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Abstract

This thesis presents work on the inkpeinting manufactureof frequency selective
surfaces intended for4building applications using silver nanoparticle inks. The aim

of this research is to investigate the performance of inkjet printed FSS panels in terms
of transmission response, element conductivity, and the resolution of the printed lines
all of which are produced efficiently in terms of cost and resource usage. Different
FSS design were investigated from simple elements such as linear dipglese

loops andconvoluted square loop elements.

Various techniques were used in the manufaggyprocess such as different ink drop
spacing, number of jetted ink layers, atifferentsintering methods, wittheaim of
achievinglow cost manufacturing with reducec&mount of deposited silver inks and
sintering time and temperature. Additionally, further reductions in the deposited ink
were considered by the introduction of frameneénts.

The research also focusasfactors that could affect the transmittivity/reflectivity of

the FSS screen, such as the influence of imperfections in the printed elements. The
imperfections are expected in the case of low cost mass producticfotbet is
important to understand to what extent they could be tolerated whilst still providing

adequate performance.

Finally, the work also considers developing novel slotted FSS anpgrating at low
frequency bands such dake TETRA emergency bandnd suitable for additive

manufacturing.

Badredin Turki
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CHAPTER 1: INTRODUCTION

1.1 Overviewand Motivatiors

The demand for wireless communicatiarthe era of Internet of Things (o) both
indoor and outdoor environmenin recent years has grown rapidli¥obile
communications, body worn networks and WLAN, have been expanding in the scarce
and congestedrequency bandsparticularly in the udicensed bansl This has
increasedconcernsabout the quality of wireless communication as the probability of
interferencgpredominantlyin crowded indoor environments is hifffj. Efficient use

of the limitedradio spectrunresources in the built environmantprovedfrequency
reuse in order to ensure the scalability of wireless netwbrkerent approaches have
been adopted in order to increabequality of wireless communicatidsy improving
signal to inerference ratiofor exampleby useof MIMO (multiple-input multiple
output)systemsFurthermore, some of the built environment requires a high level of
data security oa limitation in thecommunication access such as in banks, hospitals

and prisons.

Besides their use as multiband reflectors in the form of curved secondary mirrors, and
spatial filters used in side lobe suppression and beam for@jnfB], Frequency
Selective surfaces (FSS) have been considered as a promising means of improving the
signal to interference ratiand providing high level of data intéety when installed

into walls. Hence the outage probability and security of indoor channels can be
improved. Therefore, theintegration of frequency selectivpanels transforms
conventionabuildingsinto smart buildingshat can control the radio propdiga by

filtering unwanted external interference souragsjesiredmobile communication

while securingnternal wireless networ4]—{8].

However, in order to make it realistic, the frequency selective screens need to be
manufactured and installed with lesost. Conventional fabricaticechniquessuch

as copper etching costly when it comes to ptacing large FSS screens, as the

1



amount of wasted metal is high, and if the waste is to be reclaimed it requires several
process stagesThe etching process is established and well suited to applications at
microwave bands when the surfaces arsnodll sze, typically in the order ofa few

tens of cm squar@herefore, othelarge area electromagnetic structure manufacturing

methods such as additive manufacturing could be more resource efficient.

Inkjet printing reduces metal wastage and avoids the obstsask production and
chemical etchant§Such additive fabrication techniqa@soenablemanufacturing on
awiderange of low cost flexible and porous substratgsh as papem a rolkto-roll

processwhich is not achievable with conventional wet @ghtechniques.

1.2 Research Objectives ai@bntributions

The purpose of this research is to investigate the manufacture of cost efficient
frequency selective screens intended for buildings applications, using inkjet printing

of silver nanopatrticle ks.

1.2.1 Objectives

The main aims of thithesisare

1. Togain a good understanding of the performance of inkjet printed FSS,arrays
and the factors that could influence performance such as the shape of the
printed lines, and conductivity

2. The influenceof ink drop spacing, number of print passes and drying process
on line shape and line conductivity

3. Theuseof reducecamount of deposited ink® flexible paper substrates, with
minimum sintering timeand sintering temperatures

4. Understandingthe effet of possibleimperfections in the printed screens
through the exploration of tolerable defects that provide an acceptable level of
isolation/transmission.

5. Inkjet printing of size reducedconvoluted FSS elementsith acceptable

performance



1.2.2Contri butions

The contributions of this thesis are:

1. Thequantificationof atolerable level of imperfections within the FSS arrays
while achieving a defined benchmark of isolation of 20 dB.

2. Performance analysis of Inkjptinted FSS screens withreducecamour of
deposited ink, sintering tempereguand timeon environmentally friendly
substrates.

3. Creation offrame elementwhere ink is deposited at teeementedges where
surface curreris maximum in order to reduce the volume of the deposited ink.

4. Inkjet printing of superimposed elemer{essingle frame layer deposited on a
solid layer elementlp improve the FSS performance, and maintain ink saving
in comparison withull double layer ink deposition.

5. Statistical element resistance study in order to quathigfyperformance of the
printed FSS arrays

6. Examinationof inkjet printed convolutecelement(patchesand slots) FSS
screensassociategbrinting errors and their impact on the performance of the
printedFSS arrays.

7. Development ofa slotted FSS screen saible for additive manufacturing
methods

1.3 Thesis Outline

This thesis “Digital Fabr i c &t In 8ulding f Fre
Applications Using Inkjet Printing Technology s ummar i ses t he rese.
by the author on the performee of the inkjet printed frequency selective screens.

Chapter 2 provides a review of literature on frequency selective surfaces types and
applications. It also provides an insight on the important FSS design parameters that
influence the performance ofatirequency selective arrays, suchiteseffects of the
supporting dielectric substratesensitivity toward oblique amhgs of incidence, and
element convolution. The chapter also addreapgdications of FSS panels within

buildings as well as fabricatiowith inkjet printing.



Chapter 3 presents an overview on additive inkjet printatgyication technology

using metal nanoparticle inksncluding the different printing mechanisms and
sintering methods. The second part, presents the fabrication prooéssesnkjet

printed and chemically copper etched FSS screens presented in this work. In addition,
the measurement setup, equipment and measurement procedures, as well as the
simulation techniques of the FSS arrays using ®8TS® [9] (Computer Simulation

Technology Microwave Studf) are described.

Chapter 4 considers the influence of defects on the performance of the FSS #creens
statistical analysis regarding the depth of the reflection null, where defects were
introduced intentionally in a random disution and in clusters. The aim of this
chapteris to understand the tolerable level of defects where the FSS screens can still

provide sufficient level of isolation.

Chapter 5 presents the inkjet printiagsimple linear dipole FSS arrsjor which
different sintering methods such as thermal, photonics, and plasmeaused The

FSS screens were printed usiagrange ofdifferent parameters such asinting
temperaturesanddrop spacingwith the aim to optimise the manufacturing process

in order to ahieve the best performance with the least amount of deposited k.
chapter alsgonsidered utilizing the thin precise features that can be achieved by inkjet
printing and introduces printed frame elements, and superimposed elements.
Furthermore, aasistance study of the FSS printed elements is described to quantify
the relation between the depth of the FSS transmission nulls and the dc resistance.

Chapter 6 considers the inkjet printing manufacturenofe complex elements such
assquare loops, ammbnvoluted elements F&®rays (patches and slat§hevariation

in the vertical and horizontal printed lines resolution, due to the printing mechanism,
is investigatd, with different approaches adopted to improve the performance of the

FSS arrays.

Chapger 7 demonstrates the manufacture of frequency selective panels using
electroless copper plating technologto aninkjet printed catalyst oanindustrial
scale.A comparisonof the performance of linear dipole, and convoluted square
element FSSmanufatured with silver nanoparticle inks with their equivalents
fabricated with electroless copper plating technigupresented A novel densely



convoluted slotted cross dipole element FSS arrays designed for additive fabrication

methods is presented.

Chapte 8 concludes the work presented in this thesis. It preaargsfusummarised

list of conclusions for each chapter and looksedévantfuture work that would

enhance the research.
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CHAPTER 2: FREQUENCY SELECTIVE

SURFACES A REVIEW OF LITERATURE

2.1 Introduction

Frequency Selective SurfadeS9 technologyhasbeendevelopedsince the 1968

due to theiwide spread applicationshich includemultiband reflectors in the form

of curved secondary mirrors, in multithfeed systems, and spatial filters used in side
lobe suppression and beam formifitj—{8]. Recently, FSS panels have been
considered as means of improving the spectrum efficiency, and data security within
buildings[9].

Frequency Selective Surfaces are arrays of conducting elements, often printed on
single or multilayer supporting dielectric substrat@hey have the abilityto actas

filters by passing oreflecting electromagnetic wavdg&M) at the arrayresonance
frequencyWhen an EM wave illuminates an array of metallic elements, it generates

an electric current in the conductors with an amplitude dependent on the strength of

the coupling between the waaad the elements. The coupling reaches its highest

level at theresonant frequency where the elementlehgth A/ 2 f or | i near
such as dipoleg10], [11]. Coupling is alsoaffected by the element spacjng
polarisation and the incident angle of the illuminating wave with respect to the element

surface.

There are many parameters tbatise a structure to befrequency selective surface
Thearray should beymmetrical and feated in equal periodicitp). Fig. 2.1 shows
an example of an arraf simple square loopwith conductor width\) arranged in a
square lattice geometryith periodicity ), length of conductord and gap between

elementqQ).



|

A
W
S
g < > !

Fig. 2.1 Square loop elements

FSS arrays can be represented as lumped elements consisting of an indugtmte (
capacitance(). The length of thelement () represents the value of the inductance
and the gapg) represents the capacitance compofiehit{13]. Fig. 2.2 (a) and (b)
show the equivalent circuit models of the simple square loop ardedsguare loop
elements[14]{16], where in the case of the double square loops, there are two
resonant frequeies {r1) and €r2) resulting from the difference in the loop dimensions.
The values of inductance and capacitadeterminethe resonant frequency
bandwidth and theoll off between the pass band and the stop band, which are
importantdesignparameters of FSR7]. IncreasindgC andL decreases the resonance

frequency asdicatedin (1) for a lossless surface

0 _ @)

In equivalent circuit modellinght bandwidths defined adeing measured between
the-10 dB lower and upper frequenggintsof the reflection/transmissin band
whichincreasesvhen the inductance increaseith respect tahe capac#nce
[13],[217]:



6 we 016 )

Therefore thebandwidth decreasesrifdecreases, ar increase$12].
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(b) Double square loop
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L |
i
L)
LI}
L1
u

Attenuation

L
Q
=

Fig. 2.2 Equivalent circuit model and transmission response of: (a) Square loop, (b) Double square

loop elements
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Fig. 2.3 FSS arraydilter types with their transmission response: (a) Band stop, (b) Band pass, (c)
Low pass and (d) High pass
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FSS arrays are classified into four types of filter: band stop, bandlddsew pass,

and high paspL0], depending on their geometry. Fig 2.3 (a) shows the band stop type
which consists opatches of square elements of conductor wwdtiTheir Babinet
complements (slots) form band pass filters, as shown in Fig 2.3 (b). Figs 2.3 (c) and
(d) describe the low pass and high pass filter types. The low pass consists of patches
of solid elementswhile their slot complements are high pass filtditse resonance

frequency depends mainly on the dimensions of the individual elefd®ht$12].

2.2 Important factors in FSS design

2.2.1 Types of FSS

There aremanytypesof Frequency selective surface elements with shelpehaving
its uniquetransmissior/ reflection characteristics, sensitivity toblique angle of
incidence, polarisation type, and bandwidiBSarraysare grouped into édlassified
according tq11]:

(a) Centre connected or Rpoles

Centre connected elements includisighple straight elemérsuch as dipoles,
Cross dipoleg18], unlobaded tripoles, anchor elements, and Jerusaless,cas
shown in Fig. 2.4 (a)

(b) Loop Type Elements

The mostcommonloop elements are thauare[19] and circular loopgrings)

[20], [21], as well as three and four legged loaded elemeastshown in Fig. 2.4

(b).

12



| A A

Dipole Tripole Anchor Jerusalem cross

(a) Centre connect ord{gdole elements

Ring Square Loaded cross dipole Hexagon

(b) Loop Type Elements

Circular patch Square patch Hexagon patch

(c) Solid interior or plate types of various shapes

Circular aperture loaded with Circular aperture loaded with
a solid conducting disk a conductingtripole

(d) Combination elements
Fig. 2.4 Common FSS element types
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(d) Solid interior or plate elementsof various shapes

This group includes simple squgrandhexagonal and circular conducting plates
[22], as shown irFig. 2.4 (c) and (d)

(e) Combination Elements

In this group,various combinations ofelementsare possible in order to take
advantage of specific characteristin order to enhance, for examptbe array
frequencyresponsgindependenceto oblique incidence, reflection bandwiddm,

loweringtheresonant frequency.

The dpole elements shown in Fig.4 (a), are singly polarized structur@ghile dual
polarised structures can be created witli example, cross dipoles. The unloaded
tripole arrays ave very good dual polarisation and they can be packed tightly.
However, the anchor elements have greater bandwidthoahaf bandgrating
responselue to the end capacitand®], [11], [23], [24]

The Jerusalem cross is one of tm®st widely usé elementdecause of their dual
polarization[25], [26]. If the end capacitances are removed then a simple cross
remainswhich leads t@ smaller separatiobetween the resonance frequency ted

grating frequencythis will be discussed later i(Bection 2.2.3).

Three and four leggedtub loaded elements, such as the loaded cross dipoles in
Fig. 2.4 (b), havesimilar reflection curvesvith resonance frequencissnilar tothe
identicalunloaded elements.e. without the stubHowever, their bandwidth can be
controlled by modification of the load impedarjté].

The interelement spacin@f elements is important, for instance the elements in
Fig. 2.4 (c), are relativelarge leadig to angle of incidence sensitivity and early onset

of gratingbands,which limits their use in many applications large interelement
spacing leads to small values of surface capacitance which makes it difficult to
produce strong resonance. Therefara@rder to increase the capacitance, solid plates
are placed inside each aperture. Fig. 2.4 (d) shows an example of a circular aperture
loaded with a solid conducting disk, and with a conducting tripole.
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2.2.2 Angle of incidence

Transmission through oducting arrays is dependent on the angle of the incident
electric field. The effect of oblique incidence differs from one FSS to another

depending on the type and geometry of the conducting arrays.

The angular dependence ariy FSSarray, such as dipolesrises because of their

singly polarized response thabkeshemsensitiveto angle of incidence, which may
lead to havinginstablereflection/transmission bands. Fj5shows the transmission
response of an array of linear dipoles in both (a) TE Bhd@N wave incidenceThe

solid curves refer to normal incidence, the broken cuiwéscidence— o 1T, and

thedottedcurvesto — 1 v [12], [27].

S1(dB)
S1(dB)

30 30

40

20 Frequency (GHz) 40 20 Frequency (GHz)

Fig. 2.5 Transmission response of laredipole array with oblique angle of incidence:
(a) TE and (b) TM [27]

This instability in the transmission response with respect to the angle of incidence
could be considered as a serious issue for practical applications such as in building
environmentg12], [23]. The stability of the transmission response of the FSS arrays
could be improved convoluting the elememibere elements unit cell would be
decreased leading to more packed elemestdlustrated in Section 2.212], [26]-

[29].
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The stability of the transmission response could also be improved with the use of
skewed lattice arrangement of the elersefithis allows the elements to be more
tightly packed and leads to a wider reflection band with large band separation to the
grating responsg0].

Table. 2.1 summarisabe transmission characteristic of some elements such as
dipoles, cross dipoles, Jerusalem crosses, rings, and square loops, and their stability
toward angle of incidence, cross polarisation level, bandwidth, samall band

separation- (the transmissiorréflection band separatiof(f:/ f)) [10].

TABLE. 2. 1 TRANSMISSION CHARACTERISTICS OF SOME FSS ELEMENTS [1]

Element Angular Cross Larger Small band
stability polarisation bandwidth separation
level
Dipole 4 1 4 1
Cross dipole 3 3 3 3
Jerusalem cros: 2 3 2 2
Rings 1 2 1 1
Square loop 1 1 1 1

*  Ratings: best =1, second best =2

2.2.3Grating response

Gratingresponses theundesireceffect of a second frequenéywhich appeas at a
certain angle as a result of higher order constructive interferandepénds on the
angl e of i mpasiilldseated ia (3@2): and

e 3)

Wherec is wave velocity, andt is obvious thaiat large periodicities,the angle of
incidencewill lead toa decreasdan the frequency separation between thain
resonance frequeneydthegrating responsevhich is considered as an obstaghen
designing. Thus, the lattice size should be less than one wave length fosehaf ca
normal incidenceand onehalf of the wavelength in the case of oblique angles. This
will ensure sufficient separation betwefeand the grating response to obtain a clear
transmission band.0]-{12].
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2.3.4 Influenceof the supporting dielectric substrate

Frequency selective surfacese normally supported bya dielectrc layer for
mechanical strength, and whigtifects the transmission or reflection responsthef
periodic structuresThe addition of the substrat@wversthe resonance frequencg ,
bandwidth and with appropriate choice can reduce the angular instability. If the
periodic element is sandwiched between two infipiteick dielectric materiad with
relative dielectric constant, the resonance frequency would decrease lbactor

of i , as shown irfrig. 2.6 (a)11], [31]. Fig. 2.6 (b)showsthe effect of substituting

the infinite dielectriowith dielectric slabs of a small finitevtal thicknessof ¢Q. In

this case, the resonance frequenbgngesare between'Qand g and is closer to

= even when the slab thickness is as smali@sy_ , where_ is the wavelength

within the dielectric.

However, if the periodic structure is printed grstonesubstrate, theesonance

frequency would be

(4)

as illugtrated inFig. 2.6 (b) In this case, sithe thickness of the substrate decreases

the resonance frequenimcreasesoward the free space resonance frequéncy

Although slot arrays in a conducting sheet do not require additional mechanical
support,dielectric substrates can provide some advantages such as lowering the cut
off frequency, and increased separation from the grating responses. Hlgszates
the change of the resonance frequendhéncases of patch and slot arraygen they
are mmersed in the dielectric or printed an dielectric surfaceof relative

permittivity] T [31].
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thickness d
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PaN Array on dielectric substrate
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Fig. 2.7 Variation of resonance frequency at normal incidence with dielectric thickdess (

continuous curves: dipole slots, broken curves: dipole patches [31]

As the thicknesgd) of the dielectricsubstratencrease$rom 0 to 10 mmthe resonant
frequencyof the patch arraydecreases from the free space resonan@® @Hzto

about 10 GHz, in the case where the dipole elements are immersed in the dielectric
On the other hand, thpass bandrequency of the slot arrays shewan oscillatory
behaviour about the resonant frequency of the patas shown irFig. 2.7 The

ability of the dielectric substrate to change the transmission/reflection response makes
its didectric constant and thickness important parameters in the design of frequency
selective surfaces. This gives an advantage of lowering the resonance frequency, due
to the increase in the susceptance of the array, and increasing the separation between
"Qand the grating frequen®y[12], [15].

Furthermoren order to increase the bandwidth and decrease the band separation,
several single layered FSS can be cascaddesstop bands of each element would
overlap to forma broadstop bands described ifiL1], [12], [32].
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2.2.5 Convolutedelements

Convolutingof element paths has been recommendige to the various benefits on
the performance of frequency selectivarfaces This reduces theesonance
frequency and increases the band separation with their grating respshiée also
reducing the unit cell dimensiorfdg. 2.8 shows examples @onvoliting dipole and
cross dipole elemenf87], [33], [34].

R | L

@ (b)

Fig. 2.8 Examples of convoluted elements; ahvoluted dipoles [27] (b) Convoluted cross dipole
[33]

Arrays of eements such as dipoles have relatively large egiitsize in relation to
their resonance wavelengtland thus, small band separatiofReference[27]
investigates the effect of convohu simple linear dipolesand how they show
improvedstability tovard oblique angles of incidenceiith significant reductionn
their resonance frequency.
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Fig. 2.9comparestte transmission response of linear-@mvoluteddipoleelements

with the convoluted dipoteshown in Fig2.8 (a) in the case of normal incidence and
when— 1 din TE and TM modes are usethe resonant frequency ranges from
about B.7 to 14.3GHz for the simple dipole elemetd approximately 9 GHfor the
convoluted dipoleThe transmission response of the convoluted digoteys proved

to be morangular independent, unlike the linear dipoles which do not have a common

-10 dBstop bandandwidth inthe case oD to 45 oblique incidence.

0
)
Z
&
=30 a "
10 Frequency (GHz) 20
(a) Linear dipole
0 i - Ambar o
\./
- L
z
&3
-30 , .
10 Frequency (GHz) 20
(b) Convoluted dipole
------- TE 45 —— Normal incidence — = TM45

Fig. 2.9 Measured transmissiamesponse; (a) linear dipole, (b) convoluted dipole [27]
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This has led to many publications in convolutelgments such as convoluted square

loops[34], convoluted dipoles and ags dipoleqg27], [33], intewoven convoluted

dipoles[35], [36], and Hilbert curvef34]. The effectiveness of convolutios judged

by anumber & figure of merits and factorsuch as

=

Roll off factor, where a value as low as 1.1 can be achieved.

- Larger valus mearsmaller cell size for a given resonance wavelength.

. —, where 0 is the total conductor letiy

. The efficiency of use of the conducter.

Generally, convoluted elements have a number of signifadrdntages

1-

6-

Low element distortion, on the transmission respoaseurringwhen these

arrays are laid down on curved structures; this istdugeir small unit cell

size with respect to surface curvatyde?], [33], [34].

Improved density of resonant current within the unit [S3I.

Convolutionfacilitating stop band and pass band filters working as low as
400 MHzfor cell sizes of about 23 x 23 mMiB5], [36].

Improvedinsensitivity of responst oblique angles of incidence.

Increased separation between resonance and grating frequencies, therefore,
improving the possibility of usable transmigs bands above the reflection

bands.

Improved figures of merguch as- and- compared to conventional arrays.

As convoluted elements have shogoodstability with regards to oblique angef

incidence with ery small unit cell dimensits they could play an important role in

the future of controlling the electromagnetic architecture of buildwwgere incident

ray angles will be unconstrainggi7].
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2.3 FSS in buildings

The radio spectrum is a finite resource and it is especially increasingly overcrowded
in those frequency bands usé mobile communications from 900 MHz up to

3.6 GHz, and the W.AN bands from 2.4 GHz to 5.8 GHz. Frequency selective arrays
have been recommended for in building applicati®}s[38], in order to improve
spectrum efficiency by the reuse of channels over a short distance, as well as
increasing security and privacy within buildif@9]. In [40], it was concluded thain
improvement of 15dB in the carrierto interferenceratio in indoor wireless
communications can reduce the outage probability by more than a factor of 20. Also
a 10dB decrease of eohannel interference enables the cell size in square law

propagation conditions to be reduced by about 3

il o L] e
\ //V\\ //
]P‘ 2) a1 3) \\4

W

"

/Z/ >
0

N

-
s
7’
-
'
s
‘/Z/

Fig. 2. 10 Scenarios of FSS applications within a higge building (1) Rooms with secured indoor
WLAN and isolated from outsiden(y allow Emergency TETRA), (2) Solely secured for indoor WLAN
open to outside (TETRA, GSM, DCS, UMTS) Open Rooms with black spots Requiring improved

internal propagation, (4) Enclosed room (allow Emergency Services)
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Frequency selective surfaces can be employed on walls and wif@o\ykl]{43],

to pass or reflect the communications at the WLAN band in order to redece
co-channel interference from adjacent systems or preventing eavesdropping. This
could be by shielding the whole building, or floors, or rooms to modify their
electromagnetic architecture. Fig. 2.10 shows an example of signal propagation

cortrol within buildings.

