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Optically transparent and active square loop coplanar antennas operating in
X-band are investigated in this letter. The frequency tunability is provided by a
surface mounted beam-lead varactor with micrometric size, thereby no-visible to
the naked eye. The influence of the metal mesh parameters on the sheet resis-
tance (from 0.05 Q/sq to 0.54 Q/sq), the optical transparency (from 66% to 89%)
and the microwave performance (return loss, resonance frequency, radiation pat-
tern and gain) of such antennas is evaluated, compared with those of an opaque
counterpart, and finally discussed. This study paves the way of their promising imple-
mentation on new surfaces, namely building and car windows for future wireless
communications systems. © 2017 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4985746]

Nowadays the development of wireless communications and wireless sensors requires emerging
technologies to enhance the communication network performance, especially in dense urban areas.
An attractive possibility concerns the development of optically transparent antennas to improve their
location in the cities by accessing new surfaces, namely glazed surfaces such as building and car
windows. These antennas can be elaborated from transparent and conducting layers printed on such
glass substrates. The most usual material belongs to the transparent and conducting oxide (TCO)
family, namely indium tin oxide (ITO).'~> Hybrid solutions based on TCO materials and ultrathin
metal films are also available®'° such as ITO/metal/ITO multilayers'! or AgHT films (ITO/silver
multilayers printed on polyester substrates).'>!3 Nevertheless the related ohmic loss and skin depth
loss at microwaves are restrictive for antenna applications. In addition, optical transparency depends
on the wavelength value in the visible light spectrum due to interference fringes. Moreover ITO is
based on a critical raw material, namely indium.

An alternative solution has been developed specifically in our Laboratory. It is based on micro-
metric mesh metal films printed on glass substrates.'* Metal layers exhibit low sheet resistance (and
low ohmic loss as a result) and apertures inside the metal layers give the needed and constant optical
transparency in the visible light spectrum (no interference fringes). Metal thickness adjustment pre-
vents any skin depth effect at the operating frequency without affecting the optical transparency
level.'* Optically transparent passive antennas have already been developed from such a material at
various frequencies,'>~!® thereby demonstrating the full relevance of this new technology. Now the
main challenge consists in making such transparent antennas active, i.e. being tunable in terms of
operating frequency'>?’ while keeping up a high level of optical transparency and microwave perfor-
mance. For this purpose, a surface mounted beam-lead varactor with micrometric size has been used
and implemented on such antennas to provide frequency tunability without changing their overall
transparency.”! This tunability is relevant in X-band for radar or satellite communication applica-
tions. The present work focuses on the mesh parameters influence on the active antenna performance
in terms of sheet resistance value in DC mode, optical transparency in the visible light spectrum
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and microwave behavior in X-band (from 8 GHz to 11 GHz). To this end, three transparent anten-
nas have been fabricated with different mesh parameters, characterized and compared to an opaque
counterpart.

The active antenna design is detailed in Ref. 21. It is a square loop coplanar antenna®? (Fig. 1)
consisting of different parts, namely the feeding line, the quarter wavelength matching line and the
square radiating element. The coplanar waveguide (CPW) structure is selected here to clearly help the
fabrication of the transparent antennas. Indeed only one side of the glass substrate needs to be coated
by the transparent and conducting layer. The substrate used here is a 50.8 mm X 50.8 mm X 0.7 mm
1737 Corning glass with the following dielectric characteristics: €, = 5.7 and tan(¢) = 0.006 at 2 GHz.
The conducting layer is a 2 um-thick silver film (the best electrical conductor of the periodic table:
0 4g =6.1 X 107 S/m at room temperature®®) three times thicker than the skin depth value at 10 GHz

(6 = 0.64 um), as follows:'!
1
0= 1
\ wonfor M

where y is the permeability of the free space, f is the operating frequency and o is the conductivity
of the layer.

