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“Every revolutionary idea seems to evoke three stages of reaction.
They may be summed up by the phrases:

(1) It’s completely impossible.
(2) It’s possible, but it’s not worth doing.

(3) I said it was a good idea all along.”

Arthur C. Clarke





Summary

The advent of the multimedia mobile era has driven a steady and enormous in-
crease in the Internet protocol (ip) wireless traffic, which has been successively
managed by past and current wireless communications standards. As this trend
continues, new paradigms must be investigated to accommodate future wireless
capacity demands, reaching more than 275 exabytes per month in 2022, accord-
ing to previsions. The development of more efficient and powerful signal sources
and detectors in the millimeter wave (mmWave) (30 – 300 GHz) and sub-terahertz
(0.1 – 1 THz) domains make these spectrum regions suitable for implementing
ultra-high capacity wireless links because of the available bandwidth. The fun-
damental limitation of mmWave wireless communications is the inherent high
propagation loss due to the increasing free-space path loss, atmospheric absorp-
tion, and diffraction, among other factors. Thereby, high-gain directive antennas
with the ability to steer the radiation beam are required to enable point-to-point
mmWave wireless interfaces. Conventional electronic-based signal generation and
phase-shifting approaches, which have been widely used in the microwave domain,
limit the achievable modulation bandwidth in the mmWave domain. Alterna-
tively, photonic techniques allow the broadband generation and manipulation of
high-frequency signals.

This work experimentally investigates photonics-based mmWave systems for
wireless communications, showcasing the potential of this approach to implement
the future high-capacity wireless technology and proposing a series of innovative
concepts. While multiple topics are covered, the contributions can be essentially
classified into two areas. First, analog radio-over-fiber (a-rof) systems, based
on optical heterodyning, are studied as the prime candidate to realize wireless
access networks at mmWave frequencies. The broadband nature of the optical do-
main, the integration into already deployed optical distribution networks, and the
mmWave signal generation by optical heterodyning are some of the main features
supporting this choice. Thus, mmWave wireless links become not only the inter-
face with the end-users, but they can also extend the reach of optical fibers with
wireless fronthaul connections. The reported experimental demonstrations exam-
ine some relevant aspects to achieve the practical realization of high-speed low-
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viii SUMMARY

latency access networks, such as the bidirectionality, physical layer confidentiality,
and beamforming. In particular, optical true-time delay (ottd) beamforming is
investigated as the solution to implement broadband beam steering in a-rof links.
The beamforming network is centralized, and the delayed copies of the signals are
transmitted through different cores of a multi-core fiber (mcf) that distributes the
signals and maintains the temporal relations.

Second, the design of a small-footprint transmitter system based on a photonic
integrated chip (pic) and an array of photoconductive antennas (pcas) is reported.
Such a system is suitable for multi-Gb/s short-range wireless communications with
a wide tuning range in the wireless carrier. The pic splits an optical signal into
four different copies and sets the true-time delay configuration of the mmWave
signal by continuously tuning the group delay with optical ring resonators (orrs).
Then, the optical signals are converted into the mmWave domain and radiated
into the free-space by an array of terahertz (THz) pcas on-chip. Finally, the
mmWave radiation is efficiently coupled to the free-space by an array of dielectric
rod waveguide (drw) antennas made in silicon. The tremendous potential of THz
optoelectronic technology for highly-tunable ultra-broadband communications was
also experimentally addressed in a mmWave heterodyne transmission experiment.
The link was demonstrated in continuous wave operation with an intermediate
frequency of 3.7 GHz over an extensive range, between 80 GHz and 320 GHz. A
successful data transmission was achieved at 80 GHz, 120 GHz, and 160 GHz carrier
frequencies without essential changes in the setup.

The results obtained after completing this project and the discussions included
in the dissertation and the published articles represent a notable step towards
realizing a small-footprint, broadband transceiver for future ultra-high capacity
short-range wireless communications in the mmWave and sub-THz bands. This
work is part of the ‘Convergence of Electronics and Photonics Technologies for
Enabling Terahertz Applications (celta)’ project, funded by the Horizon 2020
research and innovation program of the European Union.
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CHAPTER 1

Introduction

Wireless communications have become an indispensable part of our lives that
extends far beyond traditional mobile communications. Smartphones, laptops, and
smart televisions are just a few examples of devices we use on a daily basis both
for work and leisure. New applications and trends demand ubiquitous access, at
any time and without interruption, imposing strict requirements on wireless links.
In addition to this, the internet of things (iot) era aims to interconnect all type of
gadgets embedded in everyday objects to exchange large amounts of data [1]. This
revolution will also reach the industrial environments, leading the manufacturing
processes to a new dimension with the so-called Industry 4.0 [2]. As a result, a
steady growth in the internet protocol (ip) traffic generated by wireless devices
has been witnessed in the preceding years, and it is expected that this trend will
continue in the future [3], [4]. Figure 1.1(a) shows the prediction of global ip traffic
generated by mobile and wireless fidelity (Wi-Fi) terminals. A compound annual
growth rate of 34.7% is observed between the years 2017 and 2022, when these
connections will reach more than 275 exabytes per month, and mobile and Wi-Fi
traffic is expected to account for the 71% of the global ip traffic [3]. Figure 1.1(b)
depicts the wide variety of connected devices and their expected evolution in the
coming years. It is particularly noticeable the predicted growth for machine-to-
machine (m2m) communications, driven by iot applications, as they will represent
half of the connected devices and connections by 2023 [4].

These graphs evidence an equally steady increase in the capacity requirements
for the wireless links. As new applications continue evolving and the number
of connected devices increases, new technological challenges arise. This is not a
new phenomenon since preceding wireless standards, including mobile and indoor
communications, have successfully increased the link capacities according to the
network needs. In fact, the same reports foresee a growth in average data rates
achieving 43.9 Mb/s for mobile networks and 92 Mb/s for Wi-Fi by 2023 [4]. As
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Figure 1.1: Overview of the wireless ip traffic growth estimations in the coming years:
(a) ip wirless traffic generated by mobile and Wi-Fi terminals, excluding managed ip
traffic. The data was obtained from [3] and the curve fitting was done with a polynomial
regression of order 3. (b) Prediction of the global number of devices growth [4].

it seems evident that this situation will extend even more in time, new paradigms
for indoor and outdoor wireless communications must be investigated.

1.1 Motivation

According to the Shannon formula, the channel capacity, C, defined as the tight
upper bound on the data rate at which the information can be transmitted over a
communication channel with an arbitrarily low error rate, is [5]:

C[b/s] = W · log2

(
1 +

S

N

)
(1.1)

where W is the channel bandwidth and S/N is the signal-to-noise ratio (snr),
which represents the relation between the average received signal power over the
channel bandwidth, S, and the average noise power over the same frequency chan-
nel, N . This formula shows two approaches to increase the capacity: either in-
creasing the channel bandwidth, with a linear impact on the capacity, or increasing
the signal power, with a logarithmic impact on the channel capacity. In general,
increasing the bandwidth is the best solution to achieve higher data rates due to
its linear relation with capacity and because it is not always possible to increase
the transmitted power due to technical limitations and safety regulations.

The channel bandwidth is directly related to the carrier frequency: as the fre-
quency increases, a larger portion of the spectrum is available to transmit more
data. This is why the successive mobile and Wi-Fi standards are continuously
increasing their frequency allocations, searching for more available bandwidth to
accommodate higher capacities. The new specification of cellular data networks,
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(a) (c)(b)

(d) (e) (f)

Figure 1.2: Applications of mmWave ultra-broadband wireless links: (a) wlan,
(b) mmWave hybrid photonic-wireless access networks, (c) kiosk downloading, (d) video
gaming, (e) wireless rack-to-rack communications in data centers, and (f) vehicular com-
munications.

the fifth generation new radio (5g nr), already defines frequencies allocations at
24.25 – 52.6 GHz [6], falling within the millimeter wave (mmWave) range. Like-
wise, new releases of the Wi-Fi family use the 60 GHz frequency band to provide
multi-Gb/s access [7].

One of the main characteristics of current and future wireless communication
networks is the heterogeneity. Different applications and scenarios require ultra-
broadband wireless connections. As the capacity of wireless links approaches that
of the wired ones, the flexibility of wireless interfaces becomes more attractive
to implement the last meter connection to the end-users. Figure 1.2 shows some
examples of these scenarios using mmWave links. These include not only wireless
local area networks (wlans) and hybrid photonic-wireless access networks, but
also other applications such as kiosk downloading, wireless links in data centers,
and vehicular communications [8]–[13]. In general, they involve short- and mid-
range point-to-point wireless links that require the transmission of a large amount
of data.

1.1.1 Broadband wireless communications
Given the previous considerations, the motivation for this work is to find the tech-
nology that provides enough spectral resources to enable multi-Gb/s wireless data
transmission and is suitable for a wide range of heterogeneous indoor and outdoor
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wireless applications. The integration of the transceivers on-chip also represents
a breakthrough since the weight and size of the system are crucial when portable
devices are involved. As may be expected, several related challenges attract a lot
of research interest. Many of them are discussed in this dissertation. Two tech-
nologies stand out as leading candidates for implementing the next generation of
high-capacity wireless interfaces: mmWave wireless communications and optical
wireless communications (owc).

Millimeter wave and sub-THz communications

The mmWave frequency range is the portion of the electromagnetic spectrum lying
between 30 – 300 GHz (or 1 – 10 mm). The Institute of Electrical and Electron-
ics Engineering (ieee) further subdivides this range into the following sub-bands:
ka, v, w and mm, whose frequency limits are specified in Fig. 1.3 [14]. Likewise,
the same standard refers to the frequency range between mmWave and infrared
waves, ranging from 300 GHz to 10 THz (or 30 µm to 1 mm) as the terahertz (THz)
band. Terahertz technology has been widely used in applications like spectroscopy
and imaging, and it is now attracting the attention of the wireless communica-
tions community [15]. However, the large free-space propagation loss experienced
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by these waves makes that only some windows in the lower region of the range
(< 1 THz) are suitable for communications [16]. These transmission windows are
commonly combined with the higher frequencies in the mmWave band (100 GHz –
1 THz) and named by several authors as the sub-THz range. These definitions,
which are included in Fig. 1.3, will be used in the remainder of this dissertation.

Moving the carrier frequency from conventional frequency bands (< 6 GHz)
to mmWave and sub-THz ranges allows a drastic increase in the capacity due
to the available bandwidth. However, there are numerous challenges to be faced
when high frequencies are adopted [17], [18]. The free-space propagation loss in-
creases with frequency, imposing a severe limitation on the power budget. The
absorption resonances of the oxygen and water vapor molecules in the atmosphere
produce some attenuation peaks that prevent the realization of medium- and long-
distance links at some specific frequencies. Furthermore, the extremely high pene-
tration loss and the low diffraction caused by the short-wavelength make non-line-
of-sight (non-los) propagation extremely challenging. High-gain and directive
antennas that focus the radiated/received energy on a narrow beam can partially
solve this problem by increasing the effective antenna gain. The ability to control
the radiation direction becomes then an essential aspect for enabling mmWave
wireless communications. The short wavelength facilitates the arrangement of
multiple antenna elements in an array to produce directive radiation patterns.
New opportunities such as beamforming and multiple-input and multiple-output
(mimo) processing can be exploited to increase the range and capacity of the link.

There are different methods to generate mmWave signals, including electronic
and optoelectronic technologies. Many researchers have studied the electronic ap-
proaches using solutions based on low-frequency oscillators followed by a chain
of multipliers, resonant-tunneling diodes (rtds), and harmonic oscillators, among
others [19]–[21]. However, this work focuses only on optoelectronic techniques.
The mmWave generation by photonic means has some powerful features for mo-
bile and wlan communications like the broadband and low-loss nature of the
optical domain and the compatibility with optical distribution networks. Millime-
ter wave hybrid photonic-wireless links, also called radio-over-fiber (rof) links,
are particularly attractive because the optical fibers facilitate the distribution of
signals over long distances to reach the antenna units. There, the signals can be
converted to or from the radio frequency (rf) domain. The optical-to-electrical
conversion is based on the beating of two optical components spaced by the desired
mmWave carrier and transporting the modulation data on a broadband photodi-
ode (pd) [22]. The mmWave signal detectors and receivers are commonly based on
electronics. Two popular approaches are used in the experimental demonstrations
reported in this work. Envelope detection based on a Schottky diode is employed
with amplitude modulation formats and down-conversion to an intermediate fre-
quency (if) with an electronic mixer/sub-harmonic mixer when phase information
is also required [23], [24]. Optoelectronic solutions for signal down-conversion are
also possible. Some of them are discussed in this dissertation.

The trend towards operating at high carrier frequencies goes beyond mmWave.
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Several works explore other transmission bands in the sub-THz range aiming for
even larger bandwidth allocations [25]. The challenges discussed for mmWave are
even more significant at sub-THz. However, while the traffic demands continue
increasing, frequency bands at 300 GHz or more will likely be adopted in the
future.

Optical wireless communications

Optical wireless communications (owc) represent the main alternative to mmWave
technology to implement ultra-broadband wireless links. They refer to the optical
communications that use the free-space as the propagation medium instead of opti-
cal fibers. There are different technologies depending on the operation wavelength.
Visible light communications (vlc) are based on light-emitting diodes (leds) at
visible light wavelengths (390 – 750 nm) [26]. It is a particularly attractive solu-
tion for wlan as it can be implemented together with the indoor lightning sys-
tem. A particular case is light fidelity (LiFi) standard that extends vlc, offering
a bi-directional multiuser communication among other features [27]. Free-space
optical (fso) communications typically use laser transmitters operating at near
infrared wavelengths (750 – 1600 nm) and they are commonly used to implement
long range point-to-point links [28]. Finally, there has also been a growing interest
in ultraviolet communications(200 – 280 nm) during the past years [29].

Although owc can achieve data rates comparable or even higher than mmWave
communications, many of the challenges described for mmWave remain or worsen
at optical wavelengths. Environmental conditions severely limit optical-wireless
links. Particles of dust in the air or foggy weather conditions destroy the com-
munication link. For example, thick fog yields to an extra attenuation of about
225 dB/km at fso wavelengths [30]. Atmospheric turbulence and scintillation are
other physical effects that negatively impact on optical-wireless links. Link re-
liability in outdoor scenarios is better in mmWave communications as they are
less sensitive to weather conditions. On the other hand, indoor optical-wireless
communications, which are not affected by weather conditions, are achieving more
prominence, pushed by standards like LiFi. However, optical-wireless links are
more prone to link outages than radio ones. Millimeter wave links can be used
as an alternative or complementary solution if the optical-wireless link fails [31].
Despite considering owc as one of the two main candidates to implement future
ultra-broadband wireless communication links, only mmWave and sub-THz com-
munications enabled by photonics fall within the scope of this work.

1.1.2 Systems-on-chip

Many of the applications shown in Fig. 1.2 require a broadband transceiver in a
small, lightweight, and portable device. Thus, features like physical dimensions,
weight, and battery autonomy become indispensable. The advances in photonic
integration technologies allow the implementation of a wide range of applications
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to generate and process mmWave or sub-THz signals in a small chip [32]. Opti-
cal two-tone generation for photomixing, filtering, and data modulation are just
a few examples of functionalities required in a system that have already been
demonstrated [32]. Several photonic integration technologies are available to im-
plement different building blocks. These components must be ultimately combined
with electronics through analog-to-digital and digital-to-analog converters. The
main challenge is using different technologies for different functionalities, leading
in many cases to the co-integration or co-packaging to build the entire system.

1.2 Contributions and overview of the dissertation

The PhD project described in this dissertation was carried out within the ‘Con-
vergence of Electronics and Photonics Technologies for Enabling Terahertz Ap-
plications (celta)’ project, funded by the Horizon 2020 research and innovation
program of the European Union. The scope of celta is the convergence of elec-
tronics and photonics technologies to develop applications at sub-THz and THz
frequencies in three fields: wireless communications, spectroscopy, and imaging.
This work falls within the wireless communications area, and its frequency range
of interest encompasses mmWave and sub-THz frequencies.

This dissertation covers the theoretical analyses, simulations, and experimental
works conducted by the author in the field of photonics-assisted mmWave wireless
communications towards the realization of a beamforming system on-chip. The
work was mainly carried out at the Eindhoven University of Technology (TU/e),
the Netherlands. It also includes a full year of work at the Technical University of
Denmark (DTU) in Kongens Lyngby, Denmark, and a six-month external stay at
the Fraunhofer Heinrich Hertz Institute (HHI) in Berlin, Germany.

Chapter 2 contains the theoretical basis of the work. The optical heterodyn-
ing concept for mmWave signal generation and the microwave photonics (mwp)
principle are introduced. These ideas apply to different scenarios that require
broadband processing of a signal in the optical domain with direct translation into
the mmWave regime. The analog radio-over-fiber (a-rof) network architecture
for radio access networks is a clear example of this. Some other considerations
related to the implementation of mmWave hybrid photonic-wireless links like the
modulation formats, the wireless propagation, and the signal down-conversion are
described.

The contributions of the author are detailed throughout the following Chapters:

• Two concepts are proposed and experimentally validated in Chapter 3 to
provide bidirectionality and physical layer confidentiality to mmWave hy-
brid photonic-wireless links. First, a bidirectional ka-band rof transmission
based on optical heterodyning in both directions is demonstrated. An optical
frequency comb (ofc) source is used to achieve stable signals after hetero-
dyning. The employed modulation follows the 5g nr numerology. Second,
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an encoding scheme based on the digital generation of chaotic symbols is
demonstrated to implement a low-latency extra layer of confidentiality. The
algorithm is proven in different configurations. These topics are included in
publications [J4], [C3], [C8], [C14]. Publications [C2], [C6], [C9], [C11], [C13]
are related to the main topic or the preparation of the experimental work of
this Chapter.

• The implementation of beam steering techniques in mmWave a-rof links
is addressed in Chapter 4. The main approaches for beam steering at
mmWave frequencies are reviewed, and two solutions are introduced and ex-
perimentally validated. The use of a Stewart platform robot to mechanically
steer a w-band horn antenna is proposed for two scenarios: antenna align-
ment optimization of a fronthaul link and the access network for railways
communications. Then, a centralized optical true-time delay (ottd) beam-
forming system with multi-core fiber (mcf) distribution is experimentally
validated. The experiments and results detailed in this Chapter are de-
scribed in publications [J5]–[J7], [C10]. Other related publications are [J2],
[J8], [C15].

• The next step in the research is the integration of an ottd beamforming
network on a photonic integrated circuit (pic). In Chapter 5, two arrange-
ments based on optical ring resonators (orrs) are designed. The simulation
data of the network and measurements of the orrs are presented. The de-
sign of an array of photoconductive antennas (pcas) compatible with the pic
is also detailed in this Chapter. The coupling of the generated wave into the
free-space is also discussed, including the design of a dielectric rod waveguide
(drw) antenna array. These topics are covered by publications [C4], [C7],
[C12].

• Following the ideas exposed in the previous Chapter, a mmWave heterodyne
communication link full based on THz optoelectronics is demonstrated in
Chapter 6. The bandwidth limiting electronics are eliminated from the
system to maximize the operational bandwidth. The optical signals driving
the transmitter and the receiver are extracted from independent ofcs to
reduce the phase noise of the resulting if signal. A data transmission is
proven at 80 GHz, 120 GHz, and 160 GHz wireless carriers with an if of
3.7 GHz, and without significant changes in the experimental setup. This
Chapter is based on publications [J1], [J3], [C1], [C5].

Finally, a summary of the work and the conclusions are reviewed inChapter 7.
Suggestions for future work are also discussed in-depth, including an overview of
possible schemes for future beamforming systems on-chip for mmWave and sub-
THz wireless communications.



CHAPTER 2

Millimeter wave
hybrid photonic-wireless links

Optical fiber transmission systems are undoubtedly the best technology to imple-
ment long-distance wired data communications. Features like the ultra-broadband
nature of the optical signals, the very low propagation loss, and the immunity to
electromagnetic interferences make this transmission medium ideal for transport-
ing large amounts of aggregated data traffic covering hundreds of kilometers [33].
Therefore, the optical fiber technology is intensively used for telecommunications
in the core network and a large part of the metro and access networks. How-
ever, it cannot provide ubiquitous access when user mobility is demanded, and
hence wired connections are not possible (e.g., mobile access networks) [34]. The
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Figure 2.1: Example of a heterogeneous access network with rof links for different ap-
plications like fiber-to-the-home, mobile access, fronthaul links, fixed wireless access, and
indoor wireless signal distribution.

9



10 CHAPTER 2. MMWAVE HYBRID PHOTONIC-WIRELESS LINKS

-
Modulation-
Wireless carrier selection-

- Filtering
- Time delay / phase shift
- Etc.

E/O O/ETX
RX MMW/IF RX

TX

Microwave photonics link MmWave 
wireless link

Downlink

Uplink

MmWave/IF 
conversion

Optical fiber distribution

Figure 2.2: Scheme of a rof system. tx: transmitter, rx:receiver, e: electrical, o: optical
and if: intermediate frequency.

flexibility of wireless interfaces is beneficial not only when a wireless connection is
mandatory but also when the cost of deploying new fiber is too high because of the
environmental conditions [35]. The hybrid communication links combining optical
fiber and radio wireless technologies are called radio-over-fiber (rof) links. Rof
systems combine the strengths of both technologies for a wide range of applica-
tions, as depicted in Fig. 2.1. This figure shows a heterogeneous access network in
which a passive optical network is integrated with rof links for different purposes,
including mobile cells, indoor wireless networks, and fronthaul links.

Nevertheless, the available bandwidth in the radio section is much smaller than
in the optical domain, imposing a bottleneck to the end-to-end system. The need
for high-speed access is what drives the adoption of millimeter wave (mmWave)
wireless carriers. The mmWave frequency range offers more spectral resources than
conventional frequency allocations below 6 GHz, and thereby, it allows higher data
rates in the wireless interface [36]. Both technologies, optical fibers and mmWave
radio, are essential for future broadband radio access networks and indoor lo-
cal area connections [35]. Figure 2.2 shows the schematic of a generic rof link
operating at mmWave frequencies. It includes three segments: a microwave pho-
tonics system that transports and processes the data in the optical domain and
performs the optical-to-mmWave conversion, a radio wireless link, and a remote
transceiver. This Chapter gives the theoretical background and state-of-the-art
review of mmWave hybrid photonic-wireless links.

2.1 mmWave signal generation and processing

Millimeter wave signal generation for broadband communications can be done by
electronic or optoelectronic means. Although electronics is the traditional solution
in radio communications, the interest in optoelectronics grows when the wireless



2.1. MMWAVE SIGNAL GENERATION AND PROCESSING 11
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Figure 2.3: Optical heterodyning principle for mmWave signal generation.

carrier increases to mmWave and above because of the broadband essence of the
optical domain. This choice becomes even more evident if data also needs to be
distributed over long distances, like in a radio access network.

2.1.1 Optical heterodyning

Microwave photonics (mwp) is the field that studies the interaction between radio
frequency (rf) waves and optical signals for applications like broadband rof com-
munications [22], [37], [38], as shown in Fig. 2.2. The mmWave signal generation
by optoelectronic means is based on the optical heterodyning concept, accord-
ing to which two optical waves with a frequency difference equal to the intended
mmWave signal are beaten on a high bandwidth photodiode (pd), producing a
photocurrent proportional to the second-order product (schematically depicted in
Fig. 2.3) [22]. This process is also called photonic up-conversion and photomixing.
The latter term is particularly popular in the THz spectroscopy community when
no data modulation is involved [39].

Given two optical tones, with optical powers P1 and P2, their field amplitude
can be described by [22]:

E1(t) =
√
P1 cos(ω1t+ φ1) (2.1)

E2(t) =
√
P2 cos(ω2t+ φ2) (2.2)

where ω1 and ω2 represent the angular frequencies and φ1 and φ2 the phases of
the optical components. If these waves are coupled together and launched into a
broadband photodetector, the resulting photocurrent, iph(t) is proportional to the
square of the combined fields:
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iph(t) ∝
∣∣∣√P1 cos(ω1t+ φ1) +

√
P2 cos(ω2t+ φ2)

∣∣∣2 =

=
P1 + P2

2︸ ︷︷ ︸
dc offset

+
√
P1P2 cos ((ω1 − ω2)t+ (φ1 − φ2))︸ ︷︷ ︸

beat tone

(2.3)

As a result, two components are obtained: a direct current (dc) component
that can be seen as a current offset and the second-order product at ω1 − ω2. Al-
though the terms at 2ω1, 2ω2, and ω1+ω2 have mathematical meaning, they cannot
be physically produced because of their extremely high frequency. Therefore, a
signal whose frequency is controlled by the relative frequency spacing between
two optical tones is generated. Polarization matching between the two optical
waves is required to maximize the conversion efficiency. The proportional term
between the current and the optical input in a photodetector is, in general, known
as responsitivity.

The previous equation evidences the simplicity of the optical heterodyning
principle to tune the frequency of the generated mmWave signal compared with
electronic approaches. In general, high-frequency electronics are more complicated,
more costly, and bandwidth limited. However, their power efficiency is typically
better than optoelectronics [40]. The pd bandwidth, which is restricted by the
carrier transit-time through the absorption layer and the parasitic capacitances,
determines the frequency range of the signal in Eq. 2.3 [38]. Uni-travelling-carrier
pds and p-i-n pds operating at 1550 nm achieving bandwidths of hundreds of
gigahertz have been reported in the literature [41], [42].

Phase stability

Equation 2.8 shows that the phase of the resulting mmWave signal depends on
the phase relation between the two optical sources φ1 and φ2. This means that if
two independent free-running lasers are used, the uncorrelated phase fluctuations
of each component will be transferred to the beat tone. Different factors, like
temperature and environmental conditions, contribute to this noise. Therefore, the
quality of the output signal will be drastically reduced with an increased linewidth,
phase noise, and frequency drifting. This situation is not acceptable in many
scenarios, when a stable mmWave signal with low phase noise is required. This
is the case of broadband data communications transporting modulation formats
with information in phase. Different approaches have been proposed to improve
the quality of the output signal by locking the two optical components in phase so
that the wavelength difference between the two optical tones remains stable [22].
The most common solutions are listed below:

A. Optical injection locking. Different harmonics of a directly modulated master
laser are injected into two slave lasers. If their free-running frequencies are
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close to the injected harmonics, the slave lasers get locked to the master
laser [43]. The phase noise of the mmWave signal after optical heterodyning
is drastically reduced since the φ1 and φ2 phases in Eq. 2.8 are now correlated.

B. Optical phase-lock loop (opll). In this scheme, the two laser sources are
heterodyned on a photodiode to compare the phase of the produced output
with an external oscillator. The phase error is used to actively correct the
phase of one of the two lasers through a phase-lock loop [44]. This technique
can be combined with the previous one to create an optical injection phase-
lock loop [45]. A master laser is modulated by a rf reference, and one
of the harmonics is injected into a slave laser. The rf reference is actively
corrected by a phase-locked loop using the beat tone between the master
and the slave laser. It has been proven that the performance of this scheme
is better than injection-locking only or opll only [22].

C. Dual-wavelength laser. A dual-wavelength laser is another popular option to
generate low phase noise mmWave signals. Two lasing wavelengths share the
same gain cavity, so their relative phase fluctuations are correlated [46].

D. Mode-locked lasers (mlls). Mlls produce very short optical pulses in time
(in the order of picoseconds or femtoseconds), which correspond to the su-
perposition of the longitudinal modes of the cavity. The same phase relation
between modes is maintained to achieve constructive interference. The out-
put of a mll is what is known as an optical frequency comb (ofc). An ofc
is an optical signal whose spectrum consists of a series of equally spaced op-
tical lines correlated with one another [47]. One of the main applications of
combs is the generation of low phase noise mmWave and THz signals. Two
frequency components must be optically filtered before being launched into
the photodetector. Therefore, two optical tones corresponding to different
cavity modes of a mll are used in this case for photomixing [48].

E. External modulator. This solution employs a single laser source and an ex-
ternal modulator driven by a rf reference. Two harmonics, generated after
modulation, are used for optical heterodyning. Both intensity and phase
modulators have been used for this purpose. A widely extended example of
this technique is known as the optical carrier suppression (ocs) scheme [35].
In this approach, a Mach-Zehnder modulator (mzm) biased at the null point
of its transmission function is modulated by a rf source equal to half of the
intended mmWave signal. As a result, the optical carrier is suppressed, and
the two harmonics with a frequency difference between them equal to the
desired frequency are enhanced [35], [49]. This solution is limited by the
magnitude of Vπ and the bandwidth of the modulator. Moreover, the bias
point of a mzm drifts with time. A practical alternative to achieve higher
frequencies is using an optical phase modulator. Similarly, a high-power rf
drives the modulator producing several harmonics that create a ofc [50].
Two tones are then filtered and used for optical heterodyning.
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2.1.2 Propagation in optical fiber

The mwp concept offers unique opportunities to implement different functionali-
ties in the optical domain before the optical-to-radio conversion. The most evident
application is the signal distribution. The low propagation loss of optical fibers
allows the data transmission to remote locations where the signal can be further
processed and eventually up-converted to the mmWave domain for wireless trans-
mission. However, there are some limitations related to the propagation through
the optical fiber that must be discussed. Single-mode fiber is always assumed in
this dissertation as it is the prominent option in rof links.

Attenuation

The power attenuation that an optical signal experiences during the propagation
through an optical fiber is an important factor determining the achievable trans-
mission distance, number of intermediate amplifiers, and required photoreceiver
sensitivity. If Pin and Pout refers respectively to the optical power at the input
and output of an optical fiber with length L, both terms can be related by [33]:

Pout = Pin exp (−αL) (2.4)

where α is the attenuation coefficient expressed in dB/km. The fiber attenua-
tion is determined by different phenomena, and it is wavelength dependent. The
minimum attenuation is achieved at c-band, around 1550 nm, with single-mode
fibers reported with attenuation coefficients in the order of 0.2 dB/km [51], [52].
This wavelength range is assumed for the optical signals in the remainder of this
monograph.

Chromatic dispersion (cd)

Chromatic dispersion (cd) refers to the fact that different spectral components
transmitted through an optical fiber experience different propagation delays. In
other words, the group velocity, vg, depends on the optical wavelength. The
dispersion is described by the dispersion parameter D, expressed in ps/(km·nm)
which is defined as [33]:

D =
d

dλ

(
1

vg

)
= −2πc

λ2
β2 (2.5)

where c is the speed of light in vacuum, λ represents the optical wavelength, and
β2 is the second derivative of the propagation constant β with respect to angular
frequency ω. Typical values of D for standard single-mode fiber (ssmf) are around
17 ps/(km·nm) [52].

This parameter is relevant to rof systems where two optical components are
transmitted through the optical fiber as each of them will suffer from different
propagation delays. This phenomenon translates into a change in the relative
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phase difference between the two waves, which may introduce a power fading in
the mmWave signal. This power fading is periodic with the fiber length [53].

Polarization mode dispersion (pmd)

Polarization mode dispersion (pmd) describes the difference in propagation speed
between different polarization states. The origin of pmd is the birefringence of opti-
cal fibers due to small differences in the refraction index between the two main axes
in the fiber because of geometric imperfections. Pmd can introduce a polarization
rotation which is wavelength dependent [49]. This is a limiting factor in mmWave
rof links because the optical heterodyning process is polarization-dependent. The
mmWave power can be drastically reduced if the polarization states of the two op-
tical components are not aligned. This effect is generally modeled as a stochastic
process, and the power penalty is statically determined [49].

Non-linear effects

Optical fibers exhibit a non-linear response for high-power electromagnetic fields.
Several phenomena contribute to this behavior, including light scattering, self-
phase modulation, cross-phase modulation, and four-wave mixing, to name a
few [33]. These effects thus limit the maximum optical power that can be launched
into the optical fiber. In rof links, the non-linearities in the fiber contribute to
reduce the dynamic range of the link, as defined in section 2.1.5.

2.1.3 Signal modulation schemes

The signal modulation scheme and the selection of the proper modulation format
are two fundamental aspects of any communication system, including mmWave
hybrid photonic-wireless links. Figure 2.4 gives an overview of the most common
approaches for data modulation in analog rof systems. The simplest way to mod-
ulate an optical signal with direct translation into mmWave domain is employing
a high-speed optical modulator. The baseband (bb) data signal is electronically
mixed with an external mmWave source to modulate an optical carrier with a
mzm, producing two optical sidebands. Optical modulators have been reported
in the bibliography with modulation bandwidths up to 100 GHz [54]. However,
this scheme requires a mmWave electronic source, and it is severely limited by the
cd after the transmission through the fiber. The mmWave is generated by optical
heterodyning between the carrier and each sideband on the photodetector. Ideally,
the two beating components interfere constructively. However, if the two sidebands
are previously transmitted through a dispersive fiber, the relative phase between
them changes because they travel at different speeds. Destructive interference be-
tween the two beat signals may occur after photonic up-conversion, resulting in a
power fading of the mmWave radio signal [53], [55]. This phenomenon is called
dispersion-induced power fading, and it affects the propagation distance through
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Figure 2.4: Summary of data modulation schemes in analog rof links. Acronym:
mzm: Mach-Zehnder modulator.

the fiber and the choice of the wireless carrier. Some solutions have been studied
to reduce the influence of cd in mmWave generation like dispersion-compensating
fibers and using a chirped fiber Bragg grating with an optical circulator [56], [57].

