
Chapter 4

Switchable Frequency Selective

Surface for Wireless Applications

In large buildings and offices, frequency re-use methods are required to enhance the

spectral efficiency and capacity of wireless communication systems. This observation

has led to the concept of electromagnetic architecture of buildings [109,110]. Passive

bandstop FSSs can be used to enhance the electromagnetic architecture of a building,

and hence to improve spectral efficiency and system capacity, but switchable FSSs

can provide a better reconfigurable solution. If switchable FSSs are placed in strategic

locations of a building, they can be reconfigured remotely and rapidly, which is not

possible with passive FSSs [109]. This paper describes an electronically-switchable

FSS, with a highly stable frequency response, useful in such applications.
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4.1 FSS Modelling

Figure 4.1 shows the front view of an unit cell of the active FSS while Fig. 4.2 depicts

the rear view with the dc bias line. The size of the unit cell is 17 × 17 mm and the

square loop aperture width is 0.75 mm. The outer and the inner edge dimensions of

the square loop aperture are 16 mm and 14.5 mm, respectively. A small hole with a
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Figure 4.1 The front layout of the unit cell.

0.5 mm diameter is drilled in the centre of the unit cell to provide the negative dc

biasing to the PIN diodes. The width of the diagonal dc bias line on the rear surface

of the dielectric is 0.5 mm. The periodicity of the elements is 17 mm and there is a

1 mm distance between the outer edges of two adjacent square loops. The dielectric

constant of FR4 is chosen as 4 in the simulation. The dimension of the unit cell and

square loop is selected in such a way that without the PIN diodes it resonates at a

frequency higher than 2.45 GHz. This is due to the fact that, after the PIN diodes

are incorporated in the model, the frequency response shifts downwards due to the

addition of an appreciable capacitance. CST Microwave Studio (Frequency-Domain

Solver) is used to simulate the FSS unit cell.
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Figure 4.2 The rear layout of the unit cell.

4.2 PIN Diode Modelling

PIN diodes can be modelled as a series RL circuit (for the ON state) and a combination

of series-parallel RLC circuit (for the OFF state). Fig 4.3 shows the equivalent circuit

models of the PIN diodes in both ON and OFF states [100]. Lumped elements within

CST Microwave Studio are used in modelling the PIN diode. Research into several

diodes was carried out, and the diode with the most suitable specifications (BAP51-

03) was chosen for the project [111]. The criteria for suitable specification were the

size, the cost and the least forward resistance of the PIN diode. The Philips BAP51-

03 diode has a typical forward resistance of about 5 Ω and has a reasonably low price.

The typical values used for forward bias are Rs = 5 Ω and Ls = 0.4 nH, while for

reverse bias a parallel combination of reverse resistance and capacitance is added in

series with the resistance and inductance [100]. The value of the capacitance (CT ) is



4.3 Theoretical Results 73

Figure 4.3 (a) Forward-bias and (b) reverse-bias equivalent circuits of the

PIN diode used in FSS modelling.

0.2 pF while the reverse resistance (Rp) is 10 KΩ.

4.3 Theoretical Results

In this section theoretical results for the switchable FSS are presented. It can be

easily observed that the design has a stable frequency response for both TE and TM

polarisations at oblique incidence.

4.3.1 Diodes OFF

Perpendicular (TE) Polarisation

For perpendicular polarisation, the transmission and reflection characteristics of the

FSS at 0, 30, 45 and 60 degree incidence angles are shown in Fig. 4.4, when the
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Figure 4.4 Theoretical transmission and reflection characteristics of switch-

able FSS for perpendicular (TE) polarisation when the diodes are in the OFF
state.

PIN diodes are in the OFF state. A stable frequency response can be noticed, as

the resonance frequencies for 0, 30, 45 and 60 degree incidence angles are 2.44 GHz,

2.45 GHz, 2.46 GHz and 2.47 GHz, respectively. The reflection coefficients at 0, 30,

45 and 60 degree incidence angles at the resonance frequencies are -17.2 dB, -16.8

dB, -16.1 dB and -14.9 dB, respectively. There is an insignificant reduction in the

transmission as the angle of incidence varies from 0 to 60 degrees. The insertion

loss in the FSS is mainly due to the presence of the bias lines and PIN diodes. The

insertion loss increases slightly as the angle of incidence increases. The insertion loss

at 0, 30, 45 and 60 degrees is 0.8 dB, 0.9 dB, 1.0 dB and 1.2 dB, respectively. The -10

dB reflection bandwidth is 402 MHz, 353 MHz, 283 MHz and 192 MHz, respectively.

It can be noticed that there is an appreciable reduction in bandwidth as the incidence

angle increases from 0 to 60 degrees.
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Figure 4.5 Theoretical transmission and reflection characteristics of switch-

able FSS for parallel (TM) polarisation when the diodes are in the OFF
state.

Parallel (TM) Polarisation

For parallel polarisation, the transmission and reflection characteristics of the FSS at

0, 30, 45 and 60 degree incident angles are shown in Fig. 4.5, when the PIN diodes

are in the OFF state. A stable frequency response can be noticed in this case as well.

The resonance frequencies for 0, 30, 45 and 60 degree incident angles are 2.44 GHz,

2.45 GHz, 2.47 GHz and 2.56 GHz, respectively. The reflection coefficients at 0, 30,

45 and 60 degree incidence angles at the resonance frequencies are -17.1 dB, -17.6 dB,

-18.1 dB and -19.5 dB, respectively. The insertion loss in this case is almost constant

for all incidence angles considered. The insertion loss at 0, 30, 45 and 60 degrees is 0.7

dB, 0.7 dB, 0.7 dB and 0.6 dB respectively. The -10 dB reflection bandwidth is 402

MHz, 463 MHz, 563 MHz and 797 MHz respectively. In contrast to the perpendicular

polarisation (TE) case, there is an appreciable increase in bandwidth as the incidence
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Figure 4.6 Theoretical transmission and reflection characteristics of switch-

able FSS for perpendicular (TE) polarisation when the diodes are in the ON
state.

angle increases from 0 to 60 degrees.

4.3.2 Diodes ON

Perpendicular (TE) Polarisation

For perpendicular polarisation, the transmission and reflection characteristics of the

FSS at 0, 30, 45 and 60 degree incidence angles are shown in Fig. 4.6, when the PIN

diodes are in the ON state. At 2.45 GHz, the reflection coefficients at 0, 30, 45 and 60

degree angles of incidence are -0.5 dB, -0.4 dB, -0.3 dB and -0.2 dB, respectively. The

transmission coefficients are -13.8 dB, -15.1 dB, -16.8 dB and -19.8 dB, respectively, for

the angles of incidence considered in this research. The isolation between transmission

and reflection states improves as the angle of incidence increases.
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Figure 4.7 Theoretical transmission and reflection characteristics of switch-

able FSS for parallel polarisation (TM) when the diodes are in the ON state.

Parallel (TM) Polarisation

For parallel polarisation, the transmission and reflection characteristics of the square

loop active FSS at 0, 30, 45 and 60 degree incidence angles are shown in Fig.4.7,

when the PIN diodes are in the ON state. At 2.45 GHz, the reflection coefficients at

0, 30, 45 and 60 degree incidence angles are -0.5 dB, -0.4 dB, -0.3 dB and -0.2 dB,

respectively. The transmission coefficients are -13.9 dB, -12.7 dB, -11.2 dB and -8.9

dB, respectively, for the angles of incidence considered. In contrast to the perpendic-

ular polarisation (TE) case, the isolation between transmission and reflection states

in this case decreases as the angle of incidence increases.

Based on this data, it can be seen that, for the TE case, an additional transmission

loss of 13 dB, 14.2 dB, 15.7 dB and 18.4 dB can be achieved for 0, 30, 45 and 60

degree angles of incidence, by switching from the ON to the OFF state. The average

additional transmission loss is 15.4 dB. On the other hand, the additional transmission
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loss for the TM case is 13 dB, 12.1 dB, 10.4 dB and 7.7 dB for the angles of incidence

considered. The average additional loss for the TM case is 10.8 dB. The performance

is slightly better in the TE case.

It is evident from Fig. 4.5 that the transmission loss for TM polarised waves is

independent of the incidence angle at the resonance frequency of 2.45 GHz but, at

other frequencies, it decreases with increase in the incidence angle. The reverse is true

for the TE case. This happens when the angle of incidence approaches the Brewster

angle [108]. When waves move between two plain dielectric media (which do not have

a printed metal pattern) of differing refractive index, generally some of the incident

power is reflected at the boundary. At one particular angle of incidence, however,

waves with parallel polarisation (TM) have a reflection coefficient of zero. This angle

of incidence is the Brewster’s angle, θB and is given as:

θB = arctan (η2 / η1)

where η1 and η2 are the refractive indices of the two media expressed as:

η =
√
εr
√
µr

where εr is the relative permittivity and µr is the relative permeability. Therefore,

for this design

θB = arctan (η2 / η1) = arctan (2/1) = 64◦

This effect contributes to transmission even when the diodes are ON, as seen in

Fig. 4.7. It can be noticed that, at a 60 degree angle of incidence, the additional

transmission loss for the TM case (between ON and OFF) is 7.7 dB and the transmis-

sion coefficient at 2.45 GHz is -8.9 dB. In our bandpass FSS, where the dielectric is

covered by an aperture type FSS, there will always be reflection even at the Brewster

angle. On the other hand, the additional transmission loss for the TE case is at a

maximum at 60 degrees, i.e. 18.4 dB, while the value of the transmission coefficient

is -19.8 dB. Therefore, to achieve a better transmission loss for the TM polarised
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Figure 4.8 The front view of the switchable FSS prototype.

waves at higher angles of incidence, a dielectric material with a high refractive index

(and hence a large Brewster angle) must be used. The insertion loss can further be

reduced by using a better-quality PIN diode.

4.4 FSS Fabrication

4.4.1 FSS Prototype

An FSS with 25×15 elements has been fabricated using a standard milling process.

The overall size of the FSS prototype is 45 cm× 30 cm. The FR4 substrate is 1.6 mm

thick, having a relative permittivity of 4. Figs 4.8 and 4.9 show the front and close-up

views of the switchable FSS prototype, while Figs 4.10 and 4.11 show the rear and

close-up views, respectively. There are four PIN diodes in each unit cell. Positive dc

biasing is applied from the front side of the FSS. The diagonal negative dc bias lines

on the reverse side are joined together on the border of the FSS prototype.
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Figure 4.9 The front close-up view of the switchable FSS prototype.

4.4.2 PIN Diode Biasing

A total of 1500 Philips (BAP51-03) [111] diodes were used in the fabrication of the

FSS prototype. To switch these PIN diodes from OFF to the ON state, a forward

voltage of 2 V was applied to the FSS prototype in both transmission and reflection

measurements. A current of approximately 1 A was drawn by the FSS prototype

when the diodes were forward biased. No voltage was applied to the diodes in the

OFF state.

