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Elevator speed and location measurement is traditionally implemented with
motor and elevator car encoders. In this thesis, it is studied by radar. The
thesis introduces the operating principles of different radars, their advantages and
disadvantages. Frequency modulated continuous wave (FMCW) radars are chosen
for practical tests based on these findings.

The purpose of this thesis was to evaluate the feasibility of employing radar for
measuring elevator speed and location, and propose radar as the replacement of the
speed and location measuring tool in the present safety system. This was studied
with 24 GHz, 60 GHz and 77 GHz radars. In elevator shafts, the measurements
were carried out both towards the bottom of an elevator car and a ceiling of a
shaft.

The measurement results of 77 GHz radar were within the range resolution theory
in all stationary cases when measured towards the ceiling. Signal attenuation
degraded 60 GHz radar results at long distances. Though the results were also
within the range resolution theory below 50 m distances. 24 GHz radar faced
operational problems and thus accurate results were not obtained.

The ceiling of the shaft was discovered a better reflector of radar signals than the
bottom of the elevator car. The elevator shaft was found out to be a suitable
environment for radar measurements. Radar is a possible technology for measuring
elevator speed and location, but radars tested in this thesis need further development
for fulfilling the measurement criteria set by the desired application.
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Hissin paikka- ja nopeusmittaus on perinteisesti toteutettu moottorin ja hissikorin
enkooderien avulla. Tässä diplomityössä sitä testataan tutkalla. Työssä esitellään
erilaisten tutkien toimintaperiaatteita, etuja ja haittapuolia, joiden pohjalta
käytännön testeihin valittiin taajuusmoduloituja, jatkuva-aaltoisia (FMCW) tutkia.

Työn tavoitteena oli selvittää tutkan käyttökelpoisuus hissin paikan ja nopeuden
mittaamiseen sekä ehdottaa sopivaa tutkaa paikka- ja nopeusmittauksen korvaa-
jaksi nykyisessä turvajärjestelmässä. Tätä tutkittiin 24 GHz:n, 60 GHz:n ja 77
GHz:n FMCW-tutkilla, joilla mitattiin hissikuilussa sekä hissikorin pohjaa että
kuilun kattoa vasten.

77 GHz:n tutka pysyi kaikissa etäisyyden mittauksien paikallaan olevissa ta-
pauksissa etäisyysteorian erottelutarkkuuden sisällä, kun mitattiin kattoa kohti.
Signaalin vaimentuminen heikensi 60 GHz:n tutkan mittaustuloksia pitkillä
etäisyyksillä. Mittaustulokset olivat kuitenkin teorian rajojen sisäpuolella alle 50
metrin matkoilla. 24 GHz:n tutkalla havaittiin operatiivisia ongelmia, joiden takia
tutka ei soveltunut mittauksiin.

Mittaustuloksista havaittiin, että hissikuilun katto toimii paremmin tutkasignaa-
lien heijastimena verrattuna hissikorin pohjaan. Hissikuilu osoittautui soveltuvaksi
ympäristöksi tutkamittauksille. Tutka on mahdollinen tekniikka hissin paikka- ja
nopeusmittaukseen, mutta tässä diplomityössä käsitellyt tutkat vaativat parannuk-
sia, jotta sovelluksen asettamat mittauskriteerit täyttyvät.
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Symbols and abbreviations

Symbols
a Radar corner reflector edge length [m]
c Speed of light in vacuum = 299 792 458 [m/s]
d1 Fresnel zone distance of point P from one end [m]
d2 Fresnel zone distance of point P from the other end [m]
E/N Ratio of received energy to noise power per hertz
f Frequency [Hz]
fd Doppler frequency [H]
fp Pulse repetition frequency [Hz]
fs Sampling frequency [Hz]
F Propagation factor
Fm The mth Fresnel zone radius [m]
GT Gain of the transmitting antenna in direction of the target
GR Gain of the receiving antenna in direction of the target
h Height of the insulating layer [m]
k Boltzmann’s constant ≈ 1.38× 10−23 [J/K]
ktr Slope of the range measurement results [MHz/V]
L Loss
m Number of the Fresnel zone
n Refractive index
N Number of sampling points
P Selectable observation point between the transmitting and receiving antenna
PT Transmitted power
R Range to a target [m]
Rmax Maximum unambiguous range [m]
Rmin Minimum range [m]
R1 Transmitting antenna distance to the target [m]
R2 Receiving antenna distance to the target [m]
t Time of flight [s]
tr Radar recovery time [s]
ts Time of complete frequency sweep [s]
T Effective noise temperature [K]
w Width of microstrip line [m]

∆f Transmitted and received signal frequency difference [Hz]
∆fe Received echo signal frequency [Hz]
∆fe,max Maximum detectable echo signal frequency [Hz]
∆ft Transmitted signal bandwidth [Hz]
∆φ Phase difference
∆R Range resolution [m]
∆t Delay time of target echo [s]
εr Dielectric constant of the insulating material
λ Wavelength [m]
σ Equivalent reflecting area of target, radar cross section [m2]
τ Pulse duration [s]
τ1 Time of observation [s]
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Abbreviations
ARPANSA Australian Radiation Protection and Nuclear Safety Agency
CW Continuous wave
DC Direct current
ECC Electronic Communications Committee
ECM Electronic countermeasure
ETSL Emergency terminal speed limiting device
FCC Federal Communications Committee
FFT Fast Fourier transform
FMCW Frequency modulated continuous wave
ICNIRP International Commission on Non-Ionizing Radiation Protection
IF Intermediate frequency
IRPA International Radiation Protection Association
ISM Industrial, scientific and medical
ITU International Telecommunications Union
LNA Low noise amplifier
MTI Moving target indicator
MW Microwave
NCRP National Council on Radiation Protection and Measurements
PCB Printed circuit board
RAR Real aperture radar
RCSR Radar cross section reduction
RF Radio frequency
SAR Synthetic aperture radar
SMA SubMiniature A -connector
VSWR Voltage standing wave ratio
WHO World Health Organization
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1 Introduction
Two functions that are essential for an elevator are the ability to recognize its speed
and most importantly its location. Currently, elevators determine their speed and
location by using the feedbacks of motor and car encoders. [1] For floor positioning
by accuracy of ±3 millimeters, there is a reader unit connected to the bottom of an
elevator car and floor code plates to walls of elevator shafts. This positioning system
is illustrated in Figure 1.

Figure 1: Locating system of a high speed elevator. [1]

This thesis focuses on high rise elevators, the speed of which exceeds 2.5 meters
per second. These elevators have a safety system for preventing an elevator car
running into the bottom or to the ceiling of a shaft at full speed. For that function,
Emergency Terminal Speed Limiting device (ETSL) is used, which consists of several
ETSL boards in a control cabinet, many switches in a shaft and two magnets on top
of an elevator car. The switches on the shaft wall are connected to the control room
by cables. Speed of an elevator defines the required amount of ETSL boards. For
example, an elevator with a nominal speed of 4 meters per second requires two ETSL
boards. These boards measure the elevator speed from the car and motor encoders in
predefined shaft locations. Friction is essential for the car encoder correct operation,
but safety systems cannot rely only on friction [2]. Therefore, also motor encoder
speed data is used in ETSL system. When the magnets pass the ETSL switches
in the shaft, the ETSL measurement is triggered. Both the car and motor encoder
speed checks are triggered through independent switches. These speeds are compared
and if the preset value differences are crossed, the ETSL generates an emergency
stop. [1]

However, this system requires many components, which makes it expensive and
laborious to install and maintain. Moreover, its data is discontinuous due to limited
amount of switches in the shaft. One potential solution to overcome these issues
would be using radar in ETSL system. Radars have not been used in the elevator



shafts previously, but they have been simulated with a signal generator and a network
analyzer. Those results were promising.

The purpose of this thesis is to evaluate the feasibility of employing radar for
measuring elevator speed and location and propose radar for the ETLS system.
In order to accomplish this, the thesis compares three radar modules, which are
commercially available [3–5]. However, Elva-1 [6] is borrowed for cost saving reasons.
Elva-1 requires modifications and additions in order for it to function as frequency
modulated continuous wave (FMCW) radar. Research will be done by testing various
radar types, whose properties after a review prove to appoint the elevator application
best. Tests are performed both in steel and concrete elevator shafts. In this thesis,
the range goal is 300 meters and speed measurements as fast as possible although
the minimum of 20 measurements per second should be obtained.

Radar is an electromagnetic device for detecting and locating reflective objects [7].
RAdio Detection and Ranging is usually shortened as RADAR. Conventional active
radar transmits electromagnetic energy and receives some of the energy reflected
from targets.

Radars have been widely used for numerous purposes, including detection of
targets, target position and range measurement as well as angular coordinates
and radial velocity, tracking and target path estimation, imaging target or area,
target classification, discrimination and identification, weather observation and
prediction [8,9]. Automotive industry has become a common application for radar
technology in recent years. Rear blind spot detection, reverse radar for crash warning
and forward crash avoidance are typical examples of radars in new cars. Other
techniques, such as ultrasonic sensors, optical sensors and cameras are also used for
assisting the driver. [10] Traditional parking radar is most commonly executed with
ultrasonic technology and thus it is not actually radar.

The structure of the thesis is as follows. Chapter 2 introduces current radar
technologies in order to identify the most effective technology for use as an elevator
speed and location measurement tool. Chapter 3 describes the radar modules
based on the technology selected in Chapter 2. Chapter 4 presents the test sites,
measurement arrangements and methods as well as takes a brief look into safety
questions. Chapter 5 shows the measurement results for the proposed radar modules
in different environments and discusses about the discoveries. Chapter 6 concludes
this thesis with a brief summary as well as suggestions for further research on the
topic.
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2 Radar technologies
The previous chapter explained briefly what radar is and what are its common
applications. Buildings are built higher and higher, which denotes that elevator
shafts may exist from a couple of meters to several hundred meters. In order to find
a suitable radar for elevator speed and location measurement, it is mandatory to
understand different radar technologies and their special features. Therefore, this
chapter introduces radar operation, types, and justifies why only some of them are
chosen for further examination.

