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SILICON BASED MILLIMETER WAVE WAVEGUIDE TRANSITION

FIELD OF INVENTION

- Embodiments of the present invention provide a waveguide to planar transmission
~ transition which uses a Silicon (Si) micro machined substrate.

BACKGROUND _ _
In modern communications applications, a waveguide is used to direct electromagnetic
wave signals tb a waveguide input. In order to couple the electromagnetic signal to a

‘signal processing component, it is often necessary that a wa‘vegl'Jide and microstrip

transmission line be coupled together. The various devices used to effect this coupling

~ are known as waveguide to microstrip transition structures.

Due to the increasing demand of wireless communication traffic volume, the carrier

frequency of these applications is expected to migrate towards the next available higher

frequencies region, which is the 130GHz ISM band. It is also forecasted that the carrier
frequency will move to the THz region, 300GHz. As the carrier frequency increases, the
propagation losses increase. Therefore, the required RF front end circuit operating in
this frequency region will require a very high gaih antenna, typically more than 18dBi for

around a 1m communication distance.

Various cbnﬂgurations of planar circuits and rhetallic waveguides have been used to
provide waveguide to microstrip transitions. Although planar circuits provide the key
technology for integrated circuit design and low cost irﬁplementation, it.is not viable to
design very high gain antennas using planar waveguides due to the large circuit area
requ_iréd. In addition, the losses associated with planar circuits at millimeter wave
(mmWave) and sub-mmWave frequencies are very high. Furthermore, the large circuit
area increases the fabrication costs, thus eliminating the main low cost advantages of

planar circuits.

Rectahgular metallic waveguides are known to have a relatively low insertion loss and
high power handling capability. The performance of the metallic waveguide component
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does not suffer significantly as compared to planar circuits when the frequency increases
to fhe mmWave region. The design principal and theory for the metal hollow waveguide
components are well understood and the fabrication process is matured. ‘Its standard
horn antenna can easily achieve more than 18dB gain using a single radiating element.
Moreover, scaling down of the components size at the high mmWave frequency region
makes it suitable and attra_ctive'fon" various applications integration. However, when
using metallic waveguides additional components are required to _ihtegraté a transition

- from the waveguide to other electrical systems.

Hence, in order to benefit from both planar and metallic waveguide technologies at

mmWave and sub-mmWave wave bands, it is important to have an efficient planar to

waveguide transition. There are several reported vertical planar to rectangular
waveguide transitions which can be broadly classified into 2 major types, cavity backed

-and non-cavity backed. For cavity backed, the transition consists of a planar circuit

which. is inserted at a distance, usually at % wavelength from the short circuit section of
the waveguide. For the non-cavity backed transition, the planar circuit is designed at the
end of the open end of the aneguide. Although, the non-cavity backed transition has a
smaller bandwidth, its structure is much simpler and can be manufactured at lower cost.
This fnakes it suitable for commercial applications.

For all the planar circuit or transmission line designs, the most commbn substrate used
at mmWave frequencies and above is quartz and Duriod. This is mainly due to its low
material loss characteristics. However, these designs have limited functional integration

capabilities.

Alternately, Thin Film Microstrips (TFMS) implerhented on normal Silicon (Si) substrates

have demonstrated that they can provide fairly low Iosées. Due to fabrication and

process limitations, the TFMS has a limited maximum thickness of approximately 30um.
This is not suitable for the design of circuits such as patch antennas and transitions in
which the performance, such as bandwidth, increases with the substrate thickness.

One prior art design provides a WR-6 rectangular waveguide to microstrip transition and
patch antenna at 140GHz. (see eg. “A WR-6 Rectangular.Waveguide to Microstrip
Transition and Patch Antenna at 140GHz Using Low-cost Solutions”, IEEE Radio and
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Wireless Symposium, 22-24 Jan. 2008 Pages 355 — 358). This. design suffers. from
some inadeduacies. For example, it uses a microstrip as the planar transmission line.
The back of the circuit is exposed and is subjected to interference. Additionaiily, this
desigﬁ has limited bandwidth, i.e. approximately 7GHz. |

It would therefore be a great improvement in the art if a waveguide' transition could
be developed that addresses one or more of the problems discussed above.

