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ABSTRACT

In this thesis we carry out measurement campaigns in an indoor environment with an aim of investigating
the channel characteristics of millimeter waves particularly for the band 26 - 30 GHz. The channel
is sampled massively in space by use of a virtual uniform cubic array (UCuA) and a vector network
analyzer (VNA).

We begin by automating the measurement system, with an aim of achieving high repeatability, reliability
and accuracy. Measurement campaigns are then carried out in a moderately furnished room for the line
of sight (LOS) and obstructed line of sight (OLOS) scenarios.

The angle of arrival (AOA) of the multipath components (MPC) are obtained by classical beamforming
for the azimuth and elevation planes. The power angle delay profile (PADP) showed that the most
significant MPC were due to specular reflection for the LOS scenario. In the OLOS scenario diffuse
scattering is observed which was highly influenced by the construction of the obstructor.

The identified MPC are related to the room geometry, and the effect of furniture on propagation
investigated. A change in the wall reflectivity in particular had a significant effect on the tail of the
power delay profile (PDP) and the root mean square (RMS) delay spread.

The measurement system was robust and highly repeatable as shown in the results which provides us
with a tool for further analysis of other millimeter wave bands.
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1
INTRODUCTION

With the increased demand for higher data rates, there has been a general concensus that the current
mobile networks will not be able to meet future demand, and thus the need for the fifth generation (5G)
mobile network. In order to achieve higher data rates, the 5G mobile networks will require more
bandwidth, which lies in the millimeter-wave band that is largerly unused [1]. Accurate characterization
of the millimeter-wave band propagation channel is crucial in the proper design of the 5G networks.

Currently the millimeter wave band centered at 60 GHz has been researched widely and it is being used
in IEEE 802.11ad for wireless local area network (WLAN). Oxygen absorption at 60 GHz, limits the
radius of the cell and thus allowing frequency re-use and reduction of inter-user interference in different
cells [2].

Researchers are currently focusing on other millimeter wave bands for example the 28 GHz, 38 GHz
and 73 GHz, which will aid in achieving the "tactile internet" through reduction of latency to about 1 ms
brought about by the increased bandwidth [3],[1]. It therefore becomes important to study the similarities
and the differences of these bands for proper channel modelling.

Massive multiple-input multiple-output (MIMO) is going to be a key driver for the efficient utilization
of the ultra wideband (UWB). Since the wavelength of millimeter-waves is small relative to the typical
mobile terminals, the opportunity of implementation of a large number of antennas for a given area,
both at the base station (BS) and mobile station (MS) readily presents itself, thus bringing the fruition of
massive MIMO closer [4].

A large number of antenna elements will allow pencil beamforming to combat the effects of multipath
and simultaneously permit spatial separation of mobile users, thus reducing signal to interference ratio
(SIR). Moreover energy efficiency is expected to increase as base stations will focus their energy on
specific users instead of broadcasting over a large area. The concept of frequency re-use will also be
improved greatly as users will be spatially separated.

In this thesis the focus will be the investigation of the spatial temporal characteristics of the millimeter
wave band centered at 28 GHz, using a virtual UCuA, and a VNA based channel sounder. The
investigation of the multipaths is of particular importance for massive MIMO, since they can be viewed
as parallel channels critical in boosting capacity [5].
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1. Introduction

1.1 Thesis Outline

This chapter gives an overview of channel sounding using a VNA and virtual antenna arrays. Chapter 2
outlines the automation of the measurement system, the measurement setup and the procedures carried
out during the measurement campaigns. In chapter 3, the data collected in the measurement campaign
is analyzed and the results are discussed. Chapter 4 gives a conclusion of the thesis as well as the future
work, based on the data collected in the measurement campaigns.

1.2 Channel Sounding

The VNA, which is a swept spectrum method of channel sounding, works in the frequency domain and
the temporal response can be recovered using the Fourier transform. The radio channel is considered as
the device under test (DUT) which is linear time invariant (LTI) and the channel frequency response is
obtained from the scattering matrix, where the phase and magnitude of the frequency band of interest are
recorded. The propagation channel in this thesis is considered reciprocal.

The VNA provides a quite a simple method of channel sounding, with a high delay resolution, however,
the penalty is increased measurement time [6]. This can be a limitation in cases where it is difficult to
keep the channel static for an extended period of time, as the time to have "one snapshot", could be in the
range of several hours. This was a bottleneck in the measurement campaigns conducted for this thesis,
where measurements could only be carried out during weekends.

Channel sounding with a VNA has the disadvantage of limited range, due to the high path loss in
millimeter waves and attenuation in the cables. The path loss is higher for millimeter waves as
demonstrated by Friss formula in eq. 1.1. This implies that the higher the frequency the higher the
path loss. The free space path loss (FSPL) is given as:

FSPL = 20log10 (
4π f d

c
) (1.1)

where d is the distance between the transmitter (Tx) and receiver (Rx), f the frequency and c the speed
of light.

However, for the measurement campaigns conducted here in, the size of the room justified the use of
a VNA. Various researchers have improved the VNA channel sounding method, for example by use of
external mixers and local oscillator (LO)/IF distribution unit in [7], where the author down converts the
signal to a lower frequency to reduce signal loss in the cables. This was a technique employed also in
[4].

In this case our measurements are carried out in a short range and thus the dynamic range of the system
shown in fig 2.4 is sufficient to correctly characterize the channel thus it does not warrant the increase in
complexity of the setup as in [7].

Dedicated channel sounders that work in the time domain though fast, have a limitation on the bandwidth
that they can cover thus falling short of the UWB requirement that is a focus of this thesis [8].

Several other researchers have used sliding correlator channel sounders. For instance, [3] have a
400 mega-chips per second (Mcps) sliding correlator that they used to perform outdoor measurement
campaigns at 28 GHz with a 2.3 ns delay resolution.

In [9] a custom channel sounder, that uses a spread spectrum signal with a bandwidth of 7 GHz was used
for measurement campaign at 60 GHz, with a high gain directional Tx antenna.

