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Bi-State Frequency Selective Surfaces Made of
Intertwined Slot Arrays

Andrea Vallecchi, Richard J. Langley, Senior Member, IEEE, and Alexander G. Schuchinsky, F
IEEE

Abstract— Novel arrangements of active frequency selective
surfaces (AFSSs) with integrated voltage control wiring are
proposed for bi-state (transparency/reflectance) operation at
specified frequencies. The AFSSs are comprised of passive arrays
of intertwined patternsof slotsin a conductor screen and an active
dipole array with pin diodes placed either on the same or opposite
sides of a thin dielectric substrate. Simulation and measurement
results show that such AFSSs exhibit good isolation (~ 15 dB)
between thetranslucency and reflection statesat normal incidence
that slightly decreases at oblique incidence. The proposed AFSSs
maintain the high angular and polarisation stability over broad
fractional bandwidths (FBWSs) inherent to the constituent periodic
arrays of intertwined conductor patterns with substantially
subwavelength unit cells. The merits of these AFSS arrangements
also include resilience to parasitic effects of real switches, whose
insertion loss in the on-state only enhances the AFSS on/off
isolation. Such AFSSsar e essential elementsfor reconfiguring and
controlling the electr omagnetic ar chitecture of buildings.

Index Terms—Periodic structures, active frequency selective
surfaces, pin diodes, convoluted conductor pattern, subwavelength
resonance.

I. INTRODUCTION
Convoluted and intertwined conductor patteshfrequency

with diverse polarisations can impinge on FSSs at any angles
after multiple reflections and scatter[ﬁ]herefore, walls
controlling interference and providing shielding in the buildings
require FSSs with a stable frequency and polarisation response
across a wide range of incidence angles.

The dynamic use of the electromagnetic spectrum, which is
now becoming increasingly widespread, poses new challenges
in FSSdesign. In particular, agile FSSs are needed to meet the
requirements of time variable and frequency dependent
propagation conditions. While several methods can be
employed to control the response of an FSS (see a recent review
of reconfigurable metasurfaces and metamateri [7D, a
common and cost-effective approach is based on incorporating
active components into the patterned metallic screen to vary the
reactance of the resonant elem [8]. Nan®eipiconductor
switches, such as pin diodes, have been widely used to realize
bi-state operation of active FSSs (AFSSs) comprised of dipoles
and other resonant elemerfts J[9]-[[L4Recently, bi-state
switchable AFSSs based on the periodic arrays of interwoven
planar spirals with integrated pin diodes have been proposed for
both single and dual polarisation operafion [{BEF]] The
distinctive feature of such arrangements is that the spiral
conductors of the AFSS constituent elements also serve as the
path for supplying dc bias to pin diodes thus eliminating the

selective surfaces (FSSs) enable significant reductions ted of dedicated wiring which may severely distort the RF
the unit cell electrical size and broadening fractional bandwidffSPonse. This approach also dramatically simplifies the AFSS
(FBW) at low resonance frequendes][1]}[#eriodic arrays topology without compromising the FSS performance.
with subwavelength unit cells exhibit high angular and Inthis work we present novel architectures of reconfigurable

polarisation stability and resilience to the heghorder

bi-state AFSSs based on the complementary layout of the

diffraction effects. These properties are instrumental for tHaterwoven spir@andBrigid’s cross affaYS
design of conformal FSSs and FSSs integtat small mobile The AFSSs contaiapatterned conductor sheet walperiodic
terminals, RF front-ends and other devices where a larg&ay of intertwined slots located on one side of a thin dielectric
number of unit cellss necessary for an efficient interaction ofSubstrate. The pin diodes and the strips supplying the dc bias
the array with the incident figd [5]. Such FSSs are also vitallfPrm an active dipole array which is deployed either on the
important for controlling the electromagnetic architecturedther side of the dielectric substrate or interspersed between the

spectral efficiency and security of buildings where the featufdot array elements a single layer AFSS configuration. The
size of building interiors and office roonis commensurate tWo patterned conductors are insulated from each other in both

with wavelengths in the frequency bands designated for inddgnfigurations. The proposed arrangements combine the merits
communications Owing to the complexity of multipath Of passive FSSs with substantially subwavelength unit cells and

