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Abstract

A review of recent investigational studies has bpesented in this paper of exciting the surfa@smbn polaritons
(SPPs) in microwave (MW) and terahertz (THz) regioyeusing subwavelength corrugated patterns on wind or
metal surfaces. This article also outlines the iiance of SPPs microstrip (MS) structures at micave and terahertz
frequencies, compared to the conventional MS trégsan lines (TL) to tackle the key challenges mfhhgain, broader
bandwidth, compactness, TL losses and signal iyegrhigh-end electronics devices. Having subwength properties,
surface plasmon polaritons are getting fame foir tingproved performance and ability of miniaturizat in high-speed
dense circuits. They possess comparably minuscalelength than the incident light (photons). Consedly, they can
demonstrate stronger spatial confinement and hilgicat field intensity at optical frequencies. Bl of engineering
spoof SPPs waveguides by engraving grooves arsdaslitmetal surfaces to operate at low frequencgsr¢wave and
terahertz), semiconductors with smaller permitfiwitlues and thus lower free charge carrier comagah, have been
proved as a potential candidate in plasmonic dsvidke necessary, further tuning of SPP structurasell on a
semiconductor is aided by controlling the chargeieaconcentration through doping, or by exterstinuli such as
optical illumination or thermal excitation of chargarriers from valence to conduction bands. THisl@ conclusively
covers perspectives of manipulating SPPs in MW BiHd range that have so far been elucidated and asiggs how
these could steer the next-generation plasmonice®yv
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1. Introduction

Plasmonics is an emerging area of science and désxiynin which propagation of light can be conteadll
by the use of subwavelength structures. Focuseticappns of plasmonics are numerous such as sifac
enhanced Raman scattering [1], surface plasmomaese sensors [2], surface plasmon spectroscopsnsys
[3-5]. Diverse of fields have hugely been benefitethging from chemistry, biology, physics, and enia
science [6-8].

The basic ability from which plasmonics is benefjtés confining the EM fields into smaller scal@s,
contrast to other conventional focusing techniqués dielectric lenses[9, 10]. Many applicationse a
supported by this inherent characteristics, forttainse, improved collection of EM energy (such as, i
photovoltaic applications) [11-14], better spatiaolution imaging [15, 16], and in nonlinear degice.g.,
lasers [17-19]. Also, the phenomenon is fully agglfor sensing purposes in biochemistry [20-22hticd
switches, signal amplifiers and modulators base8®Rs [23-27].

Bethe [28] in 1942, predicted that transmissiorernsity of EM waves through circular subwavelength
opening designed in an optically thick metal laj®mproportional to(d/A)*, where d is the diameter of
circular openings anil is the wavelength of the light. R. H. Ritchie [28]1957 discovered that fast moving
electrons lost their energy when passed throudiinantetal film. He predicted that it may be dudtie self-
sustained oscillations that existed at the metdhsas. Later, Powell and Swan proved the same amésin
through experiments [30]. Raether [31] also spatitedunique behavior of metals of having easilyeasible
collective excitations of electrons. Years aftexsih predictions, in 1998, Ebbesen et al. [32], niaidasive
research and investigated extraordinary opticaistrassion across periodic arrays of holes milledgtically
thick metal film. Unusual transmission of light wdiscovered, which was orders of magnitude highant
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those theoretically anticipated by Bethe in claasiaperture theory. Following this invention, a lot
experiments and theoretical research has beeredantit, to clarify the hidden phenomenon and reduitt
significant advancements in plasmonic applicati@2s38].

Finally, it was postulated that the interaction light waves with free electrons on the metal-
dielectric interface, create surface plasmons. Uedeain conditions, due to the positive permityivof the
dielectric material and negative permittivity belmavof metal at optical frequencies, the incideight
combines with the surface plasmons, thereby crgat@if-sustaining and propagating EM waves, known
as surface plasmon polaritons [9]. Once they amdtexk the SPPs travel in a parallel direction glahe
metal-dielectric interface. SPPs have much smaléarelength compared to the incident light. Theimitive
existence is temporary and they decay exponentidigg the direction perpendicular to the metaleditic
interface. It has been proved that SPPs provok@emetal-dielectric interface and incident enezgg easily
cross through the edges of the periodic corrugatiommetal film around where it is highly accumeth{32,
39-43].

As thoroughly explored, SPPs are related to a widergory of electromagnetic solutions generadisned
as Zenneck wave or sommerfield waves whose conénéiis weak on the surface [44-46]. However, SPPs
are propagating waves that highly localize the EdIdfon the conducting surface[31]. Regardlesshefrt
excellent plasmonic properties of stronger fielthfatement and enhancement on metal surfaces icadpti
regime [10], SPPs cannot be excited naturallyatftequencies in THz/MW bands where a metal behages
perfect electric conductor (PEC) [47]. To overcothis predicament and provoke highly confined SPPs a
lower frequency regime, spoof surface plasmon fioles (SSPPs) have been proposed with the condept o
employing metamaterials [48, 49]. Surface deconatiare supplemented in the form of grooves, halés,
and blocks on the conducting surfaces at deep stdderzgth scale to support SSPPs at MW and THz scale
[47, 49-52]. These plasmonic metamaterials incladene-dimensional array of grooves at subwavelength
scales [50, 53], two-dimensional arrays of pitshidis [48, 49, 54], or three-dimensional perioditags of
circular grooves in perfect conducting wires [SbBey mimic the exotic properties of natural SPRPsgl their
dispersion characteristics and spatial confinenuamt be engineered at will by adjusting the georestri
parameters [12, 50, 54-60].Hence, they have pavedtl to realize SPPs at lower frequency, exhipitin
similar properties like natural SPPs in the optiegiime.

