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Notre vie tend a étre plumgréable, plus facile et plus efficace grad&weolution rapide de la
technologie de l'Internet des objets (IoT). La clef de voute de cette technologie repose
HVVHQWLHOOHPHQW VXU OD TXDQWLWp GH FDSWHXYy¢N ,R7 LQ
dans notre environnement. Malheureusem@&f,pOHFWURQLTXH FRQYHQWLRQQHO
ou relié au réseau électrique ne peut pas constituer une solution durable en raison des aspects de
colt, de faisabilité et d'impact environnemental. Penhdatemps, le changement climatique di a

la cansommation excessive de combustibles fossiles continue de s'aggraver. Il devient donc urgent
GH WURXYHU XQH VROXWLRQ SRXU OfYfDOLPHQWDWLRQ pOHFW
agrande échelleDILQ GH VLPXOWDQpPpPHQW et @ captedr® IdTltouH HQ °.

en limitant leur poids environnemental.

L'énergie radiofréquence (RF) ambiante, qui sert de support a l'information sans fil, est non
seulement capitale pour notre société, nwissi omniprésente dans les zones urbaines et
suburbaines. Elle permet de réaliser des communications et des détections sans fil. Cependant,
I'énergie RF ambiante est majoritairemergagpillée» car seule une toute petite partie de la
puissance transnasest effectivement recu olcensommeée par ledestinataire. C'est pourquoi le
recyclage dd'énergieRF ambiante est une solution prometteuse pour alimenter les capteurs loT.
3RXU FHUWDLQV FDSWHXUV ,R7 FRQVRP P D iyiexapsfilpouiray VDQFH
similairement se faire pades centrales électriques spécialisées, suivant le méme schéma
GYDOLPHQWDWLRQ VDQV ILO 3RXU XWLOLVHU HW UpFXSpUH
techniques principales : la récupération/réaeptie puissance sans fil en champ lointain (es®

power transfer: WPT) et la rétrodiffusion d'’harmoniques. Le chapitre 2 aborde les différents
mécanismes de conversion de fréquence entre le WPT en champ lointain et la rétrodiffusion
d'harmoniques. La céipération de WPT en champ lointain consist@rvertir I'énergie RF en

puissance continue. En revanche, la rétrodiffusion d’harmoniques a pour but de convertir I'énergie

RF dans une autre fréquence, dans la plupart des cas, la composante harmonngu2. detitre

d'étape préliminaire de recheratal'étude de faisabilité, une cartographie de la densité de I'énergie

RF ambiante dans les zones centrales de I'lle de Montréal est résumée au chapitre 3. Contrairement
aux mesures traditionnelles précédsrafectuées a des endroits fixes, cette mafmamique a

éte réalisée le long des rues, des routes, des avenues et des autoroutes pour couvrir une large zone.
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De plus, une mesure stationnaire dans le cefiiteede Montréal permet de révéler si lesiatds
humaines apportent un changement visélg niveaux d'énergie RF ambiante. Ce travail met en
valeur la quantité d'énergie RF ambiante disponible dans I'espace libre et constitue une référence
importante pour les chercheurs et les ingénieurs quioteent des circuits/systemes de collecte

de I'thergie RF ambiante pour des applications pratiques.

Aprés cette étude de faisabilité, cette thése est ensuite organisée en discutant d'abord de la
conception du redresseur WPT en champ lointain puisadeétrodiffusion d’harmoniques.
L'objectif prindpal est d'améliorer |'efficacité de la conception des circuits et des systemes pour le
WPT en champ lointain et la rétrodiffusion d’harmoniques. Le chapitre 4 présente un modele
analytique pour la prévisiodes redresseurs de WPT en champ lointain avec gamme
dynamique étendue jusqu'a une région d'environ un milliwatt. En outre, une étude sur les effets de
la température des redresseurs a diodes Schottky indique qu& delilieétre prise en compte lors

de la conception car les redresseurs a diodesears propres températures de fonctionnement
optimales pour atteindre un rendement de conversion maximal. En raison de la densité de puissance
OLPLWpH GH OD SXLVVDQFH 5) D P outer@Qéndrpie Gihtatbite rshiamé H S U
dans le proessus de redressement. Un redresseur hybride est réalisé pour collecter simultanément
I'énergie RF ambiante et I'énergie vibratoire. Il est démontré que la puissance de sortie en courant
continu de ce redressr hybride est considérablement augmentée grdaesynergie des deux

puissances d'entrée permettant I'amélioration simultanée du rendement.

La deuxieme partie de cette these porte sur la rétrodiffusion d'harmoniques, plus précisément sur
la conception & l'optimisation des performances des transporsled’harmoniques. Les
transpondeurs d'’harmoniques recoivent I'énergie RF a la fréquence fondamentale, qui peut étre la
puissance RF ambiante ou provenir d'un radar harmonique spécialisé. Aprés l'avoirecenver
deuxieme harmonique, les transpondeursrdavoient vers des récepteurs ou des radars
harmoniques pour l'interprétation des informations. Le chapitre 6 propose ainsi une nouvelle
architecture de transpondeur d'harmonique en insérant un duplexeurédaue le nombre
d'antennes. Un modéle anadyte du comportement des diodes dans la conversion de fréquence
des transpondeurs harmoniques est développé, permettant de choisir les diodes optimales pour la
conception des transpondeurs. Sur la base dadtats mesurés, la perte de conversion du

trangpondeur d’harmoniques entiérement passif proposé a été réduite en sélectionnant la meilleure
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diode (SMS7630) et en optimisant les antennes du transpondeur. Le chapitre 7 présente
I'amélioration de la distancde lecture des transpondeurs harmoniques disanti la diode
SMS7621 et des opérations a basse température. Une analyse théorique, ainsi qu'une vérification
des mesures en champ lointain, ont été fournies. Enfin, le chapitre 8 propose une conalasion et

discussion sur les travaux futurs.
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Our life is becoming more convenient, efficient, and intelligent with the aid ofefendving
Internet of Things (loT) technology. One essential foundation of loT technoltgydevelopment

of numerous interrelated 10T sensors that areidigied extensively in our environment. However,
conventional batteries/cordmsed powering solutions are certainly not an acceptabletdéomg
solution, considering the carredcost, feasibility, most of glienvironmental impact. Meanwhile,
climate chage due to excessive consumption of fossil fuels is worsening day byluegfore, a
transformative powering solution for such laigmale and geographically scattered I0T sensors is
of extreme importancan support of such extensive 0T sensors implematbon while

simultaneously mitigatg its environmental burden.

Serving as a critical information carrier, ambient radiofrequency (RF) energy is pervasive in urban
and suburban areas to realize wireless conitation and sensing. However, part of ambieRt R
energy is dissipated due to path loss if fuby consumed by endsers. Hence, recyclinipe

wasted ambient RF energy to power loT sensors is a promising solution. The concept of harnessing
wireless energfor poweringloT sensors requiring a higher power supplglso feasible through

the dedicated wireless power delivery from specialized power stations, which can be an effective
supplement. To realizhe RF power scavenging, this thesesearchntroducestwo maingream
techniques:far-field wireless power transfer (WPT) and harmonic backscatte@mgpter 2
discusses the differetequency conversion mechanismagplied forfar-field or ambientWPT
harvesting and harmonic backscattering.-fidd WPT harvesting onverts RF energy into dc

power geroth harmonic). In contrast, harmonic backscattering upconverts RF energy into its
harmonics, in most cases, the second harmonic component. As a preliminary research step and a
feasibility study, a survey adimbient RF eergy density irthe core areas on Montreal Island is
summarized in Chapter 3. Different frotime previoudy publishedtraditional measurements at

fixed locations, this dynamic measurement is carried out along streets, roads, avenues, and
highways to coven large area. Also, a stationary measurement in Downtown Montreal is to reveal
whether human activitiesre able tdring visible change to ambient RF energy levels. This work
demonstrates how much ambient RF energy is available in free apdcacts as aignificant
reference for researchers and engineers designing ambient RF lkeaergstingcircuits/systems

for practical applications.



After this feasibility study, this thesis first discussesfi@ld WPT rectifier designs and then
addresesharmaiic backscattering in the second halhe primary goal is to enhance efficiency
performance in circuit/system design for bothffald WPT and harmonic backscattering. Chapter

4 introduces an analytical model for predictingfiatd WPT redifiers with an extended dynamic

range up to approximately milliwat{mW)region. Furthermore, a study on the temperature effects

of Schottky diodebased rectifiers indicates that different didumbesed rectifiers have their own
optimum operating temperags to achies peak conversion efficiency. Due to the limited power
density of ambient RF power, Chapter 5 further introduces ambient vibration energy into the
rectifying process. A hybrid rectifier is realized to collect ambient RF and vibration endlgy at
same tine. Predicted by closeidrm analyss and verified by measurements, the power synergy
leads to a substantial enhancement of dc output power and conversion efficiency of this hybrid
rectifier simultaneously. The second part of this thesis fecuse harmonicbackscattering,
specifically harmonic transponders design and performance optimization. Harmonic transponders
harness RF signal at the fundamental frequency, which may be ambient RF power from a
commercial band or come from specialized hanmeadar. Afer converting it intahe second
harmonic, transponders send it out to sniffer or harmonic radar for information interpretation.
Chapter 6 proposes a new architecture of harmonic transponder by inserting a diplexer to reduce
antenna number. Alosedform model for analyzing diode behaviors in frequency conversion of
theharmonic transponders is developed, which further helps identify suitable diode candidates for
transponder design. Based on measured results, the conversion loss of the pulipqsashive
harmonic transpondes reduced by selecting proper diode SMS788this workand optimizing
transponder antennas. Chapter 7 presents the readout distance enhancement of harmonic
transponders by using diode SMS76R1his workand lowtemperature opeténs. Theoretical
analyss, together with fafield measurement verification, are provided. Finally, Chapter 8 offers

agenerakonclusion and discussion on future works.
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Bl Motivation and Objectives

Billions of Internet of Things (loT) sensors will lmaplemented globallyor a huge number of
applications, ranging from automated manufacturing to smart Thtgy are criticato increase
operational efficiency, lower costsponitor structure conditionsgnhancetraffic safety and
optimize public transptation Powering theséoT sensors cannot rely on traditional measures,
like dry batteries and wires, which will inevitably add more burden to our vulnerable environment
and cost issue as well as application inconveniehs@ result obexcessiveggreen @s emissios
humankindis witnessing severe climate change, such as arctic ice melting, more frequent bush
fires, and hurricanesTherefore, atransformative powering solution for these 0T sensors is

urgenty neectd

Ambient radiofrequency (RF) energy jervasive in urban anduburban regiongs well as
industrial production and campus ardasnay come from digital TV (DTV) broadcasting towers,
cellular base stationandWi-Fi access pointsdt should be noted thaomeambient RF energy is
actually dssipated and wasted iinee space if nofully captured by target users. i$hs, in
particular,true for omnidirectional coverage of those RF signalsisThmbient RF energy is an
LGHDO 3JU Havglablefqr Hbl d&nsors. This thesiesearchtsives to bridge the gapf
usagebetween wasted ambient RF energy andrgydemandingloT sensors. Suchnaenergy

bridge istimely andpracticalfor two reasons

a) Energy level. Although the power density of ambient RF eneigysuallylow in free
space, loT sensoese becomingessand lespowerhungry due to advances in uHiawv-

power electronics.

b) Physical locations IoT sensors are often geographically distribidedhatthey maybe
installedin difficultly accessiblecorners and ceilings or evée embedded insidauilding
concrets or human boes Thus, conventional powering solutions ab¥iouslynot good
choicesor even impossiblan thesecases. Whereasambient RF energy is also omnipresent

in free space and can penetrate nonmetal matsaadts reach those IoT sems@asily.

For meetingthe higher power demands of some 0T sensorsome casesa dedicated power

station to offer wireless power dedry can be introduced as a supplement besides recycling



ambient RF power. To realize battdrge l0oT sensors, thibesis discusses two major techniques:
far-field wireless power transfer (WPT) and harmonic backscattering. The primary goal is to
enhancecircuit/system efficiencyr reduce lossit a limited power levelor both farfield WPT

and harmonic backscatteringpecifically,the objectives of this thesis can be summarized as:

1) Conductadensity mapping aimbient RF energy in our neighborhoodihderstand how
much ambient RF energy is availalntefree spacewhich is also a feasibility study of
this Ph.D.research topic;

2) Develop analytical models for fdield WPT rectifiers and harmonic transponders;

3) Summarize a selection guidéSchottky diodefor far-field WPT rectifiers and harmonic

transponders for higher efficienpgrformance

4) Investigatethe temperature effectsof far-field WPT rectifiers and hybrid energy

rectifying platforns based on muklphysical sources;

5) Propose a new architecture of harmonic transponders to achieve low profile and large

readout distance;
6) Enhance the readout distance of haonic transpoders through lowemperature
operations with the aid @fclosedform analysis model

Bl Outline and Contribution sof This Thesis

This thesis is organized thearticle-based format, containing six original journal papers:

Chapter 1: Introduction

This chaptepresentghe background information of fdield WPT and harmonic backscattering.
Harvesting RF energy through thbovetwo techniques to energizeT sensorss the primary

goal, which is also the main motivation of tRik.D.thesis

Chapter 2: Article 1: Recycling Ambient Radiofrequency (RF) Energy:-Fed Wireless Power

Transfer and Harmonic Backscattering



Chapter 2 reviews idepth two mainstream techniques to recycle ambient RF energy in free space:
far-field WPT andharmoric backscattering. The informatian available ambient RF energy in
bothtypicalurban and suburban areasneasure@nd presentefirst, as an essential reference for
designingharvestingcircuits and systems Different dode behaviorsand frequacy corversion
mechanisms dhe abovéwo techniques are discussed and compared in detail. Circuit optimization
suggestions for both fdreld WPT and harmonic backscattering are offefeéeasibility study in

this chapter shows that téeld WPT and hemonic backscattering techniques dhe effective

measures to recycle ambient RF energythed energizbatteryfree loT sensors.

Chapter 3: Article 2: DynamicAmbient RFEnergy Mapping ofMontreal forBatteryFreeloT

SensorNetwork Planning

Before desigmg any circuits and systems for fafield WPT and harmonic backscattering
applications knowing how much RF power is available in free spdwmildbethe very first step
andis also of great importance. Chapter 3 sugripes an outdoor dynarsi measuremenof
ambientRF power densityn the core areasf Montrealfor the first time which can eventually be
exploited for possible battefiyee 10T sensor network planninghe frequency range of 400 MHz
to 2700 MHz is our focus in this wotdecaus it covers mst of the used commercial RF bands
Measured results indicate thaellular communication and digital TV bands are ideal targets in
Downtown and Uptown Montreal, respective\fso, one separate measurement at a fixed location
in Downtown Mortreal is condated on a typical workday to study the effecthimfian activities

on ambient RF power densitiResults do not show evident timrariant fluctuations within it

workday.

Chapter 4: Article 3: Optimum Temperatures for Enhanced Power CamerEfficieny (PCE)

of Zero Bias DiodeBased Rectifiers

As the coref far-field WPT rectifiers,thenonlinear devie has been subject to significant research
and improvements recently, especially at a low power level where rectifying efficiency is so
limited. The arrent responsivitya significant indicator tdescrile devicenonlinearity is known

to be impacted by the operating temperature, as predictéidebywelltknown S$hockley model



Chapter 3 explores amguantifes the impact ofoperatingtemperature in the Rrectification
processand alsorelate existing diodes with their optimum operating temperature range
analytical method to predict power conversion efficiency (PCE) of rectifiers &mmnoximate
milliwatts (mW)down to ranowats (nW)level is proposd first It thenidentifies the optimum
operating temperature of rectifiers corresponding to peak PCE. Enhanced PCE results are then
validated experimentally on SMS7630 and HSEESGbased rectifiers when operating at their

optimum temperatures.

Chapter 5: Article 4: Integrated Cooperative Ambient Power Harvester Collecting Ubiquitous

Radiofrequency and Kinetic Energy

Chapter 5 reports antegrated cooperative harvester capable of collecting both electromagnetic
(principally RF) and kinetic energy simaleouslyOne single substrate board is demonstrated to
accommodate and integrate alectromagnetikinetic generatqran Fshaped antennand a

rectifying circuit, within a compact creditard size In this chapter, alosal-form method is

proposed to yedict the enhanced efficiency performance of the cooperative harvester within a low
power range ofi50toi G%P 2XU DQDO\VLV KLJKO L Jromwineayurctbord ROHV R
resistance and capacitance. Good agreenagatebservedvhen comparinghe analysis results

with harmonic balance simulations by ADSnally, measured results verithat the ooperative
KDUYHVWLQJ PRGH HQDEOHV D VLJQL bwérhWersieQefidi€EneyH P H Q W

(PCE) and also greatly strengthening the iestle ofthe harvester at the same time.

Chapter 6: Article 5: DiplexerBased Fully Passive Harmonic Transponder for-6bHz 5G

Compatible 10T Applications

A novel diplexefbased fully passive transponder is presentechapter 6 which targets sub

GHz 5Gcompatible Internet of Things (loT) applications. To alleviate the antenna design
restrictions of traditional transponder with two separate antennasy architecture has been
proposed with théntroductionof a diplexer, which allows transpondéo simply employ aluat
bandantenna. In thishapter aduatbandcircularly polarized omnidirectional spiral slot antenna,

with enhanced bandwidth and gaiarfprmance, is designed as the transponder Tx/Rx antenna.



Besides the new architecture, a diodkestion criterion is proposed as well. Analytical models are
derived, showing relationships between tli&L R GGRITE parameters and the conversion
efficiencyor conversion loss (CL) of such dicased transpondeidl/ith the aid of the selection
criterion, low-barrier diode SMS7630 is chosen for verification. Measured CL results of the

transponder circuitry part show a noticeable improvement over theo$tiite art works.

Chapter 7: Article 6: Readout Distance Enhancement of Batteige Harmonic Trasponder

Chapter proposeso enlargghe maximum readout distanoEbatteryfree harmonic transponders
through a careful Schottky diode selection andonsideration ofow-temperature operations.
Diode SMS7621 is identified to deliver lower converdmss (CL) of harmonic transponders based

on a diode selection guid&loreover, an analytical method for studying temperature effects on
transponder CL performance is introducatd derivedwith satisfactory accuracy. A diplexer
inserted in the harmonic traponder design can help reduce antenna number. To mitigate matchin
difficulties at both fundamental and secemarmonic frequencies, a itb-order diplexer is
developed to enhance its bandwidth performance. Experimental verification has shown-that low
temperature operations can effectively reduce CL of SMSE&3@d hanonic transponder, thus

increadng its readout distance

Chapter 8: Conclusion and Future Works

This chapter draws@enerakonclusion of the entire thesis and highlights some key bontitons.

Also, some possible extensions of this research topic in the future are suggested at the end.
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Il Introduction

It all started with a spark. Let us rewind back to 1887, in Germany. The days were getting cooler
in the garden othe TechischeHochschule irKarlsruhe asdeinrich Rudolf Hertavas setting up

the firstever farfield wireless power transmission with ieasingly more powefl]. He was
striving to demonstrate the wireless nature of electromagnetic veandgsropagationMoreover,

since no high frequency (nearly 100 MHz) voltmeter was available at that time for his experiment,
he had to transmit enough power to generate a spamkndeds of volts? at the receiver to

validate the famous theory ddmes Clerk Mxwell.

Since this first experimental verification, radiofrequency (RF) waased wireless technology has
seen rapid developments in many different directions. So far, two pgrisgatem function®f
wireless technologynamely wireless communication awiteless sensindjavealready become
the foundatios of our modern social and economic life for ubiquitous connectivity, social
networking, and environmental awarenggds AmbientRF waves quietly flow all around usrom
radio and digital TV broadcasting towers, gl stations, WFi access points to support wireless
communication and sensing applications. Besides what is consumed-bgegada significant
portion of ambient RF waves d®Bcin free space and is finally wasted. Therefthe, topic of
recycling amient RF energy whenever and wherever possible has recently emerged and amassed
vast attentioj3-5]. Ambient RF energy is highly suitalds external readio-use power sources
for ultralow-power internet of things (loT)esmsors. In the coming future, 10T sensors will be
scattered everywhere in our environment, thus making power cords or {asexy solutions

costly and inadequate. Monesr, many I0oT sensors, such as temperature angn@itoring



elements, do not need a continuous operation, thereby suggesting they are legdsupguyer
+DUQHVVLQJ DPELHQW 5) HQHUJ\ FDQ IXQGDPHQWDOO\ XQORF
the two dimensions of geographical distribution and power supplglocoption no longer draw

obstacles. Hence, despite relatively low power density, omnipresent ambient RF power is an ideal,

green power source for ulttaw-power loT sensors.

IEl Power Density of Anbient RF Energy in Urban and Suburban Areas

Before jumping ito the design process, knowing how much ambient RF energy is available in our
daily environment must be the very first step. This will validate the next steps in development.
With the rollout d 5G, more ambient RF power will emerge at higher frequenoyib].
Nevertheless, the subGHz frequency band isilsthe best choice for recycling ambient RF energy

in consickring its low transmission loss, hidgvel signal coverage, and abundantly available
frequencies. Based on frequency allocation charts, th& giHz frequency band can be further
categorizedrnito seven primary groups, namely DTV, LTE700, GSM/LTE850, /12100,
GSM/LTE1900, WiFi, and LTE2600 bands. Note that the ambient RF power below the DTV
band, such as FM radio, is not included since the recycling circuit/system size will be

problematicly large for IoT sensor nodes in such low frequencies.

| TE700CSM/LTESS0
GSM/LTEL900
DTV LTE1700/2100
LTE 2600
Wi-Fi

(@)



(b)
Figure2.1 (a) Average RF power density in Downtown Montreal across the frequendyuspec

of 400 MHz to 2700 MHz. (b) Dynamic measurement results of ambient RF power (GSM/LTE850

band) in core areas of Montreal, Canada.

So far, multiple investigations on ambient Béwer density in the sub GHz band were carried

out in different citiesacross the world7-9]. Such measurements usually target fixed locations
close to places involving substantial pedestrian traffics. To cover a larger geographical area and
reflecting more representative conditions ttynamic outdoor mapping of ambient RF energy in

the city ofMontreal was reported [i0]. Ambient RF power density was measured and evaluated
along strets, roads, avenues, and highwaye contrast fronprevious stationarfixed-location
measurementdtigure 2.1 (a) illustrates the average ambient RF power density leads the
frequency band of interest (400 MHz ~ 2700 MHz) in Downtown Montféahadg10]. Among

the above seven stbGHz frequency bands, the GSM/LTE850 band shows the largest average
DPELHQW 5) SRZHU OHYMH© thé GSM/IGEBB0 bahdthe LTE700band has a
comparable average power level i#9.05 dBm. Moreover, the DTV and GSM/LT#00 bands

also have a similar level of MHUDJH 5) SRZHU GHQVLW\ VO IFkd20\ KLIJKH!I



(b) presents the dynamic measurement results of ambientvi&# density (GSM/LTE850 band)

in the core areas of Montreal.dan be clearly observed that Downtown Montreal has a higher

overall anbient RF power density than the other areas. The highest recorded power level is about

i G%P %DVHG RQ WKH DERYH PHDVXUHPHQW UHVXOWYV DQ
aimngWR UHF\FOH DPELHQW 5) SRZHU VKR X0 Ghel. UhktatitiaD SRZH L

amount of power harvesting depends on many factors, including the effective antenna aperture.

Bl Two Main Techniques: Farfield Wireless Power Transfer (WPT) and

Harmonic Backscattering

Figure 2.2 Farfield wireless power transfer (WPT) and harmonic backscattering are two

mainstream technologies for recycling ambient RF energy in free space.

Currently, recycling ambient RF energy can be mainly realized by two types of technigues: far
field wireless power transfer (WPT) and harmonic backscattering, as shéwuia2.2. Ambient

RF energy is in both cases collected by #m¢ennas and injected into a nonlinear device for
frequency conversion. The primary difference between these two techniques lies in the frequency
components after conversion. Feald WPT converts the RF energy input into dc power, which is
then used to mive sensing and communication operation with sniffer devitég [12]. By
contrast, harmonic backscattering-egnverts RF input into higher harmonics, in most cases the

second harmonifd 3], and directly uploads information to sniffer devi¢e4], [15].
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Both techniques have recently gained increasing attention in the microwave ceynmwvbigh is
revealed inFigure2.3. For xkample,Figure2.3 (a) shows the numberf papers appearing in two

major databases, Web of Science and IEEE Xplore, when the search hits wireless power transfer
as author keywords. To further identify works in the particular doroaifar-field WPT, the
NH\ZRUGN.HIDAJ 5) UD G L MWintrgddicCedtD hetiheEds$ults within the initial search
outcome. InFigure 2.3 (a), the total number of papers on WPT has been continuously growing
since 2010 in bétdatabases. Noticeably, a big jump in papers occurred in the year 2015. Moreover,
the farfield WPT papers account for roughly 10 % ~ 15 % of the total number of papiies
research field of WPT. As a new topic, the-fieid WPT has become more and maattractive

since the last decade and, currerttlyns out to be an intriguing, trendy field.

Figure23 E SUHVHQWV WKH VHDUFK UHVXOWYV IRU 3ZLUHOHVYV 5)
RU 3 KDUPRQLF WDJ WWWHAS RM\G BYVERRENWH\ZRUGY LQ ERWK G
of papers in both databases shows an intrgdiend since the year 2010, although this number is

smaller compared to that of the WPT domain. When further refining the search results by using
SKDUPRQLF" DV D NH\ZRUG WKH QXPEHU RI ILOWHUHG SDSHU

indicating this research topic is relatively new and may hold much potential.

(@)
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(b)
Figure2.3 Number of papers in the last decade (2010 ~ 2019) in tharcasgomain of WPT and
backscattering. The papers of-fasld WPT and harmonic backscattering are further filtered out in
the corresponding researfiblds. Results reveal the outcome of author keywords search in Web
of Science and IEEE  Xplore. (a) WPT <dan farfield WPT; (b)

Wireless/RF/radiofrequency/microwave backscattering and harmonic backscattering.

Featuring low cost, a wedistablished fabricetn process, and easy accessibility, commercial
Schottky diodes working as a nonlinear device for recgcimbient RF energy are still the top
choice and will be the focus in this work. Frequency conversion is realized by diode nonlinearity,
which indicaes that the output signal does not have a linear response to the input. The nonlinearity
of Schottky diods contains two contributors, namely, the junction resistance and junction
capacitance. Fdreld WPT relies on the nonlinear junction resistance, @vhilarmonic
backscattering depends on the nonlinear junction resistance and capacitance simultaneoksly, whi
will be discussed in detail later. As mentioned before, the primary difference betwdimhdfar
WPT and harmonic backscattering lies in how desigiiselect and maximize the target frequency
components. As depicted ifigure 2.4, thel-V curve of a typical Schottky diode reflects its
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nonlinearity. Assuming a sinusoidal RF signal travels through this diode, its output woslstc
of the fundamental signal, dc component, second harmonic, and other higher harmonics. Getting
the most of the dc component and second harmonic at the poipsitis the design goal of far
field WPT and harmonic backscattering circuits/systems eotisgely. All design efforts are to
maximize the outcome of target frequency components; in other words, to suppress the energy

outputs at other frequencies.

RF input

N f N
o
[
Fourier
transform ‘
Diode |-V curve “ Farfiled WPT

Figure2.4 Diode nonlinearity would generate all frequency components with a sinusoidal RF
input. Farfield WPT and harmonic backscattering circuits/systems maximize the aftplat

component and second harmonic, respectively.

Current esponsivity 8 zis often used tguantifythe nonlinearity of diodes in Rfe-dc frequency
conversion16]. It is defined as the ratio of dc shaircuit current+ spver RF input power; 4
[17]:

8AL'§F—AT

Es (2.1)

When the RF input power is low, which indicates the Schottky diode works in the square law
region, the crrent responsivity8 scan be simplified as the quadratic responsivBy,. For a
Schottky diode, this value can be calculated by its SPICE parameters on the datasheets offered by

manufacturer§l8]:
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3

where M J, G and 6are the electron charge, diode ideality factor, Boltzmann constant, and
operation temperature (Kelvin), respectively. The current responsivity of diodes is a significant
quantitative indicator associalewith the efficiency performance of thofarfield WPT and

harmonic backscattering.

Il Analysis of DiodeBased FarField WPT Rectifiers

Considering that the available ambient RF power is relatively low in free space, the circuit topology
of far-field WPT rectifiers based on a single diode will lead to higher efficieRaythermore, the
topologies based on singdunt and singlseries dbdes illustrate a negligible difference in
rectifying efficiency, despithaving different dc path§ hus, the singlseaies topology with fewer
lumped components is selected for discussion in this waglkre2.5 shows the equivalent circuits
of singleseries rectifier analysis. The Schottky diode is characterized by th&mweglih Shockley
model[19], which consists of nonlinear junction resistarfgenonlinear junction @pacitance%g
series resistancé,, parasitic capacitanc®gand inductance 3 The equivalent circuit ifrigure
2.5 (a) shows a state where the diode absmjesting RF power. Inde the diode junction, both
nonlinear junction resistancéyand capacitancé¢convert the fundamental RF signal into other
frequency components. However, due to the nature of dc Guipaoannot go through junction
capacitance2g? only norinear junction resistancéycontributes to the frequency conversion in
far-field WPT rectifiers. The nonlinear junction capacitar®ées an indirect power dissipator, and

the RF input power passing through it is eventually dissipagethid seies resistancel After
frequency conversion, the diode acts as a dc power source for the load resigtavigeh is
represented by the equivalent circuifigure2.5 (b).
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____________________________ diode C;{)} »
Ly R
L
............................. , IR
dc path

(@) (b)
Figure 2.5 Equivalent circuits of diode operatis in the rectifiebefore and after frequency

conversion: (a) diode absorbing RF input power and (b) diode serving as a dc power generator.

