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ABSTRACT

Concurrent Dual BanRadicoverFiber Transmission Usinglit Envelope DelteéSigma
Modulation

Lara Juras

With the growing demand for bandwidth and transmission speed, mobile communication
network designs must stay adaptable, efficient andefésttive. A key integration hs been
Radio-overFiber (RoF)transmissiorsystemghatprovidea cheaper option arldw loss for high
frequency signal transfef-or the optical transmittedeltasigma modulatiofDSM) can be a
beneficial addition The partnership simplifies tH&igital-Radio-overFiber setugoy removing
the need for additionalonvertersand prompts adjustments based on system ndach factors
in deltasigma modulators are tlaenount of quantization bitnd theorder of the modulator
Changing quantization bits a single bit allows the system to use less processing bandwidith
less error experienced from optical transmissibiigh order structures provide more noise
shaping to shift noise away from the band of inter&sil, such setups are prone to linea

problems due to clock jittdrom multiple feedback loops.

Different adaptations adeltasigma modulatiomave beemlesignedo combathe
problems, but &ey standouis the implementation of an envelope daltgma modulation
(EDSM). Envelopedetls i gma modul ati onds separate process
deliverstime alignment and noise shapiogunterthe negative implicationsom high order
DSMs Combining envelope deltsigma modulation witfRRoFtransmission is an attractive

option, but esearch has yet to delve into carrier aggregation with these setups.

Thisthess exploresconcurrent duaband 64QAM 20 MHz LTE Radio-overFiber using
1-bit envelope deltsigma modulationit expands transmitter functionality by concurrent signal
integraion. Inside theEDSMis a 4" order bandpass deltiggma modulator custom tailored one

of two carrier frequencies. The two frequencies come from two different LTE baslisvio



interband compatibilityThe carrier frequencies are 2.112 GHz from LTE bhadd 2.64 GHz
from LTE band 7.

Simulationand experimentaksultsconfirm the functionality of the proposedvelope
deltasigma modulatiofRoF systemin single and dual barfdr LTE standardgerror vector
magnitude< 8%). Experimental results comfn that EDSM is more resilient to RoF
transmission than BBSM. However, theEVM values forBP-DSM are bettefor carrier

aggregated transmission.
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Chapter 1. Introduction

1.1. Introductionto RadicoverFiber

Demand forconnectivity anchugeamounts of dathave become common place the
current dgital age. Theemassive data requirements have led towards more developments in
signal processing and architectu@ne such solution aoud radio access networks-fANS).
SuchsetupsemployRadic-overFiber (RoF) systems to suppdineir mobile fronthaulnetworks
[1]. They are an attractive option due to tis@mplification of antenna sites and transparency to

mobile communication standards

Within fronthaul architectureRoF is the transportation of a radio signatmooptical fiber
via an optical carrief2] betweeracentralized baseband ufgBU) andremote radidhead
(RRH) [1]. Figurel-1lillustrates the basic setup.

Antenna
|
Remote Radio
Head (RRH)

Baseband Unit

(BBU) Fiber

Figurel-1: Basidronthaul GRAN setugfrom [3])

In these network€BBU acts as the main central unit and multiBRHscan be employef].
Thebaseband unhperforms the signal processing and eleatptic conversion while an optic

fiber distributes to locationsherethe data ito be distributed At the remote radio headptic-

1



electric conversion occurs and the signal is transmitted to the user \naanfehe RoF setup
allows for low complexity, broad bandwidth and low ¢@sbmpting significant development of

RoF systems over the past several decades.

A typical RoF system consists of downlink and uplink transmis$igure 1-2 shows the

block diagram of the system.
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Figurel-2: RoF Downlink antUplink system

Downlink is fromBBU to RRH. The uplink is the reverse of the downlink. Betweeruthisis

a fiber channel specifieto the needs of the system. For the signal to transmit successfully, the
selection of theptical transmitters critical[5]. Theoptical transmittesetup relies on whether
direct modulation or external modulation is us&bme commonly implemented lasers for direct
modulation are disibuted feedback laser (DFBJ] [7], FabryPerot laser (FP) and vertical

cavity surface emitting laser (VCSE[)] [5]. DFB and FP usually operate at 1310 or 1550nm,
but use single and multiple longitudinal modes, respect[s¢lyVCSEL are low cost lasers

with the ability to support high bitrat¢®] at 850nnm{5]. Alternatively, optical modulation
techniques have been implemented like the elettsmrption modulator (EAMB] [9] instead

of directly modulated lasers. Regardless of what is chosen, the link performance will depend on
the levels of distortion introduced. Link noise and distortion affect the links in different ways.
In the downlink, the transmitted wideband noise@ases from the additional noise building the
channel interferend®]. In the uplink, the base station receiver sensitivity reduces from the link
noise[5]. Both links suffer additional interfemee from distortiorj5]. Therefore, the RoF setup

must be thought out carefully to maintain link performance.
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Three types oRadic-overFiber architecture exist: radio frequency (RF), intermediate
frequency (IF) transmissiomd digitized IF transmissiofd]. RF transmission has the least
complex structure where the RF signal is sent directly over a single modgfibéf
transmission involves the RF signal bedwvnconverted to an IF signgd] before being
transmitted over a single or muitiode fiber. At the receiver, the signal is upconverted back to
its original RF form. Digitized IF is similar to IF basic transmission, but it appligitization
after downconversion and before transmission over the fiber At the receiver, it is changed
back to an analog signal and upconverted just like the main IF transmission. Each type can be
converted into thether by dowrconversion or iygonversion. For example, if the incoming
signal is IF, it can be upconverted to an RF signal and vice versa. Of the three, RF is the most
common since it has the lowest cost due to its simpli€yerall the abovementiwed fiber
systems are types of RoF systems

Generally, RoF can be classified into two categpranalog or digital. AnaleRadio
overFiber (A-RoF) is where the optical carrier is modulated by analog radio signals. In these
systems, digital to analog eerters (DACs) and analog to digital converters (ADCs) are
required at the control station to adapt for the incoming or outgoing signal. This is illustrated in

Figurel-3.
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Figurel-3: AnalogRoHfrom [2])

First, the signais created in the digital signal processing (DSP) [#jit A DAC
converts it to an analog signal thatjgconverted with a local oscillator. Afterwis, the signal

is filtered beforeenteringanelectricoptic converter (EOL Onceit becomesan optical signal, a
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fiber curies it to theptic-electric converte(OEC) in the base station. The received signal is
filtered again and amplified for wirelesransmission by a power amplifier (PA). A circulator
sends the boosted signal to an antenna. The revers®oFAlownlink path or ARoF uplink is
the inverse with a few changes. Instead of a PA, a low noise am{l¥#y) is applied and

before the [SP unit an ADC i€mployed.

A-RoF is highly dependent on optical link conditigh8]. A main probém with ARoF
is that intermodulatiodispersion (IMD) arises from nonlinearities limiting the overall
performance. Various rasures have been applied to counter the effects. Modulators have been
employed to manipulate the nonlinear components of the §RjnaBomeexamplesre
integrated optical modulators and phase modulators. Another metthodes applying clipping
and predistortiofi7]. This compensat i onpolgnomiadbased appl i es 0
predistorter and a si nfpl Te precigdrier provides poevé i ppi ng
amplifier linearization and the clipping gives pdakaveragegowerreduction(PAPR) [7].

A key alternativeo the ARoF system i®igital-RadiocoverFiber (D-RoF). It
effectively removes all analog components at therobstation and their need for compensation
techniques by using digital signal processing and EOCs and OECs ofgF Dombines
Aopti cal and electronic digitization by wusing
base d3].arhis alow®IMD to be avoided and the system dynamic range is kept constant.
Bandpass sampling is usually kept at the base station to accommodate for wireless §&ndards
Figurel-4 shows the setup of a-RoF system.
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Figurel-4: Digital RoKfrom [2])
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Unlike the AROF setup, the IRoF control statioms extremely simplified as the

upconversion and filtergnare performed digitally.

Although D-RoF systems are effective, the additions of theCDX¥DC at the base station
causeproblemg?2]. These include high design costs, large power consumption and
compatibility issues. In gers, a network consists of many base stations and only one control
station makingit very advantageous to avoid converters at the base st#tfoa.result

modulation techniques have been adapted to address base station complexity.
1.2. Introductionto DeltaSigma Modulation

An emerging method to combat the additional convertersiRob systems is the use of
deltasigma modulator (DSM) on the transmitter side of the control station. A DSM is an
oversampling and feedbaabdp filter that consists of a@ntegrator, a quartier and a DAQ2].

The signal travels through the integrator then a quantizer. Its output is fed back to the input for
comparison. Their difference is sent through the feedback loop again. This procesatedre
until the difference is zero. Each feedback
one loop equals first order and two loops reference second order and so forth. The integrator can
be Adigitally realackaedubg addelaywet améepedand
[11]. Finally, the quantizer is comprisedatouple of comparatofd1]. Here, the number of
guantization bits controls the quantization nois@laizers can be multibit to lower the

guantization noise or single bit to reduce the bandwidth needed for processing. Once the
guantization noise is shaped, the band of interest may achieve a highaigoisk ratio (SNR)

[2]. After all the processing, the DSM outputs a high speed discrete digital signal or bit stream.

A basic digram of the DSM can be seenFigure1-5.

Input Signal :
pE ‘@ » Integrator » Quantizer |

Output Signal

DAC

Figurel-5: Basic deltasigmamodulator block diagram(from [2])
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The DSM6és main purpose is to oversampl e
the band of interest noi$2]. The oversampling ratio (OSR) is detemed by the sampling
frequency (§) and the signal bandwidth (BW). The relationg2ipis highlighted by the equation

6°YY — r

The higher the OSR of the DSM, the more tbargization noise spreads further away
from the critical band2] lowering the noise power. The feedback loop mimics a fieto

remove the noise. Increasing the number of loops optimizewibe shaping].

Consequently, the OSR and order of the DSM become attractive optimization options for DSMs.

Every element in the architecture of the DSM can be represented through a series of
linear blockg2] as seen ifrigurel-6. A signal transfer function (STF) and noise transfer
function (NTF)[2] help design the linear modeThey are created using the desired modulator
parameters ahelements.The STF is derived using the linear modeFigure1-6 or Figure1-7.
Based on the linear model iigure1-6, the STH12] is:

YYO— p b

Alternatively,the STF for thé=igure1-7 modelcan be derived using the loop filter, H{Z}]. It

is written as:

VYO a B

The NTF isthe ratio of the output to the noise, E[%)]. It is described as:

6YO— — 3

Using the STF and the NTHé general form of the DSM1] is:

t

h
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The integrator coefficients are acquired from the aforementioned transféofisncSpecifically,
the NTF lowers the error at the desired frequdt2y. In the basic setup, the signal energy

centered atlirect currentDC) frequencyhas its noise supressg@].

E(z)

X(z) /
N

4 ]

%

Figurel-6: First Order DSM Lineaiodel ¢ Type 1(from [12])
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Figurel-7: First Order DSM Linear ModelType 2(from [12])

The first order structurfl2] canbe mathematically expressed as
WE WE p Q& Qe p €1 ®a a wa p a Oqd b

Figurel-7 demonstrates this concept. Alternatively, the STF is represented by 1 or unity and the
NTF is represented byZ* [2] [12]. This produces Y(z) = X(z) + {£Y)E(z) as illustrated

dready inFigure1-6 [12]. Within the basic equation, the output noise from DSM quantization
error can be extracted as q(n) = é(®(n-1) or Q(z) = (1z1E(z)[12]. This leads to the

definition of theo u t ppowelbspectral density (PSD) in the frequency dorfih
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whered "YOQ L , the quantization error PSDY —, sampling periodl2]. The delta

represents the quantizer step size. Additionally, tHeird noise power is determined from
integrating the PSD()L2]. It can be approximated by:

Q. — 0

where e = 2/G2; OSR >>1.In equation (8)it can be observetthatas the OSR goes up, the

noise goes down.

As mentionedwhenthe DSM order increaseshe resolution or noise shaping increases.
The secondrder structure demonstrates the needed changes to the structure for an order
increase. IrFigurel-8, an additional integrator andddback patfiL2] are now included.
Consequently, the NTF changes tez)? since the model now has two feedback loops. In turn,
the linear model equation becomes Y(z)'X&) + (1-z%)?E(z) forFigure1-8 a) or Y(z) = X(2)
+ (1-2Y?E(z) if STF equals 1 foFigure1-8 b) [12].

X(2) 1 | : =é :
3 ]__Z_ i

3 b~ Al Y(z)
_1 i
Z +
a)
E(z)
X2 Ty T M M /L "
N N ‘ Y Y(z)
1z |
b)

Figurel-8: Second OrdeDSM Linear Models: a) Type 1 abhfiType Zfrom [12])

The remaining factors like PSD andband noise will change accordingly too.

