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Abstract

In order to meet thedemands othe fifth generation of mobile communication networksG),
such assery high bitrates very low latency and massive machine connectititgre is aneed
for a flexible, dynamicscalable and versatile mobile frontha@urrent industryfronthaul
standards emplayng sampled radio waveforms for digital transposuffer from spectral
inefficiency makingthis type of transport impractical for thevide channel bandwidths and
multi-antenna sygems required by 5Q0n the other hand, analogue transgt does not suffer
from these limitations. It is, however, prone to noise, Harearity and poor dynamic range.
When combined with analogue domain signal aggregation/multiplexiraso lacks flexibility

and scalability, especially at millimetre waveduencies.

Measurementgdmatched in simulation) of analogue transpaitt millimetre wave frequencies
demonstrate some of these issues. High data rates are demonstrated employdey
bandwidth channels combined usitigaditional subcarrier multiplexingechniques However,
only a limited number of channelsan bemultiplexed in this manner, with poor spectral

efficiency, asnalogudfilter limitations do not allow narrow gaps between channels.

To this end over the last few yearsthere has beensignifi@ant investigation ofanalogue
transport schemesombined withdigital channelaggregation de-aggregation(combining

separatingnultiple radio waveform#n the digital domain)This work explores such a technique

Digital processing is used at the trariier to flexiblymultiplex a large number of channetsa
subcarrier multiplexwithout the use of combinerspixers/up-converters or Hilbert transforms
Orthogonal Frequency Division Multiplexing (OF@Mgrived Discrete MuliTone (DMT) and
Single $ieband (SSB) modulatedhannelsare integratedwithin a single Inverse Fagourier
Transform [FF} operation Channels or channgroupsare mappedsystematiallyinto Nyquist
zoneshy using, for examplea singlelFFT (for a single 5G mobile numerolagyijnultiple IFFTs

(for multiple 5G mobile numerologies)

The analogue transporsignal generated in this manner digitally filtered andbandpass
sampled at the receivesuch that eactcorrespondingchannel(e.g. channels destined to the
same radio frquency(RF) millimetre wave(mmW)frequency)in the multiplex is presentedt
the same intermediate frequencgylue to the mapping employed at the transmittémalogue

or digital domainmixers/down-convertersare not requiredwith this technique Furthemore,



eachcorresponding channelanbe readily upconverted to their respectivR F/mmWchannels
with minimal persignal processingVleasurement results, matched in simulatiofor large
signal multiplexes with both generic aB&mobile numerologies shoerror-vector magnitude

performance well within specifications, validating the proposed system.

For even larger multiplexeand/or multiplexes residing on a higherdkceeding the analogue
bandwidthand sampling ratspecifications of the ADCs at the rea, the use ofa bandwidth
extension device iproposedto extend themapping to amapping hierarchyand relax the
analogie bandwidth and samplingate requirements of te ADG. This allowghe receiverto

still usedigital processingwith only minimalanalogie processing, to banpgasssamplesmaller
blocksof channeldrom the larger multiplexdown to the same intenediate frequencyThis
ensures that each block of channels is within the analogue bandwidth specification of tke ADC
Performance predidons via simulation (based oma system model matched to the
measurementy show promising resultsfor very large multiplexes and large channel

bandwidths.

The multiplexing technique presented in this work thus allowsductions inper-channel
processing fo heterogeneousnetworking (or multiradio access technologies) amdulti-
antenna configurations.It also creates ae-configurable and adaptablsystem based on
available processing resources, irrespectiveranges to thewumber ofchannels and channel

groups, channel bandwidths and modulation formats
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1 Introduction

1.1 The 5GMobile Fronthaul

5G is the next step in the evolution of wirelesshiaologies. In order to meet projected demands

of new services, targets such as high-raies (otherwise known as Enhanced Mobile
Broadband, eMBBjeliabilityand very low latency and massive machine connectivity have been
identified [1], [2], and a 5G New Radio (NR) air interface has been standafBiséd> NR will
support a wide range of frequency bands and technologies to support such targets. These will
include heerogeneous networkingHetNet) including 60 GHz (5G) mobile access and legacy
services such as Long Term Evolution ([4]JEgnd massive Multiple Input Multiple Output
(mMIMO) multiantenna systems. To fulfil projected seevicequirements and support these
technologies, there is a need for a flexible, dynamic, scalable and versatile 5G (and beyond)

mobile fronthaul.

The fronthaulis a section of the radio access mobile communication netwonrsisting of a
Distributed Unit PU) and Remote Radio Unit (RRI) conventional (or legacy) fronthaul
networks, all the complex signpfocessing operations are performed at the DU (this has
traditionally been called the Baseband Processing Unit, BBU) while the RRU (this has
traditionally been called the Remote Radio Head, RRH) does little more than transmitting and
receiving Radio Frequency (RF) signals to and from mobile users (i.e. radio frequency
processing). Legacy fronthauls employ the transport of time domaphase and quadrane

(IQ) quantised samples in the access network, resulting in very high data rates over the fronthaul
section of the current fourth generation radio access network (BE)[6]. These data rates

sale with number of antennas and signal bandwidths so are expected to increase further with
5G. Moving more of the functionality to the RRU through functional decompositions helps to
reduce these data rates. However, this may be at the cost of exceedirenthm-end latency

limits imposed by cordinated techniques, such as those used in distributed MIMO sydtgms

As a result, the wider channel bandwidths and mMIMO techniques required by 5G pose a

significant challenge fatigital transport.

Therefore, there is renewed interest in the use of analogue transport in next generation mobile
networks. Analogue transport can provide high spectral efficiency and reduced latency, allowing

joint processing of signals at the DU. Howe analogue transport has been restricted to niche
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applications such as Distributed Antenna Systems (DAS), due to limitaticdnging poor
dynamic range and susceptibility to ndinearities[8]. Traditionally, a DAS systeronsists of
Remote Antenna Units (RAUSs) connected to a Central Unit (CU) via eoRakibre (RoF) link
(employing a functional hierarchy similar to the DU and RRU). A concept diagram of an analogue

RoF fronthaul is shown Figurel-1.

Mgltiple signals for MIMO
7 et
/, transmission \

-

Figurel-1 5Gheterogeneous networkonfigurationemploying @ analogue RoRFdnthaul

In the diagram, the Central Unit (CU), which employs a High Layer Splib{tHeS)G protocol

layer stak to a DU, receives signals from a core network. Following this, the DU performs all the
processing for different numerologies (i.e. Orthogonal Frequency Division Multiplexing (OFDM)
signals with different generation characteristics). The signals aredtweinedin the electrical
domain {ollowing placement todifferent Intermediate Frequencies, IR$rough Subcarrier
Multiplexing 6CN for analoguetransport, while different RRUs are addressed through
different wavelengths of light using a Wavelengtlviibn Multiplexing(WDM) scheme LTE
signals can be used to provide wider area coverage while 5G milliwatve (mmW) signals

use narrow beams through beamforming.

SCM which traditionally multiplexes signals usimgw-cost analogue components (local

osdllators, mixers, bangbass filters etc.)in conjunctionwith WDM schemesgcanlead to very
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high capacity link§]. However, analogue domain multiplexing lacks flexibility and scalability,
especially ammW frequencies Applications such as mMIMO would require a large number of
signals€.9.128 or higheper antenna array in the case of fdilgital mMMIMO or fewer per array

in the case of hybrid mMIMQo be multiplexed antransmitted over a fibre linkAs the number

of sigrals increass (especially within the subcarrier multiplex), an equally large number of
components is required, as well as fine control of these components, resulting in high
complexity and cosf10], [11]. Furthermore, these components need to be customisable for
each signal and thus lead to reduced flexibility in deploym@&ihierefore, anew approach
involving digital domain SCkbmbined with analogue transpgralso referred to as digital
channelaggregation/ deaggregation12], Intermediate Frequency over Fibre (IF@F)multi-
IFOF[13], has been investigatedextensivdy in the past few yearsThis approach has the
potential to meet the difering requirements of the 5G mobile fronthaul in terms of high data
rates and spectral efficiency, flexibility, scalability, low latency and reduced system complexity

and cost.

In thisthesis G KS GSNXa aRAIAGHEICSAY @BE Vil S{R/NBAT O &
R2YlF Ayl ¥R aéha®sbea dsed interchangeably. MoreoverK S G SN a aaAi 3y
& OK | yhg&atsabeen usednterchangeably.

1.2 Motivation of this Work

There have been several promising demonstrations of digital channel gajgrne/ de
aggregation, combined with analogue transport. Some of these demonstrations have reported
very high data rates bgombining different types ofoptical modulation and multiplexing
techniques such as Phase Modulation (PM) and WDHN| [15], [16], [17]. Cthers have shown

the potential for mMIMO deploymentEL8]. Many of these demonstrations have employed
large number of channelswide bandwidth channeld17] and up-conversion to mmwW

frequencieq14].

However, nultiplexesconséting of a large number of widgandwidth channels occuprge
bandwidths and require equally large samplingates at the RRUsAnalogie-to-Digital
Converters (ADCs) with sufficiently large anatgandwidths(e.g. in excess of 10 GHA])
and high sampling rates are required for this operatiMoreover, for mMIMO systems, each

channel has to bale-aggregatedfrom these multiplexes and uponverted to the same

14



microwave andor mmW frequencies. ®selimitationsposea huge challenge terms of cost
and complexityat RRUsn 5G networks espeially for mmW frequenciesand are shown in

Figurel-2.

Rmew

Figurel-2 Limitations of current analogue transport techniquesploying digitadomainSCM
techniques

Atraditional appoach for reducingampling rates is to eptoy bandpass samplinfl9]. In[18]
bandpass sampling has been used in conjunction with anedgmain filtering to demultiplex

a large number of sighs showing that low sampling rate Al@uced aliasing effects can be
rectified by MIMO processing. [20] a low sampling rate ADiSused to frequery translate a
mmWsignal toRFn the uplink section of aiditised fronthaul. In[21], a track-and-hold amplifier
(THA) isused in the transmitter side of a fronthaul to bapdss sample a signal down to

baseband frequencies.

However, these approaches do not consider the signal placement in theitkietirethe digital

or analogue domain, especially when large numbers of signals are transmitted for mMIMO
and/or heterogeneous networking. Individual signals residing at different IFs will need to be
frequency translated to the same frequency for mMIM@phcations. Thus, uponversion

stages to RF/ mmW need to be adaptable for each signal, and frequency/phase synchronized. A
flexible and scalable technique that is not affected by signal counts and facilitates the process
of obtaining all signals at th@me IF, reducing the amount of psignal processing at the RRU,

would be beneficial for the 5G fronthaul.
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Furthermore, architectures such as the one presentefllB] employ bandpass sampling to

keep sampling rates to a mmum for each channel at the RRU. However, for channels at a
higher IF in the multiplex (e.g. at 9 GHz), ADCs with very large analogue bandwidths will still be
required. As a result, even if each channel is sampled using a very low sampling rate, ADCs with
very high sampling rate specifications (to match the high analogue bandwidths) will be required

at the RRU with progressively higher IFs.

Moreover, employing analogue filters to -@ggregate the signals becomes problematic for high
signal counts. A veryrge number of analogue filters is required (for e.g. in the architecture
presented in by18]), in order to filter individual or small groups of channels (e.g. 128 filters for
128 channels when each channel is filtered, orikdrg when a pair of channels is filtered). As
this filtering is carried out in the analogue domain, no flexibility is provided in adapting these

filters and the number of channels they each filter.

1.3 Research Aims

In light of theveryhigh bitrates envsaged in 5G radio access networks, the use of wide channel
bandwidthsand largechannel multiplexewill be of paramount importancie combinatiorwith
HetNet andmMIMO techniques Moreover, 5G mobile networks will have to be flexible,
dynamic, versatiland scalablgin order to support different types of servicedgth differing
requirements Since analogudransport over thefronthaul is able to offer higher spectral
efficiencycompared todigital transport, this work will investigate analogue and di¢ji&CM

techniques in an analogue RoF fronthaul, with emphasis on digital SCM schemes.

Asthe number of multiplexed channels increasanalogueSCMbecomesincreasingly complex
and expensive (especially at mmW frequengidsis is because greater numbepf analogue
componentssuch as filters and mixers requiredfor per-channel processindn this work an
analogue SCM scheme employiragiablewide bandwidth channels will be examingddetail

to confirm the limitations of such schemes, and will seas a baseline for the digital SCM

scheme.

A dgital SCM samewill be investigateds it has the potential to offer greatdexibility than
analogue SCM schemdsis scheme shoulllow multiplexing/ demultiplexingwith the use of

veryfew or no anabguecomponents|t should also facilitatenultiplexes of different sizes and
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the combinatiors of different 5G signabandwidths numerologies and modulation schemes and
formats. Thus, theseattributes will allow the transpd of signals of different typesand

generation characteristics via a sinflxible platform, to be used fodifferent 5G services

For 5G networks and beyond gHigital SCMechnique should beynamic as well as flexibte
allow for anadaptable/re-configurablefuture fronthaul. One of the issues with analogue SCM
techniques is thig inability toadapt tochanges in the number @hannelschannelbandwidths
and signal typefor exampleanalogue filters cannot adapstale well under such changeR)e
digital SCM technique shalibe able tcaccommodatesuchchanges in the systeim a dynamic

and flexiblemanner.

Multi-Radio Access Technologmu(ti-RAT applications require the transport and distribution

of signals destinedo different RATs such as LTE;MNand mmW5G[4]. For mMIMOa very

large number of channelsave to be transportedndividuallyprocessed anthen placed at the
same microwave andr mmW frequencies for wireless transmission. This requires separate
filtering and upconversion tages for each channgbrocesseavhich are simplytoo complex

and expensivenfjore soat mmW frequencies)especially using analogue componenihe
digital domain SCM technique should perform most of the processing in the digital domain and
should be abl¢o present each channel at the sameatRhe receivemwith limited use offurther
per-signal processing hus,channels destined for different microwave/mmWw frequencoes

be transportedtogether and thenreadily upconverted to their respective frequeres with

reduced perchannel processing. This will be beneficial for rRIANT and MMIMO networks

Lastly, 6r large aggregate bandwidth multiplexes, methods for reducing receiver ADC sampling
rates and analogue bandwidth requirements to arbitrary lewetsild be beneficial. However
such methods should not have a detrimental effect on the flexibility and scalability of the

system.Currentdigital SCM schemes have limitat&in these respectf22], [18].

1.4 Summary of Main Contributions of this Thesis

High data rateshave beenachievedusingwide bandwidth OFDM channels multiplexéde-

multiplexed usinga low-complexity/ low-cost comb generation technique

x A mmW over fibre downlink system emplogimptical comb generation via a phase

modulator and heterodyne detection has been used for transporting up to four channels
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multiplexed using traditional analogue SCM techniques. Similar techniques have been
demonstrated in[23] with up to threeQuadrature Phase Shift Keyin@RSKchannels

and very low data rates and {24], employing a much lower data rate per optical
sideband. In this work, up to four widgandwidth OFDM channels with ABuadratue
Amplitude Modulation QAM) subcarrier modulation have been transported at 25 GHz
and 60 GHz. Channel bandwidths of 76 MHz, 152 MHz and 305 MHz have been used in
these demonstrations. A maximum data rate of 2.13 Gbps has been achieved over a

wireless ditance of 4 metresising this techniquef mmW upconversion.

A flexible multiplexing techniqueusing a singldnverse Fast Fourier TransfordE) has been

proposed/demonstrated

X

A flexible approach for multiplexing Erge numberof OFDM signals withaviable
bandwidths, modulation levels and frequency gud@hds between them and
seamlessly combiningingle Sideband&EB- and Discrete MultiTone PMT) - derived
signals is presented for the first time. DMT can be employed to drive an optical
modulatordirectly (i.e. without the need for uponversion) and can be usedQpticat
Wireless Communication®©WQq [25], [26] applications while SSB improves spectral
efficiency. While large IFFTs are disley wireline standards such d3igital Video
Broadcasting; Second Generation TerrestriddYBT2) [27] these are only used for
single channels. Ij28] a single IFFT, albeit with a relatively shietigth combined with

a propriety designed window function, was used to multiplex 32 LTE channels. However,
this work did not incorporate variable bandwidths, DMand SSB derived channels.

As a result of the technique employed in this thesis, additigorocessing, e.g. via
Hilbert transforms, digitalup-converters etc., is not required for creating the
multiplexes.Using a single IFFT length of 32768, up to 48 SSB chdravelsbeen
demonstrated in this workwith 38.15 MHz channel bandwidths and 1®.8IHz gaps
between channelgesulting inan aggregate data rate of 7.32 Gbps.

Individual channels or groups of channels using the same or different numerologies
(generic/5G), are transmitted togethdrom the DU to the RRU through a common
medium (fibre/electrical connection). In the case of different numerologies, individual
IFFTs are used to create SMibltiplexes, each employing a different sampling rate and
numerology, which are then combined in the digital domain to form Multiplexes and/or

SuperMultiplexes. This type of aggregation of very large sizesuliplexes employing
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different 5G numerologies has been presented for the first time. Good spectral
efficiency and high data rates are demonstrated using 36 rApadiwidth DMT/ SSB
derived channel§l6-QAM subcarrier modulation), two different 5G numerologies, gaps
between channels as narrow as 3.7 MHz and an aggregate data rate of 3.3 Gbps. The
highest aggregate data rate that has been demonstrated in this work is 8.3 Gbps, using
76 mixedbandwidthchannels (18QAM subcarrier modulation), a single 5G numerology

and gaps between channels as narrow as 1.83.MHz

A novelNyquist Zone N2 mapping technique for obtaining channels at the same IF at the

RRU resulting in minimum pesignal processing haseen proposed/demonstrated

X

Past work, for examplgl8], has not considered the placement of signals in the RRU
either in the digital or analogue domairspeciallywhen large numbers of signals are
transmittedfor mMIMOand/or in multi-RAT applicationgndividual signals maside

at different IFs, thus wgonversion stages tBRFmmW need to be bespoke, adaptable
for each signal, and frequency/phase synchronizéte hierarchical NZ mapping
technique presented here at the O used to creatéSubMultiplexes, dMultiplexes

and 6SuperMultiplexes in any combination. The NZs are essentially frequency bands
of pre-determined width, derived from the sampling or bapdss sampling process at
the receiver side. Each of these Nisommodates either a single channel or a channel
set. When sampled at twice the poetermined width at the RRU, each channel or
channel set has the same centre frequency as corresponding channels of other channel
sets. Thus, these corresponding chanmals be readily uigonverted to their respective
RF/mmW frequency with minimal pehannel processing. This will be very important
for mMIMO and HetNet applications.

The receiver does most of the pehannel processing in the digital domain. This means
that a very small number ahixers, up/ down-converters, analogue filters etis used

and a single RF and/ or mmW local oscilldtdd)stage,which reduceghe amount of
digital and/or analogueper-channelprocessingtypically required inthe receiver for
placing channelat the same REmW frequency After channel deaggregation, ach
corresponding channel across changedups, carbe upconverted to the same RF and/
or mmW frequencyvia a single LO stag@ince the composite radio waveform is
generated athe DU with theCyclic PrefixGB included, following demultiplexing and

down-sampling at the RRU side, each individual channel will directly have its own
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decimated and appropriately sized CP and can thus be directly processed for

transmission over a ireless channel.

Theuseof a THA atthe receiver side of a fronthaul (RRU) has been proposed for the first time

for minimising ADC sampling rates and enhancegalability

x  The THA can be used to extend the NZ mapping to a hierarchy for ever largpteretti
and as a result, fits in well with NZ mapping, even though it requires a small amount of
analogue domain processing. The THA provides flexibility in keeping ADC sampling rates
and analogue bandwidth requirements to arbitrary low levels at the rezeReceiving
a very large multiplex at the RRU would normally require equivalently large ADC
analogue bandwidth and sampling rate. Therefore, a THA can be used for multiplexes
gAGK F3ANBIIGS oFyReARGKEA SEOSSRAYHriKS !
multiplexes occupying sufficiently low aggregate bandwidths but placed at an RF such
GKFG GKSANI KAIKSad TNBldSyOe 02YLRySyi
specification. Flexibility in terms of IF placement of multiplexes, is beneficialdbr IF
techniqued29], [30], [31].

x  There have been limited proposed use of THAs in RoF applications, for exafgle in
and here at the trasmitter side of the digital link. Ifi21], a THA is used at the
transmitter side of a fronthaul link to bargass sample a signal down to baseband. In
this work, up to 240 widédandwidth DMT/ SSBerived channels occupying an
aggregate analogue bandwidth of 16 GHz have been demonstrated in a simulation
environment using an ADC sampling rate of only 3.93 GSps. An aggregate data rate of
49.7 Gbpshas beenachieved for this multiplex, using mixed bandwidths, 5G
numerologies and sudarrier modulation (189AM and 64QAM).

A flexible and scalable digital channel aggregation/ éegygregation technique for the 5G (and

beyond) network has been proposed and demonstrated

Traditional SCM techniques relying on analogue components to multighexinels lack
scalability (in terms of cost and complexity) for wide channel bandwidths and large size
multiplexes. Analogue processing (for example analogue filters), cannot adapt or scale to
changes in IFs, variable signal bandwidths and multiplex $?za$ work on analogue fronthaul

techniques, for examplf], [33], [34], has typically relied on a significant amount of analogue
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processing. Operation within a 5G (hbheyond) RAN means that multiplexes of different sizes,
variable channel bandwidths (requiring variable filter passbands), different numerologies (i.e.
sampling rates) and different RATs, need to be supported. The technique presented in this work
multiplexes a large number of channels with different bandwidths and numerologies in a flexible
and scalable manner. This is a result of the mapping method employed but also of processing
carried out solely in the digital domain. Flexibility and scalability is thchieved through
multiple means (for example, a single large IFFT can be used per numerology but there is
flexibility to employ separate IFFTs per numerology if reducing the size of the IFFT is desirable).
Since most of the processing is performed ia thgital domain, even when the THA is added as

an extension to the fundamental technique, and analogue filters are used to select groups of

channels, the addition of analogue processing has minimal effect on the flexibility of the system.

1.5 Structure of Thsis

The thesis is divided in®chapters, namely:

Chapter2: The background theory for this thesis is presentetich includes the 5G physical

interface,the theoryof OFDM, error vector magnitude and sampling theory.

Chapter 3: RoF and its application the modern fronthaul as well as the different types of

fronthaul architectures and thelimitationsare discussed in this chapter

Chapter4: This chapter discusseneasurementresults at microwave and millimetre wave
frequenciesemploying channel aggregatiofsCM)via analogue and digital techniques and
channelde-aggregation via analogue techniques. It also includes characterisation and modelling
of devices usedn measurementsvithin a VPI simulation environment, as well as simulation

results of analogue SCM at mmave frequencies.

Chapters: This chapter presentdhe concept of a flexible SCM scheme employifygjuist zone
mapping andchannel aggregation/ daggregationin the digital domain with multiplexes of

different sizes, employing different channel bandwidths and numerologies

Chapter6: Based on the concept introduced in the previous chapter, thipthaliscusseshe

resultingsystem architecture antheasurement resultat microwave frequencie@vith generic
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and 5G numerologies)coupled withmmW generation andup-conversionvia a remotely

deliveredmmW carrier.

Chapter7: In this chapterthe systenpresented in the previous two chaptersnisdelled while
the model ismatched with measurement resultsmployinggeneric and 5G numerologies
Following this, the model is extended and used to validate the performance predigtitma

bandwidth-extension device through simulation.

Chapter8: The conclusionand future work are presented in this chapter.
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2 Background and Literature Review

2.1 Introduction

This chapter aims to providéhe reader with thenecessary backgrounidformation for the

specificconcepts and technologies discussed in the rest ofttigsis

The chapter begins with a brief discussiothef differentgenerationsof mobile communication
standardsin Sectior2.2. Thefrequency bands, technologies andngees supported by each of
these generationsas well asthe expectations from 5@Gre discussed in this sectiofihe
introduction of a new 5G physical interface in order to address theseatafiensis discussed
in Sectior?.3. The discussiongn both these sectionare aimed at providing the read with an

understanding of the targets of 5G thimirm the foundationof thiswork.

The theory of OFDM, as well @MT isdiscussedn detailin Sectior2.4. The different stages of
OFDM signal genelian and reception areexamined along with the role othe CP in the
transmission of the signal through a channel atsdeffects onequalisationat the receiver.
Moreover,performanceissues with OFDM/ DMT such as RaalveragePower Ratio (PAPR),
timing and frequency offsets and the different methods that are employed to counteract these
effects are discussedhis information is important, asokh OFDM and DMT waveforpes well

as extensions of their transmitter and receiver structures to create multipld»es been sed

extensively in thishesis

This is followed by a discussionthe Error Vector Mgnitude(EVM)metricin Sectior2.5. EVM
has been used as the main performamuetric for all results presented in this thesis. Finally, in
Section2.6, sampling theory is discussed, namdig difference betweeroversampling and
undersamping and thebenefits and drawbacks of each of thesehniques. These concepts

are important as they are used extensiviljthe work presented in later chapters

The chapter ends with Summary and Conclusions in Sezffon
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2.2 Bvolution of Wireless Technologies

In the past 30+ yearsa new generation of mobile technologies has been introduced
approximately every 10 yearsThe first generation & mobile communication networks
60 NB DA I, BaSeR ondamaldgue voice communicats, was introduced in the 1980s.
However, as mobile telephony gained momentum, the limitations osa¢h asulky devices,
costly service, poor coverage and inefficient use of resoutiexsame clear2G systems based
on digital communications were intduced in the 1990s, which saw the adventspectrum
sharingschemes such a$ime Division Multiple Access (TDM@mployed by the Groupe
Speciale Mobiler Global System of Mobile Communicati¢g@SM) standarcdgnd Code Division
Multiple Access (CDMAEmployed bythe Qualcomm Interim Standar@5 (1S95)) These
technologiesbecame the foundation for 3Gvhich wasntroduced in the 2000By thattime,

the Internet had become widely accessible to the consumer community and the introduction of
smartphones ad other types of mobile devices meant thataddition tomakingvoice calls,
service usersould navigate thénternet, download and stream movies anthke video callen

the move among many other applicatiof85], [36].

While 3G did increase voice capacity, the &legnges weréhe optimisation of mobile networks
for data servicesnd the foundationof mobile broadband3G was succeeded by 4@&d the
Long Term Evolutioriong Term EvoluticAdvanced(LTELTEA) standard which led to faster,
better mobile broadband, along with a new, simplified-latiernet Protocol (IP) network
architecture. A new air interface desigwas introduced, based on Orthogonal Frequency
Division Multiplexing (OFDM) weforms and multiple access (via Orthogonal Frequency
Division Mutiple Access (OFDMA) downlink asingleCarrier Frequency Division Multiple
Access (SEDMA) uplink) 4GLTE has continued to evolve since thémtroducing new
technologies such as Multglnput Multiple-Output (MIMO), carrielaggregation, higher
modulation orders etc. in order to address the surge in data trafftbich has grown

exponentially in the last decada7].

A drastic upgrade of the entire communiiza infrastructure is required by the year 2020 in
order to support the forecasted growth in the flow of informatioAs a resultfrequencies
higher than 3 GHz, where contiguous spectrum is available to accommodate wider
communication channels, are reged in orderto support the demand for broader channel

bandwidth associated with the forecasted growth.
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Thesteady evolutiorof wireless technologiewards higher capacitgnd data ratesis shown

in Figure2-1. The flequency bandshown in the figure will be discussedSection2.3.

v @ Qe Qe Flo

’/@I i W

The foundation of Mobile telephony he foundation of  Mobile broadband Embracing a
forevoryone  mobile broadb enhanced Networked Society

~2010 ~2020
3" GENERATION 4™ GENERATION

2™ GENERATION

5" GENERATION

wireless network wireless network wireless network
*  Designed for . m'«m *  Designed Primarily
voice and data for Data
*  First digital *  First mobile * IP based protocol
standards brosdband *  True Mobile
(GSM,COMA) * Voke through broadband
circult & Data-
Packet Switching
2 Mbps
Freq. 800 MHz 850, 900, 800, 850,900, 1.8,2.3,2.5, 1.8,2.6,3-
Band: 1800, 1800, 1900, 2.6, 3.5 GHz 300 GHz

1900 MHz 2100 MHz

Figure2-1 Evolution of Wireless Technologies [Source: SILIKA 2020 EU Project, 2017].

Hfth-generation wireless system(8G) are the telecommunications standards that are set to
succeed the current 4G standai@ompared to 4G Gaims to provide muchigher data rates,
reduced latencyultra-reliability, energy efficiency, cost reduction, higher system capacity and
massive deice connectivity.The GSM Association (GSMf38], Next Generation Mobile
Network (NGMN]1] and the Mobile and wieless communications Enablers for the Twenty
twenty Information Society(METI$ project [2] have defined sevaal use cases(or

requirements) which can be narrowed down three maincategories
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1 Enhanced Mobile Broadband (eMBB)

0 10+ Gbhps to users (100x typical data rate, even for high mobility; 1000x
capacdiy/ km?)
1 Ultra-Reliable, Lowatency Communications (URLLC)

o Millisecond engo-end latencies (<1ms Radio Access Network (RAN) latency)

1 Massive Machindype Communications (mMTC)

o Extremely large numbers of low datate devices (100x connected devices,

evenin crowded areas

These use cases have been showhigure2-2. GSMA also identifieéxed wireless access a
use casd38], which is the ability to offer fibre type speeds in both developed and Idgireg
markets using new wider frequency bands, massive MIMAMIMO) [39], [40] and
beamforming technologiegll], [42], [43].

Enhanced Mobile Broadband

o Gigabytes in a second \x
a N 3D video, UHD screens
itdi N
5 S Home/Rudiding N — Work and play in the cloud
m Augmented reality
w - ﬁ \dustry automatior
a, Voi o
m i Self Driving Car
2] Smart City Future IMT Mission critical
: application
w e.g. e-health
m Massive Machine Type Ultra-reliable and Low Latency
Communications Communications

Figure2-2 5G usage scenarioS¢urceinternational Telecommunication Union (ITU), 2018].

