EC¥5149 % TexaHertz (TH2) Engineering

Topics:- Electvomagnetic Radiation and. Propagation Fundamentals, TeaHertz Principles Towards
TevaHertz Communication Systems, Key Technological Tesues for TeraHertz Tectmology. -
Fandamental Limits, Terakertz Techmnology, Applications and Opportunities.

* TexaHertz (TH2) vefers 1o the tegion n electromagmetic (EM) sPeomm: sPomning from o1 to
10THz frequencies. This radiation Yesides bemgen microwave and mfrmred (%R? vadiation.
~It6 an extension of Micronave ond millimetet-ave frequenyy bands, promising qreater
communication bandwicth- fexahertz frequencies exhibit charactevistics of both microwave &
infraved. (IR) yadiation - e

Like IR and miciowaves, THz Waves tavel in a Line-of=Sight (L0S) manner and
oxe noﬂ-i‘onizzng THz waves can Penewofte vaYiousS non- condupt‘mg materials ltke clothes,
Wood., paper, plastic, cardboard. & CexamMics: However, metals bighly veflect terahertz vadiatio
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~TeraHertz Wavelengths vange from 1wm 10 0.1 ynm. So, &’ is known as
Submillimeter band.- ‘
~These -f'rea;.tenc,fes ave uSeful‘ n 2'. SPeCh’OSfZOPg, ? ulsed {magt‘wg’lmpcdsa Tanging ,
communcation, Sensing, Security, Mine detection, bio-chemical agent detection.
= Why TeraHertz (TH®) frequencies ¢ (Tera= 10%)-> higher frequencies,
Gevexally, Frequency of Yadio waves: MHz Ed:- Frequency vange of FM Yadio for
Frequency of microwaves: GHx transmicsions- 88108 MHx
Wawelengths of micvowaves is: smaller than radiowaves .

ote:- Frequencies n cell phone - WIFi (Wiveless Fidelity):- Dual frequency—> 2:4GHz/5aHz
GPS Goode Pasitioning System) - L1 ipo.vt of L-band)
15¥5-42 MHz = [« 6 GHx

>4

-Bluetooth uses 2:4Glz (TSM band)
Ramnge: 2.4 ~ 2-4835 Gite, FHSS (Frequency Hop Spread Spectium)
Chanvels: ¥4 channels (4 Mtz Bew-) ‘

Mz — GHz —>THz ¢ P T increase the data transfer vate

o © e

Muttipiexing techmiques gggm,q (Téme Aivision ij\u.J‘dp(exfhg ’acc.ess)
A(Frequency division multplexing access)
Z) Attaing higher bandwidth at THx frequencies.
- Ag increasing the demoamd, M10- of users Tes, frequency bands ave becoming ting-
- Provides broader bandmidth , bigher {requency usage Uﬁ;?PM@ Tes).
Shanvonts chamel capacity theaem:: C = B Logy (15) (PT0)



At tevahertz (THz2) -erq,umcies, vesonant frequencies SeIVe as a 1] = .‘E'
Spechoscopc’c tool 1o excite and manipulate fundamental moleculﬁw‘f, |
motiong, including electron movements, molecular Yotations, and.
lattice vibrations, enabling applications in Sensing, spectyoscopy,

" and. movel aterial engineexing. In Wetamateriale and Tesonatore, 7 -
the geometry dictates the Specific Tesonant frequencies , causing o2
Stvong EM feeld confinement ond. amplified electric flelds ot £y =~ resonant
" these frequencies, wihich can then ke exPloiteoL to Measwre changes Frequency

in matertal properties like vefractive ndex thmug'h shifte in the Tesonamce ffequenq

Recalls- Resonance phenomena in Serles and parallel R-L-C Civcuits:-
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Tre civeuit To said to be i Yesonance when the nductive rveactance is equal to
the capacitive Yeactonce te; X, =X (o) wl = wL(.: (i-e; tmaginany ©f Hhe impedance i
zeno) The frequency ot which the Yesonance occuxs ts called Yesonant f’req}.tencﬂ.
X, =X, phase oppasition (i-¢; 180" out of phase) '

} Resonance

Z et = PuTely e sistive ; MOV=IR
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=1 W do e UOTE L &"f‘ — oo
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: . Y=mx
e 2N =a>X=_1
§r 2wrdie ® Yy = e W
(Reverse
At w=0 — Capacitor—0-C. (open ckt) & Inductor —&-C. (Short ckt) quadatic)
At w=o = Capacitor —>S-C. (Short ckt) & Inductor —»0-C- (Open ckt) N
X, 4 o 3
L
o e e S e il s e
i€
I teads v, g -
SCOPacttfve Shllactive = Reactomfe & Tmpedance plot:
Ileadsy, . Tlogs's of @ Series RLC chreuit

Fg:-Phase plot of Servtes RLC cCircuit

® Obsevvations:- O At frequencies below the Yesonamt f#equeﬂct‘ fr» Capacitive Yeachance

fe higher than the inductive eactance and the pbase angle of the cumvent leads
the Vvoltage - As frequency meveases, from %0 to fy 4 the pbase angle changes

-

fyom -acé to zevo
@ At frequencies above the Yesonant frequency, tnductive veactomce e bighes



than the capacitive Yeactance ond hence the phase angle of the curent lags “the

Voltage- As frequency eYeases from fy and appyoaches 0, the Phase, o:ngle increases
Vorl
.

from zexo ond. approaches A0
e know that BW= ff)_"ﬁ ogo?
: == 1 .
Fora sedfes RLC cicuit, (Wy-w)= R 7 hi-f) .

fr \ies in the center of lower and highey cutoff frequencies.

N g g oo I
: "Ci fl & J‘T %——TFL a:nd' :FJ- f’)’ 4_“—{_ :
4
a- factor or Fguve of merit:- g = fr = 2wf L
=t . B R : i
i Selectivigy of a Serles RLC civcuit Indicates how well the quten civeuit

Selectivity {

vesponds to a given vesonant frequency and how well % vejects all other frequenc-

-es. A civcuit With a good. Selectivity willl have moximum gain ot Yesonant frequency
low BW.

