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Abstract

The motivation for this work comes from the increased demand for short range high
frequency data communication within and between integrated circuit (IC) chips. The use
of wireless interconnects introduces flexibility to the circuit design, reduces power
consumption and production costs, since the antennas can be integrated into a standard
CMOS process. These findings have been well noted in literature. In addition, wireless
interconnects operating in the mm-wave frequency range, at 60GHz, allow for a high data
rate of over 1Gb/s for short range of transmissions. The drawback of wireless interconnects
operating at high frequencies is the distortion in the radiation pattern caused by the silicon
substrate inherent in a standard CMOS process. The high permittivity and a low resistivity
of silicon in a CMOS process introduce radiation losses. These losses distort the radiating

signal, reducing the directive gain and the antenna efficiency.

The objective of the work is to enhance antenna gain and improve the radiation
efficiency with the use of a Jerusalem-Cross Artificial Magnetic Conductor (AMC). The
Jerusalem Cross AMC can mitigate the effects of the silicon and improve data transmission
for inter-Chip data communications. A Yagi antenna was optimized for end-fire radiation
in the plane of the chip. It’s performance was studied when it was placed in the center and
along the front edge of a standard 10mm by 10mm chip, with the AMC layer extending
only below the feed system, Partial AMC, and then compared when it extends under the
entire antenna, Full AMC. To examine the transmission characteristics two chips were
placed facing one another, on an FR4 slab, with the antennas first placed at the front edges

of both chips then in the center of their respective chips. For direct comparison a third



configuration was made with one antenna in the center of a chip and the other at the edge
of the second chip. The performance of this inter-chip transmission was examined with the
three AMC layer configurations: No AMC, Partial AMC, and Full AMC. All simulations
were performed using ANSY'S HFSS.

The results show that the partial AMC improves the performance of the Yagi antenna
when it was placed at the front edge of the chip facing out. The directive gain (Endfire
direction) with the partial AMC was increased by 0.79 dB or 46% when compared to the
antenna without an AMC. The radiation efficiency increased from 39% to 45%. When
examining the antenna in the center of the larger substrate the full AMC layer improved
performance. The directive gain increased by 0.93 dB or 5%. The full AMC layer improved
the directional gain of the antenna in the center of the chip because it is more susceptible
to the effects of the silicon substrate. Whereas when placed at the edge of the chip the
antenna is mainly radiating in free space and not as influenced by the losses due to the
silicon. Which is why the partial AMC improves radiation performance for the antenna
placed at the edge of the chip. This is more clearly shown by the transmission results. When
both antennas were placed at the front edges of their respective chips with full AMC layers
the gain increased by 11% and the radiation efficiency increases by 12%; while when both
antennas are placed in the center the directive gain increases by 26% and the radiation
efficiency increases by only 2%. In the model with one antenna at the front edge of the first
chip and the other antenna in the center of the second chip the full AMC improved the
directive gain by 12% and 29% respectively. Both results show that the full AMC has a
positive effect on the directive gain of the antenna, especially when placed in the center of

the substrate.



Table of Contents

INEFOAUCTION ... 11
1.1 Conventional Chip Communication Methods ...........cccoceoirinininiiiicnenn. 11
1.2 Challenges with Wireless Communications ...........cccocevererenininesieennennnn 12
1.3 MOUIVALION ... 12
1.4 Major CONLIDULION ....ouviviiiiiiiicee s 13
15 OrQaNIZALION......cviiiiieiiiiiieciieiieee ettt 14
Design of Directional Yagi ANTENNA.........ccoiiriiriiiiiiinieieeee e 16
2.1 Previous Antenna DESIGN.......cccouiiiieiiiiiesesie e 16
2.2 Correcting Main Beam to ENd-Fire ........c.ccocoooviiiiiiiieieeeecee 19
2.3 Optimization for Antenna Gain and Si1.......ccccvvvveiinincinineneseeees 20
Artificial Magnetic CONAUCTONS ..........oiiiiiiiieere e 23
3.1  Atrtificial Magnetic Conductor Theory ........ccccovevieieneiesceeseee 23
3.2 Jerusalem Cross AMC TREOTY .......coeiiiiiiiiniesieiee e 26
3.3 Jerusalem Cross AMC Unit Cell Design ........ccccevvieieninencneseseees 29
Yagi Antenna in Small CMOS Substrate (2.2 X 1.3 MM?) ......ccccooovererererrrerennns 32
Effects of Yagi Antenna placement within the Chip ..........ccccoviiiiiiii e, 36
5.1  Yagi Antenna in Different Locations on Chip without AMC.................... 36
5.2  Yagi Antenna placed in the Center of the Chip with AMC........................ 40
5.3  Yagi antenna placed at the Front Edge of the chip with AMC.................. 43
INter-Chip TranSMISSION ......ccuiiiiiiiiieiei e e 46
6.1 Inter-Chip Transmission with Antennas at the Front Edges.............cc...... 46

6.2  Antennas in the Center of the Chips .....cccccvoov e, 50



6.3  Antennas at the Front Edge and in the Center of the Chips....................... 53

ConcClusion aNd FULUIE WOTK ......oooeeeeeeeee et e e e e 58
7.1 CONCIUSTONS ...ttt e e e e e e e et e e e e e e e e e eeeens 58
7.2 FUTUIE WWOTK ettt e s 58

R BT EIENCES ...ttt e e e e e e e et e e e e e e e e e e aeas 60



List of Figures

Figure 2-1: Cross-section view of standard CMOS process with multi-layered structure

5 SRS 16
Figure 2-2: Yagi Antenna design and dimensions from [5]. .....c.ccoovieiiiinincnciiieen 17
Figure 2-3: 3-D and 2-D gain radiation patterns of Yagi antenna from [5].............c........ 18
Figure 2-4: Resulting S11 [dB] vs. frequency from [5] .......coooviiiiiiieiiiecc e 18
Figure 2-5: Cross-section view of CMOS stackup (with only the antenna)..................... 19
Figure 2-6: Model and Dimensions of Optimized Yagi ANtenna. .........cccccocevvrenenennnne. 21
Figure 2-7: S11 vs. Frequency plot of optimized Yagi Antenna .........ccccoceveicicneneninnnn. 22
Figure 2-8: Radiation Pattern of Optimized Yagi ANteNNa .........cccceoveieienencneneneneene 22
Figure 3-1: AMC unit Cell Designs. Square Loop (a), Jerusalem Cross [6] (D), ............. 23
Figure 3-2: Antenna placed A/4 from PEC ........ccooiiiiiiiiieeeee e 24
Figure 3-3: Antenna placed much closer than A/4 t0 PEC.........c..ccooeoiiniicinncncnns 25
Figure 3-4: Antenna placed much closer than A/4 to an AMC ..........ccccovveiniinincinnennns 25
Figure 3-5: JC-AMC Equivalent Circuit DIagrams..........ccccoererineniierienenese e 26

Figure 3-6: MATLAB plots Tuning AMC dimensions: Tuning Lxz (a), Tuning Lxz (b),

Tuning W (C), TUNING G (). «eveeeeiieieie e 28
Figure 3-7: Cross-section View 0f CMOS StaCKUP ........ccvovrrireiniriiiineseee e 29
Figure 3-8: AMC unit Cell. HFSS model with de-embedding (a), waveport excitation (b),
PEC boundary (d), PMC BOUNAIY (). ....ccveiverieriiriiiieieie et 30
Figure 3-9: AMC Unit Cell Geometry and DIMENSIONS..........ccovrreiiiininieiseneeeesnenes 30

Figure 3-10: AMC Unit Cell S11 Phase VS. FIEQUENCY .......ccoerviiiieiieieieiese s 31



Figure 4-1: HFSS Models of Yagi antenna: No AMC (a), Partial AMC (b), Full AMC (c),
Enlarged VIEW Of AIMUC (0). ...ooiieiecieiie e 32
Figure 4-2: S11 [dB] vs. frequency plot in small SUDSErate...........ccoovveevenene e 33
Figure 4-3: Antenna Layout with 2D and 3D Radiation Patterns: No AMC (a), Partial
AMC (D), FUIAMC (C).1vvvveeveeereeereeeeeeeeeeeeeeeeeseeeeseees s ssseeeseseseses s es e esseseseseseeess e 34
Figure 5-1: Images of different antenna arrangements without AMC: Back Edge (a),
Center (b), FIONE EAQE (). ..vveieeieiieieeie ettt 36
Figure 5-2: S11 [dB] vs. Frequency for different antenna locations without AMC. ......... 37
Figure 5-3: E-Field patterns for different antenna placements without AMC: Back Edge
(@), Center (b), Front EAQE(C). ..vvoveiieeieiie ettt 38

