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Abstract

Deployable emergency communication systems are a backbone solution for replacing dam-

aged network infrastructures and/or providing high-end services in case of an emergency

event. It is important that such systems are up-to-date with the latest mobile network tech-

nology, for enabling connectivity to users and profiting from its enhanced capabilities. The

advent of 5G promises higher data rates, lower latencies, and improved quality of services

when compared to previous generations. To achieve that, mm-Waves have been identified as

a key element due to the wide available spectrum. The implementation of deployable emer-

gency communication systems compatible with 5G mm-Waves technologies, thus benefiting

from its prospective advantages, is of great interest. This thesis focuses on 5G mm-Waves

antenna design for this kind of application. The high network capacity demand, the unfavor-

able channel conditions at mm-Waves, and the still underdeveloped related radio frequency

(RF) technology define a group of challenging requirements on the antenna design. While

directive antennas are required to mitigate the attenuation with distance at these bands,

omnidirectional coverage still needs to be provided. In addition, wide bandwidth operation,

high efficiency, and low cost and power consumption are desired. In this context, anten-

nas with multibeam forming capabilities have been widely acknowledged as a key enabling

technology to support 5G wireless communications, representing an attractive solution to

provide omnidirectional coverage while supporting Multiple Input Multiple Output (MIMO)

techniques.

In this thesis, the design and implementation of a broadband efficient multibeam antenna for

a portable picocell station are investigated. The picocell scenario in the context of emergency

communications is studied and the antenna link budget is calculated considering mm-Waves

propagation properties and available information on the upcoming standard. This leads to

the definition of the design requirements and a preliminary antenna architecture that consists

of an MxN sectorial antenna fed by a hybrid beamforming network (HBFN). This architecture

is a promising approach for making multibeam antennas cost- and energy-efficient accord-

ing to the latest research. The synthesis of the HBFN was realized considering the design

constraints in elevation and azimuth such that the subarray, fed by an analog beamforming

network, provides a csc2 pattern shape in elevation while M subarrays are controlled by a

digital beamforming network to generate multiple orthogonal beams in azimuth. The antenna

subarray was designed, fabricated, and measured. Based on this, a study of the antenna array
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beamsteering capabilities in azimuth was carried out. After investigating the main parameters

involved in improving its performance, the subarray design was optimized accordingly. The

proposed antenna consists in a 12x6 array that works at 26 GHz with an impedance bandwidth

higher than 12%. The radiation pattern shape in elevation is preserved over 7.3% of bandwidth.

The antenna gain is superior to 10 dBi along the band of interest with a maximum value of

15 dBi. Simulated and measured results were compared, and the antenna beamsteering perfor-

mance was tested for different sets of constraints indicating promising capabilities for a wide

range of deployment scenarios. The proposed and validated design meets the requirements of

the targeted applications on a practical low-profile implementation.

Key words: subarray, mm-Waves antennas, suspended strip line (SSL), feeding network, beam-

forming, cosecant squared pattern, multibeam antenna (MBA), antenna synthesis, picocell
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Résumé

Les systèmes de communication d’urgence déployables sont une solution fondamentale

pour remplacer les infrastructures réseau endommagées et / ou fournir des services de qualité

en cas d’urgence. Il est important que ces systèmes soient à jour par rapport à la dernière

technologie de réseau mobile pour permettre la connectivité aux utilisateurs et profiter de

ses capacités améliorées. L’avènement de la 5G promet des débits de données plus élevés,

des latences plus faibles et une qualité de services améliorée par rapport aux générations

précédentes. Pour y parvenir, les ondes millimétriques (mmWave) ont été identifiées comme

un élément clé en raison du large spectre disponible. La mise en œuvre de systèmes de

communication d’urgence déployables compatibles avec les technologies 5G mmWave béné-

ficie ainsi de ses avantages prospectifs et est d’un grand intérêt. Cette thèse se concentre

sur la conception d’antennes 5G mmWave pour ce type d’applications. La demande de ca-

pacité de réseau élevée, les conditions de canal défavorables pour le spectre de mmWave et

la technologie RF associée encore sous-développée définissent des défis à lever en matière

de conception d’antenne. Bien que les antennes directives soient nécessaires pour réduire

l’atténuation avec la distance dans ces bandes, une couverture omnidirectionnelle doit être

fournie. De plus, un fonctionnement à large bande passante, un rendement élevé, un faible

coût et une faible consommation d’énergie sont fortement souhaités. Dans ce contexte, les an-

tennes dotées de capacités de formation multifaisceaux ont été largement reconnues comme

une technologie clé permettant de prendre en charge les communications sans fil 5G, ce

qui représente une solution intéressante pour fournir une couverture omnidirectionnelle

tout en prenant en charge les techniques MIMO (Multiple Input Multiple Output – entrées

multiples, sorties multiples). Cette thèse aborde la conception et la mise en œuvre d’une

antenne multifaisceaux efficace à large bande pour une station pico-cellulaire portable. Le

scénario pico-cellulaire dans le contexte des communications d’urgence est étudié et le bilan

de liaison d’antenne est calculé en tenant compte des propriétés de propagation des ondes

mm et des informations disponibles sur les normes en cours de développement. Cela conduit

à la définition des contraintes de conception et à une architecture d’antenne préliminaire

qui consiste en une antenne MxN alimentée par un réseau hybride de formation de fais-

ceaux (HBFN). Cette architecture est une approche prometteuse pour rendre les antennes

multifaisceaux économiques et éco-énergétiques selon l’état de l’art. La synthèse du HBFN

a été réalisée en tenant compte des contraintes de conception en élévation et azimut telles
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que le sous-réseau (alimenté par un réseau de formation de faisceau analogique) fournit

un diagramme csc2 en élévation tandis que M sous-réseaux sont contrôlés par un réseau de

formation de faisceau numérique pour générer plusieurs faisceaux orthogonaux en azimut.

Le sous-réseau d’antenne a été conçu, fabriqué et mesuré. Puis, une étude des capacités de

pointage du faisceau du réseau d’antennes en azimut a été réalisée. Après avoir étudié les

principaux paramètres impliqués dans l’amélioration des performances de rayonnement, le

sous-réseau a été optimisé. L’antenne proposée consiste en un réseau 12×6 fonctionnant à

26 GHz avec une largeur de bande d’impédance supérieure à 12%. La forme du diagramme de

rayonnement en élévation est préservée sur 7,3% de la bande passante. Le gain d’antenne est

supérieur à 10 dBi dans la bande d’intérêt avec une valeur maximale de 15 dBi. Les résultats

simulés et mesurés ont été comparés et les performances de direction du faisceau de l’antenne

ont été testées pour différents ensembles de contraintes indiquant des capacités prometteuses

pour un large éventail de scénarios de déploiement. L’antenne proposée et validée dans cette

thèse répond aux exigences des applications ciblées sur une mise en œuvre ad hoc et à profil

bas.
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1 Introduction

1.1 Brief overview of mobile network generations

The development of mobile communications has experienced exponential growth during

the last decades. A brief look at the past can better depict that from 1G to 4G, the beginning

of each generation has been driven by an accumulation of requirements that the preceding

generations were unable to fulfill. Additionally, new technologies and applications have

shaped the rise of each mobile generation building up the current mobile communications

(see Table 1.1).

Table 1.1 – Evolution of mobile generations [1]–[3]

Generation Services Enabling technologies Limitations

1G
Analog radio

transmission technology

• Cellular concept
• Mobility
• TDMA

• Security (Eavesdropping)
• Poor spectral efficiency
• Incompatibility
• Increasing demand of
customers

2G
Digital radio transmission

technology (phone calls
and messaging services)

• Hierarchical cell structures
(macrocells and small cells)
• Ciphering of data
• CDMA
• FDD

• Limited data rates
• Difficulty to enable data
browsing,email and fax access

3G

Digital transmission
technology (phone call,

messaging, data,
multimedia and global

roaming services)

• WCDMA
• HSUPA/HSDPA
• EVDO
• TDD
• Higher order modulations
(QPSK, QAM)
• MIMO

• Power hungry and costly
network infrastructure

4G
IP services (voice, data,

multimedia)

• OFDMA/SC-FDMA
• Higher order MIMO
• Carrier aggregation (CA)
• Coordinated multipoint (CoMP)

• Unable to support the
increasing traffic demand
and applications within IoT
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Chapter 1 Introduction

1.2 Current state of mobile communications

Nowadays mobile networks are placed in a range of the microwave spectrum that goes from

700 MHz to 2690 MHz. The current distribution is shown in Figure 1.1, where the highest

bandwidth does not exceed 200 MHz [4]. The heterogeneous character of the network in terms

of technologies is also appreciable, as it covers a considerable variety of techniques among the

different mobile generations.

Figure 1.1 – Current 2G, 3G, 4G and LTE-A spectrum allocations [4]

This means that many different frequency bands with different behaviors in terms of propaga-

tion, cell sizes, signal processing, and bandwidths coexist in the current mobile generation.

This, in a way, has been due to the growing mobile technology and also to the reuse of the

current infrastructure when a new generation appears. The significant growth of traffic in

mobile communications, the increased bandwidth and data rates demanded by the emerging

devices (e.g., smartphones, tablets, laptops) and applications (e.g. augmented reality, Internet

of Things (IoT) and Machine-to-Machine Communications (M2M) have drawn the attention

of the telecommunication industry worldwide. For example, Cisco anticipates that the overall

mobile data traffic is expected to grow to 77 exabytes per month by 2022, nearly 46 percent

increase compared to 2017 [5]. The major problem is that the current technologies (3G, 4G)

cannot fulfill the increasing demand. The first attempts to overcome those limitations were

focused on reusing and efficiently sharing the microwave spectrum, with techniques as spec-

trum reallocation and cognitive radio [6]. However, in addition to the cost and complexity of

the implementation of these techniques, their narrow bandwidths prevent their scalability

[7]. In 2012, 3GPP (3rd Generation Partnership Project) started standardization of technolo-

gies referred to as LTE-B (evolution of LTE/LTE-A). This solution proposes the use of higher

frequency bands in various deployments for both indoor and outdoor small cells [8]. This

idea emerged as the suitable answer to develop what will be the 5th Generation of mobile

2



Introduction Chapter 1

technologies, a new era in mobile communications.

1.3 General introduction to the 5G mobile network generation

This section summarizes the main requirements, key enabling concepts, and technologies

linked to 5G. The key enabling technologies have been grouped according to their effect in the

5G mobile network architecture, and PHY and MAC layers.

1.3.1 Requirements

Aiming to meet the desired network capacity, both, industry and academic researchers have

defined a group of requirements for 5G systems [9], [10]:

Data rate

The data rate for a user in a real network environment is expected to be 1 Gbps and in the

best case scenario have a peak value higher than 10 Gbps. These figures are around 10x

the data rate values in current 4G networks. Additionally, at the cell edge, where the user is

equally distant from multiple base stations, 0.1 Gbps to 1 Gbps data rates are required. This is

about 100x improvement with respect to 4G networks. The aggregate data rate (also known as

area capacity) is a network indicator that refers to the available bandwidth per unit area. An

increment of 1000x compared to 4G has been specified.

Latency

The round trip latency is defined as the time it takes to send a signal and receive acknowl-

edgement at the transmitter. This parameter is currently around 10 ms in 4G systems and the

general consensus is that this quantity will need to decrease 10x, leading to a 5G networks

latency of 1ms.

Connection density

5G will need to enable 10 000 or more connected devices (10-100x higher than 4G) to support

the M2M services and IoT, apart from the expected mobile user density.

Energy and cost efficiency

The transition to 5G should be economically and ecologically sustainable. Considering that

the per-link data rates are expected to increase 10-100x, is necessary that the consumed power

and cost per bit is at least 100-10x reduced.

Table 1.2 summarizes the specific technical requirements for 5G proposed in [11].

3
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Table 1.2 – Technical requirements for 5G proposed in [11]

Metric Requirement Comments

Peak Data Rate
DL: 20 Gb/s
UL: 10 Gb/s

Single eMBB mobile in ideal scenarios
assuming all resources utilized

Peak Spectral Efficiency
DL: 30b/s/Hz
UL: 15 b/s/Hz

Single eMBB mobile in ideal scenarios
assuming all resources utilized

User Experienced Data Rate
DL: 100 Mb/s
UL: 50 Mb/s

5% CDF of the eMBB
user throughput

Area Traffic Capacity
Indoor hotspot

DL: 10 Mb/s/m2 eMBB

User Plane Latency
eMBB: 4ms

URLLC: 1ms
Single user for small IP packets,

for both DL and UL (eMBB and URLLC)

Control Plane Latency
20ms (encouraged to

consider 10ms)
Transition from Idle

to active (eMBB and URLLC)

Connection Density
1M devices
per km22

For mMTC

Reliability
99.9999 %

success prob.
32 L2 bytes within

1ms at cell edge

Bandwidth
> 100 MHz;
up to 1GHz
in > 6 GHz

Carrier aggregation
allowed

1.3.2 Key enabling concepts

In 1997 Martin Cooper made an observation, claiming that “The wireless capacity has doubled

every 30 months over the last 104 years”, which translates into approximately a million-

fold increase since 1975 (see Figure 1.2). The technological approaches that contribute to

overcoming such increment of the wireless network capacity were also added, together with

their effect in such increment (see Table 1.3).

Figure 1.2 – Cooper’s law of spectral efficiency [12]

It has been later specified that, at some point, further densification will no longer be able

to provide exponentially increasing data rates (see [13] for more details). The technological

approaches specified in Table 1.3 can be organized in three key enabling concepts:
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Table 1.3 – Technological approaches and their contribution to the mobile network capacity
according to [12]

Technological approaches Increase figure
Reduced cell sizes and transmit distance 1600 times

Wider spectrum 25 times
Better modulation schemes

and higher frequency division
10 times

(A) Network densification.

(B) Increasing bandwidth.

(C) Increasing spectral efficiency.

The main enabling technologies proposed to meet the 5G requirements are commonly based

on developing and efficiently combining such concepts. Due to their relevance during the rest

of the section, they will be described before addressing each specific enabling technology.

A) Network densification. Small cells

Small cells are low-power wireless access points that operate in licensed, shared or unli-

censed spectrum and cover a range of 10 meters to a few kilometers. They are deployed at

indoor and outdoor environments, such as homes, enterprises, urban and rural public spaces.

Currently, small cells come in a variety of coverage profiles (increasing in size from femto-

cells to micro/metro cells) and transmission power characteristics. In the release 15 from

3GPP including the new radio (NR) specifications for 5G, small base stations are classified as:

Medium-Range Base Station intended for microcell scenarios and Local Area Base Stations

intended for picocell scenarios. Some of their parameters are summarized in Table :

Table 1.4 – Small base stations parameters given in 3GPP Release 15 [11]

Medium Range BS
(microcells)

Local Area BS
(picocells)

BS-UE minimum distance
from the ground

5m 2m

BS-UE minimum coupling loss 53 dB 45 dB
Base station output power* É 38 dBm É 24 dBm

*This power is defined per antenna and carrier

On the other side, femtocells are low-power small cells with reduced upfront cost to the service

provider compared to other small cells deployments [14]. In LTE-A, they are typically installed

in indoor environments, covering a few tens meters and operating in bands below 6 GHz.

Recently, they have been proposed to be used in outdoor scenarios for offloading mobile

macrocells in densely populated areas and public transportation vehicles [15]. They have

been proposed in [13] to work jointly with Wi-Fi as complementary technologies for taking
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advantage of both forms of connectivity while enhancing the data throughput and network

reliability.

The benefits of shrinking the cell size are the efficient spatial reuse of spectrum and the

reduction in the number of users competing from the same cell resources. However, some

challenges arise with such densification:

• Preserving the base station densification gains (effective increase in data rate relative to

the increase in network density).

• Coordinating and properly distributing such heterogeneous radio resources.

• Affording expensive network infrastructure (installation, maintenance, and backhaul).

B) Increasing bandwidth. mm-Waves spectrum

Until recently, the vast spectrum range in mm-Waves (20 GHz - 300 GHz) has remained barely

occupied (military, radar, and backhaul applications) due to its limited propagation charac-

teristics (high attenuation with distance, high sensitivity to blockage, and high atmospheric

absorption – compared to microwaves–). This has also had a negative effect in the develop-

ment of the RF technologies at mm-Waves, where especially the semiconductors and ADC

and DAC converters are still costly and power demanding [16]. However, using the mm-Waves

spectrum has been presented as one of the main solutions to address the required traffic

capacity and data rates figures in 5G. This constitutes a paradigm shift in the new mobile

generation, bringing a manifold of challenging tasks on the study of the mm-Waves propagat-

ing media and the development of the required infrastructure and technologies to properly

take advantage of the attractive idle spectrum above 6 GHz. The considered bands for 5G

are usually divided into two categories, below and above 6 GHz (see Table 1.5). Most of the

bands below 6 GHz overlap with LTE to allow dual connectivity I. Above 6 GHz, bands up to

40 GHz have been proposed in the release 15 from 3GPP [17]. The frequency range between

24.25-29.5 GHz is being actively studied, however the considered bands are different in various

regions (see Figure 1.3) [17].

Pathloss

Considering the Friis formula for free space (Equation 1.1) and the relation between the

antenna gain and its effective aperture (Equation 1.2); as the frequency increases, the pathloss

remains unchanged if the antenna aperture at one end of the link is kept constant.

Pr

Pt
=

(
λ

4πR

)2

GtGr (1.1)

IUsers can receive data simultaneously from different nodes in a heterogeneous network
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Table 1.5 – NR Operating bands [17]

NR operating band

Uplink (UL) and Downlink (DL)
operating band

BS transmit/receive
UE transmit/receive
FU Llow – FU Lhi g h

F DLlow – F DLhi g h

Duplex
Mode

n77 3.3 GHz – 4.2GHz TDD
n78 3.3 GHz – 3.8GHz TDD
n79 4.4 GHz – 5.0 GHz TDD

n257 26.5 GHz – 29.5 GHz TDD
n258 24.25 GHz – 27.5 GHz TDD
n260 37.0 GHz – 40.0 GHz TDD
n261 27.5 GHz – 28.35 GHz TDD

Figure 1.3 – Spectrum of interest for bands n257 and n258 in various locations [17]

G =
4πAe

λ2 (1.2)

with Ae related to the physical area Ap through the aperture efficiency e AP , Ae = e AP Ap

Maintaining the antenna aperture as the frequency increases is possible by using antenna

arrays. This was tested in [18] using a patch antenna at 3 GHz and an antenna array at 30 GHz

of the same physical size. Results in Figure 1.4 shown a similar propagation loss when using

each antenna at the receiving link end. Additionally, when array antennas at 30 GHz were used

at both transmitting and receiving ends, due to the increased gain, the measured propagation

loss was 20 dB smaller than that of the 3 GHz patch antenna case.

The measurement campaigns testing transmission links at mm-Waves realized by [4] also

shown that the path loss exponent is close to free space conditions when line-of-sight (LOS)

conditions are established. However, this might not always be possible and some other

factors such as blockage, path loss attenuation and absorption due to different atmospheric

conditions in the transmission medium need to be taken into account, [19].
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Figure 1.4 – Propagation loss predicted by the Friis equation [18]

Atmospheric, rain and foliage absorptions

Mm-Waves traveling through the atmosphere can be absorbed by molecules of oxygen, water

vapor, and other atmospheric constituents yielding propagation losses. These losses are

greater at certain frequencies, coinciding with the mechanical resonant frequencies of the gas

molecules. Some of the most critical absorption peaks in the considered bands for 5G occur at

24 GHz and 60 GHz. Figure 1.5 a) show the attenuation caused by water vapour and oxygen

[20].

(a) (b)

Figure 1.5 – Millimeter-wave propagation characteristics: a) atmospheric absorption [4], b)
rain attenuation [20]

Attenuation due to rain is another factor to consider at these bands, since raindrops being

roughly the same size as the wavelengths, might cause signal scattering. Figure 1.5 b) shows

the attenuation in dB per km for different rain densities.
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Blocking, Scattering and Diffraction

The short wavelengths of mm-Waves present reduced diffraction and less specular reflection

than microwaves. This reduces the power intensity at the receiver, making mm-Waves more

susceptible to blockages. Figure 1.6 a) depicts such propagation effects influencing the signal

propagation at mm-Waves.

A group of measurement campaigns has been realized to analyze the signal outage in outdoor

and indoor scenarios [4], [18]. To evaluate blocking, the signal penetration and reflection

properties were measured for different common building materials (clear and tinted glasses,

brick, wall, or concrete). Results show that most of the materials, especially tinted glass and

brick are highly reflective and present significant penetration losses. Additionally, according

to propagation measurements in [21], [22] it has been also demonstrated that the human

body and the movement of people creates a significant obstruction and shadowing effect at

mm-Waves. The advantage is that such resistance to penetration at mm-Waves might have a

positive effect on the isolation of indoor and outdoor networks.

Given the mm-Waves propagation properties, the channel multipath characteristics have

been studied for mitigating the obstruction of LOS and non-line-of-sight (NLOS) links. The

measurements realized in [4], [23] exhibited a pathloss at least 40 dB smaller in an NLOS link,

compared to the presence of LOS. This yields the consideration of mm-Waves propagation as

a bimodal channel depending on the possibility of establishing LOS or NLOS links [2], [10].

On the other hand, foliage losses can be empirically predicted regarding the foliage depth as

presented in [20]. The penetration loss for various foliage depth between 5-40m was plotted

in Figure 1.6 b).

