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Description
Title of Invention: OPTICALLY-CONTROLLED SWITCH

Technical Field
[1] The disclosure relates to a millimeter- wave optically-controlled switch for substrate

integrated waveguides.

Background Art
[2] Constantly increasing user demand motivates rapid development of communication

technologies. Currently, fifth generation (5G) millimeter-wave networks are being

actively developed, which will feature higher performance metrics based on user ex

perience, including such factors as high rate and energy efficiency.

[3] The 5G networks and sensors for car navigation can change the scenario of wireless

systems. New applications in millimeter-wave require adoption of a new class of

circuits capable of integrating data transmission and having detection capabilities in

one wireless device. Among available technologies, substrate integrated waveguide

(SIW)- structures play an important role, because they have simple construction and

manufacturing, low losses and full shielding in the mm-wave range, a saving method

for incorporation into one dielectric substrate, no complex transitions or undesirable

parasitic effects, an ideal basis for implementing wide frequency band, and con

venience of integration with classic printed circuit board (PCB) technologies.

[4] However, in practice, conventional switching technologies for incorporation into

SIW structures have at least the following technical problems:

[5] (1) very high complexity and, consequently, high cost of existing products for the

mm-wave range (>10 GHz) (in particular, switches (micro electro mechanical systems

(MEMS), PIN-diodes, devices on field-effect MOS transistors (MOSFETs)), and in

tersecting of radio frequency (RF) channel with bias and supply circuits in a SIW

structure leads to increasing of RF losses; and

[6] (2) high complexity of the bias and supply circuits, as well as an overly large

occupied PCB area with bulky components, that lead to difficult SIW integration.

[7] Thus, for efficient use of SIW technologies for applications in the mm-wave range,

there is a need to create appropriate switches, satisfying the following conditions:

absence of additional transitions to regular striplines based on PCBs for integration of

classic switch components to avoid losses (simple integration with SIW); low

complexity and low cost of components for very high frequencies (up to 100 GHz);

and simple bias and supply circuits to avoid parasitic effects and complexity of PCBs

in the mm-wave range.

[8] The above information is presented as background information only to assist with an



understanding of the disclosure. No determination has been made, and no assertion is

made, as to whether any of the above might be applicable as prior art with regard to the

disclosure.

Disclosure of Invention

Solution to Problem
[9] Aspects of the disclosure are to address at least the above-mentioned problems and/or

disadvantages and to provide at least the advantages described below. Accordingly, an

aspect of the disclosure is to provide are optically-controlled switches for efficiently

controlling a millimeter-wave in a substrate integrated waveguide (SIW).

[10] In accordance with an aspect of the disclosure, an optically-controlled switch

includes a printed circuit board (PCB) including upper and lower layers and a d i

electric layer between the upper and lower layers, a plurality of vias electrically

connected to the upper and lower layers and located in at least two rows, a shunt via

electrically connected to the lower layer and separated from the upper layer by a d i

electric gap, and a photoconductive semiconductor element (PSE) electrically

connected to the upper layer and the shunt via, wherein the PSE includes a dielectric

state and a conductor state, and wherein an electromagnetic wave provided to the

optically-controlled switch propagates or is blocked through a waveguide formed

between the at least two rows.

Advantageous Effects of Invention
[11] The optically-controlled switch according to an embodiment may be easily integrated

into the SrW, has low power loss, and is capable of complete shielding of electro

magnetic waves. As a result, Sr technology may be used efficiently in applications

using an mm-wave range.

Brief Description of Drawings
[12] The above and other aspects, features, and advantages of certain embodiments of the

disclosure will be more apparent from the following description taken in conjunction

with the accompanying drawings, in which:

[13] FIGS. 1A and IB show an optically-controlled switch according to an embodiment

of the disclosure;

[14] FIG. 2A shows a top view of an optically-controlled switch according to an em

bodiment of the disclosure;

[15] FIG. 2B shows a side view of the optically-controlled switch according to an em

bodiment of the disclosure;

[16] FIG. 3A shows an OFF state of an optically-controlled switch according to an em

bodiment of the disclosure;

[17] FIG. 3B shows an ON state of the optically-controlled switch according to an em-



bodiment of the disclosure;

[18] FIG. 4 shows an optically-controlled switch according to an embodiment; and FIG. 5

shows a top view of the optically-controlled switch of FIG. 4;

[19] FIG. 6A shows a resonant circuit formed in an ON state of the optically-controlled

switch of FIG. 4;

[20] FIG. 6B shows a resonant circuit formed in an OFF state of the optically-controlled

switch of FIG. 4;

[21] FIG. 7 is a graph of the dependency of a transfer coefficient on a frequency of the

optically-controlled switch of FIG. 4;

[22] FIG. 8 shows an example of an optically-controlled switch according to the related

art;

[23] FIGS. 9A, 9B, and 9C are diagrams for explaining a light source providing light to a

photoconductive semiconductor element (PSE) according to various embodiments of

the disclosure;

[24] FIG. 10 shows the current distribution in an optically-controlled switch according to

an embodiment of the disclosure;

[25] FIGS. 11 and 12 show the dependency of the required optical energy on sizes of

PSEs included in an optically-controlled switch according to an embodiment of the

disclosure;

[26] FIGS. 13A and 13B show current distribution when an optically-controlled switch

operates as a distributed element according to an embodiment of the disclosure;

[27] FIG. 14 is a graph of transfer coefficients with respect to conductance when an

optically-controlled switch operates as a concentrated and distributed element

according to an embodiment of the disclosure;

[28] FIGS. 15A and 15B show an optically-controlled switch according to an embodiment

of the disclosure;

[29] FIGS. 16A, 16B, 16C, 16D, 16E, 16F, and 16G show examples of PSEs having

various sizes, forms, and locations in an optically-controlled switch according to an

embodiment of the disclosure; and

[30] FIG. 17 is a graph of switching time of an optically-controlled switch according to an

embodiment of the disclosure.