Figure 5-4: Radiation patterns in for different antenna locations [dB]: Back Edge (a),

Center (b), FIONT EAQE (). ..vveiveeieiieiie ettt nne e 38
Figure 5-5: Antenna in the Center (a) Partial AMC (b) FUll AMC ..., 40
Figure 5-6: S11 [dB] vs. Frequency for Antenna in the center of the Chip.........c.cc.coc..... 41

Figure 5-7: E-Field Patterns of antenna in n the center of the chip: No AMC (a), Partial
AMC (D), FUIT AMUC (C).1evveveitiieieit ettt ettt neenns 41

Figure 5-8: 2D Radiation patterns of antenna in the Center [dB]: No AMC (a), Partial

AMC (D), FUITAMC (C):.vvveveeeeeeeeeeeeseeseeeeseeeseeeseses e eseeessesseseseesssees s esseseseesesesesaseesens 42
Figure 5-9: Antenna at the front edge with AMC: Partial AMC (a), Full AMC (b). ....... 43
Figure 5-10: S11 [dB] vs. Frequency for Antenna at the front edge of the Chip............... 43
Figure 5-11: E-Field Patterns: No AMC (a), Partial AMC (b), Full AMC (C)........c........ 44

Figure 5-12: 2D Radiation patterns in dB: No AMC (a), Partial AMC (b), Full AMC (c)



Figure 6-1: Model of Inter-Chip Transmission with Antennas at the front edges without

Figure 6-2: S11 and Sz1 vs. Frequency plots for Front Edge Transmission. ..........cc.cc...... 47

Figure 6-3: E-Field Pattern of Inter-Chip Transmission with Antennas at the front edges

Figure 6-4: Radiation patterns of Antennas at the front edges with Port 1 excited: No

AMC (a), Partial AMC (b), FUI AMC (C)...eoiveiieieeie sttt 49
Figure 6-5: Model of Inter-Chip Transmission with antennas in the center..................... 50
Figure 6-6: S11 and Sz1 vs. frequency plots for center to center transmission................... 50

Figure 6-7: E-Field Pattern of Inter-Chip Transmission with Antennas in the Center with
port 1 excited: No AMC (a), Partial AMC (b), FUll AMC (C)....ccovevvvvieiieieiiececie e 51
Figure 6-8: Radiation patterns of antennas in the center of the chips with port 1 excited,
(@) No AMC (b) Partial AMC (C) FUIL AMC. ..o 52

Figure 6-9: Model of Inter-Chip Transmission with antennas in the center and at the edge

Figure 6-10: S11 (left) and S22 (right) vs. frequency plots for the center and front antenna
0] F o= T o OSSR 54
Figure 6-11: Sy vs. frequency plot for center and front antenna placement..................... 54
Figure 6-12: E-Field pattern of Inter-Chip Transmission with Antennas in the center and
the edge: Port 1 excited No AMC (a), Port 1 excited Partial AMC (b), Port 1 excited Full
AMC (c), Port 2 excited No AMC (d), Port 2 excited Partial AMC (e), Port 2 excited

FUIT AMGC (F). covvvveeoeeeeeeeeeeeeeeeeeeesseessessssesseessessssesseeseseseeseessessseeseessesssesseesseseseseeeseesseees 55



Figure 6-13: Radiation patterns with Port 1 (Center antenna) energized: No AMC (a),
Partial AMC (D), FUIL AMUC (C). .oovveoieeieiie ittt 56
Figure 6-14: Radiation patterns with Port 2 (Edge antenna) energized; No AMC (a),

Partial AMC (D), FUIL AMUC (C). .oovveieiieiie ettt 57



1 Introduction

1.1 Conventional Chip Communication Methods

Wired interconnects have been the dominant method for communication within and
between CMOS chips. The technology in computer processors and integrated circuits (1Cs)
has continually gotten smaller and smaller. This shrinking has decreased the signal integrity
for wired interconnects. Specifically, there are issues with crosstalk, dispersion, parasitic
inductance, stray capacitance, signal delay, timing errors, and power efficiency [1]. As the
ICs get smaller the interconnects used to communicate within them become the bottleneck
of the process, both from a power and a performance perspective [2]. The findings in [2]
show that on average the local (intrablock) interconnects contribute 30% to the delay on
the worst internal paths of synthesized blocks. They provide a significant contribution to
the increase in cell delays, and the interconnects along with repeaters contribute to 31% of
the dynamic power. To mitigate these effects, different methods of routing have been
suggested to mitigate these effects however these methods tend to increase complexity and
don’t solve the capacitance or power efficiency issues. The existing literature shows that
wired interconnects have a limiting effect on the performance of smaller more compact

ICs.

The use of Antenna on Chip (AoC) wireless millimeter-wave (mm-wave)
interconnects have been studied as an alternative to wired interconnects. These wireless

interconnects use short-range antennas operating in the V frequency band (50-70GHz), also
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known as the 60GHz band as that is the center frequency. The use of wireless
communication introduces flexibility to the circuit design and reduces power consumption
and production costs, as the antennas can be integrated into a standard CMOS process [3].
Another benefit from the use of wireless interconnects is that by operating in the mm-wave
frequency range the communication links allow for a high data rate over 1Gb/s for short

range of transmission.

1.2 Challenges with Wireless Communications

Wireless interconnects are a promising and emerging innovation for integrated
circuit interconnects. With all their promising benefits there are some considerable
drawbacks. The antennas are placed within the CMOS stackup in the top silicon dioxide
layer above a silicon substrate. The signals from the antenna must propagate through
silicon which has a very high relative permittivity of 11.9. The high permittivity and a low
resistivity of silicon introduce radiation losses. These losses distort the radiating signal,
reduce the signal gain and the antenna efficiency. In addition, there is an increasing demand
for wireless links with bit rates over 1Gb/s. Existing on-chip antennas have been generally

designed below the 10-GHz frequency spectrum [4].

1.3 Motivation

The motivation for this work is to improve the data communication within and
between IC chips by enhancing the signal gain of on-chip antennas using a Frequency

Selective Surface (FSS). Specifically, by improving the gain of a directional Yagi antenna
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placed in the silicon dioxide of a CMOS stackup. To achieve this a FSS was placed between
the antenna and the lossy silicon. An Artificial Magnetic Conductor (AMC) was the FSS
chosen and is comprised of a series of periodic metal structures that have a high surface
impedance. The AMC’s surface produces a reflection coefficient of +1 at its resonant
frequency. The AMC layer will be placed below the radiating antenna and act as a barrier
that causes the reflected waves to combine constructively with the incident waves at a
designed frequency. This was accomplished by selecting and designing the correct AMC
geometry to produce a 0° phase shift at the plane of incidence. The AMC boundary was
chosen because unlike a ground plane it allows for the radiating antenna to be placed much
closer than A/4 from the reflecting boundary and still produce a 0° phase shift at the antenna.
Thus, improving the gain of the antenna and the radiation efficiency by shielding the signal

from the lossy silicon substrate.

1.4 Major Contribution

As discussed in previous sections there is a large demand for short-range high
frequency data transmission between IC chips. In order to achieve this, the 3D modeling
software HFSS from ANSYS Electronics Desktop was used to generate simulations. A
directive end-fire Yagi-Uda antenna was designed in the SiO; layer of a CMOS substrate.
To enhance the performance of this on-chip antenna, a Jerusalem Cross AMC unit cell was
designed using the same CMOS stackup. Then the geometries were tuned to produce 0°
reflected phase at 60GHz. Once designed, the unit cell was placed under the antenna in a
periodic grid to create an AMC layer. The antenna was first tested in a small substrate just

large enough to fit the antenna. The model was simulated in three configurations: without
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any AMC layer (No AMC), with the AMC layer placed below the feed system (Partial

AMC), and with the AMC layer below the entire antenna (Full AMC).