Based on the equivalent circuit analysi§igure2.5, the rectifier efficiencyl gan be calculated

by [17, 18, 20]

Eo @5 € C
oo ®y _ 5 - E

E.>Ex>Ep C;E5>|( @ Epo %X> Ep>Eg

Gagl B @% @ L (23)

where B,, [3;, Rare the rectifying efficiency of the diode junction resistance, parasitic efficiency

(due to junction capacitance), and dc powmmnsfer efficiency, respectively.fi is angular
frequency. This explicit expression of efficiency prediction is a guidediogtimize the design of
far-field WPT rectifiers:

a. Select suitabl&chottkydiodes
b. Enhance input power leveld;sand

c. Optimize loadesistaice 4y

Il Diode Selection for FarField WPT Redctifiers

Based on the efficiency calculation i2.3), severhrules for diode selection can help to quickly
identify suitable candidates: preferred diodes are paired with (a) stronger nonlinearitytharin

words, higher current responsivit§ sz (b) larger nonlinear junction resistaneg or smaller

saturatio current +, (c) smaller nonlinear junction capacitan@gnd series resistancg, Beyond
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these simple rules applicalile easy cases, an accurate calculation method or simulation is often
required to evaluate diode candidates thoroughly.

Table2.1 lists popular commercial diodes for recycling ambient RF energy for betiefWPT

and harmord backscattering applications. The main SPICE parameterzeandbias current
responsivity 8 4 of those diodes are also attached for analysis. Regarding the four diodes for far

field WPT rectifieran Table2.1, Figure2.6 presentshe rectifying efficiency and dc output voltage

results obtaiad through the harmonic balance simulator of the Advanced Design System (ADS)
software. The load resance4zIRU HDFK GLRGH LV RSWLPL]J]HG DW D UHDYV
dBm according to the ambient RF power density study discussed before. Taingeequency

is 880 MHz, corresponding to the frequency point with the highest average ambienwBf po
density inFigure2.1 (a).

Table 2.1 SPICE parameters armbro bias cuent responsivityof popular diodes for recycling
ambient RF power

Farfield WPT
r - Y
HSMS HSMS HSMS HMPS
28 286x SMS7630 285x 2820 SMV1430
+{(A) 2.2e8 5e-8 5e6 3e6 2.2e8 lel4
4. Y 6 6 20 25 8 3.15
J 1.08 1.08 1.05 1.06 1.08 1
% (PF) 0.7 0.18 0.14 0.18 0.7 1.11
/ 0.5 0.5 0.4 0.5 0.5 0.5
(& 0.5 0.5 0.5 0.5 0.5 0.5
8/(V 0.65 0.65 0.34 0.35 0.65 0.86
$i (V) 15 7 2 3.8 15 0
+i (A) le4 le5 le4 3e4 le4 le3
8a
(AIW) 18.02 18.02 18.53 18.36 18.02 19.46
- ~ J

harmonic backscattering

Figure 2.6 indicates that HSM&86x is a better choice for rectifier design since its rectifying

efficiency and dc output voltage are the highest among thediodes in the power range of
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interest. tsSUHFWLI\LQJ HIILFLHQF\ LV DW OHDVW DQG KLIJKH
dBm, respectively. Noticeably, the dc output voltage of HSMS[ LV FORVH WR 9 DW i
It is more than two times gater than the secoitiighest at the same wer level, referring to

606 TV DSSUR[LPDWH 9 O0RU 286X hhba bredktove p&@rHievelcod 6

i G%P ZKLFK LV HQRXJK IRU WKH DPELHQW 5) HQHUJ\ UHF\FQ
the breakdown power level of each diode esmwith its load resistance. Thus, a careful evaluation

is recommended for each design scenario.

diode

injecting load
power

(.

Figure2.6 Rectifying efficiency and dc output voltage of four selectextiesfor far-field WPT
rectifiers Table2.1) when utilized in a singlseries topologyOptimized load resistances for peak
HITLFLHQF\ DW i G%P DUSBland WSWMSR| 60aNY IR U-286x) &nd
I0NY IRU 2826

Since diodes SMS7630 and HSA285x share similar SPICE parameters, as listethinie 2.1,

both diodes present similar responses in rectifying efficiency and dc output voltage, as shown in
Figure26 7KH UHFWLI\LQJ HIILFLHQF\ LV URXJKO\ DQG
respectively, for both diodes. The malifference between these two diodes is the breakdown
voltage, where HSMS [ REWDLQV D KLJKHU EUHDNGRZQ S$Rd&HU OHY|
output voltage of 1.7 V saturates at a higher level than that of the 0.9 V belonging to SMS7630. As
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for the diodeHSMS-282x, its rectifying efficiency in the power range of interest is not satisfactory.
Nevertheless, with a higher breakdown voltag&MS282x is suitable for higipower rectifier
design as rectifying efficiency begins to steadily increase when infpcéRZHU H[FHHGV i

SMS7630 HSMS-285x -

25 80 25 80
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o} o}
> 2 160 > 2 160 _
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> > =) >
31.5 140 % L&:1.5 140 -8

& =
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D
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25 80 25 8
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Figure 2.7 Calculated rectifying efficiency of four selected diodes against injecting power

i GWP WR i G%P DQG RSHUDW L Q GH1).HoBX tesptahces foreaghW R
diode are the same ashigure2.6. Eachsulplot containsefficiency contours. (a): SMS7630; (b):
HSMS-285x; (c): HSMS286x; and (d): HSM282x.

The operating frequen®f diodes also plays a sigiwént role in their rectifying efficiency. Hence,
Figure2.7 attempts to reveal the rectifying efficiency performance of the selected four diodes as a
function of injecting power and operating frequency simultaneously. The absulisrare
calculated through the efficiency prediction method reported[2ity. According to the
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aforementioned equivalent circuit ansily, as the only contributor to frequency conversion in
rectifiers, junction resistancéyis not frequencydependent. However, part of the injecting power
goes around through the frequerdspendent junction capacitanc® and are eventually
dissipaté. Thus, the diode parasitic efficiency due to the junction capacitéaries with
operating frequency as seenHigure2.7. With a larger% the diode rectifing effiency would

decline at a faster rate with an increasing operating frequency. Such a claim can be verified in the
comparison betweetiodes HSM&86x (%, = 0.18 pF) and SMS7630%, = 0.14 pF) inFigure

27 D DQG F UHVSHFWLYHO\ )RU H[DPSOH ZLWK WKH LQS
rectifying efficiency of HSM&286x is 46.87 % versus 34.66 of SMS7630 at 400 MHz. When

the operating frequency inases to 2700 MHz, the rectifying efficiency of HSM86x reduces

to 10.95 %, while SMS7630 still obtains an efficiency of 19.77 %. As sekigume2.7 (a) and

(b), thediodes SMS7630 and HSM&35x have similar patterns of rectifying efficiency. Due to a
slightly larger junction capacitanc¥ the deceasng rate in rectifying efficiency of HSM385x

against an increasing operating frequency is larger than that 87&30.Figure2.7 (d) verifies

that HSMS282x is suitable for higipower rectifier applications. Through this investigation, it
reveals that SMS7630 is the top choice forffald WPT rectifier design when theperating
frequencygoes beyond roughly 1.5 GHz.

Il nput Power Enhancement

RF
radiation

LT o TEETETR P

-_\_\_ load
RFinput power power absorbed
m) =" by diode

antenna
loss
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Figure2.8 Careful design of antenna and matching nekwenhancs total power absorbed by

the diode, finally leaihg to higher rectifying efficiency.

As shown inFigure2.6, the rectifying efficiency of diodes ramps up with higher injecting power.
Thus, the preeding stages in rectifier design, namely antenna and impedance matching network
(Figure 2.8), must be optimized to minimize potential insertion loss. For antel@sagn,
maximizing antenna efficiency entails harnessingambient RFenergy infree spaceas much as
possible.Multi-band rectennas (rectifying antea), which can scavenge ambient RF power in
multiple bands, are highly desiralj2-25]. As an examplerigure2.9 (a) illustrates a tripkdand
rectenna, which covers the frequency bahd® GHz +0.96 GHz, 1.71 GHz2.17 GHz, and 2.5
GHz £2.69 GHz[22]. Such a tripleband rectenna has already covered major7subHz
commuication bands. Besides mdltand rectennastilizing an antenna array is a straightforward
way to acquiremore ambientRF power It increass the effective antenna apertusence the
receiving power of an antenna direatlgpends oits physical siz§26, 27] However, ashe array
inevitably occupiegnore spacgit is only suitable when enough room is available for the rectenna.
Furthermoe, high gain antennas asdsopreferred in rectenna design to enhagicelerectifying
efficiency thanks to a larger input power lewgéverthebss thebroadangular coverage and high
gain of a singleelement antenna contradict each other. For exangpimidirectional dipole
rectennas featuring quasi full spatial coverage are often the first choice to scavenge ifRileming
power from various directionslowever the low gains of omnidirectional dipole antennas cannot
supportan efficient rectifying procesinside the rectennago overcome this problem, a well
organizedschemeof a high-gain antennarrayto targetambientRF power in each direction is an
intriguing solutionshown inFigure 2.9 (b) [28]. Such andeawherebyan arrayis usedo extend

the far-field WPT rectifying coverage has been extensively investigatsljt breaks the

contradiction of high gain arfatoadspatial coverage set by one singlement antenn@9-31].
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front back

(@)

| 2

(b)
Figure 29 (a) Tripleband rectenna reported in [22]. (b) Rectenna with an optimal angular

coverage [28].

Besides pervasivambent RF power, amplevibration, thermal, and solar energy exist in our
environmen{11]. Cooperativelyjharvesting two or more tfie aboveenergy sources is an efficient
way to generatenoredc output. Due to differentansduction meanisms, vibration energg
generally converted intow-frequency AGsignals firs{32]. In contast,the outpt of thermal and
solar energyconversion isdc power which does not need any further frequency conversion
[33],[34]. Hence cooperatively collectinffom multi-physical sources reqes different strategies
for power combinatios[35]. For hybrid RF and vibration energy harvesting, it is better to inject
two power sources into the rectifying diod#multaneously as seen inFigure 2.10 (a).

Measurementesults of hybrid energy harvesting show teahanced total dc output poweas
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been obtained, compared with the simple superposition of a sepagatg harvesting method
[36]. By contrast, for thermal/solanergy, combiningherectified dc output power @mbientRF
and thermal/solar energy on the loadistancés a more economical walfigure2.10 (b) presents

an example of a hybrid solar and RF energy rectifier based on #estibktrate34].

Figure2.10 (a) Prototypical hybrid RF and vibration energy harvester [37]; (b) Flexible substrate
based hybrid solar and RF eggrrectifier B4].

The matching network placed between a receiving antenna di@tlaaccomplishes impedance
transform to maximize power transfer. For a given nonlinear device, the performance of the
matching network makes a big difference for the eméntifying efficiency, as shown ifrigure

2.11 (a). Typically, antennas are designed to have a standardiBpedanceWhereas, Schottky
diodes oftenreflect a high impedanaghen input power is relatively lawrhe matching network
efficiency 3, can be defined as the power reaching the diode divided RRpewer received by

the antenna. And if the Q factor is introducé,can be written as:

5 5

B L—x L—— (2.4)
Phe  h000,
5 Ao

where 3; is the Q factor realized by desig8;is the required Q factor whias defned by the
impedances ontennadg ;3 and diode4y g(normally the diode nonlinear junction impedance)
in this caseThereforejf the diode nonlinear junction impedanisehigher, it is more challenging

to designa highefficiencylow-loss matchig network It shouldbe noted thatl?, is associated
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with the ratio of 3323, . Based on 2.4), high-impedance antensacan beused to lessen the

required Q factor of impedance matchi#g one example, ligh-impedance and hig) antenna

is reported irf37]. Experimental results show treichan DQWHQ QD ZLWK DQ LPSHGDAQF
lead to a 2® increaseén rectifying efficiency compared to a traditional 50 D Q W AhQt@ED
desigrnhasdemonstratéthatwith a direct conjugate matchifgtweerantema impedance to diode

impedance, the matchimgetwork can be eliminatdd reduce potential insertion I0[38].

Figure2.11 (a) Simulated rectifying efficiency corresponding to different matching networks in
the Smith charft39]; (b) Highrimpedance oftenterfed dipole (OCFD) antenna realizes conjugate

matching vith diode directly, successfully eliminatingetitraditional matching netwoii88].

Hl | oad Resistance Optimization

The optimal loadesistancedqy 5 Jeading to maximum rectifying efficiency can be calculated by
setting the deviation of €.3) to be 0. After some mathematical treatmehys 5 can be obtained

as 4y E 4, which equals t@pproximately4y since 44s generally much smaller thad Figure

2.12 has displayed diode rectifying efficiency as a function of injecting power and load resistance
for diodes SMS7630 and HSME6x. The operating frequency is set at 880 MHzan be
observedhat the abovealculatedoptimal load valug 4y) is only valid when the jectingpower

LV UHODWL YsrdEBM). @ikhA stromnger injecting power, diodes SMS7630 and H&8¢X

have demonstrated different responses in terms of thgmal load restance Figure2.12). The

optimal load resistance of SMS7630 increases. In contrast, with an opposite trend, the optimal load

resistance of HSM286x continues to dease at larger injecting power levels.
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Optimal load resistancas of paramountimportancefor maximizing and maintaining the high

efficiency performance ofar-field WPT rectifiers.The optimal loadresistancedepend on

injecting RF power, and thus an ophal load tracking method is highly recommendeden

recifiers are operating in a large dynamic input power range. The Maximum Power Point Tracking
(MPPT) technique is widely used to ensure that optimal lesistanceis connected to the

rectfiers. Forinstance, a novel Fractional Op€ircuit Voltage Approximation (FOCVA) method

was proposed to obtain the optimal loaésistancen [40]. The reported redier showsthe

measured MPPT accuracyover8M QG D ZLGH ZRUNL Q@BMWR JH GYHPP $QRWK
work demonstratingD ODUJHU G\QDPLF UDQJH I1UBReMPPT Wid&hod isG% P XV
presented ifd1]. A measured gak rectifying efficiency reaches 48.%®with respect to the input

power of 0 dBm at 900 MHz
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Figure2.12 Calculatedectifying HIILFLHQF\ DV D IXQFWLRQ RI LQMHFWLQJ
WR i G%P DQG O#&MDr@iodd{a) BMIVEBQdntH(b) HSMB6X. Besides efficiency
contours, the vertical line labels the value ieglent to 4,.E 44, which is validfor being

considered as the optimal load resistance when injecting power is relatively small.

Il Analysis of DiodeBased Harmonic Backscattering

When recycling ambient RF power, harmonic backscattering enhances the output of the second

harmonic componenkigure2.13(a) presents a typical circuit topology of mamic backscattering
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based on a single Schottky diode3, 42] The quartemwave shorcircuited aad openrcircuited

stubs are placed beside the diode to exacerbate the frequency conversion. When the fundamental
signal enters the circuit, it sees the openuited stub s a shorcircuited end due to its carefully
designed length. Hence, for the fundantal signal, the equivalent circuit can be simplified in
Figure 2.13 (b), where the diode absorbs the ambient RF injecting power. After frequency
conversion from theundamental to the secoi@rmonic component, the diode can be seen as a
power source. At the secoidrmonic frequency, the sharircuited stub stays as a shoitcuited

end. The equivalent circuit iRigure 2.13 (c) clearly explains the situation of diode acting as a
seconéharmonic power source. Based on this equivalent circuit analysis, the conversion efficiency

from the fundamental to secohdrmonic frequency carelderived agl3]:

Ry L0 ougs. pr el ‘EEQ" G® t fl fg% P (2.5)
where 8 4, %u, 4w, / , and 8are parameters related to the diode.and 8;are diode grading
coefficient and junction potential, respectivelys and <;care the source (diode) internal
impedance and output impedance, respectively. Likéidat WPT rectifier design, Z.5) can be
used as a guideline to enhance total conversion efficiency, in other words, reduce conversion loss,

by selecing suitable diodeandidates
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Figure2.13 (a) Typical circuit topology of harmonic backscatteriig) Diode absorbs RF input

power injected into theircuit. (c) Diode becomes a secel@monic power source in the circuit.

Hl Diode Selection forHarmonic Backscattering

In Table2.1, four diodes often used in the circuits desafiinarmonic backscattering are attached

[42], [43]. Conversion loss results basedtbe ADS harmonic balance simulator are presented in
Figure2.14. The operating figuency is at 880 MHz, which is consistent with the abowdidat

WPT rectifier amlysis.Figure2.14 shows that SMV1430 (a varactor) is a great choice in circuit

design of harmonic backscattering in a relatively-fosguency rage. When the injeatg power

LV ORZ i G%P WKH FRQYHUVLRQ ORVV RI 609 LV URXJKC
FRXQWHUSDUWYV :LWK WKH LQMHFWLQJ SRZHU LQFUHDVLQJ !
SMV1430 and HMP£82x remains almosinchanged. Yet, omé other hand, the conversion loss

of SMV1430 becomes roughly 5 dB lower than that of SMS7630 and HE8%. Due to similar

SPICE parameters, both conversion loss curves of SMS7630 and-B&MShare the same trend,

similar to theanalsiscase of faffield WPT rectifiers discussed before

Figure2.14 Conversion loss results of harmonic backscattering circuits built with four selected
diodes (listed imable21 DV D IXQFWLRQ RI LQMHFWLQJ BRZHU IURP i
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Across the frequency band of interest (400 MHz to 2700 MHz), the conversion loss performance
of harmonic backscattering circuits based on the four selected diodes is invedtigetesimore,

since diodes utilize resistive and capacitive nonlineasityultaneously in the frequency
conversion of harmonic backscattering, contributions due to nonlinear junction resistance and
capacitance in the frequency conversion process are also studied.\@stilgations are conducted

with the aid of a analyticaimethod reported if13]. The corresponding results are showfigure

2.15.

For diodes SMS7630 and HSMEB5X, the influencedue tooperating frequencgn the conversion
lossis less significant than in HMP&82x and SMV1430, which indicates thalhem orating
frequency increases, the conversion loss of HMB&x and SMV1430 will degrade. For instance,
the conversion loss results of HMR82x and SMV1430 are about 7.5 dB£80 dBm when the
operating frequency is 880 MHz. The results degradeughly 25 dB at the same power level if
the operating frequency increases to 2400 MHz, which means alB7dgegradation due to
frequency increase. Under the same conditions, the conversion loss degradation of SMS7630 and
HSMS-285x are roughly 4.5 dB and36dB, respectively, when the operating frequency changes
from 880 MHz to 2400 MHzFigure2.15 (f) and (h) can support such a claim, where nonlinear
junction capacitance dependent on operating frequency is dominant for diodes 282 &d
SMV1430 during the frequency conversion procéssnce, the conversion loss performance of
the above two diodes becomes worse than SMS7630 and +28848with a higher frequency.

At a fixed operating frequency, the conversion loss of HMB&x and SMV130 has smaller
variations against injecting poweompared to SMS7630 and HSA85x. This is due to different
mechanisms of resistive and capacitive nonlinearity. During frequency conversion, the diode
nonlinear junction resistance hasyducts in thedrm of Joule heating. By contrast, nonlinear
junction capacitance is a more efficient choice for frequency conversion without any Joule heating.
Therefore, diodes SMS7630 and HSK85x, whose both nonlinear junction resistance and
capacitance are major doibutors in frequency conversion (seigure2.15 (b) and (d)), sacrifice

more energy when the injecting power increases. Based on the above discussion, diodes SMS7630
and HSMS285x are suitable for higitequency andelatively high-power desigri44]; whereas,

diodes HMP&82x and SMV1430 are good for lenequency and lowpower scenariogl5].
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Figure2.15 Converson loss and ratio of power due to resistive nonlinearity over total generated
seconéharmonic power as a function of operating frequency and injecting powérb)a)
SMS7630, €)&(d) HSMS-2850, €)&(f) HMPS-282x, and (@)&(h) SMV1430. Color bars are

consigent for each diode.

Il Applications of Harmonic Backscattering

Harmonic backscattering has been successfully employed to detect insects and amphibians, as
shown inFigure 2.16 [46-50]. Suchapplications usually feature simple loop or dipole antennas
loaded with a nonlinear device to significantlgluee the total weight. Direct matching between
antennas and nonlinear devices are often implemented in these designs. Impedance tuning elements

are sometimes introduced for performance enhancefaght

(@) (b)
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Figure2.16 (a) Harmonic transponder placed on a bee for tracking its flight(ld) Frog wearing

a tracking transponder $

The above simple detection of insects and amphibians usually does not require complicated
transponder&g circuits. For other scenarios, such as structure fatigue detection, liquid sensing, and
temperature sengjncertain information must be loaded into the backscattering signal. Therefore,
PCB-based harmonic backscattering circuits should be carefuligrass for structure fatigue
detection[52], liquid sensind53], temperature reading4], and RECCQescuesystem[55]. In

these cases, useful information is often traedlanto a frequency shift of the backscattering signal.
Sniffer devices then decode the frequency shift and acquire real crack width, liqaidperature
information.Figure2.17 has demonstrated two application scenarios for harmonic backscattering

to detect structure crack width and liquid volume

(a) (b)
Figure2.17 Harmonic backscattering applied for (a) crack widtg] [&nd (b) liquid detection
[53].

Bl Reconfigurability: Single Diode-Based FarField WPT and Harmonic

Backscattering

As mentioned before, the primary difference betweeiliétdd WPT and harmonic backscattering
is picking out the desired frequency component. It is possible to ireplelnothfunctions based
on one single Schottky diode for a reconfigurable and compact désigme 2.18 demonstrates
such an idea, with both functions integratedlom dame substrate using one Schottky djbag

A switch connected to the opeircuited stub near the output port is the critical component to
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control/select functions of either tfield WPT or harmonic backscattering. Foaeple, if the

switch is connected, the harmonic backscattering ouggus shortircuited, and the nonlinear
circuit design becomes a faeld WPT rectifier. All dc output is accumulated at the load resistance.
Once the switch is disconnected, thésigin evolves into a circuit for harmonic backscattering. Its
circuit topology and equivalent circuit models are the same as thoBmune 2.13. Second
harmonic signis are generated and can reach the output port. Note that most of the circuit space
(> 90%) of this reconfigurable design has beerreshdy both functions of fareld WPT and
harmonic backscatteringrigure2.18 (b)).

input /4@, rectifying
matching A \ load
network = ,
fo @ i SWItCh2f0
e g
input port”™ ™~ "7 Higge output port
(a)

harmonic
transponde

(b)

Figure2.18 Reconfigurable nalinear circuit for faffield WPT and harmonibackscattering: (a)
schematic and (b) prototype.
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As a preliminary design, the switch in the prototype is representedby aWHVLVWRU- $ QRUP
on switch is required in this design to realize functavitching between faffield WPT and

harmonic backsattering. For a complete design, the initial ogeramode will be a fafield WPT

rectifier, which enables voltage/energy collection on the load resistance. Once the load has gathered
enough energy, it can trigger the switchdisconnect Therefore, thalesign enters a harmonic
backscattering mode armgpgknerates secodthrmonic signals, which are further backscattered to

sniffer devices. When power across the rectifier load goes below the switching threshold due to
consumption, such a reconfigurable daswill go back to the fafield WPT rectifier moddo

collect power again

El Outlook

Figure2.19 Evolution of the pealoutput energy efficiency of computation (energguired by

each computation) in the last four decaffes59]. The energy required by the latest ultrav-

power operational amplifiers (Op amps) during @eeond operatiof60-63]. The rectifying
efficiency of the latestfal LHO G :37 ZRUNV DW LQSXW SRZHU OHYHOV RI
[21, 39, 6471].
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The main driving forcéor any new technology towards maturation are the applicstiOver the

past several decades, seMdWDWH WHFKQRORJ\ FRQWLQXHG WR JHW LPSU
the turn of themillennium [57]. Although there have been just incremental pemforce
improvements with cuttingdge chip development in the last two decades, theqéalat energy

efficiency of computation still doubles every 2.6 ye&$]. The latest soligtate technology has

enabled computation and operational amplifiers to work in the nanopower range, as shown in
Figure 2.19. Meanwhile, the maturation of diode and rectifying design techgatogtinues to

drive up the efficiency of fal LHOG :37 HVSHFLDOO\ LQ D SRZHU UDQJH
evolution trends have timely bridgduetgap between the leduty, low-power electronicdased
applications and the ambient RF power enabledi¢dd WPT. Figure 2.19 displays such a

historical trend. Andnore ambient RF powered battdrge applications are poised to emerge in

the future

v

Figure 2.20 Comparisons of power budget and waveform change betwedrltaiVPT and
harmonic backscattering used in applications.

As for the harmonic backscattering, this may be a more peffierent solution for certain
applications compared to the fiaeld WPT.Figure2.20 presents the differences in power budget
and waveform change between-fedidd WPT and harmonic backscattering used in applications.
Farfield WPT converts an incident sinusoidal wave intaldough the reclying process first. If
WKH LQSXW SRZHU L-¥c convergioR efficiéieKcan)reach roughly 2(2%4. Then,
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to enable specific applications, the rectified dc voltage usually needs to be amplified, which
requires a dalc stepup converterBased on recent work32], this dedc conversion efficiency is
estimated as 50 % at a lgwower level. Finally, an integrated voltagentrolled oscillator (VCO)
featuring low power antbw phase noisés the critical component for realizing communications.
The deRF conversion efficiency of such VCOs are normally low: 17.5 % is our estimation here
[73]. For farfield WPT, the entire process of RIe-RF conversion has been showrFigure2.20,

where the power budget estimation and wax@f change are also included. By contrast, the
harmonic backscattering shows a relatively simple conversion, i.e., fundamental RF to its second
harmonic (RFRF). Compared to # farfield WPT, the final power loss of harmonic
backscattering would be smalle LI WKH LQSXW S[R3 Htlis worthinotirg ¥h&t the
power budget showim Figure2.20is a rough estimation, as they depend on specific applications.
Farfield WPT can support more complicated tasks at the cost of larger power consumption.
Whereas, less powdaungry harmonic backscattering is moreitale to handle simple
applications. Indeed, the superior solution will be a proper reconfigurable designwaeith t
functions integrated for scavenging ambient RF energy more efficiently
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This work summarizes an outdoor dynammeasurememf ambientradiofrequency (RFpower
densiy in the core areasf Montreal which can eventually be exploited for possibhtteryfree

IoT sensor network plannindhe measurement covers a frequency range of 400 MHz to 2700
MHz. The power density alongajor streets, roads, and highwas/sapturd and analyzed, which
differs frompreviousstationaryneasurementfesultandicate that cellular communication bands
(GSM/LTE850 and LTE700) are the best chdmeRF energy recyclingn downtown (populated)
areas. In contrast, in suburban areas wbeltalar communication signals are generally weak, the
DTV band is a good choé. Moreover, one separate measurement at a fixed location is conducted
on a typical workday to study the effects of foot traffic on ambient RF power density. Results
illustrate that no obvious fluctuations are detected during this daytime measuremdmtth@/it
advance of fafield wireless power transfer and backscattering techniques, ambient RF power
enabled batterjree 0T sensors are feasible and will contribute to the pignmand

implementation of a smarter, greener city.

Il Introduction

Urban develoment and expansion are the most significant engine of economic growth in modern
history. In the 1950nly 30 % of the global population lived in urban areas. That rate indrease

to 54 % in 2015 and is projected to reach 66 % in 2050, meaning thatcclobélion people will

live in urban areas in 30 yedi®l]. However, urban sprawl has been a big concern for manyegpeop
Thus, there is an urgent need for smarter and greener cities, which requires transformative solutions

to handle potential global environmental and energy crises.
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One of the foundations to bdia smarter and greener city is the deployment of milladristernet

of Things (IoT) sensors with lower energy consumption for efficient city operation and
management75]. Hence, dry cell batteries or power cord connections for energizing 10T sensors
cannot sustain such development. By recycling amhiadiofrequency (RF) energy in cities,
battey-free 10T s@sors can become a silver bullet for tackling global environmental and energy
crises[76]. Two mainstream techniques, namely thefigld wireless power transfer (WPT) and
ambient backscattering, can be agqblfor realizing batterjree 10T sensors. Fdield WPT
converts ambient RF power into a dc output, which acts as a power source for loT Efisors
Depending on system topologies and applicati@mbient backscattering may have afikld

WPT module fo communicatior{77], or it may simply utilize entirely passive sensor tpt,

[13]. Both techniques rely on the ambient RF energy available in the free $mateespwhich is

an ideal stable power source for battége 10T sensord#is shown inFigure3.1, primary outdoor
ambient RF sources in free space are TV broadcpttiners, cellular base stations, and-Rvi
access points. In urban and suburban areas, such ambient RF sources greersaaive and
abundant. To assess the feasibility of recycling ambient RF energy to power an extensive network
of IoT sensors, resezhers must know the power density of ambient RF eriarfyge space, which

is the first and most paramount work.

‘X‘;‘;’;’?@;&_
Y‘X‘A‘A‘.M‘u 2

XX
X)

Figure3.1 Ambient RF poweenergizing numerous battefiee 10T sensors distributed in cities



Table3.1 Measurement results of &ment RF energy density across the world
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Frequency bands

Testing time & No. of
C% testing DTV LTE/GSM700/&0/900 | LTE/GSM1700/1900 Wi-Fi
y points
é&%icgg , , 0.1 MW/r?~ 1 mWinf | 0.1 mW/r?~ 1 mWin? . P2(7.05 m)
Netherlands (25 m ~ 100 m) (25 m ~ 100 m) P?(8.05 m)
2009[80] 2.3 V/m (500 m) ) )
Tokyo, Japan 16 0.8 V/m (1000 m) ! 0.7VIm !
2012[81] 23 (38 dBm (25 dBm (500 m) i i
Kyoto, Japan
2013[7] 270 60,5 dBrvCn? i44.4dBrcn? 140.7dBrven? 67.4dBven?
London, K
2013[82] 6 i i52.88 dBm i62.05 dBm i
Barcelona, Spain
2014[83] 130 dBm (1000 m) ) ) )

Brasilia, Brazil 4 i25 dBm (close to TV tower ! 150 dBm !
Efgsltﬁl[ﬁj‘ﬂ( 5 0.0175nJ/min 0.3023 nJ/min (200m]  0.0383 nJ/min 0.2129 nd/min (2 m)
2015 [85]

Loughborough, 5 i81.95dBnvcn? i89.31dBnvcn? i79.54dBnvcn? i93.23dBnvcn?