[31] Throughout the drawings, like reference numerals will be understood to refer to like

parts, components, and structures.

Best Mode for Carrying out the Invention
[32] Aspects of the disclosure are to address at least the above-mentioned problems and/or

disadvantages and to provide at least the advantages described below. Accordingly, an

aspect of the disclosure is to provide are optically-controlled switches for efficiently



controlling a millimeter-wave in a substrate integrated waveguide (SIW).

[33] Additional aspects will be set forth in part in the description which follows and, in

part, will be apparent from the description, or may be learned by practice of the

presented embodiments.

[34] In accordance with an aspect of the disclosure, an optically-controlled switch

includes a printed circuit board (PCB) including upper and lower layers and a d i

electric layer between the upper and lower layers, a plurality of vias electrically

connected to the upper and lower layers and located in at least two rows, a shunt via

electrically connected to the lower layer and separated from the upper layer by a d i

electric gap, and a photoconductive semiconductor element (PSE) electrically

connected to the upper layer and the shunt via, wherein the PSE includes a dielectric

state and a conductor state, and wherein an electromagnetic wave provided to the

optically-controlled switch propagates or is blocked through a waveguide formed

between the at least two rows.

[35] A distance between adjacent vias among the plurality of vias may be less than one

tenth of a wavelength of the electromagnetic wave.

[36] The at least two rows form waveguide walls, and a distance between the at least two

rows may be larger than half of a wavelength of the electromagnetic wave.

[37] The optically-controlled switch may further include an input port configured to input

the electromagnetic wave and an output port configured to output the electromagnetic

wave, wherein the input port is located at one end of the waveguide and the output port

is located at another end of the waveguide.

[38] When the PSE is in the dielectric state, the electromagnetic wave may propagate

through the waveguide, and when the PSE is in the conductor state, the electro

magnetic wave may be blocked.

[39] The optically-controlled switch may further include a light source connected to the

PSE and configured to provide light to the PSE, wherein, when the light is provided to

the PSE, the PSE is in the conductor state, and when the light is not provided to the

PSE, the PSE is in the dielectric state.

[40] The light source may include a micro light-emitting diode (LED).

[41] The PSE may include a metalized area, wherein the light source is connected to the

metalized area, and wherein the optically-controlled switch further includes a

protective dielectric coating configured to completely cover the light source and the

PSE, a first feed conductor located inside the protective dielectric coating and

configured to connect the metalized area to a control circuit, and a second feed

conductor located inside the protective dielectric coating and configured to connect the

light source and the control circuit, and wherein the first and second feed conductors

are isolated from each other.



[42] The optically-controlled switch may further include a control circuit connected to the

light source and configured to control a state of the light source.

[43] The optically-controlled switch may further include a dielectric transparent splitter

located between the PSE and the light source, and a feed conductor located inside the

dielectric transparent splitter and configured to connect the light source and the control

circuit, wherein the feed conductor does not contact the PSE.

[44] A size of a light spot of the light source may be 3 to 6 times less than a diameter of

the PSE.

[45] The optically-controlled switch may further include a plurality of resonant vias

located between the shunt via and the plurality of vias and electrically connected to the

upper and lower layers.

[46] The PSE may be passivated.

[47] The PSE may include a rectangular shape, and a width of the PSE may be equal to a

diameter of the shunt via.

[48] The PSE may include a cross-like shape, and an arm width of the PSE may be equal

to a diameter of the shunt via.

[49] The PSE may include a round shape, a diameter of the PSE may be larger than a

diameter of the shunt via and larger than a diameter of the dielectric gap, and the PSE

may completely overlap the shunt via and the dielectric gap.

[50] The PSE may include a square shape, a side length of the PSE may be larger than a

diameter of the shunt via and larger than a diameter of the dielectric gap, and the PSE

may completely overlap the shunt via and the dielectric gap.

[51] The PSE may include a round shape, a diameter of the PSE may be larger than a

diameter of the shunt via and is equal to a diameter of the dielectric gap, and the PSE

may completely overlap the shunt via and partially overlap the dielectric gap.

[52] In accordance with another aspect of the disclosure, a method of an optically-

controlled switch is disclosed. The method includes providing a printed circuit board

(PCB) comprising upper and lower layers and a dielectric layer between the upper and

lower layers, connecting a plurality of vias electrically connected to the upper and

lower layers, arranging the plurality of vias in at least two rows, electrically connecting

a shunt via to the lower layer, separating the shunt via from the upper layer by a d i

electric gap, electrically connecting a photoconductive semiconductor element (PSE)

to the upper layer and the shunt via, and at least one of propagating an electromagnetic

wave provided to the optically-controlled switch or blocking the electromagnetic wave

through a waveguide formed between the at least two rows, wherein the PSE includes

a dielectric state and a conductor state.

[53] Other aspects, advantages, and salient features of the disclosure will become apparent

to those skilled in the art from the following detailed description, which, taken in con-



junction with the annexed drawings, discloses various embodiments of the disclosure.