@< B, <8y

and will have mmnimum 9031’) at other frequencies i-e; Wil Ihme Ve
T e
Selectiviy x & e
4 Frnax ! i
At vesonance, the Vottages acioss the inductonce and 3= | - o

capacitance are much laxger than the applled \oitage in \ =
asextes RLC civcuit and this i:s c‘cdled— s, :Oit;‘iﬂé Hg:- Effect of qualty factor ov
# YeSonance -

{actor of the civeust - "
Pavallel R-L-C Circuit

( :

: Adwitttance Y= 3 2
: R R 4. L o g RE3Ct- djfc)
Ve, T Im§ Adwittancel =0 < w,L-1 -4
g wyC
Y = ‘ - e )
- Mintmuwm Admitttance as mmpedance ¥ Uy J"_C'E, > ‘ff'l : ,Same as tn Seres
15 Maximum. » : | = TCE | RIC crecit
- Curvent becomes Wintmum in the parallel RLC cireuit ot vesonamce -

Erooa
= 2wf,RC = Capacitive
£ y
- =WC  Suspect
Im\’n

Fag: Vaxiation of tmpedance and Curvent

With fvequeng n o paraliel |f!LC Civeuit b g /_,B s
> / L_' —
S s ( - s s
Curent ﬁngﬂtflcat(on tokes place thvough A e
( Suspectance

the capacitance & tmductance ot Yesonant
Feg- Conductance, Suspectance & admittance

frequenty o a poxallel RLC civeutt:
plots of a parallel RLC Civeuit
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Cawity vesonator:-Hollow metallic enclosed tube exhibit yesonance behaviour When
excited by EM -frejd, It e used mainly n  oscillators, tuned amplifiers, —f*requencg meters

and pha@e eq,ua(tzers :

—Frequency Ronges- > 3Gz
' ave lwmped elements ( diffitut to obtain

Micowave Signals b
physical dimensions (limits v& T Yequivements)

Pe'f.(:oymancg pavameters MY%O‘OO%Y:' Resonarit —fwequean fr= 2a or Ib
\@uolﬁzi factor a= 4r - Input tmpedance £, to ™atch With output
(3d8 BW) > More degrees of freedom . »Amp\?h.xde,

ulay covity Yesonatoy

h'lgb a) and.-Small -

ty Tesonators:- @Rectang

Tw cQv
o types of ; ‘@ Cylindaical  cowity Yesonator e S >
0 o z (__’B£wg, ‘fm
v
el o
e Y

-Only two modg:s ave possible TEmwmp @t TMwnp
Ag—? gu.(ded wavefength

Condition for resonance s A= PC%?)
e dominant mode Happen ot = 5253

b towest cutoff frequency
ce I O CoNily TesONator occurs mihen an input Wavels frequency moatches

o e e szd's natuval Yesova¥t frequency, causing electvomagnetic Waves to form
ec Mside the hollow, conductive enclosuve, 3tor€n9 enexgy and.

Stade standing WV f
_ arvow bandpass fitter:
- w Ca\'t 'm aC:t a& 0’ na W P 2
ollowing the d depends on cavity's Size, Shape and the dielectric

Resonan

Thie resonant frequenty
material # contans. : : e
B B epeciie #, WOACORS b standing waves
—Every pattem has specific nomencloture - AL g
-~ Every mode has unique requency of Yesonance? C s

o S

- Chaxactertstic of oy vesomator s fixed -
O NV ; o
T @ ilerahe

For micyowave frequencies fr—> Ghz and abe—>rm

\
a,b,cx\lsa‘r/ o (Small —Scale dimensions)
Noe: Affin e's \mearityy refers to affine function chavacteristc of being a
St fomcion plus Constant Veclor Or off et Wl afffne funcitns (4= Tt ©
roaintaine Shiaight -line graphs and presene geometic properties ltke posallelism
ond Yotios Of lengths, they ove not tiue lrear functions because -they donet

THE':)_ lng :F’f (=28

-

necessarlly pass though the origin.



Need of THz frequencies: Byoadey bandwiath, Higher data vates. @
Advantages *- @ High Bandwidth :- Teralertz offerc significantly gveater BW Cowpared to
microwave frequencies, exceeding the capabilites of wireless protocols like 802-11b
Wi-Fi (2-4 Ghz)
@ Pevetration of Mon-conducting materials.
@Imag‘mg ond. metworking applications over Short distances .
@ Safetys- It poses minimal 1sk to the human body due to tts ﬂon-fon‘m‘hg nature.
® Enhanced. directionality ( Pencil-bearmforming) — Confined beam, bigh d!’rech‘vF&g
-THz2 commumication exbibite hu‘ghef frequency and shorter w,avefe,ngth (bhence

Smalley antenna. Size) o
—THz allows O Comparatively large mumber of artenna elements to be packed

Within the Same amtenna dimension:
—Beams in THz cormmmunication Ave More divectional thon mmiWave communicat-

oM
~THz commumicotion Yeduces the Honsmit power aond mtexference among the

weers -The emall Size of THE antennas leads to mintature chip SE

Applications : D Blosensing / Sensing , pencil-
L—)(p.m) molecules — Biomolecules §4 3l TH Cmorebm
Sensingt- Captures ony tnformation oY detecting ~directional) @
anything Eqs- CoviD > 35 m(THe)
@ Glucose detection — Non - invasive gensing Camncer tissues - 1-63 THz

(o haew)oglob'm) : enter Without pPenMission ItTH-z freq - Systems
absoyption & e flection $ensors:
— TeraHextz - signal s nom- onising for biormolecules (cannot change the
properties of biormolecules)
® Drug Analysic and. Protein Analysts Hmough electromagnetic CEM) wave.
@ Non- destyuctive -l:es,—try,g (NDT) - Though wall-—ﬁmagfﬂg ( used i Military
applications, defense)
® Resomance Spectvum Analysis.
® Metal detection thvough X-1ay

@ XR-Extended Reality, Hologyayphic teleportation, Trermet - of — Everything (IoE),
autonomous Systems (CRrRAS)

(Sc‘;reemiyg S(d stems)

naon-tervestiial hetworks , connected. Tobotics &
@ Commumication ~ Raday technology  fg:- 6g-7 ©+1 -0-3 THz

Range coveyage X
® Limited Range * Not suitable for (oﬁg - distance communication
elements like clouds, dust, Yain.

