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Abstract

This PhD thesis entitled “Integrated photonics for millimetre wave
transmitters and receivers” aimed at investigating the possibility of employing the
uni-traveling carrier photodiode (UTC-PD) in millimetre wave (MMW) wireless
receivers and, eventually, demonstrating a photonic integrated transceiver, by
exploiting the concept of optically-pumped mixing (OPM).

Previously, the UTC-PD has been successfully demonstrated as an OPM,
by mixing an optically-generated local oscillator (LO) with a high frequency RF
signal to generate a replica of the RF signal at a low intermediate frequency (IF),
defined by the difference between the LO and the RF signal.

This concept forms the foundation of this PhD thesis. The principal idea is
to deploy the UTC-PD mixer in MMW wireless receivers to down-convert the high
frequency data signal into a low frequency IF, where it can be easily processed and
recovered.

The main challenge to this approach is the low conversion efficiency of the
UTC-PD mixer. For example, a conversion loss of 32 dB has been reported at 100
GHz. Also, the detection bandwidth in previous demonstrations was very narrow
(around 100 Hz), which is too narrow to be useful in high-speed data
communications. Consequently, a significant effort was made, in this thesis, to
improve these parameters before the implementation in wireless receivers.

The characterization and optimization works done in this thesis on the input
parameters to the UTC-PD mixer have advanced the state of the art significantly.
For example, conversion losses as low as 22 dB have been reported here. Also, the
detection bandwidth has been increased to up to 10 GHz, allowing for multi-Gbps

communication links.



Based on these promising results, proof of concept wireless data
transmission experiments were successfully conducted at different carrier
frequencies (33 GHz, 35 GHz, and 60 GHz) using separate non-integrated UTC-
PDs at the receiver with speeds of up to 5 Gbps. To the best of the author’s
knowledge, this is the first demonstration of the UTC-PD at the receiver.

Upon these successful demonstrations, further research was done on a
photonic integrated circuit, which comprises UTC-PDs, lasers, optical amplifiers
and modulators. The outcome of this research was the first demonstration of a
photonic integrated transceiver.

This transceiver is suitable for short distance communications and could
find interesting applications in 5G and future networks, including: high definition

(HD) video streaming, file transfer, and wireless backhaul.



Impact Statement
The demand for higher speeds in data communications has been growing

dramatically in recent years. Consequently, the international telecommunications
union (ITU) proposed the fifth generation of mobile communications systems (5G)
to cope with the foreseen demands in the coming few years. The requirements set
by the ITU for 5G include orders of magnitude improvement on the data rates,
latency, connection density and network efficiency compared to the current 4G
technologies.

For 5G to be able to deliver such high speeds it will rely heavily on the
MMW technology as it contains multi-gigahertz-wide chunks of unutilized
frequency bands. With the recent advancements in complementary metal oxide
semiconductor (CMOS) technology, MMW transceivers became commercially
available. However, such transceivers are, generally, not tuneable, which makes
them less flexible in terms of frequency of operation. On the other hand, photonic
technologies have shown excellent performance as MMW transmitters using
optical heterodyning on photomixers such as the UTC-PD, which can generate
widely tuneable MMW signals simply by adjusting the spacing between the optical
LO tones. This offers flexibility on the frequency of operation and simplifies the
architecture in multicast systems, for example. However, the large conversion loss
of the UTC-PD as an optoelectronic mixer (32 dB at 100 GHz) has been a
significant obstacle to its utilization in MMW receivers.

Throughout this PhD work, several novel contributions have been made.
Firstly, the characterization and optimization works on the input parameters of the
UTC-PD mixer (optical power, bias voltage, and frequency) have improved the

state of the art in terms of the conversion efficiency and detection bandwidth.



For example, the best conversion loss reported here is 22 dB compared to
32 dB reported previously. Also, the detection bandwidth in the previous
demonstrations was limited to 100 Hz, which is not enough for high-speed data
communications, while 10 GHz of detection bandwidth has been reported here,
which allowed for multi-Gbps communication links.

Secondly, wireless communication links implementing UTC-PDs at the
receiver have been successfully realized at 35 GHz, 33.5 GHz, and 60 GHz with
speeds of 5 Ghps, 2 Gbps and 1 GHz, respectively, using different modulation
formats. To the best of the author’s knowledge, this is the first implementation of
the UTC-PD in wireless receivers.

Thirdly, the first demonstration of a photonic integrated transceiver has
been reported here. In the transmitter mode, the transceiver operates with 1 Gbps
speed and 0.5 meters of wireless distance, while it operates with 500 Mbps speed
and 3 meters of wireless distance in the receiver mode.

To the best of the author’s knowledge, this is the first demonstration of a
photonics integrated transceiver. As an integrated solution, this transceiver
provides reduction in size, weight, and power consumption, compared to the non-
integrated solutions. Also, being a photonic transceiver allows for its integration
with the high-speed fibre networks [1], which is beneficial to 5G as it provides low
signal-transport losses (typically, 0.4 dB/km at 1550 nm [2]), high-capacity (up to
500 Gbps/wavelength [3]), low-latency links (typically, 5 ps/km at 1550 nm [4]),
and immunity against electromagnetic interference. Further, it simplifies the
access network since it allows for the separation of the signal generation unit and

the radio access units.



The transceiver works at around 60 GHz, which is a candidate frequency
for 5G. At this frequency band, atmospheric absorption is high, which limits the
propagation distance. This is advantageous in cellular communications as it
reduces the interference between neighbouring cells, allows for frequency reuse
and offers more security.

Therefore, this transceiver is suitable for short distance communications
and could find interesting applications in 5G and future networks, including: high
definition (HD) video streaming, file transfer, and wireless backhaul.

Finally, an experimental investigation on photonic-electronic hybrid
receivers at 60 GHz, with a wireless distance of 3 meters and a speed of 1 Gbps,
has shown that hybrid integration is a viable solution to overcome the limitations
of electronics and photonics, and to benefit from advantages offered by both

technologies.
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1.1 Motivation
The global mobile data traffic is predicted to reach 49 Exabyte per month

by 2021, which is a 7-fold increase compared to 2016 [5]. Such a high demand
will be impossible to meet using the current fourth generation of mobile systems
(4G) technologies, especially with the rapid rise of new applications that require
very low end-to-end latency in machine to machine (M2M) communications and
the internet of things (IoT) [6], which is expected to account for about 29% of
connected devices in 2021 [5]. To address these issues and others, the ITU has
defined the minimum requirements for 5G in terms of data rate, capacity, latency,

quality of service (QoS), energy efficiency and other parameters, as illustrated in

Fig. 1-1.
Peak Data Rate U“:,Et":;"a‘::m
Area Traffic Spectrum
Capacity / Efficiency
(Mbit/s/m?) 10
Network Mobility
Energy Efficiency {km/h})

Connection Density Latency
(devices/km?) (ms)
Fig. 1-1: 5G requirements as defined by the ITU (Reprinted with kind permission from ITU) [7].

1.2 Requirements for 5G
The key requirement for 5G can be summarized as follows [8]:
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e A peak data rate of at least 20 Gbit/s for the downlink, and 10 Gbit/s
for the uplink.

e A user experienced data rate of at least 100 Mbit/s for the downlink,
and 50 Mbit/s for the uplink.

e A spectral efficiency of at least 30 bit/s/Hz for the downlink, and 15
bit/s/Hz for the uplink.

e A mobility of up to 500 km/h.

e A latency as low as 1 ms for both the uplink and the downlink.

e A minimum connection density of 10° devices per km?.

e Two orders of magnitude enhancement on the network’s energy
efficiency compared to IMT-Advanced.

e A total traffic throughput per area of at least 10 Mbit/s/m? in the indoor
hotspot downlink.

e A reliability requirement of at least (1-10°) success probability of
transmission.

e A bandwidth of at least 1 GHz for frequency bands above 6 GHz.

1.3 Candidate Technologies for 5G
For 5G to be able to deliver these requirements it must utilize innovative

technologies and adapt new network architectures. Some of the key technologies
that have been considered as candidates for 5G include [9] [10]: non-orthogonal
multiple access (NOMA) [11], massive multiple input and multiple output
(MIMO) [12], network coding [13], full duplex (FD) [14], device-to-device (D2D)
communications [15], MMW communications [16], software defined networks

[17], cognitive radio (CR) [18], and green communications [19].
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1.4 MMW Technology for 5G
5G cannot rely on the current low frequencies (<3 GHz) because they are

almost fully occupied by other communication systems, such as mobile, broadcast
and satellite services [20]. As a result, researchers have been exploring MMWSs
because of the abundance of spectrum in the MMW range (30 GHz - 300 GHz)
that will allow for high speed communications even at low spectral efficiency.
Moreover, at such high frequencies the antenna size becomes smaller, and it
becomes practical to develop integrated antenna arrays [21] and enjoy the benefits
of massive MIMO, which include increasing the capacity, energy efficiency, and
flexibility [22]. Further, the high propagation losses in the MMW range limits the
effective communication distance to about 200 m in dense urban environments
[23], making it more secure and allows for frequency reuse.

According to the ITU’s world radiocommunication conference (WRC),
several frequency bands in the MMW range, between 24 GHz and 86 GHz, will
be considered for 5G [24]. A list of these bands is provided in Table 1-1. Most of
these bands have been already allocated to mobile, while others do not currently
have global mobile allocation. Of these bands, the (24 GHz — 40 GHz) bands are

expected to be the initial 5G bands above 6 GHz [25].

Table 1-1: A list of frequency bands in the MMW range which are being considered for 5G [26]
[24].

Frequency Group  Already Allocated = Not Allocated Yet

Group 30 GHz e 24.25-27.5GHz. e 31.8-33.4 GHz.
e 37-40.5 GHz. e 40.5-42.5GHz.
Group 40 GHz e 42.5-43.5GHz.
e 45547 GHz. e 47-47.2 GHz.

Group 50 GHz e 47.2-50.2 GHz.
e 50.4 —52.6 GHz.

e 66— 71 GHz.
e 71-76 GHz.
e 81 —86 GHz.

Group 70/80 GHz
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1.5 State-of-the-Art MMW Transceivers
Electronics and photonics are two competing technologies in the field of

MMWs generation. For MMW generation, electronic techniques rely on high
frequency diode-based sources, or transistor-based sources, or low frequency
oscillators followed by frequency multiplication stages [27], while photonic
techniques use optical heterodyning on photomixers [28] and laser pulse
techniques [29].

As for MMW detection, electronics have proven to be very efficient. For
example, electronic mixers based on Schottky barrier diodes (SBD) have
conversion losses as low as 5 dB even at 180 GHz [30] compared to 32 dB
conversion loss of UTC-PD opto-electronic mixer at 100 GHz [31].

There are some issues with electronic-based MMW generation techniques.
For example, frequency multiplication introduces large losses, and this requires an
amplification stage after each frequency multiplication stage [32]. This results in
a degradation in the phase noise of the generated signal. Similarly, diode-based
sources such as resonant tunnelling diodes (RTDs), Gunn diodes, and impact
ionization Avalanche transit-time (IMPATT) diodes generally suffer from large
phase noise. The presence of high phase noise limits the data rates of
communications systems especially in multi-antenna systems [33] and when
higher order modulation formats are used [34]. Finally, as will be discussed in the
following chapter, transistor-based sources such as complementary metal oxide
semiconductor (CMOS) have better phase noise than the other two electronic
techniques. However, they do not generate as much power, so, they utilize power
combining techniques to increase the power of the generated signal. In addition,

as for the other electronic techniques, transistor-based sources have narrow tuning
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range, which makes the communication systems less flexible in terms of frequency
of operation.

Despite these issues, electronic-based techniques have successfully been
demonstrated as MMW transceivers, and their performance have been constantly
improving. The following discussion illustrates the evolution of electronic-based
transceivers at 60 GHz. In 1996, a 20 Mbit/s transceiver was demonstrated based
on monolithic microwave integrated circuit (MMIC) technology at 60 GHz [35].
After that, in 2004, a 3.5 Gbit/s transceiver was demonstrated using the same
technology and at the same frequency [36]. Later, in 2005, a 900 Mbit/s integrated
transceiver was demonstrated using SiGe bipolar transistor technology [37]. Five
years later, a 4 Gbit/s quadrature phase shift keying (QPSK) transceiver was
demonstrated using 90 nm CMOS technology [38], followed by an 11 Gbit/s 16-
quadrature amplitude modulation (QAM) demonstration using 65 nm CMOS
process [39]. In 2015, a SiGe bipolar transistor transceiver demonstrated 2.5 Gbit/s
transmission over 20 meters [40]. Finally, in 2017, an ultra-high data rate
transceiver was demonstrated using 65 nm CMOS technology with data rates up
to 42.24 Gbhit/s [41]. This transceiver consumes 544 mW and 432 mW in the
transmitter and receiver modes, respectively.

Similar to electronics, photonic MMW-generation techniques have
improved in recent years. Table 1-2 below provides a list of the most recent
transmission experiments at 60 GHz based on electronic and photonic
technologies. For example, in 1998, 155 Mbit/s wireless transmission was
demonstrated at 60 GHz by heterodyning two optical tones after propagating in a
12.5 km-long radio over fibre (RoF) link [42]. Later, in 2008, a 12.5 Gbit/s RoF

link with on-off keying (OOK) data modulation was demonstrated at 60 GHz [43].
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Also, in the same year, a 2.1 Gbit/s wireless transmission link was

demonstrated after 50 km of RoF [44]. One year later, a 27 Gbit/s RoF was

demonstrated at 60 GHz [45]. In 2015, a photonic integrated UTC-PD-based

transmitter of 1 Gbit/s was demonstrated at 90 GHz [46]. Finally, in 2016, a 1.2

Gbit/s RoF link was demonstrated at 60 GHz implementing a PIC for MMW

generation [1].

Table 1-2: A summary of the most prominent electronic and photonic based wireless transmission
experiments at 60 GHz.

Electronic-based

Photonic-based

e 2011 [39]: e 2008 [43]:
= 65-nm CMOS. =  Wireless RoF.
= 16 QAM transceiver. =  OOK transmitter.
» Data rate: 11 Gbps. = Data rate: 12.5 Gbps.
=  Wireless distance: 5 cm. =  Wireless distance: 3.1 m.
* BER: <103, = BER: 10°.
= phase noise: -95 dBc/Hz @ 1 = Fibre length: 50 m.
MHz offset.
e 2015 [40]: e 2009 [45]:
= 130 nm SiGe BiCMOS. =  Wireless RoF transmitter.
= QPSK transceiver. = 16 QAM OFDM.
= Data rate: 2.5 Gbps. = Data rate: 27.04 Gbps.
=  Wireless distance: 20 m. =  Wireless distance: 2.5 m.
» phase noise: -88 dBc/Hz @ 1 » BER: 4.2%1073.
MHz offset. = Fibre length: 10 m.
o 2017 [41]: e 2016 [1]:
= 65-nm CMOS. =  Wireless RoF with PIC.
= 64 QAM transceiver. = 16 QAM OFDM.
» Data rate: 42.24 Gbps. transmitter.
=  Wireless distance: 3 cm. = Data rate: 1.2 Ghps.
* BER:<103, »  Wireless distance: 4 m.
* BER:1.27*10%.
= Fibre length: 100 m.

However, when it comes to MMW detection, photonics has been

unfavoured because of the lack of efficient optoelectronic mixers at room

temperature. For example, the conversion loss of the UTC-PD optoelectronic

mixer has been reported at 32 dB [31].
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Despite the low efficiency of the UTC-PD optoelectronic mixer, there are
scenarios where it is advantageous to use this photonic technology in Radar and
communication systems [47]. In communications, for example, implementing a
photonic-based transmitter or photonic-based receiver facilitates the integration
with the high-capacity fibre network by employing RoF techniques, which
eliminates the need for the heavy, lossy and expensive coaxial cables [48]. The
result is a considerable reduction in weight, latency, and signal transport losses, as
illustrated in Table 1-3. Also, this allows for the generation of high-purity signals

with high data rates, and ensures immunity to electromagnetic interference.

Table 1- 3: A summary of the advantages of replacing coaxial cables with optical fibre cables [49].

Parameter Optical Fibre Cables | Coaxial Cables

Data Rates e > 60 Thps. e 10 Gbps.
Transport Distance | ¢ >19 km @10 Gbps. e 91 m @ 1 Gbps.
Weight e 6 kg/km. e 58 kg/km.
Energy Consumed | e 2 W/user. e > 10 W/user.
EM/RF Interference | e Immune. e Susceptible.

e Nearly impossible to Susceptible to
tap. tapping.
Lifecycle e 30 - 50 years. e 5 years.

Security

Further, implementing a photonic-based receiver simplifies the access
network especially when multiple antenna units used, and simplifies the phased-
array antenna systems used for beamforming [47]. The concept is illustrated in
Fig. 1-2, where an optical signal originating from a single laser source can be
distributed to feed several phased array antenna units, at which, an optical to RF
conversion takes place using a photodiode such as the UTC-PD. The relative phase
between the distributed signals can be controlled using optical time delay lines. By
controlling the relative phase of the RF signals feeding the antennae, a beam can

be created in a specific direction.
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RF Source

E/O

Modulator

Fig. 1-2: A use case of photonic techniques in beam steering [47].

Also, photonics offers wide tuneability simply by changing the spacing
between the optical tones used. This wide tuneability is a desired feature as it offers
flexibility on the frequency of operation of the system, and simplifies the
architecture of some systems, such as the multicast systems [50]. As shown in Fig.
1-3, with RoF techniques, it is possible to separate the signal generation unit from
antenna units, thus, simplifying the antenna units and allowing for reaching remote

locations, thanks to the low signal transport losses in fibre.

o B
mm 0 =
L o b

Signal

o[
o
P

Optical fibre

Generation
Unit

Fig. 1-3: A use case for photonics in multi-cast systems [47].

Considering these advantages of photonics and the great integration
potential of UTC-PD, this PhD thesis aimed at demonstrating UTC-PD-based

MMW wireless receivers.
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In this work, the first demonstration of UTC-PDs in MMW wireless
receivers is presented, in Chapter 3, with data rates of 5 Gbps, 2 Gbps QPSK and
1 Gbps at 35.1 GHz, 33.5 GHz, and 60 GHz, respectively, as they belong to the
range of interest to 5G, as discussed in Sec. 1.4.

Then, Chapter 4 presents the first demonstration of a photonic integrated
transceiver at 60 GHz. As an integrated solution, this transceiver offers reduction
in size, weight, and power consumption. However, the cost could be an issue due
to the expensive packaging. The transceiver demonstrated here operates at 1 Gbit/s
at the uplink and 0.5 Gbit/s in the downlink. The performance of the demonstrated
transceiver reported in this thesis is below its counter parts in electronics in terms
of the achieved data rates. However, there are scenarios where it can be more
advantageous to use a photonic solution, as mentioned earlier in this section.

It is clear from the discussion above that both photonics and electronics
have advantages and limitations. This raised a question as to whether it is
reasonable to integrate them to benefit from the advantages of the two worlds. For
this reason, an experiment implementing a hybrid receiver was conducted at 60
GHz, which is presented in Chapter 5. Results were comparable to those of the

photonic integrated receiver, thus, illustrating the viability of this option.