(a) (b)

Figure 1.6 – a) Propagation effects influencing mm-Waves propagation [19], b) foliage penetra-
tion loss [20]

9
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C) Increasing the spectral efficiency

The spectral efficiency describes the traffic density that can be achieved per unit bandwidth

and unit area, i.e. increasing the number of bits/s/Hz per node. Once the area and bandwidth

covered by a network provider are fixed, increasing the spectral efficiency can be achieved

by implementing higher-level modulation schemes, multiple access techniques and MIMO

diversity via polarization and/or angular disposition.

Waveforms and Modulation schemes

Current modulations schemes (BPSK /QPSK and M-QAM) are designed to generate a constel-

lation of symbols such that a certain number of symbols (i.e. 2 symbols in BPSK and 64 in

64-QAM) can be transmitted in a designated carrier. Their main goal is to transmit as much

data into the least amount of spectrum possible while still providing acceptable Bit Error Rates

(BERs). The 5G modulation and waveforms have some commonalities with LTE but, combined

with MIMO, aim to have much higher spectral efficiency. 5G supports QPSK, 16 QAM, and 256

QAM with the same constellation mapping as LTE.

In addition, in 5G an OFDM-based waveform is supported. OFDM is a signal waveform or

modulation technique that divides the spectrum into closely spaced orthogonal subcarriers

(each one modulated with the selected N-PSK and M-QAM modulation scheme). The subcarri-

ers are transmitted in parallel and then an Inverse Fast Fourier Transform (IFFT) is performed

on the frequency-domain to produce the orthogonal OFDM symbols in time domain. Both,

Cyclic Prefix OFDM (CP-OFDM) for multicarrier transmission and Direct Fourier Transform

spread OFDM (DFT-S-OFDM) for single stream transmissions are supported. In 5G, both

CP-OFDM- and DFT-S-OFDM-based waveforms are mandatory for user equipment (UE)

[17]. The first one consists of inserting a CP, generally a copy of part of the last transmitted

symbol, between symbols to prevent inter-symbol interferences due to multipath delays in

the propagation. The DFT-S-OFDM waveform is a single carrier each symbol is transmitted

over the entire bandwidth.

Multiple access techniques

With these techniques, users can access and share the available spectrum resources. In the

already established 2G, 3G and 4G techniques, users are multiplexed using different time slots

(TDMA), modulation codes (CDMA), carriers (FDMA) or orthogonal carriers (OFDMA).

Various multiple access techniques have been considered and thoroughly researched to

support the expecting demands of 5G mobile communications. According to [28] they should

offer:

• Flexibility, i.e. one solution with adaptive settings for various applications.

• Interference control between users and systems in adjacent frequency bands.

• Coexistence with other technologies, e.g. with MIMO.

10
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The existing orthogonal multiple access (OMA) concepts and their potential benefits, e.g. no-

intra cell interference and simple receiver implementation, have been studied and evaluated

at the mm-Waves. The radio access technology of the 4G, i.e. Orthogonal Frequency Division

Multiple Access (OFDMA), Single-carrier Frequency Division Multiple Access (SC-FDMA),

are regarded as a baseline for mm-Waves communications. The key telecommunication

providers and equipment manufacturers, such as Samsung Electronics, Ericsson, Qualcomm

Technologies, Huawei, Nokia and DOCOMO have outlined the suitability of OFDMA based

technology for the 5G [24]–[29]. In fact, OFDM-inspired waveforms (Filtered OFDM, Single

Carrier OFDM, Filter Bank MultiCarrier, Single Carrier Frequency Division Multiplexing, etc.)

and those that can coexist with LTE/LTE-A are seen as a way to smoothly introduce and deploy

the forthcoming 5G technology [24], [25], [30]. The other ongoing research on multiple access

techniques for 5G is focused on developing non-orthogonal (NOMA) methods that will tackle

the issues of spectral efficiency and massive connectivity at the expense of the hardware

complexity [31], [32]. The question of whether these non-orthogonal-based systems can be

put into practice has been raised. More details about multiple access techniques considered

for 5G are summarized in Section 1.3.3 C.

MIMO

MIMO refers to a collection of signal processing techniques that have been developed to

enhance the performance of wireless communication systems using multiple antennas at the

transmitter, receiver, or both. By using a multiplicity of antennas, diversity (for redundancy)

or multiplexing can be performed in MIMO by spacing, cross-polarization and/or angular

disposition. This enables statistical independence to the channel matrix where multiple spatial

dimensions become available for signaling and the spectral efficiency increases accordingly.

According to [33], MIMO schemes can be categorized as diversity techniques, multiplexing

schemes, multiple access methods, beamforming, and multi-functional MIMO arrangements.

They are summarized in Table 1.6.

These techniques exploit the use of multiple antennas for enhancing the BER performance, the

system throughput, the reuse of radio resources, the coverage area and SNR or a combination

of them. MIMO communication was introduced in 3G in a 2x2 configuration [34]. In LTE,

MIMO was leveraged to two-to-four antennas per mobile device and up to eight per BS sector.

However, MIMO implementations in 3G and 4G are limited by the antenna form factor. As

demonstrated in [35], having a larger number of antennas per BS, reduces the correlation

between signals and the processing required at both ends of the communications. Such large-

scale antenna systems can be deployed at mm-Waves and the implementation of MIMO in

those systems is known as massive MIMO. The realization of massive MIMO requires meeting

some challenges regarding the antenna system design implementation, the adequate channel

model estimations, the proper coexistence of MIMO systems with the heterogeneous network

architecture and the reduction of interference among pilots from different cells which could

reduce the channel estimation quality.

The enabling technologies proposed to meet the aforementioned requirements can be grouped
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Table 1.6 – MIMO techniques inspired from [33]

MIMO techniques Concept Methods
Diversity Multiple antennas trans-

mit/receive encoded replicas
of the same information
sequence. The goal is to
improve BER performance.
Antennas spaced far from
each other to increase fading
independence

Receive Diversity:

Maximum Ratio Combining (MRC)

Equal Gain Combining (EGC)

Selection Combining (SC)

Transmit Diversity:

Spherical-Time Block Codes (STBC)

Space Time Spreading (STS)

Space-Time Trellis Codes (STTC)

Linear Dispersion Code (LDC)

Quasi-orthogonal STBC

Multiplexing Multiple antennas are used
for increasing the number of
bits per symbol that can be
transmitted in a given band-
width to a single user

Space Division Multiplexing (Bell
Labs Layered Space-Time (BLAST))

Multiple Access Multiple antennas are em-
ployed for supporting multi-
ple users

Space Division Multiple Access
(SDMA)

Beamforming Multiple antennas are used to
increase the BF gain for miti-
gating path loss and interfer-
ing signals effects

Beamforming networks for SNR
gain

Beamforming networks for interfer-
ence suppression

Multi-functional MIMO A combination of more than
one MIMO techniques

Layered Steered Space-Time Codes
(LSSTC). Layered Steered Space-
Time Spreading (LSSTS)

regarding the 5G:

(A) Network architecture.

(B) Physical layer (PHY).

(C) Mac layer (MAC).

They are summarized in Section 1.3.3.
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1.3.3 Key enabling technologies and their challenges

A) Network architecture

The network architecture is key to the understanding of 5G and the related upcoming tech-

nologies. The 5G network architecture will coexist with the current 3G/4G infrastructure where

the already-deployed base station (BS) and microcell base stations (MBS) will be reused and

reconfigured.

As wireless telecommunications evolved from cellular technology towards 4G the central role

has always been assigned to the base station. Namely, the BSs are the main communication

and controlling hubs for all the traffic occurring in a given area around the BS. Furthermore,

currently existing networks are based on a homogenous macro-centric cellular planning pro-

cess, i.e. each BS has similar transmitted powers, antenna patterns, backhaul connectivity, etc.

[79]. Additionally, the locations of the base stations are carefully designed so that they ensure

reliable coverage in a given area and reduced interference between neighboring BSs.

The low latency and high data rate requirements for 5G and the prevised small cells network

densification have shifted the traditional homogenous BS-centric network paradigm. Tech-

nologies and concepts such as Heterogeneous Networks (HetNets), user-centric-based base

stations, splitting of user and control planes, and Cloud Radio Access Network (C-RAN) have

emerged to overcome such limitations and redefine the 5G network architecture.

Heterogeneous networks (HetNets)

The combination of different cell types (e.g. macro, pico and/or femtocells) and different Radio

Access Technologies (RATs) such as (3G, 4G and Wi-Fi) in a cellular network is referred to as a

heterogeneous network or HetNet. The small cells deployment and their coexistence with the

existing macrocell infrastructure considerably improve the network capacity, spectrum reuse

flexibility, and connectivity. As a result, operators can provide a more consistent customer

experience compared to homogeneous networks. Figure 1.7 illustrates a general schematic of

the potential outlook of the future HetNet 5G network architecture.

The heterogeneous characteristics of the 5G cellular network bring a group of issues that need

to be sorted out such as the coordination and interference management among macrocells and

small cells, as well as the efficient user-base station association. Additionally, the power supply

and backhaul of dense small cell areas need to be considered. Regarding interferences between

macro and second-tier cells the use of reverse Time Division Duplex has been proposed in [36]

where downlink and uplink are alternatively assigned to base stations and small cells. With the

same goal, Qualcomm proposes the implementation of interference management techniques

at both communication ends (base station and user device) [36]. In [37] association methods

via static biasing towards small cells and blanking of a percent of the macrocell transmissions

have been addressed. For a smart coupling between multiple RATs, frequency scheduling

algorithms and frequency reuse techniques have been considered [38]. Energy and spectral

efficiency have been addressed in [39], [40] to provide a green HetNet.
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Figure 1.7 – General schematic of the potential 5G architecture

Device centric network. Device-to-Device communications (D2D)

Another concept to meet the 5G latency and data rates requirements is the shift from base-

station-centric network to user-centric network. The idea is that users are actively used for

storage, relaying and content-delivering instead of being only the end of the network architec-

ture.

During the first mobile network generations it was considered that calls between two parties

would be generally realized from non-close proximity. However, after the arrival of the internet,

co-located users share content (e.g. photos and videos) or interact with each other (network-

ing or video games). D2D communications propose to handle local communication in a

more efficient manner [41]. In that regard, four main types of device-level communications

have been specified: device relaying with base station controlled link formation, direct D2D

communication with BS controlled link formation, device relaying with device controlled link

formation, direct D2D communications with device controlled link formation. They include

the cases where a device is used as a relay or it is one of the communications ends. In addition,

they also specify in which plane the control link is established.

Although D2D communications are considered an important facilitator for applications requir-

ing low latency, various open issues are still being investigated. They include the integration of

D2D communications in the 5G heterogeneous network, the design of D2D-enabled devices,

and the adequate management of security and interference. Regarding security, closed access

and open access have been addressed. In close access, a user can communicate via encrypted

D2D only with devices from a certain reliable self-created list, otherwise communication
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through the BS needs to be executed [42]. In open access, where a device serves as a relay for

other devices without any restrictions, implementing the research developed for Machine to

Machine (M2M) communications has been suggested in [2]. Regarding interference manage-

ment, [43] claims that the use of dedicated spectrum different from the BS-UE links might

be a solution to avoid interferences and extra overheads for control and channel estimation.

On the other hand, only a few researchers have proposed protocols for the implementation

of D2D communications [44]. Considering the D2D-enabled devices, a built prototype for

D2D communications has been presented by Qualcomm in cellular networks which can be

used in different scenarios such as social networking and content sharing. Although D2D

communications are not in a mature state yet, it should be taken into account that this tech-

nology is being studied since 4G for public safety applications [41], [45]. The interest that it

has obtained from the standardization bodies, industry and academia shows that D2D will be

part of future cellular communications.

Cloud-based Networking, NFV and SDN

In the traditional network, services are provided by a manifold of physical devices and equip-

ment dedicated to specific service functions. Such service components are deployed by

network operators depending on the network topology and the service location. This infras-

tructure has led to a rigid and highly specialized hardware-dependent network with complex

and expensive scalability. Meeting the increasing data rates and storage demands implies

continuously purchasing and deploying new equipment, and training the necessary personal

dedicated to operating and managing it.

Cloud computing (or cloud based-networking), Network Function Virtualization (NFV) and

Software Defined Network (SDN) have been proposed to address these drawbacks.

Cloud computing proposes moving data to the cloud to enable network access from anywhere

and via a variety of platforms. According to [46], with cloud computing, a pool of computing

resources (e.g. networks, servers, storage, applications and services) can be accessed with

minimal management effort or service provider interaction.

NFV uses virtualization technology to decouple the network functions from the hardware

infrastructure. This means that a network function, such as a firewall, can be implemented as

an instance of plain software. Accordingly, a given service can be decomposed into a set of

Virtual Network Functions (VNFs). This brings more flexibility and scalability to the network

capabilities and services since VNFs may be relocated and instantiated at different network

locations without requiring the purchase or installation of new hardware. Additionally, new

services can be more dynamically deployed over the same physical platform.

SDN proposes a simplified solution to handle the highly-dense and heterogeneous mobile

network by splitting the network’s control logic (the control plane) from the corresponding

routers and switches that forward the traffic (the data plane). In the control plane, controllers

use information about capacity and demand obtained from the data plane to set up and tear

down flows and paths in the network. Additionally, SDN proposes a centralized controller and

view of the network so that the network is programmable by external applications or services

provided by the network operator (e.g. energy-efficient networking, traffic/security moni-
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toring, and mobility management). This facilitates the flow of large data without incurring

control plane overhead, reduces hardware constraints and ease the cooperation among nodes

for efficient management of the network density and diversity [46], [47].

These technologies are considered as some of the most relevant advances in the current mo-

bile communications since they represent a paradigm shift in the way network services are

provided. High data rates and low latency demands can be met thanks to improved network

flexibility and accessibility. For their implementation, some issues must be sorted out regard-

ing the migration from the current infrastructure, management, automation and security

schemes, as well as the coexistence of NFV, SDN and cloud-based networking.

B) PHY layer

This section summarizes key enabling technologies related to the physical layer of the 5G

mobile network. They focus on the characterization of the mm-Waves channel and the RF

technology. The mm-waves channel measurement and models, the antenna design and

full-duplex radio technology are explored in this section.

Mm-Waves channel measurements and models

The new propagation properties of the channels used by 5G communication technologies

have been studied through a manifold of measurement campaigns summarized in [48]. Most

of them focused on four different topics, characterizing MIMO channels, studying mm-Waves

propagation properties and measuring the channel in Vehicle-to-Vehicle (V2V) and High-

Speed Trains (HST) communications (see Table 1.7).

It can be noticed that most of massive MIMO, V2V and HST measurement campaigns were

realized at sub 6 GHz bands. Only a few of them (e.g. mm-Waves massive MIMO and HST

mm-Waves) combined multiple technologies [48], [49]. Similar campaigns employing multiple

technologies and in a further variety of scenarios still need to be realized. Many of the proposed

5G channel models (e.g. the 3GPP model) are based on some of these measurement campaigns.

According to [48], 5G channel modeling is driven by a new set of requirements, including:

• Wide frequency range.

• Broad bandwidth.

• Wide range of scenarios.

• Three-dimensional modeling.

• Smooth time evolution.

• Spatial consistency.

• Frequency dependency and frequency consistency.

• Massive MIMO.
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Table 1.7 – 5G channel measurements, inspired from [48]

Category Scenario Carrier
Frequency (GHz)

massive MIMO court yard 2.6
massive MIMO top of building 15
massive MIMO,

mm-Waves
Indoor office 11, 16, 28, 38

massive MIMO campus 2.6
massive MIMO Indoor canteen 5.8

V2V Urban, open highway 5.12
V2V suburban 5.9
V2V Campus, urban 5.8
V2V crossroad 5.3
V2V Urban, highway 5.12
V2V Campus, highway, urban, suburban 5.3
HST viaduct 2
HST Viaduct, cutting 0.930
HST Hilly terrain 2.4
HST Open space 5.25
HST viaduct 2.35
HST cutting 2.35

HST mm-Waves rural 28
mm-Waves urban, suburban 28, 38, 60, 73
mm-Waves urban 35, 103
mm-Waves urban 29.5
mm-Waves Indoor restaurant 26, 39.5
mm-Waves In and around building 28
mm-Waves Indoor office 57.5
mm-Waves Indoor, parking garage 28, 40
mm-Waves Indoor office 60
mm-Waves Street canyon, roof-to street 83,5
mm-Waves urban 59
mm-Waves Indoor, urban, O2I 15, 17, 28, 60, 86
mm-Waves Indoor office 60

• Direct D2D/V2V.

• High mobility.

A group of 5G channel models has been proposed to meet such requirements. They are COST

2100 channel model, MiWEBA channel model, QuaDRiGa, mmMAGIC channel model, METIS

channel model, 5GCMSIG, 3GPP channel model, IMT-2020 channel model, IEEE 802.11ay, and

5G channel model (MG5GCM) (see Table 1.8). They are based on stochastic, deterministic or

combine both methods, such as hybrid and quasi deterministic (Q-D) modeling approaches.

Most of them have been developed on a wide frequency range, e.g., from 0.45–100 GHz, except

for MiWEBA and IEEE 802.11ay channel models which only support the 60 GHz band.

Blockage and gaseous absorption effects are considered in the MiWEBA, IEEE 802.11ay, 3GPP

TR38.901, mmMAGIC, IMT-2020. Additionally, only the MG5GCM can support the four most
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Table 1.8 – Comparison of General 5G models, inspired from [48]

Feature COST 2100 MiWEBA QuaDRiGa METIS 5GCMSIG 3GPP mmMAGIC IMET-2020
IEEE

802.11ay
MG5GCM

Modeling
approach

Stochastic
(GBSM)

Q-D
based
model

Stochastic
(GBSM)

Stochastic
Deterministic
(map-based)

Stochastic
(GBSM)

Stochastic
(GBSM),

Deterministic
(map-based),
hybrid model

Stochastic
(GBSM)

Stochastic
(GBSM),

Deterministic
(map-based),
hybrid model

Q-D
based
model

Stochastic
(GBSM)

Frequency
range (GHz)

< 6 57-66 0.45-100 < 70 < 100 0.5-100 0.5-100 6-100 0.5-100 57-68 -

Bandwidth
(GHz)

- 2.16 1
0.1 (< 6 GHz)
1 (> 6 GHz)

10% of f0
0.1 (< 6 GHz)
2 (> 6 GHz)

10% of f0 2
0.1 (< 6 GHz)

10% of f0

(> 6 GHz)
2.64 -

Support
large array

- yes yes no yes limited yes yes yes no yes

Support
3D

yes yes yes yes yes yes yes yes yes yes yes

Support
mm-Waves

no yes yes partly yes yes yes yes yes yes yes

Spatial
consistency

yes yes yes
Shadow

fading only
yes yes yes yes yes no no

High
mobility

yes no yes limited no yes limited yes limited no yes

Blockage
modeling

no yes no no yes yes yes yes yes yes no

Gaseous
absorption

no yes no no yes no yes yes yes yes no

-: There is not information in the related documents

challenging scenarios of 5G systems, i.e., massive MIMO communications, V2V, HST commu-

nications, and mm-Waves communications. Despite the numerous channel measurement

and models proposed for 5G, there is still room for improvement. It is recommended to

combine multiple modeling approaches, such as stochastic and deterministic models so that

a trade-off between accuracy and computational complexity is achieved. The combination of

these methods, the use of multiple technologies and the increase in the variety of scenarios

are some of the future research directions in this field.

Antenna design. Multibeam forming

Antenna design is a key technology in the successful deployment of 5G networks. Given

the high absorption due to environmental conditions and high path loss characteristic to

mm-Waves, the use of directive antenna systems is recommended in order to mitigate such

effects. Omnidirectional coverage can be provided using multibeam antennas (MBAs) where

directional beams are simultaneously steered towards different UEs or angular sectors. Such

antenna systems are crucial for enabling massive MIMO techniques in 5G. According to [50],

MBAs can be classified as passive MBAs, multibeam phased arrays antennas and active digital

MBAs. They are summarized in Table 1.9.

Full digital MBAs (DMBAs) can enable fully adaptive beamforming with highly flexible beam-

steering and beamforming. They are a promising technique in the implementation of massive

MIMO. However, their application to the coming mobile generation is limited by a group

of challenges regarding, the current state of their beamforming algorithms, digital process-

ing hardware and cost, power, and thermal efficiency issues [16], [18], [50]. At present, the

main cost-effective candidates considered for enabling multibeam forming in 5G are based

on passive MBAs, phased array antennas and hybrid MBAs, their selection depends on the

application and hardware constraints. Given their relevance to this thesis, the state of the art

on antennas for 5G is covered in Section 2.
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Table 1.9 – Review of MBA architectures

MBAs
architectures

Concept
Beam-

forming
Implementation Pros/Cons

Passive
MBAs

Beamforming is
performed in RF
domain without
using active
components.
Prefixed beams
and pointing
(except for Blass
and Nolen matrices)

Analog

Reflector fed
by multiple
antennas

+ Designs with simple and
non-expensive fabrication
can be realized
- Beams have fixed directions
- Adaptive beamforming
is not possible
- Difficult scalability leading
to bulky and lossy systems

Lens fed by
multiple
antennas
Beamforming
circuits (e.g. Butler,
Blass and Nolen
matrices)

Phased
arrays
antennas

Beamforming is
performed in RF
domain.
Multiple beams
are obtained via
phased array

Passive - Difficult scalability leading to
lossy, bulky and expensive system

Compared to passive MBAs:
+ Improved flexibility in
beam shaping and steering

Active
(Each antenna
element has its
own amplifying
module)

Digital
MBAs

Beamforming is
performed in digital
domain at base band.

