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Abstract

Gl obal resour a¢l osatgieonnids becoming an i nc
Efficiency is at the heart of a plethora of
consumption in the manufacturing industry,
renewabl e sourcest e omatreeruisalnsg fwaoar alternat.
telecommunications industry I S no di fferen:
ubi quitous and popular due to iIits spectral e
its major drawbat&avagei pewhi ghapieak( PAPR) m
efficiency is compromised.

A review of existing methods for i mproving O
|l ack of innovative techniques for power supp
proposes two unique solutions to innovate ef
Firstly, a novel power supply control t echn
signal amplifiers based on probabilistic an:
an OFDM signal was analysed and optimum swit
max ienitshe efficiency of the power supply. Th
theory of Golomb rulers and perfect differer
l inear rulers to modular to achieve a much ¢
The riesubtdynawitccliialsgvenlul power supply whicl
mai n benefits of Doherty and Chireix ampl i
amplifiers.-GTdampl icfliaessrs tAopol ogy can achieve
compared tre avnp Hiefsiecelhghvel tage supplies.
Secondl vy, a generalised resource management
Utilisation Shuffling Technique (TRUST) to t



and management . The focus for TRUST in this

applied to a wide range of resources, not ne
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Chapter 1
| ntroducti o

1. 1Moti vati on

Thaccel eusad infg wi rel ess communication i n soc
rise in concerns aboutsotthd herswi rtercrhenrotl alg i iem|
main concerns is the amount of power consume

and the associatet@hcarédosnakmi ssgoonsencern und

need for mor e-safvfiingi @ retc hpno weure s .

Despndteadbdvancements in amplifier technology,
ampl i f ipelrast ehaausede ce Mthi ypvearss.al armifmgcgieasnngh
gl obal depl oyment of tel,espemual cptionsheqguodm

rapidly expanding 5Gamdtiwtos ka s snd aiassttadi ca aurmrter

consumpf[j2§® base ,stdaute othos t heir heightened c

demands, necessitate a closer exaf@enatabhyopf
5G stations require more power amplifiers, I
as digital <ciirnrcuwiltlry to control

5G networks are designed to offer faster da

previous generations but the depl oyment of

requires the installation of a vast number o

i ncased energy consumpti Ome amadve esouhicghesag

frequencies means that propagation distances
l.lncrease the number of base stations wit
average.

2.l ncrease the output power of existing bas



3.A combination of both above.

The second option above raises concerns abou
human healash outmiitnsed by the I nter-n@ani Dinragd
Radi ation Prot[e3alndo hHEECNI RP)

I n 2012, the global telecommunications infra
of tot al gl obal energyoRnceoarsumpcecri e@s]) &g mbr en
researchers estimate the contribution of | CT
21% by [BQABThipervasive i nfr é&asatsr urcatiusreed gcroonwct
gl obal |l y i neengvairrdoi nnnge n,t aels piencpiaacltl y wi th the adyv

forthcoming 7G, telecommunications energy ef

Thegrowi ng empehnavsiirsonoment al consciousness an
spurred research into efficiency | mpnoVedéenty
t hoseandé alteaviolny RrFe Ipioavretr, asmpdhi tftessedes bngadcas
medi cal am@@ppmi cidathsdeonasmp !l i fi ers are notorious
power consumption and heat generatiaemgnAlltho
power handl ing, modul ati on capwpabiyl iwtiyt hamd tIh
industries, the daeawmel opmensdéoha®gemenged as

amongmany resdarmrcherps ovihlgered fiicia@ancgmpoundi n

increasing the efficiency of these amplifier
|l eads to reduced active cooling requirements
There are three major benefits to the increa

1.Cost Savings and Reduced Carbon Footprint
Enhaneédtli ctireaaryl ates to kowsumpti on poovert

attractive prospect for users in terms o



foot.pr iHeti ght ened environmeandrapor awar eqnecs
responsibility (CSR) is also increasing t
efficiently and for industries that rely
RF power iasnpla ksiegni fi cant contributing f
costs and environmental i mpact.

.Extended Battery Life

Higher amplifier efficiency can | ead to | c
ti mes, espbrcgapbygyuaml e devices such as m
tablets as well as more specialist appl i
Where | ong operating times are <critical
i mpl ant s, the increased battérys | ihel wait
reliability, safety,oweardheadsaci ng mainten

.Reduced Heat Generation
Generated heat from more efficient amplif
of overheating and causing system damage

el ectronic systems at iadhiogchaelri steedmpsetrraetsusr

l ead to poematiend ure. The | ower heat can

operational |l ifetime of an electronic sy
cooling mechanisms. Active cooling can be
operational c oEsvtesn ipna samnigvyes saearthl ias an appr
sized aluminium or copper heatsi nk, gene
physical space and are not the most envir
case of data centres, where space is ofte
of real estate occupied by passive cool i

operational efficiency.
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er e ar e many advantages and di sadvant ag
|l ecommuni cati ons equi pment gl obally. Be
nnectivity, potenti al for Il ncreased data
cations reducieger Drawbbholde, thewincreased
nufacture and installation, increased ener
evated runni hgandsgas filTam@iumd riirecsr aa<si ng pul

I nitiative drelvde |Boapnekd ibny ctohlel aNoor ati on wi t
|l led the AZero Routine Flaring by 20300 in
me suggests, aims to reduce global flaring

possi bl e 0y @olre eye djndthanisd y rhiatsi dteienme r ecogni

one of the most | ncpoommbtaatn tc liinmantiea tc2h@a2n8g et @ p

the I nternationdgdll.0OBnergy Agency (I EA)

20bj ectives and Approaches

S research primatrhe yefafiimsi e mc ¥ nhéarmmiegubar h
DM signalwhimph idnerwsbi quitous in wireless
hieve this goal, the OFDM signal I's stati
wer supply control sysha&sedopowem!| amp@lti foine
proposed.

secondary objective of the research is to
chnique which could be applied in a mult.i
dustries including telecommunications. The

souUtciel i sation Shuffling Technique (TRUST)

plications and is presented as a generalis



Using MATL AB, stat iGRROM aWwa vaerdaoleynsgeesr f @fr me d z
presermat epdr,obabil it gn (dPeDiis)T & iy ¢ U luasthdadr atcd B ei s e

incoming RF sighat PPBRks$ nf odrenssibgynh @ uisd/isrt g¢ mt |
selectappr wmpuwdlatteege switching | evel s, tail ol
compl exi ty. Thresholding the PDF helps to d
l evel s. -ITdhweelmupdwer supply is dynamically <c
switches and a mME@U)o caosn ttrhoel Iberraiunniotf (t he sys|
the difference between optimum switching thr
guickly diminishes as the number of | evels i
design of the powferrormutplpd yc d mbibreantedriital mat h
perfect difference sets and Golomb rulers toc
a circular (or modular) arrangement with a

efficient I mpl ement @ahé omdemindatapelnr adf om. nev

constructing modul ar Golomb rulers is presen

At hrssteage rmaodwtriyr ¢ul ar Gol omb rul er whereby e
DCDC converter is arrangesd ciomsa Odeirreedoaamehor
enabadmy combination of the three stages to b
thus providing greater f | eTxhiibsi | ti & ¢yh niing upo wceor
applied to other power management afmlei cat i
initial i mpl ementation is a binary composi:'t
di ffeuepoltt avge 7/&yel ol 0% OV for switch off ¢
mat hematics of combinations and permutations

5 6 8 xaQuLQ (1-1)



To facilitate these | evel s, I ndM@W dabl owiwn g
specific combinations through to thewothput
theirdgavea by optocouplers being eoantprual | e

(GPI O) pins on the MCU.

The input signal power envelope can be trac
detector. This i nformation guides adjustment
on the PDF, optimising performance.

Three are some related ar easbiods ema geunlivaetdi oopres e ¢
trackiamnmgd cl ass G andClcalsass sG Hanmgomp Ifiifeiresr shave
l evel s. Classavenamamlag og@iegsohas|l continuously
Both classmesi smi met ®C poweadwastagg the supp
the requior emmeetncch the instantandbhes epawer S en
sophisticated techniques coinciding with or
cont roHamesanpsa bt @ piod -dooowne randompoovMeri ndi wodkal

components based dametrredfyf iyd ell dadcdg power savi

The statistical analysis of the OFDM wavefor
vol tage switching threshol d l evel s, i s t he
presented in this work. This imoacdwlmdbrn nGal avink
rubk é MGR) , ormemrg@tgrhoeusnfdMGR) Thi s alehéweapbsgative

OFDM amploiwfeiresupply fcaxmrtDMok i gynatl Waimpsi fpewsr
supply modul ation techniques for RF power

presented by da frmelrteintucdaaetdfor s, this research
OFDM modul ation technique and the statostica
achieve an efficient power supply structure

enhancement aoThepptopds3é&d solution could be



designs as well as having the potenti al t o
systemsappl i eMorceooarweerc,t [tyhese met hods present
use with other waveform types, with some nec

approach.

1. 3Thesis Contributions
This work encompasses two primary objectives
amplifier efficiency by introducing a new po

is to propose a resource management techniqu

broapdpla cability acr obBos tdhevebresset infdutshie i st h

the following points constitute original <con
1. Probabilistic Envelope Tracking (PET)
Whil e envel ope tr acnkoiwing n{eETh)o di sf oa vaeaulgimen
amplifier efficiency, this new approach
statistical anal ysi s. While the initial

OFDM modul at ed whraoretfaorrtm,t o tedmpharmsi se t hat
can be applied to any waveform, provided

i's either known or cal cul abl e.

2.A New Met hod for the Construction of Ef f

( MGR)

Sever al met hods for constructing MGRs ha
the new method presented in this work 1is
opti mal Gol omb rul ers as the base struc

computation and .is easily provable



3.Mer-GgRound, Modul ar Gol omb Rul er ( MGR) P

System

Al t hough Golmomdhilaul &od ,omb rul er s, and pe
are -lweodwn, the theory has | imited existin
before been applied to power supply contr
presented in this wortkheaertalwsorimnmsgpnd at opa
Gol omb rul er i n a o mloidgud raat/icam cahdr achi e
efficiency enhancement. The MGR system i s

and highly efficient composition.

4 . Tot al Resource Utilisation Shuffling Tech
Referred to as the shuffling technique fo

resource management met hod designed t o

utilisation across various industries. T
applicationnntacasthedaebsécyroparticularly ¢
ot her power sources. The overarching goal
and allocati on, a concept that extends w
of fer solutions i n dicveernsaen aignednesnttr isecse naamnr d

1. 4Thesis Structure

The foll owing points describe the organisat:i
ChapterLi2eratur édocReeisewn existing research
provicdonntge xt cboceupntdee r pih fifreg ent application
rul ers, as we | | as alternative efficiency

devel oped over the pastTheentowrnydaai enal scwos



mat hematics principles used for the power s
providing a mathematical grounding to the wo
ChaptieRr 8babilistically Enpe¢tophbeIsamkl agi O6R
range of OFDMf ess,gmtbdvel opedi ncnl uMa tnilgaehs, pe eidf i
mat hemati cal and stasiesigindhe Bnabyaetsvefptdh
envel ope tracking (PET) technique i s I ntro
thresholds are determined which subsequent.l
system. PET can be applied to a variisettyheof
focus of thi sewprkot ®IETcomst rtihbuti on without
system would offer only incremental efficien
Chapte&rmpll ement ati on of Power Supnptlryo dQocnetsr otlt
rel evant applicaboti Gpl omb tpheerlfeerast c edpitfsf er enc
modul ar Gol omb troul telmiss (aM€e8Rglaricdhge s the gap
theoretical and practical applications. The
constructing modular Golomb rul @armsuliag i expl @
circauriet spresented which employ the derived e
maxi mi se the Mmammley opacuend di screte output
mi ni mum number of .Vbd trmageelr egawart osspply con
uni formly spaced switching thresholds is det
ChaptéExperi mentalofAerabysai s ransition from t
present-wogl demeasurements of different ampl.
of this thesis research on existing technolo
power added ef fi cisen(cPyAEme aosfurledmedni f ferent am
out put power, gain and frequency, establi

i mprovement. The second part bwandhemphapier
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conducts sever al experiments with different
bias current. A CW sine wave is the first i1
operation, followed by 3 different modul at ec
64 QAM)hese tests of fer val uabl e i nsights I
achievable with the techniques in this resea
Chapteéemhé& Shuffling Tedmnirppuwesic(@eBRW@WSTn)ew uni q
Thi s new concept (S known as t hef ashdfiftlaitreg
equitable distri bTptreicfaooyti sr esoempkeblapeeres
as the r estohua cteessglomiugilud e applied to other ty
as solar panel s orTRIWSiTes voaea rstgrean leeearl v esresd. 1 e s ¢
management wietcHrrefifaagnthe ng applications

ChapteCorwcl usi ons and sFutthuer ef iWoslk nomtaa g tseers & rhc
main findings a&rndtdedttrhiplswtyiiadres ar evimgpwe hen
the body &feswesmukggemdi onanfdodifsectusse swotkher a
the theory from this reseahahceoaffli beempy]l :
i ndusAddietsitohnea llliymi t at i omg eo fa ctkineo wrl esdegpaérdc e n d

furthefrorwoprokt ent i al | mprovement are identifi
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Chapter 2
Li terature Revi ey

2.1l ntroduction
I n the dynamic domain of RF amplification,

performance has been a constant driving forc

communication systems, providing the necessa
di stanand ensuring the fidelity of the data
|l ast century, a wide variety of amplifier cl

have been devel oped.