UK
2015[86] ) ) ) )
Shunde, China 2 f i36dBm i48dBm i65dBm
A = =
201§ [8],[87] 20 0.37 V/m (10 m ~ 100 m) 0.34 V/m (10 m ~ 100{ 0.32 V/m (10 m~ 100 0.44 V/m (10 m ~ 100
Paris, France m) m) m)
201895] . , . . )
Boston, USA 46 3% i11.1dBm, 92 % 5% i
2019[9] 5 i60 dBm (3200 m) 150 dBm (1000 m) i45dBm (1000 m) i
Cairo, Eyypt

" Part of data extracted from previous measurements in 2001.

'Indoor measurements (manufacturing factory).

SMleasurement was done in 2016. Results indicate percentage tim

*Indoor measurements (office and residency).

this chanel contains the highest RF energy among all frequency bi

AData extracted from measurements done by ANFR.
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Telecommunicatiolevelopmenin the last two decades has beewolutionary from 2G and 3G

to the maturation of 4G and beyond. As of 20&fder initial trials,several countries/regions are
soon to kick off 5G servicest alarge scald88]. As new cellular base stations are implemented,
more frequency bands and denser signals will emerge, which will increase available ambient RF
energy in free space. As demonstateFigure3.1, in addition to mobile communication bands,
ambient RF power from TV broadcasting andF/hotspots are the other two major contributors.
So far, multiple ambient RF energy measurements were carried out in diffgres across the
world, as briefly smmarized inTable3.1 [5, 7-9, 7987, 8)]. For simplicity purposesfable3.1
presents four groups of frequenlognds, i.e.digital TV (DTV) broadcasting (450 MHz650
MHz), lower and higher mobile communication bands (700 Mt800 MHz and 1700 MHzt
1900 MHz), and Wi band (2450 MHz)Most of the measurements have limited tespomts,
usually fewer than 10Though in london[7], RF signal levels were tested outside of 270
underground station#jese locations have a potentially higher RF density due to heavy foot traffic,
thus, not representing a general case. To verifgFfpower levels were set to comply with
regulatory exposuranits, the National Frequency Agency of France (ANFR) has ottedwide

range measurements of ambient RF signal |85l Still, each measurement wdsne at one
location targeting specific RF transmittershereby making measurement resulssill
geographicallydiscrete.

In this work, an entirely ifferent approach was taken. An outdalynamic measurement with a

good diversity of geolocations andnzhbtions was carried out on the Island of Montreal. This
measurement covers highways, major roads, crowded shopping streets, and ordinary residential
streets. RF density is acquired every selcduring measurements, and the results are visualized
and idenfied on maps with a color bar indicating intensi¥joreover, a daytime measurement at

a fixed location in Downtown (DT) Montreal was also conducted to investigate signal density
variation ona typical workday. Based on all the measurement results, iledetasscussion on the
development of batterfree I0T sensors based on the recycling of ambient RF energy is provided.

A feasibility study and outlook of potential applications are also dwedu

Bl Ambient RF Frequencies &M ethodology

Abundant ambient RFgnals exist in the free space of cities across a wide frequency range. In

rectifier design, a low frequency may result in a large form factor, while a high frequency would
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introduce severe ppagation loss between the transmitter and rectiftens, themeasurement in
this work focuses on a frequency range of 400 MHz to 2700 Nfdure 3.2 presents major
frequency spectrum segments over this band according to thg pbiadio spectrum allocations
in Canada. Up and down arrows denote uplink and downlink chanrigigure3.2, respectively.
LTE700,
GSM/UMTS/LTE850, UMTS/LTE170@100, GSM/UMTS/LTE1900, WFi, and LTE2600.
Since UMTS bands entirely overlap the LTE bands and the LTE sesvitmminant nowadays,
UMTS will be removed when referring frequency bands. For @@sSM/UMTS/LTESS0 is
simplified to GSM/LTE850 for theemainderof this work. Corresponding feigure3.2, Table3.2

Moreover, seven frequency bands can beteg@ized, namely DTV,

has listed all frequency bands in dethibte the growing interest beyond 2.7 GHz thank$éo t
3.5 GHz band allocation for 5G and to the 6 GHlcemsed bands for emerging Wi 6 or 6E.
However, they are still in the planning or trial stages, so the measurements would not be considered

over those frequency ranges even if 5.8 GHz unlicensedzaadised extensively.

Table3.2 $PELHQW 5) VRXUFHV LQ IUHH VSDFH O+] i
Band RF sources Uplink (MHz) D(OI\\;IVQQ;]k
DTV (ch” 14- 36) 470 ~ 608
DTV (ch.” 38- 51) 614 ~ 698
12 LTE700 699 ~ 716 729 ~ 746
13 LTE700 777 ~ 787 746 ~756
17 LTE700 704 ~ 716 734 ~746
29 LTE700 N/A 717 ~ 728
GSM850 824.2 ~848.8| 869.2 ~893.8
5 UMTS/LTES850 824 ~ 849 869 ~ 894
4 UMTS/LTE1700/2100 1710 ~ 1755 2110 ~ 2155
66 LTE1700/2100 1710 ~ 1780 2110 ~ 2200
GSM1900 1850.2 ~1909.§ 1930.2 ~ 1989.¢§
2 UMTS/LTE1900 1850 ~ 1910 1930 ~ 1990
Wi-Fi 2401 ~ 2473
7 LTE2600 2500 ~ 2570 ‘ 2620 ~ 2690

" LTE bands only

#channels in short
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GSM850
LTE7
00 UMTS/LTES50
DTV 14 i DTV 38 i B66 —
di:l1 19 |9 |;
B}Z&{7 \Blé \55/
470 MHz
B4&66 B2 B2 B4&66 SHMHz
9 9 ; ,
UMTS/LTE \ v z UMTS/LTE
1710 MHZ 7002100 GSM1900 170021002200 MHz
0 UMTS/LTE1900
B7 B7
__EEE :
Wi-Fi . v /
2401 MHz LTE2600 2690 MHz

Figure3.2 Available ambient RF sources in free space (400 MHz to 2700 MHz) according to radio
spectrum allocations in Canada. Note that the space in the spectrum segments is not proportional
to the actual amount of frequency spectaououpied.

After identifying the target frequency range (400 MHz to 2700 MHz), preparing and gathering the
necessary equipment was the next step for measurements. For correctly receiving ambient RF
energy in free sgce, a wideband omnidirectional anten@8B0OA from Keysight was useBigure

3.3 (a)). It has aroperating frequency range of 20 MHz to 6 GHz, which is good enough for our
bands of interest. Its radiation patis at three typicdtequencies (500 MHz, 1 GHz, and 3 GHz)
taken from the product datasheet are presentédyure3.3 (b). Moreover, its average gain over

the enttH IUHTXHQF\ UDQJH RI LQWHUHVW 0+] WR[90]. 0+] LV
Another keyequipment to implemeriis dynamic measurement is a handheld Fieldfox microwave
analyzer N9951A, also acquired from Keysight. It can detect and record RF power levels in a
frequency range of 300 kHz to 44 GHz, which coversfteguency band of interest for the
measurement. Mvorks in a classical spectrum analyzer mode during the measurement. Besides
tracking ambient RF energy levels, obtaining and identifyimgcorresponding geographical
locations are as crucial for mapping the measured data. Hence, an external GPS txacker w
employed and connected to the Fieldfox microwave analypeavoid the shielding effect of the
metallic vehicleoof, both the antenna and GPS tracker are placed outside on the roof of the vehicle
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(Figure3.3(a)). Such a setugan also minimize any potential interference coming from cell phones

or laptops belonging to the testing personnel sitting inside the vehicle.

Antenna

GPS tracker

(a) (b)
Figure3.3 (a) Antenna and external GPS tracker are placed on the vehicle roof. (b) Radiatio
patterns of the antenna at 500 MHz, 1 GHz, and 3 GHz obtained from its daf83heet

The complete setup Besentedh Figure3.4. The handheld Fieldfox microwavealyzer is placed

inside the vehicle and monitored by the testing personnel. During measurement, our vehicle was at
a relatively low speed, abb@5 km/h to 30 km/h, to ensure a good RF signal reception. At this
speed, the Fieldfox microwave analyzer istsemeasure and record ambient RF signal density
roughly every second, which is an optimal tradiebetween data size and measurement coverage
The testing personnel paused the Fieldfox microwave anadgdr time the vehicle stopped at
traffic lights © avoid recording repetitive measurement déite entire frequency band (400 MHz

to 2700 MHz) has been broken down into 1001 points, whiclslates to a frequency increment

of around 2.3 MHz in this measuremeNbte that this entire measurement wasiedrout in the
summer season, from July 10, 2019 to August 16, 2019. Also, each set of measurements was
conducted under relatively consistergather circumstancésr a fair comparison. In our case, we

had either sunny or cloudy days.
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Figure3.4 Complete setup for the dynamic-omad measurement of ambient RF sigieisity.

Bl Results of Dynamic Measurement

IEll RF Power Density in Typical Regions

Usually, RF signal and population density are interrelated or correlated to one another. In this work,

the comparisons between DT Montreal and Uptown (UT) Montreal are empghd3iz&lontreal

is the most active and populated region of the entire city,avdbind 100,000 residents and more

than 720,000 workers, students, and visitors coming every9dayDT Montreal is a regioon

the east of Mount Royakigure3.5 (a) shows the ambient RF power density of the GSM/LTE850

band in DT MontrealFigure3.5 (b) presents the average ambient RF power density levels in DT
ORQWUHDO DQG WKH *60 /7( EDQG KDV WKH KLJKHVW DYH
dBm) among all seven frequency bands. The LTE700 bah hD VLPLODU GHQVLW\ OH
dBm. The OV, GSM/LTE1900, and LTE1700/2100 bands haveRansignal density level of
DURXQG i G%P 7HKhsighaW & REHEYIBIM, much smaller compared to the other
frequency bands.
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Figure3.5 (a) Ambient RF power levels of the GSM/LTES850 band in DT Montreal. (b) Average
ambient RF power levels in DT Montreal.
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The dashedectangulabox in Figure3.5 (a) marks the area showing a relatwkdrger ambient

RF power level in DT Montreal. This area corresponds to a more populated reQibiviontreal,

with mgor shopping pedestrian streets. It can be noticed that this area has multiple places with an
5) SRZHU OHYHO KLJKHU WKID/QViSREWB OKHHKOLUHFRUGHG LQ
dBm.

As a comparisorfigure3.6 (a) and (b) showthe mapping results of the GSM/LTE850 band and

the average power levels in UT Montreal, respectively. UT Montreal locates on the west side of
Mount Royal, as shown iRigure3.6 (a). Compared to DT Montreal, UT Montrdels a generally

lower ambient RF signal density level. Figure3.6 (a), two spots labeled by the dashed ellipses
demonstrate a higher power level. Both are relatively crowded places where a shopping center and
acomprehensive tapital are located. As can bees inFigure3.6 (b), the average ambient RF

power density of all the cellular communication bands in UT Montreal is roughly 10 ~ 15 dB lower

than that of DT Montrea(Figure 3.5 (b)), indicating that communication bands are heavily
dependent on active human activities and traffic. Still, the average DTV signal density in UT and
DTauUH DW WKH VDPH OHYHO ,Q 87 ORQWUHDO WKH DYHUDJH
dBm, ZKLFK LV VOLJKWO\ KLIJIKHU WKDQ *60 /7( i G%WP DQC
remaining four frequency bands have power density levels of at least 10 dBtlham the above

three bands. Since several critical DTV broadcasting towers are on the Mount Royal delivering
signals in all directions, both UT and DT Montreal are well covered by DTV signals. The outdoor
Wi-Fi signal density is low in both DT and UT Miveal.

Table3.3 Average ambient RF power density in two types of locations

Metro stations| Residential areas

DTV i47.42 i52.11
LTE700 i45.52 i52.59
GSM/LTES850 i45.85 i51.55
LTE1700/2100 i53.57 i60.47
GSM/LTE1900 i53.98 i62.34
Wi-Fi i71.81 i70.52
LTE2600 i62.86 i70.46
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Figure3.6 (a) Ambient RF power levels of the GSM/LTE850 bantUih Montreal. (b) Average
ambient RF power levels in UT Montreal.
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Besides the comparison between the two typical regions on the Island of Montreal, average ambient
RF power levels ofwo more typs of places are also highlighted Tiable 3.3, namely, metro

stations and residential areas. The reported power levels were measured on the streets in front of
those locations. The dataTrable3.3 are aveage power levels of 22 metro stations and 8 typical
residential areas, in both UT and DT Montreal. It can be clearly observed that communication
bands close to metro stations have larger gRiver density. Moreover, the LTE700 and

GSMI/LTES850 bands have etively large power density levels near metro stations.

Il Potential Time Influence
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Figure3.7 Ambient RF energy mapping of the GMS/LTE850 band with direction and timestamps
in typical areas of (a) DT Montreal and (c) Wiontreal RF power levels of all seven frequency
bands of interest at the same geographic locations aedcstots: (b) and (d) correspond to (a) and

(c), respectively.

Pedestrian traffic may influence the ambient RF power density, which could giamgedensity

within a single day. Thus, Section IV will discuss a specific daytime measurement at caé typi
location in DT Montreal. However, due to workload and cost issues, this dynamic measurement
records citywide power density oroyce for a genat case. Although geolocated and timestamped
power density levels were obtained, it is still difficult tegent all the information simultaneously

in this work. ThusFigure3.7 (a) and (c) attempt to illustrate ambient RF energy mapping results
(GSM/LTE850 band) in typical areas of both DT and UT Montreal, including directions and
timestamps. Moreover, within the same time slot, the ambiend®fer density of all frguency

bands of interest are presentedrigure3.7 (b) and (d) corresponding to the geographic locations

and time inFigure3.7 (a) and (c).



48

Il Different Propagation Mechanism

As discussed before in this section, communication bands are more dependent on human activities.
Cellular towers are extensively distributed on the Island of Montreal, especially in DT Montreal,
as @n be seen ifrigure 3.8 (a) [92]. In contrastthe DTV signal comes from centralized high

power broadcasting towers. There are five major DTV towers on the Island tafelslioas shown

in Figure 3.8 (b) [93].

The main differences in ambient RF power density of the GSM/LTE850 band between DT and

UT Montreal can be easily understood by the cellular tower map shdvigune 3.8 (a). The tower

density in DT is much higher than in UT Montreal. Different fromwal communications, which

feature relatively shotange interaction with towers, the DTV signal is delivered by a few high

power towers. Therefore,dbe spots close to DTV towers usually have high power density. For
example, the measurement resultstenroad across Mount Royal are much higher than in other
places. DTV broadcasting relies on goodafesight propagation. Any blocks woutilamaticaly

reduce the DTV power levels. The spots DT and UT Montreal showing low DTV power density
marked inFigure3.8 E DUH EORFNHG E\ '7 VN\WVFUDSHUYVY DQG WKH &KI|

Mount Royal

(@)
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Figure 3.8 (a) Cellular tower map in Montreal. (b) Ambient DTV signal density mapped in
Montreal with the locations of five major DTV broadcasting towers. The effective transmitting
power is also attached foramtower A contour pla based on measured results has been combined

in this graph for a prediction of power density in unmeasured areas.

Bl Results of Stationary Daytime Measurement
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Figure3.9 (a) Location of the stationary daytime measurement in DT Montreal. (b) Distribution
of measured results along time for the seven frequency bands of interest.

A separate measurement is dedicatedudysng the effects of pedestrian traffic on the ambient

RF power after finishing all the dynamic outdoor measurements. This measurement was carried
out from 8:10 to 17:35 on August 16, 2019 (Friday), at a fixedimtan DT Montreal Figure 3.9

(a) has marked this place. Theeasuremergetup is the same askiigure 3.4. The vehicle was

parkedat the curb.

The measured results across the frequency band from 400 MHz to 2700 MHz are presented in
Figure 3.9 (b). The measurement was conducted every 1 minute before 10:20, and after it was
fastened to every 5 seconds to acquire more data points. Among all the seven frequency bands of
interest, the LTE700 an@SM/LTE850 bands have thedtiest average power densiifi28.01

G%P DQG i G»%WP UHVSHFWLYHO\ +RZHYHU WKH UHVXOWYV
FROQOFHQWUDWHG GLVWULEXWLRQ ZLWK D VPDOO YDULDWLRAC
results of the LTE700 band vary iR i G%P WR i G %R ohér R Jrequency

bands, the GSM/LTE1900 and LTE1700/2100 also have almost identical average power levels,
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ZKLFK DUH i G%P DQG i G%P UHVSHFWLYHO\ ORUHRY
above two frequency bands is also similar, in geJrH RI i G%P WR i G%P '79 ED
DQ DYHUDJH SRZHU OHYHO RI i G%P '79 SRZHU OHYHOV Z
DV FRPSDUHG WR RWKHU IUHTXHQF\ EDQGV ZLWK PRVW UHV.
dBm. The average power ldv®R I WKH /7 ( EDQG LV DERXW i G%P VL
band. Also, all the results of the LTE2600 band tightly concentrate at the average level. The

measured results of Wi are low, with several large fluctuations in the entire measurement period.

In Figure3.10, a threedimensional plot of measured results across the entire frequency band (400
MHz to 2700 MHz) versus time is presented. It can be observedhrlgotre 3.9 (b) andFigure
3.10that no noticeable fluctuations occur in the measured period for all cellularricsgoands.

DTV signals also have no significant variations as expected. The over# péwer is much

lower than the others as the outdoor-MVisignalin this area comes from nearby restaurants or
stores. Therefore, this lepower WiFi is more vulnerale to surrounding environments, which

explains the variations of \ARi power in the measurement period.

LT<00 GSMILTE850

GSM/LTE1900 LTE1700/2100

\ / LTE2600
DTV /

Wi-Fi

Figure3.10 Threedimensional plot of measured ambient RF power leaetsss the frequency
band from 400 MHz to 2700 MHz on a typical workday.
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Il Feasibility Study of Battery-Free loT Sensors

As the primary concerns of anyjgations, safety and interference issues need to be carefully and
thoroughly investigated. Battefyee I0T sensors rely on recycling existing RF power in free space;
thus, they usually work in a lowower and lowduty-cycle mode. They do not pose a #iréo

public health in terms of electromagnetic radiation. Such 10T sensors are usually customized and
operate in the ISM band to avoid communication interferences. They also have to go through the
certification process of Industry Canada (IC), Federal @amcations Commission (FCC), or

similar national/regional/local regulating body.
Based on the measement results reported in Section IIl and IV, several points can be highlighted:

a. The GSM/LTE850 and LTE700 bands have comparable average RF powey detisit
DT Montreal area. They are at least 10 dB higher than the other frequency bands. Therefore,
in DT Montreal, any device trying to recycle ambient RF power should give priority to the
GSM/LTES850 and LTE700 bands.

b. In UT Montreal, DTV, GSM/LTE850, andTE700 bands have similar levels of ambient
RF power density. Considering that DTV signal is not ddpat on active human activities
and thus more stable, the DTV band is the first choice for ambient RF power recycling in

this area.

c. The DTV signal comeffom a few highpower broadcasting towers, and its transmission
follows the lineof-sight propagationThus, places near DTV towers and without physical
blocks are ideal for implementing battdrge 10T sensors relying on collecting DTV

power.

d. Placesike the DT area of a city have a high population density andrisghbuildings.
Such places usuallitave excellent coverage of cellular towers, but wBdk/ signal

reception. Therefore, 10T sensors should target communication bands in DT areas.

e. Streetor buildings near metro stations or similar populated places are promising to deploy

IoT sensors.

f. Based on daytime measurement in DT Montreal, no noticeable fluctuations are observed

during a typical working day.
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Figure3.11 Trends of digital signal processor (DSP) powesigigtion[94] and dc supply voltage

of logic technology[95],[96]. The dashed line is anteapolation of GHQHV /DZ 7KH DYDLOL
RXWSXW SRZHU RI UHFWLILHUV ZKHQ LQSXW I21][28], G%P D!
[38],[97].[98].

Over the years, the power dissipation of electronics reduces continuously. As one example, the
power consumption of digital sighprocessors (DSP GHFUHDVHY IROORAZ].-&J *HQHT
shown inFigure3.11. Moreover, the dc supply voltagealso reducing with the advance of CMOS

logic technology[95],[96]. The latest ultrdow-power electronics can work with only 5@@V dc

bias. Therefore, 10T sensors are less pewargry than before, thanks to the above developments.

There are two main ¢hniques to realize battefiee IoT sensors, neely, farfield WPT and
backscattering. As shown iRigure 3.11, the recent progress in faeld WPT is encouraging
[21],[28],[38],[97],[98]. For example, the latest rectifier demonstrates efficiencies of more than

DW DQ LQSXW SRZHU ROW i G%m} Begify that the available ambient
5) SRZHU LQ IUHH VSDFH FDQ UHDFK i G»wWP RQH H[SHULPHQ
lab, as shown ifigure3.12 (a) [35]. The multifunction sensor board from Powercast is energized

by a 5stage rectifier harvesting the ambient RF power coming from a signal generatemA 50
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supercapacitor acts ghe power storage for the sensor board. The required voltage threshold of the
sensor board is about 2.7 V, which is equivalent to the teeti fV GF RXWSXW ZKHQ W
SRZHU LV DERXW i GWwWP 2QFH WKH GF VXS Sitatedtbldoidkidd V 9
measurements. All obtained environmental parameters are then sent to the access point connected
to a laptop. Finally, thegearameters are visualized on the laptop screen. Since this sensor board

can sense temperature, humidity, lighid a&xternal power information, it is a relatively power
KXQJU\ GHYLFH 7KH PLQLPXP LQSXW 5) SRZHU UHTIyYUHPHQW
by customizing this type of sensor nodeégure 3.12 (b) shows a fully passive harmonic
transpondefl3]. The transponder responds with second harmonics once it receives a fundamental
VLIQDO ,Q RXU H[SHULPHQWY WKH LQSXW 5) SRZHU FDQ EH
range can reach 7 m. Such aput power level caalso be reduced by choosingmper diode,

and the detection range can be further extended. This type of sensor has been employed to study
bees[99], wood frogg[100], and avalanche victim search and redditd]. In real applications,

ambient RF power is the fundamental signal. Useful information can be transmitted through the
second harmonic and sent back to sniffers, such as a user cell phone or other types of gateways.

voltage meter

signal generator _
access point

I5-stage rectifie
| r\, sAL&ercapacito

[
[
[
| sensor board——
|

(@)
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Figure3.12 Experimental demonstration of battdrge 10T sensors: (a) fdield wireless power

transfer powered mulfunction sensor board and) (fully passive harmonic transpder.

Figure3.13 Typical batteryfree 0T sensor applications powered by ambient RF energy recycling.

Based on the above discussions, battexg 10T sensors are feasible.Uadly, such sensors are

highly customized and work in a leduty cycle Figure3.13demonstratesvo typical and feasible
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batteryfree I0T sensor applications. One is a fatigue sensor on a building to detect any surface
cracks. ltcan be realized by the harmonic backscattering techfd®. A second sensor could

be attached on a bus to measure @@els along the bus rautThe sensor keeps rectifying ambient

RF power and triggersneasurement when enough power has been collected. The collected
information could be shared with local gateways first and finally w@ddo an loT cloud. Both
applications do not require continuous operation. They only conduct measurement and necessary

communication when having enough power recycled from ambient RF energy in the environment.

Il Conclusion

This work presents an outdoor @ynic measurement in core areas of Montreal, Canada to study
the ambient RF power density. Through multiple comparisagifjlar communication bands,
specifically the GSM/LTE850 and LTE700 bands, have the highest average power level in DT
Montreal. While n UT Montreal, the DTV power is the largest among all the frequency bands.
Priorities should be given to those frequergnds with larger ambient power density in
corresponding areas when implementing battexg I0T sensors. Populated places like metro
stations or other similar areas with high pedestrian traffic are also good choices for deploying such
IoT sensors. The ationary daytime measurement in DT Montreal does not show obvious ambient

RF power variations as time progresses on a typical workday.

The two primary techniques to realize battége IoT sensors, fdreld WPT and backscattering,
can extract low RF poer more efficiently nowadays thanks to recent advances. Meanwhile, ultra
low-power electronics are also gathering excellent progBsiteryfree 10T sensors based on
recyclingambient RF power are feasible and will play an increasingly critical réleure smarter

and greener cities.

Hl Appendix

Besides the GSM/LTE850 and DTV bands, the entire dynamic mapping sbhkshree typial

bands, namely the LTE700, LTE1700/2100, andRiMbands, in core areas of city of Montreal
have been shown iRigure 3.14. The contour plots havalso been generated as a prediction in
unmeasured areas and are combined with umedsresults. Note that contour plots may

overestimate Rpower density when measurement resultspegse
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Figure3.14 Entire mapping results of ambient RF power in the (a) LTE700 and &)700/2100
and (c) WiFi bands in core areas liontreal. Contour plots have been combined in each graph as

a reasonable prediction of RF power density in unmeasured areas.
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Ambient power rectifiers are pivotal for batterylessalf-powered Internet of Tihgs architectures

and selfsustained communication/sensor platforms. The core of rectifiers, a nonlinear device, has
been subject to significant research and improvements recently, especially at a low power level
where rectifyng efficiency is so limitedCurrent responsivity (the key rectification parameter
describing the nonlinearity) is known to be impacted by the operating temperature, as predicted by
William Shockley's law. However, no work has been carried out to quathifyimpact of
temperature irthe RF rectification process, nor to relaeisting diodes with their optimum
operating temperature range. To address those missing links, this article first develops an analytical
method to predict power conversion efficie&CE) of rectifiers fromapgproximatemilli -watt

down to nanewatt level. Next, it identifies the optimum operating temperature of rectifiers
corresponding to peak PCE. It also reports that the previous PCE ceiling of 15 % (at an input power
OHYHO BHIBMR)Zcanh be broken whenctdiers operate at their optimum temperatures.
Enhanced PCE results are then validated experimentally on SMS7630 and28SMsased
rectifiers when operating at their optimum temperatures. Noticeably, the SMB#&680 rectifier
delivers efficiency of 17 DW iG%P DQG DW i G%WP VKRZLQJ
comparable and better PCE than that of tunnel di@ded counterparts at similar power levels.

This work also indicates that rectifier design should consider the operating temperature when

selecing diodes to maximize rectifying potential.
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Il Introduction

The visionto implement wireless power transfer (WPT) can be dated back to more than a century
ago [103]. Starting from a conceptual idea, this technology has been going through rapid
development, Wich has already shown rsumberof successful commercial applications, like
charging cell phones and electtoothbrushes. Nedreld nonradiative WPT, with either an
inductive or magnetic resonance coupling solution, is the key endbthgologybehird these
applicationg104]. As the other type of WPT, namely fiéeld radiative WPT, has the potential to
energize scattered devices simultaneously kErge scale. Nevertheless, as the source power
density drops rapidly over the distance, thetB#c recifying efficiency is low, being the main
barrierrestraining the fafield radiative WPT from being widely adopted by industoyfar[4].

Asoneof KH PRVW VLJQLILFDQW WXUQLQJ SRLQWYV RI :37 : & %
far-field radiative WH [31, 105] before which higipower WPT was the main foc{6]. Since
then,researchers have continuously concentrated on improving the power conversion efficiency
(PCE) of anbient power harvesting techniquésgure4.1 lists the measured efficiency rétsuof
stateof-the-art works. Highefficiency farfield radiative WPT has already beachieved decades

ago in a large input power range (>1 m\A8,showrin the right part ofFigure4.1. Whereas, as

one of themain goals of the riternet of Things (loT) technology, developing seiftained
communication/sensor platforms heavily relies on the ambient power harvesting in a much lower
input power range. Roughly after the year 2010, more researchers turned to imprBGEtiof

rectifiers in an input power range below 1 mW. It has becomeasin our WPT communityto

achieve aigher PCE at a lower input power level. Various effective measures have been taken to
improve thePCEof ambientpower harvesting. For instandgjbrid energyharvesting was proved

to be areffectiveway to boost the PCE in an ambient power harvesting scdB&fi¢33]. As an

example, collectingpoth RF and vitation energy exacerbates a nonlinear process within the diode,
WKXV UHVXOWLQJ LQ DQ LPS[3R 361 RsvQ@ pariculamavefondes@n TV 3 & (
such as multtone or digitally modulated signals, is an attractive alternative to increase the PCE
[107]. Moreover,a specially engineered backward tunnel diode has successfully broken the PCE
limitation of conventionalSchottky diodeg$39]. It still preserves the record of the best PCE at
extremely low input power levels. But the fabrication of such tunnel diodes, which are laboratory

prototypes, has been challenging and not ready for massciimtyet. It 40 has a limited voltage
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swing range since, at a certain voltage range, the current tends to decrease because of the diode
bandgap between thegidevalence and the-side conduction band which move away from each
other[17].