Digital
Full Digital MBA
(DMBAs)

+ Fully flexible adaptive beamforming
+ High spatial resolution
in a given angular range
+ Key for fully enabling
Massive MIMO
- Complex beamforming algorithms
- High power consumption and cost

Hybrid

Fixed subarray Compared to full DMBAs:
+ Number of transceivers is reduced
+ The required beamforming
processing is relaxed
- Narrower angular coverage
-Additional multiplexing
technique might be required

Compared to Passive MBAs:
+ Better system scalability
+ Less bulky- higher cost

Phased subarray

Full duplex radio technology

Half-duplex Frequency Division Duplexing (FDD) and Time Division Duplexing (TDD) are

widely used in 4G [51]. As shown in Figure 1.8 b) and c), in half-duplex FDD the uplink and

downlink signals are separated by orthogonal frequency bands, while in its TDD counterpart

orthogonality is achieved via time-slots [52]. These duplexing techniques have been compared

in order to identify their advantages and drawbacks regarding their coverage capacity, hard-

ware cost, and their ability to support asymmetric links, unpaired spectrum and beamforming

techniques. [53].

While in half-duplex, a single radio access technology is supported at a time, in full-duplex

more than one UE can be served per frequency/time unity. This depends on the nodes and

users being half or full-duplex. Full duplex (FD) offers to double the spectral efficiency of a

point-to-point radio link. Other FD advantages summarized in [54] include:
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Figure 1.8 – a) Full duplex FDD node with half duplex UEs b) half duplex FDD c) half duplex
TDD d) Full duplex FDD node with full duplex FDD UEs and e) Full duplex TDD node with full
or half duplex FDD UEs.

• Latency reduction (Reduction of feedback and end-to-end delays).

• Improvement of network secrecy.

• Efficiency improvement of ad-hoc network protocols.

• Increment of spectrum usage flexibility.

Although FD has been considered in LTE-A in relay transmission for wireless networks, its

drawbacks regarding self-interference (SI), imperfect interference cancellation, inter-user

interference and increase power consumption and complexity have limited its extension

to point-to-point transmissions [51]. Due to the current advances in RF and beamforming

antenna design technologies, FD can be implemented at a reasonable cost and complex radio

hardware. Namely, beamforming, massive MIMO, centralized architecture and small cell

deployment have shown to be key in the FD realization [55]–[57]. Future research on the

implementation of FD should tackle the miniaturization of the RF technology in charge of the

SI cancellation modules such that they can be integrated into cell phones and other portable

devices. The efficient coexistence between HD and FD modes needs to be further investigated

where dynamic switching between the HD and FD modes is considered. Other open issues in

the FD implementation are related to power efficiency, the FD-based MAC protocol design

and backhauling [58].

20



Introduction Chapter 1

B) MAC layer

This section includes the enabling technologies associated to the MAC layer. They include

the Novel multiple access techniques and the antenna training protocols necessary to overlay

the PHY layer. References to some other MAC enabling techniques such as directional MAC

protocols, Random Access Channel and Cognitive Radio are provided.

Novel Multiple Access

OFDMA

Orthogonal Frequency Division Multiple Access (OFDMA) consists on assigning frequency

carriers to each user while the system bandwidth is divided into a set of orthogonal carriers

with narrower bandwidth than the coherence bandwidth of the fading channel. Consequently,

intersymbol and intercarrier interferences are reduced and high data performance is enabled

[32]. Its main drawbacks are a need for synchronous multiplexing and link budget loss for a

large number of simultaneous users [29]. The concept of OFDMA is illustrated in Figure 1.9,

where different users are marked in different colors.

Figure 1.9 – OFDMA concept [32]

SDMA

Space-division multiple access (SDMA) holds a central part in the design of smart antennas.

The SDMA concept consists of the spatial filtering of spectrally and temporally overlapping

signals from multiple users. SDMA is used jointly with other multiple access techniques:

FDMA, TDMA or CDMA.

Users in a cell are differentiated based on a time delay of signals arriving from different sources

that are located at different distances from a receiver. SDMA base stations are equipped with

independent beamformers that can target a certain user based on adaptive beamforming

algorithms. Accordingly, beams can be pointed at the desired user, while undesired users

are attenuated or nulled. This enables multiple users to simultaneously transmit/receive

signals in the same radio cell and in the same frequency band without interfering with the

neighboring cells [59], [60].

Since directional beams and localization of users are interesting to 5G communications, the

suitability of SDMA for mm-Waves antenna systems has been investigated [61], [62]. In [61]

SDMA for 60 GHz has been addressed by developing an iterative antenna training protocol
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Figure 1.10 – SDMA concept [59]

that computes the optimal transmit/receive beamforming vectors without explicit knowledge

of the actual wireless channels. It has been shown that the proposed training method is

efficient for a systems with a significantly smaller number of RF chains than antennas, which

is typically the case for 60 GHz beamforming networks ( see Figure 1.11).

Figure 1.11 – Spatial division multiple access based on 60 GHz transceiver beamforming [61]

Moreover, a joint SDMA-TDMA approach has been considered as a solution to overcome

the hardware constraints and operation loads of fully digital systems at mm-Waves. Results

illustrate that SDMA-TDMA can enable a high data rate per user with low complexity and

overhead [62]. In addition, SDMA can coexist with OFDM and has been already used in MIMO

systems [63], [64].

Non-Orthogonal Multiple Access Concepts

Novel concepts of non-orthogonal multiple access schemes for 5G mobile communications

22



Introduction Chapter 1

have been extensively studied. Various non-orthogonal multiple access techniques are Non-

Orthogonal Multiple Access (NOMA), Sparse Code Multiple Access (SCMA), Multi-User Shared

Access (MUSA), Pattern Division Multiple Access (PDMA) and Resource Spread Multiple Access

(RSMA) [29], [31]. Given its relevance, NOMA is furthered detailed in this section.

NOMA

A Non-Orthogonal Multiple Access (NOMA) scheme has been proposed by NTT DOCOMO in

[31]. To increase the spectrum efficiency, NOMA separates multi-user signals by applying suc-

cessive interference cancellation (SIC) on the receiver side while non-orthogonal transmitter’s

transmission intentionally introduces intra-cell and/or inter-cell interference (Figure 1.12).

SIC represents a physical layer technique that enables the receiver to decode simultaneous

signals, at the expense of increasing its hardware complexity. As a result, a receiver is capable

of decoding the strongest signal and determining the weakest signal from the residue of the

combined signal. In [65] OFDMA and NOMA concepts are compared by evaluating an example

of two UEs with different channel gains. As it can be seen in Figure 1.13 NOMA offers a higher

sum-rate (increased more than a 32%) when the path loss between users is large.

In 2010 NTT DOCOMO proposed NOMA for macrocells operating at 800 MHz and 2 GHz

bands with a throughput increased by a 50%. However, its hardware complexity and signal

processing constraints stills prevent NOMA from being deployed at mm-Waves [24].

Figure 1.12 – NOMA when SIC is used at UE [65]

Figure 1.13 – Comparison of NOMA and OFDMA for downlink [65]
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Antenna training protocols. Angle of Arrival distributions

As described, multibeam antennas can enable omnidirectional coverage in an antenna system

based on directive antennas. Given that the BS-UE link might be aligned, attenuated or

blocked (see Figure 1.14), a variety of scenarios need to be taken into account leading to

increasing the complexity of the communication protocol design.

Figure 1.14 – Antenna Training: Beam Steering for Link Alignment [9]

Beamforming training protocols for identifying the best beam direction pair have been inves-

tigated in [66]–[68]. They propose:

• Using pseudo-noise sequences.

• Using narrowband pilot signals.

• Employing Singular Value Decomposition of a series of independent beamforming

vectors.

Due to the high multipath in mm-Waves communications, a direct beam between BS and UE

might not always be optimal. In [66] the AoA was measured at the transmitter to obtain the

angles with the highest received power in LOS, partially obstructed LOS, and NLOS conditions.

In the NLOS case, it was demonstrated that a link could be created by illuminating surrounding

objects. Thus, in such scenario, having knowledge of the time-varying Angle of Arrival (AoA)

can be useful. In addition, in [67] acquiring the AoA is proposed as a tool to identify the second-

best path when the LOS link is blocked by human movement. The use of AoA information in
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Directional Self pursuing Protocol (DSP) is proposed in [69] for discovering the shortest path

in wireless broadcast.

Other key enabling technologies in this layer include Directional MAC protocols, Random

access channel and cognitive radio [9].

In this chapter, a general introduction on the 5G mobile network generation is presented to

contextualize the core of the work covered in this thesis. The rest of this chapter includes the

motivation, the research problem definition and objectives, and the organization of the thesis.

1.4 Motivation

A manifold of technologies and emerging applications has been proposed to fulfill the 5G

mobile network requirements. They represent a paradigm shift in the way mobile commu-

nications are designed and used, enabling higher data rates, lower latencies and enhanced

quality of service. A field of application where these capabilities may bring significant advan-

tages is emergency services. It is crucial that the communication systems of these service

providers are up-to-date and capable of providing effective communication to users in case

of emergency situations. This thesis aims at exploring the applicability of mm-Waves 5G en-

abling technologies to improve deployable terrestrial emergency communication systems (e.g.

Mobile Master Node and Emergency Vehicle in Figure 1.15). These systems are to be applied

as portable stations to support the coordination of rescue services with high-performance

communications in areas where these are not available or have been damaged. This project

focuses on the investigation of mm-Waves 5G picocell stations as the core element of such

portable systems for the described application.

Picocells (or mm-waves stations) can be defined as the outdoor 5G small-cell stations to be

deployed in urban or rural scenarios. Working mostly in mm-Waves bands, they will cover

an area of a few hundred meters. Picocells, together with microcells will be the core of small

cell deployment in the 5G mobile network architecture. Picocell antennas combine some

of the most challenging techniques in antenna design like mm-Waves antennas, multiple

beamforming and massive MIMO. Therefore, yielding the design of complex and efficient

devices that work according to the mobile quality and capacity demands.

1.5 Research problem definition and objectives

This project has been driven by the following research problems:

• Immature state of the art about 5G due to the underdeveloped mm-Waves mobile

communications and the still in progress 5G standard definition.

• Necessity of having an up-to-date antenna system capable of establishing communica-

tion with users in case of security situations.
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Figure 1.15 – Emergency communication scenario [70]

Our objective with this project is to obtain a demonstrator of a portable picocell antenna

for security applications, based on mm-Waves 5G standards. The antenna should be thus

compatible with the 5G principles. Furthermore, special attention will be put on the antenna

portability, enabling the possibility of bringing service to a region in case of rescue, disaster or

other security situations.

A scheme of potential picocell links can be seen in Figure 1.16. Instead of a fixed picocell base

station, a portable picocell node (vehicle) has been considered. This picocell vehicle, once

located in the strategically chosen position, is not supposed to move. Therefore, the portable

characteristic does not require including dynamic analysis of the system.

1.6 Organization of the thesis

This thesis is organized into six chapters addressing the design and implementation of a

portable picocell antenna for 5G, with special interest in terrestrial emergency communica-

tions. The investigation carried out in this thesis is an integral work, covering all the stages

of the design process, from the study of the scenario and the definition of the requirements

to the final antenna design and implementation. Chapters are thus strongly interconnected

and at the same time address independent problems. Each chapter thus opens with a short

literature review specific to the topic tackled in it.

Chapter 2 presents a study of the picocell scenario for this application. The available standard

information about 5G picocells and propagation properties of the considered band of opera-

tion are investigated. An analysis of the link budget is performed, yielding the definition of the
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Figure 1.16 – Picocell scenario

antenna design requirements. In addition, the state of the art on antennas for 5G is reviewed

and a general antenna architecture for the studied application is defined.

Chapter 3 provides an introduction to recently proposed hybrid beamforming networks

and a summary of the main synthesis methods, focusing on the methods based on convex

optimization. In addition, this chapter describes the synthesis of the hybrid beamforming

network for the antenna architecture defined in Chapter 2. This synthesis is divided in two

different problems tackling the design constraints of the analog beamforming network (ABFN)

in elevation and the digital beamforming network (DBFN) in azimuth.

Chapter 4 addresses the design and implementation of a csc2 pattern shaped antenna subarray.

The scenario and design requirements are outlined and the transmission line and antenna

element are described. In addition, the guidelines in the design of the subarray are given,

including the solution of the synthesis problem in elevation, the selection of the feeding

network topology and layout and the design of the feeding network components. This chapter

additionally includes the subarray implementation and the description of the fabrication

process. The required measurements in the validation of the subarray performance are

presented and conclusions are drawn.

Chapter 5 presents the picocell multibeam antenna fed by a hybrid beamforming network

(HBFN). The limitations of the subarray proposed in Chapter 4 considering the required multi-

beam forming capabilities in azimuth are investigated. Based on this, an optimized subarray is

proposed. A section of the multibeam antenna array is implemented and measured. Comple-
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mentary, details about the fabrication of this antenna are given. The adequate performance

of this prototype is studied taking into account the constraints specified in elevation and

azimuth. The results demonstrate that the proposed antenna is a promising solution for the

considered application.
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In this thesis, we aim at developing a portable picocell antenna, for enhancing the communi-

cation systems of terrestrial emergency services, according to the mm-Waves 5G specifications.

Such antenna will be located on top of a vehicle and it should provide coverage to a small

number of users in mostly LOS condition, located in a cell radius of a few hundred meters.

Additionally, this picocell is mainly meant to be deployed in rural or light urban environments.

This chapter addresses the study of the picocell scenario and the link budget definition, con-

sidering the desired compatibility with 5G and the preliminary design constraints. Moreover,

the state of the art on MBAs for mm-Waves applications are investigated. Finally, the antenna

architecture and design specifications are defined.

2.1 Scenario and Link budget analysis

In this section, we summarize the parameters involved in the link budget definition according

to the studied picocell scenario. Given that the available standard information about 5G

picocells is not complete, we have additionally reviewed the experimental data (namely from

realized measurement campaigns) aiming to identify the rest of the required parameters in

the link budget calculation.

2.1.1 Link budget parameters

The deployment of pico-nodes (also referred to as low-power or local area nodes) under a

macrocell tier has been proposed in 5G as a fundamental solution to increase the network

capacity and the end-user service experience. In 5G HetNet networks, picocells will be most

likely installed at indoor or outdoor hotspots, providing local-area access. In release 15 of

3GPP [11], picocells features have been specified, including BS-UE minimum distance along

the ground, BS-UE minimum coupling loss and the base station output power and reference

sensitivity level, as shown in Table 1.4.
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Table 2.1 – Small base stations parameters given in 3GPP Release 15 [11]

BS-UE minimum distance
from the ground

≥ 2m

BS-UE minimum coupling loss 45 dB
Base station output power ≤ 24 dBm
Reference sensitivity level -93.8 dBm ≤ PREFSENS ≤ -87.3 dBm

These values have been considered in the link budget calculation associated with our picocell

scenario. Some other link parameters of interest, not yet specified due to the uncompleted

standard, have been obtained from the available experimental data.

After the performed study in [71], considering the potential operating bands for 5G, we

selected the n258 band (24.25 GHz to 27.5 GHz) with central frequency at 26 GHz as the

operating band for our picocell station, since it represents a good compromise between signal

attenuation due to different environmental conditions and available bandwidth.

As shown in Figure 1.3, the 5G operating bands (n257 and n258) in the range 24.25 GHz to

29.5 GHz varies in different regions, for example, in Europe and China the bands of interest

are located at the lower half of that range, while in USA, South Korea, and Japan the upper

half has been considered. Such diversity has reduced the number of available measurement

campaigns and channel models characterizing each specific frequency range. However, they

can still be used as a reference since their propagation characteristics are similar [19]. Taking

into account that most of the research has been carried out at 28 GHz [18], [72]–[74], the

propagation characteristics of this band are summarized herein.

Attenuation due to oxygen and light rain is negligible at microwaves and mm-Waves bands,

with the exception of frequencies around 60 GHz with 20 dB/km oxygen absorption and on a

minor scale 24 GHz with 0.2 dB/km due to water vapor absorption. On the other hand, heavy

rain may induce higher attenuation at mm-Waves [19], [75]. Table 2.2 includes atmospheric,

intensive rainfall, heavy fog, and heavy snow absorption at 28 GHz. Compared to higher bands

in the mm-Waves range considered for 5G (e.g. 60 GHz), the n257 and n258 range present low

values of attenuation due to different environment conditions.

Table 2.2 – 28 GHz losses due to different environment conditions at 200 m [1]

Atmospheric Intensive rainfall Heavy fog Heavy snow
0.02 dB 4 dB < 0.1 dB < 0.1 dB

Foliage penetration losses, depending on the foliage depth, varies from 12 dB (foliage depth

5 m) to 40 dB (foliage depth 40 m) [76].

The shadowing factor Sσs , used to describe the received signal fading caused by obstructions

and other random propagation effects, was also measured in 28 GHz campaigns. The slow

fading margin (or shadow fading margin) was measured in LOS and NLOS links with values

typically varying between 0.2 dB and 9.02 dB [77].
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Material penetration losses were measured for different common building materials (clear

and tinted glasses, brick, wall or concrete). Results show highly reflective characteristics of

most of these surfaces with losses up to 40 dB. These results show that the signal building

penetration at mm-Waves should be scarce, yielding considerable isolation between outdoor

and indoor networks [4].

Human blockage for 28 GHz was modeled and measured in [21] using different human

subjects located at a height such that the LOS path was blocked by the human torso. This

measurement was repeated after rotating the subjects at different azimuth angles. Measured

values reveal penetration losses around 17 dB.

With the objective of measuring the path loss at 28 GHz, different communication setups were

deployed in light and dense urban environments at Suwon and Manhattan cities respectively

[4], [78]. In order to obtain the path loss exponents (PLEs), defined as n, the average measured

received power was compared to its equivalent in a free space outdoor cellular channel at the

same frequency (See Figure 2.1).

(a) (b)

Figure 2.1 – Measured Path Loss Exponent (n) for 28 GHz outdoor cellular channels a) In
Suwon, Korea [78] and b) New York, Manhattan [4]

In Figure 2.1, the average PLE for LOS links were nLOS = 2.22 and nLOS = 2.55, while nNLOS =

4.20 and nNLOS = 5.79 were the average PLE values for NLOS links, respectively.

The extent of cell coverage at 28 GHz was studied in various measurement campaigns [23],

[78], [79]. A cell distance of a few hundred meters (typically 200 m) was recommended since

satisfactory communication links were established in some cases even in NLOS conditions.

Another criterion used to examine the coverage area is the relationship between root mean

square (RMS) delay spread and the distance. This term relates 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. Figure 2.2 shows the
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RMS delay spread values for different distances. In NLOS links, RMS values were measured for

longer distances (up to 200m) compared to the LOS measurements [4].

Figure 2.2 – RMS delay spread as a function of TX-RX separation for all links using all possible
pointing angles at 28 GHz in New York City [4]

Considering propagation characteristics of the 28 GHz carrier, this band is considered as a

very interesting option for small cells and wireless backhaul communications [26], [77], [80].

The aforementioned parameters used to characterize the propagation characteristics of 28

GHz will be used as a reference in the link budget calculation of our picocell scenario.

The estimation of the path loss (PL) is crucial in the calculation of the link budget. Different

path loss models considered for mm-Waves have been summarized in [81]. In these models,

attenuation due to different factors, such as absorption due to environment conditions, foliage

and human blockage, diffuse reflection and shadowing obtained after extensive measurement

campaigns have been included. The simplest and yet widely used model is called Reference

PL model. In this model, path loss is estimated via the path loss exponent and shadowing

effects (see Equation 2.1).

PL[dB ] =

[
PL0 +10np log

(
R

R0

)]
+Sσs (2.1)

where R0 (m) is the free-space reference distance, R is the cell radius and Sσs denotes a zero-

mean Gaussian distribution with a standard deviation of σs . Furthermore, PL0 indicates the

reference free-space loss at distance R0 and np is the PLE.

Other models have been proposed for either increasing the accuracy in the description of

NLOS links, obtaining path loss in longer link distances via extrapolation from smaller links

data or combining PL in indoor and outdoor scenarios [81].

The parameters described in this section have been considered in the link budget analysis

associated with our picocell scenario.
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2.1.2 Link budget analysis

In order to have a clearer picture of the different aspects that are considered in the link budget

calculation, a graphic representation of our picocell scenario is shown in Figure 2.3, including

some of the terms that will be further addressed such as the picocell radius (R), the transmitter

and receiver power (P t ,Pr ) and gain (Gt ,Gr ), and the elevation and azimuth planes.

Figure 2.3 – Picocell scenario

Path loss in the picocell has been calculated using equation 2.1, since it is suitable for LOS

links at mm-Waves. Substituting PL and the parameters in Table 1.4 in the Friis formula, the

required gain at the picocell station was obtained.

Gt = Pr −Pt +Gr +PL (2.2)

Table 2.3 summarizes the link budget parameters associated with the picocell scenario studied

in this work.

Table 2.3 – Picocell requirements.