Disadvontages:-
due to Scattering ond absovption by
@ Limtted penetration:- Offers less penetvation depth than Microwose Tadiation

ond bhag difficulty Penétrcxting cloud & fog. I+ Connct penetrate (Water) liquid

& metal- -
@ Detection challengess- Detecting THe frequencies Ts difficult because black body




vodiotion at voom tempevotuve s Very st‘rong ot these f’req}.wncfes.
@Cost and Availability:- Sources, detectors & Modulators are not veadily available

at affovdable pn’c,e,s -

TevaHertz (TH*) sowrces - Vaccum-elecbronics based, Semiconductor baged,
Photoconduction based, Lineariyy based

An electronic and. photonic watevials Pased . methods bave been built to genexate
THz Sources: These Sources e lomited -l:o lower aveyage Powes, lower peak frelds,

ond. \ower "repd:rhOﬂ Yotes-
L Name | Soue type
' Gas , Losers
Semiconducto lasers
TevoHertz (THe) pavam etvic—> Pulsed lasexs

occillictoY
Frequency multiplicatio olid-state electvonic
Tvonsistors Solid-state electvoniC
Gyrotons, Free € lasers :
:: l tiorlws } Vaccum- electronics based.

MQYC\.LYB LOJMP —p Theral
i - 1| Rescmamce — 7 Covtinuous pumped lasers,

Recalls- ‘Microwave Sources
- A \C TUNNEL DIODE
Linea: Denices oss- Feld devices
o W O N
/ \/ Mogrebron CFA unnelling Effect
M
RCSOYO,T“? CQVV&J Slow-mwave Structure T Re - entrant qmﬂmm mechanical
(non-vesonont) A henomenon
K(l‘stvon Amplc-fleff / o Resonant
fle,x Klystron amplfier: Forwond Wove Backward wWave
~ TWo- cavity oF : 4
maki-cavity « Helix TINT BwA BWO
k\udstvon ¢ Coupled Cowity TINT
. Cyoss-field tub M-
Loxe'f\-b;--fofce based S(dsbems ft ( g et the’)
- g 5 1 J
F-= qE + cL(VX ®) Resenont Non -vesonant Masey e t
¥ g
3 \' Re-entrant  fowaowdwove J
stationany ; \ Ve 5 Gyrotrons
%, ' —foroe m;g:;hc Magﬂe’c“’ﬁe-emm Non-Ye entrant
Sl e FWCFA Dematron Backword wave
O t‘dPe/ —t‘Pe &
Tranett- time devicesi- TMPATT diode, BARITT diode, Re—ywraﬁt 0 R g
TRAPATT d\ode A E
mplitron Caricinotor

L; GUNN diode:- Tromsferred € devices (TED) = Region of operation:- NDR -
High frequency cuvvent oscillations Occuy in Cevtain semiconductor Materials




When Subjected to a Sbong electvic -ff'e(d- @
= L f'mitations and. Tssues:-
DHeavy attenuation n wheless hansmission due to bigh frequency.

i G Alosorption
® Large absorption Windows : ‘ Alodory
@ Resm'ctfve ldfg dfstomce, Wﬂ’e'ess mmunrccth'oﬂ due

+o beawy attenuation at h“ghe;r frequencies. - }
@ Scoxciyy of THz source: 2 anne :; ' ':o :?
) Sall - scale dimension. (High - end. machinery and. m THz
wWindoin

processing for THz frequencies and. p™M  dimensions.)
© Develop anterna technologies - - Iv wieless Syystem, at THz f’fa@uem%" B
ts Tequired to provide the vadiations like pencil-beam.
To génemte pencil beam, @ Attaining massive MIMO (multiple Bnput Multiple output)
® Arvay : [Works on the principle of Superposition/ paftern
: AR vultiplication]
enhomce gain & dlivectivity Stgral strength Brcreases. Q x B -
To develop this type of omtennae at THz fvequencres is diffrcult -
® For Tz fobrication, lorge permittivity materials ate vequived-
(mossie MIMO: Used to captuve Qll &ypes of
polarised stgmls)

Elechomagnett’c Spectvrum bual Moture +-® Wave (EM)
N vtic
e e S
cl»nﬂz = \ L V(gb(e.—uv—---‘ X-7ays
~-=vodio-+ " uave = g oTHz  Infroved (TR Ae(4-500m-F50nm)
mave Terarertz frequrency
frequendy

— Tranemitted TexaHertz S can be h a st*afght e pmpagat(on-

~Tetahertz (THE) Covers the motwe Of micronave
—The tevobextz yadiation com aleo acquives the properties ltke wicrowove (¢,
con be obtamed. by upconversion of frequenty using converter and Mixer.
I
il
v bhaymonic

Q- What s Josephson Junction ¢
Note:- For long -distonce communication, We use |Mearly polarised antenva.

for shovk- distance commumic¢ation, & civeul oa’h:] po(aﬁsed. ontenna. 15 used.-
In generally Vertically polovised Waves ove used due to “earth's Cuvvature
s

4
; (Y ol
effect N .

Material chavacteristics:-€ = €4 ¢, ¢ dielectyic
permitt ivity

s e magnetic ;
pevmeability

whereasa

tP.Tem.)



Pevmittivity defines bow vmuch electric feld fs confimed tn any dft’:lecbrfc- Stml(as_rlg "
pexmeability defines how Tuch oagnetic field con be Confined th any matericd/
{eietectricy magmetic madterial
Continuity equations- Conservation Of charge. ‘
= e e o bty T dv= —d (g, AV

-—da = $7.d8 = oT%ng" y Jo-T) av= 2 (8,

2lgF +_6_$’\_r=.o]
ot

.'é -
Absorbers- Conversion of Sdlar enerqy to OtheI enexgtes.
A

F - Selective
A _ = . 77 TRy :
N ‘ > R W operation.
: : 50% [-——— Full -width Half maximg,
le—Bw ;

g (FR)
\ Absorption o - “—>Narvow
INtrdow

o, Abeorption elfes on > O Concentiation , @ Hoickress.