The use cases will form the basis of radio technologies (or concepts) such astb&ssice
(D2D), Moving Networks (MNs), UkBerse Neéworks (UDNs) andnMIMO among others.
Emerging applications and services enabled by 5G such as augmented/ virtual reality, Internet
of Things (loT) sensors and networks, embedded devices, advanced rokafitgand lifeline
systemsyehicleto-Everything (V2X), cloud infrastructure, artificial intelligence etc. will be used

by industry vertical service providers such as education, healthcare, smart grid and autonomous

26



transportation[36]. Some of these radio technologies and applications are showigure2-3

and will be covered in more detail in later sections

300 MHz 300 GHz

; : LTE-A/ {ctvaninf : .
Inter-vehicular and Vehicle- HSPA ‘\Iu""."‘am .\lululﬂo“
y Carrier Aggregation

to-road communication e S o
Macrocell Pycggell {/Dual Connectivity
'

""""" LTE-A/WiFi
Integration

| ’g Device-to-Deyices I e
h e, e Communication mmWave and Terahertz
Massive machine type Communication

communication

Figure2-3 5G radio technologieand applicatbns [Source: Georgia Institute of Technology,
2014].

2.3 The Fifth Generation of Mobile Communication Networks
(5G) Physical Interface

Each new generation of mobile communication networks is assigned new frequency bands and
wider spectral bandwidth per fregncy channefas depicted ifFigure2-1). 1G had a maximum

per channel bandwidth of 30 kHz (frequency bands up to 800 Mi&Eemployedp to 200 kHz
(frequency bands up to 1.9 GH3Gemployedup to 5 MHz (frequecy bands up to 2. GHz)

and 4G, employedup to 20 MHz (frequency bands up to 3 GHz). For 5G, there is little room
available for larger channel bandwidthile frequency bands suitable for landobile radio

will overlap with Kband (18- 27 GHz}Jransmissions of communidan satellites[36]. The 3¢
Generation Partnership Project (3G\orkingto create system specifications ftire unified

5G New Radio (NRRpir interface within the scope of the International Mobile
Telecommunications 2@2(IMT2020) project of the International Telecommunications Union
(ITU).While previous generation networks primarily opted for licensed spectoetow 3 GHz,

5G NRwill expand spectrum usage ticensed, shared and unlicensed spectrumich will

include existing mobile bands as well as new, wider 5G bamtlese will includéow-bands
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below 1 GHz, mitbands between 1 and 6 GHz and hinds above 24 GH23]. Channel
bandwidths ranging from 5 MHz to 100 MiW#l be supportedfor bands below 6 GHz while
channel bandwidths fro80 MHz to 400 MHz will be supported for bands above 24[G3]z

The choice of radio waveform and multiple access technique are two of the most important
decisions for designg the new 5CGphysical layer To his end, many different candidate
waveforms have been studied such as UniveFsidred MultiCarrier (UFMC), Resource Block
Filtered Orthogonal Frequency Division Multiplexing -ERBFDM) and Filtere@FDM (F
OFDM), with are sukband filtering waveforms and Filt&ank MultiCarrier (FBMC), which is

a subcarrier filtering wavefornid4], [45], [46], [47]. These waveforms have been mainly
compared with standard OFDQMIso known a€yclic Prefix OFDM ({CHFDM), with respect to
out-of-band emissions and robustness against Carrier Frequency Offset (CFO) afy hmbext
Interference (ISI}48]. However, 3GP its current release (release 1Bas decided to adopt
CROFDMwith up to 256QAM subcarrier modulatiof49], [50] based on the most important
performance indicators sincas compatibility with multantenna technologies, high spectral
efficiency, low implementation complexity, robustness to oscillator phase noise (crucial for
operation at mmwave frequencies) et¢51]. Moreover, unlike 4G, wdre only Discrete Fourier
Transform spread OFDM (D&DFDM also known as SEDMA was used in the uplink, 5G will
employ both CROFDM and DFFOFDM in the uplink, with GBFDM in the downlinfd9].

Therefore, 5G radio accessll comprise LTE evolution operating below 6 GHz while NR operates
betweenl GHto 100 GHzn order to fulfil the requirements of the wide range of deployment
options and services, a number of flexible OFDM numerologies have been proposed for 5G NR.
These numerologies argefined by subcarrier spacing and cyclic prefix (normal/ extended)

the scalable subcarrier spacityf) is defined byj49], [51], [50]:

3Q ¢ Ppuh (kH) (2-1)

where 1 is thenumerologyfactor and 15 kHz is the sutarrier spacing of the base numerology
(employed by LTE)Table2-1 shows thedifferent 5G numerologiesand supported channels
[50].

28



Table 2-1 5G numerology and supported channeync signalling includes primary and
secondary synchronisation signals while Broadcast includes the physical broadcast channel
(PBCH)

Numerology| Subcarrierspacing (kHz) | CP type Supported for Data/ Sync
factor and Broadcast

0 15 Normal Synd< 6 GHz)Data(< 6 GHz)
1 30 Normal Sync (<6 GHz), Data (<6 G
2 60 Normal, extended Data (< 6GHz and > 6 GHz)
3 120 Normal Sync (> 6 GHz), Data (> 6z
4 240 Normal Sync (> 6 GHz)

2.4 Orthogonal Frequency Division Multiplexing

Orthogonal Frequency Division Multiplexing (OFP52), [53] (also known as CBFDM)is a
special case of Frequency Bien Multiplexing (FDM) that uses a large number of parallel,
narrow-band subcarriers instead of a single widakend carrier to transport information. Since
adjacent subcarriers are orthogonal to each other, multiple subcarriers can be transmitted
simultaneously in a tight frequency space without interference from one another. System
standards using OFDM inclufet], [55], [56], [57]:

1 Wirelessstandards such as IEEE 802.11a, g, j, FF(MVireless LAN; IEEE 802.15.3a
Ultra Wideband (UWB) WirelesBersonal Area NetworkPAN; IEEE 802.16el
(WIMAX); terrestrial digital TV systems, e.g. Digital Video Broadcagsfiregrestrial
(DVBT); 3GPP L& andnow 5G

1 Fixed/ wireline standards such as Asymmetric Digital Subscriber Line (ADSh)gkery
bit-rate Digital Subscriber Lin@DSL), Power Line Communication (PLC) etc.

A simplified block diagram for the transmitter and receiver sections @iDMsystem is shown
in Figure 2-4. Upper case characters denote frequency domain samples while lower case

characters denote time domain samples.
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Figure2-4 OFDM Transmitter anBeceiver architecturd58].
The input data bits arrive at a ratf,, such that
Q : (2-2)

where, bsis the bits per symbol an@lis the input symbadlime, with 1/Ts being the symbol rate
Followving this stage, the bits go throud@beriaito-Parallel (S/P) conversion and are mapped to
Quadrature Amplitude Modulation (QAM) constellation points. The resulting QAM symbols
create avector of frequency domain sampl@% XX Od]', whereN is the IFF length At this

point, the rate of the sampleSsamples IS given by

i . (2-3)
The frequency domain samples then go through the IFFT hldikh produces the vector of
time domain samplepo x;X DG E

The output of the IFFT modulator for a single symbol is givgadjy

wé =B @ QQ , (2-4)

where the time domain samples at the output of the IFFT block are denoteghbwhile the
frequency domain samples at the input of the IFFT block are denotedkby

After the IFFT stage anaRilletto-Serial conversion (P/2) CP is appended at the beginning of
each OFDM symb¢the purpose of this step will be explained latéfhe OFDM symbalith a
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CP(with a time duration ottcd appended to itwill be referreR (12 | & The baseddiddY S ¢ &

representation of the signal at this stage is given by
w € w ¢ 8Q¢ (2-5)

where s is the OFDM symbol indexn] is the output of the IFFT for symbaland g[n] is a
window function By default, a rectangulavindow function is used, with a span in time between
-tcpand NTg, with NTs being the time duration of the OFDM symbol at the output of the IFFT (i.e.
the OFDM symbol durationThis operation results a sinc response for each subcariiethe
frequency domainwith nulls at intervalsof the subcarrier spacin{neglecting tle CP, this is

equal tothe OFDM symbol ratgrf = 1/NTs).

An example of the resulting frequency domain represgioin of the OFDM signal for a small
number ofsubcarriers is show iRigure2-5. At each sampling instant, theontribution of all
other subcarriers except the onthat is being sampled is at a zero crossirgsulting in
orthogonalitybeing maintainecamongthe subcarriersThis also results in spectral efficiency as
the spectrum is divided into overlapping orthogonal subcarriers (instead of individual
subcarriers gparated byfrequencyguard bands), due to the nature of the pulse shaping

function sin(x)/x

[SE—
V1UNTs '

Figure2-5 Frequency domain representation of an OFDM sif&il
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Generally, ovessampling isappliedto keep the filtering requirementat the output of the IFFT

to a minimum Thisoperationcan be represented bjp0]
w- O0OWMY O88G TMBE8MH 88 : (2-6)

whereZis the oversampling factor andherethere areN(Z1) null subcarriers/ zeroes.

This stage is followed layDigitaito-Analogue Converter (DAC) stage apetonversiorto pass
band (modulating the RF carriefpr transmission through a physil channel After RF up

conversionthe RF output can be written as
w o B QAT & Q — o BQ , (2-7)

where|X[K]| and F[k] are the magnitude and phase of the complex symbols respectively. They

are defined by the constellation of the chosen subcarrier modulation sci{ergeQAM, QPSK).

Discrete MultiTone (DMT]54]is also a type of multicarrier modulation thidte OFDMdivides

a highspeed data stream into multiple parallel lowspeed streams and modulates them onto
separatesubcarrigs of different frequencies. This type of waveform has been widely employed

in copperbased wireline standards (such as ADSL) and more recently, in applications such as
OWCor Visible Light Communications (V[Z5], [26], [61]. Contrary to OFDM, the DMT output
signal after the IFFT stage at the transmitter is #gdlied and no i¥phase and quadrature

phase (IQ) modulation onto an RF carrier is requif@2]. As a result, broadband, high
frequency, analogue RF components required for IQ modulation are omitted from DMT
transceivers and only a single DAC and ADC at the transmitter and receiver, respectively, are
required to generate and captuthe DMT sequence. Both these factors lead to a reduction in

cost and complexity, making DMT a popular choice for OWC.

In order to generate a multicarrier sequence consistingdstibcarriers, DMT requires the use
of an IFFT operation that is twice the ¢gh of the one needed for OFDM (and vice versa for the
FFT stage at the receiver). To create a-wadlled baseband DMT transmission sequence
consisting oN subcarriers, N-point IFFT is required. For t@&inputs of the IFFT (frequency
domain), indexd bykl' n = M2he Krdt haif &re assigned the valugswhile the second
half have to be assigned the complex conjugate valueg& of he Hermitian symmetry property

is given by

»nZ

@ W, (2-8)
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forkl' n X sand ¥} Hm{X} = 0, such that there is no direct current (DC) value (the
imaginary part is denoted by the Im{.} operator). Following this stage, thevedaéd, time

domain outputx[n] of the 2Npoint IFFT, is given h§3]

¢ —B ©Q . (2-9)

Since the reaValued input and output sequences of the FFT and IFFT operations (respectively)
are characterised by symmetry properties, these operations can be optimised for DMT
modulation aml half the number of computations can be saved. DMT and OFDM require
approximately the same amount of complexity even though DMT employs a longer IFFT/ FFT

length[63].

For both OFDM and DMT, thgrocessescarried out at thetransmitter are reversed at the

receiver in ordeto retrieve the original QAM symbols.

2.4.1 Cyclic Prefix and Equalisation

2.4.1.1 Linear to Circular Convolution

In a linear timenvariant discreteime channel with an impulse responbfn], the outputy[n]
is the dscretetime convolution of the channel impulse response and the input data stedain

[59]. This can be expressed as

wE Qt zwe wE 20 B QQnt Q. (2-10)
TheN-point circular convolution ok[n] andh[n] is defined as

wE wEL R QEt K B QQwt Q , (2-12)

where[n-k]n representgn-k] moduloN. Therefore x[n-k]n is the periodic version offn-k] with
period N and y[n] from (2-11) is also periodic with periotl. Arcular convolution in the time
domain leads to multiplication in the frequency domain. In the absence of noise, this can be

expressed as

00WE @it R QOUOQAT QO p, (2-12)
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where H[i] is theN-point Discrete Fourier Transfm (DF7 of {h[n]}. When the sequenceénfn]}
is of lengthk<N it is padded withN-k zeros to obtain a length for the N-point DFT. From ¢2
12), if the channel and input a@rcularly convolvegprovided that[n]is known at the receiver,

the originaldata sequence&[n] can be recovered by taking the IDFT such that

@& 000 VOO¥—— fm & O p. (2-13)

2.4.1.2 Mitigation of InterSymbol Interference (ISI)

Linear convolution with a channel can cause energy from the previous and subsequent periodic
extensions ¢ leak into the current signalA guard interval is required to accommodate the
decaying transient of the previous symbol and prevent the initial transient from reaching the
current symbal an effect known as Inte8ymbol Interference (ISIfFor OFDM, thiguard
interval can be inserted via two different methods. One method invateespadding the guard
interval and is known as zero prefix (ZP). The other method involves a cyclic extension of the
OFDM symbol CP orCyclic Suffix (CEB4]. An advantage of using a zero prefix, which is a form

of vector coding, is that no power is used to transmit it. However, for vector coding, the
complexity scales quickly withsubcarriers in multichannel modulation schemes like OFDM and
rea-time channel knowledge is required at the transmitter, which is difficult to achieve in
wireless system§h9]. In the case of OFDM, the standard method of CP insertion is making a
copy of the last samples of the OFDWhol and appending them to the beginning of the
symbol. Therefore, the CP acts as a special time guard for an OFDM symbol transition to combat

time dispersionThis is illustrated ifrigure2-6.
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Figure2-6 Example of CP insertion with time duratign

Upon CP addition, an OFDM symbol consisting sdmples in the discrete time domain obeys

the following rule
W W (2-14)

where | is the number of samples used to describe the CP and the total length of the new
sequence of samples M#.1. This way, the firgh samples of the channel output affected by ISI

can be discarded without any loss relatito the original information sequence. In continuous
time, this is equivalent to using a guard band of durafignthe channel delay spread) after
every block oN symbols of duratiorNTs, in order to eliminate ISI between these data blocks.
When the leagth of the CP is set longer than or equal to the maximum delay of a multipath
channel, the ISI effect of an OFDM symbol on the next symbol is confined within the guard
interval so that it may not affect the FFT of the next OFDM symbol (taken for theicsuod

the OFDM symbol without CP). As a result, a CP longer than the maximum delay of the multipath
channel allows for maintaining the orthogonality among the subcarftk The CP can also be

of different lengths dependingn deployment scenario and can be categorised into normal and
extended CP. Extended CP is generally used for larger coverage areas where the delay spread is

longer.

CP insertion has its disadvantages as well as its obvious advantages Simtmls areadded

to the input data blocks, there is an overheadpdN and a resulting dataate reduction of
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N/(u+N) There is also a transmit power penalty by a factdiuefNYN, associated with sending

the CP as the prefix consists of redundant Jagj.

2.4.1.3 Simplification of Equalisation

A continuoustime channel with a frequency responkkf) can be divided into orthogonal sub
channels without the knowledge dfi(f) by splitting the total signal bandwidth into nen
overlapping sb-bands. Similarly, knowledge of channel gditi§, A I  AJs ndt Fequired

in an OFDM system, which effectively decomposes the wideband channel into a set of
narrowband orthogonal suhannels with different QAM symbols. The demodulator can use

the channel gains to recover the original QAM symbols by dividing these gains, such that
O OUWONQ. (2-15)

Thisprocess is known as frequency equalisat{A]. However, for continuoutime OFDM,
since the noise of théh subchannel is also scaled lyH[i], frequency equalisation leads to
noise enhancement. As a result, even though the effect of flat fading([@ns removed by

equalisation, the received SNR is unchanged.

The combined effect of th€Paddition and thelinear convolutionof the OFDM signaksults
mathematically in circularanvolution Thusthe transmitted signal can be recovered from the
received signal by multiplication with/H(i), where H(i) is the DFT of the channel response
meaning that the equalisatiois carried ouin the frequency domainThis type of equalization

is known as zerforcing equalisation.

Therefore the CP being a guard intervaitigatesISI and in additiorsimplifies the equalisation

procedureat the receiver.

2.4.2 Issues with OFDM/ DMT

1 Peakto-Average PoweRatio(PAPR)

PAPR is an important factor communication systems. For an analogue signal, PAPR is equal to

the peak instantaneous power divided by the average power of the siBA&Rs often given
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asthe square of the crest factor (CF), which is defined as the peak voltage over the RM8 volta
of the signal.
Transmit power amplifiers operataore efficiently when the PAPR is lavwhile they haveto be

operated witha largeinput powerbackoff to ensure linear amplification of the signal when the

PAPR is higlb9]. A typical power amplifier response is showirigure2-7.

>

Nonlinear Region

Output Power (V)

Linear Region

I L >

1 1

Average Peak Input Power (Vi,)

Figure2-7 Typical power amplifier response.

In order to avoid signal distortion, operation in the linear regiemlesirable to keep the peak
value constrained within this regicand avoid signal distortiarMoreover, having the average

value as close as possible to the peak value would ensure that the power amplifier operates at

maximum efficiency.

High PAPR sigisaalso possess large dynamic ranges necessitating the use®@fwith high

resolutiors, which in turn places complexity and power penalty on receiver frordend

PAPR is a considerable problem with multicarrier modulation schemes such as[&H65],
[66], asthese signals possess high PAPR (peak PWRRses approximately linearly with the
number of subcarrierdN)). Techniques to reduce the effectlofyhPAPR include oversampling,

clipping of the OFDM signal above some threshold, correction of nonlinear distortion from the

power amplifier and special coding techniquygs], [59].
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1 Timingand FequencyOffsets

In OFDM orthogonality among subcarriers is ensured by the subcarrier spa¥ing,
3’Q —, (2-16)

where, Ty (=NTy) is the symbol time of the modulated signal in each subcarrier.

In practice, this frequency separation betwethe subcarriers is imperfect due to mismatched
LOs(between transmitter and receiver), sampling frequency mismatches, Doppler frequency
shifts or timing synchronisation errors, meaning thatl@ does not hold. This results in inter
carrier interference(ICl), as the received FFT samples contain interference from adjacent

subcarrierg59].

Time synchronisation can be obtained by crosgrelating the received signalt) with the input

signalx(t), such that

Y t . @ om0 tQo (2-17)
where * denotes the complex conjugatand e receivedsignal is given by

WO wo o €0 Qo , (2-18)

where,tqis the delay experienced by the sigtiaiough the linkn(t) isadditivenoise andd(t) is
the distortion. The peak of the integral in {27) occurs at a delay value equal to the delay
experienced by the signal through the channel and can thus be used to align the FFT window at

the receiver.

The effects of timing offset are less compared to those from frequency offsets, if this-full
sample OFDM symbol is used at the receiver without interference from the previous or
subsequent OFDM symbols. For this to happen, the cyclic prefix lgnbthi/Ts (Tm is the
channel delay spread; is the sampling time associated with the discrete time sequence and
AmAd GKS OKFyySt 8. N¥y¥a RSfl & aLINBIROO®

Error in frequency synchronisation due to LO frequency mishest@and sampling frequency
(clock) mismatches between transmitter and receiver is a more serious issue in OFDM. This type
of offsetisillustrated inFigure2-8. The frequency offset leads to a form of frequency modulation

imposed m the time domain signal and a loss of orthogonality. This can be expressed as
O O'Q Q. (2-19)
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A continuously rotating constellation is an indication of LO offset.

Figure2-8 LO offsets causing incorrect sampling tirf&s.

Various method®xist that can provide information to the receiver, to provide some form of
compensation for these offsets. These tmeds may be blind or noblind (the nonblind
method involves redundant information being sent from transmitter to receiver to track
changes to the signal For a timing offsetin practie, a similar procedure is carried out with a
known sequence called a preamble that allows the receiver to synchronise the FFT window. The
known sequence and the received one are applied to the integr&-i7)Y to obtain the delay
experienced by the signal due to the channel. A Pilot Symbol Assisted Modulation (PSAM)
technique can also be used for time offset correctif@Y]. Known symbols are inserted
periodically into the datasequence in the frequency domain so that the receiver can obtain
information regarding the relative phase shifts of the subcarrj68. For correct estimation,

the distance between adjacent pilot tones must be less thangourakto half the period of the
channel transfer functiofi67]. Training sequences or pilot tones can also be used for both time
and frequency synchronisatid69]. Moreover, redundancy of the CP calso be used for both

frequency and time synchronisati¢nQ], [71].
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2.5 Error Vector Magnitude and other measures of link
performance

EVM (similar to metrics such as Receiver Constellation ErrB))R@ metricused inadvanced
wireless system standaragth complex modulation formats such as IEBBE.11g wireless local

area networks\VLANSs) standardg2] andIEEB02.16-2009 WiMAX standard33], to measure

the signal quality of a digitaradio transmitter or receiverEach of the different wireless
standards specifies a maximum allowed EVM value and it is important that the measured EVM
of the demodulated signal lies below this valagy. the 3GPP limits of 12.5% for-Q&M, 8%

for 64-QAM and 3.5% for 25Q AM for 5F74]. EVM measurements are considered to be more
useful thanother measurements such dke often-usedBit Eror Rate (BER)as they provide

information about both amplitudend phase error in the signdlgs].

EVM is a direct indication of modulation quality. It describesvbetor difference oterror (in
terms of the Euclidean distance) between a receig@asuredland an ideal point in a given
QAM constellationthus representing the noise and distortion in the transmission systéguare

2-9 shows the 18QAM constellation diagram containing all the ideal symbols (reference

symbols) and om of the leceived symbols

2

1Q Magnitude Error

Received O\ 4 Error Vector

symbol "
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-------------- 1Q Phase Error

[
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e e I

Figure2-9 Error Vector Magnitude constellation diagram forQ&M[23]
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where l(%) and Q(X) are the Inphase (Real) and Quadrature phase (Imaginary) components of
the received symbols whilgX) and Q(X) are the Inphas (Real) and Quadrature phase

(Imaginary) components of the ideal symbols.

There are many definitions of EVNEpending on standardpecificationg58]:

—B

Owibi i pmTE = : (2-22)
. -B
OwidbP N Q®Qp T T , (2-22)
e s -B
Qwib idai p T8 , (2-23)

—-B

where Sis the number of OFDMymbolsover which the EVM is calculatatid sis the symbol
index guch that,s= 1 tos=9. Asshown in (221), the EVM is usuallyiven as a percentage of
the RMS value of the constellatioRVM can also béefined in termsof the peak constellation
power, as showiin (2-22). The averaging methodepends on the system under consideration.
Fa simple QAM based systems (n@kDM) the averagingcarried out over a certain number
of QAM symbols For OFDM based systemi is generally carried out oveall the data
subcarriers within a®FDM symbol ahdepending orthe standardacross a number of OFDM

symbols as shown if2-23).

Fom (221), the EVM can be expressidterms of the SNR by the following

ond — . (2-24)

EVM caronly provide a measure of thend-to-end quality of the hk, meaninghat for links
that suffer from multiple impairments, the causes of Ed&fyradation can become difficult to

pinpoint. However,a number of effects can be associated with the error statistics or with
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observable effects in the constellation diagr (for exampleon-linear distortion in the link due

to overamplificationor uncompensated frequency errpreé]).

A signal transmitted through a link has to undergo a numbeaofipensatiorprocesses at the
receiver before ap EVM estimatesan be obtained correctlyThe constellation has to be
normalised so that a comparison can be made with the ideal reference constellation. A
constellation will in general experience some phase rotation@aid from the link. Moreover

the frequency response of the link has to be eqgsedi

Theparticular design o& system determines exactly how these issaesrectifiedand Figure

2-10 shows a generalizatioaf these processesThereceived constellation ide-rotated and
equalized, while the amousbf rotation and gain required to normalizedte determined by

the reference constellation. The received constellation ismadised to some average power so
that comparison with the reference constellation can bareed out In this example, the
received constellation is normalised to an average power of 1. The normalization process

increasaboth the signal and noise amplitudg the same amount, leavirntge SNR unchanged.

Norm alised constellation Reference constellation
Received constellation
P Q Q
® w5+ ® X WS T X
de-rotate
t t I i i
05 V.S VS ws |
® S @ X -Y0S -+ X

Figure 2-10 Normalization to an average power of 1 of a received constellation that has
experienced some arbitrary gain and phase rotation from g8k
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2.6 Oversampling and Undesampling

2.6.1 Oversampling

Accordingto the Nyquist criterion, a continuous analogue signal can be sampled such that
F>2L0,, in whichFs is the sampling frequency andi, is the highest frequency component of

the input signal. This means thatd sampling frequency has to be at least twibe highest
frequency component of a signal, to make sure that important information is not lost. Faster
sampling (also known asversampling of a continuous analogue signal generally leads to a
more accurate representation of the signal and is the ndfrfewer samples are taken, a point

is reached when critical information of the signal is lost and the signal can no longer be
accurately represented. If the sampling frequency is less than twice the maximum analogue
signal frequency, a false (alias)duency component is generated along with the correct one,
leading to an effect called aliasing. It should be noted that the Nyquist bandwidth is defined to
be the frequency spectrum from DC E/2 and the frequency spectrum is divided into an
infinite number of Nyquist zones, each having a width equal toF2.Fhe first Nyquist zone is
from DC to/2, the second Nyquist zone is frofy2 to kand so or{77].

As demonstrated via examplalues inFigure2-11, oversampling is sampling at a rate which is
beyond twice the highest frequency component of the signal of interest. Sincevoehll signals

are not perfectly filtered and often contain frequency components greater than the Nyquist
freuquency, oversampling can increase the foldover frequency such that the unwanted
components of the signal do not alias into the passbandhasvn in the top part of the figure

for a signal with a carrier frequency of 70 MHz and a bandwidth of 20 MHz (60 MBIMB 8,

the maximum frequency component is 80 MHz and for an oversampling case, the minimum
sampling rate is greater than 160 MSpEBo keep the 60 MHz to 80 MHz band in the middle of
the first Nyquist zone for flexible argiiasing analogue filter desigthe sampling rate should

be 280 MSpswhich is 3.5 times the maximum frequency component of the signal

To use a lower sampling raés shown at the bottom dfigure2-11, the signal bandwidth does
not need to be in the middle dhe first Nyquist zone and a minimum sampling rate of, e.g. 200

MSps However in this casdandpass filter desigihas more stringent requirements

43



1% Nyquist 2™ Nyquist 3" Nyquist 4™ Nyquist & 50 on...

2 A —_—
2 l
°
EV swomerr V) V V By
M DM P4 Nyquist ’ Sampling - y -
Freq: Fs/2= Freq: Fs = Frequency (MHz)
140 M 280 M
Oversampling (normal sampling) with IF frequency in the centre of the first Nyquist 2one
A 1% Nyquist 2™ Nyquist 3" Nyquist 4™ Nyquist &soon..
(43
2 l l l —
(=%
E / Analogue BPA/ \/ \/ \
1 h 1 1 ! 1 | L
rsseng B T ,v 12 T J T T »
ookl N % Samplin oM ans
Nyquist v ? Frequency (MH2)
Freq: Fs =
Freq: Fs/2= 200 M
100Mm

Decreasing the sampling rate in oversampling

Figure2-11 Example of oversampling.

2.6.2 Undersampling

Under-sampling also known as susampling,bandpasssampling, harmonic sampling, sub
Nyquist sampling, IF sampling or ditdF~to-digital conversior{77], [19] is when a sampling
frequency(F) less than twice the maximum frequency component in a signal is used. Under
sampling is whelfs < 2fi,, such that aliasing happens and mirror images around every multiple
of k(R/2, K, 3R /2 and so on) are produced.Ris slightlyhigherthanfi,, an aliased signal at

a lower frequencys ¢ finis produced. This effect can be usedjmdadvantageasthe ADQGan

act asa mixer or downconverter in the receive chain.

As shown inFigure2-12 (for the same example values), uginndersampling, a signat a

carrier frequency of 70 MHz and bandwidth of 20 MHz can be sampled at more than 40 MSps
(56 MSps) for keeping the signal in the centre of the third Nyquist zone. This way-WMel20
signal is aliased back to the first Nydui®ne, centred at 14 MHz. In this function, under
sampling techniquesan be used t@et rid of the entire analogue frequency dowonversion
stage(thusredudng required board space, power consumption and cofpractical receiver

design implementatios)[78].
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Figure2-12 Example of undesampling.

2.6.3 Comparison between Oversampling and Undampling for

Passband Signals

A Data rates

For exampleFieldProgrammable Gate Aays (FPGA) are integrated circuis that are often

used to capture the data output from ADCs. As the sampling rate of the ADC increases, the data
rate to the FPGA also increases. This means that a sampling rate of 56 MSps used-in under
sampling is more dé@®mble than a sampling rate of 200 MSps used in oversampling. As data rates
increase, greater care has to be taken when it comes to the layout of boards, signal routing and

placement of the ADC and FPGA in the delsifh As aesult, cost and complexity increases.

A Setup and holdiine

Stup and hold time become critical with high data rates. Undemmpling results in more

relaxed setup and hold times due to lower data rgfé8], [79].

A Power consumption
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For most applications in defence and wireless infrastructure, pipeline ADCs are used, which

consume a lot of power. The situation becomes worse when oversamplimgployed[78].

A Additionaldown-converter stage

In order to convert the 7Hz signal shown in the previous example to a lower IF frequency
such as 14 MHz, undsampling can be used. This helps to get rid of any additional down

converter stage in front of the ADC, which is reqdivéhen oversampling is used.
A Cost of ADC

For example, e cost of a 200 MSps ADC is at least twice the cost of a 56 MSps ADC. Thus,
oversampling increases the cost of the ADC and by using sadepling combined with proper

filtering, the cost of the ADGan be reduced.

A Processing gain

When a signal is oversamplegiprocessing gairs achievedthat canimprove thethe signaito-

noise (SNR). Processing g&fscess Can be expressed by
O pi 1 Qg 76 & (2-25)
where BWis the bandwidth of the signal.