Signal modulation schemes producing only two components that are hetero-
dyned on a pd are adopted to avoid phase-induced fading. A simple way to achieve
this is by using two independent laser sources. Direct modulation or external mod-
ulation with a mzm can be applied to one or both components. The advantage
of this solution is the simplicity and the possibility of placing the laser sources
at different locations. However, its performance is limited if phase modulation
formats are transmitted due to the incoherence between the laser sources.

Phase-locked techniques are preferred to transport phase modulation formats
and generate stable mmWave signals. Several methods to achieve phase coherence
were reviewed in section 2.1.1. For the sake of simplicity, Fig. 2.4 illustrates the
optical carrier suppression technique [35], but any other approach is also valid.
If the two components are modulated, cd will negatively impact the resulting
mmWave signal power due to the unbalance between the two sidebands, limit-
ing the achievable transmission length and the maximum wireless carrier. Single-
sideband schemes, in which one of the optical components is an unmodulated tone,
are preferred for long-distance transmission in the optical domain, and high wire-
less carriers [55]. There are different ways to generate an optical single-sideband
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signal, including a dual-port mzm with 90° difference between rf inputs and opti-
cal filtering of one of the sidebands [55], [58]. If the two tones are split into different
paths (e.g., optical filtering), the length of this section must be maintained short
so that the coherence is not lost because of the different propagation conditions.

Assuming single-sideband modulation and phase-locking, data with informa-
tion in amplitude, s(t), and phase, φs(t), modulated onto one of the optical tones,
the same modulation is maintained in the mmWave domain and Eqs. 2.1, 2.2 and
2.3 become:

Erf(t) = s(t)
√
Prf cos(ωrft+ φs(t) + φrf) (2.6)

Elo(t) =
√
Plo cos(ωlot+ φlo) (2.7)

iph ∝
s2(t)Prf + Plo

2
+ s(t)

√
PrfPlo cos (ωmmwt+ φs(t) + (φrf − φlo)) (2.8)

where the optical tone carrying the data serves as rf input and the other behaves
as a local oscillator (lo), and the resulting angular frequency ωmmw is equal to the
difference ωrf − ωlo.

2.1.4 Microwave photonics applications

Signal generation, modulation, and transmission through optical fibers in rof links
have already been presented as examples of mwp applications. However, the flex-
ibility of this concept encompasses a broader range of possible functionalities. As
the carrier frequency increases, the design of broadband electronic components
like filters and phase shifters becomes more challenging. The motivation for mov-
ing to higher frequency allocations, in the mmWave range, searching for broader
spectral resources, becomes meaningless if electronic components ultimately limit
the transmission bandwidth. The broadband nature of the optical domain can be
exploited to implement several functionalities in a broadband manner before the
conversion into radio waves. Photonic filters are a typical example of these appli-
cations [59]. Microwave photonics filters have some other additional advantages
compared with their electronic counterparts, like the tunability and reconfigura-
bility. Several works have also demonstrated optical phase shift and optical delay
networks for phased antenna arrays (paas), to implement broadband beamform-
ing [60], [61]. This application will be discussed in more detail in Chapters 4 and 5.
Other examples of mwp applications are analog-to-digital converters and arbitrary
waveform generators [38]. The advances of photonic integration technology allow
some of these functionalities to be integrated on-chip [32], adding extra advantages
in terms of footprint, tunability, and power consumption.
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2.1.5 Microwave photonics link performance

Figure 2.2 shows that a mwp link includes the signal conversion from the electrical
domain into the optical domain, the signal processing in the optical domain, and
finally, the conversion back to the electrical domain. Moreover, the last optical-to-
electrical conversion can be used to directly generate a mmWave signal following
the optical heterodyning concept. There are some important parameters to eval-
uate the performance of such a link.

Link gain

Link gain refers to the ratio between the output rf power at the desired frequency
delivered to a matched load at the photodiode output and the input rf power
used for electrical-to-optical conversion:

Link gain =
Prf,out

Prf,in
(2.9)

Link gain has been described for simple cases with direct and external mod-
ulation [62]. However, these expressions become more complicated when phase-
locking methods using rf local oscillators, and other mwp applications like beam-
forming are introduced. As a general rule, link gain improves with laser power,
modulation slope efficiency, and photodiode responsitivity, as long as non-linear
and saturation regimes of optical components and photodiodes are avoided. It is
also essential to minimize the optical loss to optimize the gain due to the quadratic
relation between optical and electrical power (see Eq. 2.3). Negative link gains in
a logarithmic scale, which means less output power than input power, are not
uncommon because of link loss and photodiode efficiency.

Noise figure

Noise figure (nf) is an important parameter in any communication link that mea-
sures the degradation in the signal-to-noise ratio (snr) between the output and
the input of the link:

NF =
SNRin
SNRout

(2.10)

The noise at the input of the link is measured through a matched source at the
standard noise temperature (usually 290 K). There are different solutions to reduce
the nf in mwp links, including the use of balanced photodetectors to suppress laser
relative intensity noise, biasing the mzm away from its quadrature point to reduce
the power of the optical carrier, and using optical band-bass filters lo limit the
in-band noise [63].
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Figure 2.5: Intermodulation distortion in mwp links. Acronyms: sfdr: spurious-free
dynamic range, im: intermodulation, and ip: intercept point.

Dynamic range

Non-linear distortions caused by rf components and optical modulators may be a
limiting factor in mwp links [64], whose operational principle is not linear in itself.
Harmonics of the fundamental components and intermodulation (im) products
between them rise above the noise floor if the electrical input power is sufficiently
high [64]. Figure 2.5 illustrates how the im distortion increases as a function of
the power when two fundamental tones are introduced as an input. In the figure,
second-order im distortion, im2, appear because of the mixing of the fundamental
harmonics at f2 + f1 and f2 − f1. Third-order im products, im3, which in general
are more critical because they emerge closer to the fundamental frequencies, are
generated because of the im between second-order harmonics 2f1 and 2f2 and the
fundamental tones. The power of these harmonics and im products grows faster
than the power of the fundamental ones, and there is a point when they intercept,
known as intercept points.

The spurious-free dynamic range (sfdr) is the maximum snr achieved while
the im distortions are maintained below the noise floor over the used bandwidth
(see Fig. 2.5). It is expressed in dB ·Hz1/2. Some authors also define sfdr with
respect to the third order intermodulation distortion, measured in dB ·Hz2/3, be-
cause of its proximity to fundamental frequencies. Several works have studied how
to extend the dynamic range in mwp links and the linearization of the optical
modulator response [64]–[67].

2.2 mmWave wireless link

The next segment of the system in Fig. 2.2 is the wireless interface. Although
the adoption of mmWave frequencies enables high-capacity transmissions, several
challenges must be faced to successfully implement the link. The first significant
obstacle is the free-space path loss (fspl), which increases with frequency. The
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Figure 2.6: Schematic representation of the Friis transmission equation.

Friis equation [68] relates the received power, Prx, and transmitted power, Ptx,
after wireless propagation between two antennas separated by a distance R that
satisfies the far-field condition:

Prx

Ptx
= GtxGrx

(
c

4πfcR

)2

(2.11)

where Gtx and Gtx represent the gains of the transmitter and receiver antennas, c
is the speed of light in vacuum and fc is the wireless carrier frequency. According
to this expression, there are two possible ways to reduce the impact of fspl:
increasing the transmitted power, Ptx, and increasing the antenna gains, Gtx and
Grx. Figure 2.6 illustrates how the different elements in the Friis equation affect
the power of the received signal. The objective is to achieve a value of the snr
on the receiver that allows the successful demodulation of a data transmission
with the intended bit rate (see Eq. 1.1). The transmitted power can increase by
improving the efficiency of the signal sources or employing amplification stages.
Antenna gain can be effectively enhanced by using directive antennas with non-
uniform radiation patterns that focus the radiated/received energy in the same
direction. However, it is necessary to note that the radiated power is ultimately
limited by technology and safety regulations. The fspl at mmWave and sub-THz
frequencies for different distances is plotted in dashed lines in Fig. 2.7. In very
short (< 1 m) and short (< 10 m) range communications a path loss in the range
between 20 dB and 100 dB is expected. If longer transmission distances or higher
carrier frequencies are adopted, a huge attenuation, above 100 dB, is faced.

The previous discussion corresponds to an ideal line-of-sight (los) case in which
only the geometric expansion of the electromagnetic waves is considered in the total
transmission loss calculation. This is the dominant effect in microwave systems.
Unfortunately, some other factors become relevant at sub-THz frequencies, and
they should be taken into account for the power budget calculation. A particularly
problematic effect is the atmospheric absorption. This extra power penalty occurs
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Figure 2.7: Transmission loss in a wireless link due only to fspl (dashed lines) and adding
the effect of atmospheric absorption (solid lines) for different transmission distances, R.
The graphs were calculated assuming 7.5 g/m3 water vapor density and 15 °C temperature
according to [69].

due to molecule absorption of oxygen and water vapor gases in the atmosphere
when the transmission frequency coincides with the mechanical resonant frequen-
cies of the gas molecules [70]. Figure 2.7 shows in solid lines the transmission loss
after adding the effect of atmospheric absorption [69]. The contribution of this
effect is more significant as the transmission distance increases. For short trans-
mission distances, fspl remains as the dominant factor. There are two significant
absorption peaks in the mmWave range situated at 60 GHz and 183 GHz. Above
300 GHz, this effect becomes even more problematic, impeding long-distance links
and defining some transmission windows with lower attenuation.

Another severe limitation is the non-los communication. In the microwave
range, physical obstacles in the direct path between transmitter and receiver do
not entail a serious problem. Microwaves can penetrate many materials with
relatively low loss, so communications through walls, furniture, and obstacles are
possible. On the other hand, mmWaves suffer from a high penetration loss through
most solid materials [71]. The diffraction at this frequency range is low because
of the short wavelength compared to buildings and objects, so diffracted copies
of the signal cannot be easily recovered in a non-los scenario. Signal reflection
is higher than diffraction, but material roughness greatly alters mmWaves [70].
Finally, water drops in the case of rain and foliage also negatively affect mmWave
wireless propagation in outdoor links because of its dimensions, comparable to the
signal wavelength [70]. Therefore, the ideal case for mmWave communications is
a los link with high gain directive antennas that can overcome the fspl, avoiding
the atmospheric absorption resonances.
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2.3 mmWave signal down-conversion

Millimeter wave signal down-conversion to an intermediate frequency (if) or base-
band (bb) can be done by electronic or optoelectronic means. A summary with
some common schemes is shown in Fig. 2.8. Contrary to mmWave signal gener-
ation, electronic approaches are more widespread because the technology is more
mature, and the power performance is considerably higher. Envelope detection
using a Schottky diode is one of the simplest solutions (Fig. 2.8(a)). The detector
obtains the bb data by extracting the envelope of the signal. The drawback is that
the phase information is lost, and therefore, it is only valid for amplitude modu-
lation formats [23]. An electronic mixer and a lo are needed to down-convert the
mmWave signal to an if when modulation formats with information in phase are
transmitted [24] (Fig. 2.8(b)). For high-frequency wireless carriers, a multiplica-
tion stage or subharmonic mixers may be needed to extend the frequency range
of the lo. The last block after down-conversion is the signal sampling with an
analog-to-digital converter (adc), for digital signal processing (dsp) and decoding.
The if and the modulation bandwidth define the requirements for the sampling
rate. It is possible to directly sample the mmWave signal and implementing the
down-conversion on dsp (Fig. 2.8(c)) [72]. However, this approach is costly and
very inefficient. Once the signal is down-converted, it can be directly processed
by the receiver (end-user) or modulated onto an optical carrier and transmitted
through an optical fiber to complete the schematic of Fig. 2.2 (uplink).

Optoelectronic approaches have also been used by some authors for mmWave
down-conversion. Figure 2.8(d) shows a possible method to extract the envelope
of the signal using a mzm biased at the null point of its transfer function [73]. In
this scheme, the wireless signal is rectified and modulated onto an optical carrier.
Then, the envelope is detected by a pd. If phase information is transmitted, a
heterodyne down-conversion is needed. A possible scheme to achieve this is shown
in Fig. 2.8(e). The wave detected by the receiver antenna drives a broadband
optical modulator to produce an optical double-sideband signal. A second laser
source is incorporated close to one of the sidebands, with a frequency difference
equal to the desired if. If the added optical tone and the sideband are filtered and
beaten on a photodiode, the transmitted data at the if is obtained as depicted in
Fig. 2.8(f) [74]. Phase-locking between the two laser sources may be required to
reduce the noise of the resulting if wave. The modulation bandwidth of the mzm
limits the maximum frequency that can be detected with these two approaches.
Therefore, they can only be used in the lower range of the mmWave band. A
novel method to detect higher frequencies signals is the use of photoconductors as
down-converting mixers [75], [76]. Photoconductors have been widely used as THz
emitters and detectors in applications like spectroscopy. Recently, they have also
been proposed as heterodyne receivers for communications. The incoming wireless
wave is mixed with the beat tone produced by two optical signals behaving as a lo.
As a result, the signal is down-converted to an if signal, as shown in Fig. 2.8(f).
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Figure 2.8: Overview of the mmWave signal down-conversion schemes: (a) envelope de-
tection, (b) down-conversion to an if with an electronic mixer, (c) direct digitalization
of the mmWave radio signal, (d) photonic envelope detection based on signal rectifi-
cation, (e) photonic down-conversion based on an optical modulator, and (f) photonic
down-conversion based on a photoconductor. Acronyms: adc: analog-to-digital con-
verter, if: intermediate frequency, mzm: Mach-Zehnder modulator, pd: photodiode, and
obpf: optical bandpass filter.

2.4 Network architectures

Radio-over-fiber systems have been studied as a solution to implement wireless
access networks since the earliest researches in mobile communications [77]. How-
ever, the network architectures have evolved over the years in accordance with the
changing requirements. Traditional radio access networks consist of several base
stations covering different areas, and each of them handles the data between the
core network and mobile users via the backhaul link, as shown in Fig. 2.9(a). This
type of architecture is called distributed radio access network (d-ran) because of
the distributed arrangement of the base stations.

A remarkable evolution occurred when the baseband processing, previously
implemented at every base station, was moved to a shared centralized baseband
unit (bbu) pool, reducing operation, maintenance, and deployment costs [78].
This architecture is called centralized radio access network (c-ran) or cloud-ran.
The complexity of the base station was considerably reduced by locating the bbu
pool at a central office (co) connected to remote antenna units (raus) though a
fronthaul segment. The fronthaul was based on the common public radio inter-
face (cpri), according to which digitalized radio signals are transmitted between
co and antenna site where they are processed before up/down-conversion to/from
radio domain. Therefore, this architecture is also known as digitized radio-over-
fiber (drof), as illustrated in Fig.2.9(b). The main limitation of cpri is that it does
not scale well when more bandwidth is required, and the network becomes more



24 CHAPTER 2. MMWAVE HYBRID PHOTONIC-WIRELESS LINKS

D-RAN

BackhaulMetro- & core 
network

Ba
se

ba
nd

 p
ro

ce
ss

in
g

AD
C/

DA
C

fRF

(a)

C-RAN / DRoF

Fronthaul (CPRI)BackhaulMetro- & core 
network CP

RI

Ba
se

ba
nd

 p
ro

ce
ss

in
g

E/
O

  /
  O

/E
fRF

E/
O

  /
  O

/E

CP
RI

AD
C/

DA
C

(b)

C-RAN / BBoF

FronthaulBackhaulMetro- & core 
network

Ba
se

ba
nd

 p
ro

ce
ss

in
g

E/
O

  /
  O

/E

AD
C/

DA
C

E/
O

  /
  O

/E

fRF

(c)

C-RAN / IFoF

Fronthaul

E/
O

  /
  O

/EBackhaulMetro- & core 
network

Ba
se

ba
nd

 p
ro

ce
ss

in
g

AD
C/

DA
C

fIF fLO

E/
O

  /
  O

/E
(d)

C-RAN / ARoF

Fronthaul

E/
O

  /
  O

/EBackhaulMetro- & core 
network

E/
O

  /
  O

/E

fRF

Ba
se

ba
nd

 p
ro

ce
ss

in
g

AD
C/

DA
C

(e)

Figure 2.9: Rof architectures for radio access networks. Acronyms: d-ran: distributed
radio access network, adc: analog-to-figital converter, dac: digital-to-analog converter,
c-ran: centralized radio access network, drof: digitized rof, cpri: common public radio
interface, e: electrical, o: otical, bbof: baseband over fiber, ifof: intermediate frequency
over fiber, and arof: analog radio over fiber.

flexible and heterogeneous [79]. These are fundamental requirements for 5g nr
and beyond. More advanced drof have been studied to solve this bottleneck in
the fronthaul link introducing a partial re-distribution [80].

Analog radio-over-fiber (a-rof) represents a flexible and efficient alternative
for the next generations of wireless access networks to cope with the increasing ca-
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pacity demands and maintaining the centralization [81]. In this scheme, no digital
processing is performed at the antenna site, reducing the end-to-end latency. This
approach simplifies, even more, the base station, reducing the cost of deploying
more cells, as will be needed in mmWave radio interfaces. There are different ways
of implementing an a-rof architecture. If the signal transported over the fiber
corresponds to the bb modulation and the up- and down-conversion are done at
the antenna unit, the scheme is called baseband-over-fiber (Fig.2.9(c)). If the data
is transported over the fiber with an intermediate frequency, the system is called
intermediate frequency-over-fiber (Fig.2.9(d)). Finally, if the mmWave wireless
carrier is also transmitted over the fiber and the radio signal is generated at the
base station following the optical heterodyning principle, the architecture is known
as generic a-rof (Fig.2.9(d)).

2.5 Modulation formats

The choice of the modulation format has a significant impact on the link complex-
ity and capacity. The amplitude, phase, and frequency of a carrier signal can be
modulated to transport digital data. One of the most straightforward solutions
for mmWave hybrid photonic-wireless links is amplitude-shift keying (ask) mod-
ulation, which employs only information in amplitude. In the simplest case, two
binary symbols map each logic bit and, thus, the number of bits per symbol is
one. The occupied baseband bandwidth is approximately equal to the data rate.
The binary version of ask is known as on-off keying (ook) and its constellation
diagram is shown in Fig. 2.10(a). Multilevel modulation formats are used to in-
crease the spectral efficiency, reducing the occupied bandwidth per symbol at the
expense of increasing the complexity. A M -level modulation format allows the
transmission of n bits per symbol in such a way that M = 2n [82]. Multilevel am-
plitude modulation formats, including M-ary pulse-amplitude modulation (pam)
and duo- or polybinary modulation, for rof links have also been reported in the
literature [83], [84].

Links with modulation formats relying only on amplitude are simpler as they
do not require phase and carrier recovery. They are typically the preferred option
when the availability of spectrum is not a limiting factor. However, more complex
formats, also transporting information in the phase, are commonly needed to im-
prove the robustness and spectral efficiency. Phase-shift keying (psk) modulation
employs the carrier phase to encode the transmitted symbols. Figure 2.10(c)-(d)
shows the constellation diagrams of binary psk (bpsk), quadrature psk (qpsk)
and 8-psk formats, corresponding to a psk modulation with one, two and three
bits per symbol respectively. Waveforms combining both amplitude and phase
modulation have also been extensively used in rof links when the number of mod-
ulation levels increases. The most illustrative example of them is M-ary quadrature
amplitude modulation (qam), whose constellation is shown in Fig. 2.10(f). Mil-
limeter wave wireless communication standards like IEEE 802.11ay are based on
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Figure 2.10: Constellations of different modulation formats employed in rof links:
(a) ook, (b) pam-4, (c) bpsk, (d) qpsk, (e) 8-psk and (f) 16-qam.

these modulation formats [7].
These waveforms assume ideal channels with constant frequency response over

the transmission bandwidth and neglect limiting effects like fiber dispersion. Multi-
carrier modulation techniques divide the transmission bandwidth into subcarriers,
and each of them is modulated with a lower bit rate. They are more robust to
narrowband fading and multipath, which explains their popularity in wireless ac-
cess links. The most well-known example of multicarrier modulation is orthogonal
frequency division multiplexing (ofdm), according to which multiple orthogonal
subcarrier signals are located close together with overlapping spectra transmit-
ting parallel data [82]. Ofdm is an effective solution to inter-symbol interference
produced by a dispersive medium [85] and is the modulation standard defined for
5g nr [6].

The constant race towards higher data rates over limited bandwidth allocations
drives the study of advanced modulation formats and multiplexing techniques
in a-rof links [86]. Multiple antenna systems in multiple-input and multiple-
output (mimo) configurations have been proposed to increase the capacity [24].
The antenna polarization can be used in mimo links to add an extra dimension
for multiplexing different data streams [86]. The optical heterodyning concept
also allows multi-channel topologies in which different frequency bands are simul-
taneously utilized while the data is transmitted through the same optical fiber
infrastructure [87]. Finally, advanced dsp techniques have been reported in the
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literature for signal equalization, non-linearities compensation, and probabilistic
shaping, among others [86]. For example, probabilistic shaping has been used
in conjunction with mimo processing over the mmWave radio channel to reach
capacities in rof links up to 1 Tb/s [88].

A final aspect to mention is that mmWave hybrid photonic-wireless networks
like the one displayed in Fig. 2.1 provide access to multiple users sharing the
same transmission medium. There are three main approaches to implement multi-
user access, depending on the dimension used to multiplex the data streams. The
transmission channel can be shared by frequency-division multiple access (fdma) if
different frequency channels are dedicated to different data streams; time-division
multiple access (tdma), if different time slots are dedicated to different users, or
code-division multiple access (cdma), if each stream utilizes a different code.

2.6 Experimental link demonstrations

Different works in the literature have widely studied all the ideas covered in this
Chapter. Several mmWave a-rof link demonstrations have been achieved in the
previous years. Table 2.1 shows a summary of some recently published works,
including some figures of merit like the capacity, the wireless distance, and the
modulation formats. Some of these works are focused on increasing the capacity
and reach of the mmWave wireless links. Figure 2.11 compares the distance and
capacity of these experimental demonstrations. This chart provides an overview of
the achievable capacity and distance with current technology. Some other works in
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Figure 2.11: Summary of experimental demonstrations of mmWave hybrid photonic-
wireless links comparing capacity and wireless distance at different mmWave bands.
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Table 2.1: Overview of recent experimental demonstrations of mmWave hybrid photonic-
wireless links. Acronyms: tx: transmitter, rx: receiver, mimo: multiple-input and
multiple-output, qpsk: quadrature phase-shift keying, qam: quadrature amplitude mod-
ulation, pam: pulse-amplitude modulation, pd: photodiode, ofdm: orthogonal frequency
division multiplexing, and adc: analog-to-digital converter.

Date Data rate
[Gb/s]

Distance
[m]

Wireless
carrier
[GHz]

Modulation
format Other Technology

TX/RX mimo Ref.

10/’15 100 100 96 qpsk Pol. multiplex pd/mixer 2×2 [89]

11/’15 20 1700 85.5 qpsk
ofdm, pol.
multiplex pd/mixer 2×2 [90]

04/’16 100 0.75 220–280 qpsk Multi-channel pd/mixer – [87]
11/’16 192 1 37.5 64-qam Pol. multiplex pd/adc 2×2 [72]
12/’16 70 5 60 32-qam Pre-equalization pd/mixer – [91]
03/’17 60 50 88 16-qam Multi-band pd/mixer – [92]
09/’17 32 2500 23 16-qam Pol. multiplex pd/mixer 2×2 [93]
09/’17 54 2500 94 8-qam Pol. multiplex pd/mixer 2×2 [93]

09/’17 328 0.2 141 16-qam
Independent
sideband, pol.
multiplex

pd/mixer 2×2 [24]

10/’17 144 2.5 63.5 16-qam Pol. multiplex pd/mixer 2×2 [94]
03/’18 15 10 28 32-qam ofdm pd/mixer – [95]
04/’18 100 2 350 16-qam – pd/mixer – [96]

05/’18 52 3 60 16-qam
ofdm, pol.
multiplex pd/mixer 2×2 [97]

09/’18 1056 3.1 124, 152 64-qam
Dual-channel,
prob. shaping pd/mixer 4×4 [88]

02/’19 24 5 60 16-qam Multi-band mixer/mixer – [98]

03/’19 131 10.7 408 16-qam
ofdm,

equalization pd/mixer – [99]

03/’19 132 1.8 450 64-qam
Prob. shaping,
pol. mulitplex pd/mixer 2×2 [100]

08/’19 30 58 287–325 qpsk Multi-channel pd/ photo-
conductor – [76]

08/’19 20 5 28.8 qpsk – pd/adc – [101]

03/’20 60 3 135 pam-8 non-linearities
compensation pd/mixer – [102]

03/’20 12 1 30 qpsk ofdm, pre-coding pd/mixer – [103]
03/’20 100 0.5 300 qpsk Pol. multiplex mixer/mixer – [104]

03/’20 87.37 3 60.5 16-qam
ofdm,

non-linearities
compensation

pd/mixer 2×2 [105]

Tab. 2.1 study other functional considerations such as the spectral efficiency, non-
linearities compensation, and bidirectionality. It is also important to mention that
while most of these works are based on signal sampling and time-consuming off-
line processing algorithms to achieve such excellent figures, some others deal with
the real-time implementation of mmWave a-rof links [106], [107]. If the frequency
band is taken into consideration, it seems that most of the works reported in the
lower region of the spectrum (ka-, v-, and w-bands) address practical realization
aspects, many of them driven by the outcoming release of standards like 5g nr.
On the other hand, the transmission experiments at mm-band and above try to



2.7. SUMMARY 29

achieve record capacities and transmission distances exploring the new technology
breakthroughs at these frequency ranges.

2.7 Summary

The theoretical background of mmWave hybrid photonic-wireless links has been
reviewed in this Chapter. The steady growth towards higher data rates in the wire-
less access is inevitably leading to the adoption of higher frequency allocations,
reaching the mmWave domain. Optoelectronic techniques offer unique opportuni-
ties to process the data in the optical domain in a low-loss and broadband manner
before the conversion to the mmWave domain by optical heterodyning. Signal dis-
tribution, broadband modulation, and filtering are just a few examples of possible
applications that can be optically implemented. The limiting factors associated
with optical heterodyning were also discussed, including the phase stability, non-
linearities, and fiber dispersion. The wireless transmission at mmWave frequencies
also entails other specific challenges like the increasing propagation loss and at-
mospheric absorption, which were also presented. These ideas are combined into
the analog rof concept, according to which a signal is processed in the optical
domain and transmitted to an antenna unit that performs the optical-to-radio
conversion by optical heterodyning and wirelessly radiates the signal. One of the
main applications of analog rof is the implementation of future mmWave wireless
access networks, not only because of the capacity increase but also because of
the reduction in cost and power consumption derived from antenna unit simpli-
fication. Some of these concepts will also be applied later in this dissertation to
small-footprint devices for short-range wireless communications.

Although several works demonstrating mmWave hybrid photonic-wireless links
pushing the transmission capacity and wireless distance were reviewed, there are
still several aspects to be discussed and studied before the practical deployment
of mmWave wireless interfaces. Providing transmission bidirectionality and data
security without affecting the link capacity and latency are two of them, which will
be treated in Chapter 3. Furthermore, all the presented experimental demonstra-
tions of mmWave wireless links rely on high-gain directive antennas to overcome
the large wireless attenuation. A beam steering technique must be integrated into
the rof link to configure the radiation direction to select the intended transmit-
ter/receiver. This aspect will be covered in Chapters 4-5.
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CHAPTER 3

Bidirectionality and physical layer
confidentiality in rof links

Chapter 2 presented the enormous potential of millimeter wave (mmWave) technol-
ogy enabled by photonics for high capacity wireless communications. An overview
of recent radio-over-fiber (rof) link demonstrations was included. These works
focus on different aspects of the system, such as the transmitter/receiver technol-
ogy, the capacity, and the wireless link distance. However, many other implications
must be considered in the deployment of such systems in real scenarios. This Chap-
ter delves into two of these features, which are particularly important for mmWave
access networks: bidirectionality and confidentiality.

Signal duplexing of high capacity data links in up- and downlink directions over
mmWave hybrid photonic-wireless links is not straightforward. Most of the exper-
imental works listed in the previous Chapter implement only one way and rely on
different technologies: typically, optoelectronics for the transmission and electron-
ics for signal down-conversion. A functional deployment requires both directions
as well as compatibility between transmitter and receiver technologies. Moreover,
channel conditions may differ. For example, the signal-to-noise ratio (snr) is usu-
ally better in the downlink direction. Implementing a flexible and asymmetric
scheme with the ability to adapt to these differences is of great interest. Signal
duplexing over optical fiber is commonly done by wavelength multiplexing, while
in the wireless segment, different dimensions like frequency and time can be em-
ployed. The experimental demonstration of a bidirectional rof link is carried out
and described in this Chapter, including the results reported in [C3].

The use of mobile personal devices for an increasing range of applications
means that sensitive data is transmitted over wireless interfaces shared among
many users. The security of wireless links thus becomes a crucial feature in radio
access networks. A particular aspect of security is confidentiality, whose objective

31
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is to prevent potential eavesdroppers from decoding messages exchanged between
two end-users. In analog rof (a-rof) links, the data processing is eliminated from
the antenna sites, reducing the end-to-end latency. Therefore, physical layer al-
gorithms for data confidentiality are gaining considerable scientific interest. This
Chapter presents a physical layer encoding scheme based on the transmission of
chaotic signals. The chaos is modulated onto an optical carrier and transmitted
through the fiber and mmWave wireless link without any intermediate signal pro-
cessing stage. The three experimental demonstrations and results covered in this
Chapter are discussed in detail in [J4], [C8], [C14].

3.1 Bidirectionality

A full-duplex communication link consists of at least two connected transceivers
that can communicate with one another simultaneously in both directions. This
kind of communication systems are required in many applications, including mobile
and wireless local area communications. There are two main techniques to achieve
channel duplexing over a wireless link:

• Frequency-division duplexing (fdd). Uplink and downlink data transmis-
sions operate at different frequency channels.

• Time-division duplexing (tdd). It provides temporal separation between
uplink and downlink transmissions. It allows spectral reuse of the same
frequency channel, and it is particularly flexible to achieve asymmetric data
rates.

These techniques are used in different wireless communication standards. In
the case of fifth generation new radio (5g nr), both methods are employed at
the lower transmission bands (< 7.1 GHz) [6]. However, only tdd is proposed
for the mmWave bands (24.25 – 52.6 GHz) [6]. Some laboratory experiments have
achieved bidirectional a-rof links using different frequency bands, duplexing tech-
niques, and technologies [87], [108], [109]. However, the implementation of a bidi-
rectional mmWave hybrid photonic-wireless link, following 5g nr standard and
offering sufficient flexibility to allow asymmetric resource allocation is a key chal-
lenge to be addressed.

3.1.1 Bidirectional ka-band hybrid photonic-wireless link

This section covers the experimental demonstration of a bidirectional hybrid pho-
tonic-wireless link based on a-rof and tdd for the next generation of mobile
communications. The wireless carrier is selected at ka-band in compliance with
5g nr (24.25 – 52.6 GHz). A heterogeneous access network, like the one shown in
Fig. 3.1, can integrate the system. In this scenario, the data is transmitted from
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Figure 3.1: Access network architecture based on dwdm shared between mmWave a-rof
networks and passive optical networks.

a central office and distributed to the end-users through an optical fiber distribu-
tion network. The different data streams are wavelength-multiplexed according to
dense wavelength division multiplexing (dwdm) recommendation [110]. Therefore,
different fiber-based access technologies such as passive optical networks, fronthaul
wireless links, and indoor wireless distribution networks can co-exist. The pre-
sented link emulates a mmWave mobile cell with a distributed unit for baseband
processing located close to the antenna station (circled in Fig. 3.1). This portion
of the network may be a hot-spot area, like a conference center, an airport, or a
sports stadium, characterized by the presence of a large number of end-users.

