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Dynamic Control of the Shielding Effectiveness of
Optically Transparent Screens

Quentin Tricas ", Xavier Castel "”, Philippe Besnier

Abstract—This article presents the design, fabrication, and
characterization of an active electromagnetic shield intended to
dynamically protect optical and electromagnetic sensors against
high intensity radiated fields. The shield exhibits high and constant
optical transparency level over the entire visible light spectrum
thanks to a micrometric mesh metal thin film printed on a glass
substrate. The central micrometric mesh area is separated from
the peripheral ground plane of the shield by a peripheral slot.
This slot is fitted out with p-i-n diodes and resistors, connecting
electrically the central micrometric mesh area and the ground
plane. The aim of these components is to dynamically control the
shielding effectiveness of the screen, by using the conducting (ON) or
blocking (OFF) states of the p-i-n diodes. Accordingly, the shielding
effectiveness can be set at high level to protect the system against
high intensity radiated fields, and conversely at low level to both
prevent system electromagnetic self-perturbation and increase the
sensitivity of the internal electromagnetic sensors. Dynamic control
of the shielding effectiveness of the fabricated screen, whose optical
transparency is close to 85% over the entire visible light spectrum,
is fully demonstrated. A shielding effectiveness contrast ranging
from 5 dB to 24 dB between the ON and OFF diode states was
measured in the 2-10.5 GHz frequency range in a reverberation
chamber.

Index  Terms—Electromagnetic shielding, high-intensity
radiated fields (HIRFs), micrometric mesh metal film, optical
transparency, p-i-n diode, reverberation chamber, shielding
effectiveness.

1. INTRODUCTION

IGH-INTENSITY radiated fields (HIRFs) applied to op-
I I tical and/or electromagnetic (EM) sensors can be very
detrimental, creating issues such as performance and data loss,
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hacking, or data corruption, and even partial or total destruction
of the sensors in the most extreme cases [1]-[4]. Conventional
solutions to strengthen electromagnetic shielding against HIRFs
imply the use of enclosures made of conductive panels, and
must be adapted for the shielding screens of optical sensors.
Accordingly, the shields must exhibit high optical transparency
over the entire visible light spectrum to enable sensors to get
optical information. Multiple technical solutions fulfilling these
requirements have been published over the years [5], such as the
use of ultrathin silver film [6], silver nanowires in a transparent
matrix [7]-[9], conducting graphene-based hybrid films [10],
indium tin oxide thin films [11], [12], or mesh metal films
[13]-[15] deposited on glass, polyethylene terephthalate, or free-
standing. The last solution provides high shielding effectiveness
(SE) over the 2-50 GHz frequency range, coupled with high level
of optical transparency (higher than 80%) over the entire visible
range. It is worth noting that both performance depends on the
selected mesh geometrical parameters. A previous work also
demonstrated the possibility to decorrelate the SE response of
the shield and its optical transparency by modifying the edge ter-
mination geometry of the mesh [13]. The measured results were
in full accordance with the analytical transmission line model
developed in the article. In this previous study, the SE value of
the transparent shield was controlled by changing the contact
impedance between the central micrometric mesh area and
its peripheral radio-frequency (RF) ground. This was done by
varying the number of peripheral metal ribbons that connect the
two areas. Nevertheless, this shield, like all the current solutions
previously described, exhibited a single SE level once produced.

Controlling the SE level according to the time fluctuations of
the electromagnetic threat provides technical advantages to elec-
tronic systems. In a constraining electromagnetic environment,
where HIRFs are directed toward the shield, the SE must be as
high as possible, to prevent any functionality loss, or sensors
and embedded electronics damage. In absence of HIRFs, the
shield needs to exhibit low SE for two main reasons: 1) a metal
enclosure including a screen with a high SE will have a high
Q-factor. If electronics inside the enclosure radiate EM waves,
a high Q-factor implies a higher risk of EM self-perturbation;
2) the transparent shield being the window through which the
electromagnetic sensors collect the useful EM signals, a screen
with a high SE restricts their sensitivity. In the frame of an
HIRFs environment, the two previous downsides are generally
neglected, as full protection against HIRFs remains the fore-
most priority to ensure the correct operation of the system.
Without EM threat, these inconveniences must be addressed to
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further optimize the performance of such systems. A suitable
solution would be an optically transparent shield whose SE
can be dynamically controlled to be as high as possible in the
presence of HIRFs, and as low as possible otherwise. For this
specific study, a SE close to 30 dB (25 dB is tolerable) is targeted
in case of interferences. Such solution would offer the optimal
tradeoff between EM shielding and EM detection performance.