Next the antenna was placed in a 10mm by 10mm CMOS chip. The antenna was
tested in the center of the chip, at the front edge of the chip facing out and at the back edge
of the chip facing in. The partial and full AMC layers were placed below the antenna in
each of these configurations and the impact on the radiation and antenna efficiency was
studied. Lastly, the viability of inter-chip transmission was tested by placing simulating the
communication between two chips with three different antenna orientations. The first was
with the antennas in both chips at the front edge, the second had both antennas in the center
of their respective chips, and the third had one antenna at the front edge of the chip and the
other antenna in the center of the other chip. These were all simulated with and without the
AMC configurations and performance characteristics were compared. Those
characteristics being the radiation patterns, directive gain [dB], antenna efficiency, S11 [dB]

and Sz [dB].

1.5 Organization

The work presented in this thesis is organized into five sections. That are briefly
described below.
Design of Directional Yagi Antenna: This section discussed the Yagi antenna design
from [5] then improved the performance of the antenna by adjusting the beam to end-fire.
The Yagi antenna was then designed and optimized in a standard CMOS substrate

operating at 60GHz.
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Artificial Magnetic Conductors: This section covers the theory behind a frequency
selective surfaces (FSS) and specifically an artificial magnetic conductor (AMC). The
theory behind a Jerusalem Cross AMC is examined and used for tuning the AMC
dimensions. The final AMC unit cell is also designed and simulated in HFSS.

Yagi Antenna in Small CMOS Substrate: This section tests the AMC theory in a small
substrate by placing AMC layers below the previously designed Yagi antenna and

examining the antenna parameter performance.

Effects of Yagi Antenna Placement Within the Chip: This section explores the effects
of antenna placement in a 10mm by 10mm chip on the antenna performance. The antenna
was placed in the center of the chip and at the front edge of the chip. In both configurations
a partial AMC layer and full AMC layer were placed below the antenna and the

performance of each design was examined.

Inter-Chip Transmission: This section looks at the transmission between chips with the
antennas placed in different locations in the two chips. First the antennas were placed at
the edge of their respective chips facing towards each other. Then the antennas were placed
in the center of their respective chips. In the third configuration the first chip had an antenna
placed in the center of the chip and the second chip had an antenna placed at the front edge
facing the first chip. In all these configurations the results were analyzed without an AMC

layer, with a partial AMC layer and with a full AMC layer.
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2 Design of Directional Yagi Antenna

2.1 Previous Antenna Design

The Yagi antenna design from [5] was used as a starting point for the antenna
design. The conference paper, [5], focuses on the effects that an Artificial Magnetic
Conductor (AMC) has on the gain of the antenna when placed below the feed system. They
show through simulation that after placing the AMC below the feed system of their antenna
their simulated gain was -0.2dBi, measured at 60GHz. This was compared to similar
models that did not have the AMC whose gain was -3.5dBi, measured at 60GHz. This was
the appeal of [5] for the initial antenna design. For the purposes of this section, only the
Yagi antenna will be discussed, the AMC structure will be discussed in a later section.
Another appealing aspect of the Yagi antenna presented in [5] was that the antenna was
placed in a CMOS substrate for 60GHz transmission. The cross-section view of the CMOS

stackup given in the paper is presented in Figure 2-1.

Final Passivation
-

Filled with

Silicon oxide

=20 pm

Silicon Substrate ~ 250 um

Figure 2-1: Cross-section view of standard CMOS process with multi-layered structure [5].
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From Figure 2-1 M1 and M2 refer to the metal layers containing the AMC and the reflector
of the antenna, respectively. The top thick metal layer is where the antenna was placed.
Their Yagi antenna, shown in Figure 2-2, was designed for a Ground-Signal-Signal-
Ground (G-S-S-G) probe pad configuration. The antenna was fed with a coplanar
waveguide (CPW), and was composed of a driven element, two directors and one reflector.
The antenna was placed in a small substrate 2.2 x 1.3 mm?. Given the size of the substrate

the radiated fields are mostly propagating in free space and not in the silicon.

Dimension
In Ae In pym
L1 0.640 | 1219.84
L> 0.260 | 495.56
L3 0.280 | 533.68
L4 0.140 | 266.84
St 0.137 | 261.12
S2 0.069 | 131.51
S3 0.069 | 131.51
Pad pitch - 100

Figure 2-2: Yagi Antenna design and dimensions from [5].

Figure 2-2 shows all the information provided in [5] regarding the antenna dimensions.
They left out the dimensions for the CPW length, the spacing between the CPW lines, the
size of the G-S-S-G pads, and the placement of the antenna in the substrate. These key
dimensions made replicating their design quite difficult. However, the information
provided was enough to start with. After replicating their design using HFSS it became
clear that there was problem with their design. The problem with their paper is that the
main beam generated by the antenna shown in Figure 2-2 is directed at a 40° as opposed to
a normal end-fire beam, which would be directed straight ahead at 90°. The 2D and 3D

radiation patterns from [5], are shown in Figure 2-3.

17



== YOZ Plane
w= XOZ Plane

a )

<, p:
T Phi 1 e, 1

Figure 2-3: 3-D and 2-D gain radiation patterns of Yéé]i antenna from [5]

The radiation patterns presented in Figure 2-3 show the main beam is directed at about 40°.
The results in this work were replicated in HFSS and resulted in the same skewed beam.
Along with these the paper also presented the S11 plot which is shown in Figure 2-4.

-7.50 4

875
1000
1125
512,50 3

= ]

—13.75—_:
-15.00 -

T e S
gU.UD 55.00 60.00 65.00 70.00
Freq [GHz]

Figure 2-4: Resulting S11 [dB] vs. frequency from [5]

Figure 2-4 shows that they achieved about -15.5dB S11 at 60GHz. After having understood
and replicated the Yagi-antenna from [5] as best as possible, provided that multiple
dimensions were missing and had to be surmised. The next step was to tune the antenna to
improve the beam steering, such that it is an end-fire beam, and optimize the Si11 of the

antenna.
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2.2 Correcting Main Beam to End-Fire

To start with, the stackup used in [5] was changed slightly to meet some manufacturing
guidelines. The silicon dioxide (SiO2) layer was shrunk from 20um to 7um all the metal
thicknesses were set to 1pum and the silicon substrate is now 275um thick. The new cross-

section view of the substrate and antenna is presented in Figure 2-5.

""""" Silicon Dioxide i
[Tim M3 (Antenna) | ]

1

1

|

1

: 1

| [T 1wm M2 (Reflector) ! Tum
I h

I

1

1

Silicon Substrate 275um

Figure 2-5: Cross-section view of CMOS stackup (with only the antenna)

Next, the Yagi design from [5] was stripped down to a simple dipole antenna with a
reflector on metal layer M2 below it. This new dipole was then tuned to direct the main
beam at 90° straight ahead. The feed system from [5] was changed from a G-S-S-G to a
Ground-Signal-Ground (G-S-G) probe configuration to match the hardware available and
help fix the beam steering issue. From these probe pads extend the coplanar waveguide
(CPW) which feeds the two driven elements of the antenna. The reason the main beam was
not at 90° was because of imbalances in the feed system of the antenna, which is comprised
of the G-S-G pads and the CPW. To steer the beam to 90° the spacing between the CPW

(Scpw) was tuned and the G-S-G pads were set to the same width as the CPW lines.
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Decreasing the CPW spacing caused the main beam of the antenna to rotate clockwise, or
in other words the beam angle increased from 45° towards 90°. The CPW spacing was
tuned to 1um. This spacing and the new feed configuration steered the beam to an end-fire

configuration.

2.3 Optimization for Antenna Gain and Si:

To improve the Si:1 of the antenna the width of the CPW and the length of the dipole
were adjusted. Adjusting the CPW width improved the nulls in the S11 plot and adjusting
the length of the dipole shifted the Si: nulls in frequency. The Ansys Designer circuit
simulator was used to best match the CPW width to 50€2, then from there the width was
tuned to improve the Si11. The final tuned CPW width is 10pum which produced an Si1 null
of -50.58dB. Next the dipole length was increased to shift the null in frequency to 60GHz.
Using HFSS a parametric sweep was run to tune the dipole length L and the reflector
length Lier. The reflector length was changed proportionally to the dipole length. The
dipole length L> was changed to 516um and the reflector length Lirer Was changed to
1222.92um.