In addition, the nature of the built environment might require blocking of all radio
propagation except terrestrial trunked radio emergency frequency bands (TETRA),
e.g. floor 4 in Fig. 2.10. This may be the case @atres, cinemas, prisons and
hospitals. Therefore, a range of designs were investigated including active and
transparent FSS, the latter being fabricated on glass with transparent conducting
materials. Referendd4] suggested FSS panels could be used to control and redirect
signal paths and thus enhance wireless communicationsapecshadowed areas

such as corridors.

Numerous convoluted FSS screen have been developed in order to modify the
electromagnetic structure of buildinf6], [37], [45] . Referencg¢37] demonstrates
convoluted and interwoven FSS arrays designed for mobile communications which
attenuate the mobile and wireless communications bands between 700 MHz and
3 GHz, while passing the general mobile radio systems (GMRS)4@B2MHz) in

the USA, and the personal mobile radio systems (PMR446) (446 MHz) and the
emergency services TETRA band in Europe.

However, in order to make such use of frequency selectivacasfpractical, it is
necessary to manufacture the screens cost efficiently and ideally on environmentally
friendly flexible substrates that can be applied easily to any surface, while also
reducing the material wastage. Referef@® demonstrated for the first time the
manufacture of dipole FSS arrays using the inkjet printingntgolyy. References

[47], [48] demonstrate also the inkjet printing of simple square lelements on
textiles and on glass windowskjet printing technology as an additive method of
fabrication has a number of advantages, which attracted research in the field of
antennas, over the subtractive methods such as the chemical copper etching. The

dipole elements if46] were arranged in a skewed lattice geometry and ipkjeted
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using a silver nanoparticle ink on Polyethylenenapthenate (PEN) substrate. The final
array is shown in Fig. 2.11.

The inkjet printed array achieved a transmission response similar to that obtained from
a chemically etched counterpart. The originakjet printed FSS screen was
manufactured in 2008, and when-measured in 2012, it still showed good
performance, as illustrated in Fig. 2.12.

Fig. 2. 11 Inkjet printed arrays of simple linear silver dipoles on PEN [46]

Although the arrays gave a similar performance to the chemical etched counterparts,
the width of the dipole elements was found to be wider than expected. Moreover, the
lines exhibited @henomen&nown as a coffee stain profile which led to the edges
being much thicker than in the middIgt6]. Inkjet printing technology will be
discused in more depth in Chapter 3.
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Fig. 2.12 Measured transmission responses of the inkjet printed and chemically etched dipole FSS

arrays

The use of additive technology such as screen or inkjet printing of silver based inks
can esult in the elements having low conductivity, and with some variability in the
conductivity[49]. Therefore, the equivalent circuit model shown in Figs. 2.2 (a) and
(b) can be modified to include a resistance element that would affect the ssiosmi
response of the FSS leading to a shallower null depth as resistance inglehses

illustrated in Fig. 2.13.

Frequenc
q y\

Low R 25
R .
I:> ] |:>
Lc

— I g

Fig. 2.13 Equivalent circuit model and the transmissiospense of square loop elements FSS: in

Attenuation

Increasing R

the case of variable conductivity
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2.4Summary

A review of literature on frequency selective surfaces and its applications has been
presented. The element types that control the filter behaviour of FSS arrayebave
discussed including characteristics such as single or dual polarisation, effect of oblique
angle of incidence, and bandwidth.

The influence of the supporting dielectric substrates on the transmission response of
the FSS and its effect on the bandWwidf operation and sensitivity toward angle of
incidence, have also be described. In addition, the advantages of convoluting elements
were also indicated.

The benefits that could be achieved by using frequency selective surfaces such as the
increase of ginakto-interference ratio and data security within buildings were

reviewed, as well as the fabrication of FSS arrays with the inkjet printing technology.
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CHAPTER 3: FREQUENCY SELECTIVE
SURFACES PANELS - FABRICATION AND

M EASUREMENTS

3.1 Introduction

This chapter presents an inkjet printing technology overview, including printing
mechanisms, and défent sintering methods. The fabrication processes of frequency
selective surface panels using inkjet printing and chemical etching are covered. In
addition, the measurement setup, equipment, and procedures to carry out the
measurements in this study aesdribed. The simulation techniques of the FSS arrays
are also discussed, with different settings to ensure simulation results compared with

measurement.

3.2 Inkjet Printing Technology

3.2.1 Technology Overview

Inkjet printing technology is a subdivisi of additive fabrication methods (AM).
Additive manufacturing methodsly on adding differenamountsof material layers

upon each othen predetermined position$herefore no waste is created, in contrast

to conventional subtractive fabrication malBosuch as chemical etching which
removes materials in the unwanted regions. AM comprises a number of techniques
according td1]-4]:
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1- Solid based processes or solid shegstems: such as laminated object
manufacturing (LOM), this technology uses a laser to cut out profiles from
sheet paper supplied from a continuous roll.

2- Powckrbased process or discrete particle systéhese includéechnologies
such as selective las sintering (SLS), which is used to produce sufficient
thermal energy to melt the powder, and three dimensional printiiy), (3
which includes printing a binder or glue layer onto a powder bed to form
a 3-D structure.

3- Liquid based processush as 2D inkjet printing.

For several decades subtractive fabrication methods were used in manufacturing
electronic devices. Inkjet printing technology is an emerging alternative fabrication
methodthatuses metal based conductive inks. Liquid dro@etsdeposited precisely
ontopredefinegositions to form conductive tracks on different varieties of substrates.
2-D inkjet printing has been knowsince the 196@ as a meaof printing by digital
devices such as computers, and was commercialisedrbganies such as HP and
Canon4]. Inkjet printing isconsidered easier, faster and more cost efficient than other
additive technologies, anchiaddition,its introductionhas establishethe foundation

of several other technologies such as #ie @inting[5].

In the 1990s the development of inkjet printing of conductive ink gained interest in
the electronic industrwith its promise ofproducing conductive tracks on low cost,
flexible substratethat were notompatiblewith subtractive fabrication methadghis
openedlte frontiergo various applications such @i manufacture of printed circuit
boards (PCBs), ehody antennas, radio frequency identification (RFID), light
emitting diode (LED),solar cells, sensors for healthcare monitoring, and lately

frequency selective screef@§—{15].
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3.2.2 Printing process

The printing process undergoes three main stages in order to produce conductive

tracks:

1- Drop Generation

There are two droplet deposition techniques, (a) continuoud jmieing (CI1J) and

(b) drop ondemand (DOD)In the CIJ printing mechanisma,continuous stream of

liquid drops is ejected under pressure through a small nozzle even when the deposition
is not required. To control the ejection process of each drop, the nozzle is controlled
by a small potential close to the grojt@]. The unwanted drops are deflected by the
electric field to a gutter where the unused ink is recycled, as illustrated in Fig. 3.1(a).

In the contrary, the drop omdemand approach allows a control of every drop
individually, leading to moe economical deposition than the C1J mechanism. Droplets
are formed and ejected only with the presence of a pressure pulse in the fluid held in
a chamber behind the printing nozadedtherefore no waste is formed. The drops are
generated at acoustic fieencies (20kHz) in contrast to (26 60kHz) in the case

of the ontinuous mode. In DOD systerss possible to control both ejection velocity

and drop size by the control of the pressure pulse used to form the[#iédps
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Fig. 3.1 Principles of operdon of (a) Continuous inkjet (C1J) and (b) droppni demand (DOD)

inkjet printers [16]

In the DOD mechanism, there are two methods which are used to generate the pressure

pulse hence the ejection and drop formation, thermal and piezoelectric primtihg.

thermal DOD printing method or bubbjet, there is a small thiilm heater located

in the fluid chamber, which in the presence of curiemteats the fluid in the ink

trapped in the chamber above its boiling temperature to form a vapour bitibie.

the removal of the passing current, the transfer heat leads to rapid bubble collapse
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which will be the required pressure pulse, as depicted in Fig. 3.1 (kheln
piezoelectric method, which is most common, the pressure pulse is formed by direct
medanical actuation using a piezoelectric transducer which allows the control of drop
size and velocity, as illustrated in Fig. 3.1 (b). Another different feature in the
piezoelectric method is that the fluid tail is long, therefore in order to mitigate any
issues such as drop merging in flighstandff distance from the substrate should be

considered, which normally about-3 mm[16].
2- Drop impact, spreading, and drying

The physical behaviour of the ejected droplets from the print head nozzles reaching
the substrate is described in Fig. BlZ]. According to referencgl7], the droplets
experience two spreading mechanisms as they hit the substrate; an initial spontaneous
spreading (by Inertia) faxshort time followed by wet spading (by surface tension)

for a much longer period of time until the droplets reach to the final equilibrium

diameter.

The droplets received by the substrate undergo different mechanisms including solvent
evaporation of the organic solvents (that amemally used as aqueous carrier medium

to ensure the fluidity of the metal ink), cooling through a transition temperature, and
chemical reactions. Therefore, hgse change from a liquid gosolid state occurs
leading to the final required printed shap#ich is necessary before going through

the solidification procegd.5]-{18].

Traversing
Ink-jet head’i’ F | :
) [ 11
Nozzle S Ejection

Spreading & Uniting @ Flight

Drying

l Substrate

Fig. 3.2 Inkjet printing process [17]
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The final shape of the deposited draglems anon-uniform crosssectional profile

instead of a spherical one, gergranown as a coffee stain, where the height in the
centre is lower than that around the perimgl8f. The height of the droplets on the
substrates correlates with the temperaturdefsubstrate, as the height in the centre
increases with the increase of the substrate temperature as a result of the faster
evaporation of the solvents at higher temperatures and therefore the spreading of the
ink is minimised17], [20], [21].

D

Fig. 3.3 Diagram of overlapped neighbouring droplets

In addition, deposited droplets must overlap in order to form acselected ack
The droplet overlap is defined as the ratio of the overlapped lelngtefween two
neighbouring droplets to the individual droplet diamef@y ¢n the substrate, the
distance between the centres of tdjacent droplets is defined as diggacing or
drop distanced) [22], as illustrated in Fig. 3.3.

The higher the overlap the shorter the drop spacing, which means that more ink is
deposited. The quai of the printed tracks correlates to the drop distance. As
illustrated in Fig. 3.4 (a), if the drop spacing is too large (no overlap), the printed tracks
will not be continuous and droplets will be completely disconnected. The continuity
of the lines impoves as thamountof dot spacing reduces (Fig. 3.4 (b)) until it reaches

the optimum line edge definition (continuity) as illustrated in Fig 8)4 Kurther
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excessive reduction in the dot spacing might lead to instability in the line definition

leadingto the bulging instability as shown in Fig. 3.4 (d).

i .
.\ ;‘v‘)l.

150 pm
Fig. 3.4 Inkjet printed lines with different dropspacing: (a) no overlap, (b) minimum overlap, (c)

sufficient overlap, and (d) too large overlap (too small drop spacl&d [

3- Sintering of metal narparticleinks

In metal nanoparticlanks, a layer of stabilisers commonly from organic materials are
added in order to keep the nanoparticles@ispersed in the solutid@3], [24]. Not

all of these organic solveware renoved during the spreading and drying of the ink
droplets over the substrate. Therefore, the printed lines will have very poor or no
conductivity, and weak mechanical strength and por@4}; [25]. Thus, a sintering
process is needed to completely remthaorganic stabilisers or agents by applying
heat on the prited structures below their melting point. The sintering process involves
3 major steps, joining of the adjacent particles together (neck growth), formation of
interconnecting pore channels (densification), and formation of spherical shape of
particles whib tends to flow into the pores within it. As a result, metal particles are
fused together and create one solid pia@celhence, the electrical conductivity and
mechanical strength will be enhand2d]-{28].
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There are different methods of sintering used such as thé&maiin thermal sintering

using conventional ovens. In this case the whole sample will be exposed to heat under
high temperature conditions, typically > 200 °C for > [28], [24]. However, this
process is not suitable for some thermally sensitive substrates such as polymeric foils
and paper substrates, which would be distorted at temperatures above [2B), °C

[29]. Other sintering techniques are more suitable for low treating temperature
substrates and for shorter &g times, such as intense pulsed light (IPL), laser, and

low pressure argon plasma sintering methods.

In the case of IPL or flash photonic sintering methdhde inkjet printed lines are
exposed to a short pulses of an intense pulsed light withaal lsmectrum, ranging
from the ultraviolet (UV) to the infrared (IR), to increase the temperature in the
samples locally and rapidly. The light is only absorbed by theammithencethere is

a rapid increase in the temperature within the ink, rather tharsubstrate which
remains unheatedPhotonic sintering time depends on the frequency and the power
level of the exposing light pulg6], [23], [30], [31].

Another technique is laser sintering, where the silver printed tracks are exposed to a
laser source. The laser scans the printed tracks, which normally requires several passes
to sinter the complete feature. It locally heats the area for a short period of time. In this
case the exposure of the laser beam to the substrate in the areahereaserto ink

is not harmful6], [23], [24], [31], [32]

Plasma sintering is consideratbw temperature sintering technique most suitable for
thermally sensitive substratf&3]. The metal nanoparticle ink is exposed to plasma,
the inherent active spies decompose the organic stabilizers due to chain scission
resulting in the formation of low molar mass compounds, which are evaporated under
the low pressure applied. After removal of the organics, destabilizethl m
nanoparticles are able to makkrect contact, coalesce and form a percolating

conductive network6], [33].
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3.2.3 Defects in the printed structures

The acurrence of defects is a possibility that coaldse with any fabrication

technque. The type and the level of defects could affect the quality of the product

especially when manufacturing small electronic devices such as printed circuits where

precision and line continuities are essenidlth inkjet deficiencies could mainly

occur at printing andbr during the sintering process. According to refereidzg

defects are divided into two categories:

()

Macroscopic defects are those which are caused due a partial blockage of
the firingnozzles. A partial blockage causes the fired droplet to break up
into finer ones and/dhedroplet may be propelled off the intended course

of jetting forming ink spray). There islsoandher type of macroscopic
defectknown as satellite drop3heseform when thealignmentof a jet

breals up, resulting in a primary drop followed by many finer droplets as
the printing head advances. As a consequence, the droplets on the substrate
are not circulgrbut pearshaped, as shown in Fig. 3.5. Such imperfections

in the printing process for applications such as printed circuits is
destructive, as a short circuit is likely to occur. Therefore, they should be

avoided by regular cleaning of the nozzle[84].

600 pm

Fig. 3.5 Satellite drop effect [34]
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(i) Microscopic defects are internal voids or flaws during the deposition. The
formation ofthesevoids could take place due to the boiling of the solvent
in the ink due to high temperaturdaring the dying and the sintering
process, or by the impact of droplets on previously (not fully dried)
deposited layerf34], [35]. Fig. 3.6 shows examples of crack patterns after
drying and thermal sintering (200 °C) for different number of deposited ink

layers (). The cracks increased with multiple layer deposif8%j.

N=1 N=2 N=3

(Average thickness = 0.94 um) | (Average thickness = 1.92 um) | (Average thickness = 2.89 um)

After
drying

After
sintering

Fig. 3.6 Microscopic images of crack patterns in silver ink printed lines with witith4mm after

drying and sintering [35]

Such defects would affect the electrical propertieghefprinted lines leading to a
degradation in the conductivity. Therefore, such issues should be taking into
consideration, for example, by assisting the dyypnocess through applying hot air

on the printed patterns prior to sintering especiallthencase of multiplenk layers

[34].
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3.3 FSS screeffabrication

The FSS screens used in this study wereufisatured using inkjet printing technology
at the Organic Materials Innovation Centre (OMIC) at the University of Manchester,
while subtractive chemical etchingas doneat the University of Kent, in order to

make a comparative performance study.

3.3.1 Inkjet printing of FSS screens

A Dimatix DMP-2800 inkjet printer (Fujifilm Dimatix, Inc., Santa Clara, USA),
shown in Fig. 3.7, was used in the stwdyh a disposable piezo "ink jet" cartridge.
This printer can create and define patterns over an ardsof 200° 300 mnt and
handle substrates up to 25 mm thialkth the print headeing adjustable in the Z
direction. The nozzle plate consists of a single row of 16 nozzles min2&ameter
spaced 254im apart with typical dropolumeof 10 pL, (spot size40 mm). For the
purpose of this study, the cartridge temperature was varied in order to optimize the
jetting conditions. The platen was kept at room temperd8@f unlessotherwise
specified. The printer containedleb mL cartridge (DMG11610) with the cartridge
temperature adjusted betweenZ°C.

Two silver nanopatrticle irkwere used, the first was supplied from SigAidrich
(SunTronic U5603 from Sun Chemicals). The ink consists of a 20 wt% dispersion of
silver nanoparticles (particle diameter in the rang&58f nm by scanning electron
microscope) in an ethanol/ethylene glycol mixtyB¥]. The ink was used in

fabricating the FSS samples in Chapters 5 and 6.
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Fig. 3.7 Dimatix DMP-2800 inkjet printer

The second ink was the Silverj@tzer nanopatrticle ink (DGROLT-15C),containing
30— 35% wt silver dispersion in triethylene glycol monomethy ether, seghallso
from SigmaAldrich [38]. The Silverjetmk, used fothe FSS samples in Chapter 6,
has a particle size less than 50, mompared to 150 nm for the SunTronic ink.

Paper is considered one of the best organlustrates candidates for RF applications
such as RFID tags and FSS. It is not only emnentally friendlybut it is also a very
widely produced material that can undergo large-t@etel processinglt is a
candidate in terms of mass production for large FSS panels. This makes paper the

lowest cost material which can give good perforosawith appropriate coatir{g].

The FSS arrays were printed on two represtére paper substrates, PEL NaR60
paper (PEL paper) having an inorganic mipayous receiving layer, was obtained
from Printed Electronics Ltd. (Cambridge, UK), and also inkjebtatransfer paper
(tattoo paper), having a polymeric receiving layer, which was supplied by Crafty
Computer Paper (Leicester UK39]. The transfer papers were chosen due ta thei
ability of being transferrednto walls, or onto substrates that are problematic to print
on because of their surface propertieswarall dimensions. In all cases the substrates

were purged with a flow of air to remove dust particles priqriating.
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The reduction of the deposited ink drop spacing increases the conductivity of the
printed lines, as well as the multiple depositiomnéflayers. The conductivity of the
silver nanopatrticle ink on the transfer paper was investigaid®jnand itwas found

that sintering at 13% for 30 mins gave conductivities of about 5% of bulk silver

using two of deposited ink layers without damaging the substrate.

Reported inkjet work on porous materials such asmpapedboard, leather and wood
can require rany ink layersSeveral hours of ink sintering for maximum conductivity
are required. Table. 3.1 summarises some of the inkjet fabriebgettomagnetic
structureson different porous substrates. The estimatdadkbhess of 1 layer of
depositednk is about 1um. The numbepof ink layers reported in Table. 3varies
from 3 — 20 layers, with sintering tinseas long as 10 hourdhis is considered

impractical especially in the case of mass production conditions.

Therefore in thistudy, the aim was to produce frequency selective surfaces with the
minimum cost possible while achieving acceptable levels ofsiriivity or
reflectivity depending on the type of thears. Consequently, FSS elemgials were
jettedwith minimum number of ink layers @ 3), and different drop spacingd10—

20 um), and shorter thermal sintering times {380 mins) compared to those in Table
3.1. In the case of printing multiple layers, each layer is allowed tdairy> 120
minsin order to avoid printing defects such as those shown in Fig. 3.6. In addition,
other sintering techniques such as plasmargedse pulsed lightRL) were also tried
(Chapter 5).
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TABLE. 3. 1 SUMMARY OF SOME INKJEPRINTED WORK OF ELETROMAGNETIC SRUCTURES

Reference Substrate Ink Sintering Temp Citeds (S/m)
Layers time (hr) (O
[5] Paper 7 10 120 2.5x10
12 10 120
[13] Paper 3 2 120 ~1x10
[41] Paper 5 1 160 1.2x10
[42] Paper 12 Unknown Unknown 0.4-
2.5x10
[43] Paper Unknown 4 130 ~1x10
[44] Wood 20 2 150 >2x10
Cardboard 20 2 150
Paper 15 1 150
[45] Cardboard 3 1 150 2x10
[46] Paper 12 Unknown Unknown (0.4-
2.5x10)
[47] Textile 2-4 Unknown Unknown (0.3-
0.5x10)
Textile 10 ~1x1¢

Furthermore, due to the expected variability in the conductivities of the printed
elements, it is necessary to take the required skin depth thickness into consideration
while fabricating the FSS screet@kin depth effect gives an irddition of how deeply

into a conductor electromagnetic field will penetrate at a high frequénsylefined

as the depth below the surface of a conductor at which the amplitude of an incident
electric field has decreased by a factor[48]. Variation in element conductivities is
expected owing to several factors such as ink used, number of deposited ink layers,
drop spacing, sintering technique, and element width. Tal@esh®ws the minimum
required thickness at selected frequencies against conductivities of 1, 10, 20 and 30%

of bulk silver.
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TABLE. 3. 2 SKIN DEPTH AT DIFFERENT FRQUENCIES

Frequency Skin depth (um)

(GHz2) o (sil 3% o (s 2% o 10% o 1% o
(silver) (silver) (silver)

14.5 0.53 0.9 1.18 1.6 5.3

12 0.58 1 13 1.8 5.8

2.4 1.3 24 29 4.1 13

2 1.4 26 3.1 4.5 14.2

1 2 36 4.5 6.4 20

3.3.2 Chemical etching of FSS screens

Chemical etching is subtractive manufacturing method that is commonly used in the
fabrication of printed circuit boards and microwave structures using a corrosive
chemical known as etchant. The unwanted areas are removed by chemical reactions.
The process includes applyingphoto resist material that would define the required
pattern by the exposure to UV light through a mask. In order to obtain -alefiled

etching, some basic steps are involved to ensure a defect free etched g#Qtture

o Cleaning of the flexible substrate material and the laminating ultraviolet
light box, to avoid any potential issues in the etched patterns.

0 The application of photo resist flm upon the substrate. Photo resist is a
plastic coating material. When exposed to UV light it becomes hardened
and is resistant to etching solutions.

o Mask placement, and exposure to UV light through the mask to identify
the areas for etching. The mask is normally a negative image of the
requireddesign.

o After exposure to UV light, the sample is immersed in a developer to
remove the photo resists.

o Chemical etching in a tank with ferric chloride.

o Washing to remove etchant and finally exposed photo resist removal.
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The substrate used in the etchipgpcess was a copper clad polyester substrate
(polyethylene terephthalate (PET)yith relative permittivity of 0®. The total
thickness of the substrate was| B, in which the copper thickness was aboupd0

The photo resists develepused was Potassium CarbonatgQ®g), and the etching

acid was ferric chloride (Feg}l

3.4 FSS Measurement set up

Each FSS screen was placed in an aperture in a large absorbing screen of an area of
(2.5 x 2.3 M), supported with wheels for ease ofesm rotation. The size of the
aperture was 210 x 3001 2, as shown in Fig. 3.8. All FSS screens used in this
research had a physical size of 210 x B00?, exceptan interwoven convoluted

square slotanda denséy convoluted cross dipole slot desi@00MHz — 1.2 GHz)

which had a physical size of 1°nas described in Sections 7.4 and 7.5 (Chapter 7).

Fig. 3.8 The absorbing screen

Two waveguide horn antennas swept over a frequency rang@® GHz were
connected tohe signal source and the receiver, and placed 1m on either side of the
FSS ( Chapters 4 and 5). For the skewed lattice dipolel[ES&% mm,P = 5.5 mm)

in Chapter 4, two waveguide horn antennas vaéseused over the frequency range

(25 — 35 GHz). The FSS screens presented in Chapter 6 were measured using
log — periodic antennasR&S® HLO50, 0.8— 26.5 GHz[50]) in the frequency range
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1 -5 GHz. Fig. 3.9 describes the measurement set up of the FSS arrays used in this

study. Tle antennas were positionechaight of the centre of the aperture.