Fa the oversampling example discussed in Sec®i@nl, BWis 20 MHz anékis 200 MHz. Using
(2-25), the processing gain is aralii@ dB. The total SNBNR:) can be calculated by

Y6'Y  YO'Y O , (2-26)

where SNRs is the SNR valugypically provided inan ADCdatasheet (processing gain not
included).For asSNRsvalue of72 dB(for a 2-bit ADC)SNR can be calculated to be 79 dBFS
(decibels relative to full scal¢78] using (226). Processing gain is absaviten undersampling

is used

A Frequency plan flexibility

One of the biggest advantages of overgding is the frequency plan. When a signal is
oversampled, IF frequencies can be moved anywhere from B2tdthe first Nyquist zone).

The second and third harmonics fall outside this first Nyquist zone and can be filtered easily.
When it comes to undesampling, one of the key concerns is ADC filter design, which has to be

planned such that the effects of the second and third order harmonics are minimal to avoid
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distortion. An analogue filter (with a gooddB response) in front of the ADC can be hdlji
reducing distortion. Moreover, for better Spurioffisee Dynamic Range (SFDR) performance,
planning the ADC sampling rate based on the knowledge of aliased second and third order

harmonics is also helpful when it comes to undampling.

A Widesignalbandwidths

Oversampling has the inherent capability of being able to handle wide signal bandwidths, as
long as the entire signal is kept inside a single Nyquist zone (preferably in the middle of a Nyquist
zone, for flexibility in filter design). When undsaimpling wide bandwidth signals, care has to

be taken to avoid aliasing.

A Fullpower bandwidth of the ADC

The frequency of the ADC at which the input signal hasd® Boss is called the feplower
bandwidth of the ADC. In order for undsampling to workit must be ensured that the ADC

has adequate input bandwidth (not to be confused with input IF signal bandwidth).

A Quantisation noise

Noise in ADC conversions can be introduced from thermal noise, shot noise, variations in supply
and reference voltage,lmse noise due to sampling clock jitter and noise due to quantisation
error, also known as quantisation noise. Under coragmratingconditions, oversampling and
averaging helps to reduce noise and improve f0R Samplingit a much higher rate normally
spreads the quantisation noise over a larger bandwidth, resulting in less noise power per
frequency. Thus, oversampling, followed by pass filtering, helps to average out more of the
ADC nois¢81].

In the measurements discussed later on in Sectib@sand 4.3, this effect is observed when

using higher sampling rates at the Oscilloscope to capture received samples. When low sampling
rates are used, it can be seen that the noise floor rieading to reduce@&NR. This is reflected

by EVM performance for different sampling ratésr example,dr the same signal, a sampling

rate of 6.25 GSps leads to an EWNG.4%, for 50 GSps, the EN8VB.3% while for 100 GSps, the
EVM is 7.9%Figure2-13 shows the spectra of two 305 MHz channels (at 1.9 GHz and 2.5 GHz)
multiplexed using SCM techniques, as seen on the oscilloscope. The segishetthat the
SNRsimproved by approximately?2 dB when a sampling rate of 100 GSps is eseapared to

6.25 (Ps. Figure2-14 shows similar effects when one out of the two channels is filtered for

capturing.
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Figure2-13 Spectra on oscilloscope for two SCM channels captured using 25t@5 and
100 GSps (bottom) [10 dB per division; 0 dBm reference level; 1 MHz Resolution Bandwidth
(RBW)].

Figure2-14 Spetra of Channel 1 (1.9 GHz) (out of two SCM channels) on the oscilloscope when
captured with 6.25 GSps (top) and 100 GSps (bottom) [10 dB per division; 0 dBm reference level;
1 MHz Resolution Bandwidth (RBW)].
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2.7 Summary andonclusios

In order to supparthe predicted growth in the flow of information, 58rmsthe newmobile
communications standard thas set to succeed 4G by the year 2020. 5G aims to connect many
different types of devices ansuipport muchhigher data rate and low latency applicatiornsG

will includenew deployment optionsaandwill enable newservices in different industry verticals
such as healthcare, manufacturing efm address th&e demandsthe new 5G NR air interface
will include bands operating below 6 GHz and bigbands abwe 24 GHz, wider channel
bandwidths (e.g. 400 MHa} these higher frequency ban@sd a flexible numerology design

In 3GPP release 15hias beerdecided thatstandardOFDM (also terme@ROFDM with up to
256-QAM subcarrier modulatiowill be usedor 5G.

CROFDNMhas been used extensively in many differeslecommunicatiorstandards It employs

an IFFT, which is an efficient mathematical operation that converts frequency domain
modulation samples to acomplexsampled time domain wavefornrDMT is an #&ernative
modulation method to OFDM, whereby employing twice the IFFT lefugtmpared to OFDM)
can directly generate a real sampled waveform. As a rasdibes not require modulationnto

an RF carriemaking ita popular choice in OWC. Both wavefasrisuffer from issues such as
high PAPR, timing and frequency offsets. Howevbere are established methods for
counteractng these effects EVM is a metric used tcharacterisenoise andother types of
distortion in a transmission system employing compiteodulation formats ands thus very

usefulfor OFDM/ DMT waveforms.

Oversampling involves sampling an analogue sigrarate that is larger than the Nyquist rate
(twice the highest frequency component of the sigreaid leads toSNR improvementdue to
processing gain, and reductionin quantisation noise. On the other hand, undsmpling,
which involves sampling an analogue signabatte that is lower than the Nyquist rate
introduces a number obenefits such as the use of lower sampling raresulting inlower
power consumption anébwer cost of ADCs and reductiontime number of dowrconversion
stagesat the receiverKeeping in mind the problem of very high sampling rates required at the
RRUIn current IFoF demonstration@liscussed irChaper 1), undersampling can be a very

useful technique.
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3 Radieover-Fibre for the 5G-ronthaul

3.1 Introduction

This chapter presents additional background theory, as well as related res@arcider to

provide the reader with aetailed overview of the area of researcbvered in thighesis

Analogue andligital Radicover-Fibre (RoJtechnologesand theirapplicatiorsin the RANover
the yearsare discussed in Sectia®2 This section also explosdypical RoF architectures and
their building blocksincluding a number obpto-electronic devices that are used inetlvork

presented in thishesis

Section3.3explores thecurrent fronthaul section of the RAN that employgithl transport and

its limitations especiallyn termsof its abilityto cope withlarge signal bandwidths and multi
antenna techniquesthat arerequiredfor 5G. It also discusses the role of functional splitting to
mitigate some ofthese issuesand the reasons for considering analogue transport via RoF

schemes for the new 5G mobile fronthaul.

The section furtheexplores he evolution of the analoguednthaul, which hasdoptednew
modulation and multiplexing techniques in the electrical and optitahain, as well as new
techniques for mmW carrier generatio®CM and WDM, which are promising multiplexing
techniques and have been used extensivgdgdin thisthesis are also discussed in detdihe
limitations of these techniques irerms of the fexibility and scalabilityfeatures that will be of
prime importancegor 5G arediscussegespecially those of tradition&CM. Finallghe benefits

of a promising new techniquthat performs SCM in the digital domaout employs analogue
transport, are discussed in detailTre main work presented in thighesis is based on this

technique

Thechapter is summarised and concluded in Sec8ah
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3.2 Radieover-Fibre

The concept of RoF was introduced in ft#80sfollowing theintroduction of microwave/radio
frequency(RF)subcarrier multiplexing (SCM), that rapidly gained popularity for the distribution
of televisionchanneld82], [83], [84]. Advantages such as low attenuation at RF frequencies, low
cost and ease of installation make fibre the preferred option oveiaxal cables in the
distribution of RF signalés a result, fibre links can also span much lomligiances than co

axial linls.

The fundamental principle of RoF transmission involves the transport of analogue radio signals
via an optical fibre linkAnalogue RoF has been a research interest for almost four decades, with
commercial products available for mobile communicatiornrsaionost three decades. However,

it has been rostly limited toniche applications such as Distributed Antenna Systems (DAS) for
in-building, shopping mall and sports venue coverage base statiorhotels, which are of
interest to mobile operator$85], [86]. One ofthe reasons for this igtrinsic link impairments.
Analogue RoF is generally affected Histortion due to non-linearities, fibre chromatic
dispersion, low signdb-noise (SNR) ané& narow dynamic range, leading tdimited
transmission distancs], [87], [88].

Traditionally, ©ASRoF system consgif Remote Antenna UnitsiRAUsEonnected tca Cental

Unit (CU)ia a RoF linkThe RAUare simply a distributed set of antenndbat transmit and
receiveRFsignals from mobile users located in diffnt geographical areas and hditde or no
processing capabilitiesThey exchangethese RF signals wit the CU, where all the signal
processing such as modulation/ -deodulation, multiplexing/ demultiplexing handover,
diversity etc. arecarried out [8]. The advantage of such an architectusethat most of the
complexity isconcentrated in the CU, which means that only the low cost and low complexity
RAUs need to be upgraded in order to make improvements in the coverage and capacity of the
system.Processing signals from multiple RAUs at a single central location, ratherathan
separate entities, leads tsavings for operators in terms danergy, space and shared

equipment It also allowgoint processing of signafsom multiple RAU48].

Typical analogue, as well dgjital RoF systems have besgimown inFigure3-1. In the diagram,
ananalogue RoF link is showrvithichthe analogue signals are transmitted either at baseband
(baseband over fibre) or uponverted to an RF or Intermediate Fremcy (IF) (RFF over fibre).
RF over fibre has the advantage of requiring no frequdrarnyslationat the RAU/ RRU, but it
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cannd accommodate multiple channel§his is because these channels may be mobile data
channels with carrier frequencidgbhat have been praletermined by the current frequency

allocation legislation.

The baseband/ IF/ RF analogue signal/s undergo electdaegbtical (E/O) conversion at the CU

and opticalto-electrical (O/E) conversion at the RAd.the case of the digital RoF system
employingthe Common Public Radio Interface (CRRé&cification89], In-phase/Quadrature

phase (1Q) samples of radio channg@lgitised radio) undergo E/O and O/E conversion for
transmissionbetween the Baseband Unit (BBU) and RenRs&slio Head (RRHJhis type of
architecture is known as the Centralised or Cloud Radio Access Netwl®ANJ in which the

RRHs are access nodes and the BBUs enable centralised processing, much like the analogue RoF
architecture.These architectures amiscussed further in Sectidh3, where it is also explained

why the CU/ BBU and RAU/ RRH are now called Distributed Unit (DU) and Remote Radio Unit
(RRU), respectively.

Note, that historically, iere has been a emeral distinction made between DAS and
centralised/cloud RANMN the latter have usually been put together fdyy an operator, whereas

DAS was often put together by neutral host providers, who would just transparently transport
many operators signals (amor many systems). There have been digitised RoF systems for DAS,

but usually using proprietary techniques rather than CPRI.

Distributed Unit (DU)/ Central Unit (CU) Remote Radio Unit (RRU)/ Remote

Antenna Unit (RAU)
Baseband ADC RF or IF Analogue m Analogue i
aseban or . °
i . i Optical =  Optical
Units DAC “| Upconversion (£/0) (0/8)

Typical analogue RoF system
Distributed Unit (DU)/ Baseband Unit (BBU) Remote Radio Unit (RRU)/ Remote Radio Head (RRH)

Digital @) Digital
Baseband m L . ADC “
, Optical |-% | Optical DY
Ynits (E/0) (0/E) DAC

Typical digital RoF system

Figure3-1 Typical RoF architectures

A simple and costffective option forthese links is the use of direct Intensity Modulation and
Direct Detection (IMDD) In suchlinks, also called Directly Modulated Links (DMRS$) sighals

directly modulate the intensity of the optical carrier fromsemiconductolaser diode andre
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diredly detectedvia a photodiodgnormally a PIN photodiode due to their superior linearity
compared to other structures, such as avalanche photodiod#s)general, commercially
available uncooledistributed Feedback (DFB) lasers with high efficiency, lmis& and low
distortion are preferred over FabrPerot (FP) and verticahvity surfaceemitting lasers[8],
[90].

Linksemployingexternal modulation require a Maehehnder Modulator (MZM), alongith an
unmodulated laseoperating at a constant optical powéusually a Continuous Wave Laser
(CWL)) External modulatiorwith an MZMis thus more complex and expensive but offer
improved performance in terms of noise and distortion, compared tDML, especially if
distortion compensation techniques are used. They can also be used at higher frequencies, than
is the case with DM[91]. Moreover, since MZM links are not restricted by the availability of
analogue lasers at spdic wavelengths, they can be used with Dense Wavelength Division
Multiplexing (DWDM) wavelengths to provide greater capacity per fil@ther external
modulator options include ElectrAbsorption Modulators (EAMs]92] and Rdective
Semiconductor Optical Amplifiers (RSORES], [94] (RSOAsmre mainlyused in the uplink
whereas MZMsre usedin both the uplink and downlinkOther types of links include phase

modulation (PM)with coherentdetection[95], [96] or interferometric detectior{97].

The MZM and PM are electaptic modulatorswith interferometric structuresthat operate va

the electrooptic effect, which involves applying an external electric field to modify the
refractive index of the waveguide material. In the case of the MZM, the phase modulation
induced by this electroptic effect is converted to intensity modulatiasing an interferometric
structure. The MZM consists & PM (or two PMs, depending on the type of MZMhich is
discussed lateon in this sectiothat allows changingof the refractive index in proportion to a
driving voltageThere are two types of mfwave generation based on the MZM: tRéand 4f

methods. The optical field at the output of the MZM can be expressd@3]y[98]
0 OAT«O 1 A0 oQ ) (3-1)

where E and J. are the amplitude and angular frequency of the input optical carrier,
respectively 3q4cis the constat phase shift induced by the Diias voltage applied to the MZM
/iis the modulation index of the MZM anfkris the angular frequency of the electriahiving

signal applied to the MZNiis given by

r = (3-2)
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whereVy is the magnitude of the electrical signal to the MZMi&h is the halfwave voltage to

the MZM The necessary ihing voltage for achieving a phase sbift radiansis denoted ay/-.
Using Bessel functions3-1) can be expanded 23]
AT«O0 01 A0 ,

0 VBT Rij6 1 o .
P 07T ATOARAT10 ¢ orv Vies (3-3)

J)isl az2tdziAzy G2 . SaasStqQa aSO2yR 2NRSHE RATTS
Bessel function of the first kind of orderand argumeny . Note thatn is shown up to the third

order in (33). The choice oDCbias voltage to the MZM will supress either all the everg(or

odd (sin) terms, as seen fromB3{3). The transfer function vth the minimum and maximum

transmesion points arising from the Oitas voltage settings shown inFigure3-2.

Maximum
transmission

Eout

\\ Vi >
Minimum - '/ v
Rt 2f
transmission t 1
| | |
Wy

Figure3-2 Transfer function of the MZM, with its minimum and maxmtransmission points
[23].
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At the minimum transmission point, i.6q4: = /2, all even terms including the carrier are
suppressed and the output of the MZM has two dominant optical components athzs Which
are separated by twice the RF drive signal to the MENk is known as th&f method [23], [99].
For frequency quadrupling or th&f method[100], the MZM has to be biased at the maximum
transmission point, i.e34.=0. The MZM output consists of the carriefd, and the two optial
components atb: Jrs as well as other unwanted components that have much lower power
levels compared to these three componerf®r frequency quadrupling, the optical carrier can
be removed via an optical filter before heterodyning the two optical comgnts atJd. Jre
Generally, the MZM is biased at its quadrature pdgd:.="/4 or V- /2), which is at the centre
of the linear zoneto minimise its nodinear effects}101] or at a pointbetween minimum and
quadrature[102]. As a result, the amplitude of the electrical modulation is limited teeay

narrow window for linear operation.

Some of the important parameters associated with thN&ZM are insertion loss, which is
essentially the loss ofgmal power introduced in the link by the MZM and the extinction ratio,
which is the difference between the peak and trough of an MZM transfer function (a poor
extinction ratio results ifnnter-modulation distortionand power penalty at the receiveflL03].
Another important parameter isesidualfrequency chirp, which is the modulation in the phase

of the optical signal that is induced by the process of intensity modulation. This effect is more

pronounced at higher frequenciesd results iffibre chromatic dispersiofiL04].

There are mainly two types of MZMingledrive and dualdrive (also known as differential)n
the singledrive configuration, the modulating voltage is applied to one arm o th
interferometer, with a phase change ofin the arm of the interferometerin the dualdrive
configuration, the modulating voltages are applied to both arms of the interferon{étertwo
PMs are driven independentlyvith phase changes af” /2 in the ams of the interferometer

In the case of the singldrive MZM, the fullV- has to be applied in order to achieve the
maximum extinction ratio while in the case of the ddalve MZM = V- /2 has to be applied on
the two arms to achieve maximum extinctioatio. There is generally some chifgesidual)in
the output signal for a singlérive MZM while there is almost none for a dulve MZM.Two
optical modulation techniques are employed using MZM structures. The figgttisal double
sideband (ODSB)odulation, whichsuffers from the impact of chromatic dispersion and limits
transmission distanceThe second i©ptical Sigle-Sideband (OSSB) modulatjomhich can

overcome the effects of chromatic dispersidi®5], [106]. To this end, the duadrive MZM can
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lead to better link performance as it perforn@SSH99] while the singledrive MZM performs
only ODSB.

In contrast to intensity modulation (as in the case of the MZttle amplitude of an angularly
modulated signal (via frequency or phase modulation) always remains con$tmn the
required RF drive power is applied to the phase modulator, sidebands with a separation
corresponding to the frequency of the RF signa¢ @enerated. However, the spectral
components (sidebands) end up cancelling each other out upon direct detection via a
photodiode due to the manner in which they are related in amplitude and phase. This means
that no signal is generated at the output dig photodiode(PD) One way of generating a
detectable signal at the PD is by altering the amplitude or phase relation between the sidebands

of the phase modulated signal, e.g. by applying optical filtering.iglimwn inFigure3-3.

Optical Spectrum

| -
| I |
fo

Filter Transmittance
4*fre

Figure3-3 Effect of sideband filtering on a phase modulated signal (adapted[28in

Theamplitude of the output optical signélom an optical phase modulator is g by[23]

0O OB 01 Q N (3-4)
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where K is the amplitude of thenput optical signal/, is the modulation index and, is the
Bessel function of the first kind of order n with argument Jo and Jrrare the angular
frequencies of the inpubptical carrier (generated by the optical source) and of the electrical
drive signal to the phase modulator, respectivalyp) is related to the modulatio index of the

phase modulatorby

I f = (3-5)

whereV- is the halfwave voltage of the optical phase modulator awiglis the amplitude of the

RF drive signaNote the similarity between ¢5) and (32). This alludes to the fact that the PM
and MZM operate on the same principle. Tthéerence (factor of %) is just a normalisation
based on the particular formalism used to express the optical signal amplitude or intensity (such

as, in (34) and (31)).

Phase modulation spreads odtepower of the optical signamong the carrier anthe spectral
componentsclosest to it with the amplitude distribution on the generated optical sidebands
being governed by the corresponding Bessel functions parameterised by the jetithe M™
andN" order sidebandsf the phase modulated signate selected by optical filtersvhich are

then combined andletected by thePD the generated photocurrent)can be expressed §3]

"0 'YOz'0 (3-6)
'O YO U 1 0 1 (3-7)
O ¢YOuU I o1 AIT® 671 o (3-8)

whereRis the responsivity of theDandE is theamplitude of thefilter output signalwhen the
M™ and N order sidebands are selecte® is the complex conjugate dE). The DC and
Alternating Current (AGQerms, lgc and I, are expressedoy @-7) and B-8), respectively, with
the generated frequency equal td+Ntimes the RF drive frequency to the PMM andN are

the second order sideband$i¢ generated photocurrent is given [83]

'O YOOI twéig o (3-9)
"0 YOO T (3-10)
O Yool AT® o (3-12)
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The AGerm in 3-11) shows that thdrequencyobtainedis four times the RF drive frequency.
Some residual optical componeritem unwanted sidebands with limitggower mayfall in the

filter passband region and have some effeotsthe phase and amplitude of the desired RF
signal. This may be, e.g. distortion in the form of the residual components beating with the
selected sidebands, generating signals at a number of diffdrequencies, including the same
frequency as the desired RF signal. However, the power of these signals will be generally much

lower than the power of the desired RF signal.

From (3-8), it can be seen thathte power of the generated RF signal is dedifsy the term
2(/p)A(/p) (provided B and Rare ignored) When higher orders of sidebands are selected,
increasing/,, which involves increasing the power level of the RF drive signal to the PM,

increaseshe power conversion efficieng23].

Devices such as MZMs tharformintensity modulation are susceptible to {as drift,which
results in the optical spectrum changing with tinle contrast, phase modulated signals are free
from DC bias drif{they do not generallyequire a DC biagnd are tolerant to temperature
change. Moreover, wre power can be assigned to higher order sidebands by increasing the
modulation index and sidebands can be filtered as requinddch leadto power efficiencyAn
Optical Frequency CdmGeneration QFC([107] system has the advantage of being able to
generate a broad and flat spectrumut phase modulation is a much simpler technique of optical

comb generation

3.3 Modern Fronthaul and its Limitations

3.3.1 The Digal Fronthaul

RoF transport based on digitisation of wireless signals was introduced i20@@idue to the
limitations ofanalogue RoFas discussed in Secti@®). Currently, the fronthaul section of the
RAN employs sampleddio waveform transport using industry standard specifications such as
CPRI[89]. With 5G and beyond envisioned bandwidths and rrattiennatechniques(defined

by 3GPP Release 4] and 15[74]), datarates over this type of transport will scale to
impractical levelsMoreover, Ethernet has been suggesté&q, [6], [108], as an altanative to

CPRI, as it may lead to more efficient use of available resources through switching equipment
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and reduction in costs due to the ubiquity of Ethernet equipment and the availability of
standardised operations, administration and management (OARRtians. However, whether

CPRI or Ethernet is used, the data rate requirements do not change. As an example, using CPRI
(which is operating aDption 8, shown ifrigure3-4 (b)), for 8(8X8 MIMO) 100 MHz LTE signals,

the projected line rate is appx. 49.152 Gbps (which can be reduced by removing some of the
time-domain oversamplingiL09]. In an equivalent analogue system, a bandwidth of 800 MHz

is required (theoretically), assuming 100%aééncy.

Functional splitting has been proposed as a means of reducing the data rates over the future
fronthaul. A 5G Next Generation Radio Access NetworkiRRA@®) is shown iRigure3-4 (a)while
the LTE/ 5G protocol stack and di$ferent split optionsrelating to this architecturare shown
in Figure3-4 (b). The 5G system is divided into the 5G Core Network, the 5G RAN and User

Equipment (UE) (not shown in diagram).
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Figure3-4 (a) 5G N&RAN architecture (b) LTE/ 5G protocol stack and different split interfaces
(including candidate splfioints).

As shown irFigure3-4 (a), a set of gNBare connected to the 5G Core through the Ngical
interface and they can be interconnected via the Xn interface. The gNB, which is the 5G next
generation base station supporting 5G NR, is divided into three units: Central Unit (CU),
Distributed Unit (DU) and Remote Radio Unit (RRU). Operatiatswbuld otherwise be
undertaken by a single base station are divided among these units througlt@nggosition of

the 5G protocol stack. The protocol layers that form the stack (shovwagimre3-4 (b)) are the

Radio Resource Cant (RRC, used farzontrol-plane processing)Service Data Adaptation
Protocol (SDAP, used for ugdane processing)Packet Data Convergence Protocol (PDCP),
Radio Link Control (RLC), Media Access Control (MAC) and Physical (Pfiiktidhel split

points determine how much of the different functions of the protocol stack are divided among

the CU, DU and RR&nhdthe corresponding reduction in data rate over the fronthadihe gNB
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may consist of a gNBU, as well as one or more gi®BIs while the gNBU and gNBDUs are
connected through the F1 interface. This interface supports signalling exchange and data
transmission between the endpoints through a Higher Layer Split (HLE) The F2 interface
supports signalling exchaagand data transmission between the gl®B and multiple RRUs
through a Lower Layer Split (split). These two interfaces define new network sections that are
differentiated from the traditional backhaul (defined by the interface to the core) and are known

asmiddle-haul (for the F1 interface) and fronthaul (for the F2 interface).

In a standalone configuration with independent CU, DU and RRU locations, Option 2 split for the
F1 (between the PDCP and Higher RLC protocol layers) interface (sheigaraB-4 (b)) has
already been standardisdd11]. This is mainly because F1 had in essence been defined as dual
connectivity Option 3C in LTEL2]. Dual connectivityvas introduced a a means of increasing

user throughput, enhance mobility robustness and support {bathncing among evolved Node
Base Statios (eNodeBs), by allowing a UE to simultaneously transmit and receive data on
multiple component carriers from two cell groups @ianaster eNodeB (MeNB) and secondary
eNodeB (SeNB)12], [113].

Heterogeneity will be a key feature of 5G networks, meaning that-tagisity but lowpower

small cell base stations will coexistithv low-density large cell base statiorj$14]. Dual
Connectivitywill allow simultaneous connection to LTE and 5G within a macrocell (a radio access
point with a long range optimised to provide greater coverage) and a snia(baadio access
point with a short range optimised to provide greater capadityls], [116], respectively. This is

in contrast to the carrier aggregation (CA) scheme (anothi&f5G technology]117], [112],

which allows the network to increase user throughput and aggregate bandwidth by enabling a
UE to transmit and receive data simultaneously on multiple component carriers from a single

eNodeB gNB

While the F1 interface has been defined, the F2 interface between the DU and the RRU is still
under investigation. A range of potentialtra-PHYsplit points for the F2 interface have been
indicated inFigure3-4 (b) (between Options 6 td). Depending on the final choice of the split
point, the data rate required over the F2 interface will be reduced, albetbatcost of more
complex RRU&ven with an intraPHY split, data rate requirements will still impose sigguific
demands on the transport networkl18], [6] due to multiple antenna techniques such as
mMIMO and 5G bandwidths (up to 400 MHz). Moreover, split points closer to the MAC/ PHY
interface will impos restrictions in the deployment gbint processing/co-operative base

stations (e.g. in distributed MIMO scenarios, otherwise known as Coordinated-Raltt
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(CoMP), due to increased latency109]. As a result, analogue tnaport via RoF schemes has

recently gained renewed intereft 19].

3.3.2 The Analogue Fronthaul

In order to meet the projected demands of 5G and beyond mobile systerany different
analogueransport schemes have been irstiated. Increasediemand for wirelespandwidth
has resulted in a move towards the mmave region of the radio frequency spectrum. There
has been active exploration for a number of candidaie-wave bands and in particular, the
unlicensed 60 GHz frequency baj3d, [120]. However, high propagation lossatsthese bands
(resulting in Lineof-Sight (LOS) coverage and short transmission distafit2k) [122], as well
as the interent analogue link impairmentaakes the combination between wirelessdawired

connectivity challenging

Investigations on the optical transport of mwave signals have resulted in many different
modulationschemesEven thaigh RF over fibre has an advantage at microwave frequencies,
this advantage is lost at miwifrequencies, as highpeed photodetectors and othdtigh-speed
equipment will lead & higher implementation cost while performanceimpacted by fibre
chromatic dipersion, whichis worse at higher frequencig¢$23]. IF over fibre requiresnmw

LOs and higilspeed mixers for frequency translation process¢the RRWut has been the
most popular choice for mavave demonstrations in the uipk direction, due to the lack of

low-cost optical mmwave generators.

Since dw modulation efficiency (opticadlectricatoptical conversion) atigh frequencies leads
to weak modulation ofnmW radio signal/son to the optical carrier, the correct choia#
modulation technique is very importafit24]. DirectIM-DD is generally not used for mwave
applications due to limitations in bandwidth andstbrtion due to nonlinearity [125]. External
modulation schemes are mostly used, sucheasernal phase modulatiofil26] and intensity
modulation schemessuch asoptical double sideband (ODSBP3], optical single sideband
(OSSHL27],[128], optical carrier suppression (OGS optical filtering obne of the unwanted
sidebandg$129]. Schemes for optical generation of mmrave signals such &gquency doubhig
based orcarrier suppressiofiL29], frequency quadruplinfL 30], modelocked laser$131]and
remote LO deliver[132], have also been irestigated.n order to mitigate mravave analogue

RoF link impairments such as inrt@odulation distortion, ihearization schemesuch as pre
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distortion [133], [134], the use of EAM135] and alsoRSOAswhich reducethe distortion
component of the MZM136], [137], have been studied.

In order to achieve high data rates and spectral efficiency, many diffdransport and
multiplexing techniques, based on different degrees of freedphase, amplitude, mode et¢.)
have been investigated. The most notable of these techniques is Polanis&tvision
Multiplexing (PDMJ]138], [139], [140], which multiplexedased orthe different polarisations

of an optical signalThis techniqués generally too complex and expensive for fronthaul and
access networks buis important for longdistance, highspeed networks using many
wavelength linkswhich are expensive anywaS8ince the optical transport of muvave signals
leads to the inefficient use of the optical bandwidth (the actual bandwidth of the wireless signal
is relatively small compacdeto the total occupied bandwidthjyavelengthinterleavingschemes

[15], [124] incorporating SCM and WDIan be used to improvéhe spectral efficiencyat

relatively low cost and complexity

An andoguefronthaul employing a traditionabCM schemB2], [83], [84] is shown inFigure

3-5. Nanaloguesignalgassumed to be at basebarale upconverted to different IFsgombined

in the electrical domairfusing a power combinegt the DJ andtransmitted over opical fibre
following E/O conversion. At the RRU, the multiplex undergoes O/E conversion, before being
separated (via appropriate RFditsand splittersor frequency demultiplexerg. The signals may
undergoa different up-conversion process #éte RRUe.g. to place them at the same frequency
for MIMO applicationsdr may be transmitted directly at the frequency they resitibese types

of architectures can be built usingpw costand readily available commercial equipment lané
difficult to scale due to the complexity associated with the ussegfarate electrical amplifiers,
LOs ancklectricalfilters for the different channelsPrecse control of LOs is required to avoid
oscillator frequency offsets and good isolation and selectivity are required from splitters and
filters, respectivelyTechniques exist to reduce the number of mixer std§&$ [141] but are

still not sufficient to reducehe overall systemcomplexity especially for large multiplexes
Moreover, at mmwave frequencies, e cost of amplifiers, mixers and RF filtarekes
traditional SCMechniquesexpensive andmpractical Analogue link impairmentsuch asriter-
modulation distortionand limitations in analogue filtering also make it difficult for channels to

be placed close to each other, affecting spectral efficiency.
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Figure3-5 Traditionalanaloguefronthaul employingSCM.

