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ABSTRACT

Supervision of human vital signs has always been an essential part in
healthcare. Nowadays there is a strong interest in contact-less monitoring methods as they operate less static and offer higher flexibility
to the people observed. Recent industrial development enabled radar
functionality to be packed in single-chip solutions, decreasing application complexity and speeding up designs.
Within this thesis, a vital sign radar prototype has been developed
utilising a recently released 60 GHz frequency modulated continous
wave single-chip radar. The electronics development has been focused
on compactness and high system integration. Special attention has
been given to the onboard analogue signal filtering and digital data
preprocessing. The resulting prototype radar is then tested and evaluated using test scenarios with increasing difficulty. The final experiments prove that the radar is capable of tracking human respiration
rate and heartbeat simultaneously from a distance of 1 m.
It can be concluded that modern radar devices may be significantly
miniaturised for e.g. portable operation while offering a wide variety
of application possibilities including vital sign monitoring.
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1

INTRODUCTION

Monitoring and supervision of human vital signs have been an essential part since the beginning of medical treatment and sports. Depending on which vital signs to track, there are different methods
available. Nowadays there is a strong interest in contact-less monitoring methods as they operate less static and offer higher flexibility.
The use of microwave technology can provide advantages over e.g.
image-based systems as it can track certain features without feeling
intrusive to the people being monitored. Moreover, radar systems offer high flexibility and can provide robust and highly accurate measurements. Such systems can compete with image analysis in terms
of resolution (sub-millimetre), long-term stability (noise, temperature
and lighting conditions), hardware requirements (size and cost) and
computational effort. Recent industrial development enabled radar
devices to be significantly scaled down. So far, radar devices usually required time-consuming simulation, design and tuning of radio
frequency (RF) circuits and components. By integrating the complete
radar functionality together with its RF circuitry on a single chip,
printed circuit board (PCB) size can be reduced while at the same
time speeding up the overall development process by minimising RF
effects. Furthermore, 3D-printed quasi-optics can be included on the
PCB or within its housing to refract and diffract emitted and received
radio waves and to further adjust the effective radar coverage to optimally fit the given scenario.
Within this thesis, a miniature yet affordable highly integrated vital
sign radar has been developed. An existing radar prototype based
on a radar development kit (RDK) is used as research basis that supports position estimation and respiration rate measurement within
an indoor environment at a distance of up to four metres. As the
given device lacks heart rate measurement capability, an electronics
(re-)design with focus on noise reduction and integrated data processing is carried out. Also, the current prototype is improved in several
aspects, whereas form factor, usability and affordability have been
considered as additional requirements for a later use in practice.
The developed radar device operates in the 60 GHz industrial, scientific and medical (ISM) band and utilises a 7 GHz bandwidth ranging
from 57 to 64 GHz. It can be classified as frequency modulated continous wave (FMCW) type that is sweeping over the entire bandwidth.
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introduction

1.1

problem definition

The current setup is based on a RDK1 which offers basic radar chip
evaluation. It comprises two separate PCBs, whereof the first board
serves as radar front-end and the second as processing unit.
In order to sweep over the given bandwidth, a precise chirp signal
controlling the sweep waveform is essential. In the existing kit the
chirp is generated by an open-loop, free running voltage controlled
oscillator (VCO). The obtained data has been affected by a considerable amount of phase noise, mostly caused by VCO open-loop characteristics resulting from tune voltage predistortion. Also, the device
form factor shall be reduced to comprise only one PCB with high component integration and onboard processing capabilities.
In order to solve these issues, the developed radar device shall therefore make use of a phase-locked loop (PLL) stabilised digital chirp
source to decrease phase noise and to increase overall accuracy and
configurability. To achieve a tight system integration, a data preprocessing unit is required and all components have to be mounted on
a single PCB. Customer orientation and usability have been considered as additional design requirements, which is why the new radar
device shall have a compact size and a common interface for data
visualisation on an external computer.
1.2

contribution

The relevance and scientific contribution of this thesis is based on
multiple innovative aspects which are briefly presented below.
First, the developed radar device operates around 60 GHz which can
be challenging due to atmospheric attenuation mainly caused by oxygen [1]. However, the selected frequency range lies within the ISM
band and may thus be operated without specific licensing [2].
Second, the radar chip being used contains all RF circuitry on-chip
which eliminates the need of RF simulation and antenna analysis during the design process. Parasitic effects and related aspects like PCB
layer setup, trace routing and crosstalk may be neglected.
Third, as no additional antennas are required, quasi-optics are used
as alternative external transceiver elements. They are part of a 3Dprinted PCB housing and able to re- and diffract electromagnetic (EM)
waves to create application-specific radiation patterns.
Other major aspects of the developed system are usability and customer orientation. These are incorporated by compact and highly
integrated electronics paired with onboard preprocessing and USB
communication port for external postprocessing and data visualisation. Vital signs including respiration rate and heartbeat have been
successfully tracked from various persons at distances up to 2 m.
1 See: http://www.omniradar.com/products/

1.3 outline

1.3

outline

The following Chapter 2 introduces the basic concept of FMCW radar
technology including the operation principle and frequency sweep
based on a triangular waveform. It serves as theoretical background
for the development part and provides term definitions.
Chapter 3 briefly summarises recent radar research and experiments
performed in the areas of single-chip radar devices and microwave vital sign detection. It presents different small-scale radar solutions including the radar chip used within this thesis and gives an overview
about the existing work done on the aforementioned RDK.
In Chapter 4 the complete hardware design process is presented.
Starting with basic assumptions and requirements, a functional block
diagram is created, followed by the actual electronics development
and multilayer PCB design.
The implemented signal processing algorithm and related software
components are described in Chapter 5. Both internal (onboard) data
preprocessing and external data visualisation are demonstrated.
Chapter 6 illustrates the experiments performed with the developed
vital sign radar and evaluates the achieved results.
The final Chapter 7 concludes the thesis with a summary, which contains a brief review of the vital sign radar design and the results
obtained. The outcome of the development is assessed and potential
future extensions and upgrades are suggested.
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FMCW RADAR

Generally speaking, a radar operates by emitting EM energy from an
antenna. The energy or waves propagate through space until colliding with a reflecting object, also called target, at a certain distance
from the radar. Upon interception, the waves scatter into several directions, whereas a part of the reradiated energy is again received at
the radar. After the received signal is properly filtered, amplified and
processed, certain information about the reflecting object (range, radial velocity, angular direction, size and shape) can be obtained [3].
When designing a radar system or for estimating radar characteristics,
one usually makes use of the radar (range) equation:
Pr =

Pt Gt
σ
·
· Ae ,
4πR2 4πR2

(2.1)

where
Pr

received echo power,

Pt

radiation power,

Gt

radiation antenna gain,

R

distance from radar (range),

σ

radar cross section (RCS),

Ae

receiving antenna effective area.

As indicated in Equation 2.1, the radar range equation can be split
into three separate factors. The first factor represents the power density at the illuminated target. The second factor is a measure for the
amount of energy scattered back from the target to the radar. The
third factor stands for the aperture of the receiving antenna that determines the amount of energy collected [4].
Another important aspect to be mentioned is the radar operating (carrier) frequency, which can vary between a few MHz and several hundred GHz (millimetre wave) in modern radar devices. Different frequency bands usually come with specific characteristics, advantages
or disadvantages and are therefore used for different applications.
In general, a long range radar is rather operated at lower frequency
bands that allow the use of high-power transmitters and large antenna areas. In contrast to that, high frequency radar systems focus
more on short ranges but with improved accuracy, resolution and
bandwidth [3].
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fmcw radar

radar cross section The radar measurement principle is based
on an echo signal which is scattered (spatially distributed) by a target.
Differences in shape, size and material of the target surfaces but also
the radar operating frequency can influence the returned echo signal power. In order to define a measure for this backscattered energy,
the radar cross section (RCS) has been introduced. Using this value
one can compare a complex object with a reference metal sphere [3,
p. 671], that would generate the same echo signal. However, rotating
the target object may cause large fluctuations in the echo signal.
The formal definition of the RCS can be written as:
σ = lim 4πR2
R→∞

Er
Ei

2

,

(2.2)

where
σ

RCS,

R

sphere radius (range),

Er

electric-field strength radar (echo signal),

Ei

electric-field strength target (incident wave).

For the RCS calculation, it is usually assumed that the echo signal is
uniformly spread upon contact with the target, which in fact is rarely
the truth. However, this assumption enables the calculation of the
scattered power density on a sphere with radius R (typically the radar
range), which is centred around the target. Also, the terms "near field"
and "far field" relative to the target are introduced. Waves travelling
within the near field are said to be mostly spherical (eletrically small
antenna) whereas waves in the far field get decomposed into plane
waves (linear). Ei and Er represent the electric-field strength at the target for the incident wave and at the radar for the received backscatter,
respectively. The limiting process ensures that the received echoes
are planar i.e. the antenna is placed within the far field. Thus, the
RCS can be interpreted as comparison between the scattered power
density (receiver) and incident power density (target) [3, 4].
cw radar Early radar development strongly focused on continuous
wave (CW) radar that continuously transmits EM waves with constant
frequency f0 . Any signals received from static objects will scatter
around the same frequency f0 . However, moving objects will introduce a frequency shift fd in the reflected signal due to the Doppler
effect. By evaluating this shift the (radial) velocity of the detected
object and its angular position can be measured. The main disadvantage of CW radar is the lack of time information due to the missing
modulation, which makes target range extraction impossible. Later
developments therefore focused on the pulse modulated radar [4, 5].

fmcw radar

pulse radar A pulsed Doppler radar offers several advantages
over a pure CW radar such as the use of a single antenna for transmission and reception. They can determine range through the delay
between pulse and echo (time information) as well as velocity by observing the Doppler effect on the pulse frequency spectrum. Besides
range measurement, the Doppler shift fd is it that makes modern
radar systems useful. It can be expressed as:
fd =

2vr
2v · cosθ
=
,
λ
λ

(2.3)

where
vr

target velocity relative to the radar,

v

absolute target velocity,

λ

radar wavelength,

θ

angle between radar beam and target direction.

The Doppler shift is widely used to distinguish between moving targets (causing a shift) and stationary echo (clutter). Depending on the
radar operating frequency (wavelength λ) and the observed Doppler
frequency fd , the velocity of a target can be estimated [3].
fmcw radar As its name already suggests, a frequency modulated continous wave (FMCW) radar continuously emits energy just
like a CW radar. The lack of time information present in pure CW radar
applications, which prevents distance measurements, is overcome by
frequency-modulating the output or carrier signal. A timing mark is
introduced by changing the transmission frequency over time, commonly called frequency sweep or chirp, in a certain (linear) waveform.
Common sweep patterns include sawtooth, rectangular pulses and
bidirectional ramps, where each waveform provides different characteristics and suitability for different scenarios. Using FMCW radar
technology, the range can be determined by observing the frequency
difference, called beat frequency, or transit time between transmitted
signal and received echo [5].
The following Section 2.1 briefly explains the principle of range and
Doppler measurements with FMCW radar based on a triangular frequency sweep. Section 2.2 focuses on the FMCW typical frequency
sweep and discusses two common methods for chirp signal generation with their individual advantages and disadvantages.
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fmcw radar

2.1

range and doppler measurement

radar devices continuously transmit waves while changing frequency over time. As the available bandwidth is always limited, a
certain frame of repetition (periodicity) of the frequency sweep has
to be maintained. The frequency modulation waveform can follow
different patterns, such as sawtooth (ramp), sinusoidal, rectangular
(pulses) or triangular (bidirectional ramp) functions [4].
FMCW

range A reflecting object at distance R will generate an echo signal that can be detected after a certain time delay ∆t. Figure 2.1 shows
a triangular frequency sweep with a carrier frequency f0 and the received echo signal from a static object.