Absorbers
—

FSS screen

Transmitting Receiving
antenna antenna

\
A

1m 1m

Network Analyser

Fig. 3.9 FSS transmission response measurement setup

A Marconilnstrument Microwave Test 620G#d vector network analyser (Rohde &
Schwarz, R&S ZVA50 VNA) operating in the frequency range (10 MH20 GHz),

and (10 MHz 50 GHz) respectivelfpl], [52] were usedThe transmitted power was

10 dBm. An openfree spaceperturecalibrationwas takerprior to the mount of the

FSS to take into account any equipment losses etgeiantennas and cables. The
calibration was also repeated in the case of different san§iacidence. In the case

of oblique incidence, the absorbing screen was rotated to predefined angles. Each FSS
panel had its transmission responsg)(8easuredhree timesand average values

were used to remove transient channel effects.

In addition, due to the expected variability in the conductivity of the elements in each
FSS panel, a dc point to point resistance measurement was conducted using a digital
multimeter, Chapters 5 and 6)The measured resistance values where used to
calculate the average resistance, and their standard deviation of the elements in order

to quantify the variation in the conductivity within the FSS panel.
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Sheet resistance measments (Chapter 5) were achieved using a 4 point to point
probe method, at the OMIC laboratories. A Jandel multi position wafer probe system
(Jandel Engineering Ltd., Leighton Buzzard, UK) mounted with a cylindrical probe

head made contact with the sangple

Microscopic images of the inkjet printed elements were talsamga Summit 9000
analytical probe station by Cascade Microtech, USAasmopd53] at the University
of Kent laboratories, and scanning electron microscopy (SEM) images were taken
using arEVO® LS 15 system (byarl Zeiss AG, Oberkoche@ermanyat the OMIC

laboratories.

3.5 FSS Modellingand Simulations

The FSS screensere modelled using Computer Simulation Technology Microwave

Studid® (CST MWS’) [54]. CST uses the finite differeadime domain technique

(FDTD). The FDTD is a grid based differential time domain modelling approach. In
FDTD, Maxwel | " s equations ar e formul at
discretized in space and tim&he electric field is solved at a given insta followed

by the magnetic field in the next instant and so on, to update the electromagnetic field
within the defined spad®&5]{58]. FDTD techniques has been used in analysing FSS

arrays as was reported[B9]-{62].

CST comprises a number of different solvevbjch are eaclbettersuitedto their
individual applications. For frequency selective surfaces, fteguency solver is
mostly used. Referendé3] gives an example of a modelled infinite bandpass FSS
using the CST frguency solver with unit cell boundaries that virtually repeat the
modelled structure periodically up to infinity, in two directiorgidy). However in

the z direction, open boundaries are used where the Floquet modes are implemented.

Those boundary sitgs are able to mimic oblique angles of incidence scenarios.

In addition, in order to simulate finite FSS arrays, open boundaries were defined in the
x andy directions with waveguide ports in tkelirection of the boundary box. Open
boundary conditins or perfectly matched layers (PML) operate as free space, where

waves interact with the boundaries with minimal reflections. However, modelling a
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finite structure such as that shownhig. 3.10, was not possible to run using the
frequency solver due tile large required frequency range of-120 GHz and the

number of resulting mesh cell®e{rahedros). This led to huge computational time,

and computing resource limitations. The frequency solver also has the option of using

hexahedral meshes, but it svatill impractical to simulate. Therefore, the transient

solver was chosen as an alternative to simulate the finite structures, as it requires less

simulation time.

300 mm

Fig. 3.10Modelled finite dipole FSS screen

210 mm

=<

Fig. 3.11shows an example of simulated results of simple square loop elements with
length € = 23 mm) and periodicityR = 25 mm)with substrate thickness of 4&n

and relative permittivityf

o® using different simulation set ups, with respect to

the measwad transmission response. The measured and simulatessgonses were

very similar, however, there was an insignificant shift in the resonant frequency (less

than 2%) with open boundaries.
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-35 4

40

-45

—— Measured - finite array
¥ Open boundaries - finite array

Unit cell - infinte array

1 15 2

25

3 3.5 4.5 5
Frequency (GHz)

Fig. 3.11 Simulated tansmissiorresponses of square loop FSS arrays (L =23 mm, P =25 mm

w=0.2 mm)

In this work, both solvers were considered depending on the nature of the study. The

transient solver was used for the finite arrays in Chapters 4 and 5, while in Chapters 6

and 7 frequiecy solver unit cell boundaries were used.

S;1 (dB)

0
-5
-10 4
Copper
-15 1 30% conductivity
20 10% conductivity
= 1% conductivity
-25 4
e 0.1% conductivity
-30 .
——0.01% conductivity
-35 4
-40 -
-45 T T T T T T T
1 15 2 2.5 3 3.5 4 4.5 5

Frequency (GHz)

Fig. 3.12 Simulated iansmission responses of the square loop FSS arrays with variable

conductivities
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In addition, in order to investigate the influence of conductor conductivithe@kSS
transmission response, the square loop design was simulated (unit cell boundaries)
with different element conductivities of (30, 10, 1, 0.1, and 0.01%) compared to bulk
metal, as described in Fig 3.12. The transmission null depth decreases ewith th
reduction in the conductivity, which would influence the shielding of the FSS arrays.

Table. 3.3 summarises the simulated results from Fig. 3.12.

TABLE. 3. 3SMULATED $S: NULL DEPTHS OF SQUARE LOOP FSS WITH VARIOUS
CONDUCTIMTIES OF FIG. 3.12

Bulk metal conductivity S1 (dB) Null reduction %

(%)

100 -45 0

30 -40 -11

10 -34 -25

1 -28 -38

0.1 -20 -56
0.01 -13 -71

The element conductivity can be seen to be significant regarding both the depth and

the frequency of the rpsnse null and this will be discussed in Chapters 4, 5 and 6.

3.6 Summary

A review of literature ornkjet printing technology using metal nanoparticle inks and
sintering parameters have been presented. The fabrication by inkjet and chemical
etching, offrequency selective surfacaesed in this study were outlined. Furthermore,

a description of the equipment used in the fabrication process and measurements has

been covered, as well as the simulation of frequency selective panels in CST.
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CHAPTER 4: STUDY OF THE | MPACT OF
DEFECTS ON THE PERFORMANCE OF FSS

PANELS

4.1 Introduction

The degree to which fabrication errors can be tolerated is an important issue. In the
building industry, lowcost manufacture of acceptable performance components is
required, in contrast to, for example, aerospace systems where the high precision
fabrication of critical components is essential and often involves the use of expensive
speciali®d materials. The introduction of FSS into the building structure has been
considered as a psible way to improve the sign#éd-interference ratio, and data
integrity within buildings by incorporating frequency selective panels into walls,
turning them tosmartbuildings[1]-{4]. An improvement of 1%IB in the carrier to
interference ratio in indoor wireless communications can reduce the outage probability
by more than a factor of 20. Also adB decrease of cahannel interference enables

the cell size in square law propagation conditions to be reduced by gbdut 3

The process of fabricating large chemically etched copper FSS screens is high cost
and requires several process stageisafwaste copper is to be reclaimed. Therefore
additive fabrication techniques such as Inkjet technology may be a cost effective
means of production for certain scales of production. fswredemand (DD) print
technology deposits precise and repeatable dipps achieving the resolutions
required for UHF printed circuits on cheap environmentally friendly substrates such
as paper, glass, leather and wigle{12].

However, in printed lowcost mass produced FSS, such as might be required in
application to the built environment for electromagnetic architecture modification,

imperfections might be expected from ¢hage of printer nozzles, poor surface
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quality, and nofuniformity in any conducting ink sintering process that might be
adopted[13]-{15]. There are also some physical problems during the process of
installing arrays onvalls, e.g. destroying some of the elements due to-haisdling

of the FSS boards or cutting out of some sections for the installation of fixtures and

fittings.

This chapter summarises the results of an investigation of imperfectly fabricated FSS
arraysin which defects were introduced intentionally in two sequential processes. In
the first, array elements were either removed entirely from random locations or small
discontinuities were introduced in the conductors of randomly chosen elements, while
in the second sequence, elements are totally absent in locelimdrsthat were
introduced at the centres and corners of the panels. Furthermore, the electromagnetic
illumination uniformityand the influence of the oblique incidence and how it affects

theperformance of the FSS panels especially the defective awagsinvestigated.

The fabricated designs were arrays of linear dipoles on skewed and square lattices,
square loops, and ring loops6]-{18]. All structures were fabricated by chemical
etching and were also modelled using CST Microwave Stu@@sT MWS) to
compare the measurement results with the computer simulation resulbsder to
quantify the impact of print error discontinuities, 20 d@#l-depth was taken as the

limit of acceptable band stop performance, corresponding to 1% signal transmission

through the structure.
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4.2 Randomly(Arbitrarily ) missing elements

An issuenoticed in the printed FSS arrays was the concern ofezits with very high
resistance or being nearonductive. Defects could result from a totally blocked
printing nozzles that could lead to some of the elements totally missing or from partial
nozzles blockage that might cause some discontinuities in themé¢hus affecting

the performance of the FSS panels. As a consequence, it is of a great importance to
define a tolerable level of maximum defects while the FSS arrays could still provide

an acceptable level of isolation in the intended band of operation.

In this section, elements were deliberately removed, chosen at random locations using

a code that was generated in Matlab™ in
total number of the array elements. The arrays were fabricated on a physical area of

¢ p o Ttini 2, using chemical etching on a 8B9mm thick copper clad polyester
substrate with relative permittivity o® and loss tangent 18t ¢ The
transmission responses of the 4 defective arrays were compared to the pe¥fect FS

arrays response.

4.2.1 Skewed latticalipole arrays

The dipole arrays consisted of 374 patch dipoles set on a skewed 18}j@s shown
in Fig. 4.1. The dipoles we 9.4 mmin length, with horizontal spacif@w pi I,

and vertical spacin@w ¢i [. Al dipoles had widtho m@1i I and
thickness 8t d I .

60



Fig. 41 The linear dipole FSS [19]

Five FSS were made, one was complgterfect) whilein each of the others, 10, 20,

30, and 40% proportions of the elements were absent at random location with no
correlation between the arrays with 10% missing elements and the array with 20%
missing elements for instance, as showithie modelled versionfdhose arrays in
CSTFig. 4.2.

In the second set, instead of removing the random elements completely, @ g&p, (

m@ | | was introduced at the centres of théed&ve dipoles as shown in Fig.3.

The gaps were introduced in the same locationhefmissing element shown in

Fig. 4.2 with the same sequence of 10, 20, 30 and 40% to compare the transmittivity
of the FSS arrays in the two scenarios.

To establish whether or not ttransmittivitytrends for dipoles on skewed lattices also
applies for FSS of different configurations, elements were randomly removed in the
same proportions from other arrays including square loops, dipoles andaliings

arranged on square lattices.
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(a) Complete (b) 10% missing
(c) 20% missing (d) 30% missing
I I I — — e |
- - - Z —— |
‘(e) |40% mi‘ssir{g '

Fig. 42 Modelled dipole arrays with missingeshents (a) complete, (b) 10% missing, (c) 20%
missing, (d) 30% missing (e) 40% missing
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g=0.4mm | |

Fig. 4.3 Skewed lattice dipole arrays with discontinuity in some elements [19]
4.2.2 Square lattice dipole arrays

This FSS design was chaost quantify the effect of missing elements on the FSS
response when the element are arranged in simple square lattice geometry. The
complete FSS contained 475 patch dipole elements with dipole leagthperiodicity

P equal to 9.4 and 10.4 mm respeety as shown in Figt.4.

Fig. 44 Square lattice dipole FSS [19]

4.2.3 Square loop arrays

The complete arrays contained 1080 patch square loops arranged in a square lattice
format with lengthL and periodicityP equal ® 6 and 7 mm respectively and element

width wwas 0.4 mm, as shown in Fi§5.
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A 4

ikl

Fig. 45 Square loop FSS [20]

4.2.4 Ring loop arrays

The prefectarrays contained 652 patch Ring loops elements arranged in a square
lattice fomat with diameteD and periodicityP equal to 7.4 and 9 mm respectively

and ring width(w) was 0.4 mm, as shown in Fig6.

N

DOOO(
DOOO(C
DOOO(
DOOO(
DOOO(

YOO

/NS S

Fig. 46 Ring loops FSS
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4.3 Clusters of elements

In addition to the problems addressed he previous sdion, also some physical
damagecould result during the installation process of FSS panels into walls. Damages
such as cutting of soenparts while fitting or damagtat could occur in later stages.
Unlike the previous section, elements wesmoved inclustersof 10% and 2% at

both the centres and the corners of each array type. This investigation was carried on a
total of 5 FSS designs and on a metal sheet screen. Three of the FSS arrays were the
linear dipoles arranged in skewed latticel asquare lattice, anstjuare loop arrays
reported in theprevious section, and in addition two skewed lattice dipole arrays
designswere fabricated. One was the skewed lattice linear dipole arrays with larger
periodicity than the arrays in Fig.1, wherethe elements were also arranged with
periodicity P of 15.4 mm, horizontal spacinBx = 6 mm, and vertical spacing

Dy =5 mm Increasing the periodicity led to a decrease in the number of elenigirs w

the same physical area to 1@dtch dipoles. The second arramgs designed tdbe
resonantaround30 GHz, with éementlengthL of 4.5 mm,P of 5.5 mm, horizontal

spacingDx = 1 mm,and vertical spacin@y = 2 mm

Each of the array types was fabricated 4 times, twice missing di0&aat the centre
and one at the cornemd twice missing 20% of the total elemeattthe centre and the
corner The missing elements clugevere situated either at the centreabthe corner
of the FSS. The 4 fabricated cases of the design frord Bigre shown in Fig. 4.7.
The arrays were also modelled in C3Ticrowave Studi8 (CST MWS) for

comparison with measurement.
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(b)

(d)
Fig. 4.7 Fabricated skewed lattice FSS (P = 10.4 mm) with missing dipole clusters of (a) 10% at the
centre, (b) 20% at the centre, (¢) 10% at the corner and (d) 20% at the corner [21]

66



4.4 Measurements and simulation results

4.4.1 Randomly missing and defective elements

The measured and simulated transmission responses of the skewed lattice dipoles of
Fig. 4.1 are shown in Figd.8. As illustrated, as the number of missing elements
increased, the null depth decreased and a small changerestnant frequency could

be seen. The scattered absence of 10% of the elements gave a null d2ptaraf

-25 dB in the measured and simulatedr8spectively, compared with th83 dB of

the perfect complete arrays.

Correspondingly, 20% absen of the elements (75 dipoles) degraded the measured
performance by a further-45 dB and the 20 dB depth requirement was not met by
3 dB and was exacth20 dB from simulations. Any further absence in the elements
severelyaffects the reliability bthe FSSpanelsas the measured null depths were
below 10 dB. Similarly, the introductioof cuts in the centres of 40 of the dipole
arrays from Fig4.3, led to only 4 dB reduction in the null depth compared with the
complete arrays as illustrated ingF#.9. Table 4.1 summarises theeasured and

simulatedtransmission responses of both missing and cut (broken) elements.
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A
-5
-10
Complete
-15 A
) ‘\ = 10% missing
< -20
o' 20% missing
-25 4
30% missing
-30 -
e 40% misSing
-35
-40 T T T T T r r r r
10 11 12 13 14 15 16 17 18 19 20
Frequency (GHz)
(@)
0 —
—
-5 1
-10
15 - Complete
o e 10% missing
< 20 /
) 20% missing
251 30% missing
-30 A e 40% misSing
-35 4
-40 r r r r r r r r r
10 11 12 13 14 15 16 17 18 19 20
Frequency GHz

(b)

Fig. 48 Transmission responses{Sof skewed lattice dipole arrays with missing eletsien
(a) measured [19], and (b) simulated
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TABLE. 4.1 COMPARES THE SIMULATED (S) AND MEASURED (M) TRANSMISSION
RESPONSES OF SKEWED LATTICE DIPOLE ARRAYS WITH MISSING AND BROKEN
ELEMENTS [19]
% Ddective Missing elements Broken elements
elements

S M S M
21 (dB) 21 (dB) 21 (dB) 21 (dB)

0 -38 -33 -38 -33
10 -27 -22 -29 -24
20 -21 -17 -24 -18
30 -15 -10 -16 -10
40 -11 -8 -13 -9
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-15 J / Complete
) \ ' 10 % cuts
< 20 /
%) [ 20 % cuts
-25 4
30 % cuts
-30 -
=40 % cuts
-35
-40 T T T T T T T T T
10 11 12 13 14 15 16 17 18 19 20
Frequency (GHz)
(@)
0 I}
-5 1
-10 Complete 10% cuts
-15
— 20% cuts 30% cuts
o -20
S |
A 25
———40%cuts
-30 -
-35 4
-40 T T T T T T T T T
10 11 12 13 14 15 16 17 18 19 20
Frequency (GHz)
(b)

Fig. 49 Transmisgn responses (g of skewed lattice dipole arrays with discontinuities:
(a) measured [19] and (b) simulated

The measured and simulated performances of the square lattice dipole arrays
corresponds closely with that of the skewed latticeives as elements were removed.
Furthermore the transmission responses afquare loops and rings had marginally
deeper (about 2 3 dB) nulls than the dipole arrays at the 20% missing element level
andweremore clearly deeper at 10%, as summarisedhlel4.2. The measureahd
simulatedS;; responses of the arrays a@mpared with their skewed lattice dipole

equivalentsas well in Fig4.10.
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TABLE. 4.2 COMPARES THE SIMULATED (S) AND MEASURED (M) TRANSMISSION
RESPONSES B3 SQUARE LATTICE FSS ARRAYS WITH THE SKEWED LATTICE DIPOLE
ARRAY TRANSMISSION RESPONSE [19], [20]

% Absent Skewed lattice  Square lattice  Square loops Ring loops
elements dipoles dipoles
S M S M S M S M

S S S S S S St St
(dB) (dB) (dB) (dB) (dB) (dB) (dB) (dB)

0 -38 -33 -39 -31 -45 -35 -37 -35
10 -27 -22 -23 -23 -31 -29 -27 -26
20 -21 -17 -16 -16 -22 -20 -21 -19
30 -15 -10 -11 -10 -19 -17 -15 -16
40 -11 -8 -8 -9 -17 -15 -13 -14

The results presented in Tablésl an4.2 suggest S screens can tolerate-180%
defectsin the elements and still provide an interference attenuation of about 20dB.
This would provide adequate shielding from external interference to reduce the outage

probability to the order reported |if].

Besidesthere is also a small shift in the resonant frequency which becomes more
pronounced as the number of missing elemiartise arraysncreases. The amount of
the frequency shift also differs depending on the 5§ e.g. in the case of the sgea

loop arrays, the resonance frequehaycreases by about 2.5% (300 MHz) whef4dL0
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of the elements are absent, whil€28bsent elements lead to a 4% (45800) MHz

increase.

-10

-15

-20

S;1(dB)

-25 4

-30 -

-35

-40

Skewed lattice dipoles
Square lattice dipoles
Square loops

Ring loops

10

20 30
Percentage of missing elements %

Fig. 410 Measured transmission responses X 8f different FSS arrays

40

As then might be deduced, a large increase, of about (&lzoccurs when 30 and

40% of the elements are absemd illustrated in Fig4.11.In addition to frequency

drift, the available reflection bandwidth is also affeckgdelement absence. The
measured10 dB width for the completequare lood-SS is about 4 GHz and this is
reduced by about 2% (50 MHz) and 20% (900 MHz), respectively for 10 and 20%

missing elements, as shown in FHgl2. Larger bandwidth reductions 30% and

70% are experienced when 30 and 40% of the elements are missing, a situation

expected to be out of specification for any system and in the case of dipole arrays the

null depthdoes not reacHLO dB as summarised in Fig.12.
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- ® - Measured

——he— Simulated

Resonant frequency (GHz)

11.6 T T
0 10 20 30 40

Percentage of missing elements %

Fig. 4.11 Changes in the square loop arrays resonant frequency (fr) vs. the percentage of missing
elements [20]

45
Square loops
4
Ring loops
3.5 1
Skewed lattice dipoles
§ with missing elements
o 3 Square lattice dipoles
<
S 2.5 1
=
2
g 27
o)
S
2 1.5 1
—
1 _\
0.5 A
0 T T T T v r
0 5 10 15 20 25 30 35 40

Percentage of absence in elements %

Fig. 4.12 Effect of element absence on 16 dB bandwidth
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4.4.2 Clusters of missing elements

The random, nowlustered, absence of 10% and 20% of the elements across the array
as described in the previous section led to a reduction in the transmission null depths
by 11 and 16 dB respectively. The measured transmission respopge®r(ghe
clugered design differ depending on the position of the missing element clusters. The
effect of clustering at the array centre is more pronounced, with a 15 and 20 dB
reduction in the transmission null for the design idth 10.4 mmwhen 10 and Z&

of the éements were absent, as shown in Fig.4.13

0 |

-5 1 N
10 A
Perfect array

-15 1 10% cluster (Centre)
a 20 10% cluster (corner)
& 20%cluster (centre)

-25 1 — 20% cluster (corner)

-30 1

-35 4

-40 T T T T T T T T T

10 11 12 13 14 15 16 17 18 19 20

Frequency (GHz)

Fig. 413 Measured transmission responseg)(Blustered skewed lattice dipole FSS (P=10.4 mm)
[21]

Larger missing element clusters situated in corners were also investigatedasese c
of 30 and 40%vhere nulls of only6 and-3 dB respectivelyere observedheaning

they are unlikely to be ainy usefubractice. The measured:9f the skewed lattice
dipole FSS with larger periodicityP(= 15.4 mm) show similar effects to the

(P = 10.4 mm) design in each of the relevant clustering cast&svever, n the

P = 15.4 mm design, the random Rdnstered absence of 10% and 20% of the
elements reduces the transmission null depths by 9 and 13 dBtinedpemmpared

to the full array. The £ measurements show lower depth of nulls compared with the
skewed lattice dipole array with smaller periodicity, about 11 dB lower in the case of
the perfect arrays. The effect of clustering at the array centrevieows close to the

case where the elements were randomly absent and there was 15 and 20 dB reduction
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in the tansmission null when 10 and%0of the elements were missing, as shown in
Fig. 4.14. This is because the larger periodidégreases the tétaumber of elements
within the arrays anteduced the coupling between elements compared with the other
designswith smaller periodicities

Perfect array
_5 -
10%
(Distributed)
10% cluster
10 A (Centre)
o
) 10% cluster
< corner
& ( )
15 - 20%cluster
(centre)
e 20% cluster
(corner)
-20
-25 T T T T T T T T T
10 11 12 13 14 15 16 17 18 19 20

Frequency (GHz)

Fig. 4.14 Measured transmission responses)Slustered skewed lattice dipole &®iith larger
periodicity (P=15.4 mm) [21]

The random absence of 10% and 20% of the elements across the square lattice dipole
array, from Fig4.4, led toreductions irthe transmission null depths by about 8 and

15 dB respectively The effect of clugtring at the array centre is more pronounced,
with a 13 and 21 dB reduction in the transsioa null depths when 10 and%0of the

elements were missing, as shown in. Bid5.
The clustering effect also causes a shift of abeul6% in the resonanceefijuency,

(f). The impact of clustering at the corners of the arrays is less apparent than clustering

at the centre as illustrated in Tale3.
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Perfect array

S,,(dB)

-25 10% Cluster
(Centre)
= 10% Cluster
-30 1 (Corner)
e 20% Cluster
Centre
-35 —_— (20% Cll)Jster
(Corner)
-40 T T T T T T T T T
10 11 12 13 14 15 16 17 18 19 20

Frequency (GHz)

Fig. 415 Measured transmission responsesg)Slustered square lattice dipokSS [21]

TABLE. 4.3 COMPARES THE MEASURED TRANSMISSION RESPONSES OB DHREERENT

FSS ARRAY TYPES IN THE CASE OF RANDOMLY DISTRIBUTED (MISSING) ELEMENTS AND

CLUSTERS OF MISSING ELEMENTS [21]

Skewed lattie Skewed lattice Square lattice
% Absent elements P=10.4 mm P=15.4 mm P=10.4 mm
M M M
1 (dB) S1 (dB) S1 (dB)

0% -33 -23 -31

10% (distributed) -22 -14 -23
10% at centre -18 -13 -19
10% at corner -22 -18 -25
20% (distributed) -17 -9 -16
20% at centre -14 -9 -13
20% at corner -17 -14 -17
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A similar clustering test was carried on square loop elements arrays and the skewed
lattice dipole arraysl(=4.5 mm,P = 5.5 mm) resonating at about 30 GHz. The effect

of clustering on these arrays was similar to theldigrrays® = 10.4 and 15.4 mm),
where the effect is most severe at the centre of the arrays, as illustratesl th 1&g

and 4.17.

