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AN ANTENNA AND METHOD FOR MANUFACTURING THE SAME

FIELD OF INVENTION

The present invention relates broadly to an antenna and method for
manufacturing the same.

BACKGROUND

Recently, 7 Gigahertz (GHz) of unlicensed bandwidth around 60GHz was
opened allowing for a variety of applications including Gigabit per second (Gb/s)
point-to-point links, extremely high—bapacity wireless local area networks, and
vehicular radar at nearby frequencies. Presently, the exploitation of this frequency
band is minimal because of the high cost of the compound semiconductor
‘technology needed to process the millimetre (mm)—wéve signals, i.e.
electromagnetic waves having wavelengths in the millimetre range. However, with
the improved high-frequency capabilities of the Complementary Metal Oxide
Semiconductor (CMOS) technology, low-cost radio solutions operating at this
frequency band are beginning to appear. Although mm-wave CMOS circuits have
been demonstrated, the design of an integrated chip antenna is still a bottleneck of
- the overall transceiver design. |

A major problem encountered in on-chip antennas is signal loss. One
possible reason is that the CMOS substrate usually has low resistivity, e.g. in the
region of =10 Ohm-centiAmetre (Q.cm), and high permittivity (e.g. ;= 12). In additioh,
the standard CMOS. process often involves a very thin substrate (=200pm << A4/10
for antenna implementation). Thus, the use of such thin substrate for on-chip
antenna implementation can result in poor radiation property in the. broadside and
bad impedance bandwidth.

Figure 1 shows a diagram (not to scale) illustrating the effect of an image
currenf on the radiation transmitted. Here, for ease of illustration, the substrate has
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been omitted and its effect on the radiation ignored. As can be seen from Figure 1, a |
current J flows from left to right above a ground plane. In the presence of the ground
plane, an oppositely charged image current Jimsge is induced and located at a
distance below the g'round_ plane that is equal to the distance from the current J to
the ground plane. The oppositely charged image current Jimage, Which represents the
reflected path of the wave from the ground plane, can destructively interfere with the
directed wave before it reaches a feceiving point P, resulting in low gain and
multiple nulls in the broadside.

To- solve the above problem, one prior art approach proposes increasing the
substrate thickness in order to improve the broadside radiation pattern. Another prior-
art approach proposes adopting a silicon lens at the backside of the chip. However,
in doing so, special shaping of the bulk silicon substrate into a convex lens is
needed in order to ensure constructive interference of the wave at the backside of
the chip. Thus, such approaches may inadvertently increase the overali process

fabrication cost.

Other prior art approaches include using a metallic reflector placed at some
distance away (typically a quarter of a wavelength) so as to improve the broadside
radiation, adopting a high dielectric constant for efficient radiation, and using .
suspendéd dipole or monopole-base antennas. However, with the presence of the
metallic plate, it is very difficult to miniaturize the overall chipset. The
electromagnetic compatibility (EMC) decoupling between the antenna and circuitries
‘may be reduced. Furthermore, the backside ground is generally needed in most of
the integrated circuits so as to have an efficient die-attachment to other circuitries.
Thus, the typical monopolé~based antenna design is no longer attractive using
CMOS technology.

A need therefore exists to provide an antenna and method for manufacturing
the same that seek to address at least one of the above problems.
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SUMMARY

In accordance with a first aspect of the present lnventlon there is provided
an antenna comprising:

a plurality of metal layers'separated from each other by respective dielectric
layers wherein a bottom metal layer comprises a closed loop while remaining metal -
layers eomprise open loops; the plurality of metal layers being connected by
respective vias; | | o

a feed line terminating in a stub in a top metal layer and disposed in ah area
defined by the loops; »

a bulk silicon layer disposed below the plurality of metal layers; and

a mass ground layer disposed below the bulk silicon layer.

The plurality of metal layers alternately may comprise paralle! wires or an’
artificial magnetic conductor structure respectlvely disposed in the area defined by :
the loops, excluding the top metal layer.

Each layer of the artificial magnetic conductor structure may cdmprise rows
of C-shaped elements.

Each of the C-shaped eléments may be posmoned symmetrically opposite to
an adjacent C- shaped element on the same row.