WDM[12] is an optical multiplexing scheme that invoh@snbining several modulated optical
signals with different central frequencies to obtain a desired agtsignal DWDMis a WDM
technology characterised by narrow channel spaeing a frequency grid, which is a reference
set of frequencies used to denote allowed nominal central frequencies that may be used for
defining applicationd TUT defines his frequency gridasfixed, supportinga variety of channel
spacing ranging from 12.5 GHz to 100 GHz and wideed on a reference frequency of 193.1
THzor flexible, with a frequency granularity of 6.25 #H42]. A frequency granlarity of 6.25

GHz (and lower) is also known as Ulranse Wavelength Division Multiplexing (UDWDM)
[143], [144], [16]. Arrayed Waveguide Grating445], optical interleaverd146] and optical
circulators with Fite Bragg Grating (FBG) filt¢il7] can be usedor WDM techniques.

Accommodating a large number of signals by only intdisnore wavelengths of light via WDM,
may be an expensive and complex process that also leads to inefficient use of spectrum.
CombiningSCM with WDMnayimprovespectral efficiencyA simplifiedanalogue fronthaul link
employingwavelengthinterleaving tehniques viaWDM and traditionaSCMs shown irFigure

3-6. At the DU, raltiple channels combined in the electrical domain via SCM are used to
modulate optical carrierat different frequencieglF over fibre)Generating the optel carriers
viaseparateoptical sourcess expensive and difficult to sca]#48]. As a result, techniques such

as optical frequency comb generatigh43], [149], [107] can be used tgenerate multiple
frequency combswhich can be combined in the optical domain via Wiebhniques allowing
efficient wavelength interleavin¢l50]. However,the architectureis still complex andlacks
scalability as the mm-wave channels combinedn the electrical domain need to be de
multiplexedat the RRU11]. These types of architectures lack flexibility as well, since changes
in channel bandwidtiiwhich would require adaptations tdhe RF filters being useidh the
architecture or any form of signal manipulatiofe.g. Hilbert transformsyre complex

proceduresn the analogue domai[84], [141], [9].
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In order to address the high data rates and dense user environmeni€y multiple-Radio
Access Technologies (mu#RAT) mobile networkend mMIMO deployments will be very
important. A multi-RAT networkpromotes heterogneity by supporting both 60 GH5G)
mobile access as wedls legacy services such as [4JE[15] while mMIMO deployments,
combined with beamforming technologwill utilise very large antenna ayswith targeted
beamsto providehigh capacity and reliabilityia spatial multiplexingnd diversity One of the
biggest challenges &IMO deploymentss that dl MIMO channelsnustbe at the same carrier
frequency While heterogeneity is feasiblapproaches such as the one showrFigure3-6 will

not be efficient for mMIMO
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Figure 3-6 Analogue fronthaul employing SCM combined with DWDMnd wavelength
interleaving

An alternaive approach taransport wireless signals in thenalogue fronthaul using digital
instead of analogue SCM/ channel aggregation has been actively studied in yeeesiftL 2],

[151], [152] and is shown inFigure3-7. Channel aggregation at the DU can be implemented
relatively simply via DSP by shifting the centre frequencies of the input wireless channels and
combining them in the digital domairAfter digitatto-analogue conversion, the blocki o
channelds modulated onto an optical carriemnd at the RRU, the reverse processes are applied
for channel deaggregation.This approach reduces the number of analogue components

requiredat the DU and RR&nhances flexibilitfe.g. in varying filter parameters, multiplexing
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signals from different RATapd spectral efficiencgnd provides the benefit of analogue link
impairment mitigation in the digital domaiithis type of channel aggregation method nadgo
be used forCA[117], [12].
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Figure3-7 Analogue fronthaulith DSPaidedchannelaggregation/ deaggregation

While channel aggregaticat the DU can be realised in a relatively straightforward mantrer
de-aggregation process at the RR& more challengingespeciallyfor a large number of
multiplexed channels (e.g. in fwdlgital or hybrid MIMO applications)There have been a
number of ppmising demonstrationgsingthese DSRissisted technique®8], [153], [31], [29],

[154], [155], [156] includingusinglow cost, lowsampling rateADCsand bandpasssampling
techniques[18]. There have been several demonstrations with LTE sighals and bandwidths
[157], [158] and a few wth wide bandwidth OFDM signald.3], [17]. Some of these
demonstrations have used DM[E57] and have nvestigated the effects of intermodulation
distortion, as well as different mitigation approach§ss7], [22]. A very large number of
multiplexed signals and verjigh aggregatedata rates have beemlemonstratedby IFoF
techniquesemploying differentmodulation formatsand 5G candidatewvaveformsand have
been listed iN152], including one with a single OFDM channel with an aggregate data rate of
24.08 Gbp$159]. Gther IFoFtechniques have included WDM to achieve even higher data rates
[14], [16] and some havelso included mmW wgonversion29], [160], [161].

However, most of these techniquesnploy very high samplingtes at the receivefl6], [22]
and/ or very complex architecturefl7]. For avery large number of aggregated channels
occupying a large bakwidth, expensiveRF filters anchigh sampling rate ADCs (with large
analogue bandwidthswill be required forsampling the entire multiplex andie-aggregatinghe
channels at a higér IF. This is an even biggaoblem at mmwave frequencies. Moreover, as
each channel is at a different IF, a separate frequency conversion preitidss requiredat the
RRUfor eachchannelin order to placethem at the same caier frequency for mMIMO

transmission Suchissueswill beaddressed in this thesis.
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3.4 Summary andConclusion

The current fronthaul section of the RAN employs sampled radio waveform transport using
industry specific standards such as CHRia rates overthis digital fronthaul will rise to
impractical levels due to the wide channel bandwidths and rauitenna systems required in

5G and beyondFunctional splitting has been proposed in order to redube data rate
requirements over the fronthaul (e.g. thugh improvements in spectrafficiency. However,
assplit points move further away from the antenna and closethe MAGPHY interfaceghigher

latencyimpairs joint processingf signals.

Analogue RoF, which involves the transmission of analogue Egihals over an optical fibre
link, has been a research interest for many years. However, due to intrinsic link impairments
(nonlinear distortion, noiseetc.) and the resulting SNR limitatiorsy far,analogue RoF has
been limited to niche applicatiormuch as DA®n the other hand, analogue RoF transpuas

a number of advantages compareddiital transport(hnamely improved spectral efficiency and
reduced latency)and is thusdeing considered fothe future fronthaul 6Gand beyondmobile

networks).

Over the years, several E/O and O/E conversion and multiplexing techniques have been
investigated for the analogue Rdfonthaul. Increased demand for wireless bandwidth has
resulted in amove towards mmW frequencies. Howevdow modulation efficiency of
modulators at high frequencies means that the modtitan technique has to be chosen
carefully Dueto limitations interms of modulatiorbandwidth anddistortion, direct modulation

is generally not used for mmW applications. External modulation schesggsiaan MZM, are

used instead. MZM§] as well ag*Ms, can also be used to produce optical frequency combs and

can thus be used for mmW carrier generation.

Many different transport and multiplexing schemes have also been studied in order to achieve
higher data rates and spectral efficieles. These include traditional SCM schemes, which
combine several analogue signals at the transmitter in the electrical domaiinequency
translatingeach to a different IF, undergoing E/O ahdn O/E conversion athie receiver, after
which analogue filters and dowtpnverters are used to dmultiplex the signalsDWDM
techniques carbe used tomultiplex signals via different wavelengths of lightlowing E/O
conversion of each sign&ather than employing these ntiglexing techniques independently,

higher spectral efficienoyan be achieved by combinibgth. Howeverwhen there aredynamic
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variations in the multiplex creation processich as in the numbeand bandwidth of individual
signals suchanalogue multiptxing techniquesuffer from scalability issueScalability will be
of prime importance in 5G (and beyondpbile fronthaus, which haveéo be dynamic, versatile,
flexible and scalablien order to be able t@eamlesslgupport technologies such as mMIM@da
heterogeneous networkingAs a result, techniques employing SCM in the digital domain,

coupled with analogue transport, have gained interest in recent years.
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4  Analogue SCMt mmWave Frequencies

4.1 Introduction

This chapterbeginswith a discussion ofraditional SCM techniques for a small count of
multiplexed signals. Badk-back (b2b) measuremenis.e. those thatdo not incorporate an
optical link are used to assess the performance of these multiplexing techniques. The first
technique multiplexes the signal in the analogue domain while the second makes use of
Arbitrary Waveform GeneratqAWQ processingo multiplex signals in the digital domain. Both

techniques demultiplex the signals in the analogue domain.

Then, results @& presented for optical links emplaoyg direct and externdhtensity Modulation
Direct Detection (IMDD) These results aim to assess the performance of traditional SCM and
can be used as a baseline for comparisons with the digital multiplexing techtiiguwill be

discussed in later chapters (stiag with the concept Chaptes).

Next following a short introduction on the VPI simulator, the components used for these
measurements as well as for measurements in Chaptae characterized while medling in

VPl is carried out for these components wittodelsmatchedto measured performances. A
comparison between measured and simulated results for an extern&@DMink with mmW up

conversion is aaied out.

Finally, a number of WDM techniques are discussed in aotigagn with the SCM approaches, in

terms of cost and complexity limitations.

Backto-back measurements and measurements over an optical fibkeatiiRF frequenciefor
analogue SCM chaafsare discussed in Sectidn2. This is followed by experimental resuéts
mmW frequenciesusing analogue SCM channelsSectiord.3. Characterisation and modeily
of devices used in the experimental setage discussed in Secti@gnd. A comparison between
measured and simulatexdksults of analogue SCM atmW frequenciess presented in Section
4.5. The chapte is concludedwith adiscussion regardinthe issues with malogue SCM, SCM

WDM and SCM witMIMO/ mMIMO at mmW frequencies in Sectigh6.
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4.2 Analogue SCMxperimentsaat RF Frequencies

This section presentseasuranent results at RArequencies fortwo userdefined OFDM
channelswith 16-QAM subcarriemodulation, which arenultiplexed in the electrical domain
via SCMThe measurements include2b, directIM-DD andexternallIM-DDsetups The signal
parameters ged in thesemeasurementgandin the measurements presented later sections

of this chapterjare as follows:

Modulation: OFDM
Subcarrier Modulation: 1-:QAM
Data subcarriers: 392

Null subcarriers: 112

Number of OFDM frames: 30
Pilot tones: 8

CP length: @25

= =4 =4 =4 4 - -

Each OFDM signal is createdMATLAB (with a different random generator seed), downloaded
to an AWGwhere it undergoes digital to analogue conversion and is transmitted via the link.
The signal is then captured by a riahe Oscilloscope and process offline in MATLABIhe

two sampling rateghat have been used to capture the signals at the oscillosdopghe
measurements presented in this chaptme 100 GSps and 50 G$e effects of Oscilloscope

sampling rates have beatiscussedn Chapter2).

The evices andheir parameters usedor the measurements ithis sectionare shown irthe
Appendix Tabled-1). Some of these parametesserepeatedin the descriptions atfhe different

measuremensin the following subsections

4.2.1 Backto-backSCMMeasurementresults

InTable4-1, the results ofbackto-back measurementaising a singlsignalare shownThe EVM
resultsin Table4-1 showan increae in EVM each time thghannelbandwidth isincreased, due

to the reduction in the SNR
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Table4-1 Parameers corresponding to each chanhandwidth andbackto-back EVM results
for a singlechannel(captured by the Oscilloscope using a sampling rate of 100 GSps)

Signal Baseband Data Ratel EVM (% rms)
Bandwidth | Sampling per (BTB) (OS(
(MHz) Rate (MSps) | channel SR: 100G Sps
(Gbps)
76 97.656 0.266 1.9%
152 195.3125 0.532 2.2%
305 390.625 1.06 2.4%
610 781.25 2.13 2.7%

For theb2b measurements usintyvo channelstwo different approaches have beemployed
The first approach comprises multiplexing in the analogue domain at the transmitter and
analogue demultiplexing at the receiver. The second apach comprises multiplexing in the

digital domain at the transmitter and analogue-gaultiplexing at the receiver.

Figure4-1 shows the measuremerstetup for analogue multiplexing coupled with analogue-de
multiplexing at RF.wo OFDM channelare created inMATLABand wsing the AWGChannell

is modulated ontoa carrier frequencyfi) of 1.9 G2 whileChanneP is modulated onto a carrier
frequency(f,) of 2.5 GHZthe choice of carrier frequencies is a result of available RIFsfilThe
two channelsare generated using two differemutput portsof the AWG and combedin the
analogue domaimsing an RF combiner/ splitt¢in a completely analogue approach, the two
channelswould be generated at baseband and-apnverted to thei respected RF frequencies
via LOs and mixersesulting in higher losseand greater complexily Note that the output
signals from both outpuports of the AWG have the same powé&he combinedhannelsare
amplified (usingRFAmplifier A Appendix,Table9-1) before beingseparatedat the receiver
using a RF splitter andilters (even though the filter for Channel 2 is actually a high pass filter,
it is called BPF2 for simplicity)hey are then captured individually by the Qescope to be
processed offline in MATLABhe sampling rate used #te Oscilloscope is set th00 GSpsln

Figure4-1, the analogue and digital domains are indicated using different colours.
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Channel 1 [:]
created in fi=1.9 L
BPF1 |-»
MATLAB GHz ‘—, Offline
AWG O$C [ processingin
Channel 2 MATLAB
created in _& —
MATLAB f.=2.5
GHz

[: Digital Domain [: Analogue Domain

Figured-1 Approach: Backto-back measurements with twchannelganalogue multiplexing at
transmitter, analogue denultiplexing atreceive}.

The second approach employing digital multiplexing at the transmitter and analogue de
multiplexing at the receiver is shown Figure4-2. The two channelsare downloaded to the
AWG, placed aRFs 0f.9 GHz and & GHzand multiplexed using the multicarrier option of the
AWG([162]. The subcargr multiplex is then converted from digital to an analogue sigal,
generated using a single chanheltput port of the AWG(the output power of the port is
divided equallybetweenthe two channels)amplified andtransmitted via anRF cable. At the
receving end, thechannelsare separated using a splitter améndpassfilters, before being

captured bythe oscilloscopdor offline processing

Channel 1
created in
MATLAB

fi=1.9 ——e
— = Offline
AWG H b m O$C > processing in

MATLAB

Channel 2
created in
MATLAB

f;= 2.5
GHz

| I Digital Domain |:l Analogue Domain

Figure4-2 Approachll: Backto-back measurements with twehannels(digital multiplexingat
transmitter, analoguede-multiplexingat receivey.

The results of these twmeasurementgfor different channelbandwidths)are shown inTable
4-2. The results of only two channel bandwidths at@wn as an exampl®&lote thatthe same
output poweris used for thdifferent channel bandwidths. Howevdaor the larger bandwidth

signalsthe power is spread over a larger bandwidth, leading tower SNR.
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Table4-2 Backto-backEVM performancef two SCMDFDMchannelsusing Approachelsandll
(captured by the Oscilloscope using a sampling rai®0fGSps)

Approach | ChanneBandwidth (MHz) | Channel 1 EVM (% Channel 2 EVM (%
rms) rms)
I 305 2.6% 2.7%
610 11.3% 11.4%
Il 305 2.2% 2.3%
610 11% 11.5%

As shown in the table, the EVM performancemsch worse for 610 MHz. This is a result of the
limited passband of the filteemployed For this reasonthis bandwidthwill not be used in
experimentgo follow. Moreover, the EVM performance of the second channel of the multiplex
(which is at 2.5 GHz) gdightly worse, which may be due to a combination of the frequency

response of the AW(@.63]and filter response.

Approach | requires the use of two combinst splitters with a total insertion loss of
approximately 10 dB and hagghercable loss compared to Approalihit also requires the use

of the 2way power splitter/ combiner, which haslimited isolation between its ports
(approximately 6 dB) On the other hand, even though theway power splitter/ combiner has
15dB isolation between adjacent ports, it has approximately 35 dB isolation between ports 1
and 4(which have been used in teeexperiments) Good isolation (as &l as good selectivity

of filters) is an important factor in these experiments due to the wide bandwidth of the signals
and the inability to increase th&requencygap betweenthe sighals due tdimitations of
available filters. This results in worse EVMerformance for Approach (adding extra
amplification or using a combination of thenay and 4way combiner/ splitterdeads to a slight
improvementin the result3. Lastly, since some of the SCM stages are moved from the analogue
to the digital domain m Approach I, it has a loweumber of analogue components afaver

complexity compared té\pproach I.

As a result, Approachwill be used for the rest of the measurements at RF afsb forthose

at mmW frequencied-or simplicity, it will be callednalogue SCNrom this pointonwards
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4.2.2 Direct and External INDD Measuremet Results

Figure4-3 shows the measurement setufpr direct IM-DD using twachannels At the CU, he
two channelsat 1.9 GHz and 2.5 GHz multiplexed inthe electrical domain via an SCM scheme
using Approachl as described irBSection4.2.1 The SCMignalis amplified viaAmplifier A
(AppendixTable9-1) and modulated onto an optical carrier usingpatributed FeedbackDFB)
Laser(direct modulation). After transmission via a short len@thmetre)of single moddibre
(SMF) the channelsare detected by a PINhBtodiode (PDat the RAYamplifedby Amplifier B
(AppendixTable9-1) and separated using thevay splitter ancbandpassfilters. They are then

captured by theoscilloscope for offline processing in MATLAB.

Central Unit (CU) T ] iR Remote Antenna Unit (RAU)
Channel 1 ! I 4 fi f, PIN |
wanas / L | (@ e [Bori}s Lo
Channel 2 T g w Optical fibre 20| g prx:mm
c]r\::;a&lan .Tz:.’? > r DFB Laser | transmission !

l: Digital Domain :] Analogue Domain

Figure4-3 Measurements via direct IMDDIink using twochannels

Figured-4 shows the measurement setup for external-IMD using the same signalgain, the

two channelgat 1.9 GHz and 2.5 @Haremultiplexedat the CUusing Approachl. An optical
carriersignalis supplied to the MM by a Continuous Wave External Cavity Laser (denoted by
CWL in the figure)The SCMignal isamplified via Anplifier Aand modulatedonto the optical
carrier usingthe MZM. After transmission via a short length of optical fibreetsignals are
amplified bytwo Erbium Doped Fibre AmplifiefEDFA) anddetected by a mmWPDat the RAU

They areamplifed once mordy Amplifier Band separated using the-vay splitter andoand
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passfilters, before beingcaptured by theoscilloscope for offline processing MATLABThe

MZM has been biased at point betwegunadratureand nullin these experiments.

Central Unit (CU) Remote Antenna Unit (RAU)
| fof, & f,

vy mmw

el ) opri] Offine
WG | pEwm CID processing in
+ DEAL Optical fibre i;i [ > splitter | 03C =+ maTLAB

e [0} transmission

[: Digital Domain I: Analogue Domain

Channel 1
created In
MATLAB

Figured-4 Measurements viaraexternal IMDDIink using twochannels

The results of thesevo measurementsre shown inTable4-3, for a channel bandwidth of 305
MHz. Compared to the direct INDD link, the external INDD link shows better EVM
performance due to improved RF gain and a flatter frequency response. As with the b2b

measurementsthe EVM performance for Channel 2 is slightly worse.

Table4-3 Direct IMDD and gternal IMDD EVM performance of twadhannelsat RF(captured
by the Oscilloscope using a sampling raté@d GSps)

Measurement ChanneBandwidth (MHz) | Channell EVM (% Channel2 EVM (%
rms) rms)

Direct IM-DD 305 6.8% 7.3%

External IMDD 305 4. 7% 5.2%

4.3 Analogue SCMxperimentsat mm-Wave Frequencies

This sectiompresentsthe analogue SCivheasurementsat mmW frequenciesvith up to four
OFDMchannels Approachll (from Section4.2.1) and ternal IMDD are used while the
measurementsare carried out at 60 GHz and 25 GhunW frequencies.Table9-2 in the
Appendixprovides alist of devices andheir parameters used in these experiments. Some of

these arementioned in the descriptiont® follow. Note that the number of components shown
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in this table is much higher compardd the number of components iTable9-1 in the

Appendix

4.3.1 Analogue SCM Measurementsait GHz

Figured-5 shows the experimental setup for analogue SCM at 60 GitzrOFDM:hannelswith
16-QAM subcarrier modulation and 305 MHz bandwidth ealsig rate of1.06 Gbps/ channel)

are usedn these experiments

_ Central Unit (CU) Remote Antenna Unit (RAU) Offline
Channel 1 in
createdin  )—f = 1.9 ] BE [ttt T
MATLAB . — ‘_GHZA. . A
Channel 2 ff, fifs e =t T i In
created in . —60 GHz—
MATLAB 2= L PC
@_. Coupler / @
b > DFAZ
<Pm>>

cwL o Ie (Optical fibre transmission = E, T [ f
L IH{E = &
/A owom TTTT\P [ vigitainomain RF=35 RF=22.8
Filter N [ ] anatogue Domain GHz GHz
RF =28.9 GHz () 57.8 GHz

Figure4-5 Experimental setufpr analogue SCM at 60 GHz

A 3-dB optical coupler splits the optical car signal from the CWhith one output modulated

by the SCMhannelsand the other used to generate an optical carrier 57.8 GHz away using a
Phase Modulator®M). In order to generate this carrier, an RF signal of 28.9 GHz drives the PM
and a second order optical sidebandé&ectedusing a Dense Wavelgth Division Multiplexing
(DWDM) filter. Using the AWG, the two usiefined signals are combined at IFs of 1.9 GHz and
2.5 GHz, i.e. around 2.2 GHz, such that 57.8 GHz + 2.2 GHz = &0tkeHreceiver After
amplification via Amplifier 1hie signals @& modulatedonto the optical carrier using thlZM.
Polarisation controller§PCshave been used at the input bbth the MZMand PMto maintain

the polarisation of the opticatarrier. The output of the MZM is combined with tHdtered

second order sidbandand amplified by cascaddtDFA&efore transmission ovesptical fibre

At the RAU a high bandwidth (70 GHz) PD (denoted by mmW PD1 in the figeneyates the
60 GHband SCM signal. Thssamplified by Amplifiers 3, 4 and 5, filtered by the@3z band
pass filter and dowstonverted to IH2.2 GHzyia two downconversion stagedhe choice of
employing two dowrconversion stages instead of one, was based on component availability

Finally, he SCM signal is filtered todividuallyobtain the1.9 GHz and 2.5 Gldaannels which
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arethenamplifiedand captured using the oscilloscope for offline processingampling rate of

50 GSps has been used to capture the signals.

The EVMperformance forChannelsl and 2are 10.5 % and 10.8%espectivelyand are within

3GPP limit§74]. Thereceived constellationare shownin Figure4-6.

1.5

0.5

+ o+

-1.5 0.5 1.5

.
-

-0.3

-0.5

——
+ ® * 5

o
& +

-1.5

Channel 2 Channel1 + Reference constellation

Figure4-6 Received constellations of 60 GHz signals at 4.ZM bas.

Note that thesereceived constellations are for an MZM bias of 4. 9kichwas found to behe
optimum working pointFigured-7 shows the effect of the MZM bias on tlE&/M performance
of the two channels with the biasvaried between 3.3 V to 5.36. Vhebest EVM performance
for both channels is attained a bias point 0f4.9 V. The aggregate data rate for these

experiments is 2.13 Gbps.
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Figure4-7 EVM versus MZM Bi&sr analogue SCM at 60 GHz

In later experiments, the RF splitter, as well as the amplifier preceding it were removed and with
further optimisation, the EVM performance was improved @mannelsl and 2 to 9.6% and

9.8%, respectivelyA sampling rate 0100 GSps was used for these results.

EVM performance could not be improvédtther for these measurements as a result of power
limitations of the second order sideband from the PM, low responsivity of the 70 GHz mmW PD
and high mixer loss due to twgtagedown-conversionNote that wireless transmission has not
been attemptedfor these experimentsdue to awailability of components andhe EVM
performance being very close to 3GPP limits (more than two channels have not beeptzd

for the same reason).

4.3.2 Analogue SCM Measurements2ig GHz

The experimental setup f@amalogue SCM &5 GHis shown irFigure4-8. Two OFDMhannels
each with a bandwidth 0805 MHz (a data rate ofl.06 Gbps/ channel), as well as tapfour
channdswith bandwidths of 76 MHfa data rate 00.266 Gbps/ channefnd 152 MH (a data
rate of 0.532 Gbps/ channebhave been used in these experimengs mentioned previously
the OFDMsuWbcarrier modulation is 1AM, while grameters of components used the setup

are shown irthe Appendix Table9-2).
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Central Unit (CU) Remote Antenna Unit (RAU) Receiver
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Figure4-8 Experimental setup of analogue SCM at 25,@kth wireless transmission

As with the 60 GHz measurements3#&B opti@l coupler splits the optical caer signal from

the CWL.with one output modulated by the SCthannelsand the other used to generate an
optical carrier 22.8 GHz away using a.RMorder to generate this carrier, an RF signal of 22.8
GHz drives the PMhd the first order optical sideband is filtered using a DWDM filter. Using the
AWG, the usedefined signis are combinedt differentIFsaround 2.2 GHz, such that 22.8 GHz
+ 2.2 GHz = 25 GHz. After amplification via Amplifier 1¢clia@nelsare modulate onto the
optical carrier using an MZM. The output of the MZM is combined with the filtBrstdorder

sideband and amplified by cascaded EDFAs before transmission over optical fibre.

At the RAU a high bandwidth45 GHz) PD (denoted by mmW 2D the figure) generates the
25 GHz band SCM signalhieh isfiltered by the 25 GHz banpass filterand amplified by
Amplifier 4. Following that, thechannelsundergo wireless transmission over a distance of 4

metres.

At the receiver, thechannelsare amplifiel by Amplifier7 to compensate for the loss due to
wireless transmission. They are thdown-converted tolF (2.2 GHz) visinglestage down-
conversion stagand amplifiedoy Amplifier 5 Finally, the SCMgmal is filtered tandividually
obtain the chanels, which are amplified and captured using the oscilloscope for offline

processing. A sampling rate0GSps has been usatithe oscilloscop# capture the signals.

The EVM performancand aggregate data ratesf the 25 GHz expenents with variable
bandwidthSCMchannels at different IFs are shownTiable4-4. The best EVM performance is
attained with the use of the 25 GHz bapdss filter, as it removes low frequency harmonics that
interfere with the channeldDue to ava#ble filter limitations, the EVM performance of only two

channels (out of each multiplex) are evaluated for each measurement and shown in the table.

Measurement 1 shows the EVM resuts up to four 76MHz channels, Measurement 2 shows

EVM results for upo three 152 MHz channels and Measurement 3 is for up to two 305 MHz
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channels.For comparison, e EVM results of both wireduét optical link) and wireless

transmission are shown for these three measurements.

Table4-4 EVM performanceand aggregate data ratesf 25 GHz experiments with different
number ofmultiplexed channels and different chandndwidths(filtered channelsin red
captured usind 00 GSp}

Measurement| Channel Number | IF(GHZz) EVM for 2 filtered| Aggregate
Bandwidth | of channels(% rms) Data Rate
(MHz) Channels With Wireless| (Gbps)
optical
link
1 76 1 2.2 6.1 7.2 0.266
2 1925 6.3,6.5 | 7.4,7.6 | 0.532
3 1.9 22,25 6.5,6.7 | 7.7,7.9 | 0.798
4 1.8,2.232.45 6.9,75 | 7.8,81 | 1.06
2.61
2 152 1 2.2 7.2 8.3 0.532
2 1.9,2.5 73,76 84,88 | 1.06
3 1.9 22,25 75,80 (88,91 |16
3 305 1 2.2 8 9.1 1.06
2 1925 8.2,85 94,96 | 2.13
4 76  MHz| 4 1.9(152 MHz), 7.6 (76 MHz), 8.¢ 1.87
and 152 2.25 (152 (152 MHz @ 1.9 G+
MHz MHz),2.45(76 | IF)
MHz) 2.6(152
MHz)
5 152 MHz| 3 1.85 (152 8.8 (152 MHz @ 2.13
and 305 MHz), 22 GHz| 1.85 GHz), 9.%305
MHz (152 MHZ)2.5 | MHz)
(305 MHz)
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The EVM performancdeecomesprogressivelyvorse as the channel bandwidth andmber of
multiplexed channels increase (resulting in narrower gaps between channels). The EVM

performance for wireless transmission is around 1% higher than wired transmission.

Measurements4 and 5 are for mixed channel bandwidths and do not include wisle
transmissionThe EVM performance for these measurements is slightly worse compared to the
first three measurementsAmong all the measurementshe smallest gaps usedbetween the
channels at 2.45 GHz and 2.6 GHyleasurement, which are 76 MHz antb2 MHZandwidth

channels, respectively, leading to a gap of 36 MHz

All resultsshown in the tableare within 3GPP limitg4].

4.4 Characterisation and Modelling of Devices

This section discusses tebaracterisation and modkng of devicesused in the experiments
with analogue SCM at mmW frequenci@ée modelling is carried oirt VPTM(Virtual Photonics
Inc), an optical communication simulation software packatelividual components (such as
MZM, PM, RF amplifierd)ave been modelled using available blocks andhtched with
experimental characterisation measurements. $ésimulated moded allowfor analysis of the
effectsthat different component parameterbave, bothin the optical and electricalomainsof
the millimetre-wave over fibre systenMuch of the characterisation and modelling done in this

section will be reused in Chapter.

This section iglividedinto three sub-sections. It begins with ahort introduction on the VPI
simulationenvironment in Sectiod.4.1 Sme of the important blocks and formulae used to
model the devices used in measurements are showBeictiord.4.2 Fnally, Sectio.4.3deals
with component characterisation anthatchingto models In order to analyse the system
performance, it is important that the performance of coonents used in the simulations be

similar to those used in the experiments.
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4.4.1 Introduction to VPI Simulation Environment

Thex t L1m@4]simulation hierarchy consistf three fundamental layerdJniverse, Galaxy and

Star, and isshown inFigure4-9.