Figure 2.1: FMCW Radar Triangular Frequency Sweep with Static Echo,
adapted from [4, p. 142]

By heterodyning (mixing) the received signal with a portion of the
transmitted signal, an intermediate frequency (IF) is generated. A
mixer is usually realised by a non-linear element such as a transistor
or diode and outputs i.a. the difference frequency of its input signals.
In FMCW radar applications, the mixer output is called beat frequency
fb which is directly related to the target distance R. If no Doppler
shift is present (only static objects in range) the beat frequency can be
expressed as
2R ˙
fb = ∆t · f˙0 =
f0
c

1
with f˙0 = 2fm ∆f and fm =
, (2.4)
t0

where c denotes the speed of light and f˙0 the rate of change in carrier
frequency (sweep slope). The periodicity of the modulation pattern
is expressed via a rate fm = t10 at which one sweep over the complete
bandwidth ∆f is executed. Depending on the waveform used, the
beat frequency may change at certain sections of the waveform such
as discontinuities. Given the modulation rate fm and bandwidth ∆f
one can express the beat frequency as
fb =

4Rfm ∆f
,
c

(2.5)

which shows that the beat frequency fb is determined by the range R,
as all other symbols are known [4, 5, 6].

2.1 range and doppler measurement

doppler If the reflecting target is not stationary but relatively
moving towards or away from the radar, a Doppler frequency shift
is superimposed on the the echo signal. By utilising a triangular frequency sweep, Doppler and beat frequencies can be separated due to
the observable differences between rising and falling ramp. Figure 2.2
illustrates a Doppler influenced modulation scheme.

Figure 2.2: FMCW Radar Triangular Frequency Sweep with Doppler Echo,
adapted from [4, p. 143]

As previously described, depending on the target velocity a Doppler
shift fd is generated. The superimposition of this frequency can be
seen as a vertical shift of the beat frequency fb within the echo signal.
In a triangular modulation scheme, fd and fb can be separated by
utilising both beat frequencies, fbu within the rising ramp and fbd
within the falling ramp. It can be inferred that:
fbu =

2R ˙
2Ṙ
f0 −
,
c
λ

(2.6)

where Ṙ is the range rate which corresponds to the relative target
velocity vr . The beat frequency is expressed as difference between the
range-related frequency from Equation 2.4 and the shift introduced
by the Doppler effect. The same principle applies on the falling ramp:

fbd =

2R ˙
2Ṙ
,
f0 +
c
λ

(2.7)

where the difference becomes a sum of both terms.
The range R is calcuted through summation:
R=

c
(fbd + fbu ) ,
4f˙0

(2.8)

which eliminates the Doppler terms 2λṘ .
The radial (relative) velocity, however, is expressed as difference:
Ṙ = vr =

λ
(fbd − fbu ) ,
4

(2.9)

˙
which eliminates the range terms 2R
c f0 .
Thus, a FMCW radar possesses the ability to unambiguously extract
both range and velocity by combining the beat frequencies fbu and
fbd measured during a triangular frequency sweep [4, 5, 6].
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2.2

frequency sweep and heterodyning

The preceding section showed that a FMCW radar may follow a straightforward principle but must maintain a precise frequency sweep waveform to obtain the intended results. An accurate chirp signal is required to control the carrier frequency and sweep pattern [7].
A VCO is generally used as generator element, outputting a certain radio frequency given a voltage as input. However, VCOs tend to follow
non-linear transfer functions and hence need some sort of compensation to maintain a precise chirp. Predistortion [8] may resemble an
easy and trivial solution, however, open-loop VCO operation also introduces phase noise scattered around the generated carrier and nonlinearities [9, 10] within the frequency sweep waveform. Especially
the latter one can have significant influence on the radar performance
and the measurements obtained, as the beat frequency used for range
determination changes at sweep disturbances [11].
Nowadays, closed-loop controlled VCO circuits provide better performance with less phase noise. The loop is usually realised using PLL
or similar feedback mechanisms to lock the VCO output to a given reference signal. This reference can be generated by various means and
a great variety of publications [12, 13, 14] has been working on this
topic proposing several different circuit architectures and technologies. Over recent years, direct digital synthesiser (DDS) [15, 16, 17]
have become an increasingly popular and effective technology that
provides digitally controllable high frequency and phase resolution.
The VCO output signal is usually directed to the emitting antenna
after passing a power amplifier (PA). The radiated EM waves are
backscattered from the illuminated targets and collected at the receiving antenna. After passing a low-noise amplifier (LNA) the received
RF signal is mixed with a portion of the transmitted source to transform the information to an intermediate frequency (IF) domain [3].
The mixing process can be expressed as frequency multiplication of
f0 with f1 using a non-linear element (e.g. a transistor) commonly
called mixer. Applying the trigonometric identity one can show that
the multiplication yields the difference f0 − f1 and sum f0 + f1 frequencies as sinusoidal components, as shown in Equation 2.10.
sin(2πf0 t) · sin(2πf1 t) =

cos(2π[f0 − f1 ]t) − cos(2π[f0 + f1 ]t)
(2.10)
2

In practice, harmonics and intermodulation products are introduced
as well. They usually occur at integer multiples (harmonics) or linear
combinations (intermodulation products) of the mixed frequencies in
the form N · f0 ± M · f1 and are usually filtered at the output [5].

3

R E L AT E D W O R K

Although the principle of CW (Doppler) and FMCW radar technology
has been known for decades, it took some time to spread to new
fields of application like medical treatment. The fact of having a noncontact yet flexible vital sign measurement device may be one reason
for its popularity. Especially over the last two decades, research and
development of vital sign radar devices have been increasing. This
may be due to proceedings in manufacturing processes, silicon technology and modern data processing capabilities.
Section 3.1 gives an overview about known current industrial development of highly integrated on-chip radar solutions. Section 3.2
presents publications in the area of contact-less vital sign detection.
3.1

miniature radar systems

An increasing amount of research and development done in the area
of RF technologies concentrates on miniaturisation and integration of
radar devices. Being able to package radar functionality into small
scale single-chip solutions may enable this technology to be used in
daily life such as portable devices. The following Table 3.1 briefly
summarises recent industrial single-chip radar solution releases with
focus on type, frequency properties and on-chip antennas.
Radar

Type

Carrier

Bandwidth

Novelda1

Antennas

Pulse

≈ 5 - 9 GHz

3 GHz

Acconeer2

FMCW?

60 GHz

?

on-chip

Viasat3

FMCW

24.125 GHz

250 MHz

on-chip

IMEC4

FMCW

77 / 79 GHz

4 GHz

on-chip

Infineon5

FMCW

24.125 / 25 GHz

0.25 / 2 GHz

Omniradar6

FMCW

60 GHz

7 GHz

ext.

ext.
on-chip

Table 3.1: Comparison of Industrial Single-Chip Radar Solutions

One has to note that different scenarios may require different radar
types, carrier frequencies and/or bandwidths.
1
2
3
4
5

"XeThru X2": https://www.xethru.com/x2-uwb-radar-chip.html/
"A1" (release 2016): http://www.acconeer.com/
"SC3001.2": https://viasat.com/technologies/single-chip-24-ghz-radar-transceiver
See: http://www2.imec.be/content/user/File/Leaflets/79G-radar-leaflet.pdf
"BGT24MTR11"/"BGT24MTR12":
http://www.infineon.com/dgdl/Infineon_DS_
BGT24MTR12_en_V3_2.pdf?fileId=db3a304339dcf4b10139df108e75025b

6 "RIC60A"/"RIC60B": http://www.omniradar.com/products/
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related work

The work carried out within this thesis is based on previous experiments and knowledge gained from a RDK [18] comprising the Omniradar "RIC60A" [19] fully-integrated radar chip. The performed tests
successfully tracked human respiration rate using direct VCO control
with predistortion. However, the obtained results indicate that the
amount of phase noise introduced by predistortion and open-loop
VCO operation is too significant for proper heart rate detection.
As the chip already provides on-chip RF circuitry with antennas, ISM
carrier frequency, wide bandwidth and dual-receiver topology, the
chip has been reused as radar core (see Section 4.2) within the thesis
project, applying the modifications and following the requirements
previously stated in Section 1.1. The provided application note [20]
relates to FMCW radar operation and will thus serve as a basis for
circuit design giving important design recommendations.
3.2

vital sign detection

Radar technology in combination with vital sign detection is a rather
young area of research. However, first attempts of wireless respiration
rate measurement [21] and human life-detection [22] at frequencies
around 10 GHz have been reported in the late 20th century.
With the beginning of the 21st century, the popularity and amount of
developments significantly increased. The principle of non-invasive
vital sign evaluation has been implemented by various research teams.
An earthquake recovery system [23] operating at 450 MHz or 1.15 GHz
can penetrate rubble due to its rather long EM waves and identify
human vital signs by removing static objects (clutter) from the signal. Dual antenna topologies with quadrature receivers and arctangent demodulation [24] prove to be efficient instruments, especially in
space-constrained or PCB-based vital sign monitors [25]. Recent studies also focus on higher frequencies around 60 GHz or above, such as
millimetre-wave life detection [26] or ultra-wideband vital sign monitoring [27] with 1-2 metres range.
Due to the advancing miniaturisation of radar systems and their tendency towards mass-market suitability, single-chip healthcare solutions [28, 29] may play an important role in future developments,
as they enable high-volume production, low-cost silicon fabrication
and reduced development costs. Latter is specifically dependent on
the time spent for RF circuitry analysis and optimisation processes,
which have to consider parasitic effects of the carrier PCB as well as
radio related issues like unwanted antenna effects of copper traces.