Each of the C-shaped elements may be separately coupled to a wire directly
below said layer of the artificial magnetic conductor structure.

Each of the plurality of metal Iéyers, excluding the top metal layer, may
comprise parallel strips disposed in the area defined by the loops such that an
inclined artificial magnetic conductor structure may be formed.

The number of parallel strips may increase sequentially from an upper metal
layer to a lower metal layer for forming an inclined artificial magnetic conductor
structure.
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The stub may be substantially rectangtjlar.
. The stub may be open-circuited.

The antenna may further comprise a second stub in an intermediate metal
layer and disposed in an area defined by the loops.

The second stub may comprise substantially the same shape as the first
stub.

The second stub may be connected to the first stub by one or more vias.
The bulk silicon layer may be a CMOS substrate.

A substantially large portion of the bulk silicon layer and the mass ground
layer in the area defined by the loops may be removed.

The antenna may be configured to operate at a frequency band around 60
GHz.

In accordance with a second aspect of the present inventibn, there is
provided a method for manufacturing an anténna, ‘the method comprising the steps
of:

forming a mass ground layer on a CMOS substrate;

forming a bulk silicon layer above the mass groUnd layer,;

forming a plurality of metal layers above the bulk siIicbn layer and separated
from each other by respective dielectric layers wherein a bottom metal layer
comprises a closed loop while remaining metal layers comprise open loops; the
plurality of metal layers being connected by respective vias; and

forming a feed line terminating in a stub in a top metal layer and disposed in
an area defined by the loops; |



WO 2010/087783 PCT/SG2010/000029

5

The forming of the plurality of metal layers further may comprise forming
parallel wires or an artificial magnetic conductor structure respectively in the area
defined by the loops, excluding the top metal layer.

The forming of the plurality of metal layers may further comprise forming
parallel strips in the area defined by the loops in each of the plurality of metal layers,
eXcluding the top metal layer, for forming an inclined artificial magnetic conductor
structure.

The method may further comprise removing a substantially large portion of
the bulk silicon layer and the mass ground layer in the area defined by the loops.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will be better understood and readily apparent
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 shows a diagram (not to scale) illustrating the effect of an image
current on the radiation transmitted. _

Figure 2(a) shows a perspective view of an antenna according to an example
embodiment. |

Figure 2(b) shows a partial sectional view of the layers of the antenna of
: Figuré 2(a). ‘

Figure 3 shows graphs comparing loss responses of the antenna of Figure
2(a) with an etched hole on the ground plane and one with a full ground plane based
on simulation results. o

Figure 4 shows graphs comparing gains of the antenna of Figure 2(a) with an
etched hble on the ground plane and one with a full ground plane based on
simulation results. |

Figure 5(a) shows a perspective view of an improved antenna based on the
antenna of Fiéure 2(a) according to an example embodiment.

Figure 5(b) shows an enlarged perspective view of a physical unit cell of the
antenna of Figure 5(a).
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Figure 5(c) shows a diagram (not to scale) illustrating the improvement in the
antenna of Figure 5(a). »

Figure 6 shows a graph illustrating the loss response of the antenna of Figure
5(a) based on simulation results. '

Figure 7 shows a' graph illustrating the gain response of the antenna of
Figure 5(a) based on simulation results. “

Figure 8 shows graphs illustrating electric‘ (E) and magnetizing (H)-plane
radiation patterns of the antenna of Figure 5(a) based on simulation results. 7

Figure 9 shows an image of the antenna of Figure 5(a) as fabricated
according to an example embodiment. '

Figure 10 shows a graph of return loss of the antenna of Figure 9 backed by
a full ground carrier based on\measured results.

Figure 11 shows an image of an experiment set-up for measuring peak gain
of the fabricated antenna of Figure 9 according to an example embodiment.

Figure 12(a) shows a perspective view of an antenna according to an
alternate embodiment. :

Figure 12(b) shows a partial sectional view of the layers of the antenna of
Figure 12(a).

Figure 13 shows graphs comparing loss responses of the antenna of Figure
12(a) with an etched hole on the ground plane and one with a full ground plane
based on simulation results. |

Figure 14 shows graphs comparing gains of the antenna of Figure 12(a) with
an etched hole on the_ ground plane and one with a full ground plane based on
- simulation results.

