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ABSTRACT

Resonant tunneling diode (RTD) microwave mixer and multiplier circuits were designed, fabricated
and tested. Analytical analysis of the performance of the RTD mixer and multiplier circuits were
performed based on mathematically modeling the RTD I-V curve. The design of the mixer and
multiplier was performed using the simulation package ACADEMY. The RTD mixer and multiplier
were designed for an RF output of 14 GHz. Comparisons were made between the analytical,

simulated and measured results of the RTD mixer and multiplier circuits.

Three conclusions were drawn from this work: 1) An RTD is useful in microwave mixer and
multiplier applications. In comparison to the conventional diodes, an RTD has a stronger non-
linearity which allows more efficient harmonic generation with smaller input signal levels. 2) The
theoretical analysis provides a quantitative relationship between the output and input parameters,
also it is shown that at microwave frequencies, the RTD’s parallel capacitor can be neglected
compared to its parallel resister. 3) The RTD modeling procedure and the simulation package

ACADEMY provided very accurate simulation results.

-11i-



ACKNOWLEDGEMENTS

I would like to acknowledge my supervisor, Dr. Shawn Stapleton, for directing this work and coming
up with many useful sﬁggestions. Mr Sirooj Rambaran who gave me a lot of suggestions on the
experiment part. Mr Bill Woods who contributed to all of the cleaning, mounting and wirebonding
the RTDs to the mixer and multiplier. Mr. Trent Mckeen’s considerate help and his bachelor’s
thesis have been very important references to the simulation part of this thesis. Also the members
of the Microwave/RF group and the Microelectronic device group at SFU whose occasional help

was much appreciated.

-iv-



BPF
LPF

RTD
I-V
C-v
LO

IF
DC
PSD

ABBREVIATIONS

Band Pass Filter

Low Pass Filter

Negative Differential Resistance
Resonant Tunneling Diode
Current-voltage
Capacitance-voltage

Local oscillator

Radio frequency

Intermediate frequency

Direct current

Power spectrum density



TABLE OF CONTENTS

APPROVAL ..ottt e st ba e es et e et et e ss s s e st as s e ns il
ABSTRACT ..ottt ettt se et e st e be e st e s s e s s e sssn s seshessasassassesne iii
ACKNOWLEDGEMENTS .....ooiiiiiiientiniinriieseetestesiestessestsessssseseessessessassassassessssrses iv
ABBREVIATIONS ...ooetectctectetertetet et ste st etsssesaesaessassae e essesaessassansessansessnssnns v
1 INTRODUCTION ...cociiiiiiiiiiiienenientnreeeestessesessessseseeessassssssesssessssssasssssesrsessassssenes 1
1.1 Background of RTD .....ccccoccviiiiiiriiirninenientirsreeecee e snessesssesssenvessnessasssnenas 1
1.2 Schottky Barrier Diode and Varactor Diode ........ccccceoveeeeiercvieiecneenrenrerennnennees 2
1.3 Physical Structure of RTD .....cocuiiiiiiiieectecece ettt cte e ctte s e eae 4
1.4 Equivalent Circuit of RTD .....ccccccciiiiniiniiniinienteetrrecreentenressressessnessessressesenee 6
1.5 Characteristics Of RTD .....cc.cocuiviivimiiniiiiriicieniinstee ettt saee s 6
1.5.1 Characteristic I-V Curve of RTD .......ccccovermiminniiriicientecenecenreieenns 6
1.5.2 C-V Curve of RTD ....ccociiiiireeeeirrresecresrenreenneessessssseessesssessesnssessssnaenes 7
1.5.3 Other Important Characteristic of RTD .......cccccociinirniinrennnecrieneenreennnes 8
2 MATHEMATICAL MODEL OF RTD ......cocccerinrtirninnenrirerieseecsrenseseessesssesssessesssesonens 9
2.1 I-V Curve and Conductance Curve of RTD .......coocieceiiiiinniicinnicciecccccnienaens 9
2.2 Physical Meanings of X;, kg, K;, Ky and Ky eceeervieeiniiiriinciceccicecneneecnieneee 11
2.3 C-V CUIVE Of RTD .ocviiieeiirencreeeineenteseeseeneeeessessessessesssssmssessasssessessossessesaeens 14
3 THEORETICAL ANALYSIS OF RTD MIXER AND MULTIPLIER ...................... 15
3.1 RTD MIXET .ceeoiiiiieeeiereieceneeeeeen e e e et seesseessetessse st e ssassstesanesavasssnsssnnssssssoves 16
3.1.1 RTD Mixer Configuration ..........ceeceueveeueremsuiriennnseesiesesssmesesnisessesssenns 16
3.1.2 RTD MiXer EffiCIENCY ..ccovveiiiiiireeeiricieiireeresreesneeessesesssessesssossasssansons 18
3.1.3 Theoretical Efficiency As A Function of the RTD Mixer Parameters ....... 25
3.1.3.1 The effect of the nonlinearity of the RTD I-V curve ...........ccccueeuuene 25
3.1.3.2 The effect of varying the bias voltage Vb and the LO power P, ..... 28
3.2 RTD MUItPLET .....uoeovieirerirseieieneniesreeieieseteseeessensesssessesssessassssossssssossesssssnessesns 30
3.2.1 RTD Multiplier Configuration ............cceccveeeceesenseessesrsenucsissiessesssesseessanne 30
3.2.2 RTD Multiplier EffiCIENCy .....c.ccccvvereivivinuiniiinrinninineitiiiincienenscneneens 31
3.2.3 Theoretical Efficiency As A Function of RTD Multiplier Parameters ...... 34
3.2.3.1 The effect of the nonlinearity of the RTD I-V curve .......cc.ocenuennneeee 34
3.2.3.2 The effect of varying the bias voltage Vb and the IF input power .... 37
4 DESIGN OF RTD MIXER AND MULTIPLIER ........c.ccocoevnviiurrininvininninicnsinsennnnes 40
4.1 RTD MIXET ..oveereieveenneerneerrnernnnessesessosssesseessssssnesossesssssssessssssssssssssosssessassssossasons 40
4.1.1 Principles of IF LPF Design for the RTD MIXer .....c.ccooeeeuevvvivinicnunnunennnn. 41
4.1.2 Principles of RF BPF Design for the RTD Mixer .........ccccovnvivenucnninneennn. 42
4.1.3 Principles of LO BPF Design for the RTD Mixer .......cccccooeviivveinvvnuennnnn. 43
4.1.4 Simulation of the Three Filters of the RTD MiXer .....c.coceevvvvvivcrevinncnncas 44
4.1.5 Simulation of the Other Circuit Components of the RTD Mixer ............... 48
4.1.6 Simulation of the MIXET .......ccocvieviivvimmrnecniiennniciinininecncirennseeseenes 50
4.2 RTD MUILPLET ....oooiiriiriicnrieetiinenceeseenrssinsessstssresssssnsssnessessssssesssessnssssssnsanes 55
4.2.1 Principles of IF LPF Design for the RTD Multiplier ...........ccccoevinnnnnen. 55
4.2.2 Simulation of the Circuit Components of the RTD Multiplier ................... 56
4.2.3 Simulation of the RTD Multiplier ........c.cccevervuirmrinumnienrinnininenennecnnnennes 58

-vi-



4.3 Fabrication of the RTD Mixer and Multiplier
5 MEASUREMENT OF RTD MIXER AND MULTIPLIER

5.1 RTD MIXET ..cooovieiirinirteieesteeeeeevsssesnenne e es v
5.1.1 Circuit Components of the RTD Mixer ..............
5.1.2 Measurement of the RTD Mixer ........................

5.2 RTD Multiplier .....ccccccovcevevimrnenreineneereereceeresensennenenss
5.2.1 Circuit Components of the RTD Multiplier .......
5.2.2 Power Efficiency of the RTD Multiplier ............

6 CONCLUSIONS ...ttt receeee e sesasaseens
7 REFERENCES ..ottt seenes

-vii-

.............

........................................

.......................................

........................................

........................................

........................................

........................................

........................................

........................................

........................................

........................................



LIST OF FIGURES

1.1 Representative circuit of a varactor diode ............coccoeeviiiiiiiniccenreniencnnnncneee. 3

1.2 Cross-sectional view of the GaAs/AlGaAs RTD Structure .........c.ccceceerenerrivinncenene. 5

1.3 Band diagram of a generic double-barrier Structure .......c....ccccceveeereeienrucnecnncirinnennnn 6

1.4 Equivalent circuit of RTD .........cccoiiiiiiiiiniiiiniiiiiircectcecenne et 6

1.5 A typical RTD I-V CUIVE ..ottt 7

1.6 A typical RTD C-V CUIVE ...ttt seesacnntcntce st e sae e s ssssbssanessesosnsesans 8

2.1 Mathematical model of RTD [-V CUIVE .......ccccoriririiiiicriniiiincnecnne e 10
2.2 Mathematical conductance curve of RTD ........ccccccvviinvirinninicnecninninninecsensonnens 11
2.3 RTD I-V curves with varying X1 .....ccccecciinimmnncninininininiiiiiircnserienesriesecninsenens 12
2.4 RTD I-V curves with varying KO .........cocvviiurmiinveniiiniiciinicnniniie et 12
2.5 RTD I-V curves with varying K1 ....cccceeviiirmeneeiiiisiiiiiinienntcenesne i snresnneonns 13
2.6 RTD -V curves with varying K2 .......cocoiviiinicnniinininiiininins s ssenens 13
2.7 Mathematical model of RTD C-V CUIVE ......ccccceerirnmiiriinercininniniciienienieniienennnns 14
3.1 Admittance of RTD’s variable conductance and cCapacitance .........c.coeeveevirensiesuennns 16
3.2 Configuration of the RTD Z MUXET ......cccocvunininriiminiiiiiininririenrneissnnsneinsseesssssssenne 17
3.3 Configuration of the RTD Y MUXET ......ccccecivuirmnenrinineninieiiesiiniiniisinessnessenssssesssssnens 17
3.4 Redraw RTD Y mixer as three cascaded two port networks ............ccceeveereneeveeenenns 22
3.5 A basic tWo POTt NELWOTK .....coovviiiriiiiiiiiiiiiict ettt st ne 22
3.6 Theoretical RTD mixer efficiency vs. bias VOItage .........c.cooeverinvinimnrenicniinnicriennennnne 25
3.7 RTD mixer efficiency with varying X1 ......ccccevviiiiiiiiiniinniiniieesessesrnsneesesseenne 26
3.8 RTD mixer efficiency with varying KO ..........ccccovviiiinriiinn et 27
3.9 RTD mixer efficiency with varying K1 .....c.ccoveiiiiiiniiiininniniesecnientnneniceennene 27
3.10 RTD mixer efficiency with varying k2 .......cccocoiviivniniinnniiinenenceneninsesssenenens 28
3.11 RTD mixer efficiency vs. LO POWET ......cccvvmviiniininiiniiintienienienienesnneeseenss e cnennes 29
3.12 RTD mixer efficiency vs. bias VOItage ..........cocovveiiiiiiciiiininecieinieseciensesieseceenne 29
3.13 Configuraton of the RTD multiplier ......ccccvvvmvuinrerinnenirenriininneniniieienecnnccsinaes 30
3.14 Theoretical RTD multiplier efficiency vs. bias voltage .......c.ccoevviieereieniinienienennen. 33
3.15 RTD multiplier efficiency with varying X1 ..o, 34
3.16 RTD multiplier efficiency with varying kO ..., 35
3.17 RTD multiplier efficiency with varying K1 ..., 36
3.18 RTD multiplier efficiency with varying K2 ..o 36
3.19 RTD multiplier efficiency vs. INPUt POWET .......cccoverererrrreriserensneienesssseenensnesssscians 37
3.20 Input power and voltage vs. intermediate variable Va .......cccooovnivninennnnnnnnies 38
3.21 RTD multiplier efficiency vs. bias VOItAZE .........coeeereieinenieniniiiiirniciecnieniescsiinae 39
4.1 Simple sketch of the RTD MUXET ......ovveeriiiiiniiniiintentennenentsneenneie e sacnes 40
4.2 Theoretical result of inband LPF of the MiXer ........cccocvvevinnininniiiinnennnereeneeeenns 42
4.3 Theoretical result of wideband LPF of the MiXer .......c.ccoccvvvniinensirneneniennncnennnns 42
4.4 Theoretical result of inband RFBPF of the MiXer .........cocovccevenininimniinieninneenrnieesecniens 43
4.5 Theoretical result of wideband RFBPF of the mixXer .........cccoovoviiniiininniiinniinienenene. 43
4.6 Theoretical result of inband LOBPF of the MiXer .......ccccccceevieniniinnenrinninenenieenennecnes 44
4.7 Theoretical result of wideband LOBPF of the MiXer ........c.ccocvviiniiveerenennenesinnnene. 44
4.8 ACADEMY schematic of the LPF of the MiXer .........cccoiviiiniiineneneeenne 45
4.9 Inband simulation result of the LPF of the MiXer .........ccoccnvimnniriniinneiniunnnnnniinsienans 46
4.10 Simulation results of wideband LPF of the MiXer .......cccccovinniiiniinrennieenniennieninnnns 46
4.11 Simulation result of inband RFBPF of the MiXer .......c.ccocconenniinenieriinnnnreeceniennnnns 46
4.12 Simulation results of wideband RFBPF of the miXer ........ccooovoiiiiniininninniiiiennene. 46
4.13 ACADEMY schematic of the RFBPF of the Mixer .........coevveviiviennnnincnnninennnnne. 47
4.14 Simulation result of inband LOBPF of the MiXer ..o 48
4.15 Simulation results of wideband LOBPF of the miXer ........cccoevvvniiiennieninninvecenne 48

