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ABSTRACT

Mechanical vibrations will affect the performance of the wireless link especially with
coming 6G systems, which will operate at significantly higher frequencies than current
5G networks. The mechanical vibrations affect the frequency generation circuitries of
the radio equipment and thus the performance of the radio link. The amount of
mechanical vibration to the radio or any equipment has been standardized and a short
summary of related standards has been given in the thesis.

Some practical measurements have been performed to verify the effects of
mechanical vibration on wireless link performance. The measurement has been done
with a vector signal analyzer that measures the S-parameters of the wireless link. The
phase response of the measured S-parameters has been studied to illustrate the
phenomena.

The mechanical vibration has been measured with a mobile phone application which
detects the changes, vibrations, and location changes of the mobile phone when it was
placed over the frequency extender. As a result of the selection of frequency extenders,
the RF measurement equipment has been able to perform over a greater frequency
range than was originally intended. The used mobile phone application was the G-force
meter, which is freely available from application stores.

The measured S-parameters S11 and S21 were analyzed with Matlab software which
was provided for the purpose. The measured S-parameters and vibration results have
been time synchronized in the Matlab result post-processing. The measurement results
show clearly that mechanical vibrations influence the radio signal phase and thus it
needs to be considered in the future development of 6G.

Keywords: VNA, PNA, S-parameters, RF, THz radios, millimeter-wave(mmW).
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1 INTRODUCTION

1.1 6G system

In 2019, the fifth generation(5G) technology standard for broadband cellular networks began
to deploy worldwide. Both the uplink (UL) and the downlink (DL) of 5G systems are based
on the OFDMA (Orthogonal Frequency Division Multiple Access) standards. Several
frequencies have been used for 5G networks, such as the first frequency range (FR1), between
450 MHz and 6 GHz, and the second frequency range (FR2), between 24.25 GHz and 52.6
GHz. [1]

To make use of upcoming next-generation technologies such as Wi-Fi 7, 50G PON
(passive optical network), and 800G, the fixed networks must be upgraded to support 6G. The
intermediate step between 5G and 6G is the fifth-generation fixed network and F5.5G, which
provides improved access to homes between 1 Gbps and 10 Gbps around the world. There is
also a possibility that network capabilities will go beyond the level of telecommunications
into the industrial sphere. Taking advantage of the F5.5G is that network latency will be
reduced to microseconds, allowing industrial robots to be controlled instantly. As a result of
the deployment of F5.5G, network reliability can be improved from 99.99% to 99.9999%,
which enables high-frequency power grid dispatching to become more efficient. Lastly,
F5.5G will take optical communication one step further by providing optical sensing systems
that can detect vibration, stress, temperature, and others through fiber scattering. This will
improve positioning accuracy to approximately one meter of the device's location. Due to the
low energy consumption associated with optical technology, F5.5G is expected to boost
network energy efficiency by 10-fold compared with current technologies. It is expected that
the 6G network will have air latency of fewer than 100 microseconds and will operate at
terahertz frequency bands, capable of transmitting data at a peak speed of 1,000 gigabits per
second. [2]

Some differences need to be noted in the case of 5G and 6G networks. It is expected that
the 6G networking data speed will be 100 times faster than the 5G networking data speed and
offer greater reliability and a wider network coverage than the 5G networks. Due to the
limited bandwidth available for 6G at currently used frequency bands, higher frequencies are
required for operation. In the coming years, it is likely that the frequency band, overlapping
upper millimeter wave (mmW) frequencies of 100 to 300 GHz, will be the most important
band for researching new radio communications systems. In the coming years. The
significantly greater region of spectrum available in this region than in the lower mmW region
already used by 5G FR2 (24 - 48 GHz). A few techniques are being used to achieve a very
high spectral efficiency at frequencies below 5G FR1 frequencies such as 5G, including
Orthogonal Frequency Division Multiplexing (OFDM) and sophisticated communications
schemes, e.g., high order Multiple Input Multiple Output (MIMO). High-efficiency
modulation schemes and high-order MIMO used for high data rates are impossible to
implement at FR1 for 6G because of the scarcity of available bandwidth.[3]



1.2 Vibration with mobile equipment

When a user is walking, we are having problems with the mobile vibrating when the body of
the user is vibrating, so the mobile is shaking. As shown in Figure 1, the user experiences up-
and-down movements during their walking, and the same is true for the radio equipment as
well, which can be seen in Figure 1. Similarly, when driving on the road with small bumps,
in-vehicle communication starts to malfunction when there are small bumps in the road. The
problems are caused by the mobile vibrating, which in turn causes the body to vibrate. These
effects lead to the Doppler shift and fluctuations in the signal level. As a result, when it comes
to different speeds, several factors must be considered, most importantly the deployment and
operation scenarios. A test vehicle for 6G drive testing is shown in Figure 2.