2. 2Amplifier Classes

The | andscape of amplifiers is diverse, t he
amplifiers which have beedhedaded .opkEacl vwirt i h
strengths and weaknesses and therefore are u

on the reqguirements of the system. Starting

for its high Jlinearity Babugihet@expbhasenonée e
specialised cl asses S and T. The =efficacy
significantly, influenwed| dydedhiegn nandcahee:
application (audio versus RFonfson nexamploalent

2. 2CLasses A to E

Classes A to E are the most commonly wused ¢

appl i claltfildns 1.4 ]
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Tab2Ampl i fier Classes A to
Cl asg Characteristics Typie
Effici
Bi ased for continuous condu
Results in a high | evwelf iocfi e
A Commonl y uspeodveirn alpopw i cati on 25 0%
Al t hough the theoretical ef
in reality it [&BLSpbally mu
Bi asedordaduwcti on for only hal
B Results in higher efficienc ~50%
Commonly usead oiwermeadpipum cat i
Combines features of both A
AB |Results in better efficienc/ 560 0%
than cl ass B.
Out put device conducts for
cycl e.
Results in high efficiency
C 70 0%
nonlinear.
Commonly uspgpadweéem apmglhi cati o
radiroansmitters.
OQut put device is switched r
b of f states. 9 ® 5 %
Results in high efficiency
of distortion if poorly des
Swi tmolde amplifier that uses
a Ssinusoidal output wavefor
Results in very high effici
E[] 16 _ >90 %
and operation.
Commonl y usdd egqnemecyghappli
radio and TV transmitters.

E
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2. 2CkPasses F to T

Cl asses F, G, H, I, S, and T are newer and
applications and some interesting reaearch s
most closely related to the research in this
amplifiers with the key difference being th:
can change based on the input signal | evel t

Tab22 Amplifier Classes F to T

. . Typic
Cl asg Characteristics o
Effici
Modi fication of a class C a
or more tunecd rrceusiotn(asnjc e n t
Good overall efficiency whi
FI 15frequencies, generally high ~90%

Difficult to design and reqg

harmonic filtering.

Hi ghl y s damgietdiame et ani s mat c h ¢
Modi fication of a c¢class AB
supply rails to improve eff
Operates on a | ower-l\vwletlage

and switches to a higHeervevo
G . ~80%
signal s.

| mproved efficiency without
Hi gher efficiency than cl as

Commonly wused in audio and

Variation of class AB that
achieve higher efficiency.
adjusts the suppli g kel tasge /
Y J | | | p-p il & - 80 %
amplifier with envel ope tr a
Results in higher efficienc

cl ass AB.
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Modi fication of c¢class B amp
dynamical l adj ust t he -mimmé
y y .J | m 70 %
based on the input signal

Hi gher efficiencysadrainfictirms

A swimbdk amplifier which us
modul ation (PWM) to achieve
S switching the output transi ~90%
modul ated signal

Achieves high efficiency wi

Variation of a class D ampl
to i mprove the linearity. U
T stage and a digital feedbac ~90%

out put wavefor m.

Hi ghly efficient and highly

2. 3Amplifier Efficiency Enhancement Techn
Al ong with wvariations in amplifier cl asses
efficiency, t herteecdame quarsi dlhaatotchaemr be empl o
the efficiency of RF power amplifiers. Some
di fferent classes to obtain higher efficienc
There are many advantages t 0 biondr @dyii mg ss yatc
some are oatZen€dera are al so disadvantages,

tendet aelated to the manufacturing of syster
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Tab2-3Advantages and Disadvantages of
Advant ages Di sadvant ages
I ncreased efficienilncreased base
power wastage throui mplementation
Reduced system operiflncreased system
Gai n and out put rPotentially i ng
enhancement due to |[requirements

Further reduced ene
t o decreased requi
cooling

Ability to either

reduce energy consy
energy consumption
power

Topology can be re
systems

l ncreased battery |
Commercially more a
Some amplifier effic

enhancd4ee nt

iency

Il ncr €

techni
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Tab240Overview of RF Power Amplifier Efficie
Techni Description and Charact
Utilises two amplifiers in di
di fferent partsi @halt.heA i oa&omi
Dohertinput signal and a peaking amy
the carrier amplifiersoé | i mits
Good efficiency over a very wi
Li ke the Doherty technique in
Chireihandle differing output power
(Outphathe | oad i mpedances of the tw
powers whil st maintaining a cd
Mi ni mi ses wasted power by ad]j
Envelo o o
. amplifi€f mentoeamatch the envel
Trackin o .
|l mproves efficiency over a wid
Envel oProcesses the amgloimpwdendrsd opt
Eli mini{signal separately which all ow;g
and built for individual pur poses.
Restor {One high efficiency amplifier
(EER)|{One high linearity amplifier t
Digit|lnvol ves applying a <correcti
Predi sttcompensate for the nonlinearit
( DPD) || mproves efficiency and reducse
Technique that involves adjust
by the amplifier to maxi mise [
L o apdu | o
Opti mi ses output power and eff
frequency range.
_ Adjusts the bias control voltag
Bi as . . . . :
Mai nt ai ns high l' i nearity by
Modul a ) ) _ _
operating at its optimum bias
Mul t igdcewerl supplies may beabwsed siitn umamynef t

enhance

t he

ehfscienthe

f ocus

of the researc
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i $he worlkebf aVacshivihoove 49% efficiency enhance

more conventional[ 1lt7¢ggul at or sol uti on

2. 3Dbherty
The Doherty amplifier, first introduced and

i n 198B83&]has remained a prominent and endurir

efficiencamplfi fpioemesr. The defining character.i
integration of two separate amplifiers in a
- Carrier iapelriati @eg conti nuously, the carri

i nput signals. Often biased in class A or
- Peaking awpkenfitdeare carrier amplifier appr

peaking amplifier I's turned on. Often b

efficiency albeit at the expense of incre
The input signal is split into two paths via
one path feeds the <carrier amplifier and t|
| mportantly, the phase shift between beach of

90even though the originall.9plvleentout pdetss gafe c
amplifiers are then combined to have a sing
signal . -waweu atrrteersf or mer or hybrid coupler i:
the carrier and peaking ampliitfhi eerasc ht oo tgheetr .t h
There has since been incremental research t
beyond two to further distribute the power
achieve even greater efficiency.

The main advantage to the Doherty amplifier

techniques. While it may not achieve effici
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technigues such as envelope tracking, its si
attractive architecture. There are some di s:
in the gain profile as the amplifier tspwitt chi
power and there is a higher associated cost
estate when space is at a premium. Very wid:
chall enging due to the nature of the phase s
Despite its intepboonamcd & heesnidgence in int
t wo decades, the Doherty technigue experien

bet ween the earl y-19960%8%s pnéstumabhkeymbdcause
wasndt on power consumption and efficiency.
who propos-amphi fheeevariation of the Doherty
i mprovements of up to 10% ceaommplairfeide r rt os yt shtee e q
tuis approxB83mé&t enliygh20 t hanampltiyfpitBcrasl g $staesnsg | e
[ 2.0]

William Doherty also patented sever al ot her
design for a high frleyulJeamady -hanngphll if fri@eqru einnc y1 9adn
with feedback mipn2.2j sation in 1947

One key piece of work onpehé obmbdretty adGe o hinn
which they ac-wi debamd iurhglreementati on of t h
fractional[ 2l83gdAdhwi datut hor s do experience a |
compared t ood thdretr wdrak ebut this is across 1.65¢&
to other works at O0.6dB[ %4 ]th. 7bdaBr davd rd@a2hs ] o& O 07N

and 1dB acr¢sp80@MHD be expected.
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2.3CRBireix Outphasing

|l nvented by Henry Chireix in 193Woduhat edit p
scheme whereby the output i mpedances of the
signal , achieved by adjusting the bias cond

i mpedsance opposite directions to maintain a

[ 227]The dynamic | oads seen by each amplifier
power. This, in turn, i ncreases the operatir
optimised based on the i1nput signal . Load
t hefrore | ow distortion; whilst also helping
the amplifier. The Chireix amplifier I's tyr

' inearity and high efficiency.

2. 3EBvel ope Tracking (ET)

Envel ope tracking is a widely employed tech
amplifiers by dynamically adjusting the powe
sigampl itude. This approach revolves around
envel ope, mai ntaining t he supply vol tage

requirement . I n contrast to conventional p oV

whi ch of tnenporwesuldti sisi pation due to the disc

and required power, envel ope tracking can s
mi ni mi se wasted power. It operates by allow
supply voltagpgaetwlsegntalhhe eixhi bits | ower ampl it
supply only in response to an increase in in

The process involves splitting the input sig
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1.A direct amplification path where the [
amplifier.

2.An envelope detection path where the inp
detector, which subsequently modul ates th
proportion to the input signals amplitude

Precise phase alignment is required, however

accurate phase delay on the amplifier path.

effects such as signal clipping, di stortion.

purposheofechnique.
There have been severament®rtboi bhe EBEMmMdt eocmpni
decadéu di scusses two further types of ET t

1. Aver akge el rpaec ki ng ( AET) -twéhrem edbwe raa d e nigs a s
and acted uponAbly itdhedisysuzesned i n greater
[ 28 hd Sazhd]

2. Wi dBandwiEhtvlre | drpaec ki ng ( WBET) whereby t he
changes are tracked and[ 3.&]sWBoEnTd & s tdad sacucsa
further detai[l3.1b]y Hannington

Zhu also employs signal detroughing, signa
predistortion and memory nautgingeahttee am nfti @jeni qu
One problem with ET is that it requires a hi .
more difficult at higher operating frequenci
The ET technique can be combined with other
efficiency, Komat suzaki et al . use d[ixyd]t al p
However, the Doherty pdowéznampl| wafli eh pseseéen

compared with the work of Komatsufz&Xk]Aleto al
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utilising DPD techniques, it has a higher mc
hi gher efficiency, and | ower adjacent channe
2. 3EdAvel ope Elimination and Restoration (EER

First proposed in 1952 by Kahn, the EER tec
alternative amplification technique which
amplifiers and incr pad8degl tampd idtiielrl edrmplcayecy
applications.

The EER techniqgque involves splitting the amp

signal and handling them separately. -The pft
efficiency class C amplifier as the phase ir
t her sfuonebl el itmear noompl i fi er such as a c¢cl ass
of t he EER techniqgue i s t o accurately syn

information at the output stage to ensure th

amplihicatio

The original technique from Kahn predates th
such as class D and class E which are inhere
di stortion, than class C.

The technique has a theoretically higher eff
such as envelope tracking but it is more com

so cost might be a consideration.

Some researchers have expanded the breadth
amplifiers,l iatladlBi hguyhst helyewelvedowera stuppl
a |linear regul ator to improve the system p

|l i mitations though, the optimal voltage | eve
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in the contexel of mphemdntati on where only o0l
0.5 times the maximum (normalised). Consider
foll ows a Rayleigh distribution, a mobe bal a
considered to effectively address the fact t

threshol d.

2. 3Dbgital Predistortion (DPD)
No#h i near behaviour in an amplifier can caus

described so far are aimed at combating this

another techniqgue which was developed to im
sgnal processing algorithm to gener at e a s
characteristic amplifier distortion which is
of eliminating the distortion to significan

i et modul ati on products and therefore the ov

modern signal processing techni-lqgiureesar tlheh avia
of an amplifier using known test signals is
tdh inverse distorted signal is a relatively
system performance. It is a continuous proce
predistortioni me gmasdednometathe i nput shiegnal

dynamic range of the amplifier, all owing it
mini msing distortion. I't does, however, rec

time analysis so software and a microaagntr ol

more complexity and barriers to usage.
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2. 40FDM

Orthogonal Frequency Di vision Mul tiplexing

scheme used al/l overt et ke i sHao, h da nWin dtdeEgm(tlad n
evolution) and was first intrddwbdeédsbypypBobel
involves dividing the data stream into many

closely spaced together in the frequency dom
and orthogonal to each other, meah ®hati cOFEDI
and high data rates whilst increasing robust

help to mitigate the effects of multipath f
communications whi ¢l8B.6¢dBy diassei Butriomg data s
array of subcarriers, OFDM ensures that only
This feature enables the usage of efficient
retransmission strategies.