-viii-



4.16 ACADEMY schematic of the RTD ....coooiiiiiiiiiiiieccieceee ettt 48
4.17 Simulation RTD I-V curve of the MiXer ......c.occovvrveiiieeeniiiicccenie e 49
4.18 Simulated S11 of the RTD mixer bias block .........cccceceeceereeriiiiniiiiccenienirreneeiereneenes 49
4.19 ACADEMY schematic of the bias block of the mixer ..........ccoccevvernrincinniiccinrennnens 50
4.20 ACADEMY schematic of the RTD MiXer .........coccecvenvieniininicnnieneenennenienrrenrenseneens 51
4.21 Simulation RTD mixer efficiency vs. bias voltage ..........cccciiininccicinvinnunncinenn 52
4.22 Simulation RTD mixer efficiency vs. inband frequency ..........cccvvivvecicnenecnncnnnn, 52
4.23 Simulation RTD mixer PSD vs. wideband frequency ..........ccovvviiiniecnnniininnnnnn 53
4.24 Simulation RTD mixer efficiency vs. LO Input POWET ..........cccocevveiivniienvenneninnnnen 54
4.25 ACADEMY layout of the RTD MUXET ......cccoeeviniinininiiininiiiniieniiieicicsesenesaenes 54
4.26 Simple sketch of the RTD multiplier ........c.cccociininiiniiininiiiiiiniiiie e 55
4.27 Theoretical result of inband LPF of the multiplier ...........cccccececvniiiincicvncrnrnnnnnne. 56
4.28 Theoretical result of wide band LPF of the multiplier .........c.ccccovvvinenvceinvnninnnnn. 56
4.29 Simulation result of inband LPF of the multiplier ...........ccccccviencnnnnvennencnniruennnns 57
4.30 Simulation results of wideband LPF of the multiplier ...........cccccovveinniiucrniiiinennnn. 57
4.32 Simulated S11 of the RTD multiplier bias 1oCk ......c.ccevverrcervsinvinnincincinsiinniennnns 57
4.31 ACADEMY schematic of the bias of the RTD multiplier .......c.ccocvveiincirvrnrenannen. 58
4.33 ACADEMY schematic of the RTD multiplier ........cccccececciniinniinninnnninsireninnoesnnens 59
4.34 Simulation RTD multiplier efficiency vs. bias voltage .......c.coovvevvvvrvrvenieriencnieneenes 59
4.35 Simulation RTD multiplier efficiency vs. frequency (1) .....ccooveeneniiniinienenenencene. 60
4.36 Simulation RTD multiplier PSD vs. frequency (2) ......ccccvreriereriennirenenreieresecneneaens 60
4.37 Simulation RTD multiplier efficiency vs. input POWET ........cccocvieeinienvuinienesesaiesennns 61
4.38 ACADEMY layout of the RTD multiplier .......c.ccocooviiiiiiininntiniiieneninnrccveecineene 62
4.39 ACADEMY layout of the whole template Of CItCUILS ........cooerirmrmmnsrisenmienrniicnincces 63
5.1 Devices for measuring passive parts of RTD CIICUItS .......ccccceeurereererirrnnsiennsenccecnnsenns 65
5.2 Measured result of inband LPF of the RTD MUIXET ....c.ccooeeirniniininninnieiinnsnnrensessesssasacs 65
5.3 Measured results of wide band LPF of the RTD MUXET ........cocverurinerrernnresresienseneene 65
5.4 Measured result of inband RFBPF of the RTD MIXET ......cccccocvvieninninnneennreneeiisnecnseene 66
5.5 Measured results of wide band RFBPF of the RTD miXer .......ccccooueveeveruerenrieasescnncene 66
5.6 Measured results of inband LOBPF of the RTD MUXET ......cccoverenmreruennerecresnsscennene 67
5.7 Measured results of wide band LOBPF of the RTD miXer .....ccccovveiivnvreencnencncsiene 67
5.8 Measured S11 of the RTD mixer bias block .......cocvvvenuiniiniiininiininiiiiniesesiinins 68
5.9 Measured RTD I-V curve of the RTD MiXer ....ccocevniniiiiiiiinenieininienienecnecsscnsnennens 68
5.10 Devices for measuring the RTD mixer effiCiency .........ccoocemvninenenenenenciiinianene 69
5.11 Measured RTD mixer efficiency vs. LO POWET .....cocevviviiiinrmnneininnnteninrenneeeenneens 70
5.12 Measured RTD mixer efficiency vs. bias VOItage ..........ccceeveerrmneiciinienensecssissnesnnens 70
5.13 Measured RTD mixer efficiency vs. inband flEQUENCY ......ccceerevmininnriniiiienccsecnne 71
5.14 Measured RTD mixer COnversion COMPIESSION ......o..eeeueeeieenerrsnessresseessensesessosnens 72
5.15 Devices for measuring RTD mixer third-order diStortion ..........cceveveeeevcvuescscsissennans 73
5.16 Measured RTD mixer third-order diStortion ..........coevivieiiiiemieniieninennnenneecsesonsnnies 73
5.17 Measured result of inband IFLPF of the RTD multiplier .....c..cocvevirninininccccinnnnne. 74
5.18 Measured results of wide band IFLPF of RTD multiplier ........ccocoeevininenniniinnnns 74
5.19 Measured RTD I-V curve of the Multiplier .......ccocveiviiiiiiiernnneninnnnieinnecineenssnsessnens 75
5.20 Measured S11 of the RTD multiplier bias block .........coouervrieveniieeienreinencincninnen, 76
5.21 Devices for measuring the RTD multiplier effiCiency ........ccccocevneveninvevenncnscnnnnnn 76
5.22 Measured RTD multiplier efficiency vs. input POWET ........cccecevecercnvniicsueseesnesnanes 77
5.23 Measured RTD multiplier efficiency vs. bias VOItage ..........cceveeeeniniecnnncnniiinnens 77
5.24 Measured RTD multiplier efficiency vs. inband freqUeNnCy .........c.cocoevevecscsininnnnen. 78




1 INTRODUCTION

1.1 Background of RTD

In the late 1950s, Leo Esaki invented the classic example of a quantum device - tunneling diode.
Resonant tunneling diode (RTD) has been the subject of theoretical and experimental studies since
1970(1]. In 1973 Tsu and Esaki [2] first proposed that a large peak in the tunneling current through
the structures should occur when the injected carriers have certain resonant energies. In 1974,
RTD was first demonstrated [3] by Esaki, Leroy Chang and Raphael Tsu at IBM, the RTD consists
of two potential barriers in series, separated by a potential well. The barriers are thin enough that
electrons can tunnel through them into and out of the quantum well. In 1983 Sollner et al. [4]
reported the first observations of resonant tunneling at room temperature and of large regions of
negative differential resistance at lower temperatures. Since then, RTDs have been widely
investigated experimentally because of the presence of sharp negative differential resistance (NDR)
inthe I-V curve, a lot of research work was done to understand the relationship between the physical

structures of RTDs and the unique characteristics of RTD [5-14].

In 1989, an equivalent circuit model [15] which will be shown in section 1.3 was established for
an RTD. Due to the fast charge transport [5, 9], and the NDR that exists in its I-V curve, the RTD
has shown considerable promise for high-frequency applications. Oscillators using RTDs have
been reported by a number of authors [4, 5, 9, 15, 16, 17]. Self-oscillating mixers with conversion

gain [18] and frequency multipliers [19] are some applications that have been investigated.

Meanwhile, resonant tunneling devices with multiple negative resistance regions are of considerable

interest for a variety of potential applications that could be realized with greatly reduced circuit




complexity [20, 21]. These include ultrahigh-speed analog-to-digital converters, parity-bit gen-
erators, and multiple-valued logic [22]. RTDs have attracted considerable attention due to their

potential applications in both RF and digital areas.

However, two RTD applications in which little work has been done are in subharmonically pumped
(SHP) mixer circuits and multiplier circuits for microwave frequencies. K. Krishnmurthi and D.R.
Conn have provided a simple method of estimating the conversion gain of SHP RTD mixers [23],
and R.J. Hwu has studied RTD frequency multipliers [24]. R.J. Hwu concluded that: (1) the
differential negative resistance allows RTD’s efficiencies greater than the limit 1/n® (n is the output
harmonic number) for monotonically increasing I-V curves; (2) the Q factor (cutoff frequency f, /
central frequency f,) is the major parameter on determining the multiplication efficiency of an RTD;
(3) the multiplication performance of a negative resistance RTD is determined by the capacitance,
series resistance and negative differential resistance at the operating point. Based on the initial
work of reference [23, 24}, the subject of this thesis will focus on the performance of RTD mixer
and multiplier applications for microwave frequencies. The potential performance advantages of
RTDs compared to the conventional diodes (Schottky barrier diodes and varactor diodes) in non-

linear microwave applications need to be discussed.

1.2 Schottky Barrier Diode and Varactor Diode

A)  Varactor diode

Varactor diode (variable reactance diode) is used as a voltage-variable capacitor, wherein the
diode junction capacitance can be changed by varying the reverse bias applied to the diode.

A representative circuit of a varactor diode is presented below:



_IL .
Ci — é R

o-

Fig. 1.1 Representative circuit of a varactor diode showing case resistance, junction resistance

B)

and junction capacitance
In this equivalent circuit the diode junction consists of junction capacitance C; and junction
resistance R;. The bulk resistance is shown as R;. The performance of the diode junction
at a particular frequency is determined mainly by C; and R;. As the operating frequency is
increased, the diode performance degrades, because the transit time established by C;and R,.
An important characteristic of the varactor diode is the figure of merit Q, which is determined

by the ratio of the diode’s capacitive reactance X and bulk resistance R,.

Present-day varactor diodes operate into the microwave part of the spectrum. They are quite
efficient as frequency multipliers at power levels as great as 25 watts. The efficiency of a

correctly designed varactor multiplier exceeds 50% in most instances.
Schottky barrier diode

Schottky barrier (silicon hot-carrier) diodes are ideal for VHF and UHF mixer and detector
applications. Théy are readily adaptable to many other fast switching RF and digital
applications. They provide stable electrical characteristics by eliminating the point-contact
diode presently used in many applications. They have very low capacitance, low noise figure,
low series resistance R, high forward conductance, high reverse voltage and low reverse

leakage. Low barrier Schottky diode is well-suited for applications where -6 dBmto +5 dBm
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per diode is available. High barrier Schottky diode is well-suited for mixer applications
where +3 dBm to +6 dBm per diode is available, its cutoff frequency is up to 370GHz. The

equivalent circuit of Schottky diode is similar to that of the varactor diode.