Once S11 was optimized two directors were added to the dipole antenna to make the
beam more directive and complete the Yagi. The HFSS model of the antenna with the

corresponding dimensions is presented in Figure 2-6.
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L, 266.84| Wpw 10 i 1
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Figure 2-6: Model and Dimensions of Optimized Yagi Antenna.

The optimized dimensions of the tuned Yagi antenna are presented in Figure 2-6. The red
box in the figure shows how the probe pads were excited in HFSS. The G-S-G pads were
excited using a metal bridge to connect the two ground pads and a waveport extending
down to the Source pad. The Si1 plot of the optimized antenna is presented in Figure 2-7

and the radiation pattern of the antenna is presented in Figure 2-8.
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Figure 2-7: S11 vs. Frequency plot of optimized Yagi Antenna

r 180

Figure 2-8: Radiation Pattern of Optimized Yagi Antenna

The S11 of the optimized antenna is -27.09dB at 60GHz and there is a 10-dB bandwidth
from 55.45GHz to beyond 70GHz or 73% of the V-band. The directive gain of the
optimized antenna is 0.187 dB, the radiation efficiency is 50% and the front to back ratio
is 2.67 dB. Once the antenna was designed and optimized in the small substrate an artificial
magnetic conductor can be used to improve its performance, for when it is placed in a

larger substrate.
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3 Artificial Magnetic Conductors

3.1 Artificial Magnetic Conductor Theory

An Acrtificial Magnetic Conductor (AMC) is a metal layer similar to a ground plane
that is composed of periodic metal structures or unit cells. The unit cell of an AMC
structure can be any geometric shape, previous work has explored different geometric
configurations such as rectangular patches, snowflake patterns, ‘I’ shapes, crosses etc....

some of these designs are shown in Figure 3-1.

Iz—br AMC1
X

| L2 I | e
W3
f
- -
(a) (b)

Figure 3-1: AMC unit Cell Designs. Square Loop (a), Jerusalem Cross [6] (b),
Triangular Slot [7] (c).
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Each design has a different set of critical dimensions that can be tuned to achieve 0° phase
reflection at a specified resonant frequency. Each unit cell design has a different equivalent
circuit model. These circuit models describe the capacitive and inductive elements of the
unit cell. These elements correspond to critical dimensions in the unit cell design. By tuning

the length and width of these critical dimensions the surface impedance of the cell can be
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adjusted. More importantly, from the surface impedance the reflection coefficient and
reflected phase can be computed.

To better understand an AMC, it is good to start by understanding the effects of a
good conductor or perfect electric conductor (PEC) on the radiation of an antenna. When
a PEC or ground plane is placed below a radiating antenna there is a 180° or = phase shift
at the ground plane. If the PEC is placed a quarter wavelength below the antenna, then the
wave will hit the PEC with a phase of 7/2 then be shifted by « from the PEC and travel
another 7/2 to reach the antenna again. The resulting phase is 27 or 0°, so in this case the
reflected wave would combine constructively with the incident wave. This is illustrated in

Figure 3-2 where wave 1 is the incident wave and wave 2 is the reflected wave.

—_ f Constructive f ~
Interference
| |l ©

S >
| | §
I Antenna |
l I F

\ /
~ ’

— h 4
PEC (zn phase shift)
LSS LA LS SSSSS LS LSS SSSSSS.
Figure 3-2: Antenna placed A/4 from PEC

However, this requires that the antenna is placed a minimum of A/4 from the PEC to have
constructive interference. If the antenna is placed any closer to the PEC than A/4 there is a
phase shift so the incident and reflected waves will combine destructively [8], thus

reducing the radiation of the antenna. This is illustrated in Figure 3-3.
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Figure 3-3: Antenna placed much closer than A/4 to PEC

An Artificial Magnetic Conductor (AMC) is a frequency selective surface (FSS)
that acts as a perfect magnetic conductor (PMC) instead of a PEC. A PEC has a reflection
coefficient -1 while a PMC has a reflection coefficient of +1 of Unlike the PEC a PMC has
no phase shift at the surface of the conductor because magnetic conductors support surface
waves. An AMC acts like a PMC at a specific frequency, which is what makes it frequency
selective. This allows for the AMC plane to be placed much closer than A/4 to the radiating
antenna. At the resonant frequency of the AMC the reflected waves and the incident waves
combine constructively because they are in phase at the plane of the antenna, thus

enhancing the radiated field. This is illustrated in Figure 3-4.
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Figure 3-4: Antenna placed much closer than A/4 to an AMC
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3.2 Jerusalem Cross AMC Theory

Now that the practical operation of an AMC plane is understood the theory behind
the actual structure can be analyzed. An AMC is also known as a High Impedance Surface
(HIS) because at a specific frequency the surface impedance of the AMC approaches
infinity. At this frequency the reflected phase approaches zero [9]. This is what allows the
incident and reflected waves to combine in phase, thus increasing the radiation efficiency
and gain of the antenna. For this work a Jerusalem Cross AMC (JC-AMC) was the chosen
unit cell design. The operating frequency of the Yagi antenna is 60 GHz, so the AMC unit
cell was designed for this resonant frequency. The equivalent circuit model of a Jerusalem

Cross AMC is presented in Figure 3-5.

Figure 3-5: JC-AMC Equivalent Circuit Diagrams

From Figure 3-5 the L4 is the dielectric inductance from the , Lg is the grid inductance, Cq
is the grid capacitance, and Zs is the surface impedance. The surface impedance comes
from the equivalent circuit diagram in Figure 3-5 and is given by equation (1). This

equation comes from [10].

99 (1)
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Where o is the angular frequency equal to 2xf. Each of the inductances and capacitances

are related to the physical dimensions of the AMC by the equations (2) — (4).

Zy k(Lx; — W)
Ly = inf tan < > (2)
2Lx (9 —2W
Cg = - 2 EOEreff cosh 1 ( g ) (3)
tan (kh
Ly = No (kh) @)
Ve, 2nmf

From the equations above, k is the wave number, h is the height of the silicon substrate, &
is referring to the dielectric constant of the substrate, in this case silicon, 11.9, and ere iS
the effective dielectric constant of the CMOS substrate given by standard equations in
literature. From the above equations the physical dimensions are related to the capacitive
and inductive elements which make up the surface impedance. Lq related to the width W
and Lxy, Cq is related to Lxo, g and W, and Lg is related to the dielectric substrate height, h.
The surface impedance, Zs, is related the reflected phase by the standard expression shown
in (5).

Zs — Mo

¢ =7 = s
H Zs+770

(®)

Using MATLAB and equations (1) — (5) a function was created that took four variable
inputs: g, W, Lxz, and Lxz. This function outputs the surface impedance Zs and the reflected
phase. By plotting either of these over a large frequency range the AMC dimensions can
be tuned for a resonant frequency of 60GHz. For the surface impedance the resonant

frequency is where the surface impedance peaks, for the reflected phase the resonance is

where there is a 0° phase reflection.
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Figure 3-6: MATLAB plots Tuning AMC dimensions: Tuning Lx; (a), Tuning Lx; (b), Tuning W
(c), Tuning g (d).

The plots in Figure 3-6 show MATLAB sweeps of the four critical dimensions of
the AMC unit cell. These sweeps show how each individual dimension affects the reflected
phase of the AMC. The red arrows in the figure show how the pattern changes as the sweep
variable increases. Figure 3-6(a) shows that as Lx; increases the positive ¢11 values move
up in frequency while the negative values move down, also narrowing the £90° bandwidth.
Figure 3-6 (b) and (c) shows that as Lx> and W increase ¢11 moves down in frequency.
Figure 3-6(d) shows that as g increases ¢11 moves up in frequency. These dimensions were

tuned to achieve the ideal 0° phase reflection at 60GHz using this MATLAB function based
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on the empirical formulas. The resulting theoretical dimensions were Lx; =110 um, Lx2 =

166.44 um, W = 12 pm, and g = Spum.