4

ELECTRONICS

The first development phase covers the electronics design process of
the vital sign radar. EAGLE1 has been selected as easy-to-use and
industry-accepted design tool for schematic creation and PCB layout.
In order to define the basic properties, the scope and boundaries of
the prototype design, several constraints and requirements have been
defined as listed in Section 4.1. After clustering and classifying the
necessary features, four basic functional blocks have been derived.
These units are discussed separately in Section 4.2, 4.3 and 4.4. The
elaborated concept has then be implemented in the actual hardware
design process including schematics drawing and eventual PCB layout.
The final prototype electronics are presented in Section 4.5.
4.1

design considerations

To define the scope and focus of the hardware and to set development boundaries, four main requirements have been defined. These
"architectural drivers" guide the design and are described below.
1. Form Compactness: As the radar prototype shall become a miniature or even portable device, compactness is of great interest
so tradeoffs between component quality and size have to be
made. The radar chip must be solely mounted on one side of
the board to work with quasi-optics while the remaining components shall reside on the other side. Another space constraint
is given through a component free area around the radar chip,
which will be used for EM absorption material to attenuate any
electromagnetic interference induced by the PCB itself.
2. System Integration: A high level of system integration reduces
the dependencies to external equipment and makes the device
accessible to a wider branch of users. By adding a preprocessing
unit with integrated analogue-digital converter (ADC), the raw
data can be processed locally and compressed information such
as the radar range profile can be sent to external devices for
postprocessing and visualisation. This approach also ensures
short analogue signal traces coming from the radar and therefore reduces the amount of noise introduced. A common data
interface in form of a serial COM Port via USB ensures usability
across different platforms.
1 See: http://www.cadsoftusa.com

13

14

electronics

3. Radar Phase Noise: In previous attempts the RDK has been
driven by the on-chip VCO using predistortion to generate and
control the frequency sweep. As mentioned earlier in Section 2.2,
an open-loop VCO may introduce additional phase noise due
to the lack of signal feedback. Prior RDK measurements have
proven that the level of phase noise is too significant for accurate
heart rate extraction. As the used radar chip contains on-chip
PLL logic and thus supports feedback stabilised frequency operation, higher accuracy and less phase noise shall be achieved.
4. Custom Frequency Sweep: For further experiments and possible future scenarios, the shape and timing of the FMCW frequency sweep must be adjustable. Common waveforms including up-, down- and bidirectional ramps (sawtooth, triangular)
as well as rectangular or step forms (shift keying) must be supported to maintain flexibility across different environments.
With the above stated requirements as a basis, the refinement and
component selection process has been performed. On an abstract
level, the radar prototype can be divided into four functional/logical blocks, each with a specific purpose and interface to other blocks.
They can be classified as listed below.
1. Radar Core: The radar unit represents the device core consisting
of the radar chip and its analogue/digital interfaces and filters.
It is solely mounted on the bottom PCB side to interact with
quasi-optics as external antenna element. Section 4.2 covers the
radar chip and its surrounding circuitry in more detail.
2. Sweep Generator: The sweep generator outputs the chirp signal and comprises an analogue source followed by a filter and
amplification stage. The required chirp signal properties can be
modified through a digital interface. Section 4.3 contains more
information on its functionality and the digital configuration.
3. Processor: The intended internal signal (pre-)processing is executed on a microcontroller unit (MCU). Aspects like peripheral organisation and pin mapping are important from a hardware perspective, whereas the signal processing itself is more
firmware related. This block is described in Section 4.4.
4. Power Supply: The power unit provides separate supply voltages for analogue and digital circuitry of the vital sign radar.
The complete system is powered from a single USB connection, which
is also intended to stream the preprocessed data from the radar board
to an external computer for evaluation and visualisation. The dependencies and interfaces between the specified functional units have
been illustrated in Figure 4.1 as simple block diagram.

4.2 radar core

Figure 4.1: Vital Sign Radar: Functional Block Diagram

A total of five voltage regulators supply the vital sign radar from the
USB port as main power source. Only linear regulators [30, 31] have
been selected to improve noise performance. Furthermore, the radar
chip is supplied from special RF regulators with an increased power
supply rejection ratio (PSRR). Alternatively, the board can be powered
from an external 5 V source using the provided solder pads.
4.2

radar core

The onboard radar is a programmable 60 GHz radar solution packaged in a single chip. The complete RF circuitry has been implemented on silicon, which simplifies the overall design process. The
effective antenna radiation pattern (radar coverage) can be adjusted
by using external lenses or horns as quasi-optics.
The device includes one transmitter and two individual receiver instances with on-chip antennas. Both RF signals received are converted
to an IF domain using in-phase and quadrature-phase (IQ) demodulation, which eliminates null points and offers higher accuracy compared to direct conversion receivers [32]. An internal ADC provides
on-chip sampling capability to directly interface external digital logic
such as a digital signal processor (DSP) or MCU. The analogue IF outputs can be sampled with external converters for higher resolution
or custom bandwidths. The radar configuration can be uploaded via
serial peripheral interface (SPI). The transmitter carrier frequency is
generated by an integrated VCO with external tune voltage input.
The on-chip VCO running around 60 GHz can be directly influenced
by changing the tune voltage on its input. This resembles an easy and
straightforward solution, however, the relation between tune voltage
and output frequency is strongly non-linear. In order to operate the
radar chip in FMCW mode, the input voltage must be elaborately predistorted [8] to linearise its frequency response.
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The on-chip PLL ensures stabilised VCO frequency by monitoring its
current output through a feedback loop. Instead of changing the tune
voltage directly, a reference frequency is provided to the PLL and the
error signal is connected to the VCO tune input. This option requires
an off-chip loop filter (lowpass) that connects phase-frequency detector (PFD) and VCO. Moreover, for FMCW operation the PLL reference frequency must be adjustable to generate the desired frequency sweep.
Recent publications [15, 16] present the concept of direct digital synthesiser (DDS) as high performance and linear chirp signal sources.
Within the developed vital sign radar, the PLL circuit combined with
a DDS as adjustable reference frequency source is generating and controlling the frequency sweep.
Figure 4.2 depicts a functional block diagram including the main components that form the radar and the necessary external circuitry to
support it. The signalling paths and directions are indicated as arrows pointing from source to destination.

Figure 4.2: Radar Chip: Functional Block Diagram

The radar signal samples can be obtained by either reading the onchip delta sigma ADC streams or by sampling the analogue output
lines. The latter is being used in the developed prototype, as the processing MCU contains higher resolution, differential ADCs. Both IF outputs are IQ modulated, which results in four analogue channels to be
sampled. As each channel is represented as differential signal, a total
of eight analogue traces have to be routed from radar to MCU. In addition to that, IQ modulated received signal strength indication (RSSI)
outputs are available from both receivers. Section 5.1 provides more
information on filtering and sampling associated with the radar.

4.2 radar core

Concerning mechanics, the chip measures 7x7 mm and comes packaged in a QFN-44 case with thermal pad. The latter is especially important as the radar may consume up to 400 mA at 2.7 V - a total
power dissipation of Ptot ≈ 1.1 W - during full operation and feature
utilisation. Additional heat pipes within the thermal pad as well as
copper planes around the chip are therefore strongly recommended
for an improved heat dissipation and passive cooling. The immediate
area around the radar chip is kept free from any components and
covered with EM absorber material to minimise the influence of high
frequency (HF) noise from the other electronics.
The developed PCB is mounted vertically in 3D-printed frames with
integrated quasi-optics. The radar chip is aligned such that its centre
is matching the quasi-optics focus point. Figure 4.3 shows the effect
of quasi-optics on the emitted and received EM waves based on an
example simulation provided by Swedish Adrenaline2 / courtesy of
Emil Nilsson. The bottom part of the plot represents the radar chip
as radiation source with the lens placed in front of it, resulting in a
beam-like shape for measuring a narrow field of view.

Figure 4.3: Spectral Simulation of Quasi-Optics for Radar Beam Shaping.
Courtesy of Emil Nilsson.

Besides beam forming lenses, other types of quasi-optics may be used
to cover different needs and characteristics of changing environments
or targets. By revolving or extruding the lens in one dimension one
may form horizontally or vertically aligned narrow view optics.
2 See: http://www.swedishadrenaline.com/
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4.3

sweep generator

In order to generate a variable reference frequency for the radar PLL,
a direct digital synthesiser (DDS) [33] has been implemented as signal
source. As its name already suggests, a DDS basically consists of a
digital-analogue converter (DAC) but incorporates additional control
circuitry specialised for sinusoidal frequency generation. It offers a
high frequency agility while maintaining improved phase noise. A
major advantage is its digital adaptability, which allows total control
over the radar operation type (e.g. CW, FMCW, frequency stepping)
as it can quickly change frequencies and sweep pattern. Once configured it offers built-in sawtooth and triangular sweep generation on
trigger. Custom and more complex waveforms can be employed as
well but require periodic and synchronised parameter refresh cycles.
Figure 4.4 illustrates the basic block structure.

Figure 4.4: Sweep Generator: Functional Block Diagram

The chip comprises an internal register set which can be configured
over a two-wire interface (TWI). A 25 MHz crystal serves as reference
clock and timebase for the synthesiser operation. The on-chip PLL
multiplies the reference clock tenfold to 250 MHz, which acts as the
system’s main clock fSYSCLK . This translates into a DAC sampling
rate of 250 MSps, which limits the output frequency range from DC
to Nyquist (fSYSCLK /2). The resolution has been fixed to 10 bit for
the sake of chip size and cost. Based on the configured frequency and
phase settings, the DDS core generates a sine or cosine reference signal.
An angle-to-amplitude conversion block then translates this reference
into a binary code which is eventually sampled by the DAC. The analogue output signal is generated by a differential open-source transistor stage with a full-scale current of 4.6 mA. An external Bessel lowpass filter with constant group delay followed by an amplification
stage translates the DAC current into AC voltage and further adapts
the signal parameters to fit the radar input requirements. The applied
signal conditioning is explained in more detail in Section 5.1.1.

4.3 sweep generator

In linear sweep mode, the DDS outputs a certain start frequency f0
and sweeps to a certain end frequency f1 with configurable frequency
hop size and time interval. The essential registers and related bitfields
for setting up a linear frequency sweep are listed in Table 4.1.
Register
Limit
Step Size
Ramp Rate

Bitfield

Description

63 : 32

Upper Frequency Limit (E0 )

31 : 0

Lower Frequency Limit (S0 )

63 : 32

Falling Delta Word (FDW)

31 : 0

Rising Delta Word (RDW)

31 : 16

Falling Sweep Ramp Rate (FSRR)

15 : 0

Rising Sweep Ramp Rate (RSRR)

Table 4.1: DDS Linear Sweep Registers

The slope of the sweep is given through the delta word (DW) and the
ramp rate (RR). The control register has been set to output a single
ramp-up sweep on trigger with the following parameter values:
E0

=

458702507,

S0

=

408880887,

FDW = RDW

=

249,

FSRR = RSRR

=

25.

The relation between register values and actual physical behaviour
is given in Equation 4.1 for frequency, Equation 4.2 for frequency
hop, Equation 4.3 for phase and Equation 4.4 for ramp rate. At each
timestep ∆t the DDS will increase the output frequency by ∆f and
shift the phase by ∆ϕ. Substituting the programmed values into these
equations results in the physical sweep properties as shown below.
{f0 ; f1 } =
∆f =
∆ϕ =
∆t =

{S0 ; E0 }
· fSYSCLK
232
DW
· fSYSCLK
232
πDW
213
RR
fSYSCLK

= {23.8 ; 26.7} MHz

(4.1)

= 14.49 Hz

(4.2)

= 0.095 rad

(4.3)

= 0.1 µs

(4.4)

As the provided DDS application characteristics suggest an optimal
operation3 around 25 MHz, the lower frequency limit has been set to
23.8 MHz and the upper frequency limit to 26.7 MHz. By programming the radar PLL multiplication factor to 2400, the target transmission bandwidth of 7 GHz ranging from 57.12 GHz to 64.08 GHz
is achieved. The combination of timestep ∆t and frequency hop ∆f
yields the sweep period TS = 20 ms.
3 Determined by the ratio between output and system frequency.
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4.4

signal preprocessor

The main limitations for a potential data/signal processor are given
through the necessary peripherals, such as the USB device for communication, multi-channel 12 bit differential ADC for analogue radar
sampling and several smaller interfaces like TWI for DDS control and
SPI for radar configuration upload. In addition to that, the processor
core needs to have sufficient computation power in form of clock frequency and instruction set to handle the complex fast Fourier transform (FFT) computations and floating point maths necessary for the
radar range profile calculation.
Despite the signal processing capabilities and mostly superior computation power of DSPs, a MCU [34] has been chosen as central processing
unit due to its high flexibility and wide branch of peripherals while
keeping an ultra-compact chip profile at moderate cost. Its processor
core is based on an ARM Cortex-M44 with integrated single-precision
floating point acceleration and DSP instruction set. It is therefore optimally suited for the signal processing and maths tasks to be executed.
The controller comes packaged in a 64-pin QFN case which represents
an acceptable tradeoff between design plus mounting effort5 versus
chip size.
Concerning communications, the MCU has to establish and operate
three serial connections. First, it controls the DDS sweep behaviour
via TWI. Second, the radar chip is connected over SPI for configuration
and third, the USB link (COM port) is used to transmit the processed
data to an external computer. As the MCU operates at 3.3 V a signal
level translation for the DDS working at 1.8 V has been added. The
radar chip is 2.7 V based but can tolerate the MCU signal levels.
Essential peripheral pin and signal mappings include:
USB:

DM, DP

(ext. data lines),

ADC:

RX1i , RX1q , RX2i , RX2q , RSSI

DDS:

SDIO, SCLK, Master-Reset, Update

(sweep control),

Radar:

MOSI, MISO, SCK, Data-Enable, Reset

(configuration),

JTAG:

TDI, TDO, TMS, TCK, Target-Reset

(radar data),

(debug link).