Being such a widely used modul ation format,
the aim of increasing OFDM system efficiency
around reducing t he notoriously high PAPR.
approatconeesxi sting techniques are developed p
Each subcarrier i n an OFDM system <can hav
transmission. The most common modul ation for
64 QAM, 256 QAM and 1024QAM although other for
4 QAM and QPSK aréteteerrysedmi haercbangeably. H
have been tested and may become widely wused
16384QAM to further increase data rates but
such as increased sempsitivity to noitee sysmbod

and el evated PAPR.
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Peatkeaver age power ratio (PAPR) 'S a measur e
i nstantaneous power of the transmitted sign.
depends on several factors including:
1 . Number of subcarriers
The higher the number of subcarriers, t h
interferences at the peaks and troughs wh
2.Modul ati on scheme
Hi gher orders of modul ation inherently ha
3.Channel conditions
Environment al noise in the communication
the | evel of subcarriers so can contribut
more of these noisy subcarriers combine.
to higher PAPR.
There are various techniqgues which have beer
to help to reduce the PAPR and i mprove the t
an active area of research.
For most QPSK and 16QAM OFDMatvrea mgmi Poiwemrs ,r
(PAPR) tends to -bl. 6hdeB{J @efd3nvhieOn. SCCDF buat 10
theoretically in an OFDM system with 256 QPS¢
24dB, although thli4s0]i s extremely rare
A high PAPR can have detrimental effects (
communication system. The i mpact of PAPR bec

resul tin

g in several problems, including:
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I ncreased Bit Error Rate (BER)

Hi gh PAPR i nbbamdudiest arnti on, |l eading to
degradati ognualni tsyi gcnaanl result i n errors in
dntermodul ation Distortion (1 MD)

Hi gh PAPR <can Il ntroduce | MD or exacerba
di stortion coalmand aldOQ@B) oruadi ati on and i nt

nei ghbouring channels and causing further

.Nonlinear Distortion

Nonlinear distortion, i nduced by high PA
degrades transmission quality. The nonlin
power peaks can result in signal distorti

.OubfBand (OOB) Radiati on

Hi gh PAPR introduces OOB radiation, whi
channel s. Har monics of the desired signa
channels, making it challenging to filter

.Spectral Regrowth

Spectr al regrowth occurs as a consequenc
desired signal and further i ncreasing
degradation in signal quality affects sys

.l ncreased Power Consumpti on

To handle the spikes in power associated
amplifiers capable of accommodating such
power consumpti on, reduced energy effici
wireless deviciescr eAadded i powét yhandl ing r

result in | arger component sizes and high
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summary, the detrimental effects of hi gh
tem performance, from increased errors
Il ciency and increased operational cost s.

enti aln ttohemaguwalaiity and efficiency of wir

PAPReducftTechni ques
r the decades, various techni quiess thaavef b

h PAPR in OFDM systems. Some prominent PA

.Companding Transf or ms

Companding combines compression and expa

high amplitude peaks of the signal are co
are expanded. The purpose is to bring the
the PAPR i s r edtuhciesd . a pHorweavcehr ,i ncr aades av

introduces distortion

.Partial Transmit Sequence (PTS)

PTS divides the subhatksnaodmappli pée phas

to each Dblock, this means the transmitter
the signal, each with a different phase
the original signal by usimas eans & gnuveenrcsee «
combining the sever al transmitted signal

benefits from |l ow distortion.

.Linear Block Coding

Linear block coding adds extra informat.i

receiver using a transmitted keyfhi pr ovi
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echnique is computationally simple so is

correction capability compared to other t

.L.ow Density Parity Check (LDPC)

LDPC adds redundant bits to the data stre

also resulting in some PAPR reduction. C

t

han | inear block coding.

.Turbo Coding

Turbo coding is a complex technique that

o encode the original dat a, each of whi

eceiver and combined to provide a relial

Whil e it preorvriadre sc arorbeucstti on and some PAPR

S

ignificant computational resources. More

LDPC.

.Sel ective Mapping (SLM)

Bauml et al first i nt 4dSJluM eidn vt chlev eisd esae |ien
signal with the | owest PAPR from multiple
information is transmitted alongside the
information is crucial for the receilvter t
is therefore also critical that the suppl

c

S

e

n

ntegrity of the decoding can be comprom

orrection, then this issue iIis reduced c
ompl exi @ mp watnadt icon al reqguirements mean tt}
cheme is potentially | ess favourable con
fficient alternatives. While it adds con
ot i ntroduce extravedibsdeomr tivani oushever i
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technigue over the-dpeaari s, sehekctutd-Belymapme !

[4@hd sliding selecf#éd48¢ mapping (SSLM)
7.Peak Wi ndowing

Peak windowing applies a wowew gaakd, oai

to minimise distortion.

8. Tone I njection (Tl) and Tone Reservation
Similar techand quetoaonip o itthoundees t o caneel out
power peaks, redubdiyngpoeamdalinly PARBRR ener gy
significant di stortion. But they do red
subcarriers are filled with redundant inf

9.1l nterl eaved OFDM
Divides the data stséeamamant or aud mi ptl €d s
frequency subcarriers simul t asnteroeuasnisy,. tBiye
system can overcome the effects of freque

rel i

o]

bility DObn.t hehitlreanes ommp b e x t o i mpl e
performance in frequency selective fading
10Active Constellation Extension (ACE)

|l ncreases the number of symbols in a con
range of amplitude and phase combinati on:¢
increasing data ratcaepalirl ery.or correction
11Cl i pping and Filtering (CF)

Clipping is the simplest way to reduce th
above a predetermined threshold are rejec
the signal is not accurately reproduced a

be | ost. Q@llisppi mdbramaadu caemd acnwdt di st orti on.



29

can mitigate OOBbdndtdrstonti ®heibsnnot af
so the system BER per tbhoarnnda ndci es t sou ftfi eorns .c aTnh
be i mproved i f robust error [AaifAnoh par al
use an iterative clipping method based on
technique to further reduce the PAPR of a
after 3 [id5e]rTatei oous of band distortion an
mar ginally I mproved, but this was not the

The choice of technique depends on factors

complexity, I mpl ementati on constraints, an
combination of techniques is employed to actht
this may rieognuailr ec oandpduittat i onal resources. Bal :

in selecting the most appropriate PAPR reduc

The 2011 Xwoek kyst hipDF scefntan OPpDMyshRarydle,i gh
di stristhafweoinch deraled andt bgeldpoepk oof wuses

an AWGN channel which again ifsorudged iikDtvhi s

2. 40EDM Power Amplifiers

Ma et al. present an OFDM digital power ampl

to achieve 8 different possible output powe

OFDM probability density functifoh7]alrhde yq g til
the input smwpanyalWidskiimgoan Splitter and then 1
usi ngvazy Wi |l ki nson combiner, which introduces
| osses of the transistors. I n trhissu ptphl eys icso,n tl

technique for OFDM power amplifiers is propo
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of the OFDM probability density funcmarokn and
modul ar Gol omb rulers, slicing the OFDM pdf
voltage switching | evels.

Al 't hough el egant, the work by Ma et al. has ¢
of t he resul tant amplifier does not excee:

comparisons bly4 8 d €Edao O] Btom a commer ci &

manufacturing perspective, the configuration
bet ween each port of the power combiner i n
interference, artificially i nlctr eaalss o go pehrea tae
at a single frequency which iIs not wuseful f
Shi et al . achieves a bandwidth of 1100MHz

bandwi dth of 1200MHz, boB&andt aBmdhddbsidnggn astoi noen so.

2. 5Rul ers and Difference Sets

2.5Types and Definitions

There are several types of mathemati cal and
efficiency of thenauskweal rpdrewassi viehewsrri tstruct L
can be used to measure a | arge range of di st
i eger separations. These types of rulers cor
such that each measurable distance can be ex
of the marks. They include sparse rulers, Go
congttriwns for this work are Golomb rulers ar
Sparseicamhnehave missing mar ks. A compl ete s

measure al/l di stances up to its |l ength.
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Gol omb iTraulvearri ati on of a sparse r1uler i n wh

measurements but there can be missing distan

can measure must only be measurable in one w
of mar ktsh emuesftor e be unique. A perfect Gol omb
all distances[ 5uBlalt oodchk &s | @migd ihn al research o

key to the undemat apdzmoqcdftr (téitle e s

Perfect difrmestenca@veeno repeated measur ement
measure all distances up to its | ength.

One of the main goals in the study of spars:
few markings as possible that can measure as
This is a challenging probl em, as the numbe

gowsxponéytiaagl the number of markings increas

2. 5P2rfect Difference Sets (PDS)

A perfect didffireinte set ofs i nteg@eonsistelgett
the set can be expressed as the difference [
and the magnitude of each combi2Znati on of di f

Per fect di fference set s have a fundament al

er rcoorrrecting codes in wireless communicatio
fields including cryptography, signal pr oce
physics.

Cyclic difference sets are special type of p

as a subset of the integers modulo n, where



32

2. 5G81l omb Rul er s

Gol ombs radnerrel ated to sparse rulers but the
1 . Where sparse rulers mu st cover al l di st
di fferences.
2. Where sparse rulers can repeat distances
Gol omb rulers cannot; the magnitude of ea
Given the power and incredible potenti al o]
somewhat wunderutilised in a variety of appl
Golomb rulers include:
1. Frequedopypyi ng Spread Spectrum (FHSS)
FHSS communication systems use Gol omb ru
interference, iIimprove security anfnd&d.3mhake d
2.l nformation Theory
Used to constrydet eeftfiingt emide erir®mg codes b
uni que constructions (the Golomb part) to
compression, storpB§é] and encryption
3.Radi o Astronomy and Array Antenna Design

They are used to design opti mal sequences
radi o telescopes are placed at Gol omb mar
received signals at each site can[bB&lp de

[ 5.6]



33

4 . Spectroscopy
Gol omb rulergesamge wped mad dequences for m
of el ectr oma@mat iccombiignalgs | asers to achi
frequencies 1 p57he THz range
5.Crystallography
The f ixehbhagr ydt al boglt aphkyg stehgeu esnpceecsi alo arr ar
X-r ay s ennsoearnsi fiporsm ttidernsr mine uni[giu8&] struct
6 .Mul-Rati o Current Transfor mers
Golomb rulernsberuateikidie gpoleaactd yt hesotnam poi |
mubkdtii o curren[ts.a9]ransf or mer
Opti mum Gol omb rul ers were worked on by Robi

equi val ent of[ @O]el hsearnee aorred e rwomaprrko vGonl oconplt irmuall

Neither of which are perfect.

For this research, optimal | inear rulers are
l ength is important. For voltages, a wide r
values is desirable. A short Ilinearruovbéees |
are also not of interest because repeated m

and undesirabl e.

2.5Mdédul ar Gol omb Rulers (MGR)
A modul ar Golomb ruler (MGR), equivalent to
the standard Golomb rul er, one that foll ow

modul ar Gol omb ruler may be constructed wher
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same space, and the ruler wraps around i n a
first mar k on a |inear Golomb ruler is al wa
ruler would be O and the integer denoting it
byl,. The rest of the construction of modul ar
the |inear version. Indeed, the difference b

to be a perfect MGR.

The key difference, however, iI's that their c
to start at any mark on the ruler and finish
cl ockwi sel makwingea. This all ows for a much gr
measur ed.

Their construction enables a wider vari ety
employed in digital communications for pr oc
cryptography for creating secure key exchang
Both of t hmearokptliimaelar5 Gol omb rul ers already
their |linear form but become perfect when tr
the added benefit of becoming order 4 . MGRs i
Il n 1938, Singer published a key paper #AA The
Some Applications [t@WHWNumtbedesThreioheysd a way o
perfect difference sets. The foundati onal ma
1857 by Ké6.Z'hmardinite projective geometries
been used to constTwwctal Gelronrali i vel enres hods t o
result were pr@hpoonsléa@ hdy RBé6d@Babcock was perh
first to officially study the subject of Gol

after Sol omon Gol omb, Babcock devel oped comkt
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radar and radio astwhomdimyhaisn si19Ib3 ar constr

Gol omb rul er s.

2. 6Conclusion

Close work by other reMa@aef AEFFTGCad he® udidessi t ha
et [all7.]and Xuedtt halo.t her key wor k4,bhSil[ngpa]lrng  Ar
BabcpbR]Bose an[deL|IChmdhdy]and Ddodrty

This <chapter di scusses various topics and
relevant to this work. InitiBRIl ladd thhree dodtfleir
including the achievable efficiencies. of ea
Next, the numerous existing amplifier effici
Doherty, Chireix, ET, EER, DPD) are discus:
i mpl ementation described.