propagationin the built environmentelectromagnetic waves 9rids of active dipoles with embedded pin diodes. The
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switchable grid has negligideffect on the passband resonanc
of the slot array in one state of the diodes but acts as a reflec
surface in the other one. It also allows independent contro
the transmission responses at both the vertical and horiza
polarizations. Such AFSSs maintain the virtues of the pass
interwoven arrays while being essentially immune to paras
effects of switches. An important advantage of the propos
AFSSs is that they are manufacturable by standard low ¢
PCB photolithography or inkjet printing combined with surfac
mount technology (SM)Ifor automated component placemer
into the planar AFSS conductor patterns.

The objective of this work was to explore the feasibility
using interwoven conductor patterns in switchable AFS
While our aim here is to demonstrate and prove the concept,
issues of designing a smart wall for a given specification h¢
been addressed in earlier publications. In particular,
convenient and energy efficient way to realize an active w
for controlling the propagation environment is provided by tl
concept of “Intelligent walls” (IW), originally proposed in[[19]]
According to the IW approach, when large cross-sectio
area within building needs to be electromagnetically isolatec
vice-versa using AFSSistead of deploying the AFSS over th
entire wall, which would be costly and energy inefficient, (b)
small fraction of the wall is covered with an AFSS and the I'Fig. 1. (a) Unit cell ofitwo-layer bi-state interwoven 5-fold bifilar spirabt
of the wall is metallizedTypically a 30 cm x 30 cm AFSS will elements with the switchable strip dipoles in the fovegd (view from th
give sufficient control into a small room 4 m x 4 m, furtheback). One pin diode per unit cell is connectedvien the ends of dipol

i ; .Geometrical parameters of the square unit cell: lapieed p = 5.4 mm, spir
panels would be required for larger areas. The metallized Cpitch 2.4 mm, slot width s=0.2 mm and thickness 17.5 piper@don betwee

prevgnts any Sig'_']al from penetrating int_o the wall mate_rial €the free-standing conductor patterns is 0.4 mm. (b)Vatgrit circuits of diode
passing through it, no matter what the signal frequency is asin the forward ¢n) and reverse (off) bias states.

incoming wave is almost totally reflected. Alternatively, th
AFSS areas form the windows with controlled transparency. 0
The paper is organised as follows. The operational princi
of the proposed bi-state AFSS structures capable of switck
between the transparency and reflectance states is illustr
first for the case adisingle polarisation operation in Section liz
The dual polarised intertwined AFSSs, analysed by fuII-wa%
(FW) simulations in CST Microwave Studio (MWS) [21], thig

Off state

On state

details of the pin diode switching circuitry and the distributicg, -30f = .
; ; ; ] : — Ry - Off

of the dc control signals are discussed in Sectivrand IV for = " ——T,-Of

the double and single-layered arrays, respectively. In Seétio 4 I . R‘"“\‘ _On d

the AFSS performance is validated experimentally and i B g

measurement results are discussed in comparison with = : :

predictions of numerical simulationhe main features of the '500 1 2 3 4

AFSSs comprised of the periodic arrays of interwoven slots Frequency [GHz]

summarised in the Conclusion. Fig. 2. Simulated transmittance and reflectance ofR8S with the unit ce

from Fig. 1 at normal incidence of a y-polarized weAren pin diodes are in t

off (solid and dashed lines) awod (dash-dotted and dotted lines) states. |
Il. SINGLE POLARISED BI-STATE INTERWOVENSPIRAL SLOT . ( ; nec | ) ( ines) '
simulations the circuit parameters dg:=2.1Q, L =0.6nH, and C; =0.17