Clocked from an external 12 MHz crystal, two internal PLL blocks
(PLLA , PLLB ) drive the system. Core and memory are clocked from
PLLA running at 120 MHz while PLLB provides 48 MHz required for
the USB device. A 10-pin JTAG port serves as debug and programming link. The MCU firmware is presented in Section 5.2.
4 See: http://arm.com/products/processors/cortex-m/cortex-m4-processor.php
5 In comparison to ball grid array (BGA) packages.

4.5 prototype device

4.5

prototype device

The final vital sign radar layout has been routed across a 40x40mm
FR-4 PCB base with 4-layer, 35µm copper and through-hole vias only.
It therefore forms an affordable basis for further development and
future mass production. Four mounting holes with a 2 mm diameter
have been placed in the corners. The majority of components reside
on the top layer ("processing side"), whereas the radar chip and a
few smaller components have been placed on the bottom side ("radar
side"). Besides the mechanically stressed USB and JTAG connectors,
all components are surface-mount technology (SMT) based.
Regarding device temperature and heat dissipation, all heat generating components - primarily the linear voltage regulators and the
radar chip - have been connected to heatsink surfaces or ground
planes to maximise passive cooling. The PCB temperature has been
measured6 during FMCW operation with FFT preprocessing and data
stream enabled (causing maximum CPU load). Figure 4.5 provides a
thermal analysis (equalised histogram) of the developed radar device
while operating with optimal7 and maximum radar settings.

(a) Radar Side: Optimum

(b) Radar Side: Maximum

(c) Processing Side: Optimum

(d) Processing Side: Maximum

Figure 4.5: Prototype PCB Temperature (Saturated)

All readings have been taken after 30 min of continuous operation.
6 FLIR E8 infrared camera, see: http://www.flir.com/instruments/ex-series/
7 Here, "optimal" refers to heuristically obtained settings that yielded best results.
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Both measurements per PCB side are presented using the same scale
to provide comparable results. The marked spots (Sp1, Sp2) indicate
the detected temperature maxima.
Figure 4.5a and 4.5b show the temperature levels observed on the
radar (bottom) PCB side. The radar chip clearly forms the hot spot on
this side with approximately 76 ◦ C while using optimal radar configuration and about 90 ◦ C at maximum8 performance and power consumption. It is worth mentioning that the chip may consume up to
400 mA at 2.7 V which results in around 1100 mW of power dissipation. Due to the linear regulators mounted on the opposite side, the
"upper" half of the PCB is generally stronger affected by heat than the
"lower" one where MCU and DDS reside.
Figure 4.5c and 4.5d depict the measured temperature on the processing (top) side of the board. Here, the two linear regulators for
the 2.7 V radar supply can be identified as hotspots. As both components are powered from 5 V and source around 200 mA, a total dissipation power of approximately 500 mW applies for each converter.
The temperature difference between optimal and maximum operation amounts to 10 − 13 ◦ C which is basically equal to the increase
observed on the radar chip surface. Both hotspots are quite balanced
(0.2 ◦ C difference during optimal and 2.7 ◦ C at maximum operation)
in heat dissipation which indicates that the chosen supply strategy
generally distributes the radar load roughly equally across both regulators. Note that the comparably cool spot (approx. 35 ◦ C) on the
right hand side represents the USB connector with a cable attached
for power supply and data transmission. The spot in the lower right
corner represents the electrolytic capacitor from the LC power filter.
Generally speaking, these measurements proved that the designed
PCB offers sufficient heat distribution and passive cooling for proper
radar operation. Although the small form factor limits the size of heat
sinking copper surfaces, the multi-layer setup managed to keep the
temperature levels within the component specifications. Potential issues that can be discussed here are possible improvements as well as
the influence of thermal noise. By increasing the spacing between the
regulators the heat distribution could improve and the overall temperature may decrease. Moreover, a PCB stack modification in form of
additional (ground) layers may offer additional heat sinking capabilities and improved shielding while slightly increasing cost. Thermal
noise may play a role as signal noise source in RF environments and
may affect the radar chip signal quality as well.

8 Power amplifier, VCO, receiver and mixer current bias set to their highest values.

4.5 prototype device

The four PCB layers have been organised in a common signal-powerground-signal stack and are illustrated in Figure 4.6.

(a) Layer 1: TOP

(b) Layer 2: POWER

(c) Layer 3: GROUND

(d) Layer 4: BOTTOM

Figure 4.6: PCB Layer Setup

Figure 4.6a displays the top layer. This layer contains the majority of
components including MCU, DDS and power supply. Any free space
has been covered with a ground plane which functions as shielding
but also as heat dissipation for the radar chip and power regulators.
Figure 4.6b represents the power layer. Individual planes distribute
the supply voltages for analogue and digital circuitry across the board.
Figure 4.6c illustrates the ground layer. All connections to ground are
tied to this plane which serves as low-impedance current return path
and shielding barrier.
Figure 4.6d shows the bottom layer. This layer is dedicated to the
radar and therefore emits the millimetre waves. In order to free up
space on the top layer, a few components including the PLL loop filters (shorter path to radar chip) and bypass capacitors (placement
below the associated chips) can be found on this layer too. Similar to
the top layer, any free space has been covered with grounded copper
for additional shielding and improved heat dissipation.
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Figure 4.7 presents two 3D renderings of a fully assembled vital sign
radar, where Figure 4.7a depicts the top side and Figure 4.7b the
bottom side. Important features have been highlighted and tagged.

(a) Component Assembly: TOP

(b) Component Assembly: BOTTOM
Figure 4.7: Prototype PCB Assembly Previews

The previews have been generated using the EAGLE integrated IDF
tool9 for PCB step file export combined with an online 3D model
database10 for component model mapping.

9 See: http://blog.cadsoftusa.com/2015/04/eagle-and-idf-to-3d/
10 See: http://www.3dcontentcentral.com/
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SIGNAL PROCESSING

The second development phase focuses on radar signal processing.
In order to obtain the required information, the raw radar data (beat
frequencies) need to pass through a signal processing pipeline, starting with analogue filtering and ending with computer visualisation.
The first part of this chain is implemented in form of filters and a
preprocessing MCU onboard the PCB. The refined data is then transmitted to an external computer for postprocessing and visualisation,
which completes the processing chain. Figure 5.1 summarises the implemented processing stages and the associated steps.

Figure 5.1: Signal Processing Pipeline Overview

Starting in the analogue domain, the DDS generates the sinusoidal
chirp signal in the range of 25 MHz following a certain frequency
sweep waveform defined by its configuration and commands issued
by the MCU. After passing through a filter and amplification stage,
the radar PLL locks to the chirp signal as frequency reference and
translates it into the 60 GHz carrier signal via frequency divider. The
PFD outputs an error signal which is passed through the loop filter
and directly fed to the VCO, resulting in the RF frequency sweep. After power amplification and transmission, the received echo signal is
down-converted into IF domain using a mixer with IQ demodulation.
The mixer output is then amplified and lowpass filtered before it exits the radar chip. An external highpass filter removes high-amplitude
beat frequency crosstalk and enables the succeeding differential ADC
to optimise its resolution by employing a gain and offset. The preprocessed data is finally transmitted to an external computer for signal
analysis, algorithm execution and data visualisation.
Section 5.1 begins with an insight into the various analogue filters
present around the radar. It also covers the sampling process and important ADC configuration details. In Section 5.2 the onboard digital
signal preprocessing executed within the MCU firmware is discussed.
The final Section 5.3 is about the signal postprocessing performed on
an external computer, where the taken measurements get evaluated
in order to extract and display the required information.
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5.1

filtering and sampling

A total of three analogue filters are essential for proper radar operation. Besides the analogue raw data outputs, the chirp signal and
radar PLL require proper conditioning as well to guarantee circuit stability. As the transmitted carrier is directly derived from the chirp
signal it has a significant influence on the data obtained.
The first filter circuit can be found within the DDS chirp signal path
followed by an amplifier before being connected to the radar frequency input. The on-chip PLL then derives the 60 GHz RF carrier by
regulating the VCO frequency accordingly. An off-chip lowpass loop
filter forms the second filter block and closes the loop between PFD
and VCO and defines basic PLL properties like bandwidth and phase
margin. A third filter is placed between radar IF output and ADC input to remove high-amplitude, low frequency IF crosstalk.
Section 5.1.1 covers the designed chirp filter for DDS noise reduction
while preserving the sweep waveform. In Section 5.1.2 the PLL filter
and resulting loop properties are presented. The transition from analogue to digital domain is done in Section 5.1.3 where the sampling
process and important ADC settings are discussed.
5.1.1

Chirp Signal Filter

An important part of the sweep generation unit is the signal conditioning applied after the actual conversion from digital to analogue.
The differential output signal is passed through a lowpass filter to
remove spurious components generated by the DAC followed by a
differential amplifier which adapts the chirp signal to meet the input
requirement of Uin = 2 Vpp of the radar chip.
Although the DDS sweep bandwidth has been set to a rather narrow
band measuring 23.8 - 26.7 MHz, the filter aspect of phase shift is of
special interest as the output frequency band may be changed for future prototyping and testing. In order to preserve the intended sweep
waveform over a wide bandwidth while suppressing phase noise/jitter, a constant group delay over the DDS operational frequency range
is desirable. Group delay refers to all frequencies within the specified range having the same time delay. In contrast to Butterworth and
Chebyshev, Bessel filters sacrifice attenuation slope but provide constant group delay over a wide range within their passband. A fifth
order Bessel lowpass filter has been proven to filter the chirp signal
sufficiently1 while maintaining constant group delay up to 100 MHz.

1 Attenuating higher frequency DAC noise ranging from 250 MHz up to 4 GHz.

5.1 filtering and sampling

Due to PCB space constraints, a passive LC filter structure has been
chosen. The normalised filter coefficients2 for a Bessel response can
be looked up in coefficient tables, such as in [35]. In order to convert
these values to match a custom cutoff frequency, one has to denormalise the table coefficients according to Equation 5.1:
L=

RL∗
2πfc

C=

C∗
,
2πfc R

(5.1)

where
L∗

normalised inductance value,

C∗

normalised capacitance value,

R

source and load termination,

fc

cutoff frequency,

L

denormalised inductance value,

C

denormalised capacitance value.

