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Description

Field of the invention

[0001] The disclosure relates to an apparatus compris-
ing a first layer of electrically conductive material and a
second layer of electrically conductive material. The dis-
closure further relates to a method of manufacturing such
apparatus. The disclosure further relates to a method of
operating such apparatus.

Background

[0002] Apparatus of the aforementioned type may be
used to provide components for signal processing, e.g.
for processing signals in the radio frequency, RF, range.

Summary

[0003] Various embodiments provide an improved ap-
paratus of the aforementioned type which inter alia ena-
bles increased operational flexibility.
[0004] Some embodiments feature an apparatus com-
prising a first layer of electrically conductive material and
a second layer of electrically conductive material, and a
plurality of impedance elements arranged between said
first layer and said second layer, said impedance ele-
ments connecting said first layer with said second layer,
wherein an impedance value of at least some of said
plurality of impedance elements is controllable. By con-
trolling the impedance value of individual ones or at least
some of said plurality of impedance elements, a resulting
coupling between the first and second layers may be in-
fluenced, wherein this coupling inter alia depends on the
spatial distribution of the impedance elements and the
impedance values obtained by said control. This inter
alia enables to control electromagnetic conditions (elec-
tric field and/or magnetic field), particularly local electro-
magnetic conditions in the region of the specific imped-
ance element.
[0005] According to further embodiments said first lay-
er and/or said second layer is a contiguous layer, e.g.
comprising a contiguous area of electrically conductive
material in a plane defined by said layer.
[0006] According to further embodiments, a substrate
layer is provided between said first layer and said second
layer, which enables efficient manufacturing and obtain-
ing a defined geometry such as e.g. a distance between
said first and second electrically conductive layers. Pref-
erably, said substrate layer comprises dielectric (electri-
cally non-conductive) material.
[0007] According to further embodiments, said plurality
of impedance elements are arranged within said sub-
strate layer, which enables a high degree of integration.
[0008] According to further embodiments, at least one
impedance element of said plurality of impedance ele-
ments comprises at least one of: a switch, in particular
an electrochromic switch, a variable capacitor, a diode

(impedance may be controlled by applying a bias volt-
age). According to further embodiments, at least one im-
pedance element of said plurality of impedance elements
may also comprise a combination of two or more of the
aforementioned elements (a switch, in particular an elec-
trochromic switch, a variable capacitor, a diode).
[0009] According to further embodiments, if an imped-
ance element comprises a switch, different impedance
values such as a low resistance (i.e., comparatively low
value of the real part of the impedance) or a high resist-
ance (i.e., comparatively high value of the real part of the
impedance) may be obtained by controlling the switch.
In other words, in a switched-on state of the switch, a
particularly low resistance may be obtained, thus con-
necting the first and second electrically conductive layers
in the region of the specific impedance element via said
low resistance, which e.g. affects the distribution of cur-
rents and/or the current density of the first and second
conductive layers. By contrast, in a switched-off state of
the switch, a usually comparatively high resistance is giv-
en so that substantially no strong effect is obtained with
respect the distribution of currents and/or the current den-
sity of the first and second conductive layers in the region
of the specific impedance element.
[0010] According to further embodiments, switches
may also provide for one or more intermediate switching
states, in addition to the switched-on and the switched-
off state, whereby a respective resistance may be pro-
vided to connect the first and second conductive layers
in the region of the specific impedance element. As an
example, if a switch is designed as a MOSFET, the re-
sistance of its drain-source path may be controlled by
applying a respective voltage to the gate-source path of
the MOSFET.
[0011] According to further embodiments, if an imped-
ance element comprises a variable capacitor (e.g., a var-
actor), different impedance values may be obtained by
controlling the variable capacitor, which affects a capac-
itive coupling between the first and second electrically
conductive layers in the region of the specific impedance
element.
[0012] According to further embodiments, if an imped-
ance element comprises an electrochromic (EC) switch
(e.g., a switch comprising electrochromic material), dif-
ferent impedance values for said impedance element
may be obtained by controlling the EC switch, e.g. by
applying one or more control voltages (and/or an optical
control signal), which, in analogy to the aforementioned
types of impedance elements, affects a coupling between
the first and second electrically conductive layers in the
region of the specific impedance element.
[0013] According to further embodiments, the appara-
tus and/or the impedance elements are configured to
process radio frequency, RF, signals. As an example,
the impedance elements may be chosen and/or config-
ured such that they are capable of handling and/or switch-
ing signals in the RF range. This way, RF signals may
be processed by the apparatus, and the plurality of de-
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grees of freedom regarding the coupling between the first
and second electrically conductive layers (both in terms
of a spatial arrangement of the individual impedance el-
ements and in terms of a degree of e.g. resistive and/or
capacitive (and/or inductive) coupling as enabled by the
individual impedance elements) may be used for said
processing of said RF signals.
[0014] According to further embodiments, one or more
of the following aspects may be considered. From a tech-
nological point of view, RF switches can be clustered in
three groups:

1. Electromechanical switches, which rely on the
principles of electromagnetic (EM) induction and e.g.
use mechanical contacts as part of the switching
mechanism,

2. Solid state switches (e.g., MOSFET (metal-oxide-
semiconductor field-effect transistor)), which rely on
semiconductor technology. It has no moving parts,
but functions similarly as the electromechanical
switch. Semiconductor diodes may also be consid-
ered as solid-state type RF switches, which may e.g.
be controlled by application of a DC (direct current)
bias voltage.

3. Bulk-material tuneable switches - this type of
switches relies on the characteristics of the materials
(substrate) to perform a switching upon being acti-
vated by an external excitation. Examples of these
switches are the abovementioned electrochromic
(EC) switches.

[0015] Further to this classification, according to fur-
ther embodiments, RF switches can be further differen-
tiated by their topology: 1. Single pole double throw (SP-
DT), 2. Multiport switches (SPnT), 3. Transfer switches,
4. Bypass switches. In addition to the abovementioned
top-level classification, according to further embodi-
ments, switches may also be differentiated by their im-
portant characteristics, such as power handling, switch-
ing time, frequency of operation, repeatability, to name
but a few. The highest operational frequency of switches
may be determined by their intrinsic characteristics. For
semiconductor-based switches, the highest frequency of
operation is determined not only by the mobility of the
charge carriers, but also by the characteristics of the
packaging, which, in many cases, limit the highest fre-
quency of operation. As an example, for an RF MEMS
(microelectromechanical system), due to the moving
cantilever, the highest frequency of operation may be
determined by the stray capacitance.
[0016] According to further embodiments, a first group
of one or more impedance elements of said plurality of
impedance elements is provided that comprises a first
type of impedance element, and a second group of one
or more impedance elements of said plurality of imped-
ance elements is provided that comprises a second type