The proposed system is based on an optical frequency comb (ofc) source
matching the dwdm recommendation and a demultiplexer composed by a set of
slave lasers. The comb lines can be demultiplexed by injection locking, allowing
for splitting closely spaced signals. The up- and down-conversion to/from the
mmWave range is achieved by the optical heterodyning principle. This solution
offers several advantages in terms of broadband operation and simplification of
the high-speed electronics. Whereas the optical heterodyning up-conversion is ex-
tensively used in microwave photonics (mwp) links, the optical down-conversion
is not frequent. It is achieved by transmitting an optical carrier to the antenna
unit for remote modulation and down-mixing the ka-band signal by beating with
another comb line on a photodiode. This scheme is possible as long as the fiber
length is maintained short enough to keep the coherence between the two optical
carriers.

Experimental setup description

Figure 3.3(a) shows the experimental setup that implements the bidirectional
ka-band a-rof link. It is divided into three locations: baseband processing, an-
tenna unit and end-user. At the baseband processing site, a tunable ofc comb
laser is employed as light source for the entire system. The optical spectrum of
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Figure 3.2: (a) Schematic of the bidirectional ka-band a-rof experimental demonstra-
tion. Optical spectrum of: (b) comb source, (c) signal before wss, (d) incident signal on
the pd and (e) optical carrier for uplink transmission. Photos of the laboratory setup:
(f) baseband processing, (g) antenna unit, (h) horn antenna and amplifiers at the antenna
unit and (i) horn antenna and amplifiers at the end-user. Acronyms: dac: digital-to-
analog converter, mzm: Mach-Zehnder modulator, voa: variable optical attenuator, pd:
photodiode, ssmf: standard single-mode fiber, edfa: erbium-doped fiber amplifier, wss:
wavelength selective switch, mpa: medium power amplifier, lna: low noise amplifier and
dpo: digital phosphor oscilloscope.

the comb is depicted in Fig. 3.3(b), in which a repetition rate of 12.5 GHz is cho-
sen. Four consecutive optical lines are demultiplexed by a set of slave lasers and
optical injection locking. As a result, four 12.5 GHz spaced tones, matching the
dwdm recommendation, are obtained. Two of them (λ1 and λ3) are employed in
the downlink, and the other two (λ2 and λ4) are utilized in the uplink.

In the downlink direction, a multi-band orthogonal frequency division multi-
plexing (ofdm) signal generated by a 12-GSa/s arbitrary waveform generator is
modulated onto one of the optical carriers, λ1, using a Mach-Zehnder modula-
tor (mzm). This signal is combined with λ3, located 25 GHz away, and λ4, situated
37.5 GHz away from λ1, and transmitted to the antenna unit through a standard
single-mode fiber (ssmf) with a length of 15 m. The bidirectionality in the optical
segment is implemented by a couple of optical circulators with the port configura-
tion displayed in Fig. 3.3(a) and wavelength multiplexing. At the antenna site, an
erbium-doped fiber amplifier (edfa) is used to compensate for the transmission
loss and a variable optical attenuator (voa) controls the optical power available
at the antenna unit for bit error rate (ber) measurements. The optical spectrum
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after the voa is shown in Fig. 3.3(c). A wavelength selective switch (wss) is em-
ployed at this point to split the two optical components required for downlink in
one channel, λ1 and λ3, and the optical carrier for uplink modulation, λ4 in another
channel. The optical spectra of the downlink signal and the uplink optical carrier
are shown in Figs. 3.3(d)-(e).

The optical signal in the downlink channel is launched into a 40-GHz photo-
diode (pd) to generate the mmWave signal by optical heterodyning. The wireless
carrier is given by the frequency difference between λ1 and λ3, which is 25 GHz.
A power amplifier that provides a gain of 30 dB first amplifies the signal in the
electrical domain, and then an electrical circulator isolates the downlink from the
uplink transmission. An 18-dBi standard-gain horn antenna wirelessly radiates the
signal over 4 m of propagation distance until it reaches a second horn antenna with
the same characteristics. At the end-user location, a second electrical circulator
separates the received wave from the uplink transmission, and a low noise ampli-
fier (lna) that gives an additional gain of 40 dB boosts it before down-conversion.
The signal is down-converted using an electronic mixer and a 27 GHz local os-
cillator (lo), resulting in an intermediate frequency (if) of 2 GHz. Finally, the
downlink stream is recorded by a digital phosphor oscilloscope (dpo) for off-line
processing.

In the uplink, another multi-band ofdm signal with different characteristics
is generated by an arbitrary waveform generator with a sample rate of 12 GSa/s
and is electronically up-converted to a radio frequency (rf) carrier of 27 GHz
with a second mixer. The same lo used for down-conversion is reused in the
uplink through a power divider, simplifying the end-user architecture. The signal
is amplified 30 dB with a power amplifier and directed through the circulator to
the antenna for wireless radiation. The wireless up- and downlinks are time-
multiplexed according to tdd scheme. Again, at the antenna unit location, the
signal is recovered by the horn antenna and amplified 40 dB by a second lna.

The incoming signal is directly modulated onto λ4 using a broadband mzm
biased at the null point of its transmission function, resulting in an optical double-
sideband modulation at 27 GHz and the suppression of the optical carrier (see
Fig. 3.3(a)). The data is amplified by an edfa and transmitted to the baseband
processing site through the two optical circulators and the 15-m ssmf. At this
point, the uplink signal is coupled with the fourth optical line demultiplexed from
the comb, λ2. This line is situated 2 GHz away from one of the two sidebands.
Another pd is used to down-convert the signal to an if of 2 GHz after optical
heterodyning. This technique greatly simplifies the receiver electronics on the
radio access network. The pd output is amplified 19 dB by an electrical amplifier
and filtered by a low pass filter with a cut-off frequency of 5.5 GHz to remove
undesired beating products and interferences. Finally, the signal is captured by
the dpo. Figures 3.3(f)-(i) include some photos of the laboratory experiment,
showing the baseband processing site, the antenna unit, the antennas, and the
end-user. The experiment was conducted inside a Faraday cage to avoid external
rf interferences.
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Results and discussion

The performance of the link is evaluated by measuring the ber when 4-band
ofdm signals are transmitted, employing 4096 ofdm subcarriers spaced at 60 kHz
in accordance to 5g nr numerology [6]. These values result in a modulation
bandwidth of approximately 980 MHz. Different signals with asymmetric data rate
characteristics are selected for each stream because of the different snr conditions.
The ofdm subcarriers in the downlink are modulated with 16-qam, whereas in the
uplink, characterized by a worse snr, qpsk modulation is chosen. Different data
rates are thus achieved, obtaining 2.4 Gb/s in the downlink and 1.2 Gb/s in the
uplink. A random bit sequence is produced in both cases to map the transmitted
symbols.

Figure 3.3 shows the ber obtained after off-line processing compared with the
limits imposed by hard-decision forward error correction (fec) techniques with
7% and 25% overhead (oh), which are respectively 3.8 · 10-3 and 1.32 · 10-2 [111],
[112]. In the downlink, the ber is measured with respect to the optical power
incident on the pd. A ber below the 7% oh fec is obtained for most part of the
measurement range and the four bands. A small variation of ber with respect
to the optical power is observed. This effect is attributed to the saturation of
the receiver lna. The obtained 16-qam constellations for each band, when the
incident optical power on the pd is 2.5 dBm, are also included in Fig. 3.3.

In the uplink direction, the ber calculation is done with respect to the available
lo power for electronic up-conversion. The relation is, in this case, less straight-
forward, but a similar behavior is observed. Saturation of the lna appears when
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the power increases, causing the signal degradation. The obtained ber is below
the 7% oh fec limit when the lo power is 6 dBm, and it increases to almost reach
the 25% oh fec limit in the saturation regime. The constellations for the four
bands are plotted in Fig. 3.3 when the lo power is 6 dBm.

These results prove the successful transmission of bidirectional multi-Gb/s
5g nr ofdm signals though a mmWave a-rof link based on optical heterodyning
for signal up- and down- conversion and tdd. Receiver lna saturation appears
to be the main limiting factor in the two cases and therefore, a longer transmis-
sion distance can be achieved. These results showcase comb-based a-rof as a key
enabler for bidirectional handling of 5g mmWave signals, allowing fiber-wireless
convergence and ultra-large capacities.

3.2 Physical layer confidentiality

The increasing use of mobile personal devices for a broader range of applications
leads to the exchange of sensitive data through wireless interfaces. The broadcast-
ing nature of wireless communications entails several challenges from the security
point of view, as it is relatively easy for a potential eavesdropper to intercept sensi-
tive messages [113], [114]. Security algorithms must be implemented to ensure that
only the intended receipts receive and decode those messages. A specific dimension
of communication security, which is particularly important in wireless communi-
cations, is data confidentiality. Confidentiality refers to data protection so that
unauthorized eavesdroppers cannot access messages transmitted to other users. In
general, encryption schemes are used for this purpose. Traditional end-to-end en-
cryption is based on symmetric algorithms that require sharing a key between two
ends to assure that the expected receiver can only decode a message that was pre-
viously ciphered by the transmitter [114]. This key must be updated periodically
to prevent attackers from discovering it, adding extra complexity and latency with
key distribution algorithms. Current encryption algorithms base their robustness
on computing limitations, so the secret information cannot be extracted by brute
force attacks. However, the rapid improvement of computational technology and
the evolution of decryption algorithms pose a severe threat to data security [115],
[116].

Physical layer security algorithms have gained research attention in the past
years as an alternative to traditional encryption schemes to increase the security
of wireless links. The main advantage of these solutions is that they are protocol
independent and transparent to the transported data, so they do not add extra
processing latency. This feature agrees with one of the main goals of 5g nr and
future wireless communication standards, which target a substantial reduction in
the end-to-end latency. Physical layer algorithms can be implemented in different
ways. The most relevant approaches fall into the following categories [113], [117]:

• Early works examined the fundamental limits of physical layer security from
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the Shannon information theory perspective, focusing on secrecy capac-
ity [118]. These studies showed that secure communications are possible
for a wiretap channel model if the channel employed by an eavesdropper is
a degraded version of the main channel [119]. The ideas of secrecy capacity
have also been extended to different channel models including Gaussian [120],
multi-antenna [121], [122] and relay channels [123], among others.

• The introduction of artificial noise is a common strategy for physical layer
security in several works [124]–[126]. Interference signals prevent potential
eavesdroppers from recovering the transmitted data.

• Other approaches rely on beamforming techniques so that the transmitted
signal power is maximized in the direction of the intended end-user and min-
imized in the direction of potential eavesdroppers [127], [128]. A particular
case of this is the use of highly directive antennas to establish point-to-point
links, which are common in mmWave and THz communications [129], [130].

• Physical layer characteristics of the radio channel, like amplitude and phase
fading, can be employed for key generation [131], [132]. Channel features
that can be estimated by both communication ends can also be utilized to
encode the data transmitted between them as these properties are different
for a potential eavesdropper.

3.2.1 Chaos-based encoding scheme for physical layer con-
fidentiality

The following sections present the experimental validation of a physical layer chaos-
based encoding scheme for mmWave a-rof links. The chaotic behavior can be
described as aperiodic with an erratic and irregular time evolution [133]. More-
over, it is ruled by a deterministic non-linear system that is highly dependent on
the initial conditions [133]. These characteristics are similar to noise except for
the deterministic relation with the parameters used for chaos generation. The
fundamental idea of this algorithm is the generation of a noise-like signal that can
only be decoded by the intended receipt, as depicted in Fig. 3.4. The message
transmitted from Alice is encoded by employing a chaotic signal generated with
a set of predefined parameters and transmitted through an mmWave a-rof link.
The modulated signal is directly converted into the radio domain by the optical
heterodyning principle, without any intermediate data processing stage. Finally,
the intended receiver, Bob, who knows the encoding parameters, decodes the mes-
sage at the physical layer. For this to be possible, a key distribution algorithm
and time and phase recovery between both ends are required in conjunction with
the chaos encoding scheme. This work only focuses on the chaos transmission, and
the key distribution and synchronization fall outside the scope of this dissertation.
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Duffing oscillator system (dos)

The chaotic behavior is generated by a Duffing oscillator system (dos), which is
described by the following second-order ordinary differential equation [134]:

ẍ(t) + δẋ(t)− x(t) + x3(t) = γ cos(t), (3.1)

where δ represents the damping factor and γ cos(t) is the driving signal. Depending
on these parameters and the numerical method used to solve the equation, the
system can switch between chaotic and non-chaotic states [134], [135]. To illustrate
this behavior, Eq. 3.1 is numerically solved using the trapezoidal rule with a step
size h of 0.01. The damping factor δ is fixed to 0.5, whereas the amplitude of the
driving signal γ changes between three values: 0.2, 0.6, and 1.1. As the dos is
governed by a differential equation, a common way to represent the different states
of the system is using phase plane diagrams, which plot the signal first derivative
on the vertical axis and the signal in time on the horizontal axis. The phase plane
diagrams corresponding to the three cases are plotted in Fig. 3.5. Three different
states are observed, one of them with chaotic characteristics: (a) homoclinic orbits,
with non-chaotic, non-zero mean and small amplitude characteristics; (b) chaotic
state, with zero mean and large amplitude; and (c) large periodic state, which is
non-chaotic and it has zero mean and large amplitude.

However, the oscillator system, as presented in Eq. 3.1, cannot be effectively
used to encode high-speed driving signals. A change of variable is done to adapt the
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Figure 3.5: Phase plane diagrams of the three states of a dos: (a) homoclininc orbit
(γ = 0.2), (b) chaos (γ = 0.6), and (c) large periodic (γ = 1.1). The Duffing equation
with δ = 0.5 was numerically solved using the trapezoidal rule and a step size h = 0.01.

system to encode Gb/s data streams while maintaining a chaotic behavior [134],
[135]. Defining t = ωdτ , the following relations are obtained:

x(t) = x(ωdτ) = y(τ)

ẋ(t) = 1
ωd
ẋ(ωdτ) = 1

ωd
ẏ(τ)

ẍ(t) = 1
ω2

d
ẍ(ωdτ) = 1

ω2
d
ÿ(τ)

(3.2)

leading to the new Duffing equation:

ÿ(τ)

ω2
d

+ δ
ẏ(τ)

ωd
− y(τ) + y3(τ) = γ cos(ωdτ) (3.3)

where ωd is defined as the Duffing angular frequency. The new system has no
limitations in ωd, and multi-gigahertz signals can effectively drive the oscillator.
Different states of a dos obtained by solving the previous equation can be gener-
ated by dsp and used to map different symbols transmitted over an a-rof link.

3.2.2 W-band dos encoding scheme

In the first demonstration, the homoclinic orbit state and the chaotic state are
used to encode binary symbols, and the different amplitude between them serves
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Table 3.1: Parameters of the doss used in the experimental demonstrations. The Duffing
equation is solved using the trapezoidal rule and (1/65) · 10−9 s.

dos fd [GHz] δ γ0 γ1 Samp/Sym Bitrate [Gb/s]

1 5.0 1.2 −0.20 0.80 65 1.000
2 4.0 1.3 −0.14 0.86 60 1.083
3 3.5 1.3 0.10 1.10 195 0.333
4 2.0 1.4 0.10 1.10 240 0.271
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Figure 3.6: Phase plane diagrams of the doss used in the experimental demonstrations.
The Duffing equation is solved using the trapezoidal rule and (1/65) · 10−9 s.

as a demodulation criterion. A hybrid photonic-wireless link operating at w-
band (75 – 110 GHz) is used to transmit broadband chaos-encoded data, employing
four different doss with different data rates. The Duffing angular frequency ωd,
the damping factor δ and the numerical method to solve Eq. 3.3 are fixed for each
dos while the amplitude of the driving signal γ is switched between two values to
encode ‘0’ and ‘1’ bits onto the two different states. The Duffing equation is solved
by digital signal processing (dsp), and a 65-GSa/s arbitrary waveform generator
produces the analog waveforms. This technical specification fixes the step size h
to solve the differential equation to (1/65) · 10−9 s.

The parameters used to generate the four doss are listed in Tab. 3.1, including
the Duffing frequency fd, ωd = 2πfd, damping factor, δ, and the amplitude of
the driving signal to encode ‘0’ and ‘1’ bits, γ0 and γ1. Additionally, the number
of samples per symbol is defined. This parameter is the great importance as it
determines the data rate and the oscillation periods of the dos. The phase plane
diagrams corresponding to the two symbols and the four systems are shown in
Fig. 3.6 to illustrate this effect. If the number of samples per symbols is high
(dos3 and dos4), the Duffing system oscillates during more time, and therefore it
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ator, ssmf: standard single-mode fiber, pd: photodiode, mpa: medium power amplifier,
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can be detected more easily, achieving better ber at the expense of reducing the
data rate. Conversely, if the number of samples per symbol is lower (dos1 and
dos2), the data rate increases at the expense of having less samples to generate
the symbol.

Two configurations are discussed in the remainder of this section: one of
them based on transmitting a single dos modulated in amplitude and envelope
detection, and a second configuration based on multiplexing two doss in in-
phase(i)/quadrature(q) dimensions and down-conversion to an if with an elec-
tronic mixer.

Amplitude modulation and envelope detection

The schematic of the experimental demonstration employing a single dos modu-
lated in amplitude is shown in Fig. 3.7. An external cavity laser (ecl) provides
the light source at 1550 nm and 13 dBm of power. Two phase-correlated tones are
generated for optical heterodyning with the optical carrier suppressed scheme [35].
A 40-GHz oscillator drives a mzm biased at the null point of its transmission func-
tion, producing two harmonics separated by 80 GHz and suppressing the optical
carrier. Afterward, an optical amplifier compensates for the modulator loss, and
an arrayed waveguide grating (awg) with a channel spacing of 50 GHz is employed
to split the two tones into two separate channels. One of the tones is modulated
in amplitude by a second mzm, while the power and polarization of the second one
are controlled for optimum optical-to-electrical conversion.
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The different doss are implemented by dsp according to the algorithm dis-
played in Fig. 3.7 using the parameters listed in Tab. 3.1. The data is generated
by a pseudo-random bit sequence (prbs) with a length of 211-1 bits. This sequence
is up-sampled to the proper number of samples per symbol to set the desired data
rate, and each bit is mapped onto a different gain of the dos, which correspond
to different states of the oscillator. Finally, the dos is digitally implemented by
solving the Duffing equation using the trapezoidal rule. An arbitrary waveform
generator generates the data signal at a sample rate of 65 GSa/s.

The two tones are coupled back and amplified by an edfa. Then, a ssmf of
10 km emulates the optical link to the antenna unit. A broadband pd is employed
at this point for optical heterodyning to convert the optical signal into the mmWave
domain. A medium-power amplifier amplifies the signal by 9 dB, and a 24-dBi
standard-gain horn antenna transmits the wave through a wireless link of 2 m. At
the receiver side, a second horn antenna with the same characteristics recovers the
signal, and a lna boosts the power by 40 dB. Finally, an envelope detector with
3 GHz of bandwidth down-converts the signal to baseband, and a digital storage
oscilloscope (dso) with a sample rate of 80 GSa/s records the data for off-line
processing. If time-recovery is assumed, the data can be decoded by averaging the
signal amplitude over a symbol period and comparing it with a threshold, which
depends on the specific dos.

The received signal when dos4 was transmitted is represented in Fig. 3.8,
which shows the signal in time, frequency, and the phase plane diagram. In the
time domain, it is possible to observe the transitions between chaotic and non-
chaotic states. During the non-chaotic periods, the signal appears as a noisy direct
current (dc) component (positive or negative) that corresponds to the homoclinic
orbit state. Conversely, during the chaotic transitions, the trajectory cannot be
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Figure 3.9: Histograms of the average signal amplitude per symbol and ber in the
amplitude modulation/envelope detection experiment when (a) dos1, (b) dos2, (c) dos3
and (d) dos4 are transmitted.

predicted and oscillates around zero, similar to noise. The spectrum shows a peak
at 2 GHz corresponding to the Duffing frequency and low-frequency information
that contains the chaos information. The transitions between the homoclinic orbits
and chaos are also recognized in the phase plane diagram in Fig. 3.8(c).

The captured signals were demodulated using a statistical decision approach
after averaging the absolute value of the amplitude over a symbol period and
setting the proper threshold. The histograms of these calculations are shown in
Fig. 3.9. It can be clearly observed that the histograms corresponding to the lower
data rate doss (Figs. 3.9(c) and (d)) are more open than the ones corresponding
to the higher data rate doss (Figs. 3.9(c) and (d)). This is due to the difference
in samples per symbol. It can be drawn from this effect that there is a minimum
number of samples per symbol needed to make the dos settle in a state that can
be recognizable, which implies a maximum achievable data rate. The ber was
calculated in the four cases after processing, respectively, 122880, 12280, 40960
and 20480 bits (see Fig. 3.9). The values for the 1 Gb/s doss are 3.9 · 10−4 and
9.8 · 10−4, which is lower than the limit given by 7% oh fec techniques [112].
Error-free transmission for the computed number of bits was achieved in the low
bit rate doss cases. These results prove the feasibility of the described chaos
encoding scheme for gigabit transmission over mmWave a-rof links.

In-phase/quadrature (i/q) modulation and if down-conversion

Although the previous experiment validated the transmission of Duffing-based
chaotic signals, the changes between chaotic and non-chaotic states were observable
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depending on the transmitted bits. The optical i/q modulation with if down-
conversion scheme shown in Fig. 3.10 is proposed to make the signal continuously
chaotic in time. The first modification compared with the intensity-modulation
case is the wireless carrier. The first mzm is driven by a 44-GHz lo, resulting in a
wireless carrier of 88 GHz. The new carrier allows the down-conversion to a higher
if on the receiver side so that the modulation bandwidth also increases.

The second modification is that the mzm used for data modulation is substi-
tuted by an optical i/q modulator. A dos encodes the data stream in one of
the two dimensions, while another dos modulates the second dimension with a
decoy signal that masks the actual data. The first derivative of the signal, which
is characterized by the same chaotic transition states, is employed for the decoy
component because it does not contain low-frequency information, allowing the
if signal for being recovered with more accuracy. The receiver is also modified
to support the new scheme. A balanced mixer, driven by a lo with a frequency
of 38 GHz and a frequency doubler, down-converts the wireless carrier to 12 GHz.
Again, the data is captured for off-line processing. The dsp algorithm of the re-
ceiver is modified accordingly. The recorded signal is bandpass filtered to remove
unwanted components from the channel band, and the carrier is recovered by a
digitally-implemented Costas loop [82]. Once the two components are separated
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optical i/q modulation with if down-conversion experiment.

and down-converted to baseband, they are individually processed in a similar way
to the previous experiment.

Two scenarios are evaluated: first, dos1 is used to encode the data and dos3 to
mask the signal; and second, dos2 carries the data while dos4 transports the decoy
sequence. The captured waves in the two cases are plotted in Fig. 3.11, including
the signals in time, frequency, and phase plane diagrams. The combination of
the two doss with different parameters makes the signal envelope continuously
chaotic, as shown in the time representations in Figs. 3.11(a)-(b). The two Duffing
components can be seen in the spectra (Figs. 3.11(c)-(d)). There is a central peak
at 12 GHz that corresponds to the if accompanied by two additional peaks at both
sides. The frequencies of these sub-carriers match the two Duffing frequencies listed
in Tab. 3.1. The low-frequency information described in the intensity-modulation
case appears now in the proximity of the if tone. The phase plane diagrams
of the data streams after digital processing are also plotted in Figs. 3.11(e)-(f)
to illustrate the transitions between chaotic and non-chaotic states after carrier
recovery and down-conversion to baseband.

The recorded traces were processed following the dsp algorithm displayed in
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Table 3.2: Measured ber for the two configurations in the optical i/q modulation with
if down-conversion experiment.

Data dos Decoy dos Bitrate [Gb/s] ber Computed bits

1 3 1.000 3.5 · 10−4 122880
2 4 1.083 2.6 · 10−3 122880
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Figure 3.12: Histograms of the average signal amplitude per symbol in the i/q modulation
with if down-conversion experiment: (a) dos1-dos3 i, (b) dos1-dos3 q, (c) dos2-dos4 i
and (d) dos2-dos4 q.

Fig. 3.10, obtaining the ber shown in Tab. 3.2. The Duffing parameters used
to encode the actual data stream were applied in the demodulation process, and
therefore only these bits can be recovered. The histograms in Fig. 3.12 illustrate
these measurements. The q dimension does not contain useful information as it
corresponds to the decoy stream in both cases. The i component is demodulated
by establishing a threshold value to distinguish between the two possible symbols.
After computing 122880 bits in both cases, the obtained ber is 3.5 · 10−4 and
2.6 · 10−3 respectively. These values are slightly worse than the ber computed
in the amplitude modulation scheme, but they are still below the 7% oh fec
limit [112]. Therefore, the chaos-based encoding scheme transmitting a parallel
decoy signal was also successfully proven.

An important aspect that must be further discussed is the scalability of the
system to support higher bit rates. The capacity of the described Duffing scheme
is limited by the internal Duffing frequency, fd, the number of samples per symbol,
and the sampling rate of the waveform generator. The Duffing oscillator frequency
can be increased to force the system to oscillate faster to achieve enough periods
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Figure 3.13: Phase plane diagrams of the dos symbols used in the experimental demon-
stration: (a) 100 Mb/s, (b) 150 Mb/s and (c) 200 Mb/s.

per symbol to generate a recognizable state. However, it is essential to note that
the speed of the digital-to-analog converters (dacs) ultimately limits the oscillation
frequency. The number of waveform samples per symbol can also be reduced to
increase the bit rate. This will result in a worse ber performance of the system,
thereby imposing a minimum required value of samples per symbols. Using faster
dacs and keeping the number of samples per symbol as low as possible to maintain
the ber below the pre-fec ber limit are the two paths to increase the capacity of
the presented link.

3.2.3 Ka-band dos and artificial noise scheme

The previous experimental demonstrations provided the basis for using Duffing-
based signals to encode data in mmWave a-rof links as an extra security dimen-
sion, fully implemented in the physical layer. The transmitted symbols, one of
them with chaotic characteristics, were recognizable because of their different av-
erage amplitude. This section describes an alternative in which the chaotic state
and large periodic state of a dos (see section 3.2.1) are employed for data encoding.
In this case, both symbols have zero-mean and the same average power per sym-
bol, which is achieved by adding artificial additive white Gaussian noise (awgn)
to the non-chaotic symbols. Again, artificial awgn is added to the entire signal
to further degrade the waveform while maintaining the chaos behavior. The ratio
between the signal power before adding the artificial noise and the power of the
artificial noise is defined as the artificial signal-to-noise ratio (asnr). As a result,
a zero-mean signal without variation in the average power per symbol and noise-
like shape is obtained. The differential factor is that the chaotic symbols can be
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Figure 3.14: Experimental setup of a ka-band a-rof link with the chaos-based encoding
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detected if the Duffing parameters are known, even in the presence of high-power
artificial noise. This scheme is validated by a ka-band a-rof link.

A single dos is tested with different samples per symbol, which translates into
different bit rates and different oscillation periods of the system. After the dsp
algorithm, the symbols are generated by an arbitrary waveform generator with a
sample rate of 12 GSa/s, which defines the step size h for numerically solving the
Duffing equation employing the trapezoidal rule. The phase plane diagrams of
these symbols are depicted in Fig. 3.13. The number of samples per symbol are
fixed to 120, 80 and 60 to achieve, respectively, 100 Mb/s, 150 Mb/s and 200 Mb/s.
As previously discussed, it is obvious in the figure that if the number of samples
per symbol increases, the system converges to a more recognizable state.

Experimental setup description

The laboratory experiment conducted to demonstrate the proposed scheme is
shown in Fig. 3.14. It is very similar to the setup described in the previous
section. Two phase-correlated signals are generated by the optical carrier suppres-
sion method [35] using a continuous wave laser, a mzm, and an electrical source
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Figure 3.15: Waveform generated by the dos in (a) time and (b) frequency and trans-
mitted signal with asnr = 0 dB in (c) time and (d) frequency.

of 14 GHz, which fixes the wireless carrier to 28 GHz. The optical signal is am-
plified and filtered by a wss. A second mzm modulates one of the tones with the
signal produced by the waveform generator following the dsp algorithm described
in Fig. 3.14. A 211 − 1 prbs provides the data source, which is up-sampled to the
right number of samples per symbol to fix the bit rate. Then, each binary symbol
is mapped onto different amplitudes of the driving signal, γ0 and γ1, and the Duff-
ing equation is numerically solved using the trapezoidal rule and the parameters
displayed in Fig. 3.14. The output signal at this point, in time and frequency, is
shown in Fig. 3.15. The transitions between chaotic and non-chaotic states can
be easily distinguished. The Duffing frequency, which is 1 GHz, can also be seen
in the signal spectrum. The artificial noise is added afterward, testing different
asnrs: 30 dB, 10 dB, 5 dB and 0 dB. The signal in time and frequency after adding
the artificial noise when asnr = 0 dB is also displayed in Fig. 3.15. The obtained
waveform in time has zero mean, and there is no noticeable change in amplitude
when different symbols are transmitted. Likewise, it can be seen in Fig. 3.15(d)
that the noise power hides most of the signal.

The two optical tones are coupled back, controlling the power and polarization
of each of them, and they are amplified and transmitted through 10 km of ssmf em-
ulating the optical link to the antenna unit. At the antenna location, a broadband
pd generates the modulated mmWave signal by optical heterodyning. The signal
is amplified 30 dB by a medium power amplifier and radiated by a standard-gain
horn antenna with a directivity of 18.5 dBi. A second horn antenna with the same
characteristics recovers the wireless signal after a propagation distance of 2.2 m.
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A lna providing a gain of 15 dB boosts the signal before being down-converted by
an electronic mixer. A 25.1-GHz lo is used at the receiver, resulting in an if of
2.9 GHz after down-mixing. Finally, a dso records several traces for off-line pro-
cessing. The dsp algorithm implemented in the receiver is also shown in Fig. 3.14.
A phase-locked loop is digitally implemented for carrier recovery according to a
Costas loop configuration [82], and the captured signal is subsequently resampled
for time synchronization due to the different sampling rates between analog-to-
digital and digital-to-analog converters. As in the previous demonstration, time
recovery and key sharing, which would be implemented through a key distribution
and synchronization channel (see Fig. 3.4), are assumed. At this point, the char-
acteristics of the chaotic signals are employed to extract the data. The chaotic
symbols can be detected by filtering out the Duffing frequency component and ex-
tracting the low-frequency amplitude signal. The amplitude variations depend on
the Duffing parameters, and they are distinguishable from the non-chaotic symbols
by implementing a digital envelope detector and the appropriate threshold.

Results and discussion

Figure 3.16 shows the ber measurements and their linear regressions, after com-
puting 327680 bits, for the three data rates under test and different powers of the
artificial noise. These results are also compared with the limits imposed by fec
techniques with 7% and 25% oh [111], [112]. In the 100 Mb/s graph, the curves
corresponding to an asnr of 30 dB, 10 dB and 5 dB are noticeably below the 7%
oh fec limit. The difference between the 5 dB and 10 dB lines is slightly larger
than between 10 dB and 30 dB. The ber increment is substantially higher when
the asnr is 0 dB. This curve is at the limit of the 7% oh fec value when the
optical power incident on the pd is below 1 dBm, but certainly below the 25%
oh fec limit. The relative position between the four asnrs lines is approximately
maintained in the other two charts with an increment in ber, as expected. For the
150 Mb/s data rate, the ber is below the 25% oh fec limit in the four cases and
30 dB, 10 dB and 5 dB curves are also below the 7% oh fec limit for an optical
power incident on the pd in the range between 1 dBm and 4 dBm. Finally, the
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ber increases in the 200 Mb/s case, where the asnr of 0 dB is completely above
the 25% oh fec limit and the rest lie in between the 7% oh and 25% oh fec
limits.