Beer Lambert's lawe- It states that, for a given sample path length te; thickness
Sample ore divectly propottional to the abeorbonce of the

and. concentration of e
(Tgh't : : The cumount OF Sc:qﬂ:aed beamf)/
Iv e eXPTeS5€d as: A &k CE ﬁ wove from A SPeumex:.
A=-ect wWhere €=molar extimction coefficient

A= amouwnt of light absorbed fora particulor
Wavelength by the Sample-

1 - distonce covered by the light thyough the
Su:mple- -

C = concentyation o{‘ the abSOYbi'ng 3Fea€.s.

Limitations: - :
) Theve shouldmot be Scatterving
of the light beam -

@MOﬂoc)memodﬂ’c EM vadiation
Should be used.-

e A
Wawve ) T AR |
. \VecvoYy
. Hx (A= 1-R-T]
F.T-§ position f .
S,P VCC\D{} % kz No 'tYOT)SmTSSF )
- K Z
W 5 /] S(:C\-tt_e’f g é zf ;
e Diect bondgop e Cie; split ofns ‘s
is weed oS AN the wove)
abQOYbe;T- . ﬁ'ﬂg Tefl&thOY) d_ampfng.,-the Yes‘tgmnce/to +the
D_Q__S@q;;n—‘t abeorbers:- : oscillations

Designing THz absorbers focuses on  achieving high, broadband. absorption
by matching the metamaterials tmpedance to fiee space and btooku'*ng tranemise-
~ton timough o backplane (metallic)- Key principles indude LC Tesomances and
dipole vesponses wWirthHin Pa’ctaned wetallic Structuwres (metamaterialg) to
qeneate muttiple, distinct absowption peaks: Tunable /veconfiguvable properties




Need of THz frequencies:- Byoader bandwiath, Higher data vates. ®@
Advantages *- O High_Bandwidth :- Teraertz offerc significantly gveater BW Compared to
microwave )C-vea,ue,ncies, exceedfﬂg the capabilities of wireless protocols like 802-11b
Wi-Fi (2-4 GHz)
® Pexvetvotion of Mon- conduch'ng materials .
@Imagtng and m’cwmkfng applications over short distances .
@ Sofety?- K £ A poses minimal 1isk to the buman body due to tts ﬂon—t'on‘m‘ng natwe.
® Enhanced directionality C Pencil-lbearnforming) — Confined. beam, high divectivity
~TH® commurication exbibite bigher frequency and shorter wavelength (hence

Smallex anternna. Size) o
~THz allows o comparatively large number of antenna elements to be packed

wWithin the same antenna dimension
—Beams im» THz cormmunication Ave ore divectiornal than MTmiave communicat-

-toN:
~THz commurication Yeduces the Hrangmit power ond mtexfevence among the
wsers -The small Size of THz antennas leads to minioture chip SE
Applications : D Biosensing / Sensing gl
! 3 (0«1 - Lo TH%) beam
L"Q‘m) ~olecules — Biomolecules (more @

Sensings- Captwies ony trformation OY detecting -directional)
anything Eq- COVID > 35um(TH)

@ Glucose detection = Non -invasive $ensing  Comncer tHesues —r 163 THz

¢ in hoemoglob) L enter Without permission THz freq- Systems
absowption & reflection Sensors:

— TeraHextz - signal s nom- onising for biormolecules (canmot change the

properties of biovmolecules)
® Dwg Analysis and ‘P'rotein Analyste though elechomagwebt'c CEM) waove-
@ Non- destructive testing (NDT) - Thiough wall-tmaging (used military

applications, defense)
® Resomance Spectvum Aralysis.
© Metal detection through X-"ay
& XR-rExtended Reality, Hologyaphic
non-tervestrial networks , conmected vobotics & autonomous systems

@ Communication ~~» Radar technology Eq:- et 0.1 -0-3 THz
Range coverage 5

® Limited Range * Not suitable for (ohg - distance communication
elements like clouds, dust, Yain.

(Screening Systems)

tel epowfbofm‘o*r) , Irternet— Of = Eve;vyﬂ‘)fng (IOE)I
(CRAS)

Disadvantages:-
due to Scattering ond absorption by
@ Limtted penetration:- Offers less penetration depth than Microwose Tadiation

ond. hag difficulty o Pene’crattng cloud & fog- It cannct penetrate (watter) liquid

& metal- -
@ Detection challenges:- Detecting THe frequencles ie difficult because black bodg




yodiation at veom tempevatwre is Vewy Stong ab these {requencies.
@ Cost ond Availability:- Sources, detectors & Modulators are not Yeadily available

at affoxdable pn'ces :

TevaHertz (TH,%) sources - Vaccum-electronics based, Semiconductor basced,
Photoconduction based, Linearity based

An electonic and. photonic watevials Pased . methods bave been built to genexate
THz Sources These Sources e l[emited 'bo lower Qveyage pPowers, lower peak frelds,
ond. \ower 're,Pcl:‘rtforn Yotes-

Name | Source type

Gas > Lasers
Sewviiconductor|” Hasers
TevaHertx (TH) pavamebvic— Pulsed lasexs

oscillcdoy
Frequency M ultiplicatio olid-state electvonic
Tvansistors Solid-&state electroniC
Gyrotons, F:’e e 'astf:")s } Vaccu- electronice kased.
¢ncho

Me,rw-nj L.Ofmp —+ Thermal
Mechamical Resomomce -—-—-P Cmrtinuous pumped lasers,

s ‘Microwave Sources
Recall® - icowave Ry o B
Linear Beam Devices C‘}Dsit—\ﬁggge?w&is
P i S g -2
Resmm S Slow-wave Structure T Re-enpromt {Guantum mechovicol
(non-Yesonant) ks benomenon
K(qs&mn Ampkfue:r / b Resonant
C Reflex kiystron amplfler  Fonwond Wove Backward wWave
Two- C,cwrkd oY
Muki-conity * Heltx TINT Biwa BWO
khds’tmﬂ e Coupled. Cavity TINT

: Cyoss-fteld tub M-
Loventz-{force based Systems 5 ‘ es (M-Yype)