SUMMARY

One aspect of the present invention provides a waveguide to planar transmission
transition for converting electromagnetic wave signals to electrical signals, the
transition including a silicon substrate having a trench in a top surface thereof; a
polymer material disposed in said trench; a first thin film disposed on said tbp
surface and covering said polymer; and a metallic signal line disposed on a top
surface of said first thin film and extending at least partially over said trench; wherein
said metallic s'ignal line receives said electromagnetic.wave signal and converts said
electromagnetic wave signal to said electriéal signal. : '

In alternate embodiments, the waveguide to planar transmission transition may also
include a second thin film disposed on a top surface of said first thin film and said
metallic signal line; a metal film disposed on a top surface of said second thin film,
said metal film having a bowtie éhaped cutout disposed above said trench; and a
narrow rectangular metal strip disposed longitudinally within said bowtie cutout to
enhance the coupling of said electromagnetic wave signal to said metallic signal

line.

In further émbodiments, the Waveguide to planar transmission transition may also
include a second metallic film disposed within said trench such that said polymer
and said first thin film are disposed on said second metallic film, and a plurality of
vias extending through said first and second thin films fo electrically connect said
metal film to said second metal film, wherein said second metal film provides an

electrical ground.
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In some embodiments, the polymer may be approximately 100 micrometers thick,
depending on the electrical performance, such as bandwidth and operating
frequency requirement. Each of the thin films may be made from benzocyclobutene
having a thickness of approximately 10 micrometers. The waveguide may operate
at a 135GHz ISM band, and may provide a signal band width of at least 10GHz.
The transition may be a planar to réctangular waveguide transition.

An alternate aspect of the present invention provides a method for converting
electromagnetic wave signals to electrical signals using a waveguide to planér
transmission transition, the method including the steps of: providing a silicon"

~ Substrate having a trench in a top surface thereof; disposing a polymer material in

said trench; disposing a first thin film on said top surface and cdveri_ng said polymer
material; and disposing a metallic signal line on a top surface of said first thin film -
and extending at least partially over said trehch; wherein said metallic signal line
receives said electromagnetic wave signal and converts said electromagnetic wave

signal to said electrical signal.

In alternate embodiments, the method rhay further include the steps of disposing a
second thin film on a top surface of said first thin film and said metallic signal line;
depositing a metal film on a top surface. of said second thin film, said metal film
having a bowtie shaped cutout disposed above said trench; and disposing a narrow
rectangular metal strip longitudinally within said bowtie cutout to enhance the

coupling of said electromagnetic wave signal to said metallic signal line.

| Additional embodiments may include a step for depositing-a second metallic fim

within said trench such that said polymer and said first thin film are disposed on said
second metallic film, and electrically connecting said metal film to said second metal
film by exténding a plurality of vias through said first and second thin films, wherein
said second metal film provides an electrical ground. ' |

BRIEF DESCRIPTION OF THE DRAWINGS



10

15

20

25

30

WO 2011/136737 PCT/SG2010/000171

5

Embodiments of the invention will be better understood and readily épparent to one
of ordinary skill in the art from the following written description, by way of example
only, and in conjunction with the drawings, in which:

Figure 1 illustrates a translucent perspective view of one embodiment of a

‘waveguide to planar transmission transition according to the present invention;

Figure 1a illustrates an exploded tfansluce_nt perspective view of the waveguide to

planar transmission transition of Figure 1;

Figure 2 illustrates a partial cutout perspective view of a portion of the waveguide to
planar transmission transition of Figure 1 along the “y” axis;

Figure 3 illustrates a partial cross-sectional side view of the waveguide to planar
transmission transition of Figure 2;

Figuré- 4a illustrates a top view of a top layer of a waveguide to planar transmission
transition according to the present invention;

Figure 4b illustrates a top view of one or more BCB layers of a waveguide to planar

transmission transition according to the present invention;

Fighre 4c illustrates a 'top view of additional layers of a waveguide to planar

transmission transition according to the present invention.