Surface mounted devices (SMDs) such as RF diodes [16],
microelectromechanical systems (MEMS) [17], [18], nanoelec-
tromechanical systems (NEMS) and varicaps have long been
used to ensure the reconfigurability of antennas at microwaves
by rerouting the RF currents and thereby adjusting their electrical
lengths [19]-[21]. Furthermore, an example of active EM shield
based on p-i-n diodes was presented in [22]. It was based
on active frequency selective surfaces. The shield exhibited
dynamic SE variation, nevertheless in narrow frequency bands
and without any optical transparency property. Another concept
of active EM shield based on cold plasma was described in
[23]. It was a complete numerical study without any optical
transparency property too. In this article, we investigate an
original shielding solution based on active SMDs, which exhibits
adynamic and controlled variation of its SE on a large frequency
band. This active shield presents a high optical transparency over
the entire visible light spectrum, and its SE is tuned by changing
the contact impedance between its central micrometric mesh
area and its peripheral RF ground through switching SMDs,
namely p-i-n diodes [24].

The rest of this article is organized as follows. Section II de-
tails the principle and the layout of the active shield. Fabrication
process of such shield is described in Section III. Experimental
results are discussed in Section V after the description of the
experimental setup in Section I'V. Finally, Section VI concludes
this article.

II. PRINCIPLE OF THE ACTIVE SHIELD
A. Design Layout

The proposed shielding screen design (see Fig. 1) is built on
a 50 mm square sample of 0.7 mm-thick soda-lime glass, and
is based on a metal layer separated in four main areas. First, a
square micrometric mesh metal layer is located in the center of
the shield. It is structured by a 10 pm-width metal strips with
a 200 pm mesh pitch [see Fig. 1(a)]. Second, the central mesh
is surrounded by a 0.5 mm-width metal strip. Third, a 4.8 mm-
width metal strip covers the external periphery of the sample (see
Fig. 1). It ensures a strong electrical contact between the sample
and the Faraday cage used in the experimental part of the study
(see Sections IV and V). These two metal areas are separated by
a2 mm-width slot [see Fig. 1(b)]. This slot s filled by 0.304 mm-
width metal ribbons (x 132), 0.792 mm-spaced on the four sides
of the sample. On each ribbon, a SMD resistor and a p-i-n diode
will be mounted with the resistor closest to the micrometric
mesh central part (see Figs. 1(b) and 2). A 1.3 mm-side metal
square, electrically connected to the central micrometric mesh
via a 0.709 mm-width diagonal ribbon is located in the lower
left corner of the peripheral slot [see Fig. 1(c)]. This pad is used
to supply direct current (dc) from an external power source to
the p-i-n diodes.

2 pm silver thin film
S nm titanium thin film

Soda-lime glass]

50 mm

S0 mm

0.792 mm 0.01 mm

IO.ISSn m

0.304 mm

<>
0.2 mm

Fig. 1.  (a) Schematic front and side views of the active shield, including close-
ups on the mesh area, (b) the SMD embedding ribbons, and (c) the power cable
connection pad.

’__

| Mesh area

X129 . . .

| External peripheral strip

l__

Fig.2. Schematic drawing of the dc circuit used to supply the 132 p-i-n diodes
with dc current.

B. Central Micrometric Mesh Metal Area

The complete analysis of the SE and optical transparency
of the micrometric mesh metal samples designed with various
geometrical parameters was extensively investigated in [25].
The SE and optical transparency of a fully micrometric mesh
metal shield with identical parameters as the present one (see
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Fig. 1) was measured in [13]. It displayed more than 80% of
optical transparency over the entire visible light spectrum and
a SE higher than 20 dB in the 2-18 GHz frequency range.
These results confirmed that the selected micrometric mesh
parameters will provide high optical transparency and strong
shielding capabilities.