¢ 1y T N
F- qE + 97 B) Re sonant /Ncm—‘fesowomt Maser effect
Re—entvant  Fowoowd wave : \
stationavy \A i G Gyrotrons
ynaqoetic Wg’ﬂeﬁdﬁe—entvom’c Non-Ye entrant
electvic force ?gw
R FWCFA Dematron Backward wave
o -type, M-type A

Tranert_ time _devicesi- TMPATT diode, BARITT diode, Re’f”a** Nem-reentomt

TRAPATT diodee B ot
mpltron Caricihotor
GUNN diode:- ‘Fromsfeﬂed €& devices (TED) = @@n of operation:- NDR .
L)Htah frequency curvent oOscillations Occuy n Cevtain demiCondu ctoy materials




wWhen szje,cted, o' B v B Stfong electvic -fi’e(d.~ @
= Limitations and. Tesues:-

@Heavy attenuation i wieless hansmission due *o high frequency.
7 B Albsorpticn
® Large absorption Windows : , s
@ Restiictive long distance wieless communication due
+o heawy attenuation at higher frequencies.
@Scardtd of THz source:
©® Swall - scale dimension. (High - end. machinery ond.
pTO Cessing {or THz frequencies and. M dimensions.)
© Develop antenna -ted’mofogf_es.—l:—n whreless System, at THz {m“ﬁm’:j an antevma
ts requived to provide the vadiations Itke pencil-beam.
To géne,fate pencil beam, @ Attaining massive MIMO (multiple toput Multiple output)
@Arrag :[Works on the principle of Superpositiony pattern
2 R vultiplication]
enhonce qoiin & divectivity 3&3 vl sbrength Conalie Q % Q -
To develop this type of omtennae at THz fvequencles e difftcult-
@ For THz fabrication, loge pevmittivity mateviale are requived-
(vossive MIMO: Used to capture Qll types of
polarised s&amls)

Elechownﬁneht Spectrum buol matuve :-® Wave (EM)
N ic\
/\ Fox s IR T Q@poaticte
O-4THZ 3 \ \ Vf§’tble——— UV---- X-Mays
~—=vadio-tThime  loTHz Infvored, (TR A\ 4-50nm-150nm)
mmove e TeraHertz frequency ¢
freqpency

— Transmitted TexaHertz Sk con be t a straight lne propagation-

~Terahertz (THE) Covers the matwe of microwave
—The tevabertz vodiation com olso acquives the properties like micyowave e,
con be obtaimed by UpLONVEISION of frequenty using converter and mxer.
=k
§ 2
v haymonic

Q. What s Josephson Junction ¢
Note:- For long ~distonce  Communication, We Use |Mearly polowised. antenna whereasa
for shovt- distomce cormuniéation, @ cireularly polarised. antenna is used.-

In gemefalls/ vem’caﬂg PO\anse(,L waves coe Used due to Yearth's Curvature

4 (U (Calt
effect w

Material chavacteristics:-€ = g4 ¢, ¢ dielectric
permitt ivity

B= Po My ¢ 'magnet?c .
Pexmeab“HH

tP:.T-M.)



Pexmittiviy defnes how vouch electic fleld fs confined tn any dielectric. Stmilarly,
pexmab?(tﬁd defines how uch Ynagnetic field can be confined th any matericd/

{Aietectric) magnetic matexial:
W' Consevvation Of ¢harge .
Soobi e

-

-
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Absorbers- Conversion of Solar energy to other enewgies:
) A

” Freq - Selective
WA L e r /7 requency . <
Bt N\ 7 Boadbond pernl
f ‘. 50% Fol) ~with Half maximo,
le—BW > = o SOGY
\ ‘Absofptfonl s “>Navrow band
INTNAOW

%, Absorption veltes on > O Concentiation , @ thickness.

Beer Lambert's laws- It states thab, for o given sample path length te; Fhickness

o concentration Of the Gomple are divectly propottional to the abeorbance of the
an
light -

: The cmount of 5ca-xtaed bea/
Tt fo expressed as: A & C¥ waove fiomn O Specimen -
A=-ect wWhere €=molar extinction coefficient
Limitations: - ' A= amount of light absorbed fora particulor
DThere shouldmot be Scatteving Wavelength, by the Sample-
of the light lbeam- 1 - distance covered by the lignt thyough the
2)Moneckromadic EM vadiation Sample-
Should be used- ¢ = concentyation O:F the a,bsgrbi'ng SFedeS.
e A |
Wave i\ T e AN
. \echor :
J Hy (A= 1-R-T|
F.T-§ position /
S’P vedcof} 2 ke

No trangmiss o

* e “ Scattert W
8, Rieetibordp B Ciey Splt Of 2
is Wwsed oS oM the wove)
avbeovber-

. tiny veflection damping ~the vesietance Y0 the
Desi i'nq THz abeorbers:- : ogcillations -
Designing THz absorbers focuses on  achieving high, broadband absorption

by matching the metamaterials fmpedance o fiee space and blocking trangmiss-
-ion timough a backplone (roetallic) - KEH pvinciples indude L€ Yesomances and
dipole vesponses witthin pattemed wetallic Structwies (Metamateralg) to

gqenerate muttiple, Aistinct absowption peaks: Tnable /veconfiguvable properties




ave achieved. by incorporating graphene oY VO, ,wWhere Styuctural dlesigne, Such®
as H-Shaped micostructures, ave lused to ncrease bondwidth & achieve Wide- cmgle,

absorption: allows for electrical / thevmal tuming .

-Absorbers ave built from unit celle consn’stfnca of a pattemed. -+top metallc layer
and. a ground metallic plane Separated by a dielectric lager.

Polariration and Angle Tvsensibivity :- 3tﬁmm8tvi‘col desi'ans ave used to make the

abeoyber msensitive to the polartzation ‘and. Incident angle of the THZ waves.

W’—\\
Designing of absorbers for puwave & THz frequencles
: o thary optical fvequencccs

0-F8 mm

L g // S

telectri
Frequency vesponse doesnot dcg, L$
depe,nd on the T)O-Of unit cells & awangmm
-Each unit—cell absorbs &56- ¥50 Nm

- The thickness of the wetale must be considered ;
greater thom few <Skin depths: Lsorber

-The thicknese of the dielecthic wust be considered atleast Ay

-Resonator must provide frequency -Selective opevation .