Mode for the Invention
[54] The following description with reference to the accompanying drawings is provided

to assist in a comprehensive understanding of various embodiments of the disclosure as

defined by the claims and their equivalents. It includes various specific details to assist

in that understanding but these are to be regarded as merely exemplary. Accordingly,

those of ordinary skill in the art will recognize that various changes and modifications

of the various embodiments described herein can be made without departing from the

scope and spirit of the disclosure. In addition, descriptions of well-known functions

and constructions may be omitted for clarity and conciseness.

[55] The terms and words used in the following description and claims are not limited to

the bibliographical meanings, but, are merely used by the inventor to enable a clear and

consistent understanding of the disclosure. Accordingly, it should be apparent to those

skilled in the art that the following description of various embodiments of the

disclosure is provided for illustration purpose only and not for the purpose of limiting

the disclosure as defined by the appended claims and their equivalents.

[56] It is to be understood that the singular forms "a," "an," and "the" include plural

referents unless the context clearly dictates otherwise. Thus, for example, reference to

"a component surface" includes reference to one or more of such surfaces.

[57] First, the terms used in the present disclosure will be briefly described below before

various embodiments of the present disclosure are described in greater detail.

[58] Most of the terms used herein are general terms that have been widely used in the

technical art to which the present disclosure pertains. However, some of the terms used

herein may be created reflecting intentions of technicians in this art, precedents, or new

technologies. Also, some of the terms used herein may be arbitrarily chosen by the

present applicant. In this case, these terms are defined in detail below. Accordingly, the

specific terms used herein should be understood based on the unique meanings thereof

and the whole context of the present disclosure.

[59] In the present specification, it should be understood that the terms, such as 'including'

or 'having,' etc., are intended to indicate the existence of the features, numbers, steps,

operations, actions, components, parts, or combinations thereof disclosed in the speci

fication, and are not intended to preclude the possibility that one or more other

features, numbers, steps, operations, actions, components, parts, or combinations

thereof may exist or may be added. Also, the terms, such as 'unit' or 'module', etc.,

should be understood as a unit that processes at least one function or operation and that

may be embodied in a hardware manner, a software manner, or a combination of the

hardware manner and the software manner.



[60] FIGS. 1A and IB show an optically-controlled switch 100 according to an em

bodiment of the disclosure.

[61] The optically-controlled switch 100 according to an embodiment may include a pho-

toconductive semiconductor element (PSE) 1 and a printed circuit board (PCB) 2.

[62] The PCB 2 may include an upper layer 3 and a lower layer 5 and, a dielectric layer 4

between the upper layer 3 and the lower layer 5. The upper layer 3 and the lower layer

5 may be metalized layers. As shown in FIGS. 1A and IB, a plurality of vias 7 may be

located on the PCB 2 and may be formed of a metallic material. Also, the plurality of

vias 7 may be arranged in two parallel rows. The two rows may form walls of a

substrate integrated waveguide (SrW). Thus, the SIW may be formed between the two

rows and may include a first port 8 and a second port 9 respectively in both ends

thereof. The first port 8 may be an input port of an electromagnetic (EM) wave 11

provided to the optically-controlled switch 100 according to an embodiment. The

second port 9 may be an output port of the EM wave 11 provided to the optically-

controlled switch 100.

[63] Also, a distance between the two rows may be determined based on limitations on

the waveguide width. For example, the distance may be larger than half of a

wavelength of the EM wave 11 propagating along the waveguide taking into account

dielectric filling of the waveguide.

[64] Also, a distance between adjacent vias among the plurality of vias 7 may be less than

one tenth of the wavelength of the EM wave 11 to prevent passing of the EM wave 11.

[65] Also, a shunt via 6 may be located between the SIW walls (the two rows) and may be

in the middle between the waveguide walls. The shunt via 6 may have direct contact

with the lower layer 5, but does not contact directly with the upper layer 3 of the PCB

2 and may be separated therefrom by a dielectric gap (not shown in FIGS. 1A-1B).

[66] Meanwhile, the PSE 1 may be mounted on the PCB 2 and may connect the shunt via

6 and the upper layer 3 of the PCB 2 to each other.

[67] When light 10 is not provided to the PSE 1, the PSE 1 may be in a dielectric state,

the shunt via 6 may be inactive. Thus, as shown in FIG. 1A, the EM wave 11, which is

provided to the SIW through the first port (the input port) 8, may almost without losses

pass to the second port (the output port) 9, while not experiencing refraction or re

flection in a point where the PSE 1 and the shunt via 6 are located.

[68] Meanwhile, when the light 10 is provided to the PSE 1, the PSE 1 may be in a

conducting state, and the shunt via 6 may become active. When the shunt via 6 is

active, the upper layer 3, the shunt via 6, and the lower layer 5 may be electrically

connected. Current may flow a closed loop formed by the upper layer 3, the shunt via

6, the lower layer 5, and the vias 7. As a result, the EM wave 11 provided in the SrW

through the first port (the input port) 8 may be reflected in the point where the PSE 1



and the shunt via 6 are located and may not pass to the second port (the output port) 9.