1.6 Thesis Objectives
The objective of this PhD thesis entitled “Integrated photonics for

millimetre wave transmitters and receivers” is to demonstrate an MMW photonic
integrated transceiver for 5G and future networks. To achieve this target, proof of
concept experiments were conducted, first, using non-integrated photonic
components at 35.1 GHz and 33.5 GHz. Then, experiments were extended to 60

GHz due to the significance of this frequency band to 5G as it contains 9 GHz of
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unlicensed spectrum. Later, a transceiver was demonstrated using a single UTC-

PD on a monolithically integrated photonic circuit.

1.7 Thesis Structure
The rest of the thesis is organized as follows. Chapter 2 focuses on MMW

technologys; its electronic and photonic generation and detection techniques as well
as its deployment scenarios and deployment challenges. In Chapter 3, wireless
transmission experiments implementing the UTC-PD at the receiver are presented.
In these experiments, the UTC-PD is used to receive Gbps data of different
modulation formats and at different frequency bands. After that, the results of a
photonic integrated transceiver are discussed in Chapter 4. Then, Chapter 5
investigates the feasibility of hybrid receivers. Finally, conclusions and future

work are discussed in Chapter 6.
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2.1 Introduction
This chapter starts by reviewing the state of the art of MMW generation

technologies, which are classified into two categories: electronics-based and
photonics-based technologies. Then, it discusses the advantages and the
limitations of these technologies. Also, this chapter provides a review of state of
the art of MMW receivers and compares them. Finally, the chapter discusses the
deployment scenarios and challenges for MMW technology.

Special emphasis is made, in this chapter, on the UTC-PD as a promising
photonic technology in 5G transceivers due to its excellent performance in MMW
generation, its potential utilization in MMW receivers, and its monolithic

integrability with other photonic components.

2.2 MMW Generation with Electronic-based Techniques
Millimetre waves can be generated indirectly using low frequency sources

followed by frequency multipliers, or directly from high frequency diode-based or

transistor-based sources [27].

2.2.1 Frequency Multiplication
This method implements several stages of frequency multipliers to

generate high frequency signals from a low frequency source. Frequency
multiplication introduces losses (theoretically: 7.4 dB, typically: 10 dB [51]), so,
an amplifier should follow each frequency multiplication stage, which can be
complex and costly [27] [32]. In addition, each multiplication stage degrades the
noise performance by 6 dB [21] [52].

Nevertheless, the continuous progress in the CMOS technology has
facilitated the generation of high-power signals at hundreds of GHz [53]. For
instance, Nikpaik et al demonstrated signal generation at 225 GHz (with 5%

tuneability) using this method. The oscillator consumed 68 mW of DC power and
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generated a 3 dBm RF signal yielding a DC to RF efficiency of 3%, while the

phase noise was measured at -94 dBc/Hz at 227 GHz @ 1MHz offset [54].

2.2.2 Diode-based Sources
Diode-based sources like Gunn diodes [55], RTDs [56], IMPATT diodes

[57] and tunnel injection transit time (TUNNETT) diodes [58] rely on negative
differential resistance (NDR) to generate high frequency oscillations. The
difference between these diodes is in the method used to achieve the NDR [27],
which results in variations in their performance parameters (oscillation frequency,
output power, and phase noise).

IMPATT and Gunn diodes can generate high power tones at high
frequencies (20 dBm at 100 — 200 GHz) [27], but their noise performance is poor
[32]. TUNNETT diode is a variation of IMPATT diode that can oscillate at higher
frequencies with lower noise but with lower output powers [59]. Finally, RTD can
generate the highest frequencies among diode-based technologies (up to 1.5 THz)
[27] [60]. However, it has the lowest output power among them (below 0 dBm)
[27] and the phase noise is high. For example, it’s about -64 dBc/Hz at 1IMHz in
the D-band (110 to 170 GHz) [61].

Fig. 2-1 compares different diode-based sources in terms of their output
power and oscillation frequency. Also, Table 2-1 lists examples of diode-based

oscillators below 100 GHz with their respective performance parameters.
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Fig. 2-1: Comparison between different diode-based sources in terms of their output power and
frequency of oscillation [59] [62] [63].

Table 2-1: Examples of diode-based sources for MMW generation and their performance
parameters.

Technolog Frequency Output Power Phase Noise
Gunn [64] e 789 GHz. | e 14dBm. e -107 dBc/Hz at

1 MHz offset.
RTD [65] ¢ 28.7GHz. | o -0.7dBm. o -114 dBc/Hz at

1 MHz offset.

IMPATT [66] | » 82.2GHz. | e 18.4dBm.  Not given.

TUNNETT e 84 GHz. e 10dBm. e -70 dBc/Hz at

[67] 100 kHz offset.

As can be seen in Fig. 2-1 and Table 2-1, the output power of diode-based
oscillators is generally high. However, the high phase noise of the signals
generated by diode-based oscillators makes them less attractive in high speed
communication systems, since this high phase noise limits the maximum data rates
that can be transmitted. For example, A. Waheed [34] has shown that for the same
signal-to-noise ratio per bit (En/No), the bit error rate (BER) increases dramatically
with modulation format in the presence of high phase noise. For example, at an
En/No = 9 dB, and a phase noise of -90 dBc/Hz, the BER is 3x10°, 1x10*, and

1x107?, for BPSK, QPSK, and 16 QAM systems, respectively.
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2.2.3 Transistor-based Sources

While diode-based sources rely on device properties to attain the NDR,

transistor-based sources, such as CMQOS, heterojunction bipolar transistor (HBT)

and high-electron-mobility transistor (HEMT), use circuit level topologies to

achieve the NDR, such as LC-cross coupled, Colpitts and ring [27]. Another

difference is that transistor-based technologies can provide gain through power

amplification, which makes them more attractive than diode-based sources. The

output power of transistor-based sources can be enhanced further using power

combining techniques [27]. Based on the transistor type and the fabrication

material, transistor-based sources can be divided into three major categories:

[11-V-based HBT and HEMT: 111-V materials such as InP and GaAs are
favoured for high frequencies because of their superior electron transport
characteristics compared to silicon [59]. HBT is a bipolar transistor with a
larger bandgap for the emitter than the base to give high current gain, while
HEMT is a type of field effect transistor (FET) that uses an undoped region
to enhance speed and noise performance by reducing scattering [59]. It has
been shown that these transistors can operate beyond THz frequencies (InP
HBT, 1.1 THz [68]), and (HEMT, 1.5 THz [69]).

Si CMOS: despite the inferior electron transport characteristics of silicon,
the recent advances in silicon fabrication processes allow it to compete
with 111-V even at high frequencies [59]. Frequencies of up to 400 GHz
have been demonstrated with this technology [70].

SiGe HBT (Bi CMOS): this is a variation of silicon bipolar transistor with

some Ge added to the base to reduce the bandgap to enhance speed and
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noise performance. Frequencies up to 500 GHz have been achieved with

this technology [71].

Fig. 2-2 compares transistor-based technologies in terms of output power
versus frequency. The numbers that appear in the figure refer to the frequency

harmonic number and the letter ‘C’ refers to the case where power combining is

used.
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Fig. 2-2: Comparison between transistor-based technologies in terms of output power versus
frequency [59] [72] [73].

It is clear from Fig. 2-2 that the power generated with this method is
relatively low compared to diode-based oscillators discussed in the previous
section. The challenge in generating high power signals at high frequencies in
CMOS is due to operating near the unity power gain of the transistor and the high

frequency loss mechanisms, such as substrate loss and skin effect [54].

2.3 MMW Generation with Photonic-based Techniques
As discussed in Chapter 1, employing photonic techniques in MMW

transceivers can bring numerous advantages to communication systems compared

to electronic-based technologies. These advantages can be summarized as follows:
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e Using photonic techniques allows for the integration with the fibre network
to benefit from the high capacity links, and the reduction in transport losses,
weight and energy consumption, as shown earlier in Table 1-3.

e RoOF techniques can be used to serve remote locations, and signal
generation unit can be separated from antenna units, which simplifies the
access network [32], as discussed in Sec. 1-5.

e Also, RoF techniques can be combined with massive MIMO to realize
adaptive beamforming, as illustrated earlier in Fig. 1-2.

e Photonics can offer carrier switching, thus, making reconfigurable multi-
carrier and agile links feasible, which is a unique feature that has no
equivalent electronic solution [74].

e Photonic techniques are superior to electronic techniques in terms of the
purity of the generated signal at high RF frequencies. Low phase noise
signals can be generated independently of the frequency, and level of the
phase noise is determined only by the quality of the laser source [32].

e Photonics allows for wide tuneability in the RF domain [75] by utilizing
the concept of optical heterodyning, which is discussed next.

e Unlike electronics, photonics offers high modulation index [74].

The discussion above shows that photonics can offer some attractive
features to MMW transmitters. However, the quality of the generated signals with
photonic techniques is dependent on the quality of the laser source used. Since
silicon is not yet a good light source [76] I11-V materials should be used instead,
and this increases the costs, as will be shown in the next section. The high cost is
attributed to the expensive materials used, like InP, as well as the expensive

epitaxial growth steps needed. Further, the multiple regrowth steps limit yield [77].
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Several photonic techniques have been considered for MMW generation,

including: photomixing (optical heterodyning), direct intensity modulation [78],

optical external modulation [79], mode-locked laser diodes (MLLD) [80],

nonlinear effects in waveguides and fibres such as four-wave mixing (FWM) [81],

cross gain modulation (XGM) [82], cross phase modulation (XPM) [83] and

Brillouin fibre laser [84]. Table 2-2 provides a summary of the advantages and

disadvantages of using each method.

Table 2-2: Advantages and limitations of photonics-based MMW generation methods.

Technique

Two free running
lasers or dual mode
laser

Advantage
e simple.
e full modulation depth
[85].
¢ highly tuneable [75].
o free from dispersion
effects [85] .

Limitation
e high phase noise
[75] [86].

Mode locked lasers

e can generate high
frequency combs
[86].

¢ |ow noise [75].

e not tuneable [75].
e large linewidth [86].

Brillouin fibre laser

¢ low phase noise [87].

e limited in frequency
because Brillouin
shift is fixed in fibre
[87].

Direct modulation

e simple.

e limited frequency
[81].

Optical external
modulation

¢ low phase noise [88].
¢ high conversion
efficiency [89].

e require expensive
high voltage drivers
[88].

o affected by
chromatic dispersion

in fibre [88].
. . o low phase noise [86]. | e require high pump
Nonlinear effects in power [86].
waveguides e low conversion
efficiency [86].
¢ high frequency [75]. e complex.
OFCG

¢ high tuneability [75].
¢ low noise [75].
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The heterodyning technique implies injecting two optical tones into a high-
speed photodiode (such as UTC-PD) or a photoconductor, to generate an electrical
signal with frequency that equals the spacing between the optical tones, as shown

in Fig. 2-3.

Optical

Electrical

"
e

Fig. 2-3: Optical heterodyning in UTC-PD.
The mathematical description of this method is described in [32]. When an
electromagnetic wave is injected into a photodiode, the photodiode generates a
photocurrent, i(t), that is proportional to the square of the amplitude of the electric

field, E(t), of the incident wave, as described by eq. (2-1):

i(t) o< EX(t) eq. (2-1)
where 1 is the responsivity of the photodiode.

When two optical tones, with the same polarization, at frequencies f; and
f> are injected into the photodiode, assuming a lossless propagation medium, their
electric field, E(t), can be expressed as:

E(t) = A, cos (2afit) + A, cos (2nfot + @) eq. (2-2)
where A; and A, are the amplitude of the first signal and the second signal,
respectively, and ¢ is the phase offset between the two signals.

Substituting E(t) in eq. (2-1), the following expression is obtained:
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i(t) o< n {A% + A3 + A? cos (4nfit) + A% cos (4nfot +2¢) + A, A, cos (2n(fi- f)t -
0) + A, A, cos (2n(fi+ f2)t + @)} eq. (2-3)

The terms with frequencies 2fy, 2f,, and (f1 + f2) are in the optical domain,
and, therefore, can be ignored, and, so, can the DC term because it is not radiated
by the antenna, thus, leaving only the MMW term:

i(t) < i, cos (2nfrrt - @) eq. (2-4)
where frr is the frequency at the difference between f; and f2, while i, represents
the product of the amplitudes and the responsivity.

The simplest way to generate the two optical tones is to use two free
running lasers or a dual-mode laser [90]. The heterodyning technique with two free
running lasers is attractive because of its simplicity, high tuneability, the fact that
it does not require electronic LO, and its robustness against chromatic dispersion,
which is important in RoF systems. However, since the two lasers are not locked
to each other, the frequency offset between them changes instantly resulting in a
high phase noise electrical signal, which can be an issue in communication systems

especially those implementing high order modulation technigues.

2.4 Fabrication Materials
It is clear from the discussions in the previous sections that there is a

competition between silicon-based and 111-V-based MMW generation techniques.

This section summarizes the advantages and disadvantages for using each material.

2.4.1 111-V Materials
Among all material systems, the 111-V group is the most important because

it has a direct bandgap which allows efficient light emission, which is necessary
to achieve optical gain [91]. I1I-V materials such as InP and GaAs are favoured for
high frequency applications due to their superior electron transport characteristics
compared to silicon which allows for higher frequencies of operation [59]. Also,
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I11-V materials are superior to silicon in terms of breakdown voltage [74] which
allows for high output power (although CMOS can overcome this with power
combining techniques with antenna arrays [74] and silicon-based amplifiers, as
silicon-based amplifiers are now available at high frequencies: at 200 GHz using
Si CMOS, and 245 GHz using SiGe HBT [27]). Finally, I1I-V materials have
higher resistivity than silicon substrate, and this reduces losses of passive devices
on the substrate [59].

However, there are issues with using IlI-V materials. For example,
fabrication of I11-V components results in nonplanar structures that expose the
active region of the device, and this degrades the long-term performance of the
device [59]. Also, the thermal conductivity of I11-V is lower than silicon (0.68 WK"
Yem™ for InP, and 1.45 WKcm™? for Si) [92], which makes heat dissipation a
problem. Moreover, the defect density is high due to the multiple regrowth steps
required [77]. Finally, 111-V substrates are smaller and more expensive compared
to silicon [59]. For example, the cost of an InP substrate is 4.55 $/cm? compared
to 0.2 $/cm? for silicon, and the size of silicon substrate is more than four times

larger than that of InP [93].

2.4.2 Silicon
Silicon could be favoured for commercial applications because silicon-

based technologies (Si CMOS or SiGe HBT) give high integration level, excellent
reliability, mature design environment, and low cost (for high volume) [27].
However, the operation speed of silicon devices is low due to the inferior
electron transport characteristics. Moreover, the intrinsic resistivity of silicon is
low (2.3x10° Q-cm at room temperature), compared to 1.4x108 Q-cm in GaAs and

8.6x10" Q-cm in InP [27]. Such low resistivity in silicon substrate leads to high
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ohmic loss and thus degradation of device’s performance with electromagnetic

field penetrating the substrate due to the leakage currents [94].

2.5 UTC-PD as an MMW Emitter
Photomixing takes place on a photodiode or a photoconductor. Here, we

compare three famous photomixing devices: p-i-n photodiode (PIN-PD), UTC-PD
and low temperature grown GaAs (LTG-GaAs) photomixer.

Conventional photodiodes have p-i-n structure. In PIN-PD, photo
generation takes place in the depletion region that is non-intentionally doped. Both
electrons and holes drift contribute to transit time limited 3 dB bandwidth. When
depletion region becomes thinner, transit time becomes shorter. However,
capacitance becomes a limiting factor.

The problem with conventional PIN-PDs is that even with higher electron
velocity, the bandwidth does not increase. This is because holes require longer
time. PIN-PDs are bandwidth limited due to the carrier transit time, load resistance
and intrinsic and parasitic capacitance [95].

In UTC-PD, absorption and carrier collection are separate processes,
allowing for a higher 3-dB bandwidth (a 3-dB bandwidth of 310 GHz has been
demonstrated [96]). The band diagram of the UTC-PD is shown in Fig. 2-4. It
consists of narrow gap P-type light absorption layer (active layer), a depleted wide
gap carrier collection layer and a wide gap P-type layer on the anode to block

electron diffusion into the anode.
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Fig. 2-4: Band diagram of the UTC-PD (Reprinted with kind permission from C. Renaud) [97].

In UTC-PD, absorption takes place in the p-doped region, where holes are
the majority carriers. As a result, only electrons drift through the depletion region.
This leads to the following advantages: (1) shorter transit time than PIN-PD, (2)
overshoot velocity that leads to non-linearities, which can be used in opto-
electronic mixing, (3) traveling wave effects, which gives better 3 dB bandwidth
and better roll-off frequency response, and this leads to higher level of generated
power [98]. Also, UTC-PD has better saturation performance than PIN-PD
because holes are not present in the depletion region.

From the previous discussion, it is clear that the UTC-PD has superior
capabilities as an MMW emitter in terms of bandwidth and power compared to
PIN-PDs. The UTC-PD has higher output power compared to the PIN-PD mostly
due to the high saturation current [75].

LT-GaAs photomixers do not generate as much power as the UTC-PD (see
Fig. 2-5 for a comparison). Further, they are optimized to work at 800 nm, which
makes them less attractive for communications since lasers and optical

components are more available at 1550 nm.
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Consequently, researchers have been trying to design InGaAs-based
photoconductors and achieved some promising results [99]. However, they are
still less efficient than the GaAs photoconductors, and their design process is very
difficult due to partially conflicting requirements, such as the high absorption, high
resistance, short carrier lifetime, high mobility, and large breakdown field strength
[100]. For example, they require adding doping materials such as ErAs to create
efficient trap sites. This improves photocarrier mobility, but it creates unwanted

free carrier concentrations and lowers the absorption coefficient [99].
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Fig. 2-5: Comparing different photomixing technologies in terms of output power [75].

The best results are obtained when a UTC is combined with a pseudo
traveling wave (TW) design with quasi-matched optical and electrical velocities.
With a TW design, the device length can be made longer without sacrificing
bandwidth. For example, Rouvalis et al. compared three different structures in
terms of their 3-dB bandwidth [95]; they show the superior bandwidth of the UTC-
PD when combined with traveling wave design: TW-UTC-PD (103 GHz), TW-

PIN-PD (83 GHz) and UTC-PD (74 GHz).
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Here, it is worth mentioning that the UTC-PD can be monolithically
integrated with other photonic components. Fig. 2-6 shows a PIC that comprises
lasers, optical amplifiers, modulators and UTC-PDs. The PIC was successfully

demonstrated as a 1 Gbit/s transmitter at 100 GHz [46].
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Fig. 2-6: Picture of the photonic integrated circuit [46].
To conclude this section, a comparison is provided in Fig. 2-7 between the

UTC-PD and the electronic-based MMW generation technologies discussed
earlier. Again, the UTC-PD shows huge potential in the millimetre range in terms

of emitted power and bandwidth.
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Fig. 2-7: Comparing UTC-PD with electronic-based technologies in terms of output power [29].