Universe

No Port-Holes
or Variables to
higher layers

Port-Holes to
higher layers

Galaxy Star Star

Star No Schematic

Ye@!nal undemeath

Terlr:llnal Star b

Figure4-9 VPIMsimulation hierarchyfrom VP simulation guidg165], pp. 34.

As shown in the figure, aniverse(also referred to asa complete simulation application/
simulation setup/ schemati@onsists of a network of stars and galaxies and is the top layer of
the simulation Galaxies contain stars and other galaxigkile a star is thelowest level of

simulation[165]. These three layers can be describedfakows:

1 Universe:lt is the top layer of the hierarchy and it has no external connectiorsgA
difference between this layer and the other two layers is thaih@erse can be run as
a simulation but the galaxies and stars within it cannotri»e on their own, ashey
require external conections

1 Galaxy:lt consists of interconnected stars and other galaxies. A galaxyecsimulated
only if it lives within a universe. Galaxies can be interconnected as tiese
connections to other internal workings through inputiitput ports (PortHoles) as
shown inFigured-9. Galaxies can be uséglinterconnect severatars together in order
to keep simulation setups cleand efficientand to make parametethandling easy.

Galaxies will be exploreditherin Chapter7
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{1 Star:ltis the lowest level in the simulation and represents optical or electnzalels
such as the PM, RF amplifierseétc a2 ad 2F (GKS Y2RSf a adzZJLX A

cannot besubdivided and aresometimes referred to as atomic models.

4.4.2 Modellingof Devices

4.4.2.1 Laser Model

A datasheet model of the CW laser moddlgserCW_DS# has beenused in VPIThe

LI NI YSGSNBR 2F GKAA&A Y2RSt NB (K2aS O2thery2yf @
experimeantal setup, the wavelengthused wasl554.6 nm(corresponding to 194.8422 THa)d

the output powerwasgenerally measured to be around 4.6 dBmaximum output poweof

the laserat this wavelengtiwas5.3 dBm) Since the wavelength does not have any dffat

the resultsin simulatioE  +t L Qa RSTrdz G 6 @St Sy3adK 2NJ 9YAA
simulatiors. The parameters for modelling the CW Laser used in experirhanésbeen shown

in Table4-5.

Table4-5 Parameters of the datasheet model of a CW Laser set to model the experimental CW
Laser

Parameter Name Parameter Value
Emission Frequency 193.1 THz
Relative Intensity Noise (RIN) -150 dB/ Hz
Linewidth of Laser 1 MHz

Average Power 4.6 dBm

4.4.2.2 DWDM Model

¢KS 525a TFTA{GSNI KFa 0688y Y2RSFifteBORE udzad ¥V @K | K
parameters shown iffable4-6. It is a universal optical filter model for simulationshaihd-pass
bandstopand comb filters with standard transfer functions such as Butterworth, Chebyshev etc.

[166]
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Table4-6 Parameters used to model the DWDM filter in 28]

Parameter Name

Parameter Value

Filter Type Bandpass
Transfer Function Butterworth
Bandwidth 9 GHz
Filter Order 6

Filter Loss 6 dB

Centre Frequency 193.158 THz (60 GHz simulation); 193.123 THz (25 GHz simu

[with reference to the emission fopiency of 193.1 THz]

4.4.2.3 OFDM Transmitter

Thetheory ofOFDMgenerationhas already been coverda detailin Sectior2.4but is explained
from the perspective of the VPI simulation environment héree blocks used inside the Q#D
transmitter module in VP16 T&_EIOFDM) are shown inFigure4-10. This module generates
electrical signals corresponding to the real and imaginary parts @FRDMsignal.DMT and
other modulationschemescan be implementedind the generated signal can be processed
before and after IFFIsingcustomDSP procedure Various bit and power loading schemes are
also supportedby this block and ayclic prefixand pilot tonescan be added via parameter

setting[167].

Tx_EI-OFDM

Electrical QAM-OFDM transmitter. This module codes and generates an electrical QAM-OFDM signal. Cyclic
prefix can be inserted.

| OFDM coding | [ Pulse shaping RF up-conversion

hat i
Bainaachs - = " ,'»x"_ 4

Figure4-10VPI implementation ahe OFDM transmittef167].
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Data is generatedandomly by a Pseudo Random Binary Seque(lRBS) bloclkat a rate
determinedbythe modulation leveand the bit rate, e.qg. if the bandwidth of a signal is 300 MHz
and 16QAMsubcarrier modulation ibeingused the bit rate will be 1.2 GHz (4*300 MHEhe

raw digital binary bitsare distributed inton; data-streams, and each streain then encoded
according to the settings in tH8ubcarrier Modulatiofparameters group of théCoder OFDM

block. The number of bits encoded in each symbol is given by the parameter
GBitsPerSymb@AME = g KA OK Ydza i  oirlividugl mddylaibis far®ats cahlbé dzS
specified for different subcarrieré&n OFDM framé y 2 (S G KIF G GKS GSNX & F N
VPI, at this stage of signal generatighen constructed by applying am. - point IFFTto the

& dzo OF NNX S Asimexperam¥nis2tiieandber of subcarrier§lFFT lengthls set to 512

and the CP length is set to 0.125.

The OFDM coding stage is followed by pslsaping In this stage, the rectangular input pulses
are pulseshaped byafilter with a raised cosine characteristic. Idealtyttds stage, a linear low

pass filter would be used with a coff frequency or Nyquist Frequency of
"0 o67¢ , (4-1)

where B is the symbol rate or baud rate at the subcarrier level and also determines the
bandwidth of the OFDM signal (the addition of a CP increases this rate, as explained in Chapter
2). However, as thigleal low pass filter is not realizable, a practical -@gchmetric extension is

the raised cosine characteristic fitted to the ideal lpass filter.For an equalizedhannel and
constant transmitpower, the Nyquist characteristic is split equally betwaha transmitter

filter and the receiver filter (matched filters), using a squeret Nyquist responselhe roltoff

factor, which is defined as the ratio of excess bandwidth abByecan be set using the
osquareRootRaisedCoséngarameter and has been s& 0.25 for the simulationsaé it is in

experiments).

After the pulse Baping stage is the RFgpnversion stage, in whighe In-phasechannel data
modulates acosine wave carrier while the adraturechannel datamodulates thesine wave
carrier viaan RF phase shiftesjne wave generatoand mixers Finally, arOFDM signalip-

converted to the chosen IR (specified by the&fFrequency parameter of the sine wave

generator) with multilevel h-phaseandQuadraturephaseM-QAM coded symbois generated

Two other options of the OFDM transmitter moduiéhich have been used ithese SCM
& A YdzZ I G Rehdo@mNumbderSeéd I ghanneilLabél The first option provides a lookup

index for bit sequence generatipmhich makes it easy to generate different dé&ba the two
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channels.The second option igor labelling the aggregate logical channel anduseful for

distinguishing the two channels.

When setting up an OFDM simulation, it is very important to havéithmate of the PRBS source
set correctly. Ctherwise the schematic iteratemultiple timesor produces erroneous results

The correct value of the bit rat2 NBitR#8teDefaul2 A )R cantbdcalculated from
Y — 0, 4-2)

where by is the bits per frame or the number of bits requied for one frame encoding. This is

equal to the sum of the number of bits per symbol for all subcarriers.

Fa mostsubcarrier level performance estimatigrihe simulated signal must contain an integer
number of OFDM frame#s a result, thglobal parareter W¥imeWindowhas to be seto an
integer multiple of the OFDM frame duration that depends on the number of subcarriers,

subcarriers' baud rate and cyclic prefbhis is given by
y , (4-3)

This means that VPI generally requires the number of symbols (ratio between time window and
symbol rate) to be a power of two. This is specified by setting the global parameter
GreatestPrimeFactorLingt 2 NJ Do t@o (ivhiclvia the défault value). This factor ensures
that the IFFT algorithm is used in simulations and VPI recommends setting it to any integer value
between 2 to 13 (a setting of 2 leads to the highpsicessingpeed asan IFFT operatiolis
employal). However, for sme values ofcPand number of carriersa signalmay be created

with a nonpower-of-two number of samples. In this case, t@&Fshould be set accordingly

The GPF can be deactivated by setting Hltowhich allows an arbitrary numbef samples to

be simulated.

4.4.2.4 Power Control and 50hm Conversion

An automatic gain control module combined with an electrical attenuator module have been
used at the output of each OFDM transmitter module to vary the RF power of each SCM channel
separatdy. This is shown ifrigure4-11. Note that these electrical and optical attenuator

modules have also been used in other parts of the simulation to model losses in the
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experimental setup. The RF power of the OFDM signal at thpubuif the automatic gain

control block is referenced tokl A Y LJS Rik iyhgpBant to convert this impedance to BO

for modelling the input powers used in the experimental-gpt (which is a 58 Y I 4§ OKSR
system) This has been done by placing an eleatramplifier module with the gain set t&7

dB (20*log(1/50).

gl-a—|-BI—&

Input  50-ohm
noise  conversion|

et

Spectrum

03] — [ —[=] observed at
AGC

OFDM T} £l Att. this point

el — 5[}
AGC

OFDM Tx1 El Att.

OFDM Transmitters for two SCM channels, gain
control, input noise and 50-ohm conversion

Figure4-11 Gain Control, input noise am@-ohm conversion of two OFDM SChannelsn VPI

¢ K S\mpBysElelectrical amplifier block tmbeen used for 50hm conversion and also to
model input noise, which precedes the-6@m conversion. For modelling shm conversion,

the gainissettem T R. [|CyirRentNoikeSpedtralDengity LJ- Nlis¥etd & while for
modelling input noise,he gain is set to 0 while th€urrentNoiseSpectralDensit/set to the
desired value. This module has been used to model the noise in the experimental setup in this

manner and also to model the amplifiers used in the setup.

Figured-12 shows the spectrurof the two channels at the point shown ligure4-11 (after 5¢

ohm conversion)Bothchannels have an SNR of around 38 dB.
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Figure4-12 Spectrum of simated SCM OFDM channels after&@im conersionin VPI(Res.
BW: 1 MHz300 MHz channels).

4.4.2.5 OFDM Receiver

The OFDM receiver has alreadydrecovered in detail in Sectidgh4 but is explained from the
perspective of the VPI simtian environment here. The blocks used inside the OFDM receiver
Y2 RdzZf S RxyEOBEDML. 9)aré shown irFigured-13. This module decodes an electrical
QAM-OFDM signalpteferably that generated by theTx EIOFDMmodule) by reversing the

processes in the transmitteand evaluates th&VM and SER of the QAM signal.

Rx_EI-OFDM_BER

Electrical QAM-OFDM receiver. This module decodes an electrical QAM-OFDM signal (such as that generated by
the Tx_EI-OFDM module) and evaluates system performance characteristic specified by the 'Outputs’ parameter:
error-vector magnitude (EVM); symbol error rate (SER) using Monte-Carlo approach (SER_MC); SER, using
Gaussian approach (SER_Gauss).

RF down-conversson Pulse shaping OFDM decoding [ BER Estimation

)

Figure4-13 VPI implementation of OFDM receiy£68].

The demodulation process begirwith the electrical signal first being dowonverted to
baseband. Following this, pulse shaping is applied and the signal is decoded in the

6Decoder OFDM Y2 Rdzt S® ¢KS 200Gl AySR O2yaidSttlarzy
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and phase for ideal sigl detection and SER and EVM estimation. For optimal signal detection,
the NumberOfCarrier(IFFT length)BitsPerSymbolQAMsubcarrier modulation level) and
CarrierFrequendyF) parameters (among other parameters such as Cyclic Prefix, Baud Rate etc.)
in the receiver must have values identical to those in the transmitter. The Channel Label must

be set to the correct value in order to detect the desired channel.

EVM will be used in the simulation results shown later on in Seetibrto estimate the
transmission performance of the data modulated signal at the receih@rEVM estimation, the
utputg LI NF YSGSNI Ay (GKS WwW. 9w &um ®Y kdingsiBral 3 NP d:
numerical analyser at the output of the OFDMe®@r module plots and displays the EVM. EVM

calculation in VPI is carried out using equatiof2{2 in Sectior2.5.

In Sectiord.5, a clock recovery module with a reference port will be used atirtipet of the
OFDM receiver. This will be used to determine any time delay between the incoming
transmitted signal and the original signal. The original signal is provided at the reference input

from the OFDM transmitter output and module shifts the traned signal by the time delay.

4.4.2.6 RFAmplifiers and\oise calculations

In VPJ the electical amplifier models usd¢he “CurrentNoiseSpectralDengtyAntps HA-)
parameter instead ofhe noisefactor (F) (the noise figure, which iEin decibelsjsacommonly
givenparameterin data sheets Hencethe noisefactor has to be convertetb a current noise

spectral densitwalue Thenoisefactoris given by

"0 p —+t 0 o p 0, (4-4)

where

1 Sn Suweare the signalat the input and output of the amplifier, respectively.
1 Nin, Nout are the moise at the input and output of the amplifier, respectively

1 Nampis the excesqi.e. addedhoise from the amplifier[23]

The excess noise can be defined as

¥ 0 'Y 'O —, (4-5)
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where,

1 Iais the roise current through the amplifier (currénoise spectral density) and

f Risthe estimpedance (resistancd)2 Y SI adz2NB GKS y2AaS FA3dzN
The input thermal noisdensity(Nin) of the amplifier is expressed as
0 Q°Y, (Watts/ H2 (4-6)

where, k= 1.38E23 J/Kand T= 290 KFinally, the relationship between noissctor and current

noise spectral density is given by
0 _ (Amps/O0Q). (4-7)

The current noise spectral density calculatiofts the RF amplifiers usefdr the simulations
(based on measured noise figure valpebich areconverted to noise factgareshown inTable
4-7.

Table4-7 Current noise spectral densities to be usedinulations for RF amplifiers used in
experiments

RF Amplifier Noise Figure (dB) Current  Noise Spectra
Density (Amps/ (HZ)®
SHF 824 3 8.925E12
Norden Millimeter NO71593 | 8 2.02E11
Quinstar QPNM02030C1 5 1.316E11
Quinstar QLW24403536J0 | 3.5 9.95712
SHF 100 AP 5.5 1.428E11
Mini-circuitsZX602522M+ | 3 8.925E12
Norden Millimeter NO71725| 3 8.925E12
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4.4.3 Component Characterisation and Matching to Models

4.4.3.1 RF Filters

An example of modelling an RF filter, specifically the one used for Chafin8lGHz), is shown

KSNBZI ¢AGK GKS Y2RSft YIFIGOKSR Ay =*tlL

02

0dKS

between the measured filter parameters and those used to match them in simulation is shown

in Table4-8.

Table4-8 Parameter comparison between measurement and simulation

Parameters

Measurement

Simulation

Filter model

Cascaded VEEB00+ Low Pass
Filter DG 1800 MHz and
Minicircuits VHR.500+ High Pass
Filter 1700 MHz 4500 Mt

GFilterEt electrical filter module
Filter type:Bandpass Transfer
function: Butterworth; Stop
bandwidth: 1.66 GHz; Stopband
attenuation: 50 dB

3-dB bandwidth

1.5 GHz 2.16 GHz (60 MHz)

660 MHz

Insertion loss

1.5dB

1.5dB

The filterbehaviourhas been matchedsing the modules shown iRigure4-14. TheRF filter

used in the experiments is lzand-passfilter (created by cascading a low pass and high pass

filter) with a 660 MHz 2IB bandwidth and 1.5 dB insertion loss, measured by raAnritsu

37397C 40 MHz, 65 MHzVector Network Anaber (VNA) In VPI, a electrical sinewave

generator has been used to generate a tone at the centre frequency (1.83 GHz) of tremfilter
the frequency has been swept from 0.8 to 2.8 GHBe electrical attenuator models the
AYaSNIAzY

-

tRterEeE HOKASIOSI NAIOE £ & FAE GSN) Y2 Rdz S

A a

responseA power meter has been placed at the output of the sinewave generator to measure

the input power to the filter wile another power meteis used to measuréhe output power

from the filter. The filter parametersre shown both inFigure4-14 and inTable4-8 while the

comparison between the measured and simulatd@firesponsds shown inFigure4-15.
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PowerMotertL Stopband Attenuation: 50 dB

Figure4-14 Characterisation of RF filter used for 1.9 GHz channel.

The passband ripple could not be modelled in VPI as the transferifumathichmatchesthe
measured filter responsés a Butterworth, which is inherently very flat in the passband
Moreover, the measured response has a different stopband attenuation beyond Z4r@H

the onebelow 1 GHz, a characteristic that has not beeodelled

0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8

Frequency (GHz)
——Measurement ——Simulation

Figure 4-15 Comparison of measured and simulated filter response (fisethe 1.9 GHz
channe).
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4.4.3.2 Phase Modulato(PM)

As already discussed in Sect®@, aPMisan opto-electronicdevice that modulates the phase
of an optical signal in proportion to theamplitude of a RFsignalto produce phase modulated
sidebands/ comltines separated by the value thfe RF signal frequendyigure4-16 shows how
the behaviour of thePMused in measurementsas beermatchedin VPI As an example, rdy

the results for the characterisation at 25 GHz have been presented.

:/'\ & I_ﬁ/ B /-\ |~
DWer Metyr DN Matyr
Xl Xl Xl Xl
JAVAN Cotples JAVAY JAVAN JaVal
Loss
#l—|F—
gzl | | B
Wave Later ||n 2 x PM —J ;"Q/
Phase
uncSned P
RF Slg:wal Amplifier Mhoacjilator [/:)C;Sulalor
Generator Noise ;
. P

n'--,-@ L
! =

Figure4-16 Matching measured behasir of the Phase ModulatgiPM)in VPI

Similar to the simulation setup shown in the figuriee optical powers of the phase modulated
sidebands have beemeasured for each RF power level and recordesing a resolution
bandwidth of 7.5 GHz (the maximumsolution bandwidth offered bgnAgilent 86146B Optical
Spectrum AnalyzgrThe output of the continuous wave laseroduleis connected to an optical
attenuator to model coupler loss and the output port of the attenuator is connected to the
optical inputof the PMmodule 6 ModulatorPMe .(At the RF port of the PMnaRF signal i3
GHzis applied(the RF signal frequency has been rounded up in simulatiahs)g with the
noise associated with the RF amplifier connected to the RF port. The output ofMhis P
connected to another optical attenuator, which models the PM insertion loss of 6.5 dBRFA he
input power to the PM and the optical output power from the PM have been measured using
RF and optical power meters respectivélilje phase modulatiocan beadjustedby varying the
GPhaseDeviatioh LJI NJ YhS BNVBnmaduke &s well as the RF input power

In both measurements and simulatiome RF input power to the PM and the optical power of

the phase modulated sidebandsve beenrelated to the Bessel fiction graph to find the
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modulation indexusing (35) in Sectior8.2 With Vi, beingthe amplitude of the RF signal akd

being the halfwave voltage the modulation index has been relatedd the PhaseDeviation
parameterof the AV in simulationdo model the correct spectrumThe modulation index used

in the 25 GHexperimentalsetup is 1.4351 and the one ustat the 60 GHz setup is 1.8Vhe
optical power of the phase modulated sidebands/ comb lines versus the modulation imdex f
the 25 GHz experiments and simulations have been showrigare4-17 and Figure4-18
respectively.The resulting PM optical spectrum with the 23 GHz separated phase modulated

sidebands is shown fRigure4-19.

Combline Power versus Modulation Index [Experiment]
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Figure4-17 Phase modulated sideband/ comb line power versus modulation index28 GHz
experiments.
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Combline Power vs Modulation Index [Simulation]
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Figure4-18 Pha® modulated sideband/ comb line power versus modulation indései25 Gr
simulations

Optical Spectrum

Power [dBm]

0
Frequency relative to 193.1 THz [GHz]

Figure4-19 Optical spectrum of 23 GHz separated phase modulated sidebands, as seen in VPI.
The first order sidebarschave an optical power of appregl dBm(Res. BW: 7.5 GHz).

4.4.3.3 Mach-Zehnder Modulato{MZM)

Figured-20 shows the process afhatching the measured behaviour thie singledrive MZMin
VPI
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Figure4-20 Matching measured behavioof the MachZehnder Modulator (MZM) in VPI.

A = 4 ooA X

¢CKS /2 Aa O02yySOGSR (i Modilat@DifMZIDANDE f ¢ R NV QKzGA 432
sheet model of aifferential MZM This module has an optical impand output and four
electricalinput ports. The RF signal (with-6Gm mnversion) is applied to botthe upper left

and lower left RF input ports while the bias is applied via the upper right bias port using a DC
source (the lower right bias port reseis a bias voltage of \9). This arrangement causes the
differential MZM model to function like a singigive MZM(examplesare shown in VPl manual

[169]). The insertion loss has been set to the measured value of 6.5 dB.

The gtical output power of the MZM in measurements and in simulation has been plotted
against the bias voltage Figure4-21. The extinction ratimf the MZMis about 32 dB while the
half-wave voltage is ¥. It can be seen from thégure tha the optimum working point is the
null point However, fom further SCM experiments at 25 and 60 GHz, the operating piat
been found to bebetween quadrature and the minimum transmission pointhich keeps
drifting between 4.8 V to 5.6 Hueto thermal fluctuations. At this pointhe optical carrier is
almostcompletely suppressed and thist order sidebands (and the data modulated signals)
gain maximum power. However, thaperating point is not in the linear region of the MZM

responseand results in distortion due toon-linearities.

96



-
o

-
w

Optical Output Power (dBm)
. 5 5 3 s
w o

w
o

w
w

b
)

0 1 2 3 4 5 6
Bias Voltage (V)
-A~MZM Output Power (dBm) [Measurement] -©-MZM Output Power (dBm) [Simulation]

Figure4-21 MZM optical output power versus bias voltage in experiments and in simulation.

4.5 SimulationResultsof Analogue SCM at mmW Frequencies

Followingthe detailed description®f modellingand characterisatiomf the different devices
used inthe experimental setip, simulation results for analogue SCM at 60 GHz are slmown
this section The analogue SCM setups for both 60 GHz and 25 GHz have beeltethod VPI
(without wireless transmission). Howevenlythe simulation setup for analogue SCM at 60 GHz
is discussecdhere, as there areonly a fewdifferences betwea the two measurement setups:
the RF signal to the Plind choice of phase modulatedisband down-conversion stages (the
25 GHz setup has one) and amplification (the 60 GHz setup has more, theetieo down-
conversion stages). The modekhown in two parts. The CU is presentedrigure4-22 while

the RAU is esented inFigure4-23.
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Central Unit (CU)
CWL, 3-dB coupler/ splitter, PC loss &

lgj(, Bd— [#1 ‘ Ny . Cascaded EDFAs 2
' |RF to PM, PM and PM loss, DWDM filter and filter loss ‘28

f | :
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| !,r—/]:,.'é ‘g
'8 L‘EKE MZM with biasing

OFDM Transmitters for two SCM char;nels, gain
control, input noise and 50-ohm conversion

Cable/ connector losses and additional noise measured in experiments have also been added

Figure4-22 Central Unit in VRkame for both 25 GHz and 60 GHz simulajions

The CU architecture is similar for both 60 GHz and 25 GHz simulatichséasurements). As

shown inFigured-22, the optical carrier generated by the CWL is split into two parts by an optical
3-dB coupler and additional losses for the PCs (which are very small) have been included as well.
OFDM transritter modules have been used to generate two signals at centre frequencies of 1.9
GHz and 2.5 GHz, which are added in the electrical domain (the resulting spectrum was shown
previously inFigure4-12). Note that for simplicity, tw 300 MHz OFDM channels (and not 305

MHz as in the measurements) with -LBAM subcarrier modulation have been used in these
simulations. The modelling of the PM and MZM has already been described in Sedta
and4.433NB A LSO A @St ed ¢KS Gg2 OF a0l RSARpIysO@E! a4 KI
2LIGAOFE | YLX AT A ONjutRovétMaik S L sk YK i GKB 2& St OK 9
match the measured power of 0 dBm at the PD input. Parametens as gain and noise figure

for each EDFA have been drawn from the Appenicik]e9-1.
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Photodetector, 25 GHz filter and filter loss, two-
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Figure4-23 Remote Antenna Unit in V@0 GHz simulation)

I & Ay niters&FibérFwid olule, an optical fibre link with amgth of 1 m and attenuation

of 0.2dB/km has been used to model the standard Spakch-cordused in experimentst the

RAU shown iirigured-23, parameters for the two different mmW PDs usidthe 60 GHz and

25 GHz masurements have been drawn from the Appendiable9-2. The 25GHz filterand

other RF filterqdand their corresponding losselaive been modelled as described in Section
4.4.3.1 The different mixer stages for 60 GHz and 25 GHz simulations (with their different losses
at 58 GHz and 23 GHz) have been modelled using standard VPI mixer modules and electrical
attenuators.Output noisésadded keforethe two channels areeceivedby ther corresponding

OFDM receivemodules.

In Figure4-24, a comparison between measured and simulat®dM performance of the two
channels for different MZMias voltages at 60 GHz Hasen shown, with a particularly good
matchobtained at a bias voltage of 5.1 At this point, the EVM is 4% for Channel 1 and 9.8%
for Channel 2, aalsoshownby the constellation diagrama Figure4-25. It has been observed
that even though the two channels seem have slightly different optimum bias points in
measurements, they seem to have the same optimum bias point in simulatidoieover,
possibly due tdargerinaccuracies in the model of the RF filtesed for Channel,2he difference

between experiment angimulation is larger for Channel 2, compared to Channel 1.

Forthe 25 GHznodel the EVMof Channel 1 i8.2% while the EVM ofChannel 2 is3.7%(not

shownhere).
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Figure4-25 Received Constellatiefior Channel Jand Channel tn 60 GHz simulatiafor an
MZM bias voltage of 5.1 EVM: HA%and 98% respectively

4.6 Summary andDiscussion

Different measurement and simulation resutis analogue 6M at RF and mmW frequencies

havebeen discussed in this chapter. Experimental results fortadlack, direct IMDD and
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external M-DD at RF wittwo variable bandwidth SCM channels have bpessented These

are followed by experimental results at 60 GHz and 25 @itz up to four channels for a
maximumaggregate data rate of approx. 2 Gbps. The 60 GHz and 25 GHz measurement setups
have been modedid in a VPMsimulator. Components modelled ihe simulationenvironment

are verified againstexperimentalcomponent parameterswith a good match allowingthe

system to be studied in more detail to determiseurces operformance limitations.

In orderto meet the demandsdr high data ratesand to accommodatemultiple services
envisaged for 5G communicatio$], [170], it is necessary tde able to multiplexa large
number ofwidebandsignalgn a spectrally efficiemnannerat the CUand transmit them to tle
RAU Moreover,heterogeneous network architectusewhere various signal types (for example
5G at mmW frequenciesnd5G at RF frequencies and/¥fireless Local Area Network (WLAN)
signalscan bejointly transmitted over a fibre fronthall32], [171], are also important for the
future fronthaul. One of the simplesand most coskffectiveways of achieving both of these
targets is b combine SCM with DWDNI42), [172], [173] and Ultra Dense Wavelength Division
Multiplexing (UDWDM]143], [174], [175]. However, it has been shown in this chaptbat
system complexity increases and component count rises as SCM architectures make the
transition from RF to mmW frequencies and when revarger multiplexes need to be

transmitted.

Complexity and component count issuai® exacerbatel with the inclusion of WDMThis is
shown inFigure4-26 in which the 60 GHz architectufpresented in Sectiod.3.1) has been
extended toaccommodate more signals from different Radio Access Technologies [R#5],s)

[4], [15] using an SCNDWDM approach This architecture was presented in tHeadio
technobgies for 5G using Advanced Photonic Infrastructure for Dense User Environments

(RAPIDD423 deliverabl¢l77].
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Figure 4-26 Heterogeneous architecturéor transmitting mmw and WLAN signalausing
analogue SCMombined with DWDM

As shown in the figurat the CUtwo phase modulated sidebands 58 GHz away from the optical
carrier are data modulated with SCM signaisa dual wavelength modulation schenji23].
These are combined with SCM WLAN signals modulatDgB laseand transmitted across a
singleoptical fibre linkIn this architecture,ltere areN blocksof the setup for channels at mmw
frequencies andN more blocksor channels at R/ microwave frequenciesAs SCM is usedé
number of channels is much greater thhn(for the mmWor microwave blocKsand channels

at the same frequency can be destined for the same antenna dergy the channels at 59.7

GHzor thoseat 2.4 GHz)

At the RAU, hie 60 GHzsignals arede-multiplexed using mother DWDM filter or Arrayed
Waveguide Gratings (AW@hile the WLAN signals are separated from the multiplex using an
optical filter. After the mmW and WLAN signals are detected by their respgiedetectas,
each of the SCM channels are-mieltiplexed with the use of splitters arighnd-passfilters. The

60 GHand WLANsignalsare transmitted wirelesslyand received by the User Equipment JUE
either via the use of standard antennas or leaky wave antemmasCeordinated Multipoint

(CoMP) schem§l78]. As shown in the figure, in order to accommodate more signals, the
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architecture can be extended further but this also means that more optical sources will be
required. More channds can be accommodated via SCM bhistwouldmean that more RF
power splitters and filters will be required, which are quite expensive at mmW frequencies.
Moreover, simulation results of thisystem(not presented here)have shown the need for
higher amfification in the optical and electrical domain atiat preferably higher optical input

power will be required as well in order to achieve acceptable EVM performance.

A novel concept of an SCMUDWDM schemewhich was presentedn the RAPIDD221
deliveralle [179]is shown inFigure4-27 (includes both downlink and uplink transmissionyo
different techniquesof multiplexing vavelengths usingDWDMtechniques incorporating 10
GHz channel spacifigve b&n shown in this figurelfhe CU is quite similar to the one shown in
Figure4-26, although a flat, closelgpaced frequency comb will be beneficial in this clse
mmW carrier generatioand may be produced usyj a comb generatiotechnique[143], [149],
[107], [180].

