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Chapter 1

Summary

The current industry 4.0 is a step toward achieving advanced industrial produc-
tion, such as swarm production. Inside the factory, the robots will follow different
paths with line of sight(LOS) and non-line of sight (NLOS) propagation, which
impacts the directionality of the transmission/reception. To design algorithms for
controlling the directional transmission/reception it is important to know the time
dynamics of the directional propagation paths in both LOS and NLOS conditions,
e.g., for the design of "beam handover" algorithms. It is essential to know the rea-
son for amplitude variation, most of the channel characterization measurement at
mmWave frequency [5], [8] seems not to be able to distinguish between amplitude
variations caused by fast fading and NLOS to LOS transitions.
The existing measurement method is based on the principle that simultaneously
several RF carriers are in the air, and separation between each carrier is chosen in
such a way that the fading is uncorrelated between them [20], able to categorize the
fast fading and LOS to NLOS transition. In this project, the measurements focus on
defining the coherence bandwidth for a range of typical office settings that mimic
an industrial environment. The benefit of the new measurement setup presented
in this project is that it uses sixteen RF tones, while the existing measurement setup
uses only 4 RF tones over a bandwidth. The higher number of RF tones gives more
detailed channel characteristics and accurate coherence bandwidth value.
After capturing the data through a series of measurements, data processing has
been done on the collected data to analyze frequency correlation, K-factor, multi-
path spread, field strength, and fading. Based on the data processing, coherence
bandwidth for different channel conditions will be defined and provide optimized
tone separation for further measurement of the existing measurement technique.
Based on the result analysis, the antenna’s directionality affects the coherence
bandwidth. The receiver contains a switched antenna system of four antennae;
the coherence bandwidth is very high for the antenna directed towards the re-
ceiver, and antennas that are not directive toward the receiver have less coherence
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2 Chapter 1. Summary

bandwidth. Coherence bandwidth decreases as the bandwidth separation between
RF tones increases. Coherence bandwidth also reduces as the separation between
transmitter and receiver increases.



Chapter 2

Introduction

The first industrial revolution started with the transition of the handmade prod-
uct to machines, and machines run by steam and water power. It transformed
the iron industry, mining, and textile industry mostly. The second industrial rev-
olution/technological revolution took place around the end of the 19th century
to the beginning of the 20th century, and it led to the expansion of railroad and
electricity, and the electrification of industry led to mass production. The third
industrial revolution, also called digitization, began in the 20th century. It began
with digitization and the development of computers and electronic components.
Figure 2.1 shows four industrial revolutions. The fourth industrial revolution de-

Figure 2.1: Four Industrial Revolution

pends on several technologies such as cyber-physical systems, industrial internet
of things(IIOT), and cloud computing to provide flexibility and reliable high-level
manufacturing. The rapid development of the electronics industry, information
technology, advancement in manufacturing, and increased demand for goods and

3



4 Chapter 2. Introduction

Figure 2.2: Automation Factor AAU [22]

products led to the transformation of the current digital sector to intelligent based,
referred to as industry 4.0, wireless technologies will replace the cables, and it
provides more flexibility and also cost reduction [22], figure 2.2 shows Aalborg
University 5G smart production factory focused on the idea of industry 4.0. 5G
is a crucial enabler for industry 4.0, and it does have the potential to increase the
efficiency of the industries.
Device-to-device communication is categorized into two classes massive MTC (ma-
chine type communication) and machine critical MTC. Massive MTC is a large
collection of a devices such as sensor with a requirement on coverage zone and
efficiency, while machine-critical MTC needs low latency and high reliability. Two
significant components for critical machine-type communication are low latency
and ultra-reliable communication. Based on the application, the requirement for
latency and reliability varies. In terms of delay, some of the most significant con-
tributors to delays are network stack, medium access, signal processing, transmis-
sion, and propagation delays [14]. The requirement for reliability and latency is
strict in the case of industry 4.0, [14].
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2.1 Device to Device Communication

The current industry 4.0 is a step toward achieving advanced industrial production,
such as swarm production, where small mobile robots are being used for manu-
facturing. Swarm production will provide high flexibility and reconfiguration to
the industry’s production process but requires highly robust wireless connectivity
in an environment with a high degree of clutter and potentially high density of
wirelessly connected robots. 5G wireless communication at mm-wave frequencies
is considered a potential candidate for such robot-to-robot communication appli-
cations. With the evolution of 5G, it is possible to achieve high reliability and low

Figure 2.3: Requirements for wireless factory automation [14]

latency. The requirement for industry 4.0 is ultra-reliable low latency, where correct
data need to be delivered within defined latency. Figure 2.3 shows the study done
[14] for different types of industrial applications such as manufacturing processes,
automated guided vehicles, also general summarized results with a requirement of
e2e latency, reliability, data size, communication range between devices, number
of devices and machine mobility. In automated industry 4.0, D2D communication
plays a crucial role. Device-to-device communication allows robots to commu-
nicate without needing an access point; all the devices work collaboratively and
increase efficiency.
Robots share collective data with each other who are in proximity, this will reduce
the chance of collision among robots and also increase mobility and productivity
inside the factory [12]. Robots move randomly and constantly inside the factory;
they sense and track surroundings environment and exchange information based
on the critical and extended range as shown in figure 2.4. Robots within extended
range(re) share mobility and position information that can be used for channel es-
timation. Within critical range(rc), they share video data that help in movement
and provide traffic information.
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Figure 2.4: Device to Device communication [12]

2.2 mmWave and Challenges

5G is inevitable for industry 4.0, but the mmWave has disadvantages, such as a
smaller coverage range and lower SNR. Larger bandwidth in 5G leads to higher
SNR(signal to noise ratio). For mmWave frequencies, the path loss is larger than
lower frequency bands, even for free space. At mmWave frequency, the propogat-
ing wave are very sensitive to blockage structure due to diffraction around the
object in factory environment [3]. There will be a range of complex structures in
an industrial environment, which increases the fading, so it is vital for MiR(Mobile
Industrial Robots) to have an antenna system with beamforming or directionality
capability. A directional antenna system can be an option to improve the SNR and
have less fading [5].

2.3 Beamforming and Management

Beamforming is formed by using multiple antenna system to produce directional
beam. The major advantage of breamforming is reduction in interference, beam-
forming will provide diversity gain and multiplexing gain. Industrial communica-



2.4. Channel Effect 7

tion is quite different that normal communication. Inside the factory there can be
several heavy structure, moving robots, and machine which affect the wave propa-
gation and lead to rich fading, using directional antenna system will decrease the
path diversity [15] will improve the gain and signal to noise ratio.
Beam management plays important role for mmWave communication, it maintain
antenna beam in a direction of importance. In the case of industrial environment,
where the channel have rich fading, it is important to find effective direction for
beamforming, for proper TRP, UE communication. Study on beammanagement
process have been done between TRP-UE have been done [1], it contain three steps.
For mmWave, UE-UE beamforming still under research.

2.4 Channel Effect

In an industrial environment, beam-management will be done based on channel
characteristics response. Inside the factory, the robots will follow different paths
with line of sight(LOS) and non-line of sight (NLOS) propagation, which impacts
the directionality of the transmission/reception. To design algorithms for con-
trolling the directional transmission/reception it is important to know the time
dynamics of the directional propagation paths in both LOS and NLOS conditions,
e.g., for the design of "beam handover" algorithms.
For example, if robot moved into a non-line sight scenario then it would difficult
to share information to other robot. For industry 4.0, effective TRP handover and
data sharing among robots plays an crucial role. It is essential to discover the rea-
sons for amplitude variations in the channel. Fast Fading can be handled in the
coding and modulation domain. LOS to NLOS transitions also refers as shadowing
must be dealt with by redundancy means like Side links, TRP, DAS, or multiple
UU connections[20].
Amplitude variations in the RF channel are caused by the movement of devices
behind obstacles, around corners, and simply due to changing path loss due to
movements in a straight line or rotation. Similar variations should be expected
across a relatively large bandwidth when the channel is affected by fast fading and
LOS to NLOS transitions.

2.4.1 LOS To NLOS Transition and Fading

As discussed in [20] with an example case, the time it takes a device with different
beam widths to pass a corner with varying combinations of speed (5 km/h and
70 km/h) could be anything from 4 ms to 1000 ms. This is comparable with
amplitude variations caused by fading, and for that reason it is essential to know
the exact reason for amplitude variations as the two physical phenomena need to
be dealt with using very different means as described above. Fast fading occurs
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Figure 2.5: Direct and reflected component

due to amplitude variation of the RF signal because of multipath components; the
received RF signal is a combination of direct and indirect components, and it may
amplify when they combine in the same phase and cancel each other if they are out
of phase, shows Rayleigh distribution. Figure 2.5 shows that two RF components
are in the air, and figure 2.6 shows the plot of the RF signal of corresponding
components, the resultant received RF signal is the constructive and destructive
addition of two components and deep fades will occur for every half wavelength
can be of 10 to 30 dB in the case of fast fading. It is essential to know when
fast fading is happening and when LOS to NLOS transition is happening. Both
scenarios of amplitude variation can be handled by different techniques.
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Figure 2.6: Direct and Reflected Components

2.5 Existing Measurement Setup

The existing measurement setup is based on the principle that simultaneously sev-
eral RF carriers are in the air, and separation between each carrier is chosen in
such a way that the fading is uncorrelated between them [20]. The measurement
technique is able to categorize the fast fading and LOS to NLOS transition.
Figure 2.7 shows the basic measurement set-up. On the transmitter side, signal
generator generates simultaneously a continuous wave 4 RF tones. Local oscillator
generates carrier frequency flo is added via mixer and then passes into the ampli-
fier, the RF signal is then propagated through the transmitting antenna, all the 4
CW RF signals will be in the air simultaneously.
At the same time, on the receiver side the antenna have access simultaneously to
all the 4 RF carriers, but the local oscillator is programmed sequentially to generate
local tones corresponding to all four RF signal for down-conversion, after down-
coversion the baseband signal will look like as shown in figure 2.8 on oscilloscope.

Figure 2.7: Block diagram of existing Measurement Setup
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Figure 2.8: Video signal plot on Oscilloscope (4 tones, 1Tx and 1Rx)

The benefit of using this measurement technique is that it will provide wideband
channel characteristics without using the whole band; hence it will have low SNR.

2.6 Thesis outline

The report is organized as follows. Some general information about the back-
ground of components of channel models, path loss channel model, and fading in
Chapter 3. Chapter 4 introduces the problem statement. Chapter 5 describes the
measurement setup in detail. Chapter 6 discusses the detail of data processing.
Chapter 7 discusses the measurement results, and finally, chapter 8 presents the
conclusion and future work.