2.6 MMW Receivers
A millimetre wave receiver is typically composed of an antenna to detect

10

the radiation, a low noise preamplifier to boost the signal power and increase the

receiver sensitivity, and, finally, an MMW detector.
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There are two common approaches for detecting modulated MMWs: direct
detection (Fig. 2-8-a), and heterodyne detection (Fig. 2-8-b). Heterodyne detection
implies mixing the received signal with an LO to down-convert it to a low

intermediate frequency (IF).

Data Out
—

(a)

Data Out

(b)
Fig. 2-8: MMWs detection approaches [101].

Mixers are nonlinear circuits that perform frequency translation of an
incoming RF signal to another frequency by mixing the RF signal with another
signal (LO) [102]. Ideally, the mixer performs a multiplication process of the two
signals, as illustrated in Fig. 2-9, and in the following mathematical trigonometry:

cos (2nfret) * cos (2mflot) = 1/2{cos (2n(frr+fLo)t) + cos (2x(fre-fLo)t)} eq. (2-5)
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Fig. 2-9: Frequency translation in mixers.

Mixers in the MMW receivers are used to down-convert an incoming high-

frequency signal into a low IF for processing. Superconductor insulator

superconductor (SIS), hot electron bolometer (HEB) and Schottky barrier diode

(SBD) mixers typically use this method [27]. In addition, LTG-GaAs photomixers

are known for their mixing capabilities [103]. Advantages and limitations of these

mixers are discussed as follows:

SIS mixer is made of an insulator that is sandwiched between two
superconducting layers, typically Nb, NbN or NbTiN, and thus, typically,
requires cooling to low temperatures. It is capable of down-converting high
frequency signals (up to 1.4 THz [104]) without needing high LO power
(only few micro watts). It is widely used in astronomy because of its very
low noise level (10K @ 100 GHz).

HEB is made of a superconducting bridge that connects two metal pads. It
has been demonstrated to work at very high frequencies (up to 5.3 THz
[105]) but it typically requires cooling to low temperatures. It works by
turning radiation into heat, which is translated into a change in resistance
that can be detected. It can be used for direct detection or heterodyne

detection if an LO is added [59].
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e SBD is a metal-semiconductor diode that can be used for direct or
heterodyne detection [27] of millimetre and terahertz waves, up to 4.6 THz
[106]. Usually, GaAs is chosen as the semiconductor material to allow for
high frequency of operation, but silicon is also used when compatibility
with CMOS is desired [59] [88] [107]. SBD operates at room temperature
and this makes it very attractive for commercial products, although this
results in inferior noise performance compared to SIS and HEB (noise
temperatures of about 1000 K has been reported with SBD at room

temperature at 600 GHz [20] [108]).

Fig. 2-10 gives a comparison between the three detectors described above
in terms of their noise performance. SIS and HEB mixers are very sensitive, but
they are incompatible with the conventional semiconductor technologies and do
not work at room temperature [27]. On the other hand, SBDs work at room
temperature, but they are less sensitive than SIS and HEB mixer. Nevertheless,

electronic-based technologies proved to be efficient at the receiver [74].
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Fig. 2-10: Comparison between different diode-based mixers as detectors [59].
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As for the LTG-GaAs, this mixer does not work efficiently at 1550 nm,
and typically works at 850 nm or shorter wavelength [109], making it less
attractive since components and technologies used in optical communications are
more available at 1300 nm and 1550 nm.

Recently, the UTC-PD has been demonstrated as an optically pumped
mixer. Compared to the mixers mentioned earlier, a UTC-PD mixer exhibits
several attractive features that makes it an attractive alternative if successfully

demonstrated in receivers. These features can be summarized as follows:

e The UTC-PD can operate at high frequencies (up to 600 GHz has been
demonstrated [110]).

e It has a wide frequency tuning range (tuning from 90 GHz to 580 GHz has
been demonstrated [110]). Tuning is realized simply by adjusting the
spacing between the optical LO tones. Unlike electronic LOs, optical LOs
offer wide tuneability in the RF domain (100°s of GHz), with a phase noise
that is independent of the frequency.

e The UTC-PD can be monolithically integrated with lasers and modulators
on InP substrates [112].

e Contrary to SIS and HEB mixers, the UTC-PD works at room temperature.

e Contrary to Schottky diode mixers, a UTC-PD mixer does not require an
electronically generated LO as it can be generated by the UTC-PD itself
through the heterodyning of two optical signals [31]. This fact could be
exploited in cellular communication systems by using a single optical LO
generation unit to serve multiple base stations. The conventional and the
proposed concepts are compared in Fig. 2-11-a and Fig. 2-11-b,

respectively.
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As shown in Fig. 2-11-b, the new concept would reduce installation costs
and simplify the network architecture, by eliminating the need for electronic LOs
at each base station, and by avoiding the electrical to optical conversion stages at
each station that otherwise would be required due to the large transport losses in
coaxial cables. Moreover, this would increase the data rates that can be handled per
base station due to the large bandwidth of fibre cables compared to coaxial cables.
Further, it offers flexibility on the frequency of operation by tuning the spacing
between the optical tones. This tuning could be achieved automatically in a

software defined network to optimize the network performance.
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Fig. 2-11: A comparison between cellular communication systems implementing (a) SBD mixer
and (b) UTC-PD mixer.
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However, as will be seen in the next chapters, there is a major limitation to
implementing a UTC-PD opto-electronic mixer at the receiver, which is the high
conversion loss. For example, in Chapter 4, conversion losses as high as 28 dB at
60 GHz have been measured on a photonic integrated UTC-PD. This is considered
very high compared to Schottky mixers (Schottky mixers with 6 dB of conversion
loss between 40 GHz and 60 GHz are commercially available [113]).

From the discussions above, it is clear that each type of the mixers
mentioned in this section has advantages and limitations. Table 2-3 provides a

summary of these advantages and limitations.

Table 2- 3: Summary of the advantages and disadvantages of different types of mixers.

Technolog Advantages | Limitations
¢ high operating frequency. e low conversion
e wide tuneability. efficiency.
UTC_:'PD ¢ no electronic LO required.
Mixer « monolithic integrability of
photonic components.
e Works at room temperature.
¢ high operating frequency. e requires cooling down.
SIS e wide tuneability. e cannot be integrated
Mixer e no electronic LO required. monolithically with
e very sensitive. photonic components.
e high operating frequency. e requires cooling down.
HEB e wide tuneability. e cannot be integrated
Mixer e no LO required. monolithically with
e very sensitive. photonic components.
SBD ¢ high operating frequency. e electronic LO is
Mixer e low conversion loss. required.
e Works at room temperature.
LTG-GaAs | e no electronic LO required. e does not work
Mixer efficiently at 1500 nm.

Given the superiority of the UTC-PD as a MMW emitter, and superiority
of electronic receivers, it would seem reasonable to try the hybrid integration of

the two technologies in MMW receivers, which is the topic of the next section.
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2.7 Hybrid-Integrated MMW Receivers
Integration is essential for size, weight, cost and power consumption

reduction [114]. Silicon integration of electronic components has been going on for
a long time [115], and it is now a mature technology. But the high losses in silicon
limit data rates and signal transport distance with this technology. On the other
hand, electronics make excellent receivers.

Microwave photonics provide an excellent solution to this problem by using
optical fibre for signal distribution where propagation losses are very low, and offer
high capacity and wide tuneability. There have been successful demonstrations of
monolithic integration of photonic components using 111-V materials [46] because,
unlike silicon, they can provide optical gain. However, the cost of photonic
integration is high and their performance as receivers is poor.

The operation of MMW wireless receivers could be optimized by the
hybrid integration of electronic and photonic components on a single chip. With
this approach, electronics provides high sensitivity mixers, while photonics
provide widely tuneable LO to drive the electronic part.

This hybrid approach is very appealing because it combines the advantages
of electronics and photonics. But integrating the two is challenging due to the
different properties of the materials used. For instance, the thermal conductivity of
InP is lower than silicon, and this would result in a thermal expansion mismatch
[77]. Also, the lower yield of InP will affect that of the entire package [77]. On the
other hand, the expected reduction in cost [116] and power consumption [117] and
the successful demonstrations of hybrid integration [118] give a big hope to this

approach.
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Chapter 5 investigates the feasibility of photonic-electronic hybrid

integration in MMW wireless receivers by presenting a transmission experiment

that implements an electronic mixer driven by a PIC.

2.8 MMW Deployment Scenarios

A few potential deployment scenarios exist for MMW technology [119],

including: D2D communications [120], heterogeneous networks [121], and small-

cell backhaul [122], which are discussed in the following:

D2D: in device to device communication, nearby devices communicate
with each other without the need for an intermediate hop such as an access
point or a base station [123]. This increases spectral efficiency since
devices share the same resources. In addition, this helps extending
networks coverage by relaying [124]. Further, it helps operators offload
traffic from the core network, thus, reducing energy and cost per bit [125].
The performance target for D2D communications is a data rate of 1 Gbit/s
and (10 — 1000) meters of transmission distance [126]. In conventional
cellular systems, D2D communications would be a very challenging task
since interference from the high-power base station as well as from user
entities (UEs) is a big issue. Using MMWs would overcome the
interference issues thanks to the high directivity beams generated by the
beamforming techniques [119].

Heterogeneous networks: heterogeneous networks contain various types of
base stations, including: high power macro cells that cover large
geographical areas, and smaller pico and femto cells, which are used to
assist the macro cells in capacity and coverage [127]. The main challenges

in this architecture is the interference between the macro cells and the
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smaller cells, as well as the handover between small cells in high mobility
areas [121]. One of the proposed solutions to this problem is to use the
concept of phantom cells [128] by which the control and data planes are
separated such that high-power macro cells use traditional reliable low
frequencies for signalling information, while smaller cells use the MMWs
for data communication.

Small-cell backhaul: The concept is to connect tens of high capacity small-
cells, which are distributed in an area of few kilometres, to the core network
with sub-millisecond latency [129]. This could be achieved with optical
fibre, but it would be expensive to implement. Alternatively, MMWs could
offer wireless backhauling to avoid the high costs of new fibres

deployment.

2.9 MMW Deployment Challenges
Although MMW technology offers several advantages, there are several issues

that need to be addressed before their deployment in 5G networks, including:

Hardware implementation: it is challenging to develop low-power
consumption components at such high frequencies, such as high power
amplifiers, analog to digital convertors (ADC) and digital to analog
convertors (DAC). For example, the power consumption for the ADC
generally scales linearly with the sampling rate and exponentially with the
sample resolution [130].

Adaptive beamforming algorithms: when combined with massive MIMO
to obtain more directivity, MMW becomes more sensitive to alignment.
So, it is essential to develop low complexity algorithms for adaptive

beamforming [124].
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Attenuation (dB/km)

High propagation losses: in MMW communications, most of the energy
loss takes place in free space [130]. As shown in Fig. 2-12, MMW signal
attenuation is attributed to three factors: free space path loss, gas and rain.
Gaseous losses due to oxygen and water vapour absorption take place only
at certain frequencies, and signal scattering due to rain is dependent on the
heaviness of the rain. For instance, in the case of heavy rain (25 mm/h), the
rain attenuation is about 10 dB/km at 73 GHz [119]. The solution is to
reduce the cell size. For instance, rain attenuation becomes insignificant (2

dB/km at 73 GHz) in 200 meter-radius cells.
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Fig. 2-12: MMW signal attenuation due atmospheric gases and rain [131].

Blockage effect in MMWs: one of the characteristics of MMWs is that they
do not penetrate most solid objects well, especially building materials, such
as concrete (attenuation: 175 dB per 10 cm at 40 GHz) [132]. This has two
implications: First, indoor environment cannot be served from an outdoor
base station and that a different solution needs to be provided for indoor
communications, like femto cells or millimetre WiFi [132]. Second, the

communication link will be blocked if an object appears in the line of sight.
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There are several proposed solutions to the blockage problem. One, is to
switch to non-line of sight connection using adaptive beamforming with
reflections, but this will attenuate the signal severely. Another solution is
to establish indirect connections using relays that have a line of sight (LoS)
connection with the receiver [119]. A third solution is to use distributed
antenna system (DAS), where antennas are spatially distributed to cover a

certain area [130].

2.10 Conclusion
This chapter reviewed three potential technologies for MMW

communications: electronics, photonics, and the hybrid integration of the two, and
discussed their advantages and their limitations. On the one hand, electronics offer
several methods for generating MMWs, including: diode-based sources, transistor-
based sources, and frequency multipliers. Also, electronics make high sensitivity
MMW receivers. However, electronics cannot transport high data rates signals
over long distances, and electronic oscillators are generally not tuneable. On the
other hand, photonic technologies can transport high-speed signals over long
distances, and can generate widely tuneable signals by using optical heterodyning
on high-speed photodiodes such as the UTC-PD. However, photonics performance
is less attractive at the receivers due to the high conversion loss of the UTC-PD
when used as an opto-electronic mixer.

Consequently, another alternative was considered, which is the hybrid
integration of electronics and photonics. This solution promises to combine the
benefits of both technologies and to mitigate their limitations. However, there are

issues with this approach due to the different materials and processes used in
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fabrication. A summary of the advantages and limitations of these approaches is

provided in Table 2-4.

Table 2-4: Summary of the advantages and limitations of different MMW integrated technologies.

Technology Advantages Limitations
e cheap: silicon substrates ¢ high signal transport
are large and cheap. attenuation.
. efficient receivers: ¢ low bandwidth and
Electronics Schottky-based mixers capacity.

have low conversion e narrow tuning range.
loss.
mature and reliable
technology.
easy integration with the | e expensive: InP
fibre network. substrates are
supports high data rates. expensive and small.

: low signal transport e |11-V processes have

Photonics |ossesg P high defect density.

low latency. e photonics
ultra-wide tuneability. performance is poor
simple access network. at the receiver.
cheaper than monolithic ¢ challenging due to
[11-V integration. the different
easy integration with the properties of the

: fibre networks. materials.

Hybrid supports high data rates. e low-yield InP affects
wide tuneability. the entire package.
make high-sensitivity
receivers.

Also, discussed in this chapter, is the potential deployment scenarios of

MMW technology in 5G networks, including: device-to-device communications,

heterogenous networks, and small-cell backhaul.

Finally, the expected challenges to MMW technology implementation in

5G were presented, including: the hardware implementation, the adaptive

beamforming, the high propagation losses, and the blockage effects. Also,

suggestions were provided to overcome these challenges.

The aim of this research is to demonstrate UTC-PD-based MMW wireless

receivers, followed by a demonstration of a photonic integrated transceiver. The
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next chapter presents successful experimental demonstrations of UTC-PD-based
MMW wireless receivers at different frequencies and with different modulation
formats. The significance of these demonstrations is showing the feasibility of
photonic integrated receivers, which paves the way for photonic integrated
transceivers, as will be shown in Chapter 4. Finally, the hybrid solution is studied,

as will be seen in Chapter 5.
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3.1 Introduction
Mixers are needed in wireless receivers to down-convert high frequency

signals to a lower IF to allow for electronic processing before final down-
conversion to the baseband, as explained in the previous chapter. The previous
chapter presented some commonly used mixers in MMW wireless receivers and
discussed their limitations. Also, it discussed the potential advantages thata UTC-
PD mixer could offer. In this chapter, the mixing mechanism in UTC-PD is
explained, and its successful utilization in wireless receivers is presented.

Previously, it has been shown that a UTC-PD can be used as an optically
pumped mixer (OPM) at frequencies up to 600 GHz [110], but these
demonstrations were done within a 100 Hz bandwidth [31] [133] which is not
enough for communication purposes. The following sections present, for the first
time, several-GHz wide mixers based on the UTC-PD and their successful
implementation in MMW wireless receivers.

The first demonstration is the wireless transmission of 5 Gbps OOK data
at 35.1 GHz with successful data recovery in real-time. However, this comes at the
expense of added complexity to the receiver, as it required locking the optical tones
of the receiver UTC-PD. The second experiment is wireless transmission of 1
Gbaud QPSK data at 33.5 GHz. It utilized free-running lasers to illuminate the
receiver UTC-PD, which proves that a UTC-PD-based receiver can recover
complex data signals while keeping the setup simple. Finally, an experiment
implementing UTC-PDs at the transmitter and the receiver was successfully
conducted at 60 GHz with 1 Gbps OOK data. No high order modulations, like: 16
QAM, are reported here because of their higher sensitivity to phase noise and

signal to noise ratio (SNR), as explained in the previous chapter.
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These demonstrations contribute to research towards 5G as they were done
at carrier frequencies of 35.1 GHz, 33.5 GHz, and 60 GHz, respectively, which
belong to the frequency range of interest to 5G, as discussed in Chapter 1. Further,
these demonstrations pave the way for the first photonic integrated transceiver

which offers a low-cost, high data rate and energy efficient solution.

3.2 5 Gbps Wireless Link with an Optically Pumped UTC-PD
Mixer at the Receiver
This section reports the first demonstration of a UTC-PD as a 5 Gbps

wireless receiver. In this experiment, a 35.1 GHz carrier was electrically
modulated with 5 Gbps non-return to zero on-off keying (NRZ — OOK) data and
transmitted over a wireless distance of 1.3 m. At the receiver, a UTC-PD was used
as an OPM to down-convert the received radio frequency (RF) signal to an IF of
11.7 GHz, before it was down-converted to the baseband using an electronic mixer.
The recovered data show a clear eye diagram, and a bit error rate (BER) of less
than 10" was measured. The conversion loss of the UTC-PD optoelectronic mixer
has been measured at 22 dB. The frequency of the LO used for the UTC-PD is
defined by the frequency spacing between the two optical tones, which can be

broadly tuneable enabling the frequency agility of this photodiode-based receiver.

3.2.1 UTC-PD Optoelectronic Mixer Characterization
The UTC-PD used in this work has dimensions of 7x15 pm?, and has

coplanar waveguides (CPW) with epitaxy structure similar to that described in
[135]. It was characterized in terms of its photocurrent versus the bias voltage for
different levels of injected optical power (14 dBm, 16 dBm, and 18 dBm), as
shown in Fig. 3-1. Also, shown in the same figure is the 1-V characterization of a

2x25 um? device by E. Rouvalis [31] for comparison purposes.
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Fig. 3-1: 1-V characteristic curve of the UTC-PD in this work in comparison with [31].

In both sets of measurements, the figure shows a trend of increasing
photocurrent with increasing optical power and reverse bias voltage. However, the
increasing behaviour and the values of the photocurrents for the two devices do
not match because of their different epitaxial structures and dimensions.