However, all the above mentioned surface decorsittma not convenient to fabricate and integrate,tdu
their dimensional structure vertically above ordvethe conducting surface. Specifically, due to¢heplex
and three-dimensional design structures of mostmtic developed plasmonic metamaterials (havingelar
volumes), they cannot lie in the class of transioisdéines. Therefore, a new type of compact plasmoof
SPP structures have been proposed, which are edchiée standard printed circuit board technoldify-69].
These compact SSPPs are the most promising caaditahicrowave circuits, consumer electronics and
systems owing to their ultra-thinness, flexibilignd reduced fabrication cost.

With the ability of exciting EM waves on a subwamdth scale, SPPs have been widely adapted in the
THz application. Although, it was expected at fitsat high conductivities of metals could be aneadipent
in the demonstration of SPPs in THz range. In @sttirSPPs have successfully been excited on metal-
dielectric interfaces using prism coupling, evaeesdield coupling [70-73], and through two-dimeorsal
aperture arrays in metals [74-83]. A number of picat applications have been cultivated by the ipret
use of SPPs at THz frequencies, such as in theé dtchemical as well as biological spectroscopghh
frequency communication, accurate sensors, opdigcsnnas, modern imaging technology, photo-detgctor
electron energy loss spectroscopy, cathodo-luméres; security and surveillance, non-destructive
spectroscopy, biosensor and a lot of many othet9ff. Keeping in view the gigantically used coricep
plasmonics, the research area has been provedffidurprises in last decade and is likely to uncove
numerous alluring prospective applications.

The innovation brought by area of plasmonics hablen the upcoming SPPs based structures and device
to conquer many technological obstacles. The perpbshis paper is to present an overview of thepprties
of SPPs and examine how they work on subwavelesele and THz range. We will present the important



results investigated by a few researchers, suclisagrsion diagrams and scattering parameterss(tigsion
and reflection coefficients). The paper is orgagizs follows: In section 1, concept of surface mias
polaritons is developed along with the motivatiehind studies of SPPs in MW and THz regime. Sedtion
illustrates the theoretical background of SPPs vdispersion diagram. Role of plasma frequency and
permittivity in realization of SPPs is also disews A brief overview of SPPs excitation on doped
semiconductors is also mentioned. Section Il dbesrthe general model of surface plasmonic wawegui
Section IV covers a brief overview and analysisame investigational research presented in thid, flemed

to explicate the effect of varying certain desigargmeters on SPPs excitation. Section V providés br
concluding comments and outlook.

2.1 Motivation of SPPs Sudies

High gain, broader bandwidth, compactness, supjpress transmission line losses in microstrip lines
and signal integrity are the key challenges in fégh electronic devices, integrated circuits, aystesns[61,
95]. Currently, these issues are inevitable in camioation devices and high-speed applications. Klutu
coupling is another substantial problem in denseuits with a huge number of parallel transmisdioas
[96].

All passive and active devices are based on tragssomi lines, being the key element of transmittiata.
Microstrip is the commonly used transmission lineriicrowave and millimeter wave frequencies anebisy
to fabricate. Therefore, it has been extensivediua compact, light weight circuits, and antentéswever,
it has drawbacks of narrow bandwidth, susceptibititcrosstalk, low gain, and poses comparativalgd TL
losses. The efficient designs of MS TLs are dekirab flourish and satisfy the needs of high-speed
communication devices in the modern era of eleatson

Transmission of EM pulses has been demonstratednetal structures with periodic openings in
electromagnetic spectrum, having a broad rangeptital, infrared and microwave frequencies [32-38,

55, 77, 97-99]. Having excellent transmission cbeedstics, SPPs structure may be regarded as ts m
auspicious nominee in THz frequencies, MW circugemmercial electronics applications, and systems.
Also, the construction of spoof surface plasmonaptins (SSPPs) and afterward, ultrathin conformal
surface plasmons (CSPs) structures [66] providéases of flexible plasmonic structure designs smdlirect

a way to conveniently transmit EM waves in MW andZTregime [51, 95, 96]. However, SSPPs devices are
difficult to function independently due to the pkeim in feeding and extracting signals efficienthprh
plasmonic waveguide [51, 95, 100]. Therefore, tlgomobstruction in realizing SSPPs at MW frequesci
lies in bridging the transition structure for corsien from conventional microwave circuit (e.g. noistrip,
coplanar waveguides or plotline) to SSPP devicesassto maximize the efficiency and bandwidth. Some
techniques have been presented by drilling symmetriunsymmetrical periodic and gradient groovey [6
65, 67, 101-105] and intensive research is prooggidi the area of smoothing out this transition.

Miniaturization in high-speed circuits and systdmsed on SPP structures can be achieved by thezaémo
of unwanted filtering circuit. Zhang et al. demoastd in [61] that by varying the grooves depthe th
dispersion curves exhibit a corresponding cutafjfrency. When the operating frequency becomesegreat
than this cut-off frequency, no more propagatiorsBP waves is possible through the plasmonic wasegu
which is depicted by a sudden decline in the trassion spectrum. Therefore, this innate phenomeénon
SPPs facilitate the filtering purpose and is usealchieving miniaturization of plasmonic device3,[65].