As part of our 5G solutions, we should be able to support mobility on demand, ranging
from very high mobility, such as high-speed trains and airplanes, to very low mobility, such
as smart meters. Although there is a requirement to have different speeds depending on the
deployment and operation scenarios, the main requirement is different speeds. The main
challenge of a seamless wide-area cover scenario is to provide users with a user-experienced
data rate of around 100 Mbps at any time and place, even if they are traveling at high speeds
(500 km/h). The most important performance indicators assessed under the highway
deployment scenario would be the reliability, the design, the analysis, and the evaluation of
the 5G network. It is, therefore, necessary to have automatic gain control at both the
transmitter and receiver ends. It offers accurate channel estimation, advanced signal
processing, optimal network deployment, and effective channel deployment. The small
mobility observed in 6G systems at high frequencies corresponds to the high mobility
observed at lower frequencies in 6G systems.[4]

Figure 1. While walking, In this Figure 1, we can see an example of what I mean. The mobile
phone vibrates due to up and down movements and down movement of the mobile phone.
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Figure 2. Car can experience to up and down movement while driving at road.



2  EFFECTS OF MECHANICAL VIBRATION TO ELECTRICAL
PARAMETERS

Since vibration affects electrical components, vibration tolerance is specified in multiple
standards for electrical components and mechanical sub-assemblies. The following sub-
chapters provide some examples of how this can be achieved.

2.1 Mechanical vibrations models and standards

It is important to note that several standards are specified for mechanical vibrations. For
example, the operation of any telecommunication base station in a building is limited by a
long-term structural monitoring system concerning the vibrations induced by the base station
itself. There is a possibility that construction sites can generate a high level of vibration due to
the construction process and the use of heavy equipment during the construction process. This
can cause a disturbance, limit certain activities, and damage buildings, especially if the area is
densely populated. An example of a monitoring campaign started in 2014 to verify whether
vibration was generated during the construction of a 19-floor 50,000 square meter building
located adjacent to the monitored building, fixing telecommunication equipment was divided
into two phases. As part of the project, standards for vibration were specified. The first
standard is for velocity tests conducted according to DIN-4150-3, and the double standard is
ETSI EN 300019-1-3, which includes the maximum acceleration of telecommunications
equipment.[5]

To minimize the effects vibrations could have on a building's structural integrity, the DIN-
4150-3 standard compares the vibration velocity and frequency measured on the building's
structure with recommended limit values.

Following ETSI EN 300019-1-3, vibration monitoring for telecommunications equipment
specifies the environmental conditions that the equipment must be in. It defines the
environmental conditions that telecommunications equipment may be exposed to, as well as
the severity of these conditions. [5]

2.2 Mechanical vibrations in the mobile terminal

Mechanical vibration can be used to improve the limited user interface of a mobile device
when those are generated inside the mobile. A vibration rendering can enhance the
identification of mobile device vibrations produced by a vibration motor. Transparent
rendering can contribute to increasing the number of discrete vibrations used for information
delivery via a mobile device. [6]

It is imperative to realize that mechanical vibrations can positively affect the limited user
interface of a mobile device when generated within the device. It can be beneficial to use
vibration rendering to enhance the ability to identify vibrations produced by motion motors in
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mobile devices. There is a possibility that transparent rendering can contribute to an increase
in the number of discrete vibrations that can be used to convey information through mobile
devices. This is because transparent rendering uses transparent rendering.[7]

There is also an alternative sensor module that is battery-less and uses piezoelectric energy
converters for converting mechanical vibrations into electricity that is used to supply energy
for RF transmission through a wireless system.[8]

2.3 Mechanical vibration effects on oscillators

In telecommunications, industry professionals agree that the local oscillator plays a major role
in determining the overall phase noise of the system. Crystals, which generate a base clock,
are vibrated by mechanical vibrations. When the mechanical vibrations are added to the
oscillator's phase noise, the noise gets amplified at the output of the transmitter or receiver.
Vibrations produce physical phase modulation because of kinetic motion. There is an increase
in the noise of oscillators because of mechanical vibration-induced phase modulation
(PM).[10]

In recent years, the crystal oscillator has been the system's most widely used frequency
base in radio communications. With varying forces and frequencies of vibration, the crystal
oscillator is vibrated at a constant frequency as it vibrates, affecting the signal's phase noise. It
should be noted that as phase noise also decreases, the signal-to-noise ratio also increases. It
is likely that the probability of receiving or transmitting an incorrect signal increase as the
quality of power of the transmission decreases. Therefore, it is very important to limit the
phase noise increase that occurs as the operating frequency of the equipment or instrument is
being used in the system. The electronic oscillators must provide a sufficiently low level of
phase modulation (PM) noise to satisfy the system requirements, regardless of the
environment in which it is installed. On the other hand, mechanical vibrations and
accelerations can introduce mechanical deformations into oscillators, which lead to an
increase in the oscillator's otherwise low PM noise. There is a relationship between the phase
noise stability of an oscillator and the degradation of the performance of an electronic system.
There is no doubt that vibrations are undesirable for oscillators with low noise levels. A high-
precision oscillator is a vital component of modern communication and navigation systems,
radars, and sensors mounted on uncrewed aerial vehicles, helicopters, missiles, and other
dynamic platforms that rely on communications. [11]