[69] Thus, the PSE 1 and the shunt via 6 may play the role of the optically-controlled

switch 100 operating based on photoconductive effect with respect to the SIW. Also,

bias/supply isolation circuits of the optically-controlled switch 100 may be insulated

from an RF path. An mm-wave waveguide system according to an embodiment may be

controlled by changing the power of provided light. Also, the optically-controlled

switch 100 according to an embodiment may have low losses even on high frequencies

and may not subjected to interferential influence of external components, thereby

reducing power consumption. Further, the optically-controlled switch 100 according to

an embodiment may be easily integrated in any required location of the SIW. Also, the

optically-controlled switch 100 according to an embodiment may have a wide working

frequency band.

[70] FIG. 2A shows a top view of the optically-controlled switch 100 according to an em

bodiment of the disclosure.

[71] FIG. 2B shows a side view of the optically-controlled switch 100 according to an

embodiment of the disclosure.

[72] Referring to FIGS. 2A and 2B, the optically-controlled switch 100 according to an

embodiment may include the PCB 2, the plurality of vias 7, the shunt via 6, the d i

electric gap 12, the PSE 1, a light source 14, and a control circuit 13.

[73] Referring to FIG. 2A, the shunt via 6 may be separated from the upper layer 3 of the

PCB 2 by the dielectric gap 12. Also, the PSE 1 may connect the shunt via 6 and the

upper layer 3 to each other. Also, referring to FIG. 2B, the light source 14 may be

located on the PSE 1 and may provide light to the PSE 1. At this time, the light source

14 may be a microLED (uLED) but is not limited thereto. Also, switching-on and

switching-off of the light source 14 may be performed by the control circuit 13.

[74] FIG. 3A shows an OFF state of the optically-controlled switch 100 according to an

embodiment of the disclosure.

[75] FIG. 3B shows an ON state of the optically-controlled switch 100 according to an

embodiment of the disclosure.

[76] Referring to FIG. 3A, when no light is provided to the PSE 1 (when a light source is

in an OFF state), the PSE 1 may be in a dielectric state. When the PSE 1 is in the d i

electric state, the shunt via 6 may not be electrically coupled with the upper layer 3 of

the PCB 2, and electric currents may flow through the vias 7, the upper layer 3, and the

lower layer 5 of the PCB 2 (shown by arrows). At this time, no electric current flows

through the shunt via 6. Accordingly, when the optically-controlled switch 100

according to an embodiment is in the OFF state, electromagnetic waves provided to a

SIW may not be reflected from a point where the shunt via 6 is located and may freely

pass through the SIW.



[77] Referring to FIG. 3B, when light is provided to the PSE 1 (when the light source is in

an ON state), the PSE 1 may be in a conducting state. When the PSE 1 is in the

conducting state, the shunt via 6 may be electrically coupled with the upper layer 3

through the PSE 1. Thus, electric currents may flow through the vias 7, the upper layer

3, the PSE 1, the shunt via 6, and the lower layer 5 (shown by arrows). Accordingly,

when the optically-controlled switch 100 according to an embodiment is in the ON

state, electromagnetic waves provided to the SIW may be reflected from the point

where the shunt via 6 is located and may not pass through the SrW.

[78] FIG. 4 shows an optically-controlled switch 200 according to an embodiment of the

disclosure.

[79] FIG. 5 shows a top view of the optically-controlled switch 200 of FIG. 4.

[80] The optically-controlled switch 200 according to an embodiment may include the

PCB 2, the PSE 1, the plurality of vias 7, the first port 8, the second port 9, the d i

electric gap 12, the light source 13, and the control circuit 14, as shown and described

in FIGS. 1A through 3B, and may further include at least one resonant vias 15. The

resonant vias 15 may be located between the shunt via 6 and SrW-waveguide walls

(e.g. rows formed by the plurality of vias 7). Also, the resonant vias 15 may be formed

of a metallic material. Also, the resonant vias 15 may not contact with the PSE 1.

[81] The PSE 1 may have self-capacitance. The resonant vias 15 and the shunt via 6 may

have inductance properties. Accordingly, the resonant vias 15 and the PSE 1 may form

a resonant circuit in some frequency bands. This will be described in more detail with

reference to FIGS. 6A and 6B.

[82] FIG. 6A shows a resonant circuit formed in an ON state of the optically-controlled

switch 200 of FIG. 4.

[83] FIG. 6B shows a resonant circuit formed in an OFF state of the optically-controlled

switch 200 of FIG. 4.

[84] FIG. 7 is a graph of the dependency of a transfer coefficient on a frequency of the

optically-controlled switch 200 of FIG. 4.

[85] Referring to FIG. 6A, when light is not provided to the PSE 1 of FIG. 4 (when a light

source is in an OFF state), a contact area of the PSE 1, the dielectric gap 12, and the

shunt via 6 may have the same effect as a capacitance element C, and the resonant vias

15 and the shunt via 6 may have the same effect as an inductance element L. As shown

in FIG. 6A, when the optically-controlled switch 200 is in the OFF state, the resonant

circuit having a high factor Q may arise. Also, since the capacitance element C and the

inductance element efficiently compensate each other, electromagnetic waves may

pass through the SIW with only low losses.

[86] Referring to FIG. 6B, when light is provided to the PSE 1 of FIG. 4 (when the light

source is in an ON state), the PSE 1 may have the same effect as a resistance element



R, and the resonant vias 15 and the shunt via 6 may have the same effect as the in

ductance element L. In this case, the inductance element L may not be compensated

and become a mismatching element in a waveguide, and, as a result, electromagnetic

waves may be reflected. When the optically-controlled switch 200 is compared to the

optically-controlled switch 100 of FIGS. 1A-3B, the optically-controlled switch 200

may provide a state of full reflection of EM waves even when the PSE 1 has lower

conductance. Also, since intensity of the light provided to the PSE 1 is linearly a s

sociated with the conductance of the PSE 1, the optically-controlled switch 200 may

provide the state of full reflection of EM waves even when the light having lower

intensity is provided.