Three mesh antennas (optically transparent) and a continuous reference counterpart (optically
opaque) have been fabricated with the process fully described elsewhere.'* An ultrathin titanium
underlayer (5 nm-thick) and a continuous silver film (2 pum-thick) are first deposited by the RF
sputtering technique at room temperature. The titanium underlayer is used here only to ensure the
strong adhesion of the silver overlayer onto the glass substrate. Subsequently a standard photolitho-
graphic wet etching process with the appropriate photomasks is used to fabricate the four samples:
a specific mesh one for each transparent antenna and a continuous one for the reference antenna.
Afterwards, stripping of the photoresist leaves each antenna pattern with a periodic array of apertures
in the metal layers for the transparent antennas (see inset in Fig. 1). Each periodic array is charac-
terized by silver strip widths s, and s,, and pitches p, and p, in the x and y directions, respectively
(Fig. 1). Finally a MA46580-1209 beam-lead varactor (outside dimensions: 210 ym X 610 um)
from the M/A-COM Company is soldered with a heat-conductive paste in the middle of the upper
slot of the radiating part of the antennas (where the electromagnetic field is the strongest). Its capacity
value varies from 0.87 pF to 0.17 pF under an external applied DC bias voltage ranging from 2 V
to 12 V, respectively. The mesh parameters of each transparent antenna are detailed in Table I.

FIG. 1. Layout of the transparent frequency-tunable coplanar antenna. Detail of the mesh silver film in inset for (a) Antenna 1,
(b) Antenna 2 and (c) Antenna 3.
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TABLE I. Mesh parameters and related theoretical antenna characteristics.

Antenna 1 Antenna 2 Antenna 3

Ground plane (50.8 mm x 50.8 mm)

Pitch py/py (um) 320/340 3207340 1015/1020
Silver strip width s, /sy (um) 15/20 15/20 15
Sheet resistance Ry, /Ry, (€/sq) 0.13/0.18 0.13/0.18 0.54/0.54
Optical transparency T((%) 82.7 82.7 89.5

Feeding line (1.44 pm x 17.88 pm)

Pitch py/py (um) 95/100 290 715/1015
Silver strip width s, /sy (um) 15 15 15
Sheet resistance R}, /R}, (Q/sq) 0.05/0.05 0.15 0.38/0.54
Optical transparency T((%) 66.0 82.9 88.9

Quarter wavelength matching line (0.1 mm x 4.5 mm)

Pitch py/py (um) 90/110 90/300 90/900
Silver strip width s, /s, (um) 15 15 15
Sheet resistance Ry, /Ry, (€/sq) 0.05/0.06 0.05/0.16 0.05/0.48
Optical transparency T (%) 66.3 73.0 75.5

Square radiating element (4.7 mm X 4.7 mm)

Pitch p,/py (um) 100 290 940
Silver strip width sy /sy (um) 15 15 15

Sheet resistance Ry, /Ry, (Q/sq) 0.05 0.15 0.50
Optical transparency T (%) 66.6 82.9 89.2

The ground plane of the Antennas 1 and 2 is built with the same mesh parameters, and differ-
ent settings are used for the other parts of the antennas. The principal aim is to ensure the strong
matching of the mesh processing on each part of the antennas. According to Ref. 24, each edge
of the mesh parts has to be bordered by a metal strip. Taking the feeding line as an example, the
pitch of the three antennas changes from ~100 um to ~300 ym and ~1000 um, corresponding to
ho/300, Ap/100 and Ay/30 values, respectively (Ag is the value of the working wavelength of the anten-
nas at 10 GHz). Due to the lack of matching between the physical dimensions of the feeding line
(1.44 mm x 17.88 mm) and the above mesh parameters, the shape of the mesh evolves from square
to rectangular (see Antennas 1 and 3) to get a whole number of the elementary meshes. On the
other hand, the silver strip width s can also be slightly adjusted from 15 um to 20 pm to ensure this
whole number. Finally, Antenna 3 is based on the largest mesh parameters for maximizing its optical

transparency.
The sheet resistance of a square mesh metal film is computed as follows:'#
R =2 xR, )
s

where R is the sheet resistance of the continuous silver layer (R; = 8 X 1073 Q/sq) before the mesh
processing. In case of a rectangular mesh, the sheet resistances in x and y directions are:

R =P« R, R=P xR, 3)

SX sy sy Sy

Therefore the sheet resistance value depends on the current propagation direction in the mesh
pattern. It is worth noting that the highest sheet resistance value computed in Table I (0.54 Q/sq)
remains ~10 times lower than that of the multilayer ITO/Cu/ITO solution (4.7 Q/sq)'! and 15 times
lower than that of the commercial solution AgHT-8 (8 ©/sq).!> The lowest sheet resistance value
(0.05 Q/sq) reached with the present technology will bode restricted ohmic loss for the transparent
antennas.