Chapter 3

Background

3.1 Component of Radio Channels

In a communication system, the path loss increases as the separation increases
between the Tx(transmitter) and Rx(receiver). Inside the factory, many obstacles
such as cluttering machines, metallic structures, corners, etc. affect the propagating
RF signal. As shown in the figure 2.2 which contain complex objects which do
affect propagating wave, they affect the channel characteristics and lead to fading
on the received RF signal.

1. Diffraction : Diffraction is a phenomenon where the propagating wave spreads
out as they pass the object; it passes the wave even if it is in non-line of
sight(means blocked by the object). Huygens’s principle states that each
wavefront point can be considered as a source point for expanding the wave-
front. Transmitter and receiver are a non-line of sight scenario, there can be
some edge type of structure as shown in figure 3.1 (example hill, corner wall,
etc.), based on knife edge diffraction principle it says that propagating wave
can reach other side of knife edgy structure. p(r) is loss due to diffraction, h
is height between corner and transmitter, receiver(both of them are at same
level), α is angle between transmitter and horizontal line from corner. Equa-
tion 3.1, ν is Fresnel–Kirchhoff diffraction parameter, path loss due to knife
edge diffraction at distance d* is function of ν [13]. Study have been done for
indoor environment diffraction loss on wooden corner, drywall corner, and
plastic board at mmWave frequency [6].

ν = α

√
2(d1 + d2)

λd1d2 (3.1)

11



12 Chapter 3. Background

Figure 3.1: Knife Edge Diffraction

p(r) =



0 ν ≤ 0
20log10[.5e−.95ν], 0 ≤ ν < 1

20log10[.4 −
√

.1184 − (.38 − .1ν)2], −0.8 ≤ ν < 0
20log10[.5 − .62ν], 1 ≤ ν < 2.4

20log10[.25/ν], −0.8 ≤ ν > 2.4

(3.2)

Based on equation 3.1 and 3.2 diffraction analysis have done.

α Diffraction loss : Corner Wall [dB]
0 0
10 -15
20 -21.10
30 -23.89
40 -26.39
50 -28.33
60 -29.91
70 -31.25
80 -32.43
90 -33.43

Table 3.1: Diffraction Loss at different angles.

2. Reflection: Propagating electromagnetic wave collides with other medium
and reflects back with some angle and the phenomena can be referred as
reflection. Losses due to reflection vary with respect to medium and propa-
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gating angle. Figure 3.2 shows a incident wave at angle θi on a boundary of
two dielectric media, part of wave reflected in first media with angle θi, and
some part is refracted to other media at an angle θt. Section 1 of figure 3.2,
E-field is parallel to the plane of incidence and in second part of figure the
E-field is perpendicular [21]. Ei, Er, and Et are incident, reflected, and trans-
mitted electric fields. The reflection coefficient at the boundary of the two
material: Γ|| for parallel E-field and Γ⊥ for perpendicular E field. Equation
3.7 calculates Return loss in dB caused by reflection.

Γ|| =
−ϵrsin θi +

√
ϵr − cos2 θi

ϵrsin θi +
√

ϵr − cos2 θi
(3.3)

Γ⊥ =
sin θi −

√
ϵr − cos2 θi

sin θi +
√

ϵr − cos2 θi
(3.4)

Er = ΓEi (3.5)

Et = (1 + ΓEi) (3.6)

Returnloss[dB] = −20log10(|Γ|) (3.7)

Based Fresnel reflection formula 3.4, the reflection loss can be calculated, ϵr

= 4.7 have been taken in paper [24] for wall. ϵr = 4 [21] for glass.

θi Reflection Loss [dB] : Wall Reflection Loss [dB] : Glass
0 0 0
10 -1.56 -1.73
20 -3 -3.40
30 -4.5 -4.94
40 -5.7 -6.30
50 -6.74 -7.45
60 -7.57 -8.35
70 -8.18 -9.01
80 -8.54 -9.41
90 -8.66 -9.54

Table 3.2: Reflection Loss at different angles.
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Figure 3.2: Frensel Reflection

3. Scattering: Scattering is a phenomenon when propagating waves change
their path due to irregularity on the structure or surface, it is clearly vis-
ible in the figure 3.3 where propagating waves changes their direction of
propagation based on irregularity of the structure. The received signal due
scattered array 3.8.τ =(s∗ + s∗)/c is delay associated with scatterred array. σ

is radar cross-section of the scattering body, it depends on the roughness and
physical property of scatterrer. Gk is antenna power gain.

r(t) = Re

{
λ

4π

[√
Gkσu(t − τ)e−j2π(s∗+s∗)/λ

√
4πs∗s∗

]
ej2π f ct

}
(3.8)

PrdBm = PtdBm + log10(Gs) + 20log10(λ) + 10log10(σ) (3.9)

− 30log10(4π)− 20log10(s∗)− 20log10(s∗) (3.10)

Equation 3.10 is associated path loss from equation 3.8, Pr and Pt are trans-
mitted and received power [13].
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Figure 3.3: Scattering

Reflection, diffraction, and scattering are the basic components which affect the
propagation of wave in a communication system. These components are important
parameter for defining the path loss models, received RF power is normally the
most critical parameter predicted by large-scale propagation models established
on the impact of reflection, scattering, and diffraction. In the next section several
path loss models are discussed.

3.2 Path Loss Models

1. Friis Free Space
Consider a scenario in a communication system, the transmitter and receiver
pointing at each other, and there is no obstruction between means they are
in a line of sight case; based on that received power of the antenna can be
calculated [13].

PR =
λ2GTPTGR

(4πd)2 , (3.11)

GR =
4πAeR

λ2 , (3.12)

GT =
4πAeT

λ2 , (3.13)

Where λ is the wavelength of propagating wave, GT and GR are transmitting
and receiving antenna gain, respectively, PT is transmitted power, PR is re-
ceived power, d is a distance between transmitter and receiver, and AeR &
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Figure 3.4: Two ray model

AeT are an effective area of transmitting and receiving antennas respectively.
As the separation between transmitter and receiver increases, the received
power decreases by a factor of 1/d2 as shown in equation 3.11.

2. Two Ray/Path Model
Two ray model channel model is used when most of mulipath component
passed through single reflector(ground), at receiver side it receive compo-
nents: line of sight and non line of sight. LOS components corresponds
which directly through free space and it covers distance do, other compo-
nents which is multipath comes through reflector(or ground) and it covers a
distance( d1 = d11+d12) as shown in figure 3.4, if the transmitted signal is
narrow band relative to the delay spread then approximated received power
equation will be 3.14, ∆ϕ is the phase difference difference between LOS and
reflected component [13].

PR =

[
λ

4π

]2
∣∣∣∣∣
√

Gl

l
+

R
√

GR exp(−j∆ϕ)

x + x′

∣∣∣∣∣
2

(3.14)

d1 − do =
√
(hr + ht)2 + d2 −

√
(hr − ht)2 + d2 (3.15)

∆ϕ =
2π(d1 − do)

λ
≈ 4πhthr

λd
(3.16)
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R =
Sinθ − Z
Sinθ + Z

(3.17)

Zv = ϵr − Cos2θ/ϵr (3.18)

Zh = ϵr − Cos2θ (3.19)

R is a ground reflection coefficient( Zv for vertical polarization, Zh for hori-
zontal polarization)

3. Path Loss Exponent Models
Modeling the signal propagation for a range of frequencies and environment
is challenging. For general trade-off analysis of the propagation model, it
is not essential to add complex parameters. Equations 3.20 is a simplified
path loss equation that captures the propagation model over the distance for
several cases [13].

PR = PTK
[

dr

d

]α

(3.20)

where dr is a reference distance from the transmitting antenna, α is a path
loss exponent and K is a constant.

4. Empirical And Standard Bias Model : In house
The model is from 3GPP TR 38.901 version 14.3.0 Release 14 [11], PL−LOS(d3d)

is pathloss in dB for line of sight case and PL−NLOS(d3d) for non line of sight
case, fc is in GHz and d3d is the distance between transmitter and receiver
antenna.

PL−LOS(d3d) = 32.4 + 17.3log10(d3d) + 20log10( fc), 1mt < d3d < 150mt
(3.21)

PL−NLOS(d3d) = 38.3log10(d3d) + 17.3 + 24.90log10( fc), 1mt < d3d < 150mt
(3.22)

For path loss models, it is generalized that the path loss also increases as the
frequency of operation increases. Industry 4.0, which operates at 5G technology,
will have higher path loss than lower-frequency technology.
In a communication system, there is a transmitter and receiver. The propagating
wave goes through various types of attenuation based on channel characteristics.
The received signal may be affected by the multipath effect, shadowing, path loss,
etc. In the next section, fading and its type will be discussed, which will provide a
better explanation of channel response.
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Figure 3.5: Components of Radio Channel [13]

3.3 Channel Fading

Wireless channel fading can be categorised into two cases: small scale fading and
large scale fading, both of the cases are categorised into sub-cases as shown in
figure 3.6.

3.3.1 Small Scale Fading

Small scale fading occurs due to constructive and destructive interference of mul-
tipath radio signal. Small scale fading occurs at wavelength level and is frequency-
dependent. Small scale fading can be further categorised into cases.

Rician Fading

It include a line of sight and non-line of sight components. Racian K factor can be
defined as the ratio of a line of sight components to scattered components. Equa-
tion 3.23 expresses Rayleigh pdf distribution, r is the evolope of the recieved RF
signal, and 2σ2 is the pre-detection mean power of the multipath signal. Specular
components are the components which only contain line of sight components. If
the amplitude of specular components approaches zero, then rician pdf approaches



3.3. Channel Fading 19

Figure 3.6: Fading and there categories

to rayleigh probability distribution function.

p(r) =

{
r

σ2 exp
[
− r2

2σ2

]
r ≤ 0

0 otherwise
(3.23)

Rayleigh Fading

It is one of the worst kinds of fading and the reason behind that, it only contains
multipath components. Rayleigh fading shows large amplitude fluctuation within
a few wavelength distance travel by robot. Most of the time multipath components
are in out phase or in-phase, they add up constructively and destructively shows
high variation of resultant amplitude.

3.3.2 Large Scale Fading

Large-scale fading is caused by attenuation because of wave propagation over dis-
tance and diffracting by large objects. Large-scale fading occurs due to path loss
and shadowing by large objects such as wall corners, big machines, etc. Large-scale
fading occurs while the antenna moves in 20-40 or more wavelengths. Usually,
large-scale fading is frequency-independent.

Path Loss

In a scenario of free space signal power level varies by a factor of 1/d2, d is the
distance between transmitting and receiving antenna [16], for NLOS(non-line of
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sight) the signal propagation varies by a factor of 1/d3 to 1/d6 [13].