Parameters Value
Carrier Frequency 26 GHz

Bandwidth* BW > 7%
Coverage distance (R) 200 m

Path loss exponent (np ) 2.22 ≤ np ≤ 2.45
Transmitter power 24 dBm
Transmitter gain ≥ 10 dBi

Receiver sensitivity level -87.3 dBm
Receiver gain 5 dBi

*Referred to both, impedance and pattern shape bandwidths

The picocell operates at 26 GHz with bandwidth higher 7%. The picocell transmission power

has been chosen to be 24 dBm and the receiver sensitivity -87.3 dBm complying with the

parameters for picocell scenarios given in [11]. Considering a LOS urban scenario, a path loss

exponent between 2.22 ≤ np ≤ 2.45 has been assumed. The UE antenna gain has been chosen
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to be 5 dBi [82]–[84]. Under the specified scenario, a transmitter with a gain higher than 10 dBi

would ensure signal reception to a user located 200 m away from the picocell station.

In addition, the proposed antenna should enable omnidirectional coverage along the pico-

cell. This, together with the link budget requirements in Table 2.3, will be considered in the

definition of the antenna architecture and its design specifications.

2.2 Definition of the picocell antenna architecture

In this section, a study of the state of the art on antennas for 5G is included, followed by the

definition of the picocell antenna configuration and its design requirements.

2.2.1 State of the art on antennas for 5G base stations

In the context of upcoming mobile network scenario with a standard to be born, a group of

attractive and innovative solutions has been proposed for 5G base stations, however most

of them lacking specific application regarding the type of cell (e.g. macrocell, microcell or

picocell) or other link budget characteristics (e.g. coverage area, transmitter power, number of

users per cell).

With a variety of architectures, principles of operation and technologies, various antenna

arrays intended for 5G base stations have been proposed. We have classified them, according

to MBAs in Table 1.9.

Passive antennas

Antennas proposed in [85]–[89] are passive MBAs based on Butler matrices [85]–[88] and a

lens antennas in [89]. Butler matrices in [85], [87], [88] have been designed using substrate

integrated waveguide (SIW) feeding lines, while in [86] a microstrip line has been used.

A wide radiation bandwidth was obtained in [87], [88] by using air gaps between antenna

elements to diminish surface waves in [87], while the subarray in [88] is based on a multilayer

structure of aperture coupled antenna elements. Considering that both subarrays are designed

on SIW, they present a low profile, however, they occupy a relatively large area.

Regarding their architecture and principle of operation, antennas in [88], [89] generate mul-

tiple beams in two planes. This is achieved in [88] using two sets of beamforming networks

based on SIW Butler matrices feeding a 4x4 antenna, where the antenna element (shown in

Figure 2.4 b)), consists of a magnetoelectric-dipole. Additionally, aperture coupling is used for

both, interconnecting the feeding networks and feeding the antenna elements (see Figure 2.4

a)). The proposed antenna achieves beamforming of 16 beams covering approximately ± 40°

in elevation and ± 60° in azimuth.
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(a) (b)

Figure 2.4 – a) perspective view of the multibeam antenna b) 4x4 magnetoelectric-dipole
antenna array [88].

In [89] flat lenses (with circular and cylindrical shapes) based on a low-temperature co-fired

ceramics (LTCC) dielectric are tested by mechanically positioning a waveguide feed (WR-15)

to provide 2D beamsteering (see Figure 2.5a). In the circular lens, beamsteering along ± 45°

in both planes with gains higher than 11 dBi is achieved. The cylindrical lens can cover ± 55°

with gain higher than 10 dBi. In addition, the cylindrical prototype fed by an antenna array is

proposed for 5G mm-Waves applications (as shown in Figure 2.5b). The feeding array consists

of a frequency-scanned slot antenna array, thus providing beam scanning by sweeping the

frequency. Since the subarrays are fixed, the scanning is performed in one plane.

(a) (b)

Figure 2.5 – a) Flat lens for 2D beamsteering b) Switched-beam antenna array [89].

On the other hand, prototypes in [85]–[87] achieve multibeam forming in one plane. In [85],

a multilayer antenna consisting in 8 subarrays coupled via slots to the SIW Butler matrix

is proposed (see Figure 2.6 a)). The antenna subarray is a 1x10 patch array series-fed by a

microstrip line. The beam is scanned along ± 36°, with gain higher than 19.8 dBi. In [86]

a 1x6 antenna array fed by a 4×6 microstrip Butler matrix is presented. A conventional 4x4

Butler matrix has been extended to a 4x6 configuration (as depicted in Figure 2.6 b)) with the

objective of increasing the antenna gain and reduce the sidelobe level (SLL). The two added
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output ports are located on a second layer coupled through two microstrip-slotline transitions.

This antenna achieves multi-beamforming of 4 beams scanning the ± 45°range, with gain

higher than 9.2 dBi.

(a) (b)

Figure 2.6 – a) 8x10 patch array with Butler matrix [85] b) 4x6 Butler matrix cascaded with the
antenna array [86].

The prototype in [87] consists of a 4x4 Butler matrix with 8 possible feeding ports and 4

antenna elements (see Figure 2.7 a)). This antenna can adopt two configurations: when

ports 1-4 are excited, the proposed array presents a Left-Handed Circular Polarization (LHCP)

pattern, while ports 5-8 provide a Right-Handed Circular Polarization (RHCP) polarization.

The antenna elements consist in dielectric-loaded stepped slots (see Figure 2.7 b)).

Phased array antennas

Various phased array antennas have been proposed for 5G mm-Waves applications. The

prototype in [90] is a passive multibeam phased array, while the antennas presented in [91]–

[93] are based on single-beam phased arrays. Although the prototypes [91]–[93] are not MBAs,

they have been proposed for mm-Waves applications. Hence, their subarrays design can be

used for comparison in this section.

The antenna in [90] consists of two identical waveguide-based radiating reconfigurable struc-

tures (RRSs) (see Figure 2.8a). As depicted in Figure 2.8b, each RRS is formed by 1x15 slots with

embedded S-PIN diodes that can be reconfigured to form beams pointing at (a) 45°, (b) 30°

or (c) 0°. A commercial electromechanical radio frequency switch (ERFS) has been located

between the two RRSs. This switch activates one of the RRSs to guarantee beamforming on

both sides of the axis, achieving five beams pointing at 0°, ±30°, and ±45°.

In [91] , a single-beam phased antenna, consisting in a 6 × 5 planar array has been proposed.

A 6-way series-parallel power divider feeds the subarrays (see Figure 2.9a). This divider was
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(a) (b)

Figure 2.7 – a) 4x4 Butler matrix b) Geometry of the dielectric-loaded stepped slot antenna
[87].

(a) (b)

Figure 2.8 – a) Model of the switched-beam antenna b) RRS with highlighted group of slots
forming a beam in different directions [90].

chosen for achieving a more compact antenna size compared to regular corporate feeding

networks. Additionally, via holes surrounding the lines were added in order to minimize

spurious radiation. The antenna subarray (shown in Figure 2.9b)) consists of 1x5 antenna

elements proximity-coupled in a series configuration. The antenna elements width was tuned

according to a Dolph-Chebyshev amplitude-tapering for minimizing SLL and slits were placed

along the feeding line for reducing reflections. This antenna achieves a fixed pencil beam

along a 3.6% radiation bandwidth.

Two single-beam phased arrays for LHCP and RHCP radiation are proposed in [92]. Both

antennas consist of aperture coupled patches (1x8 patches) fed by a SIW corporate feeding

network (see Figure 2.10a). Having identical feeding networks, the antenna elements design
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(a) (b)

Figure 2.9 – a) 6-way series parallel power divider b) 6 × 5 proximity-coupled planar array 2.9.

(depicted in Figure 2.10b) is different in dimension and rotation to achieve the desired Circular

Polarization (CP). The second slot in the antenna element was added for increasing the

bandwidth. These antennas present a fixed pencil beam over a 3.9% radiation bandwidth.

(a) (b)

Figure 2.10 – a) Side view of the proposed CP antenna array b) Geometry of the two types of
CP antenna elements [92].

The prototype proposed in [93] is a single beam phased array with dual polarization. Two

antennas (colored in red and blue) with orthogonal polarization have been located in an

interdigital shape as shown in Figure 2.11. Each antenna consists of a 4-way power divider and

four series-fed subarrays of 1x6 antenna elements, yielding an array of 4x6 antenna elements.

The antenna element consists of an aperture coupled patch and the feeding network is based

on T-type folded substrate integrated waveguide (TFSIW) which is narrower compared to

typical SIWs. In addition, this antenna has been designed to provide a beam pointing at 30°.
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Figure 2.11 – Front view of the TFSIW-excited dual-polarized antenna [93].

DMBA antennas and Transceivers

Antennas presented in [94] and [95] are DMBAs based on fixed subarrays for 5.8 GHz and

28 GHz, respectively. The prototype in [94] consists of an array of 64x4 antennas (Figure 2.12a)

with 64 RF transceiver channels that control the same number of subarrays. Each subarray

is formed by 1x4 patches fed by a parallel microstrip feeding network (Figure 2.12b). Since

the fixed subarrays are vertically arranged, multiple beams are generated in the horizontal

direction, covering ±30°.

(a)

(b)

Figure 2.12 – a) 64x4 Antenna array b) 1x4 antenna subarray [94].

In [95], a 4x8 planar antenna array consisting in four horizontal 8-element subarrays is pre-

sented (as depicted in Figure 2.13). While the antenna design is not described in detail, the

authors report achieving a horizontal scanning of ±30°.

Given their relevance in the definition of DBMAs, the transceivers presented in [94] and [95]

are summarized next. The transceiver used in [94] operates at 5.8 GHz (see Figure 2.14) and it

consists of three main blocks:

• Digital Baseband Processing Unit, in charge of the baseband signal processing in the

digital domain
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Figure 2.13 – 4x8 planar antenna array [95].

• High-Speed Interface Board, that contains the 64 RF-channels, including ADCs and

DACs

• RF-front ends, where In-Phase/Quadrature (I/Q) baseband signals are modulated/de-

modulated into analog signals by two orthogonal Local Oscillator (LO) signals (i.e.,

quadrature modulation/demodulation). Additionally, each RF front contains amplifiers

and filters associated with each antenna element.

Figure 2.14 – Transceiver architecture proposed in [94].

The transceiver used in [95] consists of a modem operating in real-time at mm-Waves, which

contains integrated commercial off-the-shelf units including, Field-Programmable Gate Arrays

(FPGAs) and ADC and DAC with 1 GS/s conversion rate (see Figure 2.15).

In the described DMBAs antennas, details about the specific signal processing units and their

power consumption figures are not given. The small number of proposed DMBAs in the

literature show that the design of mm-Waves transceivers is currently an open issue. The main
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Figure 2.15 – Modem used in the DMBA antenna proposed in [95]

challenges are linked to:

• Space limitation in the RF front-end stage, due to the densely packed antenna arrays

and the small available space to locate one RF chain per antenna element

• Heating issues due to the significant power dissipation of mm-Waves devices. The small

available space in mm-Waves antennas hinders the integration of cooling systems [96]

• Power consumption due to power-hungry mm-Waves front-end devices and highly

demanded signal processing in the digital domain. Table 2.4 summarizes the state of

the art on consumed power by a group of mm-Waves front-end devices [97].

Table 2.4 – Consumed power by various mm-Waves front-end devices [97]

Device Power [mW]
PA 40-250

LNA 4-86
Phase shifter 15-110

ADC 15-795
VCO 4-25

In order to mitigate the power consumption in mm-Waves communications, the implemen-

tation of hybrid beamforming architectures has been proposed. The analog stage in this

architecture reduces the amount of required mm-Waves devices. Other techniques suggest

that instead of high-resolution ADCs/DACs with sampling rates in the GS/s range, lower reso-

lution converters (i.e. few to 1-bit ADCs and DACs) are used. This is at the expense of a more

challenging channel state information acquisition, yielding more complex channel sensing

estimation algorithms [97]. Regarding heating issues of densely packed mm-Waves antennas,

the authors of [96] propose including thermal management considerations in the antenna

synthesis by varying the array layout and the element position. These approaches provide

practical solutions to overcome the present development gap on mm-Waves communications

until fully DMBAs are cost-effective. Analyzing this in more detail is out of the scope of this

work.
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Tables 2.5 and 2.6 summarize the presented state of the art on antennas for 5G base sta-

tions regarding their MBA architecture, antenna geometry and subarray design. In addition,

other parameters such as the antenna band of operation, bandwidth, gain and efficiency are

depicted.

Table 2.5 – Comparison among the up-to-date passive MBAs for mm-Waves applications
(*Referred to both, impedance and pattern shape bandwidths)

Parameter [85] [86] [87] [88] [89]

MBA type
Passive

(Butler matrix)
Passive

(Butler matrix)
Passive

(Butler matrix)
Passive

(Butler matrix)
Passive
(lens)

Antenna
geometry

Planar
multilayer

Planar Planar 3D Planar

Number of
elements

8x10 1x6 1x4 4x4 5x10

(Subarray)
Feeding line

configuration

(1x10)
Microstrip

in series

(1x6)
Microstrip

Butler matrix

(1x4)
Microstrip

Butler matrix

(1x4)
Butler matrix

(1x10)
Stripline
in series

(frequency
scanned)

Antenna
element

Patch Dipole
Dielectric loaded

stepped slot antenna
Dipole

Aperture-coupled
Slot

Frequency,
bandwidth*,

gain,
efficiency

38 GHz, 3.6%,
19.8 dB, —

28 GHz, 3.6%,
9.2 dBi, 48.3%

37.5 GHz, 13.3%,
10.4 dBi, 54.4 %

60 GHz, 11.6%,
10 dBi, 35%

60 GHz, 15%,
17.79 dBi, 70%

Table 2.6 – Comparison among the up-to-date phased arrays MBAs and DMBAs for mm-Waves
applications (*Referred to both, impedance and pattern shape bandwidths)

Parameter [90] [91] [92] [93] [94] [95]

MBA type
Phased array

(active)
Phased array

(single-beam)
Phased array

(single-beam)
Phased array

(single-beam)
DMBA

Fixed subarray
DMBA

Fixed subarray
Antenna

geometry
Linear Planar Planar Planar Planar Planar

Number of
elements

1x15 6x5 1x8 8x6 64x4 4x8

(Subarray)
Feeding line

configuration
Not specified

(1x5) /
Microstrip in

Series

(1x8) /
SIW in parallel

(1x6)
T- type folded
SIW in series

(1x4) /
Microstrip
in parallel

(1x8) /
Not specified

Antenna
element

Slots with
embedded

S-PIN diodes

Patch
Proximity-

coupled

Patch
Aperture-
coupled

Patch
Aperture-
coupled

patch patch

Frequency,
bandwidth*,

gain,
efficiency

28 GHz, 1.8%,
18 dBi,—

28 GHz, 3.6%,
21 dBi, —

28 GHz, 3.9%,
19.09 dBi, 59%

28 GHz, 3.6%,
13 dBi, ¨low¨

5.8 GHz, 3.4%,
18 dBi

28 GHz, 1.8%,
18 dBi

The analysis performed hitherto has lead us to select a hybrid DMBA as the multibeam forming

architecture for the studied picocell, given their suitability for providing omnidirectional cov-

erage in mm-Waves communications and enabling massive MIMO. Additionally, the stringent

challenges linked to mm-Waves transceivers suggest that the design requirements should

be met with a minimum number of transceivers. Further details related to state-of-the-art

antennas presented in this section will be taken as reference across the rest of the document.
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A description of the proposed antenna architecture in the frame of this project, together with

the design requirements derived from the link budget analysis, are summarized next.

2.2.2 Antenna architecture

Among the most commonly used antenna configurations, we have selected the sectorized (or

segmented) geometry since it presents a good compromise between the features offered by

circular and planar arrays [9]. A circular geometry allows wider scan angles than a planar one,

however at the expense of a more complex fabrication. On the other hand, a planar configura-

tion can provide a higher directivity leading to a longer coverage extent (see Figure 2.16).

Figure 2.16 – Typical array configurations for antennas for mobile network communications
[9]

The proposed picocell antenna in this work consists of a sectorial (or segmented) architecture,

as depicted in Figure 2.17. In each sector, antenna elements have been grouped in vertical

subarrays. Thus, the picocell antenna configuration consists of M subarrays, each containing

N antenna elements.

In order to enable omnidirectional coverage, this antenna is fed by a hybrid beamforming

network (HBFN), as shown in Figure 2.18. This network consists of a DBFN controlling M

subarrays for providing multibeam forming in azimuth, while each subarray is fed by an

ABFN guaranteeing uniform power distribution in elevation. This architecture provides a

relatively flexible beamsteering performance at lesser cost and power consumption expenses

considering currently existing full DMBAs.

As summarized in Table 1.9, the ABFN feeding the subarray can be phased (with variable

phase shifters) or fixed. Given the relatively small number of users in the studied picocell

scenario, a fixed subarray has been chosen.
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Figure 2.17 – MxN antenna array in a segmented configuration

Figure 2.18 – Sketch of an antenna array fey by hybrid beamforming network

2.2.3 Subarray antenna and ABFN requirements

A fixed vertical subarray implies having a fixed radiation pattern in elevation. If a simple

Uniform Linear Array (ULA) subarray is designed, their pencil beams would create blind

spots in the picocell coverage area, leading to the non-fulfillment of the omnidirectional

coverage requirement in our design. Instead, a csc2 subarray has been proposed, i.e. the

subarray radiation pattern in elevation should approximate a csc2 function (see Figure 2.19).

This radiation pattern is an established solution, widely used in radar and mobile wireless

communications [98], [99] for guaranteeing a uniformly distributed power from the cell edge

(Rmax at θmax ) to the mast shadow (Rbl i nd at θbl i nd ).

Taking into account the link budget calculated in Section 2.1.1 and the desired radiation pat-

tern shape in elevation, the main subarray requirements have been summarized in Table 2.7.

The investigated subarray should work at 26 GHz with a bandwidth larger than 7%. The

subarray gain should be higher than 10 dB to guarantee coverage in a cell radius of 200m

approximately. On the other hand, the feeding network (or ABFN) should provide an adequate

weighting vector to guarantee a csc2 pattern in elevation.
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Figure 2.19 – Diagram of parameters defining coverage in vertical plane

Table 2.7 – Subarray requirements.

Parameters Value
Carrier Frequency 26 GHz

Bandwidth* BW > 7%
Coverage distance (R) 200 m

Subarray gain ≥ 10 dBi

Feeding network
fixed ABFN

(for N antenna elements)
*Referred to both, impedance and pattern shape bandwidths

Figure 2.20 – Subarray with required csc2 pattern in elevation

2.2.4 Multibeam antenna and DBFN requirements

In the proposed antenna architecture, the digital beamforming network (DBFN) should consist

of M transceivers, controlling an equal number of subarrays for enabling beamsteering along

360° in azimuth. Hence, the DBFN operates in the azimuth plane (see Figure 2.21) and it should

allow beamforming towards the desired direction, with a specified beamwidth. Additionally,

in order to achieve spatially orthogonal beams with a relatively small interference among

them, their sidelobe level (SLL) should be minimum. The antenna requirements in azimuth

are organized in Table 2.8.

This, together with the uniformly distributed power in elevation should provide omnidirec-

tional coverage along the cell radius. Besides, the proposed MBA architecture provides suitable

hardware to enable MIMO techniques.

Based on the antenna configuration and the design requirements obtained in this chapter, the
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Figure 2.21 – Antenna array with multibeam forming capabilities in azimuth

Table 2.8 – Multibeam antenna requirements

Parameters Value
Carrier Frequency 26 GHz

Bandwidth* BW > 7%
Coverage distance (R) 200 m

Transmitter gain ≥ 10 dBi

Feeding network
DBFN

(for M subarrays)

Radiation pattern in azimuth
Steerable in azimuth

(for a desired target, beamwidth and SLL)
*Referred to both, impedance and pattern shape bandwidths

synthesis, design and implementation of the proposed antenna are covered in Chapters 3-5
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3 Synthesis of the hybrid beamforming
network

This chapter presents the synthesis of the proposed hybrid beamforming network (HBFN)

according to a set of required constraints in both planes, elevation and azimuth. The proposed

algorithms in both cases are tested using analytical antenna arrays based on the radiation

pattern of a conventional patch antenna. Key parameters influencing the HBFN performance,

given the defined set of constraints, are investigated. This is preceded by an introduction to

the recently considered hybrid beamforming architectures for mm-Waves communications

and an overview of the different antenna synthesis methods of interest in the studied scenario.

3.1 Introduction to hybrid beamforming architectures

As mentioned in Chapter 2, hybrid beamforming architectures have been proposed as a

compromise to enable mm-Waves communications with the currently power-affordable and

available RF technology. Hybrid beamforming architectures are mainly divided into two types:

fully connected and partially connected [100]. In the fully connected architecture, all the RF

chains are connected to all the antennas, while in the partially connected case, each RF chain

is connected to a group of antennas (see Figure 3.1).

Figure 3.1 – HBFN architecture in mm-Waves systems a) fully connected b) partially connected
[100]
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Under the same conditions, fully connected architectures contain NT x N 2
RF signal processing

paths, while in partially connected architectures NT x N 2
RF paths are possible (with NT being

the number of transmit antennas and NRF the number of RF chains). On the other hand,

neglecting transmission line losses, the fully connected architecture presents a beamforming

gain NRF times higher than the partially connected one. The study of hybrid beamforming

architectures has been based on evaluating this complexity-gain trade-off with the objective

of enabling an adequate performance (close to fully-digital architectures) with the smallest

possible hardware and signal processing complexities.