The frequency change of an oscillator can be reduced by applying compensation that
reduces the frequency change caused by vibrations on an oscillator. An oscillator with and
without compensation must be studied in terms of phase noise to be able to compare its
performance with that of an oscillator without compensation to evaluate the performance of
the oscillator. As a result of using this compensation system, any communication system
currently being used that utilizes crystal oscillators will have less phase noise overall
compared to systems that do not use it. If the PM noise in the operating system is kept as low
as possible, then oscillators can often satisfy the system requirements in static conditions.
Phase fluctuations within its cause an oscillator's sensitivity to vibration. positive feedback
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Loop, which contributes to the time-frequency oscillator's sensitivity to vibration. The
industry has implemented mechanical isolation systems to limit the propagation of
mechanical vibrations to the frequency standard. This prevents the system from deviating
significantly from its frequency standard. As a result of their size and weight, these isolation
systems are not ideal for all applications due to the additional weight and size they add to the
overall design. There have been designs in the past that implemented open-loop or closed-
loop cancellations to deal with systems that cannot use mechanical isolators. It is possible to
cancel the vibration by measuring the vibrations and subtracting them from the phase noise,
but such a system has disadvantages when it comes to vibration frequency and force changes.
Both the vibration information and the phase noise measured by the feedback system are used
in the feedback system. It uses these two inputs to compensate for the changes in signal
frequency that occur because of vibration. During the design process, mechanical vibration
dampeners were removed from the design to reduce their size and weight.[12]

Quartz crystal oscillators (QCSs) are the most used devices regarding time and frequency
standards. Annually, 2 billion (2x109) quartz oscillators are manufactured, out of which there
are two hundred and nine. These small devices are mostly built into wristwatches, clocks,
electronic circuits, and other small devices. In addition, these electromagnets can also be
found inside test and measurement equipment, such as counters, signal generators, and
oscilloscopes, as well as in the core of every atomic oscillator. Crystal oscillators are
electronic oscillators that use the mechanical resonance of a vibrating crystal of piezoelectric
material. It creates an electrical signal with a constant frequency using the crystal's
mechanical resonance. The signal will be created at a given frequency and converted into an
electrical signal. For a long time, crystal oscillators have been regarded as the best frequency
sources due to their excellent frequency stability, spectral purity, and low phase noise
characteristics. Crystal oscillators can suffer from a loss of noise performance due to
mechanical vibrations or other acceleration events in the environment in which they are to be
used. It is widely accepted that virtually all microprocessors, microcontrollers, peripheral
interface controllers (PICs), central processing units (CPUs), and CPUs use QCS as the
frequency reference devices. Crystal oscillators are the most accurate and stable oscillators
compared to resistor-capacitor oscillators in terms of accuracy and frequency stability. Since
the effects of the oscillator over the vibration frequency range are more apparent with this
overall vibration profile, it is commonly used to evaluate oscillators since there are a greater
number of effects caused by the oscillator itself. [13]

In the frequency domain, the phase noise spectrum describes the stability of an oscillator as
a function of its phase noise level. It can separate random noises (stochastic) from induced
noises (deterministic) as well as repetitive noises (induced). It can be said that the frequency
domain spectrum represents the spectral (frequency) content of the output of the oscillator
over a certain range of frequencies. [14]

Several high-frequency applications can be accomplished using phase-locked loops
(PLLs), from simple clock cleaning circuits to local oscillators (LOs), which are used in high-
performance radio communication links, as well as ultra-fast switching frequency
synthesizers in vector network analyzers (VNA).[15]
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The phase frequency detector (PFD) is a PLL circuit's first and most essential element. A
PFD is operated by comparing the phase of a waveform input to RFiNv with a waveform output
from RFIN that is the same frequency and phase. An example of this type of PLL is the
ADF4002 PLL which blocks the diagram in Figure 3 (recommend the feedback divider N = 1
to configure it as a standalone PFD). Therefore, it can be combined with a voltage-controlled

crystal oscillator (VCXO) and a narrow low-pass filter to clean up a noisy reference clock in
the FREF port.

Error Detector ) F
Loop Filter V€O

Faer |y e | N\CP Lo |l Fo
(BRH‘:G{E/ |K ] Hneat

1/
N
Feedback Divider.