The main focus of this work is on efficiency
so the modul ation technique and subcarrier m
uses and problems of OFDM are presented. TF
modul at inbpen issc hiets high PAPR which causes se
designers and communication channel s. Ther e
which have been developed over the decades
greater det ai | i ng tda mp acnhdai pntge rt rianncslfuodrims , P
coding, c¢clipping and filtering, and SLM.
Finally, sparse rul ers, perfect di fference
rul ers ( MGRs) hee modstassedr &fi rcptiamal véols:
rulleave 1 fewer mark thanmakéehg Lt heeamamoceum!

and enabling a greater number of distances t
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Gol omb ruler might have repeated measur emeni

equi valent which would mean they are no | ong
no repeated distance measurements and will b
t heeinrgtlh, i n twleiychharcGhesr f ect

The significance of modular/ circular rul ers

geometric constructs and their topology serv

(@]
o
=}

trol system introduced in chapter rde. The

are a few mar ks which enable many possible

constructions are focused on being opti mal
repeated distances with a secondary goal of
bet weslemg®h. The structures in this work have

(¢
=}

gth (the maxi mum possible output voltage)
bet wed€en@th (each out pumaxiomhun,gep ereftemete nr Wl

rul ers edmoe et men desirabl e.

The next chapter describes the wuses of OFDNM

di fferent subcarrier modul ation schemes in g
an OFDM transmission channel and generate r
chapteducienst rohe new probabilistic envel ope

optimising the voltage switching threshol ds
significant calcul ations using MATLAB. The

supply contr oelf Isyy sdteesntsr iibse dorbief ore chapter 4
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Chapter 3
Probabilistic Envel opc¢

3.1l ntroduction
OFDM is a widelayrueed dmgl t ial modul ation tec
availabl e bandwi dt h I nto mul tiple subcarri
independentl| y by a modul ati on scheme such
subcarriers aed tlerd ocoomdhihe OFDM signal wh €
ort hogointass adoj acefmhi snmet hod of subcarrier
efficient use of the available ®bDa®@BWMdt h.
modul ati on scheme are:
1.Hi gSpectbfdlici ency
The orthogonality of subcarriers means t
closer together than in some other modul
modul ated i ndemerdesmnt Imatcwhihdlgher data rat
for the available bandwidth. High data ra
and wireless |l ocal ar ga endertloyor @®BEDNI.LANs) b

2. Robustness to Multipath Fading

This is a common problem in wireless comm
occurs when a signal is reflected or scat
receiver. Thi s can cause destructive i n
di stolfrtomen.subcarrier is af flacktedd hboyo dnuolft |

subsequent subcarrier also being ahktect ed

over al l signal qguality is not affected si
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3. Flexibility and Versatility
OFDM can be easily adapted to different
schemes. The number of subcarriers and 1

adjusted to suit the specific requirement

versatile modul atn obne tuescehdhiignu ea twhiadte craa n g e
Il n some systems, the OFDM scheme can be
on the quality of the transmission | ink;

modul ati @amt emalteioc asmlalkxy mi se datias er aetrer oarnsd I
4 Resistanceaytmbollnttenrt er ference (1 S1)

|l SI is a form of distortion that occurs w

with the signal from the next symbol. OFD

modul ation techniques because each subcar
These factors combine to make OFDM an attr a

range of wireless communication applications

I n this chapter, the results of a simulation
subcarrier modul aThen nusberr eséntseudbocarriers
depending on the modul ati on ofCPdrs. allhseo Ideenfgtr
based on the number of subcarriers. The CP
symbol that is added to the beginning of the
the system atortehe odbxupense oTfhedalSISMNR tihnr oduBy hipsu t
from a ay def aval ues so that system perfor mar
range of |link characteristics. The number of

reliabl e dat a.
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The final pardetoefrsmithtee BRDRpafert he amplitude o
and oauteput voltage | evel switching threshold
maxi mi se the systdeamsefifsi ctiheencgyrobabilistic

technique

3. 1P&atklAver age Power Ratio (PAPR)
PAPR i s a measluirmeardfi t\heomoan OFDM signal an
the ratio of the peak power to the average p
OFDM system desicgm hed¢ pudeedd fiitndroayein ter ms
consumption and Bl hifigker PARRIi gh. an OFDM s
sever al probl ems:
1 .Hi gfhower Amplifiers
Hi gPPAPR signal s-poswgui menphi §her efotsavthiyc and
inefficient
2.Distortion
Hi gh PAPR signals can cause disttorgiigmal r
degradati on

3.Power Consumption

Hi gh PAPRmeaimgnncarlesased power consumption, \
battery I|Iife of mobile devices as well as
For these reasons, PAPR calcul ations are an

They can be used to determine the efficienc:
probl ems that may ariReefluduegtohédi APRAPR. ar
research topic and there are many ways i n vV

clipping, companding, tone reservation/injec
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By understanding the APRt val speoiffd basbigmel
can choose the most appropriate PAPR reduct.|
and can al sotropnsms gt drh'es parameters such a

subcarriers, t he amodd ulhaet iearr.osrc ceome,ect i on

3.1PRobability Density Function (PDF)
The PDFPAPRf han OFDM sa gmeawer f ulf ost st iusltyii ag|l
characteristics ofand e st ruasnesfmult tiend tshiegnfadl | o
1 .PAPEsti mati on
The PDF can be used to estimate the PAPF
i mportant for determining the efficiency
consumptaoval awadng themgpuafity desiijgea.
2.PAPReduction
|t can be wused to evalwuate the effectiyv
techniques. By comparing the PDF of the
signal after a PAPR reduction technique
determine which st daomhniheud orwesul PAPR i n ee
3.PAPBaseReErf or mannacley si s
The PDF can be used to study the relatio
system performance parameters, such as th
magni tude (EX¥M)oicsre siagnal ( SNR). This <can

the system' s ddiafrfaenteetnetr ss cfeomrar i os.



41

3.1BBER and SNR
BERbi ér rmatt e) versiwsaafioNiReae i 0) i s a commonly us

analysing the performance of a communicati on

number of errors that occur in a transmittec
ratio of the signal poweerf fteoc ttihvee | ryo it shee psa vgent
plotting the BER versus SNR, it is easy to u

di fferent conditions.

The BER versus SNR plot is wuseful in the fol
1.Deter mSyishgem fPor mance
By studying the system BER and SNR, it is
performance undredi tdidnfseraemd therefore det
parameters might be best suited for a par

2.0pti miSyishgar ameters

It i's easy to see the effects of di ffere
perfor mance. For exampl e, by varying the
of subcarriers, it is possible to deter mi

BER for a given SNR.
3.Under st éSrycksitregb uURst ne s s
BERlereases asantbhas8&8BR and the sl ope of t
curve can be wused to determine the syst.
steeper sltopaedeed a curivnedischaitfetse dt htaot tthhee

morreobuswoiiset er f.erence
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i ncre
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termining System Efficiency
system with a | ow BER and a high SNR i s
hi gh BER and a | ow SNR. A high BER res

sent data packets which means that t he

rms of throughput.

tness I s a key characteristic to analy:«
ms with i1dentical parameters in the s
rmance but one has a | ower BER then it
rgndeasnd be more independent of noise and
m might be able to use | ower power ampl

chapter presents the MATLAB simul ati on
OFDM siigmal®en & ockiufsf erent modul ated OFD
4 QAM, 16QAM, 64TAM naumb e25 60QAM.y mbol s p¢
ases from 2 to 256. BPSK is a simple m
rrier wi t h 2 symBoms |l arol yr, e p256@AM ednact

rrier with 256 symbols with different a

4096 QAM i s emplsoyysetde msn bsuocmef or t he purposes

256 QAM was the highest modul ation order whic

Each

mo d u |

BPSK

06 Wi QAL (3-1)
V'MIE €04 OB NI wa wé &
symbol has a certain number of bits a
ation order. Hi gher order modul ati on f

wi || enable a much higher data rate at



4 3

to ensure parity of data transmission. Wi t h
noi sy transmission i nk, hi gher order mo d L
susceptible to interference and thus are mor
moduliaans are very robust to interference anc

Tab3kCharacteristics of Various Modul a

Number . ,
Modul at Bits |Suscepti|Dat a
Const el
Scheme _ Symbojto I nter|Rate
Points
BPSK 2 1 V. Low V. Lo
QP SK 4 2 Low Low
4 QA M 4 2 Low Low
16 QA M 16 4 Medi um Medi u
64 QAM 6 4 6 Medi um Medi u
256 QAM [256 8 Hi gh Hi gh
1024QAM1024 10 Hi gh Hi gh
4096 QAM4096 12 V. High |V. Hi
16384QA163814 14 Extreme Extre
It i's possibl e, and indeed is often empl oy
modul ation scheme which monitors the qualit

dynamiacdaalplty t he modul ati on scheme to suit th
a surge in noise and interference, then the
modul ation for mat to ensure data transmiss
somethinglumabort such as a dramatic shift in

mor e aff eataends lsyucth as a van parking direct|

receiver. A 64QAM system which is experienci
reduce its throughput as a high number of pa:
droppi nQgAM corl 64 QAM wi | | reduce the maxi mum p

al so significant ltyhreegdiuce memde BBR (diu.pd.i cat ed
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the data rate coul d acSouuarlcleys ionmip rmovies es oinme weh
channel can arise from a variety of factors
receiver, mul tipath fading, and direct and i

Sspectrum congestion.

3. 2MATLAB Simul ati on

MATLAB was wused to generate and simul ate a
waveform. The signals wereecadastdomtoadabyghge
subcaamdethneodul ating the ehbsanrimeds|.wttbont
The tWheDM s wgnalonverted from the frequency d
using an inverse fastafkdopckr cwaopsadadkeidimem (1 F
sigwal then passed through an additive white
with the specified SWBridl wer ebesms mclohmmuneat
cyclic prefix was then trreanovleat e ca nlda d kh ei rstign
domai n by performingnsaf offans tF FlR@)al iyswagntal

demodul ated to extract the received dat a.
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. 3| Constellation > >
Pseudo Serial-to- > Mapper > > Parallel-to-
Random —>{ Parallel > (BPSK > IFFT > Serial
Data Shifter > QPSK, > 2| Shifter
2| xQAM etc) < ol
Ead Ead »
\ 4
Cyclic Cyclic
Prefix < AX:;S)N € Prefix
Removal Extension
L 4
> > >
s > 3| Constellation >
erial-to- > > Demapper > Parallel-to-
Parallel > FFT > (BPSK, > Serial —> Demgg;:ate"
Shifter 2 2| QPSK, > Shifter
> 2] xQAM etc) <

Fi g30LMATLAB OFDM Signal Generation and Tr ar
An OFDM twigmami ssisomul ated in MATLAB ,and st
fi g¥rdeepi cts a fl ow diagram of the signal ge
AWGN channel
The PAPR PDF histograms for each of the mod
MATLAB, an extract of phphendode Acan be found
The Tx and Rx constellation diagrams, EVM an
al so generated in MATLAB, an eypeadi xoB.the
The PDFheofPABRBRMo#ul ated OFDM signal foll ows
which is shown in the MATLAB simulation res
ot her resear chreach ,péi.5hjck uBARRB PDF i s essenti a

as the power PDF which is used to determine
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3. 2BPSK

0.4 Normalised PDF of BPSK OFDM PAPR
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Fi g3R.e BPSK PAPR PDF Histogram
FigB2ehows the PDF histogram of mul tiple OF

subcarriers is modulated with BPSK, the shap
most of tOFRDMI gerabnhas a | oiw fPrAePRu evratl luye ibtutc e

hi gThhe sampl@€09€6&0 ds fferent random OFDM sign
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BPSK Tx Constellation: 5-30dB SNR, 256 Subcarriers
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Fi g8B8PSK Tx Constellation Diagram
The two blue dots-1sl0d wighZae g 1t,h0e) Taxndc onst el | a
BPSK is a very resilient modulation format a
when compared with ;hiighemlgr dars ftovromat st i nct
combinations per hagmbhol owusssdeptnbetféeéyenoe
of Iow chabd8l ShiRal stextremely | ow for a tra
SNR, the constienddiadad toensn atl lreeeraed yasr evhat soever,
shows thaanBRBEKk well i n noisy envirTonement s

constellation points at 15dB SNR are tightly
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a) BPSK Rx: 5.0dB SNR, 256 Subcarriers b) BPSK Rx: 10.0dB SNR, 256 Subcarriers
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3.20QPSK

QPSK doubles the data rate achievable with

subcarrier compared to one. There are now f
these are the four different amplitude and

BPSK, QPSKibhsraesilience to interference.

0.4 Normalised PDF of QPSK OFDM PAPR
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Fi g83b&QPSK PAPR PDF Hi stogram
The probability of a PAPR above 10 or 12dB

Rayl @ighribution.