Table4.1 Legend and references in Big 4.1

Symbol Year Diode freq?féii:?l?(g Hz) Reference
1982 GaAs 2.45 [31]
1998 MA40150-119 5.8 [67]
2002 MA4E1317 2.45 [108]
2010 SMS7630 2.45 [109]
2010 SMS7630 1.85 [65]
2010 SMS7630 2.44 [65]
2010 HSMS2820 2.45 [110]
2010 HSMS2860 2.45 [110]
2014 HSMS2850 1.8 [97]
2014 HSMS2850 2.1 [97]
2015 SMS7630 2.15 [111]
2016 SMS7630 1.9 [3]
2016 VDI ZBD 1.9 [3]
2016 Backward tunnel diode 2.4 [39]
2017 SMS7630 1.85 [38]
2017 SMS7630 0.85 [66]
2018 SMS7630 0.9 [98]
2019 SMS7630 2.4 [28]

By far Schottky diodes, featuring low cost, mature technolaggthigh commercial accessibility,

are still the most commonly used diodes in ambiemigy harvesting. This work focuses on fully
exploiting the potential of Schottky diodes when built inifeet to seek possibilities to surpass

the tunnel diode in terms of PCE. Prior to any rectifier design, drtkelingis vital as the diode
realizing frequency conversion in the circuit is the most important component. Furthermore, the
diode modeling hels to better understand diode behaviors and thus providgesdaline on

selecting a proper diode for rectifier design.
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goal

2010
after before

Figure4.1 Measured efficiency results of staiéthe-art microwave rectifiers. The legend and

references are listed in Tallel

There are mainly two different closéorm approaches to model diodes dse rectifiers. The first

is time domairbased calculation which was initially introducedia?2]. The diode is analyzed as

a perfect switch with ON and OFF statebeTdiodgjunction resistancelyis assumed to be 0 at
forward biased status (ON). When revebnggsed (OFF) status is created, the diode demonstrates
infinite 4 This method shows a satisfying accuracy at high input power levels (> 0 dBm). Based
on this original concept, improvementgre reported subsequently[iil3], [114]. However, in

an ambient power harvesting scenario, the diode cannonba&leced as a perfect switch anymore
[3]. Therefore, as the other type of clodedn approach, diode modeling based on frequency
domain was proposed. iltitially comes fromthe analysis of an RFID transponder, since both
devices relyon the diode to realize frequency converdibi5]. During the analysis, one of the
most significant steps is to extract each harmonic component from the cujretvo(tage (8
relationship of the diode. Thigletionship of Schottky diodes is represented by an exponential
expression in a low power range, according to the Shockley njp€kl The Taylor series
expansion is a simple way to obtain each harmonic component w iapat power range but
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shows a limited accurad¢g16], [43]. To extend this method to a larger input power range,inerta
adjustments based on the harmonic balance algorithm have been adopted, which inevitably
increases the complgy of the method[3]. The harmonic baance method, as a commercial
analysis tool, provides a reliable solution for simulgtionlinear circuits and systems. However,

it is not a closedorm solution due to the use of a Fouariangorm, which also camot be easily

used on microcontrolleoased platforms. Therefore, a simple clefmdh method with an
extended dynamic rangeeassential. In this work, an analytical method for the PCE prediction of
zero bias diodéased rectifiers is proposed. Diode noer junction capacitanc& which is
voltagecontrolled, has been investigated in detail. The dynamic range withastirsf PCE
SUHGLFWLRQ FDQ JR XS WR WKH EUHDNGRZQ SRLQW DURXC
SMS7630 and HSM&850.

The prgosed analytical method offers an opportunity to examine the PCE of rectifiers in various
aspects. Among multiple factorssasiated with the rectifying PCHye temperaturissue has been
RYHUORRNHG IRU D ORQJ WIBBuUres@tHfieRnt\WeMpatatiies\ar&usia®/H 1 V
provided on datasheets. Recently, inspired by harmful effects ondi@nmel MOSFET vadtge
multiplier [117], researchers conducted an experimentalsiudssess the temperature effects on

the PCE of Dickson Charge pumps used in energy harvesting recf@ét@BhsThe temperature
varnation from 25 °C to 85 °C is reported negative to the PCE at low incident power regimes.
However, there is a ¢k of theordical analysis presented i[118]. The zero bias current
responsivity 8 4 indicating the nonlinearity of a Schottky diode is inversely proportional to the
operating temperaturé This implies that a lowemperature operating environment could enhance
the PCE ofSchottky diodebased rectifiers. With the aid of the propdsanalytical method, the
thermal responses on the PCE of rectifiers based on zero bias Schottky diodes are investigated in
this work. The optimum temperatures for peak PCE at each power leved@teed. Further
measurement shows that PCE results difreis with optimum load resistors are higher than those
with fixed load resistors. Operating at their optimum temperatures, rectifiers based on conventional
Schottky diode can outperform tunnébde at the input power level a0 dBm. Moreover, this

work serves as a reminder that the PCE performance of rectifiers can be optimized by carefully

selecting suitable diodes for certain temperature conditions.
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Hl ProposedMethod for PCE Prediction

Figure4.2 (a) presents a classical siagchottky diodéased rectifier. The singtene RF input
source has a magnitude 8f and an internal resistance 4j. . ; and %are packaging parasitic
components of the zero bias Schottky digti®]. The nonlinear junction is characterized by the
Shockley model as shown iRigure 4.2 (b), consisting of nonlinear junction resistandg
nonlinear junction capacitanc&and series red@snce 4, A low-pass filtering capacitofpis
positioned parallel to the loadizto smooth out AC components over& 8y & and 8, are node
voltages ad consistent ifrigure4.2 (a) and (b). The packaging parasitic components of the diodes
are lossless and their effects can be eliminated by matching nefvb4ksT hus, they are removed
in deriving the method, but still included in talaing network optimization lbere fabrication. A
typical matching network for such a singleries dioddased rectifier is presentedfgure 4.2

(a), consisting of a dc blocking capacitor and a grounded indudi®}. Moreover, the dc current
path has been labeled in the equivalent circuit.

Packaged diode
Packaging parasitic

components
, i Co
Source Matching |/ i i
R, | network Lp >
AN e
Va Vb / Diode Vd J_
Vin A Ci R
:|: Load
= = @ dc path 1 [L
= < = [
G
T4
Al
Rs
AA—L— &,
Vb Ve R: Vyq
J

(b)

Figure 4.2 (a) Diagram of a classic single Schottky didmbesed rectifier. (b) Shockley diode
model.
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If the power injected intthe diode has a sinusoidal waveform with frequencyf B, the voltage

acros the nonlinear junction resistande having both the fundamental and dc components can

be written as:
8L 8" KDEBPR F 8.4 (4.1)

where 87is the voltage magnitude d@. Due to the existence d¥; the fundamental voltage
magnitude across the junctid@fequals the AC voltage madmnile of node§which is definedas
& 8 s the genettad dc voltage and can be calculated by multiplying the dc cutgepy the

total resistance along the dc path:
8oL kp®R4zE 44 4.2

Then, tle Shockleymodel[19] describing the current passing through the diode can be written as:

*uaxhk -ge?sF sCL EW F s? 4.3
where LV WKH GLRGHTV VIsWhe Udealty fRcor,B X UCGRH Rr#presents the
thermal voltage;Gs the Boltzmann constant, ards the electron charg®perating temperature
6is in Kelvin (K). In this analysis, the exponential 8 relationip is adopted to cover the entire
power range up to the levelhere the zero bias diode breaks down. However, according to the
sophisticated piecewise SPICE regdthis relationship is valid only i sis within this range
[120]:

Fsr@@gQ&éQJ@@@-@zEsA (4.4)
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Figure 4.3 Current difference of diode between thecewise SPICE model and the simple
exponential+ 8relationship. The range of bias voltage is determined based on the simulated
voltage coverage agss the diode junction when thede reaches its breakdown voltagde
selected diode is HSM3850 wiWW K D ORDG RI YireQu@iy i SGCOWBIXY L Q J

Figure4.3 presents the current difference between using simple erpah+ 8equation 4.3) and
the pieewise SPICE model, when the diode HSMS LV ELDVHG IURP i WR 9
difference is proved negligible, indicating that the exponenttal 8 relationship is an

approximation with satisfactory acceoyawithin the power range of interest.

Bessel function121] semrates the diode current into dc and other harmonics efficiidrith}:

C.Yei. NGB

\ i x i ‘ .
A Tgr L ,4@%AEtA’é@€,D@E@A... GRteBPR? (4.5)
where ,,: T;is the Bessel function ahe first kind of order Gand Es the imaginary unit.

Then, the dcurrent component is expressed by:

71 ®A6 Apo

.- 7@‘* .
5ol %@14@%A®W¢QBFShL %@, GEAGK Ues  Fsh (4.6)
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6LQFH GLRGHTV JHUR E L4R 8anNeXcRIEuatedRog @Rl HY1B]VifWE 190V e 1o

the left side, 4.6) canbe rewritten as:

F+@®4|£40)
271 . FELAG PR Fs (4.7)

Ex Ep

Let ) L——, and moving exponential term to the left, we \ndve:

Cilg A i
A ESAL ,, @Eé"&A (4.8)
Then, let us multiply both sides b§ ®:
o--T . A . .
P8 >5A EsA® L ,, @E;E;A@l(* ® (4.9)

An analytical solution can be obtained by introducing the LanWduinction. Since the right side

of (4.9) is always a real value and larglean O, we can arrive:
@*%?E SAQ L9, @® GE-AGA (4.10)

where 9 ,is the principal branch of the Lambé&kt function. After some treatment, we have the

expression ofk &

fol HE %_f@ F sG (4.11)

The current magnitude at fundamental frequency gdingugh the nonlinear junction resistance

is extracted from4.5) as well:
T 7Gii
4 L @& GER; @E@A@Wrsh (4.12

Note that this fundamental curremtand theAC voltage across thnonlinear junction resistance

& are assumed iphase. Also, as seen from. 1) and 4.12), the calculation of fundamental
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currents includes only the voltage magnitydmsthephase iformation of injecting power can be

neglected in the analysis.

As can be observed kigure4.2, the RF input powel;; at the fundamental frequency is dissipated

by the junction2:,and series resistances,;
2al 2, E 2, (4.13)

inwhich 2, L " % f@?AThe power consumed by the seriesstasice 2, can be calculated by:

BALE Ak BLE e
2 L—— LT E—— L2 E 2, (4.14)

where 1, denotes the current passing throughjtmction capacitance. Note thgtand +have a
90° phase difference.2, = represents the power dissipated by the series resistance due to the

current

The capacitance valugis dependent othe voltageacross the junctiorg, 4 It can be simplified

as the zero biasvalugy LQ D ORZ LQSXW SRZHU UDQJH i G%P 7KLV
verified in our previous work to be accurate, by comparing with commercial ADS harmonic
balance snulations and measuremen86]. The reason why this approximation works well can

be understood ifigure4.4, which demonstrates th# 8curveof the diode HSM£850. When

the magnitude of the injectirgignal is relatively small, the voltage swing only covers the region

(%~ %) where bothvalues are very close té, (labeled by a pentagram). Nonetheless, véth

increasing, the waveform swings from a low capacitance of vugp to a high valué4s, which

is the other case shown kigure4.4. This suggests that the effective capacitance should be no

longer assumed a%y,

Therefore, tocalculate 2, the voltagecontolled nonlinear junction capacitance of Schottky

diodes need®tbe defined first. In this analysis, the SPICE model of Schottky diodes is developed
based on the widely usgsdn jundion model with diffusion capacitance removed. Thus, the total

capacitance2p in the SPICE model is expressed[bg0]:
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?AE

% @sFLD  8,Q0(°@

% L "1/ (4.15)
— @SE (s @& F (?@0g 845 P (?@&
where (s L :sF (2% and (g LWA;@. (?is the forwardbias depletion capacitance
¢

coefficient;8is the junction potential; and is the grading coefficient.

Accordng to [122], the current of a voltageontrolled capacitance who$® 8relationship is

time-invariant can be expressed as:

1o P L % Bk s PAGELL (4.16)
Thus, 2,4 is calculated by:
. T e e 6
2, L2 1 4, RO4,@P2 1, @;meﬁézpzo@'i—;"?’A 4.@ P (4.17)

Then,the injecting powerZ; is obtained by using(13) based or4(14) and 4.17). The dc power

is calculated by:

2 L €@, (4.18)
Thus,PCEis defined as:

L= Hsrr (4.19)

U
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Figure 4.4 Capacitanceoltage ( % 8) curve with small and large signal waveform swings

covering significantly different capacitance range in comparison.

Table4.2 Key SPICE parameters

SMS7630 | HSMS-2850

'l;{(A.)' 5e6 3e6
4. Y 20 25

J 1.05 1.06

% (PF) 0.14 0.18
/ 0.4 0.5
(o 0.5 0.5

8(V) 0.34 0.35

Two most commonly usezkero bias Schottky diodes in the lpawer rectifier design have been
selected for verification, whicare SMS®30 and HSM£850. Key SPICE parameters of the

diodeshave been listed ifable4.2.
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Figure4.5 Distribution of RF power absorbed by the digalection against the input power level.
(a) SMS7630 and (b) HSM2350.

In the demonstration, the operating frequency is 900 MHz, targeting thedB8kequency band.

The load resistaces of SMS7630 and HSMS DUH UHVSHFWLYHO\ NY DQG

to 4y, of the corresponding diodes. The internal resistanceedREhinput sourcel, is assumed to

EH D VWDQGDUG Y 7KH GLVWULEXW LR dode ljuricjioh @& XW SR
demonstrated irigure4.5 (a) and (b) fo SMS7630 and HSM850, respectively. The ratio of

dc output power increases with a larger input power level. And compared to other losses, power
dissipation due tat s relatively small for both diodes. Moreover, the ratio of dc power reaching

load resistance to the dc power coming out of diode junction can be calculatéghbd; E 4.

Since 4 s usually much smaller tha#; the dc pwer dissipated byl ds negligible.
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Figure4.6 (a) and (b) present the PCE performance of SMS7630 and FEBBIF respectively.

For comparison, PCE results based on ADS harmonic balance simulatioppues model
reported iM18], and the proposed method are all demonstrated togethd?CHheesults obtained

from the proposed method tealseen provided up to the power level where diodes are set to break
down. The lowpower model using the Taylor expansion only offers satisfactory PCE results when
WKH LQSXW SRZHU LV VPO@&as-bBigwadb Qsplay tedPeE résalts of the
WKUHH PHWKRGY LQ WKH SRZHU UDQJH IURP i G%P WR i
method has been clearly demonstrated. Moreover, the PCE error informatioe mfoposed
method with respect to the commercial harmoniart@e simulator has been also included in
Figure4.6. Less than a % error has been archived within the power range of interest for both
diodes. Our proposed method has presented satisfactory accuracy for PCE prediction in an

extended dynamic range.

...........

(@)
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(b)

Figure4.6 Comparison of PCE results based on different models. The calculation error information
of the proposed methkas also provided, showing superior accuracy performance in an extended
dynanic range. (a) SMS7630 and (b) HSK850.

Bl Thermal Response oRectifiers

The temperaturdependent parameters of Schottky diodes+gr8; and % [120]. If the operating
temperature of the diode is defined &s; s the saturationuwrrent 45 6 4 5 at this temperature is

expressed by:

~ [ AE—»BO- _A o0
Boos L 4HGRA AR 00 (420

where : P &1d ' jare saturatin current temperature exponent and energy gap, respectively. To
obtain the temperatwdependent junction potenti&ﬁ: 6, g &, the intrinsic carrier concentration

Jiy 64 ¢ & has to be defied first[120, 123]

B _’70 AUD A

. L'é'__lgo_aNiW@M
[T .OA "~ -OAUpa

J5Gigs L sarwHsP4@EH2A HA (4.21)
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Then 8 6, 4 & is expressed by:

86, s L &Hm—iDéE—Gpi;Dé‘HH doli (4.22)

6lupa
The temperaturdependent nonlinear jation capacitancéd,: 6 g & is definal as:

ol

%655 L % HISE/ HEEVHSI?8 H:64eF 6; F :”O*’rp (4.23)

Assuming ideal matching cdiiions and optimum load selected, a simplified overall efficiency

expression is reportad our previous work18]J:

BL B, o @y L2 t0 g5

Ev> Ep> EQ 5>k @7@ o) (EDCEQ

(4.24)

in which 8 ais the shorcircuit current responsivity and associated with temperaf@ie 8 ais
defined as the ratio of dc output current to the RF input power when the load isishorgéd.
Zero bias current responsivigy L Mt J ®®3;is a good approximatn of 8 sjwhenthe input
power of diodeis low. When 6 decreases;sx.becomes smaller, which leads to largks and
smaller %. But the increase ofl, is in an order of magnitud&igure4.7), thus it is he dominant
factor to drag down the parasitic efficien@y. However, the Rfo-dc conversion efficiency: ; . ¢
becomes larger at a lower temperature due to the increaBgaofl 4y, Therefore, the overall

efficiency in @.24) has amptimum operating temperature at a fixed input power level.

Two different cases in terms of the load resistadgare investigated through the proposed
analytical method in this workhe first one is a rectifier with fixedgzoperating undevarious
temperature conditions. The other is a rectifier with optimdgto ensure peak PCE under each

temperature condition.

The investigation is based on diodes SMS7630 and H3858. The oprating frequency is 900
MHz. Three input power levels&f VW XGLHG i i DQG i G%P 5HVXOWYV

proposed method and ADS harmonic balance simulator are includedciontiparison
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Figure 4.7 Zero bias junction resistances of Schottkgdes vary as a function of operating
WHPSHUDWXUH LQ D UDQJH RI'i f& WR f&

Il Fixed LoadResistance

Figure4.8 presents the PCE results of rectifiers with fixed load resistances which are set to be 5.4

NY DQG N Y sISM$7630 Rr® HISM3850, respectively. The operating temperature
rangeis fromi f& WR f& $V FDQ EH FOHDUO\ VHHQ IURP WKH FF

works well in the entire range of interest at various input power levels. Moreover, theseaexist
temperature at which the rectifier reaches its peak PCE at each input lpgele which is
consistent with the aforementioned analysis. If this temperature is defined as the optimum
temperature, the calculated optimum temperatures of both-demkzrectifiers by the proposed
method are summarizedTiable4.3. For both rectifiers, this optimum temperature tends to slightly

increase with a larger input power level.
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Figure4.8 PCE results of rectifiers with fixedlgversus operating temperatures. (a) SMS7630 and
(b) HSMS2850. Solid line: calculated results based on the proposed method. Square symbols:
simulated results by the ADS harmonic balance simullliexagram symbols label calculatéue

optimum operatig temperature at each input power level.
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Figure 4.9 (a) Optimum 4zfor both diodebased rectifiers at three inppbwer levels versus

operating temperaturesCE results of the rectifiers with optimu#dygas a function of operating
temperatures: (b) SMS7630 and (c) HSEESO0. Line specification is the same as inuiFeg4.8

The proposed analytical method is firsiphgd to attain the optimum load resistasiad# both
diodebased rectifiers at each temperature, which is showigure4.9 (a). Through a comparison
betweenFigure4.7 andFigure4.9 (a), the claim thabptimum 4can be approximated by diode
4,is only valid when the input power is close to being infinitely small. However, the calculation
also shows relatively small PCE differences#@ dBm in both 4z L 4y, and optimum4gvalues

in Figure4.9 (a). Thus, in a low input power range®80 dBm), it is still a coséfficient solution

to quickly identify the optimum4g(equal to 4v,). Figure4.9 (a) also shows that a low power
OHYHO i), op@larA 4zhas the largest variation in the temperature range of interest. With a

larger input power level, the variation becomes smaller.

Then, the PCE results of both rectifiers with optimdgare calculated and demonstrateéigure
4.9 (b) and (c). Optimum temperatures are captured which are shifted to a lower temperature range
compared to those with fixed; Considering that the optimum temperatures of each rectiber a

the main focus, certain changes he sweeping temperature range of interest are made to keep
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optimum temperatures in the middle. For example, the temperature range of285MiSased
UHFWLILHU KDV EHHQ VHWTahedB dlso ificdudd¥ Ralculatfd mum
temperatures for this case. Similar to the fixggase, the optimum temperatures of rectifiers with
optimum 4gtend to increase with a largaput power level. Moreover, optimurdigkeeps the PCE
result curve flatter in the entireniperature range compared to the fixé¢gtase, indicating that it

is a solution to maintain stable PCE under various thermal conditions.

Table4.3 Calculated optimum temperatures

SMS7630 HSMS-2850
i20 dBm 18.5°C 19.5°C
Fixed 4y i30 dBm 15°C 18 °C
i40 dBm 10.5°C 15.5°C
i20 dBm 1.25°C 11 °C
Optimum 45 | i30 dBm i0.5°C 8.75 °C
i40 dBm i4°C 6 °C

Bl Experimental Verification and Comparison

Experimental prototypes are built on thebstrate of a Rogers Riliroid 6002 with a 20 mil
thickness and 18 um copper cladding. Since the recommended operating frequency is below 1.5
GHz for diode HSM&850, theoperating frequency for both rectifiers are designed at 900 MHz.
The prototypes arpresented irFigure 4.10. The primary design work of rectifiers lies in the
optimizaion of theL matching network at their optimum temperatures based on the previous
theoretical analysis. Moreover, filtering lepass capacitancese carefully placed to maximize dc
output across the load through ADS tuning. The impedance of microsegisirdesigned to be

Y ZLWK D ZLGWK R PP WR UHGXFH WKH IRUP IDFWRU F
the width of microstrip he is large(1 mm)to make SMA connector soldering more convenient
and reliable. As our primary goal is to study temperature response of diedased rectifiers,
both prototypes are designed tortarowband However, it is noted that wielgand operabn is

possible though optimizing matching networks to cover, for example, digital TV frequency bands.
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Figure4.10 (a) Experimental prototypes of rectifiers; (b) Sclagios with dimensios in mm. All
microstrip curved bends are 90° with a radius of 1 mm except one with a radius of 2 mm which is

indicated in graphgriltering low-pass capacitances for both designs are the same (0.22 pF).
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Measurements were performedthvihe aid of a TeéEquity Model 105 temperature chamber,
ZKLFK RIITHUV D WHPSHUDW X U HFigupe@ I1Ha)PpiesentsftBe MERsuremeifit&
setup in our lab. The multimetacquires the dc output voltage of the readif which is placed

inside the chamber. A thermometer is usedntanitor the inner temperature farore precise
temperature control. Thdiode nonlinear junction resistance and capacitance change with the
tempergure variations. The matching conditions tbe rectifiers would degrade accordingly,
thereby resulting in more mismatch loss. For exanfplgure4.11 (b) shows measad S11 of
HSMS2850 EDVHG UHFWLILHU DW GLIIHUHQW WHPSHUDWXUHV 5
lower temperature, and actual power absorbed by the rectifier decreases if the external power
supply is constant. To maintaihe samdevel of power mjected into the rectifiel; at various
temperatures, corresponding adjustments of the external available sourceyqygarequired to
compensate fathe mismatch loss. Therefore, a vector network analyzer (VNA) was used in the
measuren@. Besides its traditional function to obtairgarameters, it can also offer a continuous
wave at asinglefrequency in CW mode. In this CW mode, VNA conducts no frequency sweeping

as only 1 frequency point exist$hen it becomes a signal generator fhe rectifier and
simultaneously reads the input reflection coefficients that are used for the calculation of input
power compensation. Before prototypical experiments, a power meter is connected to the VNA to
measure its RF output for calibration purpo3éwerequired external power suppB « fsom VNA

can be calculated through:

Ded % (4.25

where S11 is infiear form. As can be seenfigure4.11 E LI D FRQVLVWHQW i G%P

2, is desired, the required power suplys hecomes largeat lower temperatures.
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Figure4.11 (a) Measurement setup to investigate the dc output power of rectifiers at different
temperatures; (b) Measured |S11| and necessary power compensation topkeepower
consistent under different temperature circumstarides.pld is extracted from the HSM3350

based rectifier with cable loss-éenbedded.



83

tunableR |
adjustments |

calculate3 :
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Figure4.12 Flow chart of measurements. Yellow blocks are steps needed for optimum load
measuremds.

The major advantage of this setup is that both S11 and dc output voltage measurement can be
simultaneously completed, instead of imgvtwo separate sets of measurements considering the
necessary compensation. It should be noted that one groundireztionrio the measurement port

of the vector network analyzer is essential, as showigime4.11 (a), to provide a dc path for the
rectifiers. Also, the temperature step was set 1€ i order to geenoughresolution in the d

output voltage during the measuremdfigure 4.12 presents a flow chart showing each step of

measurements.
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To verify the proposed method with an extended dynamic range, the rectifiers were measured
versus an input power rangeRlP i GWR i G%P DW D WHPSHUDWXUH RI
PCE curves of both rectifiers have similar trends and some overlaps at this frequency, the rectifier
based on diode HSM33850 is taken as an example. The proposed method focuses on diode
converson and lading, so the insertion loss of matching network is estimated by ADS Momentum
co-simulation Figure4.13 (a)) and then imported for calculation. The insertion los¥ ¢f the

matching network can be described by:
4@ 8L erHK@EgA (4.26)

in which 33is the quality factor of the diode together with the lo&gl.is the quality factor of the
realized matching network3scan be calculated by:
No
33 L— (4.27)
Eou
where : ;y and 4 are reactance andsistance looking into the diode together with the load.
Simulation results o33 with the aid of ADS as a function of input power are also showgiare

4.13 (a). Once the matching network is implement&] (s fixed), at a higher RF input power

level, 33decreases, leading to lower insertion loss.
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Figure4.13 (a) Insertion loss of matching network obtained by ADS Momentuwsiroalation;
(b) Comparisn of measured, ADS Momentum-somulated, and calculated dc output voltage and
PCE of HSMS2850based rectifie

The matching network insertion loss of matching netwofkgsire4.13 (b) shows a comparison

of the measured, ADS Nhoentum cesimulation, and calculated dc outpuitage and PCE results.

It can be observed that the three curves of dc output voltage match each other well. Moreover,
despite some differences between measured and calculated PCE results, they shardrarsiimila
and agree with each other reasonablyl.\vildle above observations demonstrate that the proposed
closedform method can be an effective and powerful tool to analyze and predict the PCE

performance of zero bias Schottky diodesed rectifiers.
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Figure4.14 Comparisons of measured and simulated PCE results of the rectifiers at different input

power levels versus operating temperature. Y ticks are ¢ensfsr both.

The PCE performance of both tifiers wasmeasured as a function of operating temperatures at
WKUHH GLITHUHQW LQSXW SRZHU OHYHOV 4is aie chobeR @r i G%F
diodes SMS7630 and HSM&50based reciLHUVY DQG WKH\ UHVSHFWLYHO\ DU
Corresponding measured and simulated results are presefigdred.14. Consideringhat both

the @lculatedand simulatedesults arejuite close, as shown Figure4.8, the calculatedesults

are not included to keep all figurelear and to the point.

Referring to trends in each subplotrafure4.14, it can be first observed that the measured results

agree reasonably wellith simulated ones despisamedifferences The microstrip lines with a
FKDUDFWHULVWLF LPSHGDQFH RI Y V K-lthpegahceikes niightH U D O O
introduce more loss in the matching network, resulting in the measured resujtsieaiter than

the simulated counterpartsufher improvements of the PCE are still possible. Secondly, for each
rectifier, at different power levels, an optimum operating temperature exists as predicted by the

theoretical analysis. It should be noted that a few measured results are slightlytiaghtre
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simulated ones, especially when the operating temperature is either quite low or high. A reasonable
explanation is that the SPICE parameters of selected diodes for verification do not necessarily have
the same values as those that appear onhaggsswhich are used for simulation.
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Figure4.15 Measured optimum load resistance of rectifiers at different input power levels versus
operating temperature. (a) SMS7630, and (b) HS¥S0.
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Thus when the operating temperature deviates from the optimum one, there are no such dramatic
changesn the diode junction resistance and capacitance during the measurement, as predicted by
the simulation. This measurement finally displays PCE discrepabetegen the optimum and

HGJH WHPSHUDWXUHYV i f& DQG f& LQ PHDVXUHG UHVX!

counterparts.

Measured resultslustrate that temperaturesariation plays a significant role in determining the

PCE of rectifiers. Table 44 summarizes the measured optimum temperatures and PCE
improvements over thregpical FRQGLWLRQV QDPHO\ ZLQWHU i°C)f& URF
and summer (+30 °C) times. In other words, it means the PCE of the rectifiddsdegrade when

the operating temperature shifts away from the optimum value. The PCE improvements at lower
input power levels are more obvious. For example, under iiopt temperature of 10 °C, the

PCE of the SMS7630 diod®ased rectifier has improvéxy 42 %, 66 %, and 148 % in relation to

room temperature, summer, and winter conditioespectivelyDW i G %P

Furthermore, measured results show that the optimumet@type tends to increase with a larger

input power level in the power range of interest for both rectifiers, although such a trend is more
obvious in the simulated results due to theDié X UHPHQWYYV OLPLWHG UHVROX\
temperature of rectifielis closely associated with the diode SPICE parameters as discussed in the
previous section. Thus, each type of dii@desed rectifiers has its own optimum temperature, and

our proposedero bias Schottky diodeased rectifiers with fixedizghave optimuntemperatures

in the range of 10 °C to 20 °C within the power rantgb(e4.4).

Hll Optimum LoadResistance

To determine the optimum load resistance of the rectifierghipdoad resistors are first removed,

anda manually tunable resistor is used as the loading resistor. The measurement setup is the same
as shown inFigure 4.11 (a), ecept that the replaced tunable load resistor is put outside the
chamber. Measurement steps in detailsdse addressed frigure4.12. At each temperaturé)e

dc output voltage is directly obtained whadjusting the tunable resistor. With this information,

PCE is then calculated. Finally, the optimum load resistance correspdhdsighest PCE while
sweeping the tunable resistor under the same temperaturdition. As the load resistance
adjustments are done manually and a following mathematical calculation of PCE is required, this
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measurement offers a limited resolution ohitegrthe optimum load resistance. This explains why
the curves irFigure4.15 are not smooth. Similar to the theoretical prediction, resistance variation
is larger at lower input levels. But compared to the theoretical reséigure4.9 (a), the measured

optimum 4zshows small variations in the same temperature range.

SMS7630 HSMS-2850

Efficiency (%)

-20 0 20 30-10 10 30
Operating temperatui@C)

Figure4.16 Measured PCE results of rectifiers at diigr input power levels versus operating

temperature. Y ticks are consistent for both.

When optimum 4gis reached, the dc output voltage is recorded to obtain the PCE of rectifiers.
Results at three input powevkls are demonstratedkigure4.16. Since the measured optimum

4.is different from the theoretical ones as discussed above, theoretical PCE results are not included
for comparison irFigure4.16. As expected, PCE results with optimufpare slightly higher than

those in the fixeddzcase shown ifrigure4.14. Moreover, PCE results in the entire temperature
range present smaller variations thia@ previous case. Therefore, PCE improvements at optimum
temperatures over the three typical conditions are less obe@mupared to the rectifiers wittkxed

4, as shown inTable4.4. For instance, under its optimum temperature (5 °C), the PCE of the
SMS7630 dioddased rectifier hasnhanced by 27 %, 51 %, and 25 % in relation to room
temperature, summer, and winter conditiorespectively, DW i G%WP OHDMXUHG RS
temperatures have been further shifted to a lower range, as liStadl@4.4.



