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Abstract

Mobile communication technology is continuously evolving. Early Fifth generation

(5G) products, due 2020, should support high capacity, higher data rates, lower la-

tency, lower energy consumption and should be cost effective. High data rates will

require wider bandwidths, which are available in the higher frequency millimetre wave

(mmWave) bands. Millimetre waves have much shorter wavelengths compared to to-

day’s microwave mobile systems. Understanding mmWave propagation characteristics

is important in the physical layer design of future wireless systems. Statistical Channel

models are required in the standardization process to evaluate implementation proposals

without the expense of building costly hardware test-beds. Statistical channel models

are described by a few key parameters and a variance. For example, transmission path

loss is a function of environment, range, path loss exponent (PLE) and the standard

deviation (σ) of a statistical (shadowing) component. These parameters are generated

by fitting an equation, in a minimum mean square error (MMSE) fashion, to a collated

measurement database from a number of research organizations in different countries.

Considering this, a number of channel sounding empirical measurements at mmWave

frequencies were conducted to characterize, model and evaluate the propagation chan-

nel properties in different 3rd Generation Partnership Projects (3GPP) scenarios (envi-

ronments) under Australian conditions. Particular outdoor areas of interest were Rural

Macro (RMa), Urban Macro (UMa) and Urban Micro (UMi) while indoor areas (InH)

of interest included office and shopping malls.

An in-house channel sounder was modified to obtain signal strengths with respect to

(wrt) location and angle of arrival (AoA). Angular resolution was nominally 10°, 20° and



55° depending upon the size of the horn antenna. The equipment covered frequencies

between 24 GHz to 40 GHz and was capable of measuring path losses up to 160 dB with

the appropriate antenna. The experimental work involved performing measurements in

different scenarios and then comparing to existing channel models (if such exist) and

suggesting improvements where appropriate. The thesis focuses on outdoor and out-

door to indoor mmWave wireless propagation channels and contains contributions in

each of the key scenarios as follows:

Rural Macro (RMa) channel measurements were performed at 24 GHz. Average path

loss and Angle of Arrival (AOA) spread were close to 3GPP predictions limited to sub

7 GHz frequencies. The results were submitted to the Third Generation Partnership

Project (3GPP) enabling the extension of the existing RMa model to 30 GHz.

Urban Macro (UMa) have base station (BS) antennas above roof-top height. Measure-

ments at 27.1 GHz were performed in two environments; dense urban and light urban,

both classified as NLOS UMa. The results were compared against two competing 3GPP

path loss models; the alpha beta (AB) model and the close-in free space reference dis-

tance (CI) model. The AB model had the lower RMS error. The AB model required

input parameters such as average building height and street width etc. which made it

sensitive to the choice of input parameters, whereas the CI model required no input pa-

rameters and was preferred if the cell consists of wide variety of dense and light urban

regions.

Urban Micro (UMi) have BS antennas below roof-top height. Measurements were con-

ducted at 39.5 GHz in Open Square (OS) and Street Canyon (SC) scenarios. Results

showed that the extracted parameters are in close agreement with 3GPP specifications,



particularly for the CI model. Additionally, we reported 31 dB for 100 m down the SC

side streets out of which 18 dB loss occurs just around the corner. We further analysed

the base station (BS) height gain effect in OS and found a marginal benefit of 0.5 dB for

a 4 m height change. Cross polar discrimination were also reported in SC which reduced

by 2.5 dB per 10 dB increase in path loss using directional antennas while correlation

disappeared on a omnidirectional basis.

We presented a double-directional measurements for an UMi OS environment. Results

showed that multiple Angles of Departure from a given user equipment (UE) position

often result in few (often one) Angles of Arrival at the BS. Similarly different UE lo-

cations can often share a common angle of arrival at the BS. This could cause rank

reduction in some MIMO system.

An outdoor to indoor measurement campaign at 24 GHz emulating the satellite to in-

door propagation channel was presented. The results are applicable to the satellite/mo-

bile co-existence problem as well as in-building coverage from high altitude platform.

The mean building entry loss increased by 0.43 dB per degree of (satellite) slant eleva-

tion angle, almost twice the ITU recommendation. Further we showed that the signal

linearly decays with distance with a slope that increases with slant angle. Additionally,

we showed that high gain narrow beam antenna outperformed low gain wide beam an-

tenna both in terms of signal maximization to high altitude platform as well as signal

minimization to a co-existing satellite uplink channel. Further, there is an antenna gain

reduction in this type of environment due to internally generated multipath.
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Chapter 1

Introduction

Cellular networks were originally designed for voice only, using analogue transmission

channels. In 1990s, digital Second generation (2G) systems were emerged enabling

new services such as text messaging and circuit switched data access. The low data rate

services provided by 2G systems did not fulfil the need for mobile Internet access. This

led to a demand for new Third generation (3G) standards in 2000s, which evolved to

provide fast data services and more capacity for voice. As the demand for more data

increased, 3G also couldn’t handle the demand. LTE (Long Term Evolution), a Fourth-

generation phase of mobile cellular system, developed in around 2010, is a wireless

communication standard which provides high capacity and highest rate data service for

mobile multimedia. Thus, each of the cellular standards has evolved around a set of key

use cases:

• 1G- Voice services

• 2G- Improved voice and text messaging
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Figure 1.1: Growth in connected devices(billions) [9].

Figure 1.2: Global mobile traffic growth (monthly Exabytes) [9].

• 3G- Voice and mobile internet

• 4G- High capacity mobile multimedia

Fig. 1.1 shows the growth trend and prediction for the number of connected devices

from 2014 to 2021. Much higher data rates than today’s 4G systems are required due
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to, e.g., high-quality video streaming and cloud computing [9]. As shown in Fig. 1.2,

by 2021 the amount of mobile data traffic is predicted to be a decade more than in 2015

[9], [31]. The current 4G systems such as LTE and Mobile WiMAX utilize advanced

innovations such as orthogonal frequency-division multiplexing (OFDM), spatial fre-

quency reuse, cooperative multiple-input multiple-output (Co-MIMO) [32], multi-user

diversity, relays and interference mitigation between base stations in order to achieve

spectral efficiencies nearer to the theoretical limit in terms of bits per second per Hertz

per cell [33, 34]. Thus, there is a constrained space for further improvement in spectral

efficiency.

Fifth generation (5G) mobile systems is the upcoming technology which tends to

overcome the limits of current systems and is based upon use cases such as huge number

of devices with different needs, very high throughput, low latency and ultra reliability

for mission critical applications [35]. Some of the features that 5G will incorporate are

MIMO, beamforming, massive MIMO, hybrid beamforming and millimetre waves.

1.1 MIMO

Multiple-input multiple-output (MIMO) is a method for multiplying the capacity of

a radio link using multiple transmission and receiving antennas to exploit multipath

propagation. It generates a number of parallel data streams to the user simultaneously

over the same radio channel, thus increasing the data rate. It also helps to get rid of

fading by providing spatial diversity. Fig. 1.3 shows an example of 2x2 MIMO.
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Figure 1.3: A 2x2 MIMO [10].

A MIMO radio system with Nt transmit antennas and Nr receive antennas can be

described as:

H =



h1,1 h1,2 ... h1,Nt

h2,1 h2,2 ... h2,Nt

. . . .

hNr ,1 hNr ,2 ... hNr ,Nt


where, H is the channel information matrix, hm,n is the impulse response between the

nth transmitting and mth receiving antenna. The input-output relation of the MIMO

channel can be represented as [36, 37]

y = H ~ x + n (1.1)

where ~ denotes the convolution operator, y is the received signal vector and x is

the transmitted signal vector. For a narrowband (i.e. frequency flat) MIMO link, this
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relation can be written as

y = Hx + n

⇒ x = H−1y

(1.2)

To recover the transmitted data (original data) from the received data we need to take

inverse of the channel information matrix. Unfortunately not all matrices are invertible.

To workaround these problems, we change the channel information matrix into three

matrices by the method called Singular Value Decomposition (SVD). According to SVD

theory, there exists orthogonal matrices U= [u1, ..., um], V=[v1, ..., vn] and
∑

such that

H =U
∑

V∗ (1.3)

⇒ U∗.H.V =
∑

(1.4)

and U∗U = I and V∗V = VV∗ = I; I=identity matrix

where

∑
=



σ1 0 ... 0

0 σ2 ... 0

. . . .

0 0 ... σk


σ is a diagonal matrix of singular values. These values represent the power gain of each

parallel data stream.
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Substituting the SVD of H in 1.2 gives

y = U
∑

V∗x + n (1.5)

At the receiver, multiply by U∗

U∗y =U∗(U
∑

V∗x + n) (1.6)

⇒ ỹ =
∑

V∗x + ñ (1.7)

At the transmitter, perform x = V x̃ where V x̃ is the precoding of the transmitted

symbols. Then,

ỹ =
∑

V∗V x̃ + ñ (1.8)

⇒ ỹ =
∑

x̃ + ñ (1.9)

Now the channel information matrix is a simple ‘diagonal matrix’ which can be used

to decode the transmitted symbol.

The general MIMO channel capacity for AWG Rayleigh fading channel, assuming

channel state information (CSI) is known at receiver, but not at transmitter, is given by
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C =log2

(
det

(
Im +

Etot/n
N0

)
HH∗

)
(1.10)

=

min(m,n,p)∑
i=1

log2

(
1 +

Etot/n
N0

σ2
i

)
(1.11)

where H=mxn channel matrix

Im=m-dimensional identity matrix

Etot=total transmitted power

N0=noise power

σ2
i =eigen value of HH∗

The number of usable (strong) data streams, k is:

k = min(n,m, p) (1.12)

which is the minimum of the number of Tx antennas, the number of Rx antennas

and the number of resolvable paths (p). The latter is a function of the channel and the

antenna system. For a narrowband system (such as a single OFDM sub-carrier) this is

related to the angle of arrival (AoA) profile of the incoming waves and the resolving

capability of the antenna system. If the number of resolvable paths are limited this can

result in capacity loss [38, 39]. High resolution antenna arrays require a wider aperture

to separate out closely spaced incoming rays, which has cost implications. Therefore,

knowing the angular distribution of the received signal is an important parameter for a

propagation measurement campaign. Chapter 8 discusses this in more detail.
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1.2 Beamforming

Beamforming is a signal processing technique by which an array of antennas can be

steered to transmit radio signals in a specific direction. Beamforming allows the steering

of beam and allows the energy to be concentrated in the users’ environment only rather

than broadcast across the whole cell. The steering of the beam is enabled by changing

the phase shift along the antenna array. Beamforming has several advantages as follows:

• It increases the throughput capacity of a cellular tower by focusing the beam in the

desired direction and cell edge users can experience reasonable data rates because

of improved SNR.

• It reduces interference among users by minimising signal spillover in unwanted

directions..

• It enables spatial multiplexing by the use of multiple independently directed beams.

• It increases the frequency reuse if there is beam co-ordination between adjacent

base stations.

For a linear array of N-elements (Fig. 1.4) with d = λ/2 spacing, the array factor

power gain for an N-element linear array is given as [40]

AF =
1
N

{ N−1∑
n=0

wn ∗ e j(nkdsinφ−nψ)
}2

(1.13)
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Figure 1.4: Far-field geometry of n-element array of antennas.

where, k = 2π/λ and wn is a weighting factor given to each element to control side

lobes. The phase array look angle is φ and nψ is the electrical phase shift on the n’th

element of the phase array that beam steers the phase array to the desired direction.

Now the total gain of the array antenna is given as: Gaintotal = AF x antenna gain

Fig. 1.5 shows a phase array beamforming to two users; spatially separated users

operating at the same frequency and at the same time .

Beamforming is very effective in open line-of-sight (LOS) conditions or predomi-

nantly open LOS conditions such as from high macro sites. In NLOS situations from

UMi sites, the beams must point to the dominant interacting objects, which often scatter

the signal in all directions. Propagation data is required to identify just how many users

can be multiplexed under such conditions. Chapter 8 describes double directional UMi

measurements from which the spatial multiplexing gain can be characterised.
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Figure 1.5: Phase array antenna beamforming to two users.

1.3 Massive MIMO and Hybrid Beamforming

The ever increasing demand of wireless communication system depends heavily on

spectral efficiency (SE). Multiple-input multiple-output (MIMO) technology, the use

of multiple antennas at transmitter (Tx) and receiver (Rx), is considered as one of the

promising way to improve SE [12, 41]. SE can be improved from MIMO by two ways:

1) multiple user equipments (UEs) can communicate to a base-station (BS) on the same

time-frequency-space resources and 2) a BS can send multiple data streams to each UE

[12]. The original MIMO concept developed into the multi-user MIMO (MU-MIMO)

of 4G from which massive MIMO evolved.

Massive MIMO requires the number of antenna elements to be much greater than the

number of data streams. The number of antenna elements at the BS can reach hundreds

or thousands multiplying the capacity of a wireless connection many times without re-

quiring more spectrum. Massive MIMO can help in the reduction of small-scale fading
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Figure 1.6: Massive MIMO prototype (Lund university at 2.6 GHz) [11].

(also known as channel hardening), accommodate multiple users per channel and im-

prove the performance in terms of link reliability, spectral efficiency and transmit energy

efficiency [42–44]. Fig. 1.6 shows a prototype of massive MIMO developed by Lund

University in Sweden.

In mmWave massive MIMO systems, the beamforming improves Effective Isotropic

Radiated Power (EIRP) and receiver gain array to compensate for the additional path

loss created by the increased frequency and the increase transmission bandwidth. Three

different types of beamforming techniques can be applied:

• Analog Beamforming: In this type, precoding is applied to the Intermediate fre-

quency (IF)/ Radio Frequency (RF) analog signal after up conversion. There is a

gain and phase adjuster for each antenna. The drawback of this beamforming is

the difficulty in generating more than one signal beam.

• Digital Beamforming: In this type, precoding is applied to digital signal or base-

band signal before Digital to Analog conversion (DAC). After the DAC and RF up

conversion, the signal is transmitted over the air. This requires one distinct radio
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frequency (RF) chain per antenna [43, 45, 46]. The generation of multiple beams

is the key advantage. The drawback is the high power consumption and the high

cost of mixed-signal and RF chains (analog-to-digital converters (ADC)/digital-

to-analog converters (DAC), data converters, mixers, local oscillators) [47].

Figure 1.7: Major types of hybrid beamforming: (a) Fully-connected hybrid beam-
forming, (b) Sub-connected hybrid beamforming [12].

• Hybrid Beamforming: In this type, there is a balance between digital and ana-

log beamforming, operating in the baseband and analog domains. It combines

the benefits of both analog and digital beamforming. Here precoding is applied

in both the analog domain and the digital domain at radio frequencies (RF) and

baseband frequencies respectively. Thus hybrid beamforming techniques reduce

the number of RF chains by combining each chain with an analog beamformer.

Hybrid beamforming methods are designed to jointly optimize the analog and

digital beamformers to maximize the achievable rate. Unlike the conventional

microwave architecture, the hybrid beamforming architecture seems to be more

applicable to mmWave, since the beamforming is performed in the analog do-

main, and multiple sets of beamformers can be connected to a reduced number of

ADCs or DACs [12, 48].
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The hybrid beamforming architectures are broadly divided into two types: 1) Fully

connected, in which each RF chain is connected to all antennas via analog gain and

phase adjusters and summers (Fig. 1.7(a)). 2) Sub-connected or partially connected, in

which each RF chain is connected to its own subset of antenna elements as shown in

Fig. 1.7(b) [12].

1.4 Millimetre waves

As the mobile data demand is continuously increasing, the sub 6 GHz spectrum is con-

tinuously becoming more congested. On the other hand, a vast amount of spectrum

in the higher frequency range 30—300 GHz range remains underused. The frequency

range from 300 MHz to 30 GHz is generally termed as microwaves and the frequency

range from 30 GHz to 300 GHz is termed as the millimetre wave (mmWave) bands with

wavelengths from 10 mm to 1 mm. Fig. 1.8 shows the presently used frequency bands

and the millimetre frequency bands that can be used for future mobile systems.

Figure 1.8: Frequency bands for cellular communication

The propagation properties of mm-wave frequencies are widely different from those
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of sub-GHz frequency bands. These bands posses several challenges in terms of cov-

erage area limitations, signal attenuation, path and penetration losses, as well as scat-

tering. For example, path loss increases 20 dB per decade of frequency. Additionally,

mmWave signals are susceptible to blockage from buildings and other structures, par-

ticularly in higher-density urban areas. So, in order to facilitate the development of

mmWave systems, the propagation characteristics of mmWave wireless channels needs

to be characterized, modelled and evaluated, which requires a lot of research. A good

channel estimation with a single antenna system is difficult to achieve because of higher

path loss and too low a signal to noise ratio (SNR). Therefore, antennas must be grouped

into arrays forming a beam with high gain. Thus, channel estimate is now between the

beams rather than the individual antennas.

To use the new frequency bands, standardization bodies such as Third Generation

Partnership Project (3GPP) and International Telecommunication Union (ITU) develop

standards which then will be applied across the world.

1.5 Standardisation bodies

1.5.1 3GPP

Figure 1.9: Regional Standard Setting Organizations (SSOs) [13].
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Figure 1.10: 3GPP distributed organization structure [13].

The 3GPP (3rd Generation Partnership Project) was established in December 1998

and is a collective of seven global telecommunications standards organizations. This

collaboration has worked to create and organize the standards for a number of mobile

communication systems including 2G, 3G, HSPA and LTE. It develops technical speci-

fications. These technical specifications are then translated into standards by the seven

regional Standards Setting Organizations (SSOs) that form the 3GPP partnership (Fig.

1.9). The regional SSOs are also responsible for establishing and enforcing an Intellec-

tual Property Rights (IPR) policy.

3GPP specifications and studies are contribution-driven, by member companies, in

Working Groups (WG) under the Technical Specification Group (TSG) level. The three

Technical Specification Groups (TSG) in 3GPP are:

• Radio Access Networks (RAN)

• Services and Systems Aspects (SA)
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• Core Network and Terminals (CT)

Under three TSGs, 3GPP is organized into 16 specialized Working Groups (WGs) as

seen in Fig. 1.10. Among these 16 WGs, RAN WG1 is responsible for channel model

standardization and the focus of this work.

Defining channel models for the key use cases (Rural Macro (RMa), Urban Macro

(UMa), Urban Micro (UMi), Indoor Hotspot (InH)) is the first technical task of the

standardisation process. Models are required for understanding the behaviour of the

mmWave channels and comparing the performance of different candidate systems sug-

gested by competing organisations. In this way the best performing system is selected.

For 5G, the models had to be defined by June 2016. Providing input to 3GPP by this

date was the first goal of this research. Another goal was to obtain mmWave propaga-

tion knowledge under Australian conditions and provide inputs to other standardization

bodies such as ITU, which had suggested a number of potential frequency bands be-

tween 24 GHz and 40 GHz. Thus, this thesis focuses on the characterization of the

millimetre wave (mmWave) propagation channel, especially at 24, 27.1 and 39.5 GHz

in different use case scenarios.

1.5.2 ITU

The International Telecommunication Union (ITU), formed in 1865, in Paris, is respon-

sible for coordinating the use of the shared global radio spectrum, promoting in assign-

ing satellite orbits through international cooperation, improving telecommunication in-

frastructure in the developing world and assisting in the development and coordination
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of worldwide technical standards [49].

The ITU is active in areas of broadband Internet, latest-generation wireless technolo-

gies, aeronautical and maritime navigation, radio astronomy, satellite-based meteorol-

ogy, convergence in fixed-mobile phone, Internet access, data, voice, TV broadcasting

and next-generation networks [49].

ITU is divided into three structures as shown in Fig. 1.11.

Figure 1.11: ITU structure.

1.5.2.1 Development (ITU-D)

ITU-D, established in 1992, helps spread equitable, sustainable and affordable access

to information and communication technologies (ICT) [49].
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1.5.2.2 Standardization (ITU-T)

ITU-T was firstly established in 1956 as the International Telephone and Telegraph Con-

sultative Committee (CCITT) before becoming ITU-T in 1993. This sector standardizes

global telecommunications, except for radio [49].