2



1.3. Virtual Arrays for Channel sounding

1.3 Virtual Arrays for Channel sounding

Using linear positioning stages, virtual antenna arrays can be implemented as outlined in section 2.2.

The virtual UCuA, can be viewed as a stack of several layers of the URA, thus enabling resolution of
angular information in the elevation and azimuth plane. In [10], a virtual UCuA is used, with simulations
of a spherical and three orthogonal quadratic arrays at 60 GHz, showing the presence of ficticious angles
in the last two arrays at -12 dB and -25 dB respectively below the main peak. The authors thus performed
their channel measurement using a virtual UCuA, which from their simulation results had fictitious peaks
below -50 dB from the main peak.

Other virtual arrays that are used in channel sounding include the uniform linear array (ULA) which is
not able to resolve angle information for paths that are symmetric to the array line [4],[11]. Moreover
the angle resolution in the endfire direction is poor. The URA, an improvement to the ULA is able to
resolve angle information in the azimuth plane but has a poor resolution in the elevation plane. Another
type of antenna array is the virtual uniform circular array (UCA), which has also been a choice in
many measurement campaigns, owing to its ability to resolve angle information in the azimuth plane
[4],[12],[13].

1.3.1 Advantages of Virtual Arrays

Virtual antenna arrays are very convenient for this measurement campaign as we only have one RF
transceiver chain. This makes the system cost effective as well as simplifying the hardware set up
with very simple calibration hence it becomes easy to perform channel sounding without having to
manufacture and test antenna arrays, which can be time intensive.

Virtual arrays enable creation of antenna arrays that would otherwise have been very difficult or
impossible to manufacture, for example the UCuA used in this measurement campaign. For virtual
arrays only a modification of software is needed to reconfigure or modify the antenna array.

Virtual arrays do not have mutual coupling inherent in real antenna arrays [5],[33]. Mutual coupling in
antenna arrays causes power loss hence the lack of it in our system is an advantage.

The antenna array aperture is only limited by the physical size of the linear positioning stages, thus very
flexible.

Once the data is recorded, it can be combined in post-processing to form a different type of array
geometry.

1.3.2 Disadvantages of Virtual Arrays

Virtual arrays have the disadvantage of long measurement time. In the measurement campaigns carried
out we used approximately 25 hours with the virtual UCuA to record one "snapshot".

The long measurement time brings about the challenge of keeping the channel static for the period
required to take one "snapshot".

Virtual antenna arrays are not applicable in linear time variant channels.

3



1. Introduction

1.4 Angle of Arrival Estimation

A plethora of AOA estimation algorithms exists as outlined in [14]. In [15], angle estimation is done
using the space-alternating generalized expectation (SAGE) algorithm for the millimeter wave band
centered at 60 GHz, where they used a virtual URA, resulting in poor estimation of the elevation angle.

Frequency invariant beamforming algorithms are used for a UCA in [16], which have the advantage that
the beam pattern does not vary over a wide bandwidth rendering themselves useful for UWB applications.

It was demonstated in [17] the use of the Dolph-Chebyshev weighting for the ULA,URA and UCuA
that resulted in all sidelobes being at the same level and the recovery of weaker paths was shown to be
possible in contrast to applying uniform weighting methods.

The angle information is obtained using classical beamforming, since it is robust and for the sake of
simplicity. This method suffers from lower resolution compared to algorithms like multiple signal
classification (MUSIC). Massive sampling in space alleviates the problem of poor resolution of the
classical beamforming algorithm.

1.5 Indoor Propagation

In wireless communication systems it is desirable to have line of sight communication for optimal
performance. However, this is not always possible especially in indoor environments where the LOS
could be blocked by furniture or people. Besides the LOS component the electromagnetic waves and in
particular millimeter waves way reach the receiver through three different propagation mechanisms:

• Specular reflection.
• Diffuse scattering.
• Diffraction.

These propagation mechanisms are caused by the nature and material composition of the indoor
environment. For example the permittivity (ε ) and conductivity (σ ) of a material determines its ability
to reflect or absorb electromagnetic waves. Moreover the material roughness or smoothness determines
its interaction with the electromagnetic waves. Smooth surfaces are likely to result in specular reflection
while rough surfaces cause diffuse scattering.

In the millimeter wave band the major propagation mechanism of the MPC is specular reflection as
shown in [18] with measurement at the center frequency 60 GHz and [4] with measurement at the center
frequency 29 GHz.

The latter further compares the different propagation mechanism in 3 different bands. In the millimeter
wave band 28 - 30 GHz, the author concludes that it is dominated by specular reflection while in the
lower bands, diffuse scattering is quite significant.

In this thesis we investigate the propagation mechanism under the LOS and OLOS conditions.

1.6 Time Dispersion

The time dispersion of the MPC is of great importance in radio planning for millimeter waves. The
RMS delay spread στ is used to characterize the time dispersivity of the radio channel [19], [2]. In
digital communications, it is a critical parameter for predicting the severity of inter symbol interference
(ISI), and consequently the performance of the system. For example in orthogonal frequency division
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1.6. Time Dispersion

multiplexing (OFDM), system designers need to choose a guard interval between symbol transmission.
The RMS delay spread becomes an important factor in determining how long the guard interval should
be.

The coherence bandwidth is the band of frequencies where our signals are highly correlated [18]. lt is
inversely proportional to the RMS delay spread and it is given as:

BWc =
1

στ

(1.2)

5





C
H

A
P

T
E

R

2
CHANNEL SOUNDING AND MEASUREMENT

SETUP

The measurement campaign is carried out using a VNA, Agilent PNA N5772A with a frequency range
of 10 MHz to 67 GHz. The Tx antenna is a modified wideband biconical antenna [20],[21], vertically
polarized, with a frequency range of 1.5 GHz to 41 GHz and two commercial biconical Rx antennas [22],
A-INFOMW P/N:SZ-2003000/P, with a frequency range of 2 GHz to 30 GHz and vertically polarized.
The Tx and Rx antennas have an omnidirectional radiation pattern in the azimuth. This ensures that the
antenna pattern is not engrained in our results [4].

The Rx antennas are place at two different locations to measure the LOS and the OLOS simultaneously.