[87] For example, referring to a graph of FIG. 6B, in a resonant state with the con

ductance of the PSE 1 of about 100 Sm/m, and in a non-resonant state with the con

ductance of the PSE 1 of about 1000 Sm/m, the same transfer coefficient S12 may be

provided, whereas in the non-resonant state with the conductance of the PSE 1 of about

1000 Sm/m, a transfer coefficient S12 of approximately -15 dB may be provided.

When compared with the same conductance (about 100 Sm/m), the transfer coefficient

may have a difference of about 10 dB in the non-resonant state and in the resonant

state.

[88] Thus, when the optically-controlled switch 200 (including the resonant vias 15) of

FIG. 4 is compared to the optically-controlled switch 100 (including no resonant via)

described in FIGS. 1A-3B, for placing the optically-controlled switch 200 in the ON

state (for implementing a given cut-off level of the SrW), the requirements to the

necessary conductance of the PSE 1 may be reduced 10-times, and intensity of the

provided light may be reduced approximately 10 times compared to the optically-

controlled switch 100 (including no resonant via) described in FIGS. 1A-3B. A c

cordingly, the optically-controlled switch 200 (including the resonant vias 15) may

provide high sensitivity in conditions of low light and low energy consumption.

[89] Also, referring to FIG. 7, the optically-controlled switch 200 (including the resonant

vias 15) of FIG. 4 may demonstrate positive properties in narrower frequency band

than the optically-controlled switch 100 (including no resonant via) described in FIGS.

1A-3B.

[90] FIG. 8 shows an example of an optically-controlled switch according to the related

art.

[91] Referring to FIG. 8, since in a conventional optically-controlled switch, big light

intensity is required, fiber optic cables 101 or lasers may be used to provide light to a

PSE 102. Also, a bulky supporting system 103 may be required for all structure

together with powerful light sources.

[92] Unlike a conventional optically-controlled switch, an optically-controlled switch



according to an embodiment of the present disclosure may not require high light

intensity. Thus, the optically-controlled switch according to an embodiment may use

microLEDs (uLEDs) as light sources, and light intensity of the uLEDs may sufficiently

operate the optically-controlled switch. A light source (e.g. uLEDs) providing light to a

PSE will be described in more detail with reference to FIGS. 9A-9C.

[93] FIGS. 9A, 9B, and 9C are diagrams for explaining the light source 14 providing light

to a PSE according to an embodiment of the disclosure.

[94] Referring to FIG. 9A, the light source 14 included in an optically-controlled switch

300 according to an embodiment may be the uLEDs 14 but is not limited thereto. The

uLEDs 14 may have two contacts located on its opposite sides. One contact may a

direct contact with a first feeding pin of the control circuit 13 and the other contact

may include an additional feed conductor 18 for connecting to a second feeding pin of

the control circuit 13. At this time, to avoid electrical connection of the feed conductor

18 with the PSE 1, a dielectric transparent splitter 16 may be located between the

uLEDs 14 and the PSE 1. The feed conductor 18 may also be placed inside the d i

electric transparent splitter 16 without a contact with the PSE 1. The dielectric

transparent splitter 16 may be manufactured from silicone but is not limited thereto.

Also, the dielectric transparent splitter 16 may be used as a light guide to provide light

generated by the uLEDs 14 to the PSE 1. In an embodiment, the thickness of the d i

electric transparent splitter 16 between the uLEDs 14 and the PSE 1 may consist of

units of um.

[95] Meanwhile, referring to FIG. 9A, contacts 17 may be located in a lower portion of

the PSE 1. The contacts 17 may formed of metal (e.g., copper) and may be areas which

are intended for connection of the PSE 1 to the shunt via 6 and the upper layer 3 of the

printed circuit board.

[96] Referring to FIGS. 9B and 9C, an optically-controlled switch 400 according to an

embodiment may be implemented as a more compact switch in which an uLED chip

142 is used as a light source. In this regard, in the uLED chip 142, an anode and

cathode may be isolated from each other by a semiconductor (p-n transition area) and

may usually be on its different sizes. A bottom side of the uLED chip 142 may be

glued by transparent conducting glue to the anode (or cathode) of the PSE 1. At this

time, a layer glued by the transparent conducting glue may have a thin thickness (about

nm - um). An upper side of the PSE 1 may be metalized for providing galvanic

coupling, taking into account the glue conductance, with the anode (or cathode) of the

uLED chip 142. The anode and cathode of the uLED-chip 142 may be welded using

standard technologies on a Sr PCB coupled with the feed control system of the

uLED-chip 142. Also, all construction may be coated by a protective dielectric coating,

for example, silicone 16.



[97] FIG. 10 shows the current distribution in an optically-controlled switch according to

an embodiment of the disclosure.

[98] Referring to FIG. 10, the current distribution (a shaded area A l in the PSE 1) of FIG.

1 may shows the most reasonable and efficient zone for the PSE 1 to provide transition

to a conducting state and providing of a required conductance level. A depth of current

propagation (and, correspondingly, an optimal thickness of the PSE 1) may be de

termined according to the thickness of a skin-layer on the given frequency of electro

magnetic waves propagating into the Sr and provided by conductance of the PSE 1.