1.5.2.3 Radio communication (ITU-R)

ITU-R was established as the International Radio Consultative Committee (CCIR) in

1927 and in 1992 it became ITU-R. This sector manages the international radio-frequency

spectrum and satellite orbit resources. The ITU-R consists of 7 Study Groups (SGs)

which develop the technical bases for decisions taken at World Radiocommunication

Conferences (WRC) and develop global standards (Recommendations), reports and

handbooks on radiocommunication matters. Among these SGs, SG 3 is responsible

for propagation of radio waves in ionized and non-ionized media and the characteristics

of radio noise for the purpose of improving radiocommunication systems. SG 3 consists

of four Working Parties (WP) which draft the Recommendations in the ITU-R P Series

such as [7, 50–52] . Our interest is on WP 3K Point-to-area propagation.

The World Radio Conference in 2015 (WRC-15) approved a number of candidate

frequency bands for 5G for further study (24.25-27.5 GHz, 31.8-33.4 GHz, 37-43.5

GHz, 45.5-50.2 GHz, 50.4-52.6 GHz, 66- 76 GHz, and 81- 86 GHz) and final decision

in final meeting in 2019 (WRC-19). The study was required because some of these

frequencies are shared with other services (notably satellite and radar services). A key

requirement was therefore to perform co-existence studies involving the measurement
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of interference signals leaking from one system into another. For example, mobile to

satellite and vice-versa. The National Broadband Network (NBN) Satellite is one such

example of great interest to Australia. Measurements are required for outdoor to satellite

co-existence and indoor to satellite co-existence. Some results pertaining to the latter

are presented in Chapter 9.

After WRC-19, the following bands were approved for 5G operation as listed in

Table 1.1.

Table 1.1: 5G frequency bands 2 (FR2)

Band Frequency Bandwidth (MHz)
n257 26.50 – 29.50 50, 100, 200, 400
n258 24.25 – 27.50 50, 100, 200, 400
n260 37.00 – 40.00 50, 100, 200, 400
n261 27.50 – 28.35 50, 100, 200, 400

1.6 Research Objectives

The research objectives are:

• Broader aims

– To contribute to 3GPP and ITU channel models for standardisation pur-

poses.

– To understand the behaviour of the mmWave channel between 24 GHz and

40 GHz in the Australian context to better predict the capacity cost trade-off

of deploying a 5G network at these frequencies.
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• Specific aim

– To measure and characterize the mmWave wireless channel by calculating

path loss, angle of arrival, angle of departure, height gain, diversity gain,

side scatter, cross polar discrimination and effective antenna gain in key

3GPP scenarios; Rural Macro (RMa), Urban Macro (UMa), Urban Micro

(UMi), Outdoor to Indoor (O2I), Indoor (InH) Atrium and Indoor Office.

1.7 Research Contributions

The research has led to the following contributions to standard bodies and papers:

1. We presented the world’s first Rural measurements at mmWave frequency for

mobile rural applications and submitted as a 3GPP contribution via Telstra and

Ericsson who sponsored the work. This included path loss, tree loss results. This

contribution was accepted and led to the extension of the previous 3GPP rural

macro (RMa) non line-of-sight (NLOS) model [53] from 7 GHz (previously) to

30 GHz (now) (Chapter 5) [1].

2. We contributed two documents to ITU; in-building entry loss and clutter loss, pre-

sented via Telstra since Universities are generally not members of 3GPP and ITU

standardization bodies. Outdoor to indoor (O2I) measurements for different slant

angles in a traditional building (low thermal insulation) were presented. We also
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presented clutter loss from buildings, foliage and other scatter objects (cars, hu-

mans) in sub-urban environment. These new input documents [7, 8] contributed

to the standard [54].

3. The standard on building entry loss (BEL) [54] only applied to omnidirectional

antennas and left directional antennas to future work. To address this issue, we

used our slant-path O2I measurements to study the effect of antenna beamwidth

on a desired signal (e.g., from a HAP) and on an unwanted signal (e.g., co-

existence with satellite uplink channels). We showed that narrow beamwidth,

high gain antennas have better performance in both cases. We introduced a new

term combined building entry loss (CBEL) which included the effect of antenna

gain in building entry loss [2]. We showed narrow beamwidth high gaina anten-

nas have better performance than omni directional antennas in both cases. Re-

sults were also presented in IEEE Access journal (Chapter 7) [2]. We show that a

directional antenna cannot utilize its full specified gain in NLOS multipath envi-

ronments (Chapter 10) [55].

4. We presented results from two different urban microcell (UMi) environments,

Open Square (OS) and Street Canyon (SC). Our NLOS path loss extracted pa-

rameters closely aligned with those of the 3GPP NLOS standard [29] (Chapter

7), particularly for the close-in free-space reference distance model with path-

loss exponents within 3%. We also showed that changes in BS antenna height of

a few (∼4) meters had little effect on the measured path loss in the OS scenario.

We reported the scattering loss into SC side streets at 18 dB for “just around

the corner” rising to 31 dB ∼ 100 m down the side street. Narrower streets have
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higher losses. Cross polar discrimination (XPD) appeared to be uncorrelated with

path loss in SC [3].

5. We presented a double-directional measurement campaign to find out the path

loss, angle of arrival (AoA) and angle of departure (AoD) in an UMi NLOS Open

Square (OS) environment. We showed that many angles of departure from the

user equipment resulted in few angles of arrival at the base station (Chapter 8)

[4]. This hampers MIMO performance by limiting the number of usable spatial

streams.

6. We presented empirical results from NLOS surban macro (UMa) scenario. Differ-

ent path loss models such as Alpha-Beta (AB), the close-in free space reference

distance (CI), AB-3GPP and CI-NYU (New York University) were compared.

Results were analysed for both the strongest signal (“peak”) and summation of

all signals from all directions (“omni”). With “omni” measurement, AB-3GPP

outperfoms CI-NYU in the more sub-urban setting while the CI-NYU prefers

the more dense environments and also performs well when the coverage area in-

cludes zones with vastly different parameter sets, such as street widths and build-

ing heights (Chapter 6) [56].

1.8 Thesis Outline

This thesis is organised in eleven chapters. A brief description of each chapter is out-

lined below:

22



Chapter 1 Introduction

Chapter 1 provides history of mobile communication starting from the first genera-

tion (1G) to the fifth generation (5G). Some of the features that 5G will incorporate such

as multiple-input multiple-output (MIMO), massive MIMO, beamforming and millime-

tre waves are presented. A brief description of standardization bodies, 3GPP and ITU

are presented along with the key use cases they consider. The chapter concludes with

the research objectives and key contributions of the work.

Chapter 2 reviews relevant background information on antennas, and propagation.

Different types of antenna are presented such as patch, aperture, microstrip and array,

along with some fundamental parameters such as radiation pattern, directivity, gain

and half-power beamwidth in terms of propagation, large and small scale parameters

identified. Equations for a free space path loss (FSPL), shadow fading (χ), angular

spread and delay spread are presented.

Chapter 3 reviews the state of the art in the field of mmWave channel measurements.

Wireless channel modeling approaches, propagation path loss models such as AB, CI

and 3GPP models are discussed in brief. Channel characterization works from different

authors are presented.

Chapter 4 describes the hardware used in our work for this thesis. Narrow band and

wide band transmitter and receiver designs are presented. This includes the calibration

of test equipment and the use of spectrum and network analysers. Calibration of three

different horn antennas along with their radiation patterns are shown. We also showed

the error analysis of our angle of arrival measurement receiver.

Chapter 5 describes the contribution submitted to the 3GPP standard for Rural Macro
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(RMa) environment. Path loss values and the extracted parameters are compared against

the old RMa model for frequencies below 7 GHz [53]. The results enabled the extension

of [53] up to 30 GHz [29].

Chapter 6 describes the paper for Urban Macro (UMa) scenario. Different path loss

models such as AB, CI, AB-3GPP and CI-NYU are compared for two different UMa

measurement scenarios. The 3GPP model is more suited to measurement zones with a

consistent parameter set (building height, street width etc) whereas the CI model is com-

petitive when the measurement zone consists of regions with vastly different parameter

sets.

Chapter 7 describes the paper for Urban Micro (UMi) scenario. Here, as well, we

firstly compare different path loss models. Then we analysed cross-street path gain

and cross polar discrimination (XPD) in UMi SC and height gain and diversity in UMi

OS environments. We show that XPD does not change with path loss and there is no

appreciable height gain effects in NLOS environments.

Chapter 8 describes the paper for reverse measurements in an Urban Micro (UMi)

scenario. We briefly discuss the forward and reverse measurement set up. We show a

few examples of polar plots at the receiver end in the forward campaign to find out the

angle of arrivals (AoA) which later on became angle of departures (AoD) for the reverse

campaign. For each angle of departure at the user terminal end, we showed the angle

of arrival (AoA) at the base station. The AoAs at the base station were nearly same for

most of the AoDs, implying a potential reduction in MIMO performance.

Chapter 9 describes the paper for slant path propagation in an outdoor to indoor
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(O2I) scenario. These measurements evaluate signal penetration into buildings from

elevated transceivers. Isotropic building entry loss (BEL) with depth inside the building

for two different receiver antennas and for different slant angles (elevation angles) are

presented. We model this as a linear dB variation with building depth. A comparison

against the ITU standard is presented. The ITU standard is based on isotropic antennas

and does not include the effect of directive (beamformed) antennas as used by mmWave

transceivers. This paper is one of the first to address such a situation. The introduction

of new term ‘combined building entry loss’ (CBEL) enabled the analysis of two cases;

the desired signal case, where a good signal is desired at the indoor receiver from a high

altitude platform (e.g. satellites, drones, balloons); and the co-existence case, where

interference from the indoor mobile terminal into a satellite uplink channel should be

limited. We show that both cases are improved with adaptive beamforming.

Chapter 10 describes a short paper on effective antenna gain based on our outdoor

to indoor (O2I) measurements. A reduction in the specified gain of the antenna is pre-

sented.

Finally, conclusions are discussed in Chapter 11 along with some potential future

works.
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Chapter 2

Antenna and Propagation

Fundamentals

This chapter overviews some of the basics of antennas and propagation as applied to

this thesis.

2.1 Antenna

An antenna is defined as “a usually metallic device for radiating or receiving radio

waves”. The IEEE Standard defines antenna as “a means for radiating or receiving radio

waves” [57]. In other words, the antenna is the transitional structure between free-space

and a guiding device. The guiding device or transmission line may take the form of

a coaxial line or a waveguide (hollow pipe) and it is used to transport electromagnetic

energy from the transmitting source to the antenna or from the antenna to the receiver.

Good references for antennas are [57, 58]. Some antenna types are discussed next.
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2.1.1 Wire Antennas

They can be seen virtually everywhere-on automobiles, buildings, ships, aircraft, space-

craft and so on in various shapes such as straight wire, dipole, loop and helix. They are

often based on the half wave dipole (Fig. 2.1) or quarter wave monopole [59]. These

structures become difficult to fabricate at millimetre wavelengths and so other structures

are preferred as described next.

Figure 2.1: A (folded) dipole antenna [14]

2.1.2 Aperture Antennas

They are usually in the shape of pyramidal horn, conical horn and rectangular waveg-

uide. The horn has a hollow pipe of different cross sections, tapered to a larger opening

and is mainly used as a feed element for large radio astronomy, satellite tracking and

communication dishes [60]. The type, direction and amount of taper can have an effect

on the overall performance of the element as a radiator. Generally speaking the larger

the aperture area the higher the antenna gain and the narrower the antenna beamwidth

(Fig. 2.2).
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Figure 2.2: Horn antenna; an example of aperture antenna. The wave-guide to co-axial
cable transition is on the left and the aperture in the right. Nominal gain ranges from

25 dBi (top) to 10 dBi (bottom).

2.1.2.1 Microstrip Antennas

A very thin metallic strip (patch) placed on a grounded substrate consitute microstrip

antennas. The microstrip patch is designed so its pattern maximum is normal to the

patch. Often they are also referred to as patch antennas. The radiating elements and

the feed lines are usually photoetched on the dielectric substrate. Fig. 2.3 shows a

microstrip patch antenna.

Figure 2.3: Patch antenna [15]
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2.1.3 Array Antennas

A single element may not provide required radiation characteristics for many applica-

tions. In such situation, an aggregate of radiating elements in an electrical and geomet-

rical arrangement (an array) should be used which will result in the desired radiation

characteristics. The arrangement of the array may be such that the radiation from the

elements combines up to provide a maximum radiation in a particular desired direction

while minimum in others.

Figure 2.4: A layout of the 8x8 array of patches [16].

Patch antennas, horn antennas and array antennas are some of the options for mmWaves.

Array antennas based on 8x8 patch element modules (Fig. 2.4) form the basis of early

basestation designs [61]. Horn antennas are used in this thesis.

2.2 Fundamental Parameters of Antennas

Performance of an antenna can be defined by various parameters.
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2.2.1 Radiation Pattern

An antenna radiation pattern or antenna pattern is defined as “a mathematical function

or a graphical representation of the radiation properties of the antenna as a function of

space coordinates” [62]. Generally, the radiation pattern is determined in the far-field

region (> 2D2/λ where D is the maximum linear dimension of the antenna) and is

represented as a function of the directional coordinates. Radiation properties include

power flux density, radiation intensity, field strength, directivity phase or polarization.

2.2.1.1 Isotropic, Directional and Omnidirectional Patterns

An isotropic radiator is defined as “a hypothetical lossless antenna having equal radia-

tion in all directions” [59, 63]. It is an ideal radiation pattern which is not physically

realizable, but is taken as a reference for expressing the directive properties of actual

antennas.

A directional antenna is the one “having the property of radiating or receiving elec-

tromagnetic waves more effectively in a particular direction than in others” [59, 63].

An omnidirectional antenna is the one “having non-directional pattern in a given

plane and directional pattern in any orthogonal plane” [59, 63].

2.2.1.2 Radiation Pattern Lobes

A radiation pattern’s various parts are referred to as lobes, which can be classified into

major, minor, side and back lobes (Fig. 2.5). A major lobe is defined as the radiation
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lobe containing the direction of maximum radiation. A minor lobe is any lobe except a

major lobe. A side lobe is a radiation lobe in any direction other than the intended lobe.

A back lobe is a radiation lobe whose axis makes an angle of approximately 180° with

respect to the major lobe. The level of minor lobes is usually expressed as a ratio of the

power density in the lobe in question to that of the major lobe. This ratio is often termed

the side lobe ratio [40].

Figure 2.5: Radiation pattern of an antenna showing pattern lobes [17].

2.2.1.3 Radiation Intensity

Radiation intensity in a given direction is defined as the power radiated from an antenna

per unit solid angle [40]. The radiation intensity is a far-field parameter and can be

obtained by simply multiplying the radiation density by the square of the distance as

U = r2Wrad (2.1)

where U =radiation intensity (W/unit solid angle) and Wrad = radiation density(W/m2)
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2.2.2 Directivity

Directivity of an antenna is defined as the ratio of the radiation intensity (U) in a given

direction from the antenna to the radiation intensity averaged over all directions (U0).

U0 is equal to the total power radiated (Prad) by the antenna divided by 4 π [40].

D =
U
U0

=
4πU
Prad

(2.2)

where U0 =
Prad
4π and Prad is the total radiated power (W).

2.2.3 Gain

Gain of an antenna is defined as the ratio of the intensity in a given direction to the

isotropic radiation intensity. The radiation intensity corresponding to the isotropically

radiated power is equal to the power accepted by the antenna divided by 4π, represented

as [40]

Gain,G = 4π
radiation intensity

total accepted power
= 4π

U(θ, φ)
Pin

(2.3)

2.2.4 Half-Power Beamwidth

The half-power beamwidth (HPBW) of an antenna is defined as the angle between the

two directions in which the radiation intensity is half the maximum value of the main

lobe i.e. 3 dB down from the peak of the main lobe (Fig. 2.6).
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Figure 2.6: Radiation pattern of a directional antenna showing HPBW and First Null
Beamwidth (FNBW) [18].

2.2.5 Synthesising Isotropic Measurements from Directional Radi-

ation Patterns

Most standardised channel models (i.e from ITU and 3GPP) specify path loss as the

loss between two 0 dBi antennas. To perform measurements at mmWave frequencies

with isotropic antennas requires high transmit powers. Alternatively high gain narrow

beam antennas can be used to scan all direction from which the maximum signal (called

“peak” (PPeak)) and isotropic performance POmni can be synthesised [64]. The approach

is to sample the received signal in both azimuth and elevation at angular steps of HPBW

(yellow dots in Fig. 2.7) and sum the results. Removing the antenna gain from the

summation gives the synthesised isotropic received signal, POmni.

PPeak = max(P(θ, φ))

POmni =
∑∑

P(θi, φ j)cos(θi)

(2.4)

Where azimuth φ j = 0 : HPBW : 360 and elevation θi = −20 : HPBW : 40 and

P(θ, φ) is the received signal power seen by the measuring antenna pointing in the φ

and θ direction. The cosine term compensates for reduced arc as the elevation angle
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Figure 2.7: Radiation pattern of a directional antenna [5].

approaches ±90°(vertical) (see Chapter 10 for further details).

2.3 Radio Wave Propagation

2.3.1 Large and Small Scale Parameters

Rays travelling from transmitter (Tx) to receiver (Rx) constitute multipath components,

whose temporal and angular characteristics can be derived from large-scale and small-

scale parameters [65]. Small-scale parameters define the signal’s properties in fine detail

over a short distance, for example a single multipath component’s path delay, angle

of arrival (AOA) and angle of departures (AOD), while large-scale parameters define

variations over longer distances usually of a statistical nature, such as the expected path

loss (PL) root-mean-square (RMS) delay spread, angular spread, shadow fading (SF)

and the Rician K-factor [66].
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2.3.2 Free Space Path Loss

The path loss can be defined as the ratio of the transmit power to the received signal

power as a function of the Tx-Rx separation distance. The free space path loss (FSPL)

is the path loss for two isotropic antennas in free space separated by a distance d, and is

given by [36]

FSPL(d) =

(
4πd
λ

)2

=

(
4πd f

c0

)2

(2.5)

Eq. 2.5 shows that FSPL is proportional to the square of the carrier frequency, i.e.

FSPL ∝ f 2, indicating an increased FSPL for mmWave systems. Fig. 2.8 shows the

FSPL at 2.4, 24 and 39 GHz as a function of distance. Compared to the FSPL for

a given distance at 2.4 GHz, the FSPL is about 20 dB larger for 24 GHz and 25 dB

larger for 39 GHz. Antennas with higher gain or phased array antennas can be used to

compensate the increased FSPL at mmWave frequencies. However, in a realistic multi-

path environment, the antennas might not be in free space and the signal will reach the

Rx through several different paths. For these cases, the path loss is often modelled by a

log-distance power law which in units of dB can be written as [19, 36]

PL(d) = PL(d0) + 10nlog10

(
d
d0

)
+ χσ (2.6)

where d is the distance, n is the path loss exponent, PL(d0) is the path loss at a reference

distance of d0 and χσ is a random variable that describes the large scale fading about

the distance dependent mean path loss and can be modelled as a log-normal distribution
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Figure 2.8: Free space path loss at 2.4, 24 and 39 GHz as a function of distance

which in the dB-domain corresponds to a zero-mean Gaussian distribution with standard

deviation σ, i.e. χσ ∼ N(0, σ2). The reference value PL(d0) can be estimated based

on measurement data, or based on reference measurements at this distance. For LOS

scenario, it can be deterministically calculated based on the free space path loss as

PL(d0) = 20log10

(
4πd0

λ

)
(2.7)

2.3.3 Angular Spread

Angular spread is measured by the method of Fleury [67] as specified by the ITU chan-

nel model. The mean arrival angle θ is obtained from:

µθ =

√∑
i P(θi) e jθi∑

i P(θi)
(2.8)

and

θ = arg(µθ) (2.9)
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The RMS angular spread is:

µθ =

√∑
i P(θi) |e jθi − µθ|2∑

i P(θi)
(2.10)

Where P(θi) is the received power at angle θi . The highest angular spread is 180/π

and corresponds to a uniform power wrt angle (i.e. equal powers from all directions).