2.1 Radar targets and calibration
Electromagnetic energy travels at the velocity of light c ≈ 3 × 108 [m/s] in free
space. [8] Reflections from metallic objects, refraction and diffraction may interfere
with the energy propagation speed though diffraction is usually not significant in
radar frequencies. Distances to the targets are measured with various techniques
depending on radar types, which are presented in more detail in Section 2.2. Common
ways to measure distance are a time measurement of the transmitted signal from
radar to the target and back to radar and a frequency measurement of the reflected
signal.

Various radars have different requirements. Mere detection, range, a constant
false alarm rate, ability to discriminate different targets and operation in the presence
of jamming may be the most important performance criteria for radar. For all types
of radars, the ratio of received energy to noise power per hertz, E/N , is comparable.
For this parameter, the basic radar equation is developed

E

N
= PTGTGRλ

2στ1

(4π)3kTR1
2F1R2

2F2L
, (1)

where PT is transmitted power, GT is the gain of the transmitting antenna in the
direction of the target, GR is the received gain in the antenna, σ is the radar cross
section, τ1 is time of observation, which is determined by the time constant or
allowable data rate, k is Boltzmann’s constant, T is the effective noise temperature,
F is a propagation factor, R1 is distance from antenna to target, R2 is distance from
target to antenna and L is a loss factor for ohmic and similar losses. Different radar
designs may be compared for the same application with the radar equation. [11]

A moving target causes a small frequency change to the reflected signal from the
target. This phenomenon is called the doppler effect. The change in frequency is
referred to the doppler frequency, fd, which is calculated from the phase difference,
∆φ, [12]

∆φ = 4πR
λ

. (2)

The target range, R, will change due to the moving target. The target range change
affects the phase difference, which is equivalent to the doppler frequency as follows

fd = 1
2π

d∆φ
dt

= 4π
λ

1
2π

dR

dt
= 2v

λ
, (3)
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where v is the radial velocity of the target. It is possible to distinguish approaching
and receding targets with the doppler frequency. Let the system frequency be f .
Approaching targets would have a frequency of f + fd and receding ones a frequency
of f − fd. [12]

2.1.1 Frequency

Radars may be used in wide frequency bands from a few megahertz up to the optical
and ultraviolet zone. [9] Nevertheless, most applications have been built for microwave
bands between 1 and 40 GHz. The frequency of electromagnetic wave, f , is related
to its wavelength, λ, by [8]

f = c

λ
. (4)

Used radar frequency and wavelength play a key role in radar properties. The
higher the frequency is, the shorter the wavelength will be according to Equation
4. High frequency indicates better resolution for target detection due to a smaller
wavelength. However, the maximum range is decreased when the frequency is raised,
though, the wavelength decreased. Applications set requirements for frequencies to
be used. The elevator shaft could be used as a waveguide with megahertz frequencies.
Though an elevator car size sets requirements for the radar resolution. When the
elevator shaft could be a waveguide, the resolution is not good enough to detect the
elevator car according to Equation 4. The resolution requirement indicates suitable
frequency to be found above a couple of gigahertz’.

Government regulating agencies have limited the radar signal frequency to specific
frequency bands. Table 1 presents the frequency bands and the standard frequency
band letter system authorized by International Telecommunications Union (ITU).
These restrictions are for commercial users to guarantee other services having enough
electromagnetic spectrum. Radars operating at the same frequency bands have mutual
interference and for instance airplane navigation systems may not be disturbed by
other devices, such as radars. [7]

Electronic Communications Committee (ECC) is responsible for developing com-
mon policies in electronic communications and harmonising the use of the electro-
magnetic spectrum in Europe. Federal Communications Commission (FCC) has the
same function in the USA. Every country has their own agency for setting the final
regulations, which is Viestintävirasto in Finland. Specific frequencies are allocated
within Table 1 frequency bands. The use of the same frequency band might not be
permitted all over the world. The frequency bands reserved for industrial, scientific
and medical (ISM) use are freely used and therefore, using them is the easiest way
to produce new applications from the licensing point of view. Table 2 presents the
available frequency bandwidths concentrating on the frequencies of the radar modules
that have been chosen for tests in this thesis. Frequency regulations are revised often
and changes are possible. For instance, the use of 22-24.25 GHz frequency band is
allowed only until 31 December 2016 in Japan [14].
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Table 1: Standard radar frequency bands. [8, 9, 13]

Band desig-
nation

Nominal fre-
quency range

Spesific frequency ranges for radar
based on ITU assigments for region 2

HF 3-30 MHz
VHF 30-300 MHz 138-144, 216-225 MHz
UHF 300-1000 MHz 420-450, 890-942 MHz
L 1-2 GHz 1215-1400 MHz
S 2-4 GHz 2300-2500, 2700-3700 MHz
C 4-8 GHz 5250-5925 MHz
X 8-12 GHz 8500-10680 MHz
Ku 12-18 GHz 13.4-14.0, 15.7-17.7 GHz
K 18-27 GHz 24.05-24.25 GHz
Ka 27-40 GHz 33.4-36.0 GHz
V 40-75 GHz 59-64 GHz
W 75-110 GHz 76-81, 92-100 GHz
mm 110-300 GHz 126-142, 144-149, 231-235, 238-248 GHz

Table 2: Available frequency bandwidths in different locations. [14–17]

24 GHz 60 GHz 77 GHz
Europe ISM 250 MHz

(24-24.25 GHz)
ISM 500 MHz
(61-61.5 GHz)

76-81GHz

USA ISM 250 MHz
(24-24.25 GHz)

59-64 GHz 76-77.5GHz, 78-81GHz

Japan 200 MHz (24.05-
24.25 GHz, until
31 Dec 2016)

60-61 GHz 76-77GHz, 78-81GHz

China ISM 250 MHz
(24-24.25 GHz)

ISM 500 MHz
(61-61.5 GHz)

76-77.5GHz, 78-81GHz

2.1.2 Bandwidth

Transmitted radar signal bandwidth basically represents the amount of achieved
information. The larger the bandwidth is, the more information is available for target
detection and separation from each other. The bandwidth of the transmitted signal is
generated by widening the transmitter bandwidth by amplitude, frequency or phase
modulation. Classical pulsed radars typically utilize amplitude modulation. Range
resolution, ∆R, gives the minimum distance, where radars can separate two different
targets. The effective signal bandwidth, ∆ft, is a significant factor determining the
range resolution. For pulsed radar system, the correlation between pulse duration
and the effective signal bandwidth is defined [18]
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∆ft ≈
1
τ
. (5)

The range resolution for pulsed radar is determined with the pulse duration, τ , [18]

∆R = cτ

2 . (6)

Frequency modulation is used much in CW radars. It spreads the energy of the
carrier wave over a large modulation bandwidth ∆ft. The power spectrum over the
∆ft is nearly rectangular, which helps detecting targets with high resolution. A
theoretical limit for range resolution of FMCW radar is given by [18,19]

∆R = c

2∆ft

. (7)

Approximately, the same equation is achieved for pulsed radars by combining Equa-
tions 5 and 6. These Equations 5 - 7 imply that the higher the desired range resolution,
the more signal bandwidth is needed. One meter range resolution is achieved with
the bandwidth of 150 MHz, for instance.

An example of phase modulation is stepped frequency waveform, which is used
both in pulsed and CW radars. The transmitted modulation bandwidth, ∆ft,
is divided to equal frequency steps. After each transmitted step, the echo at a
particular range is detected during the frequency sweep and the amplitude and
the phase information is stored. Otherwise the phase information could not be
maintained. For consecutive steps equally spaced in frequency the phase shift, ∆φ,
is predicted

∆φ = 4πR∆f
c

, (8)

where ∆f is the frequency difference of consecutive steps. This shift is apparent to
doppler frequency, which is a function of range to the target. Multiple targets will
each produce a unique frequency that can be extracted from the time domain signal
with the Fast Fourier Transform (FFT). The range resolution to this modulation is as
Equation 7, where ∆ft is the total frequency excursion of the transmitted signal. [18]

2.1.3 Environmental conditions

The operating principle of primary radar is based on reflecting electromagnetic
waves from a target. Radiated energy back towards radar is dependable on target
composition, size, shape and on the frequency and the nature of the carrier wave.
This energy distribution is called scattering. In general, the energy is scattered in all
directions. Scattering is called the radar cross section or the back scattering cross
section, when the energy is scattered back towards radar. The radar cross section, σ,
is not a constant and it is strongly angular-dependent of the target properties. It
is represented in square meters. The higher the cross section is, the higher is the
detectability. Small detectability may be an important factor for military applications.
The detectability may be reduced by radar cross section reduction (RCSR), which is
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achieved by shaping, with radar absorbing materials, and with passive and active
cancellation. [20]

The Earth’s atmosphere affects the propagation of radio waves. Generally, air is
not ionized near the ground, which results in negligible small conductivity [21]. The
refractive index of radio waves near the ground is between 1.00025 and 1.00040 [22].
This leads to a slight refraction of radio waves in neutral air. Attenuation of signals
is significant at specific frequencies as seen in Figure 2. Especially at 60 GHz, oxygen,
O2, absorbs radiation significantly.

Figure 2: Average attenuation in the Earth’s atmosphere. [23]

The free space propagation assumes a clear line of sight between the transmitting
and the receiving antennas. Satellite communications have this situation in most
occasions, but in terrestial communications obstacles like buildings, terrain or vege-
tation may obstruct the path. Fresnel zone equation has been provided for securing
the free space propagation. Fresnel zone is an ellipsoid and its radius is as follows

Fm =
√
mλd1d2

d1 + d2
, (9)

where d1 is the distance of the observation point P from one end, d2 is the distance of
point P from the other end and m is the number of the Fresnel zone. P is a selectable
point between the transmitting and receiving antenna. The radius of Fresnel zone is
at maximum at each distance when P is chosen for the middle of the transmitting
and receiving antennas, in other words d1 = d2. The first Fresnel zone, m = 1, should
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be kept free of obstructions as a general rule of thumb in order to achieve signal
transmission under free space conditions. Figure 3 illustrates the first Fresnel zone
in an elevator shaft. [24]

Figure 3: The first Fresnel zone illustrated in an elevator shaft on top of an elevator
car.