2.1 Measurement Setup

The Tx antenna is connected to port 1 of the VNA, through a flex coaxial cable, A-INFO P/N:2.4M-
2.4M-YNL50-1000, of length 50 cm.

The first Rx antenna, Rx2[S21], for the OLOS scenario is connected to port 2 of the VNA, via a 10 m
coaxial cable and the channel frequency response is obtained from S21( f ).

The second Rx antenna, Rx1[S31], is used for the LOS scenario and it is connected to port 3 of the VNA,
through a 5 m coaxial cable. The channel frequency response of the LOS is obtained from S31( f ).

The channel remains static throughout the measurement time. The recorded single-input single-output
(SISO) frequency responses are then combined in post processing to get a single-input multiple-output
(SIMO).

A normalization and calibration procedure was carried out before each measurement campaign, where
the Tx and Rx cables were connected back to back and using the VNA inherent normalization setting,
the cables were normalized to 0 dB.

The millimeter wave band covered is from 26 - 30 GHz with 1500 frequency points.

7



2. Channel Sounding and Measurement Setup

2.1.1 VNA setting

The dynamic range in the measurement set up is very critical due to the path loss and loss in the cables
particularly to the Rx antennas. Therefore, we need a high dynamic range if we are to resolve highly
attenuated paths [23].

One method to increase the dynamic range is to use a small IF bandwidth. However, this comes at a cost
of increased measurement time. Table 2.1 outlines the measurement time for the VNA for a bandwidth
of 4 GHz and 1500 frequency points, for the different IF bandwidths.

Table 2.1: IF bandwidth setting of the VNA and the corresponding sweep time.

IF Bandwidth [kHz] Sweep time tv [s]

0.5 2.8956

1 1.5670

2 0.913

5 0.5107

2.1.2 Parameters

The delay resolution DR and the spatial resolution SR can be calculated as [5]:

DR =
1

BW
(2.1)

SR =
c

BW
(2.2)

the delay range t on the other hand;

t =
N−1
BW

(2.3)

Where BW is the bandwidth, which is 4 GHz, c is the speed of light and N is the number of frequency
points, which in this case is 1500.

From this calculation the delay range is 374 ns, the time resolution is 0.25 ns and the spatial resolution is
7.5 cm. The time resolution is quite good as it implies that we are able to distinguish MPC with a delay
difference greater or equal to 0.25 ns and the spatial resolution gives us the ability to distinctly identify
MPC with a path difference of at least 7.5 cm. This is very important for millimeter wave propagation
especially in typical indoor scenarios where many scatterers exists and the wavelength is small compared
to the objects commonly found in such scenarios. A delay range of 374 ns, means that we can can resolve
MPC with as far as 112 m, which is much greater than the dimensions of our room. Moreover, millimeter
waves systems are envisaged to work in piconets [1], where the cell radius will be a couple of meters.

In this measurement campaign, an IF bandwidth of 0.5 kHz is used which gives a dynamic range of about
50 dB. Table 2.2 gives a summary of the important parameters for the measurement.

Using the results in table 2.1, for each measurement, the time τ taken to record one channel impulse
response (CIR) is approximately:

τ = tv + tp = 2.8956 s + 7.5907 s = 10.4864 s (2.4)

8



2.2. Virtual Antenna Array

Table 2.2: Summary of various parameters

Parameter Value

Transmit Power 11 dBm

Center Frequency 28 GHz

Bandwidth 4 GHz

Trigger out duration 100 ms or 500 ms

IF Bandwidth 500 Hz

C-844 digital input Channel 0 [pin 14]

C-844 digital output Channel 6 [pin 24]

where tv is the VNA sweep time, tp is the time to move the positioner one step of 0.5 mm.

For the inter-element spacing of 0.4λ which corresponds to 0.4 mm for 30 GHz, tp = 6.3838 s

2.1.3 Antenna Positioner

In this measurement campaign the Physik Instrumente (PI) linear stages positioner is used. The origin
repeatability is 1µm. The origin is set at the "positive limit" for all the axes, hence the downward
movement of the Z axis. The unidirectional and bi-directional repeatability are 0.2µm and 2µm
respectively [24].

The antenna positioner is made up of two major components:

• Positioner: PI M-415.DGX [24].
• Precision Motor Controller: C-844 [25].

The PI M-415.DGX is made up of three axes:

• Axis 1: 150 mm.
• Axis 2: 150 mm.
• Axis 3: 50 mm.

Axis 1, 2 and 3 correspond to the X, Y and Z axis respectively in our cartesian coordinates, as indicated
in fig 2.1.

2.2 Virtual Antenna Array

The virtual antenna array was made by moving the Tx antenna over predefined positions on the cartesian
coordinate. Using the linear positioning stages we can construct three types of virtual arrays.

• ULA.
• URA.
• UCuA.

Our objective in this measurement campaign is to create a virtual UCuA. From the UCuA, we can easily
extract a ULA and a URA. The UCuA can be viewed as several layers of a URA, shown in fig. 2.2.

9



2. Channel Sounding and Measurement Setup

Fig. 2.1: Positioner Cartesian Coordinates Mapping.

The virtual UCuA has an aperture of 12λ by 12λ by 4λ with an inter-element spacing of 0.4λ and 15λ

by 15λ by 5λ with an inter-element spacing of 0.5λ where λ is for 30 GHz.

Fig. 2.2 shows the geometry of the virtual URA. The antenna positions are determined by the algorithm
that was developed for controlling the positioner, whose objective was to reduce the measurement time.

Fig. 2.2: Virtual URA geometry.

Fig. 2.3 illustrates the cuboid. The the azimuth angle ϕ is in the range 0◦− 360◦, while the elevation
angle, θ is in the range 0◦−180◦.

10



2.3. Measurement Procedure

Fig. 2.3: Virtual UCuA geometry.