Specifically, for a second der structure the #band noises expressed by:
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where the previous conditions hold t{d2]. In general, for orders greater than 1 (M >1), high

order equations have been estaldtqi2]:

0"Y'Q p a o}
wa o wa p a Oa b
n.Q D

DSMs have a variety of main topologieBhe most basic i®wpassdelta sigma
modulation(LP-DSM). It acts like dowpasdfilter (LPF) at the DC frequency where the
maximum signal frequency is much greater than thgpiag frequency ax<< fs) [2]. The
aforementioned examples of first and second order modulators are exampleB$fL§Ince
their NTF usesz Like a lowpass filter, LFDSMsimprove the irband noise by suppressing

noise at low frequencied.3]. Figurel-9 highlights theoutput power spectra of a LPSM.

signal

Power
{PSD)

oy

noise shaping
Normalized
Frequency

Figurel-9: Lowpass DSM Power Speciffaom [12])

The noise is moved away frotine signal at the low frequencies and shifted to high frequencies.
A lowpass filter can be used to extract the sigidternatively,the opposite othe LRDSM
exists It is calledhigh-passdelta sigma modation (HP-DSM).

HP-DSMs perform the reverse of a {I’SM where the noise is suppressed at high
frequencies. They are easily designed using the NTF of@3M2. As they are the opposite,
the Z' just needs to be changedi ' to obtain thenigh-pass HP) NTF [13]. Since HPDSM



are used for high frequencies, the input signal should be IF or RF to prevent signal degradation

from low frequencie§l3]. The HRDSM powerspectra argehown inFigure1-10.
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Figurel-10: Highpass DSM Power Spectra

Here, the noise is filtered away from the high frequencies to the low frequeblsieg a high
pass filter, the shifted noise can leenoved. Similarly, bandpass deksigma modulation (BP
DSM) is another topology ideal for RF communicati¢i. In a BRDSM, the signal is shifted

to a specific center frequency with its narrow Bl¥] as seen ifrigurel-11.
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Figurel-11: Bandpass DSM Power Spec(feom [12])

To accommodate the change, the lowpass orpégs filter is repleed with a bandpass filter
with its zeros shifted from the DC &mew center frequendy] [12]. These zeros replace the
integrator of the LHDSM [2]. For BRDSM, theconditionfmax/ fs >> 1 must hold trug¢2]. The
NTF can be easily obtained by performing z mapping on the lowpass NTF that nsdiRtain
stability propertie$2]. A 2-path transformation is empledwherez is substitued with -z [2]
[12]. This produces bandpassBP) NTF of (1+z%) and its zeros being found atffJ4 [12].
The closer the center frequency isdd,fthe higher th&NRs obtained for bandstop noise
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shaping12]. In principle, using the transformation method changes the order of the new
modulatorf2]. The relationship is stated as"Mrder LRDSM = 2*M" orde BP-DSM [2].

Using the transformed NTF amkdigure1-8 a), a second order BPSM linear model is
designed as depicted figure1-12.

E(z)

- 1+z - ?— i Y(z)
=2 |z

Z

Figure1-12: BRDSM Block Diagrartfrom [12])

This DSMmodel has Z and two loops.

Overall, these three designs are the most common topologies within DSM. Many
variations of them have been developed and will b&adéurexplored irChapter 2 With the key
noise shaping benefits and signal accommodations, DSMs are being integmioF systems
to form sigmadeltaoverfiber (SDoF) systems. Their integration removes the neetiddDAC
at the base staticand replaces it with a filter inste2]. As a result, only changes need to be
made to control station loweririge cost, coplexity and power consumption of the base station
[2]. Therefore, the inclusion of DSMs is an attractive option for RoF systems.

1.3. Thesis Outline

The thesis will go through theevelopment of the concurrent dual band RoF transmission
with 1-bit envelope deltsigma modulation (EDSM). It shall consistaofiterature review,
theory, simulation conclusions and laboratory confirmatibhe thesiss structured as detailed

below:

Chapter Zxamines current models of defigma modulation and envelope dedigma
modulation(EDSM) and how they have been incorporated into RoF systems. Also, it will

highlight how dualband and multiband have been adapted. This section will present some

11



background on the previously stated topics and provide-dapth literature review connecting

them.

Chapter 3ives into the theory of the proposed work. It explains the methodology of the
creation of the envelope deksgma modulator and its integration into the transmitter design and

overall RoRransmissiordesign

Chapter 4eveals the simulation results of the modeled DSM and EDSM RoF

transmission It discusses the simulation design and how each simulation case performed.

Chapter Sexhibits the experimeal part of the research. It illustrates the experimental
setup and how the proposeahcurrent EDSM RoF transmissiamould operaten a real setting.

A comparison of the results is included to showcase the performance.

Chapter 6states the conclusion of the thesis and provides an analysis of futureowark

more effective EDSM setup
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Chapter 2. BackgroundandLiterature Review

Deltasigma modulation provides attractive noise shaping results for communication
systemsThis chapter tees a look atheimplementation of various types of DSM in all digital
transmitters (ADTs) and eventually RoF systems. Different DSM adaptations are being made to
accommodate the typef signals, address processing time and distortions. One avenhaghat
garnered high interest is single Béltasigma modulatiorfl-bit DSM) for its simplicity and
lower bandwidth use. Specifically;dit DSM architecturewill be looked at in depthndrelated
present workvill be highlighted However, like standafdSMs theycansuffer from clock jitter
and nonlinearities Envelope deltsigma modulation is a clear solution to this issue. EDSM wiill
be discussed from thmasicsetup to current models being used. After establishing the model, the
adaptatios of DSM and EDSM in RoRransmissiorsystems will be exploredKey focus will

begiven tothe setups that feature concurrent signals in the final section.

2.1. DeltaSigma Modulation

2.1.1. CurrentVariants of 2ltaSigma Modulation

CustomizedDSM modelsarea prominent fetare in DSM literature due to the
developingransmitter needsSolutions are sought for sampling rate reduction, signal

compatibility, mnimal complexity and low power.

Decreasing the sampling frequency leads to BW improvenaetzddresssthe transmier BW
limitations Parallel processing techniques integrated with DSMs esenanonway to lower
the sampling rate. Parallel processing invob@sputing multiple parts in parallel during one

period[14]. Figure2-1 illustrates how parallel processing works

13
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Figure2-1: Parallel processing general setfsom [14])

In the parallel processirghown inFigure2-1, n inputs are transformed by the same function and
n outputs are produced. The number of inputs per clock cycle equates the parallel processing
level, L [14]. Increasing the numberf thesesimultaneous prassesffectively lowers the

computation time.

Time-interleaveddeltasigma modulatiorfTI-DSM) isacommonly used parallel
processing method in[ATs[15] [16] [17]. A TI-DSM usespolyphase decompositiomhereone
transfer fundbn (TF) become transfer functiormatriceg15]. Block filtering is the main
approach to acquiring the TF matri¢@S]. Figure2-2 provides a general layoat block

filtering structure

g — — |
| IF — ~ 1F !
- Hern R e
| FxF |
i o ik Hl_F i TF _K'D : prl "vis)

Figure2-2: BlockFiltering Diagram(from [15])
A single-input singleoutput transfer functiorti(z), creates-igure2-2 [15]. The input signal is
divided into F number of delayed versiorisach delayed instance corresponds to a channel.
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The sampling rate, vill be downsampled based on thenmber of channelsr F times Each
channel is processed individually before being upsampled and recombined back to the griginal f

[15]. Using this model, the DSM is integrated into the transfer function portion.

Onre implematation, in particularshowedsuccessfufield programmable gate array
(FPGA) employment of an ADT with 28 GHz IDSM. Look-ahead (LA)time-interleaved TI)
architecturas usedor lower clock rate and no channel limitatida§]. Additionally, the
system achievenhultiple standards by using a reconfigurable digital cifd@i. Their work
wasable to meet thinstitute of Electrical and Electronic EnginediSEE) 802.11awireless
local areanetwork YWLAN) standard in the 5.2 GHz bafib].

TI-DSMs have also been applitxcreate a reconfigurable cressupled DSM17].
The flexibility in the architecture allows the modulator to bepatible with various wireless
applications likeGlobal System for Mobile Communications$M), Wideband code division
multiple accessWCDMA), WLAN, etc [17]. The paths of the DSM and the quantizer are
readjusted based ohe standarffL7]. The dual extended (DE) noise shaping provides seamless
switching between DSM ordef$7]. Overall,thetwo path DS modulatdradminimal
complexity, low sampling rate and low pemwhile providing support across an array of
wideband standard&7].

Parallel processing of multiple DSM cores and higkesplogid18] is another
implementation besides-DSM. It involvestheindependent operation of several DSM cores in
parallel branchefl8]. Unlike other parallel setups, the phases are separat¢18]. This
allows for linear scaling improvements of the transmittes s ampl i ng frequency
bandwidth enhancemerts8]. Applying such a method woekifor BWs less than 20 MHz and
up to 122 MHz and achieves a SNR always above 308B

Another way todwer the sampling rate is throutgthniquedike borrowsavearithmetic,
nonexact quantization and differential dynamic lodi®]. The DSM is adapted intworrow
savenotation to reduce delay and uses-+eaact quantizatioto maintain the benefits introduced
by borrowsave[19]. Differential dynamic logic lowers the operation time, but must have the

reset signal synchronized with the clocstvoid acute sensitivitjl9]. Frappé et alvere able
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to reducehe sampling rateo twice the center frequency 89 GS/419]. All three techniques

can be used in high order modulatorsfampling rate improvemeni9].

Another way to allow for signal agility and reconfigurability is designing a tunable DSM
[20]. Using the basis of aaror-feedback structure, the DSM applies a gain valube NTF
based onwhenthefrequency resporss equal tazero[20]. This DSM can be good for the
single or dual carrier ADTR0]. Di ni s et wasable fokeeprtloedae Vector
magnitude EVM) below 4.5% while maintaining a low ftware complexity20]. Their final
designcould usea duatband configuratiompto 2.5 GHz of carrier frequeng0].

Finally, Ding et al. demonstrata different take with DSMs by addressirigtdrtion
effects They model DSM/PWM based transmitters using a newly derived baseband Volterra
model with a focus on nonlinearif®1]. Their accurate models of transmitter nonlinear
behaviours and nonlinearity compensatidiowedthem to achieve the best output power and
efficiency[21]. Using the proposed modéigital predistortion DPD) wascapable of
linearizing a digital transmitter with adjacent channglower ratio ACPR) improvemenbf 5
dB for a 10MHz Long-Term evolution (TE) signal[21].

Through parallel processing methods, tunable setups and nonlinearity compensation
coupled with DSM, transmittdimitations can be addressed. Dedtgma modulatorsith
parallel processingnd/or digital logic, improve the sampling frequency, minimize complexity
and provide signal reconfigurability. Similarly, tunable DSM primarily focuses on reducing the
hardware, but maintaining signal compatibility. Alternatyelistortion and nonlinearities can
be addressed with pairing DPD and D8&kked transmittersAlthough these adaptations are
viableindependentlycombiningthem with1-bit DSM adds further benefits.

2.1.2. 1-bit DeltaSigma ModulatiorModels

Multibit quartizers lower the quantization noise by increasing the numbers of
guantization levelf22]. Nonethelessthey use a larger bandwidth for processing. In effort to
reduce the network bandwidthpit quantization has become a ptar option. Using one

guantization bit for processing allows for an easier design, more precision arddsy23].
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Unlike multibit DSMs, a single bit implementation removes the need for comparison operations
[11]. Not to mention, -bit DSM save network bandwidth by using less quantization bits per

samplg24]. This leads to the structure needing lessadow power andtayinglinear[11].

1-bit deltasigma modulatoreave quantizers with a single bit. This referghi®
guantizer possessigo levelsor outputs. The quantizer produces a diditastreamof 1 or O.
The minimal amount of bits per sampléows low bandwidth useof the transmitter. Any DSM
structurecanimplement a bit quantizer. For instance, &igh order 1bit BP-DSM allows for
easier design, better efficiency and higher oversamfingThe generatedignalpasses
througha single bitsigmadelta modulator to createbit streaming dataDigital streams are
able to directly modulate electaptic converters (EOC$2]. Currently many researchers have

enhancedhe xbit DSM structure for additioal benefits

Singlebit architecturdhas beemntegratedvith semiparallel processinf25]. A parallel
processing deltaigma modulator (PDSM)udéi s i mp|l i fi ed processing ste
clocks of a regulatP-D S M|@5]. The modehasatradeoff betweerhigh-frequency
processing@ndlow oversampling ratios (OSR}5]. Keeping the band limit of the signal, the
OSR can be lowerd@5]. The sampling frequency will decrease according to equéitjon
When used isoftware defined ratio (SDR) transmittetise signal qualityvasmaintained and

BW wasincreasedip to four times beforehanging the sampling frequen@pb].

1-bit DSMs can also be combined with tuninghieicues. For a continuodisne filter,
Kuang and Wight uskan unstable DSM that detects stability to crealé Higital tuning signal
[26]. This DSMhada verysensitive stability to loop filter tuning and will have high output
amplitudes from quanitzer saturatif@®]. The proposed architectunassimple and free of
multi-bit DSP[26]. Through their deeme, 2% tuning accuracy was achief24j.

With DSM integration, time waveform mismatches have been shown to cause distortion.
Maehateet al. explain that the asymmetric component of the wavefaasathe key culprit and
thatdigital predistortion cannot control it well. Therefore, they prestminew feedforward
distortion compensation method for FSM to combat this distortioj27]. Their scheme ude
the main signal and a distortion comperwasignal as -bit digital pulsed trainf27]. The

distortion compensation signabsa copy of the BEDSM output that undergoes decomposition
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then unity based on a series of elem§2f$. Theseparts includd BPF, negative gain, BBSM,
pulse generator and attenudi@r]. Once the two signalsereaddedthe distortion of both
canceédeach other out leaving a clean sigizal]. When tsted with a 5 MHz LTE signal at
1.2288 Gb/s, the newMit technique improved the ACLR by 4 {B7].