2.3.4 Delay Spread

The power delay profile (PDP) (ai) gives the intensity of a signal received through a

multipath channel as a function of time delay. The time delay is the difference in travel

time between multipath arrivals.It is easily measured empirically and can be used to

extract certain channel’s parameters such as the delay spread.

The delay spread is a measure of the multipath richness of a communications chan-

nel. In general, it can be interpreted as the difference between the time of arrival of the

earliest significant multipath component (typically the line-of-sight component) and the

time of arrival of the latest multipath components. The delay spread is mostly used in

the characterization of wireless channels. The mean delay spread is given as:

τ =

∑
i τia2

i∑
i a2

i

(2.11)

Thus RMS delay spread is calculated as:

σ2
τ = τ2 − (τ)2 (2.12)
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Where

τ2 =

∑
i τ

2
i a2

i∑
i a2

i

(2.13)

2.4 Summary

In this chapter, a brief overview of different types of antennas along with antenna char-

acteristics such as radiation patterns, directivity, gain, half-power beamwidth are pre-

sented. Also, some basics on radio wave propagation are detailed. These include some

large scale parameters such as free space path loss (FSPL), shadow fading, angular

spread and delay spread. In chapter 3, a detailed literature review related to the mil-

limetre wave propagation channel is presented.
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Literature Review

In Chapter 2, we provided some basic information on antennas and propagation applica-

ble to this thesis. In this chapter, various aspects related to the millimetre wave propaga-

tion channel are discussed. We start with the attenuation of mmWaves with frequency

and rain and then show that mmWaves can be applied to cellular systems. Different

channel modelling techniques related to mmWave systems are presented. Some well

known propagation path loss channel models are discussed. Finally the state of the art

from other researchers in the field is described.

An RF signal power attenuates in the environment when travelling from Tx to Rx

due to numerous factors such as scattering, reflection, diffraction and fading. Path loss

propagation models help in calculating the loss in the relevant frequency band. The

difference between a radio channel and a propagation channel is shown in Fig 3.1 [19].

The radio channel includes the effects of the Tx and Rx antenna in the channel, whereas
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Transmit 
Antenna

Receive 
Antenna

Propagation 
channel

Radio channel

Figure 3.1: Radio channel and propagation channel [19].

the propagation channel only describes the effect of the channel without including an-

tennas. Ideally, the propagation channel is the channel that the radio system would

experience when using isotropic Tx and Rx antenna.

3.1 Frequency attenuation and rain attenuation in mil-

limetre waves

Figure 3.2: Atmospheric absorption across mmWave frequencies in dB/km [20–22].
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Figure 3.3: Rain attenuation in dB/km across frequency at various rainfall rates [21,
23].

A common misconception in the wireless engineering community is that rain and

atmosphere make mmWave spectrum useless for mobile communications. However,

being the cell sizes on the order of 200 m (particularly in the urban environments),

mmWave in cellular systems can overcome these issues. Fig. 3.2 and Fig. 3.3 show the

atmospheric absorption and rain attenuation characteristics of mmWave propagation.

Atmospheric absorption does not create significant additional path loss for mmWaves

for cell sizes on the order of 200 m, particularly at 28 GHz and 38 GHz where the loss

is less than 0.02 dB. Even at a heavy rain rate of 7.6 mm/hour, the rain attenuation for

a 200 m cell radius is only 0.6 dB at 28 GHz and 0.8 dB at 38 GHz. Only 7 dB/km of
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attenuation is expected due to heavy rainfall rates of 1 inch (25 mm)/hour for cellular

propagation at 28 GHz, which is only 1.4 dB at 28 GHz and 1.6 dB attenuation at 38

GHz per 200 m distance. Work by many researchers has confirmed that for small dis-

tances (less than 1 km), rain attenuation will present a minimal effect on the propagation

of mmWaves at 28 GHz to 38 GHz [20, 23]. Frequencies from 70 to 100 GHz and 125

to 160 GHz have higher loss, but still manageable in a cellular environment.

3.2 Wireless Channel Modelling Approaches

A realistic wireless channel model is vital for the development of a reliable wireless

system. Before any detailed design can be performed, accurate characterization and

modelling of the propagation channel is required. A good wireless channel model can

efficiently reproduce the typical behaviour of the wireless channel and give insights

into the most relevant radio propagation mechanisms. These channel models are often

implemented in channel simulators so that the performance of many different parts of

the wireless system of interest can be evaluated and optimized.

Fig. 3.4 shows a classification of the most common types of channel modelling

approaches [19]. The two main categories are deterministic and stochastic modelling

approaches. The deterministic approach can be further sub-divided into field theory or

electromagnetic wave theory using Maxwell’s equations and ray tracing. Exact knowl-

edge of the topology and material make up of the environment is required. Also mea-

sured data can be used directly in deterministic modelling approach.
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Channel Modelling Approaches

Deterministic Stochastic

Field and 
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Figure 3.4: Wireless channels modelling techniques [19]

Stochastic approaches reproduce the statistical behaviour of the channel. Correlation

methods model the correlation properties of the channel. This can be done using the

full correlation matrix between all Tx and Rx elements for a given MIMO channel.

However, using the full correlation matrix requires a large number of model parameters,

which often makes it too complex. Instead, simplified models, such as Kronecker model

[68, 69] are often used. The more sophisticated Weichselberger model [70] is a another

popular correlation based model.

The radio channel typically consists of several distinct multipath components (MPCs)

departing from the Tx and arriving at the Rx with specific directions and delays due

to reflections and diffractions from scattering objects in the surrounding environment

[71]. The MPCs often tend to appear as clusters (Fig. 3.5), i.e. groups of closely

located MPCs that have propagated along a similar path. Authors in [72] presented

twin-clusters to represent multipath components in order to correctly reflect directions

of arrival (DoA), directions of departure (DoD) and delays. To evaluate the performance
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of wireless communication systems in this situation, geometry-based stochastic mod-

els (GBSMs) [73–77] are widely used. GBSMs can accurately reflect realistic channel

properties and are suitable for the massive MIMO channel. GBSMs of massive MIMO

can be classified into 2D and 3D channel models. When a linear array is employed at the

base station and the tilt angle is fixed, the 2D channel model is enough for performance

prediction. For spherical, cylindrical or rectangular antenna array configurations, the

3D model, covering both azimuth and elevation, is needed.

3

Figure 3.5: Cluster-based channel model [24]

Hybrid models combine deterministic with stochastic parts. For example, ray-tracing

can determine the cluster positions while GSCM can stochastically model the MPCs

within the cluster.
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3.3 Propagation Path loss models

Millimetre wave (mmWave) channel modelling plays an important role in the design of

future mobile systems. Many different groups around the world are contributing to the

development of mmWave channel models. Three major organizations are involved in

standardizing propagation models for mobile applications. They are the 3rd Generation

Partnership Project (3GPP) [29, 78], the International Telecommunication Union (ITU)

[79, 80] and the Institute of Electrical and Electronic Engineers (IEEE). Other organi-

zations involved in the development of channel models often target specific frequency

bands based on their target application. These include the European Cooperation in

Science and Technology (COST 2100), the Mobile and Wireless Communications En-

ablers for the Twenty-Twenty Information Society (METIS) (valid up to 100 GHz) [81],

the 5G mmWave Channel Model Alliance (0.5-100 GHz) [82], IEEE 802.11 ad/ay and

IEEE 802.15.3e (for the 60 GHz band) [83, 84], IEEE 802.15.3d (for the 300 GHz band)

[85], Millimetre Wave Evolution for Backhaul and Access (MiWEBA) (60 GHz band)

[86], mmWave based Mobile Radio Access Network for 5G Integrated Communications

(mmMAGIC) (6-100 GHz) [87]. Also there are universities and industry participants

such as Fraunhofer HHI, which developed the Quasi Deterministic Radio channel Gen-

erator (QuaDRiGa) [88] and NYU WIRELESS (for 0.5-100 GHz) [89] and many more

[90–93]. Due to the overlap between participants in the organisations, there is often a

great deal of similarity in the models.

Often the statistical channel models proposed by these different groups can be nar-

rowed down to two structures; the Alpha Beta (AB) and the close-in free space reference

distance (CI) forms [94]. These are discussed next.
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3.3.1 AB model

The Alpha Beta (AB) model was developed by WINNER II and predicts signal strength

as a function of propagation distance. It gives the path loss using a model given by

[95, 96]:

PLAB(d) [dB] = β + α10 log10(d) + χAB
σ (3.1)

where PLAB(d) denotes the path loss in decibels over frequency and distance, d. The

path loss at unit distance, β, and the path loss exponent (PLE), α, are obtained by a

least square fit over the measured distances. The shadow fading (SF) term, χσ, is a

zero-mean Gaussian random variable with standard deviation σ in dB. The AB model

parameters α, β, and σ are obtained from measured data using closed-form solutions

that minimize the SF standard deviation, as shown below [97].

Let B = PLAB(d) [dB], D = 10 log10(d) in eq. 3.3.1. Then the SF is given by

χAB
σ = B − αD − β (3.2)

Then, the SF standard deviation is

σAB =

√∑
χAB2
σ

N
=

√∑
(B − αD − β)2

N
(3.3)

where N denotes the number of path loss data points.
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Minimizing the fitting error is equivalent to minimizing
∑

(B−αD−β)2, which means

its partial derivatives with respect to α and β should be zero as:

∂
∑

(B − αD − β)2

∂α
= 2

(
α
∑

D2 + β
∑

D −
∑

DB
)

= 0 (3.4)

∂
∑

(B − αD − β)2

∂β
= 2

(
α
∑

D + Nβ −
∑

B
)

= 0 (3.5)

Solving eq. 3.4 and 3.5, we obtain the closed form solutions for α and β as shown

below:

α =

∑
B

∑
D − N

∑
DB

(
∑

D)2
− N

∑
D2

(3.6)

β =

∑
D

∑
DB −

∑
B

∑
D2

(
∑

D)2
− N

∑
D2

(3.7)

Therefore, the minimum SF standard deviation for AB model can be obtained by

substituting values of α and β in eq. 3.3.

The model was adopted by ITU [98] and 3GPP for a number of scenarios, each

with a unique expressions for α and β parameters (Table 3.1 and Table 3.2). The path

loss expressions depend upon a number of input parameters such as base station height

(hBS ), user terminal height (hUT ), average street width (W), average building height (h),

transmitter-receiver separation distance (d) and carrier frequency ( fc). For each scenario

the model takes two forms, line of sight (LOS) and non line-of-sight (NLOS). For LOS
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Table 3.1: Summary of LOS Path loss models [29]

Scenario Models
Path Loss(dB)

Note: fc in GHz and d in meters

Shadow

fading

std (dB)

Applicability range,

antenna height

default values

RMa 3GPP

20log10(40πd fc/3

+ min(0.03h1.72, 10)log10(d)

−min(0.044h1.72, 14.77

+ 0.0002log10(h)d

4

10 m < d < 5000 m

5 m < h < 50 m

5 m < W < 50 m

10 m < hBS < 150 m

1 m < hUT < 10 m

UMa 3GPP 32.4 + 20 log10(d) + 20 log10( fc) 4
hBS = 25 m

1.5 m < hUT < 22.5 m

UMi 3GPP 32.4 + 21.9 log10(d) + 20 log10( fc) 4
hBS = 10 m

1.5 m < hUT < 22.5 m

InH 3GPP
office: 32.4 + 17.3 log10(d) + 20 log10( f c)

mall: 32.4 + 17.3 log10(d) + 20 log10( f c)

3

2

1 m < d < 100 m

1 m < d < 150 m

the model is close to the path loss FRIIS formula of equation 3.9, because at mmWave

frequencies the break-point distance is unlikely to be reached in today’s cellular layouts

(order of 10 kms) (Fig. 3.6) [25]. The expressions are shown in Table 3.1 for LOS and

Table 3.2 for NLOS. It is much harder to predict NLOS performance and this shows up

in the higher sigma values. This thesis concentrates on NLOS performance.
Table 1: 3GPP TR 38.900 RMa path loss model de-
fault values and applicability ranges [4].

RMa LOS Default Values Applicability Range

10 m < d2D < dBP ,
dBP < d2D < 10 000 m,
hBS = 35 m, hUT = 1.5 m, W = 20 m, h = 5 m
Applicability ranges: 5 m < h < 50 m; 5 m < W < 50 m;
10 m < hBS < 150 m; 1 m < hUT < 10 m
RMa NLOS Default Values Applicability Range

10 m < d2D < 5 000 m,
hBS = 35 m, hUT = 1.5 m, W = 20 m, h = 5 m
Applicability ranges: 5 m < h < 50 m; 5 m < W < 50 m;
10 m < hBS < 150 m; 1 m < hUT < 10 m

separation distance (d3D), and carrier frequency (fc). The
RMa line-of-sight (LOS) path loss model (for when a trans-
mitter (TX) antenna can see the receiver (RX) antenna) is a
dual slope model with a breakpoint given in (1),(2) [4, 11]:

PL1 = 20 log(40π · d3D · fc/3) + min(0.03h1.72 , 10) log10(d3D)

−min(0.044h1.72 , 14.77) + 0.002 log10(h)d3D

PL2 = PL1(dBP ) + 40 log10(d3D/dBP )

(1)

where all heights and distances are in meters (m) and the
shadow fading standard deviation is σSF = 4 dB for PL1

(before the breakpoint) and σSF = 6 dB for PL2 (after the
breakpoint). (See [19] for treatment of large-scale path loss
modeling). Eq. (1) is adopted from ITU-R M.2135 [11] as the
LOS RMa path loss model. The breakpoint dBP in (1) is the
particular distance where the slope of the path loss changes,
and is defined as:

dBP = 2π · hBS · hUT · fc/c (2)

where fc is the carrier frequency in Hz and c = 3.0×108 m/s
(speed of light in air or free space).

The RMa non-LOS (NLOS) path loss model (for when
buildings or foliage block the radio path) is given in (3)
and has an odd physical imperfection such that it models
close-in signals (say within 500 m) as being much stronger
than physics would dictate, and thus requires a mathemati-
cal patch by requiring a lower bound equal to the RMa LOS
path loss model [4, 24]:

PL = max(PLRMa−LOS, PLRMa−NLOS)

PLRMa−NLOS = 161.04 − 7.1 log10(W ) + 7.5 log10(h)

− (24.37 − 3.7(h/hBS )
2) log10(hBS)

(43.42 − 3.1 log10(hBS))(log10(d3D)− 3)

+ 20 log10(fc)− (3.2(log10(11.75hUT ))2 − 4.97)

(3)

where all heights and distances are in meters and the shadow
fading standard deviation σSF = 8 dB. Table 1 provides the
applicability range and default parameter values for the LOS
and NLOS RMa path loss models. Similar to LOS, the RMa
NLOS path loss model was adopted from [11].

A footnote for the RMa path loss models in [4] specifies
that the applicable frequency range is 0.8 GHz < fc < fH ,
where fH is 30 GHz for RMa, but we found only one small
measurement campaign (at 24 GHz) that tried to validate the
RMa model [3]. Surprisingly, the path loss models in [11] are
for below 6 GHz, calling into question the validity of these
models for mmWave.

Figure 1: LOS breakpoint distance vs. frequency
in (2).

2.1 3GPP RMa LOS Path Loss Origin
The LOS RMa path loss model in [4], adopted from [11],

originates from ITU 5D/88-E [10], which only shows a por-
tion of the model in [4]. The [10] document cites work by the
NTT Wireless Systems Laboratories as the original source
of the RMa LOS path loss model, but measurements were
only conducted at 2.6 GHz [9]. We can find no other pub-
lication or open-source document other than [3] to support
the 3GPP RMa path loss model above 6 GHz, yet major US
carriers such as Verizon and AT&T are eyeing rural mmWave
service in their first trials of new mmWave spectrum. This
lack of empirical support, and apparent misappropriation of
the 3GPP RMa model have motivated the mmWave channel
measurements and models herein.

Even more surprising is that the 3GPP LOS RMa dual
slope path loss model (1) is mathematically invalid for fre-
quencies above 9.1 GHz, since the breakpoint distance (2) at
9.1 GHz or greater is farther than 10 km, the upper range
specified for the model (See Table 1). Figure 1 displays a
plot of the breakpoint distance vs. frequency for (2), and
shows that the RMa path loss model [4] reverts to a single
slope model for centimeter-waves above 9.1 GHz, and for all
mmWave frequencies. An improved close-in reference dis-
tance single-slope model that avoids this problem is shown
in Section 4.

2.2 3GPP RMa NLOS Path Loss Origin
The NLOS RMa path loss model in [4] and adopted from [11]

can be traced back to a paper by Sakagami and Kuboi from
1991 that is based on empirical data from Tokyo at 813 MHz
and 1443 MHz in a dense urban environment [22], otherwise
known as the extended Sakagami model [17]. This explains
the odd variables in (1)–(3) which are unneeded in rural set-
tings. One difference between the legacy Sakagami model
and models in [11] and [4] is the first term in (3) which is
161.04 dB rather than 100 or 101 dB, since the Sakagami
models had units of frequencies in MHz rather than GHz
(the difference in free space path loss at 1 m between 1 MHz
and 1 GHz is ∼ 60 dB).

The only effort [3] to validate the 3GPP RMa model [4]
above 6 GHz described a limited measurement study at 24
GHz that combined LOS and NLOS scenarios, and which was
never peer reviewed. The study was conducted over a very
limited two-dimensional (2D) T-R separation distance range
of 200 to 500 m, yet the published RMa model in (1)–(3) [4]
is specified over a 2D T-R distance from 10 m to 5 km or 10
km. Additionally, [3] did not provide a best-fit indicator (e.g.,
RMSE) between the measured data and model. With such
little evidence and questionable origins of the 3GPP RMa
model, we set out to conduct a rural macrocell measurement
and modeling study in LOS and NLOS beyond the 10 km

Figure 3.6: Break point distance [25]
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Table 3.2: Summary of NLOS Path loss models [29]

Scenario Models
Path Loss(dB)

Note: fc in GHz and d in meters

Shadow

fading

std (dB)

Applicability range,

antenna height

default values

RMa
3GPP

161.04 − 7.1 log10(W) + 7.5 log10(h)

− (24.37 − 3.7 (h/hBS )2) log10(hBS )

+ (43.42 − 3.1 log10(hBS )) (log10(d) − 3)

+ 20 log10( fc) − (3.2 (log10(11.75hUT ))2 − 4.97)

8

10 m < d < 5000 m

5 m < h < 50 m

5 m < W < 50 m

10 m < hBS < 150 m

1 m < hUT < 10 m

UMa
3GPP

161.04 − 7.1 log10(W) + 7.5 log10(h)

− (24.37 − 3.7 (h/hBS )2) log10(hBS )

+ (43.42 − 3.1 log10(hBS )) (log10(d) − 3)

+ 20 log10( fc) − (3.2 (log10(17.625))2 − 4.97)

− 0.6 (hUT − 1.5)

6
hBS = 25 m

1.5 m < hUT < 22.5 m

CI 32.4 + 30 log10(d) + 20 log10( fc) 7.8 -

UMi
3GPP

35.3 log10(d) + 22.4 + 21.3 log10( fc)

− 0.3(hUT − 1.5)
7.82

hBS = 10 m

1.5 m < hUT < 22.5 m

CI 32.4 + 20 log10( fc) + 31.9 log10(d) 8.2 -

InH
3GPP 38.3 log10(d) + 17.3 + 24.9 log10( f c) 8.03 1 m < d < 86 m

CI 32.4 + 20 log10( fc) + 31.9 log10(d) 8.29 -

3.3.2 CI path loss model

The close-in free space reference distance (CI) path loss model has only one input pa-

rameter to describe the propagation path loss over distance at a certain frequency. The

general form of the CI path loss model is expressed as [97]

PLCI( fc, d)[dB] = FSPL( fc, d0)[dB] + 10αlog10

(
d
d0

)
+ χCI

σ ; d ≤ d0 (3.8)

49



Chapter 3 Literature Review

where, fc is the carrier frequency in GHz, d0 is the close-in free space reference dis-

tance in meters, α represents the path loss exponent (PLE) and χCI
σ denotes the shadow

fading with standard deviation σ in dB. The CI model inherently has an intrinsic fre-

quency dependency of path loss already embedded within the FSPL term. 10α in equa-

tion (3.8) describes the path loss in decibels per decade of distance beginning at d0. The

free space path loss (FSPL) in dB at a distance d0 is given by equation (3.9).