Ropes, walls and moving counterweight are quite close to the signal path between
the transmitting and receiving antennas in the elevator shaft. The radius of the first
Fresnel zones at midway points, d1 = d2, at different frequencies and distances are
calculated in Table 4. The smallest cross section dimensions of a high rise elevator
shafts are 2.2 m * 2.3 m. The ropes are attached to the elevator car near the center of
the shaft, usually around one meter from the wall. This gives the absolute maximum
Fresnel zone radius of 60 cm, which is free of obstacles in the smallest shafts. Thus,
in the worst case scenarios at least 300 meter ranges are achievable with the first
Fresnel zone criteria fulfilled at over 60 GHz frequencies. Though the air in the shaft
may be assumed as free space conditions. Nevertheless the antenna radiation pattern
probably causes some reflections from walls or ropes.

The reflective properties of walls may be predicted. For that it is very important to
know precisely the dielectric parameters of reinforced concrete walls for determining
the transmission and reflection coefficients, which vary with the environmental
conditions. [25] Steel grid square size and wall thickness are remarkable factors for
reflective properties. Nevertheless, the electromagnetic field in the elevator shaft will
probably be disturbed by reflections from walls, whether they are made of steel or
concrete.
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2.1.4 Equipment

An antenna is a device interfacing between a circuit and space. Transmitting and
receiving antennas are needed in radar applications. If the same antenna transmits
and receives electromagnetic energy, it is called a monostatic antenna. In bistatic
radar, the transmitting and receiving antennas are separate and in different locations.
Antennas are linearly, elliptically or circularly polarized. An antenna can theoretically
be blind to a wave of opposite polarization. Although most of the cosmic radiation is
not polarized and can be received equally well despite the antenna polarization. [26]

The most important antenna parameters are directivity, gain and the impedance
match [26]. Especially the high directivity of the antenna reduces wall reflections on
the application of this thesis. The elevator shaft is narrow and all reflections from
walls can not be totally avoided. Thus, the amount of reflections is good to keep at
minimum.

An antenna needs to be connected with radar. The connection can be done with
cables or straight to the waveguide interface with a WR type connection. A typical
radio frequency signal transmission cable is a coaxial cable like RG58 or RG174 [27].
One common application for coaxial cable usage is television, for example. Cable
type and used frequency affect much to the signal attenuation inside the cable. Table
3 presents common cable types, their characteristic impedances and attenuations at
various frequencies. Attenuation may vary with different manufacturers. Nevertheless,
attenuation increases along the frequency, which makes WR type antenna connections
more attractive with high frequencies.

Table 3: Coaxical cable attenuation over frequency by SSi Cable Corporation and
HUBER+SUHNER. [28,29]

Attenuation dB/m
Cable Z0 [Ω] 1 GHz 10 GHz 20 GHz 60 GHz 77 GHz
RG58 53.5 0.92
RG174 50 1.12
RG402 50 0.39 1.48 2.30

Microbend 50 1.00 3.80 5.50 9.80 11.20

2.2 Types of radars
Radar systems may be sorted into different categories on the grounds of their special
features and installation platforms. The main division between radars according to
their operating principle is pulse radars and continuous wave (CW) radars. The
difference between pulse and CW radar is the radiation transmission method. Pulse
radars transmit repetitive pulses, whereas CW-radar transmission is continuous.
Another division is primary and secondary radars, which differ from each other by
propagation of signals.
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2.2.1 Pulse radars

In the basic pulse radar concept, distance to the target, R, is defined with the flight
time, t, of electromagnetic energy from radar to the target and back to radar. This
general radar operating principle is presented in Figure 4. [8]

R = ct

2 . (10)

Figure 4: General pulse radar operating principle: Radar transmits energy, which
backscatters from a target. Distance is calculated from the round trip time of flight.
[30]

Pulse radar cannot transmit and receive pulses simultaneously, which sets limits for
the minimum detectable range [31]. For a target too close, radar is still transmitting
the pulse when it is already reflecting back to radar. The minimum measurable
distance, Rmin, is determined

Rmin = c(τ + tr)
2 , (11)

where τ is the pulse duration and tr is the recovery time needed for radar changing
from the transmitting mode to the receiving mode. The maximum unambiguous
range, Rmax, is defined

Rmax = c

2fp

, (12)

where fp is the pulse repetition frequency. [13,31]
Moving target indication (MTI) radar is designed for detecting moving targets

such as airplanes. Fixed or slow-moving unwanted targets like buildings, trees
and rain are rejected at once. MTI radar utilizes the doppler shift transmitted on
reflected signals. It is often called pulse doppler radar, which separates moving
targets from fixed targets by comparing pulse reflection times between consecutive
pulses. Reflections from a building occur exactly the same amount of time during
consecutive pulses, for instance. Target motion is determined by comparing the
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received signal phase with the phase of a reference oscillator in radar. The changed
phases of the received signal indicate target movement. [32]

Pulse compression radar is a pulse radar, which transmits a coded pulse made by
frequency or phase modulation. Bandwidth of the coded pulse is large in comparison
with the uncoded pulse with the same duration. The echoed signal is processed
with a pulse compression filter to decode the response from targets. The advantages
of pulse compression radar are increased detection range while retaining the range
resolution of radar, which uses a narrow uncoded pulse. The average power of
the pulse compression radar may be increased without increasing pulse repetition
frequency. Nevertheless, increasing the pulse repetition frequency decreases the
unambiguous range of radar as expressed in Equation 12. [33]

In elevator application, a shaft is a closed space. Depending on the radar
positioning, elevator car in the lowest or in the highest position sets the minimum
range at a couple of meters. This minimum distance is too short for pulse radars to
be successfully applied in the ETSL system.

2.2.2 Secondary radars

The greatest difference of primary radars to secondary radars is the two-way propa-
gation of the signal. In primary radars, the signal has to travel to the target and
back to radar, whereas one-way propagation is enough for secondary radars. General
operating principle of primary radar is presented in Figure 4 and general operating
principle of secondary radar is shown in Figure 5.

Figure 5: Secondary radar operating principle: Unit 1 transmits a signal. Unit 2
detects this signal, synchronizes it, and then transmits a similar signal back to the
unit 1. Range and velocity calculations are made from the response signal in unit 1.

Secondary radar is usually referred to a radar transponder system. It has two
active units, which can both operate in transmitting and responding modes. Both
the CW and pulse radar techniques are possible for the radar transponder system.
In the base station mode, the radar unit sends a signal. The other unit detects the
signal in transponder mode. The received signal is synchronized with high precision
both in time and frequency. A similar signal as the synchronized signal is then sent
back to the first radar unit. Distance between units is calculated from the delay
between the transmitted signal and the received response signal. The velocity is
calculated from the doppler frequency shift of the response signal. For accurate
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secondary radar, the high precision of synchronization is vital due to calculations are
made from the response signal. [34]

Secondary radar is an interesting technology considering the ETSL system. Pos-
sibility to use various radar technologies, such as pulse and CW, in sending and
receiving units make the secondary radar more customable for each application.
However, the commercial availability in radar transponder systems is exiguous and
thus it is not further researched in the thesis.

2.2.3 Continuous wave radars

CW radar utilizes the doppler effect and it is often referred to "doppler radar". Since
CW radar transmission is continuous, the same measuring range is achieved with
less power than pulse radar. Small transmission power is an asset for instance in
military applications as electronic countermeasure (ECM) becomes more difficult.
ECM is used for deceiving radars and tracking their locations. Though with pure
CW radar only velocity measurements are possible. [31]

Typical CW radars are tracking and aperture radars. Tracking radars are aimed
to receive echoes from a single target and track it in angle, in range, and/or doppler.
Tracking radars usually have a narrow beam width, which makes them depended
from other radars or target location information for setting the beam on the target.
Tracking radar produces a high degree of precision for locating targets and prediction
of their future positions. Military applications such as weapon control and missile
range instrumentation are common examples of tracking radar. [35]

Radars, which first emit and then collect the radiation, are called real aperture
radars (RAR). If it is desired to move the physical antenna to cover a synthetic
aperture, the system is referred to synthetic aperture radar (SAR). Aircraft-mounted
or satellite-mounted RAR is a typical application for SAR. SAR is mostly used for
airborne or spaceborne ground mapping. Signal processing of the SAR radar system
is also complicated and it requires much computing performance. [36]

Range information from CW radar is achieved by modulating the frequency
of the continuous radar signal. This type of radar is called frequency modulated
continuous wave (FMCW) radar. FMCW radars have many advantages. First of
all, frequency modulation is compatible with wide variety of solid-state transmitters.
Linear frequency modulation is the most versatile, but sinusoidal modulation has also
been used in the past. Second, the frequency measurement can be done with digital
processors using FFT, which makes the signal processing easier. Third, FMCW
radar signals are difficult to detect with conventional intercept receivers. [37]

The operating principle of FMCW radar is presented in Figure 6. The transmitted
signal is presented with green and the received signal with red. The received signal
is delayed the amount of

∆t = 2R
c′
, (13)

where refractive index, n, is taken into account by
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c′ = c

n
. (14)

Frequency difference is constant between the transmitted and the received signal if
the power of the transmitter is linearly frequency modulated. Delay time of target
echo signal, ∆t, is found out from the frequency differences

∆fe = ∆t∆ft

ts
, (15)

where ts is the time of the complete frequency sweep, ∆fe is the frequency of the
echo signal and ∆ft is the bandwidth of the radar frequency sweeps. Equations 14
and 15 are rearranged to Equation 13 in order to get the target range, R [38]

R = c′∆t
2 = c∆fets

2n∆ft

. (16)

Figure 6: FMCW radar operating principle. The time delay, ∆t, is proportional
to the frequency difference, ∆f , of transmitted and received signal if the Doppler
frequency, fD, may be ignored and the transmitter’s power is linearly frequency
modulated. [39]

The range information acquired by Equation 16 has an upper threshold. The
sampling criteria of Nyqvist has to be fulfilled for unambigious range information.
The sampling frequency of signal, fs, is achieved by

fs = N

ts
, (17)

where N is the number of sampling points. The highest unambiguous range is
calculated with the maximum detectable echo frequency ∆fe,max. Fulfilling Nyqvist
sampling criteria ∆fe,max is given by

∆fe,max = fs

2 . (18)
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Setting this frequency to Equation 16 the maximum unambiguous range, Rmax, is
defined by

Rmax = ∆fe,maxtsc

2n∆ft

= Nc

4n∆ft

. (19)

Equation 19 shows that the maximum range can be expanded by increasing the
sampling points or decreasing the transmitted signal bandwidth. [18]

Continuous wave radar technologies generate much interest considering the ETSL
system. Properties of FMCW technique look promising and FMCW radars are
commercially available. A carrier wave frequency of FMCW radar does not affect
the accuracy of radar, but it probably affects the radar behavior in an elevator shaft
and thus, several frequencies are to be tested. The chosen FMCW radar modules
for tests are 24 GHz by Infineon Technologies, 60 GHz Elva-1 and 77 GHz by Sivers
IMA.