C. Peripheral Slot: Switching Diodes Effect

In a previous article [13], the SE of a micrometric mesh
metal screen was statically adapted by modifying the contact
impedance between the micrometric mesh and the peripheral
metal strip, and thus the RF ground. On the one hand, when
the number of metal ribbons connecting the central micrometric
mesh area and the peripheral strip is low or null, the resulting
SE is low, as the contact impedance between the mesh and the
RF ground is high. On the other hand, when the density of rib-
bons connecting the two parts increases, the contact impedance
decreases thereby improving the SE of the screen. A similar
concept is investigated here, except that the physical addition
or removal of metal ribbons (which implies the design and
fabrication of new shields) is replaced by switching SMDs
mounted on each metal ribbon, which will dynamically control
the SE of the unique shielding screen.

The selected SMD needs to exhibit a low impedance in the
conducting state (ON) in the 2—18 GHz frequency range and a
high impedance in the blocking state (OFF) in the same frequency
range. A fast switching speed is also required, as the SE of
the shield needs to vary rapidly in case of HIRFs emission.
Finally, a small size is also critical, as numerous SMDs have to
be implemented in the peripheral slot of the shield (see Fig. 1).

A p-i-n diode (reference MA4AGFCP910 from MACOM)
was selected here, as its characteristics fitted all criteria. Accord-
ing to the supplier technical specifications [26], its insertion loss
S12 is equal to —34 dB in its blocking state and —0.4 dB in its
conducting state at 2 GHz. Its switching speed is 2 ns, and its
size is lower than 685 pym x 368 pm.

In the present shield design (see Fig. 2), when the p-i-n diodes
mounted on each ribbon are not supplied with dc current (i.e.,
in their blocking state), the ribbons have a negligible effect on
the propagation of the incident EM wave through the shield, as
their impedance are extremely high. Thereby, the peripheral slot
(40.40 mm x 2 mm x 4) surrounding the central mesh area
is seen as almost unobstructed from the standpoint of the EM
waves. Conversely, when the p-i-n diodes are supplied with dc
current and switched in their conducting state, the impedance of
the peripheral ribbons lowers drastically. The large peripheral
slot becomes a succession of smaller ones (0.792 mm x 2 mm
x 32 x 4), each spaced by a conductive ribbon providing a low
impedance path for the RF current.

Peripheral slot sizes were set based on the following criteria.
It is well known that an aperture of length L into an EM shield
allows the transmission of an EM wave if L > %, where A is
the wavelength of the EM wave [27]. Conversely, such aperture
does not significantly impact the SE of the shield if L < %. In
the present study, the lowest wavelength value achieved by the
incident EM equals 16.7 mm (at 18 GHz). In the conducting state

of the p-i-n diodes, peripheral slots have a length of 2 mm (and
2.5 mm in the four corners), which is ~8 times smaller than the
smallest EM wavelength. Hence, the SE of the shield is expected
to remain high in the 2-18 GHz frequency range. Conversely,
the highest wavelength value achieved by the incident EM waves
equals 150 mm (at 2 GHz). In the blocking state, the peripheral
area is equivalent to four larger 40.40 mm x 2 mm slots for the
EM waves. The length of the slots is thus close to a quarter of the
EM wavelength value at 2 GHz. Thereby, the SE of the shield is
expected to significantly decrease.

Each metal ribbon is also fitted with an 8.2 {2 SMD resistor
(reference YAG6435CT-ND from Yageo). Its role is to prevent
any dc current imbalance between the numerous p-i-n diodes
(see Fig. 2). The resistor value was selected to be close to the
series resistance of the p-i-n diodes in their conducting state
(up to 6 2 at 10 GHz [26]), but low enough to minimize the
contact impedance of the ribbons when the diodes are in their
conducting state.