60 GHz carrier
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Figure 4-27 Wavelength interleaving for Ultra Dsa Wavelength Division Multiplexing
(UDWDM)
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Figure4-27 (a) shows a wavelength interleaving technique in which three 60 GHz signals and
five 2.5 GHz signals fit within 100 GBhannelS1(light green arrow) corresponds to the ciar
Cl(dark green arrow) to produce a 60 GHz signal while the smaller arrows in the middle
correspond to the 2.5 GHz signals (dark blue for carrier and light blue for sidebands). Similarly,
ChannelS2corresponds taC2and so onFigure4-27 (b) shows another technique in which 6
mm-wave signals and 6 microwave signals fit within 110 GHz. Aghaarresponds tdS1 C2

to S2and so on. The signals are spaced at 10 GHz and the frequency of the laser corresponds to
the frequency o056 The frequency plan shownkigure4-27 (b) is the more bandwidth efficient

one among the two, thus, the diagrams that follow are basedrigre4-27 (b).

Figure4-28 shows he receiver side of the setuplhe combined signals are sent over fiber, to
the receiver side (the RAU). Here, therdaltiplexer filters out each wavelengtligis passed

to a 3dB splitter. The signal from the upper arm is sent to a low speed photodiodetécticthe

2.5 GHz microwave signal. The signal from the lower arm is filtered to obtain the carrier and

sent to a coupler, along withs. A mmwave photodiode is then used to detect the 60 GHz signal.

e
[}
[
ir

[}
€I

L 3dB

' splitter | J
Demux ™ Filter —. T_
B s TN

80 GHz

Figure4-28 Receiver side of UDWDM setup

Figure4-29 shows the receiver side of the setup in greater detail for the downlink direction, as
well as the setup for the uplink direction. The multiplexed signals (as shown at tayf bk
figure) are applied to the input of Circulatéc The ciculator in combination with a Fibre Bragg
GratingFB@ drops /o with the datg which gets passed on to thedB power splitter Power
Splitter). The signal on the left arm of the splitter is th& GHz RF data signal, which is detected
by a photodiode P0D)), amplified and radiated from an antenna to mobile units as a 2.5 GHz
wireless signal. The signal from the other arm goe€itaulator Ffrom where/owithout the

data gets reflected by¥BG3and is passed on to the input of thep®rt power splitter. All 3
output ports have the same signdlvithout the data) and the signal from the first arm goes

to Power Combiner 3, which receives the wavelengs{with data) on its other arm. The
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combinal signal is detected b}, amplified and radiated from the antenna as a-Gbiz
wireless signal. Both of these processes are for the downlink and have already been shown in

Figure4-28.

mL lm Circulator A FBG 1 Circulator B Circulator © FBG 2 Circulator D .
- b — (I = Rest of the signals to next RAU
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data 2.5GHz

Wireless

Figure4-29 Downlink and Uplink of UDWDM setup

The/without data signal from the third output of the-Bort power splitter is passed on to the
input of Circulator G From there, it goes to the Injectiditocked Semiconductor Laser Diode
(ILLD), which locks on to the wavelength and thhewithout data signal is dropped to the input

of Circulator H. This signal is then modulated by the 2.5 GHz wireless uplink signal from the
Reflective Semiconductor Optical Amplifi&S04), producing/o with data (the RSOAs are
biased using a Biak, which combine the radio frequency signal with the DC bias). This is then
sent to the input of Circulator B, which is already receiving all the wavelengths other ghan
with data from Circulator A. As there is no FR@Baeen B and C to reflect any wavelengths, all

the signals get passed on to Circulator/ Ewith data gets reflected b¥BG2Zand dropped to
Power Splitter 2, while the rest of the signals get passed on to Circulator D and onto other RAUs
in the topology.The /s with data signal on the left arm of Power Combiner 3 is used in the
downlink while the signal on the right arm goes to Circulator E. The without /datignal is
reflected back from FBG4 and sent to Power Splitter 4. The signal on the left arnoghes

first input of Power Combiner 5 which is receiving the without datsignal at its second input

from the middle arm of the port power splitter. The signals get combined and are detected by
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P as a 66GHz RF LO signal. This is then amplifieidsant to the mixer markedQ, to down
convert the 66GHz uplink wireless signal. The Low Pass Filter (LPF) is used to obtain the down
converted 66GHz baseband signal and this is then amplified and séR&®A which performs

data modulation with the/s without data signal received from Circulator J. This circulator
receives the/ s without data signal at its input after it is dropped by Circulator 1. Finally/ghe

signal with data is sent to Circulator D.

An important advantage of this setup is thdte 60-GHz optical reference signal can be
transported from the CU to the RAU and reused in the uplink, instead of using an expensive 60
GHz LO or tuneablelaser sourcat the RAU. The use of the RSOAs and injedticked lasers
solves the problems of awvelength tur-ability and carrier extractionOne of the issues with

this setup is the narrow band filtering necessary at FBG 4 which may be costly to implement and
the stability of optical filters may be a cause for concern as. Whk other issue is ¢huse of
several 3dB splitters and combiners, which results in considerable power loss at each stage and

requires proper planning regarding amplification at several stages.

Both the architectues discussed in this section ar@pable of transmitting a vg large number

of channelsn a spectrally efficient manngachievingrery high data rateddowever, as already
discussed in Chapt& analogue systems suffer from ndimear distortion and techniques such
as SCM are affectday fibre dispersion leading to low subcarrier power and low SNR. Moreover,
channeldn ananalogueSCM technique cannot be platgery close to each other as théads

to inter-channel interference This also means thatere is limited flexibility, e.gif the
characteristicof the multiplexeschange(channel bandwidth, number of channels etdilter
characteristics have to be changed as wedistly, using such analogue SCM architectures in
mMIMO applications wilkequire multiple LOs and mixers atstlRAU(one upconverter stage
per antenna element for fultligital mMIMO or fewer pr antenna array for hybrid mMIMGn
order to shift each channel to the same frequenés a resultthe overallcost and complexity

of such architectures can bery high.Techniques such as the oreportedin [33] can be used

to slightlyreducethe number of LOs required at the RAdbwever, there istill a very small

reduction in the overall complexity of the architecture.

With these issueth mind, the following chapter introduces an alternative techniqueviery

flexiblemultiplexingof alarge number ofignals in the digital domain
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5 SystenDesignof an AnalogueSubcarrier Multiplexed

Mobile Fronthaulwith Digital Processing

5.1 Introdudion

The aim of the work presented in this chapter isd&scribe anovel digitalSCMapproachthat
allows multiplechannelausing different modulation formats and numerologiesbe subcarrier
multiplexed at the DUe.g.5G eMBBmm-Wave andsub-6 GHz5G/ Wi-Fi/ LTEsignal3. The
approach reduces or entirely removes analogue domain processing. By employing appropriate
channel mapping into available NZs arging bandpass sampling techniqu¢s7], [19], [181],
corresponding signals across NZs can be doonverted using a commoro@/n-sampling factor

to the same IFAs a result, the channels can be readily-agmverted to their respective
RF/mmW frequencies. This featuréthe proposed technique will be beneficial as part of a
mMIMO or heterogeneous networking applications, wdliferent radicaccess technologies
(RATSs) at the RRU, or part afysstem thats a mixture of bothA single IFFT stage is used to aid
the mapping and to seamlessly aggregate both DMihd SSBderived channels with varying

channel bandwidths and numerologies.

To relax sampling rate and analogue bandwidth requirements of RAU ADCs, a bandwidth

extension device is employed at the RRU.

The mainconcepts of the proposed technique aad overview ofits different aspects, which

aim to solvemany of the issues with analogue SCM (which were discussed in CApes
discussed in the following sections. Secttof discusses how DMT and S&Bived channels

can be multiplexedseamlessly at the transmitter using single IFFT processing. Séc8on
discusses how these multiplexes can be created usiagrchical NZ mapping. In addition to
that, sampling rate anénalogue bandwidth requirements of the ADCs in the receiver can be
relaxed via th@roposeduse of bandwidth extension devices such as TFeaakHold Amplifiers
(THAS]182], [183], [32]. The incorporation of this type of device, fits well within the mapping
technique by extending the mapping to a mapping hierarchy and with only minimal analogue
domain procesing that does not affect the flexibility of the SCM approadith the aim of
efficient multiplexing and denultiplexing of very large numbers diiannelséSubMultiplexeg <
Gadz GALX SESadz 0 &R HEIJAIS NI NBE ONB I @iy 6f the lddbg £ A & A
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providing very high spectral efficiencies and flexible placement of the multiplexes in the
frequency domain. This, in relation to the transmitter and receiver design, is discussed in Section

5.4. This is ftowed by the summary and conclusions of the chapter in Seétian

5.2 Subcarrier Multiplexing using DMT and SSB Modulation

Figure5-1is an illustration of theéechnique of singléargelFFT processinthat would take place
at the transmitter side, where there is a seamless combination of DMT ande3®Bd channels
to create an arbitrary size multipledote that brge IFFTs areurrently used by wireline

standards such as DVIR [187]

Nyquist Zone 1 Nyquist Zone 2
) oMmT SS8 DMT omT SSB DMT SS8
channel 1 channel1™ — channeln  channeln ch In channelns1 — — channel 1 channel 2n
B | -
foim/2 A
QAM Example phases: IFFT
Symbols AR

Y FHH A grouping into a channel Phase 0°

®e  Nulls (arbitrary number) M Rhase X

Figure5-1 Seamless combination of DMT and-888ved channels for creating a multiplex using
single IFFT processing at the transmitter.

As shown in the figure,he IFFT employs a sampling rate fef. Contiguais groups of
modulation mappinegderived (e.g. QAM, QPSK, BPSK etc.) frequency domain saangles
contiguouslyorganised to form individual channels, which are separdigd@rbitrary numbers
of null samplegi.e. frequency guard bandg) facilitatedigitalfiltering at the receiver side. The
channels are distributed in both NZsathwith a size ofs;/2) such that they are symmetric in
their number of frequency domain samples across the two zohke DM¥derived channels
are created such that correspding channels in the two NZs are conjugate symmeggylting

in a maximumtotal numberof n DMT channelgreal) On the other hand, e corresponding
groupings in the two NZs are not conjugate symmetric forS&&lerived channelgmeaning
that the sgnals in the first and second NZs are independent of each otleadling to a

maximumtotal number of 2n SSBlerived channelgcomplex) In this technique, analoguer
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digital domain filters (for removing sidebands) orbidit transforms (for creatingSBsignals)

are not required

To summarise if there are multiplexecchannelsdistributed in the positive and negative parts
of the spectrum (the two NZgndn is the number ofnultiplexedchannesin the positive part

of the spectrumthe maximurmumber d DMTchannes is

0 £ Q¢dNw h (5-1)
while the maximumumber of SSBhannelss
0 CEQé¢dN s 8 (5-2)

In Figure5-1, DMT Channel 1, SSB Charmmahd SSB Channeh havea larger grouping of
frequency domain samplesompared to SSB Channel 1 and DMT Chamnhis meansghat

each channetan bea groupingof a different numberof frequency domain samplagving rise

to a different bandwidth However since single IFRrocessing igpplied,the spacing between
adjacent frequency samplébin size)s the sameln addition any possible combination and/ or
placement ofSSBand DMTderived channelsan be employed (in this case, thase shown as
interleaved. Finally to simplify the descripbn, a common phase for all the frequency domain
samples (that make up eh channel) is assumead. feality, each sample will have its own phase
as determined by the modulation mapping (real or complex) and the relative amplitudes of the

In-phase and Quaditure components that make up each sample.

5.3 Hierarchical Nyquist Zone Mapping

For channelssuch aghose shown inFigure5-1, the mapping techniqueillustrating possible
mappings of channels into N4s shownin Figure5-2. For ease of explanation, the number of
frequencydomain samples per channelkeptthe same in this figuré.e. all channelshave the

same bandwidth) anah all other figures/ examples in this sectidrhe sampling rate of thaDC

in this example is larger or equal to the sampling rate of the IFFT at the transmitter side but this

need not be the caséhis case will be discusséater in Sectiorb.4.5).

109



4 Nyquist Zone 1 (for Tx IFFT)
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Figures-2 Examples of arbitrary NZ mapping of individual or multiple channels and manipulation
of signals to minimize processing at the receiver.

Assuminds xis the sampling rate of the AR the RRUas shown irFigureb-2),

RS I B (5-3)

When downsamplingis applied, the final sampling rate used at the receiver is

Q L E O s h (5-4)
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whereDis the downsampling factarThe choice obdepends on the number @hannelswithin

each multiplexAs a result of dwn-sampling
Q G h (5-5)

and NZsare created with mirror images around every multipl€Qfial2 (fsfinal2, s finay s final2
and so of. This means that the frequegcspectrum is divided into a (theoretically) infinite

number of NZsThe bandwidth of ach N4sgiven by
Ny LA s . (5-6)

Thiscan also be expressed as

Q P 5-7)

Based orfsxand D at the receiver channels can be grouped such that there is one channel per
NZor multiple channels per NZorovided that the total bandwidth occupied by these channels
is smaller thanfywnz (i.€. the Nyquist criterion is metlConsideringonly the number, n, of
channelsin the positive part of the spectrunt, in is the number ofchannelsin each NZthe

number of NZgas derived by thelown-samplingprocessat the receiver)s given by

O — AitB va 04 ¢ . (5-8)
Therefore,
0 OUdNs . (5-9)

Individual or multipg groups of channels that are poalculated to fall ireven NZs are pre
processed at the transmitter so that the amount of processing rexmliat the receiver is
reduced. The prerocessing stage involves the conjugation and frequency flipping of each
channel, a process that is reversed at the receiver side following the -damwpling process.

This way, thehannelsare obtained back in thewriginal form at the receiver.

As shown in the figurdhe first NZ resulting from the original IFFT stage sampling rate at the
transmitter side {;,) has been annotatefbr referenceat the top of the figure ForCase A
there are four channels withree channel per N4.e.m = 1 Out of these four channels, DMT
channel 1 and 2 are in even NZs and areqpaeessed ¢onjugated and frequency domain
flipped) while SSB channels 1 and 2 are not. Case B shows two channeldmer BZuch that
DMT channkl and SSB channel 1 are notprecessed while DMT channel 2 and SSB channel
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2 are. Case C shows four channels pefiNZ4), with none of the channels prerocessed (the
next four channels which are not shown would be-precessed). Case D is fochannels per
NZ(m=n).

5.3.1 Signal Processiraj the Receiver Side

The process dfltering/ de-multiplexing the NZ mappethannelsat the receiver is illustrated in
Figure5-3. Once the multiplex is digitised at the receiver wisADC stage, individual or groups

of channels ardiltered digitally When more than one channel is mapped within a NZ, a second
filtering stage is required after the dowin | YLJX Ay 3 adl3S G2 aasStSOisé
the NZs.At the second stagethe digital filters can be loyass,bandpass or higipass

dependingon the location of channeland channels groups within eald.
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Nyquist Nyquist
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SS8 oMY 58 DMmT sse DMT sse oMT
channel 1 | channel1 | channel2 | ponner2 | — channell | channel1 | channel2 | channei2 | —
L} .
> . ope o L] J - oh .

HIIH B oal2 BIIH B o
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, | ool =
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.

Figure5-3 Filtering/ demultiplexing of an individual or group of chagis at the receiver side.
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Following on from Cases A and Brajure5-2, examples of two differentnappings areshown
in Figure5-3. For one channel per NLZase Althe filter selectshe one channel whe for two
channels per NECase B)he filterselects both channels. Fochannels per NZ, the filteelects

n channels

Due to the mapping technique employed the transmitter (described irFigure5-2), each
channel or channajroupcan now be dowrsampled using a single doveaampling factoD. As
explained previouslyhisprocess results in thereation of multipleNZs with a size dfwnz Each
channel or channel groupan beobtained at the same IF (@t baseband) in thdirst NZand
conjugate symmetric copies of the same channel/s are created in each NZ around the NZ
boundary (shown using dashed line annotatiofts3hould be noted that due to the transmitter

side preprocessing carriedud on the channels in even NZ&gtchannelsare obtained in the

first NZ in their original form upon dowsampling.An illustration ofthe downsampling

techniquefor Cases A andiB shown irFigure5-4.
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Figure5-4 Downsampling individual or multiple channels to the same IF at the receiver side.

For Case Aithefirst (top) part of thefigure, SSB channelig locatedn the first NAvhendown-
sampled andonjugate symmetric copies of the channel are createall NZsFor SSB:-hannel
2, which is in the third N£ppies of the channel are created in the first and consecutive INZs

the second/middle)part of the figure (for the same cas&MT channel 1 is in the second NZ
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(even zonepnd has thus been prprocessedAs a result of the dowssampling process, the

copy of the channel created in the first MZobtained in the correct form.

For Case B shown in the second paffigure5-4, SSB channel 1 and DMT channel larated

in the first NZand the downsampling process createspies of these charts in all NZg-or

the same casetahe bottom-right of the figure, SSB channel 2 and DMT channel 2 are in the
second Nare thus preprocessedThe channels arebtained in the fist NZ in the correct form

upon downsampling

This wayusing systematic NZ mappingdeeate a multiplexall channels and /or channel groups
can be dowmsampled to the same IF (or at basebarir groups of channels shown in the
General Case at the battn-left of Figure5-4, individual channels within a group will be in
different IFs following the dowsampling procesdJsing a single/ common LO signdiese
channels and their corresponding counterparts (originally mapped heroNZs)xan then be
readily upconverted to the same RF/ mmW frequendhis will be the caséor all channels
destina to the same RF/ mmW frequenbwt different from the RF/ mmW frequency that the
other channés in the group are destined ttacilitating multtRAT or heterogeneous networking
However, it has to be noted that any distribution of channels into RF/ mmW frequencies can be
employed, irrespective of their relative positions within NEastly other than DACs and
guadrature mixers, minimal pechannel processingvill be required using this technique

(analogue/ digital up/ dowstonverters, filters etc. will not be required).

Summary

Figure5-5 provides an overview of the processes of multiplexing anandétiplexingat the
transmitter and receivereffectively summarising the concepts discussed so far in this chapter
As an examplea multiplex consisting of three channels per NA&hown destined for three
different RF/ mmW band<hannels of differeribandwidths are multiplexed at the transmitter
via a single IFFT operation with a sampling rate@f such that two NZ&s derived by the IFFT
processpf lengthfs i /2 are created At the receiver, the multiplex is sampled using a sampling
rate of fsn, Which is smaller than or equal feir. The channeldave beenarrangal at the
transmitter such that when groups dhree channels areligitally filtered at the receiver and
bandpass sampledor downsampled)using acommonsampling rate ofs /D, mirror images

of these channels are created around every multiplés@f2D (the NZ size as derived by the
receiver) including an imagwithin the first NZConsideringhe 9 channelshownin the figure,

following the banegpass sampling operatn, channels 1, 6 and 7 will la¢ the same Ifin the
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first NZwhile channels 3, 4nd 9 willalsobe at the same |Falbeit at a differentone. Upon
filtering, channels 1, 6 and 7 can teadilyup-converted to the RF/ mmW band 1 while channels

3, 4 and %an be upconverted to RF/ mmW band 3.
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Figure5-5 Summary othe concepts of (dgmappingand (de-)multiplexingat the transnitter
and receiver, as discussed far.

5.3.2 Using aBandwidth Extension Dene

The techniques descrn in Sectiorb.3.1will accommodatdow cost and low sampling rate
ADC:s in the receiver side only if the bandwidth occupied by the multiplex is small enough to be
within the analogue bandwidtlispecifcations of the ADC This means that there iémited
flexibility in terms of the size of the multiplex attie original IF placementf the multiplex at

the transmitter, such that the highest frequency component of the multiplex exceeds the

analogie bandwidth (passband) specification dfie ADCat the receiver

Figure5-6 shows atechniqueusing a bandwidth extension devitleat allows arbitrary size
multiplexesplaced at a high Ite be receivedbyfrequency translatinghe entiremultiplexto a

lower IFusing an intermediatelown-samplingfactor of 5 (such that
(6] 0. (5-10)
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As a result, the multiplex is now within the analedandwidth (pa&sband) specification of the
ADCand can be received (quantized) and proceskather. In this examplgunlike the one
describednext, in Figure5-7), the aggregate bandwidth ahe multiplex is within the ADC

samplingrate specificatios,that is
Q Qo (5-11)

wherefsner, iSthe intermediate dowrsampling rategiven by
Q S, (5-12)

Here¥sQis the sampling rate dhe bandwidthextension deviceAgainas shown previously in
Figure 5-2, the signals that are apped into even NZs based AR are preprocessed
(conjugatedand frequency flipped Only now, whole signal blocks are grmcessed according

to their placement in even or odd bandwid#xtension devicelerived NZs.

This concept will b&urther genealisedin Sectiorb.4in the context of a hierarchical technique

of mappings and thereation of SupeMultiplexes
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Figure5-6 Using a bandwidtiextension device with multipteplaced at an arbitrary IF which
exceeds the analogue bandwidth specification of the ADC at the receiver.
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The concept described Figure5-6 is extended ifFigure5-7 to that of arbitrary size multiplexe
with an aggregate bandwidth that exceedsettanalogue bandwidthand sampling rate
specification of the AD&tageat the receiver.As shown in the figure,rhitrary size channel

groupinggtermeddchannel supegroup<) are now first mapped into firsbrder NZs with a size

Qe i EI e s (5-13)

where FofAizis half of the intermediate sampling ratend can also be expressed as

Re TR (5-14)

At the receiver, these groupings ardtdied/de-multiplexed using analoge filters The
individual groupings are then dowsampled by a intermediatefactor of5 @y the bandwidth
extension deviceThis way the channels ardiscretsed and dowrsampled down to the same
IFis shown irFigure5-7. The number of filters will depend on the number of groupings mapped
into these NZs, while the size of these groupings will depend on the sexdrdNZs, as derived
from the ADCsampling rate Q). However,for practicalapplications (number of mMIMO
antennas and commercially available ADCs) their number will be limited. Oncedhaseel
groups are filtered and dowesampled to the same IF and within the analogue passband of the
second ADC stage, each channel within thgeeips will be dowrsampled to the same lower

IF via theprocesseslescribed irFigure5-2 to Figure5-4.

Thisconceptis generalisedurther to the context of a hierarchical technique of mappings and

the creation of 8per-Multiplexes in Sectiob.4.5
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Figureb-7 Using a bandwidtkextension device and analogue filtering watmultiplex exceeding
the analogue bandwidth specifidgah of the ADC at the receiver.

To rest of processing

5.4 System Architecture

The NZ design and mapping hierarchy conceptk submultiplexes, multiplexes and super

multiplexes araliscussedn the context oftransmitter and receivestructuresin this section

5.4.1 Transmitter

In Figure5-8, aconceptof a transmitter architecture implementing éhtechniques discussed in

Section 5.3is shown
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Figure5-8 Concepbf a transmitterarchitecture based on NZ mapping.

The digital modulation stage involves producing modulated symbols wdziohbe real (e.g.
derived from BPSK mapping) or complex (e.g. derived from QPSK, QAM mapping), or a
combination of both.These gmbols may be intedlaved and/or crosprocessed(e.g. by
applying precodingin any manner possible depending on applicatieor ease of explanation,

these symbols oréquency domain samples will lsalled subcarriers from this point onwards.

In the figure the digital malulation stage is followed hiphe stages ofiumerologymultiplexing
and NZmapping and IFFTModulated sibcarriersare grouped contiguosly in the frequency
domain, witharbitrary numbers of null subcarriefrequency guard bandsd separate then,
thus formingchannelsNote that the index information of theseull subcarrierdias to be known
at the receiver (for examp)¢hrough control signallinglChannels wth different bandwidths are
created by grouping together differemiumbers of subcarriers buthey have the same

subcarrier spacing (including nulls) when they are destined for the same IFFT.

The subcarriers, which are grouped in one or more channels, are arranged in the frequency
domain to fall within separate NZs. The groupings and number ofi&\¥nd on the techniques
describedn Figure5-2 to Figure5-4. The bandwidth of these zones in the frequency domain is
determined by the sampling rate to be used at the digital processing stage of theeecEhis

is given by the dowssampling factoD, which divides the sampling rate of the ADC stage at the

receiver.

The resulting groups are called SMloltiplexes(described in more detail in Sectiém.3. After

the IFFT peration, the SulbMultiplex is converted to a timelomain signal, which then goes
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through parallelto-serid conversion andCP addition (or any other method of guard period
insertion depending on the application). Finally, the $ldtiplex is converted t@nanalogue

signalthrough a DAC process for subsequent transmission over a channel.

The SubMultiplex iscombined in the digital or analogue domain with other Sdbltiplexes

that are produced by other IFF{sorrespondng to the same or different numetogiesand
utilising the same or different sampling raje3his gives rise to Multiplexes (described in detall
in Section5.4.4), in which unoccupied spaces created in the frequency domain of each Sub

Multiplex are usedo insert one or more channels from other Stultiplexes.

The SubMultiplexes and/ or Multiplexes can be extended to form Sulledtiplexes (discussed
in detail in Sectior5.4.5. A SupeMultiplex is created when a StMultiplex oNJ a dzf G A LI S
aggregate bandwidth exceeds the receiver side ADC sampling rate specification (skayanen
5-7). Supe-Multiplexes are demultiplexed back to Multiplexes or StNultiplexes by using

analogue filteringgiscussedn detail in the followingsection

5.4.2 Receiver

Following on fronthe analogue transport stage shownhigure5-8, a conceptof the receiver

side architecturdRRU)s shown inFigure5-9.

The incoming naltiplexedchannelsggo through an analogue filteringtage consisting of a small
number of filters band-pass low pass and/or high pass) or RFrdeltiplexers that are used to

filter out individual supegroupswithin SuperMultiplexes.
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Figure5-9 Concepbf a receiver architecture based on NZ mapping.

Thefirst down-sampling stage, using an intermetialown-sampling factob (s used to extend

the capabilities of the ADC stage that follows (discussegections.3.2). SubMultiplexes and
Multiplexes are bangbass sampled byis factorg A § K NB A LSOOG G2 GKS RSOA
(fsien® ¢ KA& ONAYy3I&A GKS OKIyySta R2gy G2idhy LC
specifications. The process is similar for sup@ups (derived from Supéviultiplexes), which

KIS | 33aNB3FGS ol yRgARGKE SEOSSRA sl chuktdf | 5/ Q

bandwidth extension devices may bequiredfor individual sugr-groups

The resulting supegroups, SutMultiplexes or Multiplexes are discretised and sent to the ADC
stage. After quantisation and further processing, individual channels or channel groups from
Multiplexes or SubMultiplexes go through the firadigital filter bank Channel groups can be
made up of any number of channddased on the original grouping of channels into NZs at the
transmitter. If one channel is mapped into each Mi&n the digital filtergn the first filter bank

filter out an individu&channel. If there are channels per N4y channels are filtered out via

each filter.

Next each of these channels (or groupshahannels), which were originally occupying different
parts of the frequency spectrum, are dowsampled to the same lower ,IRising a down
sampling factor oD and the final sampling rate &f:ina. This is followed by a second digital filter
bank whichfilters each individual signal withchannel group occupyingeach NZFigure5-3).

In the case bone channelper NZ, this filtering stage can be used to remove additive ndiise.
should be noted that even though two dowgampling stages have been discussed in Section

5.3, three have beewnliscussed here anshown inFigure5-9 as an example. In reality, there can
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be many dowrmsampling stages in the digital domain, with each stage having a different

intermediate sampling rateFa simplicity, only ondfs;ner) has been used in this description

In the final stage, the individuadhannelsare converted to analogue signals via DACs and
depending on the application, the rest of thbeocessindakes placeFor example, in the case of

a wireless channel with mMIMO transmission, eadnrespondingchamel across each NiB
now present at the same frequency (IF) and can beapverted to an RF/mmW frequency
using a singlé.Osignal(described inFigure5-4). Similarly, otherchannels withinthe NZ the
channel group) can be wgonverted to a different mmW/RF frequency whereby a different LO
signal is used fahese and their correspondinghannds across the other NZs. This means that
in the case oBubMultiplexes, eacttan be associated with a different mmW/RF frequeacyg
asingle LO signaln be used to wgonvert them to the required frequency. As a res@ach

SubMultiplex can be associated with a different RAT, for example -BiVWTE or 5G RAT.

5.4.3 SubMultiplexes

The technique of creating a Siultiplex is shown irdetail in Figure5-10. The single IFFT
operation (FFT1in this example) is used to distribute subcarriers into channels separated by
nulls within the first NZ, as determined by the sampling rdte-+) associated witHFFT1
Dependingon the type of modulation (DMT @SB), the second NZ will also be fillecdddition,
asshown in the figure, at the NZ boundary on the left of an odd NZ, a large bandwidth channel
is followed by a narrow bandwidth one while for an even onaaaow bandwidth channel is
followed by a large bandwidth one. This means that the order of the channels in even NZs is
opposite to the order of the channels in the odd NZs, due to flipping and conjugation as

discussed previously.
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Figure 5-10 SubMultiplex creation as seen fronthe transmitter and receivesides of the
architecture

As explained previously, each of these channels are filtered digitally at the receiver before being
sent to a dowrsampling tage Based on the sampling rate fgfina used bythe receiver ADGCs
each of these channeismapped into different NZs (as seen by the receiver) and dsampled

to the same IF.

5.4.4 Multiplexes

SubMultiplexes can be combined to form a Multiplex in tHigital domain (before the DAC
stage viaappropriateinterpolation/ decimatior) or analogue domairafter the DAC stage, via
the use ofRFsplitters/ combinerspf the transmitter (shown ifrigure5-8). The creation of this
Multiplex is shown irFigure’5-11, in which each Sublultiplex is associated with a given
sampling rate betweerls rrito fsermn These sampling rates can be related, e.g. they can be

integer multiples fordifferent 5G numerologieg§49], [50]. They can also be completely
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unrelated (e.g. 5G and Wi numerologies) and employ some type of filtered ORRNantfor

avoiding interchannel interference.

Multiplex Creation
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Figure 5-11 Multiplex creation as seen from the transmitter and receiver sides of the
architecture

To facilitate the creation of the Multiplegaps have to be left within the IFE€&rived NZs such

that channels from the diffemt SubMultiplexes can be inserted into these gaps for ciiegt
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the Multiplex. This is depictenh the figure,showing thatgapsare createdwithin each Sub

Multiplex, where channels from other strhultiplexes can be inserted.

The resulting Multiplegontainsgroups of channels, with channels originating from the different
SubMultiplexes Ghannels occupying the sant@cationin each NZ can be dowsampled down
to the same IF using a single dosampling factor and associated with a common LO signal for

up-conversion to an RF/mmW frequenfdescribed irFigure5-4).