Both signal lines are terminated with 50Ω resistors each, thus the load
resistor has been dimensioned to match the impedance across the
filter network. As the actual DAC output stage comprises a complementary (balanced) open-source transistor pair, the designed Bessel
filter needs to be converted from single-ended to differential input.
By following some basic rules [36], the in-series part (inductors) of
the filter simply gets mirrored for the complementary input while
the capacitors in-parallel get halved in value and the load resistor has
to be doubled. The final filter scheme and its simulated frequency
response and group delay have been illustrated in Figure 5.2.

Figure 5.2: Simulated Bessel Chirp Filter n = 5, fc = 100 MHz Frequency
Response and Group Delay in Differential Signal Representation

Note that the −6 dB offset is caused by the load termination resistor
matching the filter impedance. Due to component tolerances3 and
parasitic PCB effects the real response might change slightly.
2 Representing a cutoff frequency fc = 1 rad
s and impedance RS = RL = 1Ω
3 Accuracy: ±5% for inductors and capacitors > 10pF, ±0.25pF for capacitor < 5pF.
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5.1.2

Phase Locked Loop Filter

In order to close the radar on-chip PLL an external loop filter has to
be connected between PFD charge pump output and VCO tune voltage
input. As the VCO is a RF oscillator generating around 60 GHz output
frequency, the sensitivity expressed as frequency change over voltage
is typically very high. Hence, even very small noise amplitudes can already cause spectral artefacts and spurs due to VCO modulation. The
main purpose of the loop filter is to remove noise and ripple caused
by the charge pump to smoothen the VCO control line. Also, PFDs
usually produce side products depending on their implementation,
which yield high frequency spikes on the control line that need to be
suppressed by the loop filter as well [37, 38].
The PCB design enables mounting of a loop filter up to an order of
N = 4. Higher orders generally provide superior side band rejection
and spur suppression. However, high order loop filters also have an
impact on the loop stability as additional system poles are introduced
which complicates finding a stable loop configuration and thus make
the design more challenging. During the vital sign radar design, a
third order loop filter has been implemented. The unused final RC
element for a potential fourth order filter has been bridged.
Modern design techniques enabled the loop filter design process to
be simplified, speeding up the overall development. In [38, p. 593f]
a "cookbook recipe" is given comprising a step-by-step calculation
scheme which has been used below to determine the necessary filter
component values.
One usually starts the design process by specifying the loop phase
margin PM in radians. Depending on this criterion, the overall capacitance values are limited:


√

1
PM ≈ atan
b + 1 − atan √
,
(5.2)
b+1
with
b=

C0
.
CA + CX

(5.3)

To compensate for other destabilising factors, the phase margin may
be set a few degrees higher than required. For a phase margin of
PM = 50◦ the value b = 6.6 is obtained.
Next, the loop crossover frequency ωc has to be specified. A maximum loop bandwidth would confer the superior phase noise properties of the DDS as frequency reference over a wide frequency range.
However, a crossover frequency exceeding a tenth of the reference
frequency will reduce phase margin due to phase lags in the PFD.

5.1 filtering and sampling

As the DDS is operating around 25 MHz a crossover frequency of
ωc = 2π · 2 MHz lies below the limit. Having set ωc , it can be related to the following term including the b value already obtained:
√
√
b+1
b+1
ωc ≈
=
,
(5.4)
τz
R0 C0
where τz represents a certain time constant and R0 with C0 forms the
"zero-making" element, introducing the stabilising system zero.
The zero-making capacitor C0 can now be calculated as:
C0 =

b
IP K0
1
√
,
2π N b + 1 ω2c

(5.5)

where
IP

charge pump current,

K0

VCO

N

divide modulus.

gain in

rad
Vs ,

The charge pump current can be set via radar chip configuration from
100 µA upwards and equals IP = 1 mA. The VCO gain determines the
sensitivity or rate of frequency change when changing the tune voltage and equals K0 = 2π · 6.5 GHz
V . The divide modulus is based on the
programmed frequency multiplication factor and equals N = 2400 to
translate DDS reference to RF: 25 MHz · 2400 = 60 GHz.
Substituting C0 back into Equation 5.4 yields
R0 =

τz
.
C0

(5.6)

This completes the design of the main filter part. For the remaining
components another time constant is defined:
τx = RX CX

with

0.01 <

τx
< 0.1 ,
τz

(5.7)

1
1
to 20
of τz . Considering
where τx is usually chosen to lie between 30
1
some design margin, the time constant has been defined as τx = 25
τz .

The filter calculation is completed by reconsidering the denominator
from Equation 5.3 comprising the sum of CA and CX . These capacitors can be freely selected as long as the sum amounts to the correct
value. The design guide recommends both capacitors to be as large as
possible (limited by the time constants) and with equal capacitance
to suppress broadband noise modulation. The calculation of RX from
Equation 5.7 finalises the loop filter design.
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Table 5.1 summarises the obtained values from the calculation scheme
and lists the chosen filter components for mounting.
R0

C0

CA

RX

CX

Calculation Result

5.343 kΩ

41.1 pF

3.11 pF

2.821 kΩ

3.11 pF

Component Value

5.6 kΩ

39 pF

3.3 pF

3 kΩ

3.3 pF

Table 5.1: Loop Filter Calculation Results and Component Values

The simulated phase and frequency response of the designed loop
filter has been plotted in Figure 5.3. Note that fc here denotes the
crossover frequency in Hz (converted from ωc in rad
s ).

Figure 5.3: Simulated Phase Locked Loop Filter with n = 3, fc = 2 MHz and
PM ≈ 50◦ Frequency and Phase Response

The filter magnitude can be interpreted as linear function for frequencies well below (6 100 kHz) or above (> 50 MHz) the crossover frequency fc which has been set to 2 MHz during the design process.
As the charge pump outputs a certain current, the loop filter translates this current into a voltage to feed into the VCO. At lower frequencies, the PFD charge pump output charges the filter capacitors
and the resulting control voltage is forwarded to the VCO. At higher
frequencies, the loop filter starts to attenuate the signal to reject HF
ripple and detector side products.
Beside the crossover frequency, phase margin played an important
role during the design procedure. Phase margin usually expresses
the difference between signal phase and 180◦ and is an important stability measure for the loop. Depending on the system feedback (positive/negative), a signal phase exceeding 180◦ may cause instabilities
or oscillations when fed back and compared to the input reference.
The simulation yielded a phase margin of around 45◦ which expectedly lies a few degrees below the assumed margin of 50◦ [37, 38].

5.1 filtering and sampling

5.1.3

Radar Sampling

The radar chip outputs a total of six analogue signals that require ADC
sampling. In contrast to single-ended in-phase RSSI (rssiRX1 i , rssiRX2 i ),
demodulated IQ signals from both receivers (RX1i , RX1q , RX2i , RX2q )
are expressed as differential (balanced) signal pairs each which is why
a total of ten analogue channels have to be processed.
The MCU on-chip ADC core features 12 bit resolution and operates
from 2.7 V as reference voltage. An analogue multiplexer switches between the different channels and provides the signal values for the
conversion core. In this context, two essential timing measures arise:
tracking time tT RACK and conversion time tCONV . The ADC peripheral is run from a system clock prescaler yielding a clock frequency
1
fADC = 20 MHz and clock cycle tADC = fADC
= 50 ns. The tracking
time represents the delay between two consecutive conversions of different channels and requires a minimum of tT RACK = 15 · tADC to
provide stable conversion results. Using minimal tracking time yields
the minimum (single) conversion time tCONV = 20 · tADC .
For the vital sign radar operation, a certain number of samples N has
to be acquired over one sweep period TSW . As changing application
scenarios may require both N and TSW to be adjusted, the ADC has to
adapt its sampling frequency fS to match the resolution requirement.
This is realised by running the ADC in triggered mode, in which certain events can start a single conversion across all channels. By using
the timer peripheral as ADC trigger, a conversion can be issued at
variable intervals. Figure 5.4 shows the relation between sampling
frequency fS and sweep period TSW for different sample numbers
N. The limit represents the maximum sampling capability of 1 MSps
distributed across eight differential (RSSI inactive) signals.

N=2048
N=1024
N=512
N=256
N=128
Limit (no RSSI)

Sampling Frequency [f S] = Hz
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Figure 5.4: Sampling Frequency fS vs. Sweep Period TSW vs. Sample Size N
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In order to free the CPU from any data synchronisation and control tasks related to the sampling procedure, an independent direct
memory access (DMA) based background processing concept has been
developed. By defining a memory buffer for the samples and introducing a timer as ADC trigger, the necessary CPU interaction can be
minimised. As soon as a conversion has been completed, an interrupt
is raised signalling the availability of new data in memory. While a
conversion is in progress, previously collected data can be processed.
The implemented MCU firmware is reviewed in Section 5.2.
The IQ modulated IF output signals often carry a significant amount
of low frequency components due to beat frequency crosstalk. In order to improve resolution and to avoid exceeding the ADC reference
boundaries, a highpass filter connects radar output with ADC input.
As the FMCW sweep period has been set to TSW = 20 ms, the result1
ing FFT bin size is ∆f = TSW
= 50 Hz. A first order differential RC
highpass filter with a cutoff frequency of 25 Hz attenuates the first
bin sufficiently while occupying minimal PCB space. Figure 5.5 shows
the simulated beat frequency filter response.

Figure 5.5: Simulated Beat Frequency Crosstalk Filter n = 1, fc = 25 Hz Frequency and Phase Response in Differential Signal Representation

With the dominant low frequency crosstalk removed from the radar
raw signal, the ADC is able to apply a gain G = 2 on the converted
signal without exceeding its reference boundary (causing clipping)
and thus improving overall resolution. As the ADC core operates in
differential mode for the radar IQ signals, the gain setting defines the
full scale ranging from 83 Vref to 85 Vref [34, p. 1094]. As Vref amounts
to 2.7 V this translates into a voltage scale from 1.01 V to 1.69 V or
−0.34 V to 0.34 V in differential representation, respectively.

5.2 internal preprocessing

5.2

internal preprocessing

Besides analogue signal sampling, the onboard ARM Cortex-M4 powered MCU is performing further signal preprocessing steps including
raw data conversion, sample windowing and range profile computation. The preprocessed information is then transferred to an external
host computer for postprocessing, analysis and visualisation.
The MCU firmware has been implemented in C using the coding environment Atmel Studio4 7. Along with the tool comes the open-source
Atmel Software Framework5 (ASF) which offers predefined peripheral drivers and services (e.g. USB stack) with code examples and is
thus perfectly suited for rapid prototyping. As the MCU is based on a
Cortex-M4 CPU that offers basic DSP instructions, the Cortex Microcontroller Software Interface Standard6 (CMSIS) as part of the ASF
is being used for the signal processing and floating point arithmetic
part. It contains an optimised maths library for various signal processing algorithms such as floating point vector multiplication, complex
FFT and complex magnitude computation.
Naturally, the physical processing platform has a great influence on
performance and efficiency. As previously mentioned in Section 4.4
the Cortex-M4 is clocked from an on-chip PLL running at 120 MHz,
which represents the maximum clock frequency for this kind of CPU.
Both on- as well as off-chip data transfers are heavily dependent on
DMA for CPU-less memory management and data exchange. Interrupts have been widely disabled on the system. A DMA interrupt
is used to signal a completed sampling procedure occurring every
TSW = 20 ms. A second interrupt is issued at USB command reception, which only happens during configuration changes or data synchronisation sent by the external computer.
The following Section 5.2.1 gives an overview about the firmware architecture, the relevant modules created and the associated MCU peripherals. The prepared data is made accessible in form of selectable
data streams which are presented in Section 5.2.2. Transmission aspects like message structure, handshaking and data format are covered as well. In Section 5.2.3 the preprocessing algorithm and data
flow is briefly explained and illustrated via flowchart diagram.