ARRAY WITH SEPARATE SWITCHING LAYER ) )
) _ pF, see datasheets of Infineon diodes BARBY-SC7§ [23].
The unit cell layout of a sample two layer AFSS providing

bi-state response at a single polarization of the incident fielddgms, protruding from adjacent unit cells into the conductor
shown in Fig. 1. In this arrangement, briefly outlingld in J22], petween the turns of the primary spiral slot in a reference unit
periodic array of intertwined bifilar Spil‘a| slots is Combil’led:e”, are intertwined either column- ayw-wise depending on
with abi-state switchable dipole array deployed on the opposifge parity (odd or even number) of spiral folds. Such stacked
side of a thin dielectric substrate. The ends of adjacent Strays exhibit a passband response to one of the incident field
dipoles are interconnected by pin diodes to form columns @p|arisations, whereas they are practically opatprethe
rows, and the biasing voltage is applied at the array periphegythogonal polarisation; tireresonance has broad FBW at

as in a basic activéi-state dipole arrafy [§]-1110n the grossly subwavelength unit cell size<p 4, similarly to the
opposite side of the dielectric substrate, the bifilar spiral slot
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Fig. 3. Unit cell layout of &i-state two layer interwoven 4-fold quadrif
spiral slot AFSS with switching cross dipoles in a sepdeter (view fror
the back). Two pin diodes per unit cell are conriedtetween the arms
adjacent cross dipoles. Geometrical parameters of thealhiattice period
=6 mm, spiral pitch 1.6 mm, spiral conductor width s=@r2 and thickne:
35 pm. Width of cross dipoles is38. mm. The two conductor patterns
printed on 0.8nm-thick dielectric substrate with permittivity= 2.2-j0.000¢

Magnitude [dB]

Frequency [GHz]

Fig. 4. Transmittance and reflectance at normal ince@f the AFSS of Fi
3 when pin diodes are in the off (solid and dashesk)imndon (dash-dotte

and dotted lines) states. In the simulations the cipassimeters ard3; = 2.1
Q, Lg=0.6 nH, andC; = 0.17 pF, see datasheets of Infineon diodes BA|
02v-sc7§123].

arrays of intertwined quadrifilar spiral strjps J4].

The spiral slot array with the square unit cell illustrated ig
Fig. 1a has been simulated in CST MWS using a single unit Cﬁ.\E

shownin Fig. 2 for both the fo and on states of the pin diodes.
Since the slot array is opaque for a horizontally polarised wave
in the specified frequency band, irrespective of the diodes state,
this case is not presented in Fig. 2.

When the biased diodes are in the off state, the two-layer
AFSS is transparent to the illuminating wave in the vicioity
the resonance of the passive intertwined bifilar spiral slot array
In this case the strip dipoles of lengtkp A resonate at a much
higher frequency. Thus, the strip dipoles barely affect the
subwavelength passband resareanf the slot array which has
FBW! ~ 37% at 4 /pl 28, where 4 is the resonance

wavelength at frequency ~ 2 GHz

When the diodes are biasgdthe on state, the columns of
the dipole array performscontinuous conducting strips which
exhibit an inductive impedance and a high-pass filter response
However, given that p< A, the resonance of the spiral array
is significantly below the cut-off frequency of the high-pass
band and the two-layer structure is strongly reflective.

I1l. DUAL POLARISED BI-STATE INTERWOVENSPIRAL SLOT
FSSWITH SEPARATE SWITCHING LAYER

The concept of using dedicated strip asr&y control the
response of the singly polarized interwoven spiral AFSSs
described in the previous section can be extended to the dual
polarization regimeTo this aim, it is possible to combine an
interwoven quadrifilar spiral slot array and a strip mesh with
embedded pin diodes, which bridge the gaps in both horizontal
and vertical stripsf the biasing and switching circulaking
use of SMT componentpin diodes can be depleg without
touching the crossing strips. Then the biasing voltages are
supplied independently to the columns and rows of the array, as
shown in Fig. 3. The widths of the strip conductors and the gaps
across them are dictated by the footprint and package size of
actual pin diodes used the AFSS.