3.3 Summary

Four experimental demonstrations have been presented in this Chapter to study
the system implementation of two fundamental aspects of mmWave a-rof access
networks: bidirectionality and physical layer security. A bidirectional multi-Gb/s
transmission was successfully achieved through a ka-band a-rof link using tdd
in the wireless segment. The modulation employed in the experiment followed
the 5g nr ofdm numerology, and bit rates of 2.4 Gb/s for down- and 1.2 Gb/s
for upstream were achieved over 4 m of wireless distance. The optical heterodyn-
ing concept was applied to signal up- and down-conversion using an ofc source
to achieve a good performance. Three experiments focused on a chaos-based
encoding scheme were also presented for physical layer security. A Duffing os-
cillator system was digitally implemented to generate different symbols, one of
them with chaotic properties, used for data modulation. The principle of this
idea was to generate noise-like signals that can be decoded in the physical layer
if the chaos properties are known. The basic solution was validated by a link
demonstration based on amplitude modulation with envelope detection for signal
down-conversion. Two alternatives were also studied: the parallel transmission of
chaotic signals in i/q dimensions and the addition of artificial noise. High-speed
transmissions over mmWave a-rof links were successfully demonstrated in both
cases. Current solutions are based on dsp to perform both the modulation and
demodulation. However, the algorithms consist of operations that can be realized
by hardware components, potentially achieving a real-time implementation. The
reported demonstrations serve as a proof-of-the-concept for confidential transmis-
sion based on chaotic Duffing signals and provide a basis for the development of
low latency physical layer security schemes for rof transmission and next genera-
tion of mobile network realizations. It must be noted that these algorithms require
further improvement and extension to provide a fully comprehensive security im-
plementation in the physical layer, including, for instance, synchronization and
key distribution schemes.



CHAPTER 4

Beam steering in mmWave rof links

Throughout this dissertation, millimeter wave (mmWave) technology has been sug-
gested as the best solution to accommodate the ever-increasing demand for higher
data rates in wireless communications. However, mmWave signals suffer from high
transmission loss because of several factors, such as free-space propagation, atmo-
spheric absorption, and non-line-of-sight (non-los) transmission. These effects
were detailed in Chapter 2. There are two obvious solutions to face the limited
power budget of mmWave wireless links: increasing the transmitted power and
increasing the antenna gain. If the radiated energy is high, more attenuation in
the wireless path is tolerable. However, this is not always the best solution be-
cause of technical limitations and safety regulations. Increasing the antenna gain
is, in general, preferable. Directive antennas, which focus the radiated/received
energy on a narrow beam, are used instead of omnidirectional ones to increase the
antenna gain. This situation translates into los point-to-point links that can over-
come a significant transmission loss. The ability to steer the radiation direction
becomes crucial to optimize the link performance and orient the antenna radiation
pattern to the desired angle. Therefore, beam steering techniques are fundamental
to enable mmWave communications.

Although phased antenna arrays have been extensively used in the microwave
range for this purpose, there are several challenges at mmWave frequencies that
make this method not straightforward, mainly due to bandwidth limitations of
electronic phase shifters. Once again, the optical heterodyning principle offers
several opportunities for broadband beam steering, with the additional advantage
of compatibility with analog radio-over-fiber (a-rof) networks. In this Chapter,
the leading approaches for beam steering at mmWave are reviewed. Two of them,
mechanical steering an optical true-time delay beamforming (ottd), are discussed
in more detail, emphasizing their integration into a-rof systems. The experimen-
tal work included in this Chapter corresponds to publications [J5]–[J7], [C10].

53
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Figure 4.1: Examples of beam steering techniques at mmWave frequencies: (a) ana-
log beamforming, (b) digital beamforming, (c) mechanical steering, (d) reflectarrays,
(e) leaky-wave antenna, (f) lens antenna with integrated feed array and (g) switched
beam antennas. Acronym: dac: digital-to-analog converter.

4.1 Beam steering at mmWave frequencies

In the broadest sense, the term ‘beam steering’ can be defined as the ability to
modify the radiation direction of a directive antenna or group of antennas that
operate as a transmitter or receiver [136]. There are different ways to implement
beam steering at mmWave frequencies. The most prominent solutions are the
following [137], [138]:

A. Beamforming. Beamforming is the most popular method to change the ra-
diation properties of antennas, especially in the microwave range. An array
of antenna elements, so-called phased antenna array (paa), are arranged so
that their radiation patterns interfere in the far-field to maximize the ra-
diated/received energy with a specific direction. It is achieved by selecting
the proper physical arrangement and tuning the phase difference between
antenna elements to obtain constructive interference in the desired angle.
There are two big categories: analog beamforming and digital beamform-
ing [139]. In analog beamforming, the amplitude and phase of the analog
signals feeding each element of a paa are modified to form the intended radi-
ation pattern (Fig. 4.1(a)). Phase shifters and time delay units are employed
for this objective. One of the main challenges of analog beamforming in the
mmWave range is the frequency dependence of the phase shifters and the
paa itself, limiting the modulation bandwidth. This fact poses a significant
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limitation to mmWave communications. However, multiple works propose
analog beamforming for mmWave frequencies because of the advantages in
terms of tunability, steering range, and speed [139]. An outstanding solution
to implement broadband beamforming is implementing time delay lines in
the optical domain and converting to radio frequency (rf) by optical het-
erodyning [140].

On the other hand, in digital beamforming, the amplitude and phase of the
signals are digitally processed (Fig. 4.1(b)). Although digital beamforming
is very popular in the traditional microwave range, it becomes costly and
complex at high frequencies due to the high-speed digital-to-analog/analog-
to-digital converters (dac/adc) and the dedicated rf chain for each antenna
element [139]. Hybrid solutions combining both methods are also possible
to alleviate these limitations [141].

B. Mechanical steering. A straightforward solution to change the radiation angle
independently of the frequency is the mechanical movement of the radiating
elements to face the direction of interest (Fig. 4.1(c)). This approach be-
comes unsatisfactory when factors like size, weight, and configuration speed
are considered. Nevertheless, it is an efficient solution in some specific sce-
narios like the antenna alignment optimization and establishing connection
with a movable target with a known trajectory [136], [142]. Microelectrome-
chanical systems (mems) technology has been proposed to increase the speed
of mechanical beam steering [143].

C. Reflectarrays. A radiating element is combined with an array of reflectors
that can be tuned to reflect the wave with different phase shifts to control
the reflection direction (Fig. 4.1(d)). Their main advantage over conventional
antenna arrays is that they do not suffer from transmission line loss [138].
Moreover, the directivity that can be achieved by reflector-based antennas
is very high. Their main limitation is that they are highly dependent on
frequency, like paas. Reflectarrays have been commonly used for mmWave
beam steering [144], [145].

D. Leaky-wave antennas. Traveling-wave antennas are based on a terminated
radiating element, so the current and voltage distributions can be represented
by one or more traveling waves, with a progressive phase pattern [68]. An
example of traveling-wave antennas, particularly interesting for mmWave
beam steering, are leaky-wave antennas. In this kind of antennas, part of
the traveling wave energy is coupled to the free-space, forming a directive
beam whose angle is controlled by the phase constant along the antenna
length (Fig. 4.1(e)). Hence, they are also frequency-dependent. Leaky-wave
antennas based on different technologies have been used for mmWave beam
steering [146]–[148].

E. Lens antennas with integrated feed array. A dielectric lens is integrated with
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Table 4.1: Comparison of beam steering solutions for mmWave frequencies. Adapted
from [137]. Acronyms: adc: analog-to-digital converter and dac: digital-to-analog con-
verter.

Technique Insertion
loss Complexity Cost Angular

resolution Speed Frequency
dependence

Analog
beamforming High Moderate High High Fast High

Digital
beamforming High High High Very High Fast Limited by

adc/dac

Mechanical
steering Low Low Low Continuous Slow None

Reflectarrays Medium Moderate High High Fast High

Leaky-wave
antennas Low Low Low Continuous Fast High

Lens antennas Low Low Low Depends on
geometry Fast Low

Switched-beam
antennas Medium Low High Depends on

geometry Fast Low

an array of feed elements situated at different positions to the focal point.
Depending on which element is radiating, the wave emanates from the lens
with different angles (Fig. 4.1(f)). This technique has also been proven for
mmWave beam steering [149], [150]. In this case, only one antenna in the
array or part of it is active for a given direction, so it is an inefficient solution.
However, directive radiation patterns are easily achieved compared to paa.

F. Switched-beam antennas. Another elementary solution is using a group of
highly directive antennas covering different angular sectors [151]. Hence,
only one antenna transmits at a time, depending on the sector where the
communication endpoint is located (Fig. 4.1(g)). The individual antennas
define the operation frequency.

Table 4.1 summarizes the approaches previously explained, including some fig-
ures of merit. These descriptions suggest that the amount of beam steering tech-
niques at high frequencies is ample, and it does not seem to be a perfect candidate.
Any solution must be chosen to optimize the figures of merit more relevant to the
intended application. Back to the objectives of this work, the most critical factor
to consider is the maximization of the available transmission bandwidth. Some
other desirable features are the compatibility with a-rof links, small dimensions,
and wide steering range. A scheme based on mechanical steering for two concrete
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applications is described in the following section. In the remainder of this mono-
graph, a particular version of analog beamforming, optical true-time delay (ottd)
beamforming, is suggested as the best option for the scenario targeted by this
work. The operation principle, advantages, and possible implementations will be
thoroughly covered.

4.2 Mechanical steering in a-rof links

The physical motion of a mmWave antenna is a straightforward method to steer
the radiation angle without altering the frequency response over the whole steer-
ing range. This is a compelling feature for mmWave a-rof communications as
the transmission bandwidth is not affected, and there is no redundancy in the an-
tenna system. Despite the simplicity, there have not been many feasibility studies
on mechanical steering at mmWave frequencies. The reason is the limitation im-
posed by the antenna size and the reconfiguration speed. This technique becomes
unsatisfactory if large antenna systems are employed to connect many end-users
who are randomly moving through a mobile cell. However, the smaller dimen-
sions of mmWave antennas and the versatility of hybrid photonic-wireless links
(see Fig. 2.1) reveal some scenarios in which mechanical steering can play an im-
portant role.

4.2.1 Stewart platform

The beam steering solution presented in this section is based on a Stewart platform
robot. This device is composed of a 6-axis mechanical actuator system arranged in

Figure 4.2: W-band horn antenna on a Stewart platform and coordinate system: xyz
translational coordinates and uvw rotational coordinates.
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parallel between two platforms, utilizing a direct drive mechanism with brushless
direct current (dc) motors. This robot allows high-resolution (40 nm) and high
repeatability (0.06 µm) steering over six degrees of freedom: three translational
axes (x, y and z) and three rotational axes (w, or azimuth angle; v, or elevation
angle; and u, or roll angle). A small w-band standard-gain horn antenna with
an amplifier is placed on the platform for the experimental demonstrations. The
antenna, the Stewart platform, and the coordinates systems are shown in Fig. 4.2.

4.2.2 Antenna alignment

The first application of mechanical steering in mmWave a-rof links is the opti-
mization of the antenna alignment to maximize the power budget [142]. This may
be the case of a w-band fronthaul link, as shown in Fig. 4.3. The data is distributed
from a central office (co) to a remote antenna unit (rau) where it is converted into
the mmWave domain and transmitted through a point-to-point link to a second
antenna station. Fronthaul mmWave links give flexibility to radio access networks
and reduce the cost of deploying new fiber when environmental conditions prevent
it. In this scenario, the alignment contributes crucially to the transmission success,
and any deviation caused by external elements must be corrected.

Experimental setup description

Figure 4.4 shows the schematic of the laboratory experiment conducted to study
the impact of the antenna alignment on a w-band hybrid photonic-wireless link.
A small form-factor pluggable+ (sfp+) is used to generate an optical on-off key-
ing (ook) data signal with an extinction ratio of 9 dB. The data stream is provided
by a pulse pattern generator (ppg) that produces a 2.5 Gb/s 215-1 bit long pseu-
dorandom bit sequence (prbs15). A variable optical attenuator (voa) and an
erbium-doped fiber amplifier (edfa) control the power of the modulated signal
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Figure 4.4: Schematic of the experimental demonstration of a w-band hybrid photonic-
wireless link with Stewart-platform-based mechanical steering for antenna alignment op-
timization. Acronyms: ppg: pulse pattern generator, sfp+: small form-factor plug-
gable+,voa: variable optical attenuator, edfa: erbium-doped fiber amplifier, ssmf: stan-
dard single-mode fiber, cw: continous wave, pc: polarization controller, pd: photodiode,
mpa: medium power amplifier, lna: low noise amplifier, ed: envelope detector, bt: bias
tee and bert: bit error rate tester.

before being launched into 10 km of standard single-mode fiber (ssmf), emulating
the optical link to the antenna unit.

After the transmission through the optical fiber, the data signal is coupled with
a continuous wave (cw) laser source acting as a local oscillator (lo) for optical
heterodyning. Two incoherent optical sources are employed in this case for sim-
plicity since only amplitude information is required, and phase noise requirements
are not strict. The power and polarization of the lo are controlled to optimize the
optical-to-electrical power conversion. The frequency difference between the two
signals is set at 81 GHz, as shown in the optical spectrum in Fig. 4.4. A third voa
is included to control the incident power on a high-bandwidth photodiode (pd),
where the mmWave signal is generated by optical heterodyning.

In the electrical domain, the signal is first amplified 8 dB and then wirelessly
transmitted by a standard-gain horn antenna with a gain of 24 dBi. A second
antenna with identical characteristics receives the signal after propagation through
a 2-m wireless link. This distance is limited by laboratory space, but it can be
easily increased using amplifiers and antennas with higher gain, achieving the
typical range of a fronthaul link, in the order of hundreds of meters [152]. The
power of the received signal is boosted 40 dB by a low noise amplifier (lna) and
down-converted to baseband using an envelope detector (ed) based on a Schottky
diode with a bandwidth of 3 GHz. The receiver antenna, the lna, and the ed are
mounted on the Stewart platform, as shown in Fig. 4.2, allowing the receiver to
mechanically move with six degrees of freedom to optimize the antenna alignment.
Finally, a clock recovery module extracts the data and timing signal to perform
real-time bit error rate (ber) measurements with a bit error rate tester (bert).
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Figure 4.5: Bit errror rate measurements for evaluating the antenna alignment in a w-
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power on pd for different angles in v and (d) surface of ber in xy plane.

Results and discussion

Figure 4.5 presents the real-time ber measured for different orientations in angle
and position of the receiver. First, the link is evaluated over the full steering range
of the Stewart platform in w and v angular coordinates (respectively, azimuth
and elevation angles). These measurements are depicted in Figs. 4.5(a)-(b). The
optimum alignment point can be inferred from both sweeps as the point where the
minimum ber is obtained. These measurements are performed for an optical power
incident on the pd of 3 dBm, which corresponds to the maximum optical power
available for optical heterodyning without saturating the mmWave amplifiers. The
measured ber is below 10−10 when the alignment is close to optimum, and the
minimum values are not visible in the graphs. Therefore, the optical power on the
pd is reduced to 2 dBm, and the minima of the ber curves are located. These
values are assumed as the optimum alignment angles.

The same graphs also show the maximum degree of misalignment that can be
tolerated comparing the ber curves with the hard-decision forward error correc-
tion (fec) limit assuming 7% overhead (oh) [112]. As the misalignment increases,
the ber also grows in an approximately symmetrical way, following the same be-
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havior in the 2 dBm and 3 dBm cases. In the w coordinate, the results show an
operating range of ±10◦ for an optical power of 3 dBm and [−7◦,+6◦] for 2 dBm.
In the elevation angle, the operating ranges are ±8◦ and ±6◦ for optical powers
on the pd of 3 dBm and 2 dBm repectively. Another fact observed in both angles
is that the ber curve increases slower close to the optimum alignment point, while
it quickly increases when the misalignment increases. This shape is explained by
the radiation pattern of a directive antenna, which focuses the radiated/received
energy on a narrow beam. Figure 4.5(c) highlights this behavior by plotting the
ber as a function of the optical power for three different equispaced values of v.
It can be observed that the shift of the ber results between v = 4 and v = 2 is
larger than between v = 2 and v = 0.

Finally, Fig. 4.5(d) presents the ber surface with respect to the position of
the receiver antenna in the orthogonal plane to the wireless link (i.e., yz plane)
when the optical power for photonic up-conversion is 2 dBm. The displacement
in this plane is more limited because of the Stewart platform characteristics, and
the ber variation is also smaller because of geometric reasons. Although it is not
possible to reach the fec limit within the evaluated range, it provides an idea of the
importance of an accurate alignment to reduce the ber, as it changes with small
variations in the antenna position. Given these results, a highly precise alignment
is achieved with a Stewart platform by adjusting first the angle (in azimuth and
elevation coordinates) and then in vertical and horizontal displacement with a
resolution of less than 1° and two millimeters, respectively.

4.2.3 Railway communications

The second application of mechanical steering in mmWave a-rof links is high-
speed railway (hsr) communications. The ultimate goal of the current and future
mobile access networks is to provide high-speed, seamless, and ubiquitous access
while assuring an acceptable quality of service. However, some locations involve
substantial challenges because of their specific characteristics. This is the case of
high-speed trains moving at 200 km/h and beyond, where the broadband access of
the passengers is not straightforward [153], [154]. Wireless interfaces are needed
to connect the train with ground base stations distributed over the full route with
seamless handovers between stations. Moreover, environmental conditions such as
vibrations, tunnels, and metal carriages hinder the connection.

Despite these limitations, a great effort has been made to provide high-speed ac-
cess to trains. The simplest solution is relying on the pre-existing cellular network
outside the train [155]. Nevertheless, this scheme is meaningless when the train
passes through areas with poor or non-existent coverage, which is even more deteri-
orated by the metallic carriage. A centralized access point at the train is preferred
to overcome this problem and manage the handovers more efficiently [155]. Sev-
eral solutions have been proposed to implement the last hop between ground and
train including satellite communications [156], railway cellular communications
with dedicated base stations [157], wireless local area network (wlan) standards
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Figure 4.6: Analog rof architecture with mechanical steering for hsr communications.
(a) Architecture with a centralized control station that distributes the data to mmWave
raus spread along train tracks. (b) Intra-train wlan network deployed inside the train.

like WiFi and WiMAX [153], leaky coaxial cable [158], radio-over-fiber (rof) [159]
and cognitive radio [160]. An intra-train wlan network provides then connection
to the passengers.

Among these solutions, mmWave a-rof technology postulates as one of the
leading candidates to implement broadband hsr communications [159], [161]. It
promises high-capacity access to accommodate the traffic demands of the pas-
sengers while the distributed raus are kept simple compared, for example, with
conventional railway cellular communications. In this scenario, the ground antenna
must follow the train to establish a mmWave point-to-point link. The robot-based
steering approach previously described can be effectively used for this purpose.
The knowledge of the train trajectory and tracking data managed by a control
station is employed to orient the steerable antenna to the terminal mounted on
the train. The architecture of this solution is shown in Fig. 4.6, including the
ground-to-train segment (Fig. 4.6(a)) and the intra-train network (Fig. 4.6(b)). It
consists of three main elements:

• Control station. It serves as the interface between the metro/core network
and the railway access network and is in charge of the baseband data pro-
cessing. It plays a similar role to the co in a-rof. It is connected with
the raus through an optical fiber distribution network. The central man-
agement can be employed to develop efficient handover algorithms between
adjacent antennas [162].

• Remote antenna unit (rau). Several antenna units are spread along the train
tracks to provide continuous coverage. Optical fibers connect the central
station with the raus, where the mmWave signal is generated by optical
heterodyning. Therefore, the base stations merely convert the baseband data
into mmWave, independently of the modulation format and protocol. This
fact greatly simplifies the antenna architecture and reduces the deployment
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cost of new base stations. In a further step, the base station connects to the
train access terminal through a wireless interface. In this case, the wireless
carrier is fixed at w-band (75 – 110 GHz), which provides broadband access
and a link range in the order of hundreds of meters [152]. Moreover, the
antenna and amplifiers can be made small enough to be placed on a Stewart
platform to implement the proposed mechanical steering solution. While a
train passes through the rau coverage area, the antenna is oriented to the
access terminal. The railway trajectory is known, and control data like the
position and speed are also communicated to the base station. The control
station can then coordinate the antenna motion. The knowledge of this data
is assumed in the experimental demonstration.

• Train access terminal. The train access terminal comprises an antenna
mounted outside the train carriage and the interface between the mmWave
wireless link and the intra-train wlan network. Several access points and
repeaters are distributed over the train, as shown in Fig. 4.6(b). A device
can be connected to the wlan network, and the data will be forwarded to
the global Internet through the a-rof access network.

Experimental setup description

Figure 4.7(a) shows the schematic of the laboratory experiment conducted to study
the mechanical steering solution for railway communications. This setup is very
similar to the system explained in section 4.2.2. It is also based on a sfp+ module
driven by a 2.5 Gb/s prbs15 data stream to generate an optical ook data signal.
This part emulates the baseband processing carried out at the control station. The
modulated data is launched into a ssmf with 10 km of length, imitating the link
to the antenna station. At the rau location, the signal is coupled with a cw laser
acting as a lo for optical heterodyning. The power and polarization of the lo
are controlled to maximize the optical-to-electrical conversion efficiency. An edfa
is employed to compensate for the system losses and a voa controls the optical
power incident on a pd for ber measurements. The wireless carrier (81 GHz) is
determined by the frequency difference between the data signal and the lo.

The mmWave signal is generated by optical heterodyning on a high bandwidth
pd. Subsequently, it is amplified by a power amplifier providing 8 dB of gain,
and a horn antenna with 24 dBi of directivity wirelessly transmits the signal. The
pd, amplifier, and antenna are mounted on a Stewart platform for mechanical
steering, as depicted in Fig. 4.7(b). An identical horn antenna, placed on a movable
platform, acts as a receiver emulating the train access terminal (see Fig. 4.7(c)).
Later, a lna amplifies the radio signal, and an ed extracts its amplitude. Finally,
a clock recovery stage retrieves the data and clock signals to perform real-time
ber measurements on a bert.

A representation of the antenna positions and receiver displacement is illus-
trated in Fig. 4.7(d). The transmitter antenna is fixed, and its orientation in
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Figure 4.7: Experimental demonstration of a w-band hybrid photonic-wireless link with
mechanical steering for railway communications: (a) experiment schematic, (b) photo
of the transmitter antenna mounted on Stewart platform, (c) photo of the receiver an-
tenna placed on a movable platform for horizontal displacement and (d) wireless link
schematic. Acronyms: ppg: pulse pattern generator, sfp+: small form-factor plug-
gable+, ssmf: standard single-mode fiber, cw: continous wave, voa: variable optical
attenuator, pc: polarization controller, edfa: erbium-doped fiber amplifier, pd: photo-
diode, mpa: medium power amplifier, lna: low noise amplifier, ed: envelope detector,
bt: bias tee and bert: bit error rate tester.

azimuth angle is steered with the Stewart platform to follow the target. The
receiver antenna is located 2 m away, and its position is changed along the or-
thogonal direction emulating a cell with a radius of 30 cm. This arrangement is
limited by laboratory equipment and space and serves as a proof-of-the-concept to
study the implementation of mechanical steering for railway communications. In
a more realistic implementation, the system performance depends on the relation-
ships among the speed of the moving object, the steering speed, and the delays
caused by any feedback mechanism. The scalability of the studied link can be
verified. Stewart platforms available on the market can achieve an angular speed
of up to 34 °/s. In the illustrated configuration, disregarding the feedback delay,
the steerable antenna could follow a moving receiver with a speed of 4.3 km/h.
This value was calculated after assuming that the transmitter has to sweep 17.25°
to track the receiver along 60 cm. If the distance between antennas increases to
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Figure 4.8: Results of the experimental demonstration of a w-band hybrid photonic-
wireless link with mechanical steering for railway communications: (a) ber measure-
ments with respect to the available optical power and the receiver position, (b) system
sensitivity, and (c) ber measurements with respect to the receiver position for a constant
optical power.

200 m, as it has been demonstrated for similar links with higher gain antennas and
amplifiers [152], the cell diameter and train speed scale up to 60 m and 340 km/h.

The transmission is demonstrated only in the downlink direction. The uplink
discussion is equivalent and independent from the mechanical steering solution
studied in this section. Several works have reviewed the implementation of han-
dover algorithms in mmWave a-rof architectures similar to the scenario described
in Fig. 4.7(a) [163], [164]. That feature falls outside the scope of this work. There
are still aspects like mechanical vibrations, the Doppler effect, and other phenom-
ena left as matters for further study.

Results and discussion

The performance of the system is evaluated in terms of ber. Real-time mea-
surements are taken at 13 different positions along the functional range of the
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movable receiver between ±30 cm, as shown in Fig. 4.7(d). A surface representing
the log10(ber) for the different positions and different values of the optical power
incident on the pd is plotted in Fig. 4.8(a). The surface is compared with the 7%
oh fec limit [112]. When the receiver is at the reference position (0 cm), a ber
below 10−10 is obtained if the optical power available for photomixing is between
3 dBm and 2 dBm. A degradation of the ber is expected for optical powers above
3 dBm due to the theoretical saturation of the w-band amplifiers. If the posi-
tion changes, the ber increases because of two main reasons. First, the free-space
propagation distance is longer, so the path loss also increases according to the Friis
transmission equation. Second, directive antennas are employed at both ends, but
only the transmitter one is steered, leading to an extra misalignment loss.

Figure 4.8(b) shows the link sensitivity defined as the minimum optical power
needed for optical heterodyning that keeps the ber below the fec limit. It is
graphically calculated as the intersection between the two surfaces in Fig. 4.8(a).
The sensitivity is below 0 dBm if the receiver is located close to the cell center.
As it moves away from this point, higher power is required at the transmitter to
maintain the same link performance. A successful transmission is demonstrated for
the entire range with an optical power of 2.75 dBm. Finally, Fig. 4.8(c) illustrates
the link degradation as a function of the receiver position when the transmitter
power is constant. It can also be seen as the maximum cell diameter for a given
transmission power. This range reduces to ±20 cm and ±15 cm if the optical power
decreases to 2 dBm and 1 dBm respectively.

These results give foundations to use the presented mechanical steering ap-
proach in mmWave a-rof links to provide last-mile broadband connection to
trains, vehicles, or other moving objects over a known trajectory. Moreover, it
can contribute to the basics of applications in both industrial wireless communi-
cations control systems and robotics communications.

4.3 Optical true-time delay beamforming in a-rof
links

Although the previously discussed mechanical steering approach has several ad-
vantages, such as its simplicity and frequency independence, a more sophisticated
method is needed for most applications involving mmWave wireless links. A beam-
forming solution based on an antenna array is the preferred option in these cases
because of the angular resolution and range, gain, and power efficiency. However,
the intrinsic frequency dependence becomes a limiting factor for ultra-broadband
communications, especially with high-frequency carriers in the mmWave range
and above. Baseband digital beamforming becomes impractical at mmWave fre-
quencies because of the extremely high sample rate requirements and the spectral
inefficiency of adcs and dacs. Therefore, analog beamforming (or hybrid solu-
tions) becomes almost the only option. Although the beamforming research is
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broad and embraces many different possibilities, there is still much work to do in
the mmWave ultra-broadband wireless communications field. The maximization
of the bandwidth usage, the integration into mmWave a-rof links, and the re-
duction of the physical size are just some examples of the current research trends.
A broadband beamforming approach based on optical true-time delay (ottd) is
introduced and discussed in this section with an emphasis on its application for
mmWave a-rof systems.

4.3.1 Analog beamforming

In analog beamforming, an analog radio signal is split into several copies whose
amplitudes and phases are tuned before being launched into the antenna elements
that form an array. In the far-field, the interference of the electromagnetic waves
results in a radiation pattern with characteristics defined by the pre-configured
amplitudes and phases. Thus, the radiated power can be steered to point in dif-
ferent directions. Equivalently, the waves received by an array of antennas can be
combined after tuning their amplitudes and phases to change the spatial sensitivity
of the overall structure. This general definition leads to an unlimited amount of so-
lutions by selecting different amplitudes, phases, number of antenna elements, and
array shapes. Some assumptions must be made to obtain a satisfactory solution.

A uniform linear array (ula) is composed of equally spaced antennas along one
linear dimension with the same radiation characteristics, equal excitation ampli-
tudes, and constant phase difference between consecutive elements. The number
of antennas, the spacing between then, and the phase relationships are the param-
eters employed to define the desired radiation pattern, as shown in Fig. 4.9. These
features determine the radiation characteristics of the array and define the array
factor (af) term. The overall radiation pattern is equal to the product of the field
of a single element and the array factor [68]:

E (total) = [E (single element at reference point)]× [array factor] (4.1)

No coupling between the elements and far-field operation are assumed. The nor-
malized array factor of a linear array with uniform amplitude and spacing can be
expressed as [68]: 

(AF )n = 1
N

[
sin(N

2 ψ)
sin( 1

2ψ)

]
ψ = 2πf

c d sin θ + ∆φ

(4.2)

where N is the number of radiating elements, f represents the wireless frequency,
c is the speed of light in vacuum, d is the distance between antennas, θ repre-
sents the angular coordinate (see Fig. 4.9) and ∆φ is the phase difference between
consecutive elements.
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Figure 4.9: Operational principle of a N -element linear phased antenna array with uni-
form amplitude and spacing.

The af function in Eq. 4.2 has only one maximum that occurs when ψ = 0 [68].
This point corresponds to the desired steering angle θ0, as depicted in Fig. 4.9. If
ψ = 0, the steering angle θ0 can be calculated as:

sin θ0 =
−c

2πfd
∆φ (4.3)

This equation shows that the radiation direction for a given array geometry is
determined by the relative phase shift between elements ∆φ.

Some other features of the af function, defined by the array geometry, must
be mentioned. Figure 4.10 illustrates four examples of af representations, solved
for different values of N , d and ∆φ. In the first two examples (Fig. 4.10(a)-(b)),
the distance between antennas and relative phase are fixed while the number of
elements changes. Since the relative phase is 0°, the radiation is perpendicular
to the array direction. It is also observed that if N increments, the beamwidth
narrows, and the number of side lobes increases. Adding more antennas to the
array is a common approach to increase the directivity at the expense of increasing
the system complexity. Figure 4.10(c) illustrates how the steering angle changes
with ∆φ. Finally, the distance between antennas d is an important parameter
that significantly impacts the af calculation. The optimum value to optimize the
beamwidth and avoid secondary main lobes is half of the carrier wavelength [68]. If
d is larger than the operating wavelength, multiple maxima due to the periodicity
of the af function appears, significantly reducing the efficiency of the array. These
secondary maxima are called grating lobes [68]. This effect is seen in Fig. 4.10(d).

One of the limitations of a linear array is that it only allows steering in one
dimension. The problem can be easily extended to a two-dimensional scenario
in which two uniform linear arrays are superposed in perpendicular directions to
create a matrix. In this situation, two-dimensional beam steering is possible, and
the array factor on each orthogonal direction reduces to the linear array case.
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Figure 4.10: Examples of array factor solutions varying the number of antenna elements
N , the antenna spacing d, and the relative phase ∆φ.

Beam squint phenomenon

Phased antenna arrays have been extensively used in the microwave range for
several decades. However, as the frequency increases and broader modulation
waveforms are utilized, some challenges appear. One of them is the beam squint
phenomenon. Equation 4.3 is valid if a continuous wave carrier with frequency fc
is transmitted. Nevertheless, if broadband modulation is employed, the frequency
components situated at fc + δf will be radiated with a slightly different steering
angle θ0 + δθ. Equation 4.3 becomes:

sin (θ0 + δθ) =
−c

2π (fc + δf) d
∆φ (4.4)

This results in a distortion in the radiation pattern as a function of the fre-
quency, which is more severe for broader modulation bandwidths. As an example,
if the bandpass bandwidth (fbw) is 10% and 20% of the wireless carrier, the max-
imum angle distortion at fc± fbw/2 is showed in Figs. 4.11(a)-(b). Figure 4.11(a)
shows the desired pointing angle θ0 at the carrier frequency fc compared with
the distorted angles at fc ± fbw/2 when a broadband modulation is transmitted
as a function of ∆φ. The angle error is clearly observable, especially when the
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Figure 4.11: Illustration of the beam squint phenomenon in a phase-shifter-based paa
when broadband modulation is transmitted. (a) Steering angle for the carrier frequency
compared with the radiation angle for the modulation components and (b) absolute angle
error in the worst case when the bandpass modulation bandwidth is 10% and 20% of the
carrier frequency.

phase shift is significant. The absolute angle error in the four cases is depicted in
Fig. 4.11(b). This graph shows that the distortion may be unacceptable if a very
broadband modulation bandwidth or a broad steering range is needed.

There is no reason to increase the carrier frequency aiming broad modulation
bandwidths if the beamforming scheme ultimately limits this bandwidth. Thus,
alternative methods are needed for mmWave photonics-based broadband commu-
nications. The true-time delay approach described in the following section is the
main alternative to avoid beam squint. However, there are some considerations to
discuss before dismissing phase-shift-based beamforming. First, beam distortion
depends on the relation between modulation bandwidth and carrier frequency.
For very high frequencies, in the upper region of the mmWave range and sub-THz
regime, multi-gigahertz bandwidths can be utilized, resulting in a smaller fraction
of the wireless carrier. Second, the tolerable angle error is related to the intended
application and beamwidth of the antenna array. If a very directive antenna with a
beamwidth of 1° is used to establish a long-range connection, a small beam squint
will destroy the link. On the other hand, if the antenna beamwidth is 20° in an
indoor short-range link, a small beam squint is tolerable.