Figuré 15(a) shows a perspective view of an improved antenna based on the
antenna of Figure 12(a) according to an example embodiment. |

Figure 15(b) shows an enlarged perspective view of an area defined by the
metal layers of the antenna of Figure 15(a). _ | |

Figure 15(c) shows a diagram (not to scale) illustrating the improvement in
the antenna of Figure 15(a). |

Figure 16 shows a graph illustrating the loss response of the antenna of
Figure 15(a) based on simulation results.

Figure 17 shows a graph illustrating the gain response of the antenna of
Figure 15(a) based on simulation resuits.
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Figure 18 shows graphs illustrating electric (E) and magnetizing (H)-plane
radiation patterns of the antenna of Figuré 15(a) based on simulation results.

Figure 19 shows an image of the antenna of Figure 15(a) as fabricated
according to an éxample embodiment.

Figure 20 shows a graph of return loss of the antenna of Figure 19 backed by
a full ground carrier based on measured results. |

Figure 21 shows an image of an experiment set-up for measuring peak gain
of the fabricated antenna of Figure 19 according to an example embodiment.

Figure‘ 22 shows a flow chart illustrating a method for manufacturing an
antenna according to an example embodiment.

DETAILED DESCRIPTION

Figure Q(a) shows a perspective view of an antenna 200/éccording to an-
example embodiment. Figure 2(b) shows a partial sectional view of the layers of the
antenna 200 of Figure 2(a).

A 50Q coplanar feed line 202, which is designed to work at about 60GHz
and used to excite the antenna 200 in the example embodiment, is terminated with
an éxtended tap-stub 204 so as to preferably give a good matching for frequencies
between 54.4GHz to 67.6GHz in the absence of a mass (or bulk) ground plane. As
can be seen from Figure 2(a), the width of the feed line 202 is about 9.78
- micrometres (um), while the size of the tap-stub 204 is about 0.36mm x 0.36mm in
the example embodiment. Also, as the example embodiment seeks to implement an
antenna that consumes as small an estate area as possible, a finite ground-plane
c_:oplanar waveguide (also known as grounded coplanar wavqguide) is limited to a
finite ground width of about 0.02A,, or 0.1 mm, in the example embodiment.
Preferably, the whole antenna 200 is restricted to an area of about 1.44mm by

1.1mm footprint as shown in Figure 2(a).

In addition, in the example embodiment, a plurality of connected rings are
provided within the perimeter of the antenna 200 to form a cavity for confining the

wave. Here, as éan be seen in Figure 2(b), the connected rings comprise six metal
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layers 206a-f separated by resp_ecﬁve dielectric layers 208. It will be appreciated
that the number and thickness of the metal layers 206 and réspective dielectric
layers 208 may vary depending factors such as the type of CMOS process used. For
examble, the thickness of metal layers 206a-e is about 0.594 pm, while the
thickness of metal layer 206f is about 2.15 uym in the example embodiment. The
width of the metal layers 206a-f is about 0.1 mm (i.e. about 0.02A,) as explained
above. Further, in the example embodiment, four vertical vias (not shown) at the
feed-end (i.e. ends of the rhetal layers 206 adjacent to the feed line 202) -are
inserted to ensure that the dominant mode is being propagated into the extended
tap-stub 204.

Also, as can be seen from Figure 2(b), a bulk silicon layer 210 is disposed
below the plurality of metal layers 206, and a mass ground layer 212 is disposed
below the bulk silicon layer 210 in the example embodiment.

In a simulated analysis, a substantially big hole is etched at the center of the
mass ground plane of the antenna 200 to remove the ground image current effect.
The performance of modified antenna is then compared with one having a full mass
ground plane using commercial simulation software, e.g. IE3D from Zeland
Software, Inc. in the example embodiment. |