Table4.4 Optimumtemperature of rectifiers and PCE improvements over three typical conditions
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power
level| i20 dBm| i30dBm | i40 dBm
rectifier
. SMS7630 20 °C 15 °C 10 °C
Optimum temperature
HSMS2850 | 20°C 15 °C 15 °C
PCE improvement at| SMS7630 18 % 62 % 148 %
optimumtemp.
RYHU i f& HSMS2850 9% 43 % 200 %
. (winter)
Fixed 4z | PCE improvementat| SMS7630 6% 11 % 42 %
optimum temp.
over 25 °C HSMS-2850 3% 14 % 39 %
(room temp.)
PCE improvemetnat SMS7630 13 % 27 % 66 %
optimum temp. o 0 0
over +30 °C (summer) HSMS-2850 6 % 22 % 73 %
. SMS7630 5°C 10 °C 5°C
Optimum temperature
HSMS2850 | 10°C 10 °C 5°C
PCE improvementat| SMS7630 8 % 29 % 25 %
optimum temp.
RYHU i fé& HSMS2850 | 8% 36 % 45 %
Optimum (winter)
4 PCE improvement at| SMS7630 6 % 6 % 27 %
optimum temp.
over 25 °C HSMS-2850 5% 12 % 17 %
(room temp.)
PCE improvement at| SMS7630 6 % 6 % 51 %
optimum temp. 0 o 0
over +30 °C (summer) HSMS-2850 7% 17 % 29 %

Finally, the peak PCE results of our work have been compared with the selected ones with advanced
performance irFigure4.1, as shown irFigure4.17. VDI zero bias diode features low junction
capacitance; thus isisuitable for higHrequency implementations. However, its high cost is the
main barrier blocking widespread use. CheapoBky diodebased rectifiers operating at their
optimum temperatures present better PCE performance than counterparts built aro/bBibg

diodes. Also, in a low input power range, tunnel diodes that break rectification limitations

demonstrate inimitabkl superiority. However, SMS7630 and HSK850, common ofthe-shelf
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diodes, set to operate at their optimum temperatures and inguHpd ODUJHU WKDQ i G?¢

believed to have potential to outperform tunnel diodes in terms of power rectification.

Figure 4.17 Comparison of the measured PCE results with thdsselected statef-the-art

rectifiers showing advanced performance in Figure 4.1.

Bl Conclusion

This work first proposes a closéorm method for PCE prediction for zero bias dididesed
UHFWLILHUV ZLWK DQ HIWHQGHG G\QD P om&dyZAttluratPad H R1 X ¢
been improved by consideririge voltagecontrolled junction capacitan@ higher input power

levels. The proposed method has been validated by both ADS harmonic balance simulation and
experiments. With the aid of the powerful madhthe thermal effects of two zero bias Schottky
diodebased rectifiers are investigated bottedretically and experimentally. Two cases of
UHFWLILHUVY ORDG UHVLVWDQFH DUH FRQVLUOGBHdptiEmM IL[HG [
temperature for eachem bias dioddased rectifier at each power level was captured. And the
optimum load resistana®ndition brings the optimum temperature to a lower range. For instance,

the diode HSM&850based rectifier has optimum temperatures of 20 °C, 15 °C, and ®&Hh
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the fixed 4z R | BW i G%P i G%P DQGi G%P UHVSmEWLYHO\
4.is applied, the valueare reduced to 10 °C, 10 °C, and 5 °C at the same input power levels. This

work also demonstrates that noticeable efficy enhancements can be achieved by considering
thermal effects when designing zero bias Schottkydelbased rectifiers. Conventional
commercial Schottky diodes can beat expend/id zero bias diodes and tunnel diodes by
operating at the optimum tempafaX UHV ZKHQ WKH LQSXW SRZHU OHYHO L\
improvements are still possible by considg multi-stage matching networks to reduce insertion

loss and selecting diodes with lower parasitics.

The conclusion first serves as a reminder thaetifiers should be customized by choosing proper
zero bias diodes depending on temperature opesatioriact, as one of the main environmental
factors, the operating temperature should be carefully considered when designing nonlinear
componenbased not limited to diodebased® devices to ensure its consistent high reliability and

great performance.
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An integrated cooperative harvester capable of collecting both electromagnetic (principally RF)
and knetic energy simultaneously is proposed and studied imthis. One single substrate board

is demonstrated to accommodate and integratdeatromagneti&inetic generatqran Fshaped

antenna and a rectifying circuit, having a compact cieatitl size Cooperative harvesting mode
enables a significant enhance@& RI WKH GLRGHYfV SRZHU FRQYHUVLRQ |
greatly strengthening the resilience of harvester at the same time. Measured results suggest that
SMS7630 and HSM2850 based cooperati harvestersanincreasealc output power by 50% to
around100% when both injecting power sources exhibit bel8& dBmwith reference tdhetotal

added amount afic power harvested directly from separate RF and kinetic excitation modes. A
closedform method is proposed and used to predict the enhanced effigerfoymance of the
cooperative harvester within awopower range of interesti%0 to i30 dBm). Our analysis
KLIKOLJKWYVY WKH uwéhihebyurRtioWvdsistai@e &G ¢hfiacitance. Good agreements

are observedvhen comparing the analysis resuWith harmonic balance simulations by ADS.
Further, this methodis carefully verifiedby measured results of two different diodesed
harvesters. Measurelt output power rectified from cooperative harvesting mode is reported to be
1.16 and 1.97 timesutger with SMS7630 and HSM&350, respectively, wheyoth power sources

are i40 dBm, compared to the conventional single RF harvesting nibdgroposed cooperative
harvester with its strong resilience is highly suitable for ambient power harvestingewean

changing environment.
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Il Introduction

Internet of Things (loThas beerbrought more closely to reality thanks to the confluence of
popular technologies such as intelligent traffic management system, home automation and
wearable health monitoring dee® and so ofiL24]. The implementation of IoT relies heavily on

a wide spectrum of meorked electronic devices through wireless connectivity. However, it is
impractical to power a large number of geographically scattered components with cables, wires
and/orbatteres, which may present a fundamental hurdle inrédatizationof 0T systers. In

certain applications like powering body implants and embedded structure sémesiviged power

supply is even impossible. Therefore, wireless ambient electromagnetic energy harvesting over
legacy RF spectrum or dedicated tdensity SARcomplied wreless powering is an attractive and
promising alternative for such usually laeduty cycle and dw power consumption devices,

offering a minimum human interventi¢hl].

The fact ofwireless ambient RF power harvesting free spaces well understoodn that it
basically provides only very limitedenergy outpuf{125], therdy resulting in a low power
conversion efficiency (PCHL7]. This crucial issue leads researchers to find more accessible input
energy sources so to increase PCE to lift up thal frectified dc output power. Besides
electromagnetic RF power, other types efiewable ambidrenergy e.g., kinetic, thermal, and
solar energy among many otheasgactuallypervasive and omnipresent in daily [ji26]. In the

last decade, intensive research intereatebeen devotedo harvesting these different types of
energy source$l27-129]. Although thermoelectric devices ansblar cells have been well
developed, they technically require large form faciarserms ofvolume to ensure sufficient
amount of energpeingconverted Whereas kinetic energy harvester normally highaweight

and features a higher kinetio-electrical PCE of typically 95%[130], compared with
thermoelectric materials and solar cellssdx counterparts. As one of the masimmonly
attainable and ubiquitous energy sources, kinetic enetgpsisallya natural target of choice and
can be easilyconvertedinto electrical energy by electromagnetic, piezoelectric or electrostatic
transductio mechanismg$131]. Considering the aforementioned advantages of kinetic energy
harvesting both RF and kinetic energy abpeing usedn this work but itis also showrhat two
uncorelated power sources cha harvesteth acollaborativemanneyin order togenerate more

dc power output wittbetterefficiency.
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7KH WHFKQLFDO LVVXH RI KRZ WR LQFUHDVH Goé&Gwh&nv 3&( KL
wireless power harvestingahnology was born. Recently, different kinds of diodes have been
found to be capable of offering stronger nonlinearity, sissipindiode$18], tunnelingdiodeq39]

and nanodiodefl32]. As a matter of factbreaking the PCE limitation by improving the diode
fabrication process is we challenging in connection with underlying physical principles and
material constraints. Whereagdopting a cooperative energy harvesting apprizaable tancrease
GLRGHTV 3&( GUDPDWLFDO O\-tke\shélE. i RIeqd118]VIhQ it bavdRItHe R 1 |
aforementioned straightforward truth that cooperative energy harvesting obviously brings more
input power. Moreover, more p@&wvinjected into the diode at a low power level shifts operating
point to another region with a Higr PCE. Thus, cooperative energy harvests@ble to
successfully combine both advantages to increase thelfimaitput power greatly and provide a
straghtforward resilience of using uncorrelated energy sources. However, the harvester with
separateRF and kinetic generator modules [ihl6], although showinga goodperformance,
normally is impractical for applications in realligcause it is too bulky and does not integrate any
antenna. Furthermore, it has nebeen considerethat two uncorrelated energy sources operate

at frequengies of different orders of magnitude. In previous wofk33], the design ofan
electromagnetiginetic generator together with its preliminary measuremastpresentedn the

scope of the present work, a comprehensive theoretiaglsas of cooperative harvesting and also

a joint measurement using tlesigned Fshaped antenria our anechoic chamber are studied and

demonstrated.

This paper proposes both theoreticadddling technique and integrated design platform for the
analyss and implementation of a simultaneous RF and kinetic energy harvesting. Afclioeed
analytical nethod is formulated to examine the PCE enhancement of different Schottky-diodes
based harvesters through adopting a cooperative harvesting topology. Havalanee simulator

is used to verify the metho@ind comparison results show good agreements. Toeeasingle
substrate board mechanically combines @h&ped antenna, a permanent magaret coilsbased
kinetic generator and a rectifying circuit. Finalipeasured results present the PCE improvement

of the cooperative harvester over a low power range of intieoes i45dBm to i30 dBm.
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Il Enhancement of PCEUsing Cooperative Harvesting

In [18], the RFto-dc PCE of a single diode with parasitic loss-atebedded in the circuit is
described by:

8s ®x
Reond 2048 51

in which 2 4s the input power absorbed by the diode jumctiB 4 is the zero bias current
responsivity, 4y, is the zero bias differential junction resistandgis the load resistance ant}is

the video resistance. This equation gives a brief glance that PCE is proportional to the input power.
The PCE can btheoretically doubled with two identical power sources injecting into the diode
junction simultaneously. However, due to the negle¢heparasitic loss for simplification, this
method cannot provide a complete picture of the two power injecting case, especially with a large

frequency difference.

Low
frequency
Source#2
R02
V. Packaged diode
@'?Z Packaging parasitic
2 components
[ L
C
w":‘j‘
Vo V1 N V3 l
C R,
High L I Load
frequency“cl @ L 1
Source#l
R01 Cj
a
o ?,
1 NN
V1 V2 SPR% V3

(b)
Figure5.1 (a) Diagram of a single diode based rectifier cooperatively harvesting two sources with

high and low frequencies; (b) Shockley diode model. The voltage labels are kept consistent in both
(a) and (b).



97

A comprehensivanalysisof the cooperative harvesting tapgyis presenteds follows. Note that

the design of a matching network with harmonic terminations is possible to smooth out higher
harmonics andhaximizethe fundamental compondd07]. Thusfor the purpose dfimplification

and ale foausing on revealing the PCE performance of diodes, the matching network has been
removed in the diagram Figure5.1. As can be seen iRigure5.1 (a), the RF power imbdled as

source #1 with high frequey B. The electrical signal converted from kinetic energy usually
operates atow frequency B (tens or hundreds Hz) and is hamed as sourcel#zand 4, care
internal resistances of the RF and kinetic sources, respectively. To preveetaentszfbetween
those sources operating at different frequencies, one RF chalkel onedc block %areplaced

in the circuit. .  and % are packaging inductance and capacitance of the diode, respectively. One
filtering capacitanceis inserted in parallel with loadgto smooth out the AC voltage across the
load. Figure 5.1 (b) shows the classical Shockley moflE] including one series resistandg,

one nonlinear junction resistandg and one nonlinear junot capacitancéq

First of all, both of the input sources are assumed to have sinusoidal waveforms. Let us begin with
WKH GLRGHTVY 6KRFNOH\ PRGHO WKH YROW Dahtl \B)RhasRWYV WKH C

fundamentbcomponents, g and , gand onedccomponent, 4So it has the form of:
oo L,®gE . gF.3s4 R?KOEBP ER, ?KiIDeBP, F Ry (5.2

where R, and R, are magnitudes of higland lowfrequency sources, respectively. Thwvoltage
magnitude is defined aB; ;and calculated bygc current times the total resistance in this circuit.

Thedc currert can only reach out to lofvequency source due to tde block % Hence, thelc

voltage is:
RioL Ro®4gE 4,E 4,6 (5.3

According to[19] WKH GLRGHTV FXUUHQW-Y Q@ber\Rieve® JH UHODWLRQ

ag TUpk. NLR6ag TUP. N R747

Us..sl L@VEEF SCL 4.@A VoL Fs? (5.4)
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in which t.and Jare GLRGHYV VDWXUDWLRQ FXUUHQW DQG LGHDOLW
voltage 8 is calculated byG®& M where G T, and g are Boltzmann constantpesating
WHPSHUDWXUH DQG HOHFWURQ FHKINUdlationddipl \sSgeRralyL Y HO\
complicated and can be expressed by piecewise equiiiiljsSo the exponenti#lV relationship

is only valid within a certain voltage range. Through comparing current responses obtained both
from the piecewisé-V relationship and exponential counterpart, the maximum current error is

found to be less than 0.5% when voltage magnitsdemaller than 2 V. Note that SPICE
parameters of diode HSM&Z20 is used for this comparisdks the available operational ambient

RF power in our lab usually is withifb0 to i30 dBm[3], a comparable kinetic power is also kept

in the same power range in the following analysis. Based on this assumfitenoltage
magnitudes of both sources are basically less thanThds,the exponential-V relationship in

(5.4) can be considered valid for the analysis within the scope of thiks wor

The diode current coulde easily expanded terms ofseparat@lc and other harmonics by using
Bessel functiorf115], [121]:

Tup. RgB .
A L ,4@EEN—‘Z’AEt Ales B GELA? KORLEE R? (5.5)

where ,,: T;is the Bessel function of &t kind of order k and m (1 or 2) decides the highlow-

frequency component, respectively. Thus,dbeurrent can be expressed as:
6 » 747
Rol @B, @E%;A@ @E%;A@UT';'B F sC

7Q7 ®ABAHBA o
L +.@, @E—A®4 @E—APU@B F sh (5.6)

Then,dc currentcanbe obtainedy solving 6.6) with the help of &ambertW function:

AL AR
Bol sa el Ted® A o (5.7)

in which 94is thenth branch of the Lambel function and G could bexpressed by:
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EEp>E,

) L=

(5.8)

where4yLV WKH GLRGHYV JHUR ELDV MXQFWLRQ@6UHVLVWDQFH DC

adg

4y, = (5.9

The fundamental current through the junction resistance canbalsobtainedfrom (5.5).
Considering e frequency difference is extremely large, the fundamental currents at each

frequencycanbeformulatedbelow:
. - 7 a7
Ug L & @ KOEBP L +@8 GE® @E;%'QA®4 @%A@W&O@ K:0eBP (5.10a)

” ‘. 7457
Ug L § @ K:OERP L 4@ EER, @E;%QA@@4 @%A@W«E's@@ KOeRR  (5.10b)

Note that ach fundamental current of higand lowfrequency sources assumed to be iphase
with its corresponding voltage across the nonlinear junction resistance. And only the magnitudes
of powersources are used to finally calculate the injecting power sources, as shd&af) and

(5.10), resulting in the phase information of each sobhairg neglecteth the analysis.

The voltage at8of each fundamental frequency can be expresgabplying Kirchhoff Circuit
Laws (KCL):

vue L.,e Ekug E, ¢ GE BpOo®!, (5.11)
Next, the voltage magnitude injecting iritee packaged diode can balculated by:
vue Lue Eue GEN; (512
in which ug is:
g L,og EMREuU E, ¢ G (5.13)

Having both injecting voltage and current in plate injecting power into the diode can be

expressed by:
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24 L NARHESE (514

Given injecting powerg, and §; could be easily obtained by solving&) and 6.10-5.13). %is
assumed to be zero bias nonlinear junction atgrase % that works well within the low power

range of interest. Thac power of the cooperative harvester is:

20l Eo®lg (5.15)

Here, we define PCE of the cooperative harvester with a matching network desthddded as
thedc output power over the power injected into the diode:

2%'Lﬁ Hsrr (5.16)
It shouldbe mentionedhatsingle power injecting iactuallya simplified model of the twsource
case, and cdpe solved using the same method. To quantitatevedyyzethe enhancement of PCE,
efficiency gain EG) [y;is defined asic output power2, ¢ ghrough the cooperative harvesting
mode over that of a diresummatiorof seperate RF and kinetxcitation mode2, ¢ , E 2. s A
[116]:

Lg— 8 — Hsrr” (5.17)

In the calculation of EG, the input power sources of both cooperative and separate harvesting
modes are identical, including the power level and operating frequency. Matching networking loss
can be studied independently and thus not considered here. 3kylesrks SMS763@79LF,
Avago HSMS2850, and HSM2820 with SOT23 packagingare theoreticayl investigated
through this method. Both SMS7630 and HSRESO are commonly used in lepower rectifier
design and share similar features. By contrast, HZBEis suitable for rectifiers operating at a
relatively higher power level which is usually largkan i10 dBm[18]. Compared with HSMS
2820, diodes SMS7630 atdiSMS-2850 are low barrier diodes with a much larger saturation
current and a smaller nonlinear junction capacitance. Key SPICE and packaging parameters of
thesediodes are listeth Table5.1:
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Table5.1 Key SPICE angbackagingparameters

Parameters Units SMS7630 HSMS-2850 | HSMS-2820
+ A 5e-6 3e-6 2.2e8
J 1.05 1.06 1.08
4 20 25 6
% pF 0.14 0.18 0.7
.5 nH 0.7 2 2
% pF 0.16 0.08 0.08

In the analysis, the frequencies of RF and electrical energy converted from the kinetic power are

set to be 1.8 GHand 100 Hz, respectively. It shouted mentionedhat thekinetic energy is
controllable and the details wille discusseth Section lll. For each diode, thieadresistoris set

WR HTXDO WR HDFK GLRGHYfV JHUR ELDV nwalGeRvalok @oweH VLV WD
level. The load resistors used for SM630, HSMS2850, and HSMS DUH N N
DQG 0 UHVSHFWLYHO\ 7KH LQW HIFMHDIOV IDRMWWAYPMESQWIR BHS5
resistance of coils is the internal resistahdR 1| NLQHWLF SRZHU VRXUFH ZKLFK LV

Figure5.2 givescalculated EGurves ofthe three different diodebased cooperative harvesters
againstthe injecting power and also compares thesultsobtained froma harmonic balance
simulation in ADS. The injecting power of both RF and electrical energy are kept the same and
sweptfrom i50 to i30 dBm.As they can be observed Kigure 5.2, results obtained by the
proposed analytical methodeain agreement with those obtained from ADS withinpibwer range

for each diode.

Based on the observation igure 5.2, two questions may be raised naturally.Wihat are the
main factors determining an increasing or decrepsiend of the EG curvedhd (ii) How does
each SPICE parameter influence the EG curve? In other words, how the diodes are selected to yield

a larger EG? The following theoretical analydrs/es to answer the above two questions.

With reference toFigure 5.2, the EG curves of diodes SMS7630 and HSR850 feature a
decreasing trend in spite of some diffezes. But, the EG of diode HSMEB20 remains at a low
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level around 100%, whichasicallymeans that the cooperative harvestimgde does not deliver

any efficiency enhancement within this power range.

200 :
' : - = - SMS7630-079LF
e - S R R HSMS-2850
1808...... = HSMS-2820
;\? """""""" o ~ @ ADS simulation
m160f——— . e
o ~
I e
9 140 ¢ o,
RS i
= e,
L ~
120 ¢
1009 . g -
-50 -45 -40 -35 -30

Injecting Power (dBm)
Figure 5.2 Comparison of EG curves of SMS7630, HSIZ&0 and HSM&820 based

harvesters.

Firstly, to explain the decreasing tretlte formula of EGn (5.17) can besummarizeds:

AR AR

LE,|)®,|7%@®,|7%@® P

?5M

[y L— T — s - Hsrr” (5.18
e 242 @{%@A.A’?Sq >rr|.5’@®‘@%‘f® A?5q

s A-

where R: ;and Rs gare voltage magnitudes injecting into the diode in the single RF and kinetic
energy harvestingmodes, respectively. Compared with singbeirce harvesting modes, the
cooperative harvesting mode takes into account interactions between the two sources, which is
revealed in the calculation dft output power in§.7) and fundamental currenin 6.10). Both

voltage magnitudes are contained ®.7] and 6.10). For example, when calculating the
fundamental current of a highequency source in (10a), the voltage magnitude of eilequency

source is included. Therefore, once given an imegbower sarce level, the voltage magnitudes
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of singlesource (R:, Ry are different from those of cooperative harvestirig,(R;). The
parameter ) ¢ ;in (5.18) is defined as:

‘E>E>E

e L2 (5.19)

According to 6.18), it canbe understoodhat both voltage magnitudeR, and R, play an
important role in determining the EG. iShcan be explained by6.20), which describes the
calculation of voltage magnitude based on the injecting power, where packaging components are
considered to be lossless and removed for simplification. As can be see®£0nwWhen given
identical inpa power (2 g,), the voltage magnitudesR,,) of each power source would be

different because of the frequency differen&g)(

g L, @R, EKG 0 @LER,5%° 18R ;%4 (5.20)

The cooperative harvesting mode daen considerecs an organiccombination of two single
source harvesting scenarios. Thus, it ciadddoncludedhat the follaving two main factors define

the EG of cooperative harvasj mode.

X Voltage magnitude of each input power sourég &nd R)). This reveals the weight of

each power source in the rectifying process, which also helps understand whishhane i

dominant power source.

x PCEperformance of the selected diotseif at two different frequencies within this power
range. To better understand EG of the cooperative harvesting mode, EG of single source
harvesting mode is adopted and defined asltieitput power ratio of doubled and initial
injecting power as showin (5.21).

. Ei Bo@Bealg .
Rae 04 0B 2= 530, HS T (520

Since both SMS7630 and HSMEB50 have similar performance iarms ofEG. Let us take
SMS7630 as an example. Dashed lineBigure5.3 (a) show th&eGsof SMS76300f singleRF
(high-frequency) and electrical (lefvequency)sources. Obviously, both of them drop with the

increase of an inging power. Here, parametéis defined as the voltage magnitude of low
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frequency source over that ofhifrequency eurce (R, R; ;. InFigure5.3 (a), voltage magniude

of the lowfrequency sowre isjust slightly larger than that othe highfrequency source (§is

around 1.1). Since both power sources are comparable and their EG curves decrease as a function
of the injecting power, the EG curve of the cooperative harvestBrgure 5.2 finally has a
deaeasing trend within this power range for SMS7630.

(@)

(b)
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Figure5.3 EG curves and voltage magnitude rati@®f single low and highfrequency sources
when input power is swept frorb0 to i30 dBm. (a) SMS7630 and (b) HSMB2Q

By contrast,Figure 5.3 (b) shows voltage ratigsand EG curves of the single lewand high
frequency sources for SM&320. The vliage magnitude of the lofvequency power source is 16
times larger thanhiat of the higHrequency power sourc&rom the power perspective, the dc
output power of the lovirequency source is about three orders of magnitude larger than that of the
high-frequencyln other words, the contribution of the hiflequency power soae is negligible

and the cooperative harvesting is actually no longer existing within this power range. Thus, it
explains the reason why there is no EG for HS2830 which is indicked inFigure5.2.

According to 5.20), it is clear that% plays a significant role in determining the voltage
magnitude. Moreover, sa@ation arrent 4, ideality factor Jand series resistancé.are all
involved in the EG calculation. It is essential to understand how each SPICE parameter contributes
to the EG of a cooperative harvesting. Due to the complexit.20), no explicit relationship
between EG and each SPICE parameter can be ohtdiheckfore, numrical analysis of each

parameter is individually investigated.
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Figure5.4 EG curves based on SPICE parameters of SMS7630 as a function of injecting power,

for different(a) zerebiased nonlinagunction capacitancé and (b) saturation curreng,

Diode SMS7630 is taken here as an example. Only one parameter is varied otltlettggnaining
parameters unchanged. It should be noted that infigthie5.4 andFigureb.5, blue curves with

asterisk symbols represent the EG curves based on real SPICE parameters of SMS7630.

Figure5.4 (a) shows th&G curves with different%, of 0 pF, 0.14 pF (default pameter), 0.2 pF,
0.5 pF, and 1 pF. With the increase%, EG decreases to a lower level and drops to around 115%
when %y is 1 pF. As indicated ifrigure5.4 (b), a largertds able to bring a larger EG in a low

power range. Sinceds inversely proportional to the zero bias junction resistance as suggested in
(5.9),alargerEGFDQ EH UHVXOWHG IURP D VPDOOHU GLRGHTfV JHUR

Next, the influence ofJ and 4, are shown inFigure 5.5 (a) and (b), respectively. When
investigated in a reasonable range of bdfi-2) and 4(1- Rl WKRVH FRPPRQO\
Schottky diodes, it can be found thaand 4,cannot change theend of EG curves.

According to the analysis displayedhkigure5.4 andFigure5.5, Schottkydiodeswith smaller zero
bias junction capacitanc® and resistancely, are desirable in a low power range to obtain a

higherEG. It also explains the reason why a rectifier based on H3828 is not able to boost the
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EG. That is jusbecause it has a much larg#; and 4y, than the diode SMS7630, which can be

clearly observed ifable5.1.
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Figure5.5 EG curves based on SPICE parameters of SMS7630 as a function of injecting power,

for different(a) ideality factorJand (b) series resistaneg,
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Il CooperativeHarvester Design

Il ElectromagneticKinetic Energy Generator Design

Due to itswell-spelledadvantages in the literature, a simjglpologyand low cost, electromagnetic
transduction isutilized [133]. Figure5.6 shows the structe of anelectromagneti&inetic energy
generator which containspermanent magnet and coilevo arc slots and one rectangular hole
are created to obtain an embedded bearth@single substra{@2]. As can be seen frofigure
5.6, the coils are placed on the boartithe magnets gluedon tip ofthe beam. The number of
coil turnsis 230, whichis studiedn our previous workl33]. The multilayer coil has a rectangular

shap andits practical size is 16.9 mm x 9.6 mm, whislalso indicateéh Figure5.6.

Whenthe substrate board is drivddy an external forcghe beam together with the permanent
magnetwould oscillate at itownresonant frequency. In other words, the operating frequencies of

the substrate board and the beam are different. Therefore, it creates a relative displates®mt be

the permanent ngamet and coils on the board, which generates electrical energy. When the
RSHUDWLQJ IUHTXHQF\ PDWFKHV WKH EHDP T\ &bl YoORUWWD QW U F
transmit to the tip mass (permanent magnggpically, for thiskind of generator, # resonant

frequency can be designed over a range of 30 to 130 Hz by changing the beam length or selecting

different substrate or mass weight.

Substrate
16.9
mm >

A
2
¢ Permanent ' O
magnet 1 o

slots '
T A coild
Y
—

Figure5.6 Diagram of kinetic energy genator
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Hll Antenna Design

Considering the limited space of the board, a compact antenna for collecting RF signal at 1.8 GHz
is designed134]. Figure5.7 shows the configuration of the proposed antenna which has features

of both planar inverteé antenna (PIFA) and inverted F antenna (IFA).
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Figure5.7 Geometry of the shaped antenna: W1 =15, WA585,W3=05,W4=5,L1=
13,L2=25.6,L3=3and L4 =15.6,in mm

In Figure 5.7, the substrate is Rogers Riifoid 6002 with adielectric constant of 2.94 and
thickness of 6@nils. The blue circle irfFigure5.7 is a grounding via with a diameter of 0.8 mm. It
shouldbe notedhat no ground plane is underneath the radiator and the ground planeadged
along the shorter branch of the antenna. All antenna structural paraaretistedin the caption

of Figure5.7.

Il [ntegration of the Cooperative Harvester

The scheme of the single Schottky diode based integrated cooperative hasvdlstgrateal in
Figure5.8. The Fshaped antenna is affrlRnergy receiver. THeF chokeprevents higkrequency

RF signal from interfering the kinetic generaaoida dcblock keeps the-Bhaped antenna isolated
fromthe low IUHTXHQF\ HOHFWUL F D Qis¢dnad&gtiedd the lgR@HWhchHdaates R G H
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at the position that magnetic ftereaches its firstalley to obtain maximum current in the circuit.
Thedc currentflow is indicatedin Figure5.8. Thedc currentis generatedby the diode and goes
through the low resistive coitand finally arrives at the load resistor. A large capacitor is connected
in parallel with the load resistor to smooth out the AC compoaoeet the load. It shoulde

mentionedhat all these components are integrated onglessubstrate, showing a coagp design.

Antenna

Matching
network
1 ‘ Diode
B
dcblock < =
T dc current
= flow
o
5
A=
=
Permaneni —L_Decoupling
’ l TGS I Load capacitor
coils J
>
&

Figure5.8 Scheme of the proposed cooperative harvester.