4.5 Measurement Setup

4.5.1 Transmission

Figure 4.12 shows the measurement setup for switchable FSS prototype. HyperLog

7060 log-periodic antennas from Aariona company were used for measurements [112].

These antennas operate between 700 MHz and 6 GHz and were well suited for the
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Figure 4.10 The rear view of the switchable FSS prototype.

experimentation. The antennas were connected to the network analyser (Rohde &

Schwarz ZVC, 20 kHz to 8 GHz). The transmission was normalised to an open

window in a metallic frame and then the FSS prototype was placed in the window

to measure the transmission through it. It was observed that there was no major

difference in the transmission results whether the measurements were made inside

or outside an anechoic chamber. Therefore, for ease of handling, the measurements

were performed outside the chamber and the results are presented in Section 4.6. To

measure the oblique incidence performance of the FSS prototype, the metallic frame

fixed in the wooden stand was rotated anticlockwise by up to 45◦ from a reference

position marked on the floor while the antennas were kept stationary. To measure

both TE and TM polarisations, the antennas were rotated around their axes by 90◦.

4.5.2 Reflection

Reflectivity measurements were carried out using a standard NRL (Naval Research

Laboratory) arch, which is housed within an anechoic chamber. The measurement
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Figure 4.11 The rear close-up view of the switchable FSS prototype.

system is illustrated in Fig. 4.13 and consists of two wide-band horns, covering 2-18

GHz, connected to an HP8510C vector network analyser (VNA). The switchable FSS

sample under test was supported on a low-density expanded polystyrene table, which

was surrounded by 12 inch pyramidal absorbers. The system was calibrated using

a response/isolation technique. The isolation measurement was carried out by first

removing the polystyrene table and sample so that the horns were illuminating the

chamber absorber directly. For the response measurement the table was replaced

and a metal plate was positioned so that its centre was on the axis of rotation of

the arch arms which carry the wide-band horns. This resulted in a calibration which

gave a noise floor of better than -55 dB across the entire frequency range and this was

deemed sufficient to assess the performance of the FSS. To improve the measurements

further, the time-domain gating feature within the VNA was used to reduce any effects

from erroneous scattering. In order to carry out oblique incidence measurements the

supporting arms of the arch were rotated to the appropriate angle using accurate

predetermined fixings, and the horns were rotated through 90◦ each, depending on
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Figure 4.12 The transmission measurement setup showing the switchable

FSS fixed in a metallic frame between two log-periodic antennas.

the polarisation needed. The previously described calibration was repeated for each

angle and polarisation. The inside view of the anechoic chamber for the reflection

measurement setup is shown in Fig. 4.14.

4.6 Measured Results

4.6.1 PIN Diodes OFF

Perpendicular (TE) Polarisation

Figure 4.15 shows the measured transmission and reflection characteristics at 0◦, 30◦

and 45◦ incidence angles for perpendicular polarisation (TE incidence) when the PIN

diodes are in the OFF state. The resonance occurred at 3.2 GHz for 0◦, with a -17.5

dB reflection. The insertion loss at this frequency for 0◦ is 2.6 dB. At 30◦ and 45◦

incidence angles, the resonance frequency shifts slightly downward to 3.1 GHz and

3.05 GHz, respectively, both with a reflection coefficient of -14 dB. The insertion



84 Chapter 4 Switchable Frequency Selective Surface for Wireless Applications

 

Vector
Network
Analyser

FSS Sample

Horn 
Antennas

Polystyrene Table

Pyramidal Foam Absorber

Figure 4.13 Block diagram showing the reflection measurement setup.

losses for these incidence angles are 2.6 dB and 2.6 dB, respectively. Comparing

the theoretical results with Section 4.5, the measured resonance frequency is shifted

upwards by about 0.5 GHz. The average transmission loss in theory is 0.7 dB as

opposed to 2.6 dB in measured results. There are three main causes for the higher

values of the measured transmission loss: dielectric losses, diode losses and reflection

losses due to the physical presence of the diodes and the soldering material on the

FSS surface. The shift in resonance frequency from 2.45 GHz (theoretical) to 3.2 GHz

(measured) may be due to: (a) a lower value of dielectric constant of the substrate

used for the fabrication of the active FSS; (b) inaccuracies in the parameter values in

the diode model; (c) extra inductance added by the dc inter-connecting lines on the

border of the finite FSS (rear side); and (d) the soldering material used in the FSS

fabrication. The small change in resonance frequency with incidence angle, noticed

in measurements, is due to fabrication tolerances.
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Figure 4.14 Inside view of the anechoic chamber for the reflection measure-

ment setup.

Parallel (TM) Polarisation

Figure 4.16 shows the measured transmission and reflection characteristics at normal

and oblique incidence angles for parallel polarisation (TM incidence). The resonance

and insertion loss at normal incidence are the same as in the TE case, as expected

from the symmetry of the unit cell. The change in the resonance frequency is also

the same as in the TE case while the reflection coefficients at 30◦ and 45◦ are -21 dB

and -28 dB, respectively. The transmission losses for these angles of incidence are 2.4

dB and 2.3 dB (due to the Brewster effect), respectively.

4.6.2 PIN Diodes ON

Perpendicular (TE) Polarisation

Figure 4.17 depicts the measured transmission and reflection coefficients for perpen-

dicular (TE incidence) polarisation when the diodes are in the ON state. For 0◦, 30◦

and 45◦ incidence angles, the reflection coefficient is close to -1 dB while the trans-
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Figure 4.15 Measured transmission and reflection characteristics of switch-

able FSS for perpendicular polarisation (TE) when the diodes are in the OFF
state.
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Figure 4.16 Measured transmission and reflection characteristics of switch-

able FSS for parallel polarisation (TM) when the diodes are in the OFF
state.
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Figure 4.17 Measured transmission and reflection characteristics of switch-

able FSS for parallel (TM) polarisation when the diodes are in the ON state.
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Figure 4.18 Measured transmission and reflection characteristics of switch-

able FSS for parallel polarisation (TM) when the diodes are in the ON state.
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mission loss is 11.5 dB, 13 dB and 14.6 dB, respectively. Therefore, at 0◦, 30◦ and

45◦ incidence angles, the transmission loss can be switched by 8.9 dB, 10.4 dB and

12.0 dB, respectively, by switching the PIN diodes from OFF to the ON state.

Parallel (TM) Polarisation

Figure 4.18 depicts the measured transmission and reflection coefficients for perpen-

dicular (TM incidence) polarisation. For 0◦, 30◦ and 45◦ incidence angles, the reflec-

tion coefficient is close to -1 dB while the transmission loss is 14 dB, 13.5dB and 12.2

dB, respectively. Therefore, at 0◦, 30◦ and 45◦ incidence angles, the transmission loss

can be changed by 11.4 dB, 11.1 dB and 9.9 dB, respectively, by switching the PIN

diodes from OFF to the ON state.

4.7 Circular Loop Aperture FSS

A switchable FSS with a different configuration is described in this section. This FSS

is based on a circular loop aperture geometry, with each unit cell having four PIN

diodes across the aperture at 90-degree intervals. It shows good angle of incidence

stability for perpendicular polarisation (TE) at 2.45 GHz, which is the centre of the

IEEE 802.11 b/g WLAN band. The PIN diodes have been placed orthogonal to each

other to provide oblique incidence stability at the resonance frequency. Cross-shaped

narrow metallic lines are made on the back side of the substrate to provide negative

dc biasing, while the positive dc biasing is provided from the front side of the printed

structure. It is shown that, experimentally, almost 12 dB of additional transmission

loss can be achieved at the resonance frequency by switching the PIN diodes to ON

from the OFF state.
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4.8 Active FSS Modelling

The front and the rear views of the active circular FSS unit cell are shown in Figs

4.19 and 4.20. The single-layer active FSS is designed on a low-cost FR4 substrate.

A circular aperture is used as the FSS element to obtain a good angle-of-incidence

stability. The dimensions of the circular aperture are selected in such a way that

the unloaded aperture resonates at a higher frequency (2.6 GHz) than the nominal

operating frequency (2.45 GHz). The reason for this is that the incorporation of the

PIN diodes in the periodic structure adds extra reactance to the bandpass FSS and

hence lowers the resonance frequency. Four diodes are placed orthogonally to each

other on an unit cell of the FSS to obtain a stable frequency response at oblique TE

incidence. The outer and the inner edge diameters of the circular loop aperture are

26.6 mm and 25.6 mm, respectively. This makes the width of aperture 0.5 mm. The

outer diameter is approximately half the guided wavelength at 2.6 GHz. The distance

between the centres of two adjacent FSS elements is 30 mm. The single-layer active

FSS was fabricated on a 420 × 270 mm2 FR4 sheet (15 × 9 elements) with dielectric

constant of 4 and 1.6 mm thickness.

The inter-element spacing is kept small to enhance the angle-of-incidence stability

[1]. Negative dc biasing is provided from the reverse side of the dielectric substrate

by means of symmetrical cross-shaped bias lines. Their width is 0.5 mm. They are

aligned with the orthogonal position of the PIN diodes on the front side of the unit

cell as shown in Fig. 4.20. The metallic circular plate on the front side of the unit

cell is connected to the centre of cross-shaped negative bias lines with the help of

a through pin having a diameter of 0.5 mm. The pin is soldered on both sides to

provide an electrical connection. The positive dc biasing is provided from the outer

end of the circular-loop aperture on the front side of the FSS.



90 Chapter 4 Switchable Frequency Selective Surface for Wireless Applications

0.5 mm drill

Figure 4.19 Front view of the active circular loop FSS unit cell.

PIN diode modelling and biasing in this case is the same as described in Sections

4.2 and 4.4. The transmission and reflection measurement setup is also the same as

described earlier. However, for the transmission measurement, horn antennas were

used instead of log-periodic antennas. The fabrication process was also the same as

in the case of the square-aperture FSS.

4.9 Theoretical and Measured Results

The FSS unit cell was modelled in CST Microwave Studio using periodic boundary

conditions. Fig. 4.21 depicts the results of the simulation, showing the transmission

and reflection characteristics of the single-layer active FSS at 0◦, 30◦, and 45◦ incidence

angles for the TE incidence when the PIN diodes are in the OFF state. The resonance

occurs at 2.45, 2.46, and 2.47 GHz for 0◦, 30◦, and 45◦ incidences, respectively. As
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Figure 4.20 Rear view of the active circular FSS unit cell.

far as transmission is concerned, a small insertion loss of 0.5 dB can be noticed for

all the incidence angles considered. Fig. 4.22 shows the transmission and reflection

characteristics of the FSS in the ON state. The circular apertures are effectively

shorted together by the conducting diodes, resulting in an effective conducting sheet.

There is no noticeable change in the reflection properties as the angle of incidence is

increased from 0◦ to 45◦, while the transmission coefficients change slightly (-17.8 dB

to -21.2 dB at 2.45 GHz). Theoretically, an average transmission loss of 19 dB can

be achieved at the resonance frequency.

