanted monitoring of vital
signs even if the test subject has not agreed to such monitoring. Also,
the movement tracking can be considered to be a violation of privacy
since you could track individuals in an open area. While previously
deployed mmWave sensor was considered to be a good solution for fall
detection [29], the new development of sensitive radar monitoring
systems might instead be considered as an intrusion in someone’s
private life due to the possibility to monitor vital signs remotely.
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In this thesis work it is shown for the first time that micro-shivering
is detectable by a radar, but not all the way down to single µm levels
as proposed in previous reports. The setup used in the present work
is based on the demo radar application (from TI) and MATLAB code
partly developed in this thesis. An improved SNR value will result in
higher detection capability. A solution for this would be to use a con-
verging lens specifically designed and optimized for this application.

The radar is sensitive to very small movements. Whenever the target
moves the range-bin changes accordingly. These changes in range-
bins sometimes results in invalid measurements. This is partially fil-
tered out in the MATLAB software, but it is not optimal yet. A way of
preventing this could be by predicting movement of the target with
active tracking methods.

The development of a new GUI has been started, but it is not fully op-
erational yet. A real-time implementation of the shivering still needs
to be done. Since currently the calculations are not optimized enough
to facilitate real-time updating, they can only be done with an exter-
nal MATLAB script Appendix A.

It is shown that a signal of 6.7 Hz and 5 µm amplitude is detected in
the human test measurement. A possible future project could be to
benchmark and calibrate our developed radar sensors to skin-mounted
reference sensors.

The accuracy of the amplitude measurement of the vibration source
could be optimized by using a more accurate measuring device. Next
to this an implementation of a real-time mechanical movement mea-
suring device will result in a better confirmation of the now calcu-
lated signal.

35
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Filter code
Add the following code to

mmwave_automotive_toolbox_2_4_7\labs\lab0001-driver-vital-signs\

vitalSigns_host\gui_source\matlabScripts\main_

readGUISavedBinary.m

provided by TI vital signs lab.

% remove the spikes

OutPhase = rmoutliers(outPhase);

figure(4);

% plot the spectrum of phase signal with removed spikes

snr(OutPhase,Fs);

% First Stopband Frequency

Fstop1 = 6;

% Second Stopband Frequency

Fstop2 = 18;

% filter the phase signal in the desired frequency range

FilteredPhase = bandpass(OutPhase,[Fstop1,Fstop2],Fs);

figure(5);

% plot the filtered phase signal

bandpass(OutPhase,[Fstop1,Fstop2],Fs);

% plot the spectrum of filtered phase signal with removed spikes

figure(6);

snr(FilteredPhase,Fs);

36
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C H I R P D E TA I L E D C A L C U L AT I O N S

periodicity (ms) =
1000

measurement.rate
(23)

num.virtual.rx = num.rx×num.tx (24)

adc.valid.start.time (µs) = 2.8 (25)

excess.ramping.time (µs) = 1 (26)

valid.sweep.bandwidth (MHz) =
c

2× range.resolution× 0.01× 1000000
(27)

idle.time (µs) =



2 valid.sweep.bandwidth 6 1000

5 valid.sweep.bandwidth 6 2000

6 valid.sweep.bandwidth 6 3000

7 valid.sweep.bandwidth > 3000

(28)

inter.chirp.time (µs) = idle.time+adc.valid.start.time+excess.ramping.time

(29)

aux.comp.coeff.a =

(
starting.frequency× 1000+ valid.sweep.bandwidth

2

)
× 1000000

(30)

aux.comp.coeff.b = valid.sweep.bandwidth× adc.valid.start.time

+ starting.frequency× 1000× inter.chirp.time

+
inter.chirp.time× valid.sweep.bandwidth

2

−
c

4×maximum.velocity×num.tx

37
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(31)

chirp.time (µs) = −1000000× aux.comp.coeff.b
aux.comp.coeff.a

(32)

ramp.slope.init
(
MHz

µs

)
=
valid.sweep.bandwidth

chirp.time
(33)

ramp.slope.parameter = roundup
(
ramp.slope.init× 226 × 1000000

3600000000× 900

)
(34)

ramp.slope
(
MHz

µs

)
=

ramp.slope.parameter× 3600000000× 900
226 × 1000000

(35)

maximum.beat.frequency (MHz) =

2000000× ramp.slope×maximum.detectable.range
c

(36)

sampling.frequency (MHz) = max

(
maximum.beat.frequency

0.9
, 3
)

(37)

number.of.samples.per.chirp = ceil(chirp.time× sampling.frequency)

(38)

total.sweep.bandwidth (MHz) = ramp.slope×
(
adc.valid.start.time

+
number.of.samples.per.chirp

sampling.frequency
+ excess.ramping.time

)
(39)

idle.time.minimum (µs) =



2 total.sweep.bandwidth < 1000

5 total.sweep.bandwidth < 2000

6 total.sweep.bandwidth < 3000

7 total.sweep.bandwidth > 3000
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(40)

ramp.end.time (µs) = adc.valid.start.time

+
number.of.samples.per.chirp

sampling.frequency
+ excess.ramping.time

(41)

chirp.cycle.time (µs) = idle.time.minimum+ ramp.end.time (42)

carrier.frequency (GHz) =
1

1000
×
(
starting.frequency× 1000

+ ramp.slope× adc.valid.start.time+
number.of.samples.per.chirp
2× ramp.end.time× 1000

)
(43)

aux.comp.T1 =

1 ramp.slope < 50

2.5 ramp.slope > 50
(44)

aux.comp.T2 = singleprecision

(
3− 4.9×

(
1

sampling.frequency

)

+ 36.5×
(

1

sampling.frequency

)
×
(

1

sampling.frequency

))
(45)

adc.valid.start.time.2 (µs) = aux.comp.T1+aux.comp.T2 (46)

lambda =

c
carrier.frequency

1000000
(47)

max.chirp.repetition.period (µs) = round

(
1000× lambda

4×maximum.velocity

)
(48)

chirp.repetition.period (µs) =

round
(
num.tx× (idle.time+ ramp.end.time)

) (49)
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num.range.fft.bins = 2roundup(log2 (number.of.samples.per.chirp))

(50)

min.num.of.chirp.loops = ceil
(
c/(2× carrier.frequency

× chirp.repetition.period× velocity.resolution× 1000)
) (51)

num.doppler.fft.bins = 2ceil(log2(min.num.of.chirp.loops)) (52)

active.frame.time (ms) =
min.num.of.chirp.loops× chirp.repetition.period

1000

(53)

range.inter.bin.resolution (cm) =

range.resolution×number.of.samples.per.chirp
num.range.fft.bins

(54)

velocity.inter.bin.resolution
(m
s

)
=

velocity.resolution×min.num.of.chirp.loops
num.doppler.fft.bins

(55)

While([idle.time < idle.time.minimum] or

[adc.valid.start.time != adc.valid.start.time.2])

{

if(idle.time < idle.time.minimum)

idle.time = idle.time.minimum

if(adc.valid.start.time != adc.valid.start.time.2)

adc.valid.start.time = adc.valid.start.time.2

repeat all calculations for equation numbers greater than 27

}
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