2.3 Measurement Procedure

In the measurement campaign, the channel was sampled massively in space. To achieve this goal an
automatic control system had to be built. The objective was to synchronize the VNA and the antenna
positioning system. The automation software was built with Python so as to be platform independent,
therefore a Windows, Mac OS or Linux personal computer (PC) can be used. The PyVisa instrument
control library [26] was used in order to communicate to the C-844 motor controller via standard
commands for programmable instruments (SCPI) commands. The VNA has a custom program saves
the data on its internal hard disk while the Python script records a log file on the PC for all the antenna
positions. Communication to the C-844 motor controller is via RS232, where a USB-to-serial converter
was used.

2.3.1 Automation of Antenna Positioning System

The control software supplied along with the C-844 only supported movement to a particular position,
one point at a time, requiring the user to input the desired positions manually. Recording massive
amounts of channel frequency responses, can be a daunting task, both physically and accuracy of the
results would not be guaranteed as it would mean keeping the environment static for several days and the
need for constant recalibration of the system. The Python script created reduced the measurement time
to about 25 hours.

The measurement is done in phases, i.e, the UCuA is divided into two or three parts. This is because the
C-844 motor controller becomes unresponsive on average after 12 hours of continuous operation.

An external fan was added for the C-844 motor controller and it was raised about 10 cm above the floor to
avoid over heating, nonetheless after about 16 hours of continuous operation the C-844 motor controller
became unresponsive.

Measurement in phases solved this problem, after the first phase the C-844 motor controller is switched

11



2. Channel Sounding and Measurement Setup

off for a while before beginning the next phase.

2.3.2 Flow control

The automated measurement process is illustrated in fig. 2.4. The positioner moves along the X-axis and
on reaching the last point of the X-axis it changes to the next Y-position. The positioner then reverses
along the X axis from the last point towards zero to save time during measurement and avoid a barren
cycle.

This is repeated until all points on the XY plane are covered. The positioner then moves the Z-axis to
the next position, and moves the X and Y axes to zero and the process is repeated.

The process can be summarized as follows:

1. The python script creates an object for establishing communication with the C-844 precision motor
controller.

2. The python script initializes the C-844 controller by setting the important parameters of
acceleration and velocity.

3. The positioner is set to the reference position.
4. The C-844 is reset and initialized again to take the “HOME” position.
5. The C-844 motor controller sends a transistor transistor logic (TTL) rising edge trigger to the VNA

to take measurements.
6. The VNA sends a TTL falling edge trigger to the C-844 when the measurement is done.
7. The PC polls the C-844 to determine if the measurement was done and sends a move command to

the C-844 for the next position.
8. The C-844 moves the axes to the position desired and processes 5 to 7 are repeated.

Fig. 2.4: Measurement Setup: RF cables are in red.
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2.4. Measurement Scenario

2.3.3 Phase Test

Prior to the measurement a phase test was carried out to investigate the phase variation due to the cable
movement of the flex coaxial cable. This was done by measuring S11( f ) as the antenna was moved to the
eight vertices of the cuboid, 150 mm by 150 mm by 50 mm. The phase variation in the frequency range
26 - 30 GHz was then recorded at each vertex. The cable was calibrated to 0 dB before measurement,
and as shown in fig.2.5b and fig.2.5a, the magnitude variation was by a maximum of 0.1 dB on all the
vertices for all the frequency range and the phase variation was a maximum of 2.5◦.

The subscripts N and P in fig. 2.5 represent the negative and positive limits respectively of the axes.

2.4 Measurement Scenario

The measurements were carried out in Aalborg University APNet section kitchen; room 1.202, SELMA
LAGERLØFS VEJ 312, Aalborg 9220, Denmark. The room geometry is as shown in fig. 2.6. The room
is located on the second floor of a three storey building.

The wall next to the door and the wall next to the fridge are made of plasterboard whereas the walls
where the windows are located are made of concrete. The floor is made of concrete.

The windows are double glazed glass with metallic locks and frames. The window area has a cavity of
45 cm with a 1.5 cm layer of wood. Along the windows there is a cable trunk for the electric cables in
the room, made on the top part by wood and the sides are made of plastic.

The room dimensions are 7.36 m by 5.54 m, and the height from the floor to the ceiling is 2.835 m. The
ceiling is a dropped ceiling with ceiling tiles. The height from the floor to the concrete ceiling (without
the ceiling tile) is 3.534 m. On the dropped ceiling there is a metallic air-conditioning system as shown
in fig. 2.10. Inside the 0.7 m cavity, there are the metallic air conditioner pipes though not visible in the
photos.

There are metallic radiators raised from the floor by 9.5 cm under each window and having a height of
31.5 cm from the floor.

Next to the wooden table in fig. 2.10, there is a whiteboard whose dimensions are 240 cm by 122 cm with
a thickness of 1.5 cm, that spans from one edge of the window to the other edge of the other window.

(a) Magnitude of S11( f ). (b) Phase of S11( f ).

Fig. 2.5: Variation of phase and magnitude due to movement of the flex coaxial cable.
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2. Channel Sounding and Measurement Setup

(a) LOS and OLOS antenna setup (b) Co-location Measurement antenna setup

Fig. 2.6: Antenna Location with respect to room geometry: All dimensions in mm.

The antenna heights are as outlined in table 2.3. The antenna heights were selected to give a good
clearance above the floor and below the ceiling, while at the same time placing them on the same
elevation level.

Table 2.3: Antenna heights in meters: Measurement campaign 1 and 2.

Height [m]

Antenna
Tx Rx1 [S31] Rx2 [S21]

From Top of Antenna to
the Floor

1.499 1.472 1.472

From Top of Antenna to
the Ceiling

1.361 1.347 1.342

From Centre of Antenna
to the Floor

1.452 1.455 1.456

From Centre of Antenna
to the Floor

1.363 1.381 1.381

2.4.1 Measurements Campaigns

The measurement campaigns were carried out on two different occasions:

• Measurement campaign 1: with an inter-element spacing of 0.5λ .
• Measurement campaign 2: with an inter-element spacing of 0.4λ .
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2.4. Measurement Scenario

In measurement campaign 1, with an inter-element spacing of 0.5λ , the room did not have the white
board in fig. 2.8a installed behind the Rx1[S31] antenna. This had a significant effect on the results as
will be shown in chapter 3. The location of furniture in the room was as shown in fig. 2.6 and fig. 2.7.
The obstructor was also constructed differently as explained in section 2.4.3. In measurement campaign
2, with an inter-element spacing of 0.4λ , the room had a coffee machine installed whereas two wooden
tables and a wooden cup-board had been removed.