4 See: http://www.atmel.com/Microsite/atmel-studio/
5 See: http://asf.atmel.com/docs/latest/
6 See: http://www.keil.com/pack/doc/CMSIS/DSP/html/index.html
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5.2.1

Firmware Organisation

The preprocessing MCU should simplify and speed up the radar data
interface from a user’s point of view, which is why a performant
firmware architecture is essential to prevent bottlenecks in the processing chain. A high data throughput does not necessarily require
a high transmission baud rate but rather an efficient buffer management and background processing to deliver the data to be sent. Aspects like core frequency, interrupt management and code efficiency
are crucial factors in the firmware design and determine the overall
performance. An architecture overview is given in Figure 5.6, showing the basic firmware components and their relations.

Figure 5.6: Architectural Overview: MCU Firmware

The following paragraphs each cover a firmware module and briefly
explain the associated tasks and features.
spi: radar interface The radar chip requires a 152 bit configuration string to be loaded to specify its internal behaviour. A trivial
SPI implementation transfers the configuration data twice in order to
verify (read back) the configuration present in the shift register. As the
datasheet [19] errata section contains some information on crosstalk
between SPI data lines and internal radar circuitry, the interface is
shut down during normal radar operation (active sampling).
twi: dds interface The DDS contains several registers with varying sizes and bitfields to be individually programmed. The configuration sequence is based on a simple protocol that splits each transfer
into instruction and data bytes. For each register to be programmed,
an instruction byte containing its address has to be sent first. De-

5.2 internal preprocessing

pending on the selected register, the required amount of data bytes
has to be transmitted afterwards. This interface is kept active during
radar operation as it is used to trigger the frequency sweeps. From
a peripheral perspective, the TWI has been realised using a universal
synchronous asynchronous transmitter receiver (USART) interface in
SPI mode with the master receive pin left unconnected.
usb: data port After MCU boot, a USB stack is started causing a
registration of the radar board as communications device class (CDC)
on the connected host. A COM port will be opened through which
the host computer can issue commands and receive the preprocessed
radar data. The serial communication properties7 have been set to
8N1 working at 10 MBd.
dma: independent buffering The DMA controller has been
programmed so that it concurrently collects the converted samples
from the ADC data result registers without any CPU intervention.
Once all samples have been collected (sweep done) and stored in
memory, the CPU gets informed through an interrupt signalling the
availability of new data. It then converts the raw data from the DMA
buffer and stores it in a secondary buffer for floating point processing. After data conversion but before processing the next sampling
cycle (sweep) is initiated. Despite causing some concurrent complexity such as synchronisation and shared memory, this scheme ensures
maximum CPU utilisation and data throughput while minimising
radar inactivity times between consecutive sweeps.
timer: conversion triggering Depending on the requested
number of samples N per sweep and the sweep period TSW , the ADC
has to change its sampling frequency by using a conversion trigger. In
addition to that, a sequencer enables the definition of custom conversion sequences over different ADC channels. A timer has been configSW
ured to trigger a conversion sequence at an interval of TN
. At each
trigger event, all channels defined in the sequencer list will be sampled. Between consecutive triggers the DMA controller collects and
transfers the conversion results from register space to shared memory. Besides initial setup this method can run without CPU activity
and resembles an easy way of sampling frequency adaptation.
adc: radar sampling The ADC peripheral comprises ten individual channels from which eight are being used for differential IQ
signal and two for RSSI sampling. The conversion logic converts all
channels sequentially upon timer trigger. The maximum sampling
rate is 1 MSps at the maximum sample resolution of 12 bit and gets
distributed over all enabled channels through an analogue multiplexer.
7 Number of data, parity and stop bits within one character.
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cpu: data processing Due to the previously described independent sampling mechanism and handshaking between ADC, DMA and
timer trigger, the CPU spends most of its cycles for actual data processing. Once an interrupt is issued by the DMA, the CPU fetches the
data and restarts the sampling process. While the next buffer is being
sampled, the current buffer is processed by a complex FFT.
miscellaneous For several smaller tasks like data handshaking
or reset signals the GPIO module has been used. Two status LEDs
also provide information about the current radar operation and signalise data transfer on the USB line. In case the MCU encounters any
blocking error situation, a watchdog timer resets the CPU.
5.2.2

Data Generation

For robust operation and simplified signal analysis, a serial protocol
between MCU and host computer has been implemented. Besides data
synchronisation and basic radar control, the interface offers different
data streams or formats, such as raw IQ, RSSI or FFT range profile as
output. Moreover, the graphical configuration tool supplied by the
RDK may be reused to easily adjust radar parameters as the protocol
also allows radar configuration upload to change radar parameters
without reflashing or unplugging the device.
The following list covers the implemented data streams in more detail
and gives an overview about data formats and transmission settings.
Each stream covers both radar receivers RX1 , RX2 .
1. IQ Time-Domain: 4x 1024x float32 = 16384 byte
In raw data streaming mode, the MCU is freed from any CPU intense tasks and just converts the sampled raw data from uint16
to voltages in float32 precision8 depending on the active ADC
range and resolution settings. Per default, the resolution is 12 bit
and the converted range span is 0.675 V around a DC offset of
1.35 V which results in a gain of 2. After data conversion and
before transmission, a Tukey window is applied on each channel to smoothen possible discontinuities (steps or impulses) at
the sample edges and to suppress their influence on the frequency spectrum. It is desired to keep the central part of the
sample unmodified, which motivates a Tukey (tapered cosine)
window. As the host PC takes some time processing its serial
input buffer and to prevent buffer overrun, a raw data stream
(one sweep, approx. 16 KB) is only sent after an explicit query
in form of a simple ping mechanism. The transmission order is
RX1i , RX1q , RX2i , RX2q per sample so the whole sequence can
be split based on channel index upon reception.
8 In future versions with final ADC parameters, one could stream uint16 data instead
and thus save 2 byte per sample and channel.
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2. RSSI Time-Domain: 2x 1024x float32 = 8192 byte
This streaming mode also represents raw data, but as only the
in-phase channels of RX1 and RX2 are sampled, the amount
of data transmitted is halved and no handshaking is required.
However, one has to note that both RSSI outputs must be enabled
within the radar configuration to provide meaningful information. The transmission order is buffer separated, so rssiRX1 i is
transmitted first followed by rssiRX2 i .
3. FFT Range Profile: 2x 512x float32 = 4096 byte
The range profile is calculated by sequentially executing all MCU
processing steps and thus causes the highest computational load
but yields in higher data compression. For each receiver, the
sampled IQ signal is first windowed and then transformed in the
frequency domain using a complex 1024-point FFT. The complex
input vector is created using the in-phase component as real
part and the quadrature component as imaginary part, respectively. The output vector is then corrected by the window mean
value and finally converted into the amplitude (complex magnitude) spectrum. The resulting spectrum is finally compressed
by considering the symmetry properties of a complex FFT. This
results in a very compact data packet of 2 KB per range profile,
where again RX1 data is sent first followed by RX2 .
Independent from the selected output data, a window function is
always applied on the sampled IQ mixer output to suppress discontinuities at the sample vector borders. Figure 5.7 demonstrates this
process based on an example measurement taken from RX1 .
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Figure 5.7: Sampled IQ Output with r = 0.5 Tukey Window

In the current configuration a Tukey (tapered cosine) window is used.
Depending on its coefficient r, it can match a rectangular window
(r = 0), Hann window (r = 1) or be a combination of both (0 6 r 6 1).
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5.2.3

Algorithm Flowchart

The firmware follows an easily understandable, repeating loop for its
main processing part. Depending on the currently selected data format, the MCU has to perform slightly different and run or skip certain
calculation steps before transmission. Due to the asynchronous nature of interrupts, a visual representation as flowchart yields several
entrance nodes.
Figure 5.8 summarises all firmware paths as flowchart diagram. Red
nodes represent entrance nodes and are either caused by system boot
or an interrupt. The notation assumes a return from the interrupt routine after all steps following the interrupt node have been executed.
Blue nodes symbolise functions or calculation steps. The yellow junction ensures that new data is completely buffered before processing
but is only required when FFT range profile computation is disabled
which may cause the loop runtime to drop below the sweep period.

Figure 5.8: Firmware Flowchart Diagram

Generally speaking, the firmware flow can be split into three paths:
The main loop starting with system boot, the triggered sampling cycle and finally the USB receiver event processing. One has to note
that the timer trigger interrupt is solely executed by the peripherals
involved without any CPU intervention. The USB related interrupt is
used to process incoming command and data bytes from the external
computer and serves the serial protocol.

5.2 internal preprocessing

The main program flow follows a system boot procedure, basically
setting up the MCU in terms of clock domains, peripheral initialisation and interrupt registration. It then enables the radar core with
default settings, configures the DDS for linear sweep generation and
eventually starts an initial sweep before entering the main loop. As
soon as the background sampling scheme has collected the required
amount of samples, an interrupt notifies the main loop and causes it
to enter the signal processing chain. Depending on the selected output data the chain will be fully or partly executed. The following list
briefly explains the processing steps and shows the required computation time per step.
1. Fetching Raw Data: 5 ms (uint16 → float32, N = 1024)
The samples are copied from the DMA buffer to a local processing array and converted into floating point format. If RSSI is
selected as output no further processing is performed and the
logic skips to the USB transmission step.
2. ADC Start: < 1 ms
The DMA transmission byte counter is reloaded with N and the
timer trigger is rearmed which starts a new sampling cycle with
SW
the first sample being taken after TN
seconds delay.
3. DDS Sweep: < 1 ms
By updating a DDS configuration register, the MCU issues a frequency sweep. Depending on the initialised sweep parameters,
a certain waveform and timing is applied.
4. Window: 2 ms (4x 1024-point sample vectors, float32)
After the next sweep has been started, the local buffer with floating point raw data is processed. In a first step, a window function is multiplied with the sample vectors to attenuate the beginning and end of the taken sample vector. If raw IQ data is
desired as output data the next step is skipped and the data
gets transmitted via USB without further processing.
5. Complex FFT: 65 ms (2x 1024-point complex vectors, float32)
The windowed sample vectors are combined into complex signal vectors using the in-phase as real and the quadrature signals
as imaginary part, respectively. Note that the ARM DSP library
interprets complex vectors such that real parts belong to odd
and imaginary parts to even array indices.
6. USB Send: 13 ms (16 KB binary data packet at 10 MBd, 8N1)
The final step marks the given sample vector for transmission
and starts a binary data transfer. Depending on the chosen output data, the vector to be transmitted may vary in size and be
synchronised by additional handshaking.
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5.3

external processing and visualisation

The MCU preprocessed data is sent via serial COM port to an external computer for postprocessing, information extraction and visualisation. Within this thesis, MATLAB9 has been used for radar communication, algorithm development and data visualisation.
The developed application comprises different processing scripts depending on the input data and the required results. By utilising the
implemented MCU data streams, different scenarios can be evaluated.
A serial port object10 is used for command transmission and data reception. It collects the received binary data frames and parses them
as float32 vectors. Besides algorithm (script) selection for experimental evaluation, the application also allows basic radar control such as
raw data real-time display and radar configuration upload. The latter
is done by parsing a text file generated by the RDK supplied configuration tool provided by the radar chip manufacturer. This simplifies
changing the radar properties for later experimental evaluation.
The following paragraphs cover the basic functionality and features
of the MATLAB application. The presented modes serve as a development basis and are extended and refined for different experiments
carried out in Chapter 6.
radar configuration upload As mentioned before, the application offers the possibility to upload a new radar configuration
file directly from the selection menu. This mode parses the current
configuration file generated by the manufacturer tool as hexadecimal
number and transmits the 19 byte content. The MCU then resets the
radar chip, uploads and verifies the new configuration string and
finally restarts the radar. After receiving an acknowledgement the
script returns to the mode selection menu.
received signal strength indication If the strength of the
received echo signal is of interest, the RSSI mode can output the inphase indication signals rssiRX1 i , rssiRX2 i from both receivers. This
information may be of interest when the received signal strength from
both receivers has to be compared. It may also be of interest when implementing adaptive transmission power for scenarios where a target
appears very close to the radar or has changing RCS values.
The recorded RSSI voltage may also be plotted as voltage over time
with the duration corresponding to one sweep period.