FSPL( fc, d0)[dB] = 20log10

(
4π fcd0 x 109

c

)
(3.9)

where c is the speed of light. In normal use for mmWaves, the CI model fixes

d0 = 1m leaving the PLE, α, as the only adjustable parameter [94, 97, 99]. Then

equation (3.9) changes to:

FSPL( fc, 1m)[dB] = 20log10

(
4π fc x 109

c

)
(3.10)

The PLE model parameter (α) in eq. 3.8 is obtained by first removing the FSPL

given by (3.10) from the path loss on the left side of (3.8) for all measured data points

as follows:

The expression for the CI model with a reference distance of 1 m is given by [97]:

PLCI( fc, d)[dB] = FSPL( fc, 1m)[dB] + 10αlog10(d) + χCI
σ (3.11)
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Thus, the SF is

χCI
σ = PLCI( fc, d)[dB] − FSPL( fc, 1m) − 10αlog10(d)

= A − αD (3.12)

where A = PLCI( fc, d)[dB]−FSPL( fc, 1m) and D = 10log10(d). Then the SF standard

deviation is given as:

σCI =

√∑
χCI2
σ

N
=

√∑
(A − αD)2

N
(3.13)

where N denotes the number of path loss data points. Thus, minimizing the SF stan-

dard deviationσCI is equivalent to minimizing the term
∑

(A − αD)2. When
∑

(A − αD)2

is minimized, its derivative with respect to α should be zero, i.e.,

d
∑

(A − αD)2

dα
= 0

=⇒
∑

2D(αD − A) = 0

=⇒ n =

∑
DA∑
D2 (3.14)
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The CI model in (3.8) at a reference distance of d0 = 1m can be written in the

3GPP/ITU form as:

PLCI( fc, d)[dB] = FSPL( fc, 1m)[dB] + 10αlog10(d/1m) + χCI
σ

= 20log10

(
4π fc x 109

c

)
+ 10αlog10(d)

= 20log10

(
4π x 109

c

)
+ 20log10( fc) + 10αlog10(d)

= 32.4 + 20 log10( fc) + 10α log10(d) (3.15)

Therefore, equation (3.8) can be rewritten as:

PLCI( fc, d)[dB] = 32.4 + 10α log10(d) + 20 log10( fc) + χσ (3.16)

For the CI model, the value of PLE (n) is set by the scenario. For instance New

York University (NYU) proposed n = 3.0 for the NLOS UMa scenario [100] and other

scenarios are summarised in Table 3.2 for NLOS.

3.4 Channel characterization

The above two path loss models (eq 3.1 and eq 3.16) describe large-scale propagation

path loss with respect to distance, carrier frequency and scenario. The key parameters

of these models are the PLE (α), and intercept (β) which are selected to minimise the

rms error (shadow fading component) term χσ. Researchers have therefore performed

channel measurements in different geographical locations, to evaluate these parameters
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for the key 3GPP scenarios . Prior to recent mmWave studies, the models were only

specified for sub 6 GHz frequencies and it was unknown whether mmWaves would

be suitable for future cellular communication. At higher frequencies, wavelengths are

much smaller and losses are much higher. Hence, there has been a lot of recent studies in

the characterization of wireless channels above 6 GHz. In the following subsections we

summarise existing work concentrating on scenarios applicable to this thesis, namely

RMa, UMa and UMi scenarios.

3.4.1 Rural Macro (RMa)

Millimetre waves, with their high capacity, have traditionally been considered for hotspots.

As such, there are very few measurement campaigns to effectively model a mmWave

channel in a RMa scenario. To my knowledge only two measurement campaigns exist;

our own (June 2016) and New York University’s (October 2016). George et al. from

NYU [25] presented measurement campaign results at 73 GHz from rural macro (RMa)

environment. They came up with their own model (which is CI) and claimed it to have

improved accuracy, fewer parameters, and better stability as compared with the existing

3GPP RMa path loss model. The Path loss exponent (PLE) was reported as 2.75 and the

shadow fading RMS error was reported as 6.7 dB. The authors further analysed the data

obtained from the above campaign in [101] and combined this with simulated data from

the old 3GPP model (valid <6 GHz), from which a new term was developed a close-in

free space reference distance with a novel height dependent model (CIH model). The

RMa NLOS CIH model has reducing PLE with increasing BS height. The PLE of 3.2

at 10 m reduced to 2.6 at 150 m height, a reduction of 6 dB path loss per decade of
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distance. The model is however based on only one set of measurements at mmWave

frequencies and so further measurement confirmation is required.

Before the above campaign, there was not a single work covering the mmWave mo-

bile RMa scenario, infact, it was unknown whether mmWave were applicable to RMa

scenarios. So we conducted a measurement campaign and provided this as input to the

3GPP via a joint Ericsson - Telstra submission [1]. Our results extended the validity

of the old RMa model from 6 GHz to the current model’s 30 GHz, which covers the

proposed FR2 mmWave bands n257, n258 and n261.

3.4.2 Urban Macro (UMa)

UMa scenarios involve base station antennas above rooftop height and applies to both

dense urban and light urban (suburban) situations. Authors in [99] presented extensive

UMa measurement results from 2 to 73 GHz, using directional antennas. They provided

a comparison of three large-scale propagation path loss models, i.e., the ABG (four pa-

rameters, α, β, γ, χ), CI (two parameters, α, χ), and CIF (three parameters, α, γ, χ) mod-

els, where χ is a gaussian shadow fading term covering the modelling errors. Sensitivity

analysis from NYU showed the CI and CIF models to be superior to the ABG model in

both stability and prediction accuracy (i.e., SF standard deviation) over a vast frequency

range, which is suprising considering the higher degrees of freedom of the ABG model.

Authors in [102] provided base-station to mobile propagation situations at 38 GHz car-

rier frequencies in an outdoor urban environment using directional, steerable antennas.

Two directional horn antennas (25 dBi and 13.3 dBi) were used at the receiver. The 13.3
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dBi horn antenna outperformed the 25 dBi horn antenna, when pointing in NLOS direc-

tions, in terms of path loss, PLE and path loss standard deviation. The larger beamwidth

of the 13.3 dBi antenna captures more multipath energy than the 25 dBi antenna (after

antenna gains have been removed). We experienced similar phenomena.

Huan et al. in [103] studied UMa propagation at 10, 18 and 28 GHz. Four different

transmitter heights were chosen. In the NLOS conditions, the Tx height shows signif-

icant impact on the path loss. For example, by just raising the Tx heights 10 m from

15 m results in 7.5 dB gain at 10 GHz, and a further 29 m rise brings another 14.8 dB

of gain. PLE of 2.5 is reported for 15 m high Tx while PLE reduces to 1.9 for 25 m at

28 GHz. Authors in [104] conducted a 38 GHz cellular outage study for an urban out-

door campus environment using directional antennas at two different transmit locations

having heights 36 m and 18 m. They compared the outage with 160 dB and 150 dB

path loss threshold. The upper antenna reported 19% outage which increased to 40%

with the lower antenna. However no outages occurred within 200 m for either antenna

location. Increasing BS height is clearly an advantage in UMa scenarios.

Propagation measurements at 28 GHz were conducted in outdoor urban environ-

ments in New York City using four different transmitter locations in [105]. They inves-

tigated AOA and AOD of wireless multipath propagation and small-scale fading effects

in New York City using highly directional steerable antennas. It was found that small-

scale fading is relatively negligible (± 2 dB about the mean power level) over a 10λ dis-

tance at fixed AOA using high gain antennas. Wideband propagation measurements and

channel modelling for BS to UE were performed at 38 GHz in [106]. They showed that

NLOS links have 10 to 50 dB more path loss and higher RMS delay spread. Similarly,
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a wideband propagation measurement campaign using rotating directional antennas at

73 GHz was conducted at the New York University (NYU) campus in [107]. They used

the measured data to investigate the prediction capability of an empirical Ray Tracing

(RT) model. The comparison between the measured and predicted results indicated that

a simplified RT model will be able to correctly predict the propagation characteristics

at mmWave bands. The study done by authors in [108] achieved the angularly resolved

path loss measurement in an urban macrocell scenario at the 28 GHz. The authors

stated that the majority of the energy was contained either in a LOS path or in specular

reflections or reflections off smaller objects such as scaffolding, drain pipes, light poles,

bikes, and balconies. Our measurements (Chapter 6) would add to this list scatters, such

as cars and trees which dominate many Australian suburbs.

The authors in [109] focused on frequency dependence of path loss between 2 GHz

and 26 GHz. Their LOS results closely followed the Friis formula while the NLOS

had an additional loss with frequency, particularly at longer distances, due to a greater

reliance on diffraction (which is frequency dependent).

3.4.3 Urban Micro (UMi)

The UMi scenario is characterised by base station antennas below rooftop height; typ-

ically in the order of 10 m or so. A lot of interest has been shown by academic and

industrial bodies in order to develop channel models above 6 GHz in UMi scenarios

because of the high bandwidth requirement of small cell hotspots. We present some of

the works carried out by different researchers, categorised according to the nature of the

work in the following subsections.
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3.4.3.1 Path Loss Measurements and models

Authors in [110] conducted practical measurements at 28 GHz and 73 GHz to derive

detailed spatial statistical channel models in the New York (USA) area. The parameters

considered were path loss, the number of spatial clusters, angular dispersion, and out-

age. These parameters were used to provide a realistic assessment of mmWave micro

and pico-cellular networks in a dense urban deployment. Authors in [111] presented

a empirical path loss data at 28 GHz and 38 GHz for 5G cellular network planning.

Using the new mmWave propagation models, they simulated the RF coverage for future

5G cellular networks. Based on the simulation results, they concluded that with com-

pletely random beamforming, three times number of BSs are required for 5G networks

compared to current networks within a same coverage zone. However, with single best

beam only two times more BSs are enough, but with multi-beam combining even fewer

BS sites are required. Both authors concluded that an order of magnitude capacity gain

was possible (compared to 4G) without additional cell sites.

Authors in [112] studied the UMi wideband measurement at 28 GHz and 38 GHz us-

ing an omnidirectional as well as directional steerable antenna. They studied mmWave

channel model parameters such as PLE, delay and angular spread and clustering pa-

rameters. Results showed that the PLEs value almost equal to that of Friis equation

(PLE=2) for the LOS environment, while for the NLOS it was 3.0 at both frequencies.

Additionally they showed that other parameters were also equal at both frequencies.

Large-scale path loss parameters at 60 GHz were published for NLOS urban outdoor

environments using directional antennas [113]. NLOS links up to 36.6 ns RMS delay
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spread and PLE of 4.19 were reported whereas LOS channels provided sub-nanosecond

RMS delay spreads with a PLE of 2.23. Similarly, authors in [94] obtained the omnidi-

rectional PLE range from 1.8 to 2.1 and from 2.4 to 3.5 in LOS and NLOS environments

respectively at 28, 38 and 73 GHz. Directional path loss models in dense urban envi-

ronments at 28 and 73 GHz were presented in [64]. They reported same NLOS PLE for

both frequencies as 3.4. They concluded that mmWave channels are more directional

than conventional UHF/Microwave channels. The article in [114] reported a probabilis-

tic omnidirectional propagation path loss model based on emperical data in [115] using

a probability distribution at 28 and 73 GHz. A weighting function enabled a probabilis-

tic model that determined whether the Rx was in LOS of the Tx.

3.4.3.2 3D Path Loss Models

A 3D channel model that includes both azimuth and elevation paameters has been devel-

oped at 28 GHz and 73 GHz. Authors in [116] developed a statistical channel impulse

response (IR) model for urban LOS and NLOS. The measured power delay profiles,

angle of departure, and angle of arrival are used to extract statistics to implement a

channel model and simulator which is capable of generating 3D mmWave temporal and

spatial channel parameters for arbitrary mmWave carrier frequency, signal bandwidth

and antenna beamwidth. Similarly, a path loss model for large-scale high-density urban

scenarios has been reported in [117]. They used a “3D ray-tracing” simulation software

to design the propagation path loss models for the large-scale future network [118].
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3.4.3.3 Multi Beams

In [115], the authors investigated the channel at 73 GHz with directional antennas. A

measurement emulating user’s location for mobile and backhaul with more than 30

access points was conducted in a high-density urban scenario. The authors concluded

more path loss at higher frequency bands using omnidirectional models, thus beam-

combining and beam-steering could be beneficial for future wireless technologies by

utilizing multipath in a high-density urban environment. Similarly, authors in [119]

conducted measurements at 28 GHz in an outdoor environment in Manhattan, New

York. The receivers were placed within a distance of 500 m. The parameters that

were calculated were path loss with respect to distance, angular distribution of received

power and power delay profiles. NLOS communication was shown to be possible out

to 200 m by exploiting different multipath AoAs. [120] used the Stanford University

Interim (SUI) and standard theoretical free space path loss models to support the benefit

of using beam combining at the Rx to receive a strong signal power.

Our measurements in Chapter 8 also show the feasibility of beam combining since a

single angle of departure at the Tx can result in many angle of arrivals at the Rx, which

can then be coherently summed. We agree that multi-beam combining is necessary,

but, for slightly different reasons to the previous authors. We see the primary need is

for angular diversity against human blockage as discussed in subsection 3.4.4.1 and in

Chapter 7.
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3.4.3.4 Repeaters and Backhaul

Samsung modelled the mmWave channels for 5G [121]. They generated a new beam-

forming technique and performed outdoor measurements. They established commu-

nication links in NLOS sites more than 200 m away by utilising different multipaths

coming from reflections off buildings and then recommended the use of repeaters for

non-coverage zones. Wireless backhaul is an alternative to repeaters for improving cov-

erage in a low cost fashion and with this in mind, Kyro et al. in [122] performed channel

measurements at 71-76 and 81–86 GHz for point-to-point communications in a street

canyon (SC) scenario in Helsinki, Finland. Extremely high gain antennas (45 dBi) were

used and Near-LOS conditions allowed communications up to 1.1 km. A geometry-

based single-bounce channel model with scattering was developed and was verified by

propagation measurements. Large scale parameters such as RMS delay spread were

compared verifying the model. We have also conducted SC measurements in Mel-

bourne CBD, where the emphasis was on the access network with UE’s at steet level.

(Chapter 7 and [3]).

Authors in [123] examined access links and backhaul links for D2D communication,

along with the impact of solar radio emissions on outdoor path loss models at 60 GHz.

The research highlighted that solar radio emissions reduced carrier to noise ratios (CNR)

and could be modelled as an increase in PLE values of path loss channel models. On

hot sunny days (as experienced in the Gulf states) the PLE increases by 10% compared

to night time operation. As a comment, perhaps a better way of modelling this effect

would be to show how solar radiation increases the noise floor, in which case the PLE

remains unchanged.
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3.4.3.5 Delay Spread

Authors in [124] presented 28 GHz measurements. They used a horn antenna to gather

power delay profiles from the environment and synthesized the omni directional power

for channel modelling. They verified their model by calculating different large and

small scale parameters such as delay spread and AoA/AoD spreads and compared with

the experimental data.

Authors in [113] performed an urban cellular and peer-to-peer RF wideband chan-

nel measurements at frequencies of 38 GHz and 60 GHz using a directional steerable

antenna. They presented the propagation path loss and time delay spread as a function

of Tx-Rx distance and antenna pointing angles. At 38 GHz, LOS channels followed

FSPL while NLOS have large multipath delay spreads and can utilize many AoAs to

provide links. Also, the excess path loss, i.e. beyond free space, is inversely related

to the distance between source and destination. A key observation is the RMS delay

spread increases for increase in excess path loss for both the peer-to-peer and cellular

channels. Smulders et al reported a delay spread of less than 50 ns in most locations

while the average value was around 20 ns [125, 126]. ,

Delay spread is very much a function of scenario. Small cells generally have less

delay spread than large cells. This argument is supported when comparing the above

UMi based values with our own measurements taken in a much larger UMa cell (see

Fig. 3.7). Each dot in the figure represents a single measurement at a given azimuth,

elevation and position. Note the general shape supports the observation in [113], but

the maximum value is now 400 ns not 50 ns. The maximum delay spread influences the
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the choice of cyclic prefix in an OFDM system and 5G has a number of ”numerologies”

(or sub-carrier spacings) which enables different cyclic prefixes for different scenarios

[127].

Telstra	5G	Channel	Characterisation	Project		 Victoria	University	

Mike Faulkner Page 21 27/3/17	
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delay	 spread	of	108ns.	 It	 is	not	 immediately	apparent	 if	 there	 is	 a	 relationship	
between	delay	spread	and	signal	strength.	

	 	
	
Figure	4.9		Scatter	plot	of	Delay	spread	vs	Rx	power.		LHS:	Nicholson	St		K1-K8,		RHS:	VU	Campus	
positions	K8-K14.	A	Ricien	curve	fit	appears	to	descdibe	the	data	best.	
	
	 The	delay	spread	vs	Rx	power	scatter	plot	of	Fig.	4.9	shows	very	strong	
signals	and	very	weak	signals	have	reduced	delay	spread.		Each	point	in	the	plot	
represents	 a	 single	 measurement	 at	 a	 given	 azimuth,	 elevation	 and	 position.		
Interestingly	 the	 VU	 campus	 has	 the	 higher	 delay	 spreads,	 despite	 having	 the	
lower	coverage	range,	indicating	the	signals	are	bouncing	between	the	buildings	
a	number	of	times.	 	A	Ricean	curve	models,	 in	a	mean	squared	error	sense,	 the	
relationship	between	delay	spread	and	received	power.		
	
4.3.2	Path	Loss	
The	path	 loss	measurements	 for	 the	 two	environments	were	compared	against	
the	3GPP	models	for	frequencies	>6GHz	(9/2016)	[6].			The	recommended	3GPP	
model	is	compared	to	the	close-in	model	suggested	by	New	York	University	(CI-
NYU).	 	The	results	were	submitted	to	 the	VTC-spring	2017	conference,	and	the	
proposed	paper	is	attached	as	an	Appendix.			The	conclusions	from	the	work	are	
listed	here.	

• For	 NLOS	 measurements	 the	 difference	 between	 “peak”	 and	 “omni”	
measurements	is	almost	8dB	(7.4dB	for	Footscray,	Nicholson	St	and	8.4dB	
for	VU	campus)	

• The	3GPP	model	is	to	be	preferred	when	“peak”	measurements	are	taken	
and	when	 the	 parameters	 (antenna	 heights,	 building	 heights	 and	 street	
widths	 etc.)	 are	 consistent	 over	 the	 coverage	 area.	 For	 example,	 a	
standard	 deviation	 of	 6.7dB	 between	 measurement	 and	 model	 was	
obtained	for	the	Nicholson	St.	measurements.	This	was	over	1dB	less	than	
the	CI-NYU	model.	

• The	CI	model	is	to	be	preferred	when	the	measurements	are	“omni”	and	
when	the	parameters	widely	differ	for	zones	in	the	coverage	area	causing	
standard	 deviations	 to	 be	 higher,	 as	 illustrated	 by	 combining	 the	
Nicholson	and	VU	Campus	measurement	sets.	

	
4.3.2	Urban	Clutter	Loss	
The	Nicholson	St	results	were	used	by	Telstra	for	a	submission	to	ITU	SG3	
(Propagation),	on	terrestrial	urban	clutter	(WPs	3k,	3M)	[XX		].			The	
measurement	results	were	compared	to	a	more	specific	path	loss	model	ITU-R	
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Figure 3.7: Delay spread in UMa, measured from Victoria University, Footscray Cam-
pus

3.4.3.6 Angular Spread

Average temporal and angular properties of multipaths in UMi measurements at 28 and

73 GHz were derived in combination with ray-tracing [65]. Azimuth and zenith spreads

of arrival were found to be 22° and 6.2° at 28 GHz and 37.1° and 3.8° at 73 GHz,

respectively in NLOS UMi. In this thesis angular spread analysis is limited to the RMa

channel only (chapter 5).