Anotheradaptatiorof singlebit DSM canbe found in the proposed architecture of
Reyhani and Hashemipo[#8]. Their workemployeda singlebit DSM and asuccessive
approximation (SA) algorithri28]. TheDSM kept linearity like a singlebit DAC and no longer
requiral a high slewrate operational amplifig28].

One way taeduce the complexity in the digital filter designd-8f\GAsare 1-bit DSMs
[29]. Memon et al. improwkthe filtering operations by using tiSM to lower theinput and
fil ter coefficientavord length[29]. Through various tests, the authorsdoded that 1bit
ternaryfinite impulse responsé-(R) like filters performedthe best over the multibit versions

when staying at low ordefg9].

Neverthelessdeltasigma modulation is not without its problems. High order structures
are susceptible to linearity issues. This prevents the improvements from more noise shaping.
Also, 1-bit DSMs can suffer from being less efficient at noise slgafsom timing jitter and
consequently require a high OSR to compenddfe This compensation can lead to an
increased demand for bandwidth negating a key ber@fie main way to combat thestability

introduced with highevel DSMs and bit DSMsis emplging envelope delta sigma moduleto
2.2. Envelope DelteéSigma Modulation

When sending the envelope of a signal through the delta sigma modulator, the
combination is called envelope delta sigma modulation (EDSM). Two nzes tf EDSM

exist: one based on the modified Kateshnique anthe otherusing polar methodology.

One of the first instances of the modified Kabrhnique was first introduced by Wang
in 2003[30]. He proposed transmittebased on Kahn technique for RF amplifigg8]. This

involved dividing the signal into the envelope and carrier for individual modifications and
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powering an amplifier. The first difference Wang made from the Kahn methothevas
application of the DSM on the envelope rather than a pulse width modulator (PWM). The
envelopewvasextracted by an envelope detector like the Hilbert transfd@h Once the
envelopewvasobtained, a DSM processé for efficient noise shapinf0]. Figure2-3

illustrates the original Klan structure and the modified model
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Figure2-3: a) Original Kahn Structerand b) Modified Kahn Structur@irom [30])

While one path modifi@the envelope of the signal (amplitudieFigure2-3 a) and b)
the other changkthe carrier signgl30]. Thecarrier signal consists of tlienstant envelope RF
carriercontaining phase informatidB0]. Along thispath, the carrier signal pasghrough a
limiter [30]. Afterwards, itwassubjeded to a time delay to compensate for the processing of the

envelope along the other path

When both paths have finished their modifications, the divided sigratscombined
via a local oscillator (LO) modulat@s inFigure2-3 b). This changd the envelope back the
original phasemodulated carrief30]. Lastly, Wang removethe LP filter after the PWM and
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adceda BP filter after the power amplifi¢PA) [30]. The retored signal pasde¢hrough an
amplifier and a bandpass filter (BPF) to obtain the original RF ouffhis technique allows the
signal to enter a switching mode amplifier withadtding any ifband distortiorj2].
Consequetty, the newly developed architecture imprdike high power efficiency

significantly from the traditional Kahn.

Expanding fronthe modified Khan techniqu®upuy and Wandevelogda model that
operate with a ClassE power amplifie[31]. The structure did not change fréfigure2-3 b)
except for the PAhangingrom a ClassS to ClassE amplifier[31]. This alteration was
implemented due to the high efficiency introddavhile working ina particular switching mode
[31]. With this change, they successfully demonstrated how the partnering of an EDSM and
switch-mode power amplifierMPA) produces high linearity and efficienf34].

Similarly, in polar transmitters, the signal is divided into the envelope and phase signal
from the original complex signal. Like the modified Kaiechnique, a DSM processes the
envelope.Yet, the phase is modulated by a local oatili at the desired center frequeasy

shown inFigure2-4.
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Figure2-4: Polar Structure

The signals are subsequently multiplied back together after they have been processed
Figure2-4. The RF output may proceed to a RF amplifier BRd. The latter method is much

simpler to construct and has been favoured in various work.

A complexpolar transmittewith key modificationsvasproposed byhou et al[32].

The envelope path consists digital IF pulse width modulator (PWM) based power stjt
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driver buffer andnductor capacitorl(C) filter [32]. Thepulse signalvassubjected to a
differental 1-bit deltasigma modulator and voltagecontrolled oscillator (VCO)32]. The
VCO provides high tuning linearity and RF modulation to obtain the BaeAfter each path
wasprocessed, thenvelope and the phasereunited using a power amplifi¢d2]. Through

this setupthe developed EDSMchiewed time alignment of both polar signals with low power.

A key design factor for EDSM is the quantizer level. Asvpusly discusseith Chapter
2.1.2 the DSM can be single bit or muliit. To corfigure 1-bit EDSMSs, twelevel quantization
is used. This can be represented as 1 and 0 outputs in the DSM for the envelope signal as it will
keep the signal positiy83]. Alternatively,+1 quantizatiorcan be employed as well to simplify
the combination of the envelope signal and the phase $&gjalHowever, this causes a

disadvamage due to the negative values produced that will incur more [38fke

Single bit quantization is employedandigital DSM polar RF transmitter fapde
division multiple accesxOQDMA) IS-95A signalq33]. The constant envelope modulatsed a
2" order LRDSM with a sampling frequency of 80 MHz and OSR of 32. The envelope output
turnedthe SMPA on and off33]. The phase signalasupconverted and rejoins the etoepe in
the SMPA[33]. Their transmitter structure featdréhe basic features of polar transmitters for
power amplifiers. This includksignal conversion viaoordinate rotation digital calculation
(CORDIQO), envelope modutad by DSM, phase upconversion and a power syfly The :
bit EDSM proved capable efffectively controlling the PA and amplifying the signal while
satisfying theCDMA standard33].

In contras, multi-level DSM structureare investigated with EDSM structurf@]. One
specific modelisal an envelope/phase component decomposer to split the signal and simplify
the processing of each brarf@2]. The envelope only experiences delta sigma modulation and
the phase goes through a ddl2%]. Afterwards, the two signal pieces are combined via a LO.
Three levels in the DSM were found to be the mmaxn amount foimproving overall

transmission efficiencf22].

An alternative study into multilevel DSM versus EDSM transmittieasdemastrated in
Singh et a[34]. Unlike the previouslynentionedEDSM, the uponversion happens after the
phase signal iecombinedvith the envelopg34]. Their EDSM useé a 2" order LRDSM when
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comparing the quantizer levg34]. The testsvereconducted with a LTE sigihand a
WCMDA signal, but both reaet similarly to the modulation schemg1]. The work
concludel that with high level polar DSM, improvements to the coding efficiencysegrthtto-
noise and distortion rati®\NDR) wereacdieved[34].

Keeping with the theme of mulevel quantizers, tiievel envelope encodirig
transmitters has been shownnrove the sampling frequency and coding efficief35j.
Using the prenise of polar modulatiolike the previous exampla522.24MHz second order
DSM converédthe envelope to a ttevel signal using three levels of encod|B§].
Alternatively, aguadraturelQQ) modulatorwas used to procefise phase signal. Both signals
undergo delay correction to fix the mismaf8b]. After each signal is processed, a wideband
mixer rejoiredthe polar parts and a differenti@-singleended conversion (D2S) and drive
amplifier (DA) prepare the tistate RF signdB5]. This output dsvethe PA along with the dual
mode supply modulator (DMSM) output. Using a DMSM, the PA opétenaximum leading

to high efficiency despitsufferingdegradatia from trirlevel encoding35].

Alternatively,alignment may be fixed throughe phas modulated carrier (PMC)
clockingthe DSM[36]. Specifically the DS modulated envelopasmultiplied with the PMC
to realize a dit pulse train. This alloedthe phase information to remain an analog signee
from guantization noise introduced in the D$36]. The pulse traivassubmitted to a
switching power amplifier beforeeingsent for transmission. Inside the EDSM -hitllow pass
DSM wasused due to the nature of the PMC architediB®¢ Themodulator suppoedLTE 5
MHz bandsup to 3GHz and 2.4 GHz ISM baf@b].

Similarly, wideband and multiband transmig@mployEDSM. Likethe modulator
above,Cho et aldesigreda transmitter coveringTE bands from 960 MHz to 3 GH37]. For
a nonrconstant envelope, their DSM setup featiaeseconebrder loogfilter (LF) and 1.5bit
guantizer while operating at 800 MIZ7]. This paper expard tri-level encodinghrough the
additions of a duatode supply (DMS) and broadband BX]. The signal and the DMSalre
the power amplifier. The work achievkigh efficiency by using a secomtder single ogamp
resonator to suppress the phase shift introduced by the DSM and simplify the arcH®&¢ture
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EDSM architecture is a growing avenue for transmitter architecture. Whether it has single
bit or multibit quantization, it has proven to be an attractive option for running PAs and
transmitting a variety of mobile communication standatdslike standalon&P-DSMs,

EDSMs provide a higher coding efficienagd lower sampling ratue to the envelope only
containingquantizatiomoisewhile the phase remains-aliscretized8][33]. They provide an
ansver to the problems encountered with certain DSM structures like clock jitter and linearity.
Combining these benefits with the DSM BW improvemenikes them suited to being
integrated with RoF.

2.3. DeltaSigma Modulatiord Envelope DelteéSigma

Modulationin Radio-over-Fiber Systems

Modifying the signal at the transmitter to aid its journey across communication networks
has sparked different types of Reystensi n t o d a y. Gcimprogenputstakslity,
Mateo et al. proposed adding orthogonal basis hmagand DPD to a LTERoOF systenj6]. The
new technique was created using Zernike polynorfdlsit allowed perfect matching of
complex input signalfs]. DPD efficently canceddintermodulation while being a simple and
low cost solutiorf6]. Clippingcouldalso be combined in succession with DPD for high
distorted OFDMRoOF system§7]. Thes i g n a |-t@averageepawer ratio (PAPR)
consequently decreasand the linearitymproves[7].

To improve RF signal power and suppress IMD3 for RoF, aeftesttive linearization
technique has been develogétl Zhu et al. emplogdoptical subcarrier modulation through the
use of a directly modulated laser (DML) and an eleatysorption modulator integrated laser
(EML) [9]. By adjusting the EML bias voltage, the IMDBeach lasr wassuppressefB].

IMD3 antiphasevascreated from the DML while the IMD3 inphase evalfeom the EML.

These phases effectively carempbach other outsathe outputsverecoupled[9].

Despitethese RoF setups being viable options, onetas of D-ROF system called
SDoFis emergingseeFigure2-5). Many adaptations have been developecréatehighly

efficient communication networks.
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Figure2-5: DeltaSigma Modulation RoF block diagraffitom [2])

Figure2-5is based ofrigure1-3 where many of the same parts are used. Heze, t
digital signal is created and undergoes DSM where a square waveform is produced. It directly
modulates the EOC and travels along a fiber to the base station. The OEC, usually a PD,
changes the signal back to its electrical form. A filter recovers the sigoat enplification
for the wireless transmission. The uplink sect®ientical to the ARoF setup irFigure1-3.

The analog components are included since the filtering in the BS acts like a DAC.

In thefirst known mering ofa DSM and a RoF system44 order BRDSM was the
only component on theontrol station CS) transmitter excluding theigital signal processing
(DSP) unit[2]. Thefourth order structure used a four compounded delay laabfed directly
into a VCSEL to transform th&gnal to the optical domaj2]. The signal travels down a single
mode fiber and iseceived and transformed it back to the electrical domaia photodiode (PD)
[2]. Using the DSMo create into a Non Return to Zero (NRx) stream2], high frequency
replicasof the incoming signalvere created This prevented the need of upconversion as the
carrier frequencies coulcebrecovered at the receij@l. The SDoF system also had the added
benefit of being a lower cost structure than itRBF counterpaii2].

EDSM can also bamplemented in a downlink {RoF systemCurrently, only one
documented workas shown such a combinati@). The instancexhibitdhow using a it
DSMin an EDSM is more effective thamst a BRDSM and how EDSMvasa strong option for
RoF[8]. Using an EDSM, the phase modulated carrier leg#re 1bit modulation switching
rateand in turnjmproved the jitter tolerance at high carrier frequendi&s The SNR and

adjacent channel leakage ratfCLR) weremain indicators of the improvementSpecifically,
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thecasecovered3GPP LTE bansigreater than &Hz and IEEE 802.11 WLAN without serious
degrading

The inclusion of ibit modulation provides benefits to RoF systems. Firstbi digital
streamwill incur lower degradatiorwhen being transmitted over an optical fibarlong
distance$38]. Next, tbit transmission is able to cover a large frequency riB®je This is
possible as theutput can be a carrier frequency identical to the harmonic freq(@8icy

Finally, the 1bit signal can be used to contRIF amplifiers in the RRH.

Despite covering the major bands with 5 MisEndwidth the known EDSM RofEase
does not exhibit a muithand transmitter structure that camultaneouslyransmit two or more
frequency bands. Carrier aggregation is becoming necessary in multiband transmitters with high

demands for transmitting signals concurignt
2.4. Concurrent Datband and Multband Systems

Dualband and multband RoF systems have been well documented, few have
examined the integration of concurrent bands WM, EDSM or S@F systems. Concurrent
bands or better known as carrier aggregafCA) is beoming anmportant feature in wireless
communications As amain feature of LTEAdvanced or 4GCA involves aggregating up 82
component carriers (CCs) for greater traisson bandwidt39][40]. CCs follow the same

bandwdth standards as LTE signals.