Daniel et al [25] and Kerr et Al [26] presented analysis for the conversion loss and noise of
microwave and millimeter-wave Schottky barrier mixers both in theory and experiment which

were in agreement.
The comparison of RTD, Schottky barrier diode and varactor diode

By using a device having a symmetric C-V curve or an antisymmetric I-V curve, only odd-
harmonics of frequency multiplication with anunbiased RTD are generated due to cancellation
of the even harmonics, therefore, there is no need for an idler termination in the case of a
frequency tripler (although in this thesis, this advantage hasn’t be utilized). Similarly a
frequency quintupler requires only one idler termination at the 3rd harmonic for optimum
operation, greatly simplifying the circuit design. Schottky barrier and varactor diode having
asymmetric curves generally require an idler termination at each intermediate harmonic

frequency.

Knowing the potential advantages of an RTD compared to conventional diodes, a more indepth

understanding of an RTD is required.

1.3 Physical Structure of RTD

RTD structures consist of two semiconductor barriers 1-5nm thick, embedded in a semiconductor

having a smaller band gap energy than that of the barrier material, and separated by 2-6nm. In this

way the carriers are confined to the lower band gap material but can readily tunnel through the thin



barriers under an applied bias voltage.

To obtain high quality quantum well structures, a lattice matched heterostructure was employed in
our experiment [27]. -Shown as Fig. 1.2, being grown on a semi-insulating GaAs substrate, the
double barrier quantum well structure consists of two undoped AlGaAs barriers separated by an
undoped GaAs quantum well. Next to the two barriers are the undoped GaAs space layers, outside
of which are the cathode side and anode side. One the top of the RTD is the ohmic contact and

the metallization, at the bottom is the undoped GaAs.

Ohmic contact

Anode side 500nm GaAs 5x10'®cm™

10nm GaAs UND (undoped)

Barrier 4nm
Quantumwell  5nm
Barrier 4nm

30nm GaAs UND <

C

Cathode side soonm GaAs 5x10'%cm™® i
50nm GaAs UND i

? Semi-insulating GaAs §
Fig. 1.2 Cross-sectional view of the GaAs/Al, ,Ga;sAs RTD structure

If the total energy and momentum of the electrons in the plane of the heterojunctions in Fig 1.2 are

observed, the energy band diagram of the generic double-barrier structure with quasibound-state

energy is obtained, shown as below:



Barriers
/ N\

Barrier width — —

Well Barrier height
GaAs AlGaAs . . |AlGaAs GaAs
—{Well width =—

Fig. 1.3 Band diagram of a generic double-barrier structure with quasibound-state energy

There are five physical parameters that can be varied in an RTD: 1) the barrier height, 2) the well

depth, 3) the symmetry of the structure, 4) the quantum well width, 5) the barrier width.

1.4 Equivalent Circuit of RTD

The equivalent circuit of the double barrier resonant tunneling diode used for analysis is shown in

Figure 1.4 The intrinsic RTD consists of a variable conductance g(v) in parallel with a variable

capacitance c(v), followed by a constant series resistor Rs.

Rs

c(v) }7

o—

2 v

Fig. 1.4 Equivalent circuit of RTD

1.5 Characteristics of RTD

1.5.1 Characteristic I-V Curve of RTD




The typical characteristic DC I-V curve of an RTD is shown in Fig. 1.5. The current initially
increases monotonically with the DC bias voltage. The peak current I, occurs when the energy of
most of the incident electrons is in resonance with the energy levels in the well. The current then
drops after the resonance is passed till it reaches the valley current I,. A negative differential
resistance (NDR) region is therefore displayed. After the valley point, the current is increasing
again. The corresponding voltage of the peak (valley) current of this [-V curve is V, (Vy). The

negative part is almost in odd symmetry with the positive part.

i) (ma)
10
s| /

Vp W

Ip

10 1 1 i
- 05 0 0.5 1

vv)
Fig. 1.5 A typical RTD I-V curve

1.5.2 C-V Curve of RTD

The typical C-V curve of the variable capacitance is shown in Fig. 1.6. For the positive part, the
capacitance decreases with increased bias at low voltages, followed by a well-defined peak structure

and finally declines. The negative part is almost in even symmetry with the positive part.
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Fig. 1.6 A typical RTD C-V curve

1.5.3 Other Important Characteristic of RTD

An RTD produces a high cutoff frequency due to its low capacitance resulting from the added
adjacent region. [t has been verified that an RTD can operate very well even at high-

frequencies from 30 GHz up to several THz [4].




2 MATHEMATICAL MODEL OF RTD

In order to make it easier to predict the performance of RTD circuits, one need to provide theoretical
analysis of the RTD circuits to reveal the relationship between the output results and the input
parameters. Among all the parameters that control the performance of the RTD circuits, the RTD
I-V and C-V curves play a main role in the analysis, thus mathematical models of RTD I-V and

C-V curves need to be developed.

2.1 1-V Curve and Conductance Curve of RTD

To make the theoretical analysis analytically tractable, the I-V curve of an RTD can be mathe-
matically represented as an antisymmetric curve, which consists of two exponential curves and two

Gaussian curves:

@-1)
l.(v)=k3~(ek°'v_e—k°'v)+k1 'lie ( k2) e ( kz)]

where X, controls the peak current point (Vy, Ip) position of RTD I-V curve.
k, controls the slope of RTD I-V curve.
k, controls the peak current value I, of RTD I-V curve.
k, controls the valley current point (Vy, Iy) position of RTD I-V curve.

k, is simply a unit transfer constant.

The physical meanings of x,, k, k;, k, and k; will be explained more in the next section. The Figure

below shows the plot of Eqn. (2-1).
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Fig. 2.1 Mathematical model of RTD I-V curve

I, (Iy) is the peak (valley) current, V, (V) is its corresponding voltage. Some other parameters of
RTDI-V curve are: (1) positive region conductance G, (2) negative differential region conductance

Gp, and (3) peak-to-valley current ratio R,, which are defined as:

I (2-2)
Gp=—
Ve
G _ Ip - IV (2-3)
b VV - Vp
I - (2-4)
R ==
Iy

Given a peak voltage V,, with G;, Gp, and R;, all the extreme points in an RTD I-V curve are

determined.

The conductance of an RTD can be obtained from the derivative of i(v):
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gg(v) =ko'k3'(ek°'v+e—k°'v) (2-5)
(v—xl)z (”_'1]2

2%k, [ ) )
kb [v-x)-e * -(v+x)e °

As shown below, the conductance curve of the RTD is even symmetrical.

99(v) (mS)
20

b V

-10 1 1 1
-1 0.5 0 05 1

v(V)
x,=0.38315, k =2.11303, k =0.00102, k=0.0056, Kk =0.001

Fig. 2.2 Mathematical conductance curve of RTD

2.2 Physical Meanings of x,, kg, k;, k, and k,

In order to know the physical meanings of x,, ky, k; and k, (or the relationship between the four
parameters (k,=constant) and the other four parameters Vy, Gy, Gp, and R)), one of the four parameters

(X, ko, k; and k;) will be changed, while the other parameters remain at the same values.
1) X, parameter

From the I-V curves plotted below, one can tell that x, controls the position of the peak
current point (Vp, Ip). When X, is increased, V; and I, are increased and the NDR region

is simply shifted, Gy, Gp, and R; are all decreased.
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Fig. 2.3 RTD I-V curves with varying x, (ko, k; and k, remain fixed)

2) k, parameter

From the I-V curves plotted below, one can tell that k, controls the slope of the RTD I-V

curve, when k; is increased, Gy increases, but Vp, Gp and R, all decrease.

i(v) (mA)

of s
2t //\

0 =
s
NS/ .
-1

-0.5 0 05
viv)
kO=1.2 kO=1.6 k0=2.0 k0-2.4 k0=2.8

Fig. 24 RTD I-V curves with varying k, (x,, k,; and k, remain fixed)

)
n

H

-y

3) k, parameter

From the I-V curves plotted below, one can tell that k; controls the peak current value I,.
When k, is increased, Vp, Vy and I, remain unchanged, meanwhile G, G and R, are all

increased.
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Fig. 2.5 RTD I-V curves with varying k, (x,, k, and k, remain fixed)

k, parameter

From the I-V curves plotted below, one can tell that k, controls the position of the valley
current point (Vy, Iy). When k; is increased, the peak current point (Vp, I;) stays in the
same position, while the valley current point shifts along the original I-V curve. G, will

stay the same value, G, and I; decrease.

i{v) (mA)

4—

2_

0

1 1 1

-1 0.5 0 05 1
v(v)
k2=0.002 k2=0.006 k2=0.02 k2=0.04

Fig. 2.6 RTD I-V curves with k, being changed (x,, k, and k; remain fixed)
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2.3 C-V Curve of RTD

Again, to simplify the theoretical analysis, the C-V curve of the RTD can be mathematically rep-

resented as an even symmetric curve, which is the overlapping of a parabola curve and two Gaussian

curves:
v-v 2 v P (2-6)
c(v)=Cy-(1=¢-v)+AC [ -(ATf)m(z) —(—A‘,f—)41n(2):|
e +e
AC =C1-C(1-6¢-V2) 2-7)

where C, is the capacitance value at zero bias voltage.
Cl1 is the peak capacitance value.
V, is the bias voltage at which the capacitance is C1.
¢ is the build in voltage potential (= 0.7).
AV is the voltage difference between the two voltages at which the Gaussian curve and

the parabola curve intersect.
The figure below shows the plot of Eqn. (2-6) and (2-7), for a typical RTD.

o{v) (PF)
0.14

0.12

01

0.08
0.06
0.04
L L L
0'02-1 0.5 0 05 1
viv)

@e0.7, Gge0.0959pF, C1=0.12435pF, Vp=0.36V, AV=0.08

Fig. 2.7 Mathematical model of RTD C-V curve
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3 THEORETICAL ANALYSIS OF RTD MIXER AND MULTIPLIER

A mixer is a critical component in modern RF systems. Since it is usually the first or second device
from the RF input, the 'pcrformancc of the mixer is crucial to the overall operation of the system.
A mixer is a three port device through which a power at one frequency is converted into the power
at another frequency. The port through which the input signal enters the mixer is called the input
port, the port through which the local oscillator signal enters the mixer is called the LO port, and
the port through which all the output products exit the mixer is called the output port. The input
and LO signals are mixed by means of nonlinearities and switching to produce a group of signals
having frequencies equal to the sums and differences of the harmonics of the input and LO signals,
after passing through a filter, the output products are obtained. Also a DC bias is often used for
starved LO operation. The power efficiency of a mixer is a measure of how efficiently frequency

conversion occurs.

A multiplier can be used in many applications, such as phase locked loop, digital circuits, etc. A
multiplier is a two port nonlinear harmonic generator, which converts the input signal at certain
frequency into its harmonics. The output products at the output port are obtained by passing the
input signal through a nonlinear device (diode), and then through a filter. A DC bias is often used
for the multiplier to work at a certain point on the I-V curve. The power efficiency of a multiplier

is a measure of how efficiently harmonics are generated.

The mathematical models for an RTD (I-V curve, C-V curve) have been obtained in chapter 2, one
needs to derive a method to calculate the efficiency of an RTD mixer and multiplier according to
the nonlinearity of the RTD. From the conductance-voltage curve (Fig. 2.2) and the C-V curve
(Fig. 2.7) model of the RTD, one can compare the admittance of the variable conductance and the

variable capacitance at microwave frequency (0.3-30GHz), shown as below:
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20

15
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Variable conductance Variable susceptance (f=0.3GHz)

Variable susceptance (f=14GHz) Variable susceptance (f=30GHz)
Fig. 3.1 Admittance of the variable conductance and capacitance of the RTD

It is shown that even at the highest microwave frequency (30GHz), the susceptance of the variable
capacitance is trivial compared to the conductance of the variable conductance of the RTD.
Therefore at microwave frequency, the effect of the variable capacitance inside an RTD can be

ignored, and only the characteristic I-V curve of an RTD will be considered in the analysis.