An exhaustive description of the recently proposed hybrid architectures is given in [57], [100]–

[102]. Their main conclusions are summarized herein:

• In partially-connected architectures, increasing the number of antennas per RF chains

is a recommended technique to overcome their performance loss with respect to fully-

connected architectures.

• Fully-connected architectures can only approach a near-optimal performance if the

number of RF-chains is slightly larger than the number of data streams. It is suggested

that for a performance similar to fully digital schemes, the number of RF chains should

be twice the number of data streams.

• In ideal scenarios (ideal transceivers), fully connected schemes present higher Spectral

Efficiency (SE) than sub-connected architectures given the higher degrees of freedom in

the RF domain. However, sub-connected schemes show to be more energy efficient due

to its simplified architecture. However, these results are inconclusive since more realistic

scenarios need to be tested. The authors of [102] noted that the lack of knowledge about

the mm-Waves transceivers imperfections prevents the proper estimation of its effect in

the SE degradation in the studied beamforming architectures. Taking that into account,

the estimation of the Energy Efficiency (EE)-Spectral Efficiency (SE) trade-off has been

suggested as a good way to investigate the optimal number of RF chains achieving the

maximal EE for any given SE constraints.

• In order to alleviate signalling overhead and processing complexity characteristic to

fully-connected architectures, a new beamforming scheme has been proposed in [103]

(shown in Figure 3.2 a)) where virtual sectors are created for independently precoding/-

combining different groups of users.

• In [104], [105], the use of hybrid beamforming architectures based on switches instead

of phase shifters is proposed (see Figure 3.2 b)), presenting a considerable reduction of

consumed power when both schemes are compared with equal number of transceivers.

• The optimal number of transceivers and antennas in a hybrid beamforming scheme

can be obtained considering the required multi-user channel capacity. With that aim,

using the Singular Value Decomposition (SVD) of the matrix containing beamforming

weights and channel information has been suggested in [106], [107].
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Figure 3.2 – Fully connected HBFN a) with phase shifters b) with switches[100]

Substantial research has been devoted to the design of hybrid beamforming architectures,

but the majority of the reviewed literature is still not targeting realistic environments. Various

significant open questions thus require further investigation.

3.2 Antenna pattern synthesis

3.2.1 Analytical methods

Analytical antenna pattern synthesis methods can be classified into three main categories:

• Nulling theory, where patterns with nulls in the desired direction are required. This can

be accomplished via Schelkunoff method.

• Beam shaping, where a desired distribution in the main pattern beam is desired. This

can be obtained using Fourier transform and Woodward-Lawson methods.

• Sharp pencil beams with low SLL. Usually, binomial method, Dolph-Tschebyscheff

method and Taylor line-source are used to produce narrow beams with low SLL.

A detailed description of these methods can be found in antenna textbooks, see for instance

[60], [108].

3.2.2 Numerical methods

Most of the analytical methods are limited to uniformly spaced arrays of isotropic antenna

elements, preventing the inclusion of mutual coupling in the optimization process. Compared

to them, numerical methods can consider a higher variety of problems such as antenna

elements with different patterns, with arbitrary array grid and beam shape constraints. Some

of the most typically mentioned numerical techniques in recent antenna pattern synthesis

literature are Iterative Fast Fourier, Iterative Sampling and Alternative Projection [109]–[117].
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In the majority of these techniques, obtaining an optimum solution is not ensured. For

instance, the methods based on Alternative Projections [117] may reach a local minimum if a

good reference or starting point is not used. Some other deterministic synthesis techniques

inspired on the Density Taper Procedures have been proposed in [118]–[120]. Although they

require a priori knowledge of an optimal reference point, these techniques have been used for

effectively solving optimization problems with a high number of unknowns.

3.2.3 Global optimization methods

Optimization methods based on Genetic Algorithms, Particle Swarm, Simulated Annealing,

Differential Evolution and Branch-and-Bound have been used to find a global optimum in

various antenna array pattern synthesis problems [121]–[123]. Apart from the benefits of

reaching good results, these methods have shown to be flexible and effective when little is

known about the optimization scenario. However, it has been suggested that they are used

when the problem size is relatively small since their computational and time burden increases

rapidly with the number of unknowns and reaching a global solution may not be longer

guaranteed.

3.2.4 Methods based in convex optimization

Using convex optimization to solve an antenna pattern synthesis problem can ensure reaching

the global solution as demonstrated in [124]. Until recently this technique was considered

computationally demanding, but the increased computer power, the development of powerful

algorithms and optimization tools have enabled solving not only larger problems but also at a

higher speed. This has made possible the use of real-time convex optimization in antenna

pattern synthesis problems [125]. Additional benefits of using this optimization technique

include the possibility of using arbitrary array configurations, different antenna elements,

including mutual coupling and polarization in the optimization algorithm [126], [127].

A convex optimization problem has the form

minimize f0(x)

subject to fi (x) ≤ bi i = 1, . . . ,m,
(3.1)

where the functions f0, . . . , fm :Rn →R are convex, i.e., satisfy

fi
(
αx +βy

)≤α fi (x)+β fi (y) (3.2)

for all x, y ∈Rn and all α,β ∈R with α+β = 1, α≥ 0, β≥ 0.

The inequality in Equation 3.2 is graphically represented in Figure 3.3.

A typical antenna pattern synthesis problem with constraints specifying the beam target and
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Figure 3.3 – Convex function [128]

SLL limit can be written in a convex formulation. Considering the weighted output signal

ys = wT A (3.3)

where w is the complex weighting vector applied to the array response A, the optimization

problem can be expressed as the minimization of the output signal at all directions, except

from the target. Accordingly, the problem’s objective function consists of minimizing the

expected value of the power of ys , that is min E
{∣∣ys

∣∣2
}

, which can be written as

min E
{∣∣ys

∣∣2
}

= min E
{∣∣wT A

∣∣2
}

= min E
{

wT RA A w
}

, (3.4)

where RA A is the correlation matrix of the array response A.

In addition, the desired beam target and SLL threshold are included in the problem constraints

as described in Equations 3.5:

Ctar : |Atarw | = 1

CSLL : |ASLLw | ≤ ε
(3.5)

with ε being the SLL threshold (for instance -20 dB under the main lobe), and Atar and ASLL

the array response at the target and SLL regions, respectively (see Figure 3.4 ).

Taking into account that the objective function in Equation 3.4 is convex and the constraints

are affine (equality constraint) and convex (inequality constraint), we can affirm that the

optimization problem is convex. Convex optimization problems expressed in a convex pro-

gramming manner can be solved using the CVX toolbox, which is a Matlab-based modeling

system for solving this type of problem via interior point optimization [128], [129]. However,

most of the pattern synthesis problems are not intrinsically convex. For example, if the prob-

lem of Equations 3.4 and 3.5 is additionally constrained adding a low bound for limiting the

pattern beamwidth, as described in Equation 3.6 and represented in Figure 3.4.

CHPBW : ρ1 ≤ |AHPBWw | ≤ ρ2 (3.6)
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Figure 3.4 – Lower and upper bounded constraint mask

Different techniques for transforming this kind of non-convex problem into a convex for-

mulation have been presented in [130], [131]. Other authors have proposed introducing

approximations/relaxations [132]–[134] or solving iterations of a convex optimization prob-

lem [135], [136] In [137] and [138] non-convex optimization problems have been iteratively

solved as a sequence of convex optimization problems. After comparing this approach to

solutions obtained through global and deterministic algorithms, the iterative method was

shown to be an effective solution to this kind of problem. Another technique for avoiding the

non-convexity of antenna pattern synthesis problems was proposed in [139]–[141], where

conjugate beamforming symmetric weights were used with the objective of expressing the

array factor formula as a real function. This transforms the lower bound constraint into an

affine function which allows the problem to be solved via convex optimization. Given the

imposed symmetric weights constraint, a global solution may not be found, but this solution

represents a good compromise between performance and algorithm costs.

On the other hand, the aforementioned synthesis methods have been commonly developed

using analytical or isotropic antenna elements, thus neglecting real optimization scenarios.

Including real antenna patterns and mutual coupling is crucial in antenna synthesis problems

for ensuring appropriated results. With this aim, a technique proposed in [126] uses 3D-FEM

to describe the antenna element used in the array synthesis. In addition, the antenna array is

characterized based on Floquet modal and general scattering matrix analysis for working with

finite arrays in infinite array environments. This allows to inherently include mutual coupling

in the optimization problem formulation.

Considering the studied antenna pattern synthesis literature, we can say that there still exists

a gap between proposed convex optimization methods and their effective implementation in

realistic antenna scenarios, with only a small number of proposals combining in some man-

ner electromagnetic analysis with the proposed optimization algorithms. However, convex

optimization has demonstrated to be a suitable technique to solve antenna pattern synthesis
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problems, given their effectiveness in addressing such problems at low computational costs,

together with the readily programming optimization tool and the vast available literature.

In this work, iterative convex optimization is used to obtain the synthesized weighting vectors

in both, the csc2 subarray pattern in elevation and the multibeam forming in azimuth. The

next sections describe the description of both problems, together with some exemplification

that analytically validates the proposed techniques.

3.3 Synthesis of the proposed Hybrid BFN

As specified in Chapter 2 the proposed antenna architecture consists of MxN antennas fed

by a HBFN. M subarrays (each of them containing N antenna elements) are concentrically

arranged as shown in Figure 2.17. The proposed HBFN consists of a DBFN controlling M

RF chains and subarrays for generating multiple beams in azimuth. In addition, the ABFN

feeding each subarray should guarantee a csc2 pattern shape in elevation. The diagram of the

proposed HBFN is shown in Figure 3.5. A subarray fed by an ABFN is represented by a dashed

line box. Additionally, each subarray is connected to a dedicated RF chain and controlled by

the DBFN.

Figure 3.5 – Diagram of the proposed HBFN

3.3.1 Optimization problem in elevation. csc2 subarray

In order to obtain a uniformly distributed received power between the cell edge and the mast

shadow, the subarray pattern in elevation should approximate a csc2 shape (as shown in

Figure 2.19 ). The excitation weights of each element enabling such a pattern were obtained

using a least-squares optimization scheme.

The weighting vector w0 that minimizes the difference between the subarray pattern in

elevation APsub = Asub ·w and the desired pattern mask ∆sub , can be obtained by solving the
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least squares problem

w0 = ar g mi nw ||∆sub − Asub ·w ||2

such that ∆sub =

Mcsc2 for θ ∈ θcsc2

MSLL for θ ∈ θSLL

(3.7)

The mask ∆sub includes two main constraints as shown in Figure 3.6: i) the main beam shape,

which is a csc2 function
(
M 2

csc

)
over the angular region θcsc2 , and ii) the maximum SLL that is

represented by an upper bounded function MSLL over the θSLL region (Figure 3.6 ).

Figure 3.6 – csc2 mask

The matrix Asub in Equation 3.8 represents the radiated field En
(
θ,φ

)
of each subarray antenna

element, i.e.

Asub[n,θφ] =


E1 j e1 jψ(θ,φ=−90,−180) . . . E1 j e1 jψ(θ,φ=−90,180)

...
. . .

...

EN j eN jψ(θ,φ=90,−180) . . . EN j eN jψ(θ,φ=90,180)


n=1:N

(3.8)

where n refers to the nth antenna element with n = [1, . . . , N ] , θ and φ represent the con-

sidered directions in elevation and azimuth planes respectively, with θ ∈ [−90◦,90◦] and

φ ∈ [−180◦,180◦], and ψ is the relative progressive phase between elements.

ABFN performance analysis

The ABFN performance is evaluated in this section using analytical subarrays based on a

conventional patch antenna, as depicted in Figure 3.7. The effect of varying the number of

antenna elements (N) in the subarray, the distance (d) between them and the antenna element

beamwidth (HPBW) is investigated.

Impact of the number of elements

In order to evaluate the ABFN performance when varying the number of elements N, various

subarrays of 5, 6 and 7 antenna elements were analytically built. The influence of the number
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of elements in the subarray and the antenna element beamwidth was studied regarding the

csc2 mask constraint (see Figure 3.6).

For this evaluation, all elements are considered identical and the matrix Asub is simply ob-

tained as

Asub[n,θφ] = E0


e1 jψ(θ,φ=−90,−180) . . . e1 jψ(θ,φ=−90,180)

...
. . .

...

eN jψ(θ,φ=90,−180) . . . eN jψ(θ,φ=90,180)


n=1:N

(3.9)

where E0 is the pattern of an element.

Figure 3.7 – Diagram of a generic analytical linear array illustrating the subarray in elevation

The first evaluated set up consists of a patch antenna of half power beamwidth (HPBW) = 50◦

replicated in a linear array of N = [5, 6, and 7] elements separated at a distance d = 0.5λ. The

csc2 pattern mask (represented in gray in Figure 3.8) is defined to present maximum radiation

at broadside and a main beam with csc2 pattern shape along 50◦ approximately. The mask

SLL limit has been defined at -16 dB. Figure 3.8 shows the synthesized pattern APsub .

Figure 3.8 shows that the ABFN synthesis for a linear array with a higher number of elements

presents lower grating lobes. Additionally, the main beam constraint is similarly fulfilled in the

three studied linear arrays. Given that a higher number of elements requires a larger feeding

network, the selection of the number of elements should be driven by a compromise between

the ABFN performance, and reasonable antenna complexity and feeding network losses.

Impact of the distance between antenna elements

The influence of the distance (d) between antenna elements in the ABFN synthesis was studied.
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HPBW = 50°, d=0.5 , varying-N
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Figure 3.8 – Synthesized pattern for arrays with different number of elements N . Legend refers
to N

Three linear antenna arrays formed by 6 antenna elements separated at d =[0.5λ, 0.6λ and

0.7λ] and each having a 60◦ beamwidth were investigated (see Figure 3.9).

N=6, HPBW=60°, variable-d( )
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Figure 3.9 – Synthesized pattern for arrays with different distances between elements d(λ).
Legend refers to d(λ)

As expected, a smaller distance between elements provides a more adequate synthesized

pattern when compared to the csc2 pattern mask.

Impact of the antenna element beamwidth

The third evaluated parameter in the ABFN performance is the antenna element beamwidth

(HPBW). In this case, linear arrays of 6 elements at a distance d = 0.5λ with antenna elements

presenting HPBW = [40◦, 50◦ and 60◦] were analyzed.

As shown in Figure 3.10, an antenna element with wider beamwidth may provide a synthesized
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d=0.5 , N=6, varying-HPBW

-80 -60 -40 -20 0 20 40 60 80

Theta [°]

-40

-35

-30

-25

-20

-15

-10

-5

0 40

50

60

Figure 3.10 – Synthesized patterns for arrays with different beamwidths (HPBW). Legend refers
to HPBW in degrees

pattern APsub that exhibits better agreement with the required mask. Hence, a linear array with

a relatively small number of elements, each presenting broad beamwidth may be sufficient

for fulfilling the ABFN synthesis constraints. These parameters are taken into account in the

subarray implementation in Chapter 4.

3.3.2 Optimization problem in azimuth. Sectorial antenna

In this sub-section, we aim at synthesizing the digital beamforming network, such that it

generates a matrix UM xΓ
(
θi ,φ j

)
with column-wise distributed weighting vectors uM x1

(
θi ,φ j

)
that fulfill a set of constraints associated to the multibeam forming antenna capacities.

For the sake of simplification, the synthesized weighing vector uM x1
(
θi ,φ j

)
for each set of

constraints is denominated u0. Accordingly, the synthesized radiation pattern is APMB A =

AMB A ·u0, where AMB A is the radiated field Asub
(
θ,φ

)
of each subarray (Equation 3.10).

AMB A[n,θφ] =


Asub1 j e1 jψ(θ,φ=−90,−180) . . . Asub1 j e1 jψ(θ,φ=−90,180)

...
. . .

...

AsubM j eM jψ(θ,φ=90,−180) . . . AsubM j eM jψ(θ,φ=90,180)


m=1:M

(3.10)

In the DBFN synthesis problem formulation, four constraints have been primarily considered.

The first constraint C1 consists of targeting the radiation pattern maximum at a certain direc-

tion θi ,φ j . In addition, the beam should cover a certain area specified by the radiation pattern

beamwidth. This is represented by constraint C2. Finally, in order to minimize interference,

beams should be spatially orthogonal. That is, beams could be simultaneously active but the

maximum of the beam pointing at θi ,φ j should overlap with the minimum of the rest of the
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beams. This is represented by the third constraint C3, and it will be addressed as the beam

on θi ,φ j having a SLL below a specified threshold. The three regions defined by constraints

C1 (Atar), C2 (AHPBW) and C3 (ASLL) are used to build the desired mask function (shown in

Figure 3.11).

20 40 60 80 100 120 140 160 180

-3

SLL

Figure 3.11 – Diagram of the regions defined by Atar, AHPBW and ASLL

A fourth constraint C4 was added in order to limit the network power distribution and thus

avoid the use of active components in the antenna array (C 4 : ||u||1 < 1).

The DBFN synthesis problem can be initially formulated as

find u0

such that



C1 : Ataru = 1

C2 : abs (AHPBWu) ≥ 1
2

C3 : abs (ASLLu) < ε
C4 : ||u||1 < 1

(3.11)

With the objective of transforming the problem described in Equation 3.11 into a convex for-

mulation, constraints C1-C3 have been integrated into a mask ∆MB A (as shown in Figure 3.12)

where the synthesized radiation pattern is:

• Upper and lower bounded over the main beam region, considering C1 and C2.

• Upper bounded over the SLL region, considering C3.

That is,

∆MB A =


∣∣APMB A (u)

∣∣≤ Mup∣∣APMB A (u)
∣∣≥ Md w

(3.12)
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Figure 3.12 – Multibeam antenna mask integrating constraints C1, C2 and C3

The problem defined in Equation 3.11 has been thus re-formulated as

min
u

∣∣∣∣AMB A u −∆MB A

∣∣∣∣
2

subject to ||u||1 < 1
(3.13)

The proposed optimization problem is solved using iterative convex optimization based on

the CVX toolbox. Two steps were added to the proposed algorithm since they demonstrated to

be crucial for attaining a good local optimum:

• The initialization pattern AP i =0
MB A

consists of a beam with a relatively narrow beamwidth.

• The phase of AP i =0
MB A

was applied to the mask, i.e. ∆MB A e j 6 AP i =0
MB A .

After each iteration, the phase of the locally optimal pattern is applied to the mask. This

last step consists of a projection derived from Alternating Projection algorithms in order to

facilitate an effective convergence [142]. This process is repeated for a certain number of

iterations or until a threshold condition is fulfilled. A generalization of the algorithms is

summarized in the flow diagram in Figure 3.13.

DBFN performance analysis

The DBFN operating on the sectorial antenna in azimuth was studied in different analytical

scenarios. In this analysis, each subarray has been represented by the radiation pattern of

a conventional patch antenna (as depicted in Figure 3.14). The goal was to identify how the

desired multibeam antenna performance is influenced by the antenna architecture, namely

by the variation of the number of sectors (M) and the sector width (suba). While the selection

of these parameters has an impact on the coupling between subarrays—crucial to meet the

desired multibeam forming antenna capabilities—their practical implementation is limited

by the antenna technology, the fabrication complexity and cost, which should be taken into

account in the definition of the antenna architecture. The studied parameters in this section

are included in Figure 3.14.
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Figure 3.13 – Flow diagram of the DBFN synthesis algorithm

Figure 3.14 – Diagram of a generic sectorial antenna illustrating the MBA in azimuth

For a given subarray width (suba) and M number of sectors, rmin is the minimum radius of the

sectorial antenna and d is the minimum distance between subarrays.

Number of sectors

In order to study the influence of the number of sectors (M) in the DBFN performance, four

antenna arrays consisting of 4, 8, 12 and 18 sectors were analytically arranged (see Figure 3.15).

In general, the array response of the sectorial antenna can be built by both rotating and
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Figure 3.15 – Antenna architectures for different number of sectors M

translating the subarray matrix APsub
(
θi ,φ j

)
obtained in the previous section. However, for

the present evaluation it is sufficient to represent each sector by an analytical patch radiation

pattern as depicted in Figure 3.16.

x

y

Figure 3.16 – Sketch illustrating the rotation and translation of the antenna elements forming
a sectorial array

The sectorial antenna array response can be written as:

AMB A[m,θφ] =


E01 j e1 jψ(θ,φ=−90,−180) . . . E01 j e1 jψ(θ,φ=−90,180)

...
. . .

...

E0M j eM jψ(θ,φ=90,−180) . . . E0M j eM jψ(θ,φ=90,180)


m=1:M

(3.14)

Table 3.1 summarizes the minimum radius (rmi n defined in Figure 3.14) to geometrically

arrange the specified number of sectors, considering that the subarray width is 8mm (suba =

8 mm). The distance d between subarrays for each configuration is also included.

Table 3.1 – Minimum radius and distance between subarrays for a given number of sectors

Number of sectors 4 8 12 18
rmin [mm] 4 9.66 14.93 22.69
d(λ) 0.49 0.64 0.67 0.68
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In an antenna array, a distance between elements smaller than lambda (d < λ) is recom-

mended if a radiation pattern with low grating lobes is desired [60]. This is one of our DBFN

synthesis requirements, represented in constraint C3. Given the d(λ) values in Table 3.1, an

antenna of 4 sectors represents a more attractive solution than rest of the studied sectorial

antennas. Nevertheless, the overall DBFN performance should be also evaluated considering

the positive coupling between the antenna elements and including the rest of the constraints

in the studied scenario. With that aim, the DBFN was computed for the antenna configurations

in Figure 3.15 subject to the set of constraints S1.