3.3 Jerusalem Cross AMC Unit Cell Design

Now that the theory behind the JC-AMC has been examined the AMC unit cell can
be simulated and further tuned in HFSS. The AMC unit cell was designed using the EM

solver HFSS on the CMOS stackup shown in Figure 3-7.

| Silicon Dioxide __Jium!
: [Jim M3 (Antenna) | :
| lpmll
i| I lum M2 (Reflector) | i 7um
1 lpm |
' Twm M1 (AMC Layer) K
| !
Silicon Substrate 275pm

|

Figure 3-7: Cross-section view of CMOS stackup

The Jerusalem Cross was placed in silicon dioxide on the silicon substrate without the top
two metal layers (M2 and M3), as shown in Figure 3-7. In HFSS an air box was created
above the silicon dioxide with a waveport at the top. The model consists of two perfect
electric conductor (PEC) walls and two perfect magnetic conductor (PMC) walls [5]. These
walls are the boundaries that represent neighboring unit cells. Images of the HFSS design

are shown in Figure 3-9.
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Figure 3-8: AMC unit Cell. HFSS model with de-embedding (a), waveport excitation (b), PEC
boundary (d), PMC boundary (e).
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As shown in the above figure the simulation was excited from a waveport place A/4 above
the AMC. The integration line on the waveport is directed between the two PEC boundaries
and perpendicular to the PMC boundaries. The Jerusalem Cross dimensions were adjusted
to shift the reflected phase angle at 60GHz to 0°. The dimensions of the Jerusalem Cross
were designed based originally on the theoretical results from the MATLAB function. The

AMC unit cell dimensions are presented in Figure 3-9.

: AMC

e | ‘?’ | t Dimensions
T Lx;| 110 pm
Lx, Lx,

J' Lx,| &80 pm

:l ‘ | v W 12 pm

e— Lx, —*

— Lx, —” g 5um

Figure 3-9: AMC Unit Cell Geometry and Dimensions
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The width W and the spacing between the cells, g, are the critical dimensions. When
simulating in HFSS these dimensions had the largest effect on the phase plot. The spacing
between the cells g is critical because it determines the capacitance between each cell. In
the model the PEC and PMC walls are placed g/2 from the edge of the AMC. This spacing
was tuned to shift the reflected phase in frequency by adjusting the capacitance. The final
dimensions of the AMC unit cell as defined in Figure 3-9 are Lx; = 110um, LxX2 = 80um,
W = 12um, and g = Sum. The only difference between these values and the MATLAB
values is Lxz. The reflected phase measured from the AMC unit cell over frequency is

shown in Figure 3-10.
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Figure 3-10: AMC Unit Cell Si11 Phase vs. Frequency

The reflected phase at 60GHz is approximately 0° as shown in Figure 3-10. There is a very

wide +90° bandwidth from 51.1GHz to 69.43GHz, which is 85.9% of the VV-band.
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4 Yagi Antenna in Small CMOS Substrate (2.2 x 1.3 mm?)

The Yagi antenna was optimized in a substrate just large enough to fit the antenna as
discussed in section 2. This was to see the radiation pattern of the antenna with limited
interference from the silicon, since most of the radiation is in free space. Due to this it also
made sense to first examine the effects the AMC has in this small substrate. The Jerusalem
Cross AMC unit cells designed in the previous section were placed in a grid below the
antenna in three different configurations. In the first configuration a layer of unit cells was
arranged under only the feed system of the antenna, this will be referred to as a Partial
AMC. In the second configuration the AMC unit cells were arranged in a grid below the
entire antenna, this will be referred to as the Full AMC. The third configuration does not
include an AMC layer at all, this will be referred to as No AMC. The partial AMC layer
was arranged below the CPW from the G-S-G pads to the reflector. The HFSS models of

the Yagi antenna in all three configurations are shown in Figure 4-1.

"

"\-\/' -l
> .

Figure 4-1: HFSS Models of Yagi antenna: No AMC (a), Partial AMC (b), Full AMC (c),
Enlarged view of AMC (d).

32



The Si1 plot of all three configurations is shown below along with a red dashed line

indicating the 10dB level.

S11 [dB] Vs. Frequency [GHz] (Small Substrate)

© No AMC
5% Partial AMC 4
> Full AMC
-----10dB
B e s o e e —— —
S
—_ _15 [ =
e
-20
25
-30 1 1 I
50 55 60 65 70

Frequency [GHz]

Figure 4-2: Sy; [dB] vs. frequency plot in small substrate

From Figure 4-2 the S11 [dB] for all configurations perform well. The driven element length
L. was adjusted for each cnofiguration to shift the Si1 plot in frequency. The reflector

length Lairer was adjusted according to the following equation.

Lires = 1.185(2 Ly) (6)

This equation was used to adjust the driven element length for all antenna configurations
through out this work. The corresponding S11 at 60GHz for the antenna with a partial AMC
is -23.54dB and there is a 10-dB bandwidth from 56.37dB to above 70dB which covers
68% of the V-band. The corresponding S11 at 60GHz for the antenna with a full AMC is -
22.11 dB and there is a 10-dB bandwidth which covers 66% of the VV-band. These results

are tabulated in Table 4-1.
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As shown in the table above, the AMC layers slightly decrease the S1; [dB] and the 10dB

bandwidth. Overall, the Si11 performance was not significantly affected. The radiation

Table 4-1: Summary of AMC Performance on a Small Substrate

Driven Element | Si1 [dB] 10dB
Small Substrate | LengthsL, [um] | at 60GHz Bandwidth
No AMC 516 -27.09 73%
Partial AMC 500 -23.54 68%
Full AMC 425 -22.11 66%

patterns are presented in Figure 4-3.
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Figure 4-3: Antenna Layout with 2D and 3D Radiation Patterns: No AMC (a), Partial AMC (b),

Full AMC (c).
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The 2D and 3D radiation patterns in Figure 4-3 show that the large AMC
significantly improves the directive gain from 0.187 dB without the AMC to 1.036 dB. The
antenna efficiency increased from 50% to 51% and the front to back ratio (F/B) increased
from 2.67dB to 6.95dB. On the other hand the partial AMC reduced the directive gain to -
0.33 dB. It also decreased efficiency to 44% and the F/B to 2.28dB. Placing the AMC under
only the feed line likely enhanced the back lobe and not the front thus reducing the directive
gain and increasing the back lobe. These results are presented in Table 4-2. Next these

three configurations will be examined in a larger substrate.

Table 4-2: Antenna parameters for small substrate

No AMC | Partial AMC | Full AMC
Directive Gain [dB] 0.187 -0.33 1.036
Radiation Efficiency 50% 44% 51%
Front to Back Ratio [dB] 2.67 2.28 6.95
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5 Effects of Yagi Antenna placement within the Chip

Next the same Yagi antenna designed in the small substrate was optimized in a larger
10mm by 10mm substrate, which will be referred to as the chip. The chip has the same
stackup as the AMC unit cell shown in Figure 3-7. The antenna was placed in three
different locations on the chip: the center of the chip, the front edge facing out of the chip,

and the back edge facing into the chip.

5.1 Yagi Antenna in Different Locations on Chip without AMC

The antenna was placed in the three locations on the chip to see how the antenna’s
location changes the directive gain and antenna efficiency. The expectation is that placing
the antenna on the back edge facing in will have the worst performance and placing the
antenna on the front edge facing out will have the best. This hypothesis assumes that waves
propagating through more silicon will perform worse. Images of the three HFSS models

showing the different arrangements are presented in Figure 5-1.

e Hn Hi

(@) (b) (©)

Figure 5-1: Images of different antenna arrangements without AMC: Back Edge (a), Center (b),
Front Edge (c).
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In Figure 5-1 The center square, is the 10mm by 10mm CMOS substrate. The red outer
box is the boundary of the radiation box used in HFSS. In Figure 5-1 (a) the antenna is
placed at the far-left edge of the substrate with the front of the antenna 1.55mm from the
left edge. In Figure 5-1(b) the center of the antenna is centered on the substrate and in
Figure 5-1(c) the front of the antenna is 50um from the right side of the substrate. The
length of the driven elements and the reflector were adjusted for each arrangement to shift
the S11 null in frequency to 60GHz. The S11 plots of these three configurations are presented

in Figure 5-2.