Figure 4.23 shows the measured transmission and reflection characteristics at 0◦,

30◦, and 45◦ incidence angles for TE incidence when the PIN diodes are in the OFF

state. The resonance occurs at 2.63, 2.64, and 2.65 GHz, respectively, for 0◦, 30◦, and

45◦ incidence, while the transmission losses at these angles are 2.7, 2.8, and 3.4 dB,

respectively. The reason for the higher resonance frequency is the extra inductance
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Figure 4.21 Theoretical transmission and reflection characteristics of the

active circular FSS when the diodes are in the OFF state.
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Figure 4.22 Theoretical transmission and reflection characteristics of the

active circular FSS when the diodes are in the ON state.



4.9 Theoretical and Measured Results 93

2 2.25 2.5 2.75 3 
−45 

−40 

−35 

−30 

−25 

−20 

−15 

−10 

−5 

0 

Frequency (GHz)  

T
ra

n
s

m
is

s
io

n
 a

n
d

 R
e

fl
e

c
ti

o
n

 (
d

B
) 

  

  

|S21| TE 0  ° 

|S21| TE 30  ° 

|S21| TE 45  ° 

|S11| TE 0  ° 

|S11| TE 30  ° 

|S11| TE 45  ° 

Figure 4.23 Measured transmission and reflection characteristics of the ac-

tive circular FSS when the diodes are in the OFF state.
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Figure 4.24 Measured transmission and reflection characteristics of the ac-

tive circular FSS when the diodes are in the ON state.
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contributed by the connecting DC lines at the end of the FSS prototype. Fig. 4.24

depicts the measured transmission and reflection coefficients for TE incidence when

the diodes are in the ON state. For 0◦, 30◦, and 45◦ incidence angles, the reflection

coefficient is almost 0 dB while the transmission loss is 13.1, 14.8, and 15.8 dB,

respectively. Therefore, at 0◦, 30◦, and 45◦ angles of incidence, the transmission loss

can be varied by 10.4, 12, and 12.4 dB, respectively, by switching the PIN diodes

from OFF to the ON state.

The square-loop active FSS has a clear practical advantage over the circular-loop

FSS due to its angle of incidence stability for both TE and TM polarisations. Also, it

is stable up to a 60◦ angle of incidence in contrast to the 45◦ in the circular-aperture

FSS case. However, for TE polarisation, the theoretical and measured transmission

losses for both FSSs are almost the same for normal and oblique incidence. The

additional average transmission loss for the square-loop FSS is 10 dB while it is 12

dB for circular-aperture FSS.

4.10 Production Cost

The square loop single layer active FSS prototype was fabricated using 1500 diodes

with 375 FSS elements (4 diodes per unit cell). The price of the single diode used

in FSS modeling and fabrication is about AUD 0.30. Therefore, for 1500 diodes the

price becomes AUD 450 (plus the FSS fabrication cost). For practically large FSS

prototypes, the cost may increase further due to use of more diodes and develop-

ment of dc power supply. However, the cost may be reduced by using techniques as

described in [110].

The use of any FSS design to control wireless coverage in a building environment

depends on many factors, such as transmitting source power, receiver sensitivity,
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room layout, distance between sources and building construction materials. It is not

proposed that entire rooms be coated with FSS. This is discussed in [100] in which a

simple path loss analysis shows that > 30 dB transmission loss may be required for an

FSS wall, which these FSSs designs would not provide. The potential in FSS designs

is in the use as a small aperture embedded in a shielded room, as discussed and

demonstrated in [100]. In this case and with full recognition of the factors mentioned

above, FSSs designs presented in this chapter offer a practical solution.

4.11 Conclusion

In this chapter, the theoretical and experimental results for two single-layer switchable

FSSs are presented. PIN diodes along with square or circular-apertures are used. The

FSS with square-loop apertures has shown a stable transmission response for both

TE and TM polarisations up to 60◦, while the FSS with circular loop apertures is not

stable for TM polarisation (and angles higher than 45◦). For square-loop aperture

FSS, an average additional measured transmission loss of 10 dB is achieved for both

polarisations at normal and oblique incidence, by switching PIN diodes between re-

verse and forward bias. Further isolation may be obtained by using a dielectric with

a lower loss tangent and better-quality PIN diodes. Besides other wireless applica-

tions, it may find use in electronically reconfiguring the electromagnetic architecture

of buildings.





Chapter 5

Energy-Saving Glass

Characterisation

In this chapter, measurement techniques for the relative permittivity and conductivity

of the glass are presented, while the electrical properties of metal-oxide layers as used

in glass manufacturing are also discussed. Furthermore, the normal and oblique

incidence transmission characteristics of one of the energy-efficient glass panels, at

microwave frequencies for both parallel (TM) and perpendicular (TE) polarisations,

are presented. The OptithermTMSN, manufactured by Pilkington [113], has about 30

dB average attenuation to signals in the 800 MHz to 6 GHz frequency band. Both

theoretical and measured results indicate that the attenuation increases at oblique

angles for perpendicular (TE) polarisation, while it decreases in the case of parallel

(TM) polarisation.

The research presented in this chapter has been published as shown below:

Conference Papers

1. Ghaffer I. Kiani, Anders Karlsson, Lars Olsson, and Karu P. Esselle, “Trans-

mission Analysis of Energy Saving Glass Windows for the Purpose of Providing

97
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FSS Solutions at Microwave Frequencies”, IEEE Antennas and Propagation

Society International Symposium, San Diego, California, USA, 5-11 July 2008,

Page(s): 1-4.

2. Ghaffer I. Kiani, Anders Karlsson, Lars Olsson, and Karu P. Esselle, “Glass

Characterization for Designing Frequency Selective Surfaces to improve trans-

mission through energy saving glass windows”, Asia Pacific Microwave Confer-

ence (APMC), Bangkok, December, 2007.

5.1 Measurement of Relative Permittivity and Con-

ductivity of Glass

In this section, two different methods are presented to measure the relative permittiv-

ity and the conductivity of glass. The first method uses a parallel-plate capacitance

measurement using a wheatstone bridge, in which the relative permittivity and con-

ductivity are obtained only at lower frequencies. The second method uses a waveguide

measurement to determine both permittivity and conductivity in an X-band waveg-

uide. Both methods are described here.

5.1.1 Parallel-Plate Capacitor Method

The permittivity and loss tangent of float glass were measured using this classical

method for reference. A Rohde & Schwarz VKB 3250 Dielectric Test Bridge with the

KMT 5411 Guard Ring Capacitor were connected with a low-frequency generator as

the signal source and an oscilloscope as the detector [114]. This allowed measurements

of both permittivity and loss tangent at 1 KHz and 10 KHz. The measurement setup

is shown in Fig. 5.1.
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Figure 5.1 Photograph showing the setup of the parallel-plate guard-ring

capacitor measurement method.

First the capacitance and loss tangent were measured with the glass as dielectric.

Then the glass was removed and the measurements were made again. The relative

permittivity was then calculated by using the equation:

εr =
Cglass
Cair

The procedure was repeated twice at both frequencies and the mean values of the

results were obtained. For frequencies less than 10 KHz the measurements gave an

average permittivity of 6.9 ± 0.05 and the upper bound for the conductivity was

10−4 S/m. Since the conductivity is very low and the relative error in conducting

measurements is quite large as compared to the permittivity measurements, only an

upper bound was found.
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5.1.2 Waveguide Technique

A waveguide technique [114] was used to measure the permittivity and conductivity

at high frequencies. The details are given in the Apendix. The measurements in the

X-band gave εr = 6.9 ± 0.15 and σ < 5 × 10−4 S/m. It is possible to reduce the

errors in these measurements by manufacturing even better shaped samples. The

conductivity of glass is very small and hence the relative error in its measured value

is quite high. The permittivity was approximately constant in the frequency band.

The measured values of the permittivity at X-band frequencies coincide with those

at f ≤ 10 KHz. In both of these frequency bands, the measured conductivity is very

small. From these observations the assumption is made that the permittivity is

constant and that the conductivity is very small for all frequencies less than 10 GHz.

This is in accordance with the frequency dependence of εr and σ for most insulating

solid materials.

5.2 Coating Properties

There are two main types of coatings used in low-emittance (low-e) glass panels to

provide thermal isolation, namely a hard coating and a soft coating. In hard-coating a

very durable pyrolytic coating is sprayed at a high temperature on to the glass surface

during the float-glass process. This coating is relatively durable and allows ease of

handling and tempering. On the other hand, the soft or sputter coating utilises a

technique in which very thin metal-oxide layers are deposited on the glass surface in

a vacuum chamber to provide high infrared attenuation. This configuration is shown

in Fig. 5.2 in which four very thin layers of the order of nanometres thick are applied

to float-glass to provide high infrared attenuation. This technique provides a more

expensive but high-performance alternative to the hard-coat glass.
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In this chapter a soft-coat low-emittance glass manufactured by Pilkington [113]

is presented. Pilkington OptithermTMSN [115] glass panels are very popular for pro-

viding high infrared attenuation. It has three very thin metal-oxide coatings with a

silver layer sandwiched between them. In order to design an aperture-type FSS for

this coating to achieve improved transmission through a glass panel, the electrical

properties of the coating must be known. Due to commercial confidentiality, it is

not possible to provide any further details about the properties of the layers. In this

case, all four layers have been modelled as a combined surface impedance of 4 Ω per

square. This value of surface impedance has been provided by Pilkington [113].

5.3 Transmission Analysis of Energy-Saving Glass

In this section the normal and oblique incidence transmission characteristics of one

of the energy-efficient glasses panels are investigated at microwave frequencies. Both

parallel (TM) and perpendicular (TE) polarisations are considered. The Optitherm

TMSN [115], manufactured by Pilkington [113], has about 30 dB of average attenuation

to signals in the 800 MHz to 6 GHz frequency band. The attenuation increases at

oblique angles for perpendicular (TE) polarisation while it decreases in the case of

parallel (TM) polarisation. As described earlier, frequency selective surfaces can be

etched on the coated side of energy-saving glass to provide a bandpass solution at

microwave frequencies while keeping infrared attenuation intact [89]. Therefore, it was

necessary to analyse the transmission properties of windows before devising a practical

FSS solution. Pilkington, located in Sweden, provided us with different samples

of glass panels. Theoretical and measured results for Pilkington OptithermTMSN

glass [115] are presented here.
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Figure 5.2 A typical arrangement of the soft-coat layers on the float glass.

5.4 Simulation

The theoretical results are obtained by using periodic boundary conditions in CST

Microwave Studio (Frequency-Domain Solver). The length and the width of the unit

cell employed in the simulation is 20 mm (see Fig. 5.3). The thickness of the glass

substrate is 3.82 mm. Its relative permittivity is 6.9 and its conductivity is 5 × 10−4

S/m. The coating is modelled as a resistive sheet with 4 Ω / square.