of impedance element which is different from said first
type of impedance element. This further increases oper-
ational flexibility. According to further embodiments,
more than two groups with different types of impedance
elements each may also be provided.
[0017] According to further embodiments, said first lay-
er of electrically conductive material and said second lay-
er of electrically conductive material are arranged sub-
stantially parallel (i.e., enclosing a maximum angle of 5
degrees) to each other, which may e.g. be attained by
arranging said first and second layers of electrically con-
ductive material on respective opposing (e.g. top and bot-
tom) surfaces of a/the substrate layer.
[0018] According to further embodiments, at least
some of said plurality of impedance elements are ar-
ranged in a regular raster along at least one dimension
of said apparatus, wherein preferably said regular raster
is characterized by a respective spacing along said at
least one dimension.
[0019] According to further embodiments, at least one
impedance element of said plurality of impedance ele-
ments comprises a stacked layer configuration having a
plurality of functional layers, wherein said functional lay-
ers are stacked over each other along a stack coordinate,
which stack coordinate is substantially parallel to a sur-
face normal of a surface of the first layer and/or said
second layer. This enables a high level of integration.
According to further embodiments, however, the stack
coordinate may be substantially perpendicular to a sur-
face normal of a surface of the first layer and/or said
second layer.
[0020] According to further embodiments, at least one
capacitive element is connected in series to at least one
impedance element of said plurality of impedance ele-
ments. Said at least one capacitive element may e.g.
operate as a direct current (DC) blocking capacitor pre-
venting an exchange of direct current signal components
between parts of an impedance element and/or the first
and/or second electrically conductive layer.
[0021] According to further embodiments, a plurality of
control lines is provided to control a) at least one individ-
ual impedance element of said plurality of impedance
elements and/or b) a group of several impedance ele-
ments of said plurality of impedance elements. This way,
individual impedance elements may be individually con-
trolled to attain a desired impedance value. Similarly, if
a group of several impedance elements of said plurality
of impedance elements is provided with a common con-
trol line, said several impedance elements of said group
may be controlled simultaneously using said common
control line.
[0022] According to further embodiments, it is e.g. pos-
sible to provide several impedance elements in a desired
spatial pattern and to control said impedance elements
by means of a common control line. As an example, if
several impedance elements are arranged in the sub-
strate layer in the form of a rectangle, a basically cuboid
shape is defined by said rectangle and the portions of
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the first and second conductive layers, whereby e.g. a
resonator may be defined by appropriate control of said
impedance elements. E.g., when controlling said imped-
ance elements to assume a switched-on state, enabling
a low impedance coupling between the first and second
layers in the region of said impedance elements, the re-
spective portions of the cuboid shape may be controlled
to assume a desired electric potential, i.e. the potential
of the second conductive layer, which may e.g. corre-
spond with a reference potential such as e.g. ground po-
tential.
[0023] According to further embodiments, the appara-
tus further comprises a control device for controlling at
least some impedance elements and/or groups of imped-
ance elements of said plurality of impedance elements,
wherein said control device is preferably configured to
control an impedance value of at least some impedance
elements and/or groups of impedance elements of said
plurality of impedance elements.
[0024] According to further embodiments, the control
device may be configured to apply corresponding control
signals to the control lines of the impedance elements
and/or groups of impedance elements (e.g., a respective
drain-source voltage for impedance elements comprising
a MOSFET as a switch, or a (DC) control voltage for
impedance elements comprising a varactor).
[0025] Further embodiments feature a method of man-
ufacturing an apparatus comprising a first layer of elec-
trically conductive material and a second layer of electri-
cally conductive material, said method comprising the
following steps: providing said first layer of electrically
conductive material, providing said second layer of elec-
trically conductive material, providing a plurality of im-
pedance elements between said first layer and said sec-
ond layer, said impedance elements connecting said first
layer with said second layer, wherein an impedance val-
ue of at least some of said plurality of impedance ele-
ments is controllable.
[0026] According to further embodiments, a different
sequence of the aforementioned providing steps is also
possible. As an example, at first, the plurality of imped-
ance elements may be provided, which may e.g. be ar-
ranged within or embedded within a substrate layer. After
this, opposing (e.g. top and bottom) surfaces of the sub-
strate layer may be provided with the first and second
electrically conductive layers.
[0027] Further embodiments feature a method of op-
erating an apparatus comprising a first layer of electrically
conductive material and a second layer of electrically
conductive material, and a plurality of impedance ele-
ments arranged between said first layer and said second
layer, said impedance elements connecting said first lay-
er with said second layer, wherein an impedance value
of at least some of said plurality of impedance elements
is controllable, preferably an apparatus according to any
of the claims 1 to 11, wherein said method of operating
comprises the following steps: configuring one or more
of said impedance elements, operating said apparatus,

and optionally reconfiguring one or more of said imped-
ance elements. The optional step of reconfiguring may
also be performed dynamically, i.e. during an operation
of the apparatus. According to further embodiments, the
steps of configuring and/or reconfiguring may comprise
controlling an impedance value of at least one impedance
element and/or of at least one group of impedance ele-
ments of said apparatus, e.g. to have a predetermined
value. According to further embodiments, the step of op-
erating may e.g. comprise processing one or more sig-
nals, preferably RF signals, by means of said apparatus.
[0028] Further embodiments feature a device for
processing radio frequency, RF, signals, wherein said
device is configured to receive at least one input signal,
wherein said radio device comprises at least one appa-
ratus according to the embodiments and is configured to
process said at least one input signal by means of said
apparatus.
[0029] Further advantageous embodiments of said
method are provided by the dependent claims.

Brief description of the figures

[0030] Further features, aspects and advantages of
the illustrative embodiments are given in the following
detailed description with reference to the drawings in
which:

Figure 1 schematically depicts a cross-sectional
side view of an apparatus according to an
embodiment,

Figure 2 schematically depicts a cross-sectional
side view of an apparatus according to a
further embodiment,

Figure 3 schematically depicts a top view of an ap-
paratus according to a further embodiment,

Figure 4A schematically depicts a simplified flow-
chart of a method of manufacturing an ap-
paratus according to an embodiment,

Figure 4B schematically depicts a simplified flow-
chart of a method of operating an apparatus
according to an embodiment,

Figure 5 schematically depicts a cross-sectional
side view of an apparatus according to a
further embodiment,

Figure 6 schematically depicts a perspective view of
an apparatus according to a further embod-
iment,

Figure 7 schematically depicts a perspective view of
an apparatus according to a further embod-
iment,
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Figure 8 schematically depicts a perspective view of
an apparatus according to a further embod-
iment,

Figure 9A schematically depicts a top view of an ap-
paratus according to a further embodiment,

Figure 9B schematically depicts a perspective view of
the apparatus according to Fig. 9A,

Figure 10 schematically depicts a cross-sectional
side view of an apparatus according to a
further embodiment,

Figure 11 schematically depicts a cross-sectional
side view of an apparatus according to a
further embodiment,

Figure 12 schematically depicts a perspective view of
an apparatus according to a further embod-
iment,

Fig. 13A,

13B schematically depict perspective views of
an electrochromic switch according to fur-
ther embodiments,

Figure 14 schematically depicts a scenario according
to an embodiment, and

Figure 15 schematically depicts a block diagram of a
device according to further embodiments.

Description of the embodiments

[0031] Figure 1 schematically depicts a cross-section-
al side view of an apparatus 100 according to an embod-
iment.
[0032] The apparatus 100 comprises a first layer 110a
of electrically conductive material and a second layer
110b of electrically conductive material, and a plurality
of impedance elements 120 arranged between said first
layer 110a and said second layer 110b, said impedance
elements 120 connecting said first layer 110a with said
second layer 110b, wherein an impedance value of at
least some of said plurality of impedance elements 120
is controllable. By controlling the impedance value of in-
dividual ones or at least some of said plurality of imped-
ance elements 120, a resulting coupling between the first
and second layers 110a, 110b may be influenced, where-
in this coupling inter alia depends on the spatial distribu-
tion of the impedance elements 120 and the impedance
values obtained by said control. This enables to control
electromagnetic conditions (electric field and/or magnet-
ic field, current density), particularly local electromagnet-
ic conditions in the region of the specific impedance el-
ement.

[0033] Exemplarily, one impedance element is denot-
ed with reference sign 120_1. Said impedance element
120_1 comprises a first terminal 120_1a which is con-
nected in an electrically conductive manner to the first
layer 110a and a second terminal 120_1b which is con-
nected in an electrically conductive manner to the second
layer 110b. An optional control line or terminal 120_1c is
also depicted which may be used to control the imped-
ance value of the impedance element 120_1 according
to further embodiments.
[0034] According to further embodiments said first lay-
er 110a and/or said second layer 110b is a contiguous
layer, e.g. comprising a contiguous area of electrically
conductive material in a plane defined by said layer 110a,
110b (said plane extending along the x axis and the z
axis, which is perpendicular to the drawing plane of Fig.
1).
[0035] According to further embodiments, a substrate
layer 130 is provided between said first layer 110a and
said second layer 110b, which enables efficient manu-
facturing and obtaining a defined geometry such as e.g.
a distance (along the y-axis) between said first and sec-
ond electrically conductive layers 110a, 110b. Prefera-
bly, said substrate layer 130 comprises dielectric (elec-
trically non-conductive) material.
[0036] According to further embodiments, said plurality
of impedance elements 120 are arranged within said sub-
strate layer 130, e.g. embedded within the substrate ma-
terial, which enables a high degree of integration.
[0037] According to further embodiments, at least one
impedance element of said plurality of impedance ele-
ments 120 comprises at least one of: a switch, in partic-
ular an electrochromic (EC) switch, and/or a variable ca-
pacitor. According to further embodiments, at least one
impedance element of said plurality of impedance ele-
ments 120 may also comprise a combination of two or
more of the aforementioned elements (a switch, in par-
ticular an electrochromic switch, a variable capacitor).
[0038] According to further embodiments, if an imped-
ance element 120_1 comprises a switch, different im-
pedance values such as a low resistance (i.e., compar-
atively low value of the real part of the impedance) or a
high resistance (i.e., comparatively high value of the real
part of the impedance) may be obtained by controlling
the switch. In other words, in a switched-on state of the
switch, a particularly low resistance may be obtained,
thus connecting the first and second electrically conduc-
tive layers in the region of the specific impedance element
via said low resistance, which e.g. affects the distribution
of currents and/or the current density of the first and sec-
ond conductive layers. By contrast, in a switched-off state
of the switch, a usually comparatively high resistance is
given so that substantially no strong effect is obtained
with respect the distribution of currents and/or the current
density of the first and second conductive layers in the
region of the specific impedance element.
[0039] According to further embodiments, switches
may also provide for one or more intermediate switching
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states, in addition to the switched-on and the switched-
off state, whereby a respective resistance may be pro-
vided to connect the first and second conductive layers
in the region of the specific impedance element. As an
example, if a switch is designed as a MOSFET, the re-
sistance of its drain-source path may be controlled by
applying a respective voltage to the gate-source path of
the MOSFET.
[0040] According to further embodiments, if an imped-
ance element 120_1 comprises a variable capacitor (e.g.,
a varactor), different impedance values may be obtained
by controlling the variable capacitor, which affects a ca-
pacitive coupling between the first and second electrically
conductive layers in the region of the specific impedance
element.
[0041] According to further embodiments, if an imped-
ance element comprises an electrochromic (EC) switch
(e.g., a switch comprising electrochromic material, for
details cf. Fig. 13A, B), different impedance values for
said impedance element may be obtained by controlling
the EC switch, e.g. by applying one or more control volt-
ages (and/or optical control signals), which, in analogy
to the aforementioned types of impedance elements, af-
fects a coupling between the first and second electrically
conductive layers in the region of the specific impedance
element. Details of further embodiments related to EC
switches are explained further below with reference to
Fig. 13A, 13B.
[0042] According to further embodiments, the appara-
tus 100 and/or the impedance elements 120 are config-
ured to process radio frequency, RF, signals. As an ex-
ample, the impedance elements 120 may be chosen
and/or configured such that they are capable of handling
and/or switching signals in the RF range. This way, RF
signals may be processed by the apparatus, and the plu-
rality of degrees of freedom regarding the coupling be-
tween the first and second electrically conductive layer
(both in terms of a spatial arrangement of the individual
impedance elements and in terms of a degree of e.g.
resistive and/or capacitive (and/or inductive) coupling as
enabled by the individual impedance elements) may be
used for said processing of said RF signals.
[0043] According to further embodiments, one or more
of the following aspects may be considered. From a tech-
nological point of view, RF switches can be clustered in
three groups:

1. Electromechanical switches, which rely on the
principles of electromagnetic (EM) induction and e.g.
use mechanical contacts as part of the switching
mechanism,

2. Solid state switches (e.g., MOSFET (metal-oxide-
semiconductor field-effect transistor)), which rely on
semiconductor technology. It has no moving parts,
but functions similarly as the electromechanical
switch.

3. Bulk-material tuneable switches - this type of
switches relies on the characteristics of the materials
(substrate) to perform a switching upon being acti-
vated by an external excitation. Examples of these
switches are the abovementioned electrochromic
(EC) switches.

[0044] Further to this classification, according to fur-
ther embodiments, RF switches can be further differen-
tiated by their topology: 1. Single pole double throw (SP-
DT), 2. Multiport switches (SPnT), 3. Transfer switches,
4. Bypass switches. In addition to the abovementioned
top-level classification, according to further embodi-
ments, switches may also be differentiated by their im-
portant characteristics, such as power handling, switch-
ing time, frequency of operation, repeatability, to name
but a few. The highest operational frequency of switches
may be determined by their intrinsic characteristics. For
semiconductor-based switches, the highest frequency of
operation is determined not only by the mobility of the
charge carriers, but also by the characteristics of the
packaging, which, in many cases, limit the highest fre-
quency of operation. As an example, for an RF MEMS
(microelectromechanical system), due to the moving
cantilever, the highest frequency of operation may be
determined by the stray capacitance.
[0045] According to further embodiments, cf. the con-
figuration 100a of Fig. 2, a first group G1 of one or more
impedance elements of said plurality of impedance ele-
ments 120 is provided that comprises a first type of im-
pedance element, and a second group G2 of one or more
impedance elements of said plurality of impedance ele-
ments 120 is provided that comprises a second type of
impedance element which is different from said first type
of impedance element. This further increases operational
flexibility. According to further embodiments, more than
two groups G1, G2 with different types of impedance el-
ements 120 each may also be provided.
[0046] According to further embodiments, said first lay-
er 110a of electrically conductive material and said sec-
ond layer 110b of electrically conductive material are ar-
ranged substantially parallel (i.e., enclosing a maximum
angle of 5 degrees) to each other, which may e.g. be
attained by arranging said first and second layers 110a,
110b of electrically conductive material on respective op-
posing (e.g. top and bottom) surfaces of the substrate
layer 130.
[0047] According to further embodiments, cf. the con-
figuration 100b of Fig. 3, at least some of said plurality
of impedance elements are arranged in a regular raster
along at least one dimension x, z of said apparatus 100b,
wherein preferably said regular raster is characterized
by a respective spacing d1, d2 along said at least one
dimension. Presently, as can be seen from the top view
of Fig. 3, there are two "rows" R1, R2 of impedance ele-
ments 120, wherein a spacing of adjacent impedance
elements 120 along the axis x is denoted by reference
sign d1, and wherein a spacing of adjacent impedance
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elements 120 along the axis z is denoted by reference
sign d2. According to further embodiments, d1 may be
equal to or different from d2. According to further embod-
iments, non-regular spacings in at least one dimension
or axis x, y are also possible.
[0048] Generally, according to further embodiments,
impedance elements may arbitrarily be placed between
the layers 110a, 110b, for example in all positions where
a coupling between said layers 110a, 110b by means of
said impedance element(s) may be desired or should be
configurable in future. If such coupling will be required in
future, the corresponding impedance element(s) may be
activated by appropriate configuration (e.g., when using
a switch, the switch may be switched on, or when using
a varactor, the capacity may be increased; for this, the
optional control lines may be used). Otherwise, the cor-
responding impedance element(s) may remain deacti-
vated so that substantially no coupling will be effected
(apart from effects due to e.g. a parasitic capacitance of
the impedance element as such and/or a non-ideal open
circuit resistance of a switch in its switched-off state).
[0049] Figure 4A schematically depicts a flow-chart of
a method of manufacturing an apparatus 100 (Fig. 1)
according to an embodiment. Said method comprises
the following steps: providing 200 (Fig. 4A) said first layer
110a (Fig. 1) of electrically conductive material, providing
202 (Fig. 4A) said second layer 110b of electrically con-
ductive material, providing 204 a plurality of impedance
elements 120 between said first layer 110a and said sec-
ond layer 110b, said impedance elements 120 connect-
ing said first layer 110a with said second layer 110b,
wherein an impedance value of at least some of said
plurality of impedance elements 120 is controllable.
[0050] According to further embodiments, a different
sequence of the aforementioned providing steps 200,
202, 204 is also possible. As an example, at first, the
plurality of impedance elements 120 may be provided,
which may e.g. be arranged within or embedded within
a substrate layer 130. After this, opposing (e.g. top and
bottom) surfaces of the substrate layer 130 may be pro-
vided with the first and second electrically conductive lay-
ers 110a, 110b. Other variants with other sequences of
steps are also possible according to further embodi-
ments.
[0051] Further embodiments feature a method of op-
erating an apparatus 100 according to the embodiments,
cf. the flow-chart of Fig. 4B. Said method of operating
comprises the following steps: configuring 210 one or
more of said impedance elements 120, operating 212
said apparatus 100, and, optionally, reconfiguring 214
one or more of said impedance elements 120. The op-
tional step of reconfiguring 214 may also be performed
dynamically, i.e. during an operation of the apparatus
100.
[0052] According to further embodiments, the steps of
configuring 210 and/or reconfiguring 214 may comprise
controlling an impedance value of at least one impedance
element and/or of at least one group of impedance ele-