TL losses may prominently deteriorate the perforteaof the whole system if not properly addressed.
Controlling these losses is a difficult task byumtiing the parameters of the structure in micrpsfiis. To
cope with this problem, most of the research isi$ed on using low loss materials [106] or by addow
dielectric material layers; consequently , additadrdesign complexity and cost. SPPs provide atisolito
the problem of TL losses with its attractive featwf alterable wave number [48, 95]. Zhang ef6i]
proved through numerical simulations and experintkat transmission loss in a well-designed SPPSsTL
quite smaller than same sized conventional midmdit over a wide band of microwave frequencies. |



conventional MS coupled lines, coupling coefficigmireases with the increase of propagation cohskan
contrast to this fact, it has been demonstrated 8RPs result in tighter field confinement when the
propagation constant is increased and hence, gélte diverlapping factor is also reduced. This featmakes
SPPs low loss waveguides, for which the transmispimwer is approximately independent of the couplin
length [61].

High speed circuits extensively use differentialcmostrip transmission lines to reduce the crosstalk
compared to single ended microstrip lines. Nevég®e in advanced dense electronic circuits, the
neighboring circuitry could cause common mode éffewen in these less noisy differential signatpand
thus the crosstalk noise cannot be ignored. Itbess claimed by Wu et al. that the EM field cartigbtly
confined inside the corrugations on differential Mi$es as compared to conventional MS and thergfore
crosstalk between the differential pair can beatiffely reduced [96]. It also helps to suppregsdbnversion
of the differential signal to the common mode slgRaopagation length of these lines is also higbugh
and experiment in time domain has proved that taesy well suited in high-speed circuitry. Symmetric
subwavelength corrugations are introduced on two differential lines, therefore improving the EM
penetrations into the metallic surface and strofiglt confinement can reduce the crosstalk angsags the
conversion effect very efficiently. Trapping the ENMaves with the help of plasmonic structures resut
confining and controlling the velocities of lighhd EM waves and hence, this phenomenon is used for
applications in adding optical delays, optical mation, optical buffers, and switching operatiorVtV and
optical frequencies [107]. Plasmonic structuresifgan ultra-thin metallic film with non-uniform gdient
corrugations, have been reported to slow down thE ®aves gradually in THz and MW regime and are
reflected at the predesigned locations when thguércy is changed [108].

2. Theory of Surface Plasmon Polaritons - Dispersion relation

Initially, SPPs studies were targeted in visible arfrared light region. Extraordinary optical tsmission
through metallic subwavelength grating arrays ofdeaenew era of realizing SPPs excitation at low
frequencies (MW and THz). To understand intrinspexts of SPPs, dispersion diagram can greatly, help
which relates the angular frequency with momentaiso( called in-plane wavevector) in SPP modes.

The Dielectric constant of metals is given by Drudedel and is related to plasma frequency as

_,__
£ (@) =1-——— (1)
Where
w = ”%go 7

Here,w, is the bulk plasma frequenay,is the angular frequency of incident EM wal/ds the scattering
rate of electrons motiom, is the permittivity of free space, n is the fregrier density, while e and m are the
charge and the mass of an electron respectivelyalMbave a higher density of free electrons, sg thave
higher plasma frequency. This property makes thelnas a material of choice for plasmonic applmadi In
most of the metals, plasma frequency spans froraned to ultraviolet range. When the frequencynefdent
EM is less than the plasma frequency, the dieledtmction becomes imaginary. Therefore, propagatif
light through metal is greatly attenuated. On ttleephand, Ritchie in [29] and further investigatb studies
confirm that SPPs propagate in a broader rangeregfuéncies fromw = 0 to wzw,,/\/i, along the
direction parallel to the metal-dielectric intedad-ig. 1 shows a pictorial view of SPPs propaggdilong the
direction parallel to the metal-dielectric interfacalso displays exponential decaying z-componénhe
electric field. Wavenumber (K) defines the decaytttd EM field with the increase of distance frone th



surface [109] and it determines the dispersionhef EM wave. Dispersion relation of light in a meisl
obtained by substituting dielectric constant relaiin Maxwell's equation and is given as

o =(Ke)* +ag, 3)

o is the angular frequency of incident EM field and the speed of light. The in-plane waveve&tpor
momentum of SPPs is the wavevector in the plarteeoturface along which it propagates and is atimmc
of angular frequency [31]

—_ gl gM
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gy andg;are the frequency dependent complex dielectrictfons (relative permittivity) of metal and
adjacent dielectric medium respectivel§, = ©/. is the free-space wavevector. Alsg = ey + igy; ,
Wheregyr andey; are defined as real and imaginary parts of thativel permittivity of metaleyg describes
the strength of polarization induced by an exterslalctric field whilegy; explains the absorption and
scattering losses encountered when materials oitenigh EM waves. The relative permittivity of désltric
materialg; is inadequately dispersive; therefore, relativenpiivity of metal plays a major role in the
excitation of SPPs, which ultimately controls thehavior of extraordinary transmission. As a madttefact,
charges on the surface of a metal are involvedravgking SPPs. To sustain these charges, comparfent
electric field normal to metal-dielectric interfaf&, from fig.1) must change its sign throughout thierface.
The component of displacement field in normal dimt of surface p,) needs to be constant, to satisfy the
equationD, = €E;. Consequently, to support the SPP excitationsibe of €, and g must be opposite. It
is known that the value @fis real and positive, so this puts a restrictiontlos relative permittivity of the
metaley , to be real and negative. At optical frequenamany metals have a negative dielectric permittjvity
largely consisting of negative real part while gusitive imaginary part is tiny.