~The planay geometry of absorber must be aorvanged " the -fom of pexiodic
Aisty{bution Of unit-cells wbere Yesponse of each unit-cell fis mole,pemdento}
Aimensions of window and application each other: )

-In a Single unit—cell avangement in a material, it veguires very laxge
Haickness to absorb the whole #ncident wave: So, we have to Yeduce the

thickness
How to Yeduce ,ﬁvi’ckness ¢ To veduce the thickness

B~

- Micvoscopi View of cloth

Unib-celf

of THz a.bsorrbem you com

design meta-materials With Complex 3D or vertically stacked Stwuctures o
achieve broadlband alsorption tn a thin layer, use advanced +two-dimensional
matexils like grapbene for tunable, ulta-broadband. absorption, or
incovporate paxasiic copaciors. or tuned dielechic Yesonators Within a
Stmple Meta- swrface to adhieve  Stgmificant mintotwization . A"be'maﬁvckj/

for films, spin- coating thinner layexs or Yeducing Spn speecl can resuft

-

T thivner -fﬂms .
~ (P-T-0)



Role of Incidence Angle i THz absorbers

The ongle of Mcidence Ciritically affects THE absorbers by iofluencing Wave
propagation, intexference, critical angles & the resonarit bebaviour of the a'z.%OchY
o tructure . While some of these obsorbeys ave de&i"cx‘ned. for wide - angle Wsens-
_:-[;{\ﬁﬁi due to yototiondl Srmetiy or Specific Yesonance mechoniems, ™MaNy
THe absovbers Show a &hift ™ theiy absorption band or changes tn absorphivity
s the angle of treidence ncreases. This effect ocauwre because the therOlSﬂ’g
angle alers +the effective electvical stze of the absorbers "f&Scncm‘b Lnibs,
leading o shifte n the Yesorance frequency omd potentially affecting absorpti-
-\ﬂhj. :
— Hrgh absorption at oblique ongles con "be achieved by dest‘gncna for
fundamental dipole Yesonance and gop Suface plasmons , Whith are less

Sencitive to angle-
In cose of ¢olar cell, absowption o\eco.%c“n? when 60 Varfes from O to a0’
‘;kie e8>0 ©=0-
ao A e
L—Pmolde,nt a'rg,e

: ~
i A=
* LAbsovber as. o sensoﬂ L

An obsorber acts as o Sensoy by explotting changes tts vesonant
frequency OF absorption spectrum that ove triggered by exteynal {actors like the
presence of o analyte or o change fh e physical properties. By montboring
shifts tn the Y@SOMant wavelength O Other characteristice of the absorption,
#he abeorber con detect ond Measure properties Such as the Yef¥active
tndex of a substance, Making * o Sensitive tool for bl'OSe:f)SCn? Y

evwironmental TMoNtortng.,

Recalls- Divect bo:ndcad_p & Indirect bandgap Semiconductors.
_— E
13

f

Tapping «— - 5o oK)
)R, e;r\evgy ——
q Q _P_(of) K leve) -———— -

(@ Diect bond gop (b) Indhrect band. gap
EQ%- GoAs Eq*- 51,Qe 2



Materiol Selection for THZ Componerts:-

Complex permittivity omd. complex conductivitys-

] \S

TxH = (+jw)E 5 : Complex permittivity
IxH= o (1+jwe) E =B =T
V\/\r\/g—/ 36

nodified conductivity
vxH= o“E —> Conduction Cwient i terms of Complex concluctivity
yxH= jw ¢’E — displacement current ™ terms of Complex pevwmittivity
Conclusion:- Conductiviy & Pemmittivieysboth ave complex Mumber ond. frequeny dependent:
AN -

Heve,

. o
C = £+‘§=$+e=e—y— = ghe gi=ge
e G{Jwg Jw = d
tan $=€" - —yLossm\gent
Ei - ' ﬂ?
' : " : ( . SEunksl R a0t 40 Ote
e depicts Sstored enengy whereae €' defines loss/ dissipation . 8

- For terabertz frequencies, ™Materals  offev bigh pevmittivity. Low cost wetals like Cu,
Al offers a lomge Value of permittivities at high frequencies in THz. and optical
mnge- :

-€' s ndependent Of conductivity thal Yepresents the stored emergy. whereas €”
= &) {e dependent on 7 (conductivity) n propotionality which creates the loss or
dissipation in dielectrics .

— The value of existing - W any dielectric fowers the value of Stored electric
feld following the Ohmls lamw (JT=cE) Wbich decreage the potentiol acvoss the

he:;m‘molofacapodtm- o e SiE -
=
e AE Y
{E =X

- At high —ffeqxencies, noble metals (ke Au, Aq) can Work as perfect  elielectvic
conductors but they offex bhigh development -for system denelopment.
— Bosed on this materiol selection, the terabertz d-26lqn and. System Cwmpowew
~ts) at terabertx (TH®) frequencies Ccan be developed. using

(@) Metals @ Dielectrics, @ Sa“i—cmdxmfs ond @ others.

a- The -usage of dielectvic voateriale utilices a Cavity Yesonator Of bhigh
Pe:mﬁbiv(ud dielectnc matexial ( >0 —10600)- e, high

lotesThese matedale bove 1 (>q0%e) i-¢ higher gain than wmetals divectivity

Dkitema dielechic vesonator can be Complex task due t0 ® offers a

. T



adds complexity to the System developrrent -
Note:- Generaly, these ynatetale are Composite semiconduckors.
. Egr- Goks (Gallium Arsenide), Tndium Antimonide (INSB) Tio,

¢ In metals, generally uced THe absobers and 7eflectoxs can be

developed. at these frequencies .

a Otherc:
Wtilizing non- metallic ynateriale wWith very
A
AN

Eg:-) Grapbite —* Ovailability is move 4
BNoh— metalic {nbiure /@X)
; Hq‘gh mddg{ivmdg No TR losses 0Pz o107 2 ps
: -

high Conductivity.