2.3 Radar corner reflector
Radar corner reflectors have a high back scattering radar cross section over a wide
angular range. [40] They do not require any power to operate, are mechanically easy
to manufacture, and operation in difficult conditions is not a problem. In elevator
application, the influence of a radar corner reflector is studied. It provides better
back scattering conditions than the elevator car or the elevator shaft ceiling. A radar
corner reflector generates a radar cross section according to Equation 20

σ = 4πa4

3λ2 , (20)

where a is the dimension of the inner edge of the corner reflector [41, 42]. Table 4
presents the radar cross section areas calculated by Equation 20 of the chosen radar
modules.

Table 4: Radar signal wavelengths, the cross section areas and the first radius’ of the
Fresnel zones at different distances and frequencies are calculated by Equations 4, 9
and 20. Edge length of the corner reflector is 15 cm.

24 GHz 60 GHz 77 GHz
λ [cm] 1.25 0.50 0.39
σ [m2] 13.59 84.94 139.89

d1 + d2 = 50m,Fm=1 [m] 0.40 0.25 0.22
d1 + d2 = 300m,Fm=1 [m] 0.97 0.61 0.54
d1 + d2 = 500m,Fm=1 [m] 1.25 0.79 0.70

Reflectors made of three mutually orthogonal metal plates will have the most
of the incoming rays reflecting three times, as long as the reflector dimensions are
greater than three wavelengths [43]. Three reflections are a must for a signal to
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turn around 180 degrees parallel back towards the radar. The most practical corner
reflectors have dimensions ten times wavelength [41]. In this thesis, 24 GHz, 60 GHz
and 77 GHz primary radars are tested with the corner reflector. Wavelengths of the
signals are calculated at these frequencies in Table 4. Though, less than 5 centimeter
edge length would be the optimized size of the corner reflector, but in the elevator
shaft space is not the limiting factor. For practical reasons, the radar reflector edge
length, a, was chosen for 15 cm. The dimension also exceeds ten wavelengths in all
radars under testing. The manufactured radar corner reflector is presented in Figure
7. Base material is two millimeter thick zinc coated metal sheet. Aluminum tape is
used to cover the junction holes.

Figure 7: Radar corner reflector with dimensions a = 15 cm.

All surfaces with surface roughness « 0.1 λ rms are smooth and conduct perfectly.
[44] The resistance of metals at microwave frequencies is increased by skin effect
though the resistive loss usually remains negligible and metal surfaces form good
mirrors at centimetric wavelengths. Aluminum and copper would be slightly better
materials for the reflector though they are expensive compared with zinc. In addition,
zinc is very effective in protecting steel against corrosion and thus it has been chosen
for the material of the radar corner reflector [45].
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3 Radar modules
Chapter 3 presents the radar modules chosen for tests in Chapter 2. The radar
modules to be described are all FMWC radars, which are 24 GHz of Infineon
Technologies, 60 GHz Elva-1 Front-End radar and 77 GHz of Sivers IMA.

3.1 Infineon Technologies 24 GHz
Sense2Go2 development kit of Infineon Technologies consists of a 24 GHz radar chip
(BGT24MRT11) and a microcontroller (XMC4200). Only a microUSB connection to
a pc is required for correct operation. Radar operative blocks are seen in the block
diagram of Figure 8.

Figure 8: Sense2Go2 block diagram. [3]

The radar chip has two integrated antennas. To get better antenna directivity
and performance, the chip is remodeled to get Flann Microwave’s 20880-PA-3514 lens
horn antennas of Figure 10 connected. The antenna lens diameter is 274 millimeters
and nominal mid band gain is 34 dBi.

Microstrip lines on top of insulating materials are commonly used waveguides in
microwave technology. [46] H. A. Wheeler has derived equation

Zc = 42.5Ω√
εr + 1 ln[1 + 4h

w
(4h
w

14εr + 8
11εr

+
√

(4h
w

)2(14εr + 8
11εr

)2 + εr + 1
2εr

π2)] (21)

for the characteristic impedance of microstrip lines, where h is the height of the
insulating layer, w is the width of the microstrip line, and εr is dielectric constant
of the insulating substance. Due to remodeled radar chip, impedance matching is
confirmed by calculating the new impedance by Equation 21. According to the data
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sheet of the radar module, h = 0.254 [mm] and dielectric constant of substance
RO4350B is εr = 3.48± 0.05. Width, w, is 0.5 [mm], which is read about Figure 9
by Gerberlogix software. With these dimensions, Zc is between 54.17 Ω and 54.85 Ω.

Figure 9: Sense2Go2 modified printed circuit board (PCB). Added antenna traces
are highlighted with black. Transmitting antenna trace is lower and receiving antenna
trace is upper.

SubMiniature A (SMA) connectors are cheap and their availability is good. SMA
connectors operate mode-free up to 18 GHz and some versions up to 27 GHz, whereas
2.92 mm connectors operate up to 40 GHz [47]. SMA and 2.92 mm connectors are
mechanically mateable, but the electrical performance at the connector interface
need to be considered as well. Paul Pino [48] presents SMA to 2.92 mm connection
impedances. Impedance through interface transition in the optimal gap is 50.1
Ω and impedance variation over the range of gaps is measured to be 0.2 Ω. [48]
Voltage standing wave ratio (VSWR) 1.054:1 in SMA to 2.92 mm connection is never
exceeded.

Antennas of Flann Microwave of Figure 10 have 2.92 mm connectors. Although
electrical differences in SMA to 2.92 mm connection are noted, no significant changes
in electrical properties are found [48]. Hence, 2.92 mm to SMA connector mateability,
a low price of the SMA and good availability, SMA connectors are connected to the
modified Sense2Go2 PCB. Two semirigid RG402 coaxial cables with the length of 55
cm are used for connecting the antenna to the radar chip. These cables have SMA
connectors.

Infineon Technologies provides software with the development kit. The radar
module can be used and controlled with this software. It also calculates the distance
to the target.
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Figure 10: Antennas attached to the 24 GHz radar module by RG402 cables.

3.2 Elva-1 60 GHz
Elva-1 Front-End radar is 60 GHz radar, whose simplified block diagram is presented
in Figure 11. A radar signal is produced from the base frequency of 7.256 GHz.
Sample is taken to the receiver through a 1:5 power divider and after that the
base frequency is multiplied with factor 8. This 58.048 GHz signal is mixed with a
modulated intermediate frequency (IF) to produce the actual waveform. The antenna
of the radar is a parabolic reflector with a Cassegrain-type feed. This antenna type
includes the transition from WR-15 waveguide to a circular horn. Side lobes are
suppressed with the equipped cylindrical collar. The received radar signal is down
converted to the intermediate frequency using the sampled 7.256 GHz frequency as a
local. [6]

A correct operation of radar is checked with the measurement setup of the block
diagram presented in Figure 12. The measurement equipment are shown in Figure
13. A DC power supply OF1731SL, Rohde & Schwartz’s DC power supply NGPV
20/10, signal generator 8683D and spectrum analyzer 8563A of Hewlett Packard are
used in the setup. Two meter RG-58 cables are used for connecting the IF signal
generator and the spectrum analyzer to Elva-1. The signal generator supplies an IF
frequency of 2.48 GHz with a 0 dBm level and a peak of -12.33 dBm is detected with
the spectrum analyzer from the radar receiver.

A saturation point is searched by keeping the IF frequency of 2.4943 GHz constant
and then observing the spectrum analyzer while changing the signal generator power
level. Table 5 presents the measured points. Results show that the saturation point
is near 6 dBm. After that the power level is put back to 3 dBm and then the signal
generator is connected straight to the spectrum analyzer. This power peak is 0.17
dBm.

Elva-1 needs additional components to be able to operate as FMCW radar. IF
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Figure 11: A block diagram of the Elva-1 front-end radar. [6]

Figure 12: A block diagram of the measurement setup.

signal to radar and echo signal processing units of Figure 11 have to be built. A
block diagram of the built signal processing components is presented in Figure 14.

The frequency of 2.45 GHz is provided for the radar mixer by a voltage controlled
oscillator. The oscillator is fed by a signal generator of Agilent series 33500B,

Table 5: Elva-1 radar saturation point.

Signal generator level Measured radar peak level
0 dBm -11.05 dBm
3 dBm -8.07 dBm
6 dBm -5.22 dBm
3 dBm -7.82 dBm
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Figure 13: Testing Elva-1 front-end radar

Figure 14: A block diagram of the signal processing components for FMCW radar
operation.

which produces a sawtooth waveform. That provides maximum bandwidth in linear
adjustment range. The frequency of the oscillator is determined by measuring its
output frequency with different tuning voltages. Oscillator tuning voltage area is up
to five volts and its output frequency is measured with the tuning voltage intervals of
0.5 volts. Results are shown in Figure 15. A slope is found in the results to be 92.36
MHz/V. The signal generator is feeding the oscillator with a peak to peak amplitude
of two volts. The actual output voltage of the signal generator is checked with an
oscilloscope and found to be 4.08 volts. This voltage sets the frequency variation
of the oscillator at 376.81 MHz, which is the transmitted signal bandwidth, ∆ft, in
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Equation 16. With this bandwidth, the range resolution is 40 cm by Equation 7 and
the maximum range is 300 m by Equation 19.