Because, wavevector of free space photon (in the dielectric medium, it is v/€;K,) adjoining the metal,
is less than the wavevector of SPPs (Kgp) at the same frequency. Therefore, only if this momentum is
matched to momentum of SPPs ( Kgp), at that instance the SPPs may be excited by the free propagating
EM waves. Momentum matching has been achieved through different techniques, which employ
scattering of EM waves by structure design such as using high index prism, evanescent field coupling
and grating coupling [71, 72, 82]. However, SPPs transmission by using periodic aperture arrays has
been investigated excessively.

At surface plasmon frequency, K, — o and

Rele, 1=-¢, (¢, > 0) ®)

w=—2% 6)

J1+e,

Dispersion curve in Fig. 2 gives a graphical illustration of frequency versus wavevector relation.
Here, there are two cases to be identified (see fig.2):

When w < wp, then the permittivity of metal €y is real and negative. Dispersion curve of SPPs lies to
the right and closer to the dispersion curve of the light line. It means the surface plasmon polaritons
have a higher wavevector than the light waves of the same frequency, propagating along the surface
[31]. Wavevector of EM wave in medium is imaginary, and EM wave decays exponentially and in the
direction perpendicular to the surface. As frequency increases, the SPP mode deviates away from the




light line until it reaches an asymptotic resonant frequency wsp. At this frequency, gy is equal to g but
with an opposite sign. When o > wp, €y is real and positive. Wavenumber is real, and therefore no
wave decay takes place, and wave propagates as it travels in the ordinary positive dielectric medium
[109, 110] as given by the theory of Drude.

Plasmon Polaritons
o =(Kc)" +op

Frequency w

,/'/“‘-L‘rfam Plasmon Polaritons
o,

—

/ 0=

—

\,Jl:-::
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—>  Wavevector K -

Fig. 1. Surface plasmon polaritons propagation Fig. 2. Déspion curve of SPPs on metal-dielectric interface

2.1 SPPson doped semiconductors

Because plasma frequency is proportional to the free carrier density (w, « n) in Eq. (2) therefore,
we may control w, by varying charge carrier density. Periodic structured metals (corrugated design)
may provide this facility and support the excitation of SPPs [111]. On the other hand, by changing the
doping level in the semiconductors may stimulate the surface waves [112, 113], specifically highly
doped semiconductors excite the SPPs near the THz spectrum [75, 77, 114]. Therefore, similar to SPPs
excitation in metals in optical regime, highly doped semiconductors can provoke SPPs at THz
frequencies. Zhang et al. [115] has pointed out that when the doping level of n-type doped silicon is
increased above 1 X 1017 cm™3, the real part of permittivity shows off a negative behavior at 1THz. Fig.
3. shows real and imaginary parts of permittivity of n-type silicon at 1THz as a function of carrier
density. Azad et al. [75] fabricated elliptical hole arrays on a 50um thick highly doped n-type silicon
structure( 3 X 10*°cm™3)and successfully demonstrated the resonance frequency of SPPs at 1.6GHz
with complex conductivity of 557+i100S/cm. Fig. 4 (i) shows the sample investigated and Fig .4 (ii)
frequency dependent real and imaginary permittivitties of doped n-type silicon. It indicates that high
doping concentration is needed to excite SPP in THz range and enhanced transmission is made possible
through subwavelength corrugated arrays on these highly doped semlconductlng materials [75 77].
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Fig. 3. Real and imaginary parts of permittivityrefype silicon at 1THz as a function of carriensigy. [115] Fig. 4. [75] (i) Sample
investigated witlelliptical hole arrays on a thick highly doped n-type silicon structure (ii) The frequency dependent real and

imaginary permittivitties of doped n-type silicon.



Additionally, Rivas et al. [116] presented the temperature dependence of the extraordinary
transmission of THz waves through arrays of subwavelength gratings on a heavily doped n-type
silicon with 1 X 108cm™3carrier concentration. Likewise, optical control of SPPs transmission in THz
range has been explained by Janke et al. [117] and Zhang et al. [118], which is verified through an array
of holes on doped semiconductors.

3. SPPs Transmission Line Generic Structure

Microstrip transmission lines (MS TL) have frequgrieen used in many communication applications, as
these can be simply realized by the use of priobedit technology that is why, they are low in tos

3.1 Subwavelength corrugated plasmonic structure design and related parameters

The subwavelength periodic corrugated array strastthave been demonstrated at wide frequency
spectrum from microwave to the optical regime foe excitation of surface modes. The resonant firezyue
of EM wave transmitted is determined mainly by tiexiod of an array of holes, grooves etc. Strigctur
parameters such as, gratings shape, aspect ratmorofigations and arrays type, play a vital role in
determining the strength of resonance and correipgrdispersion curves. Garcia et al. [50] illustththat
plasma frequency of surface modes depends direntiyie geometry of the grooves/ holes in a seniitef
perfect conductor with perforations in the formarfe-dimensional grooves arrays or two-dimensioné
arrays. It means, for such a structure, EM respandetated by these surface modes and can befigwdi
will at any required frequency in THz range (froera to threshold frequency) by tuning the geomealric
parameters of surface corrugations. In Fig. 5, dinensional array of grooves are corrugated oneperf
conducting surface with a width W and grooves degthArray of grooves are separated by a specific
distance also called period P [50].

For a perforated conducting surface to behave affaative medium, the width of grooves is consader
much smaller than the wavelength of lighit« A,. Furthermore, to simplify, it is assumed tRa& A,. For
real surface mode having an evanescent incidenepleave, parallel wavevector must be greater than t
wavevector of a photon in free space [50, 119].