The simulated transmittance and reflectance at normal
incidence of the ASSwith the unit cellof Fig. 3 are displayed
in Fig. 4 for both the forwardof) and reverse (off) bias states
of the pin diodesSimilar to the singly polarized AFSS with the
diodes in the off state, the 2D grid of the crossed dipoles is
ost transparent to the incoming wave near the resonance of
passive FSS of interwoven quadrifilar spiral slots. This

with doubly periodic boundary conditions. The diodes arﬁappens because the latter array resonatesnaich lower

modelled using their simplified equivalent circuits for th

forward and reverse biased stftes [55] depicted in Fig. 1b

‘?requency than the crossed dipoles, whose resonance frequency

is decreased to a relatively small extent only by the off state

At the forward biasdn state), the diode presents a reSiStanc&pacitance of pin diodes. Therefore, the dipole array has

R in series with the packaging inductankce. At the reverse

negligible effect on the passband response of the spiral slot

bias (off state), the circuit becomes a parallel combination afray. When the diodes are switched indhetate, the rows or
R, and C; in series withLg, whereG; is a sum of the device columns of the 2D grid behave as continuous conducting strips,

junction and packaging capacitances; resistaRgetypically

exceeds 10Q and is neglected in the simulations.

which present an inductive impedance and act as a high-pass
filter. But due to the unit cell subwavelength size, the filter
passband is considerably higher than tHeS8 operational

The transmittance and reflectance of the AFSS simulatedfegquency, which results @strongly reflective response. Dual
normal incidence ofa vertically polarized plane wave are polarization operatiois accomplished by applying bias to both

1 FBW is defined as the transmission bandwidth at the reflectance

level |R| =10 dB normalized to the resonance frequency f
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Fig. 5. Unit cell layout of a bi-state single-layatdérwoven 11fold Brigid’s
cross slot AFSS with switchable cross dipoles interspeeseeebn the centr
vertical and horizontal conductors of the resonagsmehts. Two pin diod
per unit cell are connected between the arms of edfacross dipole
Geometrical parameters of the unit cell: lattice pepoel 8.2 mm, conduct
width s=0.25 mm and thickness 35 um. Width of cross dfpisl 0.6 mm. Tt
two conductor patterns are printed on tBthick dielectric substrate wi
permittivity &= 2.2 - j0.0009.

the vertical and horizontal dipole strips.

V.

SINGLE-LAYER DUAL POLARISED BI-STATE INTERWOVEN
SLOT FSSWITH INTEGRATED SWITCHING CIRCUIT

deployedon the same surface. The doubly periodic arrays of
intertwinedBrigid’s crosses, cf. e.g[ [L7[[18]] are particularly
suitable for this purpose. They exhibit broader FBW than th
interwoven quadrifilar spiral arrays with the same periodicity
but have slightly higher resonance frequendies [{[ZB]] In
contrast to the AFSS composed of the interwoven quadrifilar
spiral slot arrays, where the strip grid with diodes must be
placed in a separate layer, the canonical configuration of
complementary intertwine®rigid’s crosses allows the strip
dipoles to be interspersed in the slots to accomplish a single
layer dual polarisedbi-state AFSS with integrated bias
circuitry.

The unit cell layout of the complementary Brigid’s cross
AFSS depicted in Fig. 5 has been designed for a resonance
frequency of about 2 GHz. As apparent, the slot between
conductors at the centre of the unit cell is widened to
accommodate the strip dipoles, whose width is dictated only by
the dimensions of commercially available pin diodes (Infineon
diodes BAR6403W with the larger package SOD323 [P3] have
been used in this example). The SMT type pin diodes bridge the
gaps between strip dipoles in the grid and jump over the
crossing arms of Brigid’s crosses. The biasing voltage applied
at the grid periphery enables independent control of the array
columns and rows and the dual polarized operation of such a

The principles of realizing the bi-state AFSSs with integrategngle-layer AFSS.
bias circuitry described in the previous sections can be appliedrne AFSS with the unit cell layout of Fig. 5 has been
to interleaved array configurations with all the conductorgimylated in CST MV8 at normal and oblique incidenoé TE

Ry [dB]

Ry [dB]

|28 08=0°

- Off/On

40 1 282 0=30°- Off/On [
| A= 0=60°- OfffOn |
~50 1 1 1 1 1 1 1
0.5 1 1.5 2 2.5 3 35 4
Frequency [GHz]
@)
0% 5

|~ 8=0°

- Offon

-40 | 8- 0=30°- Off/On
| &= 0=60° - OffOn
_50 1 1 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3 3.5 4
Frequency [GHz]
(©

T [dB]

=& 0=0°-0ff/On

& 0=30°- OfffOn

1:5 2 25 3
Frequency [GHz]
(b)

Try[dB]