Figure 15: Measurement results of the oscillator frequency at different tuning voltages.

The unwanted harmonics of the signal are filtered with low and high pass filters
right after the voltage controlled oscillator. A power divider splits the signal to radar
and forwards a sample of an original signal to a mixer for echo analysis. The mixer
requires a local oscillator signal with high power, hence an amplifier is put between
the power divider and the mixer. An echo signal from the target is first filtered with
low and high pass filters. Then the echo signal is amplified before heading to the
mixer. There is one six dB attenuator after both amplifiers before the mixer and one
attenuator after the mixer. The signal is filtered with two low pass filters after the
mixer and this echo signal, ∆fe, is measured with an oscilloscope. Time of complete
frequency sweep, ts, is calculated from the signal generator frequency by

ts = 1
f
, (22)

where f is the signal generator frequency. A refractive index, n, for air is assumed
as 1.0003 [22]. Distance to the target can be calculated by Equation 16.

The practical layout for signal processing components is shown in Figure 16.
These components are attached to a metal plate for a good ground connection. The
specific data of the components are found in Table 6. The components are ordered
from manufacturer Mini-Circuits. External power supplies are used for powering the
system. A voltage regulator is fed with + 12 volts, which makes + 5 volts for the
oscillator and the ZX-60-2534M-S+ amplifier. The other amplifier, ZX60-4016E-S+,
requires + 12 volts, which is produced by an external power supply.
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Table 6: Specific data of the signal processing components.

Component Function Frequency
ZX60-2534M+ Amplifier 0.5 - 2.5 GHz
ZX60-4016E-S+ Amplifier 0.02 - 4.0 GHz
JK6G Attenuator 6 dB
VHF-2100+ High pass filter 2.2 - 6.0 GHz
VLF-2500+ Low pass filter DC - 2.5 GHz
SLP-30+ Low pass filter DC - 32 MHz
SLP-15+ Low pass filter DC - 15 MHz
ZFM-4212+ Mixer 2.0 - 4.2 GHz
ZAPD-4+ Power splitter 2.0 - 4.2 GHz
ZX95-2510+ Voltage controlled oscillator 2.3 - 2.51 GHz

Figure 16: Signal processing components on a metal plate. A voltage regulator is
on the left below the voltage controlled oscillator. Signal goes to the radar from
power divider port 1 and comes back through the filters by the right side. The echo
frequency is measured with oscilloscope below the mixer.

3.3 Sivers IMA 77 GHz
Sivers IMA RS3400W/04 is a complete W-band FMCW front end radar module. It
has synthesized frequency source and a wideband sweep, ∆ft, of 1.5 GHz. According
to Equation 7, a 10 cm range resolution is achieved with this transmitted signal
bandwidth, which is the maximum resolution of this module. Sivers IMA has a
power controller board CO1000A/00, which provides biasing and a pc interface to the
system. The controller board is connected to a pc with RS232-communication. Radar
module frequency sweep control and measured radar signal data is achieved over
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the serial connection. The radar module is fed with +5.5 volts and power controller
board with + 12 volts by external supplies. The operative blocks of the module are
seen in the diagram of Figure 17.

Figure 17: Block diagram of RS3400W/04. [4]

Sivers IMA’s radar sensor is connected to a high directivity antenna by a WR12
waveguide interface. Lens horn antenna 26880-TA-9498 of Flann Microwave is used
in the tests with this radar module. Diameter of the lens is 100 millimetres and the
nominal mid band gain is 37 dBi. The radar module, the power controller board and
the antenna connections are presented in Figure 18.

Figure 18: Radar module and antenna connected to the power controller board,
which is connected to a pc with RS232-communication. The radar module is fed
with +5.5 V and the power controller board with +12 V by external power supplies.
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RS3400W/04 is a synthesized module, which sweeps the frequency in steps with a
set of discrete frequency points. The output of the sensor corresponds to the cosine of
the phase difference between the transmitted and received signals. This cosine signal
indicates the round-trip electrical distance, which the transmitted signal has travelled.
During a frequency sweep, the phase change of the received signal compared with
the transmitted signal has to be estimated to get the distance to a target. One way
to do it is to take the Fourier transform of the signal. [49]

Configuration of radar is done with a terminal program over the serial connection.
RS3400W/04 is set to perform one frequency sweep, which lasts 75 ms. Sampling
points, N , are set at maximum, which is 1501. Measuring takes 50 microseconds at
each point. The module returns the sampled raw data points of the sweep. FFT
is calculated with Matlab software to get the radar echo frequency, ∆fe, from a
reflective surface. The target range information is acquired by Equation 16.
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4 Measurements
This chapter presents the general measurement arrangements and the test sites in
Hyvinkää and Lohja. Safety questions are considered in the end of the chapter.

4.1 Measurement arrangements
With each radar, the first measurements are made towards the sky, in other words,
there are no obstacles producing reflections. This simulates the situation of free
space propagation, which is an important result when comparing with the results
of elevator shafts. In an elevator shaft, the first measurements are made when an
elevator car is stopped at each measurement point to get better understanding about
the radar properties in the elevator shaft.

Two different practical test setups are possible and both of them are tested. In
the first case, radar, antennas and other measuring devices are at a bottom of an
elevator shaft and measuring is made towards a bottom of an elevator car. In the
second case, the measuring devices are on top of an elevator car and measuring is
made towards a ceiling of an elevator shaft. Effect of the Figure 7 radar corner
reflector is tested in each case with every radar. The corner reflector is attached to
the bottom of the elevator car with magnets or to the ceiling of the shaft.

In Hyvinkää, antennas are placed at the center between the ropes and the
counterweight. With this placement, the possible disturbing effects of the moving
counterweight should occur if they exist when measuring towards the bottom of
the car. On top of the elevator car, radar is more practical to attach between the
ropes and the side wall across the counterweight. This placing is as far from the
counterweight as practically possible. Antennas are also connected closer to elevator
car corner for securing the first Fresnel zone free of obstacles. These placements are
illustrated in Figure 19 and the photos of both situations are presented in Figures 20
and 21.

Power to the elevator car is transferred with travelling cables. The higher the
elevator shaft is, the longer these moving elevator cables are. In Tytyri, the cables
move at the center between the door side wall and ropes and would probably disturb
the measurements from the center of the door side wall and ropes. Therefore different
placement is tested in measurements in Tytyri for knowledge of possible counterweight
effects.

At the bottom of the shaft in Tytyri, antennas are placed at the center between
the ropes and the back side wall. This placement is the worst case scenario if the
counterweight has disturbing effects. Though the first Fresnel zone is clear of obstacles
with this placement. On top of the elevator car, radar is placed on the other side of
ropes for practical reasons. On top of the car inside the spoiler, the door side half has
much more space than the backside. These placements are illustrated in Figure 22.
Photos of the measurement setups towards the bottom of the elevator car are seen
in Figures 23 and 24. A 50 centimeter hole is left on an air drag reduction spoiler
for radar signal transmission. This hole and photos of the measurement setups on
top of the elevator car are seen in Figure 25.
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Figure 19: A cross-section of radar placement in the elevator shaft of Hyvinkää. The
placement used in the measurement setup towards the bottom of the car is on the
left side and the placement in the measurement setup towards the ceiling is on the
right side of the figure.

Figure 20: Sense2Go2 module set for measuring towards the bottom of the elevator
car in the shaft of Hyvinkää.

The physical appearance of the bottoms of elevator cars depends on the used
elevator. This might cause differences from signal reflection between different elevator
cars. The elevator cars used in the tests have reflective surfaces at many height levels
as seen in Figure 26. This might cause several echo signal peaks close to each other
and thus affect the measurement results.
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Figure 21: Elva-1 measuring towards the ceiling of the shaft in the elevator shaft of
Hyvinkää.

Figure 22: A cross-section of radar placement in the elevator shaft of Tytyri. The
placement used in the measurement setup towards the bottom of the car is on the
left side and the placement in the measurement setup towards the ceiling is on the
right side of the figure.
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Figure 23: Elva-1 measuring towards the bottom of the elevator car in the elevator
shaft of Tytyri.

Figure 24: SiversIMA radar module measuring towards the bottom of the elevator
car in the elevator shaft of Tytyri. Ten meter D9 cable connects the laptop to the
power controller board. The long cable enables radar control outside of the shaft.
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Figure 25: Measurement setups towards the ceiling of the elevator shaft of Tytyri.
On the left side of the figure is 77 GHz radar and on the right side is 60 GHz radar.
Radars are inside the spoiler, which reduces air drag. The top piece of the spoiler
has been removed for transmitting and receiving signals. This 50 cm hole is seen in
the middle of figure.

Figure 26: Bottom of the elevator car in Hyvinkää is presented on the left and the
bottom of the car in Tytyri is on the right side of the figure. The radar corner
reflector is attached to the bottom of the elevator car of Tytyri.
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4.2 Concrete structure shaft
The test site at Hyvinkää is presented in Figure 27. Walls of the shaft are made of
concrete and the ceiling consists of several horizontal metal plates. Dimensions of
the shaft are 2.35 m * 2.50 m, which gives the reflecting surface of the ceiling as 5.88
m2.

The longest hoistway is 50 meters and the maximum speed of the elevator is 6
[m/s]. The test elevator is equipped with light ropes, whose load bearing member is
made of carbon fiber composite and, thus, are lighter than steel ropes. Concentrating
on electromagnetic properties, light rope reflects radar signals less than steel rope.
The signal attenuation is larger with light rope, which may reduce the radar range.
Nevertheless, the hoistway is probably not long enough for this phenomenon to
appear. Signal attenuation by light rope reduces possible interfering reflections
caused by ropes.

Figure 27: The concrete elevator shaft of Hyvinkää. Light ropes and the metallic
ceiling of the shaft are seen in the figure.

In the concrete elevator shaft of Hyvinkää, the measurement points according
to the elevator height reference are presented in Table 7. These points are floors
and are used for practical reasons to guarantee exactly the same measurement point
intervals between different radars. Stopping accuracy of an elevator car on floors
is ±3 millimeters [1]. Possible changes to shaft properties caused by the different
elevator locations are kept in minimum by using floors as measurement points.