Figure 3. Basic PLL Configuration.

In its most basic configuration, a phase-locked loop compares the phase of a reference
signal (FreF) to the phase of an adjustable feedback signal FO, as seen in Figure 3. Figure 4
shows a negative feedback control loop operating in the frequency domain. When the
comparison is in a steady state, and the output frequency and phase are matched to the
incoming frequency and phase of the error detector, then the PLL is locked.[15]

R

F?:_. 0 I Fhaie 3 Lorw pass Fiter ,—‘ Vo ,_'_‘\ X 1:?“___:

Dectetor

—d

# N counter
|

Figure 4. Basic PLL Configuration.

The Mechanical vibration effect on the oscillator's phase noise spectrum is derived and
presented.[16]. The mechanical vibration frequency generates visible signals at the vibration
frequency to the phase noise spectrum symmetrically to both sides around the oscillator’s
oscillation frequency. A 10 g force acceleration has been used in the phase noise spectrum
example. [16]
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3 VALIDATION MEASUREMENT SET-UP

The measurements were conducted in an EMC lab at the University of Oulu on the
Linnanmaa campus. The over-the-air (OTA) measurements were performed with frequency
extenders which were 48 cm apart from each other. It can be seen in the figure below that the
measurement arrangement is photographed in Figure 5.

Figure 5. Frequency extenders in the over the air measurement arrangement.

3.1 Measurement setup with mechanical vibration

The mechanical vibration effect on the radio performance was measured with the Keysight
vector network analyzer (VNA). The analysis is done based on the measured S-parameters of
the OTA link. Mechanical vibrations of the measurement instruments, specifically frequency
extenders, were measured with a G-force recorder mobile phone application installed into the
mobile phone. The mechanical vibrations were measured by installing the mobile with an
activated G-force meter on top of the frequency extender under measurement. The location of
the mobile phone was changed between different measurement cases. As an example, the
measurement case where the mobile phone is located over the receiver (Rx) extender is shown
in Figure 6.

The mechanical vibrations were measured with a G-force Recorder application that uses an
onboard accelerometer in the device for measurement. G-force meters can also measure the
forward and lateral G forces and are used to calculate acceleration, velocity, and distance
traveled using this data. The application is available in both Google and Apple stores. A front
page of the G-force application Recorder is shown in Figure 7.
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Figure 6. The measurement setup with G-force vibration measurement equipment_on t0£> of
RX extender operating from 110 to 170 GHz.

g-Force Recorder

Figure 7. G-force application Recorder
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3.2 Network Analyzer for S-parameter measurement

The vector network analyzers are used to measure the components' scattering parameters. The
parameters of the network. A wide variety of network analyzers is the most common use of
two-port VNA. Which can measure two-port systems like amplifiers and filters, but network
analyzers can also represent systems with any number of ports. Network analyzers are used in
high-frequency ranges up to 67 GHz without frequency extenders. A network analyzer can
also measure frequency ranges as low as 1 Hz using different types of equipment. [17]

Using the VNA is the best way to measure and characterize multi-port networks, for
example, which consist of channels based on transmission lines/coaxial cables. Using the
VNA, it is possible to characterize passive and active devices operating at high frequencies in
their linear mode of operation by measuring their scattering network parameters, also called
S-parameters. [17]. In our measurement, we have used a VNA from Keysight, which can be
seen in picture 8 below.

Figure 8. Kysight’s Network analyzer

To measure noise parameters and nonlinear characteristics on top of S-parameters in the
VNA, modern VNAs are frequently updated and extended within hardware options. In this
way, the VNA can perform multiple measurements in a single setup, resulting in time savings.
The VNA has many benefits, including its accuracy and high dynamic range. The calibration
program allows the probe and the adapter effects on the measurement results to be
compensated. Because the measurement results analysis is usually done in the frequency
domain, it is convenient to measure and work with the frequency parameters. The VNA can
be used to measure time-domain effects and transitioning from a frequency domain into a
time domain can either be conducted directly in a VNA using the inverse Fourier transform
or, after the fact using analysis software in post-processing. Figure 9 shows the measurement
results of the VNA used during the time domain measurement. During a VNA measurement,
the measuring frequency range and the number of points selected within a given frequency
band. [17]



16

The scattering parameters (S-parameters) of a circuit enable an analysis of the stability of
the circuit, the input and output reflection coefficients, and the power gains. The S-parameters
include amplitudes and their phases of the relationships between different ports.

Figure 9. The measurement result display of VNA with time domain measurement.