The measurements carried out were:

1. LOS for the UCuA which was recorded in the VNA as S31( f ) with antenna Rx1[S31].
2. OLOS for the UCuA which was recorded in the VNA as S21( f )with antenna Rx2[S21].
3. Measurement with antennas co-located as shown in fig. 2.6b and fig. 2.7b.

In the first and second measurement setup, the measurement was done simultaneously for the virtual
UCuA.

2.4.2 Co-Location Measurement

The third measurement with the antenna co-located is as shown in fig. 2.6b and fig. 2.10.

The antenna Rx1[S31] is kept at the original position as in the first two measurements then the Rx2[S21]
antenna, shown by the green dot in fig. 2.6b, is placed in four different locations each separated by 0.5
m.

It is worth to note that the environment was kept as in fig. 2.7a with the only change being the location
of antenna Rx2[S21]. This measurement was carried out for the YZ plane thus, 300 CIR were recorded
for each of the four different locations, for each of the two Rx antennas.

(a) LOS and OLOS antenna setup (b) Co-location Measurement antenna setup

Fig. 2.7: Antenna Location with respect to room geometry, campaign 1: All dimensions in mm.
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2. Channel Sounding and Measurement Setup

(a) LOS view (b) OLOS View

(c) Door View (d) Windows View

Fig. 2.8: Room Photos: Measurement campaign 2 (LOS and OLOS).

Fig. 2.9: Panorama view of the kitchen: Measurement campaign 1.

2.4.3 Obstructor

To create the OLOS scenario an obstructor was placed between the Rx2[S21] antenna and the Tx antenna
as shown in fig. 2.8. The separation distances are given in table 2.4.

The obstructor was made by attaching a copper plate onto an aluminium ladder. The copper plate
dimensions are: Length: 1 m Height: 0.74 m.

Obstructor for measurement campaign 1, with spacing Inter-element 0.5λ

The obstructor was made of a wooden table placed up right with a copper plate attached to the top part
of the table. Table Dimensions: Length: 0.78 m Height: 1.550 m
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2.4. Measurement Scenario

(a) Co-Location Rx 00 : d = 0 cm (b) Co-Location Rx 01: d = 50 cm

(c) Co-Location Rx 02: d = 100 cm (d) Co-Location Rx 03: d = 150 cm

Fig. 2.10: Room Photos: Co-Location Measurement (campaign 2), where d is the separation distance of
the two antennas.

Table 2.4: Obstructor distance for measurement campaign 2, with an inter-element spacing of 0.4λ .

Description Distance [m]

Tx antenna to Obstructor 3.905

Rx2[S21] antenna to Obstructor 1.703

Obstructor to floor 1.036

Obstructor to ceiling 1.041
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2. Channel Sounding and Measurement Setup

Table 2.5: Obstructor distance for measurement campaign 1, with an inter-element spacing of 0.5λ .

Description Distance [m]

Tx antenna to Obstructor 4.129

Rx2[S21] antenna to Obstructor 1.341

Obstructor top to floor 1.550

Obstructor to ceiling 1.295

Height above floor of Copper
Plate

0.809
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3
RESULTS AND ANALYSIS

3.1 The Indoor Propagation Channel

Consider a UCuA composed of L elements along the x-axis, M elements along the y-axis, N elements
along the z-axis, with the inter-element distance dx = dy = dz = d. The inter-element distance is chosen
to be d = 0.4λ to avoid spatial aliasing.

The origin of the coordinate system as shown in fig 2.2 is taken as the time reference [27].

Now suppose that the CIR between the Tx and origin of the UCuA is made up of K multipath waves [4].
The wave front impinging on the virtual antenna array is well approximated by a plane wave since the
virtual antenna array is in the far field region.

The far field assumption holds true when the dr >> λ and dr >> D

dr =
D2

λ
(3.1)

where D is the antenna aperture, dr is the distance between the Tx and Rx antennas, and λ is the
wavelength.

The channel frequency response H( f ) is obtained as:

H( f ) =
K−1

∑
k=0

αke− j2π f τk (3.2)

τk is the delay of the k-th path with complex amplitude αk.

The time taken, by the k-th plane wave impinging on the array with an AOA, (θk,ϕk) to reach the element
l,m,n ,with respect to the reference element at the origin of the coordinate system (0,0,0), is given as:

τkl,m,n(θk,ϕk) =
rl,m,n · v̂(θk,ϕk)

c
(3.3)
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3. Results and Analysis

where:

rl,m,n - the position vector of the element l,m,n which is defined as;

rl,m,n =

 dx(l−1)
dy(m−1)
dz(n−1)

 (3.4)

v̂(θk,ϕk) - the unit vector in the direction (θk,ϕk) which is defined as;

v̂(θk,ϕk) =

sinθk cosϕk

sinθk sinϕk

cosθk

 (3.5)

(·) - the dot product.

c - the speed of light.

The frequency response Hl,m,n( f ) of the l,m,n -th element is given as:

Hl,m,n( f ) =
K−1

∑
k=0

αke− j2π f (τk+τkl,m,n ) (3.6)

The element frequency response Hl,m,n( f ) is thus seen to be a phase shifted version of H( f ) [4].