4.3.2 Optical true-time delay beamforming

Optical true-time delay (ottd) beamforming is the main alternative to phase shift
beamforming in mmWave a-rof networks to eliminate beam squint. The signals
driving a paa are first processed in the optical domain, following the microwave
photonics mwp principle, and then converted to the mmWave domain. The op-
erating principle is represented in Fig. 4.12 for the transmitter case. An optical
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Figure 4.12: Operating principle of optical true-time delay beamforming in a linear paa
with optical heterodyning for mmWave generation.

input consisting of two tones detuned by the mmWave carrier, of which at least
one carries data, is split into several copies that will feed the array elements. Each
signal experiences a different time delay on its path to a photodiode array, so that
the delay difference between consecutive antennas is ∆τ . This delay is maintained
in the mmWave domain after optical heterodyning. Finally, a paa radiates the
delayed copies of the signal whose constructive interference forms a wireless wave
in the far-field. The radiation angle of the formed wave can be controlled by tuning
the time delays of the optical signals according to:

sin θ0 =
c∆τ

d
(4.5)

where θ0 is the steering angle, c is the speed of the light in vacuum, ∆τ represents
the progressive time delay between consecutive antennas, and d is the spacing
between the array elements. An equivalent explanation can be provided for a
receiver array. The signals captured by the antenna elements modulate an array
of broadband optical modulators. Each optical signal is first delayed to obtain the
progressive delay configuration. Then, they are combined to produce constructive
interference of the signal arriving with the desired angle.

Unlike Eq. 4.3, the previous equation does not depend on the frequency, and
thus, beam squint is avoided when broadband signals are transmitted/received.
However, the carrier frequency plays an essential role in the time delay resolu-
tion. If the distance between antennas d is set to half of the operating wireless
wavelength to avoid grating lobes, Eq. 4.5 becomes:

sin θ0 = 2fc∆τ (4.6)

where fc is, in this case, the carrier frequency for which the array spacing was
optimized. It is a constant value for a given array design, and it should not be
confused with the signal frequency in Eqs. 4.2–4.3. In this situation, the time delay



72 CHAPTER 4. BEAM STEERING IN MMWAVE ROF LINKS

required for a full-range steering is in within [−1/ (2fc), +1/ (2fc)] s. Therefore,
the time delay is inversely proportional to the carrier frequency. As an example, a
progressive delay between [−10, +10] ps is needed to operate at 50 GHz. This fact
makes the ottd approach at high frequencies more challenging from the technical
point as shorter delays with higher accuracy are required.

Related works

True-time delay beamforming solutions have been widely used by several authors
when broadband operation is an essential requirement. Electronic true-time delay
approaches have also been used to solve the beam squint problem with the same
principle [165]. However, photonics-based techniques, following the mwp concept,
are preferable at high frequencies. They also offer extra advantages to mmWave
a-rof links, such as low loss, immunity to electromagnetic interference, and easy
integration into already deployed optical networks. These features have guided
several researches in recent years.

The first demonstrations of ottd radio beamforming were based on switching
between optical fibers with different lengths [166], [167]. This is the simplest so-
lution, and the main complexity of the system lies in the switching technique. In
these works, the time delays have fixed and discrete values corresponding to differ-
ent optical fibers. Fiber stretching solutions can be employed to introduce tunable
delays [168]. The same principle of switching between different path lengths and
varying the propagation distance was applied to free-space [169]. There is no es-
sential difference with the previous techniques except for the transmission medium.
Both fiber optic and free-space-based solutions have some limitations, like bulki-
ness and sensitivity to mechanical vibrations.

Other early works on ottd beamforming were based on dispersive effects to
provide wavelength-dependent time delay [170], [171]. A dispersive element, such
as a fiber-optic prism, separates and guides different optical wavelengths through
different propagation lengths [172]. The dispersion slope of an optical fiber has
also been used for this purpose, as different optical carriers experience different
delays after traveling through the fiber [173]. A solution that combines the wave-
length filtering and the different propagation lengths is the use of chirped fiber
Bragg gratings. The gratings reflect different wavelengths at different positions,
so they experience different propagation delays. Moreover, the reflective proper-
ties of the grating can be made tunable [60], [174]. The devices used in these
approaches are, in general, bulky, and the spectral efficiency is reduced because
different wavelengths transport the same signal.

Many researchers have tried to overcome these limitations by proposing in-
novative solutions in recent years [140], [175]–[178], although the fundamental
principles are equivalent. The development of photonic integration technology has
also pushed forward the research on ottd beamforming strategies on-chip [32],
solving the bulkiness issue. This topic requires an independent discussion that
will be addressed in the next Chapter.
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Figure 4.13: V-band hybrid photonic-wireless fronthaul link with centralized ottd beam-
forming and mcf distribution. Acronyms: rau: remote antenna unit and pd: photodiode.

4.3.3 Ottd beamforming with multi-core fiber distribution

In this section, the centralization of an ottd beamforming network in a hybrid
photonic-wireless fronthaul link is experimentally studied. It is achieved by using
a multi-core fiber (mcf) between the co and the antenna unit to maintain the
relative delay configuration and the temporal coherence between the delayed sig-
nals [179]. The schematic of such a link is illustrated in Fig. 4.13. The co is in
charge of the more complex functions of the access network following the mmWave
c-ran/a-rof paradigm. These include the signal modulation/demodulation and
the two-tone generation for optical heterodyning. The new concept proposed in
this work is the implementation of an ottd beamforming network also at this
location. The optical signal is split (or combined for the uplink direction) into
several copies to feed the array antennas. Each of them will experience different
true-time delays to achieve the desired configuration. This idea has been recently
followed by other works [180], [181].

Multi-core fiber is a powerful technology to increase the flexibility and capacity
in access networks by transporting independent space-multiplexed channels [182].
In this case, it is used to keep the progressive true-time delay configuration em-
ploying different cores to transport each delayed copy of the original signal. At the
same time, the signal is still transmitted over a single fiber. This change implies
a reduction in the cost and complexity of the raus. The rau is simplified to an
array of pds that performs the optical-to-mmWave conversion and the paa. The
beam steering functionality provides more flexibility to the wireless link, allowing
for switching between different antenna stations, as shown in Fig. 4.13, improving
antenna alignment or providing broadband access to a moving target, as previ-
ously discussed in this Chapter. One of the possible constraints of this scenario is
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Table 4.2: Progressive delay interval required to achieve full-range steering for four dif-
ferent carriers within v-band assuming a spacing between antennas of λ/2.

fc [GHz] ∆τ [ps]

50 [−10, +10]
55 [−9.09, +9.09]
60 [−8.33, +8.33]
65 [−7.69, +7.69]

that the number of cores limits the array elements. However, mcfs with several
tens of cores have already been developed [183]. This number should be sufficient
for most array implementations. Moreover, different mcfs can be used to set the
delay configuration to different subsections of a larger array.

In the reported experiment, the carrier frequency is chosen within v-band (50 –
75 GHz), which is one of the most popular frequency ranges to implement fronthaul
links [81], [184]. Although there is a water absorption peak present at these fre-
quencies, the broadband unlicensed spectrum resources at 60 GHz support this
election. In this band, the required time delay resolution is in the order of pi-
coseconds as specified in Tab. 4.2, which presents the time delay ranges for four
different carriers.

Experimental setup description

Figure 4.14 shows the schematic of the experiment conducted to study the fea-
sibility of the proposed scheme. Although only the downlink transmission is im-
plemented, the uplink analysis is equivalent from the ottd beamforming network
point of view. The first block emulates the co, where three operations are per-
formed: carrier frequency (fc) selection, data modulation, and beamforming net-
work. An electronic oscillator with a frequency equal to fc/2 sets the wireless
carrier. This signal drives a mzm biased at the null point of its transmission func-
tion to generate an optical carrier suppressed modulation from a cw laser source.
An optical amplifier is employed to compensate for the modulation loss. Then, a
second mzm modulates the optical signal with a 5 Gb/s ook signal. Both optical
tones are modulated to reduce the link complexity and because the fiber length is
sufficiently short to avoid a significant impact of dispersion-induced power fading.

The ottd beamforming network is implemented afterward. First, a voa and
an edfa control the input power to the network. A 3-dB coupler is used to split the
optical signal into two copies. For experimental demonstration, a 1×2 beamformer
is implemented. However, the analysis can be generalized for a larger number of
array elements. The relative delay between the two branches is manually controlled
by two reconfigurable free-space optical time delay lines (otdl) with 0.033 ps
resolution. They are used to compensate for length mismatches between the two
arms and to set the intended time delay configuration. The optical spectrum at this
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Figure 4.14: Schematic of the experimental demonstration of a mmWave hybrid photonic-
wireless link with centralized ottd beamforming and mcf distribution. Acronyms: cw:
continous wave, mzm: Mach-Zehnder modulator, edfa: erbium-doped fiber amplifier,
ook: on-off keying, ea: electrical amplifier, otdl: optical time delay line, mcf: multi-
core fiber, voa: variable optical attenuator and pd: photodiode.

Table 4.3: Measured insertion loss and cross-talk at 1550 nm for the 7-core fiber used in
the experimental demonstration.

Core 0 1 2 3 4 5 6

Insertion loss [dB] 3.1 5.3 4.0 3.9 3.8 4.7 4.0
Cross-talk [dB] −32.0 −34.7 −36.2 −37.6 −34.8 −32.2 −35.0

point is shown in Fig. 4.14. Although the optical carrier is not entirely suppressed,
the resulting undesirable intermodulation products lie far enough from the band
of interest. They can be easily filtered out by the mmWave components.

In a further step, the two signals are launched into different cores of a 7-core
mcf with a length of 2 km. The cores are arranged in a regular hexagonal shape
with one core in the center (see Fig. 4.14). The pitch between cores is 38 µm. The
interface to the mcf is done by two fan-in/out modules that were fusion-spliced
to achieve low insertion noise and cross-talk. The measured values for each core
after splicing and packaging are included in Tab. 4.3. Cores 0 and 4 are chosen for
the experimental demonstration because of their lower insertion loss.

At the rau location, two voas are employed to obtain the same optical power
in the two branches. Two broadband pds are finally used to generate two true-
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Figure 4.15: Captured signals in time with different progressive delays between them and
different carrier frequencies.

time delayed broadband v-band signals by optical heterodyning. These signals are
captured by a sampling oscilloscope with 70 GHz of bandwidth and a sample rate
of 200 GSa/s for off-line processing.

Results and discussion

The time delay between the sampled signals is measured to evaluate the accu-
racy and stability of the link for four carrier frequencies within v-band: 50 GHz,
55 GHz, 60 GHz, and 65 GHz. For each frequency, four configurations of the
beamforming network are evaluated, corresponding to a progressive time delay
of ∆τ = {−1/ (4fc) , 0,+1/ (4fc) ,+1/ (2fc)}. Figure 4.15 shows the captured sig-
nals during a short time interval for all the posibilities. It can be observed by
visual inspection that the time delay between the resulting mmWave signals can
be controlled by tuning the time delay of the optical signals before transmission
through a mcf.

However, these results are not sufficient to validate the proposed architecture.
The accuracy and stability of the delays must be evaluated to ensure that the coher-
ence between the signal copies is maintained, and undesired effects like cross-talk
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Figure 4.16: Measured average delay, boxplot, and eye diagrams after computing the
delay between two channels over small periods for four different configurations of the
beamforming network and four different carrier frequencies.

can be neglected. A statistical analysis is performed after resampling the signals
by a factor of 5 and computing time delays over periods of 4 ns. Figure 4.16 sum-
marizes this analysis, including the boxplot diagrams and the measured average
delay for signals with a total duration of 5µs.

For fc = 50 GHz and fc = 55 GHz, the measured average delay follows closely
the desired delay with a maximum error in the ∆τ = 1/ (4fc) case. This error
is respectively 0.34 ps and 0.55 ps, and it translates into an angular error of 1.95°
and 3.47°. These numbers give an idea of the importance of the delay accuracy
at high frequencies. A small temporal error translates into a significant angular
error. The time delay error is below this value in the other cases, with a maxi-
mum standard deviation of 0.14 ps. For fc = 60 GHz, the measured delay matches
quite well the ideal delay between ±4 ps, while the error increases to 0.97 ps/6.68°
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when the beamforming network is configured to ∆τ = +1/ (2fc). A similar be-
havior is observed in fc = 65 GHz, where the error increases with the delay up
to 1 ps/7.62°. The standard deviation to the average value is in all cases below
0.1 ps, which proves the phase stability and that the coherence is kept after mcf
transmission and optical heterodyning. These results show an angular error that
is small enough in most of the measured intervals to guarantee the successful im-
plementation of the link. The tolerable angular error analysis is not independent
from the array solution and application, as previously explained. A maximum er-
ror of 2° can be tolerated in a fronthaul link of tens of meters employing antennas
with a beamwidth in the order of 20°.

After computing the time delays over time, the signals were digitally filtered
and demodulated to confirm that the modulation was not corrupted, and it can
be transmitted through a wireless link. The obtained eye diagrams in all cases are
also included in Fig. 4.16. Although a small degradation is observed at 65 GHz,
the eyes are, in all cases, sufficiently open for a successful wireless transmission.
The symmetry between the two channels is also shown, as required for a uniform
paa. These results expose the potential of mcf technology to distribute true-time
delayed signals for centralized broadband beamforming in mmWave a-rof links.

4.4 Summary

This Chapter presented the need for directive antennas with beam steering capa-
bilities to overcome the high transmission loss at mmWave frequencies. This is
a fundamental idea to enable point-to-point mmWave wireless communications.
Different solutions were enumerated, briefly discussing the advantages and disad-
vantages of each of them. It was suggested that the best option depends on the
specific application and objectives, and two approaches were theoretically studied
for mmWave a-rof fronthaul links.

First, the mechanical steering of a small w-band horn antenna mounted on a
Stewart platform robot was introduced. The advantages of this method are sim-
plicity, low insertion loss, and frequency independence. The latter is a compelling
feature for ultra-broadband mmWave communications. However, the mechanical
limitations restrict this approach to some specific scenarios. The alignment op-
timization of a w-band a-rof fronthaul link is one of them. An experimental
demonstration showed the impact of the antenna misalignment on the ber and
how to efficiently correct this by adjusting the antenna in azimuth and elevation
angles and vertical and horizontal coordinates. Another application suggested in
this Chapter is the access network for railway communications. The mechanical
steering approach can be utilized to follow a train with a centralized access point
over a known trajectory. The simplicity of raus in a-rof links allows the de-
ployment of many base stations along the train tracks with a reduced cost. The
antenna in these stations can be mechanically steered. The presented laboratory
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experiment and results support this idea, achieving low ber in a w-band hybrid
photonic-wireless link emulating one of the raus.

Second, the ottd beamforming principle was explained to obtain beam squint-
free steering in more complex scenarios. Advantages like the steering resolution
and range, broadband operation, and straightforward integration into a-rof links
are the main reasons that justify this choice. Different strategies to provide the
time delays were reviewed, including switching between different path lengths,
dispersive prisms, and chirped fiber Bragg gratings. An innovative architecture
based on centralized ottd beamforming and mcf distribution is proposed and
experimentally studied for a v-band hybrid photonic-wireless link. Free-space
optical time delay lines were used to set the desired delay configuration of an
optical signal that was subsequently transmitted through a 7-core fiber. After
optical heterodyning, the coherence and delay of the signals were successfully
proven.

The beam steering topic is an extensive field that has been narrowed to the
mmWave a-rof case. The different architectures have been discussed from their
physical implementation perspective and their compatibility with optical distri-
bution technology. Crucial aspects like the destination of arrival estimation and
target localization are assumed and considered matters of further study. The next
Chapter will explore the ottd approach in more detail, focusing on miniaturiza-
tion. The experiment described in this Chapter employed bulky delay lines that
are not suitable for on-field implementations. The photonic integration technol-
ogy opens a new world of opportunities to achieve the same mwp functionalities
on-chip.
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CHAPTER 5

Photonics-based mmWave
beamforming system on-chip

Directive antenna systems with the ability to steer the radiation direction are
needed to turn millimeter wave (mmWave) and sub-THz wireless communications
into practical realities. A beam steering technique that does not severely limit
the modulation bandwidth is essential for this goal. This matter was discussed in
the previous Chapter, suggesting optical true-time delay (ottd) beamforming as
the best candidate for beam squint-free beamforming in short- and medium-range
hybrid photonic-wireless access. The low loss and broadband nature of the optical
domain were exploited, according to the microwave photonics (mwp) principle,
to implement broadband steerable mmWave wireless links together with optical
distribution networks. However, the solutions reviewed in the previous Chapter
were based on bulky and discrete components serving as optical true-time delay
lines. Both the physical size and the reconfigurability must be improved to realize
an efficient and commercially feasible solution. The footprint constraint becomes
even more relevant at the end-user side, where portable and lightweight devices
are demanded.

Numerous breakthroughs in the photonic integration technology have been
achieved in the past years [185], [186], making photonic integrated circuits (pics)
more accessible and flexible to implement different functionalities. Among them,
mwp applications, including ottd beamforming networks, are becoming increas-
ingly popular because of the reduction in size, weight, cost, and power consump-
tion [32]. Therefore, the footprint and tunability issues can be largely solved by
integrating the ottd network into a chip. Different approaches have been studied
for this purpose [32]. One of them is the use of optical ring resonators (orrs)
to modify the group delay of a modulated optical frequency beat tone. The de-
sign and characterization of two ring resonator-based beamforming networks for a

81
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mmWave transmitter are presented in this Chapter.
Besides the beamforming network, the design of a compatible antenna array

is also covered. The proposed array is based on photoconductive antennas (pcas)
that perform the optical-to-radio conversion with the potential for implementing
a small-size system suitable for portable devices. Photoconductors operating at
telecom wavelengths have been widely used as continuous wave mmWave and THz
emitters and detectors [39]. The optical true-time delayed signals produced by
the pic can be used to drive a pca array that performs the domain conversion
and radiates the signal into the free-space. Ultimately, an array of dielectric rod
waveguide antennas (drws) efficiently couples the mmWave radiation to the free-
space. The design of such a system is detailed in publications [C4], [C7], [C12].

5.1 Proposed system

Until this point, the beamforming solution has been studied for a mmWave hybrid
photonic-radio link. In this Chapter, the analysis is also extended to a small-
footprint portable device. The block diagram of the proposed mmWave transmitter
is shown in Fig. 5.1. More specifically, the design is optimized to operate at w-
band (75 – 110 GHz). The input to the system is an optical single-sideband signal
with a frequency difference between the optical components equal to the desired
mmWave wireless carrier fc. This is the signal required for optical heterodyning.
Then, a 1×4 ottd beamforming network is in charge of splitting the input signal
into four copies and setting up the progressive delay configuration, as illustrated
in Fig. 5.1. The time delays are established with a group of direct current (dc)

1x4 OTTD
beamforming 

network

0

2

3

Bias control

Silicon nitride PIC Photoconductive 
antenna array

Dielectric rod waveguide 
antenna array

Figure 5.1: Proposed system scheme of a mmWave transmitter with beamforming capa-
bilities, composed of three blocks: ottd beamforming chip, pca array and drw antenna
array.
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control signals. The 1×4 shape is chosen for demonstration purposes, but it can
be scaled up to larger dimensions. The pic technology chosen to manufacture the
chip is silicon nitride.

The next block in the system is a linear phased antenna array (paa) built with
four bow-tie pcas with a pitch between them optimized for w-band frequencies.
The photoconductive area is fabricated with low-temperature-grown (ltg) indium
gallium arsenide (InGaAs) because its bandgap energy matches approximately the
optical wavelengths of c-band (1530 – 1565 nm). The power radiated by each
element is proportional to the bias voltage, so it can be individually controlled
to obtain a uniform array. A third component must be added to the system to
efficiently couple the generated waves to the free-space and avoid reflections at the
chip-air interface. An array of silicon drw antennas implements this functionality.
The different building blocks of this system are explained in detail in the following
sections.

The work described in this Chapter is only focused on the transmitter side
and the system design. Equivalent solutions relying on similar principles can
also be developed for mmWave receivers. Comparable integrated beamforming
networks have already been proven for the receiver side, and the principles of
pcas as heterodyne detectors will be discussed in Chapter 6. Once the physical
solution for beam steering has been demonstrated, the algorithm to actively select
the radiation direction based on the received signal can be implemented after signal
processing. This study also falls outside the scope of this Chapter.

5.2 Integrated ottd beamforming network

5.2.1 Photonic integrated circuits

The photonic integration field has undergone a significant development in recent
years. Many functionalities, traditionally implemented by discrete bulky com-
ponents, have been successfully demonstrated on-chip. Although there is still
work to do to improve the performance of integrated components and make them
comparable to their discrete counterparts, the potential of photonic integration
is enormous. The reduction in size, cost, and power consumption is a desirable
feature in many scenarios, and mwp is one of them. There are several technologies
available for photonic integration. The most popular examples are indium phos-
phide (InP), silicon (Si), and silicon nitride (Si3N4). Each of them has advantages
and disadvantages. The InP platform allows light generation and amplification,
and functionalities like modulators, detectors, and switches have also been demon-
strated [187]. However, the propagation losses in InP waveguides are higher than in
other technologies, with reported values in the order of 2 dB/cm [188]. Although Si
photonics has limitations for signal generation and amplification, it is one of the
fastest-growing technologies because its fabrication infrastructure is compatible
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Figure 5.2: Cross-section of the TriPleX waveguide in Si3N4 with SiO2 cladding. Adapted
from [190].

with the well-mature complementary metal–oxide–semiconductor (cmos) technol-
ogy [189]. The silicon nitride platform, the so-called TriPleX, cannot implement
laser sources and amplifiers (at least without hybrid/heterogeneous integration).
However, the low propagation loss (≤0.1 dB/cm) makes this technology ideal to
integrate passive components [190].

Given these characteristics, the platform chosen for the beamforming network
is Si3N4, since only passive components are required to implement the delay lines.
The cross-section of this technology is shown in Fig. 5.2. It consists of a core
layer of silicon oxide (SiO2) in between two layers of Si3N4. Apart from the
low propagation loss, some other features make this technology ideally suited for
this application. Two of them are the high modal birefringence, which assures
a good polarization-maintaining performance, and the sport-size converters that
allow low-loss (≤0.5 dB) and efficient lateral fiber-to-chip coupling [190], [191].
The technology is commercially available through a multi-project wafer service
provided by Lionix International B. V.

5.2.2 Integrated ottd beamfoming

Many photonic chips have been designed for mmWave beamforming [192], aiming
to maximize the data bandwidth, the carrier frequency, and the reconfigurability.
They can be classified into one of the following categories:

• Different propagation lengths. In a similar way to what was explained in
section 4.3.2 for discrete components, different copies of the signal travel
through optical waveguides with different lengths, resulting in different prop-
agation delays. This can be done with thermo-optic switches (e.g., Mach-
Zehnder switches) [193], [194] or filtering specific wavelengths with an ar-
rayed waveguide grating (awg) [195], [196]. These methods provide broad-
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band true-time delay in discrete predefined steps. Large delays can be ob-
tained at the expense of increasing the chip footprint.

• Resonance-induced group delay. Resonant structures can be employed to
tune the group delay of the signal. In other words, the envelope of the
optical carrier, which corresponds to the mmWave signal, is delayed. The
most extended way to implement a resonant delay line is an optical ring
resonator (orr). Many interesting works have demonstrated the use of orr
in ottd beamforming [197]–[199]. This solution allows continuous tuning
and relatively small chip dimensions comparing with the previous category.
However, the resonant behavior limits the transmission bandwidth. More
complex designs using cascaded orrs can partially solve this problem at the
expense of increasing the chip area [197]. Other alternatives are based on
asymmetric Mach-Zehender interferometers [200]. In general, the obtained
delay is shorter than using different waveguide lengths.

• Hybrid approaches. The strengths of both methods can be combined into a
hybrid solution in which switched waveguide lengths provide a large delay
for coarse-tuning while continuously tunable resonant structures supply a
short delay for fine-tuning. Since the delay needed for fine-tuning is short,
the resonance can be made broader to increase the modulation bandwidth.

The 1×4 beamforming design described in this Chapter relies on orrs. Two
reasons support this choice. First, the directive antenna arrays at mmWave fre-
quencies require continuous tuning to establish point-to-point links. Second, the
time delay is inversely proportional to the carrier frequency, as described in sec-
tion 4.3.2. This means that the high-frequency operation alleviates the time delay
requirements, and broader resonance peaks are possible. This basic structure
can be scaled up to larger array configurations using a hybrid solution based on
switched waveguide lengths without limiting the modulation bandwidth. Although
the proposed system is only valid for 1-dimensional and 1-beam beamforming,
other recent works have investigated the 2-dimensional multi-beam case using ma-
trix configurations, ultimately based on the same principles [180], [201].

5.2.3 Pic design

Optical ring resonators (orrs)

Optical ring resonators are popular structures in photonic integration. Their at-
tractive features make these devices suitable for a range of applications such as
tunable filters, delay lines, and optical frequency comb generation [202]–[205]. The
basic structure of a two-port orr is depicted in Fig. 5.3. It consists of two optical
waveguides located close together: one of them with a straight shape and the other
with a circular or racetrack shape (i.e., the ring). The ring resonators theory is
thoroughly covered by several references [202], [206]. The fundamental principle is
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Input Output

Figure 5.3: Generic scheme of a two-port orr.

the following: part of the signal traveling through the straight waveguide couples
to the ring while the rest goes through. The ratio of optical power that couples
to the ring is described by κ2 coefficient, and the power transmitted to the out-
put is characterized by t2 coefficient so that under lossless assumption, the power
splitting ratios satisfy t2 + κ2 = 1 [202].

After the propagation along the ring, the light couples back to the straight
waveguide. As a consequence, a resonant response appears if the phase shift along
the ring, Φ, is a multiple of 2π, so the following condition is satisfied [202]:

Φ =
2πLringneff

λ
=

2πfLringneff
c

= 2πm, m = 1, 2, 3... (5.1)

where Lring is the ring length, neff is the effective index of the optical waveg-
uide, λ represents the optical frequency, f denotes the optical frequency, c is the
speed of light in vacuum, and m represents an integer. The condition in Eq. 5.1
implies a periodic behavior, whose frequency period is defined as the free spec-
tral range (fsr). The fsr can be expressed as follows after first order dispersion
appriximation [202]:

FSR =
c

ngLring
(5.2)

where the group index, ng, is defined by:

ng = neff + f0
dneff

df
(5.3)

The curves in Fig. 5.4 show the power, phase, and group delay transmission
functions of a orr over a fsr period. A waveguide loss of 0.5 dB/cm and a ring
length designed to obtain a fsr of 33.3 GHz in silicon nitride were assumed in
these calculations. The resonant frequencies (fres) in Fig. 5.4(a) are character-
ized by a minimum peak in the transfer function whose depth and width depend
on the optical power coupled to the ring. The orr phase shift function (ΘORR)
in Fig. 5.4(b) shows a 2π shift over an fsr period and a steeper slope that also
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Figure 5.4: (a) Transfer function, (b) phase response and (c) group delay of a two-
port orr over a fsr period. The curves were calculated assuming a waveguide loss of
0.5 dB/cm and a fsr of 33.3 GHz at λ = 1550 nm according to the equations in [202].

depends on κ at the resonance point. The slope of the angular response is associ-
ated with the group delay, τg, which is calculated as the negative derivative of the
transfer function phase with respect to angular frequency ω [207]:

τg = −dΘORR (ω)

dω
(5.4)

Therefore, a maximum in the group delay appears at the resonances. The group
delay function is also plotted in Fig. 5.4(c), showing the relation of group delay and
κ coefficient. The group delay of the optical signal translates into a true-time delay
in the mmWave signal after optical heterodyning. It is essential to maximize the
peak width to achieve a broader modulation bandwidth and a lower transmission
loss. If the resonant frequency needs to be tuned, a phase modulator that produces
an extra phase shift of ∆Φ is added to the ring, as depicted in Fig. 5.3.

In generic orrs, the amount of power coupled to the ring depends on the
coupling length and the distance between the straight waveguide and the ring.
However, these are design parameters that can not be changed after chip fabrica-
tion. In order to tune κ, a Mach-Zehnder interferometer structure, like the one
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Figure 5.5: Schematic representation of a Mach-Zehnder interferometer two-port orr.

shown in Fig. 5.5, was proposed in several works [199], [208]. It consists of two
2×2 couplers connected through two waveguides, one of them with a thermo-optic
phase shifter included. This phase modulator will be hereinafter referred to as
modulator A for explanation purposes. The transfer function of the amplitude of
the optical fields for the 2×2 couplers, H2×2, can be expressed as:

H2×2 =
√
ξ

[
1 −j
−j 1

]
(5.5)

where symmetric coupling powers and insertion losses are assumed, and ξ repre-
sents the power coupling ratio. In an ideal 2×2 coupler, ξ = 0.5. The optical
fields transfer functions for the optical waveguides with and without thermo-optic
modulator are respectively:

Hwg,to = e−αLwge−jβLwgejψA(VDC) (5.6)

Hwg = e−αLwge−jβLwg (5.7)

where α is the power attenuation coefficient generally expressed in dB/cm, Lwg
represents the waveguide length, β = (2π/λ) ·neff is the propagation constant and
ψA (VDC) is the phase shift induced by the thermo-optic modulator A that depends
on the applied dc voltage VDC . Given these relations, the transfer function of the
Mach-Zehnder interferometer structure becomes:

HMZI = ξ

[
1 −j
−j 1

] [
Hwg,to 0

0 Hwg

] [
1 −j
−j 1

]
(5.8)

The relations between the optical field amplitudes shown in Fig. 5.5 are de-
scribed by the following equation:

[
Ering,in
Eout

]
= ξe−αLwg−jβLwg

[ (
ejψA − 1

)
−j
(
1 + ejψA

)
−j
(
1 + ejψA

) (
1− ejψA

) ]︸ ︷︷ ︸
HMZI

[
Ering,out
Ein

]
(5.9)
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Figure 5.6: Variation of the optical power coupling coefficients κ2 and t2 as a function of
the phase shift induced by the thermo-optic modulator ψA.

The coefficients κ and t can be easily inferred from the previous matrix as the
HMZI (1, 2) and HMZI (2, 2) terms, respectively. The square of these parameters
(i.e. the power splitting ratios) are plotted in Fig. 5.6 for the lossless case (ξ = 0.5),
and considering an insertion loss in the couplers of 0.5 dB (ξ = 0.45). This at-
tenuation is added to the 3 dB loss due to splitting the power into two outputs.
This graph shows that a phase shift in the range [0, π] is sufficient to perform a
full-range tuning of the κ coefficient. A second effect illustrated in the figure is
that imperfections in the 2×2 couplers will lead to a reduction in the maximum
power that can be coupled from the input to the ring. The maximum κ2 becomes
0.8 considering a typical insertion loss of 0.5 dB.

The tunable orr structure can be completed by connecting one of the Mach-
Zehnder interferometer outputs to one of its inputs. A second thermo-optic mod-
ulator, referred to as modulator B, is included in the ring to modify the resonant
frequency/wavelength. A phase shift in the range [0, 2π] allows the resonance to
be tuned within a full fsr period. Hence, Eq. 5.9 is completed with the following
relation:

Ering,out = e−αLringe−jβLringej∆Φ(VDC) (5.10)

where Lring refers to the length of the optical waveguide that completes the ring
structure, and ∆Φ represents the phase shift of modulator B. If Eq. 5.10 is incor-
porated into Eq. 5.9, a theoretical expression for the Mach-Zehnder interferometer
orr transfer function, HMZORR, can be drawn. Likewise, the group delay, τg, is
calculated using Eq. 5.4.

Although this theoretical analysis showcases the operating principle of the
Mach-Zehnder ring resonator, several assumptions have been made. A simulation
software (Aspic) is used to simulate the system behavior, including the foundry
models for couplers, waveguides, and thermo-optic modulators, so a more accurate
analysis is obtained. As an illustrative example, a generic Mach-Zehnder orr is
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Figure 5.7: Simulation results of a Mach-Zehnder orr for different temperature changes
induced in modulator A: (a) transfer function and (b) group delay.

simulated, and the obtained results for the transfer function and the group delay
are plotted in Fig. 5.7. These curves show the ring response for different values of
the temperature variation induced in the thermo-optic modulator A, or, in other
words, for different values of the κ coefficient. The heaters of the thermo-optic
modulators are made of layers of Gold (Au) and Chromium (Cr), and the relation-
ship between electrical power and temperature change is dP/dT = 2.632 mW/°C.
These standard heaters for silicon nitride technology can induce a phase shift of
slightly more than 2π rad, so the orrs can be made fully tunable. The switching
speed of the modulators and, therefore, the steering speed is in the order of 0.1 –
1 ms. The resonance peaks are discernible as minima in the transfer function and
maxima in the group delay. A change in the resonant wavelength as a function
of κ is also observable. The Mach-Zehnder interferometer structure causes this
effect since the signal is coupled to the ring with different phases depending on
the phase shift on modulator A. This wavelength deviation can be corrected by
an additional phase shift in the ring produced by modulator B.