DETAILED DESCRIPTION

Embodirhehts of the present invention provide a waveguide to planar transmission
transition which uses a Silicon (Si) micro machined substrate comblned with a stripline.
Figure 1 illustrates a translucent perspective view of one embodiment of a
rectangular waveguide to planar transmission transmon 100 according to the

present invention. For purposes of illustration, arbltrary y and “z" axes 101,
103, 105 respectively, are shown in Figure 1. Figure 1a illustrates an exploded
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translucent perspectlve view of the waveguide transition 100 of Figure 1. Figure 2
illustrates a partial cutout perspective view of a portion of the waveguide transition
100 along the “y” axis 103 of Figure 1. Figure 3 illustrates a partial cross- sectlonal
side view of the waveguide transition 100 of Figure 2. Figure 4a i_lILlstrates a top
view of one embodiment of a top Iayef of the wéveguide transition 100 of Figures 1-
3. Figure 4b illustrates a tob view of one embodiment of one or more BCB layers of
the waveguide transition 100. Figure 4c illustrates a top view of one embodiment of

édditional layers of the waveguide transition 100.

With continuing reference to Figures 1-4c, the waveguide transition 100 includes a

“silicon substrate 110. The silicon substrate 110_may haye_ a cavity or trench 112

machined therein." In some embodiments, the cavity 112 may be plated with a metal
layer 120, which may cover the bottom and sides of the cavity 112, as well as atop -
surface 102 of the silicon substrate 110. The cavity 112 may be filled with a suitable

low-loss polymer 114.

A pI'anar stripline transmission line structure (thin.ﬂlm)'130 coupling the signal through

the board side of a rectangular waveguide 129, such as a WR6 horn antenna, etc., may
then be applied to the top surface 102 of the snhcon substrate.110. In embodlments
in which the metal layer 120 extends onto a portion of the top surface 102 of the
silicon substrate 110, the planar stripline transmission line structure 130 may be
applied onto the metal layer 120. In the embodiment illustrated in Figures 1 and 2,

the planar stripline transmission line structure 130 may include, by wéy of example

and not limitation, first and second benzocyclobutene (BCB) layers 132, 134

respectlvely having a metallic signal line 136 embedded therein. BCB is used as it
is known to provide very low insertion losses for the structure. It is understood that
one or more BCB layers may be used. In alternate embodiments, other types of
dielectric materials may also be used. ‘

In this design, the thickness of the substrate layers 132, 134 of the thin film planar
stripline transmission line structure 130 may be increased using Si micro machining.
technology. In the Si substrate 110, the specific required area and depth fnay be etched |
to form the cavity 112. Depénding on the design, the cavity 112 may be metal plated to
form a grouhd plane to electrically isolate the Si'substrate 110. The trench 112 may then
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be completely filled with a suitable low loss polymer 114, which has a similar dielectric
constant as the thin film structure 130. Subsequently, the thin film structure 130 may be

_processed on the whole Si wafer 110. In this way, a substrate section is created in

which the thickness of the dielectric layer is the sum of the thicknesses of the ponmer
114 in the trench 112 and the thin film structure 130 above it.

In this embodiment, the rhic;kness of the polymer 114 i.n the trench 112 may be
approximately 100 micrometers. The thickness of each of the BCB layers 132, 134 may

be 10 micrometers. Thus, using this design, the effective thin film thickness of the

planar stripline transmission line structure 130 is increased to 120um, i.e. 20um of thin
film and 100um of polymer. . It is understood that the thickness of the polymer 114 and
BCB layers 132, 134 may be adjusted as desired dependrng on the specrﬂc performance
characteristics required for the transition 100. The signal line and other metal layers

may be made from any material with a low electrical loss

In some embodiments, in order to increase the coupling efficiency between the
electromagnetic signal and the metallic signal line 136, an additional metal layer 140
may be applied to a top surface 131 of the thin ﬂlm structure 130. A portion of this metal
layer 140 may be etched to form a bowtie aperture 142 therein. Additionally, a narrow
strip 144 may be provrded in the center of the bowtie aperture 142 to enhance the
coupling efficiency of the electromagnetic signal to the rectangular waveguide in its
fundamental mode of TEO1. The bowtie aperture 142 mcludes_ two narrowed sections or