3.4.3.7 Height Gain

The approach in [128] proposed a height-dependent path loss model at 28 and 38.6 GHz

for NLOS UMi outdoor scenarios utilizing omnidirectional antennas. They compared

their model with the 3GPP 38.900 model [100] and showed that the 3GPP model over-

estimates the system performance as it predicts lower path loss. They showed path loss
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was not effected by BS height in LOS conditions. For NLOS conditions path loss in-

creased with reducing BS height, but the increase was independent of distance (i.e. a

fixed offset, or change in β for the AB model) and hence the PLE (α) was unaffected.

They concluded that PLE for different heights at 38.6 GHz was constant equal that for

28 GHz.

In this Thesis height gain is discussed in Chapter 7.

3.4.3.8 Polarisation

The large-scale path loss model at 32 GHz band was analysed in [129] and [130] using

directional horn antennas. Authors in [129] investigated the effect of co- and cross-

polarisation on the CI model PLE. In LOS condition, PLE was 3.4 and 4.3 for co- and

cross- respectively. Similarly, authors in [130] obtained 3.1 and 4.3. Additionally they

performed NLOS measurements and reported 4.3 and 4.2, which is a strange result

indicating a stronger cross-polar signal than co-polar signal! Similarly, authors in [65]

at 28 GHz and 73 GHz reported a Gaussian distributed XPD with a mean cross-polar

ratio of 29.7 dB and 16.7 dB in LOS and NLOS respectively.

In this Thesis polarisation was studied in the street canyon environment (Chapter 7).

Good cross-polar discrimination can aid in MIMO performance based on polarisation

(Chapter 7)
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3.4.4 Indoor Hotspot (InH) and Outdoor to Indoor (O2I)

Wireless traffic from indoor locations is a significant part of the mobile communications

market. Wireless operators are therefore interested in:

1. how much signal enters or leaves a building from outside basestations, in order

to estimate coverage, or evaluate potential interference into adjacent cells or co-

existing services.

2. how much signal attenuation there is between rooms within a building, in order

to plan in-building coverage zones

Material losses play a vital role in determining the above issues. We therefore present

path loss measurements of some common materials.

3.4.4.1 Material Losses

Early researchers used 60 GHz equipment, probably because of its unlicensed status

and the potential adoption by IEEE for short range data transfer (e.g. IEEE802.11ad

and .11ay etc [131]). Authors in [132] identified the problem of building penetration,

particularly the high attenuation of concrete, brick walls and thermally efficient glass.

Similar findings, in an Australian context, were shown in [26] (Victoria University).

Measurements were taken at 24 GHz and a 20 dB loss reported for a double-bricked

wall. Some of the attenuation was frequency dependant due to multipath within the

structure as demonstrated by the double impulse in Fig 3.8. A summary of material

penetration loss at 28 GHz is shown in Table 3.3 [26]. Take home conclusions are

64



Chapter 3 Literature Review

1) Concrete kills mmWave signals, 2) Bricks and reflective glass have high attenuation,

potentially providing good isolation between adjacent free standing buildings. 3) Plaster

walls and clear glass offer little resistance enabling multiple room indoor coverage.

Trees are another form of loss and [128] measured 17 dB and [133] average value of

19 dB for decidious trees. We measured a loss of 20 dB through the crown of a euclipt

tree (Chapter 5). The human body is another major cause of loss. Losses of 20dB have

been measured for partial hand shading, while human body blocking of the direct path

near the UE can cause losses of greater than 30 dB [128]. Calculating signal diffraction

around a body, modelled as a perfectly conducting cylinder gave similar losses (∼23 dB)

at 60 GHz, but only a 7 dB loss at 2.4 GHz (Fig. 3.9) [19]. This increase in shadowing

loss with frequency emphasises the challenge of providing reliable communications to

human operated terminals at mmWave frequencies.

TABLE I
PENETRATION LOSS MEASUREMENTS THROUGH DIFFERENT MATERIALS AT 28 GHZ NARROWBAND

[1] [2] [3] [4] Our measurements
Brick Wall No through signal 28.3 dB (0.15 dB/cm) - - 22 dB (0.73 dB/cm)
Concrete No through signal - - 117 dB No through signal (88 dB (5.2 dB/cm) @ 25 GHz)
Infra-red Reflective Glass 25-50 dB 24-40 dB 30 dB 31.4 dB -
Clear Glass - 3.6 dB 3-5 dB 3.8 dB -
Plaster wall - 6.8 dB (0.18 dB/cm) - 3.8-7.3 dB 2 dB (0.17 dB/cm)
Door wood - - - - 13 dB (3.25 dB/cm)

A similar time domain impulse response measurement was
carried out through glass of thickness 0.6 cm. A loss of 2.86
dB was recorded for the dominant path, but secondary paths
having an even number of internal reflections also existed.
This causes a 2.5dB ripple in the frequency response, and is
a potential source of variability which has nothing to do with
penetration loss of the glass.

IV. WIDEBAND REFLECTION MEASUREMENTS

Further, reflection characteristics of the double brick wall
was investigated using the wideband technique. A loss of 8.5
dB was recorded on the main impulse. In addition, there were
secondary impulses reflecting back from the cement/air gap in
between the bricks, recording 24 dB loss on the main impulse.

Fig. 3(a) shows reflection vs frequency from the glass
surface. As expected, frequencies below 23 GHz are at the

Fig. 2. Impulse response. Measurement bandwidth 0-40 GHz, time resolution
0.025 ns (a) Horn-to-horn reference. (b) Through 22 cm brick wall.

Fig. 3. Reflection measurements (path loss corrected) from a glass of
thickness 0.6 cm. (a) Frequency response. (b) Impulse response, showing a
second reflection from the back surface of glass.

noise floor due to the cut-off of the horn antennas. The
dips in the reflection loss over the 23-40 GHz passband
are most certainly to do with multipath reflections from the
glass. A look into the impulse response (Fig. 3(b)) confirms a
secondary reflection from the back surface of the glass 5 dB
below the main reflection and delayed by 0.175 ns. A 12 dB
loss on the main impulse was recorded by the main reflection.

V. CONCLUSION

Narrowband measurements (Table I) of penetration loss
through materials conformed with other researchers except
for the case of brick walls. Wideband measurements with a
0.025ns revealed multipath scattering from the cement/air gap
within the wall. A similar measurement through standard glass
revealed delayed paths due to multiple reflections between
the glass surfaces. Further, wideband reflection measurements
showed the existence of similar multipath effects. These can
cause large variations in attenuation at certain frequencies.

Narrowband measurements at spot frequencies might be
subjected to dominant multipath effects that can cause sig-
nificant anomaly in the results. The wideband measurements
identify the various paths through the material; the main path
could be used to evaluate the penetration loss. However, a word
of caution, losses within some materials vary with frequency;
hence, we are likely to get an average value from the main
impulse generated from the IDFT of a wideband sweep. The
frequency dependence will not show. In the end, there are pros
and cons of both types of measurements.
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Table 3.3: Material penetration loss at 28 GHz [26].
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Figure 3.9: Theoretical shadowing gain due to perfectly conducting
cylinders at 2.4 and 60 GHz.

perfect electrical conductor, and that there is no significant deviation between
circular and elliptic cylinders. The multiple-knife edge serves as a sufficiently
good model, which has the benefit of having a low computational complexity.

The IEEE802.11ad model uses this multiple-knife edge model to emulate
human body shadowing. The shadowing model combines ray tracing simula-
tions with an electromagnetic knife edge diffraction model and a random walk
model for the human movement [56]. This model was subsequently extended
and validated in [27] and is originally based on the work in [57].

3.3 mm-Wave MIMO Channel Modeling

This chapter presents double-directional channel models that are typical for
indoor 60 GHz systems. The general double directional model is introduced,
along with typical inter- and intra-cluster models for rays and clusters. Dif-
ferent modeling approaches for the arrival times, angular distributions and
amplitude distributions are also then treated. The inter- and intra-cluster
model parameters constitutes the main modeling parameters of typical mm-
Wave MIMO channel models.

Figure 3.9: Theoretical shadowing gain due to perfectly conducting cylinders at 2.4
GHz and 60 GHz [19]

3.4.4.2 InH Propagation

Indoor hotspots are out of the scope of this thesis, however some work has been done

in specialised O2I conditions focusing on co-existence with satellite services. Co-

existence in this instance means spectrum sharing with Satellite services, and involves

measurements at different elevation slant angles (or slant paths). A potential exam-

ple would be sharing with Australia’s National Broadband Network Satellite for remote

area access. This sub-section, briefly surveys InH measurements and gives some insight

of slant path O2I measurements.
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Various researchers have conducted indoor propagation measurements at 28 GHz

due to potential 5G frequency band. The authors in [137] conducted the experiments

in an ultra-dense indoor office environment and presented a simple path loss model,

as compared to the current 3GPP/ITU indoor propagation model. Similarly, the au-

thors in [138] assessed the indoor channel using a multibeam MIMO prototype. They

formed multibeam using continuous aperture-phased MIMO (CAP-MIMO), utilizing a

lens antenna array. They claimed to use a first-time simultaneous multibeam channel

measurement of about 4° beamwidth. They stated that by replacing existing conven-

tional sounder with a CAP-MIMO transceiver, not only enabled spatial resolution, but

also allowed the use of simultaneous multibeam, which enhanced network performance.

Another author in [139] showed the potential use of mmWaves in indoor environments

in shopping malls. More references can be found in the survey paper [140].
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Figure 2. Measurement environment. (a) floor plan, (b) Tx location in Corridor A, and (c) Rx location
in Corridor B.

4. Post Processing

This section explains the post processing of the raw data that were collected from the
ultra-wideband channel sounder measurement. It includes the extraction of the channel impulse
responses from the received waveforms. The data were subjected to post processing using SystemVue
software [27] and MATLAB Toolbox. The channel impulse response (CIR) was extracted by
cross correlation between the received waveform and the transmitted arbitrary waveform signal.
the space-alternating generalized expectation-maximization (SAGE) algorithm [28,29] was used to
extract the parameters of the MPCs, including the path delay and path gain. It allowed an iterative
determination of the maximum-likelihood estimation. The SAGE algorithm resolved the MPCs by
an interference-cancellation, where the MPCs that were already estimated were subtracted from the
considered signal.

5. Path-Loss Models and Analysis

We investigated different path-loss models for single and multiple frequencies. For a single
frequency, we used the CI free space reference range model [16], as follows:

PCI
L ( f , d)[dB] = PL( f , d0) + 10n log10

(
d
d0

)
+ Wσ, (1)

where PL( f , d) is the path loss at operating frequencies, with multiple separation ranges; n is the
path-loss exponent (PLE); PL( f , d0) is the path loss in dB at a close-in (CI) range, d0, of 1 m; and Wσ is a
zero-mean Gaussian-distributed random variable with standard deviation σ dB (shadowing impact).

Figure 3.10: BEL measurements with Tx on the ground and Rx on different levels of a
building [27]

The ITU O2I model has been compiled from a compendium of 28 measurements

taken from locations all over the world and documented in [7]. The model covers all

frequencies up to 100 GHz, although most measurements are below 6 GHz and do not
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include slant paths, i.e. they model horizontal access. Those that do include slant paths

use some form of high altitude platform (HAP) such as helicopter drones and baloons.

Unfortunately, measurements are usually below 6 GHz [141]. Those at mmWave fre-

quencies tend to use an outdoor ground level transmitter and indoor receivers on differ-

ent floors of a building (Fig. 3.10 [27]). The O2I model is based on 0 dBi antennas to

maintain compatibility with existing ITU path loss models.

Further use cases of mmWave such as in RADAR, vehicular environment are pre-

sented in [142–149].

3.5 Summary

In this chapter, most of the previous works related to mmWave channel measurements

and characterization in different use case scenarios are presented. In spite of these ac-

tivities, a number of scenarios and environment still need to be evaluated. Many of

the above-mentioned works have used two-dimensional (2D) measurements (azimuth

angle of arrival) and ignored the elevation angle. A three-dimensional (3D) analysis

is necessary to know the propagation characteristic from different elevations, but such

measurements are not always performed in a rigorous way, relying on the operator to

identify potential scattering surfaces to which the antenna is pointed. As will be de-

scribed in the next chapter our equipment uses a scanning pattern covering all azimuth

angles having elevations between -20° to +40°. Although many scatterers are obvious,

we are continually surprised by signals occurring from unexpected directions, which

68



Chapter 3 Literature Review

would have been missed in a manual search. In terms of the various scenarios for mo-

bile access, the measurements described in the following chapters are the only ones

covering Australian conditions. Measurements for the mobile RMa channel were the

first ever reported. At that time, not a single measurement was conducted to know the

channel behaviour in the rural field.

The next chapter (Chapter 4) describes the measurement hardware, its calibration

and any modifications required for this Thesis.
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Chapter 4

Hardware Design, Calibration and

Performance

This chapter describes the design, calibration and performance of the equipment used

for the different types of measurements required in this thesis. These are:

• Swept frequency measurements using a network analyzer for measuring frequency

response of the antennas and also the path loss of materials at different frequen-

cies. The network analyzer provides excellent time resolution and it is possible to

see multi paths within the measured materials.

• Narrow band continuous wave (CW) measurements using signal generator and

spectrum analyzer to obtain basic path loss measurements.

• Wide band measurements using a multi tone ‘OFDM like’ signal for measuring

path loss and delay spread.
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We start with the regulatory requirements for safety.

4.1 OHS Transmission Limits

The International Commission on Non-Ionizing Radiation Protection (ICNIRP) and

Australian Radiation Protection and Nuclear Safety (ARPANSA) recommend power

density (PD) limits for above 10 GHz as per Table 4.1 for both general public and RF

workers [30, 150, 151]. The peak and average power density specifications are shown

in the shaded columns. The worst case scenario is when the human body completely

covers (touching) the antenna aperture which for a 20 dBi gain horn has an area of

3.5cmx2.5cm = 8.7e−4m2. Based on this area, the maximum Tx power can be calcu-

lated. A maximum RF power of 13 dBm should satisfy all conditions.

Table 4.1: Power Density Limits [30] and peak Tx power for 20 dBi horn

PDav Spec PT (av) for PDpeak Spec PT (peak) for
over 20 cm2 20 dBi horn over 1cm2 20 dBi horn

Public 10W/m2 13 dBm 200 W/m2 22.4 dBm
RF Workers 50W/m2 20 dBm 1000 W/m2 29.4 dBm

Since approximately 40% of the incident radiated energy is reflected, a further 2 dB

can be added to the above table. We therefore conclude that any Tx powers over 15

dBm require the human body to be separated from the transmitter (Tx) antenna. Since

15 dBm is the limit of our equipment, then transmissions are safe for the general public

and staff.
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4.2 Swept Frequency measurements using Network Anal-

yser

Swept frequency measurement method can be used in a short coverage range due to the

limitation in cable length (∼10 m). It can obtain high time resolution by sweeping over

a wide frequency range and taking an FFT (Fast Fourier Transform) of the frequency

response data. It is used for calibrating the antenna and measuring the parameters such

as radiation pattern, gain and transmission and reflection losses for typical materials.

Fig. 4.1 shows the 40 GHz Anritsu 37369 network analyser measuring transmission

loss between two 20 dBi horn antennas.

Figure 4.1: 40 GHz Anritsu 37369 Network analyser measuring loss through builders
‘sarking’ (Courtesy of Inderjeet Singh, Maninder Jit Singh and Gaurav Jain - VU

Course Work students, 2018)

4.2.1 Antenna Calibration

The horn antennas were calibrated using a network analyser, sweeping the frequencies

between 20 GHz and 40 GHz. Antennas with gains of 10 dBi, 20 dBi and 25 dBi
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Table 4.2: Antenna gains

Antenna Gain 24 GHz 27 GHz 39 GHz
25 dBi 23.5 24 25
20 dBi 17 18.5 20.5
10 dBi 9.6 9.9 14.4

were used having a nominal HPBW of ± 27.5°, ± 10° and ± 5° @ -3 dB respectively.

The antennas were measured on a small test range with 2 m separation between the

feed-points which is approximately twice the Rayleigh distance for these antennas. The

normalized antenna radiation patterns are plotted in Fig. 4.2 for three frequencies of

interest covering two potential 5G bands and the 24 GHz ISM (Industrial, Scientific

and Medical) band.

(a) (b) (c)

Figure 4.2: Antenna Measurements over a 2 m test distance. (a) 25 dBi horn (b) 20
dBi horn (c) 10 dBi horn (nominal gains).

The back-to-front ratios for all antennas are better than 25 dB, and usually greater 35

dB for the medium gain antenna and 45 dB for the high gain antenna. Table 4.2 shows

the measured gains of these three antennas at different frequencies.
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Figure 4.3: Automated equipment developed for receiving signals at 7° steps in az-
imuth covering 0° to 360°; and 10° steps in elevation covering -20° to 40°[28].

4.3 Semi Automatic Receiver Scanning

Before we dive into further measurement techniques, we discuss the receiver set up

for automatic Angle of Arrival (AoA) measurements. An azimuth and elevation (φ, θ)

adjustment table was developed for one end of the link enabling 360° degree azimuth

coverage in steps of 7° in and -20° to +40° in elevation coverage in steps of 10°. The

unit was fabricated using 3D printer techniques and driven by stepper motors controlled

by Labview software (Fig. 4.3).

4.3.1 Limited isotropic coverage

Ideally it is required to capture all the incoming signals by scanning 0° to 360° in az-

imuth and -90° to +90° in elevation to accurately synthesise the omnidirectional pattern.

Our measurement hardware takes 2.5 minutes for a complete azimuth scan at a single
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40°

20°
65°

5°

Figure 4.4: Antenna position in AoA measurement hardware when covering -20° to
40°.

elevation. For a vertical step size of 10° , the total time to complete a single isotropic

measurement would be around 45 minutes, quite a long time. During the measure-

ments, it was found that most signals tend to appear between -10° and +20°, with a few

at higher elevations. This enabled us to restrict the elevation range to -20° to +40°and

reduce the scanning time to around 15 minutes. Fig. 4.4 shows the receiver horn (±5°)

antenna position when the antenna is at the extreme angles of elevation. The solid angle

(Ω st) covered by the 25 dBi horn antenna (±5°) is calculated as follows.

Ω1 =2π(sinθ) st

=2π(sin45) st

=2π x 0.7 st (4.1)
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Similarly, the solid angle made by the area of aperture of the horn when it is at

-20° elevation is given as:

Ω2 =2π(sin25) st

=2π x 0.42 st (4.2)

Therefore, the total solid angle covered by the horn is:

Ω =Ω1 + Ω2

=2π(0.7 + 0.42)

=2.24π st (4.3)

which is 56% of the total 4π steradians in a sphere. Only in one scenario (O2I from

high altitude BSs) did we experience signals from outside the coverage range. Here, we

increased the scan angle by using a combination of a lower gain antenna (10 dBi) with

an increased elevation coverage to give a total ±80°or 98% spherical coverage.

4.4 Narrowband measurements

Narrowband measurements use signal generators and a spectrum analyser to measure

signal strength. Two transmit antennas are powered at frequencies f and (f+2) MHz re-

spectively (Fig. 4.5(a)). At the receiver site, the spectrum analyser identifies each trans-

mission and automatically logs the data (Fig. 4.5(b)). This enables cross-polarisation
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measurements or space diversity measurements. Small scale fading is reduced by a

combination of oversampling in the angle domain, averaging in the time domain and re-

peating the measurements at different antenna heights (effectively applying angle, time

and space diversity). The signal generators and spectrum analyser must be calibrated

for this measurement in order to remove measurement errors.

Figure 4.5: CW transmissions. (a) LHS Two signal generators, for Horizontal and
Vertical polarisation (HP8360 and Agilent N5230A). Example frequencies: 39.499
GHz and 39.501 GHz (b) RHS Receiver with 2 LNAs (Miteq JS426004000-30-10P)

feeding spectrum analyser (R& S FSIQ40).