0
5 M\““w
VA
10 A
)
15
=-20
=) 0%
U§'-25 g e 10%
10% Centre
-30 1 10% Corner
e 20%
351 ———20% Centre
= 20% Corner
40
-45 T T T T T T T T T T
7 8 9 10 11 12 13 14 15 16 17 18
Frequency (GHz)
Fig. 4.16 Measured transmission responses)(Square loop FSS arrays
0
-5
_10 -
Complete
15 A
10% cluster
o~ (centre)
$-20
~ 20% cluster
N (corner)
-25 4
20% cluster
(centre)
-30 1
= 10% cluster
(corner)
-35 4
'40 T T T T T T T T T
25 26 27 28 29 30 31 32 33 34 35

Frequency (GHz)

Fig. 417 Measured transmission responses of the clustered skewed lattice dipole arrays (30GHz)

77



The effect of introducing randomly located absent and broken elements discussed in
the previous section, concluded that errors of less than 20% efeheents could be
accepted while still achieving a depth of nulk®® dB. However,it now appears that
clusters of 10% missing elements at the centre on the array cause the null depth to be
less than 20 dB.

However, the deleterious effect of clustg is lower than might be expected,
especially for 20% at the corners of the arrays. This d&veesuse aflumination taper

of the beams of the transmit and receive antennas usedhrihe measurements and
simulations. Simulations agreed with theamared results in the case of randomly
distributed norclustered missing elements and also for the case of 10% clusters at the
centre of the arrays. When the clusters were situated at the corners, the agreement with
measurement was poor. The 20% clusitaulations did not match the measurements

well for any position, and this is thought to be due, at least in part, to the simulated

illumination profile which differed from the practical case.

4.4.3 Clustering a metal sheet

In a way of trying to underata the uniformity of the illumination profile, a metal
sheet with the same physical size as the §3&8ensvas chosen ankoles were cut

equal in size to element clusters of 10 and 20% of the arrays previously discussed.
The holes were located in the t&s and corners of the sheet identically to the missing

FSS cluster positions.

The introduction of those gapsdts is expected to alter the:3esponse and instead

of total reflection in the case of perfect metal sheet, there would be some signal
transmission to go through. The aim was to compghee measured transmission
responses (9 of the perfect metal sheet with the 10 and 20% introduced gaps at the
centres and corners of the metal sheetsex¥pected the metal sheet providagh
reflection wthin the frequency swept band and the measurements gave a rejection
level of about35dB. Thetransmission responsés the 10 and 2 clusters at the
centres,however,do not agreewith their counterparts where the clusters were
introduced at the corne For examplethe 10and 206 clustersat the centres had
transmission responsef less tharl0 dB in the frequency band of interdstwever
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their counterparts whictvere localized at the cornerereabout-20 dB suggesting
that there wakess than % of thesignal going throughas illustrated in Figh.18 This
was deemed to be a consequence of illumination beam tapering in the measurement

and will be investigated isection 4.5.

-40 T T T T
6.5 7.5 8.5 9.5 10.5

11.5 125 135 145 155 165 175 185

Frequency (GHz)
Metal sheet 10% gap Centre

Metal sheet Metal sheet 10% gap Corner

Metal sheet 20% gap Centre

Metal sheet 20% gap Corner

Fig. 418 Measuredransmission respors (1) of clusterd metal sheets
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4.5 [llumination

Changes in the illumination profile across an FSS integrated into a wall could be
significant in a real building environment due to multipatheantedincidence angles
meaninghe position of missing element clusters may change in importance with time.

In this section, different approaches were adopted to investigate the influence of the
illumination profile across the FSS arragsie by removing randomly 20% of the
dipole elenents described in Figt.1 in fourrandomlocations. The locations were
randomly chosen (not clustered) fthemough |
the four FSS arrays were fabricated and measured. The other approach was by focusing
the beam of thé&ransmitting antenna at different locations of the FSS arFagally,

the effectof oblique angle of incidena@® = 0 to 60) on the transmission responses

of the square loop arrays when elements are absent in random locations is also

investigated.

4.5.1 Removing 20% of elements at random locations

75 dipole elements were removed in four totally differenttecad locations from the
skewed lattice dipole arrays in Fi4.1. The transmission nulls of the arrays varied
between 14 to 20 dB, as shown in.Ed9. These results supptiré observatiothat

the illumination profile is not totally uniform as fouritbm the clustering study,
however, the impact is less prominent as the missing elements were not focused

(clustered)t the centres of the arrays.
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Fig. 4.19 Measured transmission responses)(Square loop FSS arrays

4.5.2 (hanging the antenna beanposition

In all previous measurements the transmiténg receivingantenna werealigned so
theradiation beam was focusédo the centre of the FSS arrays this exercise the
transmitting antenna was positioned so its taalicoeam to be focused at either corner

of the FSS arrays as illustrated in Figs. 4.20 (a) and (b), and keeping the receiving
antenna aligned to the centre of the arrays from the back. Figs.4.20 show the two
scenarios of the antenna position with respgecthe skewed lattice dipole arrays

(P =10.4 mm) with missing element clusters at the corner.
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@)

’ P

(b)

Fig. 420 Transmitter antenna alignment at the (a)}elnstered corner (b) clustered corner
The meaured transmission responses of the arrays in both scenarios fluctuated

depending on the position of the transmitting antenna. Figs. 4.21 (a) and (b) describe

the differences in the performance of the arrays in both scenarios.

82



Complete
20 10% Cluster (Centre)

10% Cluster (Corner)
20% Cluster (Centre)

25
= 20% Cluster (Corner)
-30 4
-35 r r r r r r r r r
10 11 12 13 14 15 16 17 18 19 20

Frequency (GHz)

@)
I,FMJAM::J
Complete
@45 i ——10% Cluster (Centre)
N 0,
H oo ) 10% Cluster (Corner)
20% Cluster (Centre)
-25 4 e 20% cluster (Corner)
-30 -
-35 T T T T T T T T T
10 11 12 13 14 15 16 17 18 19 20

Frequency (GHz)

(b)

Fig. 421 Measured transmission responses of the skewed lattice dipole arrays (P=10.4 mm) when the
transmitter antenna aligned to (a) wotustered corner (b) clustered corner of the arrays
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The transmission response of the complete épérfarray was not affected by the
position of the antenna apart from a very small shift of less than 1% in the resonance
frequency. The influence was more pronounced in the case of the arrays with cluster
of missing elements either at the centres or dbmers. In the case where the
transmitting antenna was aligned at thelefpcorner of the arrays, the arrays with 10

and 20% clusters at the corner had null depths deeper than the 20 dB benchmark,
however, the arrays with clusters at the centre werehnbelow-20 dB. In contrast,

when the transmitter was aligned to the-kefb corner (centre of the corner gap) the
transmission responses of the arrays with clusters of missing elements were the
opposite where the corner clusters had much lower nulthgéipan the clusters at the
centres, as summarised in Table. 4.4. This experiment was applied on the dipole
elements arranged in square lattice geometry and the skewed lattice dipole arrays with
the larger periodicity® = 15.4 mm) and both gave similasults.This shows the
transmission responses (null depths) of the FSS panels could be affected by the non

uniformity in the illumination profile as described in Table.4.4.

TABLE. 4.4 SUMMARISES THE MEASURED TRANSMISSIONRRBESES (8) IN dB OF THE
DIPOLE FSS ARRAYS

Top corner Gap
% Absent elements M M
S21(dB) S:1(dB)
0% -33 -33
10% at centre -18 -28
10% at corner -27 -13
20% at centre -12 -19
20% at corner -22 -8
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4.53 Oblique ande of incidence

The sensitivity of any FS arrays toward the oblique aagf incident varies depending

on the elements. It is welinown that dipole elements are more sensitive to oblique
wave incidence when compared with the dual polarised elements such as crossed
dipoles square and ring loop arrays and convoluted elements which have greater
stability toward oblique angle of incidenf22]-{25]. However, with the presence of
errors in the arrayshe impact of oblique angle of incidence could be significant for
the null depths.

For that reason, the square loop arrays with 1D 20% of the elements randomly
absent were chosen and their transmission responses were measured with angles of
incidence @) varied between 0= 60° andcompared with the transmission responses

of the perfect square loop FSS, as described in Fig. A82mentioned earlier, the
absence (not clustered) of up to 20% of elements in square loop arrays when they are
distributed randomly was tolerable while still achieving the benchmark isolation level

of about 20 dB.

The null depths of the perfect arrayes to be mucmoreresilient in comparison

with the defective arrays. The null depths of the perfect arrays seem to be much more
resilient in comparison with the defective arrays, while their null depths are more
affected especially in the case of theagsrwith 20% missing elements as the angle of
inciderce increases. In a building environment, normal signal incidence could be a
very difficult scenario due to reflections and, multipath that the signal would endure,
however, it seems that the FSS arrayth errors of about 16- 15%, randomly

distributed and clusters, could actually provide good reflectivity of more than 20 dB.
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Fig. 4.22 Influence of oblique angle of incidence on the measured transmissiamsespof square
loop arrays (a) perfect arrays (b) arrays with 10% missing elements (c) arrays with 20% missing
elements
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4.6 Conclusion

As an indication of the improvememt wireless coverage thamight be obtained
through the use of FSS in buildingspptessing the external interference bydE

can reduce the outage probability in mobile communications by more than a factor of
20[5]. Furthermore, in square law propagation conditions @Blattenuation of the
co-channel interference level stens the cechannel separation required, and
therefore the cell size, by a factor of about three. The results presented here
demonstrate that meeting such performance requirements should be readily achievable
using manufacturing methods that do not mbet quality standards demanded for
applications such as, for example, might be found in multiband satellite

communication systems.

The effect of introducing randomly located absent and broken elerlows us to
conclude that about 15 20% defects in # arrays could be accepted while still
achieving a depth null 620 dB[19], [20]. This would provide adequate shielding from
external interference to reduce the outage probability to the order repofdéd ).

The amount of dects in the arrays depends of the type of the FSS panels and
periodicity as square loop arrays null depths for example indicated greater resistance
toward defects compared with a dipole element array arranged in square and skewed
lattice geometrieddowe\er, in the absence of strong clustering, which in the extreme
case would imply an aperture in the array, it appears that clusters of 10% missing
elements at the centre on the array cause the null depth to be less tu220
Nevertheless, the deleterious effect of clustering is lower than might be expected,
especially for 20% athe corners of the arrays, this is a consequence of illumination
tapering in the measuremerfémulations agreed with the measurediitssn the case

of randomly distributed nenlustered missing elements and also for the case of 10%
clusters at the centre of the arrays. When the clusters were situated at the corners, the

agreement with measurement was poor.
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The 20% cluster simuliains did not match the measurements well for any position,
and this is thought to be due, at least in part, to the simulated illumination profile which
differed from the practical case. Larger missing element clusters situated in corners
were also investafed for the skewed lattice with=10.4 mm and in the cases of 30

and 40% it wasound that the nulls of onk6 and-3 dB respectively meaning they are
unlikely to be of usen the extreme illumination profile digniformity across an FSS

wall, only 10 distributed error could be tolerated, as the arrays with clusters of
missing elements resulted in unpredictable null depths depending on the position of the

transmittingantenna.

88



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]
[8]

[9]

[10]

[11]

[12]

[13]

E. A. Parker, 3B. Robertson,B.SaAzz qui er do, and J. C. Bz
size FSS for | on gElesteon. kelt.goh 44t no. 6,pp384;, at i o n
2008.

M. Philippakis, C. Martel, D. Kemp, S. Appleton, R. Pearson, and EarkeP,
“Application of FSS Structures to Sel
signals into and oQfdomreffAY4ddGspp.l1-84 200ts, Ann

E. A. Parker, J. C. Batchelor, R. Chiang, A. G. Williamson, B. Saauzierdo,

M. J. Neve, ad K. W. Sower by, “Frequency se
i ncorporating c o nBlkctrhrultet wl. 468 5 w.i3h7d ow, ”
2010.

G. Sung, K. Sower by, M. Nev eSelecava d A.
Wall for Interference Reduction in Wiree s s |l ndoor IEEEVI ronm
Antennas Propag. Magvol. 48, no. 5, pp. 287, Oct. 2006.

A. H. Wong, M. J. Neve, and K. W. Sowe
wireless systems employing directional antennas in the presence of external
interfer e n @05 IEEE Antennas Propag. Soc. Int. Symgl. 1A, pp. 799

802, 2005.

B. S. Cook, S. Me mber , and A. Shami m,
and High Gain AntennasonLe@o st P a p e nEES Trdansattionadne , ”
Antennas and Propagatiouol. 60, no. 9, pp. 4148156, 2012.

J . Ganj ei, D. Sawoska, and A. Krol ,
Ci r c U.iIHKPRCA ho. 30, pp. 1821, 2008.

J. C. Batchelor, E. A. Parker, J. A. Miller, V. Sanciiemaguera, and S. G.
Yeat est prdinkgieng of f r e qBeetronc et gk | ect i \
45, no. 1, p. 7, 2009.

M. M. Tentzeri s, “Design aloaded IGpetr act e
Printed RFID and Microwave Structures for Telecommunication and Sensing
Appl i c ant 20/ NEBEE/MTTS International Microwave Symposium

2007, pp. 16331636.

G. Shaker, A. Rida, S. SafaMia e i ni , M. M. Tentzeris, a
printing of UWB ant ennantennasWirg. pmg. base
Lett. IEEE vol. 10,pp. 111-114, 2011.

Q.Wan, G. Yang, Q. Chen,andR.. Zheng, “Electrical p €
printed flexibl e c¢ ab®OlldEEE 20th C&hfel@nceromni t or
Electrical Performance of Electronic Packaging and Sysi&0%1, pp. 231

234.

R. D. Seager, J. Bowman, R. Philpott, a. Chauraya, M. Broughton, and N.

Ni mkulrat, “Fabric based frequency se
scr een plectron.tLettiva. 49, no. 13, pp. 15671509, 2013.
J.H.Songand H. M. Nuf, Def ect s and prevention in

fabricated byl MaterkRrogdss. pechnoird. 55§56, "pp.
1286-1292, Nov. 2004.

89



[14]

[15]

[16]

[17]
[18]

[19]

[20]

[21]

[22]

[23]

[24]
[25]

B. J. Perel aer, A. W. M. de Laat, C.
printed silver tracks: M temperature curing and thermal stability
i nvest U dlater.iCbhem,ydl. 18, p. 3209, 2008.

D. Sol t man and V. -pristedblinea maphalogies, and“ | n K j
temperature contr ol Landmuitvole24, e b,fpee r i n
2224-2231, 2008.

S. M. A. Hamdy and E. A. Par ker , “
transmission of electromagneti tEEwaves
Proc. H Microwaves, Opt. Antennasl. 129, no. 1, p. 7, 1982.

R.J.LangleyandE. 2 ar ker, “Equivalent <circuit
| o o [Elscirdh. Lett.vol. 18, no. 7, p. 294, 1982.
E. A. Par ker and S. M. A. Hamdy, “Ri n

sur f &leoren, Lett, vol. 17, no. 17, p. 612, 1981.

B. M. Turki, E. A. Parker, J. C. Batchelor, M. A. Ziai, S. G. Yeates, and V.
SancheRomaguer a, “I'nfluence of defectiwv
frequency s e l|Erdroni betevols49,md. a7¢ mp.s1054055,

Aug. 2013.

B. M. Turki, E A. Parker, M. A. Ziai, J. C. Batchelor, V. SanciiRkamaguera,

and S. G. Yeates, “Study of prd018ti ng e
Loughborough Antennas & Propagation Conference (LARGL3, pp. 429

432.

B. M. Turki, E. A. Parker, M. AZiai, J. C. Batchelor, V. Sanch&maguera,

and S. G. Yeates, “ St ucbstdgtdlly fabticatedt er s «
frequency s el eThe 8thvEeropsam Cdnterenees an 'Antennas

and Propagation (EuCAP 2014014, pp. 779801.

R. Cahi | | and E. A. Par ker , “Concentr
Frequency Selective Surfaces for a 45 ° Incidence Diplexer Hydindaned

DLTS SignalinPd/+6i Schott ky Di odes-314,19821 . 18,
C.K.LeeandR.J. lmg | ey, “-d&rcuit modedslfoefrequencygelective
surfaces at obl i gqlEEProg.rHgVicewaves,fAnteanmas i d e n

Propag, vol. 132, no. 6, p. 395, 1985.
T. K. Wu, Frequency selective surface and grid arrdyWiley, 1995.

B. A. Munk, Frequency Selective Surfaces: Theory and Desighn Wiley &
Sons, 2000.

90



CHAPTER 5: INKJET PRINTING OF SOLID AND
FRAME DIPOLE ELEMENT FREQUENCY

SELECTIVE PANELS

5.1 Introduction

The wide spread of wireless technologies in recent ydagether with the era of

Internet of Thingsparticularly in the built environment, has increased concerns for
information security, as well &sr thequality of communication arising from adjacent
sources of interference, as many of the wireless tecondbands have become
congested. Various means of improving indoor communication have been considered,
such as frequency reuse by reducing the size of the wireless cells. A relatively new
approach is to modify the electromagnetic structure of buildingsinthem into

smart buildings. Frequency selective panels have been proposettirtamprove

the signal tanterference ratio and also mitigatethe issue of user priva¢¥]-{3].

Inkjet printing of FSS on a range of different subssatuch as paper based, textile,
glass angbolyethylene naphthala(@EN), withelectromagnetiperformances similar

to those of the chemically etched equivalents have recently been refditda].
Since the technology is an additiveask free printing method, where conducting
tracks of metal nanoparticle baseks can be deposited on demand, it is a potentially
lower-cost fabrication techniqughan subtractive wet etching methpdwith
potentially lower material wastage, whilst being compatible with a wide range of
cheap and environmentally friendly materiateluding paper, glass and leather
[7]10]. Inkjet printing technology has also a potential advantage over chemical
etching asewer technologies acapable dbproducing very fine picditre and femte

litre sized droplets, enabling the deposition of sub 0.1 mm lines which in turn can

reduce the size of electronic circuits.
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Minimization of the amount of ink used is desirable in reducing both cost and
environmetal impact; however there remains a major challenge in overcoming the
greater risk of defectsn the printed elements which in turn would affect the
performance of the FSR1], [12]. Such defects are typically elements with high
electrical resistance which are equivaldiot absentelements, or with total
discontinuities in the conatting path as was described in Chaptand in[13], [14].

The level of-20 dB isolation (null depth) has aldmen chosen in this chapter as a
benchmark levell4].

The aims of this chaptere to manufacture frequency selective panels aiclust,

using the minimum amount of deposited orkpaper based substratedyilst offering
acceptable transmission performance. $riaf FSS panels were made with the
purpose of optimising the manufacturing process in order to achieve the best
performance with the least amourit deposited ink and sintering time. The trials
involved examining two paper substrates engineered for ipkjeting, different
sintering techniques such as thermal, plasma, and photonic with different sintering
time periodsFurthermore, the elements were also printed with differentgpaging,

andnumber of deposited ink layers.

Trials werealsomade of eéments in which conductors were deposited only at the
dipole edgesffameelements), where the induced surface currents were likely to be
maximum, thereby making savings in ink, and yet still achieving the benchmark
isolation level of reflection 0f20 dB[13], [14]. Furthermore, the deposition ah

extra ink layer inthe form of a frame dipole superimposed upon a solid dipole was
also investigated, and compared in terms of ink savings and isolation level with a solid
dipole fabricated with the two layers of deposited ink. An element resistaigeo$tu

all FSS designs is also reported here in order to quantify the relation between the level

of isolation and the dc resistance.
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5.2 FSS design and manufacturing parameters

The FSS design of linear dipole elements arranged in a skewed latticetriygome
presented irsection 4.2.114], [15] waschosen in order to evaluate the performance
of the inkjet printed panels with their chemically etched counterparte/ératetched
on a copperclad polyester substratd thickness 0.0451m with relative permittivity

of X e o® and loss tangent 1@t Gand metal thickness of 0.01mm

A Dimatix DMP-2800 inkjet printer was used iniststudy using a disposable piezo
"ink jet" cartridge. For the purpose of this study, the cartridge temperature weas var

in order to optimize the jetting conditions. The platen was kept at room temperature
[16]. The printer contained a 10 pl cartridge (DM®@610) with the cartridge

temperature adjusted between-345 °C.

The elements were printed using the SunTronic silver nanoparticle ink which was
supplied fran SigmaAldrich (SunTronic U5603 from Sun Chemicald)7]. The
arrays were printed on two paper class substrates, PEL-Réhpaper (PEL paper)
having an inorganic micrporous receiving layer, and also transfer paper
(tattoo paper), having a polymeric receiving lay®8]. The transfer papers were
chosen due to their ability of being transferred into walls, or onto substrates that are
problematic to print on because of their surface properties or overall dimensrans.

inkjet version of the FSS design is shown in.Bid.
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Fig. 5.1 Inkjet printed dipole elements FSS on PEL substrate

Theprinted samples were treated usiliiferent sintering techniques, in addition other
printing parameters such as dot spacing, which is defined as thedib&tween two
consecutive droplets, and multiple number of deposited ink IEy@r21], were also
consideredn order toachievethe best conductivity possible, and hence maxirhise

reflectivity of the FSS arxs.

5.2.1 Thermal sintering

The silver nangarticle ink FSS arrays printed on transfand PEL papers were
thermaly sinteredwith the temperature and sintering time varjed]. A sintering

time of 30 minutes at 135 °C was found to be the optimal sintering[B&jeand
therefore was the only sintering time adopted in the work on transfer paper. However,
there were no such investigations carried on the PEL up to the time of this study.

Four FSS panels similar to the arrays ig.F.1, were made with two different dot
spacing of 15 and 20 pum on each of the two substrates, and were treated at a sintering
temperature of 135 °C for 30 minutes. Fig. 5.2 illustrates the transmission responses
of the FSS arrays.
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Fig. 52 Measured transmission respongasnormal incidencedf inkjet printed FSS arrays with
different dotspacing on tattoo and PEL papers

The transmission response of the FSS arrays printed on tattoo paper with 15 pum dot
spacing achieved theenchmark isolation level of 20 dB, however, the 20 um dot
spacing arrays gave an isolation level of about 8 dB, this is due to high resistance of
the el ements which was on average as hig
the case of the 15 um dotaspng arrays. It was also noticed that the 20 um dot spacing

arrays had8% of the elements that were rnoanductive, in part because some of the
elements suffered from cracks. On the other hand, the samples printed on the PEL
paper gave better reflectitevels of-17 and-20 dB, and the average poiftio — point
resistance was 16 amdotspacify afragsrrespedtiecly. 29 and
illustrated in Fig. 5.2, the arrays printed on PEL gave better isolation levels than the
ones printed on tattopaper and had better line definitions. There was also a small

shift in the resonant frequency of about 5.8% for the 15 um dot spacing on tattoo paper
with respect to the FSS arrays printed on PEL substrate due to the diffeirences

substrate characteriss.
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Furthermore, it was necessary to consider different sintering times and temperatures
in order to achieve the optimum isolation levels with the minimum sintering time. To
do this, three more FSS arrays were made on PEL paper, two of which vieredsin

at 135°C for 45 and 60 minutes and one was sintered at 150 °C for 30 minutes. It was
found that the sample that was sintered at 150 °C for 30 minutes led to the deepest
transmission null of24 dB. On the contrary, the null depths of the sampldsrsith

at a sintering temperature of 135 °C increased as the sintering time increased from 30
to 60 minutes with null depths af7, 20 and 22IB, as shown in Fig. 5.3. However,
prolonging of the sintering time is considdrto be undesirable and it is more
beneficial to increase the sintering temperature in order to reduce the fabrication

process time leading to more economical production.