9 See: http://mathworks.com/products/matlab/, Version 2016a
10 See: http://mathworks.com/help/matlab/ref/serial.html
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raw in-phase/quadrature information The received data
is interpreted as raw IQ mixer output and plotted without further
postprocessing. As this mode causes the highest transfer load, a realtime plot may be delayed depending on plotting speed and resolution.
Consequently, this mode is rather suited for buffering consecutive
packets over time in a matrix and to process them offline afterwards.
An example plot of one raw IQ data packet can be seen in Figure 5.9.
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Figure 5.9: FMCW Radar: Raw In-Phase/Quadrature Plot

preprocessed range profile The MCU is configured as FFT
preprocessor and performs the frequency domain transformation. The
amplitude spectrum (complex magnitude) is then sent to MATLAB
for power spectrum computation11 in dBVrms and visualisation. The
frequency axis is converted into range bins and the resulting range
profiles for both receivers are plotted as seen in Figure 5.10.

Figure 5.10: FMCW Radar: Range Profile Plot
11 This step would consume additional 90 ms processing time on the MCU due to the
logarithm operation but does not yield any further data compression or benefits.
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E X P E R I M E N TA L R E S U LT S

The developed vital sign radar has been extensively tested within an
indoor environment in different scenarios and target configurations.
The implemented radar is capable of measuring several different features of a target, given suitable radar settings and reasonable processing. Besides the onboard analogue filters no further (digital) filtering
is applied on the presented results. This may be of interest in future
work focusing on vital sign monitoring for moving targets and motion pattern recognition. The presented measurement scenarios first
cover large spatial movements and are then gradually adapted to
shift the scope towards low-amplitude motion signals and eventually
demonstrate respiration detection and heart rate monitoring.
As one of the major benefits of the developed radar is to work without external RF antennas, quasi-optics are used for radiation pattern
alteration and transmission beam shaping. The use of quasi-optics
also enables the adaptation of the radar system to specific scenarios by changing the radiated beam to optimally capture target features and thus drastically increases application flexibility. The measurement setup is based on the developed radar prototype connected
to a host computer via USB and different 3D printed frames which
function as quasi-optical lens and PCB mount.
Unless otherwise noted, a calibrated reflector has been used as the
main target for object tracking and feature extraction. It corresponds
to a RCS of 1 m2 at 60 GHz and is shown in Figure 6.1.

Figure 6.1: Calibrated Reflector as Experimental Target

The following Section 6.1 briefly summarises the most important aspects concerning data acquisition. In Section 6.2 the experiments done
are explained and the results obtained are presented.
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6.1

data acquisition

The data obtained for the following experiments has been sampled
through a MATLAB serial port object using the MCU data streams.
Potential PCB interference has been attenuated using a 17x17 mm Eccosorb1 MMI-U [39] sheet with cut-out placed around the radar chip.
It provides approximately 60% absorption (around −8 dB) at 60 GHz
and slightly lowers frequency domain noise floor.
The novelty of using quasi-optics as external transceiver elements in
combination with the developed radar is analysed by using two different setups. The obtained measurements are referenced to the original
performance of an unmodified radar chip. Figure 6.2 shows the two
test configurations with PCB mounts using the bare radar chip as first
and 3D-printed quasi-optics beam lens as second setup.

(a) Configuration 1: Radar Chip

(b) Configuration 2: Beam Lens

Figure 6.2: Radar Configurations with Quasi-Optics

The radar has been operated in FMCW mode with a DDS sweep period
of Tsw = 20 ms and frequency fsw ramping up from 23.8 MHz to
26.7 MHz. The radar PLL feedback divider has been set to 600 which
translates to a frequency multiplication2 of 2400 and thus yields an
output within the 60 GHz ISM band. The RF mixer settings have been
set so that its output is lowpass filtered with the minimum filter bandwidth of 50 kHz and gain of +6 dB. The on-chip ADC has been completely disabled as the MCU performs the sampling. To remove any
DC offset the IF output is AC coupled.
The ADC sampling frequency per channel is dynamically controlled
by the MCU to match the requested number of samples per sweep.
Setting the sample size to N = 1024 per sweep has proved to be an acceptable tradeoff between MCU computational load, data refresh rate
and resolution and causes a sampling frequency fs = TN
= 51.2 kHz.
sw
The preprocessed data is transmitted using a 8N1 serial protocol with
a baudrate of 10 MBd. Both communication and supply are managed
via USB 2.0 connection demanding 500 mA.
1 See: http://www.eccosorb.eu/products/eccosorb
2 A fixed on-chip divide-by-four circuit quadruples the divider value.
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6.2

measurements and feature extraction

The presented experiments and results have been organised depending on the spatial displacement measured, i.e. position and large amplitude movements are presented first. The test conditions are then
gradually shifted towards vital signal properties incorporating low
amplitude oscillation monitoring. The final experiments eventually
cover real vital sign measurements taken from human targets. Each
test scenario is described in a separate paragraph.
large amplitude motion Movements observable in the range
profile are referred to as large amplitude motion. It corresponds to
spatial displacements larger than one range bin, as Equation 6.1 states:

∆R =

c · TSW
∆fFFT
2∆f

with ∆fFFT =

1
TSW

,

(6.1)

where ∆fFFT denotes the FFT frequency bin size and ∆R the resulting range bin or spatial (range) resolution. As the DDS sweep period
TSW = 20 ms and RF sweep bandwidth ∆f ≈ 7 GHz, the resulting
range bin or large motion amplitude amounts to ∆R = 2.1 cm.
Displacements of that order are usually related to human gestures
but also include chest movement due to breathing. The calibrated
reflector attached to a vibration generator3 has been used as target
object. The detailed scenario parameters are summarised in Table 6.1.
Scenario Parameter
Target
Target Distance

Value
Reflector
2m

Motion Waveform

Sinusoidal

Motion Frequency

4 Hz

Motion Amplitude

1 cm

Table 6.1: Large Amplitude Motion Scenario Parameters

In order to compute the motion frequency spectrum, 128 range profiles have been taken (40 ms per profile) using the respective MCU
data stream. A second FFT has been applied over the grouped range
bins to compute the presented spectrum in MATLAB. Based on the
employed profile sampling rate, a maximum oscillation frequency of
≈ 11 Hz could be detected. One has to note that the serial transmission and processing delays may introduce time jitter between the preprocessed samples and hence may cause disturbances.
3 See: http://fys.kuleuven.be/pradem/PDF_files/vibratiegen_218500.pdf
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The results obtained using the sole radar chip and the beam lens for
improved focus are displayed in Figure 6.3.
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(a) Configuration 1: Radar Chip
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(b) Configuration 2: Beam Lens
Figure 6.3: Large Amplitude Motion Tracking

When looking at the measurement in Figure 6.3a obtained with the
radar chip, it can be clearly seen that it is more affected by the surrounding environment. The oscillating reflector is a rather small point
in a relatively large angle of view. The detected motion scatters around
(2 m/4 Hz) as the environment has a stronger influence on the backscattered signal.
However, when repeating the same measurement with the beam lens
attached, the result significantly improves as seen in Figure 6.3b. By
concentrating the radiation on a smaller spot, less noise is introduced
by secondary targets and the motion frequency can be tracked more
accurately. Harmonics caused by the mechanical oscillation may still
persist, causing secondary peaks in the output.
It appears that for large motion amplitude a Doppler measurement
may thus be of interest, which in turn requires the radar to operate
with CW or triangular sweep waveform with additional processing.

6.2 measurements and feature extraction

small amplitude motion The oscillator has been set to low
amplitude4 , causing spatial displacements below 1 mm. The test parameters are summarised in Table 6.2.
Scenario Parameter
Target
Target Distance

Value
Reflector
1m

Motion Waveform

Sinusoidal

Motion Frequency

1 Hz

Motion Amplitude

< 1 mm

Table 6.2: Small Amplitude Motion Scenario Parameters

Movements of this magnitude no longer cause the backscattered beat
frequency to change, i.e. the range peak (bin) remains constant and
no motion information can be gained from the range profile. However, a real-time observation of the IQ components reveal a phase
shift proportional to the (fine) displacement of a target. In can be concluded that a certain beat frequency fb may be used for coarse target
distance estimation based on range bin resolution and its associated
phase information ϕb for fine tuning and sub-millimetre resolution,
which has also been proved in recent publications [27, 40].
In order to measure both range and phase, the MCU raw IQ data channel has been selected. A MATLAB based FFT range profile computation yielded the target peak frequency and phase. The phase shift of
this particular frequency is recorded over time and plotted at regular
intervals of 128 samples5 to prevent time jitter caused by MATLAB
processing and plotting time.
Both radar receivers have been evaluated independently and compared to the simulated idealised/optimum waveform. The phase information has been extracted from the detected peak beat frequency
associated to the reflector target. Again the radar chip has been compared to the beam lens which yielded the result given in Figure 6.4.
Both configurations were able to track the set waveform and yielded
the same peak phase shift of 0.15 rad. At 60 GHz this translates into
a movement or motion magnitude according to Equation 6.2:
∆ϕ
0.15 rad
·λ =
· 5 mm = 0.12 mm.
(6.2)
2π
2π
By letting the total phase shift exceed ±π, movements larger than the
wavelength λ could be observed by integrating the individual phase
delta values over time.
∆x =

4 The function generator signal amplitude has been set to 200 mVpp .
5 The average sampling period is 30 ms which yields a new phase plot every 3.8 s.
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As presented, the beam lens (Figure 6.4b) again indicates an improvement over the sole radar chip performance (Figure 6.4a) when it
comes to single target observation.
0.2
0.15

[∆ϕ] = rad

0.1
0.05
0
-0.05
-0.1

RX1
RX2

-0.15

Opt.