K, > K, ()

HereK, is the parallel momentum of the incident plane evéparallel wavevector) arit}is the free-space
wavevector. Based on certain assumptions and giogtions, dispersion relation of surface modegiien
as [50]:

o = Wy tange ) ®

Ko

With higherK,, w tends to reach closer M/ZH in this case while in SPP modes, angular frequeety to
T;’.
Excitation of SPPs in MS structure is possible bgieeering them with subwavelength corrugations.

Dispersion properties of SPPs are dependent odithensions as well as the shape of the gratingbs,can

be adjusted at will for required gain, resonangdiency and return loss. Presented by Gao et dl. f&3 6
shows a spoof SPP filter with double MS lines hgvieriodic corrugations etched on the metal plate.
improve the confinement of the Spoof SPP wavesénstructure gaps and therefore, suppress theticadia
loss in the y-direction (as in Fig. 6.), both miktastrips are placed in opposite direction to eatter with



some separation distance S [63]. It is demonstrthi@delectric fields are concentrated much highetouble
grating structure as compared to the single gratingseen from Fig.7.(a) and 7.(b). The electritd fie
decreases in single grating structure along therebd line in x-direction while it has high maguiéuin
double grating as seen from Fig.7.c. Based on tioh plasmonic waveguide, a high performance ultra-
wideband plasmonic filter was designed in [63]. ¥ peoved that two parameters, groove depth (H)gapl
(S) could effectively control the upper cutoff fuemcy of pass-band. However, both factors haviétla |
influence on the lower cutoff frequency. Hence, dperational bandwidth can conveniently be corgcbby
only adjusting the groove depth or the separatam g

S

A

o By Hlew [

Perfect Electric Conductor

<__

Fig. 5. One-dimensional array of grooves [50] Fig.6. Dual line spoof SPPs metal strips withtigqgs [63]
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Fig. 7. The electric field distributions at 4 GHa) & (b) Ey-field distributions in the xy-plane single and double gratings, respectively.
(c) Ex-field distributions along the observing lif63]

A significant advancement in microwave and teraheshge is the invention of ultrathin conformal SPP
(CSP) structures, confirming flexibility and broadtidl features [66]. Because of these advantageous
attributes which are usually required in smart alwhse devices, they can be wrapped around curved
structures to facilitate the conformal surface plass. The classic three layers flexible copper tatnate
(FCCL) plasmonic structure is designed in by Shealeusing standard PCB fabrication process in [66
consisting of a single layer of polyimide and aecélolytic copper clad sheet connected with thexgpo
adhesive shown in Fig.8 . Overall FCCL thicknesg¢®bmm is kept comparably smaller than the wagtlen
to operate in microwave frequency range.

Shen et al. [62] proposed a free-standing combeshafanar plasmonic metamaterial, having metal film
thickness nearly equal to zero to investigate thafioement of SPP modes. A periodic array of gesois
corrugated on a perfectly conducting metal strifhwhickness ‘t’, depth ‘d’, width ‘a’, period ‘pand height
h as shown in Fig. 9.(i). Dispersion curves areuated by using the full-wave finite-element metta the
TM-polarized waves propagating in the x directidong the grooved metal strip. It has been provex tie
EM waves are weakly bounded on the surface of thheugated metal plate when the wavenumber is small
enough; rather they are more tightly bound whenwaeenumber is increased. They examined that the
dispersion curve deviates away from the light lgnificantly when the thickness of the corrugateetal
film is decreased and results in lower cutoff frexey. This shows an inverse trend to the dispengtation



with lateral widths variation of Domino plasmontrgling on a metal ground layer [60]. It demonsBahe
confinement of surface waves stronger on thinneahidm. Interestingly, below a metal thickness Ipfm,

dispersion characteristics do not change anymomglying that plasmonic mode is not sensitive tckhess
variation. This suggests that SPPs are highly nabfe on metal film with nearly zero thickness..gidii)

shows dispersion graph of spoof SPP in THz regtaé $howing the trends by varying the thicknesmefal
strip from maximum to minimum, in which light ling also displayed.
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Fig.8. Fig.9. (i) Fig.9. (ii)

Fig. 8. Fabricated sample of an ultrathin, flexiplasmonic metamaterials using FCCL. [66] Fig.iPTle corrugated metal strip (ii)
Dispersion graph of spoof SPP in THz regime showliregtrends by varying the thickness of metal $topn maximum to minimum,
Green line indicates the light line [62].

Zhang et al. [61] confirmed that microstrip linesdaplasmonic waveguides demonstrate approximately
similar transmission behavior below the cutoff fregcy. Simulations and experiments were perfornred o
two closely packed plasmonic waveguides (corrugated printed anti-symmetrically on top and bottom
sides of a dielectric substrate) having separatistance S shown in Fig.10. (i) . In addition, émmparison,
two closely packed microstrip lines were fabricatS8&P waveguides and microstrip lines were coristiuc
with same geometric dimensions. Fig.10. (ii) showesfabricated samples. Two plasmonic waveguides ha
exhibited lower mutual coupling when the separaiiterval increases as compared to microstrip lines
Proposed Spoof SPPs structure can be a strikingechmodense, high-speed circuit designs requiratdyced
coupling.

.