3.3 Frequency extenders

The frequency extenders are used to extend the frequency band for the measurement
equipment to measure the frequencies above the original maximum frequency. Virginia
Diodes Inc. (VDI) is the manufacturer of the frequency extenders used in these measurements.
They offer banded waveguide extenders, calibration kits for S-parameter measurements, and
calibration kits for extension modules. Two different calibration techniques will be offered
depending on the frequency at which the system will be operated. In our measurement case,
the frequency converters WR6.5 are used, which extends the measurement range to the
frequency band from 110 GHz to 170 GHz from 50 GHz to 1,500 GHz. Figure 10 illustrates a
full transceiver (TX/RX) module that can be used as an example. The TRX module enables S-
parameter measurement of reflected and transmitted parameters such as S11 and S21. A
photograph RX extender is shown in figure 11. The power level that PM5 can measure is up
to 1000mW. Since the TRX extender is a fixed output power device, micrometer-driven
attenuators can adjust the attenuation by 0-30dB, thus controlling the TX power level 30 dB
down from the maximum. [19]
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Figure 10. TRX frequency extender from VDI for 300 GHzpplication.

Figure 11. RX extender from VDI for 300 GHz application.

3.3.1 Used Frequency Extender connections

To function properly, several cable connections are required between the frequency extenders
and VNA. We have used Keysight PNA (performance network analyzer) as VNA in our
measurements. The TRX frequency extender is connected to PNA following: [18], [19]

*  VNA Port 1 >TRX extender port RF

*  VNA Port 3 - TRX extender port LO

* VNA RCVR A IN —» TRX extender port M

*  VNA RCVR RI1 IN - TRX extender port R

The photographs of the front-panel of the PNA and TRX extender connection ports are
shown in Figure 12.
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Figure 12. Front panel of PNA and TRX extender connection ports[18]

The photograph of the complete cabling of the TRX module with PNA analyzer is shown
in Figure 13. [18],[19]

Figure 13. PNA-X connections to TRX- extender port. [18]

The RX frequency extender connection to the PNA is following: [18], [19]

*  VNA Port 2 » TRX extender port M
* VNA Port4 — TRX extender port LO

The photograph of the RX extender connection ports is shown in Figure 14.
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Figure 14. RX extender connection ports to PNA-X (Neﬁz-vork Analyzer).

3.4 Calibration

A vector network analyzer can make precise network measurements by correcting for cable
characteristics and systematic errors within the instrument. A term called calibration is
commonly used to describe the error correction process. However, it is sometimes referred to
as user calibration to indicate a difference from periodic calibrations performed by
manufacturers. In the measurement calibration, known standards are measured to compensate
for systematic errors by using the known standards as references. [18]

3.4.1 Calibration Kit

Equipment typically supplied for Type A and Type B TRL calibration is shown in Figures 14
and 15. This kit’s label (above) is modified to reflect the specific contents of the calibration
kit.

Figure 14. Calibration Kit for WR 3.4 Figure 15. Content inside the box
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It is possible to calibrate network analyzers using waveguide calibration standards included
in the calibration kit. As part of this kit, we have received fixed terminations, open circuits,
short circuits, broadband loads, adapters, and broadband loads. It is specified that this the
WR6.5 calibration kit is specified and capable of measuring frequencies between 110 and 170
GHz. [18]

Figure 16. Short Figure 17. 50 Ohm load  Figure 18. Ql_larter wave delay shim

3.4.1 Calibration, Extenders back-to-back

In the frequency extender calibration, a partial 2-port calibration can be done since S12 and
S22 cannot be measured due to the lack of a second transmitter inside the RX extender.
During full 2-port calibration, as illustrated in Figure 19, the calibration data are calculated to
determine the accuracy of the calibration system by connecting an OPEN standard, a LOAD
standard, or a SHORT standard to two desired waveguide test ports. As a result of this
calibration, directivity error, source match error, frequency response reflection tracking error,
frequency response transmission tracking error, and crosstalk are effectively eliminated.[20]

A photograph of the configuration where extenders are back-to-back is shown in Figure 20.
The through (thru) configuration is shown in the configuration in Figure 20.

Through connection
Open Short Load Open Short Load

Figure 19. Connecting standards in full 2-port calibration
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Figure 20. 220-330 extenders connected back-to-back configuration. [18]

3.4.1 Calibration with Quarter wave Offset shim

The quarter wave-length shim calibration was used when extenders were connected back-to-
back. The calibration with quarter wave-length shim is available from WR19 (40 — 60 GHz)
through WR3.4 (110-170 GHz). Alternatively, the calibration method SOLT (Short-Open-
Load Through) is available from WR28 (26.5-40 GHz) through WR1.0 (750-1000 GHz). Two
VDI style reports are available in calibration kits in the current version: Type A (legacy style,
round) and Type B (current style, rectangle). Standard calibrations support QW (Quarter
Wave Delay Short) and QD (Quarter Wave Delay Short) methods. Both short + %4 offset shim
and load (50 ohms) + and Y offset shim are connected to the RF port of the extender in turn to
obtain needed calibration coefficients. Additionally, direct back-to-back measurement is
performed. A photograph of short calibration and "4 offset shim standards as standalone are
shown in Figure 21. The photograph of the connected load and 4 offset shim to the
waveguide output at the TRX extender is shown in Figure 22. The rectangle-style shim has
been used for the calibration, as shown in Figures 21 and 22. [20]

Figure 21. Short and % offset shim calibration standards.
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Figure 22. Load and % offset shim connected to extender’s waveguide output.