5.4.5 SuperMultiplexes

In Figure5-12, the technique of creating a SupBtultiplex from a single Sublultiplex is shown

in detail. If aSubMultiplex has anaggregate bandwidthgreater thanthe sampling rate
specifications of thereceiver ADCa SupeiMultiplex is created which is processed via a
combination of analogue filtering bandwidthextension devicand downsampling Analogue
filters selectindividual supegroups which are therbandpass sampledown to a lower Iy

an intermediate dowrsamplingfactor of5 {Ihe intermediate sampling rate &fnerplaces the
supergroups within a frequency rangefofhz which isg A G KAy GsérBplind &ate Q &

specifications (as describedHigures-7).

Super-Multiplex Creation (from Sub-Multiplex)
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Figure5-12 SuperMultiplex creation from a Sublultiplex, as seen from the transmitter and
receiver sides of the aritbcture.
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A SuperMultiplex can also be created from a single Multiples shown irFigure5-13. If a
Multiplex is createdsuch that itsaggregate bandwidth is above the sampling rate specifications

of the receiver ADGt resuls in a 8per-Multiplexwhich can be processed via a combination of
analogue filtering a bandwidthextension deviceand downsampling, using an intermediate
factor of5 Following analogue filtering, each individual sugeoup isbandpass sampled with

a sampling rate ofs;wer and placed within a frequency rangg@z0 K+ G A& SAGKAY

bandwidth and/or sampling ratepecifications
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Figure5-13 SuperMultiplex creation from a Multiplexas seerirom the transmitter and receiver
sides of the architecture
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For each of the different mapping hierarchies (Sdibltiplex, Multiplex and Supe¥ultiplex),

channels within even NZs are frequerdrymain flipped and conjugatedAs discussed
previously, thisis done so thatfollowing the downsampling processthe channelsare
G200 AySRéE Ay (GKS &alFlYS 3ISYySNIf F2NX¥Y 62NRSNI
conjugation form) that they were originally created at the transmitter. This @ede optional

but it reduces the amount gbrocessingequired at the receiveror the SupeMultiplexes this

process is carried out twice, once for the sugeoups (these are within the first order NZs with

a size offy,£dz and once for the channel groups (these ari¢hin the second order NZs with a

size offpw,ng)-

5.5 Summaryand Conclusions

Techniques for facilitating the transportatarge numbeof channelsn the radio access section

of a mobile communication network (e.g. the fronthaul section of a cl@gib access network
(GRAN)) have been discussed in this chapter. These techniques allow reductions in processing
for heterogeneous networking (or multadio access technologi€multi-RATS) and mMIMO
configurations.Using single or multiple Inverse Fasuker Transforms (IFFTs) and additional
digital processingdas wellas someoptional analogue processingmultiple channelscan be
transmittedin the form ofa subcarrier multipleXOMT and SSB modulation schemes can be used
for different channels andan beintegrated seamlessly within the single IFFT operatitach

of these channels or channgtoups can be arranged in a hierarchical NZ mapping strugture
the form of a SubMultiplex, Multiplex and or SuperMultiplex. This allows the receiver to use
digital processing (as well as soopionalanalogue processingd tdownsample eaclthannel

(or a group of channejgo the same IRising a single dowsampling factorreducing analogue
bandwidth and sampling rate requirements of the ADCtha receier. Once the channelsre

at the same IF, they can be readily-cgnverted to their respective RF or mmW channveith

minimal persignal processing.
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6 Experimental Resultof an Analogue Subcarrier

Multiplexed Mobile Fronthaul with Digital Processing

6.1 Introduction

This chapter describes the experimental implementation of the NZ design concept discussed in
Chapter5, as well as the creation of different types of multiplexes using this approach. These
multiplexed signals arpart of a system that also includes analogue transport and mmWw up

conversion.

The design concept athe data modulation and mmW carrier generation stages of this
architectureis provided in Sectio.2. Various experimental mults of digital multiplexing and
analogue transport of DMT and SSB modulasgghalsinvolving a single IFFT and generic
numerologiesin accordance with theNZ design conceptare presented in Sectiorf.3.
Experimental resultwith multiplexes employing 5G numerologies are discussed in Se&don
This is followed by the experimental results of mmW carrier generation and mmW up
conversion of signals (selected from one of the multiplexes from aque\section) in Section

6.5. The chapter ends with summary and conclusions in Se6tn

6.2 Overview of Data Modulation and mrWave Carrier
Generation

Figure6-1 shows an overview of the hybrid multiplexing system with analogue transport and
digital processing-or ease of understanding, the digital and analogue parteeatchitecture

are indicated usingifferent colours.
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Figure 6-1 Hybrid Multiplexing System with Analeg Transport and Digital Processing. (a)
Digital signal generation and subcarrier multiplexing at transmitter (DU), digital processing at
receiver (RRU). (b) Data modulation and remote delivery via optical frequency comb
generation for mmW wgonversion.

As discussed previously in Secttmd.1, multiple signalsire generated andnultiplexed in the

digital domain at the DU. Individual sigmat different IFs are created within the same IFFT

block and gynals within different IFFT blocks employing different numerologied modulation

formats, if required)can be multiplexed in the time domainy 2 4 S G KIF G GadAYS R2
the description for the processing following the IFFT stagedllowing the IFFT staged
paralleHo-serial conversion, a B appended to each multiplex and t@gnals are sent to a
DACstage. This is shown in the digital signal gatien and multiplexing stage dhe DU in

Figure6-1 (a). The entre SCM multiplex, which is now a block of analogue signals, is placed at

an RF frequencyfd and modulated onto an optical carrier usingh MZM. As discussed in
Chapter5, which of the signals will populate an even or odd NZ will depenét and the

sampling rate used at the RRU.

As shown irFigure6-1 (b), theoptical signal from a CWL is split using an optical coupler/power
divider. One part is modulated by tH&CM multiplex using th®1ZM. The second part of the
CWL signal is phaseodulated by a PM, which produces optical sidebands with a separation
equal to the modulation frequency of the RF signal applfgil Thefirst order sidebands are
filtered using a DWDM filter and then coupled with the datadulated signals from the MZM.
The resulting signal is optically amplified and transmitted through the opticalIfiik.
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At the RRU, the signals are sent to another DWDist flhsshown inFigure6-1 (b). The optical
carrier with the datamodulated signals is filtered and sent to a nequency PD. Following the
optical to electrical conversion, the signal multiplex is serttdndogue filters/ demultiplexers
and combined Trac&nd-Hold Amplifierg Analogueto-Digital converter (THADC) stagesThe

operation of the THAwithin this architecturewill be discussed in detail in Chapier

The signals are dewultiplexed and dowrsampled to the same IF through the processes
described in Sectioh.3. This means that signal groups are filtered in the analogue domain and
bandpasssampledto the first NZ(as derived by the THA sampling rabg)the THAADCstage
usinga common intermediate sampling rate. After that, the signal(s) in each resiNiraye
filtered using a digital filter bank and dowsampled, using a commatown-samplingfactor,
downto the firstNZ (as derived by the dowsampling factor) The resulting signals within each

NZare individually filtered, and sent to the appropriate DAC andoversion stages.

In the mmW generation sectiofrigure6-1 (b)), the optical sidebands, separated by a frequency
of 2fw are detected by a mmW PD to produce a mmW beat sigited¢ mmW signal is then
distributed (through appropriate splitters) tthe up-conversion stages where the individual
signals of the SCM multiplexeaup-converted to a frequency dt + fv for mmW-mMIMO

transmissionwith f, being the IF of the dowssampled signal

6.3 Experiments at RF wibMT and SB Mdulated Multiplexes
using a Single IFEhd Generic Nmerologies

The processes otreating differet types of digital multiplexesemployingsingle IFFTand
generic numerologieandtheir analogue transporare described in detaih the following sub
sectionswith the help ofblock diagram®f the transmitter and receiver functionas well as
eguations and practicatalues used in the experimentdere, the term\generi€has been used

to mean a numerology that does not fall under specifications such &s,WiE, 5G etc.
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6.3.1 MATLABTransmitter and Receiver Functiofiesr DMT and SSB
ModulatedMultiplexesusing Single IFFTs

In this work a MATLAB transmitter function has been used to generate different types of
subcarriemultiplexesusing theNZmapping method and a single IFRkhile a MATLAB receiver
function has been used tde-multiplexthe channelgconcepts explained in Secti@). As it

will be shown later on in Sectie®.3.3and6.3.4 the digital multiplexes are downloaded to the
AWG transported through tk optical link and captured by a@scilloscope for offline
processingThis sectiormprovides a detailed overview of thteansmitter and receiver functions
with the help of block diagrams of the MATLAB c@adéh related equations dealt with in

Section6.3.2). These functions have beeisedboth in experiments andn simulations

6.3.1.1 MATLAB Transmitter Function for DMT and SSB Modulated Multiplexes

In order to generate the aforementioned multiplex a number okimulation parametes have
to be definedby the user These parameters are shown and described with example values in

Table6-1.

Table6-1 MATLAB trasmitter functionuserdefinedparameterswith exanple values

Simulation | Parameter Description Example Values
Parameter
M Modulation level(only powers of 2, nomegative) 16

CP length | Lengthof cyclic prefix to be appended to multiplex a| 0.125
ratio to symbol duratior{(non-negative)

Number of | Total number of channels to be multiplexddon | 64 (SSBB2 (DMT)

channds negative preferably eveh

Channels | Number of channels in each N#on-negative less| 1

per NZ than or equal tahe total number of channels

PerNZ IFFT Sample s&ze of each Nd&hen sampled by the receivg 512

length (non-negative, power of 2)
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Number of | Number of OFDM symbols in the multiplex/ per IF 10

symbols (non-negative)

Number of | An array containing the number of data subcarriers| 400 (Array lengthi
data each channel in the mufilex (nornegative smaller| 64/ 32 for SSB/ DMT

subcarriers | than PerNZ IFFT length

Number of | An array containing the number of null subcarriers| 112 (Aray length:
null form gaps between channels (nowegative smaller| 63/ 31 for SSB/ DMT
subcarriers | than PerNZ IFFT lengih

Even though the transmitter function is highly flexible and any modulation level, number of
channels etc. can be attained, in order to obtain the desired number of channels, channel
bandwidths, gaps between channelsFTFlength and dowsampling rate, a number of
parameters have to be carefully designed. For example, to use the IFFT algorithm, the total
number of channels has to be a power of two, while to use the IDFT algorithm, the total number
of channels should beven (preferably) to ensure that the decimation/ dovsampling factor

at the receiver is an integer factor. For both cases, theNi&dFFT length should be a power of

2. In addition, the number of channels per NZ have to be less than or equal to thauotaker

of channels and the number of data and null subcarriers (for each channel) has to be smaller
than the perNZ IFFT length. Further explanation regarding choice of number of symbols, data

subcarriers and null subcarriers will be provided in Se@iGr2

When the MATLAB transmitter function is run, a dagwn list of sampling rates choices from
97.656250 MSps to 3.125 GSps (only multiples of 2: 97.656250 MSps, 195.3125 MSps and so on)
is provided. Even though any samplimte can be used in simulations, for simplicity, these
sampling rates have been chosen as they are the ones allowed by the Oscilloscope that was used
for the experimental measurements. The choice of sampling rate is very important as it also
determines he passband of the digital filters that will be used in the receiver function. The
equations for calculating filter passbands will been shown in Seét®2 The block diagram

(to be followed in the anttlockwise directiondf the MATLAB transmitter function is shown in

Figure6-2.
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MATLAB Transmitter Function

QAM; M; gray encoding; Unit Average Power No. of NZs; decimation

factor; total IFFT length;
ner n Pseudorandom Parameters i
Digital Modulation i L s
sequence calculated | bandwidth; bin size; start
and end indices and
l ---1 l l ---l l M; no. of frequencies of each NZ;
symbols; no. of channels to be deducted;
Symbols stored in desired channel sequence  data subcarriers bandwidth after
deduction; pilot indices
Pilot Processing n
v \A 4 \ 4 \ A 2
X g Filter factor (each NZ);
_defi Choice of Fs from AWG :
Zeroing T e User-defined, Filter factor (channels

only if multiple standard sampling rates
(to deduct channels) IFETs are used

T

within each NZ)

A LA L LA M; CP length; no. of
Start and end Definition of channels; channels per NZ;
Nyquist zone mapping of indices of parameters | Per-NZIFFT length; no. of
i each channel symbols; arrays of no. of
signals calculated data subcarriers and gaps
== oo and stored between channels

All defined and
calculated
parameters; pilots r _____

l and pilot locations | To VPI co- ~
Variables stored simulation galaxy

IFFT

Cyclic Prefix for receiver —_——
(CP) function;
addition spectrum plot File prepared for
All symbols in one AWG
|
coma Zeroes added for bursts; convert to text file
|:| Fully/ partially user-defined (Real: 1 column, Complex: 2 columns); 8 dp

Figure 6-2 MATLAB transmitter function for DMT and SSB modulated multiplexes (anti
clockwise).

After the parameters haw been defined and the sampling rate has been chopamameters
such as number of NZs, decimation factor, total IFFT length, total multiplex bandwidth, bin size,
start and end indices and boundary frequencies of eachdl@nnels to be deducted and

bandwith after channel deductioare caculated. These parameters will be discussed in detalil
in Sectior6.3.2

Following this stagehe pseudorandom sequence is generated, basethe modulation level,

number of symbols and maber of data subcarriersThis is followetty QAM modulation, again
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depending on modulation level¢ K Sgamiodd Fdzy Ot A2y Kl a o6SSy
WnitAveragePowe&® | NHdzYSy 4 Ft1F 3 aSad G2 GNUSI 66KAOK
constellation to an aerage powenf 1 watt referenced to 1 ohrfil84]. Gray encoding has been

used. The modulated symbols are stored within an array structure according to the desired

channel sequenctor the next steps
For the pilot processingtep, three different approachdsave been tested.

1 Shgle pilot a single pilot with a value normalized to the -Q&M reference
constellation used to plot the constellation diagrams is inserted within known locations
in each symbol of the multiplex

1 Pilot aray: an array of pilots derived from a specific@3M modulated pseudorandom
sequence is inserted within known locations in each symbol of the multiplex

1 Random pilotsidata subcarriers from known locatioits each symbobf the multiplex

arecopied and gtred to be used for interpolation in the receiver

The third approach produced the best results and has thus been used in thiser&xtracted
pilot tones(first and last data subcarrier, as well as ever{ data subcarrier of eacbhanne)

and theircorrespondingndices are stored to be usedtime demodulation process.

The next stage involves replacing data subcarriers with null subcarriers to meet the Oscilloscope
sampling rate requirements (this is discussed in Sed@i8?). Generally, this stage does not
require user intervention but if multiple IFFTs need to be combined, the user has to specify

which channels need to be removed.

After this, channels are multiplexed in the desired order by taking data and null si#bsaas

Sttt A 2RR YR S@SYy b%wa Ayid2 | 002dzyid C2NJ |
LI NI 2F GKS aLISOGNHzy I NB O2yedalisS a8YYSadNC
spectrum. Moreover, only the start and end indices of §I& OKI yy St a Ay (KS &
GKS aLISOGNHZY I NB 3aG2NBR® C2NJ GKS {{. ardaylf
ALISOGNYzZY I NBE AYRSLISYRSyUlU FTNRBY GK2aS Ay (KS
conjugate symmetric). The stashd end indices of channels in both parts of the spectrum are
stored. Channels are also conjugated and frequency domain flipped in the even NZs, as

discussed in Chaptéx

The mapped channels undergo conversion from frequetacyime domain via IFFT/ IDFT

(depending on the total IFFT length). This is followed by CP insertion.
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Finally, all usedefined and calculated parameters are stored in a file, to be used in the receiver
function. The resulting multiplexed signal, in tleerh of floating point numbers, is stored either

in a single array (in the case of DMT modulation where the resulting signal is real), or two arrays
(for the Inphase and Quadrature components in the case of SSB modulation where the resulting

signal is comigx)

To download the signal to the AWG, a taolumn text file is created with the floating point
numbers rounded to 8 decimal points. Null subcarriers are added at the beginning of the file in
order to ensure that bursts of the signal (these are multiptgies of the signal repeatedly

generated by the AWG) captured by the Oscilloscope can be distinguished from one another.

When simulations are instead carried out using MATFYRBcesimulation, the columns of real
(andimaginary)values are generated arghssed to the csimulation galaxy automatically. This

will be discussed in detail in Chapfér

6.3.1.2 MATLAB Receiver Functifur DMT and SSB Modulated Multiplexes

Following transmission through the analogue link, the Oscitips captures themultiplexed
signal for offline processingavthe MATLAB receiver functiom ¢he case of MATLABPI ce
simulations, the signals are passed from sstoulation galaxypackto MATLAButomatically)

In measurementsthe null subcarrierghat were added to differentiate between bursts are
removed and the stored variables are loaded for the demodulation process. Following these
steps,the captured fileundergaes time correction, which is the process afigningthe FFT
window with the receted symbolsThe new IFFT lengthorresponding to twice the peXZ IFFT
length) and sampling rate after dowssampling as well as the start and end indices of each
down-sampledchannel arepre-calculated The block diagram of the MATLAB receiver function
(to be followedin the clockwise direction) for DMT and SSB modulated multiplexes is shown in
Figure6-3.
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MATLAB Receiver Function
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Chebyshev I (each NZ) l 1 1 l 1 1
QAM; M;
gray
IFFT'Iength and Demodulation encoding;
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—— — ] ——o— PR |
Average EVM per channel displayed/
returned to VPI co-simulation galaxy

Figure6-3 MATLAB receiver function for DMT modulated multiplexes (clsekw

ThedDesignfile Fdzy Ol A2y Ay al!¢[!. Kra 0SSy dzaSR {2
filtering each channel of the multiplex. After testing a number of filter response options, an
Infinite ImpulseResponse (lIRgndpass filter responsedhebyshev II) was chosen for the filter

per NZ and the filter per channel. The stopband and passband frequencies are calculated
depending on the sampling rate, bin size, filter factor (calculated at the transmitter) and start

and end frequencies (and indig) of NZs and channels.

After the stages of filtering per NZ, dovsampling and filtering per channel, the CP is removed

for each channel. Following the FFT stage, the data subcarriers of each channel are extracted,
using the precalculated indices frorthe beginning of the receiver function. Since the channels

in even NZs have been frequency domain flipped and conjugated at the transmitter, channels in

both odd and even NZs can be now directly processed in the same manner at the receiver.
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Using the reeived pilots (with locations indicated by stored pilot location indices) the channel
response is estimated, followed by pilot interpolation using a linear interpolation function.
| KIyySt O2NNBOGA2Y Aa Ol NNA S RgaBddaibk | F dA7 DA 2 § )

used to demodulate the signal.

EVM calculations, constellation diagrams and spectrum plots are calculated/displayed for user
defined selection of channels. EVM per subcarrier, per syhfitawhe and average EVM (for all

symbols) are caldated.

6.3.2 Creatinga Digital Multiplexvith a Single Signal per Nginga Generic

Numerology

For performance verification, initially, a generic numerology and frequency spacing is used to
produce 64 SSB2 DMT signals, with OFDM subcarrier modulation gsit6QAM. The
subcarrier multiplex igenerated bythe MATLARBRransmitter functionusing theNZ mapping
methodand a single IFFT and following analogue transmission, the multiplex is processed offline
via the MATLAB receiver function. This section expli@squations that are used to create
such a multiplex for both experiments and simulations, using examalees to aid the
explanation. Some of these values, which are defined, have been shown ihable6-1.
Equations for alculating some of the other parameters in the transmitter and receiver functions
are also shown in this section but are not necessarily in the order of the blocks shé&vguira

6-2 and Figure6-3.

For simplicity, the sampling rate set at teWG (K) has to bea certain factortimes the
aggegate bandwidth of the signalhi is so that the AWG and Oscilloscopeoperate at the

same sampling rate and is a requirement due to the selectivity of thabfdters used by the
Oscilloscope (in reality, this can be avoided by adding an extra decimation stage in the receiver
function in MATLABAssuming that this factor resg the maximum allowable signal bandwidth
Few,max(HZz) is

0 ; —. (6-1)

For these experimenisosdhas to beset to a value oft least 1.25.

For anks of 3.125 GSps (thenaximum practically allowed by the AW&wmax 1.5 GHz.
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Also,if Nuatasub IS the totalnumber of datasubcarriersfor a single signand theper-NZIFFT

length isNiremz then

0 h | (6-2)

Aoy (6-3)

As slown inTable6-1, the per-NZIFFT lengtltorresponds to the sizef each NZvhen sampled

by the receiver

Keeping these equationgn mind, in order to downsample and ugonvert each of the
multiplexed signals to mmW frequencieghich will involve reintroducing the signal/s extracted
from the multiplex to the AWGHis will bediscussed iretail in Section6.5), a sufficient gap
needs to bemaintained between the signalégain, this is done to maiain the bandwidth to
sampling rate ratio of 1.2%otentially, this gp can become arbitrarily sm#ldigital filters with

sufficient selectivity can be used at the RRU.

The gap between signals is creatediblyoducing null subcarrierss(bcarriers whih are not
modulated with datd. The number of null subcarriefssui,sun Detween signals can be calculated

by
0 5 0 B 0 B (6-4)

Using (6-2) and 6-4), for Niermiz = 512, Ngata,sub = 400is chosenNnuisun = 112and rosc=1.28

whichmeets the requirement ofg-1).

If NireT 0tadS the totallFFT length takgthe per-NZIFFTlength andnumber ofmultiplexedsignals

into account for a DMT multiplex

0 ¢ 0 5 0 ; 0 5 0 ; : (6-5)
with the number of signals the DMI' multiplex(Nmuxomr) given by

0 i —r (6-6)
In the case of SSB sign&srrwiacan be calculated from

0 0 VS 0 & 0 , (6-7)
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wherethe number of signals the SSB multiplefNmuxssg is givenby
” B f
0 5 —_— . (6-8)

Taking into acounavailable AWG sampling ratééyux,omt= 32 aml Nmux,sss= 64 are chosen as a
good balance between pesignal bandwidth and the number of signalsr mMIMO
applications Thus, using (6) and (67), Nerr o= 32768, which is calculated by the MATLAB
transmitter function to be the nearest power @f value for the given pelZ IFFT length and
number of signals. If the IDFT algorithm is used instead, an even number, preferably a multiple
of 10, has to be chosen such that the dosampling factor used at the receiver is an integer
value. Considering thsame peiNZ IFFT length of 512, and the use of the IDFT algorithm, the
number of signals in th®MT multiplex may be increased to 35 for a possible IDFT length of

35840.

The method of multiplexingndthe parameters discussed so far are showRigure6-4.

DU/ Transmitter
Data Null

subcarriers subcarriers
(400) (112) Signals replaced by null subcarriers Data modulated signals

i NZ24 : ;

NZ25 § H 5 { 3
sooe SN IFBZ % iw i m i» i ilain
FJ2
(1.5625
& GSps)
Positive part of spectrum Nyesr = 32768

Figure6-4 Multiplexing 32 DMT/ 64 SSB signals usingnd@pingdesign and a single IFRfithe
transmitter.

For DMT, there are 32 different signals (one in each NZ), @2dsiga Ay (G(KS &L} aAi,
spectrum, with theiB202 y 2dza+ 6 SR O2dzy i SNLJ Nlia Ay G(KS aySsS
OrasS 2% {{.32 GKSNB Oly 0SS dzLJ 42 cn ardaylrta ¢
of the spectrumand 32morky G KS Gy S3aldpecteli®y LI NI 2F GKS

The bandwidth of the signals and the frequency gaps showviiginre6-4, are calculated using

the subcarrier spacing or bin sizd, given by
1TQ . (6-9)
Thus, he bandwidth per signaksw sig is giverby
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o F 1 Q0 5, (6-10)

and the bandwidth occupied bythe frequency gap between each signalFewgay Can be

calculated by

O § 1 Q0 . (6-11)

6w ¢ O 0 O ; 0 P, (6-12)
while the bandwidth occupied by the SSB multiplex can be calculated from
0w O § 0 i O ; 0 p . (6-13)

The bandwidth occupied is the same for bbthes ofmultiplexes as the number ahdependent

SSB signals is twice that of the DMT signals.

Forks =3.125 GSps antNierr o= 32768, the bin size can be calculated fron®)6o be95.37
kHz.As show irFigure6-4, the bandwidth per signal ad the frequency gap between signals are
38.15 MHz and0.68 MHzespectively (using (60) and (611)).Using (612) or (613), the total
bandwidth occupied by the multiplex is 3.1 GHz. This results lssaaf 1.01, which is clearly

much lower than theequiredbandwidth to sampling rate ratio of 1.25

To ensure that the generated multiplexed signal meets this requireiighbut of 64 SSB signals
or7outof 32DMTsignalst Ay Sl OK 2F GKS aLRaArAldA@dSé I yR
replacedby null subcarriersThis is shown ifigure6-4. For simplicity, the firsNZof the digital
multiplex is also left void of a sign#ls a resulta total of 48SSBsignals(24 DMT signalgre

transmitted. This is also shown the figure, albeit for the positive spectrum only.

Using 6-12) or (6-13) and taking the gap in the first Nyquist zone into accao@m.6 MHz) as

well as the signals replaced by null subcartié@rdlmux,omris replaced byNsinamuxomt= 24 and
Nmuxsss iS replaced byWrinamuxsse= 48,the new total bandwidthoccupied by theSSB/ DMT
multiplexis 242 GHz, resulting in aryscof 1.29.

Assuming that thenodulationlevelof each OFDM subcarriegM, using solely DMT modulation,

the aggregate data ratcan be calculated from
Y 0 R O ; 11, (6-14)
while the aggregate data rate of the SSB multiplex can be calculated from
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Yo Koo 116 . (6-15)

Since 18QAM subcarrier modulation is used in this cdger 16. Using 6-14) and 6-15), the
maximum aggregate data raté the DMT multiplexs 3.66 Gbps, whilihat of the SSBnultiplex
itis 7.32 Gbps

At the RRU ite multiplex is captured vian Oscilloscope using the same sampling rate that was
used togenerateit at the AWG(R). It then undergoes offline processing in MATLARBhe

manner described in Sectidn3.

The demultiplexing process at theeceiverviathe MATLAB receiveunction is illustrated in
Figure6-5. The figure shows an example of how Signal 2, which is the first signal of the multiplex
(from an even NZ) and Signal 25, which is the last signal of the multiplex @maodd NZ), are
de-multiplexed at the RRU. Each of the signals in the positive part of the spectrum is filtered
using a digital filter, after which it is dowgampled to the same centre frequenieythe first NZ

The downsampling process results in aliag whereby mirror images of the filtered signal
within the first and every other NZ of the spectruare created allowinga copyof the signato

be obtained fromthe first NZ.This dowrsampling frequencysed at the receiveris pre-
determined and isvhat governs the mapping of theignals in the multiplex created at the

transmitter and the size of each NZ.
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RRU/ Receiver

{\Fﬂmring and Down-sampling Signal 2

F/D FJ2
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Filtering and Down-sampling Signal 25
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7 : : : :
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i FJ2
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Figure6-5 De-multiplexing 24DMT/ 48 SSB signals at thexeiver

Using Equation6t16), which $ similarto (5-4) from Section5.3 (in this casel down= Fsjina @nd
Fsosc= Fs ), the downsampling or final sampling rate used in the MATLAB receive funcaion

be calculatedo be

"O; AN . (6-16)
with D, the decimation/ dowrsamplingfactor, equal to the number oNZs

Therefore, ifNnzis the number of NZs

0 0. (6-17)
If Nsigs nAS considered to be the number BMTsignals per N2 canalso be written as

o —b (6-18)
and for SSB signals

o —h (6-19)

Using 6-18) and 6-19), NsigsnZ= 1in this caseTherefore Dis also equal to the number of signals

(inthe positive part of the spectrum).
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In this casek =K os@as the sampling ratesed to capture the multiplex ithe Oscilloscope is
the same as the one used to generate the multiplex at the AWdGthe DMT multiplexf Fsosc
=3.125GSpsand D = 32(as there are 32 NZs for 32 DMT signedgardless of the number of

signals removed to stay withisg, the final samplingate following downsamplingis 97.656

MSps.This sampling rate is the same for the SSB multiplex as there are 32 signals in the

GLI2AAGADSE LI NG 2F GKS ALISOGNHzY | YR oFomy 2 NB

(6-11), the bandwidth of each NZ can be calculated to be 48.8 MHz.
Additional Formulae

A CP addition and total number of transmitted samples

The final IFFT letlgwith CP is given by
0 B 0 0 i a (6-20)

where is thdcpis the CP lengthhe CP length used in this work is 0.125, as showahie6-1.
ForNierT 1ota- 32768, he Nrotanrrr,c8an be calculated to be 36884ote that at the receiver/ RRU
side, due to the process of per-channel digital filtering andlown-sampling, each individual
channel will have its own decimated and appropriately sized CP and can thus biy direc

processed for transmission over the wireless channel.

The total number of sampleBlsampies ot transmitted in simulations and measurements can be

calculated by
0 R 0 B 0 , (6-21)

Where Nsym, Which is equal to 10, is the number of OFDM symB®gnpies oty Can thus be
calculated to be 368640.

The AWG has a maximum waveform (memory) length of 32n\ies [185] while the
Oscilloscope has a maximum waveform length of 62 MSanip®€3. The duration of the burst
has to be such that at least two full bursts are captured at the Oscilloscope. @kienom

waveform length for the Oscilloscope corresponds to a length of tiragsesmax, Of 625us for a

sampling rate of 100 GSps, which has been used in all experiments in this chapter. If a sampling

rate, Fs, of 3.125 GSps is used, time duration of $signal tsampies iS given by

o ¥ . 0. (6-22)
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The time duration of the signal can be calculated to be 13&96he number of burstdlours, IS

given by
0 - (6-23)

which is 5.3 bursts for 368640 sampsesda sampling rate of 3.125 GSps

A Filterfactors, channel index anshssband calculation

Once the sampling rate from the drafpwn menu of the transmitter function is chosen, the

W CSANJ (iC FoeachpdddZfilter and for each pechannefilter (for each channel within each

NZ) is calculated. This factor is used to scale the passbarnbesefdigital filters used in the
receiver function, according to the chosen sampling rate theddifferent frequencies at which

the multiplexed channels are located. This way, the passbands do not have to be changed
manually every time a multiplex with different parameters (different sampling rate, channel

bandwidth or number of channels) is credt The filter factofor each NZ, is given by
QQa o QHOPEI ¢, (6-24)

while the factor for each channel in each MAly used whemultiple channelsesidewithin an

NZ) is given by
QA 0 QO WO £ T ® TS T p (6-25)

In both these formulaep is a factor that changes for each sampling rate. For a sampling rate of
3.125 GSps, this factor is 1 (it is 0 for 1.5625 G$fer 781.25 MSps and so on).