5.5 Measurement Setup

The transmission measurement setup is shown in Fig. 5.4. HyperLog 7060 log-

periodic antennas from the Aariona company, having a frequency range of 700 MHz

to 6 GHz, were used for transmission measurements [9]. It was observed that there

was no major difference between the measured data obtained in an anechoic chamber

and those obtained in a free-space environment. Therefore, the measurements were

carried out in free space and the glass panel was kept in the far field of the antennas.

The distance between the two antennas (200 mm approx. between tips) allowed mea-

surements up to a 60◦ angle of incidence. The antennas were connected to a network

analyser (Rohde & Schwarz ZVC, 20 KHz to 8 GHz). The setup was calibrated in free
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Figure 5.3 The unit cell employed for simulation.

space and hence 0 dB value corresponds to that. The size of the glass panel is about

1.9 m by 1.1 m, and it was kept on the floor during the measurement process to avoid

any leakage under the window. A large glass panel was used for the measurement to

reduce edge effects, though it was difficult to handle. The results obtained from this

setup are in good agreement with the theoretical results.

5.6 Results

5.6.1 Perpendicular (TE) Polarisation

Theoretical Results

Figure 5.5 shows the theoretical transmission results for perpendicular (TE) polari-

sation from 0◦ to 60◦ angles of incidence. At 0◦, the transmission losses at 900 MHz,

1800 MHz, 2.45 GHz and 5.25 GHz are 33.5 dB, 33.1 dB, 32.6 dB and 28.7 dB,

respectively. The loss increases as the angle of incidence is increased from 0◦ to 60◦.
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Figure 5.4 The measurement setup with Professor Lars Olsson holding the

glass window between the log-periodic antennas.

Measured Results

Figure 5.6 shows the measured results at 0◦. The transmission losses for the same

frequencies are 30.8 dB, 31.5 dB, 31.6 dB and 28.1 dB, respectively. The loss increases

with the increase in incidence angle in this case as well. It can be seen that there is

a good agreement between theoretical and measured results.

5.6.2 Parallel (TM) Polarisation

Theoretical Results

Figure 5.7 shows the theoretical transmission results for parallel (TM) polarisation

for the same range of angles. At 0◦ incidence angle, the transmission loss is same as

in the case of perpendicular (TE) polarisation. However, due to Brewster effect, the

transmission loss decreases with the increase in incidence angle.
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Figure 5.5 Theoretical transmission response of OptithermTMSN for per-

pendicular (TE) polarisation.
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Figure 5.6 Measured transmission response of OptithermTMSN for perpen-

dicular (TE) polarisation.
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Figure 5.7 Theoretical transmission response of OptithermTMSN for parallel

(TM) polarisation.
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Figure 5.8 Measured transmission response of OptithermTMSN for parallel

(TM) polarisation.



5.7 Conclusion 107

Measured Results

In Fig. 5.8 the measured transmission losses for the considered frequencies are 31.9

dB, 31.7 dB, 31.3 dB and 27.9 dB, respectively. The slight difference in the trans-

mission loss between theoretical and measured results is due to the orientation of the

antennas, which were fixed on wooden stands but still were able to move slightly. The

transmission loss in this case also decreases with the increase in the angle of incidence

(due to the Brewster effect).

5.7 Conclusion

In this chapter, the characterisation of commercially available glass panels is reported.

It presents the measurement of relative permittivity and conductivity of glass using

two different methods. It has been observed that both methods lead to very similar

results. These values are very important for the design of an FSS on glass as described

in Chapter 6. A typical description of Pilkington OptithermTMSN glass is given.

For OptithermTMSN, about 30 dB of average transmission loss is observed over a

frequency band of 800 MHz to 6 GHz for both TE and TM polarisations at normal

incidence. This loss provides good security for WLANs operating at 2.45 GHz and

5.25 GHz but leads to poor transmission for mobile and personal communication

systems. A bandpass FSS can provide a solution to this problem by improving the

transmission of useful microwave signals while keeping good WLAN security and

infrared attenuation, as illustrated in Chapter 6.





Chapter 6

Frequency Selective Surface

Solution for Energy-Saving Glass

A bandpass FSS solution to the problem mentioned in Chapter 5 is proposed in

this chapter. Since FSSs are spatial filters, the incoming wave may strike the FSS

surface from any arbitrary angle and may have different polarisations. Therefore, any

practical bandpass FSS design for this case should have a reasonably stable frequency

response for waves having parallel (TM) or perpendicular (TE) polarisations incident

either at normal or at oblique angles. A cross dipole is chosen as the FSS aperture due

to its design simplicity and sufficiently stable transmission response. HP SuncoolTM

[116], an energy-saving glass from Pilkington [113], has been analysed for this purpose.

Both theoretical and measured results show a reasonably stable frequency response

and hence justify the usefulness of the FSS design.

Secondly, the variation in infrared (heat), visible (light) and microwave trans-

mission through energy-saving glass due to etching of bandpass FSS is analysed.

HP SuncoolTMand OptithermTMSN are investigated for the mentioned properties.

OptithermTMSN (renamed as OptithermTMS4) [115] is an ultra-low emissivity, coated

109
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glass offering good thermal isolation. The main effect of the low-emissivity coating

is to reflect heat energy back into the building. The transparent coating also trans-

mits heat from the sun (through light) and hence creates a naturally lit, comfortable

working environment. Pilkington HP SuncoolTM [116] is also a superior solar con-

trol product with high visible-light transmittance and low-emissivity. The difference

between HP SuncoolTMand OptithermTMSN is that the former passes less light to

keep sun heat (coming through light) out of the building, keeping it cooler in sum-

mers. Therefore, OptithermTMSN has better performance in cold regions while HP

SuncoolTMis better for hot regions. The difference in behavior between these products

is achieved by changing the properties of the coating, which at microwave frequencies

behaves as a resistive sheet having a finite value of surface resistivity.

The research presented in this chapter has been published or submitted for review,

as shown below:

Journal Papers

1. Ghaffer I. Kiani, Anders Karlsson, Lars Olsson, and Karu P. Esselle, “Trans-

mission of Infrared and Visible Wavelengths Through Energy Saving Glass due

to etching of Frequency Selective Surfaces”, IET Proceedings on Microwaves,

Antennas and Propagation (Revised manuscript under review, 2009).

2. Ghaffer I. Kiani, Anders Karlsson, Lars Olsson, Martin Nilsson, and Karu P.

Esselle, “Cross-Dipole Bandpass Frequency Selective Surface for Energy Saving

Glass Used in Buildings”, IEEE Transactions on Antennas and Propagation

(Revised manuscript under review, 2009).

Conference Paper

1. Ghaffer I. Kiani, Anders Karlsson, Lars Olsson, Karu P. Esselle, and Martin

Nilsson, “Transmission Improvement of Useful Signals through Energy Saving
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Glass windows using Frequency Selective Surfaces”, Workshop on Applications

of Radio Science (WARS) Conference, Gold Coast, Queensland, Australia, 10-

12 February, 2008 (Won Best Paper Prize).

6.1 FSS Modelling

Figure 6.1 shows the unit cell of the cross-dipole bandpass FSS designed for HP

SuncoolTM. CST Microwave Studio commercial software (frequency-domain solver)

is used for simulation. The periodicity of the unit cell is 100 mm in both horizontal

and vertical directions. The length and the width of each segment of the cross-dipole

aperture are 64 mm and 8 mm, respectively. The FSS periodic structure is tuned to

1.3 GHz. This centre frequency is chosen in such a way that the transmission response

of bandpass FSS does not appreciably improves the transmission at 2.45 GHz. The

thickness of the glass is 6 mm while the relative permittivity is 6.9. The conductivity

in the glass is 5 ×10−4 S/m as described in Chapter 5. The surface resistivity of the

coating is 6 Ω per square. The value of surface resistivity is provided by Pilkington

without details of the metal-oxide layer, due to commercial confidentiality.

First, the unit cell shown in Fig. 6.1 was analysed with a full coating (without

FSS). The coating is modelled as an impedance boundary condition in CST Microwave

Studio. The simulation is carried out from 800 MHz to 6 GHz using the frequency-

domain solver, to obtain the effect of coating in the desired band (800-2200 MHz) as

well as for WLAN bands (2.45 GHz and 5.25 GHz). This is due to the fact that in most

of the cases it is desirable to attenuate WLAN signals, while allowing the passage of

mobile telephone signals, GPS and personal communication signals through the FSS

(as described in Chapter 3). Next, the cross-dipole FSS aperture is removed from

the coated side of the unit cell as shown in Fig. 6.1. The results are presented in
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Figure 6.1 The dimensions of a unit cell of the cross-dipole frequency selec-

tive surface.

Section 6.6 for different polarisations and angles of incidence up to 45◦. It can be

noticed that the frequency response of this FSS is reasonably stable for the angles of

incidence and polarisations considered.

6.2 Selection of FSS Element

The choice of an FSS element is mostly based on the need for good bandwidth and

angular stability with respect to TE and TM polarisations. The cross-dipole FSS

provided the required bandwidth and acceptable angular stability. Therefore, it was

chosen for the FSS design due to its simplicity and relatively good performance. Also,

it was noted that, due to the resistive nature of the coating, the angular stability was

less affected as compared to a perfect electric conductor (PEC) surface. Had the

coating been a PEC, the use of loop-type FSS elements may have been required

for high bandwidth and better angular stability. However, in our research, the use
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of a cross-dipole FSS yielded the required results and proved easier to etch than

any complex FSS element. The reason was that the milling machines use standard

tools to etch ordinary Printed Circuit Boards (PCBs) with copper. However, glass

is more fragile than copper and it was quite difficult to etch complex FSS elements

on to it (tools were not able to handle the bends and tend to break). However,

even if the fabrication was possible, there was no need to design a complex FSS as

a simple cross-dipole provided the desired results. Moreover, the use of low-pass

FSS for transmission improvement has also been considered, however, a resonating

cross-dipole FSS produced better results.

6.3 Measurement Setup

Figure 6.2 shows the measurement setup for glass with the FSS etched on the coated

side of the glass sample. The setup was same as discussed in Section 5.5. A LPKF

Protomat 95S/II milling machine from LPKF (Laser and Electronics) was used for

etching [117]. The milling process is shown in Fig. 6.3.