Il Prototype andMeasuredResults
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Figure5.9 (a) Photo of our experimental prototype of the proposed cooperative harvester; (b) The
L-matching network with dimensions: L5 =20.4, L6 =9.5,L7 = 3.8, L8 =L®§; 3.5, R1 = 1.5,
W5 =1, in mmNote that the microstrip curved beidentified by dashed lines has an angle ¢f 20

while the remaining three are identical with an angle of.180

Figureb.9 (a) shows the experimental prototype of the proposed cooperative harvester. Harvesters
based on both diode$ 8MS7630 and HSM&850are designetbr verification and comparison.
tisworthnRWLQJ WKDW ORDG UHVLVWRUV IRU ERWK GLRGHV DUH
N | RU +B856 which are considered to be close to the optimum loadings fodealehin a

low power range. The size of the cooperative harvester is 50 mm x 86ammarable to the size

of a credit card. The marks of each componeRigure5.9 (a) are all maintained consistent with

those shown irFigure 5.8 except component No. 9. Note that component No. 9 is a square
microstrip pad with a&haracterisicLPSHGDQFH RI Y ,WV WKUHH VLGHV K
namely SMA connector,-Bhapedntenna, and rectifier circuity. Throutite following three types

of connection by zerohm resistors, it can help complete three different measurementsawiich

indicatedin Figure5.10. They are listed as follows:

(a) Only antennas connectedo the SMA connectoilhisis to complete antenna performance

measurements including@rameters and radiation pattern measurements.

(b) Preliminary efficiency performance measuretseof the rectifier circuitare conducted

with the RF power provided by an external signal generator.

(c) Finally, ambient RF power in the free space is collected by the antenna and transmitted to

the rectifier circuit.
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Figure5.10 Three types of connection for (a) antenna and (b) rectifier performance nmeastre
and (c) cooperative harvesting when the antenna is receiving an external RF energy in the free

space.

Figure 5.11 shows the preliminary measurement setup. In this measurement, the RF ignergy
providedby a signal generatortreer than the designeddhaped antenna. Tlexternal vibration

is provided bya shaker which is driven by an arbitrary waveform generator. The cooperative
harvestelis mountedon the shaker. The driver signal is a sinusoidal wave, resulting in the AC
output signal of the kinetic generator havingiausoidal waveform as weih accordance witthe
electromagnetic transduction mechanism. Referring to the readings on an AC voltage meter, the
kinetic power provided by the generator can be easily capturednekdioned before, the
magnitude and frequew of the driving signal can be changed to control the amount of AC output
power coming out of the kinetic generator. Twevoltage meter is used to measuredb®utput

voltage across the load.

The measurememesultsare shownn Figure5.12, with three different excitation modes, namely
single kinetic, single RF and cooperative modé&dcoutput of cooperativiearvestings labelled
as the solid black line. For comparison, tlested blue line indicates the summationdofoutput
power from the single kinetic and RF harvesting mddhedc output power harvested from each

individual excitation mode are filled by different pattefmscomparison. Due to reduced parasitic
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loss fom the lowfrequency kinetic power harvesting mode, de®utput power is larger than that
harvested from RF power, when the injecting power is the s8oeh an observation is more
obvious inFigure5.12 (b) for diode HSM&850.

dcvoltage meter  AC voltage
meter Waveform

generator
/ /

Figure 5.11 Cooperative harvester measurement setup with RF source provided by a signal

generator.

For the kinetic energy generation, the operating frequency of this harngeképt at its resonant
frequency which is around 85 Hz. The required kinetic vibration acceleration values are attached
undereach injecting power level as shownHimgure5.12. In the cooperative energy harvesting
mode, the AC signalonverted from the kinetic power is kept the same as the injecting RF power
into the diode. Note that iRigure 5.12, the accelerations required for both single kinetic and

cooperative energy harvesting are quite close and cowddmened the same.

As can be observed Figure5.12(a), the cooperative harvegsimode based on diode SMS7630
can generate 10mMV dc output when both RF and kinetic energyidd dBmare injectednto the
diode. Whereas for the single RF harvesting mode, the same amount of eig&tgyBMm)is
provided the dc output power is only 9.2hW. Thus the cooperative harvesting is capable of
offering 1.16 times largedc output powerhan the single RF harvesting when the total injecting
power is i37 dBm. The calculated and measured Bf&salso compared Figure5.12 (a). Both
calculated and measured EGs have the same trend, though the measured EG shsdititly-or
example, when both of the injecting power sourcesié@edBm, the measured and calculated EGs
are about 162.45% and 170.13%, respegtivehe difference is mainly due to two reasons. One is
the inaccuracy of the SPICE parameters on datasiseet for the theoretical EG calculation, as

they are average values based on massive measurements. Besides, when operating frequency of the
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kinetic generator is close to its inherent resonant frequency, the output AC signal does not have an

ideal sinusoidl waveform. However, it still considereds a sinusoidal wave in the calculation.

0~

10.70 9.21

(0.44g)  (052g) (06290 (0.71g  (0.83g  (0.98¢)

@

0"

11.89
6.03

(0.54g) (0.63g) (0.749) (0.879) (1.06g9) (1.20Q)
(b)
Figure5.12 Comparison of dc output power rectifiedin cooperative and single source modes,

and comparison of calculated and measured EG as a function of injecting powdd&ami35
dBm. (a) SMS780. (b) HSMS2850.
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The measurement data for HSA850 are presenteth Figure5.12 (b), which shows that the
cooperative harvesting mode has 11189 dc output power whe both injecting power sources

are i40 dBm. If the hybrid power is replaced with a pure RF energy and applying single RF
harvesting topology, theéc output power is 6.08W. Through the comparison,ig shownthat the
cooperative harvester built on HSMB50 can provide 1.97 times larghroutput power than the
single RF harvesting mode. The measured EG is ald@53%when both the power sources are
i40 dBm, comparedith the calculated result of 154.68%

Although the cooperative harvester based on SMS7630 has a largeraé@aily produces less

dc output power compared with HSMEB50 based cooperative harvestss. a matter of fact,
SMS7630 is superion terms ofenergy harvesting in the microwave foegcy band. With a higher
junction resistance and capacitance, the PCE of H388B based harvester is moderate due to a
large parasitic loss at microwave frequency. However -ftequency energy harvesting has
minimizedthe parasitic loss for both diodasdat the same time, R#e-dc conversion efficiency
becomes dominatd8]. HSMS2850 with a higher junction resistance takes the advantage and
finally delivers a largedc output power.

Thus, for Schottky diodes with close SPICE parameters and similar features, a carefgktioasti
is essential to finally select erdiode with the largesic output power by applying the cooperative

harvesting mode.

One important advantage of the proposed cooperative harvester is its strong resilience. Although it
is a combination of RF and l@tic energy harvesting, each harvestimgpe is capable of operating
separately. With either power source accessibleastthe capacity toffer thedc output with a

typical PCE.Whereas the cooperative harvesting is able to provide a higher PCE agdrada

output power when both RF andhktic energy are available as showrigure5.12. Therefore,

this proposed cooperative harvester has a great potential for different applications in practice. And

it is highly suitable to wrk in an eveichanging environment.

Next, the aforementioned-$haped antenna performance is measaratiboth smulated and
measured input reflection coefficients are shownFigure 5.13 (a). The measured results
reasonably age with the simulated ones, with a slight resonagjuiency shift. It is worth noting

that it is enough for our application although the measured reflection coefficient is dd®:d8
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at 1.8 GHz. Measured and simulateasrmalizedradiation pattern of tav planes perpendicular to
the antenna on board areepented irFigure5.13 (b) andthey match reasonably well. It has a
maximum gain =3.14 dB at operating frequency.

(a)
(+x) (+y)
=0(+2) =0(+2)
(x-zplane) (y-z plane)
(b)

Figure5.13 Simulated and measured (a) input reflection coefficient{l@ndormalized radiation
patern of the proposed-$haped antenna
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Finally, the measurement is conducted in the anedattmamber as shown Figure5.14, in order

to exclude the interference of other existing RF signals. One stubby antenna is connesitathio a
generator acting as the RF source in the free space and placed about 3 meters away from the
harvester as shown Figure5.14 (a). The cooperative harvesternsountedon and driven by the

shaker. Also, one tiny acceleromep®wered by a portable signal conditioner as showsigare

5.14 (b) is attachedn the harvester to capture the acceleration information.

(b)

Figure5.14 (a) Measurement setup tife cooperative harvester in the anechoic chamber. One

stubby antenna is connected to the signal generator as the RF power transmitter. (b) Instruments

used for monitoring and data recording.
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In the measurement, the RRd kinetic power injecting into tltdodesare swepfrom 45 to i30

dBm. The external kinetic power can be adjusted et#sibughW XQLQJ WKH PDJQLWXGH
driving signal. The vibration frequentysetat the resonance frequency of the mechéstoacture

(around 85 Hz). Thus, ¢haccelerators able toobtain the acceleration of the beam as all the
vibration energy on the board can be considered successfully transmitted to the permanent magnet.
Due to the impedance mismatch between the diodekaretic generator, more input poms

provided to compensate the ldasorder toensure enough lodrequency poweis injectedinto

the diode during the measurement. Huoeeleratiordataare labelledunder each kinetic power

level. It shouldbe notedhat such a kinetic power level cdude easily obtaineih daily life. Table

5.2 has listed potential application scenarios in the frequency range of the harvest#8(39z).

For example,i40 dBm power offered to the SMS76388led harvester is provided by the vibration

of anacceleratiorof 0.65 g, comparable to that of an ope€@ati NLWFKHQ EOHQGHUfV FD

Table5.2 Potentialapplicationscenariod135], [136]

Vibration Sources Peakacc (Q) Peak freq. (Hz)
Working clothes dryer 0.36 121
Kitchen blender casing 0.65 121
Stand fan (lowspeed) 0.61 100

Door frame just aftedoorcloses 0.31 125

Grinding machine 0.36 49

The EGs of SMS7630 and HSMEB50 are plottedin Figure5.15 (a) and (b), respectivelAs
mentioned in %.17), EG represents a factor that qiifees the efficiency endincement of the
cooperative power harvesting topology over a linear combination of separate power harvesting
ones, given identical input power levels.both graphs, the red lines indicate EG of 150%. It can

be observedhat the esea at the lower left caersurrounded by #ired line of SMS7630 is larger

than that of HSM&850. It means that the diode SMS7630 has a superior rectifying performance
in terms ofEG in this low power range than HSMB50, which verifies the theoretlanalysis in
Figure5.2. More specifically, thénarvester built on SMS7636 able toprovide an EG of 150%

when both injecting power sources are uni8 dBm

It is also noted that the area surrounded by the red line of HEMS inFigure5.15 (b) is slightly
shiftedfrom the diagonal line running from lower left hand to eppght handcorner. Since the
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EG peaks when voltageagnitudes of both sources are the same as indicatéd1®y, (the shift

of the peak reveals that the ldwequency electrical signal converted from kinetic source is
dominant when both input power soes are equal. It matches the simulated resukgure5.12

(b). The peak shift of SMS7636 not manifestedn Figure5.15 (a). This is reasonable as the
kinetic and RF power sources contribute approximately the same to thddimalput power in

the coperative harvesting mode.

(1.519)

(0.989)

(0.659)

(0.449)

(@)

(1.93)

(1.209)

(0.81g)

(0.549)

(b)
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Figure5.15 Measured EG distributions with both RF and kinetic power swept fiébnto i30
dBm. (a) SMS7630 and YlHSMS-2850. The required acceleration information is lazklinder

each kinetic power level.

Table 5.3 summarizesthe comparison of existing differertooperativeenergy harvesting
topologies. The inherent output of thermal aothr energy harvesting dc power, researchers

have successful WDNHQ WKLYV DGYDQWDJH WR ELBodcWwokers®n RGH Wi
efficiency [137-139]. A possible topology to integrate thermal, solad &F energy harvesting
together is proposed but at the expense of a higher system compl@édty Thermal energy
harvesting relies on a Thernitlectric Generator (TEG) which normally requires an effitie
cooling system to maintain a good rectifying performaibés makes the integration of harvester
more complicated. Solar cells are used to colight energy in solar energy harvesting. Although
featuring a high power density, outdoor sunlight illnation usually has a limitgaeriod of time

and highly depends on weather conditions. Indoor applications would have trouble when the lights
are offat night time. Besides, in such a hybrid cooperative topology, Joule loss on the diode and
mismatch loss ofhe dc source harvested from thermal or solar energy are not included. Thus, a

low efficiencygain performance is expected, especially in apomwerharvesting scenario.

Proposed hybrid

harvester

Figure5.16 Proposed cooperative power harvester is mounted on a working clothes dryer.
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System : Energy Injecting - ,
complexity Iabili Efficiency Gain Pros Cons
[30] availability energy
(2) ) dc (T) |
Therm. Activity : dc energy biases theadie to . -
. « | High- . .| Requires an efficien
+ High dependent (T) increase RKo-dc conversior .
. frequency AC - heat sink
RF Continuous (R) R) efficiency
[137] < 30% ** :
(b) Sol. dc (S) !_argg power density (goo
. : illumination), dc energy ,. .
+ . Daytime(S) High- . : . Limited solar energy
Medium . biases the diode to increa o
RF Continuous (R) | frequency AC .| availability
RFto-dc conversion
[138] (R) .
efficiency
(c) Requires an eftient
Therm. Activit dc (T) heat sink and limite(
+ Y dc (S) : : solar energy
: dependent (T) : Listed in - . :
Sol. High . High- - Fkk availability, isolation
Daytime(S) (a) and (b)
+ Continuous (R) frequency AC between two  d¢
RF (R) sources, high syste
[139] complexity
(d) Low- HSMS-2850
. 0, = =i
Kinet. Activity frequency 164 % (RF = AC = 145 Output amplification of | Relatively larger size
+ Medi AC (K) dBm) =
RE edium depe.ndent (K) High- SMS7630 two A.C.power sources dug and _ limited power
this Continuous (R) frequency 186 % (RF = AC = 45 to their interactions density
work AC (R) dBm)

* (T) Thermal energy, (R) RF energy, (8lar energy, (K) kinetic energy.
*** Measured results from hybrid energy harvesting are not reported.

trd lowpower harvesting scenario 30 dBm).
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Unlike thecooperativeenergy harvesting of one or tvale sources and a higinequency power
source (RF) mentioned aboveistiwork features harvesting two AC energy sources. Through the
combination of these two different AC powers and thanks to their interactions, the §fiotsaday
canbe increasedramatically. Also, the harvester size is possibleetéurther minimizedby using

piezoelectric techniques when harvesting kinetic energy.

Such a cooperative harvester ¢eneasily implementeidh daily household environmentsigure
5.16 shows a typical implementatia@n a working clothes dryer. Theretic generator converts
dryer vibration into AC poweandat the samé&ime, the antenna igavailable to collect cellular
energy in the free space. The proposed cooperative harvester is possielgipdow-duty cycle
sensors. For example, a tiny CM@®nperature sensor with an ultcav power consumption has
been reporteth [31]. The driven energy is only about 1.0665.5nW, which is affordable for the
proposed cooperative power harvester according to its capacitypmiiles supplylt is necessary
to add theenergystorage and power management units including a voltage boost cohvener
proposed cooperatiervester, to accomplish energizing ssehsors

Il Conclusion

In this paper, a single Schottky diode based cooperative RF and kinetic has/esiposed and
studied theoretically and experimentally. A clo$edn analytical method is devised to
theoretially analyzethe EG performance of the cooperative harvester in a low power range. It
shows a good accuracy compared with the results of comaharimonic balance simulator in
ADS. For demonstration, integrated cooperative harvesters built on diode$S30/&¥ HSMS
2850are designednd testedWhen both power sources injecting into the diodeid@dBm, the
measured results show that more tHah6 and 1.97 times largélic output power is obtained
through the cooperative harvesting mode comparedthalsingle RF harvesting mode for diode
SMS7630 and HSM&850, respectively. According to tke&periments conducted in the anechoic
chamber, botlliodes based harvesters are capable of incredsiogtput power by at least 50 %
whenbothinjecting power saircesaresmaller thani37 dBm, compared with direct summation

of dc power of the single RF and kinetic excitation modes
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A novel diplexerbased fully passive transponder is presented in this paper, which targéts sub
GHz 5Gcompatible Interne of Things (IoT) applications. To alleviate the antenna design
restrictiors of traditional transponder with two separate antennas, a new architecture has been
proposed with théntroductionof a diplexer, which allows transponder to simply emplauak
bandantenna. In this work, duatbandcircularly polarized omnidirectional spiral slot antenna,

with enhanced bandwidth and gain performance, is designed as the transponder Tx/Rx antenna.
Besides the new architecture, a diode selection criterion is mopsswvell. Analytical models are
derived, showing relationships between th@L R GGRIT¥ parameters and the conversion
efficiency or conversion loss (CL) of such didogsed transponders. With help of the analysis,
transponder designers can easily idgntidiodes to implement transponders tiwibetter
performance. Under thguidanceof the criterion, lowbarrier diode SMS7630 is chosen for
verification. Measured CL results of the transponder circuitry part show a noticeable improvement
over the statef-the-artworks The complete prototypewa WHVWHG ZLWK UDGDUYV WU
of 25 dBm, and it presents a maximum read distance up to meterswhen the operating

fundamental frequency is 3.5 GHz.

Il Introduction

The entireworld is about to embea fifth generation (5G) communicatitechnology by 2020 or
s0[140]. Recently, a twéhop relaybased on an integrated mmWave/uBHz5G networkhas
beenevaluated, featuring a combination of high data rates and a larger coMetapén an early

phase of commercialization, the sGilisHz frequency banseemsa more practical choice in terms
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of reusing all the existing base stations and design expertise/practices. Specifichilyetipart

of C band (3.4 3.6 GHz) has been allocated as a new IMT band at World Radiocommunication
Conference 2015 (WRE5), making this frequency band a hopim among the 5G community
[142-145]. Also, with a rapid development, the Internet of Things (IoT) technology is no more
simply a buzzword of today. The number of loT devicefrecasted to reach approximately 28
billion by 2021[146]. Meanwhile, 5G and IoT technologies are notaatbing in parallel separately.

For example, 5G speeds up expandingraatlrityof 10T technology147]. Thus, 5Gcompatible

loT technology is believed to be a new trend, offering new business opportunities for global

economic growth and shaping our future [id8].

Wireless sensing, as one of the main applications in the scopeadrb@atible 0T applications,
becomes an evahallenging task, due to an increasing number of sensor rasgkea combination

of heterogeneous networks. Sensing system with desirable features, such as high reliability, low
cost, compact size and ultralow power consumption, is highly demanded. Harmonianddar
transpondebased sensing system is an attracteedidate to resolve such dilemmas. This
technology was explored more than 50 years ago and has gone through a fast development since
then[149]. In this concept, the radar interrogate transponder at the fundamental frequeBcy

The ransponder attached on the target then reflects a higher harmonic, which can be detected by
the radar system. Such transponders are realized at the $egamahic frequencyt B in most
caseg45]. Due to its high robustness to radar clutter interference, harmonic radar and trarsponder
basedsensing system has already been applied in many differemérgz® such as studying
EXPEOH EHHYV |89 atkity vdddiQgstD0], RECCO avalanche victim searching
system[150], and cracked wathonitoring[102].

For thetransponder design, a traditional topology consists ofrappaintennas (one for receiving

and the other for transmitting) and a nonlinear device, as shotigune 6.1. For the resonant
antennas, since the Rx antenna operaintpe fundamental frequendywould resonate at the
seconeharmonic frequencyt B, high isolation between Tx and Rx antennasighlly desired to

obtain a good performance. For example, to realize such high isolation, linearly polarized antennas
have to be placed orthogonally51]. However, any specific requirement restricts the freedom of

the antenna design.
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Figure 6.1 Architectural comparison of harmonic radar and transponder system based on

traditional and proposedjologies.

In the scope of this work, a novel diplextsased fully passive harmonic transponder is proposed
with its topology presented Figure6.1, along with the conventional architecture for comparison.
The diplexer to be imbduced in the work has pakands for both fadamental and second
harmonic frequencies and provides significant isolation between them. This feature relaxes the
antennas design with stringent requirements. Thus, the traditional pair of Tx and Rx antennas
designed to have a large isolation at the egpeof radiatiorperformancecan be simplified as a

dualbandantenna optimized for improving its radiation performance and bandwidth.

The initial circuit design and preliminary measurement results were ddratetsin our previous

work [42]. In this work, analytical models are proposed to establish relationships between the
G L R GM@B/parameters and transponder conversion loss (CL). Thus, a diode selietion c

is created, which transponder designers can greatly benefit from. Also, the analysis shows the roles
of capacitive and resistive nonlinearity in producing sedwaaonic power. To implement a
complete transponder, duaktband circularly polarizedspiral slot antenna is designed and
fabricated to operate as the transponder antenna. Finally, a joint measurement including the

harmonic radar and the complete transponsi@erformed and the results are analyzed carefully.
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The integrated fully passiveransponder demonstrates an improved CL performance and a

noticeable readut distance of 7 meters at the fundamental frequency of 3.5 GHz.

Bl Analytical Models of theHarmonic Transponder

input  j4@f, Output
matching A \ matching

network < network
fo 2fO
25 —
input po diode output por

Figure6.2 Circuit schematic of a typical harmonic transponder (second harmonic generation).

The schematic of a typical harmonic transponder circuitry part utiliz@gond harmonic
generation is presentedfigure6.2. To exacerbate the nonlinear conversion process in the diode,
quarterwave shorcircuited and opewircuited stul are placed around the diode. At the
fundamental frequencyB, the quartewave shorcircuited stub operates as open at its input,
whereaghe quartefwave opercircuited stub evolves into a short end at its input. Thus, the injected
RF signal atB passes through the input matching network and reaches out to the diode input.
However, the quartewave opercircuited stub atB at theoutput shorts the fundamental signal.

The equivalent circuit of the harmonic transponder at the fundamental freqienayp be
described as iRigure6.3 (a). At the secondharmonic frequencyt B, the shorcircuited andpen

circuited stubs turn out to be short and open ends, respectively. The diode becomes-a second
harmonic energy generator in this case. Due to the stubs and the output matching circuit designed
for t B, maximum seconttarmonicpower is sensed at thautput port. The equivalent circuit

depicting the above scemais presented ifrigure6.3 (b).

Note that the input and output matching netwaaks removed for simplification. The diode is
represented by the Shockley model, cstsg of junction resistancéy junction capacitancéq
and series resistancg19]. Parasitic capacitanc# and inducance . z are used to model the
packaging effect. The fundamental RF source is described by a Tmegenvalent circuit in
Figure 6.3 (a), whereas the diode serving a secondharmonic source is modeled by a Norton

equivalent circuit irFigure6.3 (b). Also, &is the node voltage as shownFigure6.3.
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(b)
Figure 6.3 Equivalent circuitsdescribe the harmonic transponder operating at different

frequencies(a) At the fundamental frequencl. (b) At the seconéharmonic frequencyt B.

Il Explicit Model A

The injecting fundamental RF signal is assumed to haasiae waveform with a magnda of

8,and angular frequency ai, Therefore, it can be expressed as:
84 872K Gi P (6.1)
As shown inFigure6.3 (a), the voltage across the diode junction can be expressed by:
&al &?K@O,4P (6.2)

7KH H[SRQHQWLDO PRGHO RI 4ard VdrayedHd aQabt@ hRSat 1V FXUUHQW
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SuuU [NV
fyaxk 5@NeeF sSCL +®A Uge  F sh (6.3

where LV GLRGH{V VDWXUDBWe RiQlity-fddtbu 6. Q \BRD IQ@dpresents the
thermal voltage.G 6 and Mare the Boltzmann constant, operattegiperature (in Kelvin), and
electron charge, respectivelfhis exponentiak 8 model remains valid in the analysis since the
power dealtwith by the harmonic transponder is usually small. By using small signal theory, the
+8model can be expandeg the Taylor series around the 0 V bias p¢lTt, 116}

Yoark H@UEU @ 0 pap 6.4)

ade  cadc; 6e ‘adg;Vae

The first two terms can be used fgproximation in a low power range. Thus, substg 6.2)
into (6.4), one can obtain the fundamental current and then calculate the absorbed fundamental

power level:

: Ao
2ue L 58 b: (6.5)
As can be seen ifigure 6.3 (b), at the seconbarmonic frequencyt B, the junction can be

considered as a power generator. The sebamohonic current due to the junction resistance can
also be extractebased ong4):

el G @ KO,P (6.6)

The voltagecontrolledjunction capacitance is characterized b

?/E

%: 84 L %y @S FT].—U(jUp 6.7)

where 8and / are junction potential and gradirmpefficient, respectively%y is the zero bias

junction capacitance. Note that the diffusion capacitance is not considered in the analysis when the
diode is forwarebiased. Thus, the charge stored in the junctionaitgree is:

5? &

. v,
3,984 L1 %8s @l “@sF D (6.8)

A?5
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By applying Taylor series t@.,and getting the second term as an approxonathe current

becomes:
4, L — 220 N—2 (6.9)
x¢ x¢
1, ys obtained by substitutin@.2) into 6.9):
43N F2 2 @EL fi4R (6.10)
O

It can be observed thag vand +, have a phase diffemee of 90°. Then, the total current at the

seconéharmonic frequencyt B can be written as:

Ad: Yo @ED: ®
tLgmg F E& — (6.11)

Note that is the shorcircuited current of the diode source. Before calculating the output current

+ ¢ dhrough applying the current division rule, the source internal impedgpefthe diode needs

to bedetermined first:

Eq ®B Vg o

P (6.12
Eq >kl Yo

< L
in which 4y, L J8.P+is the zeo bias junction resistance. Thex, ds obtained by:

Q
teel t a0, (.13

The packaging capacitanaad inductancare not included for simplification in this model. Then,

the total generated secehdrmonic power can be expressed as:

2o L 1 (@B B ae (6.14)

Thus, the conversion efficiency from fundamental frequency to setamdonic frequency can be

defined as:
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EN4= EN4= /@/CEEQO d}@)
BLZE L .iLE G® ¥ flgrz—a—p (6.15)

where 8 y is zero bias current responsivity and calculatedsbyt ® @ P. Based onQ.15), ;e
knows that to increase the conversion efficiency, a higher input power worksdikade of a low
power rectifier. 8 4 is usually associated with the inherent nature of junction. Thus, finding a diode
with smaller junction potentiaB;and seies resistancel but larger grading coefficient can

enhance the conversion efficiency.

Bl Accurate Model B

Several approximations are made in model A to get an explicit expre6sidh ¢learly showing
the relationship between key SPICE pararetand the conversion efficiency. To get a more
accuratenodel, modifications in calculating the fundamental input power and the seaomenic

current due to junction resistandeare required44].

The Bessel function can be used to extract each harmonic component of the diode c@@nt in (

effectively[115]. Therefore, the fundamental current can be written as:
o L £ 6B G @E;T‘t)g ACR? K:@ 4P (6.16)

where ,: T;is the Bessel function of firgind of order R The injecting current carelobtained by

applying the Kirchhoff Circuit Laws (KCL) considering the effe€the packaging components:
tal tu E & G, %E @ty E & CHi,%0®E & AGH 1% (6.17)
Meanwhile, the injecting voltage can be expressed by:
8yal & E kty E & @G, WORILE ) sCHi,. 5 (6.18)

Hence, the injecting power can be calculated by:

2ue L " ¥ f@'@%’g% (6.19)
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In the calculation of2u4, %is simplified to be zero bias valui in the power range of interest.
Note that there is only one unknovdin (6.19). So, whenZyu,is assigned8can ke easily
obtained by solvingg19). Next, based o6 3), + y, can be obtained by selecting the component

at the seconttarmonic frequencyt B:
£y L L@t @ @E;TQAO@? K:©f , P (6.20)

Together with +, gxpressed ing(10), the generated secehdrmonic current is:

L 1@t @ @Eal@?g ACF E@% (6.21)

Next, thecurrentcoming out of theliode + ¢ 4, can be written by:

) . 7-
Q - ks  Ygo

. ~ A , - A . » 7 -

kKEGaRO | YJoRO " (o Qar®  Ay>kB | Yo

EpagO | w6kO ,'007'

e L 4o ® (622

Q>Ep

where <3¢cLV WKH RXWSXW LPSHGDQFH HTXDO WR WKH FRPSOH
impedance in order to maximize the power transfer to the output port. Thennératgel second

harmonic power reaching the output can be expressed by:
2ot L "1 f@2r Har @a aw Sy (6.23)

Thus, the conversioefficiency can be calculated:

6
Q kB 1/@07_
————————————F &——————p @, ¢ (629
KEGaRO  Yok0 0o Quap®  Ag>kB Yo
Epagd | v6kO ,'007'

5 ~
BL<cew’ E+v9® 1 frik
Q>Ep

Correspondingly, the CL in dB (a different way expressing theearsion efficiency) then can be

easily determined by:

% .L 2ug:t ¢ F 250uge:T o (6.25)
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Several commonly used diodes are selected for verifications. TheédFHEE parameters are listed

in Table6.1. Since the calculation starts from the8relationship of the selected diode and the
input power of the diode is then obtained, the source impedancespewtiedin both models.

During the verification, the input power is swept frdf0 to F30 dBm.Calculated CL results

along with simulated results by ADS Harmonic Balance simulator of each-ldasgel transponder

are presented iRigure6.4. It can be clearlpbserved that the calculated CL results are in good
agreement with the simulated ones by ADS, verifyinggtieataccuracy of the proposed analytical
model B. Moreover, diode SMS7630 shows a better CL performance than the others in the power
range of inteest

Table6.1 Key SPICE parameters

Parameters SMS76306079LF | HSMS-2850 | HMPS-2820 | SMV1430
% (PF) 0.14 0.18 0.7 1.11
+A) 5e-6 3e6 2.2e8 lel4
4., Y 20 25 8 3.15
J 1.05 1.06 1.08 1
8/(V) 0.34 0.35 0.65 0.86
/ 0.4 0.5 0.5 0.5
% (pF) 0.16 0.08 0.08 0.13
-a(nH) 0.7 2 2 0.7

" Diodes SMS7630 and SMV1@3are from Skyworks. Inc. The remaining two are from Avago
Technology.

“ All diodes are Schottky diodes except a varactor SMV1430.