(0]
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QPSK Tx Constellation: 5-30dB SNR, 256 Subcarriers
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Fi gB86:QPSK Tx Constellation Diagram
The four constell atbbonepdbhssadtlr€@1)s inydn (s, 1)
With 10dB SNR there are stildl a few errors

eliminates errors and shows a good || evel of

points.
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a) QPSK Rx: 5.0dB SNR, 256 Subcarriers b) QPSK Rx: 10.0dB SNR, 256 Subcarriers
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3.240AM
4 QAM and QPSK are very similar in constructdi
constellation point | ocations are different

combinations are different

Normalised PDF of 4QAM OFDM PAPR
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40AM Tx Constellation: 5-30dB SNR, 512-2048 Subcarriers
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The four constellatiomdopsi mt-s,(B)r-H)GShddgyn( As b

a) 4QAM Rx: 5.0dB SNR, 1024 Subcarriers b) 4QAM Rx: 10.0dB SNR, 1024 Subcarriers
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3.218QAM

0.35 Normalised PDF of 4QAM OFDM PAPR
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The probability of higher orders of PAPR inc

or der s pbruotb atbhiel i ty is still extremely | ow thi

16QAM Tx Constellation: 5-30dB SNR, 512-2048 Subcarriers

Quadrature

-3 -2 -1 i} 1 2 3
In-Phase

Fi gB30L2816QAM Tx Constellation Diagrar

There ar e si xteen di fferent amplitude and

constellation points are shown faisg3ffrlzue dot s
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Tab3216QAM Constellation Points in 4

Quadr anQuadrant DeCoordinates
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Fi gB0L816QAM Rx Constell a3i0dB BINRgr 2Mg 8f Subs ¢
Foi6 QAM, a 15dB SNR is not sufficient to pr

errors or requirements for duplicated packet

shows a tight grouping of received points.
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3.268QAM

Normalised PDF of 64QAM OFDM PAPR
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64QAM Tx Constellation: 5-30dB SMR, 512-2048 Subcarriers
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Fi gB30B664QAM Tx Constellation Diagrar
FigBdioi& hows a clean 64QAM transmission const

di fferent amplitude and phase combinations w
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%HQAM Rx: 5.0dB SNR, 2048 Subcarriers b) 64QAM Rx: 10.0dB SNR, 2048 Subcarriers
15

10

—
=

g s
=
i}
0 ‘g o
o}
o 5
-10 10
-15
-20
-20 -10 0 10 20 15 10 -5 o 5 10 15
In-Phase In-Phase
c1}56aIQAM Rx: 15.0dB SNR, 2048 Subcarriers d) 64QAM Rx: 20.0dB SNR, 2048 Subcarriers
10
5 p
=
]
D -
®
=]
5 &
-10
-15
15 10 -5 0 5 10 15 5 0 5
In-Phase In-Phase
e) 640QAM Rx: 25.0dB SNR, 2048 Subcarriers f) 64QAM Rx: 30.0dB SNR, 2048 Subcarriers
5] G
4 4
. g2
5 m
=L S 0
5 3
& -2 o1 -2
-4 -4
6 5
6 4 -2 o 2 4 6 £ 4 2 o 2 4 6
In-Phase In-Phase
igetLé 64QAM Rx Constel |-aGd B nSNR,a g2 ®@inds

S whrc ¢

For 64QAM, the SNR must approach 25dB before

errors. The modul ation for mat i's unusabl
20dB. I n those cases, it is advisabl e t
o achieati sfactory communication | ink.

t

(0]

e

i n

rec
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3.2M6dul ation Order Comparisons
FigwBilédt di g2 how the comparisons between th
types and orders: BPSK, 4QAM, 16 QAM, 64QAM,

BER versus SNR for Various Modulation Orders

BPSK
4QAM
16QAM
64QAM
256QAM

107 ¢

100 ¢

107 k

BER

102 &

10°% ¢

10 £

SNR (dB)

Fi g80L&€BER Versus SNR for Various Modul a
Fi gBldshows the BER versus SNR for BPSK, 4 C

256 QAM. BPSK can still produce good results
noi se B®Bligoni fisant, for example when the SNR
modul ation formats, the BER is considerabl e

curves for 4QAM, 16 QA M, 64QAM and 256QAM are
and 22dB, respectively.

shows the ETSI recommendat i ®inn tan aAWGN veh anr
[ 6B6dr QPSK, 16 QAM and 64QAM as these are the
UK digital video broadcasting (DVB). The rec

FEC rat e.
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Tab3-3FQPSK, 16 QAM and 64QAM SNR Reqdi rement

Modul at | Si mul ated Re@QdBETSI Rec omme
For mat for BER“ERANNGNO (dB)

QP SK 10-1B8. 6 3.-5.9

16 QA M 18. 7 9.-B4 . 4
64 QAM 21. 8 1328 . 2

There are wider eaonmmeasndatri oonhse depending on
transmission structure. ETSI al so have reco
channel s.
To calculate the error vector magnitude (EVN
be determined bettwegmbbhe mBedethe transmitte
© O ©° (3-2)
5 b 0 (3-3)
The magnitude of the errwrquias et oo tf owdnd hlkey

sqguares -mhfadédeandc quadrature component s:
0 Q¢ Qo 6 QU 0 (3-4)

For mul tiple syolbdlds wag el @s s e &lo mmusnyincbaotli o n

EVM contributions must be factored into the

0 &0k "Qoé’Q'QUQ e 52 (35)

O0'MI 8 | WA REAQQ®
NDEW EO0AOONOG OE a i
Therefore, the EVM calculation for the syste

D WwQE Q0 6Q0Q

wu D1 adOa Q¥ otie 8%&?2

(3-6)
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The EVM can be converted from the percentage

O wiQ6 il Owob 3-7
G C Xk (3-7)
By subtracting the received signal (vector)

errvoerct or for each of the data points can be

(EVM) for each of the modul ated signals <can

YQQO & € TYOY'QQE FYHY'QQE ¢ (3-8)
0508 ﬁ].dYQD©®Méi (39)
w20 TNy v~ ~ L vy -
6 YOYQ Qe wa
100 | EVM in % versus SNR for Various Modulation Orders =
4QAM
16QAM
64QAM
256QAM
s
=
[
0 5 10 15 20 25 30

SNR (dB)

FigB80LBEVM in % Versus SNR for Various Mo

Fi gB18&8 hows t™Mhen B for the same modul ation o

spread of values when the SNR is | ow, this i
across multiple iterations. As the SNR incre
accuracy increases.

ETSI define the requirements for the EVM i

equi pment conformance sptahBfd¢ 6.1 i on document
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Tab34ETSI EVM Conformance Specificat

Modul at EVM (

QP SK 17.5
16 QA M 12.5
64 QAM 8

256 QAN 3.5

The acceptable | evel of EVM for hi gher or de
requirement, as shown by the 256QAM recommen
| ower order s. For this AWGN channel simul ati
correspond to the SNRo3-5ealTuhees cshhooswenn iENWVM c ol
nomi nal val ue which makes it a tgghtetyref
transmission.

Tab3%2SNR Values Corresponding toabBB&losEWM Re

Level
ETSI Correspon( Chose Correspon
Modul at _ _
EVM (| Si mul ated $EVM (| Si mul ated
QP SK 17.5 14. 8 15 15. 2
16 QA M 12.5 18. 6 10 19.1
64 QAM 8 21. 2 6 21.7
256 QAN 3.5 23.7 2.5 24.1
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EVM in dB versus SNR for Various Modulation Orders
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Fi g848EWIi n

15
SNR (dB)

dB Versus SNR

for

Vari ous

EVM

FigBa18 hows the EVM in dB
various modul ation orders.
Tab3&SNR Values Corresponding to
Modul at SNR (d| EVM (d|l SNR (d| EVM d
QPSK 14. 8 -14. 8 15. 2 -16. 4
16 QA M 18. 6 -18. 1 19.1 -20. 4
64 QAM 21. 2 21.9 21. 7 24.6
256 QAN 23. 7 -29. 3 24 .1 32.1
Tab36shows the corresponding EVM valwuabkl én

3-5.

Mo d
pl otted80dBafostthe

(

d
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rat e. One common design factor for consi der
equal to or Il onger than the maxi mumsymbaly sp
interfere®&leOn(cleSIt)he maxi mum del ay spread ha

factors such as desired error performance

Doppl er spread estimations were wusually per
Yucek et al proposethat hahstceae dedthacea psbCeESs
required for computation as well as[6.9rpr ovin

3.30ptimum Switching Threshol ds
Using the MATLAB generated OFDM transmissio

calcul ated for the Rayleigh distribution to

sigpawer .

PGl Qw (3-10
This is an approximation because with diffe
di stribution shifts wup in power and spread

dependent on the subcarrier construction.

For simplicity, integrating this function fr
p Q2 Qw p (3-11

As this is a continuous distribution, the pr

infinitesimally small, so the distribution i

infinite power is iIimpossible.

p GQ Quw p Q emow) L (3-12
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At a diffefDel2&é, ot hpusaippreuifmatientl y <cl ose
threshold calculations.

The choice of the number of thresholds isnbo
number, t he better the power savings coul d

threshol ds abrreewihtoys.en f or
W pel Qw wp Q

W p e QO wQ Q

(3-13
O PR QO 0Q Q
P P Q® p0Q
This | eacdosmploettéheexpressi on:
Op Q @0 Q w0 Q Q (3-1 4
Computationally, the expressions grow signif

t hreshol d, ismefifti disemti gthd yperf orm by hand be
for 1, 2, 3, and 6 thresholds were also cal ci

wer e accur ate.

|l nitial guesses are required as a sensible s
it more difficult by hand, but a few iterati
to the MATLAB optimisation, giving confi de

generation of opti mal thresholds in MATLAB i



Differentiating the expression with respect
switching threshol ds. This is where the op
MATL AB.
Equation 1: wrt a
2 wp Q ©'Q Q ®'Q Q Q
Qw (315
Q  Q POD @ p
Equation 2: wrt Db
Q& Q 0Q Q H'Q Q Q
Qu°P @ @
(3-16
Q Q Q peO ® p
Equation 3: wrt <c
Q Q H'Q Q H'Q Q Q
oY @ @
(3-17
Q Q Q pQ pQ p
As a set of simultaneous equations, they ca
thresholds. Again, this is far simpler in M/
switching thresholds are displayed.
W TR XPOT
O MITpPpYw (3-1 9
W THTTUY

6 7
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The expression s galoevws twelalnyamdimben of thres
dependent on computational time and as alrea

possible in practical applications.

Efficiency Versus Increasing Number of Switching Thresholds (1-20)

2 35.00

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Number of Switching Thresholds

Fi g@3RBEf f i cAcehniceyv ab2€ Wpt Hwnibtmc hi ngsThr eshol
Expectedl vy, introducing the first switching
system in terms of efficiency improvement. A
supply is highly inefficient, but by introd
| ower the power supply voltage wheneveo the
38.95% efficiency. |l ncreasing the number o f
further increase the efficiency up to 61. 87%
The calculation for these téfef incuinebrecy offi gtuhrre
affecting the complete exBLésorol sheckrshaol dr
compl ete exm@aresdigdreshod d is sKH8WB aind ¢heat

efficiency figureexpreagssnpdry 1 minus the

Hhp Q Q Q (319
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TabB&shows t hat t her e i s | ess t han a 5% eff
t hresholds to 20 threshol ds, which means t he
need considerati on. Thi s becomes ever mor ¢

threshol ds.

Tab3&Achievabl e ERDiIi Openoymf &wi L ching Thr

Number of S| Theoretical
Threshol d Efficiency
1 38.95
2 48. 43
3 52.68
4 55.09
5 56. 65
6 57. 73
7 58. 53
8 59.15
9 59. 63
10 60. 03
11 60. 35
12 60. 63
13 60. 86
14 61. 07
15 61. 24
16 61. 40
17 61. 54
18 61. 66
19 61. 77
20 61.87




Efficiency (%)
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Efficiency Versus Increasing Number of Switching Thresholds (1-100)

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84 88 92 96 100
Number of Switching Thresholds

Fi gBRB8Ef fi ci enabylweAtcihd ®pvt i Mfuvmmt chi ng Thr eshol

gB28 hows up to 100 threshol ds, it i's cl e
mi ni shing returns. The efficiency achievahb
reshol ds it i's 63. 4 %,; this increase in th

re pcloelx circuitry and only achieve approxir
i's Ilikely not sufficiently valuable to pu

Objective Function Value Against Number of Switching Thresholds (1-100)

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84 88 92 96 100
Number of Switching Thresholds

Fi gB3Rd0Obj ecti ve FUAwcmp toont iVcallOWee hldr s hol ds
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't can befis@¥®ge ftrhorem curve I s asymptotic towa
theoretical | imit of efficiency as the numbe
As the number of thresholds grows, the space
which means thats thenthaéshocross at all v al
data set, therefore the distribution can be

of the PDF average:

POQ Qw
w (320
Vg
™ QP Y

MT

p — pmnme&@ch (3-2)
Q70
The theoretical I i mit of effici(®&nhl.y Ass to6h3e. 8

number of switcboiriegsedhreshotedsdsntowards thi

figures.