- tips 142a, 142b. A plurality of interconnect vias 145 may be included to provide an
* electrical ground connection between the metal layers 120 and 140. In some

embodiments, an input port 147 may be provided for testing of the structure. In other
embodiments, a metal ground strip (not shown) may be provided in line with the vias
145. '

The two tibs 142a, 142b formed by the bow-tie aperture 142 help to guide the signal
from the stripline 130 to couple mainly to the center of the metallic signal line 136 to
strengthen the rectangular TE field. The metallic signal line 136 may be extended
beyond the center of the cavity 142 for impedance matching. The resonance frequency
and bandwrdth of this transition 100 may be determined by the above interrelated
parameters. Generally, the center frequency of the transition 100 is determined by the

PCT/SG2010/000171
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lengths of the metallic signal line 136 and the rectangular cavity 112. The bandwidth

_may be determined using the interrelated parameters of the effective thin film thickness

(i.e. the thickness of the cavity 112 when combined with the BCB layers 132, 134), the
width of the metallic signal line 136, the width of the cavity 112, and the dimensions of
the bow-tie aperture 142. Due to the interrelationship of the parameters, the design
specific dimensions ot the parts of this waveguide transition 100 may be done using, for V
example, a commercial 3D EM simulator. This provides flexibility in the design in order to
tune the waveguide transition 100 to operate at specific target frequencies. By way of
example and not limitation, such software may include 3D Electromagnetic Simulators

"such as the High Frequency Sensor Subsystem (HFSS) and systems avallable from

Computer Simulation Technology (CST)® may be used.

As is discuSsed in the background section of the present application, the bandwidth in
these antennas increases when the substrate thickness is increased and the dielectric
constant (e,) is reduced. In addition, the design of the aperture opening can also be
optimized to increase the frequency. Based on these principles, the substrate thickness
below the transition desrgn for the present embodiments is increased using Si
micromachining, and an optimized bow-tie pattern aperture is ‘used to increase the
bandwidth.

As dlscussed above, the bottom ground metal 120 shields the S|gnal from the high loss
normal Si substrate 110, while the top ground metal 140 allows the rectangular :

‘waveguide to be assembled directly. There is no modification required on the standard

rectangular waveguide section to allow the planar transmission line to pass through.

In a preferred embodrment the end of the metallic signal line 136 is open- -circuit
terminated over the polymer filled trench 112. The open-circuit termlnated feature is
important for circuits that may require a DC bias to be applied on the signal line. For
short-circuit terminated signal lines, an additional DC block circuit (not shown) may be
used. However the DC block, which is has an operating bandwidth, will usually degrade . -

. the whole circuit performance.

In other preferred embod|ments the surface dlmenSIons of the trench 112 micro-

machined on the Si substrate 110 are designed to be equal to the internal drmensmns of -
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the reétangular waveguide. The side walls and the bottom surface of the trench 112 are

metal platéd 120 and connected to the planar stripline transmission line structure 130

- bottom ground (Metal 1). In this way, the normal silicon substrate is again isolated. The

depth of the cavity 112 is 100um and filled with polymer. A bigger trench 112 depth is
preferred as it helps to increase the thickness of the substrate at the aperture, which
help to increases the operating bandwidth. The top ground plane of' the stripline is
opened to form the apertdre. : '

Embodiments of the present invention may be used in various applicatiohs. These may
include, but are not limited to, mmWave and THz wireless communications, 77GHz
automotive radar applications, imaging and sensing applications, measurement
applications, and antennas designed on Si substrates. Additionally, the embodiments
may be directly connected to, for example, the WR-6 20dB standard horn antenna.

The emquiments dischssed above have several advantages over prior art designs.
The Si micro-machined substrate is the preferred integration platform for mmWave and
THz circuit. As compéred to other substrates Such as LTCC, Roger and Quartz
substrates, the embodiments provide a higher feature resolution (metal size and gap)
which are required at these frequency ranges. Fuﬁhermore, the embodiments provide a

high level of circuit and functional integrations.