=8 0=0°-Off/On
=& 9=30°— OflOn

- 0=60°- Off/On

1.5 2 2.5 3
Frequency [GHz]
(d)

0.5 1

3.5 4

Fig. 6. Simulated reflectance and transmittance oAfR®8S with the unit cell of Fig. 5 at normal and gbk incidences of (a)-(b) TE and (c)-(d) TM we
when the pin diode switches are in the off (solidd)r@ndon (dashed lines) states. The diode parameters are2 R Ohm, L= 0.6 nH, and C=0.17 pF, s¢

datasheet of Infineon diodes BAR63W-SOD32
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and TM plane waves with the diod&sboth theon and off V. EXPERIMENTAL VERIFICATION

states. The diode models were incorporated in the EM analysisrpe proposed concept of AFSSs based on the complementary
using the equivalent circuits of the diode forward and TeVergQout of the interwoven spiral arrigid’s cross arrays has

bias states shown in Fig. 1(b). The simulated AFSS respongggn validated experimentally. The AFSS prototypes were
shown in Fig. 6 demonstrate that similarly to the interwoveganyfactured by both photolithography and conductive inkjet
spiral slot array described in the previous section, the AFSfinting. The AFSSs fabricated by the two methods have
with the diodes in the off staiepractically transparent at either perforned similarly, albeit the prototypes with inkjet printed
polarization of the incident field near the resonance frequengynquctors exhibited slightly higher losses of extra 1 dB
of the passive intertwineBrigid’s cross slot array. When the Therefore, he measurement resslare presented here only for

diodes are switchedn, the columns and rows of the stripine AFSS specimens fabricated by photolithography.
dipoles form continuous conductor strips isolated at their

crossings. Such a mesh behaves as a high-pass filter AndMeasurement setup
exhibits a substantially reflective isotropic response like that in The fabricated AFSSs have been characterized by both
the two-layer AFSS. transmission and reflection measurements. The measurement
The reflectance and transmittance characteristics displaygetup is shown schematically in Fig. For the transmission
in Fig. 6 at variable incidence angles of TE and TM waves foneasurements, the specimens were fitted in a metallic frame
both the off anan states of the switchable diodes demonstraiglaced between two Rohde and Schwarz HF906 wideband
that in the off state the AFSS exhibits high stability of thdéorns, connected to an HP8510C vector network analyser
resonance frequency in a broad range of incidence angle\atlA). The diffractionby the frame window was calibrated out
both TE and TM wave polarisations. The response remaifisst by characterizing the fixture without samples. Parasitic
fairly stable also in then state. When the diodes are switchedeflections wereaindetectable in theetests.
to the off state, the AFSS is transparent to both TE and TMFor reflectivity measurements, the same wide band horns
polarized waves near the resonance of the passive intertwinegte attached to a NRL (Naval Research Laboratory [25]
Brigid’s cross slot array. The opaqueness of the surface in thboused inside an anechoic chambée specimens were placed
on state slightly decreases at larger incidence angles of T a low density polystyrene supporting structure, surrounded
polarised waves, whereas it improves for obliquely incident Tl pyramidal absorbers. The setup was calibrated without
polarised wavesnhich is consistent with the reflectance trendsample and witla metal plate puin place of the sampl&he
at oblique incidence of strip arr@q measurement accuracy was enharmetime gating to separate
Comparison of the responses of the single- and two-laydte array response from the spurious back scattering caused by
AFSSs show that the two-layer FSS exhibits a higher packagimyltipath propagation.
density pA:,, or equivalently a slightly lower resonance
frequency for a given unit cell size, while the FBW remains’ ) )
nearly the sameA smaller electrical size of the unit cell also_ 1€ manufactured prototype of the AFSS described in
entails higher opaqueness of the AFSS in the diodestate >cction Ill, made by the complementary array of interwoven
due to the progressive broadening of the Iow-frequen&}Jad”f'lar spirals cqmbmed with a conductor strip grid acting
rejection bandn denser strip arrays. Absorhing Cones
Generally, the two-layer AFSS may offer more freedom i
the switching circuitry layoutincluding the possibility of
accommodating wider strips of the cross dipoles to attain