(i) i) (

Fig. 10. (i) Detailed structure of two closely padkspoof SPP waveguides (ii) The fabricated sanuildse two closely-packed
transmission lines in which (A and C) are top &tbot views of two closely-packed SPP waveguides(Brahd D) are top & bottom
views of two closely-packed microstrip lines [61]

Figs.11 (A-D) illustrate the trend graphs of siatidn results for transmission and coupling coéffits

versus frequency (GHz), performed on the structofdasvo closely packed SPP waveguides and micgostri
lines with varying separation interval (low=0.6mmtigh=2mm). Gray Shaded area exhibits the estiinate
data in between, with a variation of separatiortagice from low to high. The transmission spectra of



plasmonic waveguides shows stability in pass-basdthe separation interval increases (0.8mm to 2mm)
which indicates low crosstalk is maintained. Wiiilenicrostrip case, with a decrease of separatitarval S,
transmission curves demonstrate significantly gmaformance and the crosstalk is prominently ineeda
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Fig. 11.Transmission and coupling coefficient verfaequency trend graph [61]. (A) SPPs Transmis@jrMicrostrip Transmission
(C) SPP coupling (D) Microstrip coupling

4. Earlier Research Review and Analysis

Wu et al. (2014) presented two types of novel défiftial microstrip lines (DLs) based on spoof SRRirg
symmetric, periodic corrugations of subwavelengtiles on their edges [96]. The period of these gations

is kept much smaller than operating wavelengthatafiom strong confinement of EM field. Standard PCB
thickness is used in fabricated microstrip (MSk48n(0.0175mm), and RO4003 is employed as substrate
(€r=3.37). Characteristics impedance of 50 Ohm foglsi ended lines and 100 Ohm for DLs is achieved by
adjusting the width of transmission lines. Resals compared among unilateral periodic corrugat#eQ)
DLs and symmetric (bilateral) periodic corrugat&PC) DLs. Practical coupling circuits based oneheks

is also analyzed as shown in Fig.12. (a & b) & haen pointed that EM field can be more tightlpfowed
inside the corrugations of these differential m&trip lines as compared to conventional differdntia
microstrip lines clearly seen in Fig.12. (c) .dtdemonstrated that the operating bandwidth iglglealated

to the period as well as the shape of corrugatibhese corrugated DLs demonstrate lesser transmitsss

at low frequency in a wide band, thus proving thtegpropriate for long distant communication. Funthere,
crosstalk between differential lines with periodarrugations (both UPC & SPC) and nearby microdinig

is decreased effectively. However, the period afumgmations plays a major role in suppressing tlsstalk.
Differential corrugated microstrip lines with snallperiod function better than the conventionaledéntial

pair in reducing crosstalk. However, UPC differehtiines show better performance compared to SPC
differential lines. Additionally, conversion from differential signal to common mode signal is eéidly
reduced. Time domain signal transmission througdsehcorrugated DLs (Fig.13. (a-c)) demonstrates tha
they perform best in high-speed circuits, provingnh a potential candidate to cope signal integmitblems

in dense microwave applications.



e {  ———
ports S E— |
I ———
S S— —

(b) ©

Fig.12. (a and b) Couplers composed of SPC diffexkl S lines/single-ended MS line and UPC difféf@hMS lines/single-ended MS
line respectively. (c) Electric field distributiosgnulated under the Traditional MS, SPC and URférdntial MS lines for period d = 1
mm at 8GHz.[96]

Fig. 13. Measured Results [96] (a) Input time dansgnal at Portl (b) Far-end crosstalk between d&R€rential lines and MS line (c)
Far-end crosstalk between UPC differential lines Is$ line.

Liu et al. (2015) reported a spoof SPPs basedthitravideband low pass plasmonic filter with two
parallel metallic strips in mirror symmetry and hay symmetrical grooves etched in on opposite sida
substrate as shown in Fig.14. [100]. The filterdisided into four design sections to achieve bette
performance and broadband conversion between #dititmal microstrip line and the symmetrical spoof
SPPs. With increasing height of the grooves, d@percurves further deviate from the light linejidating
the slow propagation of SSPPs and stronger fietdimement on the surfaces of the two corrugatealjer
strips. For 0-10 GHz frequency band, low passriitltg operation is affirmed since the reflection fficent
remains below -10dB while the transmission coedfitisits higher over -0.6dB.

Fig.14. The geometry configuration of a plasmonaveguide [100]

Zhang et al. [61] in 2015 proposed the time dons@ioof SPPs as signals carrier, to overcome the thre
core challenges in the design of advanced ICs anghwnication systems including signal integrityjseo
suppression and device shrinkage [61]. As prewodslcussed in section.3 and shown in Fig. 10.athtn,
corrugated, dual metallic strips are designed oposipe sides of the double-sided structure withranir
symmetry having Roggers RT5880 as dielectric satesir=2.2, tatt=0.0009). When these waveguides are
rigidly packed with deep subwavelength separatistadce, they support spoof SPPs from extremely low
frequency to the cutoff frequency, which can begfarred to time domain SPPs. They demonstrateoweyr
propagation characteristics and far lesser mutapling than exhibited by the conventional micripslines.
Prominent noise reduction and compactness is asthjethereby improving the signal integrity in dense
electronics circuits. Fig.15. (A) depicts that witle increase of corrugations depth, dispersionesushow



gradual deviation from MS line and further awaynfirthe light line until the cutoff frequency is réacl, thus
proving better slow wave performance. Transmissioefficients are recorded to be approximately 0dB
(unity) for 0 to 12GHz range from Fig.15. (B). Igable noise is seen in transmitted time domain SRjPesl
in Fig.15. (C), in response to a Gaussian inpusgwith wideband of 0-12GHz. The coupling coefinties
related to the propagation constant, therefore,cthegpling coefficient augments gradually in conveml
microstrip lines by increasing the propagation tamsas seen in Fig.11. D. Contrary to this in ey
section.3. Fig.11. C for SPPs waveguide, it resalttronger confinement of field and thereforesskning of
field overlapping contribution. The reduced couglend smaller loss in SPPs ultimately make trarsions
power ratio independent of coupling length. It dealSPPs waveguides more attractive option forgdess
in dense circuit applications. Experimental resaftéransmission and coupling ratios in 0.03 - 2GGkEnge
(Fig.15. (D)) also confirmed the accuracy of sinedbresults. Below the cutoff frequency, both SBRRs MS
waveguides show nearly the similar transmissiomadtaristics. On average, 10 dB reduced crosste#EiPs
is seen which is further reduced by 40dB at 11Géingared to the microstrip line, therefore provifpPs as
a potential candidate in high-end circuit desigeguiring reduced electromagnetic interference.