3.4.2 Enhanced Response Calibration

When the enhanced response calibration is used, the measurements are done in one direction.
In such measurements, calibration standards open, short, or load are connected to the
extender's output port. When the calibration is done in this manner, it will eliminate all
directivity errors, crosstalk, source matching errors, frequency response reflection tracking
errors, and frequency response transmission tracking errors that may be caused by the test
setup in a transmission or reflection test that makes use of those ports. [19]

As a result of this calibration, extenders can be used back-to-back or over the air when
connected. In a flush-through calibration method, the thru standard (back-to-back) is
connected between two RF waveguide ports, which means that the thru standard has zero
length for any process: no delay, loss, no capacitance, and no inductance. [18],[19]
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4 MEASUREMENT RESULTS OF VIBRATION TESTS WITH 140
GHZ SIGNAL

Mechanical vibration tests have been done in EMC laboratory at Oulu university with over-
the-air link which performance was measured with VNA. Several mechanical vibration tests
were conducted for the thesis for example: back-to-back, knocking of the table at the receiver
extender side as well at the transmitter side. Different kind of experiment cases were done by
adjusting and leveling the extenders with the adjustment screws when the over-the-air link
was activated. Additionally, knocking tests were conducted when the extenders were
connected directly back-to-back configuration.

The measurement data analysis was done with readymade Matlab-software which was
coded by Dr. Nuutti Tervo, some updates done by Dr. Marko E. Leinonen.

4.1 Vibration with back-to-back extenders

First the vibration tests were done by vibrating back-to-back extenders as shown in Figure 20.
The G-force vibration measurement results of the back-to-back are shown in Figure 23. The
vibration measurement was done over 34 seconds time-period. First there was silent period of
4 second which is visible from the figure 23. The end of the silent period is marked with a
marker tip on X: 4379. After silent period, now we can see the G-force measurement results
changes from 1018 and the G-force changes to 1280 mG or 1.28 G as shown at Y-axis during
the vibration period.
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Figure 23. Mechanical vibration results, Vibration with back-to-back extenders
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The effect of mechanical vibration can be also seen from the in S11 scattering parameter of
the air link phase change response which are shown in Figure 24. The phase change of the
vibration measurement is shown over 2 seconds time-period in which is only faction of total
measurement time. First there was silent period of 2.4 second which is visible from the figure
24. The silent periods of mechanical and phase measurements are thus aligned. The end of the
silent period is marked with a marker tip on X: 2.599. After silent period, now we can see the
phase measurement results changes from 73.25 degrees up to 76.5 degrees at Y-axis during
the vibration.

S11 Phase
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Figure 24. Over-the-air link S11 phase change due to mechanical vibration, back-to-back
extenders; zoomed in the vibration time.

The effect of mechanical vibration can be also seen from over the in S21parameter of the
air link phase change response which are shown in Figure 25. The phase change of the
vibration measurement is shown over 4.2 second time-period in Figure 25. First there was
silent period of 2.6 second which is visible from the figure 25. The end of the silent period is
marked with a marker tip on X: 2.599. After silent period, now we can see the S21 phase
measurement results changes from -156.8 degrees between -159 and -154 degrees at Y-axis
during the vibration.
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Figure 25. Over-the-air link S21 phase change due to mechanical vibration, back-to-back

extenders; zoomed in the vibration time.

4.2 Vibration at receiver side with OTA link

After conducted tests OTA tests were done. First the vibration tests were done at receiver side
by knocking the table at that side. The G-force vibration measurement results of the OTA link
direction are shown in Figure 26. The vibration measurement was done over 21 second time-
period. First there was silent period of four second which is visible from the figure 26. The
end of the silent period is marked with a marker tip on X: 3.943. After silent period, the
mechanical vibration was experienced from 3.943 to 5.384 second. Now we can see the G-
force measurement results changes during period of 3.943 to 5.384 seconds. The G-force at
silent period was 1.021 G and 1.017 G. During the vibration period of 3.943 to 5.384 seconds

the G-force chances to 1.062 G at Y-axis during the vibration.
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Figure 26. Mechanical vibration results, when knocking done at receiver side.