4.4.1 Signal Generator and Receiver Calibration

The HP8360 signal generator was calibrated against a power meter (Anritsu) at three

spot frequencies (24 GHz, 27 GHz and 39 GHz). The calibration was within less than

0.5 dB. The signal generator was then used to calibrate other equipment, (spectrum

analysers, network analysers and USRP receivers, etc.)
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4.4.2 Link Margin Calculation

The link margin was measured on a 2 m test range. The received signal was immediately

amplified (50 dB using two LNAs ) and passed through a 2 m cable (loss=4.5 dB at 24

GHz) to the spectrum analyser. The high RF gain was chosen such that the LNA noise

would dominated the spectrum analyser noise floor by at least 10 dB. The transmit

power was 8 dBm and the receiver spectrum analyser was set to have 5 MHz span, 50

kHz RBW (Resolution Bandwidth, B) and 10 (video) averages. Based on amplifiers

with a noise figure (NF) of 4 dB and a connector loss of 1 dB (giving effective NF =

5 dB), the measurement dynamic range or maximum sustainable path loss (MSPL) is

given as:

MS PL =PT + GT + GR–Noise Level (KT BNF) (4.4)

=8 + 23.5 + 17 − (−174 + 47 + 5)

=8 + 23.5 + 17 − (−122)

=170.5 dB (with 40.5 dB antenna gain)

=130 dB (Omni to Omni @PT = 8 dBm)

where the large horn (25 dBi) is used for receive and the medium horn (20 dBi) is used

for transmit, which is the arrangement for most of the measurement schemes. Note, the

antenna gains here are for 24 GHz operation (see table 4.2).
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4.5 Wideband measurements (OFDM)

We measure the channel impulse response for signals captured by the antenna. The ap-

proach uses USRP (Universal Software Radio Peripheral) devices with 100 MHz band-

width to obtain path resolutions down to 10 ns (3 m). Fig. 4.6 shows the block diagram

of Tx and Rx chain. Signal generators provide the up-converter and down-converter

local oscillator (LO) signals. Conversion is through a double balanced mixer. The LO

signal is chosen to lie in an ISM band (24 GHz) because of the strong leakage. The RF

Tx frequency was set at 27.1 GHz (based on ACMA experimental license allocation) ,

and so the USRP generated IF signal was 3.1 GHz.

HP 8360 Signal 
Generator
@ 24GHz 2.92mm (K) 

male-male

MITEQ 
M2640W1L R

I

2.92mm 
to WR28 
Waveguide

Waveguide 
WR28 to 
2.92mm2.92mm (K) 

male-male
Pasternack 2m 
cable 2.92mm 

male-male

2.92 to 1.85 adapter

Pasternack 
Amplifier

PE15A3261

NI USRP-2943R 
A (Tx)@ 3.1GHz

NI 1m 
SMA-SMA

Agilent N5230A 
NA

@ 24.25GHz

MITEQ 
M2640W1L R

I
2.92mm (K) 
male-male

Teledyne 2m 
cable 2.92mm 

male-male

MITEQ JS4-
26004000-

30-10P Amp

NI USRP-2943R 
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26.5-40GHz
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Horn

2.92mm (K) 
male-male

Pasternack 
Amplifier

PE15A3261Pasternack 0.5m 
cable 2.92mm 

male-male

Figure 4.6: Wideband Tx (top) and Rx (bottom) hardware [28].

The USRP (Universal Software Radio Peripheral) devices are responsible for the first

stage of up/down conversion from/to baseband. The transmitter does continuous trans-

mission and the receiver data logs segments of the received waveform. The remaining

software is performed off-line in MATLAB. The software process involves a multi-tone

“OFDM like” training sequence with low peak-to-average power ratio (Shapiro-Rubin
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Figure 4.7: Software Signal Processing Flow for Tx (top) and Rx (bottom) [28].

sequence). There are 256 active tones oversampled by L=2 and spread evenly over 1024

frequency bins. The active tones are arranged in such a way that their images fall in va-

cant (unused) bins, eliminating the IQ mismatch problem at the transmitter (Tx) side.

The signal is repeated 128 times and scaled to an amplitude < 1.0 prior to sending to the

USRP (Universal Software Radio Peripheral). Receive side signal processing involves

filtering, receiver (Rx) IQ correction, DC offset removal and frequency offset correction.

The channel impulse response (CIR) is derived from the inverse fast fourier transform

(IFFT) of the channel frequency response. A variable threshold based on signal strength

and noise is used to isolate the CIR components from the noise prior to calculating the

rms delay spread and coherence bandwidth. The threshold is set approximately 26 dB

below the signal power for high SNR’s (Signal to Noise ratio) or approximately 12 dB

above the noise power for low SNR’s. In this way Gibbs ringing and far off noise spurs

do not materially effect the rms delay calculation. The working diagram of software for

the transmit and receive signal processing is shown in Fig. 4.7. Results from a 2 m test
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range are shown in Fig. 4.8 and 4.9.

Figure 4.8: Result from a 2 m test range with large horns (2 x 24 dBi) and 30 dB
attenuation added to the Tx signal path. TL (Top Left) – Raw received signal; TR –
Channel Estimate (after filtering, frequency domain decimation by 4 and modulation
removal); BL – Debug output; BR – Channel Impulse Response with threshold level

(red line) and zoomed response.

Figure 4.9: Rx spectrum with Transmitter disabled. Noise floor, showing DC leak and
an unwanted spur from the USRP receiver.
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4.5.1 Link Margin Calculation

Comparing Fig 4.8 and Fig. 4.9, the floor of -18 dB, and the signal of +43 dB from a 2

m path with 30 dB attenuation gives a measurement range of 62 dB. After removing 30

dB attenuation, the signal is 62 + 30 dB = 91 dB beyond the 2 m path loss with antenna

gains of 47 dB and PT =3.4 dBm. The Maximum Sustainable Path Loss (MSPL) is

calculated as below:

MS PL =PT + GT + GR–PL (2m) (4.5)

=91 + PL (2m)

=91 + 66

=157 dB (with a total of 48 dB antennagain)

=162.5 dB (with a total of 42.5 dB antennagain)

=109 dB (Omni to Omni @Pt = 3.4 dBm)

The reduced performance compared to the narrowband solution is due to the lower

transmit power and the wider bandwidth over which the energy is spread. The low

transmit power is required to limit distortion in the OFDM like signal. It is possible to

further boost the MSPL by about 10 dB using software averaging (10 averages) provided

the Doppler is low (<∼ 600 Hz or <20 kph), in the measurement vicinity.
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4.6 Summary

In this chapter, the measurement equipment is overviewed. This included, transmit

power limits, angle of arrival measurement hardware and calibration of equipment such

as antennas, signal generators and the spectrum analyser. Also three different measure-

ment schemes; swept frequency using network analyser, narrowband CW, and wideband

OFDM, are discussed. The MSPL based on Omni to Omni transmission is 130 dB for

narrowband CW and 109 dB to 119 dB for wideband OFDM measurements. These

figures can be boosted by adding antenna gain.

Next chapter, Chapter 5 presents the paper on 24 GHz narrowband measurements.
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Chapter 5

New measurements at 24 GHz in a

rural macro environment

5.1 Overview

A number of measurement campaigns were conducted over the span of one and half

years from March 2016 to August 2017 in different scenarios imitating different propa-

gation conditions. The first measurement was in a Rural Macro (RMa) scenario because,

at that time, no mmWave measurements existed for the 3GPP rural model. The channel

model discussion document, R1-163909 [53] supported frequencies up to 100 GHz for

all scenarios (UMa, UMi, InH etc.) except RMa. The RMa model was only valid to 7

GHz [53], and the deadline for defining the channel model for 5G was in June 2016.

That is the model would be frozen at that date so that evaluation could be performed
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on the different proposals for 5G. Telstra and Ericsson requested VU to obtain results

before that date. The attached document was the result of this request.

The input into the standards can be done only by member organisations (industries).

We conducted measurements, collected data, analysed the data and prepared a draft

report before submitting to 3GPP (by Telstra and Ericsson). Ericsson restructured the

discussion and conclusion into 3GPP template. This involved defining a number of

’observations’ and ’proposals’.

The key observation was that ‘path loss measurements at 24 GHz in a rural macro

environment agree on average with the WF (World Forum) RMa path loss model’. The

key proposal was ‘Extend the applicability of the new RMa path loss model in R1-

163909 [53] to 24 GHz’.

At the meeting conclusion the path loss model was extended to 30 GHz.

5.2 Publication

The following paper has been enlisted as a contribution to RMa channel model in 3GPP

for higher frequencies.
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Chapter 6

27.1 GHz Millimetre Wave

Propagation Measurements for 5G

Urban Macro Areas

6.1 Overview

In Chapter 5, we showed the measurement campaign in RMa scenario and extended the

old RMa model up to 30 GHz. In the following paper, we present the empirical results

from Urban Macro (UMa) scenario. The background to this paper is the recent removal

of the ’suburban’ scenario from the 3GPP channel model. Australian cities have large

suburban areas characterised by low height dwellings, wide streets, gardens and trees,

and are quite different to Urban areas where high rise buildings are closely attached. To

analyse this situation the UMa scenario is divided into UMa-Light and UMa-Dense.
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Additionally, there is some discussion within 3GPP and ITU as to the selection of

the most appropriate model. The two competing models are fixed intercept, known as

the CI model, and the floating intercept, known as the AB model. We compare these

models in the above two scenarios.

6.2 Publication

The following article has been published in the IEEE Vehicular Technology (VTC)

Conference 2017.
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Chapter 7

Urban Microcell 39 GHz

Measurements

7.1 Overview

In Chapter 6, we characterized the mmWave channel in UMa scenarios. A key use case

for mmWave 5G is expected to be the urban microcell (UMi) hotspot. Normally, UMi

is characterised by low BS antenna heights, usually below rooftop and in the range of 5

m to 10 m. Considering this, Telstra were interested in street canyon and open square

scenarios with emphasis on non line-of-sight (NLOS) coverage, particularly into cross

streets and other hard to get at places. Also there was interest in the effect of BS antenna

height and cross polar leakage. At the time there were few existing measurements

covering these latter effects.

We concluded that:
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• The signal does indeed penetrate into cross streets, but coverage might still be

patchy due to a lack of angular diversity.

• The effect of antenna height gain was shown to be minimal.

• Signal depolarisation was similar for all NLOS positions when measured on an

“omni” basis

7.2 Publication

The following paper has been published in IEEE Antennas and Wireless Propagation

Letters.
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Urban Microcell 39 GHz Measurements
Saurav Dahal , Student Member, IEEE, Shabbir Ahmed, Member, IEEE, Horace King , Senior Member, IEEE,

Ganesh Bharatula, John Campbell, Member, IEEE, and Mike Faulkner , Member, IEEE

Abstract—Urban microcellular non-line-of-sight path gain mea-
surements at 39.5 GHz are presented for open square (OS) and
street canyon (SC) environments. The extracted parameters are
in close agreement with the 3rd Generation Partnership Project
specifications, particularly for the close-in free-space reference
distance model with path-loss exponents within 3%. Base station
antenna height diversity in the OS environment provided only a
small 0.5 dB benefit. In the SC measurements, corner losses of
18 dB were reported and cross-polar discrimination reduced by
2.5 dB per 10 dB increase in path loss using directional antennas,
but this correlation disappeared on an omnidirectional basis.

Index Terms—5G, channel models, millimeter waves, urban
microcellular (UMi).

I. INTRODUCTION

PROPAGATION measurements are required for different
environments and from different organizations in the

derivation of channel models. This heterogeneity removes mea-
surement bias and improves model confidence. Measurement
campaigns and ray-tracing simulations at millimeter (mm)-wave
bands have been conducted to develop channel models above
6 GHz [1]–[6]. More specifically, urban microcellular (UMi)
propagation measurements have been reported for street canyon
(SC) and open square (OS) scenarios [7]–[12], of which some
included the 5G proposed frequency range 2 (FR2) near 40 GHz
[13]–[18]. Few of these considered the effect of in situ base
station (BS) antenna heights in OS [17] or polarization in
SC [18], and fewer (none to our knowledge) have completed
such measurements concurrently as presented here. Additional
contributions include: 1) the isolation of height gain effect and
the macro diversity effect of the dual height BS in OS, and 2)
the identification of different relationships between cross-polar
discrimination (XPD) and the path gain for omni and directional
antennas in SC.

Of most interest are non-line-of-sight (NLOS) scenarios.
We first, however, validate the large-scale parameters, shadow
fading standard deviations (σ) of the two UMi 3rd Generation
Partnership Project (3GPP) channel models (see Table I) [19],
the AB-3GPP model [20] and the CI-NYU model (by New York

Manuscript received July 9, 2019; revised August 13, 2019; accepted August
22, 2019. Date of publication August 27, 2019; date of current version October
4, 2019. This work was supported by Telstra. (Corresponding author: Saurav
Dahal.)

S. Dahal, S. Ahmed, H. King, and M. Faulkner are with the Institute of
Sustainable Industries and Liveable Cities, Victoria University, Melbourne,
VIC 3011, Australia (e-mail: saurav.dahal@live.vu.edu.au; shabbir.ahmed@
vu.edu.au; horace.king@vu.edu.au; Mike.Faulkner@vu.edu.au).

G. Bharatula is with the Telstra Corporation Ltd., Melbourne, VIC 3000,
Australia (e-mail: Ganesh.Bharatula@team.telstra.com).

J. Campbell, retired, was with the Telstra Corporation Ltd., Melbourne, VIC
3000, Australia (e-mail: jcccqqq@gmail.com).

Digital Object Identifier 10.1109/LAWP.2019.2937539

TABLE I
UMI 3GPP NLOS PATH-LOSS MODELS

Fig. 1. (a) UMi OS looking southwest from Tx lower balcony. (b) Tx balconies
seen from #11.

University). Both models can be recast into the following AB
form:

PL(fc, d)[dB] = β(fc, d0, hUT)[dB] + 10αlog10(d/d0) (1)

where fc is the carrier frequency in GHz, d is the distance in
meters, d0 is the reference distance (normally 1 m), hUT is the
terminal height, β is the intercept, and α represents the path-loss
exponent (PLE). For close-in free-space reference distance (CI)
model, β is equal to the free-space path gain (FSPG) [21] at
d0 = 1 m, and the PLE (α) is set by the scenario, 3.19 for UMi
NLOS [13].

II. MEASUREMENT APPROACH

A. UMi OS

Two transmitters were placed on balconies overlooking a
campus open area on level 2 (hT = 5.2 m @ 39.499 GHz) and
on level 3 (hT = 8.9 m @ 39.501 GHz), enabling the study
of height diversity (see Fig. 1). The small frequency offset
allowed concurrent measurements using a spectrum analyzer.
This minimized errors from pedestrian traffic and environmen-
tal dynamics. Equivalent isotropically radiated power (EIRP)
continuous-wave (CW) signals of 18.7 dBm were transmitted
from horn antennas with ± 27◦ half-power beamwidth (HPBW).

For reception, a 25 dBi horn antenna (10◦ HPBW) was
fixed on a rotating table (hR = 1.6 m), enabling signal strength
measurements over 360◦ of azimuth and from −20◦ to +40◦

of elevation [1]. Eleven receiver locations were chosen inside
the campus as shown in Fig. 2. The three-dimensional (3-D)
transmitter–receiver (Tx–Rx) separation distance ranged from
19 to 85 m.

1536-1225 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 2. UMi OS receiver locations: 1, 4, and 10 are indoor; 5 and 11 are LOS.
The arrow indicates the Tx bore direction.

Fig. 3. UMi SC Tx antennas looking east on Little Lonsdale.

Fig. 4. UMi SC receiver locations: Red and blue arrows indicate 3 dB HPBW
of Tx antenna of Fig. 3.

B. UMi SC

For the Melbourne CBD measurements, the Tx was mounted
on a first-floor balcony (height = 6.1 m) at the Telstra Exchange
building on Little Lonsdale St. (see Fig. 3). Two 33.85 dBm EIRP
CW signals were transmitted up or down the street from two
20.5 dBi gain antennas (±10◦ HPBW) arranged cross-polar with
the bore site marked in Fig. 4. Building density was high with a
number of very tall structures. The receive antenna was vertically
polarized, enabling vertical-to-vertical (co-) and horizontal-to-
vertical (cross-) polarization measurements. The receiver setup
was as for the OS, and 3-D Tx-Rx distances ranged from 50 to
300 m (see Fig. 4).

III. MEASURED OUTDOOR NLOS PATH-LOSS RESULTS

Two power measurements are defined—the signal from the
strongest direction [called “peak” (PPeak)] and the sum of all
incoming signals [called “omni” (POmni)]. The traditional way
to calculate the received “omni” power is to sample the polar re-
ception pattern in angular steps of HPBW (10◦) in both azimuth

Fig. 5. Angle of arrival (AoA) versus directional path gain for antenna ele-
vations between −20◦ (dark blue) to 40◦ (red) in intervals of 10◦. (a) Alley
entrance at #2. (b) Courtyard, 30 m down the alley at #3. AoA of 90◦ is due
north in Fig. 4.

Fig. 6. Receiver position when (a) looking down the alley at #2 and (b) looking
east at #3.

and elevation, weighting each measurement to account for the
lower arc as elevation increases, and then, sum [22]

PPeak = max(P (θ, φ))

POmni =
∑∑

P (θi, φj)cos(θi)
(2)

where azimuth φj = 0◦ : HPBW : 360◦, elevation θi =
−20◦ : HPBW : 40◦, and P (θ, φ) is the received signal
power seen by the measuring antenna aperture. After removing
the transmitter EIRP and the measurement antenna gain, we
obtain the path gains PGpeak and PGomni.

A. Cross-Street Path Gain in UMi SC

Signal strengths were always strong for the near line-of-sight
(LOS) conditions on Little Lonsdale St. (#2, #4, #7, and #12).
Strong back and side scattering from walls, parked vehicles,
lamp posts, and other street furniture generated broad lobes
15–20 dB below the LOS level. The signal at the head of the
alley (position #2) was in direct LOS of the Tx and had a mea-
sured peak path gain (PGpeak) of −112.4 dB at φ = 199◦ [see
Figs. 5(a), 6(a)] and strong back reflections between 350◦ and
50◦. Of high interest is how much the path gain degrades when
the receiver moves into the cross streets from the LOS junction.
At the courtyard at the end of the 30 m long alley (#3), the signal
strength had experienced an additional 28 dB loss in PGpeak [see
Figs. 5(b), 6(b)]. In all measured cross streets, the dominant
lobes always faced toward the main LOS junction (positions #3,
#5, #8, #10, #14) indicating the channeling effect of the street
canyon. Back reflections were also apparent, but with greater
variability. When signals were weakest, they often came in from
higher elevations (e.g., #13 with +10◦ to +20◦; #6 with +10◦).

Chapter 7 Urban Microcell 39 GHz Measurements
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TABLE II
SCATTER LOSS INTO CROSS STREETS FROM LOS JUNCTION BASED ON PGOMNI

Note: We use the signal strength at #1 to represent the Exhibition/Little Lonsdale
junction due to its similar distance to the BS (there was too much traffic within the
junction).

Fig. 7. Scatter plot of PGpeak (left) and PGomni (right) versus distance in
UMi OS with BS hT = 5.2 m.

Table II shows PGomni at different positions from which the
additional scattering loss, required to penetrate a given distance
down a number of cross streets (from the street junction carrying
the main LOS signal), is calculated. For example, the first row
shows that the additional scatter loss between #3 and the LOS
junction #2 is 30 dB. Positions #10, #14, and # 8 are all one
block (∼100 m) away from the main LOS street and have similar
scatter losses of ∼31 dB. Some 18 dB of this loss occurs “just
around the corner” (#9 and #13), slightly less than the 20 dB
value suggested by ITU-R P.1411-9 [23]. The increasing corner
loss with increasing distance to the Tx, predicted by [24] was
not apparent. Narrower alleys have additional loss (30 dB for
#3) as do streets bounded only on one side (45 dB for #5).

B. Path-Loss Model Comparison

For all NLOS measurement locations, PGomni versus distance
is compared against a number of channel models (see Figs. 7
and 8) and summarized in Table III. In both figures, the top line
represents the well-known FSPG equation. The two solid lines
are best-fit lines for AB and CI models, and the dotted lines are
based on the CI-NYU and AB-3GPP NLOS parameters.

The AB-bestfit model has two degrees of freedom (β, α) to
fit the measured data and has the lowest RMS error (e.g., σ =
7.8 dB for SC), but can give large anomalies in α and β when the
number of points is few and the distance span is small, as is the
case here for OS with hT = 8.9 m (α = 0.9) and SC (α = 2).
Therefore, extrapolating outside the measurement range is not
recommended as indicated in [13]. The CI-bestfit model has
only one degree of freedom (the slope α) and always crosses the

Fig. 8. Scatter plot of PGpeak (left) and PGomni (right) versus distance in
UMi SC.