Good accuracy of model B can help us study the contributions of capacitive nonlirfganty
resistive nonlinearitydy in terms of generating the secelmarmonic power. As can be seen in
Figure6.5 (a), the CL is calculated based on SMS7630, with all parameters kept the sa¥e but
swept from 0.1 to 1.2 pF angfrom 0.01 pA tol0 pA. +ds inversely proportional tak, so the
variation of 4y, is from NY WR 7Y 7KH FRUU HYsaReeeh @lso s XHV R
in Figure6.5 (a) and (b). The power level in this analysiH30 dBm. Four diode candidatas

labeled in this figure based on theél and 4y, values. Note that it is assumed that SPICE
parameters of other diodes are the same as SMS7630 eé4gapt 4y, in this plotting. This

assumption iSEDVHG R Q %sdnR &/Hafle/ two dormmant factors detrmining the CL
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performance. By doing so, one can easily know the performance of eactbdsmtbetransponder.
SMS7630 and HSMZ850 are clearly better choices. Also, this figure helpsstabésh a
transponder diode selection criterioggarding 4y, and %, which is higher4y, (lower +) and
lower %y are desired. However, considering the potential difficulty of matching network design
due to an extremely higHhy,, it is almost impossible to use diodes which locate in the left bottom
corner ofFigure6.5 (a). Together with the conclusions based on model A rega@ling, and / ,

a complete diode selection criterion has b&scessfully established.

Figure 6.4 Comparison of calculated and simulated CL performance of four typical selected
diodesbased transponders, when the injecting power is ingerahi50 to i30 dBm. The diodes
are SMS7630, HSM2850, SMV1430, and HMR3820.

Also, the ratio of power due to resistive nonlinearity over total generated shaomdnic power

can be calculated by:

:;?>
O

(6.26)

f-<t

=)
Or
m
:;?>
O
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Figure6.5 (a) Calculated CL re$is when sweepindg4 and +{ 4v,). Four diode candidates are
labeled according to theifg and +( 4y). (b) Calculated ratio of power due to resistive
nonlinearity over total generated secdramonic power, whesweeping % and +J{ 4). (c)

Contribution of %and 4yof diode SMS7630 versus injecting power frd0 to F30 dBm.

This ratio is plotted ifrigure6.5 (b). The red line denotes 50%, which me&gand 4ycontribute
equdly to the generation of the secehdrmonic power. The location of diode SMS7630 is close
to the red line. Also, if a bettgrerformed diode can be found as mentioned before, its capacitive

nonlinearity will be dominant in seco#ithrmonic power generation

Among the four candidates, the best diode SMS7630 is selected to investigate the contributions of

%and 4vin terms of different power levels. As shown kingure 6.5 (c), 4ybecomes more

dominant with the increase of the injecting power.

The nonlinearity of diodes is commonly used in frequency conversion. Arpatpelar application
scenario is applying diodes for rectifier design, which converts RF powedanpower. The
conversion mechanism is similar. Thus, a comparisorGdf R @étffirvhance in two different
application situations could be meaningflfigure 6.6 shows the conversion efficiency
performance of two dioddsasedectifiersand transponders. SMS7630 behaves better when used
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in rectifier while HMPS 2820 better for theansponderAccordingto it, one knows that for a
spedfic design, a careful selection is essential. Thanks to the criterion addressed in this work and
our previous work regarding rectifier diode analysis, ihapedthat transponder and rectifier
design can become more coniant.

5 | —&—HMPS2820 transponder

10° 17 = - HMPS2820 rectifier
SMS7630 transponder

-------- SMS7630 rectifier
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Figure6.6 Efficiency performance comparison of the same dioased transponder and rectifier.
The selected diodes are HMPS2820 and SMS7630.

Il Integrated Design of theHarmonic Transponder

Il Diplexer Design

As the component offeringvo passbands andhigh isolation between ports, the diplexer plays a
vital role in this circuitry{152]. The fundamental frequendg of the diplexer is 3.5 GHz according
tothe new IMT allocated by WRQ5. In this diplexer, port 1 connects to the transponder antenna,
through which the fundamental signal is injected into the circuit. Due to the strong coupling
between ports 1 and the injected fundamental signal reaches$ poBubsequently, it goes through

the transponder circuitry shown kigure6.2 and generates send larmonic which reaches port

2. At the secondharmonic frequencyt B, ports 2 andl are strong coupled. So, the second

harmonic signal reaches port 1 and radiates throlgtiransponder antenna. The smooth signal
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transmission also relies on a strong suppressidandamental and second harmonics between

ports 2 and 3, respectively.
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Portl Portl

Port2
Port2 3.5 GHz 7 GHz

Port3 Port3

()

Figure 6.7 (a) Layout of the diplexeDimensions:wi=1.27, w>=0.323,ws=0.34, |1=6, |>=10,
13=8.38,0:=0.127,0.=0.08, 51=3, $=0.86, in mm.(b) Voltagedistribution for an opewircuited
microstrip line resonator at the fundamental and sebamchonic frequencies. The locations of

each porare labellechlong the resonator. (c) Gentdistributions

In the middle of the diplexer circuit, @-shaped half wavelength opeircuited microstrip line
resonator at the fundamental frequerigys inserted, as presentedrigure6.7 (a). The locations

of each prt around the resonator are crucial to accomplish such a strong coupling and suppression
of desired modes simultaneouskigure 6.7 (b) illustrates the voltage didtution for an open
circuited microstrip line at the fundamental and sedwsunonic frequencies, respectively. At the
fundamental frequenc¥, it is obviously better for ports 1 and 3 to be placed at the two ends to
obtain a strong coupling. Note thaetlame microstrip line evolves into eesonator at the second
harmonic frequencyt B. To ensure a desired strong coupling, [frteeds to be located in the
middle and at the same time pantemains at one entt.is observed that during the transmission
of the fundarental tonebetween ports 1 argl no power would leak out to portl2owever, port

3 has to be moved to a location where zero voltage occurs on the resonator as sthguve 6tV

(b), in order tominimizethe leakage of secoftthrmonic power to port 3. Such a rough analysis

enableqquickly locating each port around the resonaitwe exact diransions of the diplexer are
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obtained through postoptimization which are all kted in the caption dfigure6.7. The current
distributions at the fundamental anc¢dsedharmonic frequencies are demonstrateBigure6.7

(c). The characteristic impedance of microstrip line at pestdesignedW R EH Y DQG DW Si
and 3 to H Y 7KH VXEVWUDWH XdMidiG6a02vidth 2Q iviil hiRkhiedd shdb18

um copper cladding.

)
=
2 s.(811) == -m.(S11)
-40 s.(821) == -m.(S21)
s.(S31) = - -m.(S31)
-50 s.(S23) = = -m.(S23) |
-60 — ‘ —

3 35 4 45 &5 55 6 65 7 75
Frequency (GHz)

Figure6.8 Comparison of the measured and simulatgzh@neters of the diplexer.

The proposed diplexés simulatedoy ADS Momentum microwave simulatdfigure6.8 presents

the comparison of simulated and measured S parameter results, which matcAltwelugh the
measurementwas conddHG XVLQJ D VWDQGDUG Y ODE VHWXS WKH T
WR D Y UHIHUHQFH IRU D IDLU FRPSDULVRQ ZLWK WKH VLPX
in Figure6.8. The results shown are the measuredriimeloss values of the pabsnds at the
fundamental and secotiirmonic frequencies are both less than 1.5 dB, and measured isolation
between ports 2ral 3 at both frequencies is over 25 dB.

Il Circuit Integration

With the aid of theaforementionedanalytical models and analysis of multiple diodes for CL
performance in section Il, the outperforming diode SMS7BBALF is selected for designing the

transponder circuitry. The transponder circuitry integration with the proposed diplexer is presented
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in Figure6.9 (a). The input and output porsbownin Figure6.2 are respectively connected with

the ports 3 and 2 @he diplexelin Figure6.7 (a). The impedance matching betweemtf®and the

diode is realized by the input matching network at the fundamental frequgen&t/the output

port, the diode impedance is matched to port 2 by the output matching network at the second
harmonic frequencyt B. The diode impedance is mainly dependentdgand %as shown in
(6.12). Since the selected diode SMS7&38 low barer diode, a simplé-matching network is a

satisfactory choice in this case.

Portl

21} I IR

Port2 2f,
output
matching
network

input matching
network

diplexer

(b)
Figure6.9 (a) Circuit schematic of the diplexbased harmonic transpaerd (b) Experninental

prototype.
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In this design,power conversion from the fundamental frequerigyo the desired second
harmonic frequencyt B needs to be maximizedh other words, any other harmonic conversion
should be reduced, especially ®Fdc conversion. Thiks to the gap coupling feature of the
diplexer, a conventional capacitor worl as the dc block is not necessary at the output port any
more. Finally, the fabricated circuity part of the transponder demonstrates a compact and well

rounded design, with éhexperimental prototype shownkigure6.9 (b).

Hll Transponder Antenna Design

The antenna designed to integrate with the harmonic transponder circuitry should satisfy the
minimum requirements of thduatbandoperation, to receivegnal at 3.5 GHz and transmit at 7
GHz. Also, the omnidirectional radiati performance is preferred to increase the spatial coverage
[153]. Considering a compact and efficienbdule, it is better to design the antemmifizing the

same ground pige and feed line of the circuitry. Based on these requirements, slot antennas excited
by the feed on the other layer of thebstratds an attractive solution. Circular polarizatian i
chosen for the demonstration and is not limited to it.dewapplicdion, theduatbandspiral slot
antenna proposed [h54] has been improved in bandith by replacing the radius variation after
each quarter turn with ctinuous radius variation and aligning the two spiral slots at different

angles.

The design is presented kigure6.10, with all the dimensions marked. It has two spiral slots of
different radii to operate asduatbandantenna ©3.5 GHz and 7 GHz. The spiral on the outer
perimeter is designed to operate3ah GHz and the inner one at 7 GHz. These two slots are
simultaneously excited through a single microstrip line feed placed on the opposite layer of the
substrateAlso, the oupling between these two slots significantly improves the bandwidth at both

thedesign frequencies. The spiral slot radius is varied with respeg&R#) or both slots.
NLNE:SEQO , OL-—~Pr (6.27)

where Nand §, are the initial radius and initial angle of sgjrSis the width of slotwhich is
constant throughoutQs thespacing between turng) is the number of turns andis the angle of

rotation.
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=
v

Figure6.10 Top view and side view of proposed dibaind circularly polarized spiral slot antenna
with all dimensions markedr3s=10.3, s35=0.57, w35=0.95, r7=4.8, s,=1.6, w7=1.3, wf=0.67,
If=13.6,w=35 andl=35, in mm; 35=20°, 7=10° N3s= 1.158,N;=1.10; The substrate is Rogers

RT/duroid6002 of thickness 20 mil, the same one used for the transponder circuitry.

The simulated matching performze of the individual single spiral slots along with that of dual
band spiraklot is presented iRigure6.11 (a). The improvement in matching performance of the
dualband spiral slot antenna at both the design frequenciesigecehly optimizng the coupling
between individual spiral slots. The measured results qfrthosediualband spiral slot antenna
agree well with simulated results for both the matching performance and the axial ratio as shown
in Figure6.11 (b). It has a measureB10 dB matching bandwidth of 66% (from 2.9 GHz to 5.8
GHz) at 3.5 GHz and 28% (from 6.3 GHz to 8.4 GHz) at 7 GHz, and a measured axial ratio of 1.56
dB (simulatedF 2.1dB) at 3.5 GHz and 2.3 dB (simulatédl.5 dB) at 7GHz.

E- Field variation results of the proposed antenna with time at both frequencies are shigurein

6.12. It shows that the field varies in a circular pattern, confirming the circular polarization
behaviourof theproposeé structure at both the design frequencies. It can be observed that the spiral
slot with larger radius contributes significantly for radiat@dr8.5 GHz, while the inner spiral slot

contributes for 7 GHz.
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Figure6.11 Comparison of (a) matching performance for individual spirassaitong with dual

band spiral antenna and (b) simulated and measured matching and axial ratio performanee of dual
band spiral slot antenna.
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Figure6.12 E- Field variation with time at (a) 3.5 GHz and (b) 7 GHz.
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Figure6.13 Simulated LHCP and RHCP at (a) 3.5 GHz and (b) 7 GHz.
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Radiation efficiency of the proposed antenna is 98.5 % at 3.5 GHz and 98.4 % at 7 GHzaand has
gain of 4 dB at 3.5 GHz and 3.8 dB at 7 GHz. Simulated radiation pattern for LHCP and RHCP at
both the design frequencies are normalized and are shdwgure6.13. The adiationpattern is
measured with the linearly polarizethndard gain horn antenna in XZ plane and YZ plane, at both

the frequencies and the normalizegdultsmatch closely with the simulations, as showifrigure

6.14.

300

270

Simulation XZ
Simulation YZ
= = = Measured XZ
Measured YZ

180

(@)

60 300

120

Simulation XZ

Simulation YZ
= = = Measured XZ

Measured YZ /

180

(b)

60

120

Figure6.14 Comparison of simulated and measured normalized radiation patternamX¥Z
plane at (a) 3.5 GHz and (b) 7 GHz.

Il Transponder Measurement andDiscussions

As observed from the transpondercaitry in Figure6.9 (b), there is only one port (port 1) handling
both the receiving and transmitting signals. This neaassithe use of @ dB hybrid coupler to
detect the output secoffiirmonic power levehi measurementgigure6.15 (a) shows the block
diagram of themeasuremensetup, including the power transfer at two frequencies. The signal
generatoconnectedo pott A of the hybrid coupler provides power at faeadamentafrequency

B. Half of this power reaches the transponder. Then, the sé@yntbnic output generated by the
transponder at port C is transferred to port B, where a half of the power arrives sagntid
analyzer. This signahnalyzerdisplays the generated seddamarmonic power level. The setup

realized in the PoNGrames Research Center is shown inRigeire6.15 (b).
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The measured CL results of this transponader demonstrated irFigure 6.16, excluding all
insertion loss of the coupler and cables. The input power range in the measurementf85rtom

F25 dBm. The simulated results from ADS Harmonic Balance simulator are included in
comparison with measured ones, demonstrating a good nettgbdn them. Also, the CL results
reported by previous related works are presented for comp§ti@2n155] By careful study and
utilizing of identified lowbarrier diode, the CL pfarmance of the proposed fully passive

transponder has been improved greatly compared to previous works.
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Figure6.15 Measurement setup. (a) Diagram. (b) Realized setup in the lab.

After this peliminary measurement, a joint measurement of the complete transponder is conducted
in the lab. From the building block sizes showrrigure6.17 (a), anintegrated transponder with
dimensions of 60 mm x 35 mm is feasible. The sneament setup to test the complete transponder

is presented irFigure 6.17 (b). Both the radar Tx/Rx antennas are horn antennas from ETS
Lindgren, which are model 31615 and 316@6. Note that although the frequency range forehod
316005 is from 3.95 GHz to 5.85 Kz, it still works properly at 3.5 GHz afteerified by S
parameters measurements. The radar Tx antenna is connected with a signal generator to radiate
fundamental power. And received power by Rx antenna is monitoredgh a signal analyzer.

This descibes the setup of theadarside For the transponder side, the prototype is fixed on a

moveable wooden base using tapes as showigure6.17 (b).
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Figure 6.16 Comparison of simulated and measured CL results of the proposed harmonic

transponder. Some related results reported recently have also been shown for comparison.

Theoretical link budget analysis (in dB) is basead-riis transmission egtion[156], which yields:
2L 2E)§6E6 .y E)&F % E)SE6 .6y E)fo (6.28)

where the definitions of parameters included are ligtetable 6.2.



148

The transmission loss is calculated by:

6.Ltr HH@-A (6.29)

in which ais the wavelength an@s the transmission distance.

Table6.2 Definitions of parameters if628)

Parameters
% Power received by radar a3
2 Power transmitted by radar &
) 6 Transmitting antenna gain of the radar
6. Transmission loss in the spacebat
)é’"é Receiving antenna gain of the transponde
)éa Transmitting antenna gain of the transpond
6 .60 Transmission loss ithe space at B
)Eo Receiving antenna gain of the radar
24 mm
=X
=
£ w
g o1
3
3
Y
o

35mm

(@)
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signal

Rx antenna
generator

(b)
Figure6.17 (a) Proposed experimental prototype of the transpondevigadurement setup ihe
lab.

For measurements, the power level provided by the signal generator is set to be 25 dBm. The gain
of the Tx antenna is 16dBi at 3.5 GHz. For the energy detection side, the gain of Rx antenna is
17.1dBi and the noise floorfahe signalanalyzeris F100 dBm. The received power by the radar
varying distance is presented fiigure 6.18. The testing distance starts from 2 meters which
ensureghat both horn antennas are operating in the far field. In the measurements, thte separa
antenna and circuit parts are effectively used to obtain the fundamental power illuminating the
transponder antenna and the seebanonic power transmitted by teeme transponder antenna.
Thus, these data help establish the power link of the harmamtac and transpondbased system,
showing a global picture of each dissipation part. The above information is inclueigdiie6.18.

It clearly shows that the loss due to the transponder is low. Also, in the same figuratedlicu
received results are also presented for comparison. Considering a noise fli@0OodiBm, the

maximum readout distance for this setup is about 7 m.
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Figure6.18 Calculated power link and measuredeived power when the proposed transponder

is placed in a distance range from 2 to 7 m.

To figure out a fair way to compare our transponder with othergstdtee-art works, the harmonic

radar performance and transmission loss due to different fregsemeed to be normalized. Thus,

it is assumed that each transponder is tested undemtieeircumstances, which we assume radar
transmits 25 dBm power and both Tx/Rx antennas hagaia of 10 dBi. Although each
transponder was measured in a differenvgrorange within each work, each covers the same
injecting power level intaliode RI1 i % 7KXV GXULQJ WKH FRPSDULVRQ \
SRZHU LV DVVXPHG WR EH i G%P I|IRU H¢lré&alownd bpeatir®)R Q G H U

fundamental frequendg assumed to be 3.5 GHz. Based on the transponder information provided
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in each related work, a figuef-PHULW RI WUDQVSRQGHUYV (RD,)lc&vbP GHWHF

defined and then calculated:

X_>X

(1/«L 5 (6.30)
in which
&
@L 7:AgS. @,6 16, %y (6.31a)
UG &7 ,
o
@L ET TR TR (6.31b)
6U® &4 .

Note that the calculation of 1 / calso assumes that the antenna gaith CL of eachransponder

are still the same at 3.5 GHz.
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Figure6.19 Setup diagram for the calculation of FQM

A comparison between this work and other stdtéhe-art worlks is listed inTable6.3. All of them

are fully passive harmonic transponders. Our proposed transponder features more freedom of
transponder antenna design, thanks tackwta duaktband circularly polarized omnidirectional

antenna with enhanced lwhmdth performance, higher radiation efficiency and gain are possible.

The proposed transponder is able to deliverer &/ ZKHQ WKH LQSXW SRZHU OHYH
Due to the lower CL and higher transponder antenna gains, our proposed transpondgreprotot

shows a noticeable improvement regarding tle/ « as shown irfTfable6.3. The calculation of



(1/ « has several assumptions. For example, all the insertion loss is ignored. The injecting power

of transponder is fixedW R EH i

distance.

Table6.3 Comparison between this work and previous related works
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G% P (1KXsVlargéfKhdn the measuredadout

work [102] [43] [155] this work
Type Passive Passive Passive Passive
Op. freq. (GHz)| 1.2&24 1&2 0.868 & 35&7
' ' ' ' 1.736 '
Size (mnd) 75 x 65 80 x 35 200 x 125 60 x 35
No. ofant 2 1 2 1
, : 3.3@B 1.3@8B 1.6@B 4@ GG
Ant.Gain @B) | 55iE | 17@tB | 26@tB | 3.8@U0E
Polarization LP LP LP CP
CL (dB)
@ F25 dBm 26.5 19.9 30 17
@ @ 10.0/4.1 7.9/7.5 8.2/2.6 10.8/133
(1/,(m) 7.0 7.7 5.4 12.0

Il Conclusion

This work proposes and presents a novel dipteased fully passive transponder. Comparing with
traditional architectures with two separate antennas, the proposed transponder allows the antenna
design to enjoy more flexibility by aihg a dipexer into the circuitry part. Analytical models are
SURSRVHG WR UHYHDO UHODWLRQVKLSY EHWZHHQ WKH GLRC(
conversion efficiency. A selection criterion is established and can be used to simplify the
transpondr designWith the aid of this criterion, the outperforming ldsarrier diode SMS7630

079LF is chosen for experimental verification. The proposed transponder shows lower CL of 17

dB at the input power oF25 dBm in the measurement, showing a superioopadncecompared

to thestateof-the-art works A duatbandcircularly polarized omnidirectional spiral slot antenna

is designed as the transponder Tx/Rx antenna. The antenna shows improved performainug rega

gain and bandwidth. In a measurement ofdtwplete transponder, it is able to reach a-m#d
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distance range up to 7 meters, when the operating fundamental frequency is 3.5 GHz. This proposed
fully passive transponder is believed to have a gretnpial for sue6 GHz 5Gcompatible 10T

applicatons.
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This work proposes to enlarge the maximum readdstamce of batterfree harmonic
transponders through a careful Schottky diode selection and a considerationtemlosvature
operations. Diode SMS7621 is identified telider lower conversion loss (CL) of harmonic
transponders based on a diode selactjaide. Moreover, an analytical method for studying
temperature effects on the transponder CL performance is introduced and derived with satisfactory
accuracy. A diplexemserted in the harmonic transponder design can help reduce the antenna
number. To migate matching difficulties at both fundamental and sedmaanonic frequencies,

a thirdorder diplexer is developed to enhance its bandwidth performance. Experimental
verification has shown that lowemperature operations can effectively reduce the Cthe
SMS7630based harmonic transponder, thus increasing its readout distance. Specifically, its
PD[LPXP UHDGRXW GLVWDQFH DW i Z2& KDV 4 @QRIJHIDWHG E\ F
compared with that at +40 °C. A complete harmonic transponder bas&M87621, with
dimensions of 85 mm x 45 mm, has reached a maximum readout distance of 8 m when the

fundamental frequency is 3@Hz.

Il Introduction

Rapid development othe Internet of Things (IoT) has reshaped wireless sensing techmaques
meet the rquirements of the explosive growth in sensor nod&s7-159] loT-based
radiofrequency (RF) and wireless sensing starts playing an increasingly critical role in-boxw day
day lives, like human activity recogniti¢h60], structural monitoringl61], smart agriculture and
farming[162], etc.As one cornerstone of wireless sensing techniques, RF identification (RFID) is
a well estabbhed and developed technology, already applied in many scefi®@3)q164]. The
operating principle that underpins a typical RFID system lies in its transporedeising RF
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signals from an interrogator and sending back signals which carry certain informatioghthr
modulation. The interrogator then decodes the signals from transponders. The signal transmission
is generally arranged at the same frequency. Howees singlefrequencybased sensing
paradigm brings sefamming and low clutter rejection problenmsthe presence of background
reflections, such as walls aggdounds[165]. Hence implementing separate frequency bands for
uplink anddownlink transmissiosis anattractivesolution. One popak technique itheharmonic

radar andranspondebased syster@?2, 166, 167]In this casetranspondes receive signals #e
fundamentalfrequency B) from a harmonic radar and serthrmonicsback in most cases, a
second harmonict(B) [46]. Therefore the harmonic radar can easily obtain useful information

evenin a cluttered environment.

Figure7.1 Schematic of adrmonic transponder utilizing Schottky diode with its Shockley model
attached at the bottomg, %, 4x 4y and %are packaging inductance, packaging capacitance,

series resistance, nonlinear junctresistance, and nonlineangtion capacitance, respectively.

In such a harmonic radar and transporaBsed wireless sensing system, harmonic transponders
are preferred tpossesdeatures like small form factor, low cost, no battery, and long readout
distance. Most chipless monic transponders utilize zero bias diodes to complete the frequency
conversion fromBto 2B [15, 168] Since the diode is the only nonlinear componenthin t
transponder and its conversion loss (@tgouns for a significant pamf the total circuiloss, as

shown inFigure 7.1, the selection and analysis of diodes are of great importance. Currently, the
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Schottky diodes, which areheap, techrlogically mature and highly reliable, are still the most
commonly used nonlinear components in harmonic transponder désigjh However, when
considering the numerous Schottky diode candidates on the market, to identify a proper one to
acheve lower tansponder CL, i.e., a larger readout distance of transponders, is no easy task.
Moreover, most device design is assumed for rb@mperature operations by default. For passive
devices, temperature variations do not bring severe consequerieread/ tempature variations

are crucial for any Schottky diode or other active compormaged devices/systems. For example,

the performance of diodeapacitor Dickson charge pumps tends to degrade when operating
temperature ramps up from 25 °C to 84118]. Moreover, for any Schottky diod®sed rectifier,

there exists an optimum temperature to obtain its peak efficiency a&dariput powelevel[21].

As for the research donmaof harmonc transponders, no temperature or thermal effects on
transponders have been studied yet. Some works have implemented wireless temperature detection
based on harmonic transponders with a temperaependent filter, but they do not consides th
change of obde behaviors against the operating temperat[k&8, 170] Understanding the
temperature effects on diotbased harmonic transponders is the first step to optimize the

transponder to enlarge its readout distance accordiitg aperatingemperature.

This papemresentghat Schottky dioddased batterfree harmonic transponders can obtain an
enhanced readout distance thanks to a careful diode selection and a thorough understanding of low
temperature operations. In our p@ys work[13], an analyticamethod has been developed as a
diode selection guide tpick out suitable candidates according to their SPICE parameters for
achieving lower CL. Using the diode SMS7630 from Skyworks Inc., the harmonic transponder
finally obtains a maximum readout distarafe7 m[13]. In this work, with the aid of this diode
selection guide, the diode SM&21 also from Skyworks has been identified to offeeen better

CL performance when used for harmonic transponders. A detailed theoretical analysis is presented,
and farfield measurements confirm that an SMS72%&ed transponder reaches a maximum
readout distance of 8 m. Furthermore, regarding temperatifiects on harmonic transponders, our
preliminary work has reported that lemperature operations would reduce the CL of
transponders based on the diode SMST{&3Q]. On top of this discovery, transpard based on

the SMS7630 and SMS7621 are studied and compared in this work. As discussed above, the
SMS7621based harmonic transponder has lower CL at the same input power level compared to
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its SMS7636based counterpart. However, measurements have shevthéhlowtemperature
operation is more advantageous for the SMS#A&&®d harmonic transponder. The maximum
readout distance of an SMS76B8sed transponder has increased by 0.7 m (more than 10 %) at
i40 °C versus at +40 °C. Such an advantage thanks/temperature operations for battdrge
harmonic transponders can find potential opportunities in certain application scenarios, like cold

chain storage and transport.

Bl Diode Selection andTemperature Effects

Hl Diode Selection

. Y di
harmonig RX@ ----- < Q dlplexer_fg

A\ 2f0
radar
|y
2f,

Figure 7.2 Operation principle of harmonic radar and transpoideed sensing system. A

diplexer is introduced to reduce the number of trandppantennas.

As can be seen iRigure7.2, the frequency conversion of harmonic transponders relies solely on
the diode. Meanwhile, the total loss of harmonic trandpes is heavily dependent on the diode
CL, which further determines the transponder readout distance. Hence, theitivas aspect of
designing a transponder lies in choosing a suitable didde. conversion efficiency3of a

harmonic transponder from the fundamental po&gto the desired secorthrmonic powerZs

can be summarized §53]:

ﬂ_ ﬂ 85 k Yg EEq0 - Qay
BLE> L= E—— = G® ¥ fidp e p (7.1)

where 8 y is the diode zero bias current responsivity and can be calculated by:
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3

Parameters appeag in both (7.1) and 7.2) aredefined and listed iTable7.1.

Table7.1 Definitions of parameters irY (1) and 7.2)

Parameters Definitions
A, angular frequency
% zero bias nonlinear junction cajance
/ grading coefficient
4o zero bias nonlinear junction resistance
8 junction potential
< impedancef a parallel4y// %circuit of the diode
<sec impedancef the output port
M electron charge
J ideality factor
G Boltzmann constant
6 operating temperature (in Kelvin)

For increasing the conversion efficien€yor in other words, reducing the CL at a particular input
power level,deductions can be easily obtained regarding some SPICE parametetingcto
(7.1). For example, a diode wigmaller 8:and 4 but larger/ is desired, which is conspicuous.
However, for the two most crucial SPICE parametegnversely propdional to 4y, and %, a
more detailed investigatn is required. With the aid of our previously proposed method, a diode
with smaller and %, can alsamitigateCL [13]. Previously, the SMS7630, popular in lpewer
energy rectifier designs, hasdmeproved to be a better choice for buildingassiveharmonic
transponder. It improves CL by more than 10 dB compared taateso$-the-art works at an input
SRZHU OHYHOI[IR]l In thisGvark, by comaring SPICE parameters of multiple diodes,
SMS7621 has been identified as a candidate that can potentially outperform SMSi7630 fo
transponder design following the above guideline of diode seledtadsie 7.2 summarizes key

SPICE @mrameters of both diodes.

Figure 7.3 shows the CL results as a function of the input power of both diodes SMS7630 and
SMS7621. The fundamental operating frequency is set at 3.5 GHz. Results from the Advanced
Design System (ADShamonic balance simulator and calculated results using our proposed

method have been shown for comparison. In the same graph, the energy harvesting efficiency
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results of both diodbased rectifiers are also displayed. Unlike the frequency conversion of
harmanic transponders fronB to t B, energy harvesting converinto dc, reflecting another

aspect of diode nonlinearity. Figure7.3, the diode SMS7630 is a better candidate forpawer

rectifier design and shawa good performance in the harmonic transponder as well. Whereas, the
diode SMS7621, which obviously is not tsldle for the rectifier design in this lepower range,
decreases the CL roughly by 8~10 dB as compared to SMS7630 if employed in the transponde
design within the input power range of interest. The presented theoretical analysis does not consider

the insetion loss of a matching network and transmission lines.