ments of said apparatus, e.g. to have a predetermined
value. Particularly, the steps of configuring 210 and/or
reconfiguring 214 may be performed in the field, even
dynamically (i.e., when the apparatus is operational), so
that an arbitrary configuration regarding a coupling of lay-
ers 110a, 110b may be attained based on the number
and type and spatial distribution of the impedance ele-
ments 120. In general, preferred embodiments may com-
prise a regular two-dimensional (i.e., matrix type) raster
of impedance elements, for example distributed along
the x-z-plane of Fig. 1 between the layers 110a, 110b,
so that a wide variety of coupling variants may be estab-
lished by configuration for any possible future applica-
tions.
[0053] According to further embodiments, the step of
operating 212 may e.g. comprise processing one or more
signals, preferably RF signals, by means of said appa-
ratus 100.
[0054] Turning to Fig. 14, an application scenario ac-
cording to further preferred embodiments is illustrated.
Block B1 represents a user who receives component re-
quirements A1, e.g. depending on a desired target sys-
tem 1000, cf. Fig. 15, for the apparatus 100. As an ex-
ample, according to further embodiments, the target sys-
tem 1000 may comprise or represent a device 1000 for
processing radio frequency, RF, signals, wherein said
device 1000 is configured to receive at least one input
signal A5 (e.g., an RF signal in the MHz (Megahertz) or
GHz (Gigahertz) range), wherein said radio device 1000
comprises at least one apparatus 100 according to the
embodiments and is configured to process said at least
one input signal A5 by means of said apparatus 100.
Optionally, the device 1000 may output an output signal
A6 based on said processing. As an example, the appa-
ratus 100 may be configured to implement the function-
ality of at least one of the following elements: filter, an-
tenna, waveguide, transmission line, resonator, and the
like.
[0055] Returning to Fig. 14, the user B1 (or a calculat-
ing unit configured to perform these steps) may derive a
component design A2 depending on the component re-
quirements A1 and optionally further restrictions such as
e.g. a target operating frequency range, desired filter
characteristics, power handling capabilities, and the like.
The component design A2 is provided to a control device
B2, 140 (Fig. 1) for controlling at least some impedance
elements and/or groups of impedance elements of said
plurality of impedance elements 120 to implement the
desired functionality as characterized by the component
design A2. The control devices B2, 140 derive suitable
control signals A3 for at least some impedance elements
and/or groups of impedance elements of said plurality of
impedance elements 120 and control the apparatus B3,
100 or its respective impedance elements 120 accord-
ingly. Optionally, according to further embodiments, the
apparatus B3, 100 or its respective impedance elements
120 may provide a feedback or status (update) informa-
tion to the control device B2, 140.
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[0056] According to further embodiments, the recon-
figurability of the apparatus 100 according to the embod-
iments can be realized with a wide range of types of im-
pedance elements such as e.g. varactors or switches,
for example based on MEMS, carbon nanotubes or elec-
trochromic (EC) materials. According to further embodi-
ments, the impedance elements 120, e.g. switches, may
be controlled via the control unit 140 (Fig. 1) (correspond-
ing to block B2 of Fig. 14), that may send respective con-
trol signals, e.g. in the sense of actuation requests, to
the apparatus 100, preferably based on the device/over-
all system/network requirements. As mentioned above,
the control unit 140, B2 may receive the input in the form
of a component design A2 from a user, which may e.g.
be done manually or using computer software. According
to further embodiments, the control unit 140, B2 may then
verify the status of the apparatus 100, e.g. states of in-
dividual impedance elements, and may activate imped-
ance elements, e.g. switches. According to further em-
bodiments, based on performance parameters of the ac-
tuated impedance elements, e.g. switches, (current con-
sumption or voltage drop, for example), the control unit
140, B2 may receive a status response, which may be
used for verification of a correct/incorrect operation.
[0057] Advantageously, according to further embodi-
ments, the configuration of the apparatus 100 (i.e., the
setting of a desired impedance value for at least one con-
trollable impedance element) can be quickly changed,
for example as quickly as a settling time of switches or
varactors used to implement said impedance elements
120. According to further embodiments, if switches are
used to implement said impedance elements 120, a va-
riety of switches or switch types, respectively, can be
used, depending e.g. on application and required power
handling capability. To name just a few: MEMS, PIN,
Schottky cold MESFET (Metal-semiconductor field-ef-
fect transistor), MOSFET. The principle according to the
embodiments lends itself to planar PCB (printed circuit
board), LTCC (low temperature co-fired ceramics) and
IC (integrated circuit) type implementation.
[0058] According to further embodiments, cf. the ap-
paratus 100c depicted by Fig. 5, at least one impedance
element 120_2 (e.g., a switch such as a MOSFET or an
EC-type switch) of said plurality of impedance elements
comprises a stacked layer configuration having a plurality
of functional layers FL, wherein said functional layers FL
are stacked over each other along a stack coordinate sc,
which stack coordinate sc is substantially parallel to a
surface normal sn of a surface of the first layer 110a
and/or said second layer 110b. This enables a high level
of integration. According to further embodiments, how-
ever, the stack coordinate may be substantially perpen-
dicular to a surface normal sn of a surface of the first
layer and/or said second layer, or aligned with any other
direction different from the abovementioned variants.
[0059] As can be seen from Fig. 5, the functional layers
FL of the switch 120_2 are connected with terminals
120_2a, 120_2b to the respective layer 110a, 110b. Op-

tionally, vias 120_2a’, 120_2b’ embedded within the sub-
strate layer material 130’ may be provided between the
functional layers FL and the respective layer 110a, 110b.
A control line 120_2c may also be embedded in the sub-
strate layer material 130’ and enables to provide a control
signal from the control unit 140 to the impedance element
120_2 to control its impedance or switching state.
[0060] According to further embodiments, a layer thick-
ness TS of the optional substrate layer 130 may e.g. range
between 10 mm (micrometer) to several millimeter (mm)
(for example, similar to PCB substrates), preferably be-
tween about 100 mm to several mm.
[0061] Figure 6 schematically depicts a perspective
view of an apparatus 100d according to a further embod-
iment. Apparatus 100d comprises a plurality of imped-
ance elements 120 implemented in the form of switches,
which are embedded in a substrate layer 130 arranged
between the electrically conductive layers 110a, 110b.
As can be seen from Fig. 6, the switches extend vertically
through the substrate layer 130, i.e. parallel to a surface
normal (Fig. 5) of the conductive layers 110a, 110b.
[0062] Advantageously, by opening or closing the
switches 120 according to further embodiments, the local
EM conditions may be strongly affected. As an example,
when a specific switch 120’ is left open, a local value of
current in the region of said specific switch 120’ (also
including portions of the layers 110a, 110b) decreases
(and associated M (magnetic)-field), but a local value of
voltage increases (and associated E (electric)-field). The
situation is reversed when the switch 120’ is closed. Since
a functionality of devices processing signals, e.g. RF sig-
nals, is dependent upon manipulation of magnetic and
electric fields, the actuation of the switches 120 of the
apparatus 100d changes the function of the apparatus
with respect to such signals. The apparatus 100, 100a,
100b, 100c,100d according to the embodiments can ac-
commodate any standard RF device such as filter, an-
tenna, phase shifter, directional coupler; just to name a
few. Furthermore, several of the differing in function de-
vices can be programmed by configuring the apparatus
100d, together with the network of their interconnects
such as transmission lines or waveguides. The configu-
ration of the apparatus 100d can also be reprogrammed
on-demand ("reconfiguration") using the optional control
unit 140, e.g. by providing control signals cs for individual
impedance elements or groups of impedance elements.
[0063] Figure 7 schematically depicts a perspective
view of an apparatus 100e according to a further embod-
iment, which, in contrast to the configuration 100d of Fig.
6, comprises additional direct current (DC) blocking ca-
pacitors BC connected in series with individual switches
120 preventing an exchange of direct current signal com-
ponents between parts of an impedance element (switch)
and/or the first and/or second electrically conductive lay-
er 110a, 110b. Note that DC blocking capacitors may be
provided at both (upper and lower) ends of the switches
120, although, for reasons of clarity, only the lower DC
blocking capacitors BC are depicted by Fig. 7. To sum-
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marize, for an individual switch 120" of the apparatus
100e, a series connection as follows is provided: a portion
of the first layer 110a in the region of said switch 120", a
first DC blocking capacitor BC, the switch 120", a second
DC blocking capacitor BC, a portion of the second layer
110b in the region of said switch 120". Figure 7 also de-
picts a plurality of control lines or inputs CI1, CI2, that
may be embedded in a substrate material of the substrate
layer 130 (Fig. 1), which is not shown in Fig. 7. According
to preferred embodiments, the control inputs CI1, CI2
enable to supply each individual switch 120" (and/or
groups of switches) with a respective control signal cs,
that may e.g. be provided by the optional control unit 140.
[0064] According to further embodiments, operating
voltages for the switches 120 may be highly dependent
on a technology used. For example, for switches based
on PIN diodes, switch ON voltages are up to 1 V, but the
switch ON dc current may exceed a few mA (milliam-
pere). According to further embodiments, for switches
based on MOSFET (CMOS in particular) the switch ON
voltages may go up to 5 V. The switch OFF voltage in
both cases is may be 0 V.
[0065] According to further embodiments, for EC-
based switches, switch ON voltages can go up to 10 V,
while the switch OFF voltages may be negative (around
10 V, too).
[0066] According to further embodiments, if variable
impedance is used, i.e. variable capacitances using sem-
iconductor technology, dc bias voltages can range up to
10s V, where the exact value may be determined by a
breakdown voltage of the particular semiconductor tech-
nology used. According to further embodiments, for EC-
based variable capacitances, the dc bias voltages are up
to 10 V, whereas ferro-electric variable impedance ele-
ments may use high dc voltages, which can go up to 100s
V, depending on the thickness of active ferro-electric
films (thick films require higher dc bias voltages).
[0067] In other words, according to further embodi-
ments, the switches 120 of apparatus 100e, once actu-
ated (i.e., activated) connect a particular point or region
on the top layer 110a to the bottom layer 110b, which
may be a ground plane, resulting in a disturbance of the
electric current in the respective regions of the layers
110a, 110b. This, in turn, results in the re-distribution of
the electric current on the first layer 110a so as to ac-
commodate the newly introduced short to the ground
plane 110b. If the apparatus or device 100e were to op-
erate as an antenna, placing an arbitrary short at any
point of its surface 110a may result in changes of its im-
pedance and radiation characteristics.
[0068] Presently, the switches 120 of the apparatus
100e are arranged in a two-dimensional regular raster,
corresponding to a matrix arrangement, comprising n
many rows an m many columns, so that (n*m) many
switches 120 are provided. Preferably, all n*m many
switches 120 may be individually controlled by means of
said control unit 140, particularly individually switched on
or off independent of a state of other switches. In other