-5 1 135 C -30 min

10 - ——135C -45min
) —— 135 C -60min
= -15
) —— 150C- 30min

-20

_25 4

-30 T

8 9 10 11 12 13 14 15 16 17 18

Frequency (GHz)

Fig. 5.3 Measured transmission responses of inkjet printed FSS arrays with differeming time
and temperature on PEL papers

To assess the electrical properties of the nanopatrticle silver ink on the PEL paper, sheet
resistances of samples printed with a dsppcing of 15, 20, and 25 um, printed on

both substrates, for thermal sintgy for 30 minutes were investigatiz®]. The sheet
resistance measurements were conducted using @oint probe at the (OMIC),
University of Manchesteit was found that the samples printed on PEL had lower
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sheet resistance compared with their equivalents which were printed on tattoo papers,
as shown in Fig. 5.4. Generally, the decrease of the dot separation leads to more ink
deposited in the required areaushincreasing the width and height of the printed

elements. This will be discussed in further detail in Section 5.5. Therefore, the sheet

resistance values are influenced by the dot separation.
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Fig. 5.4 Measured sheet resaces of inkjet printed elements with 15, 20 and 25 prspiating on
tattoo and PEL papers [22]

The sheet resistance values of the samples printed on PEL paper were considerably
lower at 15 and 20 um dot spacing compared with the case of tattoo Plagies due

to the difference in the thermmaechanical stability of the ink receiving layers of the

two substrates, and the slightly higher sintering temperature for the PEL samples. The
sheet resistance of the printed samples on tattoo paper, howefferedsdrom
macroscopic cracks due to the softening and wrinkling of the polymeric receiving
layer at longer sintering times and higher temperatures, such as repdfte rhe

silica based ink receiving layer of the PEL paper is more robust in terms of the thermal

sintering of nanoparticle based inksl], [25].
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5.2.2 Plasma and photonic sintering of FSS arrays

Other sintering treatments were observed such as low pressure argon plasma and
intense pulsed light, IPL, sintering techniq(@8] by our collaborators in the OMIC,
University of Manchester . The low temperature plasma sintering wiasrped using

a low pressure argon plasma instrument from Diener Electronic, Germany. The
sintering experiments were performed after purging the chamber first with nitrogen
and then with the processing gas argon. The FSS panels were sintered in the chamber
operating of power of 300 W and a processing pressure of 0.4 mbar with argon as
processing gas. The other technique used was the flash photonic or IPL sintering,
which in comparison with the conventional oven sintering, heats the inkjet printed
elements bythe absorption of visible light to achieve the sintering temperature
required. The flash lamsystem used was froBinteron 2000, Xenon Corp., USA
which was mounted above a substrate holder that could be moved underneath the
lamp. Fig. 5.5 illustrates éhtransmission responses of the inkjet printed FSS arrays

on tattoo and PEL papers treated with both sintering techniques.

PEL-1 layer- plasma

-10 A
20 um - PEL-2 layer- plasma

-15 20 um - Tattoo -1 layer- Photonic

—— 20 um - PEL -1 layer- Photonic

S;, (dB)

-20

-25 4

-30

10 11 12 13 14 15 16 17 18
Frequency (GHz)

Fig. 55 Measured transmission responses of inkjet printed FSS arrays on tattoo and PEL papers with
different sintering; plasma and IPL
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The plasma sintering of the printed FSS sample, with 20 um dot spacing, on the
transferred tattoo paper encountered severe cracks which resulted in highly resistive
and nonconductive elements; leading to the FSS paneéttransparent, Fig. 5.6 gives

a picture of the macroscopic cracks that the printed elements suffered on the

transferred tattoo paper.

(b) (©

Fig. 5.6 Microscopic imags of printed elements on transfer paper (a) and (b), (c) on PEL Paper [22]

The deposition of an extra ink layer did not improve the conductivity of the elements
on transfer paper as was predicted. The magnitude of cracking was correlated to the
amount ofdeposited material, with FSS elements comprising 2 layers of deposited ink
showing more cracks than the arrays with single ink layer, howevedryirey at

100 °C for 5 minutes minimized cracking defects. It was found that the excessive
evaporation othe solvents was the main reason for the occurring defects. In contrast,
the arrays printed on PEL paper showed fewer defects and achieved the benchmark
isolation level of 20 dB for single and double ink layers. Furthermore, the FSS panels
printed on PELpaper and treated with photonic sintering also achieved a similar
performance to their equivalent plasma sintered samples. In addition, the arrays
printed on transfer paper again showed cracks but they were less than the arrays treated

with plasma, howevethe performance was still insufficient, witky 8f about-10 dB.
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Fig. 5.7 describes the sheet resistance obtained with plasma sintering on PEL papers
with different dot spacing where the printed samples werelpee at 100 °C for 5
minutes. Moreowe additional substrate heating by {freating the substrate holder

of the plasma chamber to 100 °C, led to the sheet resistances improving by one order
of magnitude after 5 minutes without causing any damage to the printed patterns or
the substrate. On ¢hother hand, the nedried (wet) printed patterns only showed
decreased sheet resistance with rajter pattems.

2750

2500 A
2950 4 —&—15 pm PEL
2000 4 —&=—20 um PEL
=t 25 um PEL
_ 17501
o —@—15 pm PEL-
Q
o 15001 heated
c 15 um PEL wet
~ 1250
9]
ad
1000
750 A
500 A
250 + B L
0 T T T T T 1
0 5 10 15 20 25 30

Sintering time t ( min)

Fig. 5.7 Measured sheet resistances of inkjet primatterns with 15, 20 and 25udot-spacing on
PEL paperswith plasma sintering22]
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5.3 Inkjet printing of FSS panels on PEL paper

As was demonstrated in the previous section, elements printed on PElwitapeer

droplet dot spacingof 15uymgave the best | ine continuit
corductivities Thermal sinteringat 150 °C for 30 minutes proved to achieve better
conductivity and less cracking compared to the transfer paper, and therefore was

chosen as a substrate for the FSS inkjet printed arrays.

5.3.1 Inkjet printing of solid dipole elements

The FSSelementswvere jetted with 1, 2 and 3 layexs study isolation performance.

The performances of similar FSS manufactured using a conventional copper etch
process were used as benchksan this comparative study.

The transmission respees of the inkjet printed FSS using 1, 2 and 3 layers of
deposited ink are compared with the copper etched countarpahown in Fig. 5.8

The three inkjet printed FSS all had reflection resonances at 12.&rt&Halls deeper

than the requiree0 dB level, with depths of-24, -25, and-28 dB respectivelyit

was found that the null depth increased with increasing the deposited ink layers as a

result of higher element conductivities.

-25 0.4 mm solids

Solid copper etched i
Solid I layer
a5 gonq 2layer

--------- Solid 3-layer

10 11 12 13 14 15 16
Frequency (GHz)

Fig. 5.8 Measuredransmission responsef the copper etched and 1, 2, 3 layer inkjet printed FSS
panels [27].
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The displacement in frequency of the transmission nulls between the copperoetched
Mylar (0.045mm thick) and inkjet printed FS&n PEL (0.2 mm thick) was about

1.9 GHz. Tle effect of substrate thicknesém@t 1 @ T® mm), permittivity

X ¢®0©0 1, dipole width, conductor thickness and conductor conductivity have
been investigated wusing CST Microwave
Figs. 5.9(a) and (b)the substra thickness was found to dominate the null frequency
shift with a displacement corresponding to 88% of the 1.9 GHz change in null
frequency, while the permittivity alone gave a 6% change. If the trends in the two
diagrams are regarded as linear, the restdnequency was found to have approximate
sensitivities of 9.0 GHz/mm and 0.2 GHz for a change of 1) iaspectively, for
substrate height and permittivity. To#lher parameterombined caused only a further

6% change in the nultéquency.
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©
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(b) Substrate Permittivity vs. Resonant frequefscypgrate thickness =0.2 mm)
Fig. 59 Effect of various substrate (a) thickness, and (b) permittivity, on the array resonant
frequency. The broken curves show the best fit trends [27]
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5.3.2 Frame dipole elements

It is well known thaé high frequencyinduced surface currents tend to concentrate
toward the edges of strip conducta@ansequentlyin order to reduce the quantity of
ink required while providing thicker conductors where current flow is high, the precise
features that caretachieved by inkjet printing were utilized to prodtreenedipoles,
where conductarare deposited only at the edges as shown is.FgL0[28]. These

elements were considered to be potentially useful in as mubbkywould reduce the

quantity of ink required in manufacture, and hence the total overall cost.

(a) Solid dipoles

(b) Frame dipoles

Fig. 5.10 Surface curreninduced in (a) solid and (b) frame dipole elements at 12.8 GHz [27]
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The frame elements were arranged in a skewed lattice geometrjyeankave the
same design parameters (length, pdiby, width, physical size) as the corresponding
solid dipoles, but with frame widtlrg) of 0.07mmas shown in Fig. 5.11

Fig. 511 Inkjet printed FSS: frame dipoles

The measured transmission responses were simithose of their solid counterpart
with depth of nulls 0f20,-23 and-28 dB for 1, 2 and 3 layers of the deposited ink
respectively For comparisonthe equivalent for the 1 laysolid dipole was-24 dB,

as shown in Fig. 5.1Zhe depth for the-Bayerframe dipole array was about the same

as that for the-layer solid, with a saving in the amount of m¢hieved

104



S, (dB)

Solid 1-layer
.35 4 Framel-layer
----- Frame2-layer
Frame3-layer
-40 T T T T T
10 11 12 13 14 15 16

Frequency (GHz)

Fig. 5.12 Measured transmission responses: inkjet printed Solid and Frame dipole FSS [27]

In order to evaluatehe performance of the frame dipoles by comparing them with
their copper etched counterparts, the elements were redesigned, with the solid dipole
width w = 1 mm and the frames with widthBw) of 0.15 and 0.2 mm. This was to
meet the requirements of our @&y etching facilities, where the minimum dimensions
that could le etched are of about 0.1 mm. Fig. 5sh®wsthe measured transmission
responsesf the copper clad etched FSS of 1 mm width solid dipole arrays and the 0.2

and 0.15 mm frame arrays

oA MRS Vo b o1
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Frame dipoles Fw=0.15mm
-30 1

Fig. 5.13 Measured transmission responses: copper clad etched Solid and Frame dipole FSS [28]
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The resonant frequency of tharim solid dipoles was 14.86 GHz, about 3% higher
than the resonance of the 0.4 mm solid dipole arfHys.resonant frequency of the
frame dipole FSS is less than thenm solid dipole FSS by about 300 and 450MHz
(2 and 3%)for frame widths of 0.2 and 0.15 mm respectivdlige difference in the
resonance frequenaprrelates to the difference in the conductadtivibetween the
dipole width and frame widthiThe null depthsof the frame elementdegraded by
about 5dB compared with solid dipolésweverthe chemically etched frame dipole
FSS provided nullsnuchdeeper than the20 dB benchmark

The 1 mm soliddipoleswere inkjet printed with 1 and 2 deposited ink layers. The
measured,1 shows the isolation level achieved with the single layer arrays was about
-24 dB, and the addition of the second ink layer improved the reflectivity of the arrays
by approximatet 8 dB to-32 dB, as shown in Fig. 5.14.

A AT SRR
MJ\'AV\"“"‘ PN \,AA]‘\"V\NM\/J\J !
5 1 o V‘"«'Wk A /v/rwl\"
“r, A
n
-10 A N\ v
10 \\,\1 /‘
Wy
~ -15
2
& 20 1mm solid dipoles
Inkjet printed 1xlayer
-25 1 inkjet printed 2xlayers

-30 1

-35

10 11 12 13 14 15 16 17 18 19 20
Frequency (GHz)

Fig. 5.14 Measured transmission responses of the inkjet fabricated solid dipole FSS arrays with: 1
and 2 deposited ink layers
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The singlelayerinkjet printed 0.15and 0.2mm frame arays showed a reduction of
about 3— 4 dB in the depth, compared with the layer printed solid dipole FSS,
whereas, for the-dayer0.15 mmframes it increased by about 4d&s illustrated in
Fig. 5.15 This improvement in the response of the FSS Wwtsmed whilst achieving
a roughly 50% saving in ink usage when comparing the prsitegelayer0.15 mm

frame dipole FSS with the solid dipoles.

S, (dB)

—— 1mm Solid tlayer

-25 —— 1mm Solid 2layer

— 0.15mm Frame-layer
.30 —— 0.15mm Frame -Payer
—— 0.2mm Frame layer

-35

10 11 12 13 15 16
Frequency (GHz)

Fig. 5.15 Measured transmission responses of the inkjet fabricated soliffamé FSS arrays with:
1 and 2 deposited ink layers

These results are very encouraging and reflect one of the major advantages of inkjet
printing as a fabrication tool. There was also a small reduction in the resonance
frequency similar to the etched caterpartspf about 3.7% in the case of the single
layer 0.15 mm frame width compared with the solid dipole. This is linked to the lower
quantity of conductor, which led to a slightly higher dipole resistance. An element
resistance study of the inkjet pi@a FSS is discussed in Sectm®.
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5.3.3 Superimposed solid dipole elements

The strategy of depositing ink where the maximum current is likely to flow produces

FSS with a response similar to that in the case of printing the whole element. This
opens p the possibility whereby a hybrid approach combining features of a solid and

frame dipole can achieve further improvements in performdnitlly a single layer

of solid elements of 1 mm width was deposited followed by frame dipoles of frame

widths of0.15 mm added on tofig. 5.16 explains the procedures of printing the

superimposed dipoles.

(a) Solid dipole; w =1.0 mm

[ ]

(b) Frame dipole; = 0.15 mm

(c) Solid +frame

Fig. 5.16 The fabrication sequence of superimposiglé FSS arrays

The measured and simulated transmission responses of the superimposed dipole
panels are compared with the transmission responses of the single layer 1mm solid
and 0.15 mm frame FSS arrays in Figs. 5.17 (a) and\{lging the frame layesver

the predepositedsolid dipoles improved the isolation by over 5 dB compared with the
1-layer solid dipoles alone. The improvement was 7 dB compared with-ltheerl
0.15mm frame FSS. This was achieved with an approximately 25% concomitant
saving in nk over the 2 layersolid dipole while achieving the same level of isolation

of the 2-layers solid dipole shown in Fig. 5.15
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Fig. 517 Transmission responses; 8f: 1-layer solid dipoles, 1ayer frame dipoles are compared
with depositing frames on top of pdeposited dipoles, (a) measured, and (b) simulated
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5.4 Printing defects

During the printing process some imperfections in the edge definitions and also defects
in the elemerst were observed as shown in Fig. 5atf8lFig. 5.19 The edge of the
dipole element in Fig5.18 (a) has some discontinuities generated during the
deposition of the first layer of the ink. These discontinuities were infilled by the
addition d the second layer, resulting in more wadfined edges, as shown in

Fig. 5.18(b).

Defects such as horizontal cuts and Hioearity in thevertical edges depicted in
Fig. 5.19(a) were observed in very few of the 0.2 mm frame dipole alesndhe
horizontalcuts arecaused byotal or partial blockage of the printing nozzles, which
results inseparationn the dipole shapesinfluencing the FSS performance at the
frequency of operation, particularly if those defects are more than 20% bt

number of elements, as reportedid].

The nonlinear outlines of theertical edges are more apparent in the frame dipoles,

as they are thinner than the solid dipoles. Such phenomena could increase the element
electrical resistance leading to reduction in the FSS reflectivity, which might lead to a
transmission response BEVS1) less than the benchmark @0 dB. However, this

issue could also be resolved by the addition of @ors@ ink layer as shown in

Fig. 5.19 (b).

= by ,::‘—,——

3 ﬂ‘\:'-’a- e
-

(a) 1-layer (b) 2-layer

Fig. 518 1mm inkjet printed solid dipole FSS (a)aler of deposited ink (b)}2yer of deposited
ink [27]
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(a) -layer

(b) 2-layer

Fig. 5190.2 mm inkjet pnted frame dipole FSS (a} layer of deposited ink (b)-fayer of deposited

ink [27]
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Further errors were observed during the production of the printed FSS solid dipole
elements, expected to be caused by full or partial blockage in the printing naszles
shown in Fig. 5.20. Some of those errors led to the dipoles being divided into 2 or more
elements, as a result of either horizontal or vertical [@8F Figs.5.20 (b) and (d)
show the effect of a spurious line generated by ink spray resulting from a partially

blocked nozzle.

(©) (d)
Fig. 520 Defective dipole elements: (a) dipole with a slot, (b) dipole with two sprayed edge lines,
(c) dipole with Horizontal gaps and (d) misaligned dipole with horizontas¢ag).

The defective dipoles observed were modelled in CST Microwave Staiibin order

to simplify the simulation, periodic boundaries were used so that all elements suffered
the same defect. This represents a worst case scenario, unlike the sedfyctsf
presented in Chapter 4. Dipoles with 9.4mm length, 1mm width were arranged in a
square lattice geometry with a periodicity .4 mm. Fig. 5.21 shows some of the

modelled printing error scenarios.
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(a) Dipole with 0.1mm horizontakgs

I T I T I I T
(b) Dipole with 0.2mm horizontal gap and misallignment

:
:

E:KI OO OO DO DBODODODDD (X‘x‘xX‘x‘){Y}fﬁ(‘ﬁ(‘xﬁ OO DOPODODOODODDOOODDODOHOOODOOT :‘»(xlﬁ COOODOODODDODDD DDOOHOOOOS

(c) Dipole with dots caused by edge spray

(d) Dipole with two edge lines caused by spray

(e) Dipole with a slot (slot width varies from 0.1 to 0.7mm)

(g) Dipole with vertical gap; (gap width 0.005 to 1 mm)

Fig. 521 Modelled dipole FSS printing errors [29]

The simulated resonance frequen&y ¢f the perfect dipole FSS array was about
11.42 GHz. The introduction of therizontalgaps of widths of 0.1, and 0.2 mm shown
in Figs.5.21 (a) and (b), which may result from a blocked nozzle, results in increasing

fr by 30 and 60 MHzespectively.
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Fig. 522 Simulated #ect of printing errors in dipole elements on the FSS resonant frequency [29]
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Defects described in Fig5.21 (c) and (d) represent the ink spray effect as a result of
partially blocked nozzles. The two narrow edge lif@& mm)and the dotg50um)
around the dipoles caused a modelled decrease in resonant frequidbfyand 550
MHz (3-5%) respectively. Tis is a consequence of the capacitive loading that was
produced by those lines. Fig. 5.22 (a) shows the effect of havingia the elements

as depictedh Fig. 5.20 (a) and Fig. 5.21 (e). The slot width was varied from 0.1

mm.

The impact of th horizontal and vertical gaps, depicted in Figs. 5.21 (f) and (g), is
shown in Figs. 5.22 (b) and (c), respectively. The width of the introduced horizontal

gap was varied from 0.01 to 0.8 mm, where the vertical gap from 0.005 to 1 mm.

Simulation resultshow that thevertical gaps have, as might be expected, a greater
impact on the resonance frequency tharnzontalgaps and enclosed horizontal slots
within the dipoles. A tiny vertical gap of about 0.005mm in the dipole centres led to an
increase in fregency of abouf78%)9 GHz (Fig. 5.22 (c)) compared with less than
400MHz (3.5%) in the cases of horizontal gaps and enclosed horizontal-stbes

current distribution was seriously affected, as to be expected. However, all of the errors
presented couldhave a severe impact on highly convoluted elements as the two
dimensional nature of these designs, such as in Chapter 6, means that horizontal defects

could also disturb the current flow.
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5.5 Dimensions of the inkjet printed panels

It was roticedthat the inkjet printed solidnd framd=SS elements were slightly wider

than theequivalentchemically etched FSS elements owing to drop spreading on the
paper substrate, buhere waslittle differencein the lengthas summarized in
Table 5.1. The size of the distance between the adjacent droplets influences the width
of the printed elements, with element width increasing for decreased drop spacing.
Additionally, the deposition of multiple layers also increases the dipole width due to
the extra amount of jetted ink spreading on the supporting substrate, as illustrated in
Fig. 5.23. The shape of the printed elements was a coffee ring shape, similar to the
droplet spreading behaviour on the supporting substrates that was rep2@d in

[21].

1- layer, DS =20
pum
7 2- layer, DS =20
um
3- layer, DS =20

1- layer, DS =15

pm

5 | = 2- layer, DS =15 Pt

pm K=t .

3-layer, DS =15 __-1" I I B
um A PaS . "

Pad

N/
A

Height (um)
5

194 4
A 7%

0 100 200 300 400 500 600 700 800 900
Width (um)

Fig. 523 Effects of different drop spacing and multiple layer deposition on the width and bétpkt
printed element prdé
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The increase in the width of the elementmsre noticeable for the frame dipole
elements, as they are more sensitive to the droplet spreading effect, as the droplets
wouldspreadob ot h s i des o fInthetase othesdaidrdgpolerlenzentsns .
the spreading wasroportionally less significant asopletswill be overlapping with

the adjacent ink dropletdzurthermore it was noticed that the ink spreading is
inhomogeneous in both frame arms. Fig. 5.24 shows a micrographic of one frame
dipole element where the upper and lower arms of the frame had widths of 121, and
143 um respectively.Similarly, additional deposited ink layers also tend to increase

the element widthas well as thicknesas more droplets are deposited.

< WS
gt

Fig. 524 Microscopic image; difference in the 70uml&yers frame element arms
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TABLE. 5. 1 INKJET PRINTECFSS:DIFFERENCE IN WIDTHAND LENGTH ©MPARED WITH THE
CHEMICALLY ETCHEOFSSCOUNTERPART{27]

Sample

Ink

Avg Width Aw o Avglength AL %
Width (mm) Layer (mm) (mm)
1 0.118 68.5 9.41 0.1
0.07 (F) 2 0.121 72.8 9.43 03
3 0.155 121 9.45 0.5
1 0.41 2.5 9.38 -0.2
0.4 (S) 2 0.46 15 9.42 0.2
3 0.53 32 9.44 0.4
1 (S 1 1.05 5 9.41 0.1
2 1.188 18.8 9.41 0.1
02 (F) 1 0.27 35 9.39 0.1
2 0.32 60 9.4 0
0.15 (F) 1 0.21 40 9.41 0.1
2 0.25 66.6 9.43 0.3
1(S)+0.15(F)  1+1 1.077 7.7 9.42 0.2

*

(S) Solid dipoles, (F) Frame dipoles
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5.6 Resistance study

This section investigates thdr pointto-point resistance othe 15 FSS samples
considered in Section 5.3 (solid, frame, and superimposed dipoles), and later the FSS
samples from Sections 5.2.1 abd.2 that were treated with different sintering
techniquesThe resistance measurements were carried out using a digitaineter
measuring every individual element of the 374 elements in each of the FSS arrays.
Figs 5.25(a) and (b) compare the transmission responsgsaBd overall average
resistance values i®hms for the 0.4 mm solid and 70 um frame dipole FSS

resgectively.

The depth of the transmission null increases as the number of the deposited ink layers
increases for the frame and solid dipole FSS, and the resistance values decrease
accordingly, as shown in Fig5.25 (a) and (b) respectively. The null depaf the
2-layer frame dipole improved from the minimum acceptable leve2®fdB of the
1-layer frame te23 dB, which is exactly the response of tHayler solid dipole while
still saving in ink. In addition, the deposition of thepi#d frameon top of the dayer

solid dipoles has improved the:$esponse by about 3 dB.