Finally, two additional shields were also designed and fabri-
cated for reference. The first one uses the same layout as shown
in Fig. 1, without any p-i-n diode and resistor. This shield will
emulate the case of ideal diodes in a perfect blocking state.
The second one has 132 full metal ribbons (without any gap).
This shield will emulate the case of ideal diodes in a perfect
conducting state.

III. FABRICATION PROCESS
A. Metal Thin Film Deposition and Etching

A 5 nm/2 pm titanium/silver (Ti/Ag) bilayer was deposited at
room temperature by the RF-magnetron sputtering technique
on 50 mm x 50 mm X 0.7 mm soda-lime glass substrates
with a dielectric permittivity €, = 5.0 and negligible loss at the
operating frequencies. The conductive pattern (see Fig. 1) was
fabricated using conventional photolithography and wet etching
processes. Further details are reported elsewhere [13], [25].

B. SMD Implementation

After the thin film elaboration and engraving steps, p-i-n
diodes and 8.2 () resistors were mounted and connected to
the shield using an electrically conductive die attach adhesive.
A detailed picture is presented in Fig. 3(a). A 1 mm-diameter
and 10 cm-length dc power wire was connected to the pad in
the corner of the shield [see Fig 1(c)]. A spot of nonconductive
adhesive (see blue color in Fig. 4) was also added to prevent
accidental ripping of the wire.

C. 50 Q Transmission Line

A 50 € transmission line was fabricated to measure the S;»
parameter of the p-i-n diode over the entire 2—18 GHz frequency
range. It consisted of a 2.312 mm-length and 200 pm-width
coplanar line with a 30 pum-width gap, made of 5 nm/2 pm
Ti/Ag sputtered bilayer printed on a 0.7 mm-thick Corning 1737
glass substrate (¢, = 5.7 and negligible loss at the operating
frequencies). Conventional photolithography and wet etching
processes were used. The p-i-n diode was connected at both
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Fig.3. (a)Detail picture of the SMDs mounted on the shield and (b) the related
schematic drawing.
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Fig. 4. Global picture of the active shield equipped with the SMDs, and the
dc power wire.

ends of a 0.32 mm-width gap in the middle of the transmission
line using an electrically conductive adhesive.

IV. EXPERIMENTAL SETUP
A. Optical Transparency

Optical transparency of the central micrometric mesh area of
the shield was measured in the 200-1100 nm range in normal
incidence using a PerkinElmer Lambda 365 ultraviolet-visible
spectrophotometer after air (blank) calibration. It is worth noting
that the measured optical transparency includes the Fresnel loss
of the soda-lime glass substrate (4% per side).

B. p-i-n Diode Performance

The p-i-n diode ON- and OFF-state performance was assessed
in the 2—-18 GHz frequency range using the 50 ) transmission

External
Faraday cage

Internal
Faraday cage

2

VNA

71

DC current
source

(
77

RAX,

Mode stirrer Horn antena Sample Wire antena

under test

Fig. 5. Schematic view of the setup used to measure the shield SE variation
versus frequency and dc current.

line previously described. The S;2 parameter of the diode was
measured with a 2 ports Vector Network Analyzer (VNA)
MS4644B from Anritsu under various dc currents supplied
with an external power source (Keithley 2400). The experimen-
tal setup was calibrated using the Short-Open-Load-Through
method.