words, this configuration represents a type of "canvas"
on which a wide variety of RF devices can be made, e.g.
by configuring the individual switches 120. According to
further embodiments, instead of switches, particularly EC
switches or MOSFETs, other impedance elements 120
with a controllable impedance may also be used. Accord-
ing to further embodiments, the switches may be consid-
ered to form a n x m matrix, enabling the "drawing" of
various RF circuits. In this way, each switch 120 can be
thought of as a "bit" or "pixel" on the RF canvas provided
in form of said apparatus 100e. By properly actuating the
"bits" or the "pixels" (i.e., the switches 120 or generally
impedance elements 120), various RF components can
be created, such as: antennas, antenna array, filters and
waveguides. According to further embodiments, the
granularity or accuracy of the devices that can be created
in this way depends on a "density" of the switches and/or
on their spatial distribution between the layers 110a,
110b.
[0069] Figure 8 schematically depicts a perspective
view of an apparatus 100f according to a further embod-
iment. Here, the switches 120, which may e.g. be EC
switches, are made on a separate layer and laid out hor-
izontally, as opposed to the embodiment depicted in Fig.
7, which shows the switches placed vertically. The real-
ization of Fig. 8 allows more efficient integration since
each functional layer FL (Fig. 5) of the switches 120 can
be deposited on top of each other, also allowing for a
greater level of integration. Vias VI through the substrate
layer 130 are provided to electrically connect the switch-
es 120 with blocking capacitors BC.
[0070] According to further embodiments, a plurality of
control lines CI1, CI2 (cf. Fig. 7, 8) is provided to control
a) at least one individual impedance element of said plu-
rality of impedance elements and/or b) a group of several
impedance elements of said plurality of impedance ele-
ments. This way, individual impedance elements 120
may be individually controlled to attain a desired imped-
ance value. Similarly, if a group G1, G2 (Fig. 2) of several
impedance elements of said plurality of impedance ele-
ments is provided with a common control line, said sev-
eral impedance elements of said group G1, G2 may be
controlled simultaneously using said common control
line.
[0071] According to further embodiments, it is e.g. pos-
sible to provide several impedance elements in a desired
spatial pattern and to control said impedance elements
by means of a common control line. As an example, if
several impedance elements are arranged in the sub-
strate layer 130 (Fig. 1) in the form of a rectangle, a ba-
sically cuboid shape is defined by said rectangle and the
portions of the first and second conductive layers 110a,
110b, whereby e.g. a resonator may be defined by ap-
propriate control of said impedance elements. E.g., when
controlling said impedance elements to assume a
switched-on state, enabling a low impedance coupling
between the first and second layers 110a, 110b in the
region of said impedance elements, the respective por-
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tions of the cuboid shape may be controlled to assume
a desired electric potential, i.e. the potential of the second
conductive layer, which may e.g. correspond with a ref-
erence potential such as e.g. ground potential.
[0072] According to further embodiments, as already
mentioned above, the apparatus 100, 100a, 100b, 100c,
100d, 100e, 100f further comprises a control device 140
for controlling at least some impedance elements 120
and/or groups G1, G2 of impedance elements of said
plurality of impedance elements 120, wherein said con-
trol device 140 is preferably configured to control an im-
pedance value of at least some impedance elements
and/or groups of impedance elements of said plurality of
impedance elements 120. The control unit 140 may thus
perform a configuration and/or reconfiguration of the ap-
paratus, also cf. steps 210, 214 explained above with
reference to Fig. 4B.
[0073] According to further embodiments, the control
device 140 (Fig. 1) may be configured to apply corre-
sponding control signals to the control lines 120_1c of
the impedance elements 120_1 and/or groups of imped-
ance elements (e.g., a respective drain-source voltage
for impedance elements comprising a MOSFET as a
switch, or a (DC) control voltage for impedance elements
comprising a varactor).
[0074] According to further embodiments, depending
on the size of the apparatus 100g ("RF canvas"), cf. Fig.
9A, 9B, and the volume density of the impedance ele-
ments 120, e.g. RF switches, the apparatus 100g may
support the simultaneous configuration of more than one
device. Figure 9A depicts a top view of the apparatus
100g which comprises a regular switch matrix as e.g.
explained above with reference to Fig. 7, wherein the first
layer 110a is not shown, and wherein switches that are
not activated (i.e., in their switched-off or high-impedance
state) are not shown either for the sake of clarity. It can
be seen that the currently activated switches delimit var-
ious regions of the apparatus 100g thus defining a plu-
rality of components, which may - together with the layers
110a, 110b - be used for processing of signals, e.g. of
RF signals. As an example, a first region RE1 defines an
antenna array comprising individual antennas ant1, ...,
ant12, also collectively denoted with reference sign ANT
in Fig. 9B. A second region RE2 defines a substrate in-
tegrated waveguide (SIW), a third region RE3 defines
resonators res1, res2, res3, which may operate as a
three-pole filter FILT, and a fourth region RE4 defines a
further antenna. If other functional elements are required,
the apparatus 100g may be - even dynamically - recon-
figured to activate other switches and/or deactivate cur-
rently activated switches. In other words, based on the
matrix of impedance elements 120, e.g. switches, of ap-
paratus 100g, by means of reconfiguration, required
functional elements may simply be "drawn" on the RF
canvas embodied by apparatus 100g. The level of recon-
figurability and reusability of hardware, especially RF
hardware, as proposed by the principle according to the
embodiments has not been proposed, let alone present-