Figure 3 shows graphs comparing loss responses of the antenna of Figure
2(a) with an etched hole on the ground plane and one with a full mass ground plane
based on simulation results. Figure 4 shows graphs ¢ompafing gains of the antenna
of Figure 2(a) with an etched hole on the mass ground plane and one with a full
mass ground plane based on simulation results. In Figures 3 and 4, the antenna
with an etched hole on the mass ground plane are represented by lines 302 and 402
respectively, while the antenna with a full mass ground plané'are represented by
-lines 304 and 404 respectively. As can be seen in Figures 3 and 4 the antenna with
the full main ground plane is operative, with a somewhat narrow bandwidth and low
gain. On the other hand, the antenna with anl etched hole on the mass ground plane
has significantly improved impedance bandwidth and gain performance. For
example, the trough of line 302 is relatively wide while the trough of line 304 is
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relatively narrow. Also, the simulated gain shown by line 402 is 3.8dBi as compared
to -7dBi shown by line 404 at 58.29GHz.

Figure 5(5) shows a perspective view of an improved antenna 500 based on
the antenna of Figure 2(a) according to an example embodiment. Figure 5(b) shows
an enlarged perspective view of a physical unit cell 510 of the antenna 500‘of Figure
5(a). Figure 5(c) shows a diagram (not to scale) illustrat_ing the improvement in the
antenna 500 of Figure 5(a). |

in Figure 5(a), the feed line 202, tap-stub 204 and metal layers 206a-f of the
antenna 500 are the same as those described above with resp.ect to the antenna
200 of Figure 2(a). In addition, alternate layers of an artificial magnetic conductor
(AMC) 502 and thin wires 504 are disposed in the cavity defined by the metal layers
206. For example, the thih wires 504 are provided adjacent to metai layer 206a,
while the 'AM.C 502 is provided adjacent to metal layer 206b in the example
embodiment. The alternating pattern is repeated for the remaining layers 206c-206f.
Typically, the AMC 502 is also known as high impedance surface or frequency
selective 'surface, among other names as understood by a person skilled in the art,
and generally comprises an electromagnetic band gap material. In the description,
the term AMC is used interchangeably with the term perfect magnetic conductor
(PMC). '

in the example embodiment, each unit cell 510 comprises two C-shaped
'AMC elements 502 faced oppositely and separately coupled to a thin wire 504
placed directly below the respective layer. The size of each C-shaped element 502
is about 45 pm x 55 um. The width of the AMC in each C-shaped element 502 is
about 10 pm. The’separation>between the two adjacent and opposite C-shaped
elements 502 is about 5 pm. In the example embodiment, the width of the thin wire
504 is also about 5 ym while the thickness of the thin wire 504 is the same as the
thickness of the metal layer, i.e. 0.594 pm. As can be seen from Figure 5(a), the unit
cell 510 is repeated throughout the metal layers 206a-f. It will be appreciated that
the AMC elements 502 can have other shapes and dimensions in alternate
embodiments.
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Referring to Figure 5(c), for a current J flowing from left to right, in the
presence of the AMC, a current KJ is induced between the AMC and ground plane,
having the same flow direction as current J. As a result, two image currents Jimage
and KJimage @re induced below the ground plane due to g'round plane effect, and
which in turn, induce imége currents Kdimage and K2Jimage respecﬁvely above the
Qround plane. Further image currents (not shown) with diminishing magnitudes may -
be induced above and below the ground plane such that the_ effects of the image
currents advantageously cancel out one another, thereby subétanﬁally reducing
destructive interference. That is, the image currents can in turn re-enhance the
radiatioh pattern in the broadside even though the substrate thickness may be very
thin. In doing so, the counter-effect of the ground plane can be advantageousiy
minimized. | '

~ Figure 6 shows a graph illustrating the loss response of the antenna of Figure
5(a) based on simulation results. Figure 7 shows a graph illustrating the gain
response of the antenna of Figure 5(a) based on simulation results. Comparing
Figures 6 and 3, it can be seen that the antenna 500 having an artificial magnetic
conductor inserted (Figure 6) can retain substantially the same bandwidth as one
without the AMC (Figure 3). In addition, as shown in Figure 7, there is a significant
imprb\)ement in the overall antenna gain with a maximum gain of about 3.75dBi
occurring at 61.09GHz, as compared to the gain of the antenna without AMC and
with a full mass ground plane.

Figure 8 shows graphs illustrating electric (E) and magnetizing (H)-plane
radiation patterns of the antenna of Figure 5(a) based on simulation results. In
Figure 8, the E-plane radiation pattern is represented by line 802 while the H-plane
‘radiation pattern is represented by line 804.