Three categories of CA arrangements existe first deployment type is thetra-band
contiguousmodel. Thisnvolvescontiguous CCs from the same LTE bdming aggregatejd1].
It is the easiest scenario, mdt always practical. Intraand norcontiguous allocation is
preferred where CCs are more fragmedd. In this setupas shown idrigure2-7, the CCs
have gaps between thga0]. Although,sometimes intrdand can be a limiting factor itself.
This has prompted intdrand deployments where the carriers come from different LTE bands.
Despite being a more complex setupeiband norcontiguous allows more options for

aggregation All three setups are depictedFigure2-6 throughFigure2-8.
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Figure2-8: Interband NonrContiguous(from [41])

With its added benefits, CA is being integrated into DSM desiBahman proposka
transmitter design implementing concurrent dual band DSM using noise shaping d2¢hes
Applying the principles of BEDSM, the architecture shagthe noise to specific frequency
bands and crealenulls where the alternate frequerauldbe fit[42]. This method preveed

the outof-bandnoise from degrading thathercarrieqs).

A similar duatband solution using-bit DSMs to transmit separate frequency bands
using carrier aggregation (C&kists TheDSM wasdesigned using noise shaping notches to
match the selected carrier frequencies. By creating custors bDEBEd on the center frequencies,
the same structureuldbe employed. After each signasprocessed through th& érder
DSM, a multiplexer upconvegtlithe signal to the specified frequency 8V wasbased on
[43]. Thiscombination allowedthe signals to be placed at the desired notch location and avoid
the noise. Once upconverted, the sigmere combined togethpt3]. Three different cases of
duatbandwerecompared: LFBP, BRBP wheref; = f,/2 and BRBP wheref,i #2[43]. The
combination of notches and CA setifpwedclean noise shaping
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An alternativeconcurrent duaband transmitteinvolvestwo BP-DSMs sharing part of
the feedback loopt4]. The shang instance allowdthe two stogbands to subdue the
guantization nois@¢44]. Consequently, the transmitter architectwesstable, less complex and
able to independentlyonfigureto two carriers. The modebeal a 1-bit DSM, but onlya 6™
order capacitor resistor feedba€kRFB) BP-DSMs[44]. Thetransmitterachievel high ACLR
for each frequenclgy using two 5 MHz LTE signals at 3.9 Gipgl].

The sameanodel wasxpandedrom concurrent duaband work to concurrent multiband
in 2017. Here, the same idea of sharing feedback loops of multiple D&dased, but now
parallel BPFsvereincluded[45]. 2" order parallel infinite impulse sponse (lIRYilters
suppressdthe quantization noise for each carrier frequency and maintain stffljtyBased
on the number of bands, the architecture astipe BPFs and the RF signal bandwidth
determines the level @omplexity[45]. For testing this structuréyo or three 40 MHz LTE
signals with intréband and inteband CAwere transmittedt 10 Gb/445]. The dualband case
produced aigh ALCR of -49 dBcand more tham5 dBc for three bandsTherefore, 1bit BP-
DSMsweregood for wideband signals anebit data streams are capable of multiphexi
multiple RF signal$45].

In a different approaclHdigital mobile fronthaul (MH) architecturehas been adapted
with DSM and CA. Single bit and double bit DSMereusedin partnership witton-off keying
(OOK) or pulse amplitude modulatiof® AM4) optical intensity modulaticdirect detection
(IM-DD) transmissioni46]. The structure watesedwith 32 LTE CCsand purposely sent them
over a 25m single wavelength EGbaud OOK/PAMA4 lin46] for support. The customized
CA setuppermitted fouttimes the fronthaul capacityerror vector magnitudefEVMSs) resulted
in less thar5% or 2.1% meeting the LTE standards for 256 QAM or 1024 Q481 The
research showed how partnering DSM with current MFH provides resilience against noise and

nonlinear effe [46].

CA integrationis still fairly new to DSM partnershigand current work shows how
researchers are adapting such featustsl, this concept remains uncommaoevealingthe key

need for more investigation into coneemt DSM RoF transmission.
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2.5. Motivation and Contribution

Deltasigma modulation can be a beneficial addition to any transmitter or RoF
transmission systenmHowever, die to the ever expanding and demanding nature for bandwidth
in this digital age, mobile ecomunication systems need todeen moreadaptable, efficient and
low cost. Different adaptations of DSMs have babscussedhatprovide further positive
implications. A key standouts the implementation ain EDSM instead of a DSM to combat
jitter nase from using high order structureBheindividual processingf theenvelope and
phaseorovides time alignment aradlows the noise shaping benefiéglditionally, using a single
bit quantizer in th&DSM structur&keepsBW transmitter improvementsAnother main area of
motivation was implementing a system to understand the impact of optical components in
conjunction withEDSM transmitters. Finallygnarea hardly addressedliterature isthe
implementation of concurrent ddand or multband RoFsystems with DSMr EDSM. Many
papers express the compatibility of multiple communication standards, but do not look at
transmitting them all together. As many new band standards are being designed and used, carrier
aggregation (CA) is becoming an imgaort reality. CA involves transmitting two or more
carriers from the same band or different band. By integrating concurrent signals into the

transmitter, the functionality increases.

In this thesis, a concurrent dual b&¥quadrature amplitude modulatigg4-QAM) 20 MHz
LTE Radio-overFiber system using EDSM is proposed. The transmitter side &dRe
transmissioraccepts two LTE signals and individually appliesitlenvelope delta sigma
modulation before combining the two via carrier aggregation. Di3M in the EDSMis custom
tailored for the center frequency and s48 order BRDSM design. This transmitter setup is
compared with using theldit BP-DSM setup with the same design as the one in the EDSM
setup. After either modulation is applied, tiev signal is sent over the optical link. Once
received, it is shjected to a recovery procesEhis work demonstrates the advantages and
disadvantages in a concurrent dbahd system RoF system with EDSM. The system istable
satisfy the EVM LTE stadards while using a high order B/%5M and maintain them with RoF

transmission
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Chapter 3.

DeltaSigma Modulation

The theory of the propos@dncurrendual bandRadioc-over-Fiber systenusing1-bit

Theory ofConcurrent Dual BanBnvelope

EDSM is explained in thishapter. The system is broken down from the DSM of the EDSM.

The architecture of the DSM is critical to the noise shaping efforts for the signal. Next, the

EDSM setup

i's reviewed | ooking

at

how

t he

into the transmitter is laid out. Finally, once the transmitter is established, the inaégiand

the remaining RoF components are presented.

3.1. ImplementedeltaSigma Modulation

A 4™ order BRDSM is anployed in the overall design. The general strudsieehigh

orderDSM with a single quantizer as shownRigure3-1.

U(z)
» LO

L1

Loop Filter

(Linear)

Y(z)

Quantizer
(Nonlinear)

Figure3-1: General Structure for High Order and single quantiZEM(from [12])

V(z)

The nodulatorconsists of linear and nonlinear pdft2]. Linearity depends ilnemory

elementsareusedor not[12]. The loop filter accepts the inpufa) and output {z) and outputs

Y(z). Todescri be
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®a 0 aYada 0 dwa d

whered ¢

andd a p — [12].

The quantizer of the model accepts the output of the loop Mtemd adds erroiE(z)[12].
Equation(14) shows the relationship.
wg wa Oa d
Using the above eqtians[12], it can be modified to
®a  YYOYd 0°YQOoad Q

STF, NTF and the quantizer properties are only factors determining the loop filter characteristics
[12]. Consequently, the structure of the loop filter does not factor in the ideal behaviour of the
modulator{12].

Since the model is"order, he DSM model containgour feedbackoops to its improved
noise viaping efforts.Extending the BRDSM structure previously shown Figurel-12, the
implemented DSM is created. The architecture uses a series of integrators and coefficients and a

guantizer as seen kigure3-2.
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Figure3-2: 4" order CRFBBRDSMstructure (from [12])
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This layout is called cascaaé-resonatorsvith distributedfeedback (CRFB) where
linear loop filters areraployed[12]. Due to its flexibility and common use, the layout was
employed. On the unit circleCRFBhas thezeros located at nerero frequeaies[12]. Two
conjugate complex paiege used taetermine the four NTF zers2]. The first two integrators
and feedback path represent a resonakbrs produces two complex poles using the formula
a ¢ "Q a pthatcan be found on the unit circle at frequentieg12]. The second

resonator, created by the next two integrators and feedback path, produces the next two poles at

f r e qu e n[t2]. & fréfuency can be calculatedsas | p —oran

approximatiorfor the normalized pole frequencgn be determined by L ph Q [12].

For the poles to remain on the unit circle, one integrator must be delay free

The transér functionfor the first resonator can be representedasy —  [12].

Similarly, the second resonator has a similar transfer fund@oast =@~ —— [12].

Using these transfer functionggtloop inputs §(z) and L(z) [12] can be formulated as

0 & ® 3

0 4 o

When the order is even, the number of resonators is equal to the order dividea the 2
uncommon case lren the order is odd, subtracte from the ordesnd divide by 2o find the
number of resonatofd2]. Additionally, when oddthe loop filter must contain a plain

integrator{12]. Since this is a®order model, 2 resonators are implemented

The parameters of the BPSM are customized for the input signal. The signal
bandwidth i20MHz as a 20MHz LTE signal is used@he carrier frequencies selecteefrom
LTE band 1 and band 7. Using the LTE standid§ the following calculations were matte

find the correct carrier frequency

O wepQc ppmP ¢ T ¢ p POCOG
0O WEXAC @ C TP ¢ WL TL X L TT¢ @ TOTTOA
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The sampling rate of 6 GHz is applied dughtesecenter frequencies of 2.112GHz and
2.64GHz. Using formulél) in Chapterl.2, the OSR is 80 due to the high sampling rate

For the DSM transfer functions, the STF is kept to unity or 1. Th&8M NTF and
coefficients are determined using MM&TLAB DSM toolbox. To get thepecificNTF, the
function o6synt hesi ze Na@skrgordes OSRsoptunizationTopte i npu't

maximum owof-band gain and normalized center frequency as summariZebia3-1.

Table3-1: NTF Parameters

Order 4
OSR 150
Opt 1
Maximumout-of-band NTF 15
gain

Center frequency ratio fclfs

The optimization 0106 -@SR limiteoopimiredhe zeto® Thes i n g
function bases (1B wheie TofFa stable DEM thedmsaximum fmiband
gain must be less than 2. In this case, the default value of 1.5 is applied. The normalized center
frequency is tailored to the input signal. Since the sampling frequency of the sigftiisahd
the selected bands are 2.13Rz and 2.645Hz, the center frequency ratios are862 and 0.44,
respectivelyWith this information, the NTFor 2.112GHz is

a pE P p @ PP XW p
O PP OW T C W@ T ¢ YW TTU U

andthe NTF for 2.64 GHz is

a PR p a PpHFT @ p
¢ P& xa ™M PYqa p& Yo T @O P

Using thetwo NTFs, the following plots are produced kigure3-3 andFigure3-4.
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Figure3-3 a) shows the zero/pole plot for 2.112 GHz DSM. The circles represent the 4
zerosonthe unit circle and therosss are the 4 poles inside the unit circlehe corresponding
frequency response Figure3-3 b) shows tle normalizedrequency filtering of the noise
transfer function for 2.112 GHz. Similarlyigure3-4 a) depicts the zero/pole plot for 2.64 GHz
DSM. The circles androsseshange positianbased on the NTF. The normalized frequency

plot in Figure3-4 b) has its center at 0.44. The offset plots for both center frequencies show the
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Figure3-3: 2.112 GHz a) Zero/polesdb) Frequency response plots

Figure3-4: 2.64 GHz a) Zero/polemdb) frequency response plots

same rms gain a#9dB.

The adjusted NTFs allow the noise shaping to happen at the desiredriRF c

frequencies. Once thellRisobta ne d ,

anot her
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coefficientsa, b, g and g for the modein Figure3-2. Using the two loop input equations, (L
and L) made from the CRFB transfer functions and their relation to Teadd STF the
coefficients are calculatedlhe output is the feedback/feedforward coefficients, resonator
coefficients, feedn coefficients and integrator intstage coefficients. Using these coefficients

the above model iRigure3-2is populaed[12].

The quantizer useid both DSMsis a 1bit quantizer. The levelsf thequantization
correspond to 2where B is the number of bits. Therefore, in this case, the quantizer has 2 levels.
The quatizer has a specific step valtepresented by deltd, according the levelsEquation

(18) uses the number of bits de=i and thelynamic range of the signal amplitude

S’,S S 3 S e

3.2. ProposedEnvelope DelteéSigma Malulation

For the proposed EDSM model, the basis of a polar transmitter setup is used. The
architecture is baseath a polar transmitter modddut does not includspecificclock matching.