Bi-layer Interwoven Spiral Slot AFSS

Horn

. . . . . . antennas Polystyrene
higher rejection in the specified frequency band withou AFSS JR support
sacrificing the packing density, 4/ and the performance figure >
of merit However, slightly lower performance of the single- Metal -1 |

frame (7)

layer AFSSs may be counterbalanced by the ease and low c
of their fabrication. Besides, the additional constraints impose F
by the interspersion of the grid of strip dipoles into the single L
layer AFSS can be somewhat alleviated by adopting narrow

dipoles and gaps, and diodes with a smaller packegm ‘%’% s

example, the use of the same diodes as in the two-layer AF | g = VNA

described in Section Il would result in a smaller unit cell of th Power supply i 2334
single-layer AFSS and improved performance in both modes 1

operation Fig. 7. Schematic illustration of the reflection (Rhd transmission §

measurement setups. Two horn antennas were used for eachemess
either on the same side or the opposite sides of the A&ISR® and ~
measurements, respectively.

2 The larger packaged diodes have been purposely gepio the single-
layer design to make it compatible with the low cmstductive inkjet printing
and assess this technology in comparison with the standatalithography.
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(b)

Fig. 8. A section of the bi-layer FSS prototype: fajface of the reson:
interwoven spiral slot array; (b) the conductor sgiful with integrated pi
diodes switches. The two conductor patterns are printe 0.8mm-thick
dielectric substrate with permittivity= 2.2-j0.0009 (Taconic TLY5).

0

-10

Magnitude [dB]
ey
S

—R-0Off
gl --1-0f | |
--R-On
-
-40 ; : i i i
1 1.5 2 2.5 3 35 4

Frequency [GHz]

Fig. 9. Reflectance and transmittance of the AFSSJBh‘ measurt
at normal incidence with pin diode switches in thg@flid and dashed line
andon (dash-dotted and dotted lines) states.

asthe switching and biasing circuit, comprised of 49x49 square
unit cells of size p =6 mm, printed on a square 298.7x29
mm? substrate of thickness 0.8 mm with nominal relativ
permittivity & = 2.2— j0.0009 (Taconic TLY%: The periodic

array of intertwined quadrifilar spiral slots and the dipole gri
providing bias to the diodes were printed on the opposite si
of the dielectric substrat&his prototype required the use of
4802 Infineon pin diodes of type BAR64-02V for surfac
mount with package SC[f9 [43]. The top and bottom sides of the
AFSS panel, containing the array of intertwined quadriﬁla{orward voltage of

spiral slots and the strip mesh with the pin diode switches, are
shown in Fig. 8(a) and 8(b), respectively.

The AFSS response was measured in bothothand off
states of the pin diode$o switch the pin diodes into than
state, a forward bias voltage of ~34 V was applied at the
periphery of the FSS panel in the measurement of both
transmission and reflection. In this AFSS the biasing and
switching grid actually consistsf two orthogonal lineabi-
state dipole arrays [PJ-[11L]. Adjacent dipoles bridged by SMT
pin diodes form the grid rows and columns that are connected
in parallel to two pairs of vertical and horizontal bias buses to
which the biasing voltages can be separately applied at the array
periphery This structure reswudtin a mixed series-parallel
electrical configuration for the biasing of the diodé&®r
forward bias, the power supply deliega current of ~34.5 mA,
which is distributed among the rows (or columns) of diodes
supplying each a bias current of ~0.7 mA. The FSS attenuation
was not affected by further increments of the currEat the
case of reverse bias, the power supply was simply disconnected
and no voltage applied to the array.

Fig. 9 shows the transmittance and reflectance of the AFSS
of Fig. 8 for a normally incident wave measuriedboth theon
and off states of the pin diodes. It can be seen that with the
diodes in the off state the structure is nearly transpatiest
small losgsof ~1 dB being due to the diode resistarate¢he
resonance of the intertwined spiral slot array. In this case, the
resonance of the dipole array occurs at a frequency much higher
than that of the spiral slot array at:f1.75 GHz. hemeasured
FBW at the reflectance level of -10 dB is ~34%, and both the f
and FBW are well correlated with simulation results in Fig. 4.
When the diodes are in toa state, the rows or columns of the
horizontal or vertical dipole array behave as continuous metal
strips and produce a high-pass filter respoBszause of the
substantially subwavelength unit cell size, the resonance
frequency of the intertwined spiral slot array is considerably
below the high-pass band, and the overall response of the AFSS
is strongly reflective. These characteristics are in good
agreement wit those predicted by tHewW simulations in CST
MWS displayed in Fig. 4.