The effect of mechanical vibration can be also seen from over the in S21 air link phase
change response which are shown in Figure 27. We can see change in phase more than 81.4
degrees in time period of 2.731 to 4.171 seconds. The time instance of 2.7131 seconds in S21
measurement corresponds time instance of 3.949 seconds in mechanical vibration
measurement. Similarly phase change can be seen at 10 seconds time instance which
corresponds vibration staring at 12 seconds in the Figure 27. At that time the S21 phase
changes 114 degrees.
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Figure 27. Over-the-air link S21 phase change due to mechanical vibration, when knocking
done at receiver side; full experiment time.
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The effect of mechanical vibration can be also seen from over the in S21 air link phase
change response which are shown in Figure 28. which is zoomed version of Figure 27. We
can see change better the shape of the phase changes. Its look like a stairs case.
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Figure 28. Over-the-air link S21 phase change due to mechanical vibration, when knocking
done at receiver side; zoomed in to first vibration time.

The mechanical vibration can be also seen from over the in S11 air link phase change
response which is shown in Figure 29. The S11 phase changes more than 40 degrees between
time instances of 2.73 to 4.171 seconds. Similarly phase change can be seen at 2.7 seconds
time which corresponds vibration at 4.1 second time instance in the Figure 29. The magnitude
of phase change in S11 is a half of the S21 phase change in the analysed time interval.
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Figure 29. Over-the-air link S11 phase change due to mechanical vibration, when knocking
done at receiver side; zoomed in to first vibration time.

4.3 Fast Vibration at transmitter side with OTA link

Mechanical vibration has been done in transmitter side in this vibration case. The G-force
vibration measurement results of the (fast knocking) are shown in Figure 30. The vibration
measurement was done over 28 second time-period. First there was silent period of eight
seconds which is visible from the Figure 30. It is marked with marker tip on X: 8.611.

Mechanical vibration experience starts at time of 8.611 seconds and the largest amplitude
is at 9.332 seconds. The G-force measurement results change from 1.020 G up to 1.369 G

which can be read from Y-axis.
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Figure 30. Mechanical vibrations measurement when fast knocking was done at transmitter
side.

The effect of mechanical vibration changes the phase response of S11 in the over air link
which is shown in Figure 31. The initial value of the phase of S11 was 177.4 degrees in time
instance of 2.599 seconds when the measurement stared. The starting point of the S11
measurement (2.599 seconds) corresponds the time instance of 8.611 seconds in the Figure
31. The phase of S11 changes only within 10 degrees during the measurement window.
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Figure 31. Mechanical vibrations measurement S11 phase change was done when fast
knocking was done at transmitter side; zoomed in to fast knocking vibration time.

The effect of mechanical vibration can be also seen from over the in S21 air link phase
change response which are shown in Figure 32. We can see change from the phase of 132.9
degrees in time instance of 2.599 seconds. First there was silent period of 2.5 second which is
visible from the figure. Similarly phase change can be seen at that time which corresponds 4.2
second vibration in the Figure 32 and a similar Legacy phase change is which is visible in
Figure 29. Same effect of mechanical vibration can be also seen from over the air link phase
change response which are shown in Figure 32. We can see change in phase the vibration
measurement was done over 4.2 s time-period. The end of the silent period is marked with a
marker tip on X: 2.599.
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Figure 32. Mechanical vibrations measurement S21 phase change was done when fast
knocking was done at transmitter side; zoomed in to fast knocking vibration time.

4.4 Higher OTA link level vibration at transmitter side with OTA link

The OTA link level was changed by tightening the screws attached to the extenders, and thus
the level of the link changed. The used screws are shown in Figure 33.

Same effect of mechanical vibration with tighter screws conditions can be seen from over
the air S21 link phase change response which is shown in Figure 33. First there was silent
period of 4 second which is visible from the figure 33. The end of the silent period is marked
with a marker tip on X: 4328, After silent period, now we can see the G-force measurement
results changes from 4328 and the force changes from 1026 G at Y-axis during the vibration.
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Figure 33. Mechanical vibrations measurement when transmitter side screws were tightened,

and the OTA link level raised.
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The mechanical vibration affects to the over the in S21 air link phase response which is
shown in Figure 34. First there was silent period of 2.5 second which is visible from the
Figure 34. The end of the silent period is marked with a marker tip on X: 2.734. After silent
period, now we can see the G-force measurement results changes from -166.4 degrees to step
manner.
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Figure 34. Over the air link S21 phase measurement when transmitter side screws were
tightened.

The effect of mechanical vibrations in the measurement of S21 amplitude when transmitter
side screws were tightened, is shown in Figure 35. First there was silent period of 2.8 seconds,
and the end of the silent period is marked with a marker tip on X: 2.777. After silent period,
now we can see the S21 measurement results changes from -24.65 dB by 0.3 dB as a step
manner. This indicates clearly that phase measurement is more sensitive to mechanical
vibration compared to amplitude measurement based on results from Figures 34 and 35.
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Figure 35. Over the air link S21 amplitude measurement when transmitter side screws were
tightened.