C. Shielding Effectiveness Measurement

SE measurements were based on the nested reverberation
chamber procedure SE3, as described in [28]. Settings used, as
well as the justification of the dynamic range of the measurement
setup are detailed in [25]. The procedure summarized as follows:
a small Faraday cage (580 mm x 590 mm x 600 mm) with a
15 cm-length wire receiving antenna inside, was placed into
a larger reverberation chamber (2.9 m x 3.7 m x 8.7 m).
This large chamber also held a mode stirrer (see Fig. 5). A
3115 double-ridged transmitting horn antenna (ETS-Lindgren)
was placed into the larger chamber to radiate the EM field in
the 2-18 GHz frequency range. Both wire and horn antennas
were connected to an external 4 ports VNA (from Rhode and
Schwarz). The VNA was calibrated using a full-two-port cali-
bration method. A square aperture was made into the Faraday
cage to receive a specially designed sample-holder. Once placed,
it left a 46.8-mm-side-length-square open window in the cage
(see Figs. 5 and 6 ). The measurement process was twofold: first,
the open-aperture setup (i.e., with the empty sample-holder) was
assessed. Second, the shield was placed in the sample-holder,
as to completely close the aperture, with the SMDs on top
of the shield facing the inside of the cage. The shield was in
galvanic contact with the Faraday cage through its 4.8 mm-width
Ti/Ag strip. The sample-holder on its rear side was fastened with
spread screws. The dc power wire of the shield was connected
to a coaxial cable running from the inside of the Faraday cage
[see Fig. 6(b)] to the power source located outside the large
reverberation chamber. This setup was assessed under various dc
currents. Comparison between the unloaded and loaded Faraday
cage aperture provides the SE of the shield.
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Fig. 6. (a) External picture and (b) internal picture of the Faraday cage setup
used to measure the shield SE variation versus frequency and dc current.
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Fig. 7. Measured optical transparency versus wavelength of the central mi-
crometric mesh Ti/Ag area of the shield. Spectrum of the bare soda-lime glass
is also plotted for comparison.

V. RESULTS AND DISCUSSION
A. Optical Transparency

The central part of the shield, namely the micrometric mesh
Ti/Ag area, exhibits a measured optical transparency in the
visible light spectrum equal to 84% at 400 nm, down to 83%

at 800 nm whereas the bare sodo-lime glass exhibits an optical
transparency of 91% and 90%, respectively (see Fig. 7). The
effect of the micrometric mesh is, therefore, a reduction of 7% in
transparency. It is worth noting that the bare sodo-lime glass ex-
hibits a theoretical optical transparency equal to 92% due to the
Fresnel loss. Accordingly, the theoretical optical transparency
of the micrometric mesh film, computed from [13] is equal
to 83.1%, in full agreement with the measured values above.
Below 300 nm (ultraviolet wavelengths), the sodo-lime glass is
no longer transparent explaining the curve patterns in both cases.
This result demonstrates the relevance of the micrometric mesh
metal layer to protect optical sensors against HIRFs without
compromising on performance.

B. p-i-n Diode Performance

Measurements on the 50 €2 transmission line were carried out
with three values of dc current: without power supply, under
1 mA dc current and under 10 mA dc current (see Fig. 8). The
p-i-n diode exhibits a S; 2 variation of more than 14 dB at 2 GHz
between its blocking state (S;2 = —14.5 dB without power
supply) and its conducting state (S;2 = —0.2 dB under 10 mA
dc current, in accordance with the supplier technical specifica-
tions), confirming thereby its switching capability. However, S ;
variation level at higher frequency rapidly decreases (~6 dB at
18 GHz). It is worth noting that the diode can be set in an inter-
mediate state between its fully conducting and blocking states
through its under-powering (1 mA dc current here). Accordingly,
the resulting S;2 level ranges between the abovementioned two
states.

C. Shield SE Control

The SE of the shield was assessed with the p-i-n diodes in
various states. First, the SE without dc current supply (i.e.,
p-i-n diodes in their OFF state) was measured in the 2—-18 GHz
frequency range. Then, the SE values were measured in the
same frequency range, while dc current was supplied to the
p-i-n diodes (i.e., in their ON state). A 50 mA dc current was
found to be necessary and sufficient to completely switch the
132 diodes of the shield. Measurements with higher dc current
values (150 mA here) showed no significant SE improvement
(see Fig. 9). A large variation of SE is observed in the 2—14 GHz
frequency range in between the case when no dc power supplies
the p-i-n diodes (OFF state) and the case when 50 mA is provided
(ON state). The SE variation between these two states reaches a
maximal value of 24 dB (at 2.8 GHz) and remains significantly
higher than 5 dB in the 2-10.5 GHz frequency range.

However, diodes have practically no effect on the SE variation
beyond 14 GHz (SE values even being slightly worsened by the
activation of the diodes). We postulate that this behavior is due
to the intrinsic performance of the diodes used. Fig. 8 shows
that the diode attenuates the RF signal by only 7 dB on the
50 Q2 transmission line beyond 14 GHz in absence of dc current.
We conclude that the selected diode is not performant enough
to efficiently block RF current at high frequency, thus, why no
significant SE variation is observed beyond 14 GHz.
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Fig. 9. Shielding effectiveness of the active shield versus frequency and dc
current supply. SE of two reference shields are also plotted for comparison.