Shadowing

It occurs when a signal is blocked by a big object such wall corner, mountain,
building, or some big solid structure. Because of those big structures/objects, it
takes time for a signal to pass through that, also called as slow fading. In an
industrial factory environment, slow fading can occur, when robot moves around
the corner, a signal may be blocked by big mechanical structure, etc [13].
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Problem Statement

The next evolution is happening under industry 4.0, which is considered intelli-
gent, cyber-physical, IoT, and device-to-device connection-based. Device-to-device
communication allows robots to communicate without needing an access point;
all the devices work collaboratively and increase efficiency. 5G is inevitable for
industry 4.0, but the mmWave band has some disadvantages, such as range, low
SNR. Directional antenna system can be an option to improve the SNR and have
less fading. To design algorithms for controlling the directional transmission/re-
ception it is important to know the time dynamics of the directional propagation
paths in both LOS and NLOS conditions, e.g., for the design of "beam handover"
algorithms. Most of the channel characterization measurement [5], [8] at mmWave
frequency seems not to be able to distinguish between amplitude variations caused
by fast fading and NLOS to LOS transitions. It is crucial to know the reason for am-
plitude variation, fast fading which can be handled in the coding and modulation
domain, while the transition of a line of sight to non-line sight can be handled by
side links, TRP, and multiple UE connections. The existing RF directional channel
characterization measurement method 2.5 where RF tones are separated in such
a fading is uncorrelated is able to categorise amplitude variation. Next step is to
finding coherence bandwidth, correlation between received RF tones, which will
be used to defined coherence bandwidth.

4.1 Proposed Method

In this project, the focus will be on defining coherence bandwidth under different
indoor environmental conditions. Defined coherence bandwidth based on chan-
nel characteristics will provide a baseline for frequency tone separation for the
existing measurement technique 2.5. The benefit of the new measurement setup
presented in this project is that, it uses sixteen RF tones while the existing mea-
surement setup uses 4 RF tones over a bandwidth, principle of this measurement

21
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technique is same as existing method defined in section 2.5. Higher the number of
RF tones gives more detailed channel characteristics and gives accurate coherence
bandwidth value. Detailed data processing analysis will be done on measurement
results; parameters like frequency correlation, Kfactor, multipath spread, and field
strength response will be analyzed to define the coherence bandwidth.
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Measurement Setup

The measurement setup aims to have several RF carriers simultaneously over the
air in the range bandwidth, where RF carrier tones are separated in the frequency
domain. Correlation between received RF tones can be analyzed at the receiver
side, correlation between RF tones will define coherence bandwidth under different
channel condition.
The principle of this setup is to have sixteen continuous wave frequency tones, all

these sixteen tones will be in the air all the time. At the receiver side each active
antenna have access to all sixteen frequency tones at the same time. As shown in
the figure 5.1, at transmitter side signal generator generates simultaneously 16 CW

Figure 5.1: Measurement Setup diagram

23
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Figure 5.2: Block Diagram: Measurement Set-up

multione mentioned in table 5.7. Figure 5.3 shows the spectrum plot of 16 CW rf
tones of signal generator.

Tone f1 f2 f3 f4 f5 f6 f7 f8 f9 f10 f11 f12 f13 f14 f15 f16
freq[MHz] 27001 27002 27003 27004 27005 27006 27007 27008 27009 27010 27020 27030 27040 27050 27060 27070

Table 5.1: 16 CW multione simultaneously generated by signal generator : Tx

As shown in the figure 5.1, at receiver side the antenna will be active sequen-
tially over the time, at a moment antenna 1 is active and it have access to all sixteen
frequency tones which are present over the air. Local oscillator is programmed
sequentially for sixteen carrier frequency which are used in down conversion of
received RF signals. Corresponding 16 carrier frequency generated by local oscil-
lator mentioned in table 5.2.

Tone f1 f2 f3 f4 f5 f6 f7 f8 f9 f10 f11 f12 f13 f14 f15 f16
freq[MHz] 22001 22002 22003 22004 22005 22006 22007 22008 22009 22010 22020 22030 22040 22050 27060 22070

Table 5.2: 16 carrier frequency generated by local oscillator : Rx

At receiver side as shown in figure 5.2, switched antenna system consist of four
antenna. All the sixteen frequency tones will be in the air all the time, as shown
in figure 5.1, antenna 1 is active and it have access to all sixteen frequency tones.
All the antennas will get active sequentially over time based on antenna selection
switch and activation time is defined by total duration of sixteen tones, detailed
discussion antenna selection and tone generation have been discussed in appendix
A.4. Received RF signal from active antenna will pass into mixer for downcon-
version where carrier frequencies corresponds to tones( F + △fj, j is 1 to 16) of
defined duration feeded by local oscillator sequentially over time into mixer and
downconverted IF output. Spectrum analyzer(set at zero span with lower reso-
lution bandwidth(RBW)) takes IF output from mixer, and then video signal from
spectrum analyzer passed into oscilloscope. Digital oscilloscope have been used to
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Figure 5.3: Spectrum Plot of Signal Generator

Figure 5.4: Digital Oscilloscope
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Figure 5.5: Measurement Setup : location 1

capture and save the data in video signal format from spectrum analyzer. GPIO
pins of raspberry pi corresponding to antenna selections have also been saved into
analog channel of oscilloscope as shown in figure 5.4 to track the jittering effect,
antenna selection bits will helpful in data processing.
The benefit of the measurement method presented in this section is that, it uses six-
teen RF tones while other existing measurement technique presented in the section
2.5 uses 4 RF tones over a bandwidth, higher the number of RF tones gives more de-
tailed channel characteristics and gives accurate coherence bandwidth value. Also
using higher number of RF tones will provide wideband channel characteristics
which is suitable for 5G.

5.1 Instrument Settings adjustment for Measurement Setup

5.1.1 Resolution Bandwidth

Based on the requirement from figure 5.6, total number of antennas at receiver
side is 4(A), per tone duration is 400us(T) with 16 tones, robot moves with speed
of 0.1m/s and total distance covered by robot is 5.12mm (0.1*N*T*A) over a cycle
which is less than half wavelength. For one cycle of downconversion, the channel
state will be the same if the distance traveled by robot is less than half the wave-
length. If robot travels less than half wavelength in one cycle then it easy to visual
the fast fading.
At the receiver side, spectrum analyzer is set on zero span with specified resolu-

tion bandwidth. Equation 5.1 show that lower resolution bandwidth leads to the
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Figure 5.6: Timing Table

lower noise floor, and it will provide more dynamic channel characteristics [20],
but resolution bandwidth(RBW) need not to be lower than 1/2*T(tone duration)
because the time response of filter start increasing beyond tone duration and it
will be difficult to separate the tones in time domain analysis. Figure 5.7 shows
resolution bandwidth analysis with four tones for four cases: case 1 with 3MHz,
case 4 with 100KHz, case 2 with 10KHz and case 2 with 5KHz resolution band-
width. It has been observed that for case 2 and 3 tone separation is not clear in
time domain due to wide time response of IF filter which is comparable to tone
duration, higher the resolution bandwidth narrower the time response of IF fil-
ter. It is important to find a balanced value of resolution bandwidth(RBW) with
consideration of tone duration and noise floor.

NoiseFloor(dBm) = 10log(KTB), (5.1)

where, K = Boltmann’s constant (1.38X10−23 J/K; T = temperature (in degrees
Kelvin); and B = bandwidth in which the noise is measured (in Hz).

5.1.2 Multi-tone Pattern

Multitones will provide channel information over the band and considered as
wideband measurement, more the number of tones over the band lead to more
detailed channel information over the band. Separation between each tone is cho-
sen in such a way that frequency correlation can be calculated with 1MHz step size
for 1 to 69MHz bandwidth, single antenna is transmitting all sixteen tones simul-
taneously.
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Figure 5.7: Resolution Bandwidth Analysis

5.2 Link Budget Analysis: Friis Free-space Pathloss, calcu-
lated

1.3mt 12mt 16mt 20mt 30mt Unit
Source/per CW frequency tones -6.91 -6.91 -6.91 -6.91 -6.91 dBm

Cable -6.55 -6.55 -6.55 -6.55 -6.55 dB
Tx Antenna Gain 25 25 25 25 25 dBi

Friis Free-Space pathloss -63.5 -83 -85.5 -87.4 -90.93 dB

Rx Antenna gain 9.5 9.5 9.5 9.5 9.5 dBi
Rx: front end and down converter -1.5 -1.5 -1.5 -1.5 -1.5 dB

Cables and Combiner -8.4 -8.4 -8.4 -8.4 -8.4 dB
Received Power -52.39 -71.70 -74.20 -76.60 -79.10 dBm

Table 5.3: link Budget

• At transmitter side as mentioned in table 5.3, signal generator is able to feed
around 8.64dbm of RF power and that is futher divided in sixteen tones(-
6.91dBm/per tone).
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• The cable connected from output port of signal generator to horn antenna
have cable loss of -6.55dBm,

• As shown in in table 7.21, friis free space path loss have about -63.50dBm
path loss at 1.3 mt and at 30 mt its about -90.93dbm.

• At receiver side, switched antenna system with four antennas spaced 90 de-
gree with each other, the front-end for receiver configuration have almost -1.5
dbm gain.

• Reiceved power detected on spectrum analyzer at 1.3mt is -50.09 and -76.90
at 30mt.

5.3 Test equipment for Coherence Bandwidth Measurement

Brand Name Model
Rohde Schwarz Signal Generator SMW200A
Rohde Schwarz Spectrum Analyzer FSW
Rohde Schwarz Oscilloscope RTO2064

A-INFOMW Octave horn antenna LB-180400-25-C-KF
Raspberry Pi Microcontroller 4

Rohde Schwarz RF cables

Table 5.4: The used test equipment for the experiment.

Model LB-180400-25-C-KF
Frequency Range(GHz) 18-40GHz

Gain(dBi) 25 Typ
Polarisation Linear

3dB Beamwidth(deg): E-plane 12-5
3dB Beamwidth(deg): H-plane 13-7

Cross Pol. Isolation(dB) 40 Typ.
VSWR 1.5:1 Typ.