Mechanical vibrations measurement S11 amplitude measurement when transmitter side
screws were tightened are shown in Figure 36. Only transmitter side reflection measurement
was done due to limitations of the extenders. The time instance of 2.727 seconds in S11
measurement corresponds time instance of 3.949 seconds in mechanical vibration
measurement. At that time the amplitude changes from -15.87 dB down to -31.7 dB.
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Figure 36. Over the air link S11 amplitude measurement when transmitter side screws were
tightened.

The effect of mechanical vibrations OTA link S11 phase measurement when transmitter
side screws were tightened is shown in Figure 37. First there was silent period which is
visible from the Figure 37. The end of the silent period is marked with a marker tip on X:
2.735. After silent period, the phase of S11 measurement results changes from an average of
-152 to -145 degrees as step manner when the vibration starts.
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Figure 37. Over the air S11 phase measurement when transmitter side screws were tightened.
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S DISCUSSION

The thesis concentrated on mechanical vibrations and effect of those to OTA radio link
parameters based on the practical measurements. The measurement results show clearly that
mechanical vibrations influence the radio signal phase and thus it needs to be considered in
the future development of 6G. Some practical measurements have been performed to verify
the effects of mechanical vibration on wireless link performance.

The actual measurements were conducted in an EMC lab University of Oulu on the
Linnanmaa campus. Mechanical vibration tests had been done in laboratory environment with
an over-the-air link running 140 GHz and which performance was measured with the VNA.
Several mechanical vibration tests were conducted for the thesis for example: back-to-back,
knocking of the table at the receiver extender side as well at the transmitter side. The
frequency extenders have been used to extend the performance of the RF measurement
equipment over the original frequency range of 67 GHz to 140 GHz. The measurements were
done with two different types of extender modules: one for TX and one for RX. Each module
was attached a horn antenna supporting the full operational band of 110 to 170 GHz.

First knocking tests were conducted when the extenders were connected directly back-to-
back configuration. After those, different kind of experiment cases were done by adjusting
and leveling the extenders with the adjustment screws when the over-the-air link was
activated.

We conducted the OTA measurements with the help of frequency extenders. During this
experiment, a VNA was used to measure the reflected signal strength over a radio propagation
path to measure the reflected signal strength. There has been a calibration of the vector
network analyzer measurements to correct for cable characteristics and systematic errors in
the instrument as well. As part of the calibration process, 50 ohms, open and short known
standards were calibrated, and then the systematic errors were corrected based on those
standards. The OTA measurement has been done with G-force measurement and vector signal
analyzer measurements of the S-parameters of the wireless link. Based on the measurements,
the phase response of the measured S-parameters is more sensitive to the vibration than the
amplitude. The mechanical vibration has been measured with a mobile phone application
which detects the changes, vibrations, and location changes of the mobile phone when it was
placed over the frequency extender. The used mobile phone application was the G-force
meter, which is freely available from application stores. The mechanical vibrations were
measured with mobile terminal G-force measurement application which was easy to use.

The measurement data analysis was done with readymade Matlab-software which was
coded by Dr. Nuutti Tervo, some updates done by Dr. Marko E. Leinonen. The measured S-
parameters including amplitudes and phases of S11, and S21 air link phase were analyzed
with the Matlab software which was provided for the purpose. It should be noted that only a
fraction of the measurement results was presented in the thesis.

Based on the above scenarios, one could conclude that an assessment process can be
effective in providing the results we need. To achieve the desired results. It can be concluded
from the results of the experiment that it was successfully done.
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6 SUMMARY

Mechanical vibrations will affect the performance of the wireless link especially with coming
6G systems, there will be a significant difference in the frequency at which these networks
operate when compared to the current 5G networks. The mechanical vibrations affect the
frequency generation circuitries of the radio equipment and thus the performance of the radio
link.

The amount of the mechanical vibration to the radio or any equipment has been
standardized and a short summary of related standards has been given in the thesis.

Over-the-air radio link measurements were performed when mechanical vibrations were
done by knocking the table and the frequency extenders. The measurements showed clear
effect of mechanical vibration to the phase response of the radio link when it was measured
with network analyzer in time domain.

The practical OTA measurement with mechanical vibrations has been done with vector
signal analyzer measurements of the S-parameters of the wireless link and G-force application
measurement. Based on the measurements, the phase response of the measured S-parameters
is more sensitive to the vibration than the amplitude. The measured S-parameters S11 and S21
were analyzed with Matlab software which was provided for the purpose. The measured S-
parameters and vibration results have been time synchronized in the Matlab result post-
processing.

The measurement results show clearly that mechanical vibrations influence the radio signal
phase and thus it needs to be considered in the future development of 6G.
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