——Light line 10
Microstrip

—~ 0
—e—d=0.0 mm )
——d=12mm 210
——d=1.6 mm §-20
——d=z0mm @ 30
E-40
2 —e—Microstrip
50 ——d=0.0mm
0] —e—d=12mm
70] ——¢=20mm
045 | -80 B
0 50 100 150 200 250 300 3850 400 0.0 25 50 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0
k/m (1/m) Frequency (GHz)
1.0 0 S
08 10
3 o
S 06 R
o £ 30-
T o4 [}
3 2
2 ]
£ 40
% 02 —— Input signal E
E — Transmitted signal = 50 Coupling of SPP
0.0 £ _go | —— Transmission of SPP
v c | w —s—Coupling of microstrip
02 g ———————————— F0l=— Transmission of microstri,
00 03 1.0 15 20 28 00 25 50 75 100 125 150 17.5 200
Time (ns)

Frequency (GHz)

Fig. 15. (i) Dispersion diagrams for varying groaepths. (ii) Simulated transmission Charactessicdifferent transmission lines. (iii)
Simulated time-domain SPP signal with Gaussianepuigut and wide-band of 0-12 GHz. (iv) The meaduransmission and coupling
coefficients of two closely-packed SPP waveguidesMS lines. [61]

Yang et al. (2015) demonstrated a technique tottrafSPP waves on ultrathin corrugated metallitepla
at microwave and terahertz frequencies [108]. MNoifierm corrugations on a very thin metal strip are
designed and fabricated based on an ultrathinjbliexdielectric substrate by etching grooves ofdggat
depth (Fig.16.) to guide the slow SPPs waves athdciag the group velocity steadily. When the fregyeis
varied, the spoof SPPs are reflected at pre-defowations. When grooves depths are increased 41om to
7mm, dispersion curves move away from the lighe linus, lowering the cutoff frequency. It prove®sger
confinement of SPPs waves. It has further been dstrated that with the increase in grooves depi®- (4
6.7mm), the group velocities of spoof SPP waveseadese along the propagation direction on the catioigs
of metallic strip. The group velocity can even becrkased to zero at required positions for certain
frequencies, through appropriate designing of gesodepths. Electric field distributions plots aloting
central axis of the strip facilitate to spot thewate locations of SPPs. Electric field distribatresults along
the central line of the metallic strip are inveatid by numerical simulations and measurements {Fig,
for efficient trapping of SPP waves at desired timees and different frequencies between 9 to 11 GHz

Demonstrated design and method can efficiently pleyed in slow wave applications in MW and THz
frequencies spectrum.



Fig.16. The photograph of the ultrathin non-unifararrugated metallic strip [108]
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Fig.17. Measured transient-field (a-e) and magweitdidtributions (f-j) of electric fields at diffenefrequencies from 9.0 to 11.0 GHz
with 0.5GHz increment. [108]

Liu et al. (2015) [51] presented a simple surfadesmmon waveguide (SPW) to achieve dual band
transmission of spoof SPPs. It has a copper lagethe top having periodic subwavelength holes; Roge
RT6010 is employed as dielectric substraie=00.2, ta®=0.0023) in the middle while the copper ground
layer is added in the bottom of the structure &Sign 18. [51].

Holes on top layer

7y

Gro*und Layer

Fig. 18. Sketch of surface plasmonic waveguidergaedrrugated holes on metal strip separated frgnoand layer by a dielectric
substrate of thickness h [51].

In practical design, a tapered microstrip line hgvperiodic gradient grooves is realized for effect
mode conversion between quasi-transverse EM modeoiventional MS line and spoof SPPs in the
plasmonic waveguide. Dispersion curves for fundaaigfirst mode) and next higher (second mode) mode



are drawn to observe the coupling response fordases; i.e. with a ground plane and without a gioun
plane. A strong coupling exists between the cotedyaetal strip and the ground layer. Hence, tepeatsion
curves in the first mode deviate from the ligheliand lowering the plasma frequency as compar&Piy
without a ground layer. Second mode exhibits a tiagaroup velocity band that results in strongeidf
confinement in proposed grounded SPW as compardétetcase without ground at the same frequency. In
Fig. 19, dispersion graphs are drawn with variatiorhole length L from 0.5mm to 4.5mm for first and
second modes of SSPPs, showing results for bo#scasth and without a ground layer. Gray shadesh ar
exhibits the expected data in between, with a tiariain hole length from minimum to maximum. It is
evident that with the increase of hole length, waetor gradually deviates from the light line, andoff
frequencies are reduced. Therefore, effective impee matching is achieved from 50-ohm microstrip lio
that of SPW, with the use of gradient holes. Shiaand curved hybrid SPWs have been designed F)gog
adding two transition parts with symmetrical anddient subwavelength holes to validate the efficyeof

the design experimentally and through simulatidswth of which agreed very well with each other. For
straight SPW, dual transmission bands are obsemithdfirst band in 1GHz to 6.5GHz range (S11 < -B3d
S21 > -0.6dB), second band (S11 < -10dB, S21 >)2dB11.5GHz to 13GHz range as seen in Fig. 20.ib.
For curved SPW, dual transmission bands are seigiR0. iib. with the first band from 1GHz to 6GHand
(S11 < -10dB, S2 1> -0.8dB) and second band forH2® 13GHz (S11 < -10dB, S21 > -2dB). These

verifications declared that the structure is begtiaable in low crosstalk transmission applicati@md smart
SSSPs devices in THz and microwave regime.