The 29 deposited layer of ink has reduced the total average resistance of the frame

di pole FSS by 6Q, fr om Ilheca$eofthesollddipolef2, and
This reflects the improvement in the null depth as shown ing=R&b(a). The total

avemlge resistance of the solid + frame FSS is also less than the total average resistance
ofthetl ayer solid dipoles by 1 Q.

Figs 5.26(a) and (b) compare the transmissials and total average resistances of

the FSS with wider elements: the 1 mm saldi 0.15 and 0.2 mm frame dipoles. The
impact of depositing more layers has the same positive effect on the depth of nulls and
reduces the average total resistance of the arrays, as in the above case of G

mm solid and 70 um frame dipole FS%owever, overall average resistances of the

1mm solid, 0.15 and 0.2 mm frames are less than their 0.4 mm solid and 70 pum
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counterparts. This is a result of the fact that they have more deposites! timky are

wider.
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(a) Comparison of transmissionll depths &
16
14 -
12 -
\;10 R
(O]
g
QS 8
@
)
6
4 N
Frame Frame Frame Solid Solid Solid Solid 1-layer
1-layer 2-layer 3-layer 1-layer 2-layer 3-layer  +Frame 1-layer
FSS Samples

(b) Comparison of resistance values

Fig. 525 Measuredtansmission responses (a) and resistance values (b) of the 0.4mm solid and
70um frame dipole FSS [27]
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Fig. 5.26 Measurediansmission responses (a) and resistance values (b) of the 1mm solid and 0.15
and 0.2 mm frame dipole FSS [27]
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This improvement in the conductivity of the elements aésults in deeper nulls in
compaison with the 0.4 mm width FSSThe measured resistance values are
summarised in Tabl®.2[27].

TABLE. 5. 2 MEASURED RESISTANCE

Layer 1 Layer 2 R Standard
Width (mm) Width-(mm) ( Q) deviation
solid 0.4 - - 4.3 0.5
solid 0.4 solid 0.4 3.1 0.8
frame 0.070 - - 13.5 2
frame 0.07 frame 0.07 7.5 1.9
solid 0.4 frame 0.07 3.2 0.5
solid 1 - - 4 0.6
solid 1 solid 1 0.9 0.13
frame 0.15 - - 8.2 1.3
frame 0.15 frame 0.15 3.1 0.5
frame 0.2 - - 6.3 1
frame 0.2 frame 0.2 2.5 0.6
solid 1 frame 0.15 1.9 0.3
solid 1 frame 0.2 1.1 0.3

FSSarrays with higher average resistance
transmission response, as illustrated in. B@7 The transmission response falls
below the 20 dB isolation level as the resistance increases bey®nd.5TheCarrays

presated in Sections 5.2.1 and 5.2.2 that were printed on transfer paper had high
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average resistances except the FSS arrays that were made withdi&p spacingt

was found that those arrays suffered from severe discontinuities and cracks. Some
were compleely nonconductiveespecially those that were sintered with IPL due to
the damagethat occurred to the transfer paper substrate, as was described in
Section 5.2.Z2Table. 5.3 summarises the dc petotpoint resistances and the amount

of printing errors of the FSS panels presented in Sections 5.2.1 and 5.2.2 withitheir S
performances. The FSS panel printed on transfer paper and sintered with IPL, had an
average resistance of about@6However, it had anzpof about-1 dB in comparison

to -8 dB in the case of the arrays that were sintered thermally with average resistance
of 42Q. That was due to the difference in the amount of defects which was 90% and
38%, respectively, as shown in Table. 3.Be estimated printed FSS screens element
conductivity was about 2 to 4% of bulk silver conductivity in the case of single ink
layer. For instance, the frame dipole elements had an average conductivity of 2% of

bulk silver, therefore, two layers of deposited ink were needed to meet the required

skin depth.
0
-5 1
-10 1
o 151
©
¥ -20
-25 4
-30 A
-35 T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50

Average resistancgY)

Fig. 527 Elements average resistance vs. transmission response
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TABLE. 5. 3SUMMARY OF THE MEASURED RESISTANCES OF THE FSS PANELS FROM
SECTIONS 5.2.1 AND 5.2.2

Sintering Substrate Dot Ink layers Sy R Errors  Standard
technique type spacing (dB) ( Q) ) deviation
(Hm)

Photonics Tattoo 25 1 -1 36 90 41
(few secs)
Photonics Tattoo 20 1 -10 24 24 22
(few secs)
Photonics PEL 20 1 -21 11 0 0.9
(few secs)

Plasma PEL 20 1 -20 7.7 0.8 1.2
(30 mins)

Plasma PEL 20 2 -22 5.6 0.3 0.6
(30 mins)

Thermal Tattoo 20 1 -8 42.2 38 59

(135 C, 30 mins)

Thermal Tattoo 15 1 -21 11 0 4
(135 C, 30 mins)

Thermal PEL 20 1 17 16 0 1.1
(135 C, 30 mins)

Thermal PEL 20 1 -20 11 0 1.3
(135 C, 45 mins)

Thermal PEL 20 1 -22 10 0 0.5
(135 C, 60 mins)

Thermal PEL 15 1 -24 3.1 0 0.6
(150 C, 30 mins)
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5.7 Conclusion

Thischaptelinvestigates factors that contribute to the inkjet manufacture of frequency
selective surfaces with acceptable levels of performance. Silver nanoparticle inks were
depositedn environmentally friendly paper substrates, as mightded in improving

the signal-to —interference ratio and user privacy in the built environment. The study
focused on dipole element configuratiofisials of FSS panels treated with three
different sintering techniques were madiée principal performance indicator was the
depth of the null in the array transmission/frequency resperseneasure of the
isolation obtainablel-SS panels printed on tattoo paper and treated with plasma and
flash phoonic sintering suffered from severe cracking which led to poor levels of
isolation due to the high number of moonductive or high resistive elements.
However, arrays printed on PEL papers proved to provide better quality FSS screens

with all three sinténg techniques mentioned.

Studying the influence of the number of deposited ink layers, together with the ability
to deposit droplets on demand allowed modification of the array element design in
ways which reduced the amount of deposited conducting riadatevhilst still
achieving the satisfactory benchmark level of isolation of 20 dB. In frame dipoles, the
ink is deposited only at the edges, where the surface camgtitude isnaximimum

Such modifications allow savings in ink of about 50% while edhig the required

level of isolation of 20 dB in, for example, the case of thglsilayer frame arrays of

just 70 um frame width[27]. These are difficult to fabricate with conventional
subtractive methods. Further modifications to the elements have also been considered,
where an extra frame layer was superimposed on a layer of solid dipole elements. This
approach, viable only with kjet printing, improved the isolation level of the FSS by
approximately 7 dB relative to that of thdaler solid dipole FSS alone. It achieved

the same level as that of the correspondiuiay2r solid dipole arrays whilst saving

25% of the ink deposited.

Deposited thin lines are prone to discontinuities, especially in the case of the frame

elements used for example in thin paper. The effect of such discontinuities were
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mitigated by the addition of an extra layer of ink, raising the possibility of ragairi
defective elementsyhich is unlikely to be possiblevith conventional subtractive

fabrication techniques.

In addition, the arraywere also assessed in termshair averagelc point—to —point

element resistance and related to the level of ismlatbtained; the highest average
resistance to accomplish the benchmark i :
the 70 pm frames, whereas the | owest res
achieving a level of isolation of 31 dB in the case &f Zayer, 1 mm wide, solid

arrays.

The theme of this study is continuing, with similar investigations applied to complex

convoluted element structurg9], [31] in Chapter 6.
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CHAPTER 6: INKJET PRINTING OF

CONVOLUTED FSSELEMENTS

6.1 Introduction

Frequency selective panels can transform conventional buildings into smdiridpui

by selecting the electromagnetic waves that could pass thwaitd) depending on

the frequency of interest. Different FSS designs could be adopted according to the
desired application ranging from simple dipole arrays, square loops, and ringdoops
highly convoluted and interwoven elemefits{10]. The arrays could be irtheform

of patch elementsvhich actas band stop filters blocking electromagnetic waves at

certain frequency bangdar slots of elements acting as band pass fi[tetl [12].

These FSS panekhouldbeeconomical when integrated into various materialgek
printing technology hasecentlybeen considereish manufacturing simpléequency
selective arrays printed on various substrates such as glass, textile, paper based and
polyethylenenapthenate (PEN), providing very similaaracteristicso theircopper
etched equivalentfl3]{17]. FSS frame elements, ink jetted only where surface
currents were likely to be significant, achieved the benchmark acceptable isolation
level of 20 dB in thease of stop band FSS panj&l(],[18]. Low-cost manufacturing,
however, introducesthe possibility of encountering some errors in the printed
elementswhich could affect the performance of the FSS panels. Errors shibkas

or totally absent elementsccurringat randomor in clustersand their effects on the
performance of the FSS arrdyave been considered|[it/], [19]H21].
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The ains of this chapter aréo manufacturend investigate the performance of inkjet
printedarraysof convoluted element FSS screens for buildings, with the least amount
of deposited ink, maximum required conductivity and acceptable performance. Novel
convolutedsquareelements (pehes and slos) operating atl — 3 GHz were inkjet

fabricated and compared with their chemically etched counterparts.

The degree of convolution complexity is also considered while designing the
convoluted elements taking into account the limitationte@printer used, for instance,
such as the print head mechanical movements.Dilmatix DMP-2800 print head
movesin continuous rows in a Cartesian coordinate system, meaning one row must be
completed before proceeding to the ng&],[23]. This could affect the adjacent
droplet interactions, especially in the case of vertical and diagonal lines, leading to
some discontinuities in the printed lines. Therefore, the convoluted square elements
were designed with minimum element comutan while achieving similar figures of
merit to other previously reported convoluted square elenj@htdn addition, the
performance of the convoluted square element arrays wgsacethwith equivalents

such as square loop elements having the sameelhdrea.

This chapter alsexploresthe effects of line definition and width on the performance
of the FSS arrays by analysitige impact ofthe shapes of the printed linemd
slbstrate temperatureluring printing on the elementelectrical continuity and
resistanceTwo silver naneparticle inks printed on PEL paper substrate were studied
for their line definitions especially in the case of vertical lines (perpendicular to print
head direction)Latter sectionsn this chapter considé¢he overall average resistance

of the FSSlementsand the effects of errors on the responses.

131



6.2 FSS designs

Three FSS designs were chosen: convoluted squares, semi convoluted squares, and
simple square loops. The FSS arrays were designed with the same per@ditity

25 mm, element length of 28 m and conductor widthv of 0.2 mm, as shown in

Fig. 61. The elements were initially chemilyaetched on copper clad polyester
substrate with substrate relative permittiyityf o® and loss tangent 18t ¢ The
physicalarray size wasc p 1o miti 2 Each FSS screen contained a total of 80

elements arranged in a square lattice geometry

AN

(©

Fig.61lFSS panel sd designs: ( afnvoldtednsguaré loopse(MalteSegu ar e s ,
cross) and (c) simple square loops arrays
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Thetransmission responses of the FSS arrays were measured using two log periodic
antennas swept over a frequency range-e5 I5Hz. The designs were also modelled
usingCST Microwave Studid (CST MWS®) in order to compare the simulated and
measured & transnission responses. The simulated transmission responses of the
three FSS arrays are compared with measuremeni&gin62 (a) and (b). The

simulation results show good agreement with measurements.

|
-5 1
-10 A
~ -15 A
m
)
A 20
25 Simple squares —
Convoluted squares E_g IEI
-30 - .
Semi-Convouled squarejm]
-35 T T T r r r T
1 15 2 25 3 35 4 4.5 5
Frequency (GHz)
(@) Measured &
0 |
-5 1
-10 4
@ -15 -
RS
'
-20 1
-25 1 Square loop
SN
Convoluted square [rpﬁ:‘
-30 1
Semi-convoluted squaresr‘“\‘_fj
-35 T T T . r r r T
1 1.5 2 2.5 3 3.5 4 4.5 5

Frequency (GHz)
(b) Simulated &
Fig. 62 Transmission responses of the FSS arrays: (a) Measured, (b) Simulated
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6.2.1 Angular stability

It is known that the convolution of FSS elements improves the stability of FSS array
performance with incient ray angle[24], [25]. Additionally, in a real building
environment, the electromagnetic illumination uniformity across an FSS integrated
into a wall could change significantly due to varied angles of incidence, the wall
curvature, and multgth. For that reason, FSS responses for panels intended for
in-building applications should have good immunity to oblique ray incidence. Some
of the issues related to nomiform electromagnetic illumination and their effect on
the reflectivity ¢ the FSS screens, especially with the presence of defects were
discussed in Section 4.5 ajiD].

Sz (dB)

iy [
-30 - & =0 [rg.'
® =° 45

-35

2.5 3 3.5
Frequency (GHz)
(a) MeasuredSx
0
-5 4
-10 A
-15 4
)
< -20
2
-25 4
-30 1
e =2 0 ,F,
-35 1 [
© =° 45 DPE;
-40 T T T T T T T
1 15 2 25 3 3.5 4 4.5 5

Frequency (GHz)

(b) Simulated &
Fig. 6.3 Transmission responses of the convoluted sgE&f® arrays with oblique angle if incidence:
(a) Measured, (b) Simulated
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As described irFig. 63, the convoluted squares show good stability to oblique
angle of incidence, with a small shift in the central resbifr@guency of only
0.4% at 45(TE) compared to 3.7% at the case of the equivalent simple square
loops (2.7- 2.6 GHz) in case of normal incidence and @%E), which suggests

the suitability of this design for use in buildings. The effectiveness of the
convolution process is judged by the figure of mexitR), which is an indication

of the separation between the first resonance and the grating response, and by the
ratio (L/ .) which is the measure of how efficiently the available conductor is used.
Tabe. 6.1 summarises the figures of merit of the convoluted square in comparison
with the simple square loops, and saonvoluted squares FSS arrays. The
convoluted square FSS arrays achieved a figure of negi) (of about 6.5, very
similar to those ofconvoluted square arrays (6.8) dingt generation Hilbert FSS
arrays (5.9]9].

TABLE. 6.1 SUMMARY FIGURES OF MERIT FOR THE THREE FSS ARRAY ELEMENTS

Element f1 (GHz) P (mm) Unit cell a/P /P L/1 @&
area(mn)
Square loop 2.79 25 625 4 1.2 0.8
Semi convoluted  2.26 25 625 5.3 1.9 1

(Maltese cross)

Convoluted 1.86 25 625 6.5 2.4 1.2
square

* avande are the wavelengths of thé and 29 resonant frequencies
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6.3 Inkjet fabrication of FSS arrays

The three FSS designs were also inkjet printed using a Dimatix-Z8@P inkjet
printer [22]. The silver nanoparticle ink (SunTronic U5603 from Sun Chemicals)
consistingof a 20 wt% dispersion of silver nanoparticless used oRPEL NaneP60

paper (PEL papemyhich hasan inorgant micro-porous receiving layei26], [27].

The FSS screens were printed with drop spacing eid5and therm#y treated in a
conventional oven at 150° C for 30 minutes, (reported in Chapter 5 to be the optimal
temperature and sintering time for PEL substrate to achieve the best conductivities).
The elements were also printed with single and double layers oépusited silver

ink and tested for the benchmark isolation level of 2024B. Theresults are reported

in the following sections.

6.3.1 Square loops

Fig. 64 compares the transmission responses of the chemically etched and inkjet
printed simple square screens. The arrays with a single lageposited ink produced

null depths that did not achieve the required benchmark isolation level being only
-18 dB. This is believed to be caused by a difference in the line width noticed between
the horizontal and vertical arms of the squaregp$pcas shown irFig. 65. This
difference was produced by the different drop interaction with the PEL paper
according to whether the line was produced parallel, or perpendicular to the print head

direction.

The dfference in the line width between the vertical and horizontal arms of the square
elements is shown iRig. 65. The horizontal lines seem to be more uniform with
average line width 0816 um, however, the vertitdines suffered from systematic

shrinking points.
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5.9

Copper etched Ink - 1 layer
-25 4
Ink - 2 layer
-30 -1
-35 T T T T r r r
1 15 2 25 3 35 4 4.5 5

Frequency (GHz)

Fig. 64 Measured transmission responses of the inkjet printed and chemically etched simple square
FSS arrays

2 3rén

Fig. 6.5 Microscopic imagef the single layer inkjet printed square loops line definitions

It is well known that in many inkjet printers, such as the Diamtix inkjet, the print head
moves unidirectionally, in a 2 D Cartesian coordinate system. The print head advances
from left toright along the first horizontal row { before shifting to the next rowy

and repeating the same procedi2&]. This would allow the droplets in the vertical
lines to dry and theadvents to evaporate before the droplet in the next row is

deposited. This leads to ink droplets flowing back into what is known as §ARjes
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[28]-30]. As a consequencmuchnarrower nodes within the printed tracksll be

formed,which affect the electrical conductivity of the lines.

The number of bulges per printed line is inversely proportitméhe drop spacing,

(i.e. the smaller the drop spacing the greater the number of bulges withiff30]ne

This issue is not frequent in the horizontal lines due to the larger number of
overlapping adjacent ink droplets deposited consecutively within one printed row.

As shown inFig. 65, the average widths of the bulges and the narrow nodes are 290,
and 24Qum, respectively; that is about 26 anduf6 thinner than the horizontal lines.

It was also found that the bulges were repéamn average every 28én over the 15
bulges that were observerhis issue was also observed in the case of the FSS arrays
with 2 layers of deposited ink. The average horizontal line widthd¢@s:m andthe
vertical line maximum and minimum average Wslivere370and277 um, as shown

in Fig. 66.

The addition ofa second ink layer improved the null depth by about 9 dB to 27dB,
only 3 dB less than their chemically etched counterp&its 64. The resonant
frequenciesf() wereabout 2.74 and 2.82 GHar the 2 layerlinkjet printed and the

chemically etched arrays, respectively, leading to a frequency shift of 2dout

The average poirtb-point dc resistance (cornepipts) of the FSS elements with

1 and 2 of deposited ink | ayers were 20.1
were measured between two points at the corners of the square elements as illustrated

in Fig. 67 (a). In addition, the dc resistance of the vertical and horizontal lines were
individually measured by disconnecting the arms of each square element as shown in

Fig. 67 (b) and (c). It was founthat there was a difference in the vertical and
horizontal square arm conductivity, for instance in the single layer square elements
FSS screen. The horizont al l i nes had an
22.3 Q for the vihe nonucifarmity in the eedical aormlinen g t o
definitions. However, the FSS screen with double ink layers, had a much lower
resistance for both vertical and horizontal lines and also the difference between the

two was not as pronounced as for 1 layer, withear age r esi st ances of
for the horizontal and vertical lines, respectively. This is caused by the fact that the

arrays with 2 layers contain more deposited ink, and thus have thicker and wider lines
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(due to droplet spreading), as showfrig. 66. The point to point dc resistance values

are summarised ihable 6.2.

TABLE. 6.2 SUMMARY OF THE POINTO-POINT RESISTANCE MEASURIENTS OF THE
INKJET FABRICATECSQUARE LOOPS FSS ARRS

Number of ink Corner point DC Horizontal line DC Vertical line DC
layers resistan resistance resistance
( Q) ( Q)
1 20.1 16.9 22.3
2 7.2 54 7.6

(a) Single ink layer (b) double ink layer

Fig. 6.6 Microscopic imageof the inkjet printed square loops vertical line definitions: (a) single and
(b) double ink layers
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(a) Corner to corner or (loop)

P | i
(c) Vertical lines

Fig. 6.7 lllustrates the steps otdesistance measurement of the inkjet printed square elements FSS
arrays: (a) corner to corner or (loop), (b) horizontal lines and (c) vertical lines
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6.3.2 Inkjet printed Semi-convoluted Squareelement (Maltese cross)
FSS arrays

The transmission respas of semiconvoluted square element FSS arrays with both
single and double deposited ink layers did not meet the required 20 dB rejection level
at the band of operation, while in comparison the chemically etched bulk copper array
rejection level was 28 dBrhe arrays with a single ink layer had aarll of about

-9 dB, while the 2 ink layer elements had abd3 dB, as illustrated iRig. 68.

0 RAY //\r\/\/_/\/\/s———-"/——_—"-
5 r
_10 4
)
< -15 ;
'
-20
25 | Ink - 1 layer 3L
Ink - 2 layer ‘-.'-:I
30 . . . . : Copper Ietched .
1 15 2 2.5 3 3.5 4 4.5 5

Frequency (GHz)

Fig. 6.8 Transmission responses bktinkjet printed and chemically etched Seomvoluted FSS
arrays

Similarly to the square loops, the setonvoluted elements suffered from significant
defects particularly in their vertical and diagonally printed lifég. 69 shows some
observed defects in theahd 2 inkayer printed elements. It was also found that some
diagonal lines (single layer) were disconnected completely at various points or had
very narrow nodes within the printed tracks. The dejuwsiof the 29 ink layer
improved the line resolution, which helped in increasing the null depth but it was not
enough to provide the 20 dB isolation benchmark level. This is believed to be caused
by the large size of gaps in the diagonal lines as showAgi6.9 (a). Such printing
defects in the vertical, diagonal and curved lines print were reporf2d]in

It is clear that such discontinuities in printed tracks could affect thacgudurrent

within the elements of resonandee to variability in the shapes of the printed
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elements as a result of these discontinuities. Therefore, the FSS arrays would not
provide a sufficient level of isolation due to the different element conduesiwthich

affects the quality of the periodic current distribution across the array.

T

Diagonal line

V/ertical line

(b) 2 layers
Fig. 6.9 Microscopic photos of theertical and diagonal lines of (ajngleand (b) 2layersinkjet
printed semiconvoluted elemen{Maltese crossfSS arrays
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6.3.3 Inkjet printed Convoluted Squareelements FSS arrays

In common with the semgonvoluted and single layer square elements, the convoluted
square screens did not achieve the benchmark solkvel of 20 dB, as shown in
Fig. 610 (a). The printed horizontal track line definitions were stable, however, the
vertical tracks were neaniform as shown iifrig. 610 (b).

S, (d8)

-25 1 e (0.2mm 1 layer
e (0.2mm 2layers 15um

= (0.2 mm Copepr
-30 4 e 0.4mm Copper
w0.4mm 1 layer 15um

-35

1 1.5 2 25 3 35 4 45 5
Frequency (GHz)

(a) Measurediansmission responses

(b)Elements microscopic phot¢és = 0.2 mm)

Fig. 6.10 Convoluted square elements arrays: (a) 0.2 andidchemically etched and inkjet
printed transmission responses in dB, andgfements microscopic photo
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The transmission response of the single and double ink layer FSS panels were about
-4, and-7 dB, compared with30 dB in the case of the chemically etched version, of
Fig. 62. Thelevels of isolation provided by the inkjet panels did not provide sufficient
shielding for irbuilding applications. In an attempt to improve the performance of
the arrays, the element line width was increased to 0.4 mm. Although the array
reflectivity improved by about 3 dB, the benchmark isolation level was not achieved

with an S10f only-10 dB for single ink layer, as shownFig. 610 (a).

In addition, the pointo-point resistance study was conducted on d¢bevoluted

arrays, where the probes were situated at the corners of the elements as shown in
Fig. 611. It was found that the 0.2 mm single layer array average dc resistance was
22 Q, and 33 % werk not dorductevé leetween the chosen probe
locations. The arrays with 2 layers of ink and the single layer 0.4 mm wide arrays
comprised 5%, and 14% naonductive elements, respectively, while the average
measured resistances were about 18 an@ 14f each caselhe convoluted square
elements were also printed with L& drop spacing, though, the printed lines showed

worse line definition, and were discarded from this study.