Table 5.5: Specification of transmitter antenna used in case 1 [2]

Figure 5.8 shows 2d radiation pattern of receiver antenna system which have been
used in measurement. It contain 4 antennas, placed 90 degree to each other. All
four antennas are controlled by sequential switching. Under ideal channel condi-
tion, the isolation between antenna 1 and 3, 2 and 4 is approximately 28.5dB, also
the isolation between antenna 1 and 2, 3 and 4 is 27.5dB [19].
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Figure 5.8: Switched Antenna System Radiation Pattern [19] : Receiver

5.3.1 Signal Generator Settings

Supply RF power level Supplied RF power/per tone Gain per tone Phase Shift
8.64dBm -6.91dBm Same gain zero phase shift

Table 5.6: Signal Generator Settings

5.3.2 Oscilloscope and Spectrum Analyzer Settings

Spectrum Analyzer
Reference level Range Attenuation Pre-Amplifier Resolution bandwidth Sweep time Trigger Baseband Frequency

-30dBm 100dB 0 On 100KHz 20ms Free run mode 5.000177GHz
Oscilloscope Settings

Video signal Sampling rate Channel 1 Channel 2 Channel 3 Channel 4 Single sweep Data format
[Range = 0 to 1] volt 100Ksample/sec Rin : DC 50 Ω Rin : DC 1 MΩ Rin : DC 1 MΩ Rin : DC 1 MΩ avoid blind time CSV

Table 5.7: Oscilloscope and Spectrum Analyzer Settings

The average noise floor which is at -114.40dBm and Average(Minimum hold[Noise
Floor]) is between -128dBm to -142 dBm of the spectrum analyzer.

5.3.3 Measurement Procedure

1. Transmitter side: Enable 16 tones with customised tone separation with re-
spect to center frequency(27GHz) on signal generator and connect the output
cable to antenna input port.

2. Receiver side: For down conversion of received signal(16 tones), correspond-
ing 16 carrier frequency is generated in same order as TX side.
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3. Receiver side: For down conversion of received signal(16 tones), correspond-
ing 16 carrier frequency is generated in same order as TX side.

4. Set transmitter in position, depending on the specific case.

5. Start the single sweep of the Oscilloscope, and start moving the robot.

6. Once single sweep is done, Oscilloscope will stop capturing the data.

7. To save and export the captured single sweep data: Go to save option.

8. Save option –> Waveform –> Enable time stamp, select the CSV format and
start exporting the data to specified location.

9. Change the transmitting Antenna –> Repeat the steps 4-8.

10. Data processing.
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Data processing

Antenna 1 Antenna 2 Antenna 3 Antenna 4

f1 f16...... f1 f16...... f1 f16...... f1 f16......

Collect data 
from Osiloscope 

RF Signal Antenna 
Selection Bits

Antenna 
Separation

Removing Inactive parts Removing Inactive parts Removing Inactive parts Removing Inactive parts

Manual Indexing Manual Indexing Manual Indexing Manual Indexing

Moving Mean

Normalization

Frequency Correlation K Factor MultiPath Spread

Step-1

Step-2

Step-3

Mean of Each burst/per Cycle

Figure 6.1: Block Diagram for Data Processing

The aim of data processing is visualization of collected data which will help
in defining the coherence bandwidth. Figure 6.1 shows block diagram of data
processing, it contains 3 main steps. As discussed in measurement setup chapter,
oscilloscope is used to store the data. The output of the oscilloscope is stored in the
time domain form(video signal), and therefore the time domain characteristics can
be directly plotted. The data processing aims to calculate the frequency correlation,

33
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Figure 6.2: RF signal with antenna selection bits : Digital Oscilloscope

Multipath spread, and K factor. Based on the value of frequency correlation, the
coherence bandwidth will be defined for each antenna. Figure 6.1 shows the block
diagram of data processing for each step.

6.0.1 Step 1 : Antenna Separation

• Collect the video time signal with a corresponding logic bit(antenna selec-
tion) from the oscilloscope. Antenna selection logic bits will be helpful in
separating the RF signal corresponding to each RX antenna of a switched
antenna system, switching between antennas happening sequentially with a
defined duration of 400us.

• RTO 2064 has four analog channels: channel one is connected with a spec-
trum analyzer for processing of video signal, remaining three-channel are
connected with three antennas( antenna selection bit) out of 4. Figure 6.2
shows RF signal with antenna selection bits response plot on oscilloscope.

• Volt(Video Signal) to dBm Conversion: Given RefrenceLevel=-30dBm and
milliVolt/division = 100. Video Signal from spectrum analyzer is 0 volt =
-130 dBm and 1 volt = -30dBm. Equation 6.1 is conversion formula for volt(
video signal) to dBm.

AntennaidBm = Re f erenceLevel + 104 ∗ (Antennaivolt − 1)/(milliVolt/division)
(6.1)

• dBm to mmWatt Conversion:

AntennaimWatt = 10(AntennaidBm
/10) (6.2)
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Figure 6.3: Video time signal and corresponding logic bits of antennas

• As shown in figure 6.2 only antenna(1, 2, and 3) bits are captured because of
constraints on the number of ports on an oscilloscope, bits corresponding to
antenna 4 selection will be generated by the inactive bits(’0’) of the common
part of antenna 1, 2 and 3: which correspond active duration of antenna 4.
Figure 6.3 shows analog time signal(channel 1), and the remaining 3 channels
correspond to digital antenna selection bits and generated bits for antenna 4.

• Rxi(i=1, 2, 3 and 4) which corresponds to logic bits of antenna selection.
Time signal(RF signal) response of Antennai = [videosignal]. ∗ [Rxi] as shown
in figure 6.4, In the same way response of each antenna is generated as shown
in column 6, 7, 8, and 9 of figure 6.4.

• As shown in figure 6.5, each antennas are active periodically and it means
there will be break points which corresponds to inactive state of antenna
where Rx1, Rx2, Rx3 and Rx4 logic are 0 as shown in table 6.4 column 2, 3, 4,
and 5. For frequency correlation calculation break points need to be removed
in defined order for each antenna for each cycle( [One cycle] = [Number of an-
tenna]*[Number of tones]*[Tone duration] ). Figure Table 6.1 shows antenna
1 response after removing the break points( where antenna 1 is inactive) and
stacking each cycle in column for each antenna.
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Figure 6.4: Antenna response generation

Figure 6.5: Time response after time grating
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Figure 6.6: Manual indexing of RF tones : Tone tracker

Cycle 1 Cycle 2 ........ Cycle N-1 Cycle N
f1(Rx1) f1(Rx1) f1(Rx1) f1(Rx1) f1(Rx1)
f2(Rx1) f2(Rx1) f2(Rx1) f2(Rx1) f2(Rx1)
f3(Rx1) f3(Rx1) f3(Rx1) f3(Rx1) f3(Rx1)

: : : : :
: : : : :

f15(Rx1) f15(Rx1) f15(Rx1) f15(Rx1) f15(Rx1)
f16(Rx1) f1(Rx1) f16(Rx1) f16(Rx1) f16(Rx1)

Table 6.1: Table after break point removed from Antenna 1(Rx1) response

6.0.2 Step 2: Frequency Separation

• For frequency correlation calculation, further each tones of corresponding
antenna need to separated, which is done based on manual observation. As
we know all the cycles which contain jittering affect(discussed in A.2) already
have been removed, so choosing manual index for each RF tone is correct
way, and they periodically follow same order for the cycle. Example shown
in figure 6.6 with the help markers for frequency tone 4(f4).

• Once all the sixteen tones of corresponding antenna are separated, each tone
have burst of 7 data points per cycle which is chosen manual indexing. Pfi(ti)

is power envelope response of frequency tone fi per cycle (each cycle contain
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Figure 6.7: Example case for moving mean calculation with window length of 3

seven data points per tone(i)), unit can be in dBm or mmWatt. Pfi(tc) is the
average of all data points per cycle for f(i) frequency tone, similarly for all
the tones.

Pfi(tc) =
1
7

7

∑
i=1

Pfi(ti)) (6.3)

• Next step after averaging the burst. Moving average of each tones is calcu-
lated, as shown in figure 6.7 with example case, where data points of fre-
quency tone is transformed into moving mean with window length(K=3).
In general window length(k) need to be in between 20*lamda to 40*lamda(
wavelength of center frequency), to track the shadowing affect only [23]. Top
section of figure 6.8, trace with black colour is moving mean of separated fre-
quency tone, orange and blue plot shows normalized field strength in dBm
and mmWatt respectively. Pfi(tc) is moving mean of frequency tone fi. ˆPfi(tc)
is normalized response of Pfi(tc) with respect to Pfi(tc), referred as normal-
ized field strength.

Pfi(tc) =
1
K

K

∑
i=1

Pfi(tc)) (6.4)

ˆPfi(tc) =
Pfi(tc)

Pfi(tc)
(6.5)

6.0.3 Step 2 : Evaluation Matrixes

• Frequency correlation is defines the statistical relationship between two fre-
quency components response, it can be in term of amplitude, phase, or both.

F( ˆPfi(tc),
ˆPfi(tc)) =

1
N − 1

N

∑
i=1

 ˆPfi(tc)− µ ˆPfi
(tc)

σ ˆPfi
(tc))


 ˆPf j(tc))− µ ˆPf j

(tc)

σ ˆPf j
(tc)


(6.6)
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Figure 6.8: Normalized field strength and moving mean of frequency Tone 1

F( ˆPfi(tc),
ˆPf j(tc)) is frequency correlation between normalized field strength

response of two frequency tones ˆPfi(tc) and ˆPf j(tc) [17]. µ ˆPfi
(tc) and σ ˆPfi

(tc)

are mean and variance of ˆPfi(tc), µ ˆPf j
(tc) and σ ˆPf j

(tc) are mean and variance

of ˆPf j(tc).

• In a communication system, all the propagating wave does not reach directly
to receiver, propagating wave comes under affect of reflection, diffraction,
and reflection which makes them multipath components. MS is the Multipath
Spread between two frequency tones, based on analysis done in paper [4],
two frequency tones are separated by f [Hz] of bandwidth. ˆPfi(tc) and ˆPf j(tc)
are envelopes of two carriers which corresponds to normalized field strength
calculated in step 8. Equation 6.10 is normalized field strength difference
between two frequency tones, and multipath spread can be calculated with
equation 6.9, fi − f j = f is frequency separation between two components.

d ˆPf (tc) =
ˆPfi(tc)− ˆPf j(tc)

f
≈

dPf (tc)
d f

(6.7)
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MS =
1

πα

√√√√√dPf (tc)
2

ˆPf j(tc)
2

(6.8)

• pdf(Pfi(tc)) is rician distribution of the frequency tone fi, µPf j
(tc) and σPf j

(tc)

is mean and variance of rician distribution of Pfi(tc) respectively.

pd f (Pfi(tc)) =
Pfi(tc)
σPfi

(tc)
2 exp

[
−

Pfi(tc)
2

2σPfi
(tc)

2

]
(6.9)

K-factor estimate is the ratio of specular power(from direct path) to scattered
power(from indirect path) [9].