Figure 9 shows an image of the antenna 500 of Figure 5(a) as fabricated
according to an example embodiment. The feed line 202, tap-stub 204 and C-
shaped elements 502 can be seen in Figure 9. The fabricated antenna 500 is next
die-attached onto a gold carrier and measured by an analyzer, e.g. a 110GHz vector
network analyzer 37000D series from Anritsu Corporation.
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Figure 10 shows a graph of return loss of the antenna of Figure 9 backed by
a full ground carrier based on méasured results. As can be seen from Figure 10, an
ultra-broadband impedance bandwidth of about 126%, ranging from 15GHz to
66GHz has been achieved in the example embodiment. In addition, there is a -
broadening of the bandwidth as compared to Figure 6 which is mainly due to the fact
that the .Iosses in the substrate have not been taken into consideration for the
simulation results given in Figures 3 an’dl 6. Moréover, in the simulation, it is
assumed that the metal thickness is infinitely thin so as to speed-up the
computational time. ' '

The inventors have also measured the gain of the fabricated antenna of
Figure 9. Figure 11 shows an image of an experiment set-up for measuring peak
gaih:of the fabricated antenna of Figure 9 according to an example embodiment. For
the ease of demonsfration, the box absorberssurrounqing the probes, the cables,
horn antenna and the chip-set have been removed in the example embodimént.
Proper antenna calibrations inclusive of the cables are first performed using the
same set-up. The measured.gain at 60GHz is found to be about 2dBi in the example
embodiment.

Figure 12(a) shows a perspective view of an antenna 1200 according to an
alternate embodiment. Figure 12(b) shows a partial sectional view of the layers of
the antenna 1200 of Figure 12(a).

Similar to the antenna 200 of Figure 2, the antenna 1200 of Figure 12(a) can
be considered a wide-slot squared antenna. A 50Q coplanar feed line 1202, which is
désigned to work at about 60GHz in the example embodiment, is used to excite the
wide-slot squared antenna 1200 through an open-circuited stub 1204. In the
example embodiment, the stub 1204 comprises a main section that is substantially a
rectangle with two corners removed, and four substantially narrow corner extensions
extending in a direction parallel to the length ' of the stub, thus fesembling a
traditional Chinese hat. As can be seen in Figure 12(a), the overall dimension of the
main section is about 0.45mm x 0.24 mm, while the width of the extensions is about
9 pm. The particular design of the stub 1204 in the example embodiment can

advantageously achieve greater broadband and can be more robust to dimensional
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variations. However, it will be appreciated that different shapes and dimensions can
be used for the stub 1204 in alternate embodiments, for example, the stub 204 of
Figure 2. A

In thé example embodiment, to achieve a better matching between 57.5GHz
and 66GHz, in the example émbodiment, an additional stub 1214 having the same
shape as the stub 1204 is duplicated onto an intermediate metal layer (to be
described ih moare detail below). The stubs 1204 and'1'214 are connected through a
via. Also, as the example embodiment seeks to implement an antenna that occupiés
as small an estate area as possible, a coplanar ground plane is limited to a finite
ground width of about 0.02)A, in the example embodiment. Preferably, the whole
antenna 1200 is restricted to an area of about 1.3mm by 1.1mm footprint as shown
in Figure 12(a). "

In addition, in the example embodiment, 'a plurality of connected rings are
provided within the perimeter of the antenna 1200 to form a cavity for confining the
wave. Here, as can be seen in Figure 12(b), the connected rings comprise nine
metal layers 1206 (M1 to M9) separated by respective dielectric layers 1208. Also,
as can be seen in the Figure 12(a), the intermediate metal layers (M2 to M8) form 3
sides of a rectangular loop. It will be appreciated that the number and thickness of
the metal layers 1206 and respective dielectric layers 1208 may vary depending
factors such as the -type of CMOS process used. Further, in the example
embodiment, four vertical vias 1210 that connect the rings together are inserted at
- the feed-end to ensure that the dominant mode is being propagated into the open-
circuited stub 1204.