In the 2—-14 GHz frequency range, we demonstrate that the
shield SE is dynamically controlled. In the framework of opti-
cal/EM sensor protection, this feature can be used to increase
the SE of the shield when HIRFs arise, by providing suitable
dc current. In the absence of HIRFs, the SE can be lowered by
not powering the p-i-n diodes. This prevents self-perturbation
of the sensors by decreasing the Q-factor of their enclosure.
A shield with low SE also helps to increase the sensitivity of the
EM sensors.

Two reference shields (one with full Ti/Ag ribbons and the
other with open Ti/Ag ribbons (without any SMD)) were also
characterized at microwaves. As expected, their SE frame those
of the active shield.

IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 0, NO. 0, 2022

The SE of the reference shield with open Ti/Ag ribbons re-
mains lower than that of the active shield without power supply.
This is probably due both to a masking effect of the SMDs and the
performance of the diodes in their blocking state, which present
a lower impedance than the open ribbons. It is worth noting that
the SE of the open ribbons reference shield is the only one that
increases with frequency. This behavior is due to the capacitive
coupling of the openings made into the peripheral ribbons that
increases as the frequency increases. This leads to a decrease of
the global contact impedance between the central micrometric
mesh area and the peripheral RF metal strip, itself connected
with a very low impedance to the Faraday cage. Hence, when
the operating frequency increases, the SE slightly improves.

The SE of the full Ti/Ag ribbons reference shield remains
higher than that of the active shield supplied with 50 mA dc
current. This result stems from the low impedance of the full
silver ribbons compared with that of the resistors and diodes in
series. We also suspect that the dc power wire could play a role
in lowering SE value at low frequency by acting as an antenna
close to 2 GHz.

Finally, oscillations in SE response of the shields are observed
at various frequencies, independently of the applied dc current.
This phenomenon was already observed on other shield concepts
measured with the same reverberation chamber [13], [25]. These
oscillations are due to the aperture size (50 mm x 50 mm) in the
Faraday cage. When the aperture is unloaded, its dimensions
are in the same order of magnitude as the wavelength of the
RF wave used to assess the SE. This makes this aperture prone
to resonating, the approximation of large apertures being not
applicable in the low frequency range of measurements.

D. Intermediate SE Levels Through Diodes Under-Powering

A partial switch of the p-i-n diodes from their blocking state
to their conducting state can be achieved through their under-
powering (see Fig. 8). Applied directly to the active shield, the
under-powering of the 132 diodes (i.e., with dc current values
lower than 50 mA) provides intermediate and controlled SE
levels (see Fig. 9). This behavior provides a new level of freedom
of the active shield with the perfect control of targeted SE values.

VI. CONCLUSION

The design, fabrication process, and characterization of an
optically transparent EM shielding screen with tunable SE
values have been investigated. The central micrometric mesh
titanium/silver area of the shield exhibits an optical transparency
higher than 80% over the entire visible light spectrum, while
keeping a high SE. The SE variation is achieved thanks to periph-
eral p-i-n diodes that are controlled using dc current. Between the
OFF- and ON-states of the diodes, a SE contrast of up to 24 dB
is measured at 2.8 GHz and remains significantly higher than
5 dB over the 2-10.5 GHz frequency range. Furthermore, this
active shield enables precise control of the SE level by adjusting
the dc current supplied to the p-i-n diodes. This control process
is technically simple, cost-effective, and robust. Its versatility
enables its implementation in systems requiring EM shields
with a dynamically controlled SE, which can be adapted to
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various electromagnetic environment and specifications. Future
research prospects could include the assessment of other p-i-n
diode types, or SMDs. Beyond the commercial-off-the-shelf
solutions, dedicated design of MEMS or NEMS could also be a
research path to improve the shield SE variation amplitude, and
its operating frequency band.
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