4.3 Steel structure shaft
Tytyri mine is located in Lohja and it is the tallest elevator test facility in the
world. This KONE High-rise laboratory is the only shaft in the world, where
elevators with speeds up to 17.0 [m/s] may be tested. There are two elevators in the
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Table 7: Measurement heights at concrete elevator shaft of Hyvinkää.

Floor Lift height reference [m]
1 0
2 2.90
3 5.85
4 8.75
5 11.65
6 14.56
7 17.48
8 26.25
9 35.00
10 43.75
11 48.29

shaft and the longest hoistway in Tytyri is 333 meters. The normal temperature
is close to +6 Celcius degrees with dripping water and high humidity. These are
tough circumstances and elevators passing tests in these extreme conditions likely
withstand any condition that a modern building might face.

The shaft of Tytyri is made of steel and it is presented in Figure 28. The ceiling
of the shaft consists of horizontal metal plates and thus it is similar to the ceiling
of the elevator well in Hyvinkää in Figure 27. The dimensions of the shaft are 2.55
m * 2.80 m, which sets the maximum reflecting surface area to 7.14 m2. The ropes
of the test elevator are made of steel. Steel ropes might increase the radar range
due to reflections. However, increased reflections cause also increased radar signal
scattering.

High rise elevators sometimes have spoilers at a bottom and at a top of an elevator
car for air drag and noise reduction. Nevertheless, these spoilers turn the radar
signal to the walls and disturb the measurements greatly or make the fastening of
the measurement equipment difficult. At the bottom of the elevator car, the spoiler
is disconnected during the measurements. The top piece of the spoiler is removed at
the top of the elevator car, which makes a 50 cm hole for radar operation. The hole
is seen in Figure 25 with measurement setups on top of the elevator car.

In the steel shaft of Tytyri, the stationary measurements are made with an
interval of ten meters. Between the measurement points, the elevator car is moved
in maintenance mode and the control system of the elevator is used as a height
reference. Stopping an elevator car with high accuracy location tuning between the
floors in maintenance mode is time consuming and not the greatest concern about
these measurements. Hence the elevator car is stopped as close to the intervals of 10
meters as possible while keeping the measuring fluent. This causes small variations
to elevator location between different measurements. Changes in elevator locations
are within ±20 cm and in most cases the difference is only a couple of centimeters.
Every elevator location is monitored by the accuracy of 1 cm.
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Figure 28: The steel shaft and ropes of Tytyri.

A moving elevator is tested in the shaft of Tytyri. Six different situations are
tested, which are acceleration, decelaration and the elevator driving at maximum
speed. These three situations are tested both the elevator car approaching the radar
and the elevator car leaving from radar. The elevator car has an acceleration of 1
m/s2 and a maximum speed of 10 m/s.

4.4 Safety
Scientific research into possible health effects has been unable to keep pace with the
rapid qrowth of radio frequency (RF) and microwave frequency (MW) devices and
applications in our working and living environment. Health is defined as the state of
complete physical, mental and social well-being and not the absence of disease or
infirmity by World Health Organization (WHO). [50]

The known effect of RF and MW exposure is tissue heating. [51] Temperature
rises in tissue exceeding 1 Celsius degree above their normal temperature can lead
to adverse biological effects. Thermal hazards are thought to exist only above
thresholds [50].

Low intensity, non-thermal RF/MW radiation has not been considered having
biological effects although numerous scientific reports suggest such effects. Biological
effects possibly associated with RF/MW radiation are childhood leukemia, brain tu-
mours, genotoxic effects, neurological effects and neurodegenerative diseases, immune
system deregulation, allergic and inflammatory responses, breast cancer, miscarriage
and some cardiovascular effects. Prolonged exposures may reasonably be presumed to
lead in these health effects. Though no known health hazards caused by non-thermal
radiation are scientifically proven [50,52]. Nevertheless, potential biological effects
from low level RF exposure need further research [50]. [53]

RF and MW safety standards are made for protecting human health. The



33

most commonly used standards in the whole world are based on the IEEE C95
standards, the recommendations of the National Council on Radiation Protection
and Measurements (NCRP), and the guidelines of the International Commission
on Non-Ionizing Radiation Protection (ICNIRP) and the International Radiation
Protection Association (IRPA). [52]

The maximum permissible exposure levels of the IEEE standard C95.1a-2005
at different frequencies are presented in Table 8. Slight differences between the
exposure limits at RF/MW frequencies exist between countries and they are related
to engineering interpretations and applied safety factors - the not disagreement of the
biological effects of the radiation [52]. For instance, Australian Radiation Protection
and Nuclear Safety Agency (ARPANSA) has slightly different averaging times than
IEEE standard, nevertheless, the exposure limits are equal [54]. The human body
size at different ages is illustrated in Table 9 for better understanding about the
radiation exposure limits.

Table 8: The maximum permissible exposure levels of the IEEE standard C95.1a-2005
for general public. In controlled environments, more severe radiation is accepted.
Averaging time is the time period over which exposure is averaged. f is the frequency
in GHz. [55]

Frequency
range (GHz)

RMS power
density (W/m2)

Averaging time (min)

0.4 - 2 0.001f/200 30
2 - 5 10 30
5 - 30 10 150/f
30 - 100 10 25.24/f 0.476

100 - 300 (90f − 7000)/200 5048/[(9f − 700)f 0.476]

Table 9: Reference values for human body size at different ages. [56]

Height (cm) Mass (kg) Surface area (m2)
Age Male Female Male Female Male Female
Newborn 51 51 3.5 3.5 0.24 0.24
1 year 76 76 10 10 0.48 0.48
5 years 109 109 19 19 0.78 0.78
10 years 138 138 32 32 1.12 1.12
15 years 167 161 56 53 1.62 1.55
Adult 176 163 73 60 1.90 1.66

In the scope of this thesis, 24 GHz, 60 GHz and 77 GHz are the most interesting
frequency areas. Continuous radio frequency and microwave radiation with intensity
less than 10W/m2 are improbable to affect physiology through athermal mechanisms
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[57]. The total power dissipation of the Infineon radar module is 750 mW, the
transmitter power of Elva-1 is 10 mW and the power consumption of Sivers IMA is 3
W. All of these radars are well below the radiation exposure limits. In addition, the
elevator shaft is a restricted area for public people. Thick walls of the shaft attenuate
the penetrating radiation, which is already within acceptable limits. Therefore, the
elevator shaft is a safe place for placing radar. RF exposure for ordinary people is
possible only when the elevator door is open and then the exposure time is only
a couple of seconds. Maintenance people may get exposure to radiation, but the
levels are well below the standard limits. Thus, safety is on the adequate level in
this application.
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5 Results
Chapter 5 introduces the calculation methods used achieving the range data and
the measurement results in different environments. In the following figures 36, 38,
43 and 45 showing the measurement results measured towards the shaft ceiling, the
actual distance is inverted due to measuring from the top of the elevator car. An
elevator height reference being maximum, the distance from radar to the shaft ceiling
is at minimum.

Distance to the target is calculated by Equation 16. The refractive index, n, for
neutral air is used as 1.0003 in calculations [22]. Radar frequency sweep bandwidth,
∆ft, is dependable on used radar. Echo signal frequency, ∆fe, is measured straigth
in the elevator shaft or calculated from the measurements.

A correct sweep time of radar, ts, is crucial for Equation 16. Sweep times depend
on the ideality of the signal generator and the SiversIMA’s radar module. Different
sweep times than the correct one produce a linear error to the calculated range
results compared with the real elevator car location as seen in Figure 29. Even 1 ms
error in the sweep time affects much to the calculated distance, which makes error
compensation important.

Figure 29: Uncompensated measurement results of 77 GHz radar at the shaft of
Hyvinkää. Measurements are done towards the shaft ceiling. A trend line is drawn
to the results.

The error can be compensated by drawing a graph similar of Figure 29. The
calculated range point errors are compared with the real locations, which are achieved
from the elevator height reference system. This error is growing well linearly along
the distance to the target. The next step is to draw a trend line and set its slope on
zero by setting the sweep time correctly. The slope of the ascending trend line is set
on zero by correcting the sweep time, ts, with equation
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ts = −ktrts + ts, (23)

where ktr is the slope of the trend line. For descending trend line the compensation
equation is given by

ts = ktrts + ts. (24)

This numerical iteration reduces the sweep time error each time Equation 23 or 24 is
used. The trend line direction of the original graph defines whether to use Equation
23 or 24 during the whole compensation process. In the situation of Figure 29,
Equation 24 should be used during the compensation. Sweep time is compensated
with the accuracy of 10−6 seconds in the results presented in sections 5.2 and 5.3.
Some of this existing linear error may also be caused by reflections from the shaft
walls and ropes. Nevertheless it is a minority part of the error since testing outside
of the elevator shaft the radar distance is compensated correctly with Equations 23
and 24.

A systematic measurement error is also present, which results from the radar
distance to the elevator car bottom or to the ceiling of the shaft. For instance, an
elevator car at height 0 meters gives the radar range of a couple of meters when
measuring to the bottom of the elevator car. This error can also be compensated
with the previous drawn trend line by setting the zero slope trend line to go along
with the x-axis. The compensated results of Figure 29 are presented in Figure 43.
The slope of the trend line is set to zero by accuracy of 10−5 in Figures 35-38 and
42-45. The calculated sweep times are presented along the results.

5.1 Infineon Technologies 24 GHz
Sense2Go2 radar module faced operational problems. Range results acquired by
the software were not close to real distances and they regularly swung. The block
diagram of Figure 8 shows that the received signal faces a low noise amplifier (LNA)
first. Right after LNA raw signal IFIL can be measured with an oscilloscope. This
raw signal is presented in Figure 30 with the tuning voltages of the local oscillator
Vcoarse and Vfine, where the gain of the LNA is set on its minimum value. The IFIL
signal is cut, which is definitely one factor for the software not being accurate with
the range information.