ed anywhere in the literature.
[0075] Figure 10 schematically depicts a cross-sec-
tional side view of an apparatus 100h according to a fur-
ther embodiment. The apparatus 100h comprises a first
layer system LS1 which comprises a first electrically con-
ductive layer 110a, a second electrically conductive layer
110b, and a first dielectric substrate 130a arranged ther-
ebetween. Embedded in said first substrate 130a are a
first number of impedance elements 1201. In this regard,
the configuration of apparatus 100h corresponds with the
configuration of apparatus 100 of Fig. 1. Additionally, the
apparatus 100h of Fig. 10 comprises a second layer sys-
tem LS2, which comprises a third electrically conductive
layer 110c, a fourth electrically conductive layer 110d,
and a second dielectric substrate 130b arranged be-
tween said layers 110c, 110d. Embedded in said second
substrate 130b are a second number of impedance ele-
ments 1202. Between the layer systems LS1, LS2, an
optional intermediate layer IL1 may be provided, which
preferably comprises dielectric material.
[0076] Either layer system LS1, LS2 of the apparatus
100h of Fig. 10 may comprise the functionality of any
apparatus 100, 100a, .., 100g explained above or any
combination thereof. Also, according to further embodi-
ments, the layer systems LS1, LS2 may have different
numbers of impedance elements 1201, 1202 each.
[0077] According to further embodiments, more than
two layer systems LS1, LS2 may be provided, also cf.
Fig. 12 explained further below.
[0078] Figure 11 schematically depicts a cross-sec-
tional side view of an apparatus 100i according to a fur-
ther embodiment, which is similar to the configuration
100h of Fig. 10. By contrast, the electrically conductive
surface layer 110c, i.e. third layer 110c, is non-contigu-
ous, but rather patched in that individual surface ele-
ments 1101, 1102, 1103, 1104 are provided that are elec-
trically isolated from the remaining third layer 110c, but
are electrically conductively connected with a respective
impedance element. As an example, the first surface el-
ement 1101 is shown to be connected to the first imped-
ance element 1203_1 of the layer stack LS2. This way,
especially antennas and other radiating (and/or receiv-
ing) structures may flexibly configured by controlling the
respective impedance elements via which said surface
elements are coupled to the fourth layer 110d, which,
according to further embodiments, may e.g. represent a
ground plane. According to further embodiments, the
configuration of surface elements exemplarily depicted
by Fig. 11 within the third layer 110c may also be applied
along a further dimension, i.e. along the z axis which is
perpendicular to the drawing plane, so that a matrix-type
arrangement of individual surface elements may be pro-
vided that may individually (or in groups) be connected
or coupled (also capacitively, in case of e.g. varactors as
impedance elements) to the fourth layer 110d. According
to further embodiments, vias (not shown) between any
layer of the first layer system LS1 and the second layer
system LS2 are also possible, so that e.g. in the first layer
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system LS1 functional components such as e.g. resona-
tors or filters may be provided by configuration of the
impedance elements 1201, as explained above with ref-
erence to Fig. 1 to 10, whereas in the second layer system
LS2 preferably antenna patterns or the like may be de-
fined by configuration. According to further embodi-
ments, it is also possible to provide at least one further
impedance element (not shown) with a controllable im-
pedance for coupling at least two, preferably adjacent,
surface elements 1101, 1102.
[0079] Figure 12 schematically depicts a perspective
view of an apparatus 100k according to a further embod-
iment, where N many layer systems LS1, LS2, .., LSN
are arranged into a multilayer structure separated by di-
electric mid-layers ML1, .., MLN, whereby a particularly
compact configuration can be attained. According to fur-
ther embodiments, the layer systems LS1, LS2, .. can be
shielded from each other by ground planes or coupled
by removing the ground plane(s). Local intra-layer-sys-
tem coupling by using vias is also possible according to
further embodiments. Such arrangement expands also
devices possibility into semi-3D applications (so called
2.5D) where currents are flowing in the Layer 1 to Layer
N but they are arranged in the 3D space that couples the
layers. A similar approach towards multi-layering can al-
so be applied to the embodiments explained above with
respect to Fig. 1 to 11, or to combinations with any em-
bodiment explained above with respect to Fig. 1 to 11
with the configuration of Fig. 12.
[0080] According to further embodiments, at least one
layer system of the apparatus 100k comprises two con-
tiguous layers 110a, 110b (not shown in Fig. 12), similar
to preferred embodiments based on the configuration
100 of Fig. 1. According to other examples, each layer
system of the apparatus 100k comprises a patched first
or top layer 110a, similar to the layer 110c of Fig. 11.
[0081] Fig. 13A, 13B schematically depict perspective
views of an electrochromic (EC) switch 2100 according
to further embodiments. The EC switch 2100 may e.g.
be used to implement one or more impedance elements
120 as explained above, especially in the form of a Radio
Frequency (RF) switch. RF switches are used in many
applications for switching signals in a variety of frequency
bands. One of the purposes of an RF switch, for example,
is to turn a particular signal path ON or OFF. Applications
using RF switches include, for example, communications
systems, waveguide switches and testing systems.
[0082] Electrochromic materials are materials that al-
low their optical and/or electrical properties to be control-
led by applying a voltage. Electrochromic materials ex-
hibit a reversible change in optical and/or electrical prop-
erties in the presence of a voltage. An example of an
electrochromic cell includes one or more electrochromic
(EC) layers and an ion-containing electrolyte layer sand-
wiched between conducting layers. In a non-actuated
state, the one or more EC layers are non-conductive and
behave as insulators. The electrolyte layer is non-con-
ductive in both actuated and non-actuated states. Upon

application of a DC bias voltage between the conducting
layers, ions from the electrolyte layer are expelled and
subsequently injected into the one or more EC layers
through a process of intercalation, which changes the
fundamental characteristics of the EC layers. For certain
combinations of EC and electrolyte materials, the EC lay-
ers become electrically conductive when a DC bias volt-
age is applied.
[0083] FIG. 13A illustrates an embodiment of an elec-
trochromic (EC) switch 2100 for use in the apparatus
according to the embodiments explained above with ref-
erence to Fig. 1 to Fig. 12, especially for RF applications.
Ground plane layer 2102 acts as a substrate for EC
switch 2100. Ground plane layer 2102 is formed of a con-
ductive material, for example, gold, indium tin oxide
(ITO), zinc oxide (ZnO) or a conductive polymer. Two
main regions are formed on ground plane layer 2102. A
first is EC region 2104 which includes at least two layers
as explained in more detail in connection with FIG. 13B.
A second is electrolyte region 2106. Electrolyte region
2106 serves as a tank of available ions to be injected into
EC region 2104. In an embodiment, electrolyte region
2106 is formed from lithium niobate (LiNbO3) but any
electrolyte meeting the requirement of displaying differ-
ent ion and electron conductivities, approximately σI >
10-7 S/cm for ions and σE < 10-10 S/cm (siemens per
centimeter) for electrons may be used. EC region 2104
and electrolyte region 2106 are separated by a dielectric
spacer 2108. In an embodiment, dielectric spacer 2108
is silicon dioxide (SiO2), but any DC bias voltage inactive
material may be used.
[0084] Microstrip line 2110 transmits RF signals from
one side of switch 2100 to the other and is mounted on
EC region 2104. Although FIG. 13A shows microstrip line
2110 as having an RF Input and an RF Output for the
purposes of illustration, either end may be used for input
or output as needed. DC bias line 2112 connects micro-
strip line 2110 to electrolyte region 2106. In an embodi-
ment, DC bias line 2112 may be mounted on an DC bias
voltage inactive substrate 2114 similar to or the same as
dielectric spacer 2108, so as to avoid diffusion of Li ions
from DC bias line 2112 into EC region 2104 before they
reach microstrip line 2110. Conductive pad 2116 is
formed on electrolyte region 2106. In an embodiment,
microstrip line 2110, DC bias line 2112 and conductive
pad 2116 are formed from a conductive material, for ex-
ample, gold, silver, copper, or indium tin oxide (ITO). Sim-
ilarly, according to further embodiments, the conductive
layers 110a, 110b, 110c, 110d of the apparatus 100, ..,
100k according to the embodiments explained above
with reference to Fig. 1 to 15 may be formed from a con-
ductive material, for example, gold, silver, copper, or in-
dium tin oxide.
[0085] A magnified view of a portion of FIG. 13A is
shown in FIG. 13B. Like reference numerals designate
like parts in both figures. In an embodiment, EC region
2104 is shown to include three layers, a first chromic
layer 2202, an optional conductive layer 2204 and a sec-
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ond chromic layer 2206. In an example embodiment,
chromic layers 2202 and 2206 are transition metal ox-
ides, for example, tungsten oxide (WO3) and nickel oxide
(NiO) respectively. In other representative embodiments,
chromic layer 202 may be formed from, for example, ti-
tanium oxide (TiO2), molybdenum trioxide (MoO3), tan-
talum oxide (Ta2O5) or niobium pentoxide (Nb2O5) while
chromic layer 206 may be formed from, for example,
chromium oxide (Cr2O3), manganese oxide (MnO2), iron
oxide (FeO2), cobalt oxide (CoO2), rhodium oxide (RhO2)
or iridium oxide (IrO2). Conductive layer 2204 is optional
and is used to adjust operational characteristics of switch
2100 as will be explained in more detail below. It may be
formed from, for example, indium tin oxide, although al-
most any conductive material may be used.
[0086] In operation, an RF signal enters microstrip line
2110 on one side of switch 2100 and exits on the other
side as shown in FIG. 13A. In the absence of any DC
bias voltage Vdc1, Vdc2, microstrip line 2110 behaves
as a simple transmission line.
[0087] Two DC bias voltages as shown in FIG. 13A
may be used in the operation of EC switch 2100. A first
bias voltage Vdc1 is applied between conductive pad
2116 and ground plane 2102 in order to set Li ions in
electrolyte region 2106 in motion. For the purposes of
describing exemplary embodiments, electrolyte region
2106 will be described as lithium niobate (LiNbO3) with
Li ions, but one of ordinary skill in the art would under-
stand that the description is applicable to any electrolyte
meeting the conditions described above. The value of
Vdc1 depends on the thickness of the electrolyte layer
2106 but is generally less than 10 V.
[0088] Once in motion, these ions, upon application of
a second bias voltage Vdc2 between conductive pad
2116 and DC bias line 2112, move through DC bias line
2112 into RF microstrip line 2110, where they are injected
into chromic layers 2202 and 2206 (FIG. 13B). In an em-
bodiment, Vdc2 is generally less than 10 V. The applica-
tion of Vdc2 causes intercalation of Li ions into chromic
layers 2202 and 2206 so that they become conductive,
which short-circuits microstrip line 2110 with ground
plane layer 2102 through conductor 2204, if present.
Short circuiting microstrip line 2110 prevents transmis-
sion of an RF signal along microstrip line 2110. Reversing
the polarity of the DC bias voltages results in deinterca-
lation. In other words, Li atoms move out of chromic lay-
ers 2202 and 2206, through DC bias line 2112 and back
to electrolyte region 106 so that microstrip line 2110 again
behaves as a transmission line. As shown in FIGS. 13A
and 13B, bias line 2112 is a single line. In alternative
embodiments, bias line 2112 may take other forms, for
example, a line loaded with capacitors or an RF choke,
for example.
[0089] An EC switch 2100 as described above has sev-
eral technical advantages including tailoring of the
switching characteristics for different applications. For
example, switching speed may be increased by either
adjusting the thickness of the chromic layers or by in-