OFDM Rayleigh PDF with Normalised Signal Amplitudes for 6 and 13 Switching Thresholds

25
—— 6 Thresholds
-1 —— 13 Thresholds
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[
o 1
05| \
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0 | I I ; J

0 0.2 0.4 06 08 1 1.2
Normalised Signal Amplitudes

Fi g3RBOFDM Signal Ampil 6anutdl®dpt PBIFsed Switchi
Threshol ds
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25 OFDM Rayleigh PDF with Normalised Signal Amplitudes for 20 and 31 Switching Thresholds

—— 20 Thresholds
~ T 31 Thresholds

Y
R
I

Probability Density

.
I

0.5 \

0 0.2 0.4 0.6 0.8 1 1.2
Normalised Signal Amplitudes

Fi g3R60OFDM Signal Ampil 2fiandle@pLPiDni sed Switchi
Threshol ds

By increasing the number of switching thre

increases towards the 63.8a®8ei mit in steps

3.4Uni f &wmt chi ng Threshol ds

Il n each of the opt i nfuing3#2a retsihg@i2de d hempiae s, b u
of the probability density function appears
uni form in spacing, this would suggest that
steps would provide an efficiencgaknmaxtceammn
efficiency in each case. This would be adva
facilitate a much simpler hardware and soft

code for the generation of uninf AArprmp édanldri xs hol d
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Difference Between Threshold x-1 and x
0.18

—e—6 Thresholds
—e—13 Thresholds
20 Thresholds
0.14 31 Thresholds
6 Threshold -Lim
——6 Threshold +Lim

——13 Threshold -Lim
——13 Threshold +Lim
——20 Threshold -Lim

——20 Threshold +Lim

——31 Threshold -Lim

0.16

[=4
-
L\vd

(=4
=
o

bt
=}
@

—31 Threshold +Lim

Difference To Previous Threshold
o
=)
[<}]

0.04

0.02

01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
Switching Thresholds

Fi g3R&Di fference Bet wleeandl hxr efschrol6ed, x13, 20
Threshol ds

Fi guwr2erl'shows the differences between each p
threshold values for the 6, 13, 20, and 31 s
case, the first and | ast thresholds are sig
spread clieas¢y towards the edges of the dist
from the minimum value of each threshold se
able to assume uniform spacing, iIin each set
3 threshohddowhot fall within the chosen bol
thresholds within each set for the distribut
Assuming uniform spacing, the i mpdfeimemdtawe eem
achievable efficiency compared t oTathiBe€& opti n

shows a comparison between the efficiency of
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Tab3%*Efficiency Comparison Between Opti mun

o Efficienc S

Number Efficienc ' Effici

' Uni form Th
Thresh Opti mum Thr ' Di ffer
Spacing

1 38. 95% 37.03% 1,929

2 48. 43% 46. 66% 1. 779

3 52. 68% 51. 33% -1. 359

6 57. 73% 56. 84 % -0. 8979

13 60. 86 % 60. 34% -0. 529

20 61. 87% 61. 58% -0. 2979

31 62. 53% 62. 34% -0. 199

100 63.40% 63. 35% -0. 059
The difference in efficiency between a syst
t hreshol | ocations and one using uniform sp
as the number of tThabddspolodesi hbacaseasform s)|
supply voltage from the power supply can acl
efficiency for each set of switching threshc
1 threshold but reduce atnad G.vlen% ffuart h3&I ttlor els

thresholds. Therefore, the uniform spacing P
A furthe enhancement to the technigue is to
threshol case could be wutilised for an idl e
at which everything is still turned ehednd r
when no output is desired. Combine that | ow
threshol dtshriemshtdiled 6case to tot al 7 threshol c
during operation (56.84%) and during idle sc
Applyinghtrlkis®ol7d configuration resul ts in
operation, an increasthonéshaoalsd VelOdi%oovieut tth
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configuration is to save significant power
Therefore, the real usage benefits are diff

system is employed by the user.

3.5Concl usi on

The goal for the work in this chapter was to
the output vol tage rail of the PSU based ¢
modul ated OFDMfassgnaWwitdhitmag i s possible wit

FoOF DM, the PAPR can be relatively high, thi

that i s employed; higher modul ation orders |
There i s aofcfl elmet weamdeci rcuitry cost, compl e:
trend is that of diminishing returns as the

jumps in efficiency enhancement come when in

For 31 switching thresholds of uni form spac
compared to the 62.53% achievable with the
di fference for a much simpler i mpl ementati o

efficiemceshot d6 bet ween optimum and uni fori

spacing should be chosen in most cases due t
i mpl ementation. 6 thresholds are |ikely suff
with morerebanl 8% ibB | ikely unnecessary and

Al ternatives to this |1 mpbamedt appoowachesuthe
require complex <circuitry and | arge power s

amplifier operation frequencies increase.
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There are three different approaches which <c

1. Equal Power Distribution
The PDF could be sliced into equevalmpadeeas
approach but can result in errors and doe

2.0ptimum Threshol ds

Optimum threshold spacing based on the pr
is the probabilistic analysis and the ra
hi ghest theoretical efficiency but can ha

3.Uni form Threshol ds

Sensi bl e, uni form threshold spacing infor
extra | evel for the system idling scenal
efficiency is close to the theoretical ma
we l | and mmemefliotws ifmpd ement ati on compl exi
approaches outlined in chapter 4.
A final i mprovement to the PET technique was
in which amplifiers often remain switched o
significant DC power unnecessarily. lud dt hese
be switched to the | owest calcul ated switchi
a much | ower power but can quickly DbTeher eady
recommended cosf itghuetraetfiootne | i s e a smal/l numt
t hrelsds, 6, with ®&hiedbxcteanaarlieov,elt oftoarl Thiinsg 7

benefita Ifawmi mpl ement atoimbad c anp hgehx i @ fyf i ci er
enhancement
Whi |l st this envel opdedst raacdke Inggy tiercthmi ghe @y s

envel ope of the incoming signalampl peiver mi ne
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supplhye consequences of the del ay ar.elfhreo gr e
del ays include the i ndemiemn gniosfia gtnhaelrsl esseta tf if o m g ,
onhdPDR o properliyncemivrege hshied mpthpower supply
switching propagatiod ff drhet el awtsputn &rhpel isfyis
orarmi sal, gnleen theree elfifleeleyg t thieir pseitghneal or was
power . | f accurately aligoendsi chedmelvlead ent hen
dely |'ine is configured to achieve proper al

with better and higher frequency components.

Concluding, the PET technique could be gener
on its statistics if the signal probability
I n the next chapter, the i mplementation eff
theory, and some different system configurat
including one simulated for 6 thresholds, an

al so discusses an dempabVewmdrtd Ttonastwealclt i on n

Gol omb rulers (MGRs), creating a new and sin
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Chapter 4
| mpl ementati on of Powge
Techni ques

4. 1l ntroducti on

Il n this chapter, two different topology prorg
approaches, call ed I-liinreaar frhmatwr i(X F) NlaM)d, nhnt
their own advantages. The LF topology 1is 1in
vila® use cases. Circuit simulations are pres:¢
analysis of the circuit simulations is given

A new method of generating modul ar Gol omb r
rulers is also introdguceudnd k(hM&R) Rtseidrnrei see .r
to achieve the maxi mum number of | evels for
systteemugmefdtt i ciency. This is the c¢cMAXLAB the
is used to prove that the new MGR technique
are used in conjunction with the PET technic
uni que coomnssttroucagnabl e a higher power efficie
The version of the PET technique taken forwa

t hresholds as it l ends itself we |l | to the MC

4. 2Linear Flow (LF) Topology

The fopestogy presented is the LF topology wh:

of two connections to/from it which are its
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+Vout

\ \ \

GND

Fi guf:8Resource Generalised Linear FIl ow

The simplest circul ar sysrteesno utroc ee nspylsotye nwoiullld

figa&le whereby all resources are adjacent t

out put configurations are covered. The arrow

wra-psound from right to |leféesourcoudAhA®e aLoOwe

Any circular |l inear flow system is perfect w
+Vout

ORNOETOR
j GND

Fi g4R.d-Resource Generalised Linear FIl ow
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With 4 resources, however, there is no dire
l i kewi se bet ween resour ces B and D. Ther ef
i mpossi bl ei n ot lae hea evreent arrangement, but wh

alternative configuration.
0 Qi i Q& &Xpd 606 O (4-1)
0 Qi | Q8 &xg6 06 O (4-2)
Any LF system with 4 or mmesengeposscbsewblu

t herefofperifecrnan

4. 23-Regul ator Binary Sequence LF

Il n this context, the binary seqgquence is a ge

subsequent terms 1, 2, 4, 8, 16; also known :

from t-hkeowmlmped ri ¢ sequence forndBla, shown ir
®» i

KM ® QQioi'ha

(4-3)
i wéddaE dhQE
E NAaOOQd BN &

+Vout

\ \ \

GND

Fi gd4B8Regul ator Binary Sequence Linear F



Fi gu43es hows

configuration ci

required

MOSFETS
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a simplifi ed-r esgcunleantaatri c bionfar & 8

rcui

ar e

t, t

denot ed

he

cihbaa Hditd eIr.d WIthiec s o

byhandgisnpde ocfwi:

4V regulator is btandescsidd DO the OL&fregul ato
enabl e al possible outputs.
Tab4-eStatistical SRengnalryt of Bihemaldy Sequence
System

Number of Voltage Regu|3

Number of MOSFETs Requ|9

Number of Different Po|7 (8 inclu

Possible Output Voltag|Ol, 2, 3,

Number of Different | m|O

| mpossi ble Output Vol t|None

Maxi mum Possible OQutpull + 2 + 4
This system is perfect because every voltag:
system, i this case Vmax is 7V.
4. 24Regul ator Binary Sequence LF

+Vout

)

. 4

\

)

GND

Fi gudddRegul at or

Fi gu4adeshows

configuration

Binary

Sequence

Linear F

a simplifi ed-r esgcuthleantaactri ¢ bionfar § 4

circui

t, t

he

cihbaarbdl2dt eelrot i cs o
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Sequence

Tab4-2Statistical SRengnalr yt of Biheady
System
Number of Voltage Regu|4
Number of MOSFETs Requ|l2
Number of Different Poll13 (14 incl
Possible Output VoltaglO, 1, 2,83,
11, 12, 13
Number of Different | m2
| mpossi ble Output Volt|5, 10
Maxi mum Possible Outpujl + 2 + 4
This ipeafBoh system as there
connection between regulators 1
missing 1 + 4 = 5V and 2 + 8 = 10V
4. 2D8sign Considerations
With any design process, careful
design with justified deci sions

i mpl ementati on.

are missing ol

as t

consider ati

o] whi ¢

MOSFETs were chosen as electronic switches f
switching ¢triemseass,t alnocwe oonRDSon) and have high p
on the device choice. The critical point is

ofnya MOSFET.

A microcontroller wunit (MCU) was chosen as t
the GPI O pins only being able to source | ow
have a wide GPI O pin voltage range so drivin
be fdicful t .

Optocouplers on the MOSFET gates as isolated
ability to completely isolate the DC betwee
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el ectrical noi se getting back to the microco

occur and damage the GPI O pins.

The system described in this work was origi
communication infrastructure which is often
wreak havoc on analogue and digital <circuitr

RF ietemd¢de so switching errors are significa
RF environment s.

The input side of an optocdapl PEDIi sThmesobouypa
however, can be one of a few different type
this dydeemhototransistor type or the photod
The phototransistor type generally has hi ghe
so might be a better choice depending on t|
di sadvantage of wusually being sl ower.

The photodiode type can have fast operation
phototransistor type. A consideration could
out put photodiodes connected in series which
dr itvhee MOSFET gates harder if needed, depend
its gate threshold voltage requirements. Mo ¢
much current (often |l ess than a few tens of
on ti me Imimihttedei f t Mg aMOSRBEERh@ugadgecapaci tanc
|l arge. There are some optocouplers designed
current in the region of 200mA to hit the de¢

These circuit design constiad#é3eati ons are sumn



Tab4-FSummary of

8 4

Design Consi

Design A

Advant ages

Di sadvant acg

Rel atively hi(

Fast switching _

MOSFETS especially at
used a{ Can have compl
Hi gh power <cap . '
el ectro drirveequi r ement
Switche _ Can be sensiti

Low-roensi st ance

temperature Vi
Fl exi bl e amdanc|Have | imited 1
used in a wide|processing po\
applications to parallel t:

Mi crocon
( MCU) to

Often cheaper

alternatives s

Not suitabl e
hi gl

power or spee:f

requiring

the swit
indi vid
MOSFETS

Si mpler requir
I mpl ementati on
FPGAs, includi

programmi ng

GPI O pins

driviwwgrrewt |

onl y

Often desi gpmewk
applications s
efficient

Typically havq{
pins but can |

with ext nal

(¢
—

or GPI O expani

RFindependent g
affected by RF

l ncreases cir (

El ectrically i
Optocoug _ _
_ noi se reaching|lncreases phyj{
i ncluded _
mi crocontroll e|lsize
MOSFET g _
GPI O pins
contr ol
Enables a smal _
_ I ncreases i mpl
signal to cont

rail

cost

der ati

or
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4. 21 mpl ement ati on

Electrically, the differgutl aMO®SBEEBY ec a rstorl alt
are connected to output the required voltage
Figdbshows the electrical path for the O0AO6
be the same for the 6B6 regulator output as
the circular structure. The red crosses sho
controlal end cbhpcontroller or FPGA, with gate
show the path to both the negative and posi't
and M3 MOSFETs indicate they are conducting,

of f .