[99] The construction of the optically-controlled switch of FIGS. 9B and 9C, taking into

account the volume current distribution in the PSE 1 in target placement may be ultra-

compact as compared to the solutions known from the related art and thus this may

allow simple integration in compact devices, complexity reduction, as well as power

consumption optimization.

[100] FIGS. 11 and 12 show the dependency of the required optical energy on sizes of

PSEs included in an optically-controlled switch according to an embodiment of the

disclosure.

[101] FIGS. 13A and 13B show current distribution when an optically-controlled switch

operates as a distributed element according to an embodiment of the disclosure.

[102] A ratio of sizes of the light source 14 and the PSE 1 included in the optically-

controlled switch according to an embodiment of the disclosure may exert influence on

the required value of optical energy. Referring to FIG. 11, the optimal radius of the

PSE 1 may be a value approximately 1.4 mm (i.e. the diameter is 2.8 mm). Also, at this

time, optical energy of approximately 3.8 mW may be required for lighting. In case of

reducing the size of the PSE 1, the required value of optical energy multiply may

increase, whereas in case of increasing the size of the PSE 1, the required value of

optical energy may be almost not reduced.

[103] Also, referring to FIG. 12, different optical energy may be required for providing a

conducting state of the PSE 1 with the same size of the light source (e.g. uLED) 14 and

different sizes of the PSE 1. In the same size of the light source 14, the size of a light

spot 251 and zone, in which the given conductance level is provided, taking into

account the volume current distribution in the PSE 1 of FIG. 10, may be the same. As a

result, reduction of optical energy of more than 2 times may be achieved due to opti

mization of ratio of longitudinal sizes of the light source 14 and the PSE 1.

[104] This reduction effect of optical energy may be achieved by diffusion of electrons

transitioned in the conductance zone under the influence of light and diffusing in the

PSE 1, as well as by reducing the influence of edge effects associated with damage of

the molecular structure of semiconductor in its mechanical cutting during manu

facturing. As a result, in a zone A3 where the edge effects occur, electrons may have



less life time, which requires higher optical energy to bring the whole semiconductor

material into the conducting state. Thus, it may be required to provide more optical

power to compensate the influence of edges and provide the given conductance level in

the desired zone. However, in case of increasing the size of the PSE 1, the influence of

edges may be reduced, which may allow obtaining the required conductance in wider

zone by electron diffusion conductance, using the same light source.

[105] From the other side, when the same zone of the given conductance is obtained by

using the enlarged size of the PSE 1, and the consumed optical energy of the light

source may be reduced. For example, as shown in FIG. 12, when the required con

ductance is obtained in the same zone A2 while increasing the size of the PSE 1 and

the size of the light source 14 is the same, the required optical energy may be reduced.

[106] Calculation of concentration of photoconductive electrons n in the PSE 1 taking into

account electron diffusion and edge effects is presented below:

[107] n - Helmholtz equation
A2n s

[108] azimuthal symmetry

[109] s 2=

[110] s - Diffusion length,

[111] D - Diffusion constant,

[112] - Electron life time in a semiconductor,

[113] Φ - Lighting function

[114] Solution for third type boundary condition assuming homogeneity of the carrier

density distribution across the thickness (direction z)

[115] n SRV - boundary condition.

[116] However, in case of increasing the size of the PSE 1 up to the values approximately

more than A, the PSE 1 may become distributed resistance medium other than a

concentrated element. The distributed resistance medium may change depending on

the resistance of the PSE 1 detected in the volume current distribution in the PSE 1,

and consequently may change on its conductance. For example, as shown in FIG. 13A.

the best key isolation may be provided at the most current propagation in the PSE 1 at

more values of resistance of the PSE 1 (at less values of the conductance), whereas at

less values of the resistance of the PSE 1 (at more values of the conductance), currents

may propagate in the less depth of the PSE 1, which may provide less cut-off level of

the optically-controlled switch according to an embodiment.



[117] FIG. 14 is a graph of transfer coefficients with respect to conductance when an

optically-controlled switch operates as a concentrated and distributed element

according to an embodiment of the disclosure.

[118] Referring to FIG. 14, when the optically-controlled switch according to an em

bodiment operates as the distributed element, an optimal value (ml) of the con

ductance of the PSE 1 may exist. Thus, it may be possible to additionally optimize the

level of optical power consumed for transitioning the PSE 1 into a conducting state.

[119] By controlling the size of the PSE 1, and correspondingly, carrier life time in the

given conductance zone, it may be also possible to control switching-on/off time of the

optically-controlled switch. Bigger carrier life time in volume of the PSE 1 may mean

longer switching-on/off of the PSE 1. Vice versa, the PSE 1 having less volume carrier

life time at sufficient optical power may faster transition into the switched-on and

switched-off state. Thus, by moving element edges closer/away of the zone, in which

the given conductance level is required to provide, it may be possible to increase/

reduce volume carrier life time and increase/reduce final switching-on/off time of the

switch due to recombination edge effects. Therefore, depending on purposes of a

device using the optically-controlled switch, by selecting of geometric parameters of

the PSE 1 and a light source, it may be possible to optimize the consumed optical

power of the switch and its switching-on/off time.

[120] FIGS. 15A and 15B show an optically-controlled switch according to an embodiment

of the disclosure.