6.4 Finite 2×2 Cross-Dipole FSS

One of the main challenges of the bandpass frequency selective solution for energy-

saving glass is to maintain thermal isolation, while providing improved transmission in

the useful RF/microwave bands. One solution which keeps IR transmission relatively

low is to etch the FSS on only part of the energy-saving glass panel. This process is

simpler and may cost less as opposed to etching the full glass sample during both pre-

and post-manufacturing processes (as described earlier). To analyse this concept, a

finite array of 2×2 cross-dipole FSS was etched on part of a glass sample having a
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Figure 6.2 The measurement setup showing 2×2 cross-dipole FSS etched

on part of a glass sample fixed in a metallic window between two log-periodic
antennas.

length and a width of 400 mm, removing only 2.4% of coating. In such cases, the

improvement in microwave transmission is uniform near the FSS area but may not be

uniform over the whole panel area. For measurement purposes, the angle of incidence

was defined at the centre of the array. However, to find the practical benefit of this

concept, an FSS should be etched on a part of a larger glass sample, and transmission

needs to be measured in various locations in a more practical building environment.

6.5 Fabrication Issues

It can be noticed in Fig. 6.2 that, due to the etching of the FSS pattern on the

coated side of the energy-saving glass, the aesthetic appearance of the glass is severely

degraded. Therefore, a cross-dipole FSS with a 64 mm thickness may not seem to

be practical if fabricated through a milling process. This is due to the fact that the

milling tool also cuts into the glass (not just the coated surface) due to the very
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Figure 6.3 Milling process of etching cross-dipole FSS on the coated side of

a glass sample.

small thickness of coating. Also, due to the non-PEC nature of the metal-oxide

coating, it is very hard to achieve a strong resonance as described earlier. Therefore,

the transmission of RF/microwave signals can only be improved to an acceptable

level by increasing the width of the FSS unit cell. Therefore, for a practical FSS

design with greater unit-cell width, two different aspects related to mass production of

energy-saving glass (with an FSS solution) must be considered. These aspects include

either pre-production or post-production application of the FSS filter on energy-saving

glass. In the pre-production process, the FSS can be applied to the glass during the

sputtering process. It can be done by applying an FSS mask pattern on the side of

the glass that needs to be coated. The glass can then be passed through vacuum

chambers where the oxide layer/s is/are deposited. Once the glass product is ready,

the mask can be removed, leaving an aperture-type FSS pattern on the coated side

of the energy-saving glass. The colour of the glass and the coating have to be same,

so that the appearance of the final product will be least affected giving an acceptable
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transparency. In the post-production process, the FSS can be applied on the coated

side of the glass after the glass is manufactured (with coating). In this case, techniques

like the use of laser beams or sand blasts (by applying an aperture-type mask on

coated side) can be considered for the production process. In both the cases, the

appearance of the glass will be least disturbed.

6.6 Results

6.6.1 TE Theoretical

Figure 6.4 shows the theoretical transmission through energy-saving glass for perpen-

dicular (TE) polarisation. Let us first consider the results with a full coating. At 0◦,

30◦ and 45◦ incidence angles, an average transmission loss of 30 dB, 31 dB and 33

dB can be observed in the useful frequency band, respectively. The transmission loss

increases with an increase in incidence angle. For 2.45 GHz and 5.25 GHz WLAN

bands, the attenuation at a 0◦ incidence angle is 28 dB and 24 dB, respectively.

With the increase in incidence angle, the attenuation at 5.25 GHz remains almost un-

changed. At 2.45 GHz, it rises to 29 dB and 31 dB for 30◦ and 45◦ incidence angles,

respectively. As mentioned earlier, it is an added advantage of energy-saving glasses

that they provide good WLAN confinement and security due to the IR attenuation;

therefore it is recommended that, by etching an FSS, this property should not be

degraded significantly.

Figure 6.4 also shows the transmission response of the cross-dipole FSS designed

on the coated side of HP SuncoolTM. It should be noted that the dimensions of the

unit-cell and the cross-dipole FSS have been selected in such a way that it resonates

at 1.3 GHz. This resonance frequency is slightly less than the centre frequency of the

band 800-2200 MHz, i.e. 1.5 GHz. As the coating is not a perfect electric conductor
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Figure 6.4 Theoretical TE transmission results of HP SuncoolTMwith full

coating and cross-dipole FSS designed on the coated side of the glass sample.

(PEC), it is difficult to obtain a sharp resonance. Therefore, it is intended that the

transmission curve start to roll off before the limiting frequency (2.2 GHz) of the

useful bandwidth to maintain a high transmission loss at 2.45 GHz.

At the resonance frequency of 1.3 GHz, the transmission loss at 0◦, 30◦ and 45◦

incidence angles is 9 dB, 10 dB and 13 dB, respectively. Therefore the transmission

improvement at the resonance frequency is 21 dB, 21 dB and 20 dB, respectively. On

average, about 15 dB of transmission improvement is achieved in the useful frequency

band for normal incidence. Due to the FSS, there is also an increase in transmission

in the WLAN bands. On average, about 6 dB and 5 dB of increase in transmission

is noticed at 2.45 GHz and 5.25 GHz, respectively. For an FSS on a resistive coating

(not a PEC), these results are very encouraging and hence the WLAN security is

maintained at a very reasonable level while the transmission improvement in the
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useful frequency band is quite good.

Another important aspect of FSS design for such energy-saving glass is the degra-

dation in IR attenuation as a result of etching the FSS in the coating. A linear

relationship can be approximated because the percentage decrease in the IR attenua-

tion is directly proportional to the percentage of area removed by the FSS elements.

This important aspect is discussed in Section 6.8.

6.6.2 TE Measured

Figure 6.5 shows the measured results for perpendicular (TE) polarisation. For glass

covered with a full coating, an average transmission loss of 26.7 dB, 27.9 dB and 30

dB can be observed at 0◦, 30◦ and 45◦ incidence angles, in the useful frequency band,

respectively. The transmission loss in this case is slightly less than the theoretical

results due to diffraction from the edges of the measurement setup. For the 2.45 GHz

and 5.25 GHz WLAN bands, the attenuation at 0◦ incidence angle is 24.9 dB and

21 dB, respectively. With the increase in incidence angle, there is a slight change in

transmission at 5.25 GHz while it is 26.5 dB and 27.8 dB for 2.45 GHz at 30◦ and 45◦,

respectively. In this case as well, the theoretical and measured results are in good

agreement.

Figure 6.5 also shows the transmission response of the finite 2×2 cross-dipole FSS

etched on the coated side of a HP SuncoolTMglass sample (shown in Fig. 6.2). The

resonance is observed at about 1.4 GHz, which is close to the theoretical prediction.

The comparison between the measured transmission for normal incidence and the cor-

responding theoretical result is very good in the desired band, especially close to the

resonance frequency. Also, the measured frequency response of this finite FSS is rea-

sonably stable with the angle of incidence, but not as stable as the theoretical results

for the infinite FSS presented earlier. At the resonance frequency, the transmission
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Figure 6.5 Measured TE transmission results of HP SuncoolTMwith full

coating and 2 × 2 cross-dipole FSS etched on the coated side of the glass
sample.

loss at 0◦, 30◦ and 45◦ incidence angles is 9 dB, 12 dB and 15.1 dB, respectively.

Therefore the transmission improvement at the resonance frequency is 18.5 dB, 16.5

dB and 15.4 dB, respectively. On average, about 11.3 dB of transmission improve-

ment is achieved in the desired band for normal incidence, compared with the 15 dB

improvement in the theoretical results. Moreover, about 6 dB of average increase in

transmission (for all angles considered) is noticed at 2.45 GHz. There is about 2 dB

of increase in the transmission loss at 5.25 GHz. Therefore, the measured results are

very encouraging for WLAN confinement and security.
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Figure 6.6 Theoretical TM transmission results of HP SuncoolTMwith full

coating and cross-dipole FSS designed on the coated side of the glass sample.

6.6.3 TM Theoretical

Figure 6.6 shows the theoretical results for parallel (TM) polarisation. With a full

coating, an average transmission loss of 30 dB, 28 dB and 26 dB can be observed

at 0◦, 30◦ and 45◦ incidence angles in the useful frequency band, respectively. The

transmission loss decreases with the increase in incidence angle due to the Brewster

effect. For the 2.45 GHz and 5.25 GHz WLAN bands, the attenuation for normal

incidence is 28 dB and 24 dB, respectively. With the increase in incidence angle, the

attenuation at 5.25 GHz remains almost unchanged while it is 27.5 dB and 26 dB for

2.45 GHz at 30◦ and 45◦, respectively.

The transmission response of the cross-dipole FSS for TM polarisation is also

depicted in Fig. 6.6. At the resonance frequency of 1.3 GHz, the transmission loss

at 0◦, 30◦ and 45◦ incidence angles is 9 dB, 8 dB and 7 dB, respectively. In this case
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the transmission improvement at the resonance frequency of 1.3 GHz is 21 dB, 21 dB

and 20 dB, respectively (same as TE case). On average, about 15 dB of transmission

improvement is achieved in the useful frequency band for normal incidence. In this

case as well, there is an increase in transmission in the WLAN bands. On average,

about 4 dB and 5 dB of increase in transmission is noticed at 2.45 GHz and 5.25

GHz, respectively. This is quite similar to the TE case. Therefore, this particular

FSS design provides good transmission improvement in the useful frequency band

while keeping a WLAN confined and secure.

6.6.4 TM Measured

Figure 6.7 shows the measured results for parallel (TM) polarisation. For coated

glass, an average transmission loss of 26.7 dB, 25.5 dB and 24.6 dB is found at 0◦,

30◦ and 45◦ incidence angles in the useful frequency band, respectively. The Brewster

effect can be noticed in this case as well. For the 2.45 GHz and 5.25 GHz WLAN

bands, the attenuation at a 0◦ incidence angle is 24.5 dB and 20.5 dB, respectively.

The transmission response of the cross-dipole FSS for TM polarisation is also

depicted in Fig. 6.7. Again, the measured results for normal incidence compare

well with the theoretical results for frequencies close to the resonance frequency.

The resonance frequency for the TM case is 1.4 GHz and the transmission loss at

resonance is about 9 dB. Unlike in the theoretical results, an increase in transmission

with incidence angle is observed only for certain frequencies in the desired band. The

transmission improvement at the resonance frequency of 1.4 GHz is 18.2 dB, 17.5

dB and 15.7 dB, respectively, for incidence angles of 0◦, 30◦ and 45◦. On average,

about 11.3 dB transmission improvement is achieved in the desired band for normal

incidence. Also, WLAN confinement and security are quite good in this case as well

for both 2.45 GHz and 5 GHz WLAN bands.
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Figure 6.7 Measured TM transmission results of HP SuncoolTMwith full

coating and 2 × 2 cross-dipole FSS etched on the coated side of the glass
sample.

6.7 Use of Low-Pass FSS for Transmission Improve-

ment

This section describes a low-pass FSS design to improve the transmission of useful

signals through energy-saving glass. Fig. 6.8 shows the unit cell of low-pass FSS

modelled on the coated side of the glass. The dimensions of unit cell (substrate) is

the same as in the cross-dipole case. The surface area removed from the unit cell is

9.75% (9.6% in cross-dipole FSS case).