M1

Fi gd-b:é& A’ Out put Electrical Pat h
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M1

Fi gd-6:6 A+B"' Qut put El ectrical Pat h
Figdbehows the O606A+B6 output path. MOSFETs M2
enable the path. 6B+Cd and O6C+Ad6 would have

di fferent MOSFETs turned on and oabdd4eThese s

+

M1

Fi gd4-7:&¢ A+B+C' Out put El ectrical Pat
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Figuitdepi cts the most compl ex configuratior
connected in series. MOSFET M1 is not cond
continuous | oop IS not created which woul d

i mportant hioscouwmsinmgrttansition periods when
configuration. At no point can MOSFETs M1, M.
time; at | east one of these must be al ways t

Tab4-42MOSFETs Conduction Status for Each O

Outpy 60né MOS 60f fd MOSFE
A M2, M3 | M1, M4, M5, NUSH
B M5, M6 | M1, M2, M3, M4
C M8, M9 | M1, M2, M3, M4
A+ B M2, M4, M1, M3, M5, M
B+C M5, M7, M1, M2, M3, M
C+A M8, M1, M2, M4, M5, M

A+B+( M2, M4, M1, M3, M5

B+C+ /4 M5, M7 M3 M2, M4, M6 ,

C+A+IF M8, M1, M2, M3, M5,

A+B+C, B+C+A, and C+A+B are al/l egheval may i

be nuances with output magnitude of each con
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Fi gdBée&TSpice Circui tReSiumuwaltetri 8Bn nfaary Sequenc
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Figu8ehows t he eigniiltaitaolr i nary sequence topo
the 1, 2,4 format. This requires 9 MOSFETs, v

of the MOSFETs.

Desired Voltage Out (V) @ Voutd
2 3 4 5 6 7 (M3 Out) 7 (M8 Qut) 7 (M7 Out)

0 (VINV3) 0 (V3INV5) 0 (V5/V1)
Fixed voltage 1 1 1 1
source
MCU logic for U1
opto, controls M1
Fixed voltage
source
MCU logic for U4
opto, controls M2
Fixed voltage 4 4 4 4 4 4 4 4 4 4 4 4
source
MCU logic for U7
opto, controls M3
MCU logic for U2
opto, controls M4
MCU logic for U5
opto, controls M5
MCU logic for U8 0 0 33 33 33 33 33 0 33 33 0 0
opto, controls M6
MCU logic for U3
opto, controls M7
MCU logic for U6
opto, controls M8
MCU logic for U9
opto, controls M9
M1
M2
M3
M4
M5
M6
M7
Ma
M9
Desired Voltage Out (V) @ Voutd 0 0 [ 1 2 3 4 5 6 7 7 T
Actual Voltage Out (V) @ Voutd | 0.0119487 0.0120841 0.0123409 1.0058657 1.9833977 2.9833748 3.9715538 4.9715576 5.9711933 6.8426647 6.9715514 6.9712095

Difference Between Desired and
Actual Qutput Voltage (V)

Difference Between Desired and
Actual Qutput Voltage (%)

1 1 1 1 1 1 1

-

v
v2 0 0 0 0 0 33 0 0 0 33 33 0
['&) 2 2 2 2 2 2 2 2 2 2 2 2
V4 0 0 0 0 0 0 0 0 33 33 0 33
V5

Ve 0 ] 0 0 0 0 0 33 0 0 33 33

V'

Voltage Control - Functions
3

V1o 33 33 33 0 33 33 33 0 33 33 33 0

33 33 33 33 0 0 33 33 33 33 0 33

Vi1

viz

MOSFETs ON/OFF

0.0119487 0.0120841 0.0123409 0.0058657 0.0166023 0.0166252 0.0284462 0.0284424 0.0288067 0.1573353 0.0284486 0.0287905

NIA NIA N/A 0.5831494 0.8370636 0.5572615 0.7162486 0.5721024 0.4824279 2.2993279 0.4080670 0.4129915
Fi gydB:8RegulBRitmary Circuit Test iReAplpkesndi xar
The on (green) and off (red) dtagwdfeomnfeaalh

possi ble out7/pput voltage O

4. 3NosLi near Matrix (NLM) Topology
The second topology is the NLM whereby each
resource in the system via a matrix configur

scenarios but generally |l eads to a much high
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S
\W¥e @L@L~

Fi gd-iB4-Resource GenerialeiassedMaNan x ( NLM) To

This system allows for all/l possible outputs
There are, however, disadvantages such as th
some caseoutmieglgth t he benefits. The connecti ¢
regul ators, are MOSFETs driven by optocoupl e
brain of the system. In this case, the adde:
manufactur iwegl Ic oasst scoanssume more real estate

When adding one extra voltage source (regul a
output voltage |l evels, the increased compl ex

optocouplers required to be able to output

maxi momsp blbe daerfined in the following way:

"O¢ & oh

(4-4)
o
o 2 2
q q

€ ot 4-5

o c (4-5)

Al ternati veédd)o(é9)catni aln so be written in sigl

in eqy4g)i on



Each
t he
| f t

(for

vol tage
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"O¢ & oh
W o¢ g€ qa p (4-6)
OMIiE &04aOODE & OININA0 & OO £ i
MOSFET has an optocoupler to drive the
number of optocaouplteres siamfmmeeach system
he number of MOSFETs required (x) for a
examplegthen te® kmadwm)] ate the number r e
regulator (a = 7) it is simply:
W W O (4-7)
Tab4%shows the numbMOSFEHTSsr gpui ruegpd t o 20 volta
Tab4-=Number of MOSFETs Required per Number
Number
Number of MO I ncreas
Vol t ag .
Required ( n-l1 to
Regul at g
02 (depending
1 topology requ N/ A
ciropetatio
2 6 4-6
3 9 3
4 14 5
5 20 6
6 27 7
7 35 8
8 4 4 9
9 54 10
10 65 11
11 77 12
12 90 13
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13 104 14
14 119 15
15 135 16
16 152 17
17 170 18
18 189 19
19 209 20
20 230 21

For n < 3 the number of MOSFETs doesndot foll
The quadratic (44r)omnefheatieamr aéntgheed stwb jneackte a

e gqguat4-8).n

o
o 2 2
C C
— (4-8)
. o o W
8 — —_—
C ‘ T
Equat4d®mrean be used to calculate useful stat:i

MOSFET/ optocoupl er pairings required for a s

W
CpTT -

all e

(4-9)
< PBCPT QG
€ PECPT QUEPD PECPTOCQU
Equat(é-9)nshows the minimum size of the syste
requirement of 100 or more MOSFETs. There
negative number ofl5r.e7g2ulraetsourlst, isso itghneor ed. A
regul ators cleartyicsanonondexi sp, t®9othe neare

in this case is 13.

I f the number of regulators was 13:
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W P o ° o
Cp Cp
Wo W -
o PO wWo (410
C C
W pPTT
Il f the number of regulators was 12:

. P o
(L)_ p—
CPC CPC

® XCpUY (411

W Wt
Therefore, the first sgrst momr evhpahr g equi MOS

optocouplers is a system which contains 13 r

Number of MOSFETs Required Compared to Voltage Regulators in a
System (4-15)

Number of MOSFETs Required (x)
N A @ © © N &
o o o o o o o

o

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Number of Voltage Regulators (n)

Fi g4 @Number of MOSFETs Required-ICompared
Fi gurldshows the 1increasing rredaquiiroend hnpmlbert
MOSFETpt ocoupl er pairings compared toTheée nur
shortest Golomb ruler of order 10 7vehsi cthound

means that a system with 10 regulators coul d
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Increase in the Number of MOSFETs Required Compared to Voltage
Regulators in a System (4-15)

- - =Y -
nN L » (=]

Increase in Number of MOSFETs Required
>

0 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15
Number of Voltage Regulators (n)

Figdfidl ncred#st MOSFETs Required Compia)yed to
Figdfilashows the |inear relationship between t
a system and the increase in the number of
previous term, equatsioan.very simpl e
QeEd T
(4-1 2
W 0w p

With fewer than 4 negdl dbor sasddi heowaail scnoculi

are adjacent to one another, flertefore, the
. +Vout
\ \ N\
j ‘1 j 1 GND
=

Fi g4l B4-RegulBRitmary SHg#taenear Matrix (NLM) T
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Figuil&8&shows a simplifi edeguwlhetrart i NLMTf bian a4 y
configuration circuit, the chtaabdiéddelrow.ti cs o

Tab4@eStatistical -RegmmatproBihary Sequence T

Number of Voltage Regul|4
Number of MOSFETs Requill4
Number of Different Posll5 (16 inclu
o, 1, 2, 3,
10, 11, 12,

Maxi mum Possible Outputil + 2 + 4 +

Possible Output Voltage

For 5 regulators in an NLM consabMiadeti on, the

Tab42Statistical -RegmmatpyroBi Bary Sequence T

Number of Voltage Regl5b

Number of MOSFETs Reql20

Number of Different P¢(31 (32 inclu
o, 1, 2, 3,
11, 12, 13,
18, 19, 20,
25, 26, 27,
Maxi mum Possible OQOutpil ++ 24 + 8 + 1

Possible Output Vol t ac¢

N N B b~ O

4. 4Linear Flow (LE)n&er sMat Nox ( NL M)
Il n either topology, there is a very importar

MOSFETs between the regulators always needs

damaged. There needs to be a break bett ween a
| oop being created. This also needs to be ta
contr ol circuitry and software to turn the M

be able to avoid the | oop muchter agwiot. behfdodr edfbfr e
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any of the other MOSFETs are switikaonbmeveh ohir 8
breakdéd technique used for minimising the spr
Tab4&shows the characteristics of several t o
topol ogy.

Tab4-&Li near Flow (LF) Topol ogy Stati
# of Regu|3 3 4 4
Rul er o, 1,0 : , 1, 4, 0, , 6
Sequence 1, 3,2 4,1, 3, , 2, 4, 1
Length 6 7 13 15

1, 2, 4
’ 25 ] ] ] mn $n
Possi bl e 8, :
, 9, , 6,8, 9, 10,
13, 14,

# of Poss

7 7 13 13
Out put s
Mi ssing O|N/ A N/ A N/ A 3, 12
# of Mi ss

0 0 0 2
Out put s
Repeated |3 N/ A N/ A N/ A
# of Repe

1 0 0 0
Out put s
# of MOSF

9 9 12 12
Optocoupl
TabWB8outlines some stati stoinddg ghhoatidornd efent

topol ogy.
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Tab4-ENo#wi near Matrix Topol ogy Statis

# of Regu4 5

0, 1, 3, 7,
, 4, 1,1, 2,164, 8,
5 31

1, 2, 3, 4,
11, 12, 13,
18, 19, 20,

25, 26, 27,

Rul er

I
R N O
o

0
Sequence |1, 3, 2|
Length 1

[EnN
N
w
N
w

Possi bl e |6, 7, 8,7, 8, 9 )
10, 11, 12, 13,

#of Possi

15 15 31
OQut puts
Mi ssing N/ A N/ A N/ A
# of Mi ss
0 0 0
Out put s
Repeated
3, 10 N/ A N/ A
Out put s
# of Repe
2 0 0
OQut puts
# of MOSH
14 14 20
Optocoupl
The NLM structures would allow for many mor e
has 4 or more regulators. There are drawback
being the radical i ncr elasnee airn to@md loggxyi trye qaus
MOSFETs, optocoupl ers and passive componen
increasingf nruenpwlrator s in the system and t

MOSFETs and optocouplers required i s exponen
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Tab4-e0OLF and NLM Advantages and Disadv.
Topol Advant age: Di sadvantages
. _ Poor rul er constru
Si mpl e i mp | _
_ number of eomue iudlsl, y
even at hi ghe
system orders
LF _ Efficient ruler cot
Low i mpl ement .
and computation
Economical
efficient rul
Achi eves 10(
coverage i f Hi gmpl ementati on ¢
construction
Number of { . .
Hi gh circuit c 0 mf
out puts grow{. . .
i ncreasing at highge
system order
Exponential increas
NL M
of MOSFETS and o |
system order grows
Size and cost of ¢
mi crocontroll er or
hi gher orders
Redundant at l ow s
efficient ruler <can
There are more advantages to the LF topol og)
more di sadvantages than advnaenatra greast rtiox NLoM.f iTg
becomes relevant with 4 or more regulators.
equi valent to already being a matrix as eac!l
ealc of the others. With an NLM system that
said to be O6unorderedd as it wouldndét matter
stild diasect connection to evefrkyroonnh edri namma .a