creasing the size of the conductive pad exposed to elec-
trolyte region.
[0090] In an embodiment, the thicknesses of chromic
layers 2202 and 2206 of EC region 2104 are approxi-
mately 50 - 500 nm (nanometer), however, the thickness
of these layers can be varied to suit particular switching
applications and device size requirements. The thick-
ness of optional conductive layer 2204, as is the case of
the chromic layers, may also be varied to suit particular
switching applications and device size requirements. In
an embodiment, conductive layer 2204 is less than 5 mi-
crons (mm, micrometer) thick. In some embodiments,
such as when it is desirable to decrease the overall thick-
ness of EC region 2104, conductive layer 2204 may be
eliminated. Alternatively, the overall thickness of EC re-
gion 2104 may be varied by increasing the thickness of
conductive layer 2204, so that, for example, it is compat-
ible with the rest of any external circuitry. In alternative
embodiments, for example, where device switching
speed is less important, the overall thickness of EC region
2104 can be increased by increasing the thickness of
chromic layers 2202 and 2206 instead.
[0091] The thickness of chromic layers 2202 and 2206
depends on desired operating characteristics. Chromic
layers 2202 and 2206 change their character upon the
intercalation of ions when a DC bias voltage is applied
and therefore, the thicker these layers are, the greater
number of ions needed to initiate their transition from
dielectrics to conductors. This in turn may require a larger
source of ions in the form of the electrolyte region 2106
which increases the size of the device and possibly im-
pacts its speed.
[0092] Additional performance characteristics of the
EC switch 2100 may be tuned by adjusting the thickness
of chromic layer 2202. In an embodiment, chromic layer
202 is formed of tungsten oxide (WO3) which, when in-
tercalated upon application of a DC bias voltage, is a
relatively poor conductor, having a typical resistivity value
of about 3x10-3 (Ω.cm). In some embodiments, using a
thin WO3 layer, for example, less than 100 nm, for chro-
mic layer 2202 together with a conductive layer 2204 may
be advantageous, since the conduction is vertical with
respect to ground plane 2102. In that case, the lower
conductivity of chromic layer 2202 does not have a del-
eterious effect on the performance of the entire layered
structure.
[0093] Chromic layer 2206 may be of a similar height
as chromic layer 2202. Chromic layer 2206 serves the
purpose of performing DC bias polarization sensitivity
which allows switch 2100 to be switched ON and OFF.
When switch 2100 is ON, microstrip line 2110 is short
circuited and no signal is transmitted. In the absence of
chromic layer 206, switch 2100 would be able to be
switched ON, however, it may not be capable of being
switched OFF, since, regardless of the polarization of the
DC bias supply, ions from electrolyte region 2106 would
flow into chromic layer 2202 unimpeded. In the case of
positive DC bias supply, ions would flow into the chromic
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layer 2202 from the top electrode (microstrip line 2110)
and in the case of a negative DC bias voltage, the ions
would flow into chromic layer 2202 from the bottom elec-
trode (ground plane 2102).
[0094] In an embodiment, the thickness of electrolyte
region 2106 may be equal to the sum of the chromic
layers 2202 and 2206 and optional conductive layer 2204
while providing a surface area large enough to contain
enough ions needed to induce a dielectric-conductor
transition of chromic layers 2202 and 2206.
[0095] Further adjustments of the switching character-
istics of EC switch 2100 including the dynamic range, for
example, may also be adjusted. The dynamic range of a
switch is understood as the ratio between its ON and
OFF states. To determine dynamic range, insertion loss
is measured while the switch is in the OFF state. Ideally,
this is as low as possible; however, it is influenced by the
dielectric parameters of the entire substrate of the switch.
Next, the insertion loss once the switch is turned ON is
measured. Ideally, the insertion loss should be as high
as possible. The difference between the two insertion
losses is the dynamic range. The dynamic range of EC
switch 2100 may be adjusted by changing the thickness-
es of the chromic layers and the sandwiched conductor,
if present. In addition, power handling may be determined
by the overall thickness of EC region 2104. In an embod-
iment, when EC region 2104 is thicker it may handle high-
er power signals due to reduced energy density in the
substrate. As with the dynamic range, power handling
also can be adjusted by varying the thicknesses of the
EC layers and the sandwiched conductor, if present.
[0096] The parameters indicated above are by no
means exhaustive, since other parameters, such as fre-
quency of operation, may be similarly adjusted. For ex-
ample, for devices operating at lower frequencies, an em-
bodiment of the EC switch may have a thicker EC region
2104, due to unwanted stray capacitances. In an alter-
native embodiment, devices operating at higher frequen-
cies would use a thinner EC region 2104 for the EC
switch. The thicknesses of devices operating at RF fre-
quencies, including m-wave and mm-wave frequencies,
may be measured in terms of their corresponding wave-
length, thus ensuring that they have the same "electrical"
thickness. However, RF devices may also be measured
in standard measurement units such as millimeter or
inches. At low frequencies, wavelengths are big, indicat-
ing that such devices are, from the standard point of view,
thicker. Thus, different embodiments can be provided
without affecting other parameters by changing height of
conductive layer 2204.
[0097] Another parameter which may be adjusted is
the speed of the EC switch 2100. This parameter is de-
pendent on the number of available Li ions i.e., the size
of electrolyte region 2106 and the height of chromic layers
2202 and 2206. In general, the lower the height of chro-
mic layers 2202 and 2206 and the greater the tank of Li
ions, the greater is the speed of the EC switch.
[0098] The EC switch as explained above with refer-

ence to Fig. 13A, 13B may, according to further embod-
iments, advantageously be used to form at least one im-
pedance element 120 of the apparatus 100, 100a, ..,
100k. As an example, the RF Input section of the switch
2100 may be connected to the first conductive layer 110a
(Fig. 1), and the RF output section of the switch 2100
may be connected to the second conductive layer 110b
of e.g. the apparatus 100.
[0099] According to further embodiments, one or more
of the bias voltages Vdc1, Vdc2 may be provided to
switch 2100 by means of the control lines 120_1c (Fig.
1), CI1, CI2 (Fig. 7, 8). According to further embodiments,
one or more of the impedance elements 120 of the ap-
paratus 100f of Fig. 8 may be implemented in form of the
EC switch 2100 of Fig. 13A, 13B.
[0100] According to further embodiments, the EC
switch of Fig. 13A may be formed using a multi-layered
substrate. As an example, with respect to Fig. 1, the sub-
strate 130 may form the multi-layered substrate of the
EC switch 2100 of Fig. 13A. To be more specific and in
order to take into account dc biasing, according to further
embodiments, one or more switches 120 of e.g. Fig. 7
may be replaced with the EC switch 2100 of FIG. 13A,
while keeping the DC bias capacitors so as not to unin-
tentionally bias the switches that were supposed to be
switched off.
[0101] According to further embodiments, when using
EC-type switches, the switches may be controlled, i.e.
biased using light, instead of a bias voltage. As an ex-
ample, a control signal for an optically controllable EC
switch according to further embodiments may be provid-
ed by an (integrated) light source (e.g., broad light spec-
trum -LED or semiconductor laser). Preferably, said light
source may be embedded or positioned in the same
plane as the EC layer stack of the EC switch 2100.
[0102] The principle according to the embodiments en-
ables a design of devices 1000 (Fig. 15), especially RF
devices (e.g., devices processing RF signals), that ena-
bles their unlimited tunability and therefore allows to build
fully reconfigurable RF components. It enables faster de-
velopment of new components as well as high adapta-
bility of the existing ones. This can make whole systems
and networks fully adaptable e.g. to constantly changing
environment conditions. By using the principle according
to the embodiments, agile products and whole cognitive
systems may be provided. In addition to enabling fully
configurable hardware (by control of the impedance of
the impedance elements), the principle according to the
embodiments also increases robustness and resilience
to failure of the apparatus. If for any reason an activated
RF device (defined by correspondingly controlled imped-
ance elements) fails, another one can be formed by ac-
tivating another set of switches, e.g. by reconfiguration.
According to preferred embodiments, electrochromic
switches, e.g. as explained above with reference to Fig.
13A, 13B, may be used to form one or more impedance
elements 120.
[0103] The description and drawings merely illustrate
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the principles of exemplary embodiments. It will thus be
appreciated that those skilled in the art will be able to
devise various arrangements that, although not explicitly
described or shown herein, embody the principles of the
invention and are included within its spirit and scope.
Furthermore, all examples recited herein are principally
intended expressly to be only for pedagogical purposes
to aid the reader in understanding the principles of ex-
emplary embodiments and the concepts contributed by
the inventor(s) to furthering the art, and are to be con-
strued as being without limitation to such specifically re-
cited examples and conditions. Moreover, all statements
herein reciting principles, aspects, and embodiments, as
well as specific examples thereof, are intended to en-
compass equivalents thereof.
[0104] It should be appreciated by those skilled in the
art that any block diagrams herein represent conceptual
views of illustrative circuitry embodying exemplary em-
bodiments. Similarly, it will be appreciated that any flow
charts, flow diagrams, state transition diagrams, pseudo
code, and the like represent various processes which
may be substantially represented in computer readable
medium and so executed by a computer or processor,
whether or not such computer or processor is explicitly
shown.
[0105] A person of skill in the art would readily recog-
nize that steps of various above-described methods can
be performed and/or controlled by programmed comput-
ers. Herein, some embodiments are also intended to cov-
er program storage devices, e.g., digital data storage me-
dia, which are machine or computer readable and encode
machine-executable or computer-executable programs
of instructions, wherein said instructions perform some
or all of the steps of said above-described methods. The
program storage devices may be, e.g., digital memories,
magnetic storage media such as a magnetic disks and
magnetic tapes, hard drives, or optically readable digital
data storage media. The embodiments are also intended
to cover computers programmed to perform said steps
of the above-described methods.