There are several parameters and trade-offs to take into account in the simula-
tions for the orr design. The resonance bandwidth is inversely related to the ring
size. Hence, the rings must be as small as possible to maximize the modulation
bandwidth. This will also lead to an increase in the fsr. However, the induced
delay decreases, limiting the steering range. The delay range depends on the op-
erating wireless frequency, as detailed in section 4.3.2. If the carrier frequency
increases, the time delay requirements reduce (although small delay errors become
more significant). Therefore, the operating wireless frequency defines the required
delay, and consequently, the resonance width. If the modulator length decreases,
the resistance also decreases together with the voltage. However, it is also impor-
tant to mention that a minimum length is needed to achieve the desired phase
shift (κ). All of these considerations are studied for the orr designs described in
the remainder of this section.
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Figure 5.8: 1x4 optical tree beamforming network based on orrs for mmWave ottd
beamforming. Acronyms: o: optical and e: electrical.

Optical tree beamforming network

The schematic of the integrated beamforming network is shown in Fig. 5.8. It
follows a symmetric 1×4 tree configuration in which the paths between the input
and each output go through three orrs. Some of these resonators are fixed to
the minimum delay that they can provide (circled in Fig. 5.8), while the others
are tunable so that each of them produces a ∆τ delay. As a result, the desired
progressive delay (∆τ) configuration between outputs is obtained while each ring
is kept small to enhance the resonance bandwidth. The 1×4 shape is chosen for
demonstration purposes, but it can be scaled up to larger order configurations.
It can also be employed to set a fine-tuning delay in a subsection of a bigger
array, while switched optical waveguides with different lengths give a large and
broadband delay.

Other similar orr-based beamforming tree architectures have been previously
reported, many of them in Si3N4 technology. A 4×1 arrangement for a receiver
achieving more than 1 GHz of modulation bandwidth was proposed and demon-
strated [197], [209]. This design also included a filter on-chip to remove one of
the optical sidebands in the reception path. The same design was also proposed
for larger array configurations, like 8×1 [198]. The system demonstration of an
integrated beamforming network and an antenna array was also described, in-
cluding radiation pattern measurements, achieving a modulation bandwidth of
500 MHz [210]. Some other works have tried to push the bandwidth, the carrier
frequency, and enable 2-dimensional beam steering [199], [208]. Advanced config-
urations for the transmitter side have also been studied [211].

In this thesis, the system design illustrated in Fig. 5.8 is used to implement two
integrated ottd beamforming networks optimized for two different applications.
The difference between the two of them relies on the orr dimensions.
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Figure 5.9: Millimeter wave hybrid photonic-wireless fronthaul link with an integrated
beamforming network. Acronyms: mzm: Mach-Zehnder modulator, awg: arrayed waveg-
uide grating, voa: variable optical attenuator, edfa: erbium-doped fiber amplifier and
ottd: optical true-time delay.

Design 1: Fronthaul link

The first application is a mmWave analog radio-over-fiber (a-rof) link with beam-
forming capabilities. The link schematic is displayed in Fig. 5.9. The mmWave
wireless interface provides more flexibility to the link and reduces the costs of
deploying new fiber when environmental conditions hinder it. This is the same
motivation introduced in the previous Chapter. However, the integration of the
beamforming network comes now into play. The implementation of this function-
ality on-chip rather than with bulky components implies several advantages in
terms of size, cost, and reconfigurability and represents a step towards the prac-
tical realization of mmWave a-rof links [180]. Typical mmWave bands used to
implement these kinds of links are the v-band, especially the unlicensed 60 GHz
range, and the w-band.

At the central office (co), a coherent two-tone optical signal for mmWave gen-
eration is produced using the optical carrier suppressed technique with a Mach-
Zehnder modulator biased at the null point and a demultiplexer. The carrier fre-
quency is selected with the electrical source driving the modulator. This scheme
can be reproduced several times to multiplex different data streams at different
optical wavelengths. In particular, for this system, each two-tone optical signal is
multiplexed in different non-adjacent 100 GHz channels following the dense wave-
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length division multiplexing (dwdm) recommendation [110]. Therefore, the link is
compatible with other optical access paradigms and standard telecom multiplex-
ers/demultiplexers. After the transmission through the optical fiber to reach the
remote antenna unit (rau), a dwdm wavelength selective switch demultiplexes the
channels to be transmitted, and they are launched into the beamforming pic, the
photodiodes, and the antenna array. This scenario reproduces a realistic case in
which several high-speed data streams must be transmitted, obtaining an aggre-
gated capacity of several gigabits per second, rather than a single multi-gigahertz
channel. This idea, combined with the dwdm distribution and the periodic behav-
ior of the orrs, is used to transmit different frequency-multiplexed channels with
the same beamforming configuration. The periodicity of the resonators have been
already proposed to extend the aggregated bandwidth of integrated beamforming
networks [208]. In this case, it is incorporated to the a-rof fronthaul link for
mmWave operation.

The ring resonators are designed to have a resonance peak at the same relative
position within a 100-GHz dwdm channel, and as small as possible to maximize
the data bandwidth. At the same time, they must be big enough to achieve the
desired time delay to operate at v-band and above. For instance, for a wireless
carrier of 50 GHz, a progressive time delay between consecutive outputs (∆τ) of
20 ps is needed. These specifications are considered for the orr design following
the schematic in Fig. 5.5. The distance of 250 µm between optical waveguides is
the minimum distance to avoid cross-talk between adjacent waveguides according
to the technology specifications. The modulator lengths are calculated with simu-
lations using the Aspic software. A fsr of 33.3 GHz is obtained, with a ring length
of approximately 5.2 mm.

The ring design is incorporated into a tree distribution, according to the ar-
rangement in Fig. 5.8. The simulation results of this beamforming network are
plotted in Fig. 5.10, including the transfer function and the group delay when the
temperature variation induced in modulator A is 50 °C. The phase shift of modula-
tor B was changed accordingly to fix the resonant wavelength at the desired value.
The 100 GHz dwdm grid is also superimposed with dashed lines to illustrate the
compatibility with the proposed system.

The fsr between resonances is 33.3 GHz so that the peaks appear at the same
relative position within a dwdm channel. Therefore, there is a difference of approx-
imately 100 GHz every three peaks. The dependence of the effective index (neff )
with the optical wavelength causes small variations if a broader spectrum is ob-
served, which does not affect the system feasibility. It is also clear that the relative
progressive delay between adjacent outputs is constant, ensuring the desired true-
time delay beamforming configuration. Looking into the resonance width, the
bandwidth in which the delay error is maintained below 1 ps (BW1ps) is 1 GHz in
the worst case (output 4). This is a tolerable error for operation in the 60 GHz band
for most applications and array designs. The insertion loss of the pic is consider-
ably high, around 12.6 dB, although it can be compensated by pre-amplification.
The maximum power variation is 1 dB, which can be counterbalanced at the sig-
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Figure 5.10: Simulated results for (a) the transmission function and (b) the group delay
at the four outputs of the ottd beamforming network for mmWave a-rof fronthaul links
when the temperature variation in modulator A is 50 °C.

nal modulation stage. There is also a power variation between the four outputs
(≈ 0.5 dB). The radio frequency (rf) components (e.g., antennas, amplifiers, and
attenuators) can also compensate for this.

The question that remains unanswered is if the provided delay is sufficient for
the desired operation band. Figure 5.11 depicts the group delay at each output
of the beamforming network as a function of the temperature change induced by
modulator A. Although this relationship is not linear, it is clear that the pro-
gressive delay between consecutive outputs is constant and can be continuously
tuned. The group delay at output 0 is constant and corresponds to the minimum
delay that the chip can provide, which is 230.7 ps. For a temperature variation of
80 °C, which corresponds approximately to 5.5 V, the group delay reaches 255.4 ps,
280.1 ps, and 304.6 ps for outputs 1, 2 and 3, respectively. This implies a progres-
sive delay ∆τ bigger than 20 ps, so the proposed scheme is valid for v-band op-
eration, at frequencies around 60 GHz. These simulation results validate the idea
of a mmWave a-rof fronthaul link with beamforming capabilities transmitting
different channels of 1 GHz bandwidth.
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Figure 5.11: Simulated results for the group delay at the four outputs of the ottd
beamforming network as a function of the temperature change induced in modulator A
measured at 193.33 THz.

Design 2: Mobile device

The goal of the second design is to push the wireless carrier towards higher fre-
quency allocations within w-band (75 – 110 GHz). The ring size can be further
reduced, and smaller resonances are possible since a lower delay is required. This
network is compatible with the antenna array presented in section 5.3. Both
components form the system presented in Fig. 5.1. The miniaturization of the
beamforming network and the antenna array reveal a great potential for using this
solution in small mobile terminals for indoor short-range (0.5 – 1 m) communica-
tions. Simulations are carried out again to determine the size of a single orr to
obtain a tunable progressive delay up to 14.5 ps. This value assures the opera-
tion above 75 GHz with the appropriate antenna array design. In this case, a ring
length of 4.5 mm is obtained. The phase modulators are also long enough to set
the desired phase shift.

This orr design is incorporated into the tree arrangement of Fig. 5.8. The
simulations of this system are shown in Fig. 5.12 for a temperature change in
modulator A of 90 °C. Modulators B have been tuned accordingly to fix the curves
at the same resonant wavelength (1550 nm). The discussion of these simulation
graphs is equivalent to the previous design. A constant progressive delay (∆τ) is
achieved, with a value that can be varied between 0 ps and 14.5 ps. The resonance
bandwidth in which the time error is below 1 ps is BW1ps = 1.26 GHz. This value
must be considered in the antenna array design. The system insertion loss is
very similar to the previous design, as most of the attenuation comes from the
tree arrangement. The power variation with the optical wavelength is slightly
smaller due to the size reduction. The achieved progressive delay as a function of
temperature variation in modulator A is depicted in Fig. 5.13.
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Figure 5.12: Simulated results for (a) the transmission function and (b) the group delay
at the four outputs of the ottd beamforming network for a mobile device when the
temperature variation in modulator A is 90 °C.
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Figure 5.13: Simulated results for the group delay at the four outputs of the ottd
beamforming network as a function of the temperature change induced in modulator A
measured at 1550 nm.

Once the beamforming networks meeting the desired specifications were vali-
dated by simulations, the pic design was submitted to the multi-wafer project of
LioniX International B. V. for manufacturing. Both beamformers were included in
a 16×16 mm area, as shown in the layout of Fig. 5.14. The optical waveguides at
the input and outputs have symmetric lengths, so no extra delay is added to any
path, and the delay configuration given by the orrs is kept. Spot-size converters
on the chip facets provide the interface between the chip and external optical fibers
by matching the mode-field diameters of a standard single-mode fiber (ssmf) with
the optical waveguide on-chip.



5.2. INTEGRATED OTTD BEAMFORMING NETWORK 97

Figure 5.14: Layout of the Si3N4 pic implementing two beamforming networks.

5.2.4 Pic characterization

Four copies of the pic were fabricated, containing the beamforming networks and
intermediate outputs to characterize individual orrs. The bare chips are initially
characterized using the laboratory setups shown in Figs. 5.15(a)-(b). First, an
erbium-doped fiber amplifier (edfa) is employed as a broadband noise source, and
the transmission spectrum is obtained with an optical spectrum analyzer (osa).
A polarization controller regulates the polarization of the input wave, and an op-
tical circulator prevents any reflected wave due to the pic input interface from
reaching the edfa. It also provides an optical output to monitor the power of
the reflected signal. Cleaved ssmf pigtails placed on two three-axis stages allow
the chip/fiber interfacing at the chip facets. The pic is placed on a measurement
platform equipped with a thermoelectric cooler (tec) to set the chip temperature.
This setup provides a fast and wideband measurement of the chip response over
the wavelength. However, the noisy nature of the input signal limits the measure-
ment accuracy. In Fig. 5.15(b), the edfa is substituted by a tunable laser, and the
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Figure 5.15: Schematic of the laboratory experiments conducted to characterize the
beamforming pic. (a) An edfa serves as a wideband noise source for broadband char-
acterization. (b) A tunable laser is used for accurate measurement of the resonance
peaks. (c) A packaged chip is characterized with a tunable laser. Photos of (d) chip-fiber
alignment with a red light laser, (e) probe station, and (f) packaged pic. Acronyms:
edfa: erbium-doped fiber amplifier, cf: cleaved diber, pic: photonic integrated circuit,
dc: direct current, tec: thermoelectric cooler, and osa: optical spectrum analyzer.

osa by an optical power meter. This second setup is used to characterize the orr
response at a resonance peak with better precision. However, wideband measure-
ments cannot be taken due to the wavelength dependence of polarization in the
setup. Some dc probes provide the bias voltage to the thermo-optic modulators.
The probe station does not allow the characterization of the entire network be-
cause that would require a large number of control signals and actuators. However,
it is possible to characterize an orr of each network. After the measurements of
the four bare chips, one of the copies is packaged. Fiber arrays are coupled to
the chip facet, and printed circuit boards (pcbs) are wire-bonded to the pic for
controlling the dc signals. Polarization maintaining fibers (pmfs) are used, so the
polarization dependence with wavelength is eliminated. The new characterization
setup is shown in Fig. 5.15(c). Two photos of the probe station are included in
Figs. 5.15(d)-(e), and a photo of the packaged chip can be seen in Fig. 5.15(f).
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Figure 5.16: Transmission measurements of an orr in the ottd beamforming network
design 1 as a function of the frequency varying (a) voltage applied to modulator A (κ)
and (b) voltage applied to modulator B (∆Φ).

Design 1: Fronthaul link

The optical spectra measured after the transmission through an orr of the de-
sign 1 are plotted in Fig. 5.16. Although the losses of the external components
and the edfa gain shape have been calibrated, the insertion loss is considerable,
approximately 14 dB. This is due to a relatively high coupling loss (≈ 1.85 dB per
facet) and the fact that the measured outputs go through at least three power
splitters on-chip. A fiber-chip coupling loss below 0.5 dB is expected after chip
packaging and pigtailing [191]. It is evident in Fig. 5.16(a) that the intended fsr
is achieved, obtaining a periodicity of 100 GHz every three peaks. The 100-GHz
dwdm grid is also superimposed on the figure to illustrate that the simulated be-
havior is experimentally proven. The graph shows four curves for four different
values of voltage applied to modulator A (VmodA). Although the simulations pre-
dicted that the smallest resonance would appear at 0 V, this is not the observed
response. The difference is attributed to manufacturing imperfections leading to
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Figure 5.17: Transmission measurements of an orr in the ottd beamforming network
design 1 at the resonant frequency for different values of the voltage applied to modulator
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Figure 5.18: Transmission measurements of an orr in the ottd beamforming network
design 1 after chip packaging for different values of the voltage applied to modulator
A (κ) while the voltage applied to modulator B (∆Φ) is tuned accordingly. (a) Wideband
spectrum and (b) resonance.

small asymmetries in the Mach-Zehnder interferometer arms and the two 2×2 cou-
plers. However, the applied phase shift is sufficient to tune the κ coefficient within
the range of interest, between approximately 0.0 V and 9.0 V. Figure 5.16(b) shows
that the resonance can be tuned over a full fsr period by applying a bias voltage
to modulator B (VmodB) between 0 V and 20 V.

The noisy fluctuations of the optical input hide the smaller resonances. A
more precise characterization of one of the resonance peaks is carried out using a
tunable laser and an optical power meter. The obtained results, together with the
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Figure 5.19: Transmission measurements of the ottd beamforming network design 1
when (a) all the orr are set to provide the minimum group delay and (b) they are
configured to provide a constant progressive group delay ∆τ between outputs.

simulated data, are shown in Fig. 5.17. The modulator B was tuned accordingly
to fix the same resonant frequency for all the curves. The fiber-chip coupling and
power splitter losses are dismissed from the graph for a fair comparison with the
simulations. Although the translation between the temperature change induced
by modulator A in the simulations and the applied voltage is not straightforward
because of the fabrication asymmetries, it is illustrated that the measured curves
can be continuously tuned within the simulated range, and they follow quite well
the same shape. The equivalent behavior is hence expected for the group delay.
Unfortunately, the available laboratory equipment does not allow measuring group
delay with the appropriate accuracy.

Another orr with the same features is characterized after chip packaging,
obtaining the results shown in Figs. 5.18(a)-(b). A small shift in the applied VmodA
voltage is observed with respect to the previous one due to different asymmetries in
the ring fabrication. A precise wideband characterization can be obtained in this
case as pmfs are used (see Fig. 5.18(c)). This measurement proves that the fsr
is 33.3 GHz, as expected. These figures also show that a small ripple appears
when small resonances are established. The chip packaging greatly facilitates
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Figure 5.20: Transmission measurements of an orr in the ottd beamforming network
design 2 as a function of the wavelength varying (a) voltage applied to modulator A (κ)
and (b) voltage applied to modulator B (∆Φ).

its manipulation, and the results improve. The characterization of the entire
network is now possible, obtaining the graphs plotted in Figs. 5.19(a)-(b). The
measured transfer function is approximately 4 dB lower than in the simulations.
This constant offset has been calibrated in the figure to compare the measurements
with the simulation curves. Figure 5.19(a) depicts the transfer function of the four
outputs when the orrs are configured to provide the minimum group delay. The
simulated curves, which in this case are completely overlapped, are also included
in the figure. The effect of the ripple in the three orr involved on each output is
noticeable, leading to small variations in the transmitted power. This effect and
the small differences between orrs makes the tuning process not straightforward.
Individual characterization of all the resonators is required. Nevertheless, the
figure shows that the simulated behavior is obtained with tolerable deviations.
Similarly, the same graphs are obtained after tuning the proper orrs to achieve a
constant progressive delay ∆τ of approximately 18 ps between outputs. Although
the ripple is still observed, the measured data also confirm the simulated curves
and validate the design.

Design 2: Mobile terminal

The same characterization is conducted for an orr of the second design. Fig-
ure 5.20 shows the optical spectrum obtained after transmitting edfa noise. Fig-
ure 5.20(a) proves that the resonance can be tuned within the desired range,
applying a voltage between 0.0 V and 7.0 V to modulator A. Likewise, Fig. 5.20(b)
illustrates that the resonance varies over an entire fsr period with a dc voltage
up to 22 V applied to modulator B. In this case, the measurement of a resonance
peak with the setup illustrated in Fig. 5.15(b) was less obvious. The resonance
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Figure 5.21: Transmission measurements of an orr in the ottd beamforming network
design 2 at the resonant wavelength for different values of the voltage applied to modu-
lator A (κ) while the voltage applied to modulator B (∆Φ) is tuned accordingly.

variation is so reduced (<0.5 dB) that the tolerance of the measurement setup is
not enough to observe a good fit. However, a good agreement between simulated
and measured data is obtained after chip packaging, as shown in Fig. 5.21. Again,
a voltage offset appears due to fabrication asymmetries as well as a small ripple
that is more obvious outside the resonance. The measurements of the entire net-
work were not equally good due to one of the common orrs. The asymmetry
between the Mach-Zehnder interferometer was so big that the voltage needed to
tune the phase was too high for the length of modulator A. However, as the op-
erating principle of a single orr is proven, the feasibility of the entire network is
also validated.

5.3 Photoconductive antenna array

Although there are numerous studies on photonic solutions for mmWave beam-
forming, they usually do not address the design of a compatible and optimum
antenna array. Some of them rely on aperture/horn antennas because of their
gain and popularity at this frequency range [140], [195]. However, they do not
seem to be the best solution for antenna arrays due to their big size that does
not allow a small antenna spacing to avoid grating lobes. Some others employ
commercial discrete photodiodes for optical heterodyning, so special attention to
the optical interface is needed as well as length mismatch compensation between
elements [212], [213]. A comprehensive discussion of a beamforming system must
include the antenna array design. In this section, an array of photoconductive
antennas (pcas) is proposed as the complement to the previously described pic to
achieve small size and broadband mmWave beamforming.
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Figure 5.22: (a) Schematic drawing and (b) cross-section of a pca operating as a mmWave
transmitter. Adapted from [39].

5.3.1 Photoconductive antennas (pcas)

A pca consists of a direct bandgap semiconductor behaving as a photoconduc-
tor with two metal contact electrodes directly attached to an antenna [39]. The
semiconductor area switches from high to low resistivity if it is illuminated by
a laser source with the proper wavelength. Photoconductors are together with
photodiodes (pds) two popular methods for mmWave and THz generation by op-
tical heterodyning, also known as photomixing. Although pds are more prevalent
in communications, pcas are becoming an attractive alternative at frequencies
above 100 GHz because of the recent developments of photoconductor technolo-
gies at telecom wavelengths [214], [215]. Some of these breakthroughs focus on
improving the power efficiency of these devices, making them suitable for wire-
less communications [216], [217]. The array configuration discussed in this section
also contributes to overcome the power limitations of photomixers. Their good
performance as detectors [218], [219] and their potential as broadband heterodyne
mixers (discussed in detail in Chapter 6) also justify this choice.

The operating principle of a continuous wave (cw) mmWave/THz pca as a
transmitter is schematically depicted in Fig. 5.22. Two optical tones, detuned by
the wireless frequency, are focused onto the semiconductor area. The dimensions
of the photoconductor are much smaller than the wireless wavelength (≈ 3 mm
for 100 GHz in air). If the energy of the photons pumped into the photomixer
area is sufficient to overcome the bandgap energy of the semiconductor material,
electron-hole pairs are generated. These carriers are then accelerated by an ex-
ternal bias voltage, creating an electrical current along the antenna proportional
to the desired mmWave frequency. Polarization matching between the two optical
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tones is needed to optimize the power conversion. Moreover, if one of the tones
carries modulation data, it is also converted into the mmWave domain according
to the optical heterodyning principle.

The material of the pcas employed in this work is low-temperature-grown (ltg)
indium gallium arsenide (InGaAs) because its bandgap energy is compatible with
c-band wavelengths. The chip substrate is indium phosphide (InP). Due to the
high dielectric constant of InP (εInP ≈ 12.4), the low wave impedance compared
to the air makes that most of the generated energy is radiated into the chip sub-
strate [39]. The wave diverges along the substrate until it reaches the chip-air
interface with a specific angle. This causes the reflection of part of the energy and
considerably reduces the emitter efficiency. A hyperhemispherical lens, generally
made in silicon, is introduced at the chip-air interface to collimate the generated
radiation, improving the power coupling to the free-space [39].

A similar explanation can be provided for a pca working as a receiver. The
optical frequency beat tone modulates the resistivity of the semiconductor area
generating electron-hole pairs that can be accelerated along the antenna arms
by an incoming wireless wave with the appropriate mmWave frequency. A tran-
simpedance amplifier (tia) can then amplify this current for signal detection. The
main limitation of photomixers is their low power efficiency. This can be par-
tially fulfilled by adding several emitters in an array configuration. On the other
hand, the broadband operation and wide tunability, as well as the possibility to
implement mwp applications like beamforming, make this technique particularly
interesting for broadband wireless communications.

5.3.2 Pca array design

The goal of this section is to design a 4-element pca array compatible with the
ottd beamforming chip to operate at w-band (75 – 110 GHz). Four types of
pca chips with different dimensions, electrical leads, and antenna topologies were
available for this purpose: a 3×3 mm bow-tie antenna, a 1×1 mm bow-tie antenna
with the bias leads connected in between the antenna arms, a 1×1 mm bow-tie an-
tenna with the electrical leads connected from the sides, and a 100 µm dipole. The
schematics of the different options are shown in Fig. 5.23. In principle, broadband
antennas like bow-ties have an advantage over their resonant counterparts (e.g.,
dipoles) in communication applications. The lower cut-off frequency in bow-ties
is determined by the maximum distance between the triangular arms. A carrier
frequency of 85 GHz corresponds to a 3.5 mm wavelength in air, so it may seem
at first glance that the bigger bow-tie topology is the best option. However, the
comparison is not straightforward since these general rules for regular antennas do
not translate directly into pcas. The mmWave/THz power generated by the pho-
toconductor decreases with frequency, mainly due to carrier transit time and the
resistor-capacitor (rc) roll-off at the device electrodes. Furthermore, the silicon
lens effect should not be ignored since it shapes the radiation pattern of the overall
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Figure 5.23: Antenna topologies available to build the paa working at w-band:
(a) 3×3 mm bow-tie, (b) 1×1 mm bow-tie with electrical leads connected to the an-
tenna arms, (c) 1×1 mm bow-tie antenna with bias wires at the center, and (d) 100 µm
dipole.

structure. A more in-depth analysis must rely on simulations and experimental
characterization.

A commercial finite element method solver (Ansys HFSS) was used to calculate
the far-field radiation patterns of the four antenna topologies, obtaining the results
plotted in Fig. 5.24. These simulations show the absolute value of the electric
field, assuming the same unitary current source modeling the photoconductor in all
cases, without considering the optical-to-electrical conversion response. Therefore,
the amplitudes plotted in the figure do not represent the real amplitude of the
mmWave signal but provide a fair comparison of the antenna radiation properties
at the frequency range of interest. The patterns of the 3×3 mm bow-tie antenna
and the 1×1 mm antenna (Figs. 5.24(a)-(b)) seem the best candidates since the
directivity is larger, and the side lobes are smaller than in the other antennas.
The amplitude variation with frequency is less significant in the 1×1 mm case. On
the other hand, the radiation of the two structures with bias wires in the center
(Figs. 5.24(c)-(d)) is less efficient, especially in the dipole. The explanation is that
these devices were initially designed and optimized to operate at higher frequencies
in the THz range. At the lower edge of their functional range, the electrical leads
start behaving as antennas. This effect can be observed in the current distributions
in Fig. 5.24 insets. The current values are more intense in the wires than in the
antenna itself. As a result, strong side lobes appear in the radiation pattern.

The performance of the four antenna topologies and their suitability for the
w-band beamforming application was also evaluated in a cw THz spectroscopy
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Figure 5.24: Far-field radiation pattern simulations of the four pcas structures under
study: (a) 3×3 mm bow-tie antenna, (b) 1×1 mm bow-tie antenna, (c) center-fed (cf)
1×1 mm bow-tie antenna, and (d) dipole. The insets represent the current distribution
at 80 GHz.

setup. Figure 5.25 depicts the schematic of the characterization experiment based
on wavelength-selective phase modulation for THz phase control [220]. Two cw
laser sources at c-band provide the two tones for photomixing. One of them has
a fixed frequency, while the other is tunable so that the mmWave/THz frequency
can be varied. The two optical signals are at first in orthogonal polarization
states. Specifically, they are respectively aligned with the slow and fast axis of
a polarization-maintaining fiber (pmf). A 2×2 3-dB coupler combines the two
tones and produces two copies of the optical wave. One of them is modulated by
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Figure 5.25: Schematic of the cw THz spectroscopy setup based on wavelength-selective
phase modulation used to measure the transmission spectrum of the pca topologies under
test. Acronyms: edfa: erbium-doped fiber amplifier, dut: device under test, dc: direct
current, and tia: transimpedance amplifier.

a polarization-dependent phase modulator, so only one of the polarization com-
ponents gets modulated. The modulation signal is a ramp function of 15 kHz
that is used as a reference for lock-in detection. Afterward, a 45° linear polarizer
orientates both components in the same polarization direction for efficient power
conversion after photomixing. Then, the optical power is boosted by an edfa
to achieve 30 mW (≈15 dBm), which is the optimum value for the pca. At this
point, the optical fiber is connected to a lens that focuses the optical signal into
a characterization platform where the chip is placed. This platform contains the
hyperhemispherical silicon lens, the electrical connections to bias the chip, and the
3-axis stages for optimum fiber-chip-lens alignment. As a result, the mmWave/THz
signal is radiated.

The second output of the 3-dB coupler stays unmodulated, and it is also po-
larized to align the polarization of the two laser sources. Again, an edfa amplifies
the optical signal to 30 mW to drive a packaged pca module serving as a receiver.
The receiver antenna is aligned with the transmitter and a lens that collimates the
wireless wave (see Fig. 5.25). As a consequence, a photocurrent, Iph, proportional
to the THz field amplitude is generated at the reference frequency. This signal is
first amplified by a tia, and then, the amplitude and phase are detected by lock-
in detection using the modulation signal as a reference. This setup allows high
signal-to-noise ratio (snr) and broadband mmWave/THz spectrum measurements.

Several chips of each type are incorporated into the spectroscopy setup, tuning
the fiber-chip-alignment on each measurement. This leads to small variations in the
measured spectrum. The average transmission spectra are shown in Fig. 5.26(a).
Although the performance of the pcas at high frequencies is comparable, the
lower region of the spectrum largely confirms the simulation results. The two
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Figure 5.26: Signal-to-noise ratio comparison of the four pca topologies in a cw THz
spectroscopy setup with an input optical power of 30 mW: (a) THz spectrum with 2 V
of bias voltage and (b) snr at 80 GHz as a function of the bias voltage.

photomixers with center-feed leads have worse response at w-band because the
wires become resonant at those frequencies. Furthermore, the 3×3 mm bow-tie
does not have a good response at low frequencies, compared to the 1×1 mm one.
Simulations showed a significant variation of the antenna gain at this frequency
range. Figure 5.26(b) depicts the transmission function at 80 GHz as a function
of the bias voltage, which confirms that the 1×1 mm bow-tie with the bias leads
connected to the antenna arms is the best candidate for the intended application.

A final aspect that has not been discussed yet is the pitch between antennas (d).
This distance must be smaller than 3.5 mm to avoid grating lobes in the 85 GHz
range. This condition can not be satisfied by the 3×3 mm bow-tie pca due to
the chip dimensions. If the 1×1 mm version is selected, a minimum 2 mm chip
is possible. This value is close to half of the operating wavelength at w-band.
Figure 5.27 illustrates the array factor (af) function of a 4-element array at 85 GHz
with a distance between antennas of 2 mm. The secondary lobes are maintained
considerably below the main one, and beam steering can be achieved by varying the
time delay between elements. It should be reminded that this function multiplies
the radiation pattern of a single element, which in this case, is a directive antenna.
Hence, the beamwidth of the antenna limits the steering range of the array.

5.3.3 Dielectric rod waveguide (drw) antenna array
An array of four bow-tie pcas with 2 mm pitch between elements has been proposed
as a solution to implement the beamforming system in Fig. 5.1. However, a new
challenge emerges when several pcas are arranged close together. The silicon lens
used in individual devices to avoid the reflections at the chip-air interface can
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Figure 5.27: Array factor of a 4-element array operating at fc = 85 GHz with an antenna
spacing d = 2 mm.

not be utilized in array configurations with beamforming capabilities. The lens
is sizeable compared with the chip dimensions. It is several times the operation
wavelength frequency. This means that the intended distance between antennas
can not be accomplished, leading to the creation of grating lobes. Alternatively,
a single bigger lens for the entire array can not be directly used either. The
lens collimates the generated radiation, and therefore, it would change the far-
field beam direction defined by the time delay network. Although some of these
solutions have been used to enhance the output power of pcas [221]–[223], a more
suitable approach, compatible with the beamforming network, must be designed
to efficiently couple the signal to the free-space.

Rectangular dielectric rod waveguides (drws) are a low-cost alternative to
silicon lenses to guide the radiation of pcas [224], [225]. The schematic of a single
rod with a pca is shown in Fig. 5.28(a). The wave generated after photomixing
is coupled to a rectangular waveguide made of high-resistivity silicon whose cross-
section (0.5×1 mm) is optimized to guide w-band signals [226]. The rod is then
tapered in one plane until reaching the tip. The mmWave signal is progressively
coupled to the free-space along the tapering length. The tip sharpness limits
the upper cut-off frequency, allowing mmWave and THz operation [225]. The
directivity and the main-to-sidelobe relation improves with length. However, a
compromise between these values and the mechanical robustness of the antenna
must be found. In this case, a rod length of 10 mm is chosen after simulating
the antenna with different lengths [227]. These types of structures can be mass-
produced in a planar configuration with micromachining techniques [228]. This is
a great advantage compared to big and more complex lenses that require custom
fabrication.