The UTC-PD was illuminated by an optical signal generated from an
external cavity laser (ECL), which was followed by an erbium-doped fibre
amplifier (EDFA) to provide optical amplification. The signal was injected into
the UTC-PD using a lensed fibre, and the maximum optical power measured at the
input of the lensed fibre was 18 dBm limited by the maximum output power
deliverable by the EDFA. As expected, the generated photocurrent increased with
increasing optical power and bias voltage, and the maximum photocurrent (18.5
mA) was measured at the maximum bias voltage (-4 V) and at the maximum
optical power (18 dBm, 63 mW), which gives a responsivity of 0.29 A/W. This is
a slightly higher value of responsivity compared to devices of similar structure
presented in [136], which report a value of 0.2 A/W. This is because smaller
devices, 4x15 um?, were used in [136], compared to 7x15 um? devices used in this

work.
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The frequency response of the UTC-PD was characterized using the
heterodyne system depicted in Fig. 3-2, where two optical signals from free
running lasers spaced by AF were injected into the UTC-PD, via the same lensed
fibre, to generate the electrical heterodyne signal at AF as mathematically
described in [32], while a bias tee was used to couple the voltage bias to a CPW
probe that is connected to the waveguides of the UTC-PD.

At —4 V voltage bias and 18 dBm optical power, the frequency response
measurements gave a 3-dB bandwidth of approximately 33 GHz, and the emitted
power at this frequency was 3 dBm, as shown in Fig. 3-3. The 3-dB bandwidth

was approximated by plotting a polynomial trend line of the sixth order.
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Fig. 3-2: Setup for optical heterodyning (without RF) and optoelectronic mixing (with RF) in UTC-
PD.

12 -
8 - - “s~Measurement
------ - ceeseimass ° Qe «+<Trend
E I .
& 4
)
S
e 00
[=]
=5
-4 - Popt =18 dBm
_8 T L] . !
0 10 20 30 40

Frequency (GHz)
Fig. 3-3: The bandwidth measurement of the UTC-PD.
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Using the same experimental system with optical tones spaced by AF =9.7
GHz at —4 V bias and 18 dBm optical power, it was observed that the UTC-PD
generates higher order harmonics of the heterodyne signal at AF. Signals at 9.7
GHz, 19.4 GHz, 29.1 GHz and 38.8 GHz are clearly observed in the spectrum in
Fig. 3-4, corresponding to AF, 2AF, 3AF, 4AF, respectively. This indicates a strong
enough nonlinear behaviour for mixing purposes. This nonlinear behavior could
be explained by the dynamic capacitance associated with the charge storage in the
absorption layer of the UTC-PD [137].

20 -

Power (dBm)

0.5 10.5 20.5 30.5 40.5 50.5
Frequency (GHz)

Fig. 3-4: UTC-PD’s heterodyne and higher order harmonics at 18 dBm optical power and —4 V
bias (RBW = 300 kHz, VBW = 30 kHz).

Mixing in UTC-PD can be exploited in receivers by down-converting an
incoming RF signal to a lower IF, as illustrated in Fig. 3-2. In the following mixing
experiment, an RF of 35.1 GHz and an optical LO of 23.4 GHz were applied.
Consequently, a mixing product was generated at an IF of 11.7 GHz, that is equal
to the difference between the incoming RF signal and the heterodyne signal at AF.

The mixing properties of the UTC-PD when used as an OPM depend on
the bias voltage and the injected optical power [133], hence, both should be

optimized.
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Therefore, the conversion loss was measured as a function of bias voltage
for different levels of optical power, as shown in Fig. 3-5. The figure also shows
previous works by Rouvalis et al. [31] and Renaud et al. [136] for a comparison.
Here, conversion loss is defined as the ratio between the power of the incoming
unmodulated RF signal (measured at the input of the coplanar probe that is

connected to the waveguides of the UTC-PD), and the generated IF signal power.
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Fig. 3-5: UTC-PD’s conversion loss versus bias voltage for different levels of optical power in comparison
to previous works ( [31] and [136]).

Notice in Fig. 3-5 that the minimum conversion loss for the 14 dBm, 16
dBm, and 18 dBm curves takes place at bias voltages of -1.3 V, -1.6 V, and -2.4
V, respectively. Interestingly, these bias voltages correspond to the regions of
maximum nonlinearity in the I-V curves of Fig. 3-1. This agrees with the findings
of [118] that best mixing occurs at maximum differential conductance.

By comparing the curves in Fig. 3-5, it can be observed that the conversion
loss curves in this work behave in a similar manner to that of [Renaud], but very
differently to that of [Rouvalis]. This is because the UTC-PD in this thesis has an
epitaxial structure similar to that in [Renaud], while a different epitaxial structure

is used in [Rouvalis]. Moreover, in [Rouvalis], minimum conversion loss takes
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place at the maximum reverse bias voltage because the device epitaxial structure
was designed for MMW emission rather than mixing.

Also, it is clear, from Fig. 3-5, that the UTC-PD used in this thesis exhibits
much better conversion loss performance compared to the previous works (21.8
dB compared to 58 dB in [Renaud] and 32 dB in [Rouvalis]). This is attributed to

several factors summarized below:

The UTC-PD in this thesis was pumped with more optical power (18
dBm compared to 16.1 in [Renaud] and 15.2 in [Rouvalis]).
e The size of the device used here is bigger (7x15 um? compared to 4x15
um? in [Renaud] and 2x25 um? in [Rouvalis]).
e Here, RF frequency is lower, which means that more power can be
generated by the device (35.1 GHz compared to 53 GHz in [Renaud] and
100 GHz in [Rouvalis]).
e Finally, in this work, IF frequency is higher (11.7 GHz compared to 400
MHz in [Renaud] and 50 kHz in [Rouvalis]). As will be seen in Sec.
3.4.1, conversion loss is lower at higher IF.

By comparing the three plots for the UTC-PD of this work, it is observed
that lower conversion losses are achievable at higher optical powers and higher
bias; minimum conversion loss of 21.8 dB was obtained at —2.5 V and 18 dBm
optical power, which is the maximum optical power deliverable by the
experimental setup. A plot of the conversion loss as a function of optical LO
power, in Fig. 3-6, shows an inverse relation between the two; conversion loss
decreases with increasing optical power. Based on this figure, one can extrapolate
that the trend of decreasing conversion loss will continue at higher optical powers

because the device shows no sign of saturation.
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Fig. 3-6: UTC-PD’s conversion loss versus optical power.

3.2.2 Designing a Wireless Communication Link at 35.1 GHz
The mixing experiment described in the previous section generated other

mixing products due to the mixing of RF and 2AF, as seen in Fig. 3-7.
Subsequently, when down-converting a modulated RF signal, one should choose
AF and RF carefully to avoid interference between multiple versions of the down-
converted RF signal.

Another constraint is the frequency of operation of components to be used
in the wireless transmission experiment, such as amplifiers and antennas, which
are limited to 40 GHz. Taking all that into account, RF was chosen to be 35.1 GHz
while AF was set to 23.4 GHz resulting in 2AF = 46.8 GHz. This configuration
resulted in two mixing products at the same frequency, IF1 and IF2 at 11.7 GHz.

Figure 3-7 shows the electrical spectrum of the RF signal, the heterodyne
signals and their mixing products. The two mixing products are not perfectly
matched to the same frequency. Consequently, two IF peaks are observed in the
spectrum. This is due to using free running lasers to generate the heterodyne
signals, which cannot guarantee a fixed heterodyne frequency, and this would be

problematic in communication systems due to interference of the two IFs.
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Fig. 3-7: Electrical spectrum showing RF, heterodyne, and IF signals (RBW = 300 kHz, VBW =
30 kHz).

Therefore, a stabilization mechanism is needed to fix the heterodyne
frequency. For example, one could use a single laser followed by a modulator to
generate coherent optical tones. This solution was successfully implemented in the

experiment presented in the following section.
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3.2.3 Wireless Transmission Experiment Implementing 5 Gbps

UTC-PD-based Receiver
A wireless transmission experiment was conducted to demonstrate the

optoelectronic mixing capabilities of the UTC-PD, and how they can be useful at
the receiver, by photonically down-converting the incoming mm-wave signals into
a lower IF. The experiment was conducted with 5 Gbps data at a carrier frequency
of 35.1 GHz and a wireless distance of 1.3 meters. A summary of the experimental

parameters is provided in Table 3-1.

Table 3-1: A list of the parameters of the wireless transmission experiment.

Parameter Value
Carrier Frequency 35.1 GHz
Data Rate 5 Ghps
Modulation OOK
Transmitted Power 11.8 dBm
Antennae Gain 20 dBi
Wireless Distance 13m
FSPL 25.6 dB
UTC-PD Conversion Loss | 22dB
IF 11.7 GHz
BER 6x10°
Real-time/Offline Real-time

A block diagram of the experimental system is shown in Fig. 3-8. A single
wavelength laser at 1550 nm followed by an intensity modulator generated three
optical tones that are spaced by 23.4 GHz. They were followed by a reconfigurable
optical filter (WaveShaper™) to select only two adjacent optical tones
(suppression ratio of more than 40 dB). These optical tones are coherent since they
originate from an externally modulated laser, and they were used to generate the

heterodyne signal on the UTC-PD.
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Fig. 3-8: Block diagram of the wireless transmission experiment

Two EDFAs were used to amplify the optical signal followed by a 1 nm-
bandwidth optical bandpass filter (OBPF) to reduce the amplified spontaneous
emission (ASE) noise. The total power of the optical signal measured at the output
of the OBPF was 18 dBm, which gives the lowest conversion loss (22 dB), as
shown in Fig. 3-5.

The optical LO was injected into the UTC-PD using a lensed fibre that was
not fixed. This provoked measurement sensitivity to disturbances and vibrations
in the environment such as air movement caused by people and the air-condition.
To combat this, continuous fibre realignment was required to optimize power
coupling.

Moreover, the polarization of the optical signal was sensitive to
movements and temperature variations. This affected the relative powers of the
optical tones at intensity modulator output as well as the polarization of the signal
at the input of the UTC-PD. Therefore, continuous polarization control was needed
to optimize the power levels of the signals at the modulator output and to ensure
matching the polarization of the optical signal to that of the UTC-PD waveguide

to maximize optical power coupling to the device.
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At the transmitter, a NRZ — OOK 5 Ghbps pseudo random bit sequence
(PRBS) data with a length of 2* — 1 was generated at the baseband, then, up-
converted to 35.1 GHz using a 35.1 GHz signal generator and an electronic mixer.
After that, it was amplified (gain of 25 dB, noise figure (NF) of 3 dB) and fed into
a 20 dBi horn antenna. The total power of the modulated signal at the transmitter
was 11.8 dBm. The signal was transmitted over a wireless distance of 1.3 meters
before reaching the receiver 20 dBi horn antenna. This resulted in 25.6 dB of free-

space path loss (FSPL) according to the FSPL formula [138]:

FSPL = 20log(d) + 20 log(f) + 20 log (=) = G, — G, eq. (3-1)

At the receiver, the signal was amplified (gain of 35 dB, NF of 4 dB) and
passed to a bias tee, where it is coupled with the DC bias of the UTC-PD, then, to
a splitter, and finally, to a coplanar probe that is connected to the coplanar
waveguides of the UTC-PD. The RF signal was opto-electronically mixed with the
optical heterodyned LO signal at the UTC-PD resulting in an IF signal at 11.7
GHz. The splitter was used to allow for the simultaneous supply of RF and the

extraction of IF signals.

The extracted IF signal was amplified (gain of 35 dB, NF of 4 dB), then,
fed into an electronic mixer to down-convert it to the baseband. The locking of the
transmitter and the receiver was ensured by connecting the 10 MHz REF ports of
the receiver synthesizers to that of the transmitter synthesizer. The final baseband
signal was filtered and displayed on the oscilloscope. An open eye diagram of the
received signal was obtained, as shown in the inset of Fig. 3-9, and a BER of less

than 10~ was measured directly using a bit error rate tester (BERT).
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Then, BER performance was evaluated as a function of the transmitted
signal power and the UTC-PD’s optical LO power, while keeping the same
wireless distance, d = 1.3 meters. The transmitted power varied from -2.5 dBm to
11.8 dBm and BER was measured at 18 dBm of optical LO power. The same
procedure was repeated for 16 dBm and 14 dBm of optical LO, and results are
plotted in Fig. 3-9. As expected, BER decreased as with increasing transmitter
power and with increasing optical LO power. The lowest BER (6x10°) was

achieved at the highest optical LO power (18 dBm) and the highest transmitted

power (11.8 dBm).
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Fig. 3-9: BER performance as a function of transmitted signal power and optical LO power. The
inset shows the eye diagram of the received signal after down-conversion to the baseband.

Fig. 3-9 shows that the minimum transmitted power required to satisfy the
forward error correction (FEC) limit of 3.8x107 [139] is about -1.5 dBm. This
gives more than 13 dB allowance in losses if we are to work at the FEC limit,
which corresponds to more than four-fold increase in transmission distance.
Combining this with high gain antennas (gain = 42 dBi) would allow for
transmission distances of hundreds of meters. To the best of the author’s

knowledge, this is the first demonstration of a UTC-PD mixer in a receiver.
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3.3 1 Gbaud QPSK Wireless Link with an Optically Pumped UTC-

PD Mixer at the Receiver
This section presents the first demonstration of a UTC-PD used in a receiver

of a wirelessly transmitted QPSK signal. In this demonstration, a 1 Gbaud QPSK
signal centered at 33.5 GHz was transmitted over a wireless distance of 1.4 meters
using 20 dBi horn antenna. At the receiver, a UTC-PD was used to down-convert
the RF signal to an IF of 9.5 GHz by mixing the RF signal with a heterodyne signal
at 24 GHz, which was generated by two free running lasers. The down-converted
signal was captured by a real-time digital oscilloscope (RTO) for offline digital
signal processing (DSP).

The error vector magnitude (EVM) of the demodulated signal was
measured at 18%, which corresponds to a BER of 10 [140]. No higher order
modulation transmissions, like: 16-QAM, are reported here because of the high
EVM in the system. The parameters of this experiment are summarized in Table 3-

2.

Table 3-2: A list of the parameters of the QPSK wireless transmission experiment.

Parameter Value

Central Frequency 33.5 GHz
Data Rate 2 Gbps
Modulation QPSK
Transmitted Power -15.5dBm
Antennae Gain 20 dBi
Wireless Distance 1.4 meters
FSPL 25.9 dB
UTC-PD Conversion Loss| 25.5dB
IF 9.5 GHz
EVM 18%
Real-time/Offline Offline DSP
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3.3.1 UTC-PD Optoelectronic Mixer Characterization
In this experiment, a UTC-PD was used as an OPM, by which an incoming

RF signal at 34.5 GHz is mixed with an optically generated heterodyne signal at a
AF = 24 GHz to down-convert it to an IF at 10.5 GHz. The minimum conversion
loss was 25.5 dB at 18.2 dBm of optical power and -1.7 V voltage bias. The full
characterization of the UTC-PD’s conversion loss is shown in Fig. 3-10. Again,

notice that lower conversion loss is achievable at higher optical powers.
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Fig. 3-10: UTC-PD’s conversion loss vs. the voltage bias for two different levels of optical power.

3.3.2 Wireless Transmission Experiment Implementing a 1
Gbaud-QPSK UTC-PD-based Receiver
Fig. 3-11 is the block diagram for a 1 Gbaud QPSK wireless transmission

experiment. An arbitrary waveform generator (AWG) was used to generate a 1
Gbaud QPSK signal centered at 1 GHz, and shaped with a root raised cosine (RRC)
filter with a roll-off factor of 0.35, resulting in a signal bandwidth of 1.35 GHz. The
QPSK signal was, then, up-converted using a double-balanced electronic mixer that
is driven by a 34.5 GHz LO resulting in two sidebands at 33.5 GHz and 35.5 GHz,
similar to the spectrum shown in Fig. 3-12, which shows the signal at the input of
the transmitter antenna. These two sidebands are identical and carry the same

information. Therefore, detecting only one sideband is enough to recover the data.
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Fig. 3-11: Block diagram of the QPSK wireless transmission experiment.
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Fig. 3-12: The electrical spectrum of the transmitted signal (RBW = 100 kHz).

The signal was transmitted using a 20 dBi horn antenna over 1.4 meters and
detected by an identical receiver antenna. Under these conditions, eq. (3-1) gives
25.9 dB for FSPL. The received signal was amplified by a 40 GHz RF amplifier
(gain of 35 dB, NF of 4 dB) and passed through a bias tee and a splitter, onto a
CPW probe that is connected to the waveguides of the UTC-PD. The UTC-PD bias
was set to -1.7 V, which gives the lowest conversion loss at 18.2 dBm optical power
(as measured at the output of the OBPF). The UTC-PD mixed the received signal
with the optical heterodyne, and down-converted the RF signal to 10.5 GHz,

resulting in the two sidebands centered at 9.5 GHz and 11.5 GHz.
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The down-converted signal was amplified (gain of 35 dB, NF of 4 dB), and,
captured by the RTO for offline DSP. The offline DSP steps are listed in the flow
chart of Fig. 3-13. The RTO has a bandwidth of 36 GHz and a sampling rate of 80
Gsamples/second. The length of the captured time window was 5 ps, which
corresponds to 10,000 bits. The captured signal was bandpass filtered, so that only

the 9.5 GHz sideband was passed for further digital signal processing.

Waveform Acquisition (10,000 bits)

U

Digital Down-Conversion to Baseband
L)

RRC filtering (a = 0.35)
L}
Resampling (2 Samples/Symbol)

L

Channel Equalization (CMA Algorithm)
Il

Frequency Offset Estimation

4.

Carrier Phase Estimation

'l
EVM Estimation =18%

Fig. 3-13: Flow chart showing offline DSP Steps (see MATLAB implementation by Haymen Sham
in the appendices A.1 & A.2).

The filtered signal was digitally down-converted to the baseband, then,
digitally filtered with an RRC filter with a roll-off factor of 0.35. Fig. 3-14 shows
the electrical spectrum of the signal after down-conversion to the baseband. Then,
the constant modulus algorithm (CMA) was used for channel equalization. Carrier
recovery and phase estimation algorithms were used to compensate for the
frequency offset and phase drift produced by the two free-running lasers, since they

are not locked to each other [141].
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Fig. 3-14: The received QPSK signal after down-conversion to the baseband (RBW=200 kHz).

The transmitted signal was successfully recovered, and the constellation
diagram was successfully reconstructed, as shown in Fig. 3-15. The measured EVM

of the received signal was 18%, which corresponds to a BER of 10 [140].

Quadrature

-1 -0.5 o 0.5 1

Fig. 3-15: Constellation diagram of the QPSK signal after down-conversion to the baseband.

Longer transmission distances are expected when using a power amplifier
at the transmitter and high gain antennas at the transmitter and the receiver. For
instance, using a 30 dB-gain power amplifier would allow for more than 30-fold

increase in transmission distance.
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This experiment proved that it is possible for UTC-PD-based receiver to
recover complex data while keeping the receiver setup simple, by utilizing offline
DSP techniques. To the best of the author’s knowledge, this is the first
demonstration of a UTC-PD-based wireless receiver implementing complex
modulation format. No higher order modulation transmissions, like: 16 QAM, are

reported here due to the large EVM (18%) measured in the QPSK transmission.
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3.4 60 GHz wireless Link Implementing UTC-PDs at the

Transmitter and the Receiver
This section presents the first demonstration of an MMW transmission link

based on UTC-PDs in the transmitter and the receiver. A 61.3 GHz wireless
transmission link is realized, which implements a UTC-PD at the transmitter for
MMW signal generation, by heterodyning two modulated optical tones originating
from an optical frequency comb (OFC) system. Optical signal modulation was
realized using a Mach-Zehnder modulator (MZM) driven by a 1 Gbps OOK signal.
The 61.3 GHz signal was transmitted wirelessly using a 25 dBi gain parabolic
antenna before being detected by an identical receiver antenna.