Claims

1. Apparatus (100; 100a; 100b; 100c; 100d; 100e; 100f;
100g; 100h; 100i; 100k) comprising a first layer
(110a) of electrically conductive material and a sec-
ond layer (110b) of electrically conductive material,
and a plurality of impedance elements (120) ar-
ranged between said first layer (110a) and said sec-
ond layer (110b), said impedance elements (120)
connecting said first layer (110a) with said second
layer (110b), wherein an impedance value of at least
some of said plurality of impedance elements (120)
is controllable.

2. Apparatus (100; 100a; 100b; 100c; 100d; 100e; 100f;
100g; 100h; 100i; 100k) according to claim 1, where-

in said first layer (110a) and/or said second layer
(110b) is a contiguous layer.

3. Apparatus (100; 100a; 100b; 100c; 100d; 100e; 100f;
100g; 100h; 100i; 100k) according to at least one of
the preceding claims, wherein a substrate layer (130)
is provided between said first layer (110a) and said
second layer (110b), and wherein said plurality of
impedance elements (120) are arranged within said
substrate layer (130).

4. Apparatus (100; 100a; 100b; 100c; 100d; 100e; 100f;
100g; 100h; 100i; 100k) according to at least one of
the preceding claims, wherein at least one imped-
ance element of said plurality of impedance ele-
ments (120) comprises at least one of: a switch, in
particular an electrochromic switch (2100), a varia-
ble capacitor.

5. Apparatus (100; 100a; 100b; 100c; 100d; 100e; 100f;
100g; 100h; 100i; 100k) according to at least one of
the preceding claims, wherein a first group (G1) of
one or more impedance elements of said plurality of
impedance elements (120) is provided that compris-
es a first type of impedance element, and wherein a
second group (G2) of one or more impedance ele-
ments of said plurality of impedance elements (120)
is provided that comprises a second type of imped-
ance element which is different from said first type
of impedance element.

6. Apparatus (100; 100a; 100b; 100c; 100d; 100e; 100f;
100g; 100h; 100i; 100k) according to at least one of
the preceding claims, wherein said first layer (110a)
of electrically conductive material and said second
layer (110b) of electrically conductive material are
arranged substantially parallel to each other.

7. Apparatus (100; 100a; 100b; 100c; 100d; 100e; 100f;
100g; 100h; 100i; 100k) according to at least one of
the preceding claims, wherein at least some of said
plurality of impedance elements (120) are arranged
in a regular raster along at least one dimension (x,
z) of said apparatus (100; 100a; 100b; 100c; 100d;
100e; 100f; 100g; 100h; 100i; 100k), wherein pref-
erably said regular raster is characterized by a re-
spective spacing (d1, d2) along said at least one di-
mension (x, z) .

8. Apparatus (100; 100a; 100b; 100c; 100d; 100e; 100f;
100g; 100h; 100i; 100k) according to at least one of
the preceding claims, wherein at least one imped-
ance element (120_2) of said plurality of impedance
elements (120) comprises a stacked layer configu-
ration having a plurality of functional layers (FL),
wherein said functional layers (FL) are stacked over
each other along a stack coordinate (sc), which stack
coordinate (sc) is substantially parallel to a surface
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normal (sn) of a surface of the first layer (110a)
and/or said second layer (110b).

9. Apparatus (100; 100a; 100b; 100c; 100d; 100e; 100f;
100g; 100h; 100i; 100k) according to at least one of
the preceding claims, wherein at least one capacitive
element (BC) is connected in series to at least one
impedance element (120_2) of said plurality of im-
pedance elements (120).

10. Apparatus (100; 100a; 100b; 100c; 100d; 100e; 100f;
100g; 100h; 100i; 100k) according to at least one of
the preceding claims, wherein a plurality of control
lines (120_1c; 120_2c; CI1, CI2) is provided to con-
trol a) at least one individual impedance element
(120_1) of said plurality of impedance elements
(120) and/or b) a group (G1, G2) of several imped-
ance elements of said plurality of impedance ele-
ments (120) .

11. Apparatus (100; 100a; 100b; 100c; 100d; 100e; 100f;
100g; 100h; 100i; 100k) according to at least one of
the preceding claims, further comprising a control
device (140) for controlling at least some impedance
elements and/or groups (G1, G2) of impedance el-
ements of said plurality of impedance elements
(120), wherein said control device (140) is preferably
configured to control an impedance value of at least
some impedance elements and/or groups (G1, G2)
of impedance elements of said plurality of imped-
ance elements (120).

12. Method of manufacturing an apparatus (100; 100a;
100b; 100c; 100d; 100e; 100f; 100g; 100h; 100i;
100k) comprising a first layer (110a) of electrically
conductive material and a second layer (110b) of
electrically conductive material, said method com-
prising the following steps: providing (200) said first
layer (110a) of electrically conductive material, pro-
viding (202) said second layer (110b) of electrically
conductive material, providing (204) a plurality of im-
pedance elements (120) between said first layer
(110a) and said second layer (110b), said imped-
ance elements (120) connecting said first layer
(110a) with said second layer (110b), wherein an
impedance value of at least some of said plurality of
impedance elements (120) is controllable.

13. Method of operating an apparatus (100; 100a; 100b;
100c; 100d; 100e; 100f; 100g; 100h; 100i; 100k)
comprising a first layer (110a) of electrically conduc-
tive material and a second layer (110b) of electrically
conductive material, and a plurality of impedance el-
ements (120) arranged between said first layer
(110a) and said second layer (110b), said imped-
ance elements (120) connecting said first layer
(110a) with said second layer (110b), wherein an
impedance value of at least some of said plurality of

impedance elements (120) is controllable, preferably
an apparatus (100; 100a; 100b; 100c; 100d; 100e;
100f; 100g; 100h; 100i; 100k) according to any of
the claims 1 to 11, wherein said method of operating
comprises the following steps: configuring (210) one
or more of said impedance elements (120), operating
(212) said apparatus (100; 100a; 100b; 100c; 100d;
100e; 100f; 100g; 100h; 100i; 100k), and optionally
reconfiguring (214) one or more of said impedance
elements (120).

14. Device (1000) for processing radio frequency, RF,
signals, wherein said device (1000) is configured to
receive at least one input signal (A5), wherein said
device (1000) comprises at least one apparatus
(100; 100a; 100b; 100c; 100d; 100e; 100f; 100g;
100h; 100i; 100k) according to at least one of the
claims 1 to 11 and is configured to process said at
least one input signal (A5) by means of said appa-
ratus (100; 100a; 100b; 100c; 100d; 100e; 100f;
100g; 100h; 100i; 100k).
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