Figure3-5 shows the implemented schdima

Envelope /I \"\\
T BP-DSM
l
— l/Q N 1
Complex LTE to

\ RF
: \ —
Signal R/theta >< Signal

Q (polar) '
Digital = T
Phase Upconversion H

Figure3-5: EDSM setup

First, thecomplex LTE baseband signal, v(t), is transformed into its polar coordinates the

envel ope and phase, a(t) and d(t), respective
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Afterwards, the envelope is upsampled from 30.72MHz to 6GHz. The output signal from the
upsampler undergoekeltasigmamodulation. The DS modulator integrated into the EDSM

model is the BAHDSM described irChapter3.1. The cergr frequency,d of the BRDSM

matches the value used in the phase upconversion. The EDSM is tunable for the center
frequency as |l ong as it satisfies Nyquistoeos
greater than twice the center frequendyerefore, since the sampling frequency is 6 GHz, the
center frequency must be less than 3 GHz. In the other pathhase idigitally upconverted to

the center frequency and then the values are quankieethe quantizeof the phase patithis

work employs the use of 1 anti for simplicity. The modified envelope and phase are

recombined agaito form the desired RF signal

3.3. Transmitter Design

The transmitter of the dual band-@AM 20MHz LTE Radio-overFiber system is kept
simple. Two LTE signas are created and undergo EDSM matched to their carrier frequencies.
This allows for optical noise shaping. The setup is illustraté&dgiare 3-6.
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Figure3-6: Block Diagram bProposedTransmitter

The general structure consiststhe LTE block componenend twol-bit envelope
deltasigma modulatorsTwo baseband (BBI.TE signals with 64 QANare designedFor each
signal, abit stream first undergoes QAM modulation where ltits are organizedto
constellations. Specificallgrey codings implemented Next,orthogonal frequency division
modulation(OFDM) mapsthe QAM symbolsonto orthogonal subcarrieusing Fast Fourier
Transforms (FFTYY8]. Afterwards,Inverse Fast Fourier Transform (IFFT) transfortines

subcarriers back into the time dom§ig].

Oncethe BBLTE signalis acquired, the signal undergoes EDSM. As discussed
Chapter3.3, the signal is changed from its complex coordinates to its polar coordidates.
upsampler changes the envelope sampling frequency from 30.72 MHz to 6 GHz.sdhmeig
signalundergoes BIDSM according to the specified carrier frequency. D&M will spread
the quantization noise away from the band of interest in preparation for the phase. The phase of
the LTE signal igigitally upconverted to the same carrier frequency as the corresponding DSM.

Post upconversion, a quantizer changes tias@ signal to 1 and.
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After both the envelope and phase finish their individual processing, a multiplier rejoins
the two parts and outputs an RF LTE signal centered a the specified center frequency. The

second LTE signdbllows the same process, bot fa different frequency.

The two carrier frequencies are selected from two different LTE bartuis indicates
that theinterbandCA arrangement will be applied. The two component aaraeecombined

into one concurrent instance using an adding bldddw, the signal is readypr transmission.
3.4. Radio-overFiberDesign

TheRadio-over-Fiber elements are easily combined with the transmitter sétughe
control station, the transmitter designGhapter3.3is combined withan optical transmitter. At
the base station, an optical receiver processes the signal and feeds to electrical components.
optical fiber connects the two statiorfsigure3-7 depicts the RoF transmission design.

Baseband Unit Remote Radio Head
r--r—-r———""""""""™"™"™"™"™"™"™"™"™"™/"™/"™"/7"7/ /7777 =~ | e s e S e 1
: Generate BB LTE | | }

,,,,,,,,, | |
il | | \
I Bitstream | g » OFDM l » EDSM ! ! ‘
(! QAM | I I \
I | | |
| | @ i i
| . | | cev | |
: Generate BB LTE EOC L ) OEC  [—» BPF b *‘

L L i e ] ]

il | | |

I | sitstream [»] % 1o] oFom [s| EDSM ! I ;

: QAM ‘ : | }
I

| ‘ | | |

| | | I

Figure3-7: RoF setup with EDSM integration

After the concurrent RF signal is produced, an elegptic converter transforms it to the
optical domainln the EOCthe signalirectly modulates the lasef.he newly deeloped optical
signal is transmitted along a single mode fib&t.the receiverthe opticelectro converter
accepts the optical signal and transforms it back into an electrical sAyphiotodiode performs
this function. Theeacquirectlectricalsignal is demodulated and recovered by a digital signal
processing unit if being examined. However, for full transmission, the signgdl be filtered
by a bandpass filter (BPIF¢covering the analog component amdplifiedby a PAfor wireless

transmission A circulator would send the signal to an antenna.
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Chapter 4. Simulationof Concurrent Dual BanEnvelope

DeltaSigma ModulatiorRadicoverFiber

In co-simulation,MATLAB , Simulink and VPIphotonicsreate the simulation designs
and result$o demonstrate the cootled functionality of the proposed system. The signal,
modulation and recovereperformed with MATLAB and Simulink The RoF design and
optical testarecompletedvith VPIphotonics. The design uses a single and dual baqQA84
20MHz LTE signal fotthe various parts. When testing concurrent dual band compatibility, the
carrier frequencies tested are 2.112 GHz from LTE band 1 and2i84rom LTE band 7. The
resultsareevaluated using the constellation diagrams and corresponding EVMs. When
evaluding the system, EVM readings are taken afte®BR€ODSM/EDSM (befoe the laser) and

after thetransmission
4.1. SimulationDesign

For the simulation, the general process is outlined in the flowchart below.

Generate
LTE I:> DSM/EDSM DFB Laser Fiber PD DC Blocker Recovery
signal(s)

Figure4-1: Simulation setup flowchart

The blue portion of the flowchart represents the DSP module., therereatiorand the
modulationof the signalreperformed. With MATLAB, the LTE signal is designed by creating
a bit stream. Using the QAM example the MathWorks websit@9] as a guide, the bit stream
is mapped into binary groups and changed from binary to integaesbuiltin QAM
modulation functiorprocesses these integersrbgpping withgray coding according tde
constellation size, M. This creat@sM-QAM signalwhereM = 64 or 6 bits per symbol After
QAM modulation, the array is applied to the birltorthogonal frequenegivision multiplexing

(OFDM) modulator Figure4-2 shows he stages of the BB LTE generation.
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Figure4-2: Generation of the Baseband LTE signal in MAT {fAdn [48])

In OFDM, the signal carriers are transformed to being orthogon&kagiaFourier
Transforms (FF$). OFDM allows for no crostalk due to orthogonal properties of the carriers
and consequently, the carriepaeation can be smallThe signal is split into N low rate signals
where the channel delay is smallean the symdl duration[50]. Three type of OFDM
subcarriers exist: data, pilot and n@0]. Since this is a 20MHz signal, LTE standards need to
be followedfor OFDM application. The number of occupied satviers is 1200 plus a DC
subcarrier and they are spaced at 15 kHz in a 2048 BiZEf#17][51]. Table4-1 summarizes

the LTE standards implemented.

Table4-1: Summarization of LTE Standards for 20 MHz @\Wm [47])

LTE Standards

Channel BW 20 MHz
FFT/IFFT size 2048
Number of Resource Blocks 100

Number of Occupied Subcarrier{ 1200

Sample Rate 30.72 MHz

Subcarrier Spacing 15kHz

Pulse shaping is performed in the OFDM via a squarereastd cosine filter.
Additionally, a cyclic prefixof 14is added to the newly transformed signal. Afterwards, the
inverse fast Fourier transform (IFFT) clogs the 2048 FFT vector to a time domain signal for

sending through the channel. Through these steps, an OFDM signal is designed.
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In order to be a propa@nd usable TE signal, the OFDM signal must be upconverted to
become a radio frequency (RF) sign@ihe upconversion will depend on the method of DSM

applied. Two different scenarios are used:-BSM and EDSM.

For a basic BIDSM, the signals directly upconverted after OFDNRigital
upconversion involveshe BB LTE signalbeinginserted into a zerolfed array at the array
index repesenting the center frequencihe process is performed in the frequency domain
where the BB LTE signal is called the FFT vectdhe sages are representedrigure4-3 to
Figure4-5.

15 kHz

.

S R «— empty

Figure4-3: Empty RF vector

The RF vector begins as a zero filled array represeat@Hz signal. Figure4-3 illustrates
how the arrays divided intol5 kHzsubcarriers. Based on tbesiredcenter frequency, the
startingsubcarrieiin the RF vectofor the BB LTE signais:

i 00O b ROBROI HQ+— f

where NFFT is the size of tid-T. With this known subcarrier, the FFT vector can be inserted

into the RF vector as illustrated kigure4-4.

Empty RF Vector 15 kHz occupied
pty o

|
6 GHz 1 : 2048

haee P

Figure4-4: Empty RF/ector with fc point marked ad FFT vector

Figure4-4 shows the empty RF vector with the carrier frequency marked and the setup of
the FFT vector.As shown inTable4-1 and inFigure4-4, the 20 MHz LTE signal has FFT of
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2048 where each subcarrier is 15 klmce the starting poiitas determined, the FFT vector is

placed into the RF vectasubcarrieby subcarrier Figure4-5 shows the finished RF vector.

1 2048

0 T 6 GHz

Figure4-5: Complete RF VecterFFT vector inserted into Restor

As seen irFigure4-5, the remaining RF subcarriers remain zehfter the points are inserted,
the RF array is changed back to the time domaimwvierse fast Fourier transfornrNow, the RF

signal is ready for B®DSM.

The BRDSM accepts the RF signal from the MATLAB code gmdcesses in
Simulink. Figure4-6 shows the block diagram of the signal processing.

From . . To
MATLAB —+ BF Sl S BP-DSM y RE Signal L+ MATLAB
5 Input Output 5da
Spectrum
Analyzer

Figure4-6: Simulink layout of signal processing

The BRDSM model issetup as a single bif" order CRFB. The DSM toolbox for MATLAB
calculates the coefficients for the layolihe quantizer step size is determinsthg equation
(18)in Chapter3.1 The amplitude max and min values of thputsignal are 0.03459 and
0.00117. This produces an interval value of 0.01788 for the implemented quaRitigee 3-2
in Chapter3.1shows the DSM layout and discusses how the model is s€hgsignal leaves
the BP-DSM and returns to the MATLAB code ready for transmissieigure4-7 a) and b)
showan example the RF signabefore BRDSM and after.
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Figure4-7: RF signal in frequency domaia) Before BFDSM and b) After BBSM

The main difference in the two figures is @ddition of he quantization noise and noise

shaping at the center frequendyigure4-7 b) will be the signal used for direct modulation.

For the EDSM case, the upconversion only happens to the phasétparsignal. As
discussed ilChaper 3.2, the BB LTE signal is converted from itsinase and quadrature
components to the polar coordinat&ext, the envelope is upsampled from 30.72 MHz to 6
GHz to match thaipconversion of the phaseéOnce upsampled, ¢henvelope is sent to the
Simulink setup as ifrigure4-6, but this time the signal is basebarkdgure4-8 a) and b) show
the differences compared fagure4-7 a) and b).
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Figure4-8: Envelope of BB LTE Signal) Before BFDSM and b) After BBSM

Thefrequencynotches from the B®SM are visiblan Figure4-8 b). Unlike Figure4-
a) and b), the DC is still at 0 and not shiftédeanwhile, the phase undergoes digital
upconversion by inserting thphase into a RF vector. At first, it follows the same steps from
Figure4-3 throughFigure4-5 except the FFT vector is the phasstead of the whole signal
Once the RF vector is designed, a quantizer quantizes the upconverted phase to valueis of 1 or
The quantized value is joined with the outpoif the BPDSM to create the RF signal for

transmission.Figure4-9 exhibits the EDSM output in the frequency domain.
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Frequency (GHz)

Figure4-9: EDSM output in frequency domain

The EDSM output iffers from the BPDSM output from the additionabpies of the
center frequency. The copies are a result of the quantization of the phase. Figpliked-7 b),

the noise shapinig Figure4-9 is not & defined at theenter frequency

After the signal is preparddom either BPDSM or EDSM it is sent to VPIphotonics for
the RoF portion of the system. VPIphotonicsimulationsoftware that allows modeling of
electrical, photonic andptical transmision design. Prbuilt photonic elements are arranged
together to create the RoF transmissibigure4-10 shows the VPIphotonics schematic used.

5 ‘ Spectrum
— >
‘ Analyzer

MATLAB
. . Spectrum
Cosimulation:
Analyzer

Analyzer
Input ¥

0O R S —
J § * N ‘ L Spectrum

DC Blocker

MATLAB
—— Cosimulation:
Output

Figure4-10: VPI RoF block diagm
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In theVPIphotonicssimulationenvironmentco-simulation block are implemented to
run MATLAB. For the cesimulation to workthe signaprepared via MATLAB code must be
packagedn a structureunit for VPI. The structure uses the following paramete Table4-2.

Table4-2: Parameters for VPI Electrical Signal

Electrical Signal VPI Parameters

Sample Rate 6 GHz
Time Grid Spacing p
¢ pTm
Frequency Grid Spacing P
puvpT
Signal Duration (in terms of grid point§ 400000
Bandwidth (in terms of grid points) 400000

The electrical pameters are selected using the original signal parameters. The grid point
amounts are the same sasthe signal being sent from MATLABtVPI. Specifically, the
input cosimulation block opens MATLAB and runs the code to setup the RF signal for
transmission.Theincomingelectrical signal is directly sent to the laaed becomes an optical

signal. A rate equation laser is used in theadel andTable4-3 displays its main parameters.