At the receiver, a UTC-PD was pumped by optical tones from two free
running lasers spaced by 55 GHz to down convert the received signal to an IF of
6.3 GHz, where it was captured for offline processing. The recovered data showed
an open eye diagram, and a BER of the order of 10° was measured. To the best of
the author’s knowledge, this is the first demonstration a UTC-PD-based 60 GHz
wireless receiver. A summary of the experimental parameters is provided in Table

3-3.

Table 3- 3: A list of the parameters of the 60 GHz wireless transmission experiment.

Parameter Value

Carrier Frequency 61.3 GHz
Data Rate 1 Gbps
Modulation OOK
Antennae Gain 25 dBi

Wireless Distance 0.55 m (actual)
50 m (potentially)

UTC-PD Conversion Loss 39dB

IF 6.3 GHz

BER 10
Real-time/Offline Offline DSP
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3.4.1 UTC-PDs Characterization
The UTC-PD-based transmission link presented in this work uses two

UTC-PDs: The first UTC-PD, which has dimensions of 3x15 um?, uses optical
heterodyning to generate the MMW at the transmitter, while the second UTC-PD,
which has dimensions of 4x15 pum?, is used as an opto-electronic mixer at the
receiver. The epitaxial structure of the devices is detailed in [135].

First, both UTC-PDs were characterized in terms of their photocurrent for
different values of voltage bias, while the optical power injected into the UTC-
PDs was fixed at 14 dBm and 9 dBm for the transmitter UTC-PD and the receiver
UTC-PD, respectively. The photocurrent versus voltage bias is plotted in Fig. 3-
16. The figure gives responsivities of 0.28 A/W and 0.2 A/W at -4 V for the

transmitter and receiver UTC-PDs, respectively.
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Fig. 3-16: The photocurrent versus bias voltage characteristics for the UTC-PDs at the transmitter
(3x15 pm?) and the receiver (4x15 pm2).

Then, the frequency response of the devices was measured using the same
heterodyne system shown earlier in Fig. 3-2, where optical signals from two free

running lasers were coupled and injected into the UTC-PDs. The spacing between
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the two optical signals was swept from zero to 67 GHz, while the generated
electrical heterodyne signals were extracted by a CPW probe and measured using
an electrical spectrum analyzer (ESA).

The frequency responses of the devices are plotted in Fig. 3-17 at a voltage
bias of -4 V (the figure also shows the frequency response of the receiver UTC-
PD at a voltage bias of -0.2 V, which gives the optimum conversion loss as will be
shown next). The frequency response curves give 3 dB-bandwidths of more than
60 GHz and 35 GHz for the transmitter and receiver UTC-PDs, respectively. This

difference in bandwidth is attributed to the difference in the devices’ dimensions.
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Fig. 3-17: Frequency response of the transmitter and receiver UTC-PDs.

Next, the optoelectronic mixing characteristics of the receiver UTC-PD
were studied using the system shown in Fig. 3-2, by applying a 61.3 GHz signal -
from a signal generator - with a power of -11 dBm as measured at the input of the
UTC-PD probe. Optical tones from two free running lasers were injected into the
UTC-PD, and their spacing was swept between 50.3 GHz and 61.3 GHz, and the
power of the generated IF was measured (Fig. 3-18), which is a down-converted

version of the RF signal at a frequency equal to the difference between the RF and
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generated electrical heterodyne. Fig. 3-18 shows that mixing efficiency depends

on IF, and that relativly high mixing efficiency occurs at 6.3 GHz.
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Fig. 3-18: Dependence of IF power on frequency for the receiver UTC-PD.
To find the optimum conversion loss for this mixer, the voltage bias was

swept from zero to -4 V while the optical LO power was fixed at 9.8 dBm, and the
power of the 61.3 GHz RF was set to -11 dBm as measured at the input of the
UTC-PD probe. Results are plotted in Fig. 3-19, which shows that minimum

conversion loss (39.3 dB) is obtained at -0.2 V.
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Fig. 3-19: Finding the optimum bias point for the UTC-PD mixer at 6.3 GHz IF.
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Finally, the UTC-PD opto-electronic mixer was characterized in terms of
its NF using the NF equation (in its logarithmic form) [142]:

NF =N, - G — (-174) eq. (3-2)
where N, refers to the noise power density generated by the UTC-PD measured in
dBm/Hz, G refers to the gain of the UTC-PD mixer in dB, and finally the -174
dBm/Hz term is the thermal noise power spectral density at 290 K. The “Noise
Meas” function in ESA was used to measure N, at 6.3 GHz both when the optical
LO was OFF and ON. An LNA (gain = 32.8 dB, NF = 1.9 dB) was added after the
UTC-PD to amplify the UTC-PD generated noise to increase the measurement
accuracy. The optical LO was turned off at first, and No was measured for the ESA
noise floor and the LNA combined (No_OFF =-140.7 dBm/Hz). Then, the optical
LO was switched on, and the new N, was measured (No_ON = -137.4 dBm/Hz).
Then, No for the UTC-PD alone was calculated by subtracting No_ OFF and the
LNA gain from No_ON in linear units. At the optimum bias point (-0.2 V), a NF
of 40.36 dB was measured at an IF of 6.3 GHz.This high value of NF is mainly
dominated by the high conversion loss of the UTC-PD. Therefore, reducing the
conversion loss of the UTC-PD is essential for improving the sensitivity of the
receiver. In addition, adding an LNA after the receiver antenna would reduce the

NF of the receiver, as explained in the next section.
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3.4.2 A 60 GHz UTC-PD-based transmission link
Transmitter Setup

The block diagram of the transmitter is shown in Fig. 3-20, where a 1 Gbps
NRZ OOK PRBS data signal with a length of 21! — 1 was emitted at 61.3 GHz by
the 3x15 um? UTC-PD by heterodyning two modulated optical tones originating

from an OFC system.
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Fig. 3-20: Block diagram of the transmitter showing: (a) the optical spectrum of the OFC (RBW
= 0.01 nm), (b) two selected comb lines with 61.3 GHz spacing (RBW = 0.01 nm), (c) the two
comb lines after modulation and amplification (RBW = 140 MHz), (d) the optical spectrum at the
input of the lensed fibre (RBW = 140 MHz), and (e) the electrical spectrum of the generated MMW
signal at the input of the transmitter antenna (RBW = 300 kHz).

The OFC system generated comb of lines centered at 1553.5 nm and spaced
by 15.325 GHz, as shown in Fig. 3-20-a. The comb was amplified by an EDFA
with a constant output power of 20 dBm followed by a reconfigurable optical filter
(Waveshaper™) to select two optical lines spaced by 61.3 GHz (4 x 15.325 GHz)
while suppressing all the other lines (suppression ratio > 37 dB), as shown in Fig.
3-20-b. The total power of the two-tone optical signal at the output of the
reconfigurable filter was measured at -4.3 dBm. An MZM, biased at Vi, = 6.7 V,
was used to modulate the two optical tones with a 1 Gbps OOK data signal

generated by a pattern generator.
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After that, the optical signal was amplified by an EDFA (output =21 dBm).
The optical spectrum of the modulated optical tones after amplification is shown
in Fig. 3-20-c, and the total power at the output of the EDFA was measured at 20.6
dBm. The EDFA was followed by a 1 nm-wide OBPF to reduce the ASE noise.
Finally, the optical signal was coupled to a lensed fibre to illuminate the UTC-PD.
The total power of the optical signal at the input of the lensed fibre was measured
at 14 dBm, and the optical spectrum at this stage is shown in Fig. 3-20-d.

The UTC-PD generated an electrical heterodyne signal at 61.3 GHz, which
was extracted by a V-band (50 GHz — 75 GHz) CPW probe with an integrated bias
tee applying a voltage bias of -4 V. A 60 GHz V—cable was used to send the
extracted 61.3 GHz signal to the transmitter antenna, which is of the parabolic type
with a gain of 25 dBi at 61.3 GHz. The electrical spectrum of the transmitted signal
is shown in Fig. 3-20-e, and the total power of the signal at this stage was -19.1
dBm. The signal was transmitted over 0.55 m of wireless distance (limited by the
physical space available) before reaching the receiver antenna, which is identical
to the transmitter antenna.

Receiver Setup

The block diagram of the receiver system is shown in Fig. 3-21. It
implements a UTC-PD in an OPM configuration to down-convert the incoming
61.3 GHz data signal to a lower 6.3 GHz IF. The optical LO was generated from
two free running ECLs spaced by 55 GHz. As shown in Fig. 3-21, the two optical
tones were coupled using an optical coupler, amplified by an EDFA (output = 17
dBm), filtered by an OBPF and injected into the UTC-PD using a lensed fibre. The
total power of the optical signal at the input of the lensed fibre was measured at

9.8 dBm, and the optical spectrum at this stage is shown in Fig. 3-21-a.
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Fig. 3-21: Block diagram of the receiver showing: (a) the optical spectrum at the input of the lensed
fibre (RBW = 140 MHz), (b) the electrical spectrum of the MMW signal at the output of the
receiver antenna (RBW = 300 kHz), and (c) the electrical spectrum of the MMW signal at the input
of the receiver UTC-PD probe (RBW = 300 kHz).

The total power of the 61.3 GHz data signal at the receiver antenna was -
35.4 dBm (Fig. 3-21-b). The received signal was amplified by a low noise
amplifier (LNA) (gain = 35.9 dB, NF = 2.2 dB) followed by a bias tee to provide
the voltage bias (-0.2 V) to the UTC-PD. A DC to 65 GHz power divider was used
to allow for the simultaneous supply of the RF signal to the UTC-PD and the
extraction of the IF from the UTC-PD. The signal at the input of the receiver UTC-
PD probe is shown in Fig. 3-21-c, and its total power was measured at -6.6 dBm.

The extracted IF signal from the power divider was then amplified (gain =
35.4 dB, NF = 1.9 dB) and, finally, captured by the RTO for off-line processing.
The length of the captured waveform is 10 s, which is equivalent to 10,000 bits.
The electrical spectrum of the acquired waveform is shown in Fig. 3-22. In that
figure, the lines that appear in the spectrum are not part of the down-converted
data signal, but a combination of clock signals generated from the RTO (at

multiples of 5 GHz) and signals picked up from the lab environment.
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Fig. 3-22: The electrical spectrum of the amplified IF signal (RBW = 100 kHz).
The offline DSP includes the following steps: signal filtering, digital down-

conversion to the baseband, channel equalization using CMA, and envelope
detection [141]. The recovered data produced an open eye diagram, as shown in
Fig. 3-23. The number of errors in the recovered data was counted, by comparing
the received and the transmitted bits, and found to be zero in a 10,000-bit
transmission. To obtain more precise results, transmission was repeated 35 times,
which corresponds to 350,000 bits, and the total number of errors obtained was 3,
corresponding to BER of the order of 10°, which will allow for error-free

transmission when FEC is employed.

Eye Diagram

Amplitude
(Arbitrary Units)

Time (sec) %107
Fig. 3-23: An eye diagram representation of the recovered data after equalization.
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Discussion of Results
In the previous experiment the transmission distance was limited to 0.55

meters, partly due to the absence of a power amplifier at the transmitter. To achieve
longer transmission distances a similar experiment was conducted using 4x15 pm?
and 3x15 pm? UTC-PDs at the transmitter and the receiver, respectively, with a
power amplifier installed at the transmitter (gain = 43 dB, NF = 0.9 dB). In the
new setup the transmitter and the receiver antennas were intentionally misaligned
to emulate a longer transmission distance. The distance between the antennas was
0.58 m, and the extra attenuation introduced by antenna misalignment was
measured at 38.7 dB, which is equivalent to 86-fold increase in distance (dnew = 50
m). Fig. 3-24 shows the electrical spectrum of the received signal at the input of

the CPW probe at the receiver UTC-PD.
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Fig. 3-24: Electrical spectrum of the signal at the receiver UTC-PD.

The UTC-PD down-converted the received signal to an IF of 6.3 GHz.
Then, the same offline DSP steps described in the previous section were applied
here. Fig. 3-25 shows the electrical spectrum of the received signal after digital
down-conversion to the baseband. Also, Fig. 3-26 shows the eye diagram of the

recovered data.
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Fig. 3-25: Electrical spectrum of the received signal after digital down-conversion to the baseband.
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Fig. 3-26: The eye diagram of the recovered data.
The number of errors in the recovered data was calculated in 10,000-bit

long transmissions. Transmission was repeated 12 times, which corresponds to
120,000 bits, and the number of errors was zero in all transmissions, which
suggests a BER of less than 107.
Finally, all the components in the receiver were characterized in terms of
their gain/loss and NF. A summary of these measurements is provided in Table 3-
4. Then, Friis formula [143] was used to calculate the receiver’s overall NF:
Fiot = F1+ (F2— 1)/G1 + (F3 — 1)/G1G2 + ... eqg. (3-3)
where Fot is the total NF of the receiver, F, and G, are the NF and the gain of the

n'" stage, respectively. Calculations give an overall NF of 21.5 dB for the receiver.

90



Chapter 3: UTC-PD-based Wireless Receivers

Table 3-4: NF and gain/loss measurements for the components in the receiver.

RF LNA 35.9 2.2
Passive elements in RF path (bias Tee, -16.5 0
power divider, cable, connectors)

UTC-PD mixer -39.3 40.36
Passive elements in IF path (power -12.7 0
divider, cable, connectors)

IF LNA 35.4 1.9

The data rates demonstrated in this paper were limited to 1 Gbps. This is
partly due to the high carrier to data ratio of the transmitted signal (Fig. 3-20-e)
due to the weak modulation depth of the MZM, and this limited the SNR of the
transmitted signal, and so, the data rate. Amplifying the data signal at input of the
MZM could help increase the modulation depth and the data rates. Also, the
current configuration of the receiver can be optimized to allow for longer
transmission distances and higher data rates. For example, the receiver uses a DC-
65 GHz power divider to allow for the simultaneous supply of RF and the
extraction of IF signals. However, this introduces losses to both signals and
deteriorates the SNR. Further, it limits the operating frequency to 65 GHz. These
limitations can be overcome by redesigning the waveguides of the receiver UTC-
PD to create separate paths for RF and IF signals. Another major limitation is the
high conversion loss of the UTC-PD mixer (39.3 dB), which requires further
studies on optimizing its epitaxial structure to enhance its mixing efficiency, which

will increase the sensitivity of the receiver and allow for higher data rates.

As a final remark, although this setup is not optimized it demonstrates a
proof of concept of mixing in UTC-PD and how it can be useful in wireless
receivers. In that regards, it was verified that mixing took place in the UTC-PD,

and not somewhere else, like an LNA, for instance. This is because the
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optoelectronic mixing experiment described in Fig. 3-2 does not implement an
LNA. Also, the frequency of the down-converted signal in Fig. 3-22 was tunable
by adjusting the spacing between the two optical tones driving the receiver UTC-
PD, and the power of this signal was dependent on the voltage bias on the receiver

UTC-PD following the behavior shown in Fig. 3-19.

3.5 Conclusions
This chapter presented, for the first time, successful demonstrations of

optically pumped UTC-PDs implemented in wireless receivers. The best
conversion loss obtained was 22 dB, which, while lower than previously reported
values is high relative to conventional electronic mixers. However, the advantage
of using the UTC-PD as a mixer becomes more significant at higher frequencies
where electronic mixers are less attractive as they require expensive electronic LO.
The frequency of the LO used for the UTC-PD is defined by the frequency spacing
between the two optical tones, which can be broadly tuneable offering the
frequency agility of this photodiode-based receiver.

In the 5 Gbps OOK experiment, one laser source followed by a modulator
were used to generate coherent optical tones. The advantage of this method is that
it provides frequency stability, but at the expense of added complexity as it
requires a modulator that is driven by an RF synthesizer. On the other hand, the 1-
Gbaud QPSK and the 60 GHz experiments used two free running lasers to generate
the heterodyne signal on the UTC-PD. This method is simpler as it does not require
a modulator nor a signal generator, but it suffers from frequency offset and phase
drift since the two lasers are not locked to each other. However, these impairments
have been successfully overcome thanks to using carrier recovery and phase

estimation algorithms.
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This method offers wide tuneability of the operating frequency simply by
adjusting the wavelength spacing between the two lasers. Also, it allows for higher
frequencies of operation without the need for an electronic LO, which is the case
in conventional electronic mixers.

This first experiment successfully demonstrated transmission over a
wireless distance of 1.3 m of a 5 Gbps OOK data signal occupying a 10 GHz
bandwidth centred at a carrier frequency of 35.1 GHz using the UTC-PD as an
optoelectronic mixer at the receiver. The second experiment successfully
demonstrated wireless transmission over 1.4 m of a 1 Gbaud QPSK data signal
centred at a carrier frequency of 33.5 GHz using the UTC-PD as an optoelectronic
mixer at the receiver. In both experiments, transmission distances are limited by
the available antenna gain. Using high gain antennas (42 dBi) would allow
transmission distances of hundreds of meters when combined with FEC.

The third experiment successfully demonstrated a 1 Gbps OOK and a
potentially 50 m long wireless link at 61.3 GHz implementing UTC-PDs at the
transmitter and the receiver. While the transmitter UTC-PD was driven by
coherent optical tones from a frequency comb system, the receiver UTC-PD was
driven by two free running lasers, featuring a simple and widely tunable receiver.

The current configuration of the receiver is partly limited by the power
divider which introduces losses in the RF and the IF paths and limits the operating
frequency of the receiver to 65 GHz. These limitations can be overcome by
redesigning the waveguides of receiver UTC-PD such that RF supply and IF
extraction are done using two different probes.

While the carrier frequency is not limited by the UTC-PD device itself as

it could operate up to hundreds of GHz [110], these proof of concept experiments
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were done at carrier frequencies of up to 60 GHz, where propagation losses are
low enough to easily assess the performance of the transmission system.

This work could find interesting applications in future 5G or beyond
networks since the frequencies at which these experiments were done are among
the candidate frequencies for 5G [134].

The experiments described in this chapter were done using non-integrated
components. To the best of the authors’ knowledge, this is the first implementation
of the UTC-PD in MMW wireless receivers. These demonstrations show the
potential of the UTC-PD in wireless receivers. Based on these promising results,
the possibility of photonic integrated receivers has been investigated in the next
chapter as it offers important advantages such as low-cost, small size and energy

efficiency.
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4.1 Introduction
This chapter presents the characterization results of a photonic integrated

circuit (PIC) that comprises UTC-PDs, lasers, optical amplifiers and modulators.
Also presented in this chapter is the implementation of this PIC in MMW wireless
transmission and reception experiments, featuring the world’s first photonic
integrated transceiver that offers a small-size and low-cost solution for 5G and
future networks.