—— Hole length (Max)
12 ~— Hole length (Max}

~——Hole length (Min)
——Hole length (Min)
—— Light line
—Microstrip line

Frequency(GHz)
Frequency (GHz)

—— Microstrip Line
~#—Hole length 2 5mm

8

6

a = without Ground ~=~Hole length 2.5mm
2

0

without Ground
—#—Hole length 2.5mm with
Ground

—#—Hole length 2.5mm

with Ground

0 02 04 06 08 i
.Kd fr Kd/m

0 02 04 06 0.8 1

Fig. 19. Dispersion graphs with a variation of h&ilee from minimum to maximum, for first mode (Jedfind second modes (right) of
SSPPs showing both cases for with and without gr¢i] .
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Yin et al. (2015) presented an ultra thin metafliequency selective plasmonic structure printedaon
flexible and thin substrate layer [120]. The stmuetis based on two metallic strips oppositely tgd and
both are corrugated on single side. These arechgpled to another double sided corrugated stap . (i).
The structure is fed by traditional coplanar wavdguand extraction of SPPs takes place by desigmog
transition sections, to smoothly convert betweeatiap modes in CPW and SPPs modes. Reflection
coefficient less than -10dB and transmission lokd.6dB have been reported through simulations and
measurements in the frequency range of 7 to10 AHI2E (ii & iii). Proposed spoof SPPs structueam e
employed as compact plasmonic pass-band filter Vaitih transmission loss and broader bandwidth and
hence, may be applied in multilayer structuresritegrated devices and circuits at MW regime.
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Fig. 21. (i) Photograph of the fabricated SPP $tmec(ii) and (iii) comparison of simulated and me@d S-parameters
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Zhang et al. (2016) presented a unique proced&jet¢dessen the microwave transmission line logses
using the feature of designable wavenumber [48uthh designing the Spoof SPPs structure at miocrewa
frequencies. An ultrathin, flexible, coplanar sedglasmonic waveguide structure is demonstrateadiént,
asymmetric periodic corrugations in the metal saip engineered and for comparison, a similar &per
coplanar microstrip line is also presented with saee geometry (Fig. 22.). Numerical simulatiorultss
support that TL losses are reasonably smaller sigded SPPs TL for 2-10 GHz range. Dispersion aurve
exhibited divergence from the light line with theciease in grooves depths. In a particular frequeaege,
SPP TLs have smaller wavenumber as compared tarid&hd consequently, support mode of propagations
with the looser field. With the increase in theueabf loss tangent (0.01 to 0.03), transmissiomp@rties of
SSPPs show a little deviation while for MS linejstnotably deteriorated as seen in Fig. 23 (apprate
plots). It is seen that transmission curves intdreg¢ 11.4GHz when both types of TLs are simulateith
different values of loss tangent, no matter what linss tangent of the dielectric substrate issl&liso
demonstrated that by keeping the constant valuessftangent and increasing substrate thickneSs(f.to
2mm), TLs losses in SPPs become larger while inpaoivon, TL losses in MS are more stable. The re&so
that in MS at low frequency, EM fields are more fooed within dielectric substrate. In contrast 8PP TLs,
EM field is divided between air and substrate at ioequency. Thus field remains within the dielextr
substrate with the increase in its thickness, aatefore, results in the increase of TL lossespieshe fact,

TL loss is comparatively smaller in SPP TL than notrip case in 2 to 8 GHz frequency band. Further
investigations prove that transmission coefficiehSPP TLs is approx 4dB higher than MS line fap30.5
GHz therefore, confirming a 2.5 times higher traittgd power in SPP transmission line than MS.
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Fig. 23. Transmission spectra of Spoof SPPs antbsiigp TLs with variation in loss- tangent. [95]

1. Conclusions

It is evident that plasmonics has sufficiently &sfeid a maturity level for the designers to implentar
phenomenon in practical applications by controllamgl confining EM waves on subwavelength scale MW
and THz range. In this review article, beside aiiing basic concepts of SPPs and its recent egijins, a
number of fundamental investigations have also Ipgesented to reveal the most exotic propertiesudace
plasmon polaritons. A major advantage of employtasmonic metamaterials structures in the reatinabf
SPPs, is the simplicity in design and therefore de easy to fabricate. The most interesting bieoEEPPs
is that the working frequency and EM propertieselp depend on the geometric parameters of thetstas;
giving liberty in their realization at microwave daterahertz frequencies. By designing ultrathimataand
flexible plasmonic structures compact-sized SPPegaides, devices, circuits, and systems can beupead
The only bottleneck in realizing spoof SPPs deviaad circuit lie in the fact that they are requitedbe
bridged to the traditional microwave (MS or CPWicaitry for smooth and high-efficiency conversioh o
spatial modes in CPW and SPP modes. It is promifinemt thorough researches that the plasmonic strest
are proving promising candidate in numerous MW &Hd applications. Advances in the subject fieldtilp
now are quite extensive. Even more research ifylikebe done, and further breakthroughs are gated in
the near future.
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