CST Microwave Studio (frequency-domain solver) was used for simulating low-

pass FSS, and the results are presented in Fig. 6.9. It can be seen that the FSS

provides a very good transmission at low-frequencies, while it decreases with the

increase in frequency, specially after 500 MHz. At 900 MHz, the transmission increase
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Figure 6.8 The dimensions of a unit cell of the low-pass frequency selective

surface.

is 15 dB, while it is 5 dB at 2200 MHz. For cross-dipole case, the transmission

increase is 18 dB and 8 dB respectively, however it is 21 dB at 1.3 GHz (resonance

frequency). Therefore, a resonating FSS was preferred over a low-pass FSS, even when

the difference is marginal. Also, a multi-band resonating FSS may also be considered

for transmission improvement of particular frequency bands (please refer to the paper

presented at WARS conference attached in the appendix).

6.8 IR and Light Transmission through Energy-

Saving Glass due to FSS

In this section, the effect of etching of bandpass FSS apertures on infrared (heat), visi-

ble (light) and microwave transmission through energy-saving glass is investigated. In

order to provide a good transmission solution for the useful RF/microwave frequency
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Figure 6.9 Theoretical transmission results of HP SuncoolTMwith full coat-

ing and low-pass FSS designed on the coated side of the glass sample.

band, the etching of the FSS should not significantly degrade the IR attenuation prop-

erty of the energy-saving glass. The experimental investigation described in Section

6.10 demonstrated that, for infrared wavelengths, a linear proportionality holds be-

tween the percentage area removed and the increase in transmission due to etching of

rectangular apertures of different sizes (for both HP SuncoolTMand OptithermTMSN).

For visible wavelengths, there is almost no change in transmission due to etching. This

experimental study enables us to estimate the change in infrared and visible trans-

mission when an FSS is etched in the coating. On the other hand, at microwave

frequencies, the change in transmission is mainly determined by the resonance of the

aperture, rather than the aperture area.



6.9 Measurement Setup for IR and Visible Light 125

6.9 Measurement Setup for IR and Visible Light

Figure 6.10 shows the inner view of the PerkinElmer Lambda 900 UV/Visible/NIR

(Near Field Infrared) spectrophotometer [118] with a glass sample. This spectropho-

tometer can only transmit signals through a small circular aperture with a diameter

of 20 mm. Hence, it was impossible to measure a large glass sample with an FSS

etched on the coated side. Therefore, firstly, an ordinary (float) glass sample with a

length and a width of 100 mm was placed in front of the circular aperture to mea-

sure the transmission of infrared and visible wavelengths through it. The float glass

response was recorded on a PC connected to the spectrophotometer and was taken

as a reference. Secondly, one sample of each of HP SuncoolTMand OptithermTMSN

having the same length and width as the float glass was placed in front of the circular

aperture and the transmission was measured. Thirdly, a smaller rectangular aperture

was etched in the coating of each sample and the measurement was repeated for the

same wavelengths. Finally, this is repeated with a larger rectangular aperture. The

configurations of the samples are shown in Figs 6.11 and 6.12.

6.10 Measured Results

6.10.1 OptithermTMSN

Figure 6.13 depicts the measured results for OptithermTMSN energy-saving glass for

infrared and visible wavelengths. For reference, the result for float glass without coat-

ing is also depicted. It can be seen that, for the glass sample fully covered with a

coating, about a 62% average decrease in infrared (1200 nm to 1700 nm) transmission

has occurred while the response at visible wavelengths (400 nm to 700 nm) is almost

unchanged. This means that the energy-saving glass is successfully attenuating in-
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Figure 6.10 The inner view of the PerkinElmer Lambda 900

UV/Visible/NIR spectrophotometer with a glass sample.

frared (heat) while being transparent to visible light. When a rectangular 3 mm ×

2.5 mm aperture (aperture 1), aligned to the center of the circular aperture in the

measurement setup, was etched in the glass coating, the measurements show a small

decrease in IR attenuation while the transmission of visible wavelengths is almost

unchanged. When the same process was repeated with a larger 6.5 mm × 3.5 mm

aperture (aperture 2), the results show a further decrease in IR attenuation. The

relationship between the decrease in IR attenuation and the percentage area removed

is discussed in Section 6.11.

6.10.2 HP Suncool TM

Figure 6.14 depicts the measured results for HP SuncoolTMenergy-saving glass for

infrared and visible wavelengths. The results for float glass without coating are also

shown for comparison. As in the previous case, about 60% average decrease in infrared

(1200 nm to 1700 nm) transmission has occurred as a result of the full coating. The
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Figure 6.11 The sample of Pilkington OptithermTMSN, the circular mea-

surement area and the dimensions of two rectangular apertures removed from
the coating.

response at visible wavelengths (400 nm to 700 nm) is different in this case and there

is about 35% average decrease in transmission. The purpose of this attenuation at

visible wavelengths is to stop heat coming into the buildings through visible light.

Therefore, heat in both (light and infrared) forms is attenuated in order to keep

buildings cooler in hot regions. In order to analyse the effect of etching in this case,

a 4 mm × 2.3 mm aperture (aperture 1) was etched in the glass coating such that

it aligns with the centre of the circular aperture of the measurement setup. The

measured result, also shown in Fig. 6.12, indicates a decrease in IR attenuation while

the transmission of visible wavelengths is almost unchanged. The same process was

repeated with a larger 6.9 mm × 3.5 mm aperture (aperture 2) and the results show

a further decrease in IR attenuation.
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Figure 6.12 The sample of Pilkington HP SuncoolTM, the circular measure-

ment area and the dimensions of two rectangular apertures removed from the
coating.

6.11 Effect of Removal of Coating on Infrared and

Visible Wavelengths

In this section the effect of etching the coating on the transmission of infrared and

visible frequencies through energy-saving glass is discussed.

6.11.1 OptithermTMSN

In Fig. 6.15 the transmission of IR and visible waves is plotted against the percentage

of area removed for OptithermTMSN. The wavelengths considered are 1200 nm, 1500

nm, 400 nm and 700 nm. From Fig. 6.9, the area of the circle is 314 mm2, while

the areas of aperture 1 (small) and aperture 2 (large) are 7.5 mm2 and 22.75 mm2,

respectively. Therefore, these rectangular apertures take up 2.4% and 7.2% of the
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Figure 6.13 The response of OptithermTMSN glass with no coating, full

coating, aperture 1 and aperture 2, at infrared and visible wavelengths.

circle area.

From Fig. 6.13, when the surface is not etched, the infrared transmission per-

centage at 1200 nm and 1500 nm wavelengths is 23.4% and 14.8%, respectively. For

aperture 1, at the same wavelengths, the transmission percentage is 26.6% and 19.2%,

while for aperture 2 these values are 31.4% and 25.7%, respectively. These changes in

the infrared transmission percentage are plotted against the percentage area removed

in Fig. 6.15. Included in this graph are also the results for a full coating. The small

circles in the graph indicate data points. The graph is then extrapolated to a 10%

etched area, for the FSS application discussed in Section 6.12. The same process

was repeated for a 1500 nm wavelength and it can be seen that there exists a linear

relationship between the transmission percentage and area removed.

Furthermore, to analyse the change in visible-light transmission with the removed
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Figure 6.14 The response of HP SuncoolTMglass with no coating, full coat-

ing, aperture 1 and aperture 2, at infrared and visible wavelengths.

area, two extreme wavelengths of the visible spectrum band, i.e. 400 nm and 700 nm,

are selected and it can be seen from Fig. 6.15 that at both wavelengths there is almost

no change in the transmission. Moreover, for the glass fully covered with coating, the

average transmission is about 77% for both visible wavelengths. This flow of sun

heat coming with light into the buildings can keep buildings warmer in winter and

hence OptithermTMSN is recommended for use in regions with a cool climate. High

transmission at visible wavelengths also helps to improve the aesthetics and provides

a good transparency.

6.11.2 HP Suncool TM

Figure 6.16 shows the corresponding results for HP SuncoolTMin terms of the per-

centage area removed to the change in the infrared and visible transmission. The
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Figure 6.15 The effect of coating removed on the infrared and visible trans-

mission for OptithermTMSN.

area of the circle is the same in this case (314 mm2). Referring to Fig. 6.12, the

areas of aperture 1 (small) and aperture 2 (large) are 9.2 mm2 and 24.15 mm2, and

they take up 7.7% and 2.9% of the circle area, respectively. In this case as well, the

change in infrared transmission is investigated at 1200 nm and 1500 nm wavelengths.

For example, from Fig. 6.12, at 1200 nm wavelength, the transmission percentage

with full coating, with aperture 1, and with aperture, 2 is 23.8%, 26.3% and 32.8%,

respectively. Data for two IR wavelengths are plotted in Fig. 6.16 and it can be seen

that there is again a linear relationship between the percentage area removed and the

percentage infrared transmission.

Figure 6.16 also shows the change in transmission of visible wavelengths (400 nm

and 700 nm) for HP SuncoolTM. The percentage areas removed in this case are the

same as in the infrared case. The change is almost linear in this case as well for
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Figure 6.16 The effect of coating removed on the infrared and visible trans-

mission for HP SuncoolTM.

both wavelengths and an average percentage transmission for the glass covered with

coating is about 59%. As a result, HP SuncoolTMis more suited to regions with hot

weather where it is also required to attenuate the heat from the sun coming into the

buildings. This helps in keeping buildings cooler in summer while maintaining an

acceptable transparency.

6.12 Effect of Etching an Aperture-Type Band-

pass FSS

This section analyses the effect of removal of coating due to etching of a bandpass

frequency selective surface. Cross-dipole aperture-type FSS designs are considered.

First, both theoretically and experimentally, the desirable effect of increased transmis-
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sion at microwave frequencies is investigated. Next, the undesirable effect of increased

transmission of IR waves is estimated, by extrapolating experimental data presented

in the previous section. Fig. 6.1 shows the unit cell of one aperture-type FSS etched

in the coating of HP SuncoolTM. The thickness of the glass, its relative permittivity,

conductivity and the surface resistivity are the same as described in Section 6.1. A

greater inter-element spacing of cross dipoles is selected to achieve a narrow-band FSS

response with a relatively sharp roll-off. Since the coating is not a perfect electric

conductor (PEC), it is quite challenging to attain an ideal resonance.

6.12.1 RF/Microwave Theoretical Results

The unit cell shown in Fig. 6.1 was simulated with a full coating (without cross-

dipole FSS) with properties described in Section 6.1. It can be seen in Fig. 6.17

that, due to the presence of the coating on the glass surface, there is an appreciable

attenuation of useful RF/microwave signals (800-2200 MHz). On average, about 27

dB of attenuation occurs from 800 MHz to 6 GHz.

In the next step, a cross-dipole aperture (8 mm width) is removed from the coat-

ing of the unit cell and the simulation results are depicted in Fig. 6.17. The FSS

resonates at 1.3 GHz, giving a peak transmission coefficient of -9 dB. About 20 dB

of transmission improvement is predicted at 1.3 GHz while an average transmission

improvement of about 15 dB is found in the useful RF/microwave frequency band.