— Lossy ontermae can be replaced. by Some loop cutenMas -

e=12, =10 s — bigh loss
Crigh | K T
bigh absorption 1 (
034mm

—At THz frequencies ca'rophite provides  VeTy ! :
: ! 3 e high condudhiity (<) {

o~ o~
-

yote just lecause of i
tion & echa: Single ato
bvoad obsoTP e b 9 < M

- .JFt con pxou?de a
‘ o @ = diameter
2) Gropheve =7 anﬂ!e lasger of qTapbite 'S known as graphene - | :
\ L—?Ve:(:, high conducx‘l’v?btd i«e,7 U‘%,,bphg%g'. oo ttmes. 9 ¢ grapbite
Mechamical St’remgﬂ’ is qfeoc_tex than Odinay metals

absorption which e &-3 times bigher than metals.

—graphene provides

— Grophenes surface conductiving (o) Tefers to WS ablitp. toleanduct electric
curent QCIOSs s D —suface: This S described by Kubos formuletion:
Tt breake down graphenes comductivity O tntraband. and- interband,
- Diagoval conduckivity is often weed. tn  quontum ynechamics oY

: e\ed’Xomo.% netiem to describe the @mPOﬂeYWS of the conduckivity tensor.

—These introbond & intexband. <ontributions of qmphemefs cmdxwﬁ‘vfhd
oxe dependent on few pamneters: D) Frequency ,, Q) Temperature,

3w Enexqy  omd: 4) Scattertng 1ote( D
Noke :- (chewical potentil) T R
Scattering vate - Defines no- of Collisions (Tl= <7 Re laxotion time-
>For a qoodk quolity wateréal , T—r° (No collicions) Téme di'fferénce betwesn
Successive Callisions
Balleti tronsportakion
4 '
4 ‘ No scwten’inﬂ
— Metale provide Smal- Scale Systens irtegrote these n "™

design Of antermaS howing bigh Qou’n X efficiency. 7

icrochips for the



a e f(Mo) ~~ar @D DC fietd ,@ Magretic field.
5/ FetmiErieigy & @ Doping (At the ti m :
oping me of manfacturing)
Limibations:- Electronic veconfigurability / tumalbility ‘ :
[’j for active compoﬂe:rvbs and. device miniaturization ab Teratertz (THi){Tequf/M'&s
_due t0 the Yestricted cuboff {frequencies & high losses of Conwentional electyonic
devices like vovactos and diodes.

Solution:- To ovexcom

@

e thie, @ Integrating CMOS with meto—atoms,
@ Wsing “gw" in layeved structurves

@ Developing MENS - based, matematerals 07 functional

material -hmabiliuj to enable Teconﬁgwrub(e THz devices
- {or- sensing and. bhigh- Speed communication.
Rewnf@ufabi(iﬁd > Ttmabilfud:- Refers +o the ab?réud of T He devices to dynamically

altex theiy opexodional chovacteristics Such A%, frequenty, complitude, oY pdarisation
tn Yespomse +to oxternal stimull [fke vottage oY light-

ée Electrically / Magnetically 4unable device Using gro-phene .

Eqt- Metamater ials, AbsoTbers 4 |
~These explods graphene’s ~umique clectiical g e B
#es +to odter TevoHertz (THE) Wove : .
i o by | P B
v oNns -

— Devicee o¥e Often tuned by changing Campbené{-,o“’“@e' =)

chenicol poventtol With an eleckical Vottage oY by opplying a. Magnetostatic
freld. +o modulote vesonant cunerte  and  phase -

\ Electrical Tuming

Moqne:h'c Twnfng

Methaod. An elechical votage is An extemal Stahc or m nNetostati
applied. ac10se the bias magretic feld fe applied o 2
%fapheme layey 1o the %fa_Pheme—-baSed, Structwre .

change we Feynmi level

ov chexvical Pmﬁa(’

i S The e\ecf\m'co.l ﬂoiitng The mo.taﬂekl'c fleld %eneva:tes a

_ dgnamcqﬂg adjusts Loventz force thot offects the
gmphenes conductivity | ynovement of €6 CoRE toe aveitibo
tofluencim s nteyadiv | itertng the Tesovant g
-on with THZ waves , - -

> ehifting the ™etasur {
and tuning vesonamt ¥ y UTOReS RRoNse.
{requencies.

\

App\(ca,t?o'ns

Friters, Abcovbers, and | Grapbene- baged Obsorberg & :
modulators modulators .

C dynomically Odjusted' —%V(dpma new ways to Conbol THe
by electrical potential) |ave properties IPke absorption &
phase -

fO.T.AN



B: Thexmally tunade devices (Photonic mﬂstols, Vortex Beam Generators)
Materials (PCMS)

: Teznpe,mve Sensitive ™ateriale / Phose cho.nge,
Q %‘VOJ-, V905, VaOy
VOo

Thexmally tunable tevoberz (THe) - J =

devices utilize materiale whose A Thexmal pad.
propertes change with tempevotwe I : > %

I Vo. to olter thely §%c 57 Abc —r 62°c
s neslb /c\:\rolm netic chavacteristics. - # ohernei > Kphoke € S
PR L o | et Q06 Sfry pe-)

_These devices indude mebramaterialg, photontc c;ndg-tajs and A% 10° Sfvr

absorbers that can modulate, yesonance fre,qpenqd, ahSOTPﬁOﬂ&’f*qum ey Shifts
by contvolling tempeiatue enabling applications ltke tunabe phase P

Sensors & vortex beom %ex)e:ra:\n'rs. i
e B’mo.dbamd 5 VOg_ RQSOY\O:\'OY
e T gate = ax \o’s( m il
1 | C pie
S - Megt:c&:e'f i
752 Q003 ? ————F -
e ™ o S

Notes- Graphene electroni properties are algo temperatuve- dependent: In some
THz absovber destzns ,,ﬂ'ra.phene can oct as a "l?ifle,'c:to'r/ With _*’p’mPeXm ke SN
-ne modulating ttc properties and thus the demce,s_ abgorption.