The PIC was characterized by optical heterodyning and optoelectronic
mixing both with two lasers operating in a single-mode and with a single laser
operating in a multi-mode regime. The objective of these characterizations was to
assess the capabilities of the PIC as an MMW emitter and an MMW mixer for the
purpose of data transmission and reception, respectively.

The two-laser case has shown wavelength spacing tuneability from 70.5
GHz to 92.4 GHz. When an RF signal at 70 GHz was supplied to the UTC-PD
with the optimum voltage bias, the UTC-PD successfully down-converted the RF
signal to an IF that was tuneable from 0.5 GHz to 16.4 GHz.

Successful mixing was also achieved in the multi-mode single-laser case.
This regime was utilized in data transmission and reception experiments because
the spacing between the modes was 52 GHz, which makes it suitable for 60 GHz
wireless communication links. In the transmission mode, optical heterodyning on
the UTC-PD was utilized to generate a 1 Gbps OOK data signal at 52 GHz. The
data signal was transmitted over a wireless distance of 0.5 meters and detected at
the receiver, which incorporated an electronic mixer. In the reception mode, a 0.5
Gbps OOK data signal was generated at 63.4 GHz by means of optical

heterodyning on a PIN-PD, after which, it was transmitted wirelessly over 3 m.
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The receiver utilized optically pumped mixing on the same UTC-PD to
down-convert the signal to a low intermediate frequency for processing. Both
transmitter and receiver modes have shown zero error bits in 10,000 bit-long

transmissions.

4.2 PIC Characterization
As shown in Fig. 4-1, the monolithically integrated chip used in this work

[46] incorporates two UTC-PDs, two distributed feedback (DFB) lasers to provide
the optical heterodyne, several semiconductor optical amplifiers (SOASs) to
amplify the optical signals, multimode interference (MMI) couplers and electro-
absorption modulators (EAMs). Moreover, this chip has an optical monitoring

output.

Optical monitoring SOA8  DFB SOA7  SOA6 EAM SOAS
n | |_| | rl | I—I uTC2
/ Ll | |—| | LI I_l uTC1

SOAl DFB SOA 2 SOA3 EAM SOA4

Fig. 4-1: Picture of the photonic integrated circuit [46].

4.2.1 Two Single-Mode Lasers Case
In order to assess the performance of the PIC as an MMW emitter, a

heterodyning experiment was conducted, as shown in Fig. 4-2, by which the lasers
and SOAs were biased using a multi-contact DC probe, and the generated electrical
heterodyne signal at AF was extracted using a coplanar probe from UTC1 shown
in Fig. 4-1. Consequently, SOA5 and SOAG6 were disconnected as they are in the
optical path of UTC 2. Also, SOAL and SOAS8, which are used to amplify the
optical signal for monitoring purposes, were disconnected to minimize reflections.
The total current supplied to the other SOAs was fixed at 467 mA. A bias tee was

used to apply the bias to the UTC-PD, which was fixed at -2 V.
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Fig. 4-2: Optical heterodyning experiment.

By monitoring the optical output of the PIC, it was observed that the DFB

lasers’ threshold currents were 54 mA for DFB1 and 40 mA for DFB2. The lasers

bias currents were gradually increased (up to 100 mA for DFB1 and 113 mA for

DFB2) causing their operating wavelengths spacing to change. The wavelength

tuning was observed by monitoring both the optical spectra and the generated

electrical heterodyne. Wide tuneability from 70.5 GHz to 92.4 GHz was achieved,

as shown in Fig. 4-3.
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Fig. 4-3: Wide tuneability of the electrical heterodyne.
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The electrical spectra of the generated electrical heterodyne signals were
measured, as shown in Fig. 4-4, using an ESA which has a 75 GHz to 110 GHz
mixer at its input. Further, photocurrent variation between 6.5 mA and 7.2 mA was
observed. This is due to the large variation in the lasers bias currents, as shown in
Fig. 4-3, which caused the power of the optical signal at the input of the photodiode
to vary.
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Fig. 4-4: Spectra of the electrical heterodyne (RBW = 300 kHz).

Next, the PIC’s optoelectronic mixing capability was assessed. The block
diagram of our OPM experiment is shown in Fig. 4-5. In OPM, the UTC-PD is
injected with two optical tones to generate the electrical heterodyne signal at AF.
When an RF signal was supplied to the UTC-PD with a voltage bias, the UTC-PD
generated a replica of the RF signal at IF. The power of the generated IF is

maximized as the optimum voltage is supplied.
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Fig. 4-5: Block diagram of the optically pumped mixing experiment.

The RF signal was generated by a signal synthesizer at 70 GHz and 13
dBm, coupled, using a bias tee, with a UTC-PD voltage bias that is optimum for
mixing, and sent to the UTC-PD via a coplanar probe. The optimum biasing
voltage was found by sweeping the applied voltage bias while monitoring the
power of the IF signal. The optimum voltage bias varied between -1 V and -1.4 V
across the IF range, while the photocurrent varied between 3.2 mA and 4.5 mA.
These variations are attributed to the change in the optical signal power at the
UTC-PD input as the lasers bias currents were tuned. A power splitter was used to
allow for the simultaneous supply of the RF to the UTC-PD and the extraction of
IF from the UTC-PD.

The RF signal received at the UTC-PD was estimated at -6 dBm. RF power
estimation was done based on both measurements and typical insertion losses of
the components along the RF path, as given in their datasheets. Table 4- 1 gives a

list of these losses in the RF path, which add up to about 19 dB.
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Table 4-1: Estimated losses in the RF path.

Component Losses (dB) Comments
Synthesizer, v-cable, 13.2 Measurement
power splitter, and a connector
1-mm to 1.85 mm adaptor 0.3 at 65 GHz Datasheet [144]

Bias tee 1 Datasheet [145]
24 cm-long 1 mm cable 3.8 Datasheet [146]
DC-110 GHz probe 0.75 Datasheet
Total 19.05

Fig. 4-6 shows the electrical spectra after down-conversion in the range
from 0.5 GHz to 16.4 GHz, while Fig. 4-7 shows the conversion loss (CL)
performance across the IF range. Here, CL is defined as the ratio between the
estimated power of the incoming RF signal to the UTC-PD, and the generated IF
signal power, at a UTC-PD bias voltage that is optimum for mixing. Fig. 4-7 shows
a relatively high conversion loss at 0.5 GHz due to impedance mismatching at this
frequency [31]. The CL values presented here are higher than the values reported

in [31] because the UTC-PDs on this PIC are optimized for MMW emission rather

than mixing.
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Fig. 4-6: Wide tuneability of IF (RBW =1 MHz).
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Fig. 4-7: An almost flat conversion loss across a wide IF range.

The figures above do not show results around 10 GHz due to the presence
of a signal in that region that interfered with the down-converted IF. Fig. 4-8 below
shows an example, where the IF was at 9.4 GHz while the interfering signal was
at 10.6 GHz. This could be due to the laser relaxation oscillation at this frequency

(DFB lasers can have relaxation oscillation at several GHz) [147] [148].

-60
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Fig. 4-8: Laser relaxation oscillation interfering with the down-converted IF.

102



Chapter 4: Photonic Integrated MMW Transceivers

4.2.2 Single Multi-Mode Laser Case
Here, the first laser (DFB1) output was characterized by applying a DC

current bias to its gain section while monitoring the optical output of the PIC on
an optical spectrum analyser (OSA).

As shown in Fig. 4-9, the applied current was increased from zero to 340
mA. It was observed that DFB1 started lasing at a bias current of 43 mA. It
continued its single-mode operation with an increasing bias current up to 76 mA,
where a second optical tone was observed. The laser maintained operating in a
dual-mode regime up to a bias current of 300 mA. In this regime, the spacing
between the two optical tones was around 80 GHz. When the bias current was
increased beyond 300 mA a third optical tone was observed, and the spacing

between the two main tones was about 52 GHz.
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Fig. 4-9: Performance of DFB1 with different DC currents.

After that, the heterodyning experiment shown in Fig. 4-10 was conducted
on the first UTC-PD (UTC1) to investigate the capability of the PIC as an MMW
emitter. The optical heterodyne was generated by DFB1 in the multi-mode regime.
The monitoring SOA (SOA1) was not biased to minimize reflections. The bias

current values applied to the other sections are presented in the table in Fig.4-10.
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The bias currents were applied through a multi-contact DC probe, while
the generated electrical heterodyne signal at 51.0 GHz was extracted by a DC- 65
GHz CPW probe and measured on the ESA. The UTC-PD voltage bias was

supplied via a DC-60 GHz bias-tee.

Vb
__SOA6_EAM 50AS

Tk
| ISFA|3 EAM SOA4 g [

\AA4

DFB1 303
SOA2 25.1
SOA3 48.6
SOA4 39
SOA6 45

Fig. 4-10: Block diagram of the optical heterodyning setup.

As shown in Fig. 4-11, the power of the generated electrical heterodyne
signal at 51 GHz increased with increasing the negative voltage bias, and the
maximum peak power was -28 dBm measured at -4 V, as shown in the electrical
spectrum of Fig. 4-12. The other tones seen in the same plot at 56.7 GHz and 61.3
GHz are heterodyning products since the laser was operating in the multimode
regime. Small tuneability (of about 1 GHz) of the generated electrical heterodyne
signals was observed by applying different set of current bias values to the
different sections of the PIC. For instance, in the next experiment the electrical

heterodyne signal was at 52 GHz.
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Fig. 4-11: The peak power of the electrical heterodyne as a function of the applied bias voltage.
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Fig. 4-12: The spectrum of the electrical heterodyne signal at V b=-4 V (RBW = 1 MHz).

The PIC performance in the receiver mode was assessed by conducting an
OPM experiment on the same UTC-PD (UTC1), as illustrated in Fig. 4-13. The
purpose of this experiment was to measure the efficiency of the UTC-PD in down-
converting an incoming high frequency RF signal into a low frequency IF signal.

The table in Fig. 4-13 summarizes the current bias values applied to the
different sections on the PIC. In this experiment, the high frequency RF signal was
supplied by a signal generator at 64.5 GHz and applied to the UTC-PD through a
power divider, a bias-tee, and a CPW probe. The RF power at the input of the

probe was measured at -10 dBm. The power divider was used to allow for the
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simultaneous supply of the RF signal to the UTC-PD and the extraction of the
down-converted IF signal from the UTC-PD.

Vb

SOAS  DFB2_ S0A7 SOAE EAM SOAS

nririr <
L] |_|-|_| U = 64.5 GHz
DFB1 328.3
SOA2 438
SOA3 43.2
SOA4 344
SOA6 37.9

Fig. 4-13: Block diagram of the opto-electronic mixing experiment.

The conversion loss of the UTC-PD mixer is defined as the ratio between
the power of the RF signal and the IF signal both measured at the input of the
probe. Previous OPM experiments [31] [149] [150] [151] have shown that
conversion loss of the UTC-PD mixer is dependent on the bias voltage applied to
it.

Therefore, the conversion loss was measured as a function of the applied
bias voltage between zero and -2 V, as shown in Fig. 4-14. The figure also shows
previous conversion loss measurements by Rouvalis et al. [31] as a reference. By
comparing the two sets of measurements it is evident that lower conversion loss is
achieved in this work (28.45 dB) compared to 32 dB in [31]. Further, this is a
significant improvement in conversion efficiency compared to the previous mixing
experiment on the same PIC, which gives values around 47 dB (Fig. 4-7). This
could be attributed to the high optical power that pumped the UTC-PD in this
experiment due to the high bias current applied to the laser (around 328 mA)

compared to 115 mA in the previous experiment.
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Fig. 4-14: Characterization of the PIC UTC-PD conversion loss in comparison [31].

The electrical spectrum of the down-converted signal at -1.3 V is plotted

in Fig. 4-15. The three tones observed in the figure can be explained as follows:

The signal at 12.6 GHz is the mixing product of the heterodyne at 51.9 GHz and

the RF signal at 64.5 GHz, while the signal at 8.8 GHz is the mixing product of

the signal at 55.7 GHz and the RF signal at 64.5 GHz. Finally, the signal at 21.5

GHz is the mixing product of the signals at 8.8 GHz and 12.6 GHz.
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Fig. 4-15: The electrical spectrum of the down-converted signal (RBW = 500 kHz).
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4.3 A Photonic Integrated Transceiver
This section presents the results of data transmission and reception

experiments using a single UTC-PD that is optically pumped by single laser

operating in a multi-mode regime.

4.3.1 Transmitter Mode
The block diagram of the transmission experiment implementing the PIC

in the transmitter mode is shown in Fig. 4-16. In this mode, a 1 Gbps OOK data
signal at 52.0 GHz was generated by modulating the optical tones from DFB1
using EAML1 and heterodyning them on UTCL. A pattern generator provided the 1
Gbps OOK data signal with 27! long PRBS. A DC-6 GHz bias-tee was used to
couple 1.05 V DC voltage bias to the data signal, after which, both were applied
to EAML1 using a DC-60 GHz CPW probe. A multi-contact DC probe was used to
apply the current bias to the different sections of the PIC, as shown in the table in
Fig. 4-16, and the voltage bias to the UTC-PD (-4 V) was applied using a DC-60

GHz bias-tee.
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Fig. 4-16: Block diagram of the transmission experiment with a photonic integrated transmitter
showing: (a) the spectrum of the generated heterodyne signal (RBW =1 MHz), (b) the spectrum
of the transmitted signal (RBW = 1 MHz), (c) the spectrum of the signal at the receiver antenna
(RBW =1 MHz), (d) the spectrum of the signal after down-conversion to an IF of 3 GHz (RBW =
100 kHz), and (e) the eye-diagram of the recovered data (showing 10,000 bits).
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The generated data signal was extracted using a DC — 65 GHz CPW probe
and measured on ESA via a 1-m long 60 GHz, as shown in Fig. 4-16-a, giving a
peak power of -47.5 dBm. Taking the loss in the cable into account (6 dB) gives -
41.5 dBm peak power at the input of the amplifier in Fig. 4-16. The amplifier,
which has a gain of 25.5 dB and a NF of 5.7 dB, amplified the signal to the level
shown in Fig. 4-16-b. Again, calibrating for the same measurement cable losses
gives a signal peak power of -16 dBm at the input of the transmitter antenna, which
is of Cassegrain type with 34-dBi gain. The other heterodyne signals at 55.7 GHz
and 61.3 GHz are amplified and transmitted because they exist within the
frequency range of the amplifier and the antennas. This is clearly observed in the
spectra of Fig. 4-16-b and Fig. 4-16-c. The signal was transmitted over a wireless
distance of 0.5 m before being detected by identical antenna at the receiver, as
shown in Fig. 4-16-c. Taking measurement cables losses into account gives a peak
power of -20 dBm at the receiver antenna. This gives 4 dB of FSPL, which is same
value obtained by the FSPL equation (eqg. (3-1)).

A 65 GHz electronic mixer was used to down-convert the received signal
by applying a 49 GHz signal to its LO port. The down-converted signal was
captured by the RTO for processing, and the length of the captured waveform was
10 us, which is equivalent to 10,000 bits. The electrical spectrum of the acquired
waveform is shown in Fig. 4-16-d, which shows a peak power of -22.5 dBm at 3
GHz. The lines seen in the spectrum are the RTO clock signals and signals picked
up from the lab environment.

The same offline DSP steps described in the previous experiments were

applied here. The recovered data produced an open eye diagram, as shown in Fig.
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4-16-e. The erroneous bits were counted by comparing the transmitted and the
received bits and was found to be zero in 10,000-bit long transmissions.

In later experiments, the length of the acquired waveforms was increased
to up to 5 ms, which corresponds to 5 million bits. Results showed zero errors in
some transmissions, but others were not error free. For instance, 1317 errors were
detected in a 5-million-bit long transmission experiment, which corresponds to a
BER of 2.6x10™*. This problem of varying BER is discussed in detail in Sec. 4.3.3;
it is likely to be due to interfering signals in the lab environment that got picked
up by the PIC.

Here, the transmission distance was limited to 0.5 m due to the
unavailability of amplifiers in this frequency band. Longer transmission distances

are expected when using an amplifier at the receiver.

4.3.2 Receiver Mode
The block diagram of the transmission experiment implementing the PIC

in the receiver mode is shown in Fig. 4-17. As shown in the figure, two optical
tones were generated by free-running ECLs. The lasers’ optical tones were spaced
by 0.51 nm, which corresponds to 63.4 GHz. An intensity modulator, biased near
the quadrature point (Vb = 6.7 V), was used to modulate one of the optical tones
with 500 Mbps data with 27! bit-long PRBS from a pattern generator. Then, the
two tones were coupled using a 3-dB coupler and amplified by an EDFA. The
EDFA was followed by an OBPF to reduce the ASE noise. The total power of the
optical signal at this stage was 6.3 dBm, and the optical spectrum of the signal is

shown in Fig. 4-17-a.
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Fig. 4-17: Block diagram of the transmission experiment with a photonic integrated receiver
showing: (a) the spectrum of the optical heterodyne signal at transmitter (RBW = 5 MHz), (b) the
electrical spectrum of the generated electrical heterodyne signal at the transmitter (RBW = 500
kHz), (c) the electrical spectrum of the signal at the receiver antenna (RBW = 500 kHz), (d) the
spectrum of the signal after down-conversion to an IF of 12 GHz (RBW = 100 kHz), (e) the
spectrum of the RTO only, without connecting any signal at its input, and (f) the eye-diagram of
the recovered data (showing 10,000 bits).

The polarization controllers (PCs) shown in the figure were used to match
the polarization states of the two lasers. The optical signal was, then, coupled to a
PIN-PD, which generated an electrical heterodyne signal at 63.4 GHz with a peak
power of -33.7 dBm, as shown in Fig. 4-17-b. After that, the signal was amplified
using a power amplifier, that has a gain of 37 dB and NF of 3 dB, and transmitted
wirelessly using a 24 dBi-gain parabolic antenna over a wireless distance of 3
meters before it was detected by an identical antenna at the receiver, as shown in
Fig. 4-17-c. As shown in the figure, the peak power of the signal was -25.4 dBm.
Considering the measurement cable losses (7 dB) gives -18.4 dBm actual peak
power at the input of the amplifier shown in the same figure.

The received signal was amplified by an LNA with gain of 35 dB and NF

of 5.7 dB, and fed to the PIC through a DC-60 GHz power divider, a DC-60 GHz

111



Chapter 4: Photonic Integrated MMW Transceivers

bias-tee and a DC-60 GHz CPW probe. The bias-tee was used to couple the UTC-
PD voltage bias to the incoming RF signal.

The current biases to the different sections of the PIC are shown in the table
in Fig. 4-17. When the optimum bias voltage was supplied to the UTC-PD (Vb =
-1.3'V), it successfully down-converted the data signal into an IF of 12.0 GHz. The
down-converted signal, was captured by the RTO for processing, as shown in Fig.
4-17-d. The length of the captured sequence was 20 us, which corresponds to
10,000 bits. The signals that appear at multiples of 5 GHz are the RTO’s clock
signals and are not part of the down-converted signal. This is clear in Fig. 4-17-e,
which shows the spectrum of the RTO only without any signal at its input.