K f actor =
(µPfi

(tc))
2

(σPfi
(tc))2 (6.10)
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6.1 Measurement for Sanity Check

6.1.1 Noise Floor Test

Figure 6.9: Noise Floor Testing, average noise floor = 114.40 dBm

To know the reference level of your measurement, its important to find out the
lower limit, and it will be helpful to perform the sanity check on the measurements
results. For the noise floor test, the transmitter is turned off through signal gener-
ator that means the Tx antenna is not transmitting any waves, while at the receiver
side the process is normal such as PLL is generating carrier frequency tones and
downconversion taking place, also the settings of spectrum analyzer and oscillo-
scope are same.
Figure 6.9 shows power level of 10 second captured data’s, its clearly visible that
noise power level varies between -105 to 130 dBm shows by blue plot and average
power level shown by orange plot at around -115dBm. Figure 6.10 shows fre-
quency correlation plot, K factor, and multipath spread plot, frequency correlation
are below 0.2, K factor is between 0 to 2.5 over the whole frequency band of 1 to
69MHz. Multipath spread(max approximately 210ns) decreases as the bandwidth
increases.
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Figure 6.10: Frequency Correlation : Noise floor Testing

6.1.2 Conducted Testing

Similar to noise floor test, conducting test is also used for sanity check on the
real measurements, In conducted testing the output port of signal generator(Tx) is
directly connected via coax cable to the input port of spectrum analyzer that means
there no channel effect on the measurement, and it provide over all affect of Rx and
Tx instruments, setting of Tx and Rx instruments are same as real measurement
setup. Figure 6.11 shows power level(dBm) over a period of 10 seconds, only
antenna 6 is active remaining antennas are inactive, but because of the coupling
affect the antenna 4 have also strength of around -95dBm, but we are focusing only
one antenna that is antenna 6 which shows stable power level around -55dBm over
all 16 sixteen frequency.
Figure 6.12 shows frequency correlation estimation, K factor and multipath spread
for all antennas, frequency correlation is below 0.1 over the frequency band, K
factor factor for antenna 6 it lies between 140-150, approximately 50 for antenna,
while remaining antennas are are close 0 over the band. Multipath spread(max
approximately 178ns) decreases as the bandwidth increases.
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Figure 6.11: Conducted Testing, average noise floor = 114.40 dBm

Figure 6.12: Frequency Correlation : Conducted Testing





Chapter 7

Results

In this project, a series of measurements have been performed under different
indoor environments condition. A total of four measurements have been done
under indoor environmental conditions in a typical office setting that mimics an
industrial environment. As discussed in the data processing section, the collected
measurement data have been analyzed. Based on data processing, the coherence
bandwidth has been defined for each measurement.
On the receiver, a switched antenna system has been used, which contains four an-
tennae, the Tx setup is stable, and the Rx setup is moving with the help of a human
hand( He[Arun] is always standing in front of the antenna 8). The orientation of
antenna may change for each measurement depend location. Orientation of each
antenna from each measurement have mentioned in table 7.1.
For each measurement, field strength plot of frequency tone 1 (one of tone out 16
RF tones) and moving mean of frequency tone 1 also included in the result, also
include friis free space, and indoor : 3GPP TR 38.901 model path loss plots [11]
with respect to current measurement set-up.
Plot like frequency correlation, K-factor, and multipath spread are analyzed. Based
on the plots from each measurement, coherence bandwidth will be defined for each
antenna from switched antenna system.

Measurement Number Antenna 1 Antenna 2 Antenna 3 Antenna 4
1 NLOS LOS NLOS NLOS
2 NLOS LOS NLOS NLOS
3 NLOS NLOS NLOS NLOS
4 NLOS LOS NLOS NLOS

Table 7.1: Antenna Orientation for Each Measurement

45
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7.1 Measurement 1

Figure 7.1: Identified path for Robot : Measurement 1

Each Rx antenna have a different orientation. As mentioned in the table 7.1 an-
tenna 1 is NLOS, antenna 2 is LOS, antenna 3 is NLOS, and antenna 4 is NLOS
with respect to transmitter. Rx switched antenna system will provide omnidirec-
tional coverage of the indoor environment. Map of the measurement 1 shown in
figure7.1, at the start of measurement distance between RX-TX is 7.6 mt. Rx moves
1.6 meter during measurement 1.

• Figure plot 7.2 shows field strength plot for antenna 1, 3, and 4. Friis free
space 1 and LOS : 3GPP model 4 is approximately 20-25 dB higher than
moving mean: frequency tone1 curve. Antenna 1, 3, and 4 are in non-line of
sight. Losses such as diffraction, reflection, and scattering, which have been
not included in the friis space and LOS : 3GPP model.

Antenna 1 and 3 are in non-line of sight with respect to transmitter, hence
they are receiving reflected component. Distance between transmitter and
receiver is 7.6 mt, based on observation the approximated angle of incidence
is 40 degree, then the reflection will be -6.30 dBm based on table 3.2 and gain
of the point where reflection component will strike is approximately -5dB,
which lead to approximately 22dB drop in field strength with respect friis
free space and LOS : 3GPP model. As clearly shown in plot 7.2, moving
mean of tone 1 also have dropped approximately 20-25 dB.



7.1. Measurement 1 47

M1

Figure 7.2: Field Strength plot [dBm], average noise floor = 114.40 dBm

Antenna 2 (LOS) field strength curves closely follow the friis free space and
LOS: 3GPP model 7.2, and there are not many losses due to reflection, diffrac-
tion, and scattering because most of the rf received signals are direct compo-
nents. Antenna 4 is exactly 180 degrees from antenna 2, and it will receive
direct components but on its back lobe. Isolation between antenna 2 and 4 is
approximately 27.5dB. Also, the difference in strength level between antenna
2 and 4 is approx 25 dB, which is also clearly visible from plot 7.2.

• Figure 7.3 shows the plots of frequency correlation. Antenna 1(NLOS) fre-
quency correlation is around 0.8 for the first 10MHz, drops to 0.6 at 20MHz,
0.4 at 30MHz, and then drops to 0.2 at 69MHz. Antenna 2(LOS) shows a
high-frequency correlation of more than 0.6 over the band of 0 to 69MHz.
Antenna 3(NLOS) frequency correlation is above 0.4 for bands 0 to 13MHz
and then drops to 0.1 for higher frequency bands. Antenna 4(NLOS) fre-
quency correlation is above 0.4 over the band 0 to 50 MHz and drops to 0.3
at 69MHz.
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Figure 7.3: Frequency Correlation : Measurement 1

• Figure 7.4 shows the K factor plot. K factor is approximately 6-9 for antenna
2(LOS)over the band and mostly receives direct components. For antennas 1,
3, and 4, the k-factor is approximately zero, and this makes sense as we are
mostly getting multipath components directly from the glass.

• Figure 7.5 shows a multipath spread plot; for all the antennae, the multipath-
spread decreases as the frequency separation increases.
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Figure 7.4: K-factor: Measurement 1

Figure 7.5: Multi-Path Spread: Measurement 1



50 Chapter 7. Results

7.2 Measurement 2

Figure 7.6: Identified path for Robot : Measurement 2

Each Rx antenna have a different orientation. As mentioned in the table 7.1 antenna
1 is NLOS, antenna 2 is LOS, antenna 3 is NLOS, and antenna 4 is NLOS with
respect to transmitter. Map of the measurement 2 shown in figure 7.6, at the start
of measurement the distance between reciever and transmitter is 11.7mt. Rx moves
5 meter during measurement 2.

• Field strength plot 7.7 shows field strength plot for antenna 1, 3, and 4, friis
space and LOS : 3GPP model is approximately 20-30 dB higher than moving
mean frequency tone1 curve. Antenna 1, 3, and 4 are in non-line of sight,
and it includes a type of loss such as diffraction, reflection, and scattering,
which have been not included in the friis free space and LOS : 3GPP model.
Antenna 2 (LOS) field strength curves closely follow the friis free space and
LOS: 3GPP model 7.7, and there are not much loss due to reflection, diffrac-
tion, and scattering because most of the received signals are direct compo-
nents. Antenna 4 is exactly 180 degrees from antenna 2, and it will receive
direct components but on its back lobe. Isolation between antenna 2 and 4 is
approximately 27.5dB. Also, the difference in strength level between antenna
2 and 4 is approx 25 dB, which is also clearly visible from plot 7.7.
Antenna 1 and 3 are in non-line of sight from transmitter, hence they are
receiving reflected component. Distance between receiver and transmitter
is 11.7mt, based on observation the angle of incidence is 30 degree, lead to
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M2

M2

Figure 7.7: Field Strength plot [dBm], average noise floor = 114.40 dBm
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Figure 7.8: Frequency Correlation : Measurement 2

Figure 7.9: K-factor : Measurement 2
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Figure 7.10: Multi-path Spread : Measurement 2

reflection loss of -4.5dB based on table 3.2 and gain of the point where re-
flection component will strike is -5dB approx, which lead to approximately
20 dB drop in field strength with respect friis free space and LOS : 3GPP
model. As clearly shown in plot 7.7, moving mean of tone 1 also have drop
approximately 20-25dB.

• Figure 7.8 shows the plots of frequency correlation. Antenna 1(NLOS) fre-
quency correlation is around 0.8 for the first 10MHz, drops to 0.48 at 20MHz,
0.3 at 30MHz, and then drops to 0.1 at 69MHz. Antenna 2(LOS) shows a high-
frequency correlation of more than 0.65 over the band of 0 to 69MHz. An-
tenna 3(NLOS), frequency correlation is above 0.4 for bands 0 to 13MHz and
then starts dropping to 0.1 for higher frequency bands. Antenna 3(NLOS)
frequency correlation is above 0.4 over the band 0 to 60 MHz and further
drops to 0.3 at 69MHz.

• Figure 7.9 shows the K factor plot. K factor is approximately 2.5 to 3.5 for
antenna 2 over the band, which is in LOS and primarily receives direct com-
ponents. For antennae 1, 3, and 4, the k-factor is approximately zero, and
this makes sense as we are mostly getting multipath components directly
from the glass.

• Figure 7.10 shows a multipath spread plot; for all the antennae, the multipath-
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spread decreases as the frequency separation increases.
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7.3 Measurement 3

Figure 7.11: Identified path for Robot : Measurement 3

Each Rx antenna have a different orientation. As mentioned in the table 7.1 antenna
1 is NLOS, antenna 2 is NLOS, antenna 3 is NLOS, and antenna 4 is NLOS with
respect to transmitter. Map of the measurement 3 shown in figure 7.11, at the start
of measurement distance between RX-TX is 28.2 meter. Rx moves 5.6 meter during
measurement 3.