The array frequency response H( f ,θ ,ϕ), is obtained by summing the frequency response of each
element, Hl,m,n( f ) multiplied by a complex weight wl,m,n to shift its responses into alignment with the
reference element which is at the origin of the coordinate system, hence:

H( f ,θ ,ϕ) =
1
N

1
M

1
L

N−1

∑
n=0

M−1

∑
m=0

L−1

∑
l=0

wl,m,nHl,m,n( f ) (3.7)

The weighing vector wl,m,n is given as:

wl,m,n = e
− j2π

λ
rl,m,n·v̂(θk,ϕk) (3.8)

The angle information is obtained via classical beamforming. Classical beamforming works by shifting
the elements frequency response back to the reference position. A steering vector is generated for each
search angle (θO,ϕO) . The maximum power is obtained when the search angle (θO,ϕO) is equal to the
AOA (θk,ϕk) of the K-th wave.
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3.2. Power Delay Profile

By taking the inverse discrete fourier transform (IDFT) (performed using the inverse fast fourier
transform (IFFT) algorithm) of the array frequency response H( f ,θ ,ϕ) , we can obtain the spatial-
temporal CIR, h(t,θ ,ϕ) as:

h(t,θ ,ϕ) =
N−1

∑
n=0

H( fn,θ ,ϕ)e j2π fnt (3.9)

where fn is the n-th frequency bin.

3.2 Power Delay Profile

From the frequency response of the l,m,n -th element Hl,m,n( f ), eq. 3.6, we can obtain the temporal
response of the channel h(t) by performing the IDFT of Hl,m,n( f ). Thus h(t) is given as:

h(t) =
N−1

∑
n=0

Hl,m,n( f )e j2π fnt (3.10)

The PDP P(t)shows how the power of the transmitted signal is distributed in time and it is the absolute
square of the channel temporal response, defined as [6]:

P(t) = |h(t)|2 =
K−1

∑
k=0

α
2
k δ (t− τk) (3.11)

where δ (·) is the dirac delta function, τk is the delay of the k-th path and αk the complex amplitude.

The average power delay profile is obtained by taking an average of each element CIR in the UCuA in
order to remove the effects of fast fading [5].

Fig. 3.1 compares the CIR along the element positions of the UCuA for the two measurement campaigns.
In the LOS scenario the dynamic range is chosen as 35 dB from the highest peak whereas in the OLOS
scenario, a 30 dB dynamic range is chosen. Moreover the time axis is limited to 85 ns for the LOS
scenario and 75 ns for the OLOS scenario, since beyond these time limits no significant paths are
observable.

The effect of furniture change is more pronounced on the tail of the average PDP as can be seen in fig.
3.2. The average PDP is carried out over 8100 CIR in fig. 3.1a and fig. 3.1b. In fig. 3.2c and fig. 3.2d,
the average PDP is considered for the co-location Rx 00 and Rx 03 shown in fig. 2.6b. In this case the
average PDP consists of 300 CIR. At location Rx 00 the reflectivity of the whiteboard causes multiple
reflections which are less compared to location Rx 03.

3.3 Fresnel Zone

In LOS communication, objects located within the Fresnel zones could cause signals to be diffracted and
arrive at the receiver out of phase or in phase with the LOS component.The first three Fresnel zones are
the most significant. When the signals arrive at the receiver out of phase they could result in destructive
interference, whereas when they arrrive in phase they result in constructive interference.
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3. Results and Analysis

(a) Power Delay Profile: LOS Campaign 2. (b) Power Delay Profile: OLOS Campaign 2.

(c) Power Delay Profile: LOS Campaign 1. (d) Power Delay Profile: OLOS Campaign 1.

Fig. 3.1: A comparison of the PDP for the two measurement campaings

When constructing the obstuctor to create the OLOS, the objective was to have at least the first three
Fresnel zones blocked.

The radius of the nth fresnel zone is calculated as:

Fn =

√
nλd1d2

d1 +d2
(3.12)

From table 2.4 and 2.3, the difference in height between the antenna and the top most part of the
obstructor was 0.348m whereas the height difference with the bottom most part of the obstructor was
0.416m. From eq. 3.12, the first 3 fresnel radii for 30 GHz are 0.1089m, 0.1539m and 0.1885m
respectively. This implies that the obstructor completely covered the first three fresnel zones as will
be shown in section 3.4.

3.4 Power Angle Delay Profile

The PADP indicates that the most significant MPC for the LOS are due to specular reflection. This is
coincides with the results in [4], where the analysis was carried on the millimeter wave band 28 - 30 GHz
using a virtual UCA.

22



3.4. Power Angle Delay Profile

(a) Average PDP: LOS (b) Average PDP: OLOS

(c) Average PDP: Location Rx 00 (LOS) (d) Average PDP: Location Rx 03 (LOS)

Fig. 3.2: A comparison of the average PDP for the two measurement campaigns.

The back and forth reflections due to the walls in the LOS scenario can be seen in paths 5, 7 and 8 in
fig. 3.3a and in fig. 3.4a for measurement campaign 2 and in fig.3.3c and fig. 3.4c for measurement
campaign 1. Path 2 and 6 are interesting to note in that the structure of the room greatly influences the
propagation mechanism. Path 2 is due to a wedge-like corner of the plaster board protruding in the room.
On the other hand the wedge-like structure of the window described in section 2.4, is seen to contribute
to path 6 as shown in fig. 3.3a and in fig. 3.4a.

Path 9 is due to multiple bounce specular reflection by the metallic handle of the white fridge shown in
fig. 2.8c and the window as shown in fig. 3.3a.

In the OLOS, diffuse scattering is a significant propagation mechanism. As shown in fig. 3.4b, paths
from diffuse scattering out number those from specular reflection albeit with lower power.

It can be seen that diffraction is a significant propagation mechanism in the OLOS scenario. Path 1 and
3 in fig. 3.3b and fig. 3.4b are most likely due to diffraction by the aluminum ladder, owing to the fact
that the radii of the first 3 fresnel zones were completely covered by the copper plate. Diffraction is also
observed for the OLOS in [15].

Although specular components dominate in millimeter wave communication, diffraction from edges
should be considered keenly when designing channel models for 5G. In these results the path 2 and 6
for the LOS are most likely due to edge diffraction. In [28] extensive measurements are carried out to
investigate the effect of this phenomena in millimeter waves.
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3. Results and Analysis

(a) Paths identified for LOS: campaign 2 (b) Paths identified for OLOS: campaign 2

(c) Paths identified for LOS: campaign 1 (d) Paths identified for OLOS: campaign 1

Fig. 3.3: Propagation paths in relation to room geometry: All dimensions in mm.
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3.4. Power Angle Delay Profile

(a) PADP LOS. (b) PADP OLOS.