3.1 RTD Mixer

3.1.1 RTD Mixer Configuration

To obtain the efficiency of an RTD mixer, the mixer topology needs to be specified. The RTD
mixer configuration most commonly used is the Z mixer, shown as Fig. 3.2. Vb is the DC bias
voltage, and R and Ry are the source and load impedances, respectively. Vg is the voltage source.
" The three band pass filters BPF_IF, BPF_RF, BPF_LO are frequency selective networks, whose
impedances are zero at fr, fgg, f; o, respectively, and infinite at all other frequencies. Thus the only
voltages which can exist across the diode are the DC bias voltage Vb, V| at the LO pump frequency

fi o, Vi at the IF frequency fi, and Vi at the RF frequency fgg.
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Fig. 3.2 C—onﬁguration of the RTD Z mixer showing the IF, RF, and LO ports
Another equivalent mixer configuration is the Y mixer, shown as Fig. 3.3. Gy and Gg are the
source and load conductances, respectively, and Ig is the current source. The three stop band filters
SBF_IF, SBF_RF, SBF_LO are frequency selective networks, whose admittances are zero at fr,
fre fLo, TESpectively, and infinite at all other frequencies. Thus the only voltages that can exist

across the diode are V,, at the pump frequency f,,, V at the IF frequency f, and Vg at the RF

frequency fg.
_T_
lLO@ GLO$ Vio SBF_LO
i | pe
ig @ G § \,:l..= SBFIF  RDY —=w |:E"SBF_RF V’L G.:%
L

Fig. 3.3 Configuration of the RTD Y mixer showing the RF, IF, and LO ports
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3.1.2 RTD Mixer Efficiency

The efficiency of a down-converter mixer is the ratio of the load power at the RF port to the power
available from the IF source. From the configuration of the RTD mixer, one should be able to
calculate the efficiency of the RTD mixer. The procedure used to obtain an expression for the
efficiency of an RTD mixer follows the commonly used method of treating the nonlinear con-
ductance as a DC biased linear time-varying element [29]. Here, the RTD Y mixer configuration
is chosen for the analysis. When a local oscillator voltage v, =V, cos Wt and a bias voltage
Vb are applied to RTD, the periodically varying device conductance (Eqn. (2-5)) can be expressed

as a Fourier series:

g(®)=gg(Vb +V,, -cos8) (3-1)

_ k,-(Vb+V,,  cosB) —*,-(Vb+V,,-cosB)
gl [ 0t

(Vb Vo cose—xl)2

2kl - k2
—Tz_ [(Vb+V,,-cos0—x,) e

(Vb o cos6+xl)2

—-(Vb+V,, -cos0+x,)-e K ]

=G,+2G,-cos0+2G,-cos20+ -

Where
0=yt (3-2)

[ (e L[ (3-3)
G0=£Ltg(9)d9=EJ; 2(0)do
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1
2

(3-4)

G, = g(e) c0os0d0 =— f g(0) - cos0do

G, and higher order terms are neglected, as they produce signals at frequencies other than the

frequencies fi: and fgg, and the higher order mixing products are assumed to be short-circuited.

With the conductance coefficients given above, the conversion matrix relating the RF and IF phasor

voltages and currents can be formulated.

Let the conductance wave-form be expressed as:

o i) 3-5
qt)= % G, PR (3-5)

The voltage across the diode consists of intermodulation products of Wy and ®,,:

v(t) = Syt (3-6)

n=-—oo

Similarly the current through the diode can be expressed as:

> (@ +1 -0, ) 3'7)
i(ty= T I, (

The resulting time domain equation is therefore:

it)y=g@)-v(t) (3-8)

We denote the subscript n by the frequency w, = Wy +n - Wyp:
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(3-9)
n=-1--> 0;-w,: image freq.
n=0 --> ;" IF freq.
n=1 -> W;+®,:=0: RFfreq.

n=2 -> w;+2w,: IFfreq.

Thus

(11] [IRF VY (Ve (3-10)
= and =

1, I Vo Vie

The frequency domain response of Eqn. (3-8) is written:

I1=G-V (3-11)

Wherel ={I,}, V ={V,}, and G is an oo X oo Hermitan matrix:

v o s s s s T -] (3-12)
1;2 G, G, G, G; G, Vo

RF |14 G G G G, G Va

IF |I,|=|: G, G, G, G, G, :|-|V,

Image| 1, G, G, G, G, G, Va
L, G, G, G, G, G, Va

Because the effect of the capacitance is neglected in this thesis, the conductance is real, and the RF

and IF currents can be obtained:
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[IRF} [GO Gj [vﬂ (3-13)
I'ip G G Vie
The y parameter matrix can be expressed as a function of the G parameters.
[)’11 )’1j _‘:Go G;] (3-14)
Ya Y2 G G

The efficiency of an RTD mixer can be calculated from its G parameter matrix, along with the IF

and RF load conductances:

N load power at fp | (3-15)
~ power available from IF source at f;

M

2

1
EGRF'lkalz 2
= = =4G ;- Gor -1 Zgp

V%F
=T v . =4Gr G-
(126

8

Where Zy , is the ratio of the RF load voltage to the IF source current, that is, the transfer impedance

between the input and output ports with the output port open circuited.

From Eqn. (3-14), one can tell that the power efficiency of the RTD mixer is proportional to the
square of the source-to-load transfer impedance Zy-,. We need to determine an expression for
Zgr., as a function of the known variables (G,, G,). FromtheRTD'Y mixer configuration, it’s easy
to visualize that Fig. 3.3 is actually a two port network consisting of three cascaded two port net-
works: source two port network EFGH, RTD two port network IJKL and load two port network
MNOP. Knowing the source and load conductances (G, Ggg) and the G parameter matrix of the
RTD, the expression for Z , is not difficult to obtain. The RTD Y mixer configuration is redrawn

below:
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Fig. 3.4 Re-draw of Fig. 3.3 as three cascade two port networks
By incorporating the IF source conductance Gy and the RF load conductance Ggg with the RTD

two port network, one can evaluate the overall ABCD matrix by multiplying the individual ABCD

matrices.

_n 2
o _ . -—

+ A B +
V1 v2
. Cc D .
—_ _ o

Fig. 3.5 A basic two port network

Shown as Fig. 3.5, from the definition of the ABCD parameters:

V,=A-V,-B -1, (3-16)

I,=C-V,-D I,

The two port network ABCD parameters for a shunt conductance G are:

[A B]_[l 0] (3-17)
C Dl [G 1

and the ABCD parameters for the RTD two port network IJKL can be obtained from the

transformation of the Y parameters shown in Eqn. (3-14):
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Yo -l —Gy -1 (3-18)

(A B)z Y2 ; _ G, G,
C D) |-yl -yu| |-G;-G) —G,

Y21 Y21 G, G,
Where

Yl = Y11 Y= Y2 Yz

Thus for the whole cascaded two port network, we can write:

G, - (3-20)
(A B) (1 o G G| (1 0
C D) \Gr 1) |GI-G? -G,| \Gp 1
G, G,
_Go - GRF _——1
G, G,
—Go- (Gip+Gre) ~Gip - Gpe —Go+G}  —Go—Gyp
G, G,

The resulting Y parameters of the whole cascaded two port network is:

D A-D-B-C (3-21)
Yu Y| | B B _[Got Gy G,
Ya Iz -1 é_ G, Go+ Gy
B

|

The transformation from Y parameters to Z parameters results in:
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. Ya _ G, (3-22)
87 (Go+Gir) (Go+Gpre) - G?

Zpp o=

Now the efficiency of the mixer can be determined from Eqn. (3-15) and Eqn. (3-22).

G, 2 (3-23)
(Go+Gip) (Go+ Gye) - G

n=4GlF’GRF '|ZRF,g|2=4G”:*°GRF :

Among these four parameters (G, Ggg, Go, and G,), the source and load conductances are assumed
to match the frequency selective networks in the analysis, that is, both G and Ggg are 0.025. G,
and G, depend on Vb, V4 and the nonlinearity of the RTD I-V curve. Inreality V,, is replaced
by the LO power P :

P, =LO input Vio f'p - Vio W) o
= mput power = | —= =—
Lo putp N2 )P TR,

2 2

Vio Vio
=101 . dBm) =30+101 dB
og(lOOO R ]( m) og(ZR )( m)

LO LO

Therefore, Vb, Py, and the nonlinearity of the RTD I-V curve determine the power efficiency of

the RTD mixer.

Letting the bias voltage Vb vary from -1 to 1V, P ,=-19dBm, using Eqn. (3-23), the theoretical
calculated power efficiency of the RTD mixer versus bias voltage Vb is shown below, with the

overlaid I-V curve.
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Fig. 3.6 Theoretical RTD mixer power efficiency versus bias voltage
The plot above shows that two peaks in the power efficiency of the RTD mixer occur at the peak
and valley voltages (V,, Vy), with the one occurring at V, much higher than the other. Also, a
minor peak in the power efficiency occurs before the NDR region, due to the small flexure in the

RTD I-V curve model.

3.1.3 Theoretical Efficiency As A Function of the RTD Mixer Parameters

In the last section, the conclusion was drawn that Vb, P,, and the nonlinearity of the RTD I-V
curve determine the power efficiency of the RTD mixer, we can observe how these parameters
affect the power efficiency of the RTD mixer. This will provide us with insight into how to

optimize the RTD structure to maximize the efficiency of a mixer.

3.1.3.1 The effect of the nonlinearity of the RTD I-V curve

Since the physical meaﬁing of x,, k, k,, k, and k, (k, is a constant) are known, one can change one
of the four parameters (x,=0.383135, k,=2.11303, k,=0.00102, k,=0.0056) at one time and observe

the power efficiency of the RTD mixer.
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A)

B)

X, parameter

From the efficiency (versus Vb) curves and the referential RTD I-V curves plotted below,
one can tell that since x, controls the position of the peak current point (Vp,I;). When x, is
increased, V; and I;, are increased, G;, Gp, and R; are all decreased, and the power efficiency

of the RTD mixer decreases.

efficiency (%) i (Vb) (mA)
25 10
20| \

16

.
‘/

10 f
5
0 /\lA_[
- 0
Vb (V)

x1=1.2 x1=20 x1=2.8

Fig. 3.7 Power efficiency of the RTD mixer with varying x, (P o=-19dBm)

k, parameter

From the efficiency (versus Vb) curves and the referential RTD I-V curves plotted below,
one can tell that k, controls the slope of the RTD I-V curve. When k, is increased, G

increases, but Vp, G, and R; all decrease, and the power efficiency of the RTD mixer decreases.
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efficiency (%) i (Vb) (mA)
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Fig. 3.8 Power efficiency of the RTD mixer with varying k, (P,,=-19dBm)

C) Kk, parameter

From the efficiency (versus Vb) curves and the referential RTD I-V curves plotted below,
one can tell that k, controls the peak current value I, When k, is increased, V;, Vy and Iy
remain unchanged, meanwhile G, G, and R; are all increased, and the power efficiency of

the RTD mixer increases.

sfficiency (%) i (Vb) (mA)
30 4
25+ /E\iv/
42
20 =
15 | 0
0 ;‘
{-2
5 —
af
\
0 = -4

05 1
Vb (V) :
k1=0.0006  k1=0.0009  k1=0.0012

Fig. 3.9 Power efficiency of the RTD mixer with varying k; (P ,=-19dBm)

D) k, parameter
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From the efficiency (versus Vb) curves and the referential RTD I-V curves plotted below,
one can tell that one can tell that k, controls the position of the valley current point (V, Iy).
When k, is increased, the peak current point (Vp, Ip) stays in the same position, while the
valley current point drifts along the original I-V curve. Gp will stay the same value, Gy, and

I decrease, and the power efficiency of the RTD mixer decreases.

efficiency (%) i (Vb) (mA)
40 4
as |

30 q12
25 -
20

15+

10 |

5+

0-1 -0.5 0 0.5 1

Vb (V)
k2=0.004 k2=0.006 k2=0.008

Fig. 3.10 Power efficiency of the RTD mixer with varying k, (P o=-19dBm)
From the four plots above, one can draw the conclusion that the power efficiency of the RTD mixer

is an increasing function of Gy and Ii.