The adjustable gain of the LNA is set to 10 as default. Adjustment gain range is
from 5 to 1000. The gain is set to 5 by removing the resistor R135. Though the raw
signal data does not improve significantly. The antennas of Figure 10 are quite large
and close to each other, which can lead to the malfunction of the LNA. Therefore
the raw signal is checked without connecting the receiving antenna at all, but the
cutting does not decrease with this setup.

Operation of the receiver and the transmitter is researched with the setup of
the block diagram of Figure 31. The test arrangements in practice are shown in
Figure 32. The raw signal IFIL is measured with oscilloscope when a synthesized
sweeper is feeding the receiving antenna connector. The operation of the module
and transmission of signals are confirmed with a spectrum analyzer connected to the
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Figure 30: Raw signal data IFIL presented with dark blue, Vcoarse with cyan and
Vfine with pink. Gain of the LNA is set to minimum.

antenna. Different echo signal effects on the raw signal data are simulated with the
synthesized sweeper. Unfortunately, the IFIL does not respond to any changes made
by the sweeper. The data remains the same, whether the signal is generated to the
receiver or not.

Figure 31: Block diagram of the receiver measurements.

The malfunction of the module may have been caused when modifying the PCB
for antenna connectors. No operational tests were done during the modifying process
of the subcontractor. FMCW mode and the software for the FMCW operation of
the Sense2Go2 module were also in a preliminary stage in the module. Infineon
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Figure 32: Measurement setup of the block diagram of Figure 26.

Technologies does not market the module for distance measurements anymore. Nev-
ertheless, the module was not capable of measuring distances to the elevator due to
the occasions of this chapter.

5.2 Elva-1 60 GHz
The original FFT spectrum of Elva-1 is checked with a measurement towards the
sky. The spectrum is presented in Figure 33. Figure 34 presents one example of the
spectrum in the steel shaft of Tytyri.

Figure 33: FFT spectrum of Elva-1 measured towards the sky.
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Some oscillation is seen in Figure 33 up to 200 kHz. This results from the test
setup of Figure 14. The waveform produced by the signal generator may have small
oscillation or the voltage controlled oscillator can not hold single frequency points
ideally and thus it is swinging. Nevertheless the oscillation seen in Figure 33 is not a
problem for the measurements due to the small amplitude.

Figure 34: An example of FFT spectrum of Elva-1 in the elevator shaft of Tytyri.

The target echo frequency, ∆fe, is measured straigth with the oscilloscope. Time
of the frequency sweep, ts, is calculated by Equation 22. The frequency is set by
the signal generator of Figure 14. The sweep bandwidth, ∆ft, is 376.81 MHz as
presented in section 3.2. Range information can be acquired by Equation 16 and the
error compensation process is described at the beginning of Chapter 5.

The range results compared with the elevator height reference are presented in
Figures 35-38. Results of the concrete shaft of Hyvinkää are showed in Figures 35
and 36. Results of the steel shaft of Tytyri are presented in Figures 37 and 38. The
measured range is inverted in Figures 36 and 38 due to measuring from the top of
the elevator car.

The results achieved by different radars are comparable in stationary situations
and thus the basis for the movement detection is achievable by both radars. Measuring
a moving elevator car with the setup of Elva-1 is challenging. Access to the shaft
is forbidden while the elevator is moving in normal mode due to safety reasons.
The test setup of 60 GHz radar demands the manual control of the oscilloscope
and thus catching and analyzing all the peak frequencies is difficult in real time.
Some video camera arrangements for the screen of the oscilloscope could be made,
but measuring with 77 GHz radar is more practical. Though the moving elevator
spectrum is checked more precisely only with 77 GHz radar. With 60 GHz radar,
changing radar echo FFT spectrum is seen on the screen of the oscilloscope while
the elevator car is moving.
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Figure 35: The measurement results of 60 GHz radar measured to the bottom of
the elevator car without a radar corner reflector in the concrete structure shaft in
Hyvinkää. The sweep time was thought as 10 ms though after correction it is 9.303
ms.

Figure 36: Elva-1 measurement results measured to the ceiling of the shaft without
radar corner reflector in concrete structure shaft in Hyvinkää. The sweep time was
thought as 10 ms though after correction it is 9.358 ms.
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Figure 37: Elva-1 measurement results measured to the bottom of the elevator car
without radar corner reflector in steel structure shaft in Tytyri. The sweep time was
thought as 10 ms though after correction it is 9.695 ms.

Figure 38: Elva-1 measurement results measured to the ceiling of the shaft without
radar corner reflector in steel structure shaft in Tytyri. The sweep time was thought
as 10 ms though after correction it is 9.707 ms.
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5.3 Sivers IMA 77 GHz
Radar performance is checked towards the sky, in other words, there are no targets
to detect. The raw data measured towards the sky is presented in Figure 39. A low
frequency component is seen in the results. The maximum level of output IF signal
is approximately 500 mVpp and signal components with this magnitude may exist in
typical measurements due to inadvertent reflections in the system, even though it is
unlikely [49]. For comparison, the raw signal data in the concrete shaft of Hyvinkää
is shown in Figure 40. A Fourier transform has to be performed for the raw data to
get the target echo frequency, ∆fe. The FFT and echo peak searching are done with
Matlab software. An example of the FFT spectrum in an elevator shaft is shown in
Figure 41.

Figure 39: The raw signal data of the RS3400W/04 measured towards the sky.

Range results compared with the elevator height reference system are presented
in Figures 42-45. Results of the concrete shaft of Hyvinkää are shown in Figure
42 and 43, and the results of the steel shaft of Tytyri in Figures 44 and 45. The
maximum bandwidth of 1.5 GHz is used in the measurements of Hyvinkää.

Measurements towards the shaft ceiling are made with the radar corner reflector
connected 2.7 m below the ceiling in Hyvinkää. This 2.7-meter distance between
the shaft ceiling and the corner reflector should produce separate peaks in the
measurements. Although the echo peaks of the reflector are weak in comparison with
the peaks of the ceiling. This difference is seen in the FFT spectrum of Figure 41.
In addition, the reflector is not visible in every measurement. For these reasons the
corner reflector is not used and further researched in the measurements towards the
shaft ceiling.

Range resolution and maximum unambiguous range need to be taken into account
in the shaft of Tytyri. Equation 19 sets the maximum range at 75 m with ∆ft = 1.5
GHz. The highest calculated bandwidth for achieving 300 meter range is 374.9 MHz.
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Figure 40: Raw signal data measured in the elevator shaft floor 10 of Hyvinkää
towards the shaft ceiling with the radar corner reflector.

Figure 41: FFT performed for the raw signal data. The data is measured in the
elevator shaft floor 10 of Hyvinkää towards the shaft ceiling with the radar corner
reflector. The shaft ceiling produces echo at 11.6 kHz and the corner reflector 2.7 m
below at 8.2 kHz.

Elva-1 has the bandwidth of 376.81 MHz and for comparison the same bandwidth is
used also in 77 GHz radar. In Figures 42 and 43, the range results are presented with
two different radar signal bandwidths. The bandwidth of 376.81 MHz is used for the
whole shaft length and the maximum bandwidth of 1.5 GHz for the first 75-meter
distances.
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Figure 42: Sivers IMA measurement results measured to the bottom of the elevator
car with and without radar corner reflector in concrete structure shaft in Hyvinkää.
The sweep time was thought as 75 ms though after correction it is 72.853 ms.

Figure 43: Sivers IMA measurement results measured to the ceiling of the shaft
without radar corner reflector in concrete structure shaft in Hyvinkää. The sweep
time was thought as 75 ms though after correction it is 72.927 ms.
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Figure 44: Sivers IMA measurement results measured to the bottom of the elevator
car with and without radar corner reflector in steel structure shaft in Tytyri. The
results are presented with two different bandwiths. The sweep time was thought as
75 ms though after correction for 1.5 GHz bandwidth it is 75.108 ms and for 376.81
MHz bandwidth it is 75.044 ms.

Figure 45: Sivers IMA measurement results measured to the ceiling of the shaft
without radar corner reflector in steel structure shaft in Tytyri. The sweep time was
thought as 75 ms though after correction for 1.5 GHz bandwidth it is 74.956 ms and
for 376.81 MHz bandwidth it is 75.165 ms.
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An FFT spectrum of an accelerating elevator car is shown in Figure 46. The
elevator is moving away from radar. The echo peak is slightly wider than in stationary
cases, but still very clear to read. Used signal bandwidth was 1.5 GHz. An elevator
at the speed of 10 meters per second was measured with the bandwidth of 376.81
MHz. The FFT spectrum is presented in Figure 47. The elevator should be seen
between 50 kHz and 70 kHz, but no clear peak is detected. The results were the
same, whether the elevator was approaching the radar or moving away from radar.
Also decelerating situation on the other side of the shaft produced no detectable
results, but decelerating elevator near the radar was measurable as good as in Figure
46.

Figure 46: An FFT spectrum of an accelerating elevator in the shaft of Tytyri. The
speed of the elevator is 5 meters per second and it is seen at 52.8 kHz.

5.4 Discussion
This section discusses about the achieved results and occasions behind them.

5.4.1 Theory vs practice

According to the range resolution theory and Equation 7, acquired results with 77
GHz radar are really good within the range resolution limits in all test cases. Only
a couple of measurement points exceed the accuracy of the theory of 40 cm in the
measurements towards the bottom of the car in Tytyri. With 60 GHz radar, the
theory is also accurate in the shaft of Hyvinkää. The measured results are not
within the 40 cm range resolution in the shaft of Tytyri, but are not exceeded much.
These results of a stationary elevator car indicate the elevator well being a suitable
environment for radar measurements.
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Figure 47: An FFT spectrum of the elevator at the speed of 10 meters per second.
Elevator location should be seen between 50 kHz and 70 kHz.

The range resolution theory affects much radar accuracy, which is seen in Figures
44 and 45. The same measurement points with various transmitted signal bandwidths
give clearly better results with the higher resolution.