C. Single-layer Intertwine®rigid’s Cross Slot AFSS

The prototype of the single layer bi-state AFSS described in
Section IV is shown in FidlO. It is made of a complementary
intertwinedBrigid’s cross array interspersed by the conductor
strip grid acting as the switching and biasing cirCIiite array
comprised of 33x33 square unit cells of gize 8.2 mm each
was fabricated on a 275.8x2758? wide and 0.8nm-thick

bstrate with nominal relative permittivity = 2.2 — j0.0009
g?aconic TLY5). As in the first AFSS prototype, the biasing
and switching grid with embedded pin diodes is formed by two

rthogonal bi-state dipole arralys JOJ-[11] insulated at their

rossing points by the diode packaging. Two Infineon diodes of
§Pe BAR6403W with SMT package SOD3Z3 [43] were
soldered in each unit cellvith a total of 2178 diodes used in
his prototype.
In both the measurements of transmission and reflecion,
~23 V wasupplied to flip the pin diodes
from the off to theon state A mixed series-parallel bias
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Fig. 10. A section of the single-laydri-state AFSS prototype based on
complementary array of intertwind@tigid’s crosses paired taconductor stri
grid with surface mounted pin diodes switches and biasiagit intersperse
between the resonant FSS conductors. The FSS isdante.8mm-thick

dielectric substrate with permittivity= 2.2-j0.0009.

Magnitude [dB]

10

resonance frequenof the Brigid’s cross array. The measured
transmission and reflection characteristics at normal incidence,
shown in Fig.11, demonstrate good agreement with the FW
simulations of the corresponding infinite array modelled in CST
MWS using a single unit cell and periodic boundary conditions.
The response of the single-layer AFSS prototype shown in
Fig. 10 has been measured at oblique incidence of TE and TM
waves. The transmission characteristics measured at incidence
angles of 0°, 30°, and 60° are shown in Rigat the pin diode
switches in both the off (solid lines) aod (dashed lines) states.
Transmission losses when the AFSS operates iartlstate of
switches are in the range 0.6-1.2 dB. The measured
characteristics agree very well with the FW simulation results
shown earlier in Fig. 6, especially when the diodes are in the off
state. When the diodes are in tbe state, the measured
responses of the AFSS exhibit the same trends of the incidence
angle dependences of both TE and TM polarizations as in FW
simulations, but attain higher isolation. The latter is attributed
to higher losses of the diode switches and their solder joints,
which are not fully described by the nominal resistance of the
diode models in the FW simulations. Thus, in this AFSS
arrangement, the real switches with higher losses turn out to
improve the AFS®n/off performance, rather than degrade it.

-40 i i i i H
1 1.5 2 25 3
Frequency [GHz]

Fig. 11. Reflectance and transmittance of the FSS panel rshn
measured at normal incidence with pin diode switchefénoff (solid an
dashed lines) anoh (dash-dotted and dotted lines) states.

distribution networlwas realized by adjacent collinear dipoles
interconnected by pin diodes to form rows and columns that ¢
attactedin parallel to two pairs of vertical and horizontal bias
buses running along the array periphérgr forward bias, the
power supply deliverd a current of ~22.5 mA, which was
distributed across the columns (or rows) of diodes giving ea
a bias current ~0.7 mA. Further increase of the bias current t
no discernible effect on the attenuatitmthe case of reverse
bias, no voltage was applied.