• Figure 7.12 shows field and normalized field strength plot with one of the
tone for each antenna also includes friis free space and LOS: 3GPP path loss
models. Antenna 1, 2, 3, and 4 are in non-line of sight, they includes a type
of losses such as diffraction, Reflection, and scattering, which have been not
included in the friis free space and LOS: 3GPP model.
The receiver is in the kitchen; all the antennas are in non-line of sight scenar-
ios. Based on the map 7.11, the propagating waves come under the effect of
Reflection and diffraction. The reflection and diffraction losses have been cal-
culated at mmWave frequency in section 3.1. All the antennas in NLOS, hence
they will receive multipath components. Based on map 7.11, there is one cor-
ner that leads to diffraction and several Reflection. Inside the kitchen(NLOS),
based on observation α = 10 degrees( diffraction on corner wall), θi = 40 de-
grees at least two reflections which leads to a loss of approximately 30dB,
and that makes sense from path loss plot 7.12 for friis free space and LOS:
3GPP model.
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M3

M3

Figure 7.12: Field Strength plot [dBm], average noise floor = 114.40 dBm

• Figure 7.13 shows the plots of frequency correlation. Antenna 1(NLOS) fre-
quency correlation is above 0.4 for the first 4MHz, drops to 0.1 over the band
6 to 69MHz. Antenna 2 (LOS) shows a frequency correlation above 0.4 for the
first 4MHz; further, it jumps between 0.35 and 0.1 over the band 6 to 69MHz.
Antenna 3 (NLOS) frequency correlation is below 0.4 over the whole band
of 0 to 69Mhz. Antenna 4(NLOS)frequency correlation is below 0.1 over the
band 0 to 69 MHz.

• Figure 7.14 shows K factor plot, for antenna 1, 2, 3, and 4 the k-factor is
approximately zero and this makes sense as we are mostly getting multipath
components directly from the glass.

• Figure 7.15 shows multipath spread plot, for all the antenna the multipath-
spread decreases as the frequency separation increases.
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Figure 7.13: Frequency Correlation : Measurement 3

Figure 7.14: K-factor : Measurement 3
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Figure 7.15: Multi-path Spread: Measurement 3

7.4 Measurement 4

Figure 7.16: Identified path for Robot : Measurement 4

Each Rx antenna have a different orientation. As mentioned in the table 7.1 antenna
1 is NLOS, antenna 2 is LOS, antenna 3 is NLOS, and antenna 4 is NLOS with
respect to transmitter. Map of the measurement 4 shown in figure 7.16, at the start
of measurement distance between RX-TX is 27.8 meter. Rx moves 5.2 meter during
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M4

M4

Figure 7.17: Field Strength plot [dBm], average noise floor = 114.40 dBm

measurement 4.

• Field strength plot 7.17 shows field strength plot for antenna 1, 3, and 4,
friis space and LOS : 3GPP model is approximately 20-35 dB higher than
frequency tone1 curve. Antenna 1, 3, and 4 are in non-line of sight, and it
includes a type of loss such as diffraction, reflection, and scattering, which
have been not included in the friis space and LOS : 3GPP model.
Antenna 2 (LOS) field strength curves closely follow the friis free space and
LOS: 3GPP model 7.17, and there are not many losses due to reflection,
diffraction, and scattering because most of the received signals are direct
components. Antenna 4 is exactly 180 degrees from antenna 2, and it will
receive direct components but on its back lobe. Isolation between antenna 2
and 4 is approximately 27.5dB. Also, the difference in strength level between
antenna 2 and 4 is approx 25 dB, which is also clearly visible from plot 7.17.
Antenna 1 and 3 are in non-line of sight from transmitter, hence they are
receiving reflected component. Distance between transmitter and receiver is
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Figure 7.18: Frequency Correlation : Measurement 4

Figure 7.19: K-factor : Measurement 4
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Figure 7.20: Multi-path Spread : Measurement 4

27.8mt, based on observation the angle of incidence is 20 degree( for diffrac-
tion), also consider two reflection(rich channel) which lead to loss of -6.8 dB
based on table 3.2 and gain of the point where reflection component will
strike is -0 dB approx, which lead to approximately 26 dB drop in field
strength with respect friis free space and LOS : 3GPP model. As clearly
shown in plot 7.17, moving mean of tone 1 also have dropped approximately
25-30dB.

• Figure 7.18 shows the plots of frequency correlation. Antenna 1(NLOS)frequency
correlation is above 0.4 for the first 3MHz and drops to 0.2 or below for the
remaining frequency tones. Antenna 2(LOS) frequency correlation is above
0.4 for the first 3MHz, it jumps around over the remaining frequency bands.
Antenna 3(NLOS) frequency correlation jumps between 0.2 to 0.6 over the
frequency band. Antenna 4(NLOS)frequency correlation is above 0.4 over the
band 0 to 69 MHz.

• Figure 7.19 shows K factor plot, for antenna 1, 2, 3, and 4 the k-factor is
approximately zero and this makes sense as we are mostly getting multipath
components directly from the glass.

• Figure 7.20 shows multipath spread plot, for all the antenna the multipath-
spread decreases as the frequency separation increases.
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7.5 Result Summary

Rx Antenna Average Power level [dBm] K Factor Coherence Bandwidth[MHz]
2 -115 1-2.5 0
4 -115 1-2.5 0
6 -115 1-2.5 0
8 -115 1-2.5 0

Table 7.2: Noise Floor Test [6.9]

Rx Antenna Average Power level [dBm] K Factor Coherence Bandwidth[MHz]
2 -103 2 0
6 -60 150 0
8 -103 2 0

Table 7.3: Conducted Test [6.11]

Table 7.2 and 7.3 provides idea about noise level and instrumental affect on the
frequency correlation, K factor, and multipath spread calculation. RF tones that
show a correlation above 0.4 can be considered as part coherence bandwidth.

Measurement 1

The plot from Figure 7.3 shows the frequency correlation for measurement 1, and
the map of the measurement one is shown in 7.1. For a line sight antenna 2, the
frequency correlation is high compared to the non-line of sight antennas. Antenna
2 mostly receives direction components, and it has less fading A.3 which leads
to high-frequency correlation. For antennas 1 and 3, channel characteristics are
almost the same; due to that, they have a similar frequency correlation over the
band. Based on table 7.4, an antenna with a line of sight view has higher coherence
bandwidth.

Measurement 2

The plot from Figure 7.8 shows the frequency correlation for measurement 2, and
the map of the measurement one is shown in 7.6. For a line sight antenna 2, the
frequency correlation is high compared to the non-line of sight antennas. Antenna
2 mostly receives direction components, and it has less fading A.4 which leads
to high-frequency correlation. For antennas 1 and 3, channel characteristics are
almost the same; due to that, they have a similar frequency correlation over the
band. Based on table 7.4, an antenna with a line of sight view has higher coherence
bandwidth.
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Measurement 1
Rx Antenna Rx Orientation Average Power level [dBm] K Factor Coherence Bandwidth[MHz]

1 -90 degree(NLOS) -88 0 27
2 0 degree(LOS) -65 6-9 69
3 +90 degree(NLOS) -90 0 18
4 180 degree(NLOS) -87 0 48

Measurement 2
Rx Antenna Rx Orientation Average Power level [dBm] K Factor Coherence Bandwidth[MHz]

1 -90 degree(NLOS) -92 0 27
2 0 degree(LOS) -70 2.5-3.5 69
3 +90 degree(NLOS) -95 0 18
4 180 degree(NLOS) -90 0 69

Measurement 3
Rx Antenna Rx Orientation Average Power level [dBm] K Factor Coherence Bandwidth[MHz]

1 -90 degree(NLOS) -110 0 0
2 0 degree(NLOS) -105 0 0
3 +90 degree(NLOS) -110 0 0
4 180 degree(NLOS) -110 0 0

Measurement 4
Rx Antenna Rx Orientation Average Power level [dBm] K Factor Coherence Bandwidth[MHz]

1 -90 degree(NLOS) -105 0 3
2 0 degree(LOS) -80 0 4
3 +90 degree(NLOS) -100 0 5
4 180 degree(NLOS) -100 0 69

Table 7.4: Coherence Bandwidth Table, average noise floor = 114.40 dBm

Measurement 3

The plot from Figure 7.13 shows the frequency correlation for measurement 3, map
shown in 7.11. Based on the map, all the antennas are in NLOS, the received signal
is close to the noise floor, frequency correlation is very low and almost the same as
the noise floor test case. All the antennas have the same random fading as shown
in plot A.1. Based on table 7.4, all antennas have almost zero coherence bandwidth.

Measurement 4

The plot from Figure 7.18 shows the frequency correlation for measurement 4, and
the map of the measurement one is shown in 7.16. For a line sight antenna 2, the
frequency correlation is high compared to the non-line of sight antennas. Antenna
2 mostly receives direction components, and it has less fading as shown in plot
A.6, which leads to high-frequency correlation. For antennas 1 and 3, channel
characteristics are almost the same; due to that, they have a similar frequency
correlation over the band. As shown in figure A.6, for antenna 4(NLOS) the fading
correlation is very high, lead to larger coherence bandwidth.
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Figure 7.21: 3D Frequency Correlation plot

7.6 3D Correlation Plot

Figure 7.21 shows a 3D plot of frequency correlation with combined four measure-
ment campaigns. Axis representation; X-axis represent measurement number(i = 1
to 4), y-axis represent frequency[MHz], and Z-axis represent frequency correlation.
It is visible that frequency correlation is very high for all antennas which have a
line of sight view toward transmitter. Also as the distance increases, the frequency
correlation decreases. Measurement 3, which is done inside the kitchen area have
lowest frequency correlation, that makes sense because all antennas response close
to noise floor. For measurement 4, the setup comes more into a line of sight with
the transmitter, and frequency correlation increases.
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Conclusion

Millimeter-wave frequencies are very sensitive to the propagation environment;
hence it important to find channel characteristics in different environmental condi-
tions, based on that decision can be made. In this project, a series of measurements
in the complex indoor environment has been performed, and collected time signals
have been analyzed for frequency correlation, K factor, multipath spread, K factor,
field strength, and normalized field strength. Based on result analysis coherence
bandwidth is defined under different channel characteristics.
A total of four measurements have been under indoor environmental conditions
in a typical office setting that mimics an industrial environment. Antenna 1 is in
non-line of sight during all the measurements, for measurement 1, 2, and 4 co-
herence bandwidth is 27, 27, and 3 MHz respectively, measurement 3 response is
almost same as noise floor result due to that coherence bandwidth is 0. Antenna
1 is in line of sight during all the measurements(1, 2, and 4), for measurement 1,
2, and 4 the coherence bandwidth is 69, 69, and 4 MHz respectively, measurement
3 response is almost same as noise floor result due to that coherence bandwidth is
0. Antenna 3 is in non-line of sight during all the measurements, for measurement
1, 2, and 4 coherence bandwidth is 18, 18, and 5 MHz respectively, measurement 3
response is almost same as noise floor result due to that coherence bandwidth is 0.
Antenna 4 is in non-line of sight during all the measurements, for measurement 1,
2, and 4 coherence bandwidth is 48, 48, and 69 MHz respectively, measurement 3
response is almost same as noise floor result due to that coherence bandwidth is 0.
Results show that coherence bandwidth is drastically dropped to zero in the kitchen
area, equivalent to noise floor measurement. Usually, as the distance between
transmitter increases the coherence bandwidth decreases. The coherence band-
width is very high for antenna which is directed towards to receiver, and for an-
tennas which are not directive toward receiver are having fairly less coherence
bandwidth. The frequency correlation drops as the bandwidth separation increases
between RF tones. Multipath spread also follows the same trend as frequency cor-
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relation. In comparison to previous measurement where 4 RF tones have, but in
this measurement total sixteen tone have used over a defined bandwidth, more
the number of RF tones more detailed channel characteristics and gives accurate
coherence bandwidth value. The path loss models like friis free space and LOS :
3GPP model closely fallow the field strength response of corresponding RF tones
for antenna with line of sight view, after introducing losses like diffraction and
reflection, the path loss models closely fallow Normalized field strength response
of antenna with non-line sight view.