S11 [dB] Vs. Frequency [GHz] (Antenna Location Comparison)

o Center
Front Edge| |
> Back Edge

=25

_3050 5‘5 6I0 6l5 70
Frequency [GHZz]
Figure 5-2: Sy1; [dB] vs. Frequency for different antenna locations without AMC.

From Figure 5-2 the Center and back antenna placements have relatively similar
performance while the Si; of the front edge placement is not as deep but spans a wider
10dB bandwidth. However, all three performed relatively well. The electric field patterns

were plotted for each arrangement and are shown in Figure 5-3.
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Figure 5-3: E-Field patterns for different antenna placements without AMC: Back Edge (a),
Center (b), Front Edge(c).

The three simulations shown in Figure 5-3 are all without an AMC layer. Figure 5-3(a)
shows the E-field pattern propagating into the substrate but fading near the other side of
the chip. Figure 5-3(b) shows a fair amount of back radiation and Figure 5-3(c) shows a lot
of radiation into free space as well as back radiation into the chip. The 2D radiation patterns
for these arrangements are shown in Figure 5-4. The radiation patterns are from the plane
of the chip, or the Azimuth plane. They are also displayed in the same orientation as the

antennas in Figure 5-1 and Figure 5-3.
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Figure 5-4: Radiation patterns in for different antenna locations [dB]: Back Edge (a), Center (b),
Front Edge (c).

The three radiation patterns presented in Figure 5-4 behave as expected. The radiation

pattern of the antenna on the back edge is mainly directed into free space away from the
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substrate, which is the opposite direction of the antenna. The radiation pattern for the
antenna in the center of the substrate is distorted with nulls at £90° and the radiation pattern
for the antenna at the front edge pointing into free space shows the best gain directed out
of the chip. The directive gains at 90° from Figure 5-4 (a), (b), and (c) are -9.94 dB, -15.37
dB, and -1.72 dB respectively. These results and the antenna efficiencies are presented in

Table 5-1 along with the S11 performance.

Table 5-1: Antenna Parameters for Different Antenna Locations

Back Edge | Center | Front Edge
Directive Gain [dB] -9.94 -15.37 -1.72
Radiation Efficiency 8.1% 10.5% 39.1%
Driven Element Lengths (L2) [um] 500 512 545
S11 [dB] at 60GHz -23.32 -21.90 -16.32

The radiation efficiency of the antenna at the front edge is by far the best and the efficiency
of the antenna at the back is the worst. That makes sense because the input power in the
front antenna is mostly directed into free space, while the power radiating from the antenna
on the back edge is getting directed back at the feed and into free space as opposed to into
the lossy substrate. The antenna in the center has marginally better efficiency than that on
the back edge, likely because most of the power is lost from interference with the silicon
substrate. Out of these three orientations the antenna at the front edge appears to be the
leading contender for inter-chip transmission. While the antennas at the back edge and
center of the chip may be more beneficial for intra-chip transmission, if they were
enhanced. Next the AMC layer presented in the previous section, with the smaller
substrate, was introduced into the center and front edge arrangements, to improve their gain

and radiation efficiency.
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5.2 Yagi Antenna placed in the Center of the Chip with AMC

The 10 x 10 mm? substrate with the Yagi antenna in the center was examined first
using the AMC configurations discussed in section 4. To minimize the effects of the silicon
substrate on the Yagi antenna an AMC layer was placed below the antenna. All three AMC
configurations were explored: without the AMC, with the partial AMC, and with the full
AMC. In this case the term Full AMC still refers to a grid of AMC unit cells just large
enough to cover the area directly below the antenna. The same sized grid as discussed in

section 4. The HFSS models of the partial and full AMC are presented in Figure 5-5.

(@) (b)
Figure 5-5: Antenna in the Center of Chip. Partial AMC (a), Full AMC (b).
The AMC layer was not extended to the entire 10mm by 10 mm chip due to limitations in
the available computing cluster. A larger array of AMC unit cells requires more RAM then
was available to complete the simulation. The S1; of these three configurations is presented

in Figure 5-6.
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Figure 5-6: S1; [dB] vs. Frequency for Antenna in the center of the Chip

The director lengths were adjusted to improve the S11. From the above figure the S11 of the
antenna with the partial AMC is -23.95 dB at 60GHz and there is a 10-dB bandwidth of
51.2%. The S11 of the antenna with the full AMC is -27.88 dB at 60GHz and there is a 10-
dB bandwidth of 73.05%. Adding the AMC layers has improved the Si1 plot in both
configurations. The results described above are all collected in Table 5-2 at the end of this

section. The plots of the E-field magnitude for the three different configurations are shown

in Figure 5-7.
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Figure 5-7: E-Field Patterns of antenna in n the center of the chip: No AMC (a), Partial AMC (b),
Full AMC (c).

As shown in Figure 5-7 the full AMC increases the E field in front of the antenna and

decreases the pattern behind it. While on the other hand the partial AMC seems to increase
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the radiation behind the antenna and the forward pattern seems the same. These
assessments are better understood from the radiation patterns, which are shown in Figure

5-8.
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Figure 5-8: 2D Radiation patterns of antenna in the Center [dB]: No AMC (a), Partial AMC (b),
Full AMC (c).

In Figure 5-8(c) the directive gain has increased from -15.37 dB without an AMC to -14.55
dB with the full AMC and the antenna efficiency increased from 10.4% to 10.8%. The
directive gain of the antenna with the partial AMC got marginally worse it went down to -
15.54dB and the efficiency declined to 9.44%. These results mirror those of the antenna on
the smaller substrate. The partial AMC is likely enhancing only the feed system and not
the directed portion, which is enhancing the radiation behind the antenna. While on the
other hand the full AMC is improving the overall radiation and shielding the antenna from

the lossy silicon. These results are presented in Table 5-2.

Table 5-2: AMC Performance of an antenna in the center of a 10x10mm Substrate with AMC

Director | Si1 [dB] at | Directive | Radiation 10dB

Length L 60GHz Gain [dB] | Efficiency | Bandwidth
No AMC Layer 512 pm -21.90 -15.37 10.45% 58%
Partial AMC Layer 507 um -23.95 -15.54 9.44% 51.2%
Full AMC 410 um -27.88 -14.55 10.78% 73.05%
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5.3 Yagi antenna placed at the Front Edge of the chip with AMC

Next the Yagi antenna was placed at the edge of the 10x10 mm? chip. This was
done to examine the viability of inter-chip transmission. The full AMC layer was added
below the Yagi antenna. The HFSS models of the partial and full AMC are presented in

Figure 5-9 and the S11 of these three configurations is presented in Figure 5-10.

(@) (b)
Figure 5-9: Antenna at the front edge with AMC: Partial AMC (a), Full AMC (b).
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Figure 5-10: S1; [dB] vs. Frequency for Antenna at the front edge of the Chip
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The director lengths were adjusted to improve the Si: for the different configurations as in
the previous arrangements. From the above figure the Si1 of the antenna with the partial
AMC is -13.12 dB at 60GHz and there is a 10-dB bandwidth of 66.7%. The Si: of the
antenna with the full AMC is -27.88 dB at 60GHz and there is a 10-dB bandwidth of
73.05%. Adding the AMC layers has improved the Si1 plot in both configurations. The
plots of the E-field magnitude for the three different configurations are shown in Figure

5-11and the radiation patterns are shown in Figure 5-12.
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Figure 5-11: E-Field Patterns: No AMC (a), Partial AMC (b), Full AMC (c).
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Figure 5-12: 2D Radiation patterns in dB: No AMC (a), Partial AMC (b), Full AMC (c)

As shown in Figure 5-11 the full AMC layer increases the Electric field in front of the

antenna as well as a bit behind it. The Electric field pattern for the antenna with the partial
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AMC, Figure 5-11(b), shows thin lines of high electric field density extending from the
feed lines to the center of the substrate. This is due to the meshing in HFSS, likely because
of small geometries and boundary conditions inherent in the AMC design. The meshing
issue should not have a significant impact on the results obtained in the simulation. The
radiation patterns for these configurations are shown in Figure 5-12. In Figure 5-12(a) and
(b) show the radiation patterns for the antenna without the AMC and with the Partial AMC
respectively. After adding the partial AMC, the gain increased from -1.72 dB to -0.93 dB
with the partial AMC, which is a 46% increase in the directive gain. The radiation
efficiency increased from 39% to 46%. While the directive gain of the full AMC has
decreased to -2.15 dB and the antenna efficiency decreased to 35.43%. From these results
it is clear that the partial AMC is more beneficial to the antenna’s performance when the
antenna is placed at the edge of the substrate. The results described above are all collected

in Table 5-3.