S1 =


C1 : ϕtar = [90◦,105◦,120◦,135◦]

C2 : ϕHPBW = 40◦

C3 : ϕSLL = −13 dB

(3.15)

Figure 3.17 shows the synthesized pattern of the four studied antenna configurations when

targeting 90◦, 105◦, 120◦ and 135◦ (Figure 3.17 a, b, c, d respectively).

For the studied set of constraints, the synthesized pattern is closer to the constraint mask

when M increases. This is due to the fact that an antenna with a high number of sectors is

comparative to the circular antenna geometry allowing wider scan angles. On the other side,

a high M implies increasing the number of subarrays and RF chains, thus yielding a more

costly antenna design. A cost-performance compromise should be made in the selection of

this design parameter.

Sector width

The sector width (suba) is also linked to the distance between subarrays and hence it influences

the DBFN synthesis. In order to study this, a 12-sector antenna was formed with subarrays

of 6 mm, 18 mm and 30 mm width as depicted in Table 3.2. The set of constraints S2 was

implemented in this evaluation.

Table 3.2 – Minimum radius and distance between subarrays for a given subarray width

Sector width (suba) [mm] 6 18 30
rmin mm 11.2 33.59 55.98
d(λ) 0.5 1.51 2.51

S2 =


C1 : ϕtar = [90◦,97◦,105◦]

C2 : ϕHPBW = 40◦

C3 : ϕSLL = −13 dB

(3.16)
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Figure 3.17 – Synthesized patterns for different antenna architectures, given by a variation of
the number of elements, targeting a) 90◦, b) 105◦,c) 120◦ and d) 135◦. Legend refers to number
of sector (M)

The synthesized radiation pattern in a 12 sectors-antenna with 6 mm, 18 mm and 30 mm is

shown in Figure 3.18 a), b) and c) respectively.

In the studied set of constraints S2, a narrower subarray (suba = 0.6 mm) provided a synthesized

pattern closer to the desired mask. This result is expected since a smaller suba guarantees a

smaller distance between subarrays. Although in the subarray implementation, this parameter

is limited by the actual design technology, selecting a subarray architecture that enables a

small suba should be taking into account for enhancing the DBFN flexibility.

In this chapter, the HBFN has been synthesized and its performance has been evaluated in

various scenarios. These outcomes have been considered in the antenna design stage of this

work:

• From the performed analysis in elevation, a wider antenna element beamwidth provided

more flexible beamforming capabilities. This can be evaluated before increasing the

number of elements, hence the antenna cost and complexity.
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Figure 3.18 – Synthesized patterns for different antenna architectures, given by a variation of
the subarray width, targeting a) 90◦, b) 97◦ and c) 105◦. Legend refers to subarray width (suba)
in mm

• The distance between elements d(λ) is a crucial parameter in the HBFN synthesis.

In elevation, a smaller distance between elements in the subarray, and in azimuth, a

smaller subarray width suba showed synthesized patterns that better fit the constraint

mask.

• Although a smaller number of sectors implies a smaller distance d(λ) between subarrays,

the positive interference between array elements also needs to be taken into account.

Increasing the number of sectors in the DBFN synthesis has shown a better correlation

between the synthesized pattern and the constraint mask, but it involves increasing the

antenna complexity and cost. A compromise between the number of sectors and the

beamsteering capabilities should be considered.
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4 Cosecant-squared pattern shaped
subarray

In this chapter, a subarray with csc2 pattern shape in elevation is designed and implemented.

The subarray specifications considered in Chapters 2 and 3 are primarily summarized and

the state of the art on csc2 antennas is briefly described to establish the starting point in

our design. The subarray design is addressed including the description of the transmission

line, the antenna element design, and the synthesis of the feeding network associated with

the desired csc2 pattern shape. The selection of the feeding network layout is explained

and the design of the required feeding network components is described. The proposed

subarray is finally implemented and its performance is validated through the comparison of

simulation and measurement results. The fabrication process of this subarray is specified.

Complementary, the dimensions of the proposed models are detailed in technical drawings

provided in Appendix A.

4.1 Subarray specifications

Various design requirements associated with the subarray design have been specified in

previous chapters. Given the tackled frequency band, high antenna efficiency is desired in

order to mitigate the intrinsically high material losses (conductor and dielectric) at mm-Waves.

This has an impact on the design of both, the subarray feeding network and the antenna

element. On the other hand, the HBFN synthesis study realized in Chapter 3 showed that

using a subarray antenna element with wide beamwidth and a small subarray width is suitable

to attain a wider beamsteering range. These remarks, together with the calculated link budget

in Chapter 2, have driven the subarray design in this work. A summary of the subarray design

specifications is depicted in Figure 4.1 and Table 4.1.

We can thus say that a csc2 efficient broadband subarray operating at 5G mm-Waves with a

relatively low profile and narrow width is attractive to the studied scenario. The relatively low

profile and small size constraints are additionally adequate due to the portability characteris-

tics of the considered application.
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Figure 4.1 – Summary of the subarray synthesis specifications

Table 4.1 – Summary of the subarray design parameters

Parameter Value
Carrier frequency 26 GHz

Bandwidth* > 7%
Coverage distance (R) 200 m

Path loss exponent (np ) 2.22 ≤ np ≤ 2.45
Shadowing factor (Sσs ) 9 dB

Transmitter power 24 dBm
Subarray gain ≥ 10 dBi

Receiver sensitivity level -87.3 dBm
Receiver gain 5 dBi

Feeding network fixed ABFN
Radiation pattern in elevation csc2

*Referred to both, impedance and pattern shape bandwidths

Recently, planar csc2 antennas have been proposed for achieving a reduced profile, weight and

fabrication cost, as well as enabling easy integration of the feeding network and the antenna

elements[143]–[148]. Among them, the csc2 planar antennas with feeding networks in a series

configuration have been implemented with smaller sizes yielding smaller transmission losses,

but also with intrinsically narrow bandwidth [146], [147]. On the other hand, the antennas fed

by a parallel configuration usually can achieve a wider bandwidth but occupying a larger area.

In that context, two subarray architectures with adequate features to be used as starting point

in our design were considered: a slotted waveguide (WG) antenna and a multilayer printed

structure, as shown in Figure 4.2.

A slotted WG (see Figure 4.2 a)) can be designed to provide a csc2 beam shape as presented by

Gatti in [149]. By modifying the slot offset and length of a metallic WG the desired radiation

pattern can be obtained. This is an interesting feature since both, the feeding network and

antenna are the same structure. Nevertheless, slotted WGs are limited by a narrow bandwidth

and a bulky, heavy and expensive footprint. A low-profile and low-cost subarray can be

obtained using SIW technology instead, yet compromising the initial bandwidth constraint in

the studied application. With this goal, the design of a slotted WG subarray for the present

application was developed as part of a Master project carried out in our lab [150]. This work

belongs to an ongoing investigation and thus will not be further discussed in this thesis.

The planar subarray for Ka-band space applications, shown in Figure 4.2 b), was proposed in
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(a) (b)

Figure 4.2 – Subarray architectures with adequate features to be used as starting point in the
studied application, a) slotted WG antenna b) multilayer printed antenna

[151]. The proposed subarray is fed by a parallel feeding network with a compact design and

a high antenna efficiency. These features make it a promising starting point for our project.

We take some of the key principles of this solution and extend them to meet the pattern, gain,

bandwidth and space requirements of the present application.

4.2 Transmission line

Microstrip or striplines are potential candidates for placing a corporate feeding network

in a relatively small space, but they can become quite lossy at mm-Waves [152]–[154]. We

have chosen to base the subarray feeding network on suspended stripline (SSL) technology.

This transmission line consists of a stripline suspended on a substrate and shielded in an

air-filled-cavity (see Figure 4.3) [155].

Figure 4.3 – Suspended strip line geometry

By selecting an electrically thin-low permittivity substrate, the attenuation due to dielectric

material is reduced. Another advantage of this line is that the use of a shielding cavity prevents

spurious radiation. SSLs are bulkier and more costly than regular printed lines but represent a

good compromise for our application. With an acceptable profile, this transmission line can

be confined in a relatively small area while enabling very attractive features such as low losses,

low dispersion and broad bandwidth operation [156]. The SSL stripline was calculated for
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enabling a 50 Ω characteristic impedance, yielding a width wSSL of 0.85 mm [157]. The line

is mounted on Rogers Duroid (RT 6002) substrate with 0.127 mm height and permittivity of

2.94. For enabling TEM-mode only operation, the SSL width aSSL is limited by the first WG

TE10 mode, such that

aSLL < c

2 fc

√
1− hsub

aSLL

(
ε−1

ε

)
(4.1)

where fc is the upper frequency limit of the studied operational bandwidth and ε is the

substrate permittivity.

Moreover, the SSL cavity height is constrained by the structure power handling capabilities

and its mechanical realization as described in [151], [155]. Considering the aforementioned

designed specifications, the designed SLL cavity consists of hollow brass of 2 mm x 0.727 mm.

The simulated SSL shows an effective permittivity of 2.3 and an attenuation of 0.07 dB/cm

which is low compared to other printed lines as presented in [156].

4.3 Antenna element

To attain a broadband-efficient planar antenna design, the antenna consists of stacked patches

[158]. The advantage of using stacked patches compared to an aperture coupled simple patch

is that in the latter the aperture is resonant, which generates non-negligible back radiation. In

the stacked patches structure, the required slot length is reduced due to the strong interaction

between the aperture structure and the patches. The two main resonances in this structure

stem from the coupling between the aperture and the bottom patch and the coupling between

the patches. Accordingly, the width of both squared patches, the aperture length and the

thickness of the two substrates supporting the patches are essential parameters in obtaining

the adequate resonance system [159]. Additionally, in this antenna the stub and aperture

lengths are adjusted to obtain an adequate antenna impedance coupling, where the stub

variation modifies the reactance within an approximately constant resistance contour and the

slot is inversely linked to the resistance [160].

As shown in Figure 4.4 a), both patches are suspended on thin and low-permittivity dielectric

separated by layers of air. This thick and low permittivity effective substrate enables a broad-

band antenna operation. In addition, this technique guarantees the low losses requested in

our design [161].

The slot, depicted in Figure 4.4 b), consists in a dogbone aperture. Compared to a regular

rectangular slot, a dogbone slot of a smaller aperture can provide reduced back radiation,

hence mitigating the field intensity within the antenna cavity. This is achieved preserving the

adequate slot coupling capacities and polarization purity [162], [163].

Finally, the antenna element was shielded in a square cavity to minimize undesired mutual
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Figure 4.4 – Antenna element geometry

coupling between the subarray elements. The cavity size was chosen considering both, the

minimum width to enable propagation along the operational bandwidth cw > 0.6λ and the

recommended distance (d <λ) among array elements to avoid grating lobes, yielding cw <λ.

Hence, the selected square cavity is (0.65λ)2 [60].

The described antenna element is fed by a 50 Ω SSL which is accessed via a WG-to-SSL

transition in order to minimize loss mismatches in the fabrication process while enabling a

mechanically robust structure. In this transition, the quasi TEM mode of the SSL is obtained

from the waveguide dominant mode TE10 and the resonating patch with dominant mode

TM10, as described in [164]. In addition, a waveguide short is located at around λ/4 from the

matching patch to increase the power coupled to the latter. A set of equations for designing

this kind of structure is proposed in [151]. Figure 4.5 shows an exploded view of the antenna

element. In addition to the described components, the antenna connector is included con-

sisting of a coax-to-WR-34 adapter, which is a practical solution to carry out the antenna

measurements.

The results from the simulated antenna element at 26 GHz are depicted in Figure 4.6, with

an S11 below -10 dB over a 16.5% bandwidth and a realized gain higher than 8.5 dB for the

considered frequency bandwidth. The most critical dimensions in tuning the antenna to the

design requirements were the air gap thickness, the slot and stub lengths, and the patches

dimensions.

The antenna presents a high radiation efficiency of 97% and, as exhibited in Figure 4.6 b), the

antenna radiation pattern at 26 GHz presents a wide beamwidth of 66◦, as targeted in the

subarray specifications.

4.4 Subarray synthesis

The minimum number of subarray elements to achieve a 10 dBi gain figure was calculated for

a uniform linear array based on the simulated antenna pattern of Figure 4.6 b). Compared to
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Figure 4.5 – Exploded view of the antenna element
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Figure 4.6 – Radiating element results: a) S11 b) Realized gain and gain radiation pattern for 26
GHz

this, a 6-element subarray was analytically found as the simplest implementation meeting

this specification with sufficient margin considering a csc2 pattern [60]. Additionally, given

the element cavity size (0.65λ)2 and the required brass wall among them (1 mm thick), the

distance between elements in the subarray is (0.75λ). This, together with the transmission

line geometry were considered in the definition of the feeding network layout.

The feeding network layout can be implemented in different architectures. We have selected a

topology placing the feeding port close to the center to reduce transmission losses (Figure 4.7

a)). Additionally, considering that a relatively narrow subarray width is desired (given the

performed analysis in Chapter 3), the possible layouts are shortlisted to three architectures as

shown in Figure 4.7.
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Figure 4.7 – Subarray layout with feeding port located after a) the third antenna element, b)
the second antenna element, and c) the fourth antenna element

The final layout selection is determined by the requirement regarding the subarray radiation

pattern in elevation.

4.4.1 Analog beamforming in elevation

As described in Chapter 2, a subarray having a csc2 pattern shape in elevation is desired

for guaranteeing uniformly distributed received power along the picocell. The weighting

vector w0 associated with the required csc2 pattern mask (depicted in 4.1) can be synthesized

using the optimization scheme proposed in Equation 3.7. The matrix Asub in this equation

represents the radiated field En
(
θ,φ

)
of each subarray antenna element, i.e.

Asub[n,θφ] =


E1 j e1 jψ(θ,φ=−90,−180) . . . E1 j e1 jψ(θ,φ=−90,180)

...
. . .

...

EN j eN jψ(θ,φ=90,−180) . . . EN j eN jψ(θ,φ=90,180)


n=1:N

(4.2)

where n refers to the nth antenna element with n = [1, . . . , N ] , with θ ∈ [−90◦,90◦] and φ ∈
[−180◦,180◦], and ψ is the relative progressive phase between elements.

If we would neglect the mutual coupling, all elements are identical and the matrix Asub would

be simply obtained from Equation (3.9) using the common element pattern E0. A better

approach is to pre-compute the radiated field of each element by simulating the subarray with

ideal ports at each element (see Figure 4.8), yielding En
(
θ,φ

)
for each element, and then using

Equation (4.2). This is the option followed in this work.

The three subarray layouts in Figure 4.7 were considered in the described least-squares opti-

mization. The synthesized patterns APsub = Asub ·w0 are compared to the mask in Figure 4.9.
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Ant 1

Ant 6

Ant 5

Ant 4

Ant 3

Ant 2

P1

P2

P3

P4

P5

P6

Figure 4.8 – Radiating elements of the subarray fed by ideal ports

The patterns APsub obtained with architectures a) and c) are the closest to the desired mask,

and between them, layout c) achieves a better approximation to the main beam shape. We

consider that this is due to the beam tilt of the mask pattern main beam.
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Figure 4.9 – Synthesized patterns for layouts a, b, and c

The synthesized pattern APsub of the subarray layout c) is compared to the ideal mask in

Figure 4.10. Additionally, the synthesized weighting vector w0 containing the amplitude and

phase values for the six antenna elements can be seen in Table 4.2.

Table 4.2 – w0 in amplitude and phase

Elem #1 Elem #2 Elem #3 Elem #4 Elem #5 Elem #6
Amplitude [W] 0.1211 0.3163 0.3387 0.1597 0.0378 0.0263
Phase [deg] 136.42 92.56 45.09 0 -175.11 153.62

A subarray fed by a feeding line implementing the weighting vector in Table 4.2 should provide

a radiation pattern APsub shown in Figure 4.10. The synthesized APsub guarantees a uniformly

distributed power in elevation for more than 30◦ below the horizon, with SLL below -16 dB.

Various feeding line topologies that can be implemented in the selected layout architecture c)
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Figure 4.10 – Synthesized pattern for the selected subarray layout (layout c)

and are mechanically realizable, are exhibited in Figure 4.11, together with their respective set

of power ratios, considering w0 in Table 4.2.
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Figure 4.11 – considered feeding line topologies

Table 4.3 – Power ratio per node

Node r1.1 Node r2.1 Node r3.1 Node r2.2 Node r3.2
Layout A 3.46 5.41 1.07 2.49 1.44
Layout B 3.46 1.29 2.61 7.51 4.22
Layout C 3.46 5.41 1.07 7.51 4.22

As summarized in Table 4.3, the topology a) exhibits the smallest power ratios among branches.

This is convenient to assure the frequency stability of the used power dividers [165]. The

selected feeding network layout and topology are depicted in Figure 4.12.

The design of the power dividers and phase shifters involved in the realization of this feeding

network is described next.

Power dividers

Five power dividers were used in our design. The first power division was implemented in the

feeding port containing the WG to SSL transition (See Figure 4.13) [164], [166], [167] .

The working principle of this transition is similar to the transition used in the antenna element,

where the incident energy in the WG port is coupled to the SSL through a matching patch.

In this case, the incident power is distributed among two SSL output ports which present
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Figure 4.12 – Selected subarray layout and feeding line topology

Figure 4.13 – WG-SSL transition a)top view b) dimensions c) geometry d) bottom view

opposite phases due to the transition geometry. In order to achieve the required power division

between the two SSL ports the matching patch was placed off-center and its parameters,

depicted in Figure 4.13 a), were modified. Since the WG-SSL transition is the first component

in the feeding network, its performance is crucial to meet the specified bandwidth criteria.

That is why instead of using a simple WG, a ridged WG was selected given its broadband

characteristics [168]. As a result, the transition S11 parameter along the studied band is below

-19 dB. Moreover, the WG-SSL transition power ratio is quite stable along the operation over

the desired frequency band (see Figure 4.14).

The rest of the dividers were based on SSL technology. Two types of SSL power divider

architectures were used, as depicted in Figures 4.15 and 4.16. They consist of a T structure

where the power division is controlled by tuning gaps (g1, g2, g3) in the superior side of the
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Figure 4.14 – WG-SSL transition power ratio and S11 parameters

substrate and T line lengths (p1, p2, p3) on the opposite side of the substrate. Input and

output lines present the same width and are located in the same plane avoiding the need for

impedance transforming structures. These dividers were designed using the method described

in Zürcher et. al. proposed in [165]. In this method, a typical T divider circuit equivalent model

is used to calculate the impedances that, connected to each branch, provide the desired power

ratio. Consequently, these impedances are associated with the tune gaps and line lengths.

In this work, the divider equivalent circuit was implemented in the Ansoft Designer package

from ANSYS EM and the final model was fine-tuned using HFSS.

Figure 4.15 – Divider r21 a) geometry b) dimensions c) top view d) bottom view

The two structures present a good coupling, with S11 values below 10 dB and stable power

ratios along the specified bandwidth. The power ratio is shifted by no more than ±0.5 at the

bandwidth edges.
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Figure 4.16 – Divider r22 a) geometry b) dimensions c) top view d) bottom view
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Figure 4.17 – Power ratio and S11 parameters of a) divider r21 b) divider r22

Phase shifters

Various U-shape shifters (see Figure 4.18) were used for phase shits smaller than 45◦. A 180◦

phase meander to compensate the out-of-phase SSL ports in the transition was also included

in the feeding line.

With the objective of determining a suitable initial subarray, an equivalent model of the feeding

network, based on the scattering matrix of the described subarray components, was designed

in Ansoft Designer (see Figure 4.19). This model will be referred to as S-model in the rest of

the document.

For increasing the model accuracy, the transmission line length and losses and the feeding

line bends scattering matrices were included. In addition, each subarray antenna element

was represented by a port and a load characterized by the input impedance of each antenna
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Figure 4.18 – Phase shifters configurations a) 180° phase meander b) U-shape shifter

Figure 4.19 – Feeding network equivalent S-model

element in the subarray. The weighting vector generated using the equivalent S-model wecm ,

was compared to the synthesized vector w0. This was a crucial step for tuning each component

before building the subarray in HFSS and thus reducing the overall optimization time. The

optimized S-model was built in HFSS and each feeding line was ended with virtual ports, as

shown in Figure 4.20. The weighting vectors generated in this full-wave model w f wm , was

calculated and compared to its previous counterparts w0 andwecm . The excitations associated

with each computed weighting vector were introduced in the antenna array in Figure 4.8 to

verify their agreement with the targeted csc2 pattern shape.

The optimized feeding network and the antenna array depicted in Figures 4.8 and 4.20 were

used to build the complete subarray in HFSS for the final fine-tuning of its components.
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Figure 4.20 – Feeding network designed in HFSS

4.5 Subarray fabrication and results

The proposed subarray architecture is presented in Figure 4.21. The input power is fed into a

ridged WG and through the transition to the shielded-SSL feeding network. This constitutes

the ABFN designed according to the synthesized w0. Dogbone slots are used to couple the

distributed power from the feeding line to the stacked patches. In addition, the brass layers

between and above the stacked patches provide the desired shielded boundary between the

subarray antennas. Technical drawings detailing each of the subarray parts are included in

Appendix A.