8.0.1 Future Work

Now the coherence bandwidth is defined for different indoor channel environ-
ment. Defined coherence bandwidth will be used further for tone separation on
existing measurement technique[20] with more stable signals sources, reduction in
resolution bandwidth to around 10 kHz, more number of RF carrier, and investi-
gate the range limitations with such setting. Output power, noise figure and loss
of the microwave components needed for such measurement setup is quite relaxed
due to the very low measurement bandwidth that can be used making method
practical and easy to implement. The method can potentially be used for channel
characterization at much higher frequencies and bandwidths as envisioned for 6
G and other new and future systems. Thorough interpretation and evaluation of
the captured data with the aim to fully understand the timing aspects of LOS to
NLOS transitions as well as more in depth investigation of how different types of
antennas affect the RF channel properties in indoor environments should be done.
Additional measurement campaigns should be planned to investigate this in dept.
In reference to present work, the future possible measurement method are listed
in appendix A.3.
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A.1 Detailed Results of Each Measurement Campaigns

A.1.1 Noise Floor Test [6.1.1]

In figure A.1 fading(normalized field strength) have been analysed for all the an-
tennas with four frequency tones(1, 2, 30 and 70MHz) each, all the four antennas
have almost similar fading which comes from instrument affect at receiver side( Tx
is turned off) which is in range -6 to +6 dB.

Antenna 2 NLOS:-90 degree Antenna 4 LOS:0 degree

Antenna 6 NLOS:+90 degree Antenna 8 NLOS:180 degree

Antenna 1 NLOS: -90 DEGREE Antenna 2 LOS: 0 DEGREE

Antenna 3 NLOS: 90 DEGREE Antenna 4 NLOS: 180 DEGREE

Figure A.1: Normalized Field Strength[dB]: Noise Floor
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A.1.2 Conducted Testing [6.11]

Figure A.2 shows the normalized field strength for all the antennas, for antenna 2
and 3 the received power level is above noise floor and they have fading within -1
to 1 dB which is equivalent to quantisation affect of spectrum analyzer and digital
oscilloscope, while for remaining antenna 2 and 8 they are similar to noise floor
test.

Antenna 1 NLOS: -90 DEGREE Antenna 2 LOS: 0 DEGREE

Antenna 3 NLOS: 90 DEGREE Antenna 4 NLOS: 180 DEGREE

Figure A.2: Normalized Field Strength[dB]: Conducted Testing
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A.1.3 Measurement 1 [7.1]

Figure A.3 shows the normalized field strength/fading for corresponding 1, 2,
30, and 70MHz frequency tones for each antenna, all the frequency is centered
around 27GHz. Antenna 1(NLOS) shows fading over the moving distance. It varies
between -15dB to 5dB; also, the zoomed view of the corresponding case shows that
1 and 2MHz tones coincide with each other, and 30MHz tone also closely follows 1
and 2MHz, higher frequency tone like 70MHz is uncorrelated with the remaining
tones. Antenna 2(LOS) primarily receives direct components, so it does not have
a much-fading effect, and it is visible from the fading plots as they are within
-1 to +1dB, which means they strictly follow each other. Antenna 3(NLOS), the
fading is within the range of -5 to 14 dB, and zoomed view of the corresponding
case shows that 1 and 2MHz tones coincide. However, higher frequency tone
like 30 and 70MHz is uncorrelated with the remaining tones. Antenna 4(NLOS)
does not receive direct components, and fading plot varies from -10 to 25 dB, the
zoomed view of the corresponding case shows that 1 and 2MHz tones coincide
with each other, and 30MHz tone also closely follows 1 and 2MHz tones, but
higher frequency tone like 70MHz is uncorrelated with remaining tones.

Antenna 1 NLOS: -90 DEGREE Antenna 2 LOS: 0 DEGREE

Antenna 3 NLOS: 90 DEGREE Antenna 4 NLOS: 180 DEGREE

Figure A.3: Normalized Field Strength [dB] of Rx Switched antenna system



74 Appendix A. Appendix A name

A.1.4 Measurement 2 [7.6]

Figure A.4 shows the normalized field strength/fading for corresponding 1, 2,
30, and 70MHz frequency tones for each antenna, all the frequency is centered
around 27GHz. Antenna 1(NLOS) shows fading over the moving distance. It varies
between -5dB to 25dB; also, the zoomed view of the corresponding case shows that
1 and 2MHz tones coincide with each other, and 30MHz tone also closely follows 1
and 2MHz, higher frequency tone like 70MHz is uncorrelated with the remaining
tones. Antenna 2(LOS) primarily receives direct components, so it does not have a
much-fading effect, and it is visible from the fading plots as they are within -2 to
+4dB, which means they strictly follow each other. Antenna 3(NLOS), the fading
is within the range of -5 to 20dB, and zoomed view of the corresponding case
shows that 1 and 2MHz tones coincide. However, higher frequency tone like 30
and 70MHz is uncorrelated with the remaining tones. Antenna 4(NLOS) does not
receive direct components, and fading plot varies from -10 to 25 dB, the zoomed
view of the corresponding case shows that 1 and 2MHz tones coincide with each
other, and 30MHz tone also closely follows 1 and 2MHz tones,.

Antenna 1 NLOS: -90 DEGREE Antenna 2 LOS: 0 DEGREE

Antenna 3 NLOS: 90 DEGREE Antenna 4 NLOS: 180 DEGREE

Figure A.4: Normalized Field Strength [dB] of Rx Switched antenna system
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A.1.5 Measurement 3 [7.11]

Figure A.5 shows the normalized field strength/fading for corresponding 1, 2,
30, and 70MHz frequency tones for each antenna. Antenna 1(NLOS) shows fading
over the moving distance, and it varies between -15dB to 5dB, fading range increas-
ing as the Rx trolley moves inside the kitchen; the zoomed view of the correspond-
ing case shows that 1, 2, 30, 70MHz tones are uncorrelated and the reason behind
that we are almost close noise floor. Antenna 2(NLOS), fading of antenna 4 varies
between -15 to 5 dB; it increases as we move inside the kitchen; the zoomed view
of the corresponding case shows that 1, 2, 30, and 70MHz tones are uncorrelated,
and the reason behind that we are almost close noise floor. Antenna 3(NLOS), the
fading is within the range of -5 to 14 dB, and also the zoomed view of the cor-
responding case shows that 1, 2, 30, and 70MHz tones are uncorrelated, and the
reason behind that we are almost close noise floor. Ante(NLOS) does not receive
direct components, and fading plot varies from -15 to 5 dB; the zoomed view of
the corresponding case shows that 1, 2, 30, and 70MHz tones are uncorrelated, and
the reason behind that we are almost close noise floor. On the noise floor, things
get more randomized, and the instrument quantization effect also comes into play.

Antenna 1 NLOS: -90 DEGREE Antenna 2 NLOS: 0 DEGREE

Antenna 3 NLOS: 90 DEGREE Antenna 4 NLOS: 180 DEGREE

Figure A.5: Normalized Field Strength [dB] of Rx Switched antenna system
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A.1.6 Measurement 4 [7.16]

Figure A.6 shows the normalized field strength/fading for corresponding 1, 2, 30,
and 70MHz frequency tones for each antenna. Antenna 1(NLOS) shows fading
over the moving distance, and it varies between -10dB to 5dB over the distance of
4.6 mt then further it increases to -15 to 5dB and decreases till 5.2 mt; also, the
zoomed view of the corresponding case shows that 1 and 2MHz tones follow each
other, but higher frequency tones like 30 and 70MHz are uncorrelated with remain-
ing tones. Antenna 2(LOS) is visible from the fading plots as they are within -5 to
+5dB most of the time; there is no pattern among the tone. For antenna 3(NLOS),
the fading is within the range of -5 to 15 dB, and zoomed view of the corresponding
case shows that 1 and 2MHz tones coincide with each other, but higher frequency
like 30 and 70MHz are uncorrelated with remaining tones. Antenna 4(NLOS) does
not receive direct components, and fading plot varies from -18 to 7 dB, and also,
the zoomed view of the corresponding case shows that 1 and 2MHz tones coincide
with each other also the remaining tones fallow each other.

Antenna 1 NLOS: -90 DEGREE Antenna 2 LOS: 0 DEGREE

Antenna 3 NLOS: 90 DEGREE Antenna 4 NLOS: 180 DEGREE

Figure A.6: Normalized Field Strength [dB] of Rx Switched antenna system
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Figure A.7: Raspberry Pi 4 [18]

A.2 Jittering Affect in Raspberry Pi4

Most intelligent products, such as computers, cell phones, industrial robots, etc.,
all have crystal oscillators embedded inside the product. These crystal oscillators
or clock is the system’s heartbeat; they provide a stable digital clock signal. Each
product has a different frequency band, and the requirement is based on the used
case. Based on where the products are being used in the case industry, the medical
requirement for jittering is very strict. In contrast, in other products, such as audio,
video, and smart home, the requirement for jittering and stability of clock signal
is not strict. Jittering refers to a phenomenon when a digital signal has a short
variation from its ideal position in time, as shown in figure A.8. Jittering mainly
occurs due to intrinsic noise of oscillators or other disturbances such as thermal
noise, vibration, and interference between the electronic components. Jittering can
be categorized into two cases random noise and deterministic noise. Random noise
cannot be predicted, and it is always there, and mainly it occurs due to thermal
noise, shot noise, etc., while deterministic jitter is called bounded jitter; if all the
components of the setup are known, then jitter can be predicted.
Raspberry pi four has been used in the measurement setup to control the phase
lock loop to generate frequency tones. Raspberry pi also has some jitter effects; the
data processing section has discussed the jittering effect issue.
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Figure A.8: Shows the deviation of digital signal from it ideal position due to jitter [10]

A.3 Possible Future Measurement Setups

Measurement Setup 1

The principle of this setup is to have four continuous and independent frequency
tone (F1, F2, F3, F4), and all these four tones will be in the air all the time. At
the receiver side each active antenna have access to all four frequency tones at the
same time.