Table4-3: VPI Laser Parameters

Laser Rate Equation Parameters

Emission Frequency 193.55 THz

Sample Rate 6 GHz
Power Norm 6 mW
Bias to Threshold 4

Modulation to Threshold| 1.3

The sampling ratdéom Table4-3 is kept the same across the entire RGH setup. Power

Normisthd aser 6 s out put p o Whkerbiasto tlireshold theratioofbiae s our ¢
current to threshold currerdifferent ratios of ias to thresholdretested. A ratio of 4s found

to produce the best outputinally, the modulation to threshold is the ratio of the current

modulation amplitude and threshold curreihe ddault valueis implemented.
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The optical signaproceeds over a standardrd single mode fiber (SMF)The fiber

uses the prset values in VPI.Table4-4 shows the parameters.

Table4-4: VPI Fiber Parameters

Single Mode Fiber VPI Parameters

Length 2km
Attenuation 0.2x10° dB/m
Dispersion 17x10° s/m"2

Dispersion Slope | 0.08x10° s/m"3

Non-Linear Index | 2.6x10%° m"2/W

After the fiber, gphotodiode block receives the optical €ijto convert back to an

electrical signal.A general PIN photodiode is applied with responsivity of 1 A/W. Néxt, t

electrical signal goes through a DC blocteremove the DC content. The output signal is

displayed on an oscilloscope aseht backd MATLAB through aco-simulationblock for

recovery Figure4-11a) showsan example of the signbkfore the laser arféigure4-11Db)

showsit after the DC blocker.
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Figure4-11: a) Signal from MATLAB before laser and b) Signal after DC blocker in VPI

The signal before transmissionkigure4-11a) shows a clean single sided output. It
matches one half of the MATLAB DSMutput Figure4-7 b)). Although, the power is different
from the two plots due to the VPI settingsfter transmission, the signal suffers a considerable
power loss. However, the recovery of the signal in MATLAB can accommaldatchange.

Once the RF signal has returned to MATLAB, the transmitter steps are reversed.- If a BP
DSM was applied, the signal is filtered based on knowing the transmitted center freqlieacy.
received RF vector has the FFT vector extracted usingnitwen positions from insertionAfter
obtainingthe LTE signalphase correction is appll. The phase correction is for fixing the

rotation from the phase delay experienced.

Alternatively, for EDSM, the signal needs to be converted to its polar cabedifor
recovery. The envelope is desampled from 6 GHz back to 30.72 MHz while the phase is
downconverted. Thphase FFT vector is filtered using the known center frequency. Once
obtained, the envelope and phase are changed back to their Cartesiarate® The same

method of phase correction is applied as theDEIM scenario.

Next, the recovered LTE signal undergoes OFDM demodulation using thénbuilt
MATLAB function. The demodulator is created using the original OFDM modulator. The

resultingsignal is the recovered version of the @AM signal. With the recovered 63AM
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signal, the EVM is calculated. The EVM is a measure of error between the original signal and an
altered version. Additionally, constellation diagrams are constructed hsitggd QAM signals.

The diagram provides a visual representation of the constellation before and after transmission.

In the following result sections, the EVM and constellation diagrams are the main source

of evaluation for the performance of the progbsetup.
4.2. Optimal Delta-Sigma ModulatiorOrder

In order tounderstandhe effects of th®SM order on the EDSM results, three orders of
BP-DSM aresimulated. The orders wer8?24" and &". As previously stated, as the order
increases, the stability Wsuffer in basic scenariosAlthough with the setup of the EEM, the
input will degrades lessThe fourth order BEDSM model is presented Dhapter3.1and its
layout is shown irFigure3-2. TheotherCRFBmodelsaredesigned in Simulink Figure4-12

shows the %' order model implemented.

bl b2, b3
“gle (out)
l 3 -
O Bl e [ B o I o c2 o—rit _T ]
- z-1 - i | *
[ Integrator Integrator Quantizer
al /-a2

S

Figure4-12: 2" order CRFB BBSM structure(from [12])

The second order model igure4-12is a basic BFDSM with the coefficients
determinedusing theMATALB DSM toolbox in the same wags the #. Unlike the fourth, the
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2" order model has one resonator built with two integsaand a feedback path. Additionally,
the model contains f2edback loops performing the least amount of noise shaping among the

tested models.

In contrast, the sixth order BPSM performs the most noise shaping with 6 feedback

loops. Figure4-13 shows the entire layout of th& 6rder model.
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Like the other BFDSM models, the coefficients féigure4-13 are created with the
MATLAB DSM toolbax [12]. Since it is sixth ordethe design contains 3 resonators where
each has 2 integrators and 1 feedback loop. Despite having the most nuiisg, sha & order
model is the most susceptible to linearity issues.

The threeBP-DSM models were implemented into EDSM setups and combined with the
VPI schematic Figure4-14 shows the different BIDSM order integration.
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Figure 4-14: Order of EDSM test setup

The bolded green BBSM in Figure4-14represents the changing structure for the order
tests. A variety of inputLTE signalswith 64-QAM modulatian areevaluated First, a single
carrier LTE signaht 2.112 GHz is usedlThe EVMis measuredt two points: after the EDSM
and aftetransmission Table4-5 summarizes the EVMs for each order.

Table4-5: EVM Results for 2.112 GHz LTE signal with EDSM

Order| EVM after EDSM| EVM aftertransmission

2 3.8791 4.0301
4 3.5543 3.5545
6 3.5353 3.6488

As the order increases, the EVM decrease&ept in one scenarid hechange between
the fourth and sixth order is very minimal after the EDSM while the chideye=en the two

after thetransmissions largerand in reverse The EVM results are illustrated using
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constellation cagrams. The original 6@AM spread is compared with the reeced QAM
signal. The diagrams for th&%rder EDSM are presentedfigure4-15a) and b).
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Figure4-15: Constellation diagram plat for 2 order EDSM with 2.112 GHz LTE signa) after EDSM and b) after
transmission

Examining the plots ifrigure4-15, the error change from a) I is subtle. According to
the EVMs, the difference is 0.105%.the fourthorder plots, the change in EVM before and
after the optical componentsalmost zero Theexact valuas 0.00026. As a resultFigure

4-16 a) and b) are almost identical
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Figure4-16: Constellation Diagram plots fororder EDSM with 2.112 GHz LTE signa) after EDSM and b) after
transmission

Despitethe similar EVMs before and after transmission, a slight change should leave be

observed irFigure4-16 b) due to error from the optical component$e expected pattern

returns for the B order scenario iffigure4-17 a) and b).
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Figure4-17: Constellation Diagram plots for'sorder EDSM with 2.112 GHz LTE signa) after EDSM and b) after
transmission
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Compared to the"2and 4" order results, the™6order plots have the least amount of
error. Figure4-17 a) has the recovered points closer to the positions of the orighABGAL
The EVM change betwedfigure4-17 a) and b) is 0.0958%.

Next, another single carrier LTE signal is used, but &t &H8z. The EVMs measured
at two points: after the EDSM and after trensmission Table4-6 summarizes the EVMs for

each order.

Table4-6: EVM Results for 2.64 GHz LTE signgh &wiDSM

Order| EVM after EDSM| EVM aftertransmission
2 4.1751 42907
4 3.5592 3.8824
6 3.4384 35014

In comparison to the single carrier 2.112 GHz signal, the EVMs for the second and fourth
order EDSM are higher for the 2.64 GHz sigriabr the sixth oder EDSM, the EVMs of able
4-6 are lower than the valuesTable4-5. Like the previous case, the sixth order produces the

loweset EVMs at both evaluation points.

The constellation diagranier each oder observed a slight change in errdhe
following Figure4-18 throughFigure4-20 display the constellation after the EDSM and after
transmission The second order EDSM constellation diagrams asemied inFigure4-18 a)
and b).
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Figure4-18: Constellation diagram plots for™ order EDSM with 2.64 GHz LTE signa) after EDSI and b) after
transmission

The difference betweeafter the EDSM and aftéransmissions small. Some of the
constellation points have larger distances from the main pointexdetchange in error is
0.1156%. Compared to the fourth order resufig=igure4-19for 2.64 GHz, theptical

componenthaveless impact on the signal witfi%rder EDSM.
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Figure4-19: Constelation diagram plots for X order EDSM with 2.64 GHz LTE signa) after EDSM and b) after
transmission
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Despite the visuaimilaritiesbetweerFigure4-19 a) and b), a high difference in error
exists. he EVM increases 0.32% after transmissionDespite this increase, the final EVM is
still less than theecond order EDSM, but higher than the sixth order EDEigure4-20a) and
b) show the improved constellation diagrams.

4 6 4 2 0 2 4 6 8 4 € 4 2 0 2 4 & 8
in-phase Amplitude In-phase Amplitude
a) b)

Figure4-20: Constellation diagram plots for'®order EDSM with 2.64 GHz LTE signa) after EDSM and b) after
transmission

The sixth order EDSMhasvery little change betwedfigure4-20a) and b). The optical
transmission introdus®.063% errokeeping the two different constellation diagram outputs
nearly identical.

Finally, theconcurrentlual band LTE signas tested with different ordered ENS.
The two carrier frequencies usae2.112 GHz and 2.64 GHz. When evaluating the dual bands,
the individualfrequencyis examined. Similar to the other signal®e EVMis measured at two
points: after the EDSM and afteansmission Table4-7 presents the EVMs for each order and

the first band, 2.112 GHzvhen sent as a dual band signal.
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Table4-7: EVM Results for Dual Band LTE signal with EQ8/éind 1

Band 1: 2.112 GHz

Order| EVM after EDSM| EVM aftertransmission
2 4.5097 4.7846
4 4.3358 4.3928
6 4.233 4.2966

When evaluating the EVMs, the valugésefor all orders and reading points during the
dual band case. The second order EO®lsthe largest susceptibility error compared to the
fourth and sixth order model&igure4-21 a) and b) show the constellation diagrams for EVMs
of 4.5097% and 4.7846%.

84 6 4 2 0 2 4 6 8 4 6 4 2 0 2 4 6 8
In-phase Amplitude In-phase Amplitude
a) b)

Figure4-21: Constellation diagram plots for" order EDSM with dual carrier LTE signal:
Band 1¢ 2.112 GHz a) after EDSM and b) aftéransmission

The recovered points iaigure4-21a) and b) are more soatéd than the points Fgure
4-15a) and b). This indicates the 2.112 GHz carrier frequency incurred higher amounts of
distortion as a dual band rather than a single band. The same zaitesarved foFigure4-22
a) and b).
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Figure4-22: Constellation diagram plots fororder EDSM with dual carrier LTE signal:
Band 1¢ 2.112 GHz a) after EDSM and Wgfter transmission

Despite the fourth order EDSM producing lovii&rMs thanthe second order EDSM
the dual band case for band 1, the resaristill high. This is reflected ifFigure4-22 a) and b)
Figure4-22Db) in particular is has its points closer to the@4M marking tharFigure4-21Db).
Also, the transmission impact on the EVMaisa low of 0.057% Still, theindividual best results
for this casereproduced byhe 8" order model.Figure4-23 showthesesixth order

constellation diagrams.
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Figure4-23: Constellation diagram plots for'8order EDSM wittdual carrier LTE signal:
Band 1¢ 2.112 GHz a) after EDSM and b) aftéransmission

TheEVM change betweelRigure4-23 a) and b) is minimat 0.0636%making the

difference between the plots difficult tesualize.

For band of the dual band case, the resaltsidentical to band 1Table4-8 displays
the same EVM values dable4-7.

Table4-8: EVM Results for Dual Band L3ignal with EDSM Band 2

Band 2: 2.64 GHz

Order| EVM after EDSM| EVM aftertransmission

2 4.5097 4.7846
4 4.3358 4.3928
6 4.233 4.2966

With 2.64 GHz having the same outputs as 2.112 GHz, the constellation diagrams in
Figure4-24 throughFigure4-26 matchthe previous figures.
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Figure4-24: Constellation diagram plots for” order EDSM with dual carrier LTE signal
Band 2¢ 2.64 GHz; a) after EDSM and b) aftearansmission
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Figure4-25: Constellation diagram plots fororder EDSM with dual carrier LTE signal:
Band2 ¢ 2.64 GHz a) after EDSM and b) aftéaransmission
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Figure4-26: Constellation diagram plots for®® order EDSM with dual carrier LTE signal:
Band 2¢ 2.64 GHz, a) after EDSM and b) aftearansmission

Charting the results nicely illustrates ihgpactof DSM order on EVM. The graphs are
shown inFigure4-27 andFigure4-28. Figure4-27 compiles the first column of EVM®
demonstrat¢he effect of the DSM order after EDSM modulation.

Effect of BPDSM order on EVM after EDSM

Modulation
4.6
4.2 —
S 4 ;
S =—2.112 Single
§ 38 —=2.64 Sing|
. ingie
w36 g
34 2.112 Dual
3
1 2 3 4 5 6 7

Order of Modulator

Figure4-27: Graph of the EVMs changing as the-BBM of the EDSM is increased\fter EDSM

As theorder d the BRDSM increases, the EVM decreases after the envelopedigita

modulator The single carrier frequency signals have lower EVMs than the dual case, but follow
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the same pattern. The change is more significant from orders 2 to 4 than fromAlgo,8he
singlecarriercase is more affectdu the ordethan the duabandcase. The same pattern can

be observed wirethe optical link is included.