(c) PADP, LOS. Grating lobes are indicated with circles. (d) PADP, OLOS

Fig. 3.4: PADP for measurement campaign 1 [3.4c,3.4d] and measurement campaign 2 [3.4a,3.4b].

Table 3.1 and 3.2 outline the identified propagation paths and the power levels in dB for the LOS
and OLOS scenarios respectively for measurement campaign 2. The difference in power between the
strongest MPC in the OLOS and the LOS component is 12 dB.

Fig. 3.4 and 3.3 show the identified paths in both measurement campaigns. In fig. 3.3a, path 4 is seen to
come from the coffee machine which has metallic front part.

On the other hand for the OLOS, the specular and diffuse paths seem to increase in the second
measurement campaign. This is most likely to have been caused by two factors: the change in the
wall reflectivity and the type of obstructor used, since the ladder could contribute to edge diffraction
whereas the obstructor in the first measurement campaign covered the LOS from the ground level. The
whiteboard is most likely to have contributed to path 5 and 8 in the OLOS scenario of measurement
campaign 2, since these paths were not present in the first measurement campaign.

In fig. 3.4b, two paths ( a and b ) are identified that are not in the second measurement campaign. Path
b is most likely to have been blocked by the obstructor in the second measurement campaign due to a
slight change in the location of the obstuctor.

In both the LOS and OLOS scenarios, it is interesting to see the similarities in the paths detected. Having
conducted the measurement 3 weeks apart the similarities show the robustness of the this measurement
system as well as its repeatability.
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3. Results and Analysis

Table 3.1: Propagation paths and the corresponding power levels: LOS, measurement campaign 2.

Path Angle
[deg]

Delay
[ns]

Distance
[m]

Power
[dB]

1 178.5 14.25 4.272 -70.03

2 149.4 18.75 5.621 -89.88

3 137.4 19.5 5.846 -78.51

4 105.3 19.75 5.921 -86.04

5 0 21 6.296 -80.57

6 236.7 26 7.795 -82.89

7 179.5 29 8.694 -78.76

8 0 -84.7 10.942 -84.7

9 101.3 39.25 11.777 -87.51

Table 3.2: Propagation paths and the corresponding power levels: OLOS, measurement campaign 2.

Path Angle
[deg]

Delay
[ns]

Distance
[m]

Power
[dB]

1 198.6 19 5.696 -95.19

2 218.6 22.75 6.820 -84.52

3 212 25.5 7.645 -100.2

4 103.3 26.5 7.645 -89.9

5 191.5 26.75 8.019 -91.10

6 130.4 27.25 8.169 -82.54

7 192.5 29.75 8.919 -83.65

8 140.4 33 9.89 -86.39

3.4.1 Elevation Angle

A joint azimuth and elevation angle estimation for the UCuA was done for the center frequency 28 GHz,
the start frequency 26 GHz and the stop frequency 30 GHz. The results are as shown in fig. 3.5 for the
LOS and the OLOS scenario in measurement campaign 2.

Since the Tx and Rx height were at the same height, it follows that most of the propagation of the
dominant path lie along the same plane, 90◦. The antenna array pattern acts as a spatial filter in this case.
In the E-plane of the two commercial antennas [22], the attenuation varies from as low as -20 dB to -10
dB in the frequency band 26 - 30 GHz.

In the azimuth angle ϕ estimation for the URA and UCuA, the gains in terms of resolution of the MPC
seem minimal however when a joint azimuth and elevation angle θ is done it is clear that a URA does
not have a good resolution of the elevation angle [10]. The UCuA, therefore becomes favourable tool
when the elevation angle information is required.
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3.4. Power Angle Delay Profile

(a) Elevation angle for LOS: 30 GHz (b) Elevation angle for OLOS: 30 GHz

(c) Elevation angle for LOS: 28 GHz (d) Elevation angle for OLOS: 28 GHz

(e) Elevation angle for LOS: 26 GHz (f) Elevation angle for OLOS: 26 GHz

Fig. 3.5: Elevation angle for the start, center and stop frequency, measurement campaign 2.
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3.5 RMS Delay Spread

The RMS delay spread στ is a measure that characterizes the time dispersion of the signal. It is defined
as the square root of the second central moment of the PDP [2]:

στ =

√
τ2− (τ)2 (3.13)

where:

τ2 =
∑k P(τk)τ

2
k

∑k P(τk)
(3.14)

τ =
∑k P(τk)τk

∑k P(τk)
(3.15)

τ is the mean excess delay, which is the first central moment and τ2 is the second central moment of the
PDP.

P(τk) is the power in mW of the delay bin corresponding to the delay bin τk.

In literature, when calculating the RMS delay spread, a noise floor is defined so as to exclude the noise
bins in the calculation. However, the selection of this noise floor is a factor that varies from system to
system and largely depends on the dynamic range of the measurement equipment.

In [29], a 50 dB margin is used in the calculation of the RMS delay spread whereas, in [30] a 30 dB
margin is used for both the LOS and OLOS scenarios at the center frequency 60 GHz.

The RMS delay spread for both measurement campaigns is as outlined in table 3.3, using a dynamic
range of 25 dB for the LOS and OLOS scenarios.

Table 3.3: RMS delay spread (στ ) and mean excess delay (τ) for different noise floor in the LOS and
OLOS scenarios.

Measurement
Campaign

LOS OLOS

τ

[ns]
στ

[ns]
τ

[ns]
στ

[ns]

1 22.7 8.8 32.6 11.5

2 25.4 13.6 41 16.4

A change of furniture in the room is the most likely cause of the abrupt change in the RMS delay spread.
Two wooden tables and a cupboard were removed whereas a whiteboard and a coffee machine were
installed in the second measurement campaign. The other notable difference was in the obstructor as
outlined in section 2.4.3. The antenna aperture also reduced due to the use of an inter-element spacing of
0.4λ . Among these factors the most likely cause of this increase in the RMS delay spread is the change
of the wall reflectivity.