The theoretical optical transparency T in the visible light spectrum (from 400 nm to 800 nm) of
each part of antennas is computing as follows:'*
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* for a square mesh:

2
T(%>=(’$) X Toup X 100 )

* for a rectangular mesh:

Ty =225 YT 5100 (5)

Px Py
where T, is the optical transparency of the bare glass substrate (7, = 0.962 including the Fresnel
loss of the bare glass substrate: 4% for each side). Larger the pitch is (with a constant metal strip
width), higher the optical transparency level is (from 66% to 89%). Optical transparency of the bare
Corning glass substrate equals 92% for comparison.

To be no-visible to the naked eye, the pitch of the mesh has to be smaller than the human visual
acuity: 6, =4.9 x 107 rad or 1.7 arcmin.?> So depending of the location of the transparent antennas,
people can be close to them (the closer distance being equal to the near point viewing distance
d =25 cm), and the value of the pitch to fabricate no-visible antennas will be therefore:>

Pmin = d X tan(B i) (6)

Pmin 18 thereby equal to 100 um at the near point viewing distance and equals to 300 um for d = 0.6 m.

Optical transparency of the antennas has been recorded at normal incidence by a UV-visible
spectrophotometer after air (blank) calibration in the spectral range from 200 nm to 900 nm. A
standard 4-point probe configuration with a regulated current source and a microvoltmeter provides
the sheet resistance R, at room temperature. The accessible area of the ground plane is sufficient for
the sheet resistance measurement, contrary to the other parts of the antennas (Table I). Numerical
simulations of the active antennas have been performed with a continuous silver layer (reference
antenna) using the commercial CST Microwave Studio® software. The mesh antennas have not
been simulated here due to the very high numerical capabilities required. Return loss, resonance
frequency, radiation pattern and gain measurements of the three transparent antennas and of the
opaque counterpart have been carried out in an anechoic chamber from 8 GHz to 11 GHz.

Pictures of the four antennas placed above the laboratory logo are shown in Fig. 2. The theoretical
and measured optical transparencies fit well. A minor difference of about 3% is observed between
the measurement and the theoretical values for Antennas 1 and 2 (Fig. 3). It is a little bit more (~6%)
for Antenna 3 because the light beam size (~ 1 mm X 3 mm) of the spectrophotometer does not
cross enough meshes to have a significant average of the optical transmission value. Compared to
transparent and conducting solutions (such as TCO monolayers and multilayers), the transparency
level remains high and constant over the entire visible light spectrum.

Sheet resistance measurement on each antenna ground plane gives: 0.0073 Q/sq for the reference
antenna; 0.19 Q/sq for Antennas 1 and 2 and 0.91 Q/sq for Antenna 3. These results agree well with the
theoretical values (Table I), except for Antenna 3 due to an overetching effect during the fabrication
process, which reduced the silver strip width from 15 pum to 10 um. Using this last value, R} is
therefore 0.82 Q/sq, value closer to the measured one.

The return loss of each antenna has been measured and compared with that from numerical
results (Fig. 4). It remains lower than -10 dB for all antennas and under each biasing value. The
resonance frequency of the simulated antenna varies from 9.1 GHz to 10.1 GHz, corresponding to a

(a) (5] | BB, (@

0 V—O\‘\
l-lmn;in-n_u‘ll-l- l ! .g!mgnu_‘!uunmmx

j—i 1 €M F——1cm ey

FIG. 2. Pictures of (a) reference antenna, (b) Antenna 1, (¢) Antenna 2 and (d) Antenna 3.
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FIG. 3. Measured (a) ground plane and (b) feeding line transmission spectra of the three transparent antennas. Spectrum of
the bare Corning 1737 glass substrate is also plotted for comparison.
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FIG. 4. Variation of the return loss versus frequency under biasing for (a) numerical results, (b) reference antenna, (c) Antenna
1, (d) Antenna 2, (e) Antenna 3. (f) Variation of the resonance frequency versus biasing for antennas under study.