Table7.2 Key SPICEparameters

Parametrs SMS7636079LF| SMS7621079LF

% (PF) 0.14 0.1

+(A) 5E-6 4E-8

4y Y 20 12

J 1.05 1.05

&(V) 0.34 0.51

/ 0.4 0.35

% (pF) 0.16 0.15

.5 (NH) 0.7 0.7

40 i 10
- ——SMS7621 (ADS)
S . O SMS7621 (cal.)
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Figure 7.3 Performance comparison of diode SMS7630 and SMS7621 embedded in passive

harmonic transponders and lgewerrectifiers.
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Hll Temperature Effects

Operating temperature6 has a significant impact on Schottky diodes that rely on thermionic

emission[172]. From the SPICE parameter perspectivg,8; and %are three temperature
dependent paramete[$20]. If 6 is defined as room temperature (25 °C), the temperature

dependent saturation curret} 6; would become:
) [ SEO oAy Jou
£:6; L 4H @AU KSR S (7.3)

where : P &d ' jare the saturation current temperature exponent and energy gap, respectively.
The intrirsic carrier concentratiod; 6; needs to be defined in advance in ortieobtain the

temperaturalependent junction potenti&’: 6;[120], [123]:

NERRAN az7 3. HA HG'_'_?(ZHA' Ly
. . 4 o i 58 e ’ .OA
Jy6; L s&wHsP @@ A HA (7.4)
Then, 8/:6; can be expressed by:
16, L & H- B2 HH @AY A 75
8-6; & % a Gl (7.5)

Temperaturalependent nonlinear junction capacitar®de: 6;is defined as:

io
(¢]

o4 6;L % HISE/ HEEVHSIP®H:6F &; F .If;;rp (7.6)

The diode SMS7621 is taken as an example to shewtedhree parameters change as a function

Rl RSHUDWLQJ WHPSHUDWXUH |URé&sented friBigléR 4. Asfc&8n b KLFK L°
observed irFigure7.4 (a), tglemonstrates a drastic decrease at lower temperaturesodibeato

bias junction resistancdy, L J GaMgis inverselyproportional to+ and its changkeas also been

attached in the same graph. With a lower operating temperaymould increase to a higher

level (aboutan order of magnitude every 20 degje&sgure 7.4 (b) illustrates the temperature
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response of two other paramete?g,and 8, whose variations are relatively mindy¥g becomes

smaller and8happens to be larger at lower temperatures.
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Figure 7.4 Temperaturaependent SPICE parameters of SMS7621 change as a function of
operating temperaturéa) tand 4y; (b) % and 8
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As the dominant factors associated with the CL performance ofsp@mders, both diode

paraméers +and % decrease at a lower temperature. According to the diode selection guide

mentioned above, CL can be lowered at a lower temperature. Thus, both diodes SMS7630 and
SMS7621 are selected to study their CL perforeeaunder different taperature conditions. By
introducing temperature effects into the CL evaluation model, as addre$$8y the calculated

CL results are illustrated iRigure7.5 (a) as well as the ADS harmonic balance simulation data.
The CL reduction due to lowemperature operations is more obvious for the SMST&a3ed
trarsponder, which is around 6.5 dB when thpemting temperature declines from +40 °C to

i f& KHUHDV WKLV YDOXH LV RQObase& Raxsiondeg BuchRad W K H
observation can be further illustratedigure?.5 (b), which shows the coverage area of ofiega

point for both diodebased transponders with temperature variations. For each transponder, the
arrow marks the moving direction of operating points when temperature decreases. It eariybe cl
seen fromFigure 7.5 (b) that te SMS763tbased transponder covers a range with larger CL
differences. Its moving direction is along the gradient of the CL chahgsying a steep slope.
Conversely, the CL response of the SMS7%63a%ed transponder is more stable with a flat slope,

as shan in the same graph.
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o=

(b)
Figure 7.5 (a) Calculated CL results of both SMS7624nd SMS763thased harmonic
transponders, as well as ADS simulation results in comparispiCdierage area of operating
point for both transponders versus temperature variatiémsboth plots, the input power of
WUDQVSRQGdBY LV DW i

To understand why both Schottky diodes behave differently as a function of operating
temperatures, an analytical method is employed to investigate the working principle of diode
nonlinearity inthe process of frequency conversion. For Schottky diodes, nonlinearity originates
from the junction resistancdyand capacitancéq which both contribute to the frequency
conversion but presumably in differentoportions. Figure 7.6 (a) and (c) present the ratio of
converted secontdarmonic power due to capacitive nonlinearit§g(over the total converted
power versugperating temperaturér¢m i40 °C to +40 €) and injection powerflom i50 dBm

W R0 dBm) for SMS7621 and SMS763Mased transponders, respectively. Under the same
temperature and power conditions, the CL variations as a result of resistive and capacitive

nonlinearity for both cases are illustdtin Figure 7.6 (b) and (d)

As can be seen iRigure 7.6 (a), the capacitive nonlinearitf SMS7621is obviously dominant in

frequency conversion. Although a significant increa$eCL due to resistive nonlinearity is
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captured with decreasing temmpturegFigure 7.6 (b)), such influence on the overall CL responses

is almost negligible. Hence, the CL variations as a result of capacitive nonlinearity become our
primary focus. InFigure 7.6 (b), the capaciie nonlinearity leads to small reductions in CL. Such

a trend eventually results in the CL of SMS74iked transponder Hag small variations as a

function of operating temperaturgigure7.5 (a)).
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(©)
(d)
Figure 7.6 Ratio of secondharmonic power due to capacitive nonlineafi®) over total converted
SRZHU DV D IXQFWLRQ RI RSHUDWLQJ WHPSHUDWXUH i f& W

i  G%P)SM37621based transpord and (c) SMS7630Based transponder. Colorbar scale

has been kept the same for both graphs. CL change due to resistive and capacitive nonlinearity in
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the same range: (b) SMS76Based transponder and (d) SMS7428ed transpondeilhe
reference temperatiis at 25C (room temperature).

In comparison, both diode capacitive and resistive nonlinearity of the SMS7630 contributes to the

frequency conversion, especially when the operating temperature is abttvea2&een 1r|¥igure

7.6/(c). Note that the above two types of nonlinearity have opposite responses on the CL changes

versus the operating temperature, which is similar to the case of SMS7621, as $higwrein6

(d). The CLdecreases at a fast rate due to the capacitive nonlinearity when the temperature is above

0 °C, whereas the CL ramps up slowly as a result of resistivéneamity in the same temperature

range. As a combination showrkgure7.5|(a), the overalCL of SMS7636based transponder

presentsa steep decreasing slope when the operating temperature is alividd@vever, when
the operating temperature dips below°O, the junction capacitance becomes a dominant

contributor to the fregency conversionKigure 7.6 (c)). Since the CL change rate becomes

relatively low against the operating temperatiiig\re 7.6|(d)), the overall CL of the SMS7630

based transponder continues to decredseugh with a flatter slope, when the operating
temperature is belo®@ °C, as shown ifFigure7.5|(a).

Next[Figure7.7|presents the overall CL of SMS762dnd SMS763hased transponders against

the opeating temperature and injecting power. Consistent with the above plots, the input power
OHYHO LV VBYWPRAUWRR i GCG%P DQRG WKH RSURPWLQEE WHRPSHYP&YV
In this power range, the SMS76B4sed transponder has a lower CL, withritaximum under

25dB. By contrast, the overall CL of SMS768@sed transponder is relatively larger, and its
minimum value reaches 11.6 dB. However, when temperature decreases at a fixed input power
level, the SMS762based transponder demonstrates alem@L reduction, which corresponds to

the results "IW (a). In comparison, a noticeable CL change due to the temperature

variations in the SMS7630ased transponder has been visualized more clegrigume 7.6|(b).

Such observations are consistent with our above analysis.
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(@)

(b)

Figure 7.7 2-D mapping of transponder CL versus input power and operating temperature. (a)
SMS7621based transponde(b) SMS763ebased transponder. Colorbar scale has been kept the

same for both graphs.
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Bandwidth Enhancement ofDiplexer

(@)

(b)
Figure7.8 (a) Schematic of the thirdrder hairpin diplexer with dimensional parameters attached;

(b) Photo of the experimental prototype.

For such harmonic transponders, limited bandwidthB and 2B would make fabrication error
sensitive. For bandwidth eahcement, a thirdrder diplexer is developed, as shomiﬁigure?.S
It contains one input port (port 1) atwlo output ports, of which port 2 operates at 3.5 GHz, and
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port 3 at 7 GHz. Both passbands are designed based on npctuaf-guidedwavelength
resonatorsTo improve the isolation between ports 2 and 3, a balanced stub is placed beside port 1
near theresonate structure of the low passband to mitigate the leakage s¥dtwegharmonic

power into port 2. An optimized Bematic of this diplexer with physical dimensions attached is

presented irFigure7.8 (a)|Figure7.8|(b) shows a photo of the experimental prototype.

Figure7.9 Simulated and measured performance of the proposeedatfued diplexer.

Both simulated and measured results are demonstrgfgglire7.9|for comparisonAs seen in the

graph, the response of the lower and upper cham@ts not preserhe sameperformance
compared to the simulation. This is mainly because the physical exteumings are under and

over the required coupling strength Biand t B, respectively, due to fabrication errors. Despite
some diffeences, both bands can effectively transfer more than 90 % energy with no center
frequency shifting. Compared to ouregious work on the single resonatmased diplexef42],

[13], the proposed thirdrder hairpin diplexer has extended thdB bandwidth to improve the
tolerance of systertia integration with other parts. Specifically, the measured fractional
bandwidths ofBand t Bare 12.6 % and 6.% for the thirdorder hairpin diplexer, respectively.

By contrast, the respective values for the single rescbated diplexer ar8.1 % and 4.3 %.
Hence, the introduction of this thiarder hairpin design has enhanced the bandwidtiizaatd
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t B by 306.5 % and 41.9 %, respectively. Moreover, the measured isolation between ports 2 and 3

are at least 24.5 dB in the entirenda

MeasurementResults & Discussion

The substrate used for transponder fabrication is the Rogers RT/duroid 6002 withmh508
thickness and 28 P FRSSHU R@®léte kadmonic transponder based on the SMS7621

is fabricated with dimensions of 8m x 45 mm, as shown|Figure7.10((a). It is optimized at

room temperature 25 °C and contains both the tranponder antenna and circuit. For the transponder
antenna, the duddand spiral slot antenna proposed in our previousethabrk is utilized here

[13]. Its duatband operation covers both fundamental (BHz) and seconrtlarmonic frequency

(7 GHz) bands in this worind achieves an enhanced bandwidth performance. Also, it has a gain

of 4dBi at 3.5 GHz and 3.8 dBi at 7 GHz. For better fundamental signal reception, this transponder

antenna features circulgnbolarized and omnidirectional operation. Moreover, as shio\vigure

7.10|(b), four prototypal transponders based on diodes SMS7630 and SMS7621 are realized, which

DUH RSWLPL]JHG DW i 72& DQG 1 &natthihgy rieebivBritg witiHstibs af U D G L W
uniform widths are replaced with radial stubs that can provide broader bandwidth and better

fabrication tolerancg173]. Dimensonal information related to the matching design has been

indicated ir[Figure?.lO (c) together witfirable7.3

(@)
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(b)

(©)
Figure7.10 Photographs of experimental prototypes: (a) complete harmonic transponder based on
SMS7621 optimized at room temperature (+25 °C); (b) harmonic transponder circuits based on
SMS7621 and SMS7T8BRSWLPL]JHG D W40 °C fraspecively(c) Radial stubsased

matching networks. Dimensions are listed able7.3
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Table7.3 Dimensions of matching networks in kg 7.10 (c)

L1 L2 Us L3 L4 Ut
SMS7630 : -
ooy | 982|537 60° | 31.38| 724 | 60
SI\I{IS76f3g 9.16 | 6.88 | 60° | 31.93 | 6.73 | 60°
SMS7621 : -
o0 oy | 969 | 7.08 | 60° | 32.04| 624 | 60
sni/|s76f2é 9.45| 7.16 | 60° | 32.07 | 6.51 | 60°

Length unit: mm

To investigate temperature effects on the transponder CL under various operating temperature
conditions transponder prototypes |iﬁigure 7.10| (b) are tested with a power compensation

solution Such a solution is introduced to compensate for the mismatch loss at the input port due to

diode impedance change at differmrhperatureg-igure7.11presents the measurement setup. A

temperature chamber (Model 105) from Tepily is utilized to offer desired operating
temperature conditod LQ D UDQJH RI i 2& WR Zz& WV LQWHUQDO
set and monitored using the front panel. Still, a thermometer is introduced in the measurement,
with its thermocople placed inside the chamber for a more precise temperatureonmanand

control. The external RF power at the fundamental frequency is supplied by a rvetstork

analyzer (VNA), which is crucial for conducting power compensation. Since the operating

temperature has a significant influence on diode impedance, as shbignr@7.4| the matching

conditions would degrade when the operating temperature shifts from our optimiza@fC(in

our casg To make sure that constgmbwer injects into the transponder at different operating
temperatures, the external power sugpg to adjust its RF output dynamically according to the
mismatch conditions. Therefore, the VNA plays a crucial role in this measurement. Once it is
working in the continuous wave (CW) mode, the VNA can simultaneously read reflection
coefficients and outg singlefrequency RF power. Note that the VNA does not conduct frequency
sweeping in the CW mode as only one frequency point exists. In the measuremeéhtAtban

be adjusted to offer different levels of fundamental RF power to the transponder, thereby
compensating for the mismatch loss according to its reflection coefficient. Also, the reflection
coefficients at the secortairmonic frequency (7 GHz) arekem down afterward for power
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compensation calculation during the ppebcess. Since the transpentias only one port, a hybrid

coupler is necessary to split the input fundamental power and output deromohic power.

Finally, the generated secehdrmanic energy is directed to a signal analyzer, as shopigure

7.11

Note that all insertion loss of the cables and hybrid coupler has besnbdelded.

Figure 7.11 Measuremet setup for studying the temperaueffect on transponder CL

performance wite the operating temperature changes continuously.

Both transponders based on the SMS7630 and SMS7tjune7.10
results dsplayed inFigure 7.12 The EM cosimulation results obtained by #hBS harmonic

(b) have been tested, with

balance tool are also attached for comparison. The injected power into the transponders at each
WHPSHUDW X U HdBRnV afteHtBaNpowaN campsation. Such a power level is consistent

with the received injected power in the-faald testing shown i

Figure7.14] Measurement results

in |Figure 7.12

although the measurement results are slightly higher.

for each diodédasd transponder match the simulated ones reasonably well,

Used in trangonder design, the SMS7621 is proved to be a better choice than SMS7630 in terms

of enhanced CL performance. For example, at theedy room temperature (+25 °C), the CL of
the SMS7624based transponder is about 14.9 dB. For the SMSB&86d transpondehe value
is roughly 19.3 dB, which is 4.2 dB higher. Consistent with the theoretical predictions,

measurement results show a ErdCL variation in the SMS7630ased transponder than its

counterpart. Specifically, the CL result of the transponder basdiedSMS7630 is reduced from
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7& LQGLFDWLQJ D FKDQJH RII
variation. Under the same circumstance, the CL reduction of SM8Y&24d transponder is only
Z& WR G% DW i 7&

G%

Figure7.12 Comparison omeasured and simulated CL results of transponders based on SMS7630

and SMS7621.

To investigate the readout distance for the above harmonic transponddrsidfaesting is

necessary. Septe transponder antenna and circuit parts are required to studgntiperature

effects on the maximum readout distancdrahsponders. A schematic diagram is presented in

Figure 7.13| (a). Two horn antennas from EdL$hdgren (modk 3160-05 and 3166) are

employed here for radar transmission and reception. Note that the horn antenna me@8I<}il60

works well at 3.5 GHz after performing an experimental verification using VNA, although its

operating frequency band is 3.95 Glz585 GHz according to its datasheet. Since any device

inside the temperature chamber is shielded from electromagnetic waves, the transponder antenna

must be placed outside the chamber for communications, as shigsgure 7.13/(a). Whereas,

the transponder circuit is put inside the chamber and its operating temperature can be adjusted.

Corresponding to the schematic diagr

&igure7.13

(b) demonstrates the real setup in our lab. A

>
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signal generator acts @ahe fundamentdtequency power supply, and a signal analyzer displays

the power levels of the received secdramonic signal. These/o instruments are connected with

horn antennas models 31668 and 316@6, respectively, functioning as a simplifiecsic
harmonic radar. As for the transponder side, the transponder antenna is fixed outside the chamber
facing the harmonic radar. Theahsponder circuit is placed inside the chamber. Moreover, a

thermometer is also used here for temperature monitorirdgitise chamber.

(@)

(b)
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Figure7.13 Measurement setup for investigating the enhancement of transponder readout distance

due to lowtemperatur@perations: (a) schematic diagram and (b) real setup in our lab.

A link budget analysis is used here to better present and compare results. This link budget

calculation (in dB) is based on the Friis transmission equfitks:

2L 2E)§6E6 .4 E)8F % .E)§E 6.6y E)fo (7.7)

All parameters in{.7) have been defined|irable7.4

The transmissio loss 6 .is defined as:
6.Ltr HHK@; A (7.8)

where ais the wavelength of the transmission signati &@is the transmission distance.

Table7.4 Definitions of parameters i (7)

Parameters
2% Power received by radar @8
2 Powertransmitted by radar @
)6 Gain of the radr Tx antenna
6.y Transmission loss @ in space
)éé Gain of the transponder antennaB@
)éa Gain of the transponder antennat @
6 .60 Transmission loss @Rin space
)£ Gain of the rdar Rx antenna

In the measurement, the signal generator, which is the power supply for the harmonic radar, is set
WR RIIHU D SRZHU OHYHO RI G%WP 7KH QRRnW HoieaBRU RI
harmonic transponder shov\m@(b), individual testing has been carried out with results
shown inFigure7.14| As mentioned above, a cable connection between the transponder antenna

(outside the chamber) and the circuit part (inside) is esdemntius, the transponder loss for the
four transponders [ﬁigure7.14 contains extra cable loss. The complete transponidregume?.10
(a) is measured at the room temperature conditiotik& the measement setup of the others,

K
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this complete transponder requires no temperature chamber or cable connection, thereby
eliminating extra influence on its maximum readout distance. To acquire link budget information,
especially of the received wer by transpoders, the transponder antenna is effectively used in the
measurement. Moreover, transponder loss information is obtained by previous separate circuit
measurements. Note that for the complete transponder, the transponder loss data isl &éstimate
measuremdrresults of another SMS76:Bsed transponder circuit piece at room temperature.

Besides the link budget information, the maximum readout distance information of each

transponder has been includefFigure7.14{for comparison.

Figure7.14 Link budget information for each prototypal transpondgFigure7.10|{(a) and (b).
" Due to the special treatment in the setterea cabé is necessary, cableslis included in the

transponder loss for transponder circuitEigure7.10|(b). ¥ The complete transponder|figure
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7.10|(a) is tested at room temperature without the chamlzecale connections, thereby no extra

loss is included.

Since the operating temperature has a larger influence on the transpondens tha&lSMS7630,

this effect has also been reflected in the maximum readout distance-mA i@cfease in the
maximum eadout distance has been observed in the SMSF&3€d transponders. In contrast,

this value is only 0.8 for the SMS762-based countgart. Due to the cable loss included in the

total transponder loss, the measured maximum readout distances of thdsanfsponders with
separate pieces have been slightly underestimated. As a complete design, the transponder optimized
at room temperater as shown i@ (a), shows a maximum readout distance ofr8.0

Such observation inchtes that CL enhancement plays a vital role in enlarging the maximum

readout distances for battefyee harmonic transponders.

Finally, a comparison between this design and related works has been preqdiaigld Trb| A

figure-of-merit  the maximum detection distance , is defined to normalize harmonic
transponder performance with different operating frequencies. By using, it indicates that all
harmonic transponders are tested in the same conditions: harmaridreasmits funamental
power of+25 dBm; both radar Tx/Rx antennas have the same gain of 10 dBi; injecting power of
KDUPRQLF WUDQVSRQGHU LV i G%P QRLVH |10 R-Radmbnic i G%F
frequencies are 3.5 GHz and 7 GHz, respettivBased on tle® assumptions, ,can be
calculated by:

X >x o Ags, §i6.16, X ¢ 54317'1/26_7’%@%

o Lo Lgg ®SF - E——F——M (7.9)

where @is the distance between the radar and the harmonic transponder to ensure injecting power
LOQWR WKH WUDQV S@&teHligtahdé when Gheoreflected second harmonic reaches

the radar with a power leveR | i G%WP QRLYVH,bGaRHbttical tool to assess
transponder performance and has several assumptions, such as no insertion loss and a fixed
LOMHFWLQJ SRZHU Rl WUDQVSRQGHUV i G%P +HQFH WKLV

maximumreadout distance
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As seen irETabIe 7.5 the SMS762based transponder has achieved a larger maximum readout

distance (8 m) than the SMS76Based counterpart (7 m). The ld@mperature operation has
enhanced the maxium readout distance for both diodsssed transponders, which is observed to

be more obvious for the SMS76B8@sed transponder. Even with the cable loss included, the
SMS763EDVHG WUDQVSRQGHU RSHUDWLQJ DmxiinumZz&deUEW DL QV

distance than at room temperature.

Table7.5 Comparison between proposed designs and previous related works

Max
Op. freq. Size , readout
(GHz) (mmxmm) Diode dist. FoMa (m)
(m)
[102] 128&2.4 75 x 65 HSMS-2850 5.0 7.0
[43] 182 80 x 35 SMV2019 5.0 7.7
0.868
[155] & 200 x 125 HSMS-2850 7.0 5.4
1.736
[174] 58&11.6 21 (dipole) SMS7630 6.1 6.7
[13] 358&7 60 x 35 HSMS7630 7.0 12.0
This 35&7 85 x 45 HSMS7630 1 12.4
work | 7&
This 35&7 85 x 45 HSMS7621 T 15.1
work | 7&
This
35&7 85 x 45 HSMS7621 8.0 13.9
work

* Noise floor for each work may vary.
#Transponder loss contains cable loss. The actual values will be larger.

Conclusion

The maximum eadout distance of the battdrge harmonic transponders can be enlarged by
selecting suitable Schottky diodes and by consideringtéomperature operations. Based on a
diode selection guide, the Schottky diode SMS7621 is identified for transponder tdasdoce

CL. Moreover, an analytical method for studying temperature effects on the harmonic transponders
have been presented withtaiés in this work. Lowtemperature operations are found to be helpful

in enhancing the maximum readout distance of $iazmonic transponders. Experimental results

demonstrate that the SMS76Based harmonic transponder achieves a maximum readout distance
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of 8 m at room temperature, which is 1 m further than that of its SMSY&*€ counterpart.
Whereas, the lowemperatue operation brings less advantage to the SMSH@2#d transponder.
Its maximum readout distance increased frorm7at +40°Cto 7.2 DW i 72& LQGLFDWLQ.
m enhancement due to le@mperature operations. In contrast, this distance enhancem#rg for
SMS7636transponder is larger (0.7 m or more than 10 %) under the same temperature variations.
Such a readout distance enhancentiesuhks to lowtemperature operations can help batfeeg
harmonic transponder more easily find potential applications in the cold chain storage and transport

industry.



181

&21&/86,21 $1' )8785( :25.6

Conclusion

This Ph.D. thesiproposes, presents adscusses two mainstream techniques to enable battery
free 10T sensors: fdield WPT and harmonic backscattering. Both techniques are compatible with
the deployment schemes #cycling ambient RF energy and collecting dedicated wireless RF
energy delivery fowvarious application scenarioSince the available input RF energy is often
limited, highefficiency circuitsandsystems for both faiield WPT and harmonic backscattering

are of significance to energize 10T sensors

For achieving the above primagpal this thesis starts with a literature review otfiaid WPT

and harmonic backscattering techniques. Different frequency conversion mechanisms and related
diode behaviors betweedhese twaechniques are studied andalissed in Chapter 2. Based on
suchanin-depth analysis, several measures to enhance the efficiency performandestf YaPT

and harmonic backscattering are propaoased studiedFinally, a possible reconfigurable design
integrating faffield WPT andharmonic backscattering featuresiemonstrated at the end of this
chapter.

As a critical step, getting a sense of how much available ambient RF esdtgyn our
environments our reference for designing circugtisdsystemsTo this endChapter 3 smmarizes

an outdoor density mappirgf ambient RF energgnadeon Montreal Island, CanadBifferent
fromtheprevioudy reportedneasurements focusing on fixed locations, this dynamic measurement
was carried out along streets, roads, avenues, and highoteerang a global picture of amhie

RF energy levels in urban and suburban afeashe first time Measured results indicate that
cellularcommunications band&SM/LTE850 and LTE70Mave the highest average power level

in the DT Montreal, whereas DV signals are the highest in UT asedherefore, for ambient RF
energy recyclinggellularcommunication an®TV bands should be given priorities in DT and UT
Montreal areas. A separate stationary measurement in DT Montreal was conducted to study how
foot traffics or pedestrians coultffed ambient RF power levels. Based on the results, no visible
power variations are observed for both cellular communication and DTV bands. Several
suggestions regarding ambient RF energy harvesting are then giééloading thediscussions on

measured redts.
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For predicting the conversion efficiency of Schottky diebased faffield WPT rectifiers, a
closedform model is developed in Chapter 4. It has successfully extahdedynamic power

range up to approximately hmavatts (mW)level. Based on thisnalytical model,the thermal

effects of Schottky diodes are introduced to study how operating tempesrafiurence diode

based rectifiersTheoretical analysis has predicted that an optimum operating temperature exists

for each different diodéased redfier at a fixed power level. Such a claim is then supported by
measuremest Operating aits optimum temperatures, tlenventionaSMS7630based rectifier

has achieved conversion efficiées R | DWi G%P DB)MEI G¥WP UHVSHFW

Due tothelimited power density of ambient RF energy in free spacdjdit WPT rectifiers are
oftendifficult to deliver satisfactory efficiency performance, due pmsitive correlation between
conversion efficiencyand input power level. Hence, inthacing other types of ambient energy
sources will be an attractiapproacho leverage rectifying efficiency. Based on this idea, Chapter

5 describes an integrated rectifying platfdhatcan collect both ambient RF@mibration energy
simultaneously. A analytical method for study such a hybrid harvesting mode is developed first.
Enhanced efficiency due to hybrid harvesting is revealed by theoretical analysis. Then, for
experimental validation, a hybrid energy hareestvith a compact creddard size § designed.
Measured dc output power rectified from hybrid harvesting mode is reported to be 1.16 and 1.97
times larger withdiodesSMS7630 and HSM285Q respectively, when both RF and vibration
HQHUJ\ VR XU RBhYcdripgdied to tie conventional single RF harvesting nRekddes
theefficiency enhancement, this hybrid rectifier adsdibits astrong resilience, which can operate

with either one oboth ambient power sources.

The remainder of this Ph.D. thesisalisses how to redudlee conversion loss (Clgf harmonic
transponders to achieve a larger readout distance. Chapter 6 first proposearahiteature of
fully passive harmonic transpondedo reduce circuit profile. The operation principle of harmonic
transponder requires receiving fundamental RF energy and transnatogverted second
harmonic component. Thugjpically two antennas exist in harmonic transpondbed oversee
fundamemal and seconttarmonic frequencies, respectiveRy introducing adiplexer in the
topology, only one duaband antenna is enough in this case. Besiwdspological improvement,
one analytical model for analyzing diode behaviors in harmonic transgorsdproposedand
equivalent circuits at fundamental and secbagnonic frequencies are also demonstrated. This
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model predicts that diode SMS7630 is a suitable diode candidate for harmonic transponder design.
CL measurement results verify that the prgpad transponder based on SMS7630 shaw
noticeable improvement evthe statef-the-art works. Furthermore, fdreld measurements show

that this transponder reaches a maximum readout distance of 7 m when the operating frequency is
3.5 GHz.

Chapter 7 nportsanimprovement over the work i@hapter 6. With the aid oféhanalytical model,

diode SMS7621 has been further identified to potentially outperform SMS7630 in harmonic
transponder design after a witenge search of commercial diodestbe market. To mitigate

design difficulties in matching networks at both funésal and seconbdarmonic frequencies, a
third-order diplexer is developed to enhance its bandwidth performance. Moreover, thermal effects
on diodebased harmonic transponders have beelndedin this work. Analysis indicates that
low-temperature operains will enlarge the maximum readout distance of harmonic transponders.
Final measurements show that both SMS7@8d SMS762-based harmonic transpondbenefit

from low-temperature opetians. For example, the maximum readout distandbe@SMS7630

basd prototype has increased by 0.7>n10 %) D W 9C compared to that at +#C. A complete
harmonic transpondérased on SMS7621 has reached a maximum readout distance of 8 m at 3.5
GHz.

Future Works

Efforts have been put into this Ph.D. thesisearcho realize batterjree 10T sensors through far
field WPT and harmonic backscattering. However, more research works are still required, which

can be summarized as below:

% During the densjtmapping of ambient RF energy in Montreal, the signalutaiihn factor
has been neglected. Also, ambient RF energy in different seasorizerddferent. Since
our measurement was carried aluring Summer, a seasonhen human activities are
considered mre active. Hencesimilar mapping works in Autumn and War can be a

good supplement for this set of measurement

% Each diodebased rectifier has an optimum temperature, and outdoor operating temperature
YDULHV LQ D UDQJH iRRMontred &o W R reconindended that an intelligent
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rectifying system containing multiple diodes can be developed, which can choose the most
suitable diode to realize high efficiency rectifying accordingreéaltime operating

temperatures.

¥ Multiple ambient enengsources exist in our daily life, such as RF, vibration, thermal and
solar energy. A compact hybrid rectifying platform which can collect three or more energy

sources will be enough to drive more complicated IoT sensors.

% Harmonic transponders onbacksetter simple information in this work. However, to deal

with diversifiedapplications, a modulation modulehighly recommended

¥ A reconfigurable desigthat combines both fafield WPT and harmonic backscattering
functions will be compatible with morepglications. A proper lowpower switch anda
more compact desigran be introduced to enhance the performance of the gropivsed

in Chapter 2.
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