[121] Referring to FIGS. 15A and 15B, the optically-controlled switch according to an em

bodiment may be a switch controlling a SIW.

[122] The optically-controlled switch according to an embodiment may include a plurality

of shunt vias 61, 62, and 63. The PSE 1 may be coupled onto the plurality of shunt vias

61, 62, and 63. The adjacent shunt vias among the plurality of shunt vias 61, 62, and

63 may be located at a distance of < - of EM waves propagating the SrW. A c

cordingly, when the optically-controlled switch is in an ON state (the light source 10 is

provided to the PSE 1), reflecting areas may be formed (FIG. 15A). To the contrary,

when the optically-controlled switch is in an OFF state (no light source is provided to

the PSE 1), the EM waves may freely propagate the SIW.

[123] FIGS. 16A, 16B, 16C, 16D, 16E, 16F, and 16G show examples of PSEs having

various sizes, forms, and locations in an optically-controlled switch according to

various embodiments of the disclosure.

[124] Size, form and location of the PSE 1 in the optically-controlled switch may be

variously implemented. The size, form and location of the PSE 1 may be determined

by the SIW structure and areas of flowing currents for efficient switching, convenience

of element arrangement for mounting and requirements to isolation. The light source



14 may be located above the center of the PSE 1 or shifted to its edge. Also, the PSE 1

may completely or partially overlap the shunt via 6, have a contact with an upper layer

of a PCB and do not overlap the resonant vias 15.

[125] Referring to FIG. 16A, the PSE 1 may be made rectangular and located substantially

perpendicular to the waveguide axis. The width of the PSE 1 may be approximately

equal to the diameter of the shunt via 6.

[126] Referring to FIG. 16B, the PSE 1 may be made rectangular and located substantially

parallel to the waveguide axis. The width of the PSE 1 may be approximately equal to

the diameter of the shunt via 6.

[127] Referring to FIG. 16C, the PSE 1 may be made rectangular and located at an angle to

the waveguide axis. The width of the PSE 1 may be approximately equal to the

diameter of the shunt via 6.

[128] Referring to FIG. 16D, the PSE 1 may have a complex shape, for example cross-like

shape. The arm width of the PSE 1 may be approximately equal to the diameter of the

shunt via 6.

[129] Referring to FIG. 16E, the PSE 1 may be made round. The diameter of the PSE 1

may be larger than the diameter of the shunt via 6 and the dielectric gap 12, and thus

the PSE 1 may completely overlap the shunt via 6 and the dielectric gap 12.

[130] Referring to FIG. 16F, the PSE 1 may be made square. The side length of the PSE 1

may be larger than the diameter of the shunt via 6 and the dielectric gap 12, and thus

the PSE 1 may completely overlap the shunt via 6 and the dielectric gap 12.

[131] Referring to FIG. 16G, the PSE 1 may be made round. The diameter of the PSE 1

may be larger than the diameter of the shunt via 6 and approximately equal to the

diameter of the dielectric gap 12, while the PSE 1 may completely overlap the shunt

via 6 and partially overlap the dielectric gap 12.

[132] FIG. 17 is a graph of switching time of an optically-controlled switch according to an

embodiment of the disclosure.

[133] A PSE included in the optically-controlled switch according to an embodiment may

include various types of semiconductors, for example, silicon, InGaAs and others. The

switching time of the optically-controlled switch may be determined (ton and toff ~ )

according to electron life time of a material of the PSE. At this time, the electron life

time may be reduced by material passivation (e.g. surface treatment). Meanwhile,

since carrier life time is inversely proportional to optical energy Popt ~ 1/ , reducing

switching time may require more optical power and accordingly increase energy con

sumption.

[134] An example of passivation influence on switching-on/off time of the optically-

controlled switch is expressed in FIG. 17 and in Table 1 below.



[135] [Table 1]

[136] Switching-on and switching-off time ton and toff may be reduced as follows.

[137] 1. Photoconductive material optimization (depends on the carrier life time)

[138] - Modification of Silicon (purity optimization, doping)

[139] - Another material usage (for example, InGaAs)

[140] 2. Switch structure optimization

[141] - Control of the dielectric gap 12

[142] - Considering the volume current distribution in the photoconductive material and

electromagnetic edge effects.

[143] Although the configuration of an optically-controlled switch for a SIW and basic em

bodiments thereof are described above, various modifications and improvements of

one of ordinary skill in the art using the principles also belong to the scope of the

present disclosure.

[144] Applicability

[145] The optically-controlled switch according to an embodiment may be used in nm-

wave devices. For example, the optically-controlled switch may be used in striplines,

circulators, phase shifters, switches and antennas for adaptive beam-forming. Also, the

optically-controlled switch according to an embodiment may be used in devices

requiring control of RF-signals, for example, mobile communication networks of next

generation standards 5G and WiGig, different types of sensors, smart home systems for

wireless energy transmission, including on large distances, other intelligent systems

adaptive to a mm-wave range, car navigation, internet of things (IoT), wireless power

charging, etc.

[146] It should be appreciated that although herein such terms as "first", "second", "third",

etc. may be used to describe various elements, components, regions, layers and/or

sections, these elements, components, regions, layers and/or sections should not be

limited by these terms. These terms are only used to distinguish one element,

component, region, layer or section from another element, component, region, layer or

section. So, the first element, component, region, layer or section may be termed a

second element, component, region, layer or section without going beyond the scope of

the present disclosure. In the present description, the term "and/or" includes any and all

combinations of one or more of the respective listed items. The elements referred to in



the singular do not exclude a plurality of elements, unless otherwise specified.