theoretical frequency tunability equal to 10.4% when the varactor capacitance varies from 0.87 pF
to 0.17 pF, respectively. Frequency tunability is given by the following equation:
A
Tunability (%) = f—f % 100 @)
c
where Af is the variation of the resonance frequency, and f . is the center frequency of the resonance
frequency shift.
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A very close frequency tunability behavior under biasing is measured with the reference antenna
(Table II). For the transparent antennas, larger the mesh pattern is, lower the resonance frequency
is under the same biasing value (Fig. 4.f) and lower the frequency tunability is. These results may
be attributed to a parasitic capacitor effect due to the mesh design of the metal layer. A 400 MHz
frequency shift is observed between the narrowest mesh Antenna 1 and the reference counterpart (4%
of the resonance frequency); 800 MHz (8%) between the largest mesh Antenna 3 and the reference

TABLE II. Variation of the resonance frequency under biasing for antennas under study and the related maximum frequency
tunability.

Resonance frequency (GHz) Frequency tunability (%)
Reference Antenna 9.2-10.2 10.3
Antenna 1 89-9.8 9.6
Antenna 2 8.8-9.6 8.7
Antenna 3 8.6-9.2 6.7
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FIG. 6. Gain measurements versus biasing.

counterpart. A negligible frequency shift (lower than 100 MHz) is measured between the two trans-
parent Antennas 1 and 2. Both of these antennas look similar with a working wavelength/pitch ratio
equals to Ap/300 and Ay/100, respectively. Nonetheless, as mentioned in Ref. 21, a frequency shift
always appears in X-band between the mesh antenna and the reference counterpart. And larger the
pitch is, higher the shift value will be (see Antenna 3). It is worth noting that this transparent antenna
is made from a mesh pattern with Ay/30 ratio value at 10 GHz. These frequency shifts agree with the
results depicted in Ref. 18, whose the narrowest mesh pattern remains closer to Ag/30 at 24 GHz.

The radiation patterns of the antennas are shown in Fig. 5. All antennas exhibit a vertical polar-
ization. The radiation patterns of the reference antenna and of the Antennas 1 and 2 are similar to
those of the numerical results. Ripples are observed on the main E-plane lobe and are caused by
the diffraction effect on the sample edges. Antenna 3 exhibits a different radiation pattern due to its
slack mesh which cannot be considered as a continuous metal layer for an electromagnetic point of
view. Antenna gain variation under biasing is depicted in Fig. 6. Due to the presence of ripples on the
radiation patterns, the gain value is an average between the maximum value of the ripple and the gain
on axis. A value close to 0.5 dBi is obtained for the reference antenna. A 2 dB lower gain is reached
with Antenna 1, and 0.5 dB less with Antenna 2. Despite a negligible effect of the mesh parameter
dimensions of Antennas 1 and 2 on their resonance frequency values, the use of a larger pitch induces
an increase of the sheet resistance value (Table I), and thus of the ohmic loss. This behavior is fully
confirmed by the microwave performance of Antenna 3. Nevertheless, transparent antennas made
from such a material exhibit high microwave performance compared with those made from ultrathin
metal, TCO or multilayer solutions.!!

In this study, three transparent and active antennas have been fabricated and measured with
various optical transparency and sheet resistance values. Antenna tunability is provided by a beam-
lead varactor with micrometric size, thereby with a low visual impact at the near-point viewing
distance, and therefore maintaining the overall antenna transparency. A frequency tunability of ~9%
has been reached with satisfactory return loss and gain values in X-band. Accordingly, some rules
are set out to design such antennas made of mesh metal films. First of all, the conducting layer needs
to be thicker than three times the skin depth value at the operating frequency to suppress any skin
depth loss. Then, to get a homogeneous transparent and invisible layer to the naked eye, the pitch
of the mesh needs to be narrower than the visual acuity at the near-point viewing distance (25 cm)
or larger if the antenna is located further away from the observer. Finally, to get a transparency and
active antenna with microwave performance close to that of an opaque antenna, the pitch of the mesh
needs to be smaller than Ay/100. The width of the metal strips is determined as the best trade-off
between the maximal optical transparency, the minimal sheet resistance and the ease of fabrication
depending directly on the technology available in the Laboratory.
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