99

coefficient theory can be used to deter mine
system. This keaosnmhanthaodywelf |l combinati ons.
Bi nomi al Coefficient:
. £ EA il
o 7 ﬁ. -
Q "¢ QA ( 3
Summation of binomial coefficients
3
0 (4-1 9
Where n = number of regul ators
k i=ndex number for the binomial coefficient
There should be 8 outcomes from combining 3
regul at oros#,anlwtitetrbms can be ignored as they |
output, this |l eaves 7 possible outcomes for
for 4 regul ators.
Tab4-2iBi nomi al Theorem for n = 1 to
n |k =k =k =k =k =k =k =k =k = =|Tot
1 1
2 2 1 3
3 3 3 1 7
4 4 6 4 1 15
5 5 10 10 5 1 31
6 6 15| 20| 15 6 1 6 3
7 7 21 35| 35| 21 7 1 127
8 8 28| 56| 70| 56| 28 8 1 255
9 9 36| 84| 12¢12¢ 84| 36 1 511
100 10| 451120210252 21012Q0 45| 10 1 102
For all ondé, there is only one way to choos:¢
term is also included, the total <column beco
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Tab4-2l ncluding k=0 (choose nothi

n Tot al Excl y Tot al I ncl

0 0 1

1 1 2

2 3 4

3 7 8

4 15 16

5 31 32

6 6 3 6 4

7 127 128

8 255 256

9 511 512

1 1023 10214
Tab4-3Matri x vs Linear Topology Possi

Number Differe %
Regul a NLM _LF T?p?Between LAchi ev

(n) POSSIbIPOSSIbINLM Topol with
1 1 1 0 100
2 3 3 0 100
3 7 7 0 100
4 15 13 2 86. 617
5 31 21 10 67. 74
6 6 3 31 32 49. 2]
7 127 4 3 8 4 33. 8¢
8 255 57 198 22. 3F5
9 511 73 4 38 14. 2¢
10 1023 91 932 8.90

ng

bl e
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Tab4-ke3shows that for | ow numbers of regul at or
outputs is not affected much by the topol of
regul ators can output 87% (13/15) of the pos
present. This gap widens as theig4a#ldby ¢ghews,

orange and blue curves.

Linear vs Matrix Possible Outputs

1100 o ® ® @ @ ® ® ® ® ¢ 100.00
1050 . .
1000 —e—Linear Possible 90.00 s
950 Matrix Possible 2
@ ggg Difference 80.00 :g)_
g_ 800 % OQutputs Achievable with LF [
g 750 ) _ 70.00
] —8— % Outputs Achievable with NLM =
O 700 =
€ 650 60.00 "s'
£ 600 o
(] -_—
£ 550 50.00 3§
o 500 S
s 450 4000 2
5 400 &:
2 350
30.00
§ 300 g
250 2000 £
o
150 °
100 10.00 =
50 - ’-—-0—-—""'—'—_""‘
0 —_——— 0.00
1 2 3 4 5 6 7 8 9 10
Number of Regulators
FigdfiidLi near vs Matrix Possible Outr
LF systems with 1, 2, and 3 regulators are
the possible values. Systems with 4 or 5 reg
are unable to. Systems with 6 or more regul a
outtpsu compar ed t o possi bl e out put s. The di

i mpossible outputs increafsiegd4lesxponentially a
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LF Outputs - Possible vs Impossible

200

®m Possible = Impossible
180

160
o 140
H
< 120
o
‘s 100
3
2 80
=]
Z 60
40
0 — — m H_ II
1 2 3 4 5 6 7 8
Number of Regulators
FigdfLBLF OutPassi ble vs I mpossibl e
Difference Between LF and NLM Topologies
1200
1000
[
5
o
g 800
o
]
@ 600
o]
o
s
2 400
£
=]
4
200
0
1 2 3 4 5 6 7 8 9 10

Number of Regulators

Fi gdaé6Di fference Between LF and NLM To
The main difference between the LF and NLM
out pet guilés hows t hat there is an exponenti al

bet ween possible outputs for a LF system and
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Al ternative rul er compositions should be ex
constructed and chosen as the basis for the
the LF topology as 1t can minimise circuit

t heoreef have a high efficiency.

4. 5Gol omb Rapelrogi es

1 =—>

0
I
I

—— )

4 6
| |
| |

Figd40L&0146 OhLdemrad GCGol,omReErRelcer
When considering a Golomb ruler, the | ength
the exanpl &, (®,) the Il ength is 6; this is the
can be measured. The 0, 1, 4, 6 system is Op
L can be covered by considering thend)faf er er
along the rul er.

Tab4-e40146 Or der 4 Linear Gol omb Rul er Ol

(0 0h G Outp
1-0 1

6-4
4-1
4-0
6-1
6-0

O?G)-b-b@l—\g:
Ol k| O | &~ O
o g Al WO DN
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4 ——
3

2 ———>
1 € —

0 1 3 7
I I I I
I I I I

Fi g40.80137 OnLderead4 GCGolMowBe RUEet

The rul erf isgdelv@s i nonger ftihgatwk %t sh aitt icnan measu
greater overall distancepe(r7 eccotmpbaerceadu steo i6t) hbs
di stance of ®Halgdd .shown i n

Tab4-e50137 Order 4 Linear Gol omb Rul er O

030 R (X Outp
1-0 1

3-1
3-0
7-3
7-1
7-0

\I\I\IwwI—\§=
o k| Wl o k|l O
N o] A N

Figuwilé®& hows a second example which is-also

perfect as it cannot measure 3.

(&)]
A
A 4

Figu4i80260r der 4 Linear GhdrofmbctRul er |, N
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Tab4-e60267 Order

4
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Linear Gol omb Rul er

W0 030 Wh (0 Out p
7 6 7-6 1
2 0 2-0 2
6 2 6-2 4
7 2 7-2 5
6 0 6-0 6
7 0 7-0 7
b e tsaebdlbeltfarbdlbe, atnadbdtles t her e are only
measurements to be made with Iinear ruler
Tab4l7Number of Possible Measurements for
Number of Number |l ncrease in‘ N
(Rul er CMe.asur Measur abl e Di s
Di st an Ruler X to R
3 3 N/ A
4 6 3
5 10 4
6 15 5
7 21 6
8 28 7
9 36 8
10 45 9
NaQoi 61 Géam & ¢ E & &
(4-19

Thi s

I's a pattern

M FOBFME 6 @ T G Qi

ttrhiaa n golcec ua s

ti me Pdaisacgad masl s

Ol

6

of

Di
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Order 3

Order 4 1

Order 5

Order 6

Order 7

Order 8 1

Order 9 1 9
Order 10 1 10

10 1

Fi gdRBFirst 11PaRsocwasl 'osf Tri angle with Seque
The highlighted sequencepodes drlieb ense atslug eme mhb

l inear ruler of i1increasing order, the ruler

4. 6New Met hod for Constructing Modul ar Go
The circul ar construction of MGRs makes (o
applications than their |l inear cousatrtreupdrt s.
characteristic whereby the first mark (must

the same space which enables a greater numbe
TeRre is an additional benefit that the rule
extra mark, the | ength can be greatly increa

l inear equivalent.

Il f a |l inear Golomb ruler is converted into i
become perfect in that all distances between
but it may not necessarily remain at Gxd menb |

measurabl e distances may be repeated.
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The maxi mum number of measurements that can
the circular rul e#dlHs: given by equation
NOQi 0 NN 01 QaNE Gi p

i ) (4-1 6)
0 E0FME 6 a GOV Gi Qi

Tab4-e8Maxi mum Possi bl e Number of Di st ance

Rul er Or ( = e+

2 3

3 7

4 13

5 21

6 31

7 4 3

8 57

9 73

10 91

11 111

12 133

13 157

14 183

15 211
The key is to design a ruler structure which
tabdlle8 | f it is possible to choose a constr uc

the number of measurements for a particular
measur ementef, f itchieennayw swi | | be maxi mi sed, and
Gol omb ruler with missing measurements will

to a circular arrangement .
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The | ength of an MGR is the only wunavoi dabl
measurement can be taken f°romadanynmaakkwt bht
mar k, this is obvious and therefore is excl
repeated measurements.

Considering the Il inear Golfoimp&Ir§uland elx,an, e
figa1r@, both have 1 missing distance when

perfect when converted to thgd&Zlemodul ar forn

7 7.

Figd4ra&Two Order 4 Linear Gol omb Rulers Tr

As the starting point for any measurement us

the circumference of the circle, and any meas
means that there are no | onger any missing m
nowerfect and of a | ower order than their |

structures are maximally efficient as there
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The three main construction methods for mo

t heor em, -Ghhoew!|Bao steheor em and the Rusza theorer

the oldest, this was the starting point of

MGRs. Thmet medv i s si mpler and has the follow
1.Start with any known opti mal Gol omb rul el
di stance.

2.Add that wunmeasurable distance to the mag
new final mark whilemghecomes its new

3. Transl ate the new rul er into its modul ar

YoaRi'Yoa® 0 YEAaQdi 61 dwa’
(4-17)
0'Mi NQEME QECNK 6 G

When adding the | owest missing distance fror
rul er Y (fgiogd2g4 &1 g2 & tnhuember of measur abl e
increases by the number of marks on ruler X.
a a ¢
VMIQ & 6aQRQOI 601 'AIE AOQATREG Bi AR | (4-1 8
€ £1 QOMDO ackEiiE 6 a OB Oi VE 6 adi
a 3

. . (419
VIR 0 Ol @IE QI O GRIERO acdiE 0 i
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The 0, 1, 4, 6 ruler is an order 4 perfect ai
t hat the | owest unmeasur able distance is 7
one more mark is added to the ruler ,att hae di

rul er sfhioglwd Ziann be obtained:

A 4

13 <

[{a]
i
v

7 —>

4 < =
3 —>
2 —
1 =—>
0 1 4 6 13
I I I I I
I I I I I

Fi g4RB80Order 5 Linear GhdrofmbctRul er, Nor

Figdeeati sfies the first two steps of the n

5-mar k | i near Gol omb rul er. Thetatddltd sti cs f o

Tab4-e90r der 5 Linear Rul er Measur abl e Di

. Measur a % Measur
Di st ance Coun
(Yes/ NUnmeasur
1, 2, 3,94,15 10 Yes 77
8, 10, 11 3 N o 23
This ruler is not perfect as there are three

achievi ngeas uridl e di stance completion.

For step 3 of the method, it i s transl ated

order 4 perffiegggd EMGR 1 n



Fi g4-2B8Or der

The over all

nNo unmeasur abl

4 Perfect

e distances

Tab4-200r der 4

MGR Measur abl e

bet ween 0

Measur al% Measur

Di stancg¢g Coun
(Yes/ NNUnmeasur
1, 2, 3, 4
13 Yes 100
9, 10, 11
N/ A 0 No 0

Tab4-26 hows t hat t he

111

MGR with Length

l engt h fii g4& &iilnle atrh ev esassme nasatt e

and its

Di stances

M@H®a rvke rlsiinoena ro fr utlheer 5 s a

equi val ent .-maWikt hcia cutl ar

rul er | t

h e

number
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measurement st alléd3 ((tfhreomf ore when the | ength
there are 13 unique distance measurements, i
An al t eorpntaitmavie Gol omb rul er constfriug#2i4on wi t
has just t wo missing measurable distances

compared to the order 5 ruler.

17 < >
16 € >
13 < >
12 < >
11 < >
10 < >
0« >
7 < >
4 < >

2 —>

Figudyrd Order 6 Linear-P6olfemb Rul er, N

0 1 4 10 12 17
I
|

Tab4-210r der 6 Linear Rul er Measur abl e Di

Measur al % Measur

Di stance Coun
(Yes/ N Unmeasur

1, 2, 3, 4,
10, 11, 12
14, 15 2 No 12

15 Yes 88

The or deper6f encoon Gol bmpd-24leeromen t he order 5

modul ar fn g2 hiem transl ated into a circul ar
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Fi g4rBOrder 5 Modul ar Ruler with Leng

Tab4-220r der 5 MGR Measurabl e Distances

) Measur al|% Measur
Di stance Coun
(Yes/ NNUnmeasur

11 2’ 3’ 41
11, 12, 13,
N/ A 0 N o 0

17 Yes 100

Tab422 hows that there are no missing distanct

rul er meaning that the ruler i's perfect. Th






























































































































































































































































































