Instead of using the costly high resistivity Si substrate, the embodiments as described
use thin film (BCB) technology on a normal Si substrate. The thin film BCB material has
been shown to have low loss up to 800GHz. However, the thin film has limited thickness

'(typlcally <30um), which is not su1table for circuits that reqmred thicker substrates such

as transitions and antennas. Hence, silicon thin film technology has not been prewously
used for designing these circuits. The embodiments provide a low cost solution to use
Si thin film technology to design a planar to rectangular vertical transition. In this
solution, the effective thickness of the thin film is increaséd using a polymer filled cavity,
while at the same time a modified bowtie aperture pattern is used to realize a transition

on a normal Si substrate.

It will be appreciated by a person skilled in the art that nﬁmerous variations and/or

modifications may be made to the present invention as shown in the specific
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embodiments without departing from the spirit or scope of the invention as broadly
described. The present embodiments are, therefore, to be considered in all respects to
be illustrative and not restrictive.
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CLAIMS

1. A waveguide to planar transmission transition for converting electromagnetic.
wave SIgnaIs to electrical signals, the transition comprlsmg

a silicon substrate having a trench |n atop surface thereof;

a polymer material disposed in said trench,

a first thin film disposed on said top sdrface and covering said polymer; and

a metallic.signal line disposed on a top surface of said first thin film and
extehding at least partially over said trench; | '

wherein said metallic signal line receives said electromagnetic wave signal

and converts said electromagnetic wave signal to said electrical signal.

2. The waveguide to planaf transmission - transiticn of claim 1, further
comprising: | ' ‘ '

a second thin film disposed on a top surface of said first thin film and said
metallic signal line; '

a metal film disposed on a top surface of said second thin film, said metal film
having a bowtie shaped cutout disposed above said trench; and

a narrow rectangclar metal strip diepoeed longitudinally within said bowtie
cutout to enhance the coupling of said electromagnetic ane signal to said metallic
eignal line. ‘

3. The wevegwde to planar transmission transition of claims 1‘ or 2, further
compnsmg a second metallic film disposed within said trench such that sald polymer
and said first thln film are dlsposed on said second metallic f Im.

4. The waveguide to planar transmission transition of claim 3, further
comprlsmg a pIurallty of vias extending through said first and second thin films to
electrically connect said metal film to said second metal film, wherein said second
metal film provides an electrical ground.

5. The waveguide to planar transmission transition of any one of the previous

claims, wherein said polymer is approximately 100 micrometers thick.
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6. The waveguide to planar transmission transition of any one of the previous
claims, wherein each of said thin films comprises benzocyclobutene having a

thickness of approximétely 10 micrometers.

7. The waveguide to planar transmission transition of any one of claims 5 and 6,

wherein said waveguide operates at a 135GHz ISM band.

8. The waveguide to planar transmission transmon of any one of claims 5-7,

wherein said wavegwde provides a signal band width of at least 10GHz.

o. The waveguide to planar transmission transition of any one of the previous

claims, wherein said transition is a planar to rectangular waveguide transition.

10. A method for converting electromagnetic wave signals to electrical signals

using a waveguide to planar transmission transition, the method comprising the

" steps of:

providing a silicon éubstrate having a trench in a top surface thereof; .

disposing a polymer material in said trench;’

disposing a first thin film on said top surface and covering said polymer _
materlal and

disposing a metallic S|gnal line on a top surface of said first thin film and
extending at least partially over said trench;

wherein said metallic signal line receives said electromagnetic wave signal

and converts said electromagnetic wave signal to said electrical signal.

11. The method of claim 10, further comprising: _

disposing a second thin film on a top sufface of said first thin film and said
metallic signal Iin‘e;

,depbsiting a metal film on a top surface of said second thin film, said metal
film having a bowtie shaped cutout disposed above said trench; and

disposing a narrow rectangular me.tal'strip Iongitudinally within said bowtie

cutout to enhance the coupling of said electromagnetic wave signal to said metallic

© signal line.
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12. The method of claims 10 or 11, further comprising depositing a second
metallic film within said trench such that said polymer and said first thin film are

disposed on said second metallic film.

13. The method of claim 12, further comprising electrically connecting said metal
film to said second metal film by extending a plurality of vias through said first and

second thin films, wherein said second metal vﬁlm-provides an electrical ground.
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