This was also reported in [18], where the RMS delay spread increased with increased reflectivity of
the walls, similar to our findings. Similarly [31], concluded that the RMS delay spread is significantly
influenced by the local environment of the Tx and Rx antennas.
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3.6. Spatial Aliasing

3.6 Spatial Aliasing

Virtual antenna arrays do not have the problem of mutual coupling found in real antenna arrays, however,
when the inter-element distance is greater than 0.5λ there is spatial aliasing resulting in grating lobes.
Grating lobes cause an ambiguity in the AOA estimation.

When designing virtual antenna arrays for channel measurements, the spatial aliasing problem needs to
be considered carefully. For some incident angles [0,90,180,270,360]◦ the grating lobes can have a high
peak with a power difference of close to 2 dB from the main lobe.

For the ULA an inter-element spacing of 0.5λ solves this problem. However for the URA, grating lobes
can be seen for an inter-element spacing of 0.5λ . This is because the distance between the diagonal
elements is greater than 0.5λ . To solve this problem and reduce the power of the grating lobe significantly
by about 26 dB we need to have an inter-element spacing of 0.4λ between the adjacent elements.

3.6.1 Simulated Response

The antenna response was simulated before the measurement campaign to avoid the grating lobe problem
or to keep the sidelobe level minimum. The simulated responses were done for a URA of the same
configuration as the measurement set up. The inter-element spacing used in the simulation were 0.4λ

and 0.5λ .

The simulation was carried out for an incident ray at 30 GHz, with a power of 0 dB and an incident angle
of 180◦. This was similar to our measurement setup where the LOS component had an incident angle
of 180◦. The effects of spatial aliasing are as shown in fig. 3.6b. Fig. 3.6a shows that grating lobes are
eliminated by using an inter-element spacing of 0.4λ .

3.6.2 Grating Lobes in Measurements

As shown in simulation results fig. 3.6, grating lobes in measurement data can be a stumbling block
in accurately characterizing the propagation channel. As noted in the simulation, grating lobes are very
severe for the incident angles [0,90,180,270,360]◦. This results in obscuring weaker paths at these
angles. This is problematic especially for the LOS scenario. Since the LOS component is at 180◦, the
grating lobes are quite significant. The effect of the grating lobes is more severe in the elevation angle

(a) Simulated Power Angle Profile with d = 0.4λ . (b) Simulated Power Angle Profile with d = 0.5λ .

Fig. 3.6: Simulated Antenna Array Response.
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3. Results and Analysis

estimation, since the fictitious angles are super-imposed on paths that could be weaker but nonetheless
significant.

For example in this measurement campaign when the incident angle for the direct path for LOS, is at
180◦, there is a back reflection from the wall at 0◦, but after multiple reflections from the wall, it becomes
difficult to distinguish between the fictitious angles and the actual angles.

The grating lobes are illustrated in fig. 3.4c for measurement campaign 1. In the OLOS scenario, grating
lobes were not noticeable as shown in fig. 3.4d since the specular components were not at incident angles
outlined in section 3.6.1.

In measurement campaign 2 ,the spatial aliasing problem is solved by using an inter-element spacing of
0.4λ . As shown in fig. 3.4a, grating lobes for the LOS component are kept at a power level of less than
30 dB from the main peak.
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4
CONCLUSION AND FUTURE WORK

4.1 Conclusion

The channel sounding setup was robust and highly repeatable as demonstrated in the phase variation
test. The magnitude variation was 0.1 dB on all the vertices for the entire frequency range and the phase
variation was 2.5◦ which indicates a high reliability and repeatability. The repeatability was also shown
in the angle estimation for the two measurement campaigns which had a lot of similarities with the
difference being due changes in the room furnishing and the relative positions of the antennas.

It was demonstrated experimentally the effect of the wall reflectivity on the RMS delay spread. In
calculating the RMS delay spread, the delay bins to be included in the calculation vary from system to
system and the criterion is governed by the dynamic range.

It was further demonstrated, experimentally the importance of the LOS component in millimeter wave
communication as has been proposed in literature.

The virtual UCuA radiation pattern acts as a spatial filter, thus some paths that could have been from the
floor or ceiling were not detected in the elevation angle estimation.

4.2 Future Work

In massive MIMO, there has been an interest to investigate how close can users be to safely assume
that the channels are uncorrelated, or in other words the spatial separation of users. The co-location
measurement is this thesis was carried out for this purpose. The Tx antenna is considered as the BS and
the two antennas in this set up are considered the MS.

A question that was raised in [32] on whether all antenna elements contribute equally. As shown in 3.1,
some scatterers are not seen by some antenna elements. This can be used as a basis of a study on antenna
selection in massive MIMO similar to the study in [32].

In future work it would be intuitive to extend the measurement setup to have more antennas as well
as adopt the measurement system in [7], in order to have a higher dynamic range. The VNA, (PNA
N5772A) has 4 ports, with an option of adding an extra port. This would allow for an additional 2
antennas to be installed in future measurements.
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4. Conclusion and Future Work

Since the measurement was carried out in a wide bandwidth 26 -30 GHz, the beam pattern of the array
is frequency variant and this causes high sidelobe levels thus resulting in the weak paths being buried in
the sidelobes [11]. This can be solved by using sidelobe suppression techniques like Dolph-Chebyshev
weighting for uniform arrays in [17]. We intend to apply these techniques to the data collected as well
as develop improved angle detection algorithms.

In the OLOS scenario as shown in fig. 3.4b, it can be quite difficult to analyse individual paths. This
would be the same case in a LOS scenario for richly furnished rooms or laboratory environments where
many specular reflectors exist. This leads to the need of an analysis of MPC using cluster models [33].
Existing models include the COST 2100 MIMO model [34].

From the results, we have seen that the tail of the PDP changes with a change in furniture. A detailed
study of the decay rate will be carried out to augment the existing research for instance in [35]. To get a
conclusive result measurements need to be carried out in different rooms of different sizes and material
composition, which was beyond the scope of this thesis.

Finally having performed measurement campaigns at the center frequency 28 GHz, we would like to
extend the measurement campaigns to other millimeter wave bands for comparison with this analysis.
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