-0.2
0

0.5

1

1.5

2

2.5

3

3.5

[Time] = s

(a) Radar Chip: Sinusoidal Motion Tracking
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(b) Beam Lens: Sinusoidal Motion Tracking
Figure 6.4: Small Amplitude Motion Tracking

Although either of the configurations used could track the motion,
the beam lens was less susceptible to noise and provided a more stable result. As in the previous large amplitude scenario, this can be
based on the narrow radiation angle which concentrates radiation
and reception on the target direction while masking environmental
influence and background noise.
As small body movements may also follow non-sinusoidal functions,
triangular and rectangular oscillation patterns have been analysed as
well to further verify the obtained phase signal and to ensure its stability for eventual vital sign monitoring. Besides motion waveform, the
scenario parameters remained the same. Figure 6.5 summarises the
achieved results, where Figure 6.5a and 6.5c present the chip-only results and Figure 6.5b and 6.5d the repeated measurements with quasioptics beam lens attached. Again, both setups were able to track the
movement with the beam lens providing superior noise performance.

6.2 measurements and feature extraction

0.2
RX1

0.15

RX2

Opt.

[∆ϕ] = rad

0.1
0.05
0
-0.05
-0.1
-0.15
-0.2
0

0.5

1

1.5

2

2.5

3

3.5

[Time] = s

(a) Radar Chip: Triangular Motion Tracking
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(b) Beam Lens: Triangular Motion Tracking
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(c) Radar Chip: Rectangular Motion Tracking
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(d) Beam Lens: Rectangular Motion Tracking
Figure 6.5: Small Amplitude Motion Tracking (cont.)
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vital sign detection After evaluating the developed radar’s
capability to accurately track low-magnitude motion, the reflector has
been replaced by human targets in the test scenarios to extract chest
movement consisting of respiration and heart beat. As human targets
provide a way smaller RCS than the previously used reflector (1 m2 ),
the expected signal amplitude significantly drops and hence robust
detection gets more challenging. In addition, muscle activity and several inner chest movements may affect the measured signals in phase,
frequency and amplitude. One step further, when the human target
is even moving around, i.e. causing the range peak to jump between
adjacent range bins, advanced signal processing is required to keep
track of the target/peak beat frequency and its phase information.
All measurements presented have been taken using the previously
approved beam lens for optimal focus on the human chest.
The performed experiments and results are presented similarly as
the previous motion tracking by showing the phase information over
time. As the reflector is no longer used, the scenario parameters are reduced to target distance and condition, indicating whether the monitored person was normally breathing (superimposing respiration and
heartbeat) or holding breath (eliminating the respiration signal). Be˙ in rad
side the detected phase shift ∆ϕ in rad, its first derivative ∆ϕ
s
is presented as well to emphasise the rate of spatial displacement
or simply movement speed. A verification of the obtained results
with an electrocardiogram (ECG) or comparable reference serving as
ground truth is pending and will be performed in near future.
Three different persons have been monitored from 1 m and 2 m distance. For each distance, measurements have been taken while holding the breath and also while normally breathing. In order to recognise the low frequency respiration the sampling interval has been
increased for measurements involving breathing. All data presented
is unfiltered and directly obtained from the detected peak beat frequency. The extracted phase angle has been unwrapped6 by ±2π to
compensate phase transitions exceeding one signal period.
Figure 6.6 presents the obtained heart beat for three persons monitored from a 1 m distance. Each signal has been recorded over at least
5 s while the person was holding breath and wearing casual clothing
(T-shirt and sweater). In all cases clothing could be well penetrated
and the heart beat frequency is clearly visible without further frequency domain analysis. One interesting aspect is the difference in
heart motion pattern which may be caused by individual muscle activation or heart position but also exact radar radiation angle.

6 See MATLAB Help: http://mathworks.com/help/matlab/ref/unwrap.html

6.2 measurements and feature extraction

Each measurement comprises 256 raw IQ samples with an average
sampling interval of 30 ms resulting in ≈ 7.7 s from which 5 s are
displayed below.
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(a) Heartbeat Person 1: Phase Shift and First Derivative
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(b) Heartbeat Person 2: Phase Shift and First Derivative
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(c) Heartbeat Person 3: Phase Shift and First Derivative
Figure 6.6: Vital Sign Tracking: Heartbeat, Distance=1 m, No Respiration

The same settings apply for the repeated measurement where the
persons were sitting 2 m away from the radar. Figure 6.7 presents the
obtained results, again displayed as phase shift and first derivative.
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As expected the reflected signal is more affected by environmental
noise and its amplitude drops. A greater distance also increases the
target beat frequency which effectively lowers resolution as the signal
period and hence phase shift decrease while the MATLAB sampling
interval of approximately 30 ms remains constant.
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(a) Heartbeat Person 1: Phase Shift and First Derivative
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(b) Heartbeat Person 2: Phase Shift and First Derivative
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(c) Heartbeat Person 3: Phase Shift and First Derivative
Figure 6.7: Vital Sign Tracking: Heartbeat, Distance=2 m, No Respiration

6.2 measurements and feature extraction

So far it has been experimentally verified that information regarding heartbeat can be observed using phase information and holding
breath. However, in practice chest movements only caused by heartbeat are rather unrealistic. More likely, a superimposition of the heart
movement with several other body/chest movements is applied.
In order to evaluate the vital sign radar in terms of daily life applicability, a final experiment with 1 m target distance is carried out
but this time with people normally breathing. As the respiration frequency usually lies well below the heart rate, the recording interval is
increased to 60 sec to observe several breathing cycles. The buffered
IQ data from both receivers is again used to acquire the phase shift
over time. Since the observed phase shift is affected by multiple frequency components this time, a FFT frequency analysis is performed
instead of derivation as shown in Figure 6.8 on the following page.
Note that the frequency magnitudes have been normalised by dividing through the maximum peak to compensate for individual human
body characteristics and to provide a standardised result. For better readability only the first 30 sec of the recorded phase shift have
been plotted. As in previous measurements, no additional filtering
has been applied and only directly received raw data is interpreted.
Although the extracted phase shift looks noisy at first sight, it turns
out to contain all the frequency components of interest:
An average respiration frequency of 0.25 Hz or 15 respirations per
minute forms the first peak in the spectrum for all persons as it obviously causes the largest spatial displacement of the chest. Depending
on body characteristics, respiration harmonics may appear around
0.5 Hz which correspond to the doubled respiration frequency.
The second peak of interest represents the heart beat at approximately
1.25 Hz or 75 beats per minute (bpm) for person 1, 1 Hz or 60 bpm
for person 2 and 1.1 Hz or 66 bpm for person 3. Since the heart rate
may drift slowly over the recording time, secondary peaks scattered
around the average heart beat can arise. Moreover, heart beat also introduces harmonics at the doubled frequency of 2 Hz.
It is important to mention that even small deviations in the radiation
angle have a significant impact on signal amplitude (phase shift). This
can be explained as the RCS of a complex object such as the human
body may fluctuate depending on whether the EM waves hit more
bones or tissue but also inner lung and heart activities. The quasioptics beam lens may also play a role based on the angle of view.
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(a) Vital Signs Person 1: Phase Shift and Frequency Analysis
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(b) Vital Signs Person 2: Phase Shift and Frequency Analysis
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(c) Vital Signs Person 3: Phase Shift and Frequency Analysis
Figure 6.8: Vital Sign Tracking: Heartbeat and Respiration, Distance=1 m
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CONCLUSION AND FUTURE WORK

Within this thesis, a compact and highly integrated radar device has
been developed. A single chip radar operating at 60 GHz within the
ISM band simplified prototyping and enables the radar to be operated
without further licensing. Instead of external antennas, quasi-optics
have been integrated in the PCB mount to adapt the radiation pattern
to specific environments. A direct digital synthesiser (DDS) serves as
FMCW chirp source and provides superior phase noise. An onboard
MCU ensures tight system integration by performing tasks including
signal sampling, radar control and data streaming over an external
USB communication port.
Low phase noise, high frequency stability and usage of a quasi-optics
beam lens enabled the detection of movements from several metres
within the range profile down to sub-millimetre displacements at distances up to 2 m using phase information of the IQ modulated echo
signal and a calibrated reflector with constant RCS as experimental target. Through observation of the incoming beat frequency phase over
time, fine motion pattern could be detected, while the range profile
peaks determined overall targets, their distance from the radar and
the beat frequency associated to them.
The measurement scenarios then switched to human targets. By taking measurements from distances of 1 m and 2 m with various human
subjects and the same quasi-optics beam lens, the capability to track
and monitor heartbeat and respiration rate could be demonstrated.
When the targets were holding their breath, high resolution signals
representing chest/heart movement could be observed. Although the
superimposition of heart beats with breathing yielded a more complicated movement signal in time-domain, a FFT analysis clearly indicated the contained vital sign frequencies in the frequency domain.
The most notable issue observed is related to the influence of radiation angle. Depending on the target’s orientation relative to the radar,
the obtained results greatly varied in signal amplitude (phase shift).
In extreme cases, one on-chip radar receiver was able to track vital
signs while the other was not. Knowing that the spacing between the
receivers is around 1 mm, this fact makes clear how important proper
beam direction is. Furthermore, the observed beat frequency (range
profile peak) may jump between adjacent range bins.
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In order to increase the radar robustness and signal stability in future applications, the phase needs to be tracked across several bins.
It has to be considered that close range targets cause a lower beat
frequency with larger period and thus higher phase resolution, while
remote targets produce higher beat frequencies, effectively lowering
phase resolution. Another important aspect is the Doppler frequency
shift, caused by EM waves hitting moving objects. By reconsidering
the beat frequency crosstalk filter and executing additional low-level
signal processing, one could switch from the current sawtooth to a
triangular chirp modulation waveform. By doing so, the obtained
measurements can be unambiguously split into range and velocity
information, where the resulting beat frequency associated to the distance (range) can again be monitored for phase shift.
The developed radar device provides room for many improvements
and further research as configurability and usability have strongly
influenced the design process. Generally speaking, the overall performance can still be increased by incorporating high-performance
ADCs1 instead of the MCU internal peripheral. Depending on the required preprocessing power, the MCU firmware may be adapted to
work with fixed point arithmetic2 or if high performance is required
a DSP might be worth a consideration.
The implemented DDS may be reconfigured which offers completely
new ways of operating the radar. By disabling the linear sweep for
instance, the radar type changes to CW with a focus on Doppler and
velocity measurements. For FMCW operation, different sweep waveforms or even dynamic waveforms based on the current scenario may
be worth being evaluated as well. The currently unused RSSI signals
may be respected as well in order to dynamically tune radar transmission power to optimally capture targets at a certain distance.
The designed beat frequency crosstalk filter needs to be taken into
account when changing sweep waveform and period. Talking about
filters, the current DDS Bessel filter may be improved for specific frequency bands lower than 100 MHz. If a certain band is fixed, one
could change the current lowpass configuration to a matching bandpass (maintaining constant group delay) which further decreases the
amount of noise and spurious components on the chirp signal line.
The obtained heart frequencies could be validated using an electrocardiogram (ECG) monitor. Further verification of the obtained vital
signs (time-domain) is pending and will be carried out in near future. Also, other body parts (e.g. wrist, neck) will be tested for their
suitability as vital sign (especially heartbeat) source.
1 Providing a sampling rate > 1 MSps and sample resolution > 12 bit.
2 As the sampled IQ signals lie well between −1 V and 1 V, fixed point representation
would require only one integer (or sign) bit and may greatly speed up calculations.
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