Table 5-3:AMC Performance Summary of an antenna at the edge of a 10x10 Substrate

Director S1: [dB] at Directive Radiation .
Length L, 1é()[GH]z Gain[dB] | Efficiency | -0dB Bandwidth
No AMC 545 pm -16.31 -1.72 39.05% 78.95%
Partial AMC 530 pm -13.12 -0.93 46.28% 66.7%
Full AMC 425 pm -13.14 -2.15 35.43% 44.25%
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6 Inter-Chip Transmission

This next section explores the communication between two chips with the Yagi
antennas placed at different locations within the chips facing each other. The same 10mm
by 10mm chips examined in sections 5.2 and 5.3 were placed on 1.575mm thick FR4
substrate and separated by 10mm. The FR4 substrate has a dielectric permittivity of 4.4
and a loss tangent of 0.02. Three antenna configurations were examined: both chips with
antennas at the front edge of their respective chips, both chips with antennas in the center,
and one antenna in the center of the first chip and the other at the front edge of the second

chip.

6.1 Inter-Chip Transmission with Antennas at the Front Edges

The first configuration of interest is placing the antennas at the edge of their
respective chips facing towards each other. As shown in section 5.1, placing the antenna at
the edge of the chip produced the best directive gain, it’s expected that this trend will be
seen in the following simulation as well. This configuration was simulated without an
AMC, with a partial AMC and with the full AMC for both chips. The HFSS model of the

inter chip transmission with antennas at the edge of the chip is shown in Figure 6-1.
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Figure 6-1: Model of Inter-Chip Transmission with Antennas at the front edges without AMC

The two chips in Figure 6-1 are the same as presented previously, Port 1 refers to
the antenna on the left and port 2 refers to the antenna on the right. The S11 and Sz plots
are the same because both antennas at port 1 and port 2 are identical. The S11 and S»; plots
are presented in Figure 6-2. The driven element lengths were tuned again to improve the

Su plot. The S11 and Sz1 plots are presented below.
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Figure 6-2: S11 and Sy1 vs. Frequency plots for Front Edge Transmission.

From the above figure the S11 at 60GHz of the antennas with no AMC, a partial AMC and
a full AMC are -20.31dB, —19.67 dB, -30.61dB respectively. The 10-dB bandwidths of the

antennas with no AMC, partial AMC and Full AMC are 57.02%, 54.76% and 69% of the
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V-band respectively. The Sy: values at 60GHz for the antennas with no AMC, a partial
AMC, and a full AMC, are -28.8 dB, -28.0 dB, -28.5 dB respectively. The S»; values did
not change very much with the addition of the AMC layers. However, all of the
configurations performed well with reasonable Si; and Sz1 values. The electric field
patterns of the three configurations are shown in Figure 6-3 and the 2D radiation patterns
from the plane of the chip are in Figure 6-4.
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Figure 6-3: E-Field Pattern of Inter-Chip Transmission with Antennas at the front edges and Port
1 excited: No AMC (a), Partial AMC (b), Full AMC (c).
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Figure 6-4: Radiation patterns of Antennas at the front edges with Port 1 excited: No AMC (a),
Partial AMC (b), Full AMC (c).

From the E-field patterns in Figure 6-3 the full AMC has the most intense field pattern.
Next is the antennas with the partial AMC, and then the antennas without an AMC layer.
The directive gains of the configuration without the AMC, with the partial AMC, and with
the full AMC are -8.17 dB, -7.31 dB, and -7.24 dB respectively. The radiation efficiency
improved from 20.05% without the AMC to 31.13 with the partial AMC, then to 31.84%
with the full AMC. Unlike in the single chip shown in section 5.3 it appears that the full
AMC performed marginally better than the partial AMC. This is likely because in the
transmission configuration the radiation is radiating in the FR4 substrate and not simply in
free space. The adjusted director lengths are presented in Table 6-1 along with a summary
of the results presented above.

Table 6-1: Summarized results for Inter-Chip Transmission with Antennas at the Front Edge
Director | Si1[dB] | Sz [dB]at | Directive | Radiation 10dB
LengthL, | at 60GHz | 60GHz Gain [dB] | Efficiency | Bandwidth

No AMC 520 pm -20.31 -28.80 -8.17 20.05% | 57.02%
Partial AMC 500 pm -19.67 -27.95 -7.31 31.13% | 54.76%
Full AMC 419 pm -30.61 -28.47 -7.24 31.84% | 68.73%
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6.2 Antennas in the Center of the Chips

Next the performance was examined for two chips with Yagi antennas in the center of the
them to see how much of an effect the silicon plays on the transmission between them. This
configuration was simulated without an AMC, with a partial AMC and with the full AMC

for both chips. The HFSS model id shown in Figure 6-5.

5
Figure 6-5: Model of Inter-Chip Transmission with antennas in the center

Similar to the last section S22 was not plotted because Si1 and S, are the same. The Si1 and

S21 plots of the antennas in Figure 6-5 are sown below.
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Figure 6-6: S11 and Sy: vs. frequency plots for center to center transmission

From the above figure the S11 at 60GHz of the antennas with no AMC, a partial AMC and

a full AMC are -32.12 dB, -25.5 dB, -33.43 dB respectively. The 10-dB bandwidths of the
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antennas with no AMC, partial AMC and Full AMC are 53%, 56% and 80% of the V-band
respectively. The Sz values at 60GHz for the antennas with no AMC, a partial AMC, and
a full AMC, are -36.16 dB, -36.44 dB, -36.49 dB respectively. The Sz1 values are all
effectively the same irrespective of the AMC layers. The full AMC has marginally better
S11 than the antenna without the AMC and the Si1 of the partial AMC was considerably
worse, but still performs well. The electric field patterns of the three configurations are
shown in Figure 6-7 and the 2D radiation patterns from the plane of the chip are in Figure

6-8Figure 6-4.

Figure 6-7: E-Field Pattern of Inter-Chip Transmission with Antennas in the Center with port 1
excited: No AMC (a), Partial AMC (b), Full AMC (c).
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Figure 6-8: Radiation patterns of antennas in the center of the chips with port 1 excited, (a) No
AMC (b) Partial AMC (c) Full AMC.

The E-field patterns shown in Figure 6-7 show more distinctly the distortion in the radiation
pattern. The E-Field pattern in all three configurations splits in the center and appears to
travel around the antenna in the receiving chip. However, similarly to the last section the
E-field pattern is the strongest in the configuration with the full AMCs. The directive gains
of the configuration without the AMC, with the partial AMC, and with the full AMC are —
5.63 dB, -5.54 dB, and -4.18 dB respectively. The radiation efficiency changed from
15.00% without the AMC to 14.88% with the partial AMC, then to 16.56% with the full
AMC. Similarly, to the single chip shown in section 5.2 the full AMC performed better
than without an AMC and the partial AMC performed marginally worse. This is for the
same reason as discussed in section 5.2. Since the antennas are placed in the center of the
chips the silicon impinges on the radiation more and the partial AMC only enhances the
radiation behind the antenna. The adjusted director lengths are presented in Table 6-2 along
with a summary of the results presented above.

Table 6-2: Summarized results for Inter-Chip Transmission with antennas in the center
Director | Si;1[dB] | Soi[dB] at | Directive | Radiation 10dB
LengthL, | at 60GHz | 60GHz Gain [dB] | Efficiency | Bandwidth

No AMC 505 um -32.12 -36.16 -5.63 15.00% 53.20%
Partial AMC 501 um -25.50 -36.44 -5.54 14.88% 55.56%
Full AMC 405 pm -33.43 -36.49 -4.18 16.56% 79.74%
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6.3 Antennas at the Front Edge and in the Center of the Chips

Next the performance of the antennas placed in the center of the chip and the antennas
placed at the front edge of the chips were compared directly in an inter chip configuration.
The first chip (port 1) has an antenna placed in the center of the chip and the second chip
(port 2) has an antenna placed at the front edge facing the first chip. This configuration was

simulated without an AMC, with a partial AMC and with the full AMC for both chips.