TABLE III
PATH-LOSS MODELS BASED ON PGOMNI

Note: The two values shown in the table represent measurements for two different BS
heights (8.9 m/5.2 m) in UMi OS.

free-space line at d0 = 1 m, giving a larger σ = 8.5 dB for SC.
For the OS scenario, the difference in σ is less than 0.6 dB. Apart
from the above-mentioned anomalies, the “bestfit” parameters
almost perfectly agree with the specified 3GPP values for both
OS and SC (e.g., α values within 3%). The low number of scatter
points can reduce the confidence; however, the CI α is robust
with one standard deviation error at ≈ ±0.16 (5%) since the β
anchor point is far (1.5 decades).

The CI-NYU has lower RMS error than AB-3GPP by less than
1 dB in all scenarios. The values of both are within the range
suggested by the standards for OS (see Table I), whereas for SC,
both are out of the range, CI-NYU by 0.7 dB and AB-3GPP
by 1.7 dB, indicating a greater difficulty in predicting PL from
distance in NLOS SCs.

All the 3GPP models are based on omni PG and, therefore,
include signals from all directions. However, for beam-steered
directional antennas, peak PG might be more appropriate. The
cumulative distribution functions (CDFs) of peak and omni PGs,
expressed relative to the FSPG, are shown in Fig. 9(a) and (b)
for OS and SC, respectively. Both measurement locations show
an almost constant offset between peak and omni, averaging ap-
proximately 10 dB, making the 3GPP models appear optimistic
unless handled correctly [19].

C. Height Gain, Diversity, and XPD

1) Height Gain and Diversity in UMi OS: The two Tx an-
tennas will, in general, provide different path gains due to their
different heights, and their separation could be used to provide
macro-diversity against shadowing. The height gain between Tx
antenna heights h1 and h2 at NLOS position i is

ΔG(h1, h2, i) = (PGh1(i) − PGh2(i)), h1 > h2. (3)

Chapter 7 Urban Microcell 39 GHz Measurements
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Fig. 9. CDF of additional PG w.r.t. FSPG (a) OS and (b) SC, and (c) CDF of OS height gain, ΔG, and absolute gain difference Gdiff.

The average height gain is then ΔG =
∑

i ΔG(i)/N , where
h1, h2 are dropped for conciseness. The absolute gain difference
due to diversity is isolated by removing the ΔG bias from the
upper antenna

Gdiff(i) = abs[(PGh1(i) − ΔG) − PGh2(i)]. (4)

The mean absolute gain difference is Gdiff =
∑

i Gdiff(i)/N .
Thus, the diversity gain (DG) would be half of this value, since
the equiprobability of the diversity antenna being stronger than
the main antenna DG = Gdiff/2.

The CDFs of height gain and absolute gain difference are
shown in Fig. 9(c). Interestingly, the average height gain of
ΔG = −1.66 dB indicates that the antenna from the lower
balcony has, on average, the stronger signal. Further analysis
shows that the averaging was dominated by one position (#6 at
ΔG(i) = −13 dB), indicating strong scatters (reflections) from
the lower balcony, not seen from the upper balcony. The red plot
shows the CDF of the absolute gain difference—the difference
between the strongest and weakest antenna due to diversity. It
varies between 1 and 11 dB, with mean Gdiff = 3.78 dB. The
DG would be 1.89 dB in this case. The average absolute total
gain difference GTotal = abs[(PGh1(i) − PGh2(i))] = 3.1 dB
includes both diversity and height gain effects. Half of this value
gives the combined height and diversity gain (DHG) of 1.55 dB.

Interestingly, had the dominating position (#6) been dis-
counted, the average height gain (ΔG) would move to 0.61 dB.
Similarly the DG would be 0.5 dB and the DHG would be
0.56 dB. The low values indicate little improvement using height
diversity for the OS scenario. This is contrary to the results of
[17], which showed a height gain of almost 3 dB over the same
height range.

2) XPD in UMi SC: The XPD is defined as the ratio between
the cross-polar component (H to V) to the copolar component
(V to V). The CDF of XPD [see Fig. 10(a)] implies that the
isolation between the H and V components holds up well in
these NLOS conditions despite multiple reflections. The me-
dian values indicate 10.1 dB XPD for “peak” and 11.6 dB for
“omni.” The respective average values are 11.7 and 12.3 dB,
and the worst-case value is 5.8 dB, which can enhance diversity
and multiple-input–multiple-output (MIMO) performance. (The
channel dominates the depolarization since the antenna XPD
was measured at 27 dB.) On a “peak” basis, XPD deteriorates
2.5 dB for every decade dB increase in path loss [over the
measurement range, Fig. 10(b)]. However, on an “omni” basis,
as used by channel models, there appears to be zero correlation

Fig. 10. (a) CDF of XPD in UMi SC. (b) XPD versus PG.

with path loss. This supports the use of a fixed offset term in
channel models rather than varying the PLE (α) to accommodate
for XPD effects [25].

IV. CONCLUSION

UMi NLOS measurements are performed in OS and SC. The
parameters extracted by the reconstructed omnidirectional mea-
surements closely match with the path-loss parameters specified
in the 3GPP standard. The AB model has the lowest bestfit RMS
error, but requires a large number of points to get consistentα and
β values. Of the predefined models, the CI-NYU outperforms
AB-3GPP having up to 1 dB reduced σ values. However, for SC,
the measured σ values are generally ∼1 dB higher than the 3GPP
specification. We use measurements from two antenna heights to
isolate height gain and diversity gain contributions. The negative
average height gain in UMi OS indicated the stronger signal from
the lower height transmitter. However, omitting one dominant
position (#6), the height gain was marginal as was the diversity
gain (0.5 dB). Height diversity appears to be ineffective on these
measurements, which is contrary to [17].

The scattering loss into CBD side streets was measured at
18 dB for “just around the corner” rising to 31 dB ∼100 m down
the side street. Narrower streets have higher losses. Although it
should be possible to place microcells at every major junction
(every 200 m) and get a reasonable signal penetration into side
alleys, the signal in the side alley often has reduced directional
diversity (comes from one direction only) making reception
sensitive to body shadowing effects. No such problem exists
in the LOS streets where back and side scattered signals remain
strong. The median XPD measured in the CBD was 11.6 dB,
dropping to 5.8 dB at the weakest signal location. XPD drops
with path loss on a “peak” basis, but appeared uncorrelated on
an “omni” basis.
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Chapter 8

Millimetre Wave Propagation Reverse

Measurements for 5G Urban Micro

Scenario

8.1 Overview

In Chapter 7, we presented mmWave channel characterization for UMi scenarios. High

gain directive antennas are likely to be used in the next generation of mobile systems.

These antennas have the potential to increase the spectral efficiency through MIMO

processing, provided the channel is sufficiently compliant. Similarly, beamforming

schemes work better if the base station can resolve users with sufficient angular sep-

aration. A double-directional channel gives both the path loss as well as angle of arrival

and departure information. In this Chapter, we present double directional experimental
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measurements for a UMi OS scenario. This study provides an insight into the MIMO

and beamforming performance of mmWaves in this scenario.

We show that multiple AoD’s from the UE can have a single AoA at the BS indicat-

ing a potential limitation on the number of usable MIMO streams (rank reduction) (see

eq. 1.12) [38].

8.2 Publication

This paper has been published in IEEE Vehicular Technology (VTC) Conference 2019.
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Chapter 9

Slant-Path Building Entry Loss at 24

Ghz

9.1 Overview

In Chapters 7 and 8, we presented the single and double-directional propagation charac-

teristics of mmWaves in UMi scenarios. Millimetre waves are subject to higher attenu-

ation due to scattering, diffraction and building penetration. In this chapter, we provide

mmWave propagation channel measurements in an outdoor to indoor (O2I) environment

where the outdoor station is a high altitude platform (such as from satellite, balloons,

drones). Sometimes it is desirable to minimise transmission loss to inside the building,

and sometimes it is required to maximise transmission loss, depending on whether the

signals are desired or interference. The latter occurs when signals emanating from in-

side the building interfere with a satellite’s uplink. An example being Australia’s NBN
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satellite uplink (28.5 GHz to 29.1 GHz) which co-exists with some of the proposed

mmWave 5G spectra.

The initial path loss measurements were taken using the high gain narrow beam (±5°)

antenna. It was found that the limited vertical scan (-20°to +40°) did not capture all the

incoming signals from high slant angle transmissions. The measurements were then

repeated with a lower gain antenna (± 23°) with enhanced vertical capture capability

(±83°). The collected data was used to synthesise the response of an isotropic antenna

and the results were submitted to the ITU [7] for their May 2017 channel model . The

model did not include the effect of directional antennas, which was left as future work

[152].

Thus, in this chapter, we present building entry loss results featuring mmWaves,

elevation slant paths, building depths, directional antennas and isotropic antennas with

full spherical scanning. This study provides an insight into

• the effect of beamforming on desired signals from HAPs

• the effect of beamforming on satellite co-existing uplink channels

• the effect of terminal depth on BEL (from the exposed outside wall)

We show that, compared to isotropic antennas, beamforming increases the desired

HAP signal, while it also decreases interference into the satellite uplink.
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9.2 Publication

The following article has been published in IEEE Access.
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ABSTRACT Results from an outdoor to indoor (O2I) measurement campaign emulating the satellite to
indoor propagation channel at millimetre wave frequencies are presented in this paper. A link between a
transmitter at a high altitude and a receiver placed at several locations on different floors of a building
provided different slant path angles from the transmitter. The indoor receiver uses directional antennas
with full spherical scanning capability which allows the measurement of signal strength as a function of
antenna pointing direction, thus providing localized angle of arrival (AoA) information. Two directional
horn antennas with different beamwidths are used for the indoor receiver. This allows the modelling of
equipment incorporating adaptive beamforming. We synthesise the isotropic (0 dBi) antenna performance to
enable comparison with the recent ITU (International Telecommunications Union) model. We observed that
the mean building entry loss (BEL) increases by 0.43 dB per degree of slant elevation angle, almost twice the
ITU recommendation. The signal decay with distance into the building had path loss slopes varying between
1.9 dB/m for a slant angle of 34◦ and 3.4 dB/m for a slant angle of 51◦. We show that high gain narrow
beam antennas outperform lower gain wider beamwidth antennas for reception (signal maximisation), but
the performance improvement is significantly less than the gain difference between the two antennas. In terms
of coexistence (interference minimisation), random alignment of the beam direction modestly enhances
building entry loss (≈6 dB to 9 dB) which, after a certain limit, changes little with antenna gain.

INDEX TERMS Beamforming, building entry loss, indoor coverage, millimeter wave, penetration loss,
satellite co-existence, slant angle.

I. INTRODUCTION
Millimetre waves (mmWave) enable an order of magnitude
increase in bandwidth to greater than 1 GHz, but are sub-
ject to higher attenuation due to number of factors such as
scattering, diffraction and building penetration. High Alti-
tude Platforms (HAPs) want good indoor coverage whereas
satellites want to restrict indoor coverage due to potential
interference from mobile terminals into the satellite uplink
channels. Building Entry Loss (BEL) is a parameter which
determines the additional loss beyond that expected from just
outside the building structure [1]. BEL measurements have
been reported for frequencies below 6 GHz [2]–[6] but less
have been reported for frequencies above 6 GHz [2], [7], [8].
A compilation of empirical data on BEL from different
authors in different countries is available in [2], but only

The associate editor coordinating the review of this manuscript and

approving it for publication was Chow-Yen-Desmond Sim .

three out of the thirteen compiled mmWave measurements
included slant angle of arrivals (one of which is a sub-set of
themeasurements presented here). Standardizedmodels from
organisations such as Third Generation Partnership Project
(3GPP) provide only 0 dBi isotropic path loss characteris-
tics as functions of distance and frequency [9]. However,
directional beamforming is normally required for reliable
mmWave links, therefore the isotropic characteristics may
be less informative for the design and evaluation of systems
employing directional antennas (or beamforming). Authors
in [10]–[12] investigated the effect of antenna beamwidth on
the BEL at 28, 32 and 38 GHz and found BEL increases as
the beamwidth narrows. However, these were based on trans-
mitter (Tx) and receiver (Rx) antennas at the same height.
A ray tracing study has been done to study the BEL for
a single slant path in [13]. To the best of our knowledge,
there are very few reported BEL measurements that include
mmWaves, directional antennas, slant path and full spherical
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FIGURE 1. Building E from the Tx site on building G.

scanning over all azimuth and elevation angles (0◦ > φ >

360◦,−90◦ > θ > +90◦).
For frequencies below 6 GHz, the ITU-R Report

M.2135 [14] reported a linear increase in path loss with
internal distance, d , from the illuminated external wall, with
a path loss slope of m = 0.5 dB/m. Authors in [7] studied
the variation of BEL with in-building depth for 24 to 31 GHz
and indicated that the increase in the path loss with internal
distance at these frequencies could be higher than the m ∗ d
suggested by the ITU-R Report M.2135. Other researchers
measured m values between 0.2 dB/m and 1.0 dB/m for
upward looking (i.e. transmitter on the ground) elevation
angles between 0◦ to 30◦ [15], indicating a large variability
when operating at mmWave frequencies. Here we report
measurements for downward looking (elevated transmitter
see Fig.1) slant angles (ψ) of over 30◦ and show even greater
m values.
Recently a model for BEL has been developed by ITU for

frequencies up to 100 GHz given by a combination of two
log-normal distributions, based upon the frequency and the
slant angle as:

LBE (P) = 10 log(100.1A(P) + 100.1B(P) + 100.1C ) dB (1)

where LBE (P) is the BEL not exceeded for probability P, and
other variables defined as in the Appendix [16], [17]. The
model specifies isotropic antennas, has a single median loss
term and is not a function of d ; the depth into the building
being incorporated into the distribution itself. We compare
our mmWave BEL measurements with this model.
We present results from a measurement campaign on

slant-path building entry loss in the K/Ka bands around
24 GHz. We calibrated out the errors wherever possible, but
some were out of our control such as human movement and
small changes in environment between the two receive horn
antenna measurement campaigns. Previous experience has
shown that these differences average out in terms of macro
parameters which are based on many measurements.
The signal received from a high rooftop transmitter into

different floors of an adjacent building was used to determine
path loss variation with slant angle, ψ . This enables the
assessment of a) the unwanted signal leakage from trans-
mitters within a building into a satellite’s uplink channel for
co-existence purposes and b) the desired signal in-building
coverage from a high altitude platform (HAP) such as a drone

or a balloon. The two use cases are identical when isotropic
antennas are used for the indoor unit, but this changes when
directional antennas are used. Indoor units employing adap-
tive antennas will adjust differently depending on whether the
incoming signal is desired or not. Phase array antennas will
be incorporated into future 5G user equipment to overcome
increase path loss at mmWave frequencies. Thus, it is neces-
sary to study how adaptive beamforming affects the building
entry loss. We derive from our measurements the behaviour
of a phase array antenna having the same beamwidths (gains)
of our horn. Measurements were performed using two horn
antennas of gain 9.6 dBi and 23.5 dBi from the same locations
to identify how gain affects the results. The two antennas
broadly model what can be expected from a user equip-
ment (UE) with a 4 patch array (6 dB array factor + 5 dBi
patch= 11 dBi) (approximately similar to 9.6 dBi gain horn)
or a customer premises equipment (CPE) with a 64 patch
array (18 dB array factor + 5 dBi patch = 23 dBi) (approx-
imately similar to 23.5 dBi horn). In addition, we synthesise
the isotropic antenna performance on which most channel
models are based [16].

II. MEASUREMENT APPROACH
The measurement campaign was undertaken on the campus
of Victoria University in Melbourne, Australia. The target
building comprised of steel-reinforced concrete for structure
and floors, with double-brick infill for external walls and
a mix of double-brick and stud-and-plaster internal walls,
topped by a near-flat zinc-coated ribbed-steel roof. The win-
dows are single-glazed and set into aluminium frames. The
lower 25% of the windows are reinforced with internal wire
mesh. The general structural situation of building E under test
is shown in Fig. 1, including the two transmitting antennas
(Tx2 shown only) on top of building G. The building can
generally be considered as ‘traditional masonry construction’
with minimal thermal efficiency measures.
The transmit horn antennas illuminated two of the target

building’s tower sections and were down-tilted and adjusted
for bore-sight illumination of the particular target floor
(Fig. 2). Each floor provides a certain slant-angle of inci-
dence. Both antennas transmitted a 24 GHz continuous-wave
(CW) signal. A small frequency offset of 2 MHz between
the two trransmitted signals was used to identify each
transmission.
The ‘mobile’ receiver (Rx) consisted of a calibrated stan-

dard horn antenna, placed on a rotating table, fed into a
swept-frequency spectrum analyser; thus allowing concurrent
measurements of the two slightly offset transmitted frequen-
cies. The first set of slant path measurements was taken
with the narrow half power beamwidth (HPBW) antenna
(±5◦, 23.5 dBi gain, here termed as ‘narrow beam’ (NB)).
The azimuth (φ) coverage was in 7◦steps over 360◦, but the
antenna size mechanically restricted the vertical coverage (θ)
to seven steps of 10◦, covering elevations between -25◦ to
+45◦ [19], which in normal circumstances is more than
enough to capture all receivedmultipaths [13], [20]. However,
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FIGURE 2. Receiver locations at level 2 of target building E. We replicate
the positions on each floor as far as practically possible. Red and blue
lines show the location within the HPBW of the transmit antenna.
Receiver locations at level 1 in [18].

FIGURE 3. Modified receiver with 9.6 dBi antenna.

since we are dealing with signals from high altitude plat-
forms, some multipaths could be missed. The measurements
were repeated from the same locations with a smaller, but less
directive antenna of ±23◦ HPBW (9.6 dBi, here termed as
‘wide beam’ (WB)), enabling expanded θ coverage between
+83◦ and -83◦ from four pointing elevations of+60◦,+20◦,
−20◦, −60◦ (Fig. 3), giving close to full spherical cover-
age. In both cases the measurements are oversampled in the
azimuth angle, φ, enabling interpolation down to 1◦, but are
close to critically sampled in the elevation angle θ making
interpolation difficult.
For each orientation of the receiver horn (θ, φ), the spec-

trum analyser made 10 sweeps and recorded the average
received power over these sweeps, and this process repeated

FIGURE 4. CDF of PG(θ, φ) over all θ and φ measurement angles at
position 2.

3 times. The received power P(θ, φ) was used to obtain
the mean path gain PG(θ, φ) by removing the Tx Effective
Isotropic Radiated Power (EIRP) and the Rx antenna gain,
GRx(boresight).
As an example, Fig. 4 shows the CDF (cumulative dis-

tribution function) of the directional dependent path gain
(PG(θ, φ)) at position 2 (level 1) directly below position
20 on level 2 (Fig. 2) over all antenna pointing directions
from the NB (23.5 dBi) and the WB (9.6 dBi) antenna.
As PG(θ, φ) is based on the normalised antenna radiation
patterns (GRx(boresight) = 0 dBi) and does not include
the Rx antenna gain, the NB antenna has lower PG(θ, φ)
compared to the WB antenna, since it is capturing less signal.
The angular averaging effect of the WB antenna is evident
in the reduced null depth and reduced dynamic range of the
RHS (red) trace.
The signal level just outside the building is necessary as a

reference for the BEL calculations, and is calculated from the
free space path loss based on the 3D link distance from the
transmitter (Fig. 2). Ground level measurements were used as
a check and agreed within 0.5 dB of the calculated free space
path loss (FSPL).