Effect of BPFDSM order on EVM after Optical
Link Simulation
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Figure4-28: Graph of the EVMs changing as the-BBM of the EDSM is increased\fter transmission

Figure4-28 shows the decreasing EVM as the order increasefigkee4-27. Here, the
EVM changedetween the ordeerelargerthan inFigure4-27. In the 2.112 GHz single carrier
case, the change froMi%2o 4" order is0.44756% while the 2.64 GHz single carrier change is
0.4083%. However, the chanigenot as significant fromto 6" order DSM. The error
actuallyrises0.0943% for the 2.112 GHz carriefhe 2.64 GHz carrier followtfie same pattern
in the 2%to 4" order case for2to 6" by decreasing the error of 0.381%. As for the dual band
case, the EVM lowarby 0.0962% when increasing the order from fotiotkixth. With the
exception of the 2.64 GHz single carriall signals saw the most impact when switching from
the 2%to 4" order models.Overall, theanalysis of the EVMs after the EDSM demonsséte
improvement in the EVM with a higher order th2. Despite the  order model producing the
best result$or all scenarios except ondet4" orderBP-DSM is selecteds it has lower

complexity and can provide EVM improvements.
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4.3. Single CarrieBandpas®eltaSigma Modulation Radio

overFiber

To conpare the changes among the single and dual case aBB-D8M versus EDSM,

the shgle carrieBP-DSM RoFis simulated. Figure4-29 shows the general layout

Baseband Unit Remote Radio Head

e T i T T T
I I I J
I I I :
!'| Generate ] @ ; SPLIATER i
: ITF - BP-DSM » Laser : : PD —> ‘ — " Recovery |
i | signal : I DC Blocker :
I I

| |
I | ! |

Figure4-29: Single @rrier BRDSM RolSetup

First,asingle carrier LTE signal is generated in MATLAB at either 2.112 GHz or 2.64
GHz using the parameters frofable4-1. Since BRDSM is being used, the signal is
upconverted beforenteringthe DSM The4™ orderCRFB BRDSM in Figure3-2 modulates
the signal before sending to the laskiis centered at thepecified center frequency for ideal
noise shapingThe output from the DSM is a digital signal with the quarntizeise shifted
away from the carrier of interesRunning the VPIphotonics simulation kigure4-10,
MATLAB is initiated to design the signal. Wén the signal is setup, it is sent directly to the
direct feedbackasermodule. The laser creates an optical signal to be sent alongkire 2
standard single mode fiber. At the base station, a photodiode block receives the signal and
changes it back to an electrical signal. Afterwards, the signal passes through a DC blocker to
negde the current. iRally, the signal returns to MATLAB for recovery as describe@lapter
4.1

The next two sections examine tiesults of the 2.112 GHz signal and 2.64 GHz signal
when combined with the DSM RoH.he signad are measured in terms of error vector
magnitude and illustrated using constellation diagrafms.64QAM LTE signals, the EVM

needs to be less than 8%.
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4.3.1. 2.112GHz LTEBandpas®eltaSigma Modulation in

RadicoverFiber

This sectionevaluateghe first LTE signal band, 2.112 GKHwith BP-DSM RoF To test
the DSMwith the single carrieithe signal constellation diagram of the modulated signal is
compared with its ingt. The signal is evaluated at two reading points: after tAB8#M and
aftertransmisson. The constellation diagrafor thesignal after the BEDSM is shown in
Figure4-30.
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Figure4-30: Constellation diagranof 2.112 GHz signal after HPSM

The constellation poistfor the recovered signal in yellow are almost identical to the
original 64QAM layoutin red The correspondingVM is calculated a.468®%0. The impact
of the BRDSM issmall After the optical link, the error only slightlyéneases as seenhigure
4-31.
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Figure4-31: Constellation diagramof 2.112 GHz signal aftéransmission

The yellowpointsof Figure4-31 are morghan inFigure4-30. The corresponding EVM
is 1.01724 indicating the error rose 0.5491%6m the optical components. Since the error is

lower than 8%, the signal setup satisfies the LTE conditions.

4.3.2. 2.64 GHz LTEBandpass Delt&igma Modulation in

RadiocoverFiber

This sectionevaluatesecond band, 2.64 GHz, with B’PSM RoF. The BRDSM in this
case igentered for 2.64 GHzSimilar to theChapter4.3.], thesignal constellation diagram of
the modulated signal is compared withinputat the two evaluation mark$igure4-32

illustrates he constellation diagraafter the BPDSM.
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Figure4-32: Constellation diagranof 2.64 GHz signal after BPSM

The reeovered constellation for the 2.64 GHz signal nearly matches the original.
EVM is calculated a6.4680% like the previous signal. However, the optical link has slightly a
larger impactvith the second band~igure4-33 shows the constellation diagram for after

transmission
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Figure4-33: Constellation diagranof 2.64 GHz signal aftéaransmission

Figure4-33 has more defined yellow error points tHagure4-32. The corresponding
EVM is 1.458306. The EVMincrease®.9903% after the BBSM, butit still keeps well below
the LTE standard.
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4.4. Dual CarrieBandpass Delt&igma Modulation in Radio

overFiber

In this part the two lands, 2.112 GHz and 2.64 GHz, are combined imtmnaurrent
setup Figure4-34displays thedual carrier BFDSM RoF layout.

Baseband Unit Remote Radio Head
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Figure4-34: Dual CarrieBRDSM RoF Setup

In the duaband setup, two BBSMs are employed in parallel for eazdrrier The
signal is designed by first crigag each individual band. The steps are highlightedhapter
4.1 Once each signal is built, it passes through thesponding BP deltaigma modulator.
The same BIDSMsareimplemented for the single carrier case€mapterd.3. The signal
becomes a digital output with noise shapfimogn the DSM Afterwards, he two modulated
signals & added together to create the concurrent LTE signal.

To simulate the RoF portion &igure4-34, VPIphotonics is implemented. The same
schematic inFigure4-10is applied. Herehe MATLAB code is infiatedfrom the VPI
environment and VPI uses the outfroim MATLAB as the incoming signalThe signal directly
modulates the laser and becomes an optical signal. It trakeisafong a standard mode fiber
before being received by a photodiode. Aftaxdgaa DC blocker removes the current from the
signal. Finallythe recovery is performed in MATLAB to examine the state of the transmitted

signal.

For evaluationthe signal constellation diagram of the modulated signal is compared with
its input. The onstellation diagrams for each band after thelEBM are showrrigure4-35.
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Figure4-35: Constellation diagramof a) 2.112 and b) 2.64 GHz si¢mafter BRDSM

The recovered constellation after the-BBM has low error for each band. TheM¥
calculated are &).5146%6 and b)0.45636. As a concurrent signal, tB&/M after the BPDSM
for 2.112 GHz is higher than when as single carrést, whenthe 2.64 GHz carrier is sentin a
dual band setup, the EVM after the-BBM is lower. After the optical link, the error increase
much more than the single band c&3gure4-36 shows tle constellatioroutputs for the dual

bandcase.
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Figure4-36: Constellation diagram o&) 2.112 and b) 2.64 GHz signals afi@nsmission
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The error in the constellation diagrams is well defineBligure4-36a) and b). Fothe
first band, 2.112 GHzhe EVMrisesto 3.0404% andfor the second band, 2.64 GHzriges
5.396%%. The high degradation of the second band is likely from alignment issuéisnamgl
jitter. The error change wgery significant compared to the signal band casasds2.5258% for
band 1 and 4.9402% for band Respite being high values, the EVMs satisfy the LTE
requirement for 64QAM LTE signals.

4.5. Single Canrer EnvelopeDelta-Sigma Modulation in Radio

over-Fiber

In contrast to setups i@hapterd.3and4.4, envelope deltsigma modulatioms used in
place of BPDSM for the simulation Specifically, this section examin#ése single carrier LTE
signalswith EDSM RoF. Figure4-36 shows a block diagram of ti@plementedsetup.
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Figure4-37: Block diagram of Single Carrier EDSM RoF

As discussed i€hapterd.], the baseband LTE signal is generated first for EDSM. In
MATLAB, the bitstream is generated using 8tages ofigure4-2 and the parameters irable
4-1. Once generated, the signal is conwtteits polar coordinates to follow tiégure3-5
block diagramn Chapter3.2 The envelope igpsampledo match the digital upconversion of
the phase. Next, it travels through tffeotder BRDSM in Figure3-2 for noise shaping
specified at the carrier frequency. Meanwhile, the phase undergoes digital upcoragrsion
explained inFigure4-3 to Figure4-5. After the \ector is designedhe phase signal is quantized

to values of 1 andl. The two parts are multiplied together to create an RF LTE signal.

Like the previous test cases, VPIphotonics controls the RoF portion of the Satip.

output of the EDSM is obtaideby the cesimulation module in MATLAB running the

69



corresponding code and extracting the final output. The RF EDSM LTE signal directly
modulates the laser instance which produces an optical signal. This signal travels aldag the 2
single mode fibeto a photodiode where the signal reverts back to an electrical signal. The
recovered electrical signal passes through a DC blocker module betfor@ngto MATLAB

for recovery and evaluation.

The following two subsections discuss thsults of single gaer signals with EDSM
RoF. Two carriers are evaluated: 2.112 GHz from LTE band 1 and 2.64 GHz from LTE band 7.
Error vector magnitudes are used to measure the signals at two stages. First, the signal after the
EDSM is compared with the original andeafvards, the signal afteransmissions compared.
Constellation diagramfer each stage are also presented. Like the DSM cases, the EVM must be
below 8%.

45.1. 2.112GHzLTE EnvelopeDeltaSigma Modulation in

RadiocoverFiber

The first scenarievaluates heo a single carrier, 2.112 GHz, signal functions with a
EDSM RoFE To test théunctionality of theEDSM, the signal constellation diagram of the
modulated signal is compared with its inplihhe $gnal is measured at two points: after the
EDSM and aftetransmission Figure4-38 shows the constellation diagrashthe signahfter
the EDSM.
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Figure4-38: Constellation diagramof 2.112 GHz signal after the EDSM

Unlike the constellatin diagrams after the BBSM, the recovered constellation
Figure4-38 depicts moralefinederror. The correspondirigVM is calculated a8.5543%.
This is over 3% more compared to the-BBM test inChapter4.3.1 After the optical link, the

error only slightly increases as seerrigure4-39.
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Figure4-39: Constellation diagranof 2.112 GHz signal aftéransmission

Figure4-39is not much different fronkrigure4-38. The optical components do not have

the same impact as the previous signal setlips. corresponding EVNbr the recovery after
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transmissions 3.5545%. Thechange between the two EVMs is 0.0002%. Despite being higher,
theEVM still is below the LTEcut-off of 8%.

4.5.2. 2.64GHz LTEEnvelopeDeltaSigma Modulation in

RadiocoverFiber

The second case evaluates how a single carrier, 2.649@jdal works with EISM RoF.
The functionality of the setup is assessed by comparing the constellation diagram of the
modulated signal with its input. The signal is examined after the EDSM anttaftemission

Figure4-40 provides the consteliain diagram of the signal after the EDSM.
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Figure4-40: Constellation diagranof 2.64 GHz signal after EDSM

Similar to the previous single carrier cas
constellations visually apparent ikigure4-40. Using the recovered signdghe EVM is
determinedas3.55926. The error is slightly higher than the 2.112 GHz sigAdier the optical
link, the error increases a little more than the jonev case. Theorresponding constellation

diagramcan be seen iRigure4-41.

72



-9

\8]

)

Quadrature Amplitude
o

IS

8 6 4 2 0 2 4 6 8
In-phase Amplitude

Figure4-41: Constellation diagramof 2.64 GHz signal aftéransmission

The difference betwedrigure4-40 andFigure4-41is difficult to identify. Comparing
the two figures, the recovered constellatiofrigure4-41 has nearly identical positioning.
Neverthelessthe coresponding EVM i8.8824% indicating a change of 0.3232%he 2.64
GHz carrier suffers more from thiadio-over-Fiber parts than the 2.112 GHz carrier. Yet, it
still has better resistance to the optical link than single carridd8®M RoF where the EVM
increased 0.9903%. The final EVM meets the 8%oéut

4.6. Dual CarrierEnvelopeDeltaSigma Modulation in Radio

over-Fiber

The final simulation evaluation is testing dual baafithe previously used signal carriers.
2.112 GHz and 2.64 GHz are combined atooncurrent signal after individual EDSM
processing.Figure4-42 shows the block diagram of the dual carrier EDSM RoF.
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Figure4-42: Dual Carrier EDSM RoF block diagram

The duaband EDSM setup is an extensiorFigure4-37. An extra BB LTE generation
path is included in the setup for the second carrier. The same s@pspterd.5are used
except for the addition of thevo signals before directly modulated the lasEne RoF path from

the laser to the recovery is identicalbapter4.5, but now with dual carriers.