The start and end indicasf each N can be calculatedising a simpleonditionalloop and the

per-NZ IFFT length

0 ® 0 ® P, (6-26)
and
0 ® 0® P, (6-27)

in which the initial value oNZ« is 1 and the initial value oNZnqis the perNZ IFFT lengtiit
the end of the first loopNZrandNZnqare updated to 53 and 103, respectively and then to
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1025 and 15% and so on tiINZndis ((NireT 10t/ 2)-2). Similar methods with number of data and

null subcarriers are used tolcalatestart and end indies of each dowssampled channel.

The frequencies corresponding to these indices are calculated by simply using thieebin
parameter Using Channel 2 frofigure6-5 as an example, the passbands andpstands of the

filter per NZcan be calculated as follows

Yo i@ R 2] Q (6-28)
Ooi i P HE N M E Ol NGO ROOEHT O, (6-29
YO AR Od 2] Q (6-30)
Ooi i Ol g e n O Ofpén Ol NGO ROOEHT TDH (6-31)

in whichNZgan is the first start indexX2) in the first Nof the multiplex(all indces are calculated
relative to this index)For Channel 2 in NZ 2, the start and end indices used for the filter are 513
and 1023 respectivelysingthe previously calculated bin size of 95.367 kHz(&2B) ¢ (6-31),

the values of StopFreql, PassFre§tgpFreq2 and PassFreq2 are 48.923 Mi82924 MHz,
97.561 MHzand 97.560 MHz, respectively.

A similar method is used for the pehannel filtersMost of these calculations are carried out
in the transmitter function to reduce the amount of processingquired in the receiver

function.

6.3.3 Backto-back Measurements at RF employing a Digital Multipligx
a Single Signal per NZGGeneric Numerologgnd Different Subcarrier

Modulation Formats

Figure6-6 shows the experimental sefufor b2b measurements usiray subcarriemultiplex
comprisingd8 SSB/ 2BMT signalgas discussed in the previous section), each with a bandwidth

of 38.15 MHz qampling rateof 3.125 GSps)The setup involves creating the multiplex in the
digital domainusing the MATLAB transmitter function and downloading it to the AWG. After
analogue transmission via a short length of RF cable, the signals are captured using the

Oscilloscope and deultiplexed in MATLAB.
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Figure6-6 Backto-back measurement setup

Three different subcarrier modulation formats have been used fbe tbackto-back
measurements. Theesultsfor Signals 2, 11, 18 and 25 of the multiplex I6fQAM, 64QAM

and 256QAM subcarrier modulationare shown in Figure 6-7, Figure 6-8 and Figure 6-9,
respectively Since the signal in the first NZ has been removed, Signal 2 is the first signal of the
multiplex while Signal 25 the last signal of the multiplex and Signals 11 and 18 have been

chosen to representhe middle region of the multiplex.

As seen from thehree figures,the range of EVMs for 3QAM subcarrier modulation fsom

3.5% to 4.7%for 64-QAM subcarrier modulatn it is from 3.9% to 5%nd finally for 256QAM,

it is from 3% to 4%For 16QAM and 64QAM, EVM performancds well within the 3GPP
specification limis [74] of 12.5% for 16QAM and 8% for 64QAM but for 256QAM, the
specifiation limit of 3.5%is exceeded The EVM performance of 288AM is better than that

of 166QAM and 64QAM.Note that as these signals have the same power, there is no particular
reason behind this observed behaviour (EVM given as a percentage of the ltmasofdahe
constellation is independent of modulation level). Thus, it can be attributed to stochastic symbol
variations originating from the different seed values used in the pseaddom symbol

generation.

As a result,for the experimental results showin Section6.3.4 and elsewhere 16:QAM
subcarrier modulation has been usddowever, nost of theresults are also valid for @AM

subcarrier modulation.
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Figure6-7 Backto-back measurement results with ABAM subcarrier modulation
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Figure6-8 Backto-back measurement results with €3AM subcarrier modulation
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Received Signal 2 - EVM: 3.04% Received Signal 11 - EVM: 3.43%
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Figure6-9 Backto-back measurement results with 288AM subcarrier modulation

6.3.4 External IMDDEXxperiments at R&Employinga Digital Multiplexvith
a Single Signal per ldAda Generic Nmerology

Due to equipment limitations, some modifications have been made in thererpatal setup
compared to theconcept diagranshown inFigure6-1. Separate fibres have been used for the
signal multiplexes and the sidebands for mmWagmversion (thus, the DWDM filter in the RRU
in Figure6-1 wasnot required). Only one EDFA has bemed and due to power limitations in
the setup, the RF muitivay splitter was not used. Lastly, the functions of the J&IXC have

been performed by a redime oscilloscope

Figure 6-10 illustrates he experimental setupwvhile the outputs at different stages of the

expaimental setup points Ag O are shown irFigure6-11and are discussedext.

149



Digital
Multiplexing
in MATLAB
(generic
numerology

Distributed Unit (DU) 1T I Remote Radio Unit (RRU)

W)

f. & mmW

7

T PD B s Offline
Q‘$ processing in
B BV P e
o Optical fibre D’ E. MATLAB

CWL

transmission C

:l Digital Domain |:| Analogue Domain

Figure6-10 External IMDD e&perimentgTop: schematicBottom: actuallaboratory testbedat
RF with DMT and SSB modulated multiplexes using a singlarBFjeneric numerolags
(device models and parameters showT able6-2).

In these experiments, the same multiplex that was used for the b2b measurements iShsed.

resulting spectrum is shown Figure6-11 A. The multiplex is downloaded tthe AWG, which

up-converts it to an RF frequenciy)(of 1.5625 GHz. The optical carrier from the CWL is intensity

modulated by the ugconverted multiplex, with an MZM biased at an optimum working point

between quadrature and nullL09].

The dewies and the parameters used in the experimental setup are showahie6-2.

Table6-2 Devices and parameters usedirternal IMDDdigital SCMexperimentsat RF

Type of Device

Device Model and Parameters

Continuous

(CWL)

Wave

External Cavity_aser

Agilent 8164A Lightwave Measurement System

Wavelength used: 1554.6nm, max. 5 dBm optical power

Arbitrary Waveform

Tektronix AWG7122C Arbitrary Waveform Generator $25G-
dB bandwidth: 6 GHz (but poor frequency response beyond 4
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Generator (AWG) GHz)

Maximum sampling rate that can be set for uskfined signals:
3.125 GS/gused inmostexperiments) due to only standard
sampling rates supported by the Osmsitope (when capturing

signals) Output power: 1 V yp (max.)

RF Amplifier (after SHF 824Frequency range: 30 kH30 GHzGain: 17 dB (typical)
AWG) DCbias: +13 YNoisefigure:3dB

MachZehnder EOSPACE AK510-PFUPFURUL:S Singlarm MZM 3 dB
Modulator (MZM) bandwidh: 10 GHzLoss: &6 dB

Accompanied b¥PL303QMEP Quad Mode Dual Power Supply
V 3A/6A Bias set55V

Erbium Doped Fiber EFA2020 Fiber Amplifier; Gain: 37 d&@ dBm input power);
Amplifier (EDFA) Noise figure: 6 dB

mmW Photodiode (PD) | U2T XPVRA0RVFVP Ultrafast PhotodetectpResponsivity: 0.7
A/W; 3 dB bandwidth: 45 GHz (maXfyavelength range: 1480
1620nm Accompanied byPS Photodetector Power Supply

RF Amplifier (before SHF 100 AFFrequency range: 50 kH20 GHzGain: P dB
Oscilloscope) (typicaly DC Bias: +9;Woise figure5.5 dB

Oscilloscope (OSC) Tektronix DPO72304DX Digital Phosphor Oscilloscope
Bandwidth: 23 GHMaximum Sampling Rate: 100 GS/s

After transmission over a short lengflh metre) of optical fibreand amplificéion via anEDFA
the resulting spectrum (onsided) at the output of the photodite at the RRUafter RF
amplificationis shown irFigure6-11B. heroll2 FF | 0 KA IKSNJ FNBIj dzSy OA Sa
sinctype amplitide responsg163]. The multiplexed signals aoaptured by theOscilloscope

and procesed offline by a MATLAB recefuaction. The constellation diagrams of Signals 2, 11,
18 and 25 oflie multiplex(similar tothose shownin the b2b measurement resultsare shown

in Figure6-11 C.The range of EVM results is from 4% for signals at lower frequencies to 7% for

signals closer to 4 GHzhowing EVM performance well within tf3&PPspecification limit of
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12.5% for 16QAM. The worse performance for the signals at higher frequencies is a result of
GKS 1'2DQa FYLX AGdzZRS NBaLRyaSo

1.5.Signal 2 of multiplex - EVM: 4.40% @1'5 Signal 11 of multiplex - EVM: 5.42%
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Figure6-11A. Transmit spectrum of 64 SSB/DMT signaliplek as seen in MATLAB Received
spectrum (onesided) at the oscilloscop€; EVM/ constellation diagrams of Signals 2, 11, 18 and
25 of multiplex (corrgponding to points A, B and Crafure6-10).

The EVM (% rms) for easlgnal in the multiplex versube MZM bias voltage, which has been
varied from 1 V to 6.5 V, is shownRigure6-12. The performance of each signal is different at
each bias point but the best overall performance is at a b@stpf 5.54 V. This can be seen

more clearly from the Average EVM (% rinage (black dashed line).
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k b3 3GPP 16-QAM Limit (12.5%)

P
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(-]
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Bias:5.54 V
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Figure6-12 EVM and Average EVM (% rms) vs MZM Bias Voltage for all sigtire@smultiplex
Note thatthe lines between measurement points are only for an aid for viewing the results and
do not represent predicted trends.

The mmW upconversion of selected signals of this tplex is demonstrated latein Section

6.5.

6.3.5 Further Experiments at RF employing Digital Multiplexes and Generic

Numerologies

This section and its sedections discuss different types of experiments conducted at RF

frequencies using digital multiplexes employing generic numerologies.

6.3.5.1 Experiments withVariable Sampling RatesSignal Bandwidthand Number of
Signals

The numberof signals,signal bandwidth and sampling ratehave been varied for digital

multiplexes employing a generic numerolagyd a single IFFTin order to examine the effects

153



of thesevariationson the performance of the multiplexed signalga the experimental setup

shown inFigure6-10. Considering only the positive part of the spectrum,[BAT/ SSBignals

were multiplexed using 450 and 250 data subcarri@4 and 25 signals were transmitted
respectively to maintain the bandwidth to sampling rate ratio) and 16 signals were multiplexed
using 950 and 850 data subcarriers (11 were transmitted to maintain the bandwidth to sampling

rate ratio). The perNZIFFT lagth for the 32signal multiplex is 512 while that of the -s&nal

multiplex is 1024, resulting in a total IFFT length of 32768 for all the multiplEgesimplicity,

GKS (SHXAYykODHYdZ GALBVSIEE YouRi MWNcSES KHBS 0SSy

figures in this section.

Three different sampling ratg8.125 GSps, 1.5625 GSps and 781.25 MSps) have been used for
all these multiplexesTable 6-3 showsa summary ofall the parameters, alongvith the
bandwidth per signalaggregatdandwidth occupied by the multiplex and the data rates of each
SSB multiplexiie data rate for the DMT multiplex is hétfat of the SSB multipléxFigure6-13
showshow the signals are mappéd thesedifferent multiplexes for anghosensampling rate.

The multiplexesare created using the same techniquelsown inSection6.3.2 albeit using

different numbers of signals, data subcarriers and null subcarriers

Table6-3 Parameters used for measurements with different numbers of signals, data subcarrier
and sampling rates

Number of| Number of | Number of | Bandwidth per Signi# Total Bandwidth/ Data

DMT/ SSB DMT/ SSB Data Rates for different Sampling Rat€SSB)

Signals Signals Subcarriers| Total IFFT Length: 32768

Multiplexed | Transmitted 3.125  GSps 1.5625 GSp¢ 781.25 MSps
(Bin Size: 95.Z (Bin Size: 47.7 (Bin Size: 23.¢
kHz) kHz) kHz)

32/64 24/ 48 450 42.9 MHz/| 21.45 MHz/| 10.73 MHz/
2.44 GHzB.24 | 1.22 GHz/ 4.12 610 MHz/ 2.06
GSps GSps GSps

25/ 50 250 23.8 MHz/2.5 | 11.9 MHz/| 5.95 MHz/ 625

GHZ 4.77 | 1.25 GHz/ 2.39 MHz/ 1.2 GSp¢
GSps GSps
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16/ 32 11/ 22 950 90.6 MHz/| 45.3 MHz/| 22.7 MHz/ 585
2.34 GHzIr .97 | 1.17 GHz/ 3.99 MHz/ 1.99
GSps GSps GSp
11/ 22 850 81.1 MHz/| 40.6 MHz/| 20.3 MHz/ 585
2.33 GHzFr.13 | 1.17 GHz/ 3.57 MHz/ 1.77
GSps GSps GSps
DU/ Transmitter (32-signal multiplexes with 450/ 250 data subcarriers)
Data Null
subcarriers subcarriers
(450) (62) Signals replaced by null subcarriers Data modulated signals
a2i 23 shiazel | 226§ N22s | h22s | Nz | a2 {231 | N3
(NN i i (NN 2% iz il il ilw ilaila
0 512 Nerr =32768  FJ2
Positive pcr{ of spectrum
Data Null
subcarriers subcarriers
(250) (262) Signals replaced by null subcarriers Data modulated signals
NZ2i NZ3 iyNZay: i NZ24 (P NZ25 } NZ26 ! ' ‘ - NZ31 § NZ3
5 BN BE B R | % P27 28 | 29 30 31 |
‘3 512 Mo =32768  F/2
Positive part of spectrum
DU/ Transmitter (16-signal multiplexes with 950/ 850 data subcarriers)
Null subcarriers (74) oo/ Signals replaced by null subcarriers Data modulated signals
Data subcarriers (950)
; Nz 2 i NZ 11 N2
0 1024 Ny =32768  FJ2
Positive part ;f spectrum
Null subcarriers (174) g / Signals replaced by null subcarriers Data modulated signals
Data subcarriers (850)
1 NZ2 NZ 11 PoNn '
e 1024 Nyn = 32768 FJ2
Positive part of spectrum

Figure6-13 Multiplexing 32 DMT/ 64 SSB and 16 DMT/ 32 SSB signals usimapiNiigdesign,
variablesignal bandwidths and a single IFFT at the DU/ Transnfjitasitive part of spectrum)

Figure6-14 shows the EVM (% rms) versus the signal numbeth®B32-signal multipleXagain,

only the positive part of the spectrum is cgidered in these resulisThe EVM performance of

the multiplex employing 250 data subcamses better than that of the multiplex employing 450

data subcarriers fol.5625 GSps and 3.125 GSps. The EVM performances of both multiplexes

employing a samplingate of 781.25 MSpareworse thanthose withthe highersampling rates.
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The overall EVM range is from 4% to 10% (4% to 8% for sampling rates of 1.5625 GSps and 3.125

GSps)with the signals at higher frequencies having worse EVM performance.

11
10

EVM (% rms)
W H U O N 0 O

2 4 6 8 10 12 14 16 18 20 22 24 26
Signal Number

-+~32 Signals 250 data 3.125 GSps 32 Signals 450 data 3.125 GSps
-+-32 Signals 250 data 1.5625 GSps -8-32 Signals 450 data 1.5625 GSps
-4-32 Signals 250 data 781.25 MSps -8-32 Signals 450 data 781.25 MSps

Figure6-14EVM (% rmgpesults of 32 DMT/ 64 SSB signal multiplex employing different numbers

of data subcarriers and sampling ratésnly positive part of spectrum)Note that the lines
between measurement pointge@only for an aid for viewing the results and do not represent

predicted trends.

Figure6-15 shows the EVM (% rms) versus the signal Imeinfor the 16signal multiplexThe
EVM performanceof the multiplexes employing 1.5625 GSis better than that of the
multiplexes employing 3.125 GSpsAgain, he EVM performances of both multiplexes
employing a sampling rate of 781.25 MSps are much worsettiwse withthe highersampling
rates. The overall EVM range is fr&n®% t09.8% 6.5% to7.6% for sampling rates of 1.5625

GSps and 3.125 GSps), with the signals at higher frequencies having worse EVM performance.
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2 3 4 5 6 7 8 9 10 11 12
Signal Number

-¢16 Signals 850 data 3.125 GSps -+—-16 signals 950 data 3.125 GSps
16 Signals 850 data 1.5625 GSps -%-16 Signals 950 data 1.5625 GSps
-8-16 Signals 850 data 781.25 MSps -0-16 Signals 950 data 781.25 MSps

Figure6-15EVM (% rmgksults ofl6 DMT/32 SSB signal multiplex empiiog different numbers

of data subcarriers and sampling ratésnly positive part of spectrumNote that the lines
between measurement points are only for an aid for viewing the results and do not represent
predicted trends.

Finally,Figure6-16 shows the average EVM (% rms) versus the number of data subcarriers for
different numbers of signals and different sampling rates (again, only the positive part of the
spectrum is considered in these results). This average EVM takes siljtials into account (24/
25 for the 32signal multiplex and 11 for the ifignal multiplex in the positive part of the

spectrum).

The EVM performance of the multiplexes employing 1.5625 GSps (with 850 and 950 data
subcarriers) is better than that of ¢hmultiplexes employing 3.125 GSps. Moreover, for both of
these sampling rates, the EVM performance of thes@al multiplex employing the 450 data
subcarriers seem to have worse EVM performance compared to thegb@l multiplex with

950 data subcarries, possibly due to the smaller gaps used between the signals for the 450 data
subcarrier multiplex. Again, the average EVM is much higher for all the multiplexes using a
sampling rate of 781.25 MSps. The figure also shows that while the multiplexes @mgploy
1.5625 GSps and 3.125 GSps show a similar tileisds not the case fof81.25 MSps multiplex.
Multiplexes with a smaller number of signals and larger signal bandwidths have a much higher

average EVM for a sampling rate of 781.25 MSps, compared 2 &Sps and 1.5625 GSps.
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Figure 6-16 Average EVM (% rms) results of 16 DMT/ 32 SSB and 32 DMT/ 64 SSB signal

multiplexes for different sampling rates versus different number of data subcdoigygposiive
part of spectrum)

6.3.5.2 Experiments with a DFB Lagdirect IMDD)

For a low cost alternative to external modulation via an MZM, experiments with digitally
multiplexed DMT and SSB modulated signals using a single IFFT and generic numerologies have

alsobeen carried outising direct modulation via a DFB Laser. The experimental fmtdjrect
IM-DDis shown irFigure6-17.
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Multiplexing I £ .
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Figure6-17 Direct IMDD «periments at RF using a DF&sérwith DMT and SSB modulated
multiplexes using a single IFFT and generic numerologies

The setupconsists of aeradian DFB Laser arath Appointech PIN Photodiodg¢ghese device
parameters are summarised in the Appendiaple9-1). A 32 DMT/ 64 SSB signal multiplex with
16-QAMsubcarrier modulatiorand 450 data subcarrie{shown inFigure6-13) isused in these
experiments. A with all experiments so far,crrier frequency ofl.5625 GHhas beerused
Figure6-18 shows thespectrum of the signals captured by thecdwscope after transmission

via the link

-35

Power (dBm)
A &

0.25 0.5 0.75 1
Frequency (GHz)

Figure6-18 Received spectrunoife-sided) at the oscilloscope fdirect IM-DD

Figure6-19 shows the spectra and EVM/ Constellation diagrams of Signals 2, 10, 17 and 25 of
the multiplex Signal 2 is the first signal of the multiplex while Signal 25 is the last signal of the

multiplex and Signal40 and 17 have been chosen to represettiie middle region of the
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multiplex As shown in the figure, the EVM performance (from 6.2% to 9.2%) is slightly worse
compared toexternal IMDDdue to the frequency respae and higher noise floor dfrect IM-

DD

30 Received Signal Spectrum 2 18 Received Signal 2 - EVM: 6.20% a0 Received Signal Spectrum 17 1 Received Signal 17 - EVM: 9.19%
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Figure6-19 Spectra and EVM/ constellation diagrams of Signals 2, 10, 17 and 25 of mdittiplex
direct IMDD.

6.4 Experimentat RF with DMT and SSB Modulated Multiplexes
and5G Numerology

6.4.1 Multiplexes with Wo Different Bindwidths and 5G Numerologies

External IMDD eperiments have been carried out with mixed bandwidth signals by combining
two different signal sets (produced from two different IFFTS), employing different 5G
numerologies These resultdo not consider mmW ugonversion and are obtained using the
same experimental setups shown inFigure6-10, albeit with some changes in the digital
multiplexing and demultiplexing stagesThe modifiedexperimental saip is shown inFigure

6-20. .
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Figure 6-20 External IMDD e&perimental setup for experiments at RF with DMT and SSB
Modulated Multiplexes using 5G Numerology

Asshown in the figure, multiplexesr signal setemploying two different numerologies are
created via the MATLAB transmit functiahthe DU Thesemultiplexesdenoted Signal Set 1
(employing 5G numerology 1) and Signal Set 2 (employing 5G numerofogy Pere onwards,
are downloadedo the AWG Signal Set 1 has a sampling rd&e.(n) of 3.125 GSps while Signal
Set 2 has a sampling ratB; fune) of 1.5625 GSpJ.he two signal setare combinedusing the
multicarrier modulationoption of the AWGi.e.in the digital domainThisblock ofmultiplexed
signals is then modulated onto a carrier frequerigywhich is the same as the one used in
Section6.3.4) usingan MZM.Once he signals are detected by the PD at the receithery are
captured twice by the Oscilloscope, once usiBgmiand the second time using nume. The

reasonfor this will be explainethter on in this section

In order to demonstrate a general use casgo signal sets are multiplexed by mapping one
signal from each numerology to ead¥¥, resulting in two signals p&tZ when the multiplexes
are combinedThis NZ corresponds to the larger of thegegnal IFFT lengths of the two signal
sets. The mapping of signals using two different numerologiestown in Figure6-21. Again,

for ease of explanation, only the positive part of the spectrum is shfowaach signal set
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DU/ Transmitter (5G Numerology 1)

600 data subcarriers
(36.6 MHz)
Signals replaced by null subcarriers Data modulated signals
i NZ2 i i N29 NZ10 i :
S i g ‘ TR i i
o 756 null subcarriers 92 nummxniers F(‘i"‘s'g‘/zsz
. (46.1 MHz) (5.6 MHz) Niost 10tai1 = 51200 GSps)
622 MHz »
Positive part ;f spectrum
300 Data subcarriers DU/ Transmitter (S5G Numerology 2)
(9.2 MHz2)
/ Signals replaced by null subcarriers Data modulated signals
POiNZS i NzZ12iNZ13 P} NZ20iNZ21 G} NZ28iNZ29 i i NZ36i NZ37 | B o
i on: F4 iee: NN : A iee! B P B iee: BN 24 ise: SN : A H iee:
bt Cy? Foommal2
0 130 null subcarriers (4MHz) 147 null subcarriers (4.5 MHz)  87.1 MHz gap Noostaoua = 51200 (;;1’2/5
575 MHz MSps)

Positive part of spectrum

Figure6-21 Mapping signalst the DU/ Trasmitter usingwo different 5G numerologies

Signals employing the first numerology (Signal Set 1) are madé&00 data subcarriers each,
correspondingo a per-NZIFFT length of 1024 at the RR&ince the oscilloscope allows only
particular samplingates,50 SSB signals/ 25 DMT signals are multiplexegarahpower of 2
IFFT lengtfiNipeT 0ta) Of 51200 isused to obtaira frequency bin sizeyfi, given by

1 Q —A— (6-32)

The result is a bin size of 61.035 kHz for Signal Set 1 (close in valud@fteguency bin size
of 60 kHz)It should be noted that when using a ngower of 2 IDFT, it isreferable to choose

a value that is easily divisible by 2 by the decimation factor to be used at the RRU.

In order to accommodate signals from the second signal set, signals in this set are not positioned
at the centre of each Nas shown irFigure6-21. This results in two different gaps between
signas inan even NZ and an odd 6.1 MHz and 5.6 MHd)e to the different distribution of

null subcarriers between signals. The bandwidth of each signal is 36.6Miiéh corresponds

to a 40 MHz 5G signabignal Set 1 occupies a totsndwidth of 1.244 GHz (2x622 MHz
including both thex LJ2 & A G A @S¢ sidgspectd@.y ST G A @S¢

dgnals of the second numerology (Signal Set 2) are made up of 300 data subcarriers eac
corresponding to a peNZIFFT length of 512 at the RRUtotal of 100 SSB/50 DMT signals are
multiplexed, resulting in a total IFFT lengiioér or2) 0Of 51200 and a bin sizgf,, given by

1 — (6-33)
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This results in a bin size of 30.518 kHz, (close in value to the 5G frequency bin size of 30 kHz).
The bandwidth per signal can be calculated to be 9.2 Mitizh correspondsa 10 MHz 5G
signalsAgain, there are variable gaps of 4 MHz and 9 MHz between signals in even and odd NZs.

Signal Set 2 occupies an aggregate bandwidth18 GHz2x575 MH2.

The sampling rate used by the first signal set is twice that of the sampitegused by the
second signal set. This results in four NZs in the second signal set corresponding to one NZ in the
first signal set. Appropriate gaps in the frequency domain are thus created in the second signal
set as well (such as the 87.1 MHz gapsashm Figure6-21) allowing for the two signal sets to

be combinal and aiding the filtering process at the receivétoreover, null subcarriers to
maintain the bandwidth to sampling rate ratio of the oscilloscdpg&ing the different sampling

rates into account, replace data subcarriers from both multipleRemtal of 36SSBignals (18

from each set) are transmittednd as 18QAM subcarrier modulation is used, thesulting

aggregate data rate is 3.3 Ghps (f@BSmodulation).

The ability to multiplex signals using this technique irspectrally efficient manner is
demonstrated irFigure6-22 by the narrow gaps between the signals: 11.8 MHz between a wide
bandwidth (from Signal Set 1xand narrow bandwidthsignal (from Signal Set,2$.3 MHz

between two wide bandwidth signals and 3.7 MHz between two narrow bandwidth signals.

DU/ Transmitter (5G Numerologies combined)

9.2 MHz 36.6 MHz Signals replaced by null subcarriers / Data modulated signals
NZ2 NZ3 / Nld\ \E,/ NZ8 \ NZ9 \57 NZ 10

11.8MHz 5.3 MHz 3.7 MHz Fonum/2
622 MHz

Positive part of spectrum

Figure6-22 Signal sets with different 5G numesgles combined at the DU/ Transmitter

Figure6-23 shows the positivesided spectra of the received signals from the oscillos¢Bpint
B of Figure6-20). As mentioned earlier, the signals are captumtte using a sampling rate
(Fs,nump Of 3.125 GSps and a second time using a samplingRatge) of 1.5625 GSpéJsing the
MATLAB receive function, the first capture is desampled using a factor &h. Thisis equal to
the number of multiplexed sigisin Signal Set 1 in the positive part of the spectriin=(25).

The sampling rate= sownp) at the receiver for Signal Setan be calculated from
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"O; A Ovs |, (6-34)

while the sampling ratéF ¢ow2) at the receiver for Signal Set 2 can be calculated from

"O; A ONs (6-35)

where D, = 50(number of signals in the positive spectrum of Signal Séfi.dowrsampling
rates of Signal Set 1 and 2 ahei$ 125 MSps and 31.25 MSps, respectively.

Power (dBm)

100 200 300 400 500 600 700 800
Frequency(MHz)

Figure 6-23 Received 38ignal multiplex with mixed bandwidth signals employing 5G
numerology (positive side of spectru®p(nt Bof Figure6-20).

Figure6-24 shows the received signal spectra and constellation diagrams (with annotated EVM

% rms) of selected signals from the two signal sets. Signals 2 (EVM of 5.19%) and 10 (EVM of
6.34%) have been chosen frongisl Set 1 while Signals 5 (EVM of 5.88%) and 37 (EVM of
5.89%) have been chosen fro8ignal Set .2This has been done to provide an overview of
achieved EVM performander the two signal sets as the chosen signals are the first and last

channels from edtsignal set.
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Figure6-24 Received signal spectra and constellation diagrémith EVM% rm3 of selected
signals from Signal Sets 1 and 2 employing different 5G numerologies

6.4.2 Multiplexes withOne 5G NMimerology and Two ifferent Bandwidths

Signalemployinga single 5Giumerology(via a single IFFBut with different bandwidths can

be mapped within one NZigure6-25 showshow this can be achievadsinga single IFFT

DU/ Transmitter (Single 5G Numerology, two different bandwidths)

18.3MHz 36.6 MHz / #+ signals replaced by null subcarriers ! / f , Data modulated signals
H NZ2 4 NZ 25
o N 7 oo a7 S0\
=
0 1sMHz_ s7amu: Fimm/2

1.25 GHz Wisnaow = 51200 (1:5625 GSps)

Positive part of spectrum

Figure6-25 38-signal (positive part of the spectrumpixed bandwidth multiplex employing a
single 5G numerology

In the figure, 76 signals (38 in the positive part of the spectrmumpf 100 signals (24 deducted
to maintain the bandwidth to sampling rate ratiaye multiplexed within a total IFFT length
(NierT 1019 Of 51200and total bandwidth of2.5 GHz(2x1.25 GHz)A sampling ratédenoted by

Fsnum Of 3.125 GSps leads to a frequency bin size of 61.0353kzand 600 data subcarriers
are accommodated within each NHEa{ing pefNZ IFFT length of 10R4esulting in 18.3 MHz
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