[147] Functionality of the element specified in the description or the claims as a single

element can be implemented in practice through several components of the device, and

vice versa, functionality of the elements specified in the description or claims as

multiple separate elements can be implemented in practice by a single component.

[148] In an embodiment, the elements/units of the present optically-controlled switch are

disposed in a common housing, placed on the same frame/structure/printed circuit

board and connected to each other structurally by mounting (assembly) operations and

functionally via communication lines. The communication lines or channels, unless

specified otherwise, may be conventional communication lines, the material imple

mentation of which generally does not require creative effort. Communication line may

be wire, set of wires, bus, path, wireless communication link (inductive, radio

frequency, infrared, ultrasonic, etc.). Communication protocols over the commu

nications links are known in the art and not disclosed separately.

[149] Functional relationship of elements should be understood as a connection providing

correct cooperation of these elements with each other and implementing a particular

functionality of elements. Particular examples of functional relationship may be a

connection providing exchange of information, a connection providing transmission of

electric current, a connection providing transfer of mechanical motion, a connection

providing transmission of light, sound, electromagnetic or mechanical vibrations, etc.

The specific form of functional relationship is determined by the nature of interaction

of the elements, and, unless otherwise specified, is provided by well-known means

using the principles well-known in the art.

[150] The optically-controlled switch according to an embodiment may be easily integrated

into the SIW, has low power loss, and is capable of complete shielding of electro

magnetic waves. As a result, SIW technology may be used efficiently in applications

using an mm-wave range.

[151] It should be understood that embodiments described herein should be considered in a

descriptive sense only and not for purposes of limitation. Descriptions of features or

aspects within each embodiment should typically be considered as available for other

similar features or aspects in other embodiments.

[152] While the disclosure has been described with reference to various embodiments

thereof, it will be understood by those skilled in the art that various changes in form

and details may be made therein without departing from the spirit and scope of the

disclosure as defined by the appended claims and their equivalents.
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Claims
An optically-controlled switch, comprising:

a printed circuit board (PCB) comprising upper and lower layers and a

dielectric layer between the upper and lower layers,

a plurality of vias electrically connected to the upper and lower layers

and located in at least two rows;

a shunt via electrically connected to the lower layer and separated from

the upper layer by a dielectric gap; and

a photoconductive semiconductor element (PSE) electrically connected

to the upper layer and the shunt via,

wherein the PSE includes a dielectric state and a conductor state, and

wherein an electromagnetic wave provided to the optically-controlled

switch propagates or is blocked through a waveguide formed between

the at least two rows.

The optically-controlled switch of claim 1, wherein a distance between

adjacent vias among the plurality of vias is less than one tenth of a

wavelength of the electromagnetic wave.

The optically-controlled switch of claim 1,

wherein the at least two rows form waveguide walls, and

wherein a distance between the at least two rows is larger than half of a

wavelength of the electromagnetic wave.

The optically-controlled switch of claim 1, further comprising:

an input port configured to input the electromagnetic wave; and

an output port configured to output the electromagnetic wave,

wherein the input port is located at one end of the waveguide and the

output port is located at another end of the waveguide.

The optically-controlled switch of claim 1,

wherein, when the PSE is in the dielectric state, the electromagnetic

wave propagates through the waveguide, and

wherein, when the PSE is in the conductor state, the electromagnetic

wave is blocked.

The optically-controlled switch of claim 1, further comprising:

a light source connected to the PSE and configured to provide light to

the PSE,

wherein, when the light is provided to the PSE, the PSE is in the

conductor state, and

wherein, when the light is not provided to the PSE, the PSE is in the di-
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electric state.

The optically-controlled switch of claim 6, wherein the light source

comprises a micro light-emitting diode (LED).

The optically-controlled switch of claim 6,

wherein the PSE comprises a metalized area,

wherein the light source is connected to the metalized area,

wherein the optically-controlled switch further comprises:

a protective dielectric coating configured to completely cover the light

source and the PSE;

a first feed conductor located inside the protective dielectric coating

and configured to connect the metalized area to a control circuit; and

a second feed conductor located inside the protective dielectric coating

and configured to connect the light source and the control circuit, and

wherein the first and second feed conductors are isolated from each

other.

The optically-controlled switch of claim 6, further comprising:

a control circuit connected to the light source and configured to control

a state of the light source.

The optically-controlled switch of claim 6, further comprising:

a dielectric transparent splitter located between the PSE and the light

source; and

a feed conductor located inside the dielectric transparent splitter and

configured to connect the light source and the control circuit,

wherein the feed conductor does not contact the PSE.

The optically-controlled switch of claim 6, wherein a size of a light

spot of the light source is 3 to 6 times less than a diameter of the PSE.

The optically-controlled switch of claim 1, further comprising:

a plurality of resonant vias located between the shunt via and the

plurality of vias and electrically connected to the upper and lower

layers.

The optically-controlled switch of claim 1, wherein the PSE is

passivated.

The optically-controlled switch of claim 1,

wherein the PSE comprises a rectangular shape, and

wherein a width of the PSE is equal to a diameter of the shunt via.

The optically-controlled switch of claim 1,

wherein the PSE comprises a cross-like shape, and

wherein an arm width of the PSE is equal to a diameter of the shunt via.
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