Measuring the EVM of the recovered signal after the EDSM andtedtesmisgon
provides an overall evaluation of the performance of the setup. The two carriers following inter
band CA are 2.112 GHz and 2.64 GHzgure4-43 provides the constellation diagram for both
carriers after the EDSM.
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Figure4-43: Constellation diagramof the 2.112GHz and 2.64 GHz signal after EDSM

The yellow points are spread out from the mairl¥M (red) inFigure4-43. The EVM
for each carrier aftahe EDSM ighe same a4.33586. This EVM is the highest value among
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all the simulated resultg-ortunately, like the other EDSM cast® error only slightly

increasesfter the optical linkas seen ifrigure4-44.
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Figure4-44: Constellation diagramof the 2.112GHz and 2.64 GHz signal aftansmission

The constellatioffior the recovered signal Figure4-44 does not change much from
Figure4-43. The EVM for both bands afteransmissions calculated ag.3928%6. The
difference between the two checkpoints is 0.057%. This value is much lower tha#%he 2
change observed i@hapted.4with dualcarrier BRDSM RoF. The 2.112 GHz carrier in the
dual carrier BFDSM has a lower EVM than the EDSM scenario dft@nsmission Conversely
the 2.64 GHz carrier has a higher EVM than the EDSM setupteftesmission Overall, the
dual band EDSM RoF prides more resistance to the inclusion of the optical link than dual band
BP-DSM RoF.

4.7. Observations

Based on the simulatedsults, the EVM values satistiye LTE requirement of less than
8% for 64QAM with 20 MHz BW. Nonethelesssome perfornbetter tha others. When
looking at the error after the modulation, the-BBM hasbetterEVMs than theEDSM setup.

Table4-9 shows the comparisons of the EVMs after the egtyana modulation.
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Table4-9: Summary of EVMs measured after /M or EDSM

Type of Signal After BP-DSM | After EDSM
2.112 GHz LTE signal 0.46800 3.5543%
2.64 GHz LTE signal 0.46800 3.5592%
Dual band LTE Signal: Bandi12.112 GHz | 0.5146% 4.335%%
Dual band LTE SignaBand 2i 2.64 GHz | 0.4563% 4.335%%

The EDSM addconsiderable error to the signal for all signals simulated. When
examining the transmitter side only, the-BBM outperforms the EDSM setup in terms of EVM.

However, it does not take into account thesotbenefits the EDSM setup brings.

After the optical link or RoF addition, the performance results become more complicated.
In the single carrier cases, the-BBM outperforns the EDSM with EVMs. In the dual band
case, the EDSM setupspond betterthanthe stadalone BPDSM for transmissionThe results

are summarized imable4-10.

Table4-10: Summary of EVMs measured afteansmission

Type of Signal With BP-DSM | With EDSM
2.112GHz LTE signal 1.017206 3.5545%
2.64 GHz LTE signal 1.45830 3.882440
Dual band LTE Signal: Bandi12.112 GHz | 3.0404% 4.3928%
Dual band LTE Signal: Bandi22.64 GHz | 5.3965% 4.3928%

At first glance, the signals ihable4-10 generally produce lower EVMs with a
standalone BI®DSM than EDSM.Yet, it is important to note the influence of the RoF
components on the EVM after the DSM. In gtandalone BIDSM dual band caséheerror
risesto 3.04% and 5.39%er band 1 and band Bespectively Band 2 suffes more due to
alignment problemsin the EDSMdual band caseéheEVM only increase$rom 4.3358% to
4.3928%. This corresponds to a change @5 7% instead of 2.5% and 4.8%his is a
significant addition of errofrom trangnission Also, the single band casts BP-DSM have
larger changes in EVM over their EDSM counterpaFsr the BPDSM, the 2.112 GHz carrier
EVM increasedy 0.5491% and the 2.64 GHz carniesesby 0.9903%. Contrarily, for the
EDSM, the 2.112 GHz caer EVM increass0.0002% and the 2.64 GHarrier EVM increase
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0.3232%. The higher 2.64 GHz EVM may be from the use of a higher frequienggneral,
the adaptation of thEDSM in the simulations providesronger resistance against the RoF

elementsand producemore stable results for the dual band case.

4.7.1. Fiber Length Impact

In theMATLAB and VPI simulations, is found that altering the fiber lengih the VPI
moduleled to an increased error vector magnitude (EVM) is@narios Thisis due b the
dispersion parameters set tostandard single mode fibdn addition, the nonlinear index
parameter of the fiber played a minor role. The valueswarenarized iTable4-4. By turning
on and off these parameters, E¥M would either increase or stay the same based on the

distance.

To test the impact of the dispersion parameters and nonlinear index, a single band LTE
signal with BRDSM RoFis used. The setup and parameters discussétlapter4.1arekept
for the testing. The variables adjustadthe dispersiofD) and nonlinear indef\NL) values.
The dispersiotis eitherzero or its preset vale. The nonlinear index followtke same options.
This producsefour different cases: diersion and nonlinear index at zero, dispersion and
nonlinear index with original parameters, dispersion equal to zero and nonlinear indegeit pre
and dispersion at preet and nonlineagqual to zero.Table4-11 summarizes th EVM

outcomes for each scenario at a variety of fiber distances.

Table4-11: Dispersion (D) and Nomlear (NL) Effects on EVM with varying fiber distances

EVM (%)
Distance |D=0NL=0 |D,NLT7T preset | D=0, NLpreset | D preset NL=0
2 km 0.945 1.4583 0.945 1.4502
6 km 0.9455 3.3958 0.9455 3.326
10km 0.946 5.4714 0.946 5.2992
15 km 0.9467 8.0884 0.9467 7.7574
20 km 0.9476 10.6387 0.9476 10.1356
25km 0.9485 13.0668 0.9485 12.3916
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The EVMs inTable4-11 are measured afteransmissiorfor a 2.64 GHz LTE signal.
When thedispersion and nonlinear index are zero, the fiber distance has minimal impact on the
EVM. Converselywhen both parameters have their given valtiesEVM rises significantly
for larger distances. When the dispersion is zero, but the nonlinear index has a value, the effects
on the EVM are tiny. Alternatively, when the dispersion is on and the nonlinear index is zero,
the EVMs rise as the fiber dsice increases. TH&/Ms are slightly lower for this case than
when both D and NL are set, but the change is not as significant. These patterns can be observed

in Figure4-45. Note: ON inFigure4-45refers to the parameter having its-get value.
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Figure4-45: Simulated results of the effects of fiber dispersion on EVM

Using the graph ifrigure4-45, it is evident that the gpersion parameters have a strong
impact. The EVM discrepancies observed are significant when the fiber length increases. The
dispersiorhasthe most effect on the EVM while the nonlinear indeesnot show muchmpact
on the EVM as the distance incredsAs a consequence, after interpreting the datarderfor

dispersion to have less of an effect, the fiber lergkiept to2 km for both simulation and

experimentation
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4.7.2. Analysis ofFiber Properties

Additional simulations are conducted to understidnedmpact of fiber properties on the
change of EVM due to RoF transmission. Four cases are examined: attenuation only, attenuation
and group velocity dispersiq@®VD), attenuation and the Kerr effect, and attenuatBi) and
Kerr effect. The analysis performed for all the discussed signalfie bands 2.112 GHz and
2.64 GHz are studied.

First, the BPDSM signals arevaluated with the four caseBigure4-46to Figure4-49

depict the results.
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Figure4-46: Change of EVM by RoF transmission for[B&M single band 2.112 GHz
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BRDSM Signal: Single band 2.64 GHz
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Figure4-47: Change of EVM by RoF transmission for[B¥M single band 2.64 GHz
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Figure4-48: Change of EVM by RoF transmission forB&M dual band 2.112 GHz

80




BRDSM Signal: Dual band 2.64 GHz
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Figure4-49 Change of EVM by RoF transmission forB&M dual band 2.64 GHz

The BRDSM signals all follow similar patterns for tkenducted fiber cases. The attenuation
and Kerr effect have no significant impact on the EVM as the fiber length increases. The GVD
displays the greatest influence on the EVM for eéBBHDSM signal. In Figure 447, the EVM
results are significantly higherhen distortion is includethan theother cases. This is likely

due to the center frequency of 2.64 GHz. When the frequency is higher, it is known to have a
higher error rat¢52]. Also, the spacing of 20 MHz has shown to have more error at higher
frequencieg52].

Next, the same calculations are done for the EDSM sidgrigigre4-50 throughFigure4-53

illustrate the effects.
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EDSM Signal: Single band 2.112 GHz
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Figure4-50: Change of EVM by RoF transmission for EDSM single band 2.112 GHz
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Figure4-51: Change of EVM by RoF trangssion for EDSM single band 2.64 GHz
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EDSM Signal: Dual band 2.112 GHz
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Figure4-52: Change of EVM by RoF transmission for EDSM dual band 2.112 GHz
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Figure4-53: Change of EVM by RoF trangsion for EDSM dual band 2.64 GHz

In all the presenteEDSM signalfigures, the greatest influence on the change of EVM is caused
by the inclusion of th&VD. As the distance increases, the error riseshe dual band EDSM
signal, both bands observedwdden spike in EVM after 10km.
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Overall, the BPDSM signals observine largest increase the change oEVM by RoF
transmissiorwhile the EDSM signaldo not see a serious impact in comparisdhe GVD is
themain fiber property that caustree dramati change in EVM for all signals. For all signals,
the graphs follow the same pattern where any case with GVD has a steady error rise. Yet, the

cases without GVIaregenerally flat.
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Chapter 5. ExperimentaNerification of Concurrent Dual

BandEnvelopeDeltaSigma Modulation in Radiover-Fiber

To test the modulated signals and proposed setup, experimental verifisgboducted.
For extended comparison purposes, the single andBfuBISM casesretested to understand
how they stood up to the EDSM variantLike the simulated work, the transmissi®@examined

as proof of concept.
5.1. Experimental Setup

Using a combination of MATLAB and lab equipmetiite experimensetupis

constructed.Figure5-1 depicts the general flowchart thfe experiment.

Generate LTE BP-DSM/ V’?‘/;t\’/'g%?m Optical
signal(s) EDSM Generator Transmitter
Amplifier 1 Photodiode Optical Single Mode
Attenuator Fiber
Amplifier 2 Oscilloscope Recovery

Figure5-1: Experimental Setup Flowchart

Blocks in with blue borders represent the steps performed in MATLR® remaining

blocksarespecific lab equipment used.

Thesingle ordual baad 64QAM 20MHz LTE signal is creadand undergoeBP-DSM
or EDSM inMATLAB . The process follows the same setups outlinedhiapter4.1. For lab
accommodation, theampling rate neede be 10.32192 GHinstead of 6 GHz uskin the
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simulated work Consequently, theector for the RF signal neettsbe a 10.32192 GHz signal
and be divided into 30 kHz sized subcarriestead of the 6 GHz and 15 kHz, respectively

Figure5-2 shows the updated emd®F vector for the signal upconversion.

30 kHz

e

Covvvvnniiiid > 4 empty

10.32192 GHz

Figure5-2: Updated RF Vector for experiment LTE signals

The empty vector only changes in size of subcarriers and the overall length. Thod Rigaye
5-2is divided into 344064 section3he centefrequencies remainnadjustedor the

experiment. e intersecting point to place the ODFM signal into the newly designed RF array
followsthe same method as the simulation, but at a diffexebcarrier sizeNow, the starting

subcarrier for the BB LTE signal is:
i 00l 0 WOBROI HQQ+— 21

where NFFT is the size of the FFAdditionally, with the doubling of the subcarrier size, the
sampling rate of the LTE vector doubles to&lLMHz. The inserting of the FFT vector is
shown inFigure5-3.

Empty RF Vector 30 kHz occupied
pty o

[
10.32192 1 J 2048

ch T GHz \_/

Figure5-3: EmptyRF Vector for experiment with fc point marked and FFT vector

Identical to the steps shownhigure4-5, Figure5-3 demonstrates the insertion step, but with
the experiment parameterBepending on the DSM applied, the upconversion happens either
with an FFT vector of the BB LTE signal or the phase compor@nte the fc starting poiind

86



determined, the FFT vector is placed into the RF vector, subcarrier by subdagiee5-4

shows the updated finished RF vector.

Figure5-4: Fnished RF Vectog FFT vector inserted into RF vectgexperiment accommodation

The finished RF vector dfigure5-4 will either be a new RF LTE signal for the BF¥SM case
or it will be the RF phase component ready to be mudtiplvith the RF envelope for the EDSM
case

The DSMsteps for each case dot change fron€Chapter.1nor doeshe BRDSM
structurein Figure3-2. The onlyparametethatchangess the sampling ratef the BRDSM
due to the increasedte from the lab equipment. Subsequently, the OSR changes to 258 and the
center frequencyatio changes to fc/10.32182 GH¥Vith these updates, the noise transfer
functions are recalculated through the DSM toold® in MATLAB. The coefficients for the
CRFB are also recalculated and populated into a new Simulink madegher DSM rate is not
particularly desired, but no difference to the performasoeticed. After the desired DSMhe

RF signalsarecollected for use in the laboratory.

In the lab, a Tektronix AWG71228bitrary waveform generator (AWG) downloads the
variety of signals for transmission at 10.321%i8a samples per second (GS/She AWG is
capable of transmittingignals up to 12 GS/s and possesses two arbitrary waveform dbjuts
Using a coaxial cable, the AWG transmits the des2@MHz LTE signal into the transmitter
side of a MTEQ 6GHz SCM fiber optic link54]. The average input power from the AWG
into the transmitter is =22dBm. The opticaltransmitteris a direct modulated laser whéehe
receivedRF signals directly modulate the laser currdfigure5-5 shows tle detailedlayout of

the optical transmitter.
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