Figure 6-9: Model of Inter-Chip Transmission with antennas in the center and at the edge

The S11 performance of these antennas were tuned similarly to the previous configurations
by changing the director lengths. The Si1, S22, S21, and S12 plots are shown in Figure 6-10

and Figure 6-11.
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Figure 6-10: S11 (left) and Sz, (right) vs. frequency plots for the center and front antenna
placement.
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From the above figures the S11 corresponds to the antenna in the center of the chip
and the Sz corresponds to the antenna at the front edge of the chip. The Si1; at 60GHz of
the antennas with no AMC, a partial AMC and a full AMC are —-33.79 dB, -27.51 dB, -
36.91 dB respectively. The Sz, at 60GHz of the antennas with no AMC, a partial AMC and
a full AMC are -20.68 dB, -17.72 dB, -30.95 dB respectively. The Sii parameters for the
first chip (in the center) had overall better S11 than the Sz from the chip with the antenna
at the front edge. Interestingly the S;i of partial AMC in both cases was worse than without
the AMC. For the antenna at the edge the Sz significantly improved with the addition of

the full AMC. The 10-dB bandwidths of the antennas in the center with no AMC, partial

-30

-40

S21 and S12 vs. Frequency (Tx Front and Center)

1

o NoAMC

Partial AMC ||

> Full AMC
-----10dB

50

56 58

60

62

Frequency [GHz]
Figure 6-11: Sy; vs. frequency plot for center and front antenna placement
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AMC and Full AMC are 53.3%, 49.7% and 78.8% of the V-band respectively. The 10-dB
bandwidths of the antennas at the front edge with no AMC, partial AMC and Full AMC
are 57.5%, 48.7% and 69.7% of the VV-band respectively. The Sy; values at 60GHz of the
antennas with no AMC, a partial AMC and a full AMC are -33.3 dB, -32.1 dB, -31.58 dB
respectively. The Sy: values are all effectively the same regardless of the AMC layers.
These results are all collected in Table 6-3 and Table 6-4. The electric field pattern was
plotted for each AMC configuration and with each port excited. These field patterns are all

presented in Figure 6-12.

Table 6-3: S-Parameters Measured at 60GHz for Inter-Chip Transmission

S11[dB] (Center) | Sz, [dB] (Edge) Sz [dB]
No AMC -33.79 -20.68 -33.30
Partial AMC -27.51 -17.72 -32.10
Full AMC -36.91 -30.95 -31.58
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Figure 6-12: E-Field pattern of Inter-Chip Transmission with Antennas in the center and the edge:
Port 1 excited No AMC (a), Port 1 excited Partial AMC (b), Port 1 excited Full AMC (c),
Port 2 excited No AMC (d), Port 2 excited Partial AMC (e), Port 2 excited Full AMC (f).
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Figure 6-12 (a) — (c) show port 1 excited without an AMC, with a partial AMC and
with a full AMC. Figure 6-12 (d) — (e) show the same models with port 2 excited. The
electric field radiation for models (e) and (f) have the strongest radiation both are
improvements to model (d) which has no AMC. Based on inspection Figure 6-12 (e) the
model with the Edge antenna energized and a partial AMC appears to have the strongest
electric field pattern as it reaches the other antenna. When the antenna on the front edge
was energized more electric field ripples reached the antenna at port 1 than when the center
antenna was energized. This was as expected because it is travelling in free space for longer
before hitting the silicon substrate. The radiation patterns of the six configurations shown

in Figure 6-12 are plotted in Figure 6-13 and Figure 6-14.
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Figure 6-13: Radiation patterns with Port 1 (Center antenna) energized: No AMC (a), Partial
AMC (b), Full AMC (c).

Figure 6-13 Shows the radiation patterns for the center antenna without an AMC, with the
partial AMC, and with the full AMC. These radiation patterns are from the plane of the
chip and straight ahead is at 90°. The partial AMC has improved the directive gain from -
5.54 dB without an AMC to -5.22 with the partial AMC. The full AMC improves the gain
to -3.94 dB which is a 29% increase. The radiation efficiency of the antenna decreased by

half a percent when the partial AMC was added and improved from 15% without an AMC
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to 16.4% when the full AMC was added. The partial AMC improved the gain but reduced

the efficiency because the back lobes were also enlarged.

Figure 6-14: Radiation patterns with Port 2 (Edge antenna) energized; No AMC (a), Partial AMC
(b), Full AMC (c).

Figure 6-13 shows the radiation patterns of the antenna placed at the front edge of the chip
without an AMC, with the partial AMC, and with the full AMC. These radiation patterns
are from the plane of the chip and straight ahead is at -90°. The partial AMC reduced the
directive gain from -8.52 dB without an AMC to -9.57 with the partial AMC. While also
increasing the radiation efficiency from 29% to 33%. The radiation efficiency of the
antenna with the full AMC was only 31.7%, but the directive gain was -7.49 dB. The partial
AMC improved the radiation efficiency by reducing the back radiation, while the full AMC
improved the directive gain by enhancing the entire signal, however it was not as efficient.
These results are presented in Table 6-4.

Table 6-4: Parameters for Antennas at the front and center of the chips in Inter-Chip transmission

nggfrfolfg Directive Ra(_:iigtion 10d|_3
[um] Gain [dB] Efficiency | Bandwidth
No AMC 505 -5.54 15.00% 53.30%
(Cpg?ttelr) Partial AMC 501 5.22 1450% | 49.70%
Full AMC 403 -3.94 16.40% 78.80%
No AMC 525 -8.52 29.00% 57.50%
Fr(%rgrfgfe Partial AMC 500 9.57 33.00% | 48.70%
Full AMC 420 -7.49 31.70% 69.70%
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7 Conclusion and Future Work

7.1 Conclusions

The results show that the partial AMC improves the performance of the Yagi antenna
when it is placed on the edge of the substrate. The directive gain is enhanced by 46% and
the radiation efficiency increased from 39% to 45%. The full AMC layer increases the
directive gain (Endfire direction) of the antenna on a small substrate from 0.19 dB to 1.04
dB or 450%. The full AMC also improves the directive gain of the antenna when placed in
the center of the larger chip by 5% or 0.93 dB. The full AMC layer improves the directional
gain of the antenna in the center of the chip because it is more affected by the silicon
substrate, whereas when placed at the edge the antenna is mainly radiating in free space
and not as hindered by the lossy silicon. Which is why the partial AMC improves the
antenna at the edge. This is more clearly shown by the transmission results. When both
antennas were placed at the front edges of their respective chips with full AMC layers the
gain increased by 11% and the radiation efficiency increases by 12%; while when both
antennas are placed in the center the directive gain increases by 26% and the radiation
efficiency increases by only 2%. In the model with one antenna at the front edge of the first
chip and the second antenna in the center of the second chip, the full AMC improved the
directive gain by 12% for the first chip at the edge and 29% for the second chip in the
middle. Both results show that the full AMC has a positive effect on the directive gain of
the antenna, especially when placed in the center of the substrate. These results show that
adding the full AMC improves the directive gain of the On-chip antennas. If the AMC was

extended to cover the entire 10mm by 10mm chip it is expected that the antenna
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performance would be even better. The AMC layer was not extended to the entire 10mm
by 10 mm chip due to limitations in the available computing cluster. A larger array of AMC
unit cells requires more than 300GB of RAM which is more than was available to perform

these simulations.

7.2 Future Work

In the future an array of Yagi antennas can be examined in the same CMOS chip to
see how the array improves the radiation and gain. The array can be tested with the three
AMC layers discussed in the thesis to see their effects on the array. Then the array can be
used for beam steering by phasing the array and examining the effects that the AMC layers
have on the radiation. The simulations performed in this thesis could also be explored for
a larger 20mm by 20mm substrate to see how the larger chip affects the pattern. The AMC
could also be used to improve the gain of antennas for intra-chip transmission. If given the
opportunity to use a computing cluster with higher computing capabilities the AMC layer

could be extended to the entire chip.
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