3.1.3.2 The effect of varying the bias voltage Vb and the LO power P,

A) Efficiency of the RTD mixer versus P, with different Vb values

Varying P, from -30 to 0 dBm, while Vb=0.35, 0.4 and 0.5V respectively, the efficiency

plot of the RTD mixer is shown below:
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Fig. 3.11 Power efficiency of the RTD mixer versus P, when Vb=0.35, 0.4 and 0.5V

The plot above shows that 1) the power efficiency of the RTD mixer increases until the
optimum LO drive level is reached, and then decreases, as the mixer compresses at high LO
drive levels; 2) For a different RTD DC bias voltage, the optimum LO drive level varies, as

does the overall power efficiency of the RTD mixer.
B) Efficiency of the RTD mixer versus Vb with different P, , values

Varying Vb from -1 to 1V, while P,;=-20.5, -15.9 and -11.9dBm respectively, the power

efficiency of the RTD mixer is shown below:

efficiency (%) i (Vb) (mA)
25

2r i i ]
’ i 2
15 F |
] 0
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1-2
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-~ -4
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-1 0 1
Vb (V)
RTD |-V referential curve Plo=-20.5dBm
Plo=-15.9dBm Plo=-11.9dBm

Fig. 3.12 Power efficiency of the RTD mixer versus Vb when P;=-20.5, -15.9 and -11.9dBm
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The plot above shows that 1) two peaks in the power efficiency of the RTD mixer occur at
the peak and valley voltages (V;, Vy), with the one occurring at V, much higher than the
other. Also, a miror peak in the power efficiency occurs before the NDR region, due to the
small flexure in the RTD I-V curve model; 2) For a different P, ,, the overall power efficiency

of the RTD mixer changes, too.

3.2 RTD Multiplier

3.2.1 RTD Muttiplier Configuration

To obtain the efficiency of an RTD multiplier, the multiplier topology needs to be specified. The
configuration of the multiplier is shown in Fig. 3.13. Vb is the DC bias voltage, and R and Rgg
are the source and load impedances, respectively. Vg is the voltage source. The two band pass
filters BPF_IF, BPF_RF are frequency selective networks, whose impedances are zero at fr, fyg,
respectively, and infinite at all other frequencies. Thus the only voltages which can exist across

the diode are the DC bias voltage Vb, V. at the IF frequency f, and Vg; at the RF frequency fie.

BPF_IF BPF_RF
i1 | I | ‘ l | i2
| , +
R va M RTD  —— b Rapé
Vg

Fig. 3.13 Configuration of the RTD multiplier showing the IF and RF ports
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3.2.2 RTD Muitiplier Efficiency

The efficiency of a multiplier is the ratio of the load power at the RF port to the power available

from the IF source. As illustrated in Fig. 3.13, assuming the corresponding ac voltage at the RTD

is Va when the voltage source Vg is applied at the IF port. When the RTD is biased at a bias voltage

Vb, the current of the RTD can be expressed as a Fourier series:

lprp(0) =i(Vb +Va - cos 8)

"'k ky- (Vb +Va - cos8) ~*ky- (Vb +Va - cos9)
= 3' e —e

2
(ve+va: cosﬂ-xl)z (vo+Va-coster))
+ kl ° [ k k
e .

2 —e 2

=iy+1i;-cosO+i, - cos20+ -

Where

0=w,- ¢

A O 1 (=,

Iy = ZtL: lprp(0)d0 = T_tJ; Iorp(0)d0
1 a1 2 n

== iRTD(O)-cosed():—f igrp(0) - cos8d6
TE.J_»;; T 0

D 2 (",

12=1_t.4 z,m,(())-cos(29)d9=;f0 iprp(0) - cos(28)d0
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iy is the DC current of RTD, i, and i, are the first and second current harmonics of RTD, respectively,
i; and higher order terms are neglected, as they produce signals at frequencies other than the

frequencies f and fgg, and the higher order harmonic products are assumed to be open-circuited.

The relationship between Va and Vg can be expressed as
Va=Vg—i,-Ry (3-30)

To make the analysis analytically tractable, Va is assumed to be constant versus Vb, which means
that Vg will no longer be a constant any more. However, this assumption won’tchange the analytical
power efficiency of the RTD multiplier which is the power ratio between the RF and IF ports, as
Va is only an intermediate variable. With the current coefficients (i, i,) given above, the input

and output power can be formulated.

2R 3-31)

I - Kpp

2

1 T
P, =load power at f, = Tf [i, - cos(2wyt))* - Rpedt =
0

P, =power available from IF source at f;r (3-32)

1V} o _ (o RitVa)
242) " 8Rp

Thus the expression for the power efficiency of the RTD multiplier is obtained:

Poyr i -Rep R (3-33)
"~ P (i -Rp+Va)

Among these five parameters (R, Ry, i), 1, and Va), the source and load impedances are assumed
to match the frequency selective networks in the analysis, that is, both R and Rgg are 50ohm. 1,

and i, depend on Vb, Va and the nonlinearity of the RTD I-V curve. Since Vais just an intermediate
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variable, one would be more interested in its activating voltage - the IF input voltage source Vg or
the IF input power Ppy.  From Eqn. (3-30) one can tell that Va can be replaced by Vg or Py (here
Py is chosen). Therefore, Vb, Py and the nonlinearity of the RTD I-V curve determine the power

efficiency of the RTD multiplier.

Letting the bias voltage Vb vary from -1 to 1V, Va=0.075V, using equation (3-33), the theoretical
calculated power efficiency of the RTD multiplier versus bias voltage Vb is shown below, with the

overlaid I-V curve:

efficiency (%) i (Vb) (mA)
20 10

y

10+ // 15
v’//

0 =7 0

s

—

q0F 7 1-5
e

_ 1 L 1 -10
20-1 0.5 0 05 1
Vb (V)
RTD I-V referential curve

x,=0.38315, k=2.11303, k=0.00102, k=0.0056, k=0.001

Fig. 3.14 Theoretical RTD multiplier power efficiency versus bias voltage
The plot above shows that two peaks in the power efficiency of the RTD multiplier occur at the
peak and valley voltages (Vp, Vy), with the one occurring at Vp, much higher than the other. Also,
a minor peak in the power efficiency occurs before the NDR region, due to the small flexure in the

RTD I-V curve model.
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3.2.3 Theoretical Efficiency As A Function of RTD Multiplier Parameters

In the last section, the conclusion was drawn that Vb, Py, and the nonlinearity of RTD I-V curve
determine the power efficiency of the RTD multiplier, we can now observe how these parameters

affect the power efficiency of the RTD multiplier.

3.2.3.1 The effect of the nonlinearity of the RTD I-V curve

Since the physical meaning of x,, kg, k;, k, and k; (k; is a constant) are known, one can change one
of the four parameters (x,=0.38315, k,;=2.11303, kl$0.00102, k,=0.0056) at a time and observe the
power efficiency of the RTD multiplier.

A) x, parameter

From the efficiency (versus Vb) curves and the referential RTD I-V curves plotted below,
one can tell that since x, controls the position of the peak current point (Vp,Ip). When x, is
increased, V, and I, are increased, Gp, Gp, and R; are all decreased, and the power efficiency
of the RTD multiplier decreases.

afficiency (%) i (Vb) (mA)
14 10

12

10

, e N o [+ ] -]

x1=0.2 x1=06 x1=04

Fig. 3.15 Power efficiency of the RTD multiplier with varying x, (Va=0.075V)
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B)

®)

k, parameter

From the efficiency (versus Vb) curves and the referential RTD I-V curves plotted below,
one can tell that k, controls the slope of the RTD I-V curve. When k, is increased, Gp

increases, but V,, Gy, and R; all decrease, and the power efficiency of the RTD multiplier

decreases.

 efficiency (%) i (Vb) (mA)
10
156 - I‘
| e
415
I o
10 —
0
TN
" /’A'ﬁ
5 -
// ] ‘5
e
0 1 L -10
-1 0.5 : 1

Vb (V)
k0=12 k0=2.0 k0=2.8

Fig. 3.16 Power efficiency of the RTD multiplier with varying k, (Va=0.075V)

k, parameter

From the efficiency (versus Vb) curves and the referential RTD I-V curves plotted below,
one can tell that k, controls the peak current value I,. When k is increased, Vp, Vy and I
remain unchanged, meanwhile Gp, Gy, and R; are all increased, and the power efficiency of

the RTD multiplier increases.
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efficiency (%) i (Vb) (mA)
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15+ J
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0 L 1 A}

-1 0.5 0
Vb (V)

k1=0.0006  k1=0.0009  k1=0.0012
Fig. 3.17 Power efficiency of the RTD multiplier with varying k, (Va=0.075V)

D) k, parameter

From the efficiency (versus Vb) curves and the referential RTD I-V curves plotted below,
one can tell that one can tell that k, controls the position of the valley current point (Vy, Iy).
When k, is increased, the peak current point (Vp, Ip) stays in the same position, while the
valley current point drifts along the original I-V curve. G, will stay the same value, G and

Iy decrease, and the power efficiency of the RTD multiplier decreases.

efficiency (%) i (Vb) (mA)
4

20_

15

10 -

05 1

Vb (V)
k2=0.002 k2=0.005 k2=0.01

Fig. 3.18 Power efficiency of the RTD multiplier with varying k, (Va=0.075V)
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From the four plots above, one can draw the conclusion that the power efficiency of the RTD

multiplier is an increasing function of Gy, and I;.

3.2.3.2 The effect of varying the bias voltage Vb and the IF input power

A)  Efficiency of the RTD multiplier versus Py, with different Vb values

To get the relationship between the power efficiency of the RTD multiplier and Py, the
intermediate parameter Va will be functioned as a bridge. Varying Va from 0.01 to 0.15V,
two data sets (the power efficiency of the RTD multiplier and Py,) are obtained, leaving Py
in the x-axis and the power efficiency of the RTD multiplier in the y-axis, while Vb=0.3, 0.4
and 0.5 respectively, the plot is shown below:

efficiency (%)
12

10

3 3 25 20 -15 -0 -5 0
Pin(dBm)

Vb=0.3V  Vb=0.4V  Vb=0.5V
Fig. 3.19 Power efficiency of the RTD multiplier versus Py when Vb=0.3, 0.4 and 0.5V

The plot above shows that 1) the power efficiency of the RTD multiplier increases until the
optimum Py level is reached, and then decreases as the multiplier compresses at high Py,
levels, 2) For a different RTD DC bias voltage, the optimum Py level varies, as does the

overall power efficiency of the RTD multiplier.
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B)

Efficiency of the RTD multiplier versus Vb with different Py values

To obtain the relationship between the power efficiency of the RTD multiplier and Vb (with
different Py, values), the intermediate parameter Va will be used as a bridge. First of all, one
needs to find the relationship between Py and Va. Using Eqn. (3-30) and (3-32), plot of Vg

and the input power Py, versus Va is shown below:

Pin (Va) (dBm) Vg (va) (V)
-5 0.2
-10 -
45k 40.15
_20 -
401

.25 -
0 r {008
-35 -
_40 - i 1 1 1 ] L 1 0

0 0.02 004 006 008 01 012 014 0.16

Va(V)
Vg Pin

Fig. 3.20 Vg and the input power Py versus Va (Vb=0.4V)
The plot above shows that both Vg and Py are increasing functions of Va. Therefore to
obtain the power efficiency of the RTD multiplier versus Vb with different Py values, one
needs only to determine the power efficiency of the RTD multiplier versus Vb with different

Va values.