Tom e T o's

|

.- ,ﬂ - - ‘;‘I ‘ " 7
I .‘ 7 d Irl%d I|1Ei

Fig. 6.11 Point to point dc resistance measoments of the convoluted square elements
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6.4 Inkjet printed square elements with Silverjet Ink

In another trial to improve the resolution of the printed elements in terms of vertical
line definition and conductivity,an alternative ink was #ed, the Slverjet silver
nanoparticle ink (BP-40LT-15C) from SigmaAldrich. This contains 3G- 35% wt
silver dispersior[31], higher than that ofhe Suntronic silver ink used preusly
which was 20%Thenewink was used to jet four of the simple square elementsrshow
in Fig. 61 (c). The designs were depositat room temperature with set ofline
widths of 0.1- 1 mm with a 0.1 step, arna single deposited ink layeFhe samples
were printed with a droplet spacing of ' and were thermally treated at 150 °C for

30 minutes in a conventional oven.

The pointto-point average dc resistance of the vertical and horizontal arms of the
square Eements decreased with the increase in line width, as illustratéid.i® 12.

It was fownd that at 0.2 mm wide, the vertical and horizontal line resistances were 9
and 8 Q respectively, about 13 and 9 Q |
original Suntronic ink. Furthermore, the dc resistances of the 0.1 mm wide vertical
andhorizoh al | i nes printed with the Silverjet

the 0.2 mm wide lines printed with the Suntronic silver ink.

Silverjet ink (Rv)

~14 4 Silverjet ink (Rh)
>

x 129 SunTronic ink (Rv)
a4

SunTronic ink (Rh)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Line width (mm)

Fig. 6.12 Average dc resistance in Ohms vs line width
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Microscopic images of the sq@atoop vertical and horizontal arms are shown in
Fig. 613. The Silverjet ink printed vertical lines webetter defined in comparison

with their equivalents printed with the Suntronic silver iRlg( 65), i.e. the vertical

lines had an average width of about 0.21 mm with no nodes observed. This was true
for lines as thin as 0.1 mm. It is believed that the improved line definition is due to the
fact that the Silverjeink has higher viscosity, and therefore less spreading occurs.
Moreover, the ink has higher conductivity at lower sintering temperatures compared
with the SunTronic silver in§26], [31]. Owing to the higher density of silver

nanoparticles in the former.

(d) 0.6mm (e)L mm

Fig. 6.13 printed vertical lines with different line width

As the Silverjet ink performance on PEL papas not been reported at the time of

this study, it was necessary to find the optimum printing conditions. The substrate
temperature was varied between room temperature ah@ B9 heating the printer
substrate holdeFig. 614 illustrates the impact of different substrate temperatures on
the resulting post sintered average electrical resistance of the 0.2 mm wide simple
square loop elements. It was found that the average resistances of both vertical and
horizortal square arms decreased with increase Iin substrate temperature

from 25 to 50°C, before increasing at higher temperatures.
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Al t hough the difference in the resistanc
resistance of the horiztal lines at 50°C and the vertical line at 25°C, it is believed

that it would have a greater impact on the conductivity of complicated convoluted FSS
elements, as the total line lengths will be much longer than 23 mm.

10 |

9.5 1

7.5 Rv RH

7

40 45 50 55 60
Substrate Temperature {C)
Fig. 6.14 Average dc resistance of printed elements Vs substrate temperature

25 30 35

As a consequence, from this point, all the inkjet printed elements were produced with
silverjet ink with the substrate heated to 50 °C while printifibe estimated
conductivity obtainedrbm square loop elements printed with SunTronic ink was
about 4 and 8 % of bulk silver conductivity for single and double layer deposition,
respectively, in comparison with 13% in the case of SilverJet ink. Therefore, it was
found that two layers of SunTma ink was needed to meet the skin depth

requirementsThis ensures that conductor losses are minimized.
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6.5 Inkjet printed convoluted square elements with Silverjet
Ink

The convoluted square elements showfim 61 (a) were reprinted using Silverjet

ink, with line widths of 0.2, 0.4, 0.6, 0.8 and 1mm. However, a change in the
periodicity (P) from 25 to 32 mm was needed in order to allow printed tracks wider
than 0.4 mm. This led to a decrease in the memof the elements within the arrays
from 80 to 54. For comparison, FSS arrays with the same line widths and periodicity
were chemically etched on copper clad polyestay. 615 (a) and (b) compare the
transmissn responses of both the chemically etched and the inkjet printed convoluted

square elements arrays.

As illustrated inFig. 615 (a), the chemically etched arrays had null depths deeper than
-30 dB with some shifin the resonant frequency due to the variation in the element
line widths. On the contrary, the measured null depths of the inkjet fabricated arrays
varied, where line widths of 0.2, 0.4, 0.6 and 0.8 mm did not achieve the benchmark
rejection level of 2QdB, with null depths of abou®, -12, -14, and-16 dB were
recorded respectively. The 1 mm wide arrays printed with 1 and 2 layers of deposit
ink layers had null depths 623, -26 dB and achieved the desired isolation level.
Furthermore, the dc pohtb-point average resistance indicatedFig. 611 was
carried out on all the 6 inkjet fabricated arrays resulting in the measurements
summarisedn Table 6.3.

Except for the 1mm wide elements, the thinner eleswauffered from discontinuities

in their printed tracks with defects of the range o1%%% of the total number of
elements. However, it was found that the 0.2 and 0.4 mm wide tracks had lower
average resistances and defective elements, and thus stighpgr nulls compared

with the same arrays printed with the original Suntronic silver ink. The 0.2 and

0.4 mm arrays printed with the Suntronic silver nanoparticle ink had average
resistances of 43.4 and 1 ftheibcouterpadsthatut 3 2
were printed with the Sliverjet inkFig. 616 compares the average measured
resistance in (Q) with the el ement Il i ne
both inks.

148



2.4

S ——
-5 1
-10 A
-15 A
)
<20
'
-25 4
-30 A 0.2 mm
0.4 mm
0.6 mm
-35 1 0.8 mm
—1 mm
-40 T T T r T T
1 1.2 14 1.6 1.8 2 2.2
Frequency (GHz)
(@) Chemicallyetched
V7
)
K
)
-25 4 ———0.2 mm
e 0.4 Mm
-30 1 0.6 mm
0.8 mm
-35 1 —1mm
= 1mm 2layer
-40 T T T r T T
1 1.2 14 1.6 1.8 2 2.2 24

Frequency (GHz)
(b) Inkjet printed

Fig. 6.15 Measured transmission responses of the convoluted squragsdP = 32 mm)(a)

chemically etched and (b) Inkjet printed
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TABLE. 6.3 SUMMARY OF THE POINTO-POINT RESISTANCE MEASUREMENTS OF THE
INKJET FABRICATED CONVOLUTED SQUARE ELEMENTS FSS ARRAYS

Element line width  Number of ink S R(average) Defectve elements
(mm) layers (dB) ( Q) (%)
0.2 1 -9 11.9 17
0.2 (SunTronic Ink) 1 -4 22 33
0.2 (SunTronic Ink) 2 -7 18 5
0.4 (SunTronic Ink) 1 -10 14 14
0.4 1 -12 54 15
0.6 1 -14 4.5 25
0.8 1 -16 4.1 20
1 1 -23 3.2 0
1 2 -26 2 1

The arrays were also modelled CST tocompare with the measured transmission
responses of the arrayEg. 617 (a) shows the simulatech:Sesults of the copper
etched elements, which showed good agreement with the measured copper etched
arays results. In the case of the inkjet printed elements, they were modelled with
substrate thickness of 0.&m and relative permittivity f o®. The value of
conductivity was chosen according to the estimated values from Table 6.3 of about

= 14% of bulk silver conductivity.
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Fig. 6.16 Measured dc point to point resistance Vs elements line widihk pfinted convoluted
square arrays

Simulation of the modelled inkjet arraysHig. 6.17 (b) shows that the expected arrays
null depths were deeper than 20 dB benchmark null depth with 24, 28, 30, 32, and
33dB for the 0.2, 0.4 0.6, 0.8 and 1 mm, respectively. However, thesdapihisdid

not agree with measurements except for the 1 mm elements, which had null depths of
23, and 26 dB for the single and double ink layers, respectively. This is thought to be
causedy the amount of observed defects in the elements which the line width samples
of 0.2— 0.8 mm suffered from, (up to 25 % in the case of 0.6 mm), as shown in
Table. 6.3. This amount of errasshigher than the tolerable defect level reported in
Chapter 4, and i19]-{21]. Additiondly, it was found thathe 1mm single and double
layer convoluted squares conductivities were 15 and 18% of bulk silver conductivity
respectively.Therefore with these conductivities, the skin depth was met by these

samples.
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Fig. 6.17 Simulated transmission responses results of the modelled inkjet printed convoluted square
arrays with periodicity P = 32 mm
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6.6 Inkjet printed square elements slot arrays with Silverjet
Ink

Slotted versions ohe convoluted square FSS were created in order to investigate the
response of inkjet printed slot arrays. It is known that slot arrays act as bandpass filters
passing electromagnetic waves at the resonant freqyighLyThis type of FSS has

not been reported as inkjerinted, presumably because it could be impractical due to
the amount of deposited ink. The aim of this section was to investigate the transmission
responses of slot arrays and the potential defects that might occur. Two slot arrays
were made with slot idthsw of 0.2 P = 25 mm), and 1 mm (P = 32 mm) using the
silverjet silver ink, jetted with 1fiim droplet spacing and treated thermally as stated
previously. The physical size of the arrays wap Tto Tt it 2, exact complement

of their patch counterparts. @SS designs were also chemically etched to compare

their transmission responses.

Fig. 618(a) and (b) respectively show the slot configurations of the convoluted square
elements, and the transmission respordethe chemically etched and the inkjet
printed slot arrays. The 0.2 and 1 mm chemically etched copper slot arrays provided
-10 dB pass bands at 1.2£2.54 and 1.} 2.22 GHz, respectively, while the 1mm
inkjet slotted screen passed 1.08L.96 GHz.The difference in the passband in
comparison to the etched version was due to the difference in the substrate thickness
and permittivity between the PEL paper and polyester substrate. However, the 0.2 mm
inkjet printed slot arrays did not provide any p&ssd in the frequency range

1 -5 GHz, which is likely due to ink spreading across the very narrow slots. Hence,
the FSS arrays appeared as a metallic sheet reflecting all frequencies at the band
investigatedFig. 619 (a) and (b) show microscopic images of both the 0.2 and 1 mm

slots.
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Fig. 6.18 Slots of convoluted square elements FSS arrays: (a) Design configuration, and (b)
Measured transmission responses of the inkjet printed and chemically etched arrays

It seems that the slots Kig. 619 (a) (red) became filled with ink particularly in the

case of the horizontal slots, where tivegre obscured by the spreading of the ink
droplets. This is less apparent in the vertical slots, however, they also suffered from
some discontinuities as shown. This suggests that wider slots are needed as these
issues do not exist in the case of the 1 stwharrays illustrated ikig. 619 (b).
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Fig. 6.19 Microscopic images of the slots of convoluted square elements FSS arrays: (a) 0.2mm slots
(b) 1 mm slots

Although the 1mm wide convoluted slots have shown a satisfactory-fgaesd
response, this kind of array is more suitable for manufacture by subtractive methods
due to the surface area of conductor required. The amount of deposited ink used in
those designs is unreasonable, and therefore new designs of convoluted and
interwoven FSS arrays suitable for additive manufacturing methods are needed. The
advantages of manufacturing on a wide varieties of environmentally friendly and cost
effective sultrates are still attractive for the implementation of FSS panels within
buildings, and these materials are incompatible with subtractive manufacturing
techniques. Chapter 7 examines alternative manufacturing techniques and also a novel

convoluted FSS degn suitable for additive fabrication methods.
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6.7 Conclusion

This chapter considered the manufacturing process of the convoluted square FSS
arrays intended for use in-building environments with an acceptable level of
performance. Novel convolutedisare elements were made by chemical etching and
their performance was compared with previously reported convoluted designs. The
degree of convolution complexity was chosen to provide good angular stability, and
high figures of merit similar to those repedt in[9], while taking into consideration

the limitations in the printing process observed for the simple dipole and square loop

arrays.

The arrays were inkjet printed using SunTicosilver nanoparticle ink on PEL
substrates, and it was found that the benchmark isolation level of 20 dB was not
achieved by the sengionvoluted square loop (Maltese cross) and the convoluted
square element arrays. This was a result of discontinuipesiedly in the case of the
diagonal printed lines and also of Roniformity in the vertical lines. It was noticed

that the vertical line point to point resistance was higher than for the horizontal lines
by3-5 Q. Di fferent pr i ntedimclgding &@terddrire guidtess we r
ink drop spacing, and multiple numbers of ink layers, in order to improve the
conductivity of the printed elements and thus the reflectivity of the FSS panels.
However, it was found that the benchmark isolation level ®fdB was not yet
satisfied. Droplet interaction influenced by the rapid evaporation of the solvent was
the main cause of the poor line definitions, and hence the poor isolation level.

In addition, a second silver Nanoparticle ink, Silverjet, was usedirtofjpstly simple

square loop elements. Several microscopic images of the elements were taken, and it
was found that the elements had better line definitions compared with their
counterparts that were printed with the SunTronic silver ink. The Silekjebnsists

of greater silver dispersion, and is also more viscous compared to the SunTronic silver

ink leading to more uniform vertical lines. As a consequence, it was found that the
square elements had lower dc resistances than their equivalents pitied
SunTronic ink by about 14 and 10 Q in the

lines.
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Furthermore, although it was noticed that the average element dc resistances of the
Silverjet convoluted square elements were much lower than their SunTronic
counterparts, it was still necessary to increase the line width of the convoluted square
elements to 1 mm to achieve the benchmark isolation level of 20 dB. This was due to

the large amount of errors in the printed elements with tracks thinner than 1mm.

In this chapter, the fabrication of slots of elements arrays was considered for the first
time with two different slot widths. However, it is believed that the amount of
deposited ink is unrealistic for producing cost effective FSS panels. Thereforer a bette
engineered slot and interwoven designs are needed in order to produce economical
FSS arrays, due to their great importance in operating in the wavelengths used by most
wireless technologies and mobile communications. Chapter 7 introduces a slot FSS
desim that is inkjet print friendly while blocking mobile communication bands and

allowing transmission in the emergency European TETRA band.
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CHAPTER 7: FSSM ANUFACTURE BY
ELECTROLESS COPPERPLATING ON AN

INKJET PRINTED CATALYST

7.1 Introduction

Screens of frequency selective surfaces have attracted attemtiog to their
expected abilityo offerimprovementsin thequality of radio communications within
buildings by reducing thesignatto-interference ratio from other devices in adjacent
floors, roomspr buildings[1]-{6]. The use of these selective screens has been shown
to improve thesignal to interference ratio, by as much as 15 dB for indoor

environments which careduce the outage probability by a factor of 20

In order to make FSS screens cost effectively when applied in real built environments,
there are considerations to take into account such as production in a large scale,
efficient use of resoge, use of flexible substrates and easy installation and
maintenance. With that aim, tridlave demonstrated promising performance and cost
savings using FSS manufactured by additive fabrication technologies such as inkjet
printing with silver inksFSS sreens have been printed on various substrates such as
glass, textile, polyethylenenapthenate (PEN), and on paper substrates, and show
electromagnetic performance similar to those of chemically etched equi@ents

[11].
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However, it is thought the use of inkjet printing technology is more suitable when
producing patch elements of simple geometry and small size, for instance linear
dipoles and square lo@bements. As the complexity and the resolution of the designs
increases, it becomes more challenging to obtain inkjet elements with low electrical
resistance due to limitations in the printing process. Examples of more complex
elements are the interwoveasigns and slot type FSS screens described in Chapter 6.
Therefore as an alternative to direct deposition of conductingnkjet printing of a
catalyst on PET for electroless copper plating fabrication method was considered. This
process was developeddprovided by CIT Technology (Cambridge, UkKjrmally

owned by Carclo plc Group (West Yorkshire, UK) using electroless copper plating
deposition technologfl2][13]. The electroless copper plating fabrication technique
has been used in manufacturing RFID tags, PCBs, and printed antendagss
considered a practical alternative to inkjet pnig in the production of highly
convoluted slots of elements, and interwoven FSS arrays over a large area. The
fabrication processvolvesthe inkjetpatterningof FSS elements using a palladium
chloride catalyst solution on the supporting PET subsfi@teywed by immersing the
printed arrays in an electroless plating solution to deposit copper onto the printed
patterns[14]-{18]. As an additive fabricatiotechnology, it provides the mask free
benefits gained with inkjgirinting using conductive naparticle inks,butit is also

able to provide bulk metal elements with better performance closer to bulk metal
conductivitiesat low temperatures (3050 °C)[17], with no sintering stage which
slows the process and causes thermal stress to sel@sithalso eliminates the issue

of nozzleclogging[14]. As an electroless bath is required, the CIT method is not

suitable for porous substrates.

This chapter compares the performance of the skewed lattice dipole elements, square
loop, and convoluted square FSS screens that were inkjet printed using silver
nanoparticle inks, and by the conventional chemical etching methods described in
Chapters 5 and 6, and with their equivalent designs manufactured by the CIT

electrolysisprocess.

Finally, a novel densely convoluted cross dipole element FSS array is discussed. This
design is considered to be suitable for additive means of fabricamonits

performances compared with the interwoven FSS arrays report¢#l9h
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7.2 Skewed lattice dipole FSS arrays

The design under consideratiaor the fabrication process comparison was an array
of linear dipole patches arranged in a skewed lattice geometry, and identical to the
described inSection 4.2.1and in[20], [21]. The arrays were manufactured by CIT
using the electroless copper plating fabrication method on BiESErates of thickness

(t) 0.1 mm and relative permittivity e o®. A finished sample is shown in Fig. 7.1.
The dipole arrays have thesame unit cell dimensions and physical size of the
chemically etched and inkjet printed arrays presentedChapters 4 and 5,

respectively, with periodicityR = 10.4 mm) and length.(= 9.4).

Fig. 7.1 Skewed lattice dipole FSS manufactured by electroless copper plating technique

The measured transmission response of the amare compared with their

chemically etched and single layer inkjet printed counterparts as illustrated in Fig. 7.2.
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Along with the chemically etclte and inkjet printed FSS screens, the electroless
copper coated FSS screen achiesadsolation level deeper than the benchmark of

20 dB[20], and had aull depth of about 30 dB. The resonant frequency was about
13.4 GHz comparedith 14.4 and 12.6 for the chemically etched and inkjet printed
screensrespectively The difference ibelieved to be mainly due to the difference in

the substrate thicknesses as was described i RBign Section 5.31. Fig. 7.3 shows

the CST modelkesults of the 3 FSS screens with their diffeqgamameters and good
agreement with the measured resulia be observedIn addition, theelectrolysis

dc rwd4i 8t Ance

copper

the case of the single layer inkjet printed dipole elemamid,hence thdeeper null

depth.

Furthermore, it was observéht about 10 dipole elements in the electrolysis sample
were narrower than expected and when examined under the microscope it was found
that those elements were only half of the required width of 0.4 mm. Therefore, 20
dipole elements were measured at candocations and it was found that the average
width was about 0.4 mm + A %. Similarly, the length of the selected 20 dipoles was
found to have an average length of 9.376 mm, aboud.26 % than the intended

length.

The simulated transmission resgen of the three arrays suggest that all screens
should achieve null depths deeper than the benchmark isolation le28l @B, with

null depths 0f34 dB for the copper etched and electroless plated arrays. The simulated

12 13

coat ed

14 15

16

Frequency (GHz)
Fig. 7.2 Measured transmission responses of skewed lattice dipole FSS screens

di pol es

17

had

18 19

20
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S of the inkjet printed arraysvas about-29 dB. The difference between the
measured and simulated null depths of the inkjet printed arrays was due to the
variability in the resistance of each dipole element, wdsiteis the same for all
dipoles in the modelled scenario. Furtherméne,simulated resonant frequencies of
the arrays were about 14.4, 13.5, and 12.5 GHz for the modelled chemically etched,
copper plated, and inkjet print arrays, respectively. Table. 7.1 summarises the
measured and simulated transmission responses okéweed lattice dipole FSS
screen fabricated with electrolysis copper plating, inkjet printing and chemical

etching.
0
-5 1
-10 1
-15 4
)
<20 ;
A’ Electroless copper
-25 1 plated
Chemically etched
-30 -1
35 | Ink printed
-40 T T T T T T T T T
10 11 12 13 14 15 16 17 18 19 20

Frequency (GHz)

Fig. 7.3 Simulated transmission responses of the three skewed lattice dipole FSS screens:
(i) Electrolysis coppeplated PET substrate e o® andt=0.1mm (ii) Chemically etched copper
clad polyester substrafe e o® andt=0.045mm (iii) Inkjet printed PEL substrdte e o® and
t=0.2 mm conductor conductivit§% bulk silver

TABLE. 7.1 SUMMARY OF THE SIMULATED (S) AND MEASURED (M) TRANSMISSION
RESPONSES OF THE THREE FSS SCREENS

Fabrication Fs) Fw) $1(S) S1(M)
Method (GHz) (GHz) (dB) (dB)
Electrolysis
copper plating 13.5 13.4 -34 -30
Inkjet printing 12.5 12.6 -29 -25
Chemical etching 14.4 14.4 -34 -35
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7.3 Convoluted square element FSS arrays

The convoluted square patches and slots elements of FSS arrays described in Sections
6.2 and 6.6 were also fabricated using the electroless copper plating technology in
orde to compare their performances with the copper etched and single layer inkjet
printed arrays. Fig. 7.4 shows the slot and patch versions of the convoluted square
elements FSS screens produced on PET.

(a) patchelements

(b) Slotelements
Fig. 74 Electroless copper plated convoluted square elements: (a) patches and (b) slots of elements
FSS screens
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The measured transmission responses of the copper etched, inkjet printed, and

electroless copper plated FSS screens are shown in Efg). and (b).

-5

-10 4

Electroless copper plated

oo Chemically etched
©
=, Inkjet printed
20

-25

-30 A1

-35 T T T T T T T

1 1.5 2 2.5 3 3.5 4 4.5 5
Frequency (GHz)
(a) Patch elements
0
-5

-10

-15 A
)
< -20 1
o

-25 4

301 Chemically etched

.35 Electroless copper plated

Inkjet printed
-40

25 Frequen%y (GHz) 35 4 4.5 5

(b) Slot elements

Fig. 7.5 Measured transmission responses of the convoluted square elements FSS screen of Figs.7.4:
(a) patches and (b) slots of elements

The electroless copper plated pak3S screen transmission response was similar to
the chemically etched with a null depth of abe8@ dB at 1.79 GHz, compared with
1.87 GHz, for the chemically etched arrays. The small difference in the resonant
frequency was owing to the difference in thabstrate thicknes3 he electroless
copper coated FSS elements did not show any variation in the vertical and horizontal
printed lines as depicted in Fig. 6.11 (Section 6.3.3). This was the case for the silver

inkjet printed counterparts, and led to aopdsolation level, as indicated in
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Fig. 7.5 (a). Furthermore, the electroless plated slot version of the convoluted square
elements FSS panel was also similar to the chemically etched FSS screen in
performance, with &£ transmission awe -10 dB for a frequency range of
1.1-2.4 GHz with a peak at about 1.74 GHz. This compared te 2.2 GHz range

with a peak at 1.8 GHz, and an insertion loss of approximately 1 dB, for the chemically
etched design as illustratén Fig. 7.5 (b). The inkjet printed FSS screen suffered from
severe defects as a result of the ink droplet spreading which filled the slots, as was
illustrated in Fig. 6.19 (a) (Section 6.6) and did not function. Fig.7.6 shows the
simulated transmissionesponses of both patches and slots of convoluted square

element FSS screens.