Similar to the antenna of Figure' 2, a bulk silicon layer (not shown in Figure
12(b)) is disposed below the plurality of métal IaYers 1206, and a mass ground Iéyer
(not shown in Figure 12(b)) is disposed below the bulk silicon layer in the example
embodiment. |

~In a simulated analysis, a substantially big hole is etched at the center of the
mass ground plane of the antenna 1200 to remove the ground image current effect.
The performance of modified antenna is then compared with one having a full mass
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\
ground plane using commercial simulation software, e.g. IE3D from Zeland
Software, Inc. in the example embodiment.

Figure 13 shows;'"graphs comparing loss responses of the antenna of Figure
12(a) with 'an etched hole on the mass ground plane and one with a full mass
ground plane based on simulation results. Figure 14 shows graphs corﬁparing gains -
of the antenna of Figure 12(a) with an etched hole on the mass ground plane and
one with a full masé ground plane based on simulation results. In Figures 13 and 14,
the antenna with ah etched hole on the mass ground plane are represented by lines
1302 and 1402 respectively, while the antenna with a full mass ground plane are
represented by Iinés 1304 and 1404 respectively. As can be seen in Figures 13 and
14, the antenna with an etched hole on the mass ground plane has significantly =
improved impedance bahdwidth and gain performance. For example, line 1302 has
a relatively wide trough while line 1304 has a very small trough. Also, the simulated
gain shown by line 1402 is 2.85dE§i' as compared to -37.02dBi shown by line 404.

Figure 15(a) shows a perspective view of an improved antenna 1500 based
‘-on the antenna 1200 of Figuré 12(a) according to an example embodiment. Figure
15(b) shows an enlarged perspective view of an area 1510 defined by the metal
layers of the antenna 1500 of Figure 15(a). Figure 15(c) shows a diagram (not to
scale) illustrating the improvement in the antenna 1500 of Figure 15(a).

In Figure 15(a), the feed line 1202, stubs 1204, 1214 and metal layers 1206
of the antenna 1500 are the substantially same as those described above with
respect to the antenna 1200 of Figure 2(a). In addition, a plurality of artificial
magnetic conductors (AMC) are disposed in the cavity formed by the metal layers
1206. In the example embodiment, the AMC comprise straight planar lines 1502
extending from side 1504 to sid'é 1506 of the metal layers 1206. Further, as can be
seen in Figure 15(a) and 15(b), the planar lines 1502 are aligned in a staircase
manner so as to emulate an inclined artificial magnetic conductor (to be discusséd in
details below), i.e. the number of planar lines 1502 increases sequentiaily from the
top metal layer to the bottom metal layer. The width of each planar line 1502 is

about 34 um and the separation between two adjacent lines on the same plane is
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also about 34 um in the example embodiment. It should be appreciated that different
width and separation values can be used in alternate embodiments.

. Referring to Figure 15(c), in the absence of the bulk substrate and the
presence of the artificial magnetic conductors deﬁning an inclined surface at a
predetermined angle 8, a pluralities of image currents Jimage, KJimage, KzJimage, etc
appearing above and below the axes z=0 and v=0 are formed. Some of the image
currents cancel out one another in the ekample embodiment, resulting in a re-
enhancement of the broadside radiation even though the substrate thickness may
be substahtially very thin. That is, the counter-effect of the ground plane can be
advantageously minimized.

Figure 16 shows a grabh illustrating the loss response of the antenna of
Figure 15(a) based on simulation results. Figure 17 shows a graph illustrating the
gain response of the antenna of Figure 15(a) based on s'iml;l.lation results.
Comparing Figs. 16 and 13, it can be noted that the antenna having the artificial
magnetic conductors inserted (Figure 16) can retain about the same bandwidth as
one without the AMC (Figure 13). In addition, as shown in Figure 17, thére is no
degradation in the ovérall antenna gain by having the AMC inserted.

Figure 18 shows graphsvillustrating electric (E) and magnetizing (H)-plane
radiation patterns of the antenna 1500 of Figure 15(a) based on simulation results.
In Figure 8, the E-plane radiation pattern is represented by line 1802 while the H-
- plane radiation pattern is represented by line 1804.