The maximum range by Equation 19 have to take into account in the shaft of
Tytyri. With 77 GHz radar, the transmitted signal bandwidth have to be reduced
for most of the measurements in Tytyri. Ranges more than calculated maximums by
Equation 19 are not visible at all with 77 GHz radar since the echo spectrum is not
wide enough for the echo peak to be visible. The maximum measurable range in the
elevator shaft is close to calculated ones. Though reflections from walls and ropes do
not increase or decrease the maximum range significantly.

5.4.2 Attenuation of signal

Signal attenuation is seen with both radars when measuring to a bottom of a car.
Attenuation becomes notable at over 200 m distances, when measuring to the bottom
of the car. With 60 GHz radar, the echo peaks are usually within 5 dBm after 170 m
distances. According to Figure 2, the attenuation at 60 GHz is three to four decibels
at the distance of 200 meters. A radar signal has to travel to the elevator car and back
to radar, which makes the attenuation a significant factor. A radio wave absorbed
over ten decibels by oxygen is possible at 60 GHz at the other end of the shaft. The
FFT spectrums become more open to interpretations than in short distances and
though interpretation errors are possible. One example of interpretation is presented
in Figure 48. Knowledge of the place where the elevator car should be is vital for
the interpretation in some situations. The graph of Figure 2 gives an attenuation
of 0.5 dB/km at 77 GHz. With 77 GHz radar, the attenuation seems to affect less
and interpretation is needed only at over 200 m distances. Though in most cases the
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correct peaks are quite easily readable.
When measuring towards the shaft ceiling, the attenuation does not seem as

strong as in the bottom measurement setup. The FFT spectrums are somewhat
clearer, which probably results from the really good reflective surface of the ceiling.
In Figures 36, 38, 43 and 45, better accuracy is seen than in the corresponding
bottom measurements in Figures 35, 37, 42 and 44. Hence, measuring from the top
of the elevator car seems to be preferable.

Figure 48: An example of attenuation of 60 GHz signals. The FFT spectrum is
measured towards the ceiling of Tytyri’s shaft. Distance to the ceiling is 250 meters
(65 kHz).

5.4.3 Reflection of signal

A bottom of an elevator car has usually reflecting metal surfaces at many height levels
as presented in Figure 26. This occasionally causes several echo signal peaks close to
each other. 77 GHz radar has maximum range resolution of 10 cm, which supports
seeing more than one peak in the FFT spectrum at the elevator car location. Though,
these extra peaks are usually not so powerful and thus, do not cause problems reading
the spectrums of 77 GHz radar. With 60 GHz radar, this phenomenon is seen slightly
more, even though the range resolution is 40 cm. Especially in Tytyri at longer
distances the phenomenon is notable and sometimes interpretation is needed, when
the powers of the peaks are close to each other. The majority of the measurements
to the bottom of the car are still clearly readable.

The radar corner reflector does not reflect signals as well as the shaft ceiling made
of horizontal metal plates. The difference of reflection is seen in the FFT spectrum
of Figure 41 and in the results of bottom measurements compared with the results
of the ceiling measurements. In Figure 41, the reflector is 2.7 m below the ceiling.
Both produce own echo peaks, but the magnitude of the reflector peak at 8.2 kHz is
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well below the peak of the ceiling at 11.6 kHz. Nevertheless, the advantage of the
reflector is seen when measuring to the bottom of the elevator car. In Figures 35, 37,
42 and 44, show that with the reflector slightly better accuracy is achieved. Hence,
the corner reflector is an asset when the reflective surface is not as excellent as the
shaft ceilings of Hyvinkää and Tytyri.

A moving counterweight is occasionally seen in the FFT spectrums. Though
it is not visible in all possible situations. Significant differences in counterweight
existence are seen in FFT spectrums depending on the radar placement. For instance,
the measurement setup closer to the counterweight in Tytyri produces the most
and the strongest echoes of counterweights in all test cases. Placing radar on the
other side of ropes as in the top setup in Figure 22 reduces the magnitude of the
counterweight echoes significantly and detecting them in all possible situations is
not unambiguous as in the bottom setup in Figure 22. In the shaft of Hyvinkää,
the counterweight is not clearly seen in either the setups of Figure 19. In some of
the FFT spectrums of Hyvinkää, the counterweight is recognizable though not as
clearly as in measurements at Tytyri. Overall the counterweight existence in FFT
spectrums did not disturb or cause harms to measuring. An elevator car induces
greatly stronger echoes when the car and counterweight are close to each other.

Figure 49: The figure presents two consecutive FFT spectrums measured towards
the bottom of the elevator car in Tytyri. Distances to the car are 190 m (63.57 kHz)
and 200 m (66.89 kHz) whereas distances to the counterweight are 100 m (33.98
kHz) and 110 m (37.40 kHz).

An elevator car produces similar FFT spectrums whether it is in move or in place.
However, echo peaks of the spectrums in moving situations are slightly wider than
in stationary cases. This results from the measurement speed of the radar module.
During the sweep time of 75 milliseconds the elevator moves tens of centimeters
depending on the speed. In the case of Figure 46, the elevator has moved 37.5
centimeters during the measurement, which is probably the main reason for a slightly
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wider echo seen at 52.8 kHz.

5.4.4 Conclusions and future research

If the measuring is done towards the ceiling of the shaft, changes are required to
the spoiler, which reduces air drag and noise. A hole needs to be left for signal
transmission or the measuring devices have to be connected outside the spoiler,
which is definitely not a good thing for the air drag reduction. Probably the best
compromise between the signal transmission and the air drag reduction is connecting
the antenna(s) to the top of the spoiler and tightening other measuring devices inside
the spoiler. Then only an antenna would be added to the shape of the spoiler and
no additional holes are required. Effects of the connected radar on air drag should
be investigated.

The results show that 77 GHz radar of SiversIMA is more accurate and thus
has more potential than 60 GHz Elva-1 radar for continuous monitoring of the
elevator car speed and location. However the single sweep time of SiversIMA radar
is not sufficient for fulfilling the desired minimum criteria of 20 measurements per
second. The sweep time of 75 ms indicates possible performance around 10 to 13
measurements per second with optimized software. With Elva-1 the sweep time can
be set high enough and the oscillator can be changed to one with wider frequency
range for achieving higher transmitted signal bandwidths. Although the accuracy of
Elva-1 could have been better with the studied combination compared with the theory.
Signal attenuation of 60 GHz radar in an elevator shaft is too much for accurate and
unambigious radar system. Thus, inspection of new parts for 60 GHz radar does not
generate as much interest as continuing with 77 GHz radar. Nevertheless, the sweep
time of radar should be below 50 ms in order to the system having enough time for
signal processing and calculations. The results of 77 GHz radar look encouraging for
the continuous ETSL system if the measurement speed of radar could be modified
higher.

A moving elevator seems to be measurable by radars and it should be researched
more specifically. The single spectrums of the moving elevator car look promising for
continuous elevator speed and location monitoring as long as the distance is less than
75 meters. When the maximum range of 77 GHz radar is increased from 75 meters
by reducing the transmitted signal bandwidth, radar is not capable of detecting the
elevator car moving 10 meters per second. Attenuation should not be a problem
at these 10 meters per second measurements due to the stationary FFT spectrums
are clear and have strong echo peaks at these distances. The operating principle
of radar is based on a phase change in a frequency sweep, which is produced by
single discrete step frequencies. [49] The phase measurement is triggered at each
step frequency. During one frequency step (50 µs), the elevator moves 0.5 mm. This
movement is large in comparison with the wavelength (3.9 mm) of the carrier wave.
An unambiguous phase difference does not exist because of this and thus radar is not
capable of detecting the moving elevator car at the speed of 10 meters per second.
FMCW radars with a linear frequency sweep would be able to measure moving
elevator cars. Movement causes doppler frequencies, which produce measurement
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errors but would not destroy the whole measurement.
To conclude the thesis, an elevator shaft is a suitable environment for radar

measurements and 77 GHz FMCW radar has potential to replace the present speed
and location measurement tools in the ETSL system. Though studied radars can
not replace the present speed and location measuring system directly. The future
challenges are software development and radar modifications. Software is needed for
radar automatic control and calculation processes for radars studied in this thesis.
The inspected 77 GHz radar module needs improvements in sweep time to be fast
enough for the ETSL system.
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6 Summary
In this thesis, radar applicability for elevator speed and location measurement was
evaluated. The evaluation was done by measuring with the selected radar modules
both in steel and concrete elevator shafts. Measuring was done towards the bottoms
of elevator cars as well as towards the ceilings of the shafts. The operation principles
as well as advantages and disadvantages of various radar technologies were discussed.
Based on these findings, 24 GHz, 60 GHz and 77 GHz FMCW radars were chosen
for tests on elevator shafts. Two of the radar modules were commercially available
and the third one, Elva-1, required additions to the FMCW operation.

The best accuracy of stationary location measurements was achieved by 77
GHz radar. Its accuracy was within range resolution theory in all measurements
done towards the ceilings of the shafts and only a few exceeds of theory limits in
measurements towards the bottoms of the elevator cars. Hence, the ceilings of the
shafts were discovered to be better reflectors than the bottoms of the elevator cars.
A radar corner reflector was also studied in the thesis. Its effects remained low in the
measurements towards the ceilings due to ceiling being such a good reflector itself.
Though the radar corner reflector showed to have a positive effect on the results
when measuring towards the bottoms of elevators.

The speed and location measurement of an elevator at the speed of 10 meters
per second was not observable. The elevator accelerating to this speed was clearly
measurable, but after achieving the speed of 10 meters per second the elevator escaped
from the inspected radar.

The goal of this thesis was to evaluate the feasibility of employing radar for
measuring elevator speed and location and propose radar for the ETLS system. An
elevator shaft was discovered to be a suitable environment for radar measurements.
However, the studied radar modules were not directly suitable for the ETSL system
due to a too slow measurement rate. As a replacement of the current ETSL system,
77 GHz radar of Sivers IMA is promising whether its sweep time could be modified
to faster. Other suggestions are finding another commercial 77 GHz FMCW radar
or developing a one.

Further research is especially needed about the situations where an elevator
car is moving although the studied radars need modifications before that. The
radar transponder system was not researched in this thesis due to low commercial
availability. Situation should be kept in the picture. Also that technology has
possibilities - at least on paper.
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