The same DSP steps described earlier were applied to recover the data
signal in this experiment. The number of error bits was zero in a 10,000-bit
transmission. The number of erroneous bits was measured by comparing the
recovered bit stream to the transmitted bit stream. A relatively open eye diagram
of the recovered data was obtained, as shown in Fig. 4-17-f. The eye diagram is
not smooth because the CMA code produces only one sample per bit. The
transmission experiment was repeated 15 times to improve the accuracy of the
BER measurement. In these 15 transmissions, the number of transmitted bits was
150,000 bits, and the total number of detected errors was 58, which corresponds
to a BER of 3.8x10*. Details of these measurements are as follows: zero errors
were detected in 11 transmissions, 2 errors were detected in one transmission, 14
errors were detected in 2 transmissions, and finally, 28 errors were detected in one
transmission. This variation in error count is likely to be due to interfering signals
in the lab environment that got picked up by the PIC. More discussion of this issue

is provided in the following section.
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4.3.3 Discussion of Results
As discussed in the previous subsections, transmission experiments of the

photonic integrated transceiver have achieved BERs of 2.6x10* and 3.8x10™ for
the transmitter mode and the receiver mode, respectively, which is enough for
error-free transmission with FEC.

However, when analyzing the results of the previous subsections, it was
observed that the measured BER varied, although the received waveforms were
acquired consecutively over a short period of time and under the same
experimental conditions.

The cause of this behavior was investigated by studying the waveforms of
the acquired signals. Fig. 4-18 shows a 5 ms-long waveform of 1 Gbit/s data (5
million-bits) transmitted by the PIC and down-converted to 3 GHz by the
electronic mixer at the receiver, and down-converted digitally to the baseband.

By carefully examining the waveform, one can notice an interfering signal
added to the data signal. This is clear from spikes that appear at the different parts

of the waveform, especially at the center.
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Fig. 4-18: Errors detected in different parts of the received waveform.
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To confirm if this is an interference or just a random variation in the signal
amplitude, the waveform was divided into smaller chunks and BER was calculated
at each of them. BER results are summarized in Table 4-2, where the high BER

(BER > 10*) sections are highlighted in red.

Table 4-2: BER calculations at different sections of the received waveform.

Section Length (bits) Errors |

B | 160000 1.9x10°
D 180,000 ZEero Z€ero
E 420,000 37 8.8x10°
F 710,000 Z€ero Zero
H 610,000 7 1.1x10°
| 490,000 27 5.5x10°
J 270,000 zero zero

Notice, from Table 4-2, that the sections with high BER correspond to the
areas of high-amplitude spikes in Fig. 4-18. This confirms that errors occurred in
bursts and that they are not randomly distributed across the waveform. For
instance, the section G at the center of the waveform in Fig. 4-18 above is only 0.3
ms wide, yet, it contains about 487 errors, while section J is 0.28 ms wide and
contains zero errors. Fig. 4-19 shows the eye diagrams for section G and section J

as an illustration.
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Fig. 4-19: Comparing the eye diagrams in the high and the low interference sections in the acquired
waveform.

This led to the suspicion that there might be an interfering signal of bursty
nature in the lab environment that gets coupled into the PIC. To verify this claim,
awire (acting like an antenna) was connected to an oscilloscope, and the waveform
was saved, and, indeed, a pattern was observed, as shown in Fig. 4-20. The pattern
is periodic with a period of 20 ps. and the electrical spectrum of the acquired

waveform is plotted in Fig. 4-21.
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Fig. 4-20: Acquired waveform from the lab environment.
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Fig. 4-21: Electrical spectrum of the aacquired waveform from the lab environment.

The electrical spectrum of the acquired waveform shows different signals
from DC up to 5 MHz. This frequency range is dedicated to different radio services
in the UK, including: aeronautical mobile, maritime mobile, and land mobile
[152]. Therefore, it is likely that there is an interference from these services. For
example, there is a strong signal at 356 kHz, which falls in the aeronautical radio-
navigation band in the UK [152].

So far, it is confirmed that there is an unwanted signal in the lab
environment. This interfering signal was studied in detail to better understand its
impact on the measured BER. A zoomed-up version of the rectangular area in Fig.

4-20 is shown in Fig. 4-22.
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Fig. 4-22: Zoomed-up version of the interference pattern.

It is clear from Fig. 4-20 and Fig. 4-22 above that the interfering signal
amplitude varies between null periods and spikes of high amplitude. This might
explain the variation in the BERs measured at different time windows. That is, the
low BER measurements could correspond to the null periods of the interfering
signal, while the high BER measurements could have been taken at the periods of
high amplitude in the interfering pattern.

It seems that the interfering signal was coupled into the PIC by a single-
pin probe, which was used for grounding the PIC. To verify this, the following
experiment was conducted: one of the lasers was biased by the multi-contact DC
probe, while the single-pin probe probed the SOA next the laser (In this
arrangement, the SOA acted as a photodiode). The output of the single-pin probe
was connected to the oscilloscope, which showed the same pattern of Fig. 4-20.
This problem was overcome by connecting a low pass filter (LPF) across the ports
of the probe. When a capacitor (220 pF) was connected across the ports of the
probe, the pattern disappeared. However, the transmission experiment could not
be repeated because by the time the interference issue was solved, the laser in the

PIC was dead.
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Nevertheless, from Table 4-2, one can still evaluate the performance of the
PIC in the transmitter mode in the absence of interference, by considering the low
interference sections (B, D, E, F, H, I, J) only in BER calculations. In these time
periods, the total number of transmitted bits is 2.84 Mbits, while the number of
errors is 74. This corresponds to a BER of 2.6x107°, which below the 3.8x103 [139]

FEC limit for error free transmission.

4.4 Conclusions
This chapter presented a successful demonstration of a photonic integrated

MMW transceiver using a UTC-PD that is monolithically integrated with lasers,
semiconductor amplifiers, and electro-absorption modulator. In the transmitter
mode, the PIC generated 1 Gbps OOK data signal at 52 GHz by utilizing optical
heterodyning on a UTC-PD. The generated signal was transmitted over a wireless
distance of 0.5 meter and was recovered at the receiver, which implemented an
electronic mixer. In the receiver mode, a 63.4 GHz RF signal carrying 0.5 Gbps
OOK data was generated by a PIN-PD and transmitted over 3 meters of wireless
distance before being detected by the receiver antenna. The receiver utilized
optoelectronic mixing on the UTC-PD to down-convert the received signal into a
lower IF for processing. The signals in the transmitter and the receiver modes have
been successfully recovered and shown zero error bits in 10,000-bit long
transmissions.

The transmission experiments were repeated several times to increase BER
precision. Results have shown variation in the measured BERSs. The cause of these
variations was found to be due to an interfering signal in the lab environment,
which was coupled into the PIC through a grounding probe. The issue was resolved

by connecting a low-pass filter at the input of that probe.
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In the transmission mode, the wireless distance was limited to 0.5 m due to
the unavailability of amplifiers in this frequency band at the receiver. Longer
transmission distances (10s of meters) would be possible when using an LNA at

the receiver.

The conversion loss of the UTC-PD optoelectronic mixer reported here
was 28.4 dB, which is an improvement compared to previously reported values at
60 GHz [151]. However, it is still high compared to electronic mixers [30], and

needs to be improved further to be able to compete with electronic-based receivers.

To the best of the author’s knowledge, this is the first demonstration of a
photonic integrated transceiver. It offers a small-size and low-cost solution that is
integratable with the high-speed fibre networks. Such a transceiver is suitable for
short distance communications. Also, it could find interesting applications in 5G
and future networks, including HD video streaming, file transfer, and wireless

backhaul.
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5.1 Introduction
Despite the various advantages offered by the UTC-PDs and their

successful utilization in wireless receivers, as explained in the previous chapters,
the high conversion loss of UTC-PD optoelectronic mixers is still a big limitation
to transmitted data rates and the transmission distances.

On the other hand, electronic mixers offer an important advantage, which
is the low conversion loss; a conversion loss of about 5 dB has been reported at
180 GHz using a Schottky electronic mixer [30]. However, their need for an
electronic LO makes them less attractive.

In conclusion, both electronic and photonic receivers have advantages and
limitations. Therefore, it is likely for future networks to have both technologies
integrated on single chips to benefit from the advantages offered by each
technology.

This chapter reports the results of a study on the feasibility of hybrid
integration of electronics and photonics in MMW receivers as an alternative to
purely photonic or purely electronic receivers.

In this study, a wireless link was realized, which, implemented a UTC-PD
at the transmitter and a photonically-driven electronic mixer at the receiver. A 64.5
GHz signal carrying 1 Gbps OOK data was generated by heterodyning two optical
tones into the transmitter UTC-PD. The signal was transmitted using a 24 dBi gain
parabolic antenna over a wireless distance of three meters before reaching an
identical receiver antenna.

At the receiver, an electronic mixer was used to down-convert the received
signal into an intermediate frequency of 12.5 GHz. The LO to the electronic mixer
was provided by heterodyne mixing of two optical tones generated using a UTC-

PD that is monolithically integrated with semiconductor lasers. The down-
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converted signal was acquired by an RTO for offline processing, which showed

zero error bits in a 10° bit-long transmission.

5.2 Receiver Characterization
This section presents the characterization procedure of the receiver. First,

the MMW generation capability of the PIC was investigated to ensure that it can
generate an electrical LO signal with enough power at the required frequency.
Then, the specifications of the electronic mixer are presented. Finally, the PIC-

mixer subsystem was characterized in terms of its conversion loss.

5.2.1 PIC Characterization
In order to assess the performance of the PIC as an LO generator, a

heterodyning experiment was conducted on UTC1, as shown in Fig. 5-1. The
optical heterodyne was generated by L1 in the multi-mode operation regime. The
monitoring SOA (SOA1) was not biased to minimize reflections.

The bias current values applied to the other sections are presented in the
table in Fig. 5-1. The bias currents were applied by a multi-contact DC probe, while
the generated electrical heterodyne signal was extracted by a DC- 65 GHz CPW
probe. A bias-tee was used to couple a DC bias of -2.1 V to the UTC-PD. A 1 m-
long DC — 60 GHz cable was used to connect the probe to the ESA.

As shown in the inset of Fig. 5-1, the generated electrical heterodyne signal
has a peak power of -21 dBm at 51.9 GHz. Taking the cable and the bias-tee losses
into account gives a peak heterodyne power of -10.7 dBm at the input of the probe.
The other tones seen in the same plot are heterodyne products of other optical tones

generated by the same laser.
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Fig. 5-1: Block diagram of the optical heterodyning setup.

5.2.2 Electronic Mixer Specifications
The mixer used in this experiment is a double balanced electronic mixer

from Marki Microwave™ (part no. MM1-2567LS) [153], which operates from 25

GHz to 67 GHz at the LO/RF ports, and from DC to 25 GHz at the IF port.

5.2.3 PIC-Mixer Characterization
Fig. 5-2 shows the block diagram of a mixing experiment that was

conducted to characterize the PIC-mixer combination in terms of its conversion
loss. The conversion loss is defined as the difference in dB between the power of
the RF signal at the input port of the mixer and the power of the IF signal at the IF

port of the mixer.
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Fig. 5-2: Block diagram of the mixing experiment using the PIC-mixer combination.
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A 10 dBm RF signal was generated at 64.5 GHz by a signal generator and
applied to the RF port of the mixer via a 1 m-long V-cable, while the electrical
heterodyne signal from the PIC, generated at 52 GHz, was applied to the LO port
of the mixer. The generated IF signal was, then, measured on the ESA, as shown in
the inset of Fig. 5-2. The measured IF signal at 12.5 GHz has a peak power of -34.3
dBm. Taking the measured losses in the RF and IF paths (16 dB and 5.3 dB,
respectively), gives a conversion loss of 23 dB for the PIC-driven electronic mixer.

This is slightly lower value than that of the photonically integrated UTC-
PD presented in Chapter 4, where 28.5 dB conversion loss was reported. However,
it is still high compared to the specifications of the electronic mixer, which give a
value of 5 dB when driven by the nominal LO power [153]. The possible cause of

this relatively high conversion loss is discussed in Sec. 5.3.3.

5.3 A 60 GHz Hybrid Receiver
Having characterized the PIC-mixer subsystem, this section shows how it

can be utilized in a wireless link by implementing it in the receiver of a 64.5 GHz

wireless link. A summary of the link parameters is provided in Table 5-1.

Table 5-1: A summary of the experimental parameters in the hybrid receiver experiment.

Parameter Value

Carrier Frequency 64.5 GHz
Data Rate 1 Gbps
Modulation OOK
Antennae Gain 24 dBi
Wireless Distance 3m
4 m (potentially)
FSPL 30dB
Hybrid Mixer Conversion Loss 23dB
IF 12.5 GHz
BER <10*
Real-time/Offline Offline
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5.3.1 Transmitter Setup
At the transmitter, a 1 Gbps OOK data signal was generated at 64.5 GHz

by heterodyning two optical tones originating from two ECLs into a 3x10 pum?
UTC-PD with an epitaxial structure like the one described in [135].

As illustrated in the block diagram of Fig. 5-3, the two optical tones were
generated by free-running lasers with 0.52 nm spacing (corresponding to a 64.5
GHz). An MZM, biased at the quadrature point (Vb = 7 V), was used to modulate
one of the optical signals with a 1 Gbps data signal from a pattern generator. Then,
the two optical tones were coupled using a 3-dB optical coupler and amplified by
an EDFA. The EDFA was followed by a 1 nm-wide OBPF to reduce the ASE
noise.

The PCs in Fig. 5-3 were used to match the polarization of two optical
tones to that of the UTC-PD waveguide to maximize light coupling from the lensed
fibre to the UTC-PD. The total power of the optical signal at the input of the lensed
fibre was measured by a power meter at 14.3 dBm, while the optical spectrum of

the signals at this stage was measured using an OSA, as shown in Fig. 5-3-a.

Power (dBm)
L s
=

60 70
Frequency (GHz)

()

Power (dBm)

=
=

n
=

60 70
(b) Frequency (GHz)

Vb

Fig. 5-3: Block diagram of the optical transmitter.
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The UTC-PD voltage bias was supplied from a Keithley source/meter at -
2.1V using a bias-tee, while the generated photocurrent was measured at -3.5 mA.
A DC-65 GHz CPW probe was used to extract the generated electrical heterodyne
signal from the waveguides of the UTC-PD. The extracted electrical heterodyne
signal, shown in Fig. 5-3-b, was then amplified with a power amplifier (PA) with
gain =37.9 dB and NF = 4 dB (Fig. 5-3-¢c). A WR-15 (50 GHz - 75 GHz) variable
waveguide attenuator was placed after the PA to control the transmitted signal
power. The signal was transmitted using a 24 dBi gain parabolic antenna over a
wireless distance of 3 m before reaching an identical antenna at the receiver. The
attenuator was set to attenuate the signal by 3 dB, which corresponds to 1.4-fold
increase in distance (dnew =4 m). Under these conditions, the FSPL in the link was

30 dB, calculated using eqg. (3-1).

5.3.2 Receiver Setup
The block diagram of the receiver is illustrated in Fig. 5-4. It shows the

64.5 GHz 1 Gbps data signal after detection by a 24 dBi gain parabolic antenna
(Fig. 5-4-a), after which, it was amplified by an LNA (gain = 31.3 dB, NF = 5.8
dB) as shown in Fig. 5-4-b. An LO at 52 GHz was supplied to the mixer from the

PIC, as shown in Fig. 5-4-c.
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The PIC-mixer subsystem successfully down-converted the -carrier
frequency of the received signal into an IF of 12.5 GHz, as shown in Fig. 5-5, after

which, it has been captured by an RTO for offline DSP.
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Fig. 5-5: Electrical spectrum of the down-converted IF signal. The inset shows the spectrum of the
RTO only, without connecting any signal at its input.

5.3.3 Results and Discussions
The length of the acquired waveform was 100 us, which corresponds to 10°

bits. The FFT of the acquired waveform is shown in Fig. 5-5. The lines that appear
in the spectrum at multiples of 5 GHz are not part of the down-converted spectrum
but are due to the clock signals generated from the RTO. Further, the signals below
5 GHz are also not part of the down-converted spectrum but are signals picked up
from the lab environment because they were present even when no input was
attached to the RTO channel, as shown in the inset of the same figure, and they
were filtered out digitally.

A low-power data signal is observed at 9.5 GHz in the spectrum of Fig. 5-
5. This is attributed to another mixing product from a second heterodyne signal
since the laser was operating in a three-mode regime. This mixing product did not
affect data recovery at 12.5 GHz as it was filtered out digitally.

The same offline DSP steps detailed in the previous chapters were applied

here. The number of errors in the received bit stream was calculated by comparing
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the transmitted and the received bits, and was found to be zero in 10° transmitted
bits. Also, the recovered data show a relatively open eye diagram as shown in Fig.
5-6. The eye diagram is not smooth because the CMA equalization algorithm

produces only one sample per symbol.

Amplitude
(Arbitrary Units)
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Fig. 5-6: Eye diagram of the recovered signal (showing 10° bits).

The specifications of the mixer used in this experiment suggest that it should
be driven by about 12 dBm LO for it to work properly and to give a low conversion
loss (5 dB) [153]. However, the maximum LO power from the PIC was about -11
dBm, and this caused the conversion loss of the PIC-mixer subsystem to be as high
as 23 dB. This was a major limitation to the transmission distance and the data rate.
This low LO power from the PIC could be because the PIC laser was operating in
a multi-mode regime, which caused the emitted power to be distributed to several
frequency tones. Typically, the UTC-PD can provide enough LO power at high
frequencies. For instance, output powers of up to 10 dBm from the UTC-PD has
been demonstrated at 110 GHz [154] [155]. Therefore, this limitation should be

easily overcome in the future demonstrations.
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5.4 Conclusions
This chapter demonstrated a 1 Gbps OOK transmission link at 64.5 GHz

with a wireless distance of three meters implementing photonic-based system at the
transmitter and the photonically driven electronic mixer at the receiver. The UTC-
PD at the receiver is monolithically integrated with two DFB lasers and SOAs on a
single PIC and was used to provide an electrical LO to drive an electronic mixer.
To the best of the author’s knowledge, this is the first demonstration of a hybrid
receiver of this type.

Transmission distance can be increased to 4 m by removing the 3-dB
attenuation at transmitter. The attenuator was introduced due to the laboratory size
confinement.

This work shows the viability of hybrid integration of electronics and
photonics as an alternative solution to purely electronic or photonic integration, as
it combines the advantages of the low conversion losses of electronic mixers, and
the wide tuneability and integrability of the photonic components with the high-

speed fibre networks.