Figure 19 shows an image of the antenna 1500 of Figure 15(a) as fabricated
according to an example embodiment. The feed line 1202, stub 1204 and AMC
planar lines 1502 can be seen in Figure 19. In the example embodiment, there are 3
planar lines 1502 adjacent to the fop metal layer. As described above, the number of
planar lines 1502 (or strips) increases sequentially from the top metal layer to the
bottom metal layer such that ah inclined artificial magnetic conductdr is emuiated in
the example embodiment. It can also be seen from Figure 19 that the planar lines
1502 are not in physical contact with the metal layers. The fabricated antenna 1500
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is next die-attached onto a gold carrier and measured by an Anritsu 110GHz
network analyzer, similar to the one described above.

Figure 20 shows a graph of return loss of the antenna of Figure 19 backed by
a full ground carrier based on measured results. As can be seen in Figure 20,>
except for the high-frequency bandwidth broadening, the measured response is, in
general, very similar to the simulated response given in Figure 16 even though the
whole antenna is now die—attached to a flat gold carrier. As compared to Figure 16,
the broadening of the bandwidth is mainly due to the fact that the losses in the
substrate have not been taken into the consideration for the simulation results given
in Figures 13 and 16. Overall, the observed bandwidth is found to be much larger
than 116% in the example embodiment. '

The inventors have also measured peak gain of the fabricated antenna of
Figure 19. Figure 21 shows an image of an experiment set-up for measuring peak.
gain of the fabricated antenna of Figure 19 according to an example embodiment.
For ease of illustration, the box absorber surrounding the probes, the horn antenna
and the chip-set are removed in Figure 21. A proper calibration is first conducted to
remove the effect of the cables and probes. The measured gain at 60GHz is found
to be 2dBi in the example embodiment.

Thus described above are embodiments of an integrated antenna that is
suitable in compact and conductive environment or substrates. Such CMOS on-chip
antenna can be implemented as magnetic-dipole or loop antenna. In addition,
broadband can be realized in the example embodiments by wide-slot design, which
may alleviate the need to use suspended dipole-based or monopole-based» antenna
technique. In the example embodiments, the ¥4 wavelength reflector requirement is
advantageously removed by perfect n’iagnetic conductor (‘PMC), i.e. artificial
magnetic conductor, placement, which can lead to greater level of miniaturization.
Also, the conductive metal layer is used as perfect electric conductor (PEC)' to
provide good EMC grounding, which can preserve broad impedance bandwidth and
free estate area below the oh-chip antenna for other integrated circuit design. The

. CMOS multi-layer features advantageously create options for efficient

miniaturization implementation. Furthermore, the many ways of implementing PMC
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and integration can further lead to efficient elimination of the ground image current,
i.e. a new solution for removing ground image current while preserving efficient
radiation. The éxamp_le embodiments also shdw'_one 'way of integrating an artificial
fnagne_tic conductor in standard 0.18 ym CMOS technology, all compacted within a
small area of about 1.4 mm by 1.1 mm.

Further to the above, it should 'be appreciated that the example embodiments
advantageously make use of the co‘nvéntional CMOS technology without any added
fabrication treatment in the fabrication process. In addition, thé antenna according to
the eXample embodiments preferably has good electromagnetic compatibility as it is
slot-based rather than coplanar-based. Thus, expensive substrate area beneath the
antenna can be more fully utilized. Furthermore, the antenna of the example
embodiments can advantageously have good impedance bandwidth and antenna
gaih while achieving significant miniaturization through differential feed topology. -

Figure 22 shows a flow chart 2200 illustrating a method for manufacturing an
antenna according to an exémple embodiment. At step 2202, a mass ground léyer is
formed on a CMOS substrate. At step 2204, a bulk silicon layer is formed above the
mass ground layer. At step 2206, a plurality of metal layers are formed above the
bulk silicon layer and separated from each other by respective dielectric layers
wherein a bottom metal layer comprises a closed loop while remaining metal layers
_comprise open loops; the plurality of metal layers being connected by respective
vias. At step 2208, a feed line .terminating in a stub in a top metal layer and disposed
- in an area defined by the loops is formed.