Varying Vb from -1 to 1V, while Va=0.04, 0.075 and 0.1V respectively, the following plot
shows the power efficiency of the RTD multiplier versus Vb with different Pp values and a

overlaid I-V curve:
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e ——— e

Vb (V)
Va=0.04V Va=0.075V Va=0.1V RTD referential curve

Fig. 3.21 Power efficiency of the RTD multiplier and the input power Py, versus Vb when
Va=(0.04, 0.075 and 0.1V

The plot above shows that 1) two peaks in the power efficiency of the RTD multiplier occur
at the peak and valley voltages (Vp, Vy), with the one occurring at Vp much higher than the
other. Also, a minor peak in the power efficiency occurs before the NDR region, due to the
small flexure in the RTD I-V curve model; 2) For a different Py, the overall power efficiency

of the RTD multiplier changes, too.
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4 DESIGN OF RTD MIXER AND MULTIPLIER

In chapter 3, the theoretical calculations about the performance of RTD mixer and multiplier assume
that the source and load impedances are matched and that optimum reactive loads at all idler fre-
quencies arerealized. Inreality the circuits were made using microstrip transmission lines, therefore
a number of parameters need to be considered, such as impedance matching, dielectric constant of
the substrate, attenuation of the microstrip line, etc. To account for these parameters, a powerful

microwave simulation package ACADEMY is required to aid the circuit design.

4.1 RTD Mixer

The simple sketch of the RTD mixer is shown in Fig. 4.1. A, B and C are matching transmission
lines between the RTD and the three filters. Instead of a bandpass filter (BPF), a lowpass filter
(LPF) is chosen to be the IF port frequency selective network for two reasons: 1) the size of a LPF
is much smaller than that of a BPF with the same stop frequency, 2) most of the BPFs tend to have
a spurious pass-band at their second harmonic, while for the LPFs the pass-band occurs at their
fourth harmonic. The IF input frequency is 3GHz, LO frequency 11GHz, and RF output frequency
14GHz.

LPF_IF BPF_RF

RPN e
I )

A
Re RTD%
Vg =
" Fig. 4.1 Simple sketch of the RTD mixer
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4.1.1 Principles of IF LPF Design for the RTD Mixer

Considering the frequency existing in each port, the IF LPF for the mixer should be able to let the
signals with frequencies around 3GHz or less pass through, and filter out the signals with frequencies
around 11GHz or higher. Thus the pass-band edge frequency f1 is chosen to be 6GHz, and the
stop-band frequency f’ is chosen to be 11 GHz.

According to the requirement of the pass-band attenuation and the stop-band attenuation, one can

find the minimum number of reactive elements n in the filter [30].

(4-1)

where

LAl The maximum dB attenuation in the pass band.
O et eeeens The equal-ripple pass band edge frequency.

O it A frequency in the stop band.

| - | OO The dB attenuation corresponding to @’

Let Lar=0.01dB, wl = 2nfl = 12a(Grad/s), L’ar=55dB and o’ = 2xf” = 22n(Grad/s), one can get

n=8.2819. To get a symmetrical structure, n needs to be odd, so n=9 is chosen for the LPF.

Given two different characteristic impedances (Z,=770hm, Z=270hm) for the transmission lines
of the LPF, through the procedure described in the filter design handbooks [31, 32, 33], the electrical
length of each transmission line of the IF LPF can be obtained. The in-band and wide band

attenuation plots are shown below:
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Fig. 4.2 Theoretical result of inband LPF of  Fig. 4.3 Theoretical result of wide band LPF
the mixer of the mixer

4.1.2 Principles of RF BPF Design for the RTD Mixer

Considering the frequency existing in each port, the RF BPF for the mixer should be able to let the
signals with frequencies around 14GHz pass through, and it’s attenuation should be high at fre-
quencies round 11GHz and 3 GHz. Thus the pass-band center frequency f0 is chosen to be 14GHz,
the equal edge-ripple pass band edge frequencies are chosen to be f1=13.3GHz and f2=14.7GHz,
so that the fractional bandwidth w=(f,-f,)/f,=0.1, and the stop-band frequency f’ is chosen to be 9
GHz.

According to the requirement of the pass-band attenuation and the stop-band attenuation, one can

find the minimum number of reactive elements n in the filter.

4-2)

where
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W0 e Pass band center frequency.

Lar......oiiiiee The maximum dB attenuation in the pass band.
W1, 02 i, The equal-ripple pass band edge frequencies.
W et A frequency in the stop band.

L’ar ..o The dB attenuation corresponding to @’

Let Lar=0.01dB, wl=2nfl =2r13.3 =26.6n(Grad/s), w2 =2nf2 =2r14.7 =29.4%(G rad/s),

L’ar=55dB and 0’ =2xnf” =2n9 = 18n%(G rad/s), one can get n=3.7906. Since the structure of a

bandpass filter is always symmetrical, n=4 is chosen for the RF BPF of the mixer.

With a 50ohm characteristic impedance transmission line terminating at each end of the RF BPF,
through the procedure described in the filter design handbooks [31, 32, 33], the even-and odd-mode
impedance of each transmission line of the RF BPF can be obtained. The in-band and wide band

attenuation plots are shown below:

La (dB) La (d8)

o

0.008 (

0.006

0.004

0.002

0 13'.4 131.6 1al.a 1'4 141.2 14‘.4 146 ° s ‘l° 15 2:’ 25 %0
t (GHz) 1 (GHz)
Fig. 4.4 Theoretical result of inband RF BPF  Fig. 4.5 Theoretical result of wide band RF
of the mixer BPF of the mixer

4.1.3 Principles of LO BPF Design for the RTD Mixer

Considering the frequency existing in each port, the LO BPF for the mixer should be able to let the
signals with frequencies around 11GHz pass through, and it’s attenuation should be high at fre-

quencies round 14GHz and 3 GHz. Thus the pass-band center frequency f0 is chosen to be 11GHz,
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the equal edge-ripple pass band edge frequencies are chosen to be f1=10.45GHz and f2=11.55GHz,
so that the fractional bandwidth w=(f,-f,)/f,=0.1, and the stop-band frequency f is chosen to be 14
GHz.

According to the requirement of the pass-band attenuation and the stop-band attenuation, one can

find the minimum number of reactive elements n in the filter through Eqn. (4-2).

Let Lar=0.1dB, wl =2nf] =2r10.45=20.9n(Grad/s), w2 =2nf2 =2n11.55 =23.1n(Grad/s),

L’ar=55dB and ’ =2nf’ = 2n14 = 28n(Grad/s), one can get n=3.7399. Since the structure of a

bandpass filter is always symmetrical, n=4 is chosen for the LO BPF of the mixer.

Through the same procedure as described in section 4.1.2, the even-and odd-mode impedance of

each transmission line can be obtained. The in-band and wide band attenuation plots are shown

below:
La (dB)
01
0.08
0.06
0.04
0.02
1ol.s 10.8 111 112 1 1| 4 0 5 ‘l° 18 20 25 30
f (GHz) 1(GHz)
Fig. 4.6 Theoretical result of inband LO BPF  Fig. 4.7 Theoretical result of wide band LO
of the mixer BPF of the mixer

4.1.4 Simulation of the Three Filters of the RTD mixer

After the data (even- and odd-mode impedances of BPF, the characteristic impedances and electrical

lengths of LPF) were obtained from the principle design, they were input to a parameter transfer
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package LineCalc to be transferred to transmission lines’ geometric parameters (lengths and widths).
By varying the length and width of each microstrip line of the filters, the optimized results can be

obtained in ACADEMY. The optimized results are shown below:
A)  IF LPF of the mixer

The ACADEMY schematic of the IF LPF for the mixer is shown in Fig. 4.8, and the optimized

simulation results of the mixer’s IF LPF attenuation vs. frequency are shown in Fig. 4.9 and

Fig. 4.10.
MLIN MSTEP MLIN MSTEP MLIN MSTEP MLIN MSTEP
T T2 n T8 T AL ” ™
X W W W Wowlif W WP WCwetdt W Cwldt Wowizdt W Cwielt
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Fig. 4.8 ACADEMY schematic of the LPF for the mixer
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Fig. 4.9 Inband simulation result of the LPF of Fig. 4.10 Wide band simulation results of the
the mixer LPF of the mixer

B) RF BPF of the mixer

The ACADEMY schematic of the RF BPF for the mixer is shown in Fig. 4.13, and the
optimized simulation results of the mixer’s RF BPF attenuation vs. frequency are shown in

Fig.4.11 and Fig. 4.12.

EEsof - Libra ~ Wed Nov 3 17:10:44 1933 - mult EEsof - Libra - Med Nov 3 1B 0809 1993 - mult
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-2 300 -5, 00 /
\ ),
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\
-2 800 [ l- -100.0 /
1339 1400 rE-ae 1470 0. 500 9, 250 FREG-GHZ 18. 00

Fig. 4.11 Inband simulation result of the RF  Fig. 4.12 Wide band simulation results of the
BPF of the mixer RF BPF of the mixer
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Fig. 4.13 ACADEMY schematic of the RF BPF for the mixer

C) LO BPF of the mixer

The ACADEMY schematic of the LO BPF for the mixer is similar to that of the RF BPF of
the mixer. The optimized simulation results of the mixer’s LO BPF attenuation vs. frequency

are shown below:
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Fig. 4.14 Inband simulation result of the LO  Fig. 4.15 Wide band simulation results of the
BPF of the mixer LO BPF of the mixer

4.1.5 Simulation of the Other Circuit Components of the RTD Mixer

A) RTDI-V curve

The ACADEMY schematic model of the RTD is shown below:

RTD
R IND
t‘_u V8 “vbias ti w
D _/W\Té}_._m,-——g P2
CAP CA CAP CAP

-Fig. 4.16 ACADEMY schematic of the RTD
After storing a set of measured RTD I-V curve data into a C program, one can compile the
C program into LIBRA to create a RTD model for ACADEMY. The simulation DC I-V

curve of the RTD is obtained and can be subsequently be used in the simulations.
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Fig. 4.17 Simulation DC I-V curve of the RTD
B) Bias block

The optimized simulation result of the DC bias of the mixer is shown below:

EEsof - Libra - Tue Jan 25 46: 24: 53 1994 - mixer

o
BIAS D A

fi: 250000 .2 .5 1 2 -
fZ 350000

Fig. 4.18 Simulated S11 of the RTD mixer bias lock
The ACADEMY schematic of the bias block of the mixer is shown below:
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Fig. 4.19 ACADEMY schematic of the bias block of the mixer

4.1.6 Simulation of the Mixer

The individual biocks can be cascaded together forming the complete mixer.
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Fig. 420 ACADEMY schematic of the RTD mixer
It was found that by varying the lengths and widths of the three matching transmission lines, the
power efficiency of the RTD mixer can change significantly. The final optimized simulationresults

of the RTD mixet are shown below:
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Fig. 421 Simulation power efficiency of the RTD mixer vs. bias voltage.
Compared to the theoretical result shown in Fig. 3.6, the plot above shows that two peaks in the
power efficiency of the RTD mixer occur at the peak and valley voltages (Vp, Vy), with the one
occurring at Vp much higher than the other. Also, a minor peak in the power efficiency occurs
before the NDR region, due to the small flexure in the RTD I-V curve model. However, the negative

part is not symmetrical to the positive part due to the asymmetry of the RTD I-V curve in simulation.
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Fig. 422 Simulation power efficiency of the RTD mixer vs. inband frequency
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The plot above shows that within the inband frequency, the RTD mixer obtained a maximum

efficiency of 1.2% at the input frequency of 2.8GHz.
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Fig. 423 Simulation power spectrum density of RTD mixer vs. wide band frequency
When the two sinusoidal frequencies (f; and f; ) are applied to a mixer, the output signal of the
mixer will contain frequency components at DC, f, f; o, 2f, 2f, o, 3f 1, 3f10, fir £ f10, 2fr X f10, and
2fi0 X fir, etc. Fig. 4.23 shows that, the input signal at fz=3GHz and LO signal at f; ,=11GHz are
mixed by means of nonlinearities and switching to produce a group of signals having frequency
components at DC, 3GHz (fy), 11GHz (f,,), 6GHz (2fy), 22GHz (2f;,), 14GHz (f+f;,), 8GHz
(fLofr), 19 2f o fp), etc. The input signal feedthrough is about -120dBm, the output at 14GHz is

about -60dBm, since the input power is -41dBm, the conversion loss is approximately 19dB.
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Fig. 424 Simulation power efficiency of RTD mixer vs. LO input power
Compared to the theoretical result shown in Fig. 3.11, the plot above shows that the power efficiency
of the RTD mixer increases until the optimum LO drive level is reached, and then decreases as the
mixer compresses at high LO drive levels. The maximum efficiency is about 1.2%, which is

approximately equal to 19dB of conversion loss.