1. As shown in the figure A.9, at transmitter side signal generator generates si-
multaneously four CW multione of different frequency and feeded into trans-
mitting antenna.

2. All the four frequency tones(F1, F2, F3, F4) will be in the air all the time.

3. As shown in the figure A.9, at receiver side all the antenna will be active
sequentially over the time, at a moment antenna 1 is active and it have access
to all four frequency tones which are present over the air.

4. At receiver, raspberry pi is programmed for four carrier frequency and based
on that it configure LO1 and LO2 to generate four carrier frequency which
are used in down conversion of received signals at 5GHz(IF).
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Figure A.9: Measurement Setup-1(4 tones, 1Tx and 4Rx)

5. Figure A.11 shows receiver set up, ANT_SEL pin is used to select between four
pair of antenna(1_2, 3_4, 5_6 and 7_8), TX_SEL pin is used to configure the
selected antenna as Rx or Tx, PA_ON pin is used to enable the power amplifier
for Transmitting antenna between each pair(1_2, 3_4, 5_6 and 7_8).
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Figure A.10: Video signal plot on Oscilloscope (4 tones, 1Tx and 4Rx)

Figure A.11: Receiver Setup of Switched Antenna System
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Figure A.12: Bit selection for receiver mode : Switched Antenna System

Measurement Setup 2

The principle of this setup is to have eight continuous and independent frequency
tone( Fi + △fi, where i is 1 to 8), and all these eight tones will be in the air all the
time. At the receiver side each active antenna have access to all eight frequency
tones at the same time.

1. As shown in the figure A.13, at transmitter side signal generator generates
simultaneously four CW multitone and then pass into programmed local
oscillators LO1 and LO2.

2. Local oscillators transforms 4 tones(from signal generator) into pair of four
tones as shown in figure A.15, antenna 1 transmit first pair of four tones and
antenna transmit pair second pair of four tones.

3. As shown in the figure A.13, at receiver side all the receiving antenna will be
active sequentially over the time, at a moment antenna 1 is active and it have
access to all eight frequency tones which are present over the air.

4. At receiver, raspberry pi is programmed for eight carrier frequency and based
on that it configured the LO1 and LO2 to generate eight carrier frequency
which are used in down conversion of received signals.

5. Figure A.11 shows receiver set up, ANT_SEL pin is used to select between
four pair of antenna(1_2, 3_4, 5_6 and 7_8, TX_SEL) is used to configure the
antenna as Rx or Tx between each pair(1_2, 3_4, 5_6 and 7_8, TX_SEL) pin,
PA_ON is used to enable the power amplifier for Transmitting antenna for each
pair(1_2, 3_4, 5_6 and 7_8).
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Figure A.13: Measurement Setup-2(8 tones, 2Tx and 4Rx)

Figure A.14: Video signal plot on Oscilloscope (8 tones, 2Tx and 4Rx)
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Figure A.15: Local oscillator set up

Measurement Setup 3

The principle of this setup is to have sixteen continuous and independent fre-
quency tone( Fi + △fi, where i is 1 to 16), and all these sixteen tones will be in the
air all the time. At the receiver side each active antenna have access to all sixteen
frequency tones at the same time.

1. As shown in the figure A.16, at transmitter side both signal generator gener-
ates simultaneously four CW multione(pair of four different tones)

2. Local oscillators transforms pair of four tones (from signal generator) into
four sets of four tones as shown in figure A.18, antenna 1 transmit first set,
antenna 2 transmit pair second set, antenna 3 transmit third set and antenna
4 transmit fourth sets, all the antennas transmit together.

3. As shown in the figure A.16, at receiver side all the receiving antenna will be
active sequentially over the time, at a moment antenna 1 is active and it have
access to all sixteen frequency tones which are present over the air.

4. At receiver, raspberry pi is programmed for sixteen carrier frequency and
based on that it configured the LO1 and LO1 to generate sixteen carrier fre-
quency which are used in down conversion of received rf signals.

5. Figure A.11 shows receiver set up, ANT_SEL is used to select between four pair
of antenna(1_2, 3_4, 5_6 and 7_8, TX_SEL) is used to configure the antenna as
Rx or Tx between each pair(1_2, 3_4, 5_6 and 7_8, TX_SEL), PA_ON is used to
enable the power amplifier for Transmitting antenna for each pair(1_2, 3_4,
5_6 and 7_8, TX_SEL).
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Figure A.16: Measurement Setup-3(16 tones, 4Tx and 4Rx)

Figure A.17: Video signal plot on Oscilloscope (16 tones, 4Tx and 4Rx)
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Figure A.18: Local oscillator set up

A.4 Switched Antenna selection and PLL Programming

ADF4371[7]is a fractional or integer N based phase locked loop frequency synthe-
sizers, the voltage controlled VCO oscillator can generate wide range of frequencies
from 62.5MHz to 32 GHz. The VCO can have a output in the range 4GHz to 8GHz,
there are range of divider(2, 4, 6.., 64) connected to output of VCO and can give
output as low as 62.MHz at RF8X. The frequency multiplier at RF16X can give out-
put 8 to 16GHz and frequency multiplier at RF32X can give output of 16 to 32 GHz,
figure A.19 shows the functional block diagram of ADF4371 frequency synthesizer.

Figure A.20 shows timing specification and timing diagram for serial port inter-
face(SPI), table on the top of figure A.20 have time specification values: fSCLK is a
clock frequency it can attain max value of 50MHz, minimum values of parameter
like clock period(tSCLK), clock pulse width for logic high (tHIGH), clock pulse width
for low(tLOW), SDIO setup time(tDS, hold time for SDIO(tDH), Falling Edge clock
to SDIO bit processing(tACCESS), chip select rising time to SDIO data high bit(tZ),
CS fall time to SCLK rise time(tS) and SCLK fall to chip select rise(tH).
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Figure A.19: Functional block diagram of frequency synthesizers [7]

A.4.1 Frequency Synthesizer Theory

fRFOUT =

(
INT +

FRAC1 + FRAC2
MOD2

MOD1

)
∗ fPFD

RFDivider
(A.1)

[7] fRFOUT is the reference input frequency.
INT is integer division factor.
FRAC1 is fractionality.
FRAC2 is auxiliary fractionlity.
MOD1 is the fixed 25-bit modulus.
MOD2 is auxiliary modulus.
RF divider is divider scale that divides the VCO frequency output.

fPFD =
REFIN ∗ (1 + D)

(R(1 + T))
(A.2)

[7]
REFIN is the reference input frequency.

D is the REFIN doubler bit.
R is the reference division factor.
T is the reference divide by 2 bit (0 or 1)

A.4.2 Device Setup Instruction

Serial peripheral interface of ADF3471 is configured by four pin: SCLK(clock),
SDIO(data bits), CS(chip select) and MUXOUT(not used in 3 wire SPI), timing
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Figure A.20: Timing diagram of frequency synthesizers [7] for serial port interface



88 Appendix A. Appendix A name

management of SPI interface is configured based on the specification given in fig-
ure A.20, SPI instruction consist of 15 bits of register address with 8 data bits.

SPI stream mode is not used in this setup(data bits loaded once). Listed steps
for device setup instruction:

1. First step is to initialize the SPI by writing the values to REG0000(address:
0x00, setting: 0x18 for four wire SPI) and REG0001(address: 0x01, setting:
0x00 for master readback control).

2. Next step is to initialization of sequence: Update each register corresponds
to the address 0x7C to address 0x10( register summary mentioned on table
10 [7]), values can be updated based on the desired output frequency.

3. Third step is frequency update sequence: values like R, MOD2, FRAC1,
FRAC2, and INT, based on specification of ADF4371, autocalibration work
fine when fPFD ≤ 125MHz.

(a) REG001F (new R_WORD[4:0])

(b) REG001A (new MOD2WORD[13:8])

(c) REG0019 (new MOD2WORD[7:0])

(d) REG0018 (new FRAC2WORD[13:7])

(e) REG0017 (new FRAC2WORD[6:0])

(f) REG0016 (new FRAC1WORD[23:16])

(g) REG0015 (new FRAC1WORD[15:8])

(h) REG0014 (new FRAC1WORD[7:0])

(i) REG0011 (new BIT_INTEGER_WORD[15:8])

(j) REG0010 (new BIT_INTEGER_WORD[7:0])

Frequency change occur on the register:REG0010 if the fPFD > 125MHz; then
sequences need to be updated further [7].
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Figure A.21: Schematic and PCB view of Hexadecagon

Figure A.22: Raspberry Pi[18] with Hexadecagon(HxD) setup



90 Appendix A. Appendix A name

Figure A.23: Defined raspberry pins connection with Switched Antenna System

Figure A.24: Bit selection for receiver mode Switched Antenna System
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Figure A.25: GPIOs bit evaluation on developed program of mutitone(4) generation with oscilloscope

A.4.3 Four Tone Generation

Figure A.22 shows the connection between raspberry pi and hexadecagon with
all GPIOs interface pins, both raspberry pi and hexadecagon connected through
0.5mm 24 pin FPC connector board, figure A.23 shows which pins of raspberry
is connected to hexadecagon based on developed program for 4 tone frequency
generation. Figure A.21 shows schematic and PCB view of hexadecagon and it
contain total 12 switches to control the operation: TX_SEL pins is used to control
the TX/RX switches between all 4 pair of antennas, PA_ON pins is used to enable
the selected power amplifier(for transmitting case), SPI(chip select) is used to en-
able LO1 and LO2( frequency synthesizer) and ANT_SEL pins is select antenna
between pair of antenna, figure A.24 table is bit level selection for hexadecagon
receiving mode: all PAs have low logic, Example: Antenna 1 selected: TX_SEL
bits [0 1 1 1], ANT_SEL bits [1 0 0 0] and SPI(chip select) bits [1 0].
Developed mutitone(4 tones) program is cross validated with oscilloscope on rasp-
berry pi, all the configured GPIOs are connected to logic inputs([D0 to D3 are
TX_SEL 1 to 3], [D4 to D7 are ANT_SEL 1,3,5 and 7], [D8-D11 are PA_ON 1 to 4]),
[D12-15 are Frequency tone 1-4]) of oscilloscope as shown in figure A.25, detected
logic bits of oscilloscope are correctly matched with table of figure A.24.
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