Figure 4.21 – Proposed subarray: a) exploded view of the subarray and b) fabricated subarray.
Technical drawings detailing the subarray parts are included in the Appendix.
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The techniques used in the subarray fabrication are:

• Photolithography on dielectric substrate Rogers Duroid (RT 6002).

• Laser cutting on both, brass and copper.

• Electro-erosion on brass.

• CNC milling of brass.

This fabrication was carried out in two different workshops at the EPFL campus, the Atelier de

fabrication de Circuits Imprimés (ACI) and the Atelier de l’Institut de production et robotique

(ATPR). The photolithography of the Printed Circuit Board (PCB) pieces was realized in ACI,

while the rest of the techniques were carried out at ATPR. While the size of the subarray parts

is too large for micromachining, their geometrical requirements are at the limit of classical

fabrication methods. The fabrication process thus required extensive coordination to take

into account the feasible technology tolerances and adapt the design accordingly. In addition,

this process included preparing technical drawings, using a 3D modeling program (in this

case Creo Parametric), with precise and complete information for each subarray part. Some

key elements in the subarray fabrication process are detailed next.

The WG feeding port ( depicted in Figure 4.22), is a monolithic part including a square structure

adapted to the connector dimensions and the WG containing fixing elements to couple the

rest of the parts. A transition 13.5 mm long from the standard WG to the ridged WG was

designed to avoid high reflections.

Figure 4.22 – Subarray WG feeding port

The feeding line holder is shown in Figure 4.23. This part contains the second set of fixing

elements that are used to couple the rest of the parts from both subarray ends. In addition,
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the feeding line area consists of a stepped structure holding the feeding line preceded by a

0.3 mm air-layer.

Figure 4.23 – Subarray feeding line holder

The parts highlighted in Figure 4.24 are the subarray thinnest metallic parts. They required

more careful manipulation but were successfully obtained by laser cutting.

Figure 4.24 – Subarray metallic thin layers

An example of the PCB parts is included in Figure 4.25 containing the feeding line and one

of the bottom patches. In the fabrication process of these pieces, the photolithography was

performed in an ACI and the laser cutting in ATPR. For a correct implementation, defining an

agreement between the reference planes used by both workshops was crucial.

The assembled subarray is shown in Figure 4.26. The dimensions of the complete assembly, in-

cluding the connector, are 16.5 mm x 84.4 mm x 29.8 mm. It should be noted that the connector
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Figure 4.25 – Subarray pcb parts

is only necessary for the measurements and it is not part of the final antenna implementation.

If the connector is not considered, the subarray dimensions are 16.5 mm x 84.4 mm x 5.7 mm,

which shows its small size and low profile.

Figure 4.26 – Assembled subarray

For the adequate calibration of the vector network analyzer (VNA) used in the measurements,

a Through-Reflect-Line (TRL) calibration set, consisting of a thru, short circuit and a line (as

depicted in Figure 4.27) was designed [169] and fabricated.

Figure 4.28 shows the simulated and measured subarray S11 parameters. Although the overall

tendency agrees well between both curves, minor variations can be seen in the upper half

of the operational band. We consider that this is caused by assembly errors and expected

fabrication tolerances. A broadband impedance bandwidth has been obtained covering more

than the targeted 5G spectrum for Europe.
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Figure 4.27 – Subarray TRL calibration set
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Figure 4.28 – Simulated and measured S11 of the subarray

The measured radiation pattern (depicted in Figure 4.29) is in good agreement with both, the

simulated results and the ideal csc2 mask. The cross-polarization level is better than -22.75 dB.
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Figure 4.29 – Simulated and measured radiation pattern of the subarray at 26.5 GHz

Figure 4.30 shows the subarray simulated and measured realized gains as a function of the

frequency for the considered frequency band. The measured curve is below the simulated one
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due to uncertainties in the gain measurement. Larger deviations are noticeable at the upper

half of the band, as expected given the discrepancies obtained for the S11 results. In addition,

the measured gain is higher than 10 dBi from 24.5 GHz to 27.5 GHz, with a maximum value

12.94 dBi. In addition, the simulated subarray efficiency is 92.6%. Although we were not able

to measure this parameter, we expect it to have a similar value, given the good agreement

between measured and realized gains.
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Figure 4.30 – Simulated and measured realized gain of the subarray as a function of frequency

In order to determine the subarray radiation bandwidth, the copolarized radiation pattern was

measured for the studied frequency range. Figure 4.31 shows the results for five frequencies,

located at the central region (25 GHz, 26 GHz and 26.5 GHz) and at the end of the foreseen

frequency range for 5G (24.25 GHz and 27.5 GHz). Given the variability of these results over

a wide bandwidth, an additional SLL threshold has been added at -10 dB for enabling a

simplified visual comparison.

Figure 4.31 – Measure radiation pattern at 24.25 GHz, 25 GHz, 26 GHz and 26.5 GHz and 27.5
GHz

The measured radiation patterns at both ends strongly differ from the desired mask, consider-

ing both, the main beam shape and the SLL threshold. In order to evaluate the implications

of these results in the coverage distribution requirement along the picocell, it is necessary to
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calculate the received power versus distance considering the measured radiation pattern at

each band, their gain figures, and the path loss with LOS conditions given by the PLE range

2.22 ≤ np ≤ 2.45.

As an initial reference, these results are evaluated for a radiation pattern with good agreement

to the constraint mask (depicted in Figure 4.1). Figure 4.32 shows the polar radiation pattern

in dB for 26.5 GHz integrated in the picocell scenario. In addition, the pattern distribution over

distance (Figure 4.33a) and the received power versus distance (Figure 4.33b) are depicted

including red, yellow and blue dots for a clearer association with significant points in the

pattern. An antenna height (h) of 2 m was used in the calculations with the objective of

evaluating the worst-case scenario from the antenna height range considered for 5G picocells

as depicted in Table 2.1.

Figure 4.32 – Picocell scenario with a section of the measured radiation pattern in polar
coordinates at 26.5 GHz. The antenna height h is 2 m

Figure 4.33 – a) Radiation pattern distribution versus distance at 26.5 GHz b) Received power
versus distance at 26.5 GHz

The radiation pattern and received power as a function of distance are accordingly generated

for the frequency band ends (see Figures 4.34 and 4.35).

Figures 4.33 b), 4.34 b) and 4.35 b) show that even for the frequency band ends, the received

power is above the sensitivity limit along the picocell for radius higher than 200 m in LOS with
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(a) (b)

Figure 4.34 – a) Radiation pattern distribution versus distance at 24.25 GHz b) Received power
versus distance at 24.25 GHz

(a) (b)

Figure 4.35 – a) Radiation pattern distribution versus distance at 27.5 GHz b) Received power
versus distance at 27.5 GHz

np = 2.22. On the other hand, if the LOS is characterized by np = 2.45, then the picocell radius

is limited by the result at f = 24.25 GHz where the signal can be detected in a radius smaller

than 100 m.

Considering this, we can find the frequency range that fulfills the design requirements, taking

into account both, the csc2 pattern mask and the subarray coverage capabilities. A good

correlation with the specified csc2 mask was obtained for a frequency range from 24.75 GHz

to 26.75 GHz as represented by the gray-shaded region in Figure 4.36. The mean copolarized

and crosspolarized realized gains obtained for this frequency range are indicated using solid

and dashed-dotted lines, respectively. While side lobes in the negative theta range do not have

an impact from an interference point of view due to the antenna orientation, they should be

bounded to reduce non-useful energy radiation. The subarray radiation pattern range has

been defined so that the SLL is consistently below -10 dB.

Figure 4.37 depicts the received power over distance for a LOS np mi n = 2.22 and np max = 2.45.
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Figure 4.36 – Measured radiation pattern of the subarray: range (shaded) of the copolarized
and cross polarized patterns at the band 24.75-26.75 GHz and mean (solid) of the copolarized
and cross polarized patterns at the band 24.75-26.75 GHz

The shade region represents the frequency range from 24.75 GHz to 26.75 GHz and the solid

and dashed lines the worst case of this range for np mi n and np max , respectively.

Figure 4.37 – Received power vs distance for LOS np mi n = 2.22 and np max = 2.45 at the band
24.75 GHz - 26.75 GHz (shaded) and worst case within this band (solid)

In the specified frequency bandwidth, a signal can be detected at a distance longer than 200 m

for an np mi n LOS link, while the picocell radius for np max LOS conditions is 156 m.

With approximately 7.7% of radiation pattern bandwidth, the proposed subarray represents an

attractive solution for the described picocell application to guarantee a uniform received power

in elevation along the cell radius. The proposed subarray covers the bandwidth requirement

specified in Table 4.1 for both, impedance and radiation pattern parameters.

In this chapter, a broadband subarray fed by an analog beamforming network for a portable

picocell station has been proposed. The subarray design has been guided by a group of require-

ments considering the studied application. Both, the antenna element and the transmission
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line have been designed on planar technology for enabling low profile and easy integration.

They have been suspended on thin and low-permittivity dielectric for achieving low losses

and broadband operation. Additionally, they have been enclosed in cavities to minimize

spurious radiation from the transmission line and undesired mutual coupling among antenna

elements. The subarray synthesis has been presented, solving an optimization problem to

obtain the weighting vector associated with a csc2 pattern in elevation. A realistic subarray

design has been used to include mutual coupling in the problem solution. Furthermore, the

feeding network components: WG-SSL transition, power dividers and phase shifters have

been described. Results comparing simulated and measured S11, radiation pattern, gain

and pattern bandwidth results have been depicted. They validate the appropriate subarray

performance achieving a bandwidth of 7.7% and a gain superior to 10 dBi along such range.

The proposed subarray is usable with respect to the initial requirements. However, it will be

additionally enhanced in Chapter 5 focusing on the antenna performance in azimuth.

87





5 Multibeam antenna fed by hybrid
beamforming network

This chapter presents the design of the MBA fed by a HBFN. Compared to the HBFN syn-

thesized in Chapter 3 for a fully analytical scenario, in this chapter a more realistic antenna

array is considered, based on the subarray obtained in Chapter 4. This analysis is carried out

taking into account the MBA design requirements in azimuth while maintaining the achieved

performance in elevation. In order to improve the multibeam forming antenna capabilities,

the relevant design parameters are investigated. Taking the outcome of this analysis, an op-

timized subarray is proposed and a section of the sectorial antenna array is fabricated for

experimental validation. The initially proposed subarray and the optimized version are com-

pared. Finally, results evaluating the antenna performance considering the design constraints

in both elevation and azimuth are presented.

5.1 Overview of the MBA design requirements and limitations

In order to evaluate the DBFN performance of the antenna array in azimuth, the fabricated

subarray in Chapter 4 (from here on referred to as Subarray0) was used to design an antenna

array of 12 sectors. The measured radiation pattern APsub at 26.5 GHz shown in Figure 4.30

was used to analytically build the array response matrix as depicted in Equation 5.1.

AMB A[m,θφ] =


APsub1 j e1 jψ(θ,φ=−90,−180) . . . APsub1 j e1 jψ(θ,φ=−90,180)

...
. . .

...

APsubM j eM jψ(θ,φ=90,−180) . . . APsubM j eM jψ(θ,φ=90,180)


m=1:M

(5.1)

As presented in Chapter 3, the computed digital BFN in azimuth generates a matrix UM xΓ
(
θi ,φ j

)
with column wise distributed weighting vectors uM x1

(
θi ,φ j

)
that fulfill a set of constraints.

These constraints are linked to the desired pattern direction (C1), beamwidth (C2) and SLL

(C3) and the weighting vector power bound (C4). The solution of the DBFN synthesis problem

in azimuth has been addressed by integrating C1 −C3 in a mask ∆MB A (see Figure 5.1 c)) used
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to solve an iterative algorithm as depicted in Figure 3.13. Different masks can be defined

considering different sets of constraints targeting a certain user position (C1), desired coverage

area (C2) and beam interference tolerance (C3) in azimuth.

The studied scenario, depicted in Figure 5.1, was used to evaluate the DBFN capabilities for a

set of constraints (S0) defined to generate beams targeting two directions (see Figure 5.1 d)).

We selected the extreme angles, C1 = 105◦ which is broadside for one sector and C1 = 90◦ which

lies exactly on between two sectors. In addition constraints C2 and C3 are relatively relaxed

as a general testing scenario. The patterns APMB A synthesized according to S0 are shown in

Figure 5.1 – Summary of the MBA synthesis specifications a) studied picocell scenario b) top
view of the MBA antenna c) constraint mask in azimuth d) testing set of constraints S0

Figure 5.2 for targets a) 90◦ and b) 105◦. Although the target constraint is approximately met

in both cases, the required beamwidth is not fully attained. In addition, results show relatively

high SLL (SLL > -10 dB), which is an undesired parameter in this application, preventing

multiple beams orthogonality. In order to improve these results, it is necessary to identify the

key parameters limiting the desired MBA performance in azimuth. For that, we consider the
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Figure 5.2 – Synthesized pattern of an array based on Subarray0 for constraints S0 targeting a)
90◦ b) 105◦

antenna array equation

APMB A = APsub

M∑
m=1

ume j (m−1)ψ (5.2)

where APsub represents the embedded element pattern taking into account the mutual cou-

pling (which is the same for each element due to the antenna symmetry). The sum term refers

to the array factor, with M being the number of subarrays, um the weighting coefficient, and

ψ the phase factor. Considering the main terms in Equation 5.2, the factors that potentially

influence the MBA performance are linked to:

• The antenna architecture, specifically, the distance between subarrays and their orienta-

tion, linked to the number of sectors (M) and the subarray width (suba).

• The antenna element pattern in azimuth (APsub).

5.2 Relevant design parameters

In this section, the multibeam forming antenna capabilities are tested when modifying:

• The number of subarrays M (or sectors).

• The subarray width (suba).

• The subarray pattern in azimuth (APsub).

This analysis is based on the Subarray0 radiation pattern, used to analytically build the exam-

ined antenna architectures. Since the DBFN acts only in the azimuth, we have narrowed our

analysis to this plane, while taking care of preserving the csc2 pattern obtained in elevation.
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5.2.1 Impact of the number of subarrays

Aiming to consider the number of sectors used in our antenna array, the Subarray0 pattern was

rotated and replicated M times (M = 4, 8, 12 and 18) to form a sectorial antenna, as depicted

in Figure 5.3).

Figure 5.3 – Antenna architectures (based on Subarray0) having a) 4 b) 8 c) 12 and d) 18 sectors.
Targets defined in S

′
0 are included

Given the Subarray0 width (suba = 16.5 m), the minimum radius to geometrically arrange

the four sectorial antennas is included in Table 5.1, together with the distance d between

subarrays.

Table 5.1 – Minimum radius and distance between subarrays for a given number of sectors

Parameter 4 sectors 8 sectors 12 sectors 18 sectors
r_min [mm] 8.25 19.92 30.79 46.79

d(λ) 1.01 1.32 1.38 1.41

A DBFN for each architecture is synthesized subject to a set of constraints S
′
0, defined to

generate beams targeting a wide range of directions and relatively relaxed constraints C2 and

C3 as a general testing scenario.

S
′
0 =


C1 (target) : [90◦,105◦,120◦,135◦]

C2 (beamwidth) : 40◦

C3 (SLL) : −13 dB

(5.3)

Figure 5.4 shows the synthesized pattern APMB A for the set of constraints S
′
0 in the four studied

antenna configurations when targeting 90◦, 105◦, 120◦ and 135◦ (Figure 5.4 a, b, c, d respec-

tively). It can be noticed that, although constraint C1 was mostly fulfilled with the four studied

architectures, the radiation patterns that best fulfill constraints C2 and C3 were obtained with

the 12-sector antenna. When targeting 90◦ and 135◦, the 8-sector and 12-sector antennas

present a similar performance; but in the rest of the targets the synthesized pattern with the

12-sector antenna yields lower SLL. Hence, a number of twelve subarrays (M=12) has been

selected as a good cost-performance compromise for this application. The reduced number of
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RF chains that would imply using a smaller number of sectors could compromise the antenna

performance. On the other hand, increasing the number of sectors does not necessarily result

in an improvement of the DBFN capacities, as depicted in the 18-sector antenna results. This

can be given by the antenna pattern distribution in azimuth and the effect of having a distance

between elements higher than λ (as depicted in Table 5.1).
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Figure 5.4 – Synthesized patterns, given the variation of the number of sectors, targeting a) 90◦

b) 105◦ c) 120◦ b) 135◦. Legend refers to number of sectors M

5.2.2 Impact of the subarray width

As mentioned at the beginning of this section, the subarray width suba is a key parameter to

take into account when investigating the MBA limitations. The Subarray0 pattern was used to

design three different antenna arrays of 12 sectors, based on a suba of 16.5 mm, 15.5 mm and

14.5 mm, as depicted in Figure 5.5 and Table 5.2. Smaller values of suba have been neglected

given the subarray mechanical limitations in this plane. The DBFN weighting vectors were

synthesized for the set of constraints S0 (see Equation 5.4). Compared toS
′
0, S0 only includes

targets at 90◦ and 105◦, given the 12-sector antenna symmetry.
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Figure 5.5 – 12-sector antenna architectures (based on Subarray0) having different subarray
width suba

Table 5.2 – Minimum radius and distance between subarrays for a given subarray width

Sector width (suba) [mm] 16.5 15.5 14.5
rmin [mm] 30.79 28.92 27.06
d(λ) 1.38 1.3 1.21

S0 =


C1 (target) : [90◦,105◦]

C2 (beamwidth) : 40◦

C3 (SLL) : −13 dB

(5.4)

The obtained patterns in the three antenna configurations are shown in Figure 5.6 targeting a)

90◦ and b) 105◦. Although results are not significantly different, as expected by the relatively

small variation of d(λ), the synthesized pattern for the narrowest subarray showed a better

approximation to the main beam mask. Regarding the SLL constraint, results are equivalent.

5.2.3 Impact of the subarray pattern in azimuth

In order to investigate the effect of the antenna element pattern in the DBFN performance,

the subarray was substituted by an antenna element as shown in Figure 5.7. Four arrays were

designed based on antenna elements with HPBW = [46◦,56◦,66◦,76◦], defined around the

actual beamwidth of the Subarray0 pattern, which is 66◦.

The DBFN given by the set S0 was synthesized for the four array configurations. Results,

depicted in Figure 5.8, show that a better approximation to the mask is achieved when reducing

the antenna element beamwidth. Aiming to confirm this conclusion, a second test was
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(a) (b)

Figure 5.6 – Synthesized patterns, given the variation of the subarray width, targeting a) 90◦ b)
105◦ c) 120◦ b) 135◦. Legend refers to subarray width suba in mm

Figure 5.7 – 12-sector antenna architecture based on antenna elements with different
beamwidths (HPBW = [46◦,56◦,66◦,76◦])

performed for a constraint mask with C2 (beamwidth) = 60◦. Thus, S0 is defined as

S0 =


C1 (target) : [90◦,105◦]

C2 (beamwidth) : [40◦,60◦]

C3 (SLL) : −13 dB

(5.5)
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The obtained results in the second test (see Figure 5.9) additionally suggest that using an

antenna element with narrower beamwidth can contribute to a better agreement to the mask,

thus improving the MBA performance in azimuth. This can be obtained by either using an

element with a larger aperture or an array of elements.
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Figure 5.8 – Synthesized patterns for arrays based on antenna elements with different
beamwidths, targeting a) 90◦ b) 105◦ with constraint C2 = 40◦). Legend refers to the antenna
element beamwdith HPBW in degrees
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Figure 5.9 – Synthesized patterns for arrays based on antenna elements with different
beamwidths, targeting a) 90◦ b) 105◦ with constraint C2 = 60◦. Legend refers to the antenna
element beamwdith HPBW in degrees

To sum up, the effect of the antenna number of sectors, the subarray width and the subarray

pattern considering the antenna multibeam forming capabilities in azimuth was studied. The

main outcomes of this analysis are:

• After considering different configurations (4, 8, 12 and 18 sectors), an antenna archi-

tecture of twelve subarrays (M=12) has been found to be a good cost-performance

compromise.
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• Reducing the subarray width suba showed to be beneficial for meeting the main beam

synthesis constraints.

• Reducing the antenna element pattern beamwidth (HPBW) contributes to enhancing

the desired array multibeam forming capabilities.

The two last outcomes seem contradictory, as having a narrower beam implies having a

broader electrical width. However, a broader useful electrical width can be reached with a

narrower physical width by reducing the lost space on the sides of the radiators. This lost

space is imposed by the mechanical specifications of the feeding network layer.

5.2.4 Optimized subarray design

In this section, an optimized subarray is proposed taking into account the conclusions sum-

marized above. Considering a 12-sector array configuration, the subarray pattern beamwidth

in azimuth is reduced, and based on this prototype, the subarray width is also reduced.

Subarray beamwidth

A practical way of reducing the subarray element beamwidth in azimuth, only requiring minor

modifications in the original design, is making the top patch antenna electrically larger. The

optimized antenna is depicted in Figure 5.10, where the top antenna consists in a 1x3 patches

separated at a distance of 0.3λ. Compared to the initial antenna element, the patches, the

slot and the antenna cavity in azimuth were slightly modified. Note that in this new subarray

(SubarrayHPBW) only the antenna element has been modified, whereas the feeding network

has remained as in Subarray0, with suba = 16.5 mm.