The radiation pattern of the simulated structure at 85 GHz is depicted in
Fig. 5.28(b). This graph exhibits a main lobe with 12.6 dBi gain, a 3-dB beamwidth
of 40°, and a main-to-sidelobe relation of 15 dB. The antenna gain is worse than
with the lens, and the gain penalty is approximately 10 dB [224]. This means that
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Figure 5.29: Proposed array: (a) schematic drawing and (b) simulated radiation pattern
at 85 GHz for different values of the progressive delay between elements (∆τ).

an array of at least eight elements is needed to achieve a similar antenna gain.
Together with the gain reduction, a broadening of the beamwidth is observed. Al-
though this may not be seen as an attractive feature, it implies a broader steering
range when this pattern is multiplied by the af function.

A schematic drawing of the antenna array, including the dielectric rods, is
illustrated in Fig. 5.29(a). The antenna elements are distributed along the azimuth
plane to achieve 1-dimensional beam steering. The simulated radiation pattern of
this structure at 85 GHz for different values of true-time delay between elements
is plotted in Fig. 5.29(b). This radiation pattern matches the multiplication of
the af function (Fig. 5.27) and the radiation of a single element (Fig. 5.28(b)),
as expected. The limited steering range due to the single-antenna directivity is
illustrated in this graph. A gain reduction when the progressive delay ∆τ is
1/(4fc) s (or equivalently, a phase shift between antennas of π/2 rad) is clearly
observed. This corresponds to a steering range of 25°. The gain reduction becomes
more severe as the time delay increases. A comparable steering range could not
be achieved with a lens because of the higher directivity. The single-element
directivity also attenuates the sidelobes of the af.
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Figure 5.30: Photo of the drw antenna array structure.

The described drw antenna array structure was manufactured from a 10 kΩ·cm
silicon wafer with a thickness that matches the dielectric waveguide height: 500 µm.
Figure 5.30 shows a photo of the fabricated array containing the four rods. Sub-
wavelength cylindrical holes in a triangular lattice with a pitch of 300 µm were
added between the rods to avoid coupling between antennas and higher-order
modes in the dielectric waveguides [227]. The structure was obtained after sin-
gle deep ion etching, a standard process optimized for silicon micro-machining
that allows a precise definition of small geometries like the holes and the antenna
tips [227]. A single piece was fabricated with the four rods because of fabrica-
tion simplicity and mechanical stability. Simulations show that an array with this
pattern exhibits a 3-dB beamwidth of 20.5° [227].

5.3.4 Assembly

Ideally, the antenna array and the beamforming network should be precisely inter-
faced to avoid mismatches in the propagation length between elements and obtain
a small-footprint device. There are different ways to interconnect optical waveg-
uides from different chips like edge-coupling and photonic wire bonding [229], [230].
However, two independent modules are manufactured in this work for the inde-
pendent characterization of each component. The interconnection will be done by
single-mode fibers with time delay lines to compensate for the different intercon-
nection delays. The steps towards the packaging and fiber-coupling of the pca
array are illustrated in the photos shown in Fig. 5.31.

The drw antenna array structure is first fitted into a frame made of a foam
material transparent to mmWave radiation. The frame prevents reflections on the
metallic case. The frame with the rods is then placed on a plate that will be the
base of the system packaging. A protection structure is added to one side of the
plate to shield the rods. This can be observed in Fig. 5.31(a). In a further step,
the pcas are glued to the rod structure and the foam frame (see Fig. 5.31(b)).
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Figure 5.31: Photos of the pca array with drw assembly: (a) base plate with foam
frame and drw antennas, (b) array of pcas with pcbs on the sides for electrical biasing,
(c) metallic case, and (d) setup for fiber-chip alignment.

Two pieces of pcb are also glued on the frame and connected to the antenna arms
by wire bonding.

Figure 5.31(c) shows the base plate surrounded by a metallic case. On one side,
a d-sub connector is screwed. This connector is attached to several wires that are
soldered to the pcbs to set the desired bias voltage. The bias of each antenna
is managed independently. Therefore, the optical-to-mmWave conversion ratio is
individually tuned to compensate for the small differences in amplitudes caused by
the beamforming network. Another rectangular structure used to fix the optical
fibers is placed on the other face of the case. The packaging dimensions allow the
manipulation and fixation of the optical fibers and does not affect the antenna
radiation. The metallic case also behaves as a Faraday cage and isolates possible
electromagnetic interferences. The last photo, Fig. 5.31(d), shows the setup for
the fiber-to-chip alignment. A cleaved ssmf is aligned to the photoconductor area.
The adjustment is performed by biasing the chip and maximizing the generated
photocurrent. After optimum alignment, the cleaved edge is glued to the chip with
light-transparent glue, and the fiber is fixed to the rectangular structure at the
case side. The process is repeated for each pca. Optical connectors are placed on
the top plate to complete the packaged module.

Unfortunately, the chip-fiber alignment is highly sensitive, and two chips were
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damaged during this process. The construction of a new module is currently under
discussion. The fabrication of a single chip containing the pca array and using a
fiber array would allow simultaneous alignment of the four elements, and it would
greatly facilitate the assembly process.

5.4 Summary

This Chapter discussed the design of a small-footprint photonics-based mmWave
transmitter for broadband communications. The core element of the system is an
integrated 1×4 ottd beamforming network fabricated in silicon nitride technology.
The true-time delay is achieved in the mmWave domain using orrs to tune the
group delay of a modulated two-tone optical wave before optical heterodyning.
The signals propagating between the input and each of the outputs go through
three rings following a tree arrangement. As a result, the desired progressive
delay configuration for time-delay beamforming is obtained. Two applications
were discussed: first, a hybrid photonic-wireless fronthaul link in the 60 GHz band;
and second, a small-factor device working at w-band. For each case, the orr
size is optimized through simulations to maximize the bandwidth and provide
the required time delay. A modulation bandwidth larger than 1 GHz is expected
according to those simulations. Finally, characterization measurements show a
good match with the simulated results.

In the second half of the Chapter, the design of a 4-element pca antenna
array with drws for w-band operation was presented. Four antenna topologies
were available for this purpose. A detailed comparison of their performance in
an array configuration was conducted based on simulations and the experimental
characterization in a cw spectroscopy setup. Both simulation and experimental
results suggest that the best candidate is a 1×1 mm bow-tie antenna on a 2×2 mm
chip, setting the pitch between array elements to 2 mm. This value is close to half of
the operating wavelength within w-band. An array of drw antennas is proposed
to couple the mmWave to the air instead of the traditional bulky silicon lens.
The reason is that the lens collimates the radiation (changes the beam steering
direction) and prevents the pcas from being located close together. Simulations
prove the feasibility of the proposed antenna array. The rods were fabricated, and
the guidelines for the system assembly were detailed.

There is a distinctive feature in the proposed system that distinguishes it from
most beam steering solutions for mmWave communications. It entirely relies on
optoelectronics. Power amplifiers are generally compulsory to face the power bud-
get at these frequency ranges, limiting the operation to concrete frequency bands.
However, the broadband nature and the high tunability of the photomixing tech-
nology make this approach a worthwhile and innovative option to investigate. This
topic is studied in the next Chapter.



CHAPTER 6

mmWave wireless link
entirely based on optoelectronics

The benefits and possibilities of photonics-assisted millimeter wave (mmWave)
communications have been highlighted throughout this dissertation. Smooth fre-
quency tunability, broadband beamforming, and remote distribution to antenna
stations are just a few applications that are hardly feasible by pure electronic ap-
proaches. However, electronic power amplifiers are needed in the radio segment to
overcome the limited power budget at these high-frequency ranges. Other com-
ponents, such as phase shifters and mixers, are also popular in the realization of
mmWave communication links. In fact, most of the experimental demonstrations
described in this thesis rely on power amplifiers and mixers or envelope detectors
for mmWave down-conversion. Although these elements are required to achieve
wireless distances above tens of meters, they represent, in most cases, the band-
width bottleneck of the system.

While mmWave and sub-THz photonics, in the range between 100 GHz and
1 THz, promise to exploit this vast spectrum to reach data rates of 100 Gb/s and
beyond [25], [231], [232], electronics prevents many systems from fully utilizing all
the available spectral resources. Electronic components are currently necessary
in most cases as optoelectronic sources and detectors lack the power efficiency
to implement mid- and long-range links [15], [25]. Nevertheless, ultra-broadband
short-distance links (< 1 m), which can be established by full optoelectronics-based
systems, also have many applications such as kiosk downloading, inter-rack wire-
less links in data centers, and intra-device communications [8]–[12], [233]. The
full exploitation of the bandwidth resources in the sub-THz regime will push the
capacity of wireless links to make it comparable to that offered by wired local area
networks [234], potentially achieving channel allocations of several gigahertz over a
tuning range of hundreds of gigahertz and multiplexing several multi-gigabit chan-
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nels in frequency [235]. Therefore, research effort must be made to achieve highly
tunable ultra-broadband mmWave and sub-THz wireless links entirely based on
optoelectronics. The use of the same technology for signal transmission and recep-
tion also facilitates the implementation of bidirectional transponders relying on
the same principles in both directions. This Chapter proves the implementation
of a highly-tunable heterodyne wireless link in the mmWave range entirely based
on THz optoelectronic components. Although these devices are well-established
in applications like THz spectroscopy, their potential for wireless communications
motivates several researches, some of them focused on increasing the power effi-
ciency in the sub-THz range [216], [217], [236]. A possible solution is the imple-
mentation of antenna arrays, as discussed in the previous Chapter. The studies
covered in the following paragraphs are included in publications [J1], [J3], [C1],
[C5].

6.1 All-photonic heterodyne mmWave wireless link

6.1.1 Signal generation and detection
In the proposed scheme, schematically represented in Fig. 6.1, the mmWave signal
generation and detection processes are based on the photomixing concept. This is
the same principle used on the transmitter side in all the experimental demonstra-
tions of this dissertation. In this Chapter, it will also be utilized for heterodyne
down-conversion to an intermediate frequency (if). Photodiodes (pds) and photo-
conductors can work as photomixers for signal transmission and detection, so the
following analysis is equivalent for both devices. However, it should be mentioned
that photodiodes are more commonly used as emitters and photoconductors as de-
tectors [237]. If the transmitter photomixer is driven by two optical laser sources
with powers P tx

1 , P tx
2 , with a frequency difference fc, and one of them carries data

modulation with information in amplitude s(t) and phase φ(t), a mmWave signal
is produced with a field amplitude (Etx) proportional to:

Etx ∝ s(t)
√
P tx

1 P tx
2 cos(2πfct+ φ(t) + φsys,tx) (6.1)

where φsys,tx describes the phase difference between the two mixed optical tones
due to different propagation paths and different initial phases. If the two compo-
nents come from incoherent laser sources, the independent phase variations over
time will contribute to the total phase noise of the resulting signal.

Likewise, the resistivity of the receiver photomixer is biased by two optical
carriers with powers P rx

1 and P rx
2 , respectively. There is no modulation data

involved in this case. The beat frequency flo defines the local oscillator (lo)
frequency of the down-converting photomixer, so that the optical field amplitude
is proportional to:

Elo ∝
√
P rx

1 P rx
2 cos(2πflot+ φsys,rx) (6.2)
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Figure 6.1: Schemtic representation of a heterodyne mmWave wireless link entirey based
on optoelectronics.

where φsys,rx represents again the phase difference between the two optical lines.
This signal mixes with the incoming mmWave signal generating a photocurrent at
an if defined by the difference between the wireless carrier and the lo frequencies
fif = |fc − flo|. The output current is proportional to:

iif ∝ s(t)
√
P tx

1 P tx
2 P rx

1 P rx
2 cos(2πfift+ φ(t) + φsys,tx − φsys,rx) (6.3)

The previous equation shows that the amplitude and phase components of the
modulation, s(t) and φ(t), can be recovered at the if after demodulation. Po-
larization matching between the optical signals used for photomixing is assumed
in all cases. The amplitude of the if signal will be low due to the power limita-
tions of the photomixing processes. Therefore, an amplification stage is needed
before demodulation. The transimpedance amplifier (tia) that boosts the de-
tected photocurrent is one of the critical elements of the system. High gain, in
the order of 40 dB, is needed without limiting the if so broadband signals can
be transmitted. This is always a great challenge for amplifier designers because
of the gain-bandwidth product that establishes a trade-off between the two fea-
tures. Furthermore, the signal-to-noise ratio (snr) is degraded due to the lack
of mmWave power amplifiers in the system. The noise figure of the if amplifiers
becomes hence an essential aspect to guarantee the transmission success.

There have been a few works reported in the literature studying the implemen-
tation of communication systems in the mmWave and sub-THz ranges using pho-
toconductors as heterodyne down-mixers. The first realizations of communications
links using optoelectronics at both ends have been recently published [75], [76],
at the same time that the experiments described in this Chapter were conducted.
In these demonstrations, multi-channel transmissions in the 300 GHz band were
achieved over a distance of 58 m [76]. Horn antennas and waveguide amplifiers were
required to reach that wireless distance. These elements were the components that
limited the carrier frequency. Other demonstrations of heterodyne detection based
on photoconductors up to 1 THz have also been reported in the recent years [238]–
[240]. Systems with a relatively high if were demonstrated without modulation,
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showing the potential of this concept. The work detailed in this Chapter com-
pletely removes the mmWave components and employs antenna-coupled devices
to establish short-range links without bandwidth-limiting mmWave elements. An
analysis of the phase noise and the use of phase-locked signals are also introduced.

6.1.2 Optical frequency combs (ofcs)

Equations 6.1–6.3 evince the impact of the phase noise of each beat tone on the
generated if signal. If all the laser sources in the system are incoherent, the
resulting phase noise will be affected by the contributions of four independent
laser sources. This will degrade the modulation quality to the point that the
information can not be recovered or complex, and time-consuming, equalization
algorithms are needed. Therefore, a phase-locking scheme on both sides of the
communication will greatly improve the system performance. Optical frequency
combs (ofcs) are used in this work for that purpose. The spectrum of a ofc
consists of a series of equally spaced frequency lines that are phase coherent with
one another [47]. The three main parameters that define a comb are the center
frequency or frequency offset, f0, the repetition rate or spacing between lines, fr,
and the total bandwidth occupied by the comb. One of the main applications of
ofcs is the generation of low phase noise mmWave and THz signals by extracting
two components of the comb for photomixing. The bandwidth of the ofc defines
the maximum frequency that can be generated, and the repetition rate sets the
optical filter requirements to extract the intended tones. If fr is high, broad optical
filters can be used at the expense of using high-speed oscillators and more complex
electronics for signal locking. Conversely, the comb source becomes simpler if the
repetition rate decreases, but narrow optical filters are needed. The tuning range
of fr is another parameter to consider.

Optical frequency combs can be generated in different ways [47], including some
integrated solutions [241]. Two methods are used in the experimental demonstra-
tions reported in this Chapter. Mode-locked lasers (mlls) are one of the most
straightforward solutions to create an ofc [47]. They produce very short optical
pulses in time (in the order of picoseconds or femtoseconds) that corresponds to
the addition of the different cavity modes. Broadband ofc with a relatively high
repetition rate can be achieved with mlls. On the other hand, the tuning range
of the repetition rate is, in general, limited. The other scheme employs a laser
source and an optical modulator driven by an electronic oscillator to generate op-
tical harmonics that form the comb. The optical carrier suppressed scheme with a
Mach-Zehnder modulator (mzm) biased at the null point is a method to generate a
simple two-line comb. Optical phase modulators are also used to generate broader
combs with the additional advantage of not requiring a bias point that may drift
over time. The amount of effective comb lines, and therefore, the total bandwidth,
is limited to the electrical power that the modulator can handle. The main ad-
vantage of this solution is the tunability as the repetition rate is only restricted
by the operational bandwidth of the optical modulator.
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Figure 6.2: Schematic of the experimental demonstration of a heterodyne w-band wireless
system entirely based on photoconductors. Acronyms: cw: continous wave, pc: polar-
ization controller, mzm: Mach-Zehnder modulator, edfa: erbium-doped fiber amplifier,
awg: arrayed waveguide grating, voa: variable optical attenuator, lna: low noise am-
plifier, mpa: medium power amplifier, tia: transimpedance amplifier, wss: wavelength
selective switch, esa: electrical spectrum analyzer, and mll: mode-locked laser.

6.2 Preliminary work

The first approach studied to implement a heterodyne wireless link based on pho-
tomixing technology employs photoconductors compatible with optical telecom
wavelengths (c-band). As proven in this section, these devices can be used as
both transmitter and coherent receivers, which is an excellent characteristic appli-
cable to wireless communications. The main challenges are the power limitations
of photoconductors serving as emitters, which restricts the transmission range to
very short distances (< 1 m), and finding the appropriate tia to amplify the if
signal with sufficient bandwidth and low noise figure. The technology limitations
to generate high mmWave power can be partly solved using array configurations,
as proposed in the previous Chapter. In this demonstration, the signal generated
by a photoconductive material is amplified by waveguided w-band amplifiers and
radiated with a standard-gain horn antenna. Therefore, the power performance of
the emitter is considerably improved. This was achieved using a packaged system
that integrates the photodetector, its feeding network, and a coplanar waveguide
to a rectangular waveguide transition (wr-10) [242], which is compatible with
commercial mmWave amplifiers.

The experimental demonstration of the proposed system is schematically de-
scribed in Fig. 6.2. A continuous wave (cw) laser at 1550 nm provides the light
source to a mzm biased at the null point to generate a two-tone optical signal
following the optical carrier suppression scheme. Simultaneously, the radio fre-
quency (rf) port is driven by a sinusoid signal with a frequency equal to half
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of the intended wireless carrier fc, obtaining two harmonics with the appropriate
frequency detuning. The optical signal is then amplified by an erbium-doped fiber
amplifier (edfa) to compensate for the modulation loss. Afterward, the two lines
are demultiplexed by an arrayed waveguide grating (awg) with a channel spacing
of 50 GHz. In one of the lines, a second mzm allows for introducing broadband
modulation. At the same time, in the other branch, a polarization controller (pc)
and a variable optical attenuator (voa) are used to change the power and polar-
ization to optimize the power conversion after optical heterodyning. In a further
step, the two components are coupled back and amplified by an edfa to obtain
an optical power of 30 mW (≈15 dBm), which is the optimum value to drive the
photodetector. The optical spectrum of this signal is shown in Fig. 6.3(a). The
photoconductor packaged with the transition to waveguide converts this signal
into the mmWave domain by optical heterodyning. The resulting signal is then
amplified by a low noise amplifier (lna) and a medium power amplifier (mpa)
providing a gain of 40 dB and 12 dB respectively. Finally, a standard-gain horn
antenna with an additional gain of 21 dBi radiates the signal.

After the transmission over a wireless link of 20 cm, in which two lenses colli-
mate the radiation, a photoconductive antenna packaged with a silicon lens recov-
ers the signal. A photo with the transmitter, the wireless link, and the receiver is
included in Fig. 6.2. The down-conversion to an if is achieved by driving the re-
ceiver photomixer with two optical tones with different frequency separation than
those used in the transmitter system. In this case, the two phase-locked lines are
obtained from a mll followed by a wavelength selective switch (wss) with a chan-
nel width of 50 GHz. The repetition rate of the ofc produced by the laser is fixed
to 39.8 GHz by an external rf source. The double of this frequency (79.6 GHz)
determines the lo frequency of the system. The optical signal is amplified by an
edfa to set the optical power incident on the photoreceiver to 30 mW (≈ 15 dBm).
The optical spectrum of this signal is shown in Fig. 6.3(b). It is observed that
part of the power of the neighboring lines passes through. This effect is due to the
difference between the repetition rate of the comb and the optical filters. However,
the suppression of these unwanted tones is below −12 dB. The beat frequency of
the optical signal (flo) modulates the resistivity of the receiver photoconductor so
that an if signal is produced after heterodyne mixing with the incoming mmWave
radiation. A tia and two lnas, which provide gains of 20 dB, 20 dB, and 17 dB re-
spectively, boost the signal power before being detected by an electrical spectrum
analyzer (esa).

The if of the link is limited by the tia to 2.3 GHz. As previously mentioned,
the gain-bandwidth product of the tia is one of the crucial aspects of this system.
The power of the received cw signal without modulation is measured with the
esa for different values of the if. The if sweep is performed by varying the rf
signal driving the first mzm of the transmitter system, and therefore, changing the
carrier frequency fc. It should be mentioned that the electrical spectrum of the
received signal is composed of several subcarriers with a spacing of 880 Hz [242].
This low-frequency modulation corresponds to the dither algorithm for laser stabi-
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Figure 6.3: Spectra of the optical signals used to drive (a) the transmitter and (b) the
receiver.
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Figure 6.4: Signal-to-noise raito of the cw mmWave heterodyne optoelectronic system
as a function of the intermediate frequnecy.

lization in the transmitter system. The snr as a function of the wireless frequency,
using as a reference the most powerful subcarrier, is shown in Fig. 6.4. This curve
is approximately flat in the measurement range with a small dip at 1.6 GHz and a
decreasing slope in the upper-frequency range corresponding to the tia gain curve.
Another relevant effect observed during the experiment was that the receiver re-
covered many low-frequency interferences, particularly below 2 GHz. These signals
are not related to the mmWave transmission. Their apparition is attributed to the
connection between the photoconductor and the tia, which behaves as an antenna.
The co-packaging of the receiver photoconductor with a tia inside a metallic case
acting as a Faraday cage would be recommended for future implementations of
similar systems. These results showcase the potential of photoconductors for im-
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plementing heterodyne mmWave links using independent phase-locked two-tone
signals to achieve ultra-narrow linewidth and stable if signals. A maximum if of
2.3 GHz was successfully demonstrated. The application of such a system in fields
like wireless communications requires further investigation.

6.3 Experimental demonstration

The experiment described in the previous section is a first step towards demon-
strating a heterodyne mmWave data transmission based on optoelectronics. A rel-
atively high if was detected without modulation, validating the system concept.
The limited power and the presence of many interferences prevented any data from
being demodulated. Furthermore, waveguided components (e.g., power amplifiers
and horn antennas) were used, limiting the transmission bandwidth. In the follow-
ing paragraphs, the experimental demonstration of a short-range communication
link based on antenna-coupled photomixers for cw THz spectroscopy [237] is de-
scribed. The electronic components are removed from the system, allowing for
frequency sweeping over the entire sub-THz range.

6.3.1 Experimental setup description

The schematic of the mmWave communication link entirely based on optoelectron-
ics is shown in Fig. 6.5(a). The main components are a cw THz emitter imple-
mented with a p-i-n pd for signal generation and a THz photoconductive antenna
(pca) serving as a heterodyne receiver. In both cases, the two-tone optical signals
driving the photomixers are extracted from two independent ofcs with slightly
different repetition rates. On the transmitter side, the comb is generated using
an optical phase modulator whose electrodes have been modified to dissipate high
electrical power (≤ 2 W). This allows for overdriving the modulator to achieve a
broadband comb with an optical bandwidth above 300 GHz. A cw laser provides
the optical signal to the phase modulator, which is simultaneously driven by an
external rf source. The rf source produces a pure tone with frequency fcomb,tx
that defines the repetition rate of the comb. The bandwidth of the modulator is
40 GHz. A power amplifier with 39 dB of gain amplifies this signal to increase the
number of practical harmonics after modulation. The operational bandwidth of
the amplifier is 30 – 40 GHz. This range defines the tuning rage of fcomb,tx.

Two optical lines are extracted from the ofc using an 8-channel awg with
a channel width of 50 GHz following the dense wavelength division multiplex-
ing (dwdm) grid [110]. The center bandwidth of this awg fixes the laser fre-
quency to 192.225 THz. One of the tones is amplified by an edfa and modu-
lated with a mzm. The modulator is biased at the null point of its transmission
function to achieve two objectives: first, the optical carrier is suppressed, so the
modulation-to-noise ratio increases after optical heterodyning. Second, a binary
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Figure 6.5: (a) Experimental setup of a heterodyne sub-THz wireless link entirely based
on optoelectronics. Photos of (b) wireless link and (c) experimental setup. Acronyms:
cw: continuous wave, awg: arrayed waveguide grating, edfa: erbium-doped fiber ampli-
fier, mzm: Mach-Zehnder modulator, voa: variable optical attenuator, mll: mode-locked
laser, wss: wavelength selective switch, pca: photoconductive antenna, dpo: digital phos-
phor oscilloscope and lna: low noise amplifier.

phase-shift keying (bpsk) modulation is generated when a 100 Mb/s polar non-
return-to-zero (nrz) signal is launched into the rf port of the modulator. This
waveform is produced by a 12-GSa/s arbitrary waveform generator, using a 29-1
bits pseudo-random bit sequence (prbs) as the data source. The second tone fil-
tered by the awg remains unmodulated. A polarization controller is employed to
align the polarization of both components for optical-to-mmWave conversion. A
3-dB coupler combines the two components to generate a modulated beat signal,
and a second amplifier sets the optical power to 30 mW (≈ 15 dBm). This is the
optimum value for photomixing according to the emitter specifications. The opti-
cal power incident on the pd is controlled and monitored by a voa and a 99%/1%
coupler for bit error rate (ber) measurements. This signal is converted into the
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Table 6.1: Experiment parameters

Wireless Carrier [GHz] fcomb,tx [GHz] fcomb,rx [GHz] n fif [GHz]

79.62 37.96 39.81 2 3.70
119.44 38.52 39.81 3 3.88
159.25 38.88 39.81 4 3.74
199.07 39.07 39.81 5 3.71
238.89 39.19 39.81 6 3.72
278.69 39.27 39.81 7 3.78
318.51 39.35 39.81 8 3.70

mmWave domain and radiated by a THz emitter based on a p-i-n diode attached
to a THz antenna and a silicon lens. A pair of Teflon lenses collimate the mmWave
radiation across a 25 cm wireless link until reaching a THz receiver based on a pca.
A photo of the wireless link is shown in Fig. 6.5(b).

In the receiver system, a mll serves as a comb source with a repetition rate,
fcomb,rx, that can be fine-tuned around 40 GHz with an external electrical oscilla-
tor. A wss, also with a channel bandwidth of 50 GHz, is used to extract the two
tones required for photomixing. Again, the maximum optical power available to
drive the photoreceiver is set to 30 mW (≈ 15 dBm) with an edfa operating in
automatic power control mode. A voa and a monitor coupler are added to control
and measure the input power to the receiver. As a result, the wireless signal is
down-converted to an if defined by the difference between the repetition rates of
the two combs. This signal is amplified by three cascaded lnas that provide a
combined gain of 54 dB, and captured by a digital phosphor oscilloscope (dpo)
for off-line processing. This experiment was conducted inside a Faraday cage to
avoid external rf interferences. A photo of the experimental setup is displayed in
Fig. 6.5(c).

The great benefit of this concept is its tunability, provided by the flexibility
of the photomixing approach. The wireless carrier is defined by fcomb,tx and
the filtered comb lines, with an upper limit in the order of several hundreds of
gigahertz, restricted by the comb bandwidth. There are two relevant limitations
in the physical implementation illustrated in Fig. 6.5(a) that should be mentioned.
The bandwidth of the power amplifier driving the phase modulation reduces the
tuning range of fcomb,tx, and the fact that the optical filters are at least 10 GHz
broader than the repetition rate of the comb. The system is tested in seven wireless
channels with 40 GHz difference between them, from 80 GHz to 320 GHz, covering
a wide range of the mmWave band, and getting into sub-THz frequencies. Table 6.1
includes the parameters used in the transmitter and receiver systems to settle each
channel. Furthermore, the optical spectra of the ofcs (dashed lines) and the two-
tone filtered signals (solid lines) are plotted in Fig. 6.6 for the seven cases under
study. Some relevant features are observable in these figures. In the ofc of the
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Figure 6.6: Normalized spectra of ofcs (dashed lines) and optical signals after filtering
for photomixing (solid lines).

transmitter side, the amplitude and shape of the different harmonics generated
by phase modulation are primarily determined by the driving signal power [50].
This effect is used to improve the filtering by changing the comb shape to reduce
unwanted tones. For example, in the 80 GHz case, the central line almost vanishes.
Nevertheless, the mismatch between the filter bandwidth and the repetition rate
of the comb becomes more meaningful when higher-order harmonics are extracted.
This causes that a significant part of the neighboring tones passes by the filter in
the 280 GHz and 320 GHz channels. The power of these higher-order harmonics
is also lower due to the comb bandwidth, and an edfa operating in automatic
power control amplifies these signals. Therefore, an increase in the noise floor
after amplification is observed in Fig. 6.6.

Similarly, the received wireless channel and the if is determined by the opti-
cal signal extracted from the ofc of the receiver system. The difference in the
repetition rates between the two combs defines the if according to:

fif = n · (fcomb,rx − fcomb,tx) (6.4)

where fif is the if and n is a integer (see Tab. 6.1). The if can be tuned around
3.7 GHz within a frequency window of 400 MHz. The reason for this restriction
is that the receiver module is a cw THz receiver with an electrostatic discharge
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protection circuit that limits the usable bandwidth. This device is designed for
spectroscopy applications where bandwidths in the order of kHz are used. The
same devices can be implemented without the protection circuit targeting a high
if for communication applications [242]. The comb shape in the receiver system
shown in Fig. 6.6 does not change in this case, although a small fine-tuning in
the center frequency is done. The difference between the repetition rate and the
bandwidth of the optical filters causes again that part of undesired neighboring
lines passes through. However, the power of these additional lines is maintained
low compared to the main tones.

6.3.2 Results and discussion

System spectrum

First, the power received after the lna chain is measured with an esa. No data
is transported in this test, so a cw tone is transmitted and detected for the seven
carrier frequencies in Tab. 6.1, obtaining the points depicted in Fig. 6.7. These
measurement points show a system bandwidth of at least 240 GHz, and a power
variation of 22 dB. The primary limitations on the carrier frequency and dynamic
range are the bandwidth of the transmitter comb (≈ 320 GHz) and the noise of
the lnas. Although the amplifiers have a moderately low noise figure (3.7 dB each
of them), it is high compared with tias used in spectroscopy implementations. In
these systems, THz spectrums with a bandwidth of 3.5 THz and a peak dynamic
range of 78 dB have been demonstrated [214]. The difference is that those systems
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Figure 6.7: Received peak power without modulation as a function of the carrier fre-
quency compared with transmitted THz power according to the datasheet (inset).
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work with very low-speed modulations, in the order of kilohertz, and lock-in de-
tection. If the bandwidth of the amplifiers increases to several gigahertz to achieve
a high if, the integrated noise over the bandwidth also grows. The measured snr
for a wireless carrier of 80 GHz is 39.7 dB, while it decreases to 22.2 dB for the
last point, at 320 GHz. These values suggest that a broader bandwidth can be
achieved.

Figure 6.7 also includes the power profile of the emitter as a function of the
frequency. The measured spectrum matches the same behavior quite well, al-
though more factors influence the transmission. The photoreceiver sensitivity is
also frequency-dependent, as well as the free-space path loss, which increases from
60 dB to 70 dB within the measurement range. Another factor that should be
mentioned is that the optical signals used for photomixing are not ideal due to the
portion of neighboring lines that passes through (see Fig. 6.6).

Phase noise analysis

One of the key concepts introduced in the proposed system is the use of inde-
pendent ofcs at both ends of the communication link. Therefore, independent
phase-stable beat signals are produced at the transmitter and receiver, result-
ing in a low-phase noise signal after heterodyne down-conversion to an if. This
enables the transmission of phase-modulation formats and relaxes the signal pro-
cessing requirements to equalize the received data. Equations 6.1–6.3 showed that
phase-locked signals significantly reduces the phase noise of the output signal in
this scheme. A phase noise analysis is carried out to study the sources of noise in
the system. This is done using a esa with a bandwidth of 40 GHz and the phase
noise measurement functionality.

The phase noise measurements at different points in the transmitter system are
included in Fig. 6.8(a). The curve of the rf source is relatively flat in the range 1 –
30 kHz, with an average value of approximately −100 dBc/Hz. The typical 1/f2

negative slope of phase noise measurements starts at approximately 30 kHz. This
electrical reference greatly impacts the transmitter noise as it determines the phase
noise of the beat tone between comb lines. The ofc of the transmitter system is
detected with a 40-GHz pd to analyze the phase noise of the beating product at
fcomb,tx. All the phase noise measurements are limited to the bandwidth of the
esa. This measurement follows the same shape of the electrical source at low
frequencies, although it quickly diverges due to its low power (high noise floor in
the figure). The reason for the poor conversion efficiency is the phase relation
between the symmetric harmonics of a comb generated by a phase modulator.
The destructive interference between them drastically reduces the power of the
intermodulation product after photomixing. If the same measurement is repeated
after filtering the center carrier and one side of the ofc, avoiding the destructive
interference between symmetric harmonics, the power increases, and the curve
closely follows the rf signal (see Fig. 6.8(a)).