Also, there is an advantage with this design as the increase of transmission in the

WLAN bands is small, which is desirable to maintain WLAN confinement and secu-

rity. At 2.45 GHz the transmission is increased by only 5 dB while at 5.25 GHz it

is 4 dB. Therefore, this design can be useful in practice where a confined and secure

WLAN is a requirement. The percentage area removed from the unit cell due to the

FSS is 9.6%.
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Figure 6.17 Theoretical transmission of HP SuncoolTMwith full coating,

with 8 mm and 4 mm cross-dipole FSSs etched in the coating.

Figure 6.17 also shows the theoretical transmission results for an aperture-type

cross-dipole FSS with a smaller (4 mm) aperture width. In this case, the resonance

frequency shifts slightly downwards and a reduction in peak transmission can also be

noticed (compared to an FSS with an 8 mm aperture). The transmission improve-

ment at resonance is about 16 dB while the average improvement in transmission is

approximately 12 dB. At 2.45 GHz WLAN frequencies the transmission is increased

by only 3.5 dB while at 5.25 GHz it is 2.5 dB. Therefore, the FSS with an 8 mm

aperture is preferred for a practical design (over the 4 mm one) due to its better

transmission improvement in the RF/microwave band. On the other hand, the 4 mm

aperture causes less degradation of IR attenuation. Please note that the measured re-

sults for 8 mm aperture FSS are presented in Figs. 6.5 and 6.7, while only theoretical

results for 4 mm aperture FSS are given in this section for comparison.
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6.12.2 Effect at Infrared and Visible Wavelengths and Trade-

Off

To make the 8 mm wide FSS, 9.6% of the coating has to be removed. The resulting

undesirable decrease in the IR attenuation, due to this coating removal, can be esti-

mated using graphs in Figs 6.15 and 6.16. From Fig. 6.16, for HP SuncoolTM, the

resulting increase in IR transmission (at 1200 nm) is 10% (from 23.8% to 33.8%). At

a 1500 nm IR wavelength, the increase is 12.1% (from 19.6% to 31.7%) . There is

almost no change in visible-light transmission. This unwanted decrease in IR atten-

uation can be controlled by reducing the percentage of etching in the coating, but

this also causes a reduction in the transmission of useful RF/microwave signals as

discussed below.

In cases where such an increase in IR transmission is not acceptable, the 4 mm

FSS design may be considered. In this case, only 4.96% of the coating is removed.

From Fig. 6.16, the increase in IR transmission due to this FSS, at 1500 nm, is only

6.2% (from 23.8% to 30%). The cost is a decrease in RF/microwave transmission of 16

dB at the resonance frequency. In brief, a trade-off has to be made when designing an

FSS to balance the improvement in RF/microwave transmission against the decrease

in IR attenuation.

6.13 Production Cost

The cost of energy-saving glass with FSS solution may not be given in absolute terms

at this stage of research, however, the process with which the FSS aperture is applied

to the coated side may determine the cost of end product. For practical FSS design

with greater unit cell thickness, two different aspects related to mass production of

energy-saving glass (with FSS solution) can be considered. These aspects include
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either pre-production or post-production of FSS filter on energy-saving glass.

In the pre-production process, the FSS may be applied on the glass during sput-

tering process. It can be done by applying an FSS mask pattern on the side of the

glass that needs to be coated. The glass can then be passed through vacuum cham-

bers where the oxide layers are deposited. Once the glass product is ready, the mask

can then be removed, leaving aperture type FSS pattern on the coated side of energy

saving glass. The colour of the glass and the coating has to be the same. There-

fore, the aesthetic sense of the final product will not be affected much, giving a good

see-through effect. This technique may require only one time investment in the glass

production factory. However, the cost may still not be predicted at this early stage

of the research.

In the post-production process, the FSS may be applied on the coated side of

the glass after the glass is manufactured (with coating). In this case, the techniques

like use of laser beams or sand blasts (by applying an aperture type mask on coated

side and blasting with smooth sand particles) can be considered for the production

process. In both the cases, the aesthetic of the glass will not be severely disturbed.

However, in this case, the product cost may be more than the technique described

earlier.

6.14 Conclusion

A solution to improve the transmission of RF/microwave signals through energy-

saving glass is presented. It is achieved by designing and etching a cross-dipole

bandpass FSS on the coated side of energy-saving glass. Besides the large increase

in RF/microwave transmission, etching of an FSS in energy-saving glass also leads

to an unwanted increase in IR transmission and associated heat transfer through
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the apertures in the coating. It is required to keep the latter to a minimum level

by etching as little coating as possible. In the infinite FSS presented here, 9.6% of

the coating (by area) is removed in each unit cell. This will cause about the same

percentage increase in the IR transmission.

As the energy-saving coating is made up of metallic oxide (which is not a good

conductor), it is difficult to achieve a strong resonance or sharp roll-off. The FSS

design used in this research can be customised to any frequency band in which a

transmission improvement is required. It also provides good confinement and security

in the 2.45 GHz and 5.25 GHz WLAN bands.

For two types of commercial energy-saving glass, the relationship between the

transmission of infrared and visible waves and the percentage area etched has been

established quantitatively. This relationship is crucial for providing a practical band-

pass frequency selective surface (FSS) solution to improve the transmission of useful

RF/microwave signals through energy-saving glass.

For approximately 20 dB of improvement of microwave transmission at 1.3 GHz

through a glass panel, 9.6% of the coating area should be removed. This increases

IR transmission by 10% (from 23.8% to 33.8%). A narrower (4 mm) FSS improves

microwave transmission by 16 dB at the resonance frequency with a 6.2% increase in

IR transmission. The area removed in this case is 4.96%. Therefore, in cases where a

higher increase in IR transmission is not acceptable, a narrower FSS design may be

considered.

Another way to reduce the increase in IR transmission is to etch the FSS on only

a part of the energy-saving glass panel. This process is simpler and may cost less as

opposed to etching on a full glass sample during manufacturing process. To analyse

this concept, a finite array of 2×2 cross-dipole FSS was etched on part of a glass

sample having a length and a width of 400 mm, by removing 2.4% of the coating. In
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such cases, the improvement in microwave transmission is uniform near the FSS area

but may not be uniform over the whole panel area. To find the practical benefit of this

concept, an FSS should be etched on part of a larger glass sample and transmission

needs to be measured in various locations in a more practical building environment.
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Conclusion

This thesis presents results of my investigations on the design of novel frequency selec-

tive surfaces that target specific applications in wireless communications. Three topics

covered, namely FSS absorb/transmit filters, switchable FSS and FSS for energy-

saving glass, each have the potential to dramatically improve the electromagnetic

architecture of modern buildings and offices. For each topic, detailed measured re-

sults have been presented to confirm theoretical design data for obliquely incident

waves with parallel and perpendicular polarisations. The research on FSS for energy-

saving glass is multi-disciplinary in its approach as it considers IR and visible light

properties as well as microwave performance. Based on the research presented in the

thesis, this chapter highlights the outcomes and contributions that have been achieved

in each of the three topics. After listing the contributions, the chapter concludes with

suggestions for future research.
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7.1 FSS Absorb/Transmit Filters

Two absorb/transmit FSS filter designs have been presented in Chapter 3. The first

FSS design has good absorption characteristics for waves incident normally. This

provides security and/or isolation for 5 GHz WLAN systems. It passes cellular phone

signals and blocks 5 GHz signals by absorbing, as opposed to reflecting. However,

its absorption performance is not stable when TE waves are incident at oblique an-

gles (i.e. perpendicular polarisation). Hence, second FSS design was obtained and

tested, achieving a stable frequency response for both polarisations in a more compact

configuration. Here are the main contributions of this research:

• These are the first FSS spatial filter designs that stop propagation of specific

bands by absorbing as opposed to reflecting, while passing other useful signals.

• Traditional FSS absorbers can only absorb a particular frequency band of in-

terest, while transmission outside the band is attenuated. Moreover, Salisbury

and Jaumman absorbers can absorb only certain frequencies while there is no

transmission outside the band. However, this research showed that signals out-

side the stopband can also be transmitted while achieving good absorption in

the stopband.

• The use of standard 377 Ω resistive sheet is common in previously designed

absorbers. However, in this thesis a 50 Ω resistive sheet was used on one side

of the dielectric material with a cross-dipole FSS. Different levels of absorption

may be obtained by varying the value of the resistive sheet from 10 Ω to 300 Ω

to provide more design flexibility. However, results for only 50 Ω are presented

in this thesis. These dielectric materials with different surface resistivities are

readily available from commercial suppliers.
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• Another important aspect of absorber design is the distance between the ground

plane and the resistive sheet. Previous designs used a standard λ0/4 distance

between the two layers of absorbers. However, in this design, the distance was

successfully reduced to λ0/8, making it more compact which is an important

requirement at lower frequencies.

• This structure can help WLAN providers to: a) Stop people outside their

premises from accessing the service; b) Increase service quality and speed by

physically dividing the service area into several smaller areas and running in-

dependent WLANs in each small area, i.e., reusing channels; and c) By adding

a second resistive FSS layer (in λ0/8 design), the resulting triple-layer ab-

sorb/transmit filter can be incorporated in a wall of a building for advanced

wireless security in such a way that its bi-directional absorbing characteris-

tics can mislead an intruder (the total distance between the edges of the FSS

absorb/transmit filter will still remain close to λ0/4 as in the case of other

conventional absorbers).

7.2 Switchable FSS

Two switchable bandpass FSS designs are presented in Chapter 4. The first design is

a square-loop aperture type FSS while the other design is based on circular-loop aper-

ture. It is experimentally demonstrated that almost 10 dB of additional transmission

loss can be introduced on average, at the resonance frequency for both polarisations,

by switching the PIN diodes to the ON state from the OFF state. The contributions

from this Chapter can be summarised as:

• A single-layer switchable bandpass FSS is presented in this thesis. It has a

stable frequency response for oblique TE and TM incidences and can easily be
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used to electronically reconfigure the electromagnetic architecture of buildings.

The single-layer configuration circumvents the problems of more complicated

multi-layer switchable FSS designs presented in the literature.

• The DC biasing in the design of an active FSS is a real challenge. This re-

search has presented two simple and easy to design biasing schemes. Both

biasing techniques have been designed to have a minimal effect on the overall

electromagnetic behaviour of the active FSS.

• This active FSS, with electronic control, may be used in active radomes, vehi-

cle antennas, active waveguide horns, RCS reduction, reconfigurable reflector

systems and WLANs. It may also find use in electronically reconfiguring the

electromagnetic architecture of buildings.