Figure 5.10 – Geometry of SubarrayHPBW

As shown in Figure 5.11, the optimized antenna element presents a radiation pattern with a

narrower beamwidth than the initial element.

The subarray SubarrayHPBW was used to design a 12-sector antenna and the DBFN constrained
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Figure 5.11 – Comparison between the radiation patterns in azimuth of SubarrayHPBW and
Subarray0

by S0 was synthesized. Figure 5.12 shows this result compared to the initially proposed

subarray Subarray0.

(a) (b)

Figure 5.12 – Synthesized patterns of a 12-sector antenna based on Subarray0 and
SubarrayHPBW targeting a) 90◦ b) 105◦

As depicted in Figure 5.12, the antenna based on SubarrayHPBW matches more adequately the

defined constraint mask regarding both, the main beam shape and SLL threshold, which is

reduced by approximately 2 dB.

Subarray width

Various 12-sector antennas (based on SubarrayHPBW) were analytically built having suba =

[16.5 mm, 15.5 mm, 14.5 mm], as depicted in Figure 5.13.

Figure 5.14 shows the synthesized patterns APMB A considering S0 when varying suba.
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Figure 5.13 – 12-sector antenna architectures (based on SubarrayHPBW) having different subar-
ray width suba
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Figure 5.14 – Synthesized patterns, given the variation of the subarray width, targeting a) 90◦

b) 105◦ c) 120◦ b) 135◦. Legend refers to subarray width suba in mm

Although the difference between the curves is less pronounced than in the previous analysis,

the narrowest subarray presents an overall superior performance, with the main beam slightly

closer to the constraint mask and the lowest SLL when targeting 90◦. In the case of targeting

105◦ the three subarrays present similar SLL. Consequently, the goal is to find a practical layout

that is as narrow as possible. The most critical layers in this regard are the ones forming the

feeding line. This is due to the required space to fit the feeding network components and

the transmission line being shielded in a 2-mm-wide cavity, which reduces its meandering

flexibility. The subarray feeding line was spatially optimized by reducing the line length in

the respective axis and adding a phase shifter if required. Figure 5.15 shows the evolution

of the design process to reduce suba from Subarray0 to Subarrayopt. In addition, Table 5.3

summarizes the variation of the sector antenna radius and the distance between subarrays.

A visual comparison of the first proposed subarray (Subarray0) and the optimized subarray

(Subarrayopt), including their corresponding dimensions, is shown in Figure 5.16. As depicted,
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Figure 5.15 – Evolution of the design process to reduce the subarray width

Table 5.3 – Minimum radius and distance between subarrays for different subarray width

Sector width (Suba) [mm] 16.5 15.3 15.1 14.6
rmin [mm] 30.79 28.55 28.18 27.8
d(λ) 1.38 1.28 1.26 1.25

Subarrayopt is physically narrower, but electrically larger than Subarray0 in the x axis. These

modifications have been carried out as part of the optimization process to enhance the MBA

performance in azimuth.

Figure 5.17 shows the synthesized pattern of 12-sector arrays based on Subarray0 and Subarrayopt,

both tested under the same set of constraints S0. Results show the performance superiority of

the optimized subarray, where the main beam achieves a better agreement with the constraint

mask and the SLL has been reduced to at least 2.7 dB, compared to Subarray0.

Thus, this antenna provides an attractive solution for the studied application. The designed

Subarrayopt in HFSS is depicted in Figure 5.18. The fabrication of the prototype and its

performance evaluation through measurements are addressed in the following section. It is

worth mentioning that, while the radiation pattern in azimuth was modified, the obtained

csc2 pattern in elevation was preserved, together with the minimum gain figure required in

this application.
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Figure 5.16 – Comparison of Subarray0 and Subarrayopt geometries
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Figure 5.17 – Synthesized pattern of arrays based on Subarray0 and Subarrayopt for constraints
S0 targeting a) 90◦ b) 105◦

5.3 Multiple beam antenna implementation and results

The optimized subarray was used to build a section of the 12-sector multibeam antenna.

With the purpose of experimentally validating the multibeam forming antenna capabilities in

azimuth while taking into account the mutual coupling, three subarrays were implemented as

shown in Figure 5.19.
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Figure 5.18 – Optimized subarray Subarrayopt

Figure 5.19 – Fabricated section of the proposed multibeam antenna. An exploded view of the
subarray in central position is provided. Technical drawings detailing the subarray parts are
included in the Appendix B.

Due to space limitations of the available connectors, the lateral subarrays are fed using a WG

bend as depicted in Figure 5.20.

Although technical drawings detailing each of the subarray parts are included in Appendix B,

some relevant parts of the implemented subarray are presented next.

The feeding port (see Figure 5.21) of the subarrays in lateral positions was realized in 4 parts:

• A square structure adapted to the connector size.

• A WG bend fabricated in two parts, each of them including a transition from a standard
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WG bend

Figure 5.20 – lateral subarrays: (left) exploded view and (right) fabricated parts. Technical
drawings detailing the subarray parts are included in the Appendix B.

WG to a ridged WG

• The ridged-WG-end structure containing fixing points to both, the WG bend and the

rest of the subarray parts.

Figure 5.21 – Feeding port of the lateral subarrays

Various PCB parts are highlighted in Figure 5.22, including the feeding line and the antenna

bottom and top layers, the latter containing the 1x3 patches.

The prototypes were assembled and mounted on a 3D printed structure that provides the

appropriate array configuration (see Figure 5.23). In addition, Figure 5.24 shows the measure-
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Figure 5.22 – Subarray PCB parts

ment set-up for obtaining the antenna radiation pattern and gain results.

As depicted in Figure 5.25, there is a very good agreement between simulated and measured

S11 curves. This confirms that the subarray impedance bandwidth covers the entire frequency

band (12.5%) for the 5G mobile service in Europe in accordance with the first set of 5G

standards.

The subarray pattern in elevation was measured and compared to the csc2 constraint mask.

Figure 5.26 shows a good agreement between simulated and measured results, presenting

a csc2 pattern shape along the main beam (for 40◦ approximately) and SLL smaller than

-14.91 dB, only 0.4 dB higher than the simulated SLL limit.

The measured realized gain (see Figure 5.27) is higher than 10 dBi along the operational

bandwidth with a maximum value of 15 dBi. In the considered bandwidth, the measured gain

is less than 1 dB different from the simulated parameter which indicates the reliability of the

proposed solution.

Similar to the analysis carried out in Chapter 4, the subarray pattern bandwidth has been

specified considering the frequency range that provides both, the desired pattern shape with

SLL < -10 dB and the required picocell coverage capabilities. Figure 5.28 shows that the desired

pattern shape is maintained, with SLL below -10 dB approximately, along the frequency

range from 24.9 GHz to 26.8 GHz, covering a radiation pattern bandwidth of 7.3%. Regarding

the coverage capabilities, the received power versus distance for a LOS path loss exponent

np mi n = 2.22 and np max = 2.45 has been plotted in Figure 5.29. The shaded region represents

the frequency range from 24.9 GHz to 26.8 GHz, and the solid and dashed lines, the worst-case

within such range for np mi n and np max , respectively. For the analyzed bandwidth (24.9 GHz -
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(a)

(b)

Figure 5.23 – Antenna array mounted on the 3D printed support a) front view b) back view

26.8 GHz), a signal can be detected at a radius longer than 200 m if np mi n = 2.22. The coverage

radius when np max = 2.45 is only reduced to 183 m.
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(a)

(b)

Figure 5.24 – Measurement set-up in the MAG anechoic chamber containing the multibeam
antenna array mounted on 3D printed support a) front view b) back view

We can say that the subarray design requirements regarding, gain, pattern shape in elevation,

and impedance and pattern bandwidths are fulfilled. The adequate performance of this proto-

type has been validated showing a very good agreement between simulated and measured

results.

Table 5.4 summarizes the main features of both subarrays, Subarray0 and Subarrayopt, com-

pared to the specified design parameters. Both subarrays present attractive results regarding

the S11 and radiation pattern bandwidths, and gain figures, fitting the design requirements.
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Figure 5.25 – Simulated and measured S11

Figure 5.26 – Simulated and measured radiation pattern at 25.9 GHz

Figure 5.27 – Simulated and measured realized gain as a function of frequency

Compared to Subarray0, the subarray Subarrayopt presents a smaller impedance bandwidth,

yet wide and above the required value. In addition, with a higher gain, this prototype cov-

ers a longer picocell radius in the studied LOS np range. Furthermore, an antenna formed

by Subarrayopt has shown to be a more suitable architecture for generating multiple and
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Figure 5.28 – Measured radiation pattern of the optimized subarray: range (shaded) of the
copolarized and crosspolarized patterns at the band 24.9-26.8 GHz and mean (solid) of the
copolarized and crosspolarized patterns at the band 24.9-26.8 GHz

Figure 5.29 – Received power vs distance for LOS npmin = 2.22 and npmax = 2.45 at the band
24.75 GHz - 26.75 GHz (shaded) and worst case within this band (solid)

orthogonal beams in the studied application. This will be investigated next.

The multibeam forming antenna capabilities of a 12-sector antenna based on the fabricated

prototype Subarrayopt were examined, considering the design requirements of the DBFN in

azimuth. With this aim, two sets of constraints S1 and S2 were defined. The set S1 (defined in

Equation (5.6)) aims at synthesizing orthogonal beams so that they are spaced approximately

HPBW apart from each other and present little interference. This is successfully attained as

shown in Figure 5.30 a). Given the antenna array symmetry, the synthesized pattern in Figure
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Table 5.4 – Features of subarrays Subarray0 and Subarrayopt compared to the required design
parameters

Requirements Subarray0 Subarrayopt

S11 bandwidth 7% 19.2% 12.5%

Radiation pattern
bandwidth

7% 7.7% 7.3%

Gain

Maximum gain

>10 dBi
for 7% bandwidth

-

>10 dBi
for 11.5% bandwidth

12.94 dBi

>10 dBi
for 13.46% bandwidth

15 dBi

Coverage

Picocell length
200 m

>200 m at LOS np = 2.22

156 m at LOS np = 2.45

>200 m at LOS np = 2.22

183 m at LOS np = 2.45

5.30 a) can be equivalently obtained in any other orientations.

S1 =


C1 (target) : [35◦,65◦,90◦,115◦]

C2 (beamwidth) : 20◦

C3 (SLL) : −13 dB

(5.6)

As shown in Figure 5.30 b), the synthesized results obtained under the set of constraints S2

(see Equation (5.7)) confirm that the proposed antenna can generate multiple orthogonal

beams at arbitrary directions covering a wide variety of targets that imitates a possible service

scenario.

S2 =


C1 (target) : [35◦,115◦,240◦]

C2 (beamwidth) : 20◦

C3 (SLL) : −13 dB

(5.7)

Next, the beamwidth range of the antenna in azimuth was analyzed. The studied set of
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Figure 5.30 – Multiple beamforming a) in a continuous target range b) with arbitrary targets

constraints S3 is summarized next.

S3 =


C1 (target) : 90◦

C2 (beamwidth) : [20◦,40◦,60◦]

C3 (SLL) : −13 dB

(5.8)

The synthesized APMB A patterns correlate well to the constraint mask (defined by S3), as

depicted in Figure 5.31. This analysis was extended to a wider range of targets. Constraint C1

was set at extreme angles, C1 = 75◦, broadside for one sector, C1 = 90◦, lying exactly on between

two sectors and C1 = 82◦, approximately in between the two previous values (see Figure 5.32).

The set of constraints in this case can be defined as

S4 =


C1 (target) : [75◦,82◦,90◦]

C2 (beamwidth) : [20◦,40◦,60◦]

C3 (SLL) : −13 dB

(5.9)

Synthesized patterns targeting C1 were centered at 0◦ for an adequate comparison. Figure 5.33

shows the mean synthesized pattern in solid line and its variation range (according to C1)

represented by the shaded region when C2 is a) 20◦, b) 40◦ and c) 60◦.

In the three cases, synthesized patterns APMB A agree well with the constraint mask for the

range of C1 targets. Larger differences were obtained for beamwidths around 20◦ (C2 = 20◦),

defining a threshold in the proposed antenna performance.

The obtained results provide relevant insights into the DBFN beamsteering capabilities. Addi-
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Figure 5.31 – Synthesized APMB A considering the set of constraints S3 with a) C2 = 20◦ b) C2 =
40◦ c) C2 = 60◦

Figure 5.32 – Top view of the 12-sector antenna specifying targets C1 considered in S4

tionally, the synthesis of multiple orthogonal beams proving 360◦ coverage in azimuth has

been validated in a wide variety of scenarios.

In this chapter, the subarray built in Chapter 4 was used as a building block to analytically
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Figure 5.33 – Synthesized APMB A considering the set of constraints S4 with a) C2 = 20◦ b) C2 =
40◦ c) C2 = 60◦

build the sectorial MBA antenna. The DBFN for this antenna configuration was synthesized

based on a set of constraints (S0) according to the design requirements in azimuth. After

obtaining results that do not reach the required performance, the main parameters influencing

this outcome were investigated. Hence, the number of sectors, the subarray width and the

antenna element pattern in azimuth were investigated regarding the aforementioned set of

constraints. The performed analysis showed that reducing the subarray width and increasing

the electrical size of the subarray in azimuth are adequate features to obtain a suitable MBA

performance. As a result, the optimized subarray in this chapter (Subarrayopt) is physically

narrower and electrically larger along the same axis than the initially considered subarray

(Subarray0). A section of the 12-sector antenna array (formed by three Subarrayopt subarrays)

was built in order to measure the subarray pattern while accounting for the mutual coupling

between subarrays. This is a reasonable approach thanks to the antenna symmetry. The DBFN

operating in azimuth was synthesized in a wide variety of scenarios and multiple-orthogonal

beams were generated, hence demonstrating the adequate antenna applicability. We can say

that the proposed antenna represents an interesting solution for a portable picocell station.
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6.1 Summary

This thesis has addressed the design and fabrication of a portable 5G picocell antenna for

emergency communication systems. In this work, enabling compatibility with 5G has been

motivated by two main reasons: i) the necessity of having an up-to-date system that can

effectively bring service to users in emergency situations, and ii) the possibility of profiting

from the prospective 5G enhanced capabilities and reduced latency, compared to previous

mobile network generations. In order to address the required traffic capacity and data rate

figures in 5G, communications at mm-Waves have been widely recognized as a key enabling

solution. Hence, our antenna design has been based on mm-Waves, namely within the range

considered for mobile service in Europe (24.25 GHz - 27.5 GHz) in accordance with the first

set of 5G standards.

Having defined the case study scenario, the link budget was calculated considering mm-Waves

propagation properties, the experimental outcomes from recent measurement campaigns,

and the available standard information. This led to the definition of the antenna design

requirements. After investigating the state of the art on antennas for 5G, the picocell antenna

architecture was proposed. An MxN antenna array fed by a HBFN was selected as a suitable

configuration for enabling omnidirectional coverage while meeting the design requirements

derived from the link budget. Choosing a HBFN for this antenna is a practical solution to

overcome the current development gap on mm-Waves communications until fully-DBFNs are

cost-effective. The proposed HBFN consists of a DBFN operating in azimuth and an ABFN

providing the adequate excitations in elevation. With M subarrays controlled by the DBFN,

multiple-orthogonal beams can be generated, covering 360° in azimuth. Complementary,

each N-elements subarray fed by the ABFN can provide a csc2 pattern shape in elevation, thus

guaranteeing uniformly received power within the picocell. This HBFN was synthesized in

order to identify key parameters influencing its performance in both elevation and azimuth.

These parameters were taken into account in the design of the picocell antenna array. Given

the studied application, the required picocell antenna posed challenging design constraints
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that have been successfully overcome in this investigation.

The proposed 12x6 antenna array provides broadband efficient operation with relatively small

size, adequate for the considered portable picocell station. A section of this antenna formed

by three subarrays—sufficiently representative of the complete system in terms of mutual

coupling effects—was fabricated and measured. The good agreement between simulated and

measured results on the designed antenna validates its performance and the fulfillment of the

initial requirements. The measurements demonstrate an impedance bandwidth higher than

12%, a gain higher than 10 dBi over the entire band (13.46%) and a csc2 pattern shape (with

SLL below -10 dB) preserved over a 7.3% of the bandwidth covering a cell radius of up to 183 m

in the worst LOS PLE conditions. On the other hand, the DBFN operating in azimuth was

synthesized for various sets of constraints. Results showed that multiple orthogonal beams

can be obtained targeting any arbitrary direction in azimuth with beamwidths higher than

20◦ and SLL smaller than -13 dB. This thus demonstrated the antenna applicability for a wide

range of service scenarios.

The uniform power distribution in elevation provided by the csc2 pattern shaped subarray,

together with the antenna multibeam forming capabilities in azimuth, guarantee omnidi-

rectional coverage along the picocell. In addition, the fabricated prototype is mechanically

robust at the expense of slightly relaxed fabrication costs compared to regular civil picocell

stations—yet acceptable considering the smaller scale deployment of this kind of niche appli-

cations. The proposed multibeam system operating at mm-Waves bands thus constitutes an

up-to-date solution for 5G-compatible terrestrial emergency communications.

The main contributions per thesis chapter are listed below:

• Chapter 1

– An extensive state-of-the-art investigation was carried out to provide a global

overview about 5G.

• Chapter 2

– Given the immature state of 5G mm-Waves mobile communications and the still in

progress 5G standard definition, this chapter presents a collection of the necessary

information for calculating the link budget in the studied scenario. The mm-Waves

propagation properties, recent measurement campaigns, and the latest available

standard release were investigated.

– Due to the novelty of 5G mobile communications, besides the state of the art on

5G antennas, a more specific literature investigation was carried out to identifying

a proper picocell base station architecture for our case study scenario.

• Chapter 3

– A summary on antenna pattern synthesis methods is provided.
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– The HBFN is synthesized for an analytical array while considering the desired

performance in elevation and azimuth. The ABFN synthesis algorithm, consisting

of an iterative convex optimization algorithm, is proposed to obtain a csc2 pattern

shape in elevation. In addition, the DBFN is synthesized using iterative convex

optimization and alternate projection for generating multiple-orthogonal beams

in azimuth.

– The main parameters influencing the HBFN performance are investigated consid-

ering the constraint masks in each plane.

• Chapter 4

– This chapter provides the guidelines for designing the subarray feeding network,

including the weighting vector synthesis, the selection of the adequate topology

and layout, the preliminary optimization using the feeding network equivalent

circuit model, and the fine optimization in a full-wave simulation tool.

– In the feeding network synthesis, a practical way to reduce mutual coupling, which

is usually neglected in antenna synthesis problems, is proposed. This approach

helps to increase the results accuracy and to reduce the optimization time.

– A novel broadband efficient csc2 pattern shaped subarray architecture with a

compact design and based on a SSL feeding network in parallel configuration is

proposed.

– The subarray components (ridged WG, WG-to-SSL transition, dividers, shifters,

and antenna element) are strategically chosen to meet a group of challenging

constraints typically found on mm-Wave antenna array design for 5G applications.

– The implementation and fabrication of the proposed subarray, which did not

follow established procedures, are described in detail, thus contributing to extend

the fabrication alternatives in mm-Waves antenna design.

• Chapter 5

– In this chapter, the subarray is optimized considering the desired DBFN perfor-

mance in azimuth.

– The key parameters for improving such performance are identified and a study

of such parameters yielding crucial conclusions for effectively optimizing the

subarray design is carried out.

– A section of the antenna array formed by three subarrays was fabricated and

measured.

– The proposed novel broadband efficient mm-Waves antenna capable of generating

multiple orthogonal beams in azimuth and providing uniform power distribution

in elevation with a relatively compact design is validated for the studied applica-

tion.
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6.2 Perspective and future work

As mentioned in Chapter 2, state-of-the-art transceivers operating at mm-Waves are still power-

hungry and costly. Once this technology gap is met and mm-Waves transceivers with compact

design are available and affordable, the design and implementation of the DBFN required for

the proposed multibeam antenna will be feasible. Additionally, the implementation of the

12-sector antenna would require a more compact connector adapted to the WG feeding port

size. The prototype could be then comprehensively evaluated in a more realistic scenario by

performing open-air measurements.

On the other hand, the overall antenna design can be solved using a System-by-Design

paradigm [170]. In this approach, the design of a complex system is addressed as the com-

bination of interconnected blocks with different functionalities, such as synthesis, analysis,

configuration, and optimization. While its outcome would depend on the adequate definition

of the overall optimization scheme, the flexibility provided by this method could enhance the

antenna performance (further reducing the obtained bandwidth and SLL limits) given the

evaluation of the system as a generality under a centralized optimizer. This approach could be

implemented in the problem addressed in this work for integrating the optimization schemes

used in elevation and azimuth.

Sparse array theory could be used to evaluate different antenna architectures to investigate the

possibility of further reducing the SLL threshold of the synthesized patterns in azimuth. This

would imply considering the mechanical limitations of the antenna technology. An approach

proposed in [171] addresses this by defining an additional variable to the optimization scheme

accounting for the minimal distance between array elements.

The investigation on slotted-SIW subarrays could be continued to obtain a simpler prototype

with reduced cost, compared to the design proposed in this thesis. Considering that slotted-

SIW antennas are intrinsically narrowband, a reduced bandwidth performance would be

nevertheless expected. However, investigating its advantages and limitations and establishing

comparisons with the SSL subarray proposed in this work could extend the available options

for the studied application.
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