The measured transmittance and reflectance of the AF
illuminated at normal incidence are shown in Rigj.for both

theon and off states of the pin diodes. It appears that the AF! @ -

is practically transparent when the diodes are in the off state ¢ E
exhibit small losss of ~1 dB near the resonance of the
intertwinedBrigid’s cross slot array, as predicted by CST MWS
simulations. Indeed, as discussed in Section 1V, the dipole an
resonance is at a much higher frequency, in spite of the effi
of the parasitic off state capacitance of pin diodes. Therefo
the dipoles weakly affect the passband resonant response
Brigid’s cross array at f =2.1 GHz with the FBW measured at
the level of -10 dB being ~43%. When the diodesimtbe on

' 2
410 |
fas] O~
E-ZO;OPQ'DUDDD Lol o
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&~ ]i A AA FW | Meas
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30 ‘ o
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Fig. 12. Measured transmittance of the AFSS panel sht norme

state, the AFSS beco_mes strongl_y reﬂecm_/e because Co“‘mamd oblique incidence of (a) TE and (b) TM waves wiherpin diode switch
or rows of the vertical or horizontal dipoles behave &are in the off (solid lines) ansh (dashed lines) states. Measured data (st
continuous conducting strips providing a high-pass filtecircle, and triangle markers for 0°, 30°, and 601dence, respectively, fille

response with the cut-off frequency much higher than tt

and empty for the off andn states) are juxtaposed with the correspor
simulated results frofn Fiq] 6 (solid and dashed lines).
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VI. CONCLUSION used. The AFSS structures presented in the paper are readily

A novel class of AFSSs with substantially subwavelengfdaptable to any switch technology _ _
unit cells and integrated biasing wiring has been developed and”All the proposed AFSS designs are compatible with the
tested The presented AFSS arrangements are composed of fgnufacturing processes based upon standard photolithography
periodic complementary arrays of planar interwoven spirals affl inkjet printing and SMT component placement ttlachnlques.'lt
Brigid’s crosseswith the slots spirally wound and intertwinediS &/S0 worth emphasizing that the presented designs are fairly
in adjacent unit cells. The key idea is to purposely leverage tﬂ.@(lble in terms of unit cell size. We aimed at electrically small
subwavelength unit cell size of the patterned conductor screaifit cells < 1/20 of the wavelength at the centre frequency to
with such convoluted and interwoven slot layouts and combi@éhieve high angular stability and a broad operating bandwidth
them with the grids of voltage controlled dipoles with integrategut the unit cell can be made larger, watbmaller number of
pin diodes located either on the same or opposite sides of a ffiiches required for a given aperture size and slightly lower
dielectric substrate. The substantially subwavelength size of fgWer consumption. But this will upset the AFSS performance.
array unit cell ensures that the dipoles resmfar away from Consideration of such factors and the elatade-offs canonly
the array operational frequency and thus weakly interfere whBg addresseq at the level of a specn‘lc design/application that is
the switches are in the off state. Then only the interwoven sfgyond the aim and scope of this paper. _
array determines the AFSS response. Converiselyeon state Finally, itis important to note that the proad EBW gnd high
of the switches, the grid of continuous strips formed by trfRh9ular and polarisation stability of the intertwinBdgid’s
interconnected dipoles enabkehigh isolation response of the C0SS and |r.1tertW|.ned spl'ral arrays are achle\(a}ble with sc'alable
AFSS - in fact, the smaller the unit cell size, the higher tH#it cell dimensions tailored to the specified operational
isolation. As a resultbi-state transparency and reflectance df€duencies. This enables the design and fabrication of compact
specified frequencies are achieved by the AFSS. The grid FSSs for applications in reconfigurable and controllable
dipoles allows switching of columns and rows of diodeglectromagngtlc arch!teqture _of.bundlngs using both the low-
separately thus enabling independent control of the AFS$0st wet etching and inkjet printing fabrication techniques.
transparency for the vertidpl and horizontdy polarized
incident waves. It is important to stress here that the state of the VII. - ACKNOWLEDGEMENT
pin diodes is controlled for the whole AFSS\mjtage applied The authors would like to thank Dr K. L. Ford, Universify o
to the array periphery only but not to individual switches. Sheffield, for useful adviceylichal Cerveny, Czech Technical
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inherent to the passive interwoven arrays. At the same tintke accurate manufacturing of AFSS prototypes. The use of the
they are substantially immune to the effects of switch parasitieegasurement facilities of the Department of Engineering
particularly, the performance degradation caused by the reveB&aence of the University of Oxford is also gratefully
bias capacitance of real switches. Additionally, the inserticacknowledged.
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