129



Chapter 6: Summary and Future Work

130



Chapter 6: Summary and Future Work

6.1 Summary
The UTC-PD is famous for its MMW generation capabilities owing to its

high output power and large 3-dB bandwidth. Another important feature of the
UTC-PD is its monolithic integrability with other optical components on single
photonic chips, which enables photonically integrated MMW transmitters [46].
However, the UTC-PD has not been used in wireless receivers, prior to this PhD
work, due to its low efficiency as an optoelectronic mixer, which is an essential
component in MMW wireless receivers. Nevertheless, there are scenarios where it
would still be advantageous to use the UTC-PD at the receiver, as discussed in
Chapter 1 and Chapter 2.

The objective of this PhD project was to investigate the possibility of
utilizing the UTC-PD in wireless receivers, as this would enable photonic
integrated receivers, and, eventually, photonic integrated transceivers, which
would offer the advantages of monolithic integration of photonic components such
as the reduction of size and cost as well as the integration with the high-speed
optical fibre networks.

The foundation for this PhD work was the concept of optoelectronic mixing
in the UTC-PD, demonstrated in [31] and [110]. These demonstrations have shown
that the UTC-PD can be used to down-convert a high frequency signal into a lower
intermediate frequency, which is crucial for wireless receivers. However, these
demonstrations were done within a 100 Hz of detection bandwidth which is not
enough for data communications purposes. Further, the down-conversion
efficiency reported in these previous works were high. For instance, a conversion
loss of 32 dB has been demonstrated at 100 GHz [31].

In the beginning of this research, a UTC-PD was characterized in terms of

its conversion loss at 35 GHz. The minimum conversion loss achieved at this

131



Chapter 6: Summary and Future Work

frequency was 22.5 dB, which is a significant improvement compared to
previously reported values in [31] although at a lower frequency. The choice of
this frequency was due to its significance as a candidate frequency for 5G in many
countries [134].

With this encouraging conversion loss value, the UTC-PD mixer was
implemented in the receiver of a 5 Ghit/s OOK data transmission link of 1.3 meters
wireless distance [149]. At the receiver, data were successfully recovered in real-
time and shown an open eye diagram. This was the first demonstration of a UTC-
PD-based wireless receiver. However, the UTC-PD required coherent optical
signals, which is an added complexity to the receiver design.

Another experiment was designed to prove that the UTC-PD can receive
complex data signals while maintaining a simple receiver design [150]. In this
experiment, 1 Gbaud QPSK data signal at a carrier frequency of 33.5 GHz was
transmitted wirelessly over a distance of 1.4 meters. The receiver implemented a
UTC-PD that was pumped by non-coherent optical tones from two free-running
lasers, thus, simplifying the receiver design requirements. Here, data were
successfully recovered after offline processing.

Later, this work was extended to a carrier frequency of 60 GHz due to the
significance of this frequency band to 5G as it contains 7 GHz of unlicensed
spectrum. This new experiment implemented UTC-PDs both at the transmitter and
the receiver and successfully demonstrated 1 Gbit/s wireless link of potentially 50-
meter-long wireless distance [151].

After these successful demonstrations, which used single UTC-PDs and
non-integrated optical components, the goal was to move towards integration as it

brings reductions in size and cost. A photonic integrated circuit with lasers, optical
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amplifiers, modulators and UTC-PDs was used for this purpose. The PIC was
successfully implemented in the receiver of a 3 meter-distance 0.5 Gbit/s wireless
link in the 60 GHz band. Moreover, the same UTC-PD on the PIC was successfully
used as a transmitter of 1 Gbit/s OOK data and, potentially, 10s of meters of
wireless distance, thus, demonstrating a photonic integrated transceiver. To the
best of the author’s knowledge, this is the first photonic integrated transceiver. It
could find interesting applications in 5G and future networks.

Finally, the feasibility of electronic-photonic hybrid integration in wireless
receivers was examined [156]. In this investigation, a wireless transmission
experiment was designed implementing a photonic integrated UTC-PD and an
electronic mixer at the receiver. The PIC was used to provide the LO to the mixer.
The purpose is to benefit from the advantages offered by both technologies and to
overcome their limitations. That is, to eliminate the need for the costly electronic
LO while benefiting from the low conversion losses of electronic mixers. This
photonic-electronic combination successfully recovered a 1 Gbit/s OOK data
signal at a 60 GHz carrier after 3 meters distance of wireless transmission proving
that hybrid integration is a viable alternative to photonic only or electronic only
integration.

The following table, Table 6.1, highlights some of the achievements of this
thesis on utilizing the UTC-PD in wireless receivers and provides a performance
comparison with some of the available recently published works on electronic
transceivers. Comparison is made between technologies in their receiver mode in

the 60 GHz band.
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Table 6-1: Performance comparison of different transceiver technologies.

Type Electronic Electronic Photonic = Photonic Hybrid
[157] [158] (this (this (this
work) work) work)
130 nm 65 nm Non- Integrated | UTC-PD
Technology SiGe CMOS integrated | UTC-PD +
UTC-PD Schottky
Data rate
_ 4.6 3.1 1.0 0.5 1.0
(Gbit/s)
Distance
5.9 15 0.5 3 3
(m)

It is clear from the table above that electronic transceivers exhibit better
performance compared to the photonic and the hybrid alternatives presented in this
thesis. Nevertheless, the solutions presented in this work still offer important
advantages that are not possible for electronics only solutions to offer, such as: the
wide tuneability (70.5 GHz to 92.4 GHz tuning range was reported in Chapter 4),
the integrability with the fibre networks in phased array massive MIMO systems
for beamforming (Fig. 1-2), the simplification of the network architecture in
multicast systems (Fig. 1-3), and the elimination of the need for costly LOs and
electrical to optical conversion stages in cellular communication systems (Fig. 2-
11). Also, there is a large room for optimization to the work presented in the thesis,
as will be shown in the next section, and, therefore, there is large potential for it

compete with electronics only solutions in the future.
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6.2 Future Work
One of the major limitations to the performance of the systems presented

in this thesis is the high conversion loss of the UTC-PD optoelectronic mixer in
the receiver. Although the conversion loss values reported here are less than the
previously reported values, they are still considered high compared to those of
electronic mixers. This could be because these UTC-PDs were originally designed
for MMW emission rather than mixing. Therefore, as a future work, it is very
important to redesign the epitaxial structure of the UTC-PD to optimize it for
optoelectronic mixing purposes, and this would improve the sensitivity of the
receiver dramatically allowing for longer transmission distances and higher data
rates.

Another major limitation to the systems presented here is the use of a power
divider to allow for the simultaneous supply of the RF signal to the UTC-PD and
the extraction of the IF signal from the UTC-PD. The problem with this component
is that it introduces large losses to both RF and IF signals, and therefore,
deteriorates the SNR. Further, it limits the frequency of operation of the receiver
since commercially available power dividers operate from DC to only up to 65
GHz. To overcome these limitations, | am planning to redesign the waveguides of
the UTC-PD to create separate waveguides for RF supply and IF extraction, thus,
eliminating the need for the power divider. This would remove the limitation on
the frequency of operation of the receiver, guarantee a complete isolation between
the RF and IF paths, and reduce reflections.

My previous experiments have shown a promising trend of decreasing
conversion loss of the UTC-PD with increasing optical LO power. The maximum
LO power | used in my characterization experiments was 18 dBm limited by the

output power of the EDFAs available. That trend of decreasing conversion loss is
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expected to continue should higher LO powers be available. Therefore, in my
future experiments, 1 will try to push the optical LO power higher by using more
powerful EDFASs in order to achieve lower conversion losses.

Also, I am planning to package some UTC-PDs for my future experiments
since this would simplify the experiments and make them more stable and
repeatable by eliminating the need for the continuous lensed fibre alignment.

The photonic integrated transceiver presented in Chapter 4 could either
send or receive data at a time (half-duplex), but could not perform both functions
simultaneously because it utilized a single UTC-PD. Since that PIC comprises two
UTC-PDs, | am planning to use one of the UTC-PDs as a transmitter and the other
one as a receiver, thus, demonstrating a full-duplex transceiver.

In my previous experiments with PICs, the presence of interference signals
in the lab environment affected the BER performance of the communication links.
After investigating the origins of the problem, I concluded that it could be due to
the incomplete isolation of the PIC (the unwanted signals were coupled to the PIC
through the grounding probe). Therefore, to avoid this problem in the future, I am
planning to use RF filters for all probes and current sources, and potentially,
package the PIC.

In terms of system demonstrations, it is planned to incorporate this PIC in
a dual-band wireless link at 300 GHz and 60 GHz, with the PIC being the 60 GHz
receiver, thus, emulating a heterogenous network. In this demonstration, and all
future demonstrations, | am planning to use more spectral efficient data
modulation formats at the transmitter and to optimize the DSP algorithm at the

receiver to support higher transmission data rates.
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Finally, I am planning to extend this work to the E-band (60 GHz — 90
GHz) because of its huge potential in mobile backhaul as it contains 10 GHz of

lightly licensed spectrum [159].
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A.1: MATLAB Code for QPSK Data Recovery

%% This code is for QPSK demodulation and EVM estimation
close all; clear; clc;

%% Parameters
fs_scope=80e9;
BaudRate=10e9;

M=4; %QPSK % Size of signal constellation

patt='PRBS_11.mat',

fIF=9.4e9; % Upconversion frequency

Filter='RRC"; % 'Square' Filter, 'Butter', 'RRC', '‘Bessel', or 'No Filter'

FiltBW=2*BaudRate; = % Filter BW for square Filter
BPFilter=2*BaudRate; %BasePand Filter for square Filter
BBBW=2*BaudRate; % Baseband Bandwidth fitler

B Calculation based on the Parameters %
t symbol=1/BaudRate;
Samples_per_Symbol=floor(fs_scope/BaudRate);

load(patt,'pattern’);

Patt_Leng=Ilength(pattern);

k =log2(M); % Number of bits per symbol

% RRC filter

RRC.beta=0.1; % roll off factor for RRC
RRC.spans=20; % no.of symbols
RRC.sps=Samples_per_Symbol; % Samples per symbol
RRC.shape="sqgrt’; % 'normal'; %shape ‘normal’ or 'sqrt'

n=5; W=BaudRate;

%Wo is the frequency up to which

%the filter's group delay is approximately constant.
% n filter order

%% Resample to Rsamp_sig
fs_sig=Samples_per_Symbol*BaudRate;
Rec_waveform=resample(Rec_waveform,fs_sig,fs_scope);

%% signal normalize & plotting
Rec_waveform=Iload('M:\COTs\Results\Experiment\optical coherent tunning\rx.mat’);
Rec_waveform_norm=Rec_waveform/max(Rec_waveform);
Rec_waveform_norm=Rec_waveform_norm-mean(Rec_waveform_norm);
t=(0:1/fs_sig:(length(Rec_waveform_norm)-1)/fs_sig)’;
[pout,fl=pwelch(Rec_waveform_norm,[],[].[],fs_sig, centered','power");
figure;plot(f/1e9,10*log10(pout));

legend('After Signal Normalization and DC blocker")
xlabel('Freq(GHz)");ylabel('Power(dB)");grid;

title('Received waveform 1Q baseband signal','FontSize',14,'color','r");
axis([0 40 -140 -10])

%% Data length and sampling rate.

N_Samples=Ilength(Rec_waveform_norm);
N_Symbols=floor(N_Samples/Samples_per_Symbol);

dtr=1/fs_sig;

N_Patts=floor(N_Symbols/Patt_Leng);

N_Symbols=N_Patts*Patt_Leng; % New number of symbols for received No. patterns.
NumPoints=N_Symbols*Samples_per_Symbol;

%% Applying BPFilter before DC
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waveform_BPF=SquareFilter(Rec_waveform_norm,dtr,BPFilter,fIF,2);
[pout,fl=pwelch(waveform_BPF,[],[],[].fs_sig, centered’,'power");
figure;plot(f/1e9,10*log10(pout));

%% DownConversion into BB Signal
rec_waveform_DC=DC_Mixer(waveform_BPFt,flF,BBBW,2);

%% Applying LPF at the recievers
if stremp(Filter,'Square’)
rec_waveform_LPF=SquareFilter(rec_waveform_DC,dtr,FiltBW,0,2);
elseif strcemp(Filter,' Butter’)
ftype="low";
ButterOrder=2;
Butt_BW=2*BaudRate/(fs_sig/2);

% Baseband filter bandwidth (fcut_off)/(fs/2)
[d,c] = butter(ButterOrder,Butt_BW,ftype);
% Using Butterworth Filter with order
rec_waveform_LPF=filter(d,c,Rec_waveform_norm);
elseif strcmp(Filter,RRCY);

%downsampling to match the transmitter

% AWG_sampling=50¢e9;
rec_waveform_DC=resample(rec_waveform_DC,AWG_sampling/BaudRate,Samples_per_Symb
ol);

%RRC.sps=AWG_sampling/BaudRate;
rec_waveform_LPF=RRC_Filter(rec_waveform_DC,RRC);

elseif strcmp(Filter,'Bessel’);

% Using Bessel filter
[z,p,1] = besself(n,W); % Lowpass filter prototype
[num,den] = zp2tf(z,p,I); % Zero and pole to Transfer function.data3
% fregs(num,den)
[numd,dend]=bilinear(num,den,fs_sig/10); % analog to digital Transfer function
rec_waveform_LPF=filter(numd,dend, rec_waveform_DC);%data_filtl=data_filt1(2*n+1:end);

elseif strcmp(Filter,'No Filter");
%% No Filter
rec_waveform_LPF=rec_waveform_DC;
end

%% Downsampling into 2Samples/sec
rec_waveform_DS=resample(rec_waveform_LPF,2,Samples_per_Symbol);

%% Baseband waveform Normalization;
BBand_waveform=rec_waveform_DS-mean(rec_waveform_DS);
BBand_waveform=BBand_waveform/max(BBand_waveform);

% BBand_waveform=rec_waveform_DS./max(abs(rec_waveform_DS));

% Equalizer using CMA
N_taps=21;
Step_size=[0.01 0.001 0.0001];
rec_QPSKsymbols=QPSK_CMA(BBand_waveform,N_taps,Step_size);

% frequency offset estimation;

rec_QPSK_FO=FOE(rec_QPSKsymbols,t symbol);
scatterplot(rec_QPSK_FQ)
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% Phase rotation
BL=100; %block length
CPE_QPSKsymbols=CPE(rec_QPSK_FO,BL,M);

% Decision Directed
step_vector=[0.01 0.001 0.0001];
taps=41;
eq_signal=QPSK_decision(CPE_QPSKsymbols,taps,step_vector);
scatterplot(eq_signal);grid

% BER Measurements

BER=QPSK_BER(eq_signal,patt);
EVM=EVM_calc(eq_signal,log2(M));
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A.2: MATLAB Code for OOK Data Recovery

% This code is for OOK demodulation and BER count
t=rec_signal.t;

Signal=rec_signal.signal;

plot(t,Signal);

fs_scope=80e9;

BaudRate=0.5€9;

t symbol=1/BaudRate;

dt=1/fs_scope;
Samples_per_Symbol=fs_scope/BaudRate;
BBBW=BaudRate*2;
Patt='PRBS_11.mat’;

load(Patt,'pattern’);
Patt_Leng=length(pattern);

set=0

cat=0

flIF= 11.99e+09

for fIF = 12.05e+09:10e6:12.1e+09

set= set+1

% Upconversion frequency

Rec_waveform_norm=Signal/max(Signal);
Rec_waveform_norm=Rec_waveform_norm-mean(Rec_waveform_norm);
t=(0:1/fs_scope:(length(Rec_waveform_norm)-1)/fs_scope)';
[pout,fl=pwelch(Rec_waveform_norm,[],[],[],fs_scope,'centered','power");
figure;plot(f/1e9,10*log10(pout));

legend(‘'After Signal Normalization and DC blocker’)

xlabel('Frequency (GHz)");ylabel('Power(dBm)");grid;

title('Received waveform 1Q baseband signal','FontSize',14,'color','r");
axis([0 40 -140 -10])

%% Envelope detection
waveform_BPF=real(SquareFilter(Rec_waveform_norm.*exp(1j*2*pi*10e9),dt,1.0*BBBW,fIF,
2));
[pout,fl=pwelch(waveform_BPF*exp(-j),[1.[1.[],fs_scope,'centered’,'power");
figure;plot(f/1e9,10*log10(pout));
Signal_ED=real(sqrt(2*(waveform_BPF).*2));
[pout,fl=pwelch(Signal_ED,[],[].[],fs_scope,'centered’,'power’);
figure;plot(f/1e9,10*log10(pout));

legend('After Signal Normalization and DC blocker")
xlabel('Freq(GHz)");ylabel('Power(dB)");grid;

title('Received waveform 1Q baseband signal’,'FontSize',14,'color’,'r");
axis([0 40 -140 -10])

waveform_LPF=SquareFilter(Signal_ED,dt,1.2*BBBW,0,2);
[pout,fl=pwelch(waveform_LPF,[],[1,[],fs_scope,'centered’,'power");
figure;plot(f/1e9,10*log10(pout));

figure;plot(waveform_LPF);
waveform_norm=waveform_LPF-mean(waveform_LPF);
figure;plot(waveform_norm);

% Downsampling into 2Samples/sec
rec_Data_DS=resample(waveform_norm,2,Samples_per_Symbol);

% Data Normalization;

rec_Data_AC=rec_Data_DS-mean(rec_Data_DS);
rec_Data_Norm=rec_Data_AC/max(rec_Data_AC);
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% Equalization using CMA

count = 0;

X(1:501)=10000;

N_taps=5;

for N_taps = 1:2:101

Step_size=[0.005 0.0001 0.000000001];
rec_BPSKbits=BPSK_CMA(rec_Data_Norm,N_taps,Step_size);
eyediagram(rec_BPSKbits,3,3*107-9) % EYE DIA

% Received Pattern
hDem_bpsk=comm.BPSKDemodulator;
rec_bits=step(hDem_bpsk,rec_BPSKbits);

%% Bit error rate checking
N_Patts=floor(length(rec_bits)/Patt_Leng);
N_Symbols=N_Patts*Patt_Leng;
rec_bits=rec_bits(1:N_Symbols);
patt_in=repmat(pattern,N_Patts,1);
Tx_bits=[patt_in 1-patt_in];

for col=1:2;

Trans_bits=Tx_bits(:,col);
xx=xcorr(Trans_bits,rec_bits);

% figure;plot(xx)

[x_max_value, x_Index]=max(xx);
X_Index_shift=length(patt_in)-x_Index;
Isync=circshift(rec_bits,[-x_Index_shift 0]);

% Calculate BER
% Error detection
Er_BPSK(col)=sum(abs(Isync-Trans_bits));
end
error=min(Er_BPSK);
timebase=dt*length(t);
BER=error/(length(lsync));
X(N_taps)=error;
fprintf('Pattern Type %s \n',Patt)
fprintf('Time window =%d \n',timebase);
fprintf('No. of Symbols=%d \n Min Error Rate =%e \n',N_Symbols,1/N_Symbols);
fprintf(Number of errors = %d \n Error rate = %e\n’, ...
error, BER);
end
cat(set) = min(X);
end
close all
min(cat)
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