0

-5 1
-10 4
-15 4
o
S -20
o'
25 | Electroless copper plated
Chemically etched
-30 1
Inkjet printed- 1% bulk silver conductivity
-35
-40 T T T T T T
1 15 2 25 3 3.5 4 4.5 5
Frequency (GHz)
(a) Patchelements
0
-5
-10 4
-15 4
) Electroless copper plated
T 20 |
—
o'

-25 1 Chemically etched

-30 A1
Inkjet printed

-35 4

'40 T T T T - r T T - -
1 1.5 2 2.5 3 3.5 4 4.5 5
Frequency (GHz)

(b) Slot elements
Fig. 76 Simulated transmission responses of the convoluted square elements FSS screen of Figs. 7.4
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The smulated results show similar trends to measurement especially in the case of the
chemically etched and copper plated FSS screens, and the performance of the inkjet

printed arrays when they are defect free with null depti®10B.

7.4 Interwoven squaredop slots FSS panel

In this section, more complicated FSS arrays with resolution too fine for inkjet printing
with silver nano patrticle inks such as the interwoven FSS arrfi8Jiare considered.

The FSS screen was designed with the same parameters as des¢ii®eavith unit

cell periodicity £ = 20 mm), lengthl(= 19 mm), conductor widthw(= 0.22 nm), and

stub width ¢ =1.12 mm), as shown in Fig. 7.7. The FSS screen was designed to
provide a passband at the frequency range of about 0.2 GHz, e.g. allowing
transmission in the TETRA emergency band, and GSM900 band. For measurements
at such low fequency it was necessary to increase the size of the FSS filled aperture

from¢ p o i ?2top pl 2 to mitigate against issues such as signal scattering

[22]. As the electroless process is a roll to roll fabricati@thmd, each FSS screen

had a standard width of about 33 cm, and in order to cover the aperture, four FSS were
joined together, as illustrated in Fig. 718g-periodic antennas with bandwidth
0.2—2 GHz were mounted 2 m before and behind thedegn. It was also necessary

e
e
—Ln ——
Enl Sl
| i[5

Fig. 7.7 Interwoven square loop patemit cell [19]
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The measured transmission response of ttexvimoven square loop slot FSS panel
fabricated using the electroless copper plating method was similar to the results
reported in[19] for an equivalent copper etched design. The measur@ddB
transmission response width was from 24000 MHz with a peak at about 540 MHz,

and a higher order peak at 19901z, as illustrated in Fig. 7.9. These results indicate

that the electroless method could be used for FSS production on a large scale.

Fig. 7.8 Measurement setup

S;1 (dB)

M A 0
N UM \

o | | [T

0.2 0.6

1 1.8
Frequency (GHz)

Fig. 79 Measured transmissioresponse of the interwoven square loop FSS panel produced by roll
to roll electrolysis method

In addition there is a need faptimisingFSS designs with the minimum amount of
conductor to be more suitable for additive fabrication technologies, sughussniy
frame dipoleg$11], [23], particularly at long wavelength bands where the elements are
large.

170



7.5 Densely convoluted slotted (DCS) cross dipole elements
FSS arrays

Slot FSS arrays are considered as passband filters in contrast with patsiwéicd

act as stopband filter2]. Slot arrays are sheets of metal with narrow slots for
elementslt was discussed in Section 6.6 that slot element arrays are unlikely to be
currently suitable for additive fabrication methods such as inkjet printing with silver
nanogrticle inks. However, it is believed that the electroless copper plating method
might still to be considered an economical and resource efficient method of fabrication
rather than the conventional subtractive procg$s slots may be linear, rings,
convduted and interwoven such as the square elemefiS]inFor this work, a novel
design was made with the aim to reduce the amount of conductor used. The design
had densely convoluted cross dipole slots with a unit cell periodicitd7 mm. The

slot outer side length = 46.8 mm, with conductor wid¥W= 0.47 mm, and slot width

C of 1.88 mm, as depicted in Fig. 7.10.

=]
<

¥

Fig. 7.10 Densely convoluted slotted (DCS) cross dipole elements FSS
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The physical size of the FSS screen was ?lamd it was fabricated using the
conventonal chemical etching methoan copper clad polyester substrate, with
substrate relative permittivity o®, substrate thickness of 0.045 mmnd loss
tangent, T8t ¢ However due to thearealimitation of the etching facilities used,
the complete FSS screewas comprised of approximately 20 sheets of

¢ p mo mini ?parels The same measurement arrangerasishowrin Fig. 7.8 was
used. Fig. 7.11 showsthe measured transmission response with dB bandwidth
from 240 MHz to B0 MHz. The transmission peaks at around 500 MHz \aith
insertion loss of about 1 d&ndthe figure of meritof element compression/P at

500 MHz is about 1Furthermore, the narrow band transition simulated at 1.34 GHz
was not observed in measureme@smpared with the interwoven convoluted square
slot FSS elementshown in Fig. 7.7the densely convoluted crosstteddipole FS

has a narrowerl0 dB bandwidthThe ratio of the two was about 0.57, and fractional
bandwidth ratio of 0.77. The fractional bandwidth of the DCS cross dipole arrays was
about 1 .This couldlock GSM900mobile frequency bandscording to the measured
resultsfrom approximately800 MHz to1.5 GHz unlike the interwoven FSS design as

shown in Figs7.9 and 7.11.

0

2 Measured -TM
4 Measured -TE
Simulated
-6 A
_8 m
)
< 10
o
-12 4
-14 4
-16 4
-18 4
-20 . . mm—— e — : : :
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Frequency (GHz)

Fig. 7.11 Measured transmission response of the densely convoluted cross dipole elements FSS panel

Owing to the apeure shape in the measurement setup, it was difficult at this stage to
investigate the influence of oblique angles of incidence, however, simulation results

suggest acceptable angular stability as shown in Fig. 7.12.
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Fig. 7.12 Simulated (TM) transmission response of the densely convoluted cross dipole elements FSS
panel with oblique angle of incidence.
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0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

Slot width (C) (mm)

Fig. 7.13 Simulatedslot width (C) impact on the DCS arrays resonant frequency and fractional
bandwdth.

The effect of changing the slot widt@)(on the resonant frequency and the fractional
bandwidth was investigated in CST. The resonant frequency and fractional bandwidth
is known to be affected by the slot wid@4]. A reductionfrom 1.88 to 1.64 mm
decreases the resonant frequency &al@ dB bandwidth by about 3% and 8%
respectively. These values reduce by about 27% and 64% if the slot width is decreased

from 1.88 to 0.24 mm, as shown in Fig. 7.13.

173



The densely convoluted cross dipole F8&-ig. 7.10was also fabricated with reduced

unit cell dimensions of periodicitl = 19.75 mm, lengtth. = 19.47 mm, conductor
width w = 0.56 mm, and slot widt@ = 0.84 mm. The aim was to fabricate frequency
selective paels intended for buildings that require more data security by allowing
mobile communication bands between 800 MHz and 2.3 GHz to propagate while
blocking WiFi frequencies at 2.4 GHz. It was found that the insertion loss was about
-14 dB at 2.4GHz, which would be sufficient to increase the quality of wireless
communication within buildings and the data integrity within buildings, as was
pointed out irf7]. Fig. 7.14 shows the measured and simulated transmission responses
of the modifieddensely convoluted cross dipole FS8een. Measuments gave

a-10 dB pass band from abd80 MHz to 2.2 GHzagreeing with simulations from

770 MHz to 2.3 GHz, and with a very narrow peak at about 4.4 GHz. The pass band
has a peak at around 1.6 GHz with an insertion loss of about 1 dBmedseired S.

- . TE-O
o] T™-0
. o e Simulated

o & A
| I I |

R

-10

S;1 (dB)

-12 4

-14

-16

-18 4

| XTI Y Y. = -
.

-20 : : : (I AWA H/AY - , .
0.8 13 18 2.3 2.8 3.3 3.8 4.3 4.8

Frequency (GHz)

Fig. 7.14 Measured transmission responses of the densely convoluted slotted cross dipole elements
FSS panel with periodicity (P =19.75 mm)

The effect of oblique angles of incidence was also considered, whereSthe
performance was investigated af a@d 45, asillustrated in Fig. 7.15. ThelO dB
passband bandwidth increases as the oblique angle of incidence increases from normal
incidence by, about 12%, and 18% respectively forad@ 45incidence. Fig. 74

shows the simulated transmission responses at the same angles.
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Fig. 7.15Measured (M) transmission responses of the densely convoluted cross dipole elements FSS

panel (P =19.75 mm) with oblique angels of incidence
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Fig. 7.16 Simulated (M) transmission responses of the densely convoluted cross dipole elements FSS

panel (P =19.75 mm) with oblique angels of incidence

Unfortunately, it was not possible to fabricate these arrays with the electrobges ¢

plating technology at the time of writing, however, there are plans to fabricate using

additive technology in the future owing to the design simplicity and conductor savings

compared with the interwoven FSS arrays. The aim will be to install thena irgal

building environment once fabricated and to expand the investigation.
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The densely convoluted cross dipole elemets 47 mm) in Fig. 7.10 had a saving

of about 76% in the amounf metal used compared with the interwoven square loop
FSS arrag shown in Fig. 7.7 (P = 20 mm). This was calculated over tieFB8

screen. The densely convoluted cross dipole elements had a total metal content of 12%
compared to the 49% calculated for the interwoven square loop slots FSS screen.
Such savings suggetitat additive fabrication methods are more favourable than
subtractive fabrication methods such as the chemical etching in producing large scale
FSS panels especially when metal savings are considered in the FSSTzdntels.2
summarises the figuresf onerit, fractional bandwidth, and metal content of the

interwoven square loop slots (Fig. 7.7), and DCS cross dipole (Fig. 7.10) FSS arrays.

TABLE. 7. 2 SUMMARY OF THE SIMULATED (S) AND MEASURED (M) TRANSMISSION
RESPONSES OFHE INTERWOVEN ANIDCS CROSS DIPOLES FSS SCREENS

FSS M/P Fractional BW Metal content
(%)
(A=1n?)
Interwoven square 28 1.3 49
loop slots
DCS cross dipoles 13 1 12
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7.6 Conclusion

This chapter has demonstrated the manufacturing olidrery selective screens
intended for iAbuilding applications on an industrial scale using roll to roll electroless
copper plating technology. Trial samples of various FSS designs have been
manufactured, beginning with simple dipole elements arrangedskewsed lattice
geometry. The performance of these arrays proved to provide satisfactory isolation
levels, and their performance was compared with their silver inkjet printed and
chemically etched counterparts. More complex elements such as convolutess squar
with line width of 0.2 mm, Fig. 7.4 (a), did not achieve the benchmark isolation level
of -20 dB when inkjet printed. However, the electroless copper plated counterpart
provided a null of abouw30 dB similar to the chemically etched version, withoet th
need of increasing the line width to 1mm as was the case with the inkjet printed
convoluted square elements in Chapter Rarthermore, slot arrays were also
considered owing to their band pass capabilities; such as convoluted square element
slots in Fig.7.4 (b), and the interwoven square loops in (Fig. 7.7) reportéPin

Both screens provided a satisfactefy0 dB pass band from 1:2 2.5 GHz and
0.27 — 1.1 GHz for the convoluted square slots and the interwoven square loops
respectively, when they were produced by electrolepper plating method. Their
transmission responses were similar to their chemically etched counter parts,

containing no defects, as was reported in Section 6.6.

In addition, a new FSS design was developed to allow transmission in some selected
frequencybands such as the governmental emergency service band (TETRA), while
reflecting in the mobile band3.he densely convoluted cross dipole element FSS
provides transmission from 240730 MHz, with a trasmission peak at about 500
MHz, providing transmission in the TETRA emergency band while providing total
reflection in the frequency range 800 MHz to 1.3 GHz. flledB pass band of the

new arrays is about 0.57 of the interwoven FJ33hwhich was not selective enough

in the frequency range 88100 MHz. Thenew FSS design is believed to be suitable

for additive fabrication methods due to the expected savings the deposited conducting

materials.
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Simulation results showed good agreement with measurements, however, due to the
current measurement setiivas not possible to investigate the stability of the arrays
toward oblique angles of incidence, owing to space limitations in the measurement

chamber.

Special arrangements would be implemented when the arrays are manufactured using
roll to roll additive technology such as electroless copper plating and installed in one
of the offices in the school of Engineering at the University of Kent. On the contrary,
simulation results suggest that the arrays are stable toward oblique incidence’up to 45
The raluction of the unit cell size by 50% allows the transmission in the mobile
communication frequency band from 880 MHz2.3 GHz while blocking radio
communications below thd 0 dB level from 2.3 GHz to about 4.8 GHz providing

more secured indoor communiicats in the WiFi bands.
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CHAPTER 8: CONCLUSIONS AND FUTURE

WORK

This thesis has examined themanufacture by inkjet printing of
frequency selective panels intended for indgapli@ations. Various manufacturing
factors have been covered in order to achieve the most economical manufacturing such
as reducing the amount of deposited ink, and decreased sintering times. The research
also examined the printing of square loops and cluted elements and the features

that need to be considered whilst printing complex FSS designs. Alternative methods
of additive manufacturing on an industrial scale have been considered such as the
creating FSS screens using the inkjet printing of catadlys PET substrates for
electroless copper plating. This chapter provides a summary of conclusions raised

from the research and the recommended future work.
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8.1 Conclusions

The adoption of frequency selective walls has been recommended as a means of
improving the quality and security of wireless communication channels. The use of
Wireless technologies continues to increase and interference suppression with
protected network access will be a primary concern in the forthcoming time of the
Internet of Thing. The ability to selectively pass or block certain frequency bands is

of a great interest and Frequency selective surfaoakl provide an appropriate
resolution according to the nature of the built environment. Chapter 2 has provided an
insight of the dferent types of FSS arrays and the important factors that should be

considered during the design of those arrays.

However, the implementation of those frequency selective panels needs to be cost
effective and suitable for different building constructipe.g. curved walls, and glass
panels. Inkjet printing as an emerging additive technology is suited to the manufacture
of electromagnetic structures owing to its precise features of fabrications and fewer
manufacturing stages, in comparison to other aghbtre manufacturing methods such

as wet chemical etching. Inkjet printing technology offers an on demand deposition of
conductor which ensures efficient usage of resources in contrast with chemical etching
which removes unwanted metal and leads to sigamti wastage, which would need
several stages to reclaim. Additionally, the use of cheap and environmentally
sustainable substrates is another advantage of additive manufacturing methods. For
instance the ability exists to print on porous substrates syzdyeer, textile, and wood

in addition to the various kinds of substrates that are used with subtractive
manufacturing means. Inkjet printing technology has been discussed in more detail in

Chapter 3 which includes different printing mechanisms and sigtegchniques.

As one of the aims of this research was to produce low cost FSS screens in order to
make them practical for real life applications, imperfections would be expected during
the mass production of those arrays owing to variations in the dontjuof the

printed elements or the mishandling of the FSS printed screens. Chapter 4 examined
various situations where the imperfections were intentionally introduced in a random
manner, or in clusters, in the copper etched FSS arrays. The purpdsemasrstand

the amount of imperfections that could be accepted whilst attaining an adequate level
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of isolation. A 20 dB level was chosen as the benchmark isolation limit for an
acceptable band stop performance, as it resembles to only a 1% signaldsarsmi
though the structure. Chapter 4 concluded that in the case of the random distribution
of defects across the FSS board, a rangebef 20% of defects could be tolerated
whilst meeting the 20 dB benchmark isolation level. This was concluded acctirding

the investigations of the intentionally produced defects of 10, 20, 30, and 40% in the
form of absent or broken elements in a totally arbitrary manner on various FSS
elements such as dipole, square and ring loops elements. However in the case of strong
clusters of absent elements in the centre of the arrays, it seemed that clusters of 10%
of missing elements did not achieve the 20 dB level of isolation. Furthermore, the
effect of 20% clustering at the corners of the arrays was less deleterious where the
arrays null depths were deeper tha@ dB.This arises from illumination tapering in

both the measurements and simulati@isanges in the illumination profile across an

FSS integrated into a wall could be significant in a real building environment due to
multipath and varying incidence angles meaning the position of missing element

clusters may change in importance with time.

Chapter 5 demonstrated the inkjet printing of simple dipole element FSS screens. The
screens were printed with different ink drgipacings (15, 20 and 28n) in order to
achieve reasonable conductivity of elements and hence a stop band null deeper than
the defined 20 dB isolation level. This was carried out on 2 different substrates, PEL,
and transfer, paper. The printed elementswieen treated with 3 different sintering
techniques in order to find the best FSS performance and to optimise the printing
process. It was found that the elements printed on transfer paper suffered from severe
levels of defects in the form of cracks whesated with plasma and photonic sintering
methods. Those defects were of significant quantities, for example, the FSS sintered
with intense pulse light (IPL) had 24 and 90% +oomductive elements in the case of

20 and 25um drop spacing. In addition, thelements which showed good line
continuity had high dc resistance of ab@4tand 36 Q , for the respec
spacings. This affected strongly the reflectivity of the FSS arrays and made them
unreliable. It was found that the cause of the cracks was due to softening and wrinkling

damage to the thermally sensitive transfer paper polgmeceiving layer (PVA).

The level of defects was higher in the case of multiple ink layer deposition as also

encountered in Chapter 3. However, FSS elements printed on PEL paper have shown
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more crack robustness to the I®hdplasmasintering treatmentsnd hence sufficient

null depth for no defects and 0.8% roonductive elements in the case of photonics
and plasma sintering, for the respective sintering techniques. This was owing to the
difference in the thermmechanical stability of the ink receng layers between the

PEL and transfer paper.

An evaluation of transmission responses and resistance measurements was conducted
for severalFSS arrays treated with thermal, plasma and IPL sintering. It was found
that the elements printed on PEL paper gheebest performance in terms of average
element conductivity about25% of bulk silver conductivity and transmission null
depths (20— 24 dB) for single layer ink deposition of line width 0.4 mm, as
summarised in Table 5.3. Thermal sintering of thenelats printed with 15m drop

spacing at 15@ for 30 minutes achieved the best line conductivity with no defects in
elementsThese conductivity values are much higher than those reported in Table 3.1
(Chapter 3) which were obtained with only a singlelayer with very short sintering

times.

Furthermore, the introduction of frame dipole elements with edge line widths of
70 um, showed good reflectivity of about 20 dB. These line widths are difficult to
achieve with conventional wet etching whibas a minimum line width of about
0.15 mm. This was achieved with about 50% saving in the amount of deposited ink in
comparison to theisolid equivalents. The mullayer deposition feature of inkjet
printing also enabled the introduction of superospd elements where a layer of
frame was deposited over a single complete layer of the filled dipole elements. This
improved the null depth of the arrays by abowtB/in comparison with the single
layer solid elements, whilst achieving ink savings of 25%ontrast with double layer

solid dipoles. Chapter 5 provides a detailed examination of these achievements and
also discusses the imperfections that were noticed during the printing and sintering

processes.

Chapter 6 investigated the fabrication of moomplex elements such as square loop,
Maltese cross, and convoluted element FSS arrays. Although, the convoluted square
elements were designed with moderate convolution complexity, it was found that these

elements suffered from severe deficiencies owghe limitations in the printing
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equipment. The deficiencies were mainly found in the vertical and diagonal lines,
which were not observed in the horizontally printed linear dipoles with the defects
being in the form of discontinuities or nomiformityin the printed lines. It is believed

that the main factor leading to such faults was the mechanism of the printer which
affected the adjacent gvlet interactions. Differentisls were made with the aim of
improving the printed line continuity, such affelient droplet separation, multiple ink
layers and different silver inks. The deposition of an extra ink layer improved the null
depth of single layer square loop elements frdto-26 dB. However, this was not

the case with the convoluted elementsohitonly achieved an acceptable null depth

of -23 dB when thelement width was increased from 0.2 to 1 mm. All of those trials

are discussed in depth in Chapter 6.

The manufacture of slotted FSS designs using additive technologies such as inkjet
printing of silver nanoparticle ink may not be practical owing to the large amount of
conductor that is required. However, the advantageous use of flexible and
environmentally friendly substrates is still of a great interest. Therefore, a novel
densely convolutedlotted cross dipole FSS screen has been introduced in Chapter 7,
which was designed to be suitable for additive manufacturing methods operating in
the frequency band 240730 MHz. The FSS arrays had a total metal content of 12%
over an area of 1fmwhich makes it a candidate for additive fabrication methods.

Improving the resolution and conductivity of the inkjet printed elements depends on

various factors that must be considered such as:

- Properties of the nanoparticle ink used: Ink properties playngortant role
on the droplet spreading effects on the substrate, such as how viscous the ink
is, and the type of solvents included, which in turn would determine the
maximum treating temperature without leading to excessive solvent
evaporation, and thus desirable cracks. Some of the issues experienced, are
shown in Figs.5.6 and 6.9.

- Printer settings: Such as print head temperature, distance from the substrate
and mechanical movement , contact angl
software algorithm @awell as the substrate platen temperature. All of these
need to be optimised in order to improve the quality of the printed elements,
see for example Fig.6.14 which shows the effect of substrate heating on
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improving the element conductivity which is olotadl at a certain temperature
before reducing again if overheated.

Droplet spacing: As depicted in Fig.3.4 in Section 3.2.2, insufficient overlap
of droplets could lead to discontinuities. Choosing the optimum droplet
spacing could also depend on the eleingelometry, where for instance narrow
convoluted elements with track orientations not aligned with the print head
direction might suffer discontinuities due to too low droplet spreading.

Number of deposited layers: Multiple ink layers are consideredresaas of
improving the electrical conductivity and line definition of the printed lines, as
was described in Chapters 5 and 6. However in the case of highly convoluted
and dense elements, multiple layer deposition might lead to undesirable
element intercamections, where adjacent lines short circuit. The sintering
regime is also complicated by the deposition of multiple layers.

Substrate and ink receiving layer. The substrate characteristics such as
porosity and surface tension, controls the spreadimkalroplets. In the case

of coated paper based substrates compared to ordinary paper, the properties of
the ink receiving layer plays an important part alongside the paper backing
substrate in the droplet spreading and also during the process time and
temperature, where excessive sintering could lead to damage in the substrate
and thus to the degraded printed elements as was reported in Section 5.2.2.
Substrates should be properly cleaned in order to remove dust particles which

could cause voids in theedosited ink and discontinuity in the printed tracks.

Chapter 7 has also demonstrated an alternative additive fabrication method. The inkjet

printing of catalyst for electroless copper plating on a-tmioll scale has been

consideredA performance angsis of inkjet printed, and copper etched, dipoles, and

convoluted square loops, is presented in Chapters 5 and 6. Comparison of printed and

etched designs is also made to electroless copper platted FSS which achieved

satisfactory null depths, similar tbe copper etched equivalents. This is owing to the

high element conductivity produced by the electroless fabrication which is closer to

the copper etched elements.
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8.2 Future Work

This thesis has presented the digital fabrication of frequency selsctens using

inkjet printing technology. Further investigations are recommended in order to achieve
larger scale in both the fabrication process and the employment of the manufactured
FSS in real life. A list of recommended further investigations isngive

1 Understanding the impact of deficiencies in the frequency selective screens
when they are installed onto walls within a room to verify the results obtained
in this research. For instance evaluating the effect cumsiorm illumination
on the performare of the FSS.

1 Investigating other available sintering techniques such as laser sintering owing
to its selective sintering capabilities which do not affect the substrate.

1 The possibility of using printerso print single entire elemens before
advancing @ the next elementhis isproposedo improve the printed line
resolution, where it ensures the deposition of the next droplet in a short time
to ensure desired droplet interactions.

1 There is a need for manufacturing the densely convoluted slotteddqrokes
FSS using an additive technology due to the metal volume savings. Once
manufactured, it is suggested to investigate the stability toward oblique angles
of incidence.

1 It was noticedn Chapter 7that the densely convoluted slotted cross dipole
FSSarrays in their current design did not provide sufficient rejection levels at
frequencies higher than 1G8Hz which might allow transmission in the
wireless communication bands of (DCCS 1800, DECT, UMTS and
Bluetooth). Further design modifications are maoeended to increase the
rejection frequency band to include mobile communications between2l.5
GHz. The main aim of the densely convoluted slotted cross dipole FSS was to
demonstrate operation in the TETRA band with the least amount of conductor

usage pssible.
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