128 CHAPTER 6. MMWAVE LINK BASED ON OPTOELECTRONICS

Transmitter
Receiver

 = 80 GHz
 = 120 GHz
 = 160 GHz
 = 200 GHz
 = 240 GHz
 = 280 GHz
 = 320 GHz

102 104 106 108

Frequency [Hz]

-120

-100

-80

-60
Ph

as
e 

no
is

e 
[d

B
c/

H
z]

102 104 106 108

Frequency [Hz]

RF source
Beat tone of the comb
Beat tone after WSS
Beat tone after EDFA

RF source
Beat tone of the comb
Beat tone of one side of the comb
Beat tone after 3-dB coupler
Beat tone after EDFA

(a)

(b)

(c)

-120

-100

-80

-60

Ph
as

e 
no

is
e 

[d
B

c/
H

z]

102 104 106 108

Frequency [Hz]

-120

-100

-80

-60

Ph
as

e 
no

is
e 

[d
B

c/
H

z]

Figure 6.8: Phase noise measurements at: (a) different points in the transmitter system,
(b) different points in the receiver system, and (c) received signal at the if after mmWave
wireless transmission. Acronyms: rf: radio frequency, awg: arrayed waveguide grating,
edfa: erbium-doped fiber amplifier, and wss: wavelength selective switch.
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The phase noise of the beating product between two consecutive tones at the
output of the 3-dB combiner is also shown in Fig. 6.8(a). Again, the power is
reduced due to the phase relation between the two components, and the phase noise
level increases because of the two waves traveling through different fibers [243].
Moreover, two peaks appear at 24 kHz and 100 kHz. These effects are attributed
to the optical filtering, the propagation through separate fibers, and the gain
control of the pre-modulation edfa. A new measurement is taken after the second
edfa. This curve follows quite closely the previous one with a small increment for
frequencies below 1 MHz. However, an oscillation with a slope steeper than 1/f2

appears for frequencies above 1 MHz. This behavior is due to the interferometer
structure of the setup, and it has already been described in the literature [244]. The
results show that the phase noise of the beat signal after optical heterodyning is
primarily determined by the fiber length unbalance between the two tones and the
electrical source. A considerably higher phase noise is expected if two incoherent
laser sources are used.

The phase noise measurements are also taken at different points of the receiver
system. The results are shown in Fig. 6.8(b). The rf reference is noisier than
in the previous case. It has an approximately flat response with a value above
−80 dBc/Hz in the 0.3 – 20 kHz range. The 1/f2 negative slope starts at 30 kHz.
The curve corresponding to the beat tone at fcomb,rx after detecting the ofc with
a pd experiences a reduction in the phase noise at frequencies above 2 kHz. This
is attributed to the internal electronic circuit of the mll, which locks the laser to
the reference oscillator. The same reduction was not observed when other signal
sources with better phase noise performance were used. The phase noise of the
beat signal is primarily determined by the rf reference, and the destructive in-
terference between different components does not appear in this case. The reason
is that each line corresponds to different cavity modes instead of modulation har-
monics. A similar noise characteristic is observed after extracting and beating two
consecutive tones, with the apparition of a peak at 120 kHz. Another difference
compared to the transmitter system is that a wss is used for filtering, so no sepa-
rate fibers are employed for each filtered channel. Finally, a new phase noise peak
appears at 7 kHz after amplifying with the last edfa. The final phase noise curve
is determined by the electronic source, as expected.

Figure 6.8(c) depicts the phase noise measurements after the wireless trans-
mission and down-conversion to an if without modulation. The resulting curves
are the superposition of the phase noise curves of the transmitter and the receiver
systems with a progressive reduction in the snr. The same characteristic peaks
appear at 24 kHz, 100 kHz, and 120 kHz. The phase noise of the transmitter sys-
tem dominates at higher frequencies while the phase noise of the receiver system
is more relevant in the lower frequency range. The power of the receiver signals is
too low to distinguish the 1/f2 negative slope. The same relation in the received
power shown in Fig. 6.7 is observed in these measurements. Therefore, the phase
noise is determined by the two rf reference sources, the transmitter arrangement
in which the two tones are separated in different fibers, and the system snr.
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Figure 6.9: Data transmission results: (a) ber curves as a function of the photocurrent
generated at the transmitter and eye diagrams after demodulation when the transmitter
photocurrent was 10.2 mA and the wireless carrier was (b) 79.62 GHz, (c) 119.44 GHz,
and (d) 159.25 GHz.

Data transmission

The last test is the transmission of a 100 Mb/s bpsk data stream at three different
wireless carriers with 40 GHz difference between them: 79.62 GHz, 119.44 GHz,
and 159.25 GHz. The three ber curves as a function of the transmitter photocur-
rent are shown in Fig. 6.9(a). The traces captured by the dpo were digitally
demodulated using digital filters and a Costas loop for carrier recovery [82], with-
out additional equalization. The maximum current radiated by the emitter is
10.2 mA, which corresponds to an optical power of 30 mW (≈ 15 dBm) and the
power profile in Fig. 6.7(inset). The measured ber for this photocurrent value
is below 10-5 in the 79.62 GHz and 119.44 GHz channels, and it reaches the limit
of forward error correction (fec) techniques with 25% overhead (oh) when the
frequency is 159.25 GHz [111]. The obtained eye diagrams for the three cases are
displayed in Figs. 6.9(b)-(d), revealing how the data deteriorates with frequency.
The received signal power for the higher frequency channels was not enough to
recover the data.

The ber of the data transmission at fc = 79.62 GHz is below 10-5 if the current
at the transmitter is more than 5.4 mA, and it is below the limit of 7% oh fec tech-
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Figure 6.10: Electrical spectra of the received signal when the transmitter photocur-
rent was 10.2 mA and the wireless carrier was (a) 79.62 GHz, (b) 119.44 GHz, and
(c) 159.25 GHz.

niques in the entire measurement range [112]. The ber curve for the 119.44 GHz
channel increases due to the worse snr. The three main factors contributing to
this degradation are the reduction in the transmitted power, the reduction in the
receiver sensitivity, and the increase in the free-space path loss. However, the curve
stays below the 7% oh fec limit when the current radiated by the transmitter is
higher than 5.6 mA. The last curve represents an additional increase in the ber
that is also illustrated by the closed eye diagram in Fig. 6.9(d). These results
show that a transmission with a wireless carrier in the range under investigation
(80 – 160 GHz) can be successfully achieved, demonstrating the flexibility of the
proposed link (80 GHz of tuning bandwidth in the carrier frequency). This band-
width can be further improved by increasing the system snr, which represent the
main limiting factor in the ber performance. The effect of chromatic dispersion
is expected to be neglectable because the fiber length in the system is too short.
The wireless link is characterized by a point-to-point transmission with directive
antennas and lenses, so other effects like multipath are also avoided. The shape of
the electrical spectra in Fig. 6.10 also illustrates the prevalence of the snr effect in
the system. The snr decreases with frequency without any significant deformation
in the signal spectrum. Hence, the curves in Fig. Fig. 6.9(a) could be prolonged
to the right if the transmitted power increases. This can be done by developing
more efficient cw THz emitters optimized to operate in the sub-THz range and
using antenna array configurations.

6.4 Summary

After presenting and designing a photonics-based beamforming system based on an
array of photomixers in the previous Chapter, this Chapter explored the feasibility
and the future prospects of heterodyne mmWave wireless links using optoelectron-
ics at both ends of the communication link. Although this is still an immature
concept, at least for broadband communications, the potential for achieving multi-
channel and multi-gigahertz data streams over tuning ranges of several hundreds
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of gigahertz is exceptionally appealing. Using the same technology for signal trans-
mission and reception also facilitates the development of bidirectional transceivers.
First, a heterodyne w-band cw transmission was demonstrated with an if ex-
ceeding 2 GHz with a snr of 42.6 dB. A photoconductor with a transition to a
waveguide port was used on the transmitter side. This transition allowed the use
of commercial waveguided amplifiers and horn antennas to increase the radiated
power. On the receiver side, a photoconductive antenna with a silicon lens served
as a down-mixer. In both cases, phase-locked optical signals guaranteed narrow
linewidth and stable beating products.

In the final experiment, a full-photonic heterodyne mmWave link was demon-
strated, removing all the electronic bandwidth-limiting components. A p-i-n pd
and a pca THz photomixers were respectively used as emitter and detector. The
signals utilized for optical heterodyning were extracted from two independent ofcs
to reduce the phase noise of the resulting beat tones. The ofcs were generated
with an optical phase modulator and a mll. The system was tested at seven
different wireless carriers, ranging from 80 GHz to 320 GHz in 40 GHz steps with
an if of 3.7 GHz. In cw operation, a bandwidth of 240 GHz was achieved with a
minimum snr of 22.2 dB. A phase noise analysis was also performed, concluding
that the main sources of noise are the rf reference signals and the differences in
the propagation lengths between the optical components in the transmitter sys-
tem. Finally, a 100 Mb/s bpsk data transmission was successfully demonstrated
over 79.62 GHz, 119.44 GHz and 159.25 GHz wireless carriers. A ber below 10-5
was measured in the first two cases. The link performance was limited by the
snr, and therefore it can be improved by using more efficient signal sources in the
frequency range of interest (< 1 THz) and antenna arrays.

The presented results are a significant step towards the full exploitation of
the mmWave and sub-THz ranges for ultra-broadband short-range wireless com-
munications. Technical advances in photonic integration and THz sources and
detectors offer an excellent opportunity to integrate on-chip complex systems like
those described in this work. Heterodyne point-to-point links that rely entirely
on photonics represent one of the leading candidates to implement highly tunable,
ultra-broadband, multi-channel, and bidirectional wireless communications in the
future.



CHAPTER 7

Conclusions and future outlook

7.1 Summary and conclusions

This thesis has expanded the state-of-the-art of photonics-based mmWave com-
munication systems in a series of sub-topics. These include the experimental
demonstration of innovative concepts for mmWave a-rof networks such as bidi-
rectionality with remote modulation and photonic down-conversion, chaos-based
physical layer confidentiality, and centralized ottd beamforming with multi-core
fiber (mcf) distribution [J4], [J5], [C3], [C8]. Furthermore, several ideas towards
implementing communication links entirely driven by THz optoelectronics were
introduced and validated. In this direction, a small-footprint photonics-based
beamforming system for a mmWave transmitter was proposed and designed, and a
full-optoelectronic heterodyne mmWave data transmission was demonstrated [J1],
[C1], [C7].

In the introduction, the ever-increasing demand for higher capacities in the
wireless links was presented as a challenge to be addressed by future communica-
tion standards. This trend is driven by the explosion in the number of mobile per-
sonal devices and the increasing popularity of bandwidth-hungry applications such
as high-definition video streaming, video gaming, and machine-to-machine (m2m)
communications. As this tendency continues, the capabilities of conventional ra-
dio systems operating below 6 GHz becomes insufficient, forcing the adoption of
new frequency allocations in the mmWave and sub-THz ranges. Some frequency
bands in the mmWave range are expected to play an essential role in current and
upcoming communication standards like WiFi and 5g, both to extend the reach of
optical distribution networks and to provide wireless connectivity to the end-users.
Optical wireless communication (owc) technology is a complementary solution for
implementing high-capacity wireless links. It seems undeniable that future wireless

133
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communication systems will be based on mmWave (or even higher) radio frequen-
cies and owc technology, or a combination of both. The integration of systems
on-chip will also be very beneficial to develop small-footprint, lightweight, and
portable devices.

However, increasing the wireless carrier to the mmWave range entails several
challenges without a straightforward solution. The wireless propagation loss dra-
matically increases due to several factors such as free-space path loss, atmospheric
absorption, and low diffraction. As a result, only point-to-point links in line-of-
sight (los) configuration are currently realizable using high-gain directive anten-
nas. The lower frequency ranges, in the ka-, v-, and w-bands, are suitable for
indoor and outdoor wireless communications with short- and mid-reach, up to
hundreds of meters. Some transmission windows at frequencies above 100 GHz are
used for short-range ultra-broadband wireless communications (<1 m) and near-
field communications. In all cases, a beam steering solution is required to achieve
the practical realization of mmWave wireless communications and provide the abil-
ity to tune the radiation direction to optimize the antenna alignment and pointing
to the intended target. This solution must not conflict with the broadband essence
of the system, while its small-footprint realization is possible. This dissertation
dealt with the study of photonics-based solutions to achieve mmWave wireless
communications that can be potentially integrated.

First, the microwave photonics (mwp) and optical heterodyning concepts were
introduced in Chapter 2. This Chapter served as the theoretical basis for the re-
mainder of the dissertation and showcased the photonic techniques for mmWave
signal generation and processing as the best option to implement high-capacity
wireless links in a broadband and low-loss manner. This choice becomes even
more evident for mmWave hybrid photonic-wireless links in radio access networks.
The analog radio-over-fiber (a-rof) paradigm proposes the centralization of the
most complex functions of a radio access network at a central location. The
signals are then distributed through the optical fiber infrastructure to reach the
distributed antenna units, where the mmWave signal is generated by optical het-
erodyning. The advantages of this network architecture in terms of management,
deployment cost, and end-to-end latency make it one of the prime candidates to
implement future mobile communication standards. The range of opportunities
that the optical heterodyning principle offers for broadband wireless communi-
cations is significantly more comprehensive. Photonics-based techniques such as
complex modulation formats, multi-channel operation, and sophisticated digital
signal processing (dsp) allow for increasing the capacity of wireless links.

Two practical aspects related to the implementation of mmWave a-rof links
for radio access networks were covered in Chapter 3. First, the bidirectionality
in a ka-band hybrid photonic-wireless link following the fifth generation new ra-
dio (5g nr) numerology was experimentally studied. In this experiment, an optical
frequency comb (ofcs) was used to generate a two-tone signal carrying multi-band
orthogonal frequency division multiplexing (ofdm) data for optical heterodyning
and an unmodulated tone for the uplink transmission. The downlink radio signal
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was generated and radiated at the antenna unit, while the uplink data stream was
modulated onto the remote optical carrier and transmitted back to the central
location for photonic down-conversion. The need for high-speed electronics was
then eliminated from the antenna site. With this configuration, a bidirectional
asymmetric multi-Gb/s was successfully demonstrated over a wireless distance of
4 m, limited by laboratory space. The proposed comb-based a-rof link allows for
bidirectional handling of 5g signals in fiber-wireless high-capacity links.

In the second part of Chapter 3, a low-latency physical layer confidentiality
algorithm was experimentally validated. The protocol-transparency property of
a-rof links was used to add an extra layer of confidentiality using a digitally-
implemented Duffing oscillator system (dos) to generate chaotic symbols. The
knowledge of the parameters used for chaos encoding was used for decoding. Three
experiments were conducted on this topic. A w-band hybrid photonic-wireless link
with a receiver based on envelope detection was implemented to prove the trans-
mission of a Duffing-based signal alternating chaotic and non-chaotic states. An
improved version of the system was achieved by transmitting two different data
streams, one of them serving as a decoy signal, in the in-phase (i) and quadra-
ture (q) dimensions of the optical carrier. A mmWave mixer was employed in
this demonstration to down-convert the signal. In both cases, data rates above
1 Gb/s were obtained after the wireless transmission over a distance of 2 m. A
third alternative was also presented, using artificial noise to generate a noise-like
signal with better spectral efficiency. The new proposed system was validated on
a ka-band hybrid photonic-wireless link covering a wireless distance of 2.2 m with
a data rate of 200 Mb/s. The small-amplitude deterministic fluctuations in the
chaotic signals could be identified in a noisy environment where the power of the
artificial noise before the transmission was equal to the power of the signal.

The need for high-gain directive antennas with the ability to steer the radia-
tion direction in mmWave wireless communications was addressed in Chapter 4.
Different authors have explored several solutions. The choice of the beam steering
method must be made considering the requirements of the concrete application.
In this Chapter, two approaches were experimentally studied. First, the mechani-
cal steering of a small w-band horn antenna mounted on a Stewart platform was
proposed for two concrete scenarios: the antenna alignment optimization in a fron-
thaul link and the radio access network for high-speed railway communications.
The advantages of this approach are the simplicity and frequency-independence,
a desirable characteristic for mmWave communications. The impact of the mis-
alignment on the transmission performance of a w-band hybrid photonic-wireless
link was analyzed. A 2.5 Gb/s real-time error-free data transmission was achieved
after a wireless distance of 2 m when the antenna alignment was optimum. The
reconfiguration speed of the platform also allowed a movable antenna to be tracked
over a pre-known path. This concept was applied to a-rof access networks for
railway communications. A centralized control station is connected to the antenna
sites spread along the train track. A mmWave wireless link can be then established
with an antenna mounted on top of the train. A real-real time transmission ex-
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periment, in which the receiver position was changed while the transmitter was
steered, was conducted.

A more sophisticated solution was also studied for a generic and more complex
scenario. Optical true-time delay (ottd) beamforming was proposed as the best
solution to implement beam squint-free beamforming in mmWave a-rof links.
The flexibility of the optical heterodyning concept was applied again to set the
true-time delay configuration of the radiating elements in a phased antenna array.
The relation between the time delay, carrier frequency, and steering angle was de-
scribed, and the concept was applied to a fronthaul v-band photonic-wireless link.
The proposed system centralized the ottd beamforming network at a central lo-
cation, and the relative time difference and coherence between optical signals were
maintained using a 2-km 7-core optical fiber. The time delay network was imple-
mented with discrete optical time delay lines. The stability and phase difference
of two delayed copies of the signal was analyzed, proving the feasibility of the idea.

Chapter 5 dealt with the on-chip integration of an ottd beamforming net-
work for mmWave communications, and the design of a compatible antenna array.
The bulky and manually controlled delay lines used in the previous Chapter were
substituted by a photonic integrated circuit (pic). Silicon nitride was chosen as
the technology to implement the chip because of the low waveguide loss and the
excellent performance to integrate passive components. A 1×4 tree beamform-
ing network based on optical ring resonators (orr) was designed, optimizing the
resonator dimensions for the frequency band of operation. The orrs act as de-
lay units, tuning the group delay of the modulated beat signal, and therefore the
true-time delay of the mmWave signal after optical heterodyning. The delay can
be tuned in a continuous and bandwidth-limited way. Two designs were reported
with differences in the ring size. The first network had a free spectral range (fsr)
of 33.3 GHz. The purpose of this chip was to serve as a multi-channel beamformer
in a v-band fronthaul link. The beamforming network response periodicity was
used in conjunction with wavelength multiplexing in the optical domain to ex-
tend the aggregated bandwidth of the beamformer. The simulation results showed
a channel bandwidth in the order of 1 GHz, and the experimental measurements
showed a good agreement between the simulated response and the characterization
data. Two thermo-optic modulators control each orr, demanding tuning voltages
in the order of 9 V and 23 V to achieve the desired set point. The second design
was optimized for indoor applications at w-band. The dimensions were reduced to
increase the bandwidth, while enough delay was provided to operate at the desired
frequency band. Simulations proved a transmission bandwidth of 1.26 GHz. The
design of a 4-element photoconductive antenna array (pca) compatible with the
pic was also reported. A comparison between four antenna topologies was carried
out. Both simulation and characterization measurements agreed that the best
topology for the desired application was a 1×1 mm bow-tie antenna on a 2×2 mm
chip. These dimensions fixed the spacing between array elements to 2 mm, close to
half of the operating wireless wavelength within w-band. The design of an array
of dielectric rod waveguide (drw) antennas was also reported to efficiently couple
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the wireless radiation to the free-space without changing the beamforming angle.
Finally, the details of the system assembly were described.

In Chapter 6, mmWave communications entirely based on optoelectronics at
both ends of the link were proposed and studied. The photomixing concept was
applied not only to the transmitter, but also to down-convert the wireless signal
to an intermediate frequency (if) in the receiver. All the frequency-limiting high-
speed electronics were removed from the system, and ultra-broadband continuous
wave (cw) THz photomixers were used instead. Consequently, a very broadband
bandwidth (hundreds of gigahertz) became available to transmit the data without
significant changes in the system. The only limitation was the power efficiency of
these devices. A p-i-n photodiode (pd) and a pca were employed in the experimen-
tal demonstration as transmitter and receiver. The optical signals driving both
photomixers were extracted from two different ofcs, so that the phase noise of the
beat signals was reduced and the if was defined by the difference in the repetition
rate between the two combs. The link was tested at seven mmWave wireless carri-
ers, ranging from 80 GHz to 320 GHz in 40 GHz steps. An if around 3.7 GHz was
selected for all the channels. In cw mode, a signal-to-noise ration (snr) varying
between 39.7 dB at 80 GHz and 22.2 dB at 320 GHz was obtained. A phase noise
analysis of the system was conducted. The main sources of noise were the electrical
reference signals employed to generate the ofcs, the different propagation lengths
between optical components in the transmitter side, and the link snr. Finally, the
data transmission of a 100 Mb/s binary phase-shift keying (bpsk) data stream was
demonstrated for the first three channels: 80 GHz, 120 GHz and 160 GHz, obtain-
ing a ber below 10-5 in the first two channels. These results are a significant step
towards the full exploitation of the sub-THz range for ultra-broadband communi-
cations, especially if more power-efficient sources and detectors are developed, for
example, by using antenna array configurations.

7.2 Future outlook and recommendations

During the course of this project, several sub-topics have been covered. They can
be grouped into two areas: mmWave hybrid photonic-wireless links for radio access
and fronthauling, and mmWave wireless communications based on optoelectronics.
The need for a beam steering algorithm to enable mmWave wireless communica-
tions and the on-chip integration of several system components were discussed in
both areas. These topics should be researched to a greater extend according to
the recommendations detailed in the following paragraphs.

7.2.1 Mid-reach outdoor wireless links

The lower frequency bands in the mmWave range (ka-, v, and w-band) have been
demonstrated to be valuable options to implement broadband radio access and
fronthaul links, achieving wireless distances up to hundreds of meters.
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• Bidirectionality. The transmission duplexing in mmWave hybrid photonic-
wireless links is an essential aspect that many authors obviate. The advan-
tages of a-rof and optical heterodyning for mmWave generation become less
beneficial if high-speed electronics are required to down-convert the uplink
transmission. Although the system described in Chapter 3 is a promising
solution to solve this problem, a more comprehensive study is needed. The
fiber length was short, so the coherence between the comb lines traveling
through different fibers was ensured. A detailed study of the laser linewidth
and its relation with the coherence length is required to derive the max-
imum achievable fiber length. The wireless reach can be easily increased
as the results showed power saturation in the receivers. Other alternatives
can also be explored. For instance, the uplink signal can be photonically
down-converted at the antenna location before the transmission through the
fiber.

• Physical layer confidentiality. Low-latency physical layer algorithms
that are based on similar principles to the system described in Chapter 3 are
gaining popularity and research attention in recent years [245]–[247]. The
masking scheme presented in this dissertation is based on off-line (dsp). A
real-time implementation must be developed for a practical realization of the
link. All the digital blocks of the modulation and demodulation algorithms
(e.g., filters, integrators, and envelope detectors) are available for a hardware
implementation of the system. A detailed review of the link security must
encompass several dimensions, and not only the data confidentiality. For
example, the presented system can be expanded with a quantum synchro-
nization and key distribution channel. The overall security of the system
must be further studied.

• Mechanical steering. The Stewart platform control in the a-rof links
with mechanical steering must be managed from the central location to be
automatically reconfigured. The high-speed railway communication applica-
tion requires a more in-depth analysis. A mid-range outdoor demonstration
with a moving vehicle would validate the concept in a more realistic scenario
where effects such as mechanical vibrations and Doppler shift are considered.
The dimensions and reconfiguration speed requirements of the Steward plat-
form should also be analyzed when heavier antenna systems are employed.

• Centralized beamforming with mcf distribution. The implementa-
tion of remote optical beamforming using mcfs for the distribution of the
delayed copies of the signal is a concept followed by other works in the last
year [180], [181]. The experimental setup described in Chapter 4 must be
extended to include the antenna array and the radio link. The scalability
of the system to support more elements in the array and the relation with
the needed number of cores is another topic that requires investigation. The
implementation of the uplink should also be discussed, and if the same or
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a different mcf is needed for that purpose. Incorporating the ottd beam-
forming chip into the system is an obvious step to bring the experimental
link closer to reality. Particular attention should be given to the interfaces
of mcf with the pic and the array of pds. These interfaces must not intro-
duce any length mismatch that would affect the time-delay configuration.
Research effort should also be made to characterize the temporal coherence
between the copies of the signals and the relation with the lengths of the
fiber and the fan-in/-out modules.

7.2.2 Short-reach indoor wireless links

The reported communications systems using THz optoelectronic components are
meant to be used for ultra-broadband short-range communication links operating
at frequencies above 100 GHz.

• Transmitter. A new antenna array must be built, paying particular atten-
tion to several considerations. First, the four photomixers should be included
on the same chip. Therefore, the need for individual antenna alignment is
eliminated, allowing the use of fiber arrays to couple the light to the chip.
This significantly simplifies the assembly process. Individual management
of the ground of each element is recommended during the system assembly
to prevent any device from being shortened. The use of pds instead of pcas
should also be considered, at least for the transmitter side, because they pro-
vide higher output power. The packaging design should also be rethought.
In the first design, individual pieces were used to build a rectangular prism.
The mechanical instabilities of this arrangement hindered the fixation of
the optical fibers after alignment. Once the new array is built, it should be
characterized with the ottd beamforming chip. Radiation pattern measure-
ments on an anechoic chamber should be obtained. Finally, the transmitter
can be incorporated into a system for a data transmission experiment.

The most critical aspect of the transmitter system is the interface between
the photonic chip and the antenna array. In the design described in this
work, the chips were packaged and characterized separately to study the
performance of each component. The interfacing was done by single-mode
fibers, whose lengths must be calibrated to avoid propagation unbalances.
A next step towards the system realization should be the co-packaging of
the different building blocks with the appropriate interface between optical
waveguides in different technologies, as depicted in Fig. 7.1. Different meth-
ods to achieve this have been reviewed, including photonic wire bonding,
edge-coupling, and wafer/die bonding [229], [230].

Figure 7.1 also illustrates the vast number of possibilities for realizing each
block. The two-tone optical signal generation and modulation can also be in-
corporated into the system. It can be as simple as two free-running lasers and
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Figure 7.1: Schematic drawing of a mmWave transmitter system on-chip. Acronyms:
adc: analog-to-digital converter, dac: digital-to-analog converter, soa: semiconductor
optical amplifier, and drw: dielectric rod waveguide.

an optical modulator or as complex as ofc sources with reconfigurable filter-
ing. In general, phase-locking between the two components is recommended
if complex spectral-efficient modulation formats are employed. Broadband
combs and passive filters are the best option to achieve high frequencies and
optical components widely spaced, while optical injection is better to ex-
tract closely-spaced components if several frequency channels are transmit-
ted. The beamforming network can be based on true-time delaying or phase
shifting. While true-time delaying has been proven as the best option in the
lower bands of the mmWave range to achieve beam squint-free beamform-
ing, the choice at higher frequencies is not so clear. The temporal resolution
becomes more important as the frequency increases, and delay errors trans-
late into bigger steering misalignments. However, the relation between the
modulation bandwidth and the wireless carrier does not significantly change
so that that beam squint can be tolerated in several applications. Other
approaches to achieve broadband true-time delay beamforming should be
reviewed, such as switching between different propagation lengths, double
and cascaded ring resonators, and off-resonance operation with rings if the
required delay is not too large. Different antenna topologies are available
for the antenna array design. Emitters optimized to operate below 1 THz
should be used. Optical amplification in such a system would be mandatory
due to the losses and the high optical power required by the photomixing
process. The coupling of the radiation to the free-space is another topic
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that requires more research. Dielectric waveguides can guide the radiation,
not necessarily in the perpendicular direction with respect to the antenna
array, and performing this function. Other dielectric structures can be engi-
neered. These designs should be based on simulations due to the complexity
of the system modeling. Finally, it should be mentioned that any beamform-
ing solution is frequency-dependent. Mechanical steering approaches based
on microelectromechanical systems (memss) should be reviewed to achieve
frequency-independent steering and eliminate the need for the rods.

• Full-optoelectronic link. The experimental setup in Chapter 6 provides
promising results and opens several research lines to be followed. The main
sources of phase noise in the system were identified and, thereby, the mit-
igation of these contributions is an evident track to improve the link per-
formance. It is particularly important to analyze the transmitter system
architecture, including the phase relationships between the comb lines and
the impact of fiber lengths. A photoreceiver module without electrostatic
discharge protection circuits should be employed to test the maximum in-
termediate frequency and modulation bandwidth that can be achieved. The
incorporation of antenna array systems to increase the snr is another obvious
possibility in-line with the topic of this work. The capacity and tunability
of the link can also be improved by using more complex modulation formats
and broader combs to achieve higher carrier frequencies.

• Receiver and smart beamforming. This dissertation focused on the
technology needed to implement a transmitter system with beamforming
capabilities. The study must be extended to the receiver case. Several prin-
ciples remain the same, but some particularities should be investigated. For
example, broadband optical modulators and bandpass filters would be re-
quired to implement the ottd beamforming scheme. Locating the intended
receiver/transmitter and automatically steering the beam (i.e., smart beam-
forming) are other essential aspects that must be researched.

7.2.3 Sub-THz communications: from lab to reality
The frequency allocations of the successive generations of wireless communication
standards have increased over the years following the end-user needs. It seems
evident that the capacity demands will continue growing in the coming years,
driven by the Internet of Things (iot) applications. Therefore, the question that
immediately arises is, can the wireless carrier continue increasing in the same
way? The extremely high free-space propagation and penetration losses at sub-
THz frequencies suggest that the answer is no, or at least, not for conventional
long-reach non-los links. The fact is that we are currently observing the emergence
of mmWave technology in upcoming communications standards like 5g nr and 60-
GHz WiFi. Fronthaul links extending the reach of optical access networks have
been successfully proven, and the ka-band is proposed to implement small cells
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in 5g nr. However, the gap to bridge is still too large to consider the jump
into sub-THz for practical applications in the next decade. Signal processing
and multiplexing techniques allow higher capacities by improving the spectral
efficiency. This motivates most of the recent works on mmWave data links.

Nowadays, sub-THz technology is mostly a lab-limited technology with an enor-
mous potential for ultra-broadband short-range indoor links. Although several
capacity record demonstrations have been achieved above 100 GHz, the employed
technology currently has an uncertain translation into a market application. How-
ever, the vast spectrum available at the sub-THz range motivates the research
on this technology, and standardization activities have already been made [248].
The final implementation of sub-THz technology into daily life communications
will be largely related to some of the concepts discussed in this dissertation:
antenna arrays to increase the transmitted power, beam steering, and photonic
down-conversion. Although it is difficult to think of sub-THz technology for con-
ventional cellular communications, the actual trend of an interconnected world,
in which short point-to-point links connect heterogeneous devices, suggests that
sub-THz communications will play an important role in the future.
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led Light-emitting diode
LiFi Light fidelity
lna Low noise amplifier
lo Local oscillator
los Line-of-sight
ltg Low-temperatre-grown

m2m Machine-to-machine
mcf Multi-core fiber
mems Microelectromechanical system
mimo Multiple-input and multiple-output
mll Mode-locked laser
mmWave Millimeter wave
mpa Medium power amplifier
mwp Microwave photonics
mzm Mach-Zehnder modulator

nf Noise figure
nrz Non-return-to-zero
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ocs Optical carrier supression
ofc Optical frequency comb
ofdm Orthogonal frequency division multiplexing
oh Overhead
ook On-off keying
opll Optical phase-locked loop
orr Optical ring resonator
osa Optical spectrum analyzer
otdl Optical time delay line
ottd Optical true time delay
owc Optical wireless communications

paa Phased antenna array
pam Pulse-amplitude modulation
pc Polarization controller
pca Photoconductive antenna
pcb Printed circuit board
pd Photodiode
pic Photonic integrated circuit
pmd Polarization mode dispersion
pmf Polarization-maintaining fiber
ppg Pulse pattern generator
prbs Pseudo random bit sequence
psk Phase-shift keying

qam Quadrature amplitude modulation
qpsk Quadrature phase-shift keying

rau Remote antenna unit
rf Radio frequency
rof Radio-over-fiber
rtd Resonant-tunneling diode

sfdr Spurious-free dynamic range
sfp Small form-factor pluggable
snr Signal-to-noise ratio
ssmf Standard single-mode fiber

tdd Time-division duplexing
tdma Time-division multiple access
tec Thermo-electric cooler
tia Transimpedance amplifier

ula Uniform linear array
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vlc Visible light communications
voa Variable optical attenuator

Wi-Fi Wireless fidelity
wlan Wireless local area network
wss Wavelength selective switch
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