III. RESULTS
For each measurement location and each antenna we
extracted the peak path gain (PGpeak ) and reconstructed the
isotropic (or omni) path gain (PGiso) from the measured
signals as follows [18], [21], [22].
For PGpeak , the path gain from the strongest direction

is taken i.e. PGpeak = max(PG(θ, φ)), where PG(θ, φ) is
the path gain measured by the Rx antenna aperture. For
PGiso, we first sampled the polar path gain pattern in angular
steps of HPBW in both azimuth and elevation, weighting
each measurement to account for the lower arc as elevation
increases and then sum i.e. PGiso =

∑ ∑
PG(θi, φj)cos(θi),

where azimuth φj = 0◦ : HPBW : 360◦ and elevation θi =
−90◦ : HPBW : 90◦. In theory, both antennas should give the
same ‘isotropic’ result for the same location, but in practice
there is some variance since the measurements were not taken
concurrently, and there was a bias due to the mechanically
constrained elevation search angles, θi particularly for the
NB antenna. Synthesis based on the WB antenna would

VOLUME 7, 2019 158527

Chapter 9 Slant-Path Building Entry Loss at 24 Ghz

126



S. Dahal et al.: Slant-Path Building Entry Loss at 24 Ghz

FIGURE 5. Isotropic BEL vs depth based on NB antenna for Tx1.

therefore give the closest isotropic approximation. Next we
discuss BEL based upon these extracted PGs.

BEL WITH ISOTROPIC ANTENNAS
Building Entry Loss (BEL) (LBE ) is the difference between
the measured PGs and the reference free space path
gain (FSPG) obtained outside the illuminated face of the
building structure [1];

LBExxx = FSPG− PGyyy (2)

Thus BEL (LBExxx ) can be ‘‘minimum’’ (LBEmin ) or
‘‘isotropic’’ (LBEiso ) or ‘‘directional’’ (LBE (θ, φ)), corre-
sponding to which path gain PGyyy is used, PGpeak , PGiso
or PG(θ, φ) respectively. BEL increases with depth into the
building and is usually modelled by a linear dB variation with
building depth (eq. 3)

LBEiso (d) [dB] = c+ m d (3)

where, d and m have been defined previously and c repre-
sents the loss through the building’s outer wall measured at
the facing wall’s internal edge (d = 0). However the odd
shape of the construction, with different angled faces and
multiple entry points (windows) at different depths into the
building made c more of an aggregate quantity. Therefore
c was obtained along with m in a minimum mean square
error (MMSE) estimate of the ‘line-of-best-fit’. We also
explored a power law variation based on the AB model [23].
In all cases, the linear model gave at least a 1 dB closer fit
than the AB model for our measurements.
Fig. 5 and Fig. 6 show the scatter plot of the isotropic

BEL (LBEiso ) with building depth into the south tower from
Tx1 for different slant angles (ψ) corresponding to each floor
level. Generally, BEL increases with increased slant angle
and this applies to both measurement antennas. As expected,
the BEL increases as the measurement locations recede
deeper inside the building and the variance increases, sug-
gesting the existence of a complex multipath environment
within the building. The ‘line of best fit’ for each floor shows
the expected steeper slope (increase in m) with increase in

FIGURE 6. Isotropic BEL vs depth based on WB antenna for Tx1.

TABLE 1. BEL parameters with WB and NB antenna for Tx1.

TABLE 2. Mean BEL with WB and NB antenna.

slant angle, ψ , which is consistent with the more vertically
orientated floor-ceiling reflections inside the building. Details
of the ‘line-of-best-fit’ with, m, c are shown in Table 1 for
Tx1 where σ is the standard deviation of the fit. Both NB and
WB antennas have a similar path loss slope, m = 3.4 dB/m
on level 1 (ψ = 51.2◦), but this decreases to m = 1.1
and 1.9 for the NB and WB antennas respectively on level 4
(ψ = 34.4◦). These figures are much higher than m =
0.5 dB/m for the M.2135 ITU model for <6 GHz [14] and
the 0.7 sinψ variation in m for frequencies up to 38 GHz
proposed by [15]. This is due to the higher slant angles under
test and the internal walls and heavy clutter within the build-
ing. The effective loss through the buildings exterior wall
(skin) c ≈ 15.3 dB as measured by the WB antenna where
as it is ≈21.5 dB as measured by the NB antenna. The latter
measurement partially reflects the reduced signal collection
from the mechanically constrained elevation angle, θ , of the
NB measurement equipment.
The current ITU recommendation for BEL does not model

the depth inside the building, relying instead on a single BEL
distribution for each slant angle (ψ) [16]. The mean of the
BEL measurements for each floor and from each transmit-
ter are tabulated in Table 2 for both ‘min’ and ‘isotropic’
measurements. The mean is taken across all contributing
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FIGURE 7. Mean Isotropic BEL (LBEiso
) vs slant angle for NB and WB

antennas for Tx1 and Tx2.

locations in the Tx antennas HPBW for each slant angle ψ ,
as illustrated by Fig. 2 for floor level 2. The different geome-
tries mean that Tx1 and Tx2 have different slant angle ψ
values for the same floor level. Fig. 7 shows how the mean
isotropic BEL (LBEiso ) values vary with ψ for each Tx. LBEiso
increases with increasing slant angle, ψ . The restricted ele-
vation coverage of the NB antenna shows up as a 1 dB to
5 dB additional path loss (compared to the WB antenna),
particularly evident when ψ is over 50◦. The abrupt increase
in BEL from Tx1 at ψ = 51.2◦ is due to tree clutter and
a low iron roof partially shading the building’s south tower
ground floor (level 1) entrance. Leaving out this point a best
fit line of all the remaining WB antenna based measurements
(solid black) has a slope of η = 0.433 dB/degree of slant
with a σ = 0.77 dB, which is a good fit. The slope is
approximately twice the steepness of the ITU’s recent model
prediction of 0.212 dB/degree (shown as a black dashed line)
for this type of building [16]. The mean BEL is closest to
the ITU prediction at low slant angles, being within 3 dB for
ψ < 37◦.
Fig. 8 compares the ITU cdf of eq. 1 with the cdf of our

isotropic BEL (LBEiso ) measurements for three slant angles
taking results from both Tx1 and Tx2 towers. It is not possible
to compare the tails of the distributions as in [10] due to the
limited number of measurements, however the average slope
is not too dissimilar to the ITU recommendation. The WB
antenna (dot-dashed line) closely aligns to the mid region of
the ITU curves for ψ = 34.4◦, but shifts to higher BEL at
increased ψ . The higher loss of the NB antenna is clearly
evident in the positive offset of the solid curves at low BEL
(cdf< 60%) when depth into the building is small. However
this is not apparent for higher BEL’s (cdf> 60%) which
would occur deeper into the building. Here, the NB and WB
lines undergo a series of crossings indicating little signal is
present outside the NB capture range (|θ | ≈> 45◦). Such
signals have been reduced by reflection losses and scattering
off internal objects converting the elevated signals into more
horizontally propagating waves.

FIGURE 8. CDF of Isotropic BEL (LBEiso
) with NB, WB and the ITU model

at different slant angles.

BEL WITH ADAPTIVE BEAMFORMING
In this section we include the effect of the receive antenna
directivity and gain, GRx , to give the realistic antenna experi-
ence (rather than reconstruct the ‘‘isotropic’’ performance as
per the previous section). This effectively removes the nor-
malisation on Fig. 4. Including the directivity of the receive
antenna is regarded as future work for the ITU standard [17].
The combined building entry loss (CBEL) measured at

the receiver antenna port, LBE,Grx , can be represented as a
combination of loss due to building entry LBE and gain due
to receiver antenna GRx i.e.

LBE,Grxxxx = LBExxx − GRx (4)

For an isotropic Rx antenna, GRx = 0 dBi and LBEiso of
Fig. 7 equals LBE,Grxiso . With isotropic antennas BEL is the
same whether it is being used to estimate the coverage from a
high altitude platform or the co-existence with a high altitude
platform. In the former the platform signal is desired, while
in the latter case the platform signal is unwanted interfer-
ence. This situation changes when adaptive beamforming is
used, as in the case for mmWaves. Although, in all cases,
the BEL is essentially the same, the effects of multiple entry
points and the internal multipath environment combined with
the antenna array pattern, gain and orientation makes for
quite different receiver experiences. CBEL uses the same
outside (0 dBi antenna) reference for comparing these dif-
ferent scenarios. When the high altitude platform forms the
desired signal, the Rx array will beamsteer to the strongest
direction, while in the co-existence case the array is focussed
on signals from another basestation and so we assume the
orientation is random with respect to the platform signal.
Then, only occasionally will the beamsteered array coincide
with the direction of max interference from the platform.
We discuss these two situations next.
The lower 4 traces of Fig. 9 show the desired signal case

when the Rx antenna is always beamformed to the direction
of the strongest signal (minimum CBEL). Then LBE,Grxmin ,
the mean of the minimum combined entry loss from just
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FIGURE 9. Mean directional CBEL (LBE,Grx (θ, φ)) and Mean minimum
CBEL (LBE,Grxmin

) vs slant angle for NB and WB antennas for Tx1 and Tx2.

outside the building to the receiver’s input port (which now
includes the Rx antenna gain), is plotted against the slant
angle, ψ . The WB antenna (blue) gives an average of≈ 7 dB
reduced CBEL than the isotropic best fit line (solid black)
which is 2.6 dB short of the antennas 9.6 dBi gain. Similarly,
comparing the NB antenna with the NB derived isotropic
gives an average of ≈ 17.5 dB less CBEL which is 6 dB
short of the 23.5 dBi gain of the antenna. The specified gain
of the antennas is not fully realised because of the complex
multiple direction of arrivals within the building [18], [24]–
[26]. In this environment the gain reduction is 26% for both
antennas. Also note that as the slant angles move from low
(ψ = 35◦) to high (ψ > 50◦) the difference between the NB
and WB antennas reduces from ≈ 7 dB to <3 dB caused by
a fall in NB antenna gain as a growing proportion of signals
from higher elevations are not being seen by the NB antenna.
The cdf for three slant angles is shown in Fig. 10. Slopes are
similar or slightly steeper than the ITU specified 0 dBi curves
and the NB antenna outperforms theWB antenna in all except
two locations, (characterised by low CBEL and a high slant
angle).
The co-existence situation with random alignment is

shown by the upper four traces in Fig. 9 (marked ‘ran’)
where the mean is taken over all the measured angles from all
locations contributing to the specified slant angle. Compared
to the bestfit isotropic line we see a≈7 dB increase in BEL for
the WB antenna and ≈9 dB for the higher gain NB antenna
(or ≈ 6 dB compared to the NB isotropic bestfit of Fig. 7).
The increased CBEL is because the directive antenna’s bore-
sight is often pointing away from the incomming signals.
Occasionally however the antenna will beamform into the
minimum CBEL direction and the occurrence of this can be
checked by the cdf of LBE,Grxmin , Fig. 11. Again we use the
ITU cdf of eq. 1 as a reference. The higher number of mea-
surement points gives a smoother curve with better rendition
of the tails. The median value of CBEL is between 35 dB and
50 dB, but the tails go as low as 10 dB as they incorporate
the wanted signal situation of Fig. 10 when the antenna is
aligned for maximum response (minimum BEL). The cdf

FIGURE 10. CDF of minimum CBEL (LBE,Grxmin
) with NB, WB and the ITU

model at different slant angles.

FIGURE 11. CDF of Directional CBEL (LBE,Grx (θ, φ)) with NB, WB and the
ITU model at different slant angles.

shows CBELs below 20 dB only occur with a probability
of 2% for the most sensitive slant angle of ψ = 34◦.

IV. CONCLUSION
Slant path BEL using directional antennas at mmWaves is
important for both coverage and coexistence studies. BEL
measurements at 24 GHz into an older style building are
presented for different slant angles and different depths into
the building, using 9.6 dBi and 23.5 dBi horn antennas for the
indoor unit. The isotropic (0 dBi) performance is synthesised
to allow comparisons to the recent ITU model. The signal
loss into the building was best modelled as a linear increase
in path loss (dB) with distance into the building. The slope
increases with slant angle up to 3.4 dB/m; higher than previ-
ous published predictions [15]. The effective loss through the
outside wall and windows was 15 dB. The variation of mean
BEL with ψ is twice that suggested by the ITU indicating a
much higher increased loss with slant angle for this building.
The higher gain, NB antenna had a limited vertical scan angle
that meant it could not see signals from above 45◦ or below
-25◦ elevations. We use this fact to identify conditions where
high elevation signals dominate, and this shows up at high
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slant pathsψ > 50◦ where the NB synthesised Isotropic BEL
increased 5 dB compared to the WB synthesised Isotropic
which had unrestricted scanning. Clearly the NB antenna
misses the majority of the signal because the internal floor to
ceiling reflections have elevation angles set by the incoming
slant. The difference between NB and WB synthesised BEL
measurements drops to ≈1 dB at ψ = 30◦. Now, both NB
and WB antennas give similar results.
Slant path BEL using beamformed antennas are not as

yet covered by the ITU. We introduce the term CBEL,
which combines BEL with the indoor antenna gain, to give
a consistent outdside reference and then present measure-
ments for two conditions, the desired signal condition and
the co-existence condition. When the HAP is the desired
signal source the CBEL is significantly reduced by beam-
forming, but not by the full antenna directivity gain as might
be expected. Scattering within the building causes multiple
AoAs which reduce the effective (dB) antenna gain by about
26% for both NB and WB antennas. In the co-existence
case beamforming actually increases the CBEL compared to
the Isotropic case, which is clearly a benefit and somewhat
counter to the supposition in [17] indicating there would be
no difference. However, the improvement is modest (in this
case 6 dB to 9 dB dependent on slant angle) and limited by
diminishing returns as the beamwidth is narrowed (1 dB to
3 dB further improvement going from WB to NB). We con-
clude that beamforming at mmWave frequencies is beneficial
for slant path building entry in both coverage enhancement
and co-existence with HAPs and satellites.

APPENDIX
The ITU parameters for building entry loss of equation (1)
are given as [16]:

A(P) = F−1(P)σ1 + µ1 (5)

B(P) = F−1(P)σ2 + µ2 (6)

C = −3.0 (7)

µ1 = Lh + Le (8)

µ2 = w+ x log(f ) (9)

σ1 = u+ v log(f ) (10)

σ2 = y+ z log(f ) (11)

(12)

where:

Lh = r + s log(f )+ t (log(f ))2 (13)

Le is the correction for slant elevation angle, ψ :

Le = 0.212 |ψ | (14)

f = frequency (GHz)
ψ = slant elevation angle (degrees)
P = probability that loss is not exceeded (0 < P < 1)
F−1(P) = inverse cumulative normal distribution

as a function of probability.

For the traditional building, the coefficients are given as: r =
12.64, s = 3.72, t = 0.96, u = 9.6, v = 2.0,w = 9.1, x =
−3.0, y = 4.5, z = −2.0
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Chapter 10

Antenna gain in a Millimetre-Wave

Multipath Environment

10.1 Overview

Chapter 9 showed the O2I performance of terminal beamforming inside a building. Mo-

bile terminals inside buildings are likely to receive many multipaths. In such a scenario,

the antenna gain is not fully utilised. In this chapter, we show the effective antenna

gain is reduced (from its specified gain) because multipaths outside the main lobe are

rejected. This study will help in planning link budgets in multipath environments.
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10.2 Publication

The following article has been published in IEEE Australian Microwave Symposium

(AMS) 2018.
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Chapter 11

Conclusion

This chapter summarizes the channel measurements performed in different scenario,

RMa, UMa, UMi and O2I, and then discusses some of the topics for future work. Mea-

surements involved either continuous wave (CW) narrowband transmissions at 24 GHz

and 39.5 GHz or wide band multi-carrier transmissions at 27.1 GHz.

11.1 Research Contributions

11.1.1 RMa

CW Measurements at 24 GHz in an open park area with many sports fields were used

to emulate a rural (RMa) environment. Some of the key findings are:

• The parameters such as path loss exponent, angle of arrival (AoA) spread closely

aligned with parameters of the pre 2016 RMa path loss model in R1-163909 [53].
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As a result of this work, the 3GPP RMa path loss model in R1-163909 [53] was

extended from 7 GHz to to 30 GHz as described in TS 38.9 version 14.1.0 [100] .

• Tree foliage measured through the crown of a eucalyptus tree can cause up to 20

dB attenuation.

11.1.2 UMa

UMa measurements were performed at 27.1 GHz in NLOS Light and NLOS Dense

scenarios. Some of the key findings were:

• The ’Alpha-Beta (AB)’ model having two degrees of freedom (PLE α and in-

tercept β) had a lower bestfit RMS error (σ) compared to the ‘close-in reference

distance (CI)’ model (with only one degree of freedom (α)). However the CI

model was more stable when there was a limited number of measurement points.

• With “omni” measurements, AB-3GPP outperformed CI-NYU in the more sub-

urban (or light) setting while the CI-NYU preferred the more dense environments.

The CI model performed particularly well when the coverage area included zones

with vastly different parameter sets (street widths, building heights)

11.1.3 UMi

UMi measurements were categorized into two different scenarios, UMi Open Square

(OS) and UMi Street Canyon (SC). We performed forward measurements (BS to MS)

with two different antenna heights in OS and two different polarisations in SC scenario.
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Additionally, reverse measurements (MS to BS) were performed in OS scenario. Some

of the key findings were:

• For OS and SC, the CI α parameter extracted from the synthesised omnidirec-

tional measurements matched those from the CI-NYU model within 3%. The

shadow fading σ parameter was within limits for OS, but 0.7 dB higher in SC.

• The height gain was marginal and slightly negative. Increasing BS height appears

to be ineffective in these conditions, contrary to [128] which obtained a 3 dB

power boost over a similar 4 m height increase. Generally the lower antenna

would encounter more ground clutter but, as shown here, it can experiences less

tree clutter by avoiding (getting below) the leaf canopy. These effects nullify each

other.

• The scattering loss into SC side streets was measured at 18 dB for “just around

the corner” rising to 31 dB ∼ 100 m down the side street.

• The signal in the side alley often has reduced directional diversity (comes from

one direction only) making hand-held reception sensitive to body shadowing ef-

fects.

• The mean XPD measured in the UMi SC was 12.3 dB, dropping to 5.8 dB at the

weakest signal location.

• XPD drops with path loss on a “peak” basis, but appeared uncorrelated on an

“omni” basis. The latter implies existing co-polar channel models can be used for

predicting cross-polar signal strengths, just by adding an additional 12.3 dB path

loss.
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Reverse measurements were conducted in an OS UMi environment to see the corre-

spondence between the UE AoDs and BS AoAs.

• Multiple Angles of Departure (AoD) from a given UE position often result in few

(often just one) Angles of Arrival (AoA) at the BS.

• Multiple UE positions have signals arriving at few (often just one) Angles of

Arrival (AoA) at the BS. The channelling effect of streets and scattering from the

same object appear to be dominant mechanisms in NLOS situations.

• The reduced number of resolvable paths imply limited performance in MIMO and

beamforming applications.

11.1.4 O2I

BEL measurements at 24 GHz into a ’traditional’ building were presented for different

slant angles and different depths into the building, using 9.6 dBi (WB) and 23.5 dBi

(NB) horn antennas for the indoor unit. Some of the key findings were:

• The signal loss into the building was best modelled as a linear increase in path

loss (dB) with distance into the building from the exposed face. The path loss

slope increased with slant angle up to 3.4 dB/m (@slant of 51.2°) ; higher than

the (0.7 sin(ψ)) dB/m proposed by [153].

• The effective loss through the outside wall and windows was 15 dB ±2 dB.

• The variation of mean BEL with slant angle ψ was twice that suggested by the

ITU, indicating a much higher increased loss with slant angle for this building.
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• Beamforming at mmWave frequencies is beneficial for slant path building entry in

both coverage enhancement and co-existence with high altitude platforms (HAPs)

and satellites.

• Measurements using a 9.6 dBi horn antenna showed an effective gain of 5.7 dBi,

a loss of 3.87 dB due to the multipath nature of the indoor environment.

11.2 Future Work

Some ideas for future work are:

• A number of reseearchers have reported on path loss through trees, however few

researchers have considered back-scattering from trees. A study into scattering

from trees and vegetation would therefore be useful.

• MmWaves have been considered for wireless fixed access as low cost alterna-

tive to optical fibre for internet to the home. Fixed access measurements would

identify feasibility in terms of coverage and link quality.

• Reverse measurements were only performed for UMi. Other scenarios should be

considered.

• Path Loss and AoA data have been obtained for many scenarios. How this relates

to terminal performance is not clear. A study, using the existing measurement

data to predict performance of hand held antennas in different environments is

required.
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