7.3 FSS for Energy-Saving Glass

Chapter 5 describes characterisation work that was required as a prerequisite before

designing frequency selective surfaces for modern-day energy-saving glass to improve

the transmission of wireless/mobile/cellular communication signals through it. The

relative permittivity and conductivity of glass has been measured accurately in this

work. Chapter 6 presents the practical design of an FSS and its effect on the in-

frared (heat) and visible (light) properties of the energy-saving glass. These are the

contributions arising from these two Chapters.

• Accurate measurements of relative permittivity and conductivity of the glass

and the electrical properties of the coating surface were completed for commer-

cial glass samples. These values are essential for a reliable design of band pass
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FSS for energy-saving glass. Measurements were completed using a parallel-

plate capacitor and waveguide technique.

• The effect of etching an FSS on the transmission of RF/microwave, Infrared

(IR) and light (visible) waves for two types of commercial energy-saving glass

panels is also analysed. The authors of previous research did not consider this

multi-disciplinary aspect of FSS design.

• Practical values of surface resistivity for the glass coating have been used in

the simulations. This made it possible to obtain good agreement between the

theoretical and measured results. This aspect was not considered in previous

research.

• The bandpass FSS can improve the transmission of useful microwave signals

(which are normally attenuated) through energy-saving glass while keeping good

WLAN security and infrared attenuation.

• One of the publications on this research was awarded best paper prize in a con-

ference (Workshop on Applications of Radio Science (WARS), Gold Coast, Aus-

tralia, 10th-12th February 2008). Also, a scholarship of worth 12000 Swedish

Kronas was awarded to me by Lund University, Sweden, on the successful com-

pletion of the glass FSS project.

7.4 Suggestions for Future Research

• The distance between the two layers of absorb/transmit FSS may need to be

further reduced to get a more compact design, specially for low-frequency ap-

plications.
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• In the single-layer active FSS design, the isolation between transmission and

reflection states is experimentally about 10 dB. This isolation is not very strong.

Research can be carried out to increase the value of the isolation by using better

diodes and low-loss substrates. Also, research can be extended by replacing PIN

diodes with varactor diodes to achieve a continuous frequency response rather

than just two states (as in the case of PIN diodes).

Despite the advantages of an active FSS with reconfigurable properties, the cost

of the product remains a big issue. The cost of active devices such as PIN or

varactor diodes in FSS design plays a major role in the final cost. Also, the

requirement of a continuous dc supply for diode biasing requires extra invest-

ment. Research can be extended to find that how to make a smaller FSS that

can serve a larger security area.

• As the wireless technology is changing and new frequency bands are being in-

troduced, the need for a variable FSS filter response will arise with the passage

of time. To obtain this variable/switchable frequency response of an FSS, the

inclusion of active devices such as PIN or varactor diodes in the energy-saving

glass can be investigated.

• For commercial buildings having tubular/curved architecture with energy-saving

glass incorporated in the design, the conventional planar FSS designs may not

be an applicable filter solution. Therefore, research has to be extended towards

the design and development of curved FSSs which is both complex and chal-

lenging compared to the design of a planar FSS (as presented in this thesis).

• As the windows of trains and cars are also using energy-saving glass, the FSS

filter solution can be extended to this technology as well.
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Appendix: Waveguide

Measurement Technique

The block diagram and the setup are depicted in Figs 1 and 2. An X-band waveguide

(WR-90) with cross-section a × b = 22.86 mm × 10.16 mm was used, with TE10 as

the fundamental propagating mode. The frequency range of such a system is 6.6 to

13.1 GHz, corresponding to the frequency band where only the fundamental mode

is propagating. The accuracy of the measurements is important, and for this reason

measurements were only done in the frequency band of 9 to 10 GHz. It is difficult to

obtain good accuracy outside this band [114].

In the waveguide measurements it is crucial that the device under test is shaped

such that it fits exactly into the waveguide. A small air gap between the glass and the

waveguide invalidates the results. The glass sample is placed in the waveguide, well

pressed against the shortening plate. A standing-wave meter is used for measuring

the location of the voltage minima with and without a glass sample. It is also used

for measuring the corresponding 3 dB widths of the voltage minima. Here a method

was used, to measure high values of VSWR (>10), that circumvents the problem of

determining the precise value of a deep minimum. The VSWR is defined as:

S =
Vmax
Vmin

=

√
Pmax
Pmin

=

√
IDmax
IDmin
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Figure 1 Block diagram showing the waveguide measurement method.

when measured with an ordinary quadratic detector diode (where IDmax and IDmin

are maximum and minimum diode currents, Vmax and Vmin are maximum and mini-

mum diode voltages and Pmax and Pmin are maximum and minimum diode powers).

If studied on a linear scale, the SWR pattern is described by cos 2βz. This pattern,

thus, is sinusoidal and can be represented on a circle with circumference λg/2 where

λg is the guided wavelength. Utilising the theorem of intersecting chords and some

other geometric theorems, the VSWR can be calculated as λg/πd, d being the dis-

tance around the circle between the two points where the diode current is twice its

minimum. This is equivalent to finding the distance between the points where the

power is 2Pmin or 3 dB above the minimum. These points are easily found with a

common slotted line, rather than the deep minimum itself [114]. From these measured

values the permittivity and conductivity of the glass can be calculated as follows.

Measurement of Permittivity

Referring to Fig. 3, a coordinate system x, y, z is considered such that the waveguide

occupies 0 < x < a, 0 < y < b, z ≥ 0. The shorted plane is at z = 0 such that the

glass sample occupies 0 < z < z0. The incident waveguide mode is the fundamental
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Figure 2 Waveguide measurement setup.

mode with electric and magnetic field components:

~E(x, z) = E0 sin(πx/a)e−ikzzŷ

~H(x, z) = E0
kz
ωµ0

sin(πx/a)e−ikzzx̂− i π

ωµ0a
E0 cos(πx/a)e−ikzz ẑ

(1)

Here kz =
√
k2 − (π/a)2 =

√
(ω/c0)2 − (π/a)2, is the z-component of the wave

vector and c0 = 1/
√
µ0ε0 is the speed of light in vacuum. The cut-off frequency is

fc = c/2a.

The total electric and magnetic fields are decomposed in their longitudinal com-

ponent ((Ez, Hz) and transverse component ( ~ET , ~HT ). In the area z > z0 the fields

are

~E(x, z) = E0 sin(πx/a)(e−ikzz +Reikzz)ŷ

~H(x, z) = ~HT (x, z) +Hz(x, z)ẑ
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Figure 3 X-band waveguide illustration.

where R is the reflection coefficient and

~HT (x, z) = E0
kz
ωµ0

sin(πx/a)(e−ikzz −Reikzz)x̂

Hz(x, z) = − iπ

ωµ0a
E0 cos(πx/a)(e−ikzz +Reikzz)

In the region 0 < z < z0 the corresponding fields are

~E(x, z) = κ sin(πx/a) sin(k′zz)ŷ

~H(x, z) = ~HT (x, z) +Hz(x, z)ẑ

= i
κk′z
ωµ0

sin(πx/a) cos(k′zz)x̂− i κπ
aωµ0

cos(πx/a) sin(k′zz)ẑ

where k′z =
√

(k′)2 − (π/a)2 and κ is an unknown coefficient. Notice that the bound-

ary condition Ez = 0 at z = 0 is satisfied by this field. The wave number k′ is given

by

k′ = ω
√
µ0εc
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where the complex permittivity of the sample is given by

εc = ε0εr − iσ/ω

If the glass sample has non-zero conductivity, then k′z is a complex number even above

the cut-off frequency. Therefore k′z can be decomposed in to its real and imaginary

parts

k′z = β − iα

The unknown coefficients κ and R are determined from the boundary conditions

at z = z0, i.e.

~E(x, z−0 ) = ~E(x, z+
0 )

~HT (x, z−0 ) = ~HT (x, z+
0 )

This gives a system

κ sin(k′zz0) = E0(e−ikzz0 +Reikzz0)

κik′z cos(k′zz0) = E0kz(e
−ikzz0 −Reikzz0)

From this system it follows that

R =
kz sin(k′zz0)− ik′z cos(k′zz0)

kz sin(k′zz0) + ik′z cos(k′zz0)
e−2ikzz0

=
kzk

′−1
z tan(k′zz0)− i

kzk′−1
z tan(k′zz0) + i

e−2ikzz0

(2)

The standing-wave ratio (SWR) is given by

SWR =
1 + |R|
1− |R|

i.e.

|R| = SWR− 1

SWR + 1

The first maximum of the pattern occurs at zb, which is given by

Re2ikzzb = |R| (3)
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This means that the complex permittivity can be deduced from the equation

R =
SWR− 1

SWR + 1
e−2ikzzb (4)

This is done utilizing a numerical method that can find complex roots to equations.

Determination of SWR

Measuring the position for the node (minimum) in the standing wave pattern (please

see Fig 4) we get

Emin = E0(1− |R|)

Now measure the positions for the two 3 dB levels on both sides of the node, i.e.

where |E| = 2Emin, and let ∆ be the distance between these two positions, as in Fig.

4. Then

|E3dB|2 = E2
0 |(1− |R|eikz∆)|2 = E2

0 |((1− |R| cos(kz∆))− i|R| sin(kz∆))|2

= E2
0(1 + |R|2 − 2|R| cos(kz∆))

Since |E3dB|2 = 2E2
min we get

1 + |R|2 − 2|R| cos(kz∆) = 2(1− |R|)2

and then R is given by

|R| = 2− cos(kz∆)−
√

(cos(kz∆)− 2)2 − 1

Now suppose that the losses in the waveguide are considered (due to ohmic losses

in the walls). Therefore, the wave is also attenuated in a waveguide filled with air,

although the attenuation is very small. In a waveguide without glass sample we have

R = −1 and the electric field is given by (x = a/2)

E(z) = E0(eαze−ikzz − e−αzeikzz) = E0e
αze−ikzz(1− e−2αze2ikzz)
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Figure 4 Standing-wave patterns with and without glass sample. The dis-

tance ∆ d and the difference in distance between two corresponding ∆ 3 dB
values give the conductivity and permittivity of the glass sample.

Hence the same measurement of SWR can be done as above, which gives

e−2αzn = 2− cos(kz∆)−
√

(cos(kz∆)− 2)2 − 1

where it is assumed that e−2α∆ ≈ 1.

For the waveguide with glass sample

E(z) = E0(eαze−ikzz +Re−αzeikzz) = E0e
αze−ikzz(1 +Re−2αze2ikzz)

Following the same method as above we get

|R|e−2αz′
n = 2− cos(kz∆

′)−
√

(cos(kz∆′)− 2)2 − 1
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where z′n is the position of the node in the waveguide with the sample and ∆′ is

the distance between the 3 dB positions. Assuming that the positions of the nodes

with and without the sample are close enough to each other that e−2α(zn−z′
n) ≈ 1 (the

sample needs to be thin), then

|R| =
(2− cos(kz∆

′)−
√

(cos(kz∆′)− 2)2 − 1)

2− cos(kz∆)−
√

(cos(kz∆)− 2)2 − 1