It will be appreciated by a person skilled in the art that numerous variations
and/or modifications may be made to the present invention as shown in the specific
embodiments without departing from the spirit or scope of thé 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. An antenna comprising:

a plurality of rhetal layers separated from each other by respective dielectric
layers wherein a bottom metal layer comprises a»closed loop while remaining metal '
'Iaye'rs comprise open loops; the plurality of metal layers being connected by
respective vias; A - _ ‘

a feed line terminating in a stub in a top metal layer and disposed in an érea
defined by the loops;

a bulk silicon layer disposed below the plurality of metal iayers; and

a mass ground layer disposed below the bulk silicon layer.

_ 2. . The antenna as claimed in claim 1, wherein the plurality of metal
layers alternately comprise parallel wires or an artificial magnetic conductor structure
respectively disposed in the area defined by the |oops, excluding the top metal layer.

3. The antenna as claimed in claim 2, wherein each layer of the artificial
magnetic conductor structure comprises rows of C-shaped elements.

4, The antenna as claimed in cléim 3, wherein each of the C-shaped
elements is positioned symmetrically opposite to an adjacent C-shaped element on

the same row.

5. The antenna as claimed in claims 3 or 4, wherein each of the C-
shaped elements is separately coupled to a wire directly below said layer of the
artificial magnetic conductor structure.

6. The antenna as claimed in claim 1, wherein each of the plurality of
metal layers, excluding the top metal layer, comprises parallel'strips disposed in the
area defined by the loops such that an inclined artificial magnetic conductor
structure is formed. ,

7. The antenna as claimed in claim 6, wherein the number of parallel
strips increases sequentially from an upper metal layer to a lower metal layer for
forming an inclined artificial magnetic conductor structure.
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-8 The antenna as claimed in any one of the preceding claims, wherein
the stub is substantially rectangular.
9. The antenné as claimed in any one of the preceding claims, wherein

the stub is open-circuited.

10. The antenna as claimed in any one of the preceding claims, furfher
comprising a second stub in an intermediate metal layer and disposed in an area
defined by the loops. '

11. The antenna as claimed in claim 10, wherein the sécond stub
comprises substantially the same shape as the first stub.

12. The antenna as claimed in claims 10 or 11, wherein the second stub
is connected to the first stub by one or more vias.

13.  The antenna as claimed in any one of the preceding claims, wherein
the bulk silicon layer is a CMOS substrate. ' '

14. The ahtenna as claimed in any one of the preceding claims, wherein a
substantially iarge portion of the bulk silicon layer and the mass ground layer in the
area defined by the loops is removed.

15. The antenna as claimed in any one of the preceding claims,
configured to operate at a frequency band around 60 GHz.

16. A method for manufacturing an antenna, the method comprising the
steps of:
forming a mass ground layer on a CMOS substrate;

forming a bulk silicon layer above the mass ground layer;
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. forming a plurality of metal layers above the bulk silicon layer and separated
from each othér by respective dielectric layers wherein a _bottorh metal layer
comprises a closed loop while remaining metal layers comprise open loops; the
plurality of metal layers being connected by respective vias; and

forming a feed line terminating in a stub in a top metal layer and dispdsed in
an area defined by the loops;

17. The method as claimed in claim 16, wherein the fbrming of the -
plurality of metal layers further comprises forming paralle! wires or an artificial
‘magnetic conductor structure respectively in the area defined by the loops,
excluding the top metal iayer.

18. The method as claimed in claim 16, wherein the forming of the
plurality of metal layers further comprises forming parallel strips in the area defined
by the loops in each of the plurality of metal layers, excluding the top metal layer, for
forming an inclined artificial magnetic conductor structure.

19. The method as claimed in any one of claims 16 to 18, further
comprising removing a. substantially large portion of the bulk silicon layer and the
mass ground layer in the area defined by the loops.
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forming a mass ground layer on a CMOS substrate

2202

forming a bulk silicon layer above the mass ground
layer

2204

forming a plurality of metal layers above the bulk
silicon layer and separated from each other by
respective dielectric layers wherein a bottom metal
/ layer comprises a closed loop while remaining metal

layers comprise open loops; the plurality of metal
2206 layers being connected by respective vias

forming a feed line terminating in a stub in a top
metal layer and disposed in an area defined by the

/ loops

2208

7

2200 - Figure 22
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