The layout of the RTD mixer is shown below:

1.0°

Fig. 425 ACADEMY layout of the RTD mixer
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4.2 RTD Multiplier

The simple sketch of the RTD multiplier is shown in Fig. 4.26. A, and B are matching transmission
lines between the RTD and the two filters. Instead of a bandpass filter, a lowpass filter is chosen
to be the IF port frequency selective network for the same reasons as was mentioned before in the

mixer section. The IF input frequency is 7GHz and the RF output frequency is 14GHz.

LPF_IF BPF_RF
D A B
Va RTD [ Vb Rpe

Fig. 4.26 Simple sketch of the RTD multiplier
4.2.1 Principles of IF LPF Design for the RTD Multiplier

Considering the frequency existing in each port, the IF LPF for the multiplier should be able to let
the signals with frequencies around 7GHz or less pass through, and filter out the signals with
frequencies around 14GHz or higher. Thus the pass-band edge frequency f1 is chosen to be 8GHz,
and the stop-band frequency f’ is chosen to be 14 GHz.

Let Lar=0.01dB, w1 = 2nfl = 167(Grad/s), L’ar=55dB and o’ = 2nf” = 28r(G rad/s), using Eqn.

(4-1), one can get the minimum number of reactive elements n=8.6826. To get a symmetrical

structure, n needs to be odd, so n=9 is chosen for the LPF.
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Through the same procedure as described in section 4.1.1, chosing Z,=77ohm and Z,=270ohm, the
electrical length of each transmission line can be obtained. The in-band and wide band attenuation

plots are shown below:

La (dB) La (dB)
0.0 7 60

0.008 |- 50
ok

0.006 |
30 -

0.004 |
m -

0.002t 1wl

0 L 1 'l ° i 'l 1 L
4] 2 4 8 8 0 2 4 -] 8 10 12 14
f (GHz) 1(GHz)

Fig. 4.27 Theoretical result of inband LPF of Fig. 4.28 Theoretical result of wide band LPF
the multiplier of the multiplier

The RF BPF of the RTD multiplier is the same as the RF BPF of the RTD mixer.
4.2.2 Simulation of the Circuit Components of the RTD Multiplier

Through the same procedure as the one described in section 4.1.4, the optimized or simulation

results of the circuit components can be obtained:
A)  LPF of the RTD multiplier

The ACADEMY schematic of the LPF of the RTD multiplier is similar to that of the LPF of

the RTD mixer. The simulation results are shown below:
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Fig. 4.29 Simulation result of the inband LPF  Fig. 4.30 Simulation result of the wide band
of the RTD multiplier LPF of the RTD multiplier

B) RTD I-V curve of the RTD multiplier

The ACADEMY schematic model of RTD and the simulation RTD I-V curve of the RTD

multiplier are the same as those of the RTD mixer.
C) Bias block of the RTD multiplier

The ACADEMY schematic of the RTD multiplier bias block is shown in Fig. 4.31, the
optimized simulation result of the RTD multiplier bias block is shown in Fig. 4.32.

EEsof - Libra - Wed Nov 3 16:57:00 4993 - mult

o 54
BIAS 5. e 2

......

f1: 6 50000 .2 .5 H 2 =
f2 7.50000

Fig. 432 Simulated S11 of the’RTD multiplier bias block
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Fig. 431 ACADEMY schematic of the bias block of the RTD multiplier

4.2.3 Simulation of the RTD Multiplier

The individual components can be cascaded together to realize the RTD multiplier.
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Fig. 433 ACADEMY schematic of the RTD multiplier
Considering the size limitation of the circuit, the final maximum power efficiency of the RTD
multiplier was optimized to 0.95%, which is not the best performance that can be obtained. The

final simulation resuits of the RTD muitiplier are shown below:

efficiency (%) i (Vb) (mA)
14 - 4

i ~

/|
il

0
- 0.5 1

]
Vb (V)
RTD |-V rgf_eio;nﬁal curve

Fig. 4.34 Simulation power efficiency of RTD multiplier vs. DC bias voltage.
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Compared to the theoretical result shown in Fig. 3.14, the plot above shows that two peaks in the
power efficiency of the RTD multiplier occur at the peak and valley voltages (Vp, Vy), with the one
occurring at Vp much higher than the other. However, the negative part is not symmetrical to the

positive part due to the asymmetry of the RTD I-V curve in simulation.
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Fig. 4.35 Simulation power efficiency of RTD multiplier vs. inband frequency
The plot above shows that within the inband frequency, the RTD mixer obtained a maximum

efficiency of 0.95% at the input frequency of 7.02GHz.
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Fig. 4.36 Simulation power spectrum density of RTD multiplier vs. wide band frequency
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When a sinusoidal frequency (f1) is applied to a multiplier, the output signal of the multiplier will
contain the frequency components at its harmonics (f1, 2f1, 3f1, etc) and DC. Fig. 4.36 shows
that, the multiplier converts the input signal at f1=7GHz into the signals having frequency com-
ponents at DC, 7GHz (f1), 14GHz (2f1), 21GHz (3f2), 28GHz (4f1), etc. The input signal feed-
through is more than -120dBm, the output at 14GHz is about -34dBm, since the input power is

-14.4 dBm, the conversion loss is approximately -20dB.
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Fig. 4.37 Simulation power efficiency of RTD multiplier vs. input power
Compared to the theoretical result shown in Fig. 3.19, the plot above shows that the power efficiency
of the RTD multiplier increases until the optimum Py level is reached, and then decreases as the
multiplier compresses at high Py, levels. The maximum power efficiency is about 0.95%, which

is about -20dB of conversion loss.

The layout of the RTD multiplier is shown below:
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Fig. 438 ACADEMY layout of the RTD multiplier

4.3 Fabrication of the RTD Mixer and Multiplier

After the design, the RTD mixer and multiplier circuits and their circuit components (filters, bias,
etc) were laid out in one template by ACADEMY. Through a package MICmask, the drawing of
the template was transferred to Gerber and mask files which were sent out for fabrication. The

whole template consisting of four circuit units is shown below:
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Fig. 439 ACADEMY layout of the whole template consisting of RTD mixer and multiplier,
and their circuit components.
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5 MEASUREMENT OF RTD MIXER AND MULTIPLIER

After the circuits were fabricated, one can test the passive parts of the RTD mixer and multiplier

(filters, bias blocks) independently.

Diced from an RTD wafer and stuck on one board with wax, the RTD chips were probed on a
cascade probing station. The DC I-V curves of the RTDs were measured with an HP4145B
semiconductor parameter analyzer. Two RTDs whose I-V characteristics are similar to that of the
RTD used in the simulation (section 4.1.5) were picked. After the cleaning procedure in the clean
room, the two RTDs were mounted to the housing and wirebonded to the RTD mixer and multiplier

circuits, respectively.

5.1 RTD Mixer

5.1.1 Circuit Components of the RTD Mixer

The following circuit components of the mixer were terminated with 50€2 connectors and were

measured with an HP8510A network analyzer, shown in Fig. 5.1. Calibration of the test set was
needed before each measurement. Since the components are symmetrical structures, their S

parameters are symmetrical too, so only S21 and S11 are shown.
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Fig. 5.1 Test devices for measuring the passive parts of the RTD mixer and multiplier

A) Measured results of the IF LPF of the RTD mixer

The measured results of the IF LPF of the RTD mixer are plotted below:

S21 (dB) S21 and S11 (dB)
0 ——
.20 —/"\\’/
02
40
04
. 0k
06
'80 -
08+ . L .,
. -1
000 5 10 15 20
R L L L 1(GHz)
2 25 3 35 4 s11 21

1 (GHz)
Fig. 5.2 Measured result of inband LPF of the Fig. 5.3 Measured results of wide band LPF of
RTD mixer the RTD mixer
Compared to the simulation result shown in Fig. 4.9, whose inband transmission attenuation

$21 of the IF LPF of the mixer is about -0.3dB, with a ripple of 0.2dB, the measured result
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shownin Fig. 5.2 has a transmission attenuation of -0.5dB, with a ripple of 0.3dB. Comparing
the wide band attenuation results shown in Fig. 4.10 and Fig. 5.3, both results have a small

attenuation and return loss at 3GHz, significant attenuation and return loss at 11 and 14GHz.

Measured results of the RF BPF of the RTD mixer

The measured results of the RF BPF of the RTD mixer are plotted below:
S21 (dB) ) S21 and S11 (d8)
-24 '\’\‘l o
26 20 vy
28 40 -

3t

.w -
32k
3af 8o
36 u -100 Il L L
) ) ) 0 5 10 15 20

1(GHz)
1(GHz) Sa1 s

Fig. 5.4 Measured result of inband RF BPF of  Fig. 5.5 Measured results of wide band RF

S

the RTD mixer BPF of the RTD mixer
Compared to the simulation result shown in Fig. 4.12, whose inband transmission attenuation
S21 of the RF BPF of the mixer is about -2.3dB, with a ripple of more than 1dB, the measured
result shown in Fig. 5.4 has a transmission attenuation of -3dB, with a ripple of 1.5dB.
Comparing the wide band attenuation results shown in Fig. 4.13 and Fig. 5.5, both results
have a small attenuation and return loss at 14GHz, significant attenuation and return loss at

3 and 11GHz.
Measured results of the LO BPF of the RTD mixer

The measured results of the LO BPF of the RTD mixer are plotted below:
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Fig. 5.6 Measured result of inband LO BPF of  Fig. 5.7 Measured results of wide band LO

D)

the mixer BPF of the mixer
Compared to the simulation result shown in Fig. 4.14, whose inband transmission attenuation
S21 of the RF BPF of the mixer is about -1.95dB, with a ripple of more than 0.3dB, the
measured result shown in Fig. 5.6 has a transmission attenuation of -2.35dB, with a ripple of
0.7dB. Comparing the wide band attenuatidn results shown in Fig. 4.15 and Fig. 5.7, both
results have a small attenuation and return loss at 11GHz, significant attenuation and return

loss at 3 and 14GHz.
Measured results of the bias block of the RTD mixer

The RTD mixer bias block is a one port network, so only S11 was measured and shown in

the smith chart:
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Fig. 5.8 Measured S11 of the bias block of the RTD mixer (f=2.5 to 3.5GHz)
Comparing the results shown in Fig. 4.19 and Fig. 5.8, both have a very high impedance at
frequencies around 3GHz. The measuredresultin Fig. 5.8 is notcentered to the realimpedance

line as was in the simulation result, due to the phase delay of the bias block.
Measured results of the RTD I-V Curve of the RTD mixer

The measured RTD I-V curve of the mixer is shown below:

_6 ] Il 1
-1 05 0 05 1

v(v)
Fig. 5.9 Measured RTD I-V curve of the RTD mixer
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The measured result shown in Fig. 5.9 is very similar to the simulation result shown in Fig.
4.17. For the simulation I-V curve, V,=0.4V, V=0.48V, [,=2.72mA, and I,=2.52mA; for
the measured I-V curve, Vp=0.32V, V,=0.47V, I,=3.12mA, and Iy=1.72mA.

5.1.2 Measurement of the RTD Mixer

A) Power efficiency (or conversion Loss) of the RTD mixer

The power efficiency of the RTD mixer was measured with an HP8341B synthesized sweeper
at the IF input port and another at the LO input port. The HP2782 spectrum analyzer was
connected at the RF output port, and DC power supply and DC voltage meter at the bias port,

as shown below:

HP8341B
SYNTHESIZED
SWEEPER

!