C. Incident Angle - Mutsiplexed devices: (No blasing %-e; Mo tcmpexahg?as;n?
&2, | o Votage biasing) Y
Teraberte (THZ) devices designed tO oOperate with multiple signale or fungtions,

whewe the angle of the fcident THZ wawe influences which Sigmal oY funciion

fc Selected -
— Tt Yefers Yo o Specialized device, often a' metaswface or antenna, desé’aned

to intevoct wWith THz WANES and allow for the mamipulation oF detection of
mulkipte functionalities o s&amls ,lotd vaaying the angle of incidence of the
beam- These devices exploit the intevaction of THz 1radiation With
Pojgte;{ned, souctwres 1o aLh?qu tunable fi fteving ‘en homceoL 5@5‘(1}8 , oy multi-
{U:ﬂd;mas operation, providing benefits like T%Sedv .-S‘emsiﬁv‘itxd and ‘c’mevove,oL
: : Hon \cations <uch ag chemical Sensing cnd tmaging.
gt > matter Tnfemction {7 PP g g
the device can Selectively

° Muj’c?p\ext s ‘B‘d chan(a‘m% the Incdident omg(e, / .
feltex certain frequencies, enhance Sensing capabilities for
Adefferert ama(gdtes , oY even Switch between different i m’aﬁiﬂﬁ

mode.xc

iﬂcom‘m3 THz




-?Adva‘nt‘acae,if -0 Label- free detection ,

® Non- invasive Inspection & ©) High ‘9@“9“’(“"% e, Gz O
A
Notes- Brewster effect The specific tncident ongle wWheve no T

0) and all the wave (s J
(|

Yeflection Occuvs (R=
of neident -

tyansmitted ot 'ﬂovmqj 1o the axis

Sg
h .
o \ y 4
A l { ’A -
Ti j\ Q%FGB--”T}ME):%
' ( EA
z = E o

S e |
b B R
»iHow the incident angle t'nte;fag;té with Brewster’s effect n Muttiplexed clem
> Iincident omcales oy multiplexed devices can l\everage Prewster’s effect to
achteve poloxtzadion — cencitive Optical Yesponses, leading to wuttiple Tesomonce
peaks n mpheﬂe—based devices OY Optical 2wttches . g‘d vanyng e
angle of tncidence, the spectyol position of these peaks can bo  don ed, provid-
-fma independent tunabiliey  ond enabling  applicotions like  Tef e
sensing OF Crecding APerec;t‘_ light obgorbers /\
o. Prrewcter’s omga\g or po\an‘asaﬁdn_:- A\ the Brewster angle, light polavized
o °ncids ( = O(CLYI’EE,OK) i’S Pe-{fedu‘d tTOnSm-
Po’m“e/‘ 4 the plone of inddence P-P teed

c iﬂ‘t@’(—fac,e,/ while the 'Yt{(ected h‘%b’c is COYh'Jﬁtelgd
polavized.)

through & diele ctrt
1¥ to the plave Of incidence (S~

Po(awrf %ed
| Multiple W When structuwves arve dest?-ned

b. Anieotiopic Shudures and

A to be amieotvopic (like %mPhene vesanators [ momopUlor arrays) their optical
P'rope;rtfe,s Vveay Witth Oextentation. An incident h‘%ht beam at a sPecjff‘c,
angle con nteract with these anfsotvopic strucuves to triggey multiple

—fol(owi’ncj o ae'nefo.lfm Brewster effect -

e Ang\e ‘unable Spedz‘fd:-rh Such MﬁPle"ed» devices, the incident angle can

. be, o ﬁ;:/:k/)vwne the. speotmj Pos‘fh‘cm of these TeSonance Pe'ak‘s

This allows for the Modulation of frequencies and Createc

Ye sonance FeOKS ,

Tndepemdenﬂ\d ;
4unoble sPecchoJ bands -

(poT- nt)



* Dependence of W)MWE‘ of grapbene on Mo-of loif_}’
- Fewex Mo. of layers of Qraphene con provide higher value of kinetic

conductance: This effects the charactexistics i the following ways:-
with the Wcrement itn MO- Of (Q%GYS

1) conductivity of grapbene veduces
i Tt con provide the lavge censitivity for the applied DC Voltage for fewer
[tp) %Yo.phahe, which Yeduces with the

no-of layers ( Stack of loxgexs)
tnaement n o of layere ;—@
#: B \ |\ :

Refefe,nc,e, Ydﬁaqe
:— Plaema— Fourth states Og matter
Work function:- Minbmum enerqy to break the covalert bonds.
v v R '’
= & ‘(‘(
IWNe know thas, e=J e
SRR €
R i e —
ET % Sy
a7 °‘ N case of metallc conductor
S L E=0O inside.
Z‘ \Ca E 575
11,84 ; s
I

—Recause of very small depth of penetration (<kin depth,
'g). Due 4o operating at high frequency, chovqe Yemaing confined at metal-

didectvic intevface only wih =0
es Yemain polavized and Create the dipolay formatio

— These charged. povtic
-n where EM waves of bigh 'era,uenud terocte t© the metal ~dielectryic
nterface o ﬂ [g\ A4 thickvess
ql._g . = s R e Bk hen metok-aly
s < = ' « >
plosdicn |~ %7 .
2 0-Chayqe go° o dielectric
©n (- 50) |
&o&x

9D-electyon caae

—

~ The Creakion of electvonic dipole ab” metal — aiy inteface becauge -of
e o - e ‘G
ntexackion of Wave to thig, s known os Suvface Plasmons” (polarized




electvovg) polovized charged pavticles /plasmonic awangement) @

— The bunch of electrons s sufficlently qetting enerqy from the wave: So, they

can move {veely at ebal — oy Intexface. So thle i known as plaema or 2D-

chorcae, /e gas . ;
Notes Dipole moment - Tendency of €s movtn(a towards the hole n a dipde s
kvown as dfpo\e moment - @« Vo)

& & -5

» le| Hertzian dipole (Mso)
2+ Types of dipole ontennae - .—) I“f‘“‘te's"“o" dipo

2) Haif - wove dipole (M2)
4) Einte -\ength dipole())

Furthbermore, @ What (s “Sud-fage plasmonic -rescnance"?
what do you undetstand by plasma frequency 2

— x PSR
Al motes weve prepoted

b"d

S.Th @TQKQSWGTCL Qad.dg

'F°”me3 te class
discussions .