LO INPUT

mixer
HP8341B X HP2782

SYNTHESIZED —T—JIF INPUT RF OUTPUT | —+—— SPECTRUM
SWEEPER ANALYZER

DC bias

/

DC DC
Power Voitage
Supply Meter

Fig. 5.10 Devices for measuring the power efficiency of the RTD mixer

1)  Power efficiency of the RTD mixer versus the LO power P,
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Fig. 5.11 Measured power efficiency and conversion loss of the RTD mixer versus P
Compared to the simulation result shown in Fig. 4.24, the plot above shows that the
power efficiency of the RTD mixer increases until the optimum LO drive level is
reached, and then decreases as the mixer compresses at high LO drive levels. The

maximum power efficiency is about 1.2%.

2) Power efficiency of the RTD mixer versus Vb

efficiency (%) i (Vb) (mA)
14 4
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/
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0 0.2 0.4 0.6 0.8 1
Vb (V)
RTD referential curve

Fig. 5.12 Measured power efficiency of the RTD mixer versus Vb.
Compared to the theoretical and simulation results shown in Fig. 3.6 and Fig. 4.21,

respectively, the plot above shows that two peaks in the power efficiency of the RTD
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mixer occur at the peak and valley voltages (Vp, Vy), with the one occurring at V, much
higher than the other. However, in the NDR region, the efficiency of the RTD mixer
measured with the increasing bias voltage sweep is quite different from that measured
with the decreasing bias voltage sweep. This phenomenon is called hysteresis. Also
around this area, the efficiency is very sensitive to the bias voltage. These show the

instability of the RTD in the NDR region.
3)  Power efficiency of the mixer versus inband frequency

efficiency (%)
0.8

0.6

0.4

0.2

0 1 ] 1 1 1
26 2.8 3 3.2 34

f (GHz2)
Fig. 5.13 Measured power efficiency of the RTD mixer versus inband frequency.
The plot above shows that within the inband frequency, the RTD mixer obtained a

maximum efficiency of 0.75% at the input frequency of 3.1GHz.
B) 1-dB compression point

1-dB compression point is a measure of the maximum IF input signal level for which the
mixer will provide linear operation. The conversion loss remains constant over a specified

input signal range. When the input signal level exceeds a certain amount, usually when the
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[F signal level is within 10 dB of the LO drive level, the constant ratio between RF and IF
will begin to change. The point at which the constant ratio has changed by 1 dB is described

as the 1-dB compression point.

The conversion compression of the mixer is measured with the same devices shown in Fig.

5.10. InFig. 5.14, the 1-dB compression point is -30dB.

Pout (dBm)
- -30

8 & & %

8

1 1 1 1
-50 -40 -30 -20 -10
Pin (dBm)

Fig. 5.14 Measured IF to RF conversion compression of the RTD mixer

&

Two-tone, third order intermodulation distortion

When two sinusoidal frequencies (f1 and f2) are applied to a mixer, the output signal of the
mixer will contain frequency components at DC, f1, f2, 2f1, 212, 3f1, 32, fl £ 2, 2f] £ 2,
and 2f2 £ f1, ..., due to the nonlinearity of the mixer. The frequencies 2f] +f2 and 2f2 £ fI
are third-order intermodulation products. Usually, the third-order intermodulation products
at 2f1-f2 and 2f2-f1 are very close to the fundamental frequencies f1 and f2, and fall within
the output bandwidth of the mixer, producing distortion in the output. The third-order

intercept point is defined as the point where the power at f1 and the power at 2f1-f2 intercept.
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The third-order intermodulation product output power at 2f1-f2 versus the input power at f1
is show in Fig. 5.16. The setup for measuring the third order intermodulation distortion of

the RTD mixer is shown below:

HP8341B
SYNTHESIZED
SWEEPER
HP8341B f1 ‘J-l
SYNTHESIZED [ LO INPUT
SWEEPER _
mixer
HP2782
COMBINER B——EIF INPUT RFOUTPUT [+— SPECTRUM
ANALYZER
HP8341B DC bias
SYNTHESIZED
SWEEPER | 2 /\
DC DC
Power Voltage
Supply Meter

Fig. 5.15 Setup for measuring the third order intermodulation distortion of the RTD mixer.
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Out put at f1 Output at 2f1-f2

Fig. 5.16 Measured third order intermodulation distortion of the RTD mixer
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The plot above shows that, the slope of power at f1 is approximately 1 and that of power at 2f1-f2
is approximately 3. This occurs because the power of the third-order intermodulation product is

proportional to the cube of the input signal amplitude. The third-order intercept point occurs at

about -10dB.

5.2 RTD Multiplier

5.2.1 Circuit Components of the RTD Multiplier

Through the same procedure as the one described in section 5.1.1, the following measured results

of the passive parts of the RTD multiplier are obtained:
A) Measured Results of the LPF of the RTD Multiplier

The measured results of the LPF of the RTD multiplier are shown below:

80261 (dB) S21 and S11 (dB)
0. [
10F TN -~ // \\I i
07} ~ // Y,
-20 —/ \V
08} 20
40
09 -50
60 |-
Ak
.70 i L i
0 5 10 15 20
-1 L L - . L f (GHz)
64 6.6 68 7 72 74 76
1(GHz) Su sz
Fig. 5.17 Measured result of inband LPF of  Fig. 5.18 Measured results of wide band LPF
the RTD multiplier. of the RTD multiplier.

Compared to the simulation result shown in Fig. 4.30, whose inband transmission attenuation
S21 of the LPF of the multiplier is about -0.6dB, with a ripple of 0.4dB, the measured result

shown in Fig. 5.17 has a transmission attenuation of -0.9dB, with a ripple of 0.35dB.
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B)

S

D)

Comparing the wide band attenuation results shown in Fig. 4.29 and Fig. 5.18, both results

have a small attenuation and return loss at 7GHz, significant attenuation and return loss

14GHz.

Measured results of the RF BPF of the RTD multiplier

The RF BPF of the RTD multiplier is the same as the RF BPF of the RTD mixer.
Measured results of the RTD I-V curve of the multiplier

The measured RTD I-V curve of the multiplier is shown below:

i (mA)
2

2 1 L L
-1 0.5 0 0.5 1

v(v)

Fig. 5.19 Measured RTD I-V curve of the multiplier

The measured result shown in Fig. 5.19 is very similar to the simulation result shown in Fig.
4.17. For the simulation I-V curve, V,=0.4V, V,=0.48V, [;=2.72mA, and I,=2.52mA; for
the measured I-V curve, V,=0.3V, V,=0.41V, [,=1.03mA, and I,=0.66mA.

Measured results of the bias block of the RTD multiplier

The bias block of the RTD multiplier is a one port network, so only S11 was measured and

shown in the smith chart:
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Fig. 5.20 Measured S11 of the RTD multiplier bias block (f=6.5 to 7.5GHz)

Comparing the results shown in Fig. 4.19 and Fig. 5.8, both have a very high impedance at

frequencies around 7GHz.

The measured result in Fig. 5.20 is not centered to the real

impedance line as was in the simulation result, due to the phase delay of the bias block.

5.2.2 Power Efficiency of the RTD Multiplier

The power efficiency of the RTD multiplier was measured with an HP8341B synthesized sweeper

at the IF input port of the multiplier, an HP2782 spectrum analyzer at the RF output port of the

multiplier, a DC power supply and a voltage meter at the bias port.

HP8341B
SYNTHESIZED
SWEEPER

———

multiplier
HP2782
IFINPUT RFOUTPUT —}— SPECTRUM
ANALYZER
DC bias
DC DC
Power Voltage
Supply Meter

Fig. 5.21 Devices for Measuring the power efficiency of the RTD multiplier.
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The measured power efficiencies of the RTD multiplier are shown below:
A)  Power efficiency of the RTD multiplier versus the input power Ppy

efficiency (%)

1
0.8
0.6
0.4
0.2
0 L L L 1 1
-30 -25 -20 -15 -10 -5 0

Pin (dBm)
Fig. 5.22 Measured power efficiency of the RTD multiplier versus the input power Pp,.

Compared to the simulation result shown in Fig. 4.37, the plot above shows that the power
efficiency of the RTD multiplier increases until the optimum Py level is reached, and then
decreases as the multiplier compresses at high Py, levels. The maximum power efficiency

is about 0.95%.

B) Power efficiency of the RTD multiplier versus Vb
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Fig. 5.23 Measured power efficiency of the RTD multiplier versus Vb.
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Compared to the simulation result shown in Fig. 4.34, the plot above shows that two peaks
in the power efficiency of the RTD multiplier occur at the peak and valley voltages (Vy, Vy),

with the one occurring at V, much higher than the other.
Power efficiency of the multiplier versus inband frequency

efficiency (%)
1

0.8

0.6

0.4

0.2

f(GHz)
Fig. 5.24 Measured power efficiency of the RTD multiplier versus inband frequency.

The plot above shows that within the inband frequency, the RTD multiplier obtained a
maximum efficiency of 0.95% at the input frequency of 6.7GHz.
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6 CONCLUSIONS

In this thesis, the characteristics of RTDs and their circuits were studied through theoretical analysis,

ACADEMY simulation and measurement. Through these studies, several conclusions are drawn:

1)

2)

Good accuracy of the RTD modeling and the simulation on ACADEMY

Comparing the simulated results shown in chapter 4 and the measured results shown in chapter
5, one can tell that the modeling procedure provided very accurate simulation results.

For example, the maximum power efficiency of the RTD multiplier is designed to be 0.95%
in the simulation (Fig. 4.37), in the measurement 0.91% was obtained, which includes the
consideration of the transmission losses of the connecting cables at the IF port (7GHz) and
the RF port (14GHz), the transmission losses of the IF LPF, the RF BPF and the 50ohm
connectors. Also if the re-simulation of the RTD is processed, the two results will be in

much better agreement.

The theoretical results show that at microwave frequencies, the RTD’s parallel capacitor can
be neglected compared to its parallel resister, thus only the I-V curve of the RTD is applied
in the theoretical analysis. Also, Comparing the theoretical results shown in chapter 3 with
the measured results shown in chapter 5, one can tell that the theoretical results have a much
higher efficiency than the measured results. This is because only the ideal situation (such
as perfect matching, no insertion loss of the filters, etc) is considered in the theoretical analysis.
In reality, the perfect matching requires much longer matching microstrip transmission lines,
which is difficult to realize due to the limitation of the circuit size. However the analysis
does provide a quantitative relationship between the output and input parameters, and makes

the prediction of the performance of RTD circuits much easier.
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3)

4)

An RTD is useful in microwave mixer and multiplier applications.

In comparison to the Schottky barrier diode and varactor diode, an RTD has a stronger
nonlinearity which allows more efficient harmonic generation with smallerinput signallevels,
and more efficient higher-order harmonic generation with unoptimized idler terminations.
The maximum harmonic generation efficiency of an RTD device is significantly higher than
the 1/n’ (n is the harmonic number) value that applies to standard resistive multipliers because
of its negative resistance. Thus a much lower input power is required to drive the RTD
multiplier, and much lower LO and IF power is necessary to drive the RTD mixer. This
means that expensive, high power microwave amplifiers are no longer necessary to amplify

input signals of the RTD circuits to the required levels.
Short comings of the RTD circuits

First, the RTD mixer and multiplier are very sensitive to the DC bias voltage. During the
measurement, it was found that sometimes even (0.002V difference in the DC bias voltage
could cause a very significant difference in the power efficiency. A DC power supply with

very fine resolution (0.001V) was required in the measurement of the two RTD circuits.

Second, the RTD circuits have potential instability problems. For some of the RTDs, when
the DC bias voltage was near to or in the NDR region, the RTD circuits oscillated. Also, in
the NDR region, the efficiency of the RTD circuits measured with the increasing bias voltage
sweep is quite different from that measured with the decreasing bias voltage sweep. This is

called hysteresis.

Third, the RTD circuits has noise floor problem. Since the RTD operates at very low signal
levels in order to get high efficiency, the noise floor of the circuits becomes a more significant

factor.
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