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ABSTRACT

Dipole antenna is commonly used for Wireless Interconnect on chip. In this thesis, the
characteristics of Integrated Dipole Antenna in Si substrate have been investigated by
simulation and this simulation has been explained by theoretical derivation. The effect of
upper metal layer above the antenna in a multilayer metal process has been simulated
using ANSOFT HFSS and explained analytically for the first time in this work. It has
been seen that the second metal layer effects significantly on the Forward Transmission
Co- efficient— presence of the upper metal layer reduces the gain of the antenna
structure. Also, the effect of changing resistivity of the Si substrate, i.e., the transmitting
medium and effect of changing the inter antenna distance on the forward transmission
Co-efficient has been simulated and explained by theoretical analysis. The comparison
between the simulated data and analytical values shows good agreement in each case. At
last, Monopole Antenna has been introduced to improve the performance of the antenna
in case of the presence of upper metal layer. Monopole antenna preserves the gain of the
antenna both in presence of upper metal layer and also without this layer. The analytical
explanation of this observation has also been provided here. Monopole antenna with
vertical excitation has been proved itself as more efficient than dipole antenna in
multilayer metal processes. But the recent works has proposed to use dipole antenna for

on-chip wireless interconnect.

Xii



CHAPTER 1
INTRODUCTION

1.1 BACKGROUND:

The electi’onics industry has achieved a phenomenal growth over the last 50 years,
mainly due to tﬁe invention of Integrated Circuit (IC) in early 1960, Improvement in the
processing téchnique in subsequent years has resulted in a steady increasing chip area and
a progressively reducing feature size. This has allowed a complexity increase of
approximately one hundred every ten years [1]. Technically speaking, the history of Very
Large Scale Integration (VLSI) is a history of miniaturization. This miniaturization is
backed by the scaling theory, which states that a MOSFET operates at higher speed

without any degradation of reliability when the device size is scaled by a factor of k and

at the same time, the operating voltage is scaled by a factor of k. The circuit cost per

function is also decreased by miniaturization. Thus, the cost-performance is rapidly
improved as devices are scaled down. That is why miniaturization has been pursued so
persistently for the last thirty years and will continue to be pursued in the future.
Recently, however, undesirable side effects of scaling have become noticeable. These
unwanted effects have arrived as challenges to the researchers. To enhance the circuit and

system performance, recent studies are focusing on and trying to mitigate these problems

2).

1.2 INTERCONNECT PROBLEM:

Despite remarkable experimental results for transistor scaling well below 100am
design rule, there are growing challenges to our ability to cffectively stay on the
technology roadmap [3]. One such prime challenge is “Interconnect Problem”.

In microelectronic circuits, the transistors and other devices are often connected

by the metailic interconnects. Formation of digital nanocomputers that promise




dramatically increased computational speed and density requires the successful formation
of molecular-scale devices. Even after the challenges of fabricating the molecular devices
are successfully overcome, the problem of connecting these devices in a circuil to carry
the information from the output of one device to the input of the next device sustains,
This problem is usually referred to as the “Interconnect Problem” [4].

The quintessential purpose of an interconnect is to communicate. To give a more
complete definition, it is communication between distant points with small latency.
Réducing the distributed resistance— capacitance product provides smaller latency for a
given interconnect length [5]. However, during the past four decades interconnect scaling
has increased the distributed resistance- capacitance product, demanding larger latency
for a given interconnect length. In stark contrast, scaling of transistors reduces the
powerﬁdclay product or switching energy of a binary transition, to reduce simultaneously
both average power transfer and delay.

Scaling of transistors reduces their cost, intrinsic switching delay, and energy
dissipation per binary transition. Scaling of interconnects serves. to reduce cost but
increases latency or time delay and energy dissipation relative to that of transistors. These
increase result from relatively larger average interconnect lengths and larger dic sizes for
successive generations. Therefore, interconnects have become the primary limit on both
the performance and the energy dissipation of future Ultra Large Scale Integration

(ULSL).

1.3 IMPACT OF INTERCONNECT PROBLEM:

According to the simple scaling rule, when the devices and interconnects arc
scaled down in all three dimensions by a factor of S, the intrinsic gate delay is reduced by
a factor of S, the delay of local interconnects (such as connections between adjacent
gates) remains the same, but the delay of global interconnects increases by a factor of §°
[5-9]. As a result, the interconnect delay has become the dominating factor in
determining system performance. Interconnect problem is the most prevailing one. In

many systems designed today, as much as 50% to 70% of clock cycie is consumed by

£
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interconnect delays. This percentage will continue to rise as the feature size decreases
further. |

Repeater insertion is generally used to reduce the delay of long global
interconnects [10]. The delay can be reduced up to a certain extent by this technique, but
the power consumption increases by about 70% due to the inserted buffers, which will be
described in more detail below. Another way to decrease the interconnect delay without
increasing the power is to use a thicker and wider metal layer. However, with consistent
scaling of global interconnect dimensions to meet the increased connectivity demands in
a high performance system-on-a-chip (SoC), the interconnect- delay per unit length of
optimally buffered minimum sized global wires is also increasing with technology
scaling [11]. Therefore, global interconnects tend to limit the performance of high-
performance SoCs. In order to achieve improvement in performance, designers tend to
use wires, which are wider than minimum-sized global interconnects preseribed by the
technology. Increasing the width of the interconnect proportionally reduces its resistance
per unit length and also increases the line capacitance per unit length. However, for
global interconnects in nanometer technologies, where the aspect ratio of wires is
approximately 2-2.5, the increase in width results in a reduction in the resistance—
capacitance (RC) time constant of the line and therefore improves delay per unit length
[12]. However, these “fat” wires take up a lot of routing resources and using fat wires can
adversely affect the wireability of the chip, like signal integrity problems such as high
crosstalk noise and large delay fluctuation due to capacitive coupling among adjacent
lines. The higher speed causes inductance-related issues and electromagnetic interference
problems. For further improvement in performance, the spacing of global interconnects
can also be increased which, to some extent, offsets the increase in line capacitance due
to increasing line width. On the other hand, this increase in spacing will further degrade
the wireability of the chip. Therefore, in determining the wire width at the global tier, the
number of interconnects per unit chip edge should also be taken into account along with

the delay per unit length.
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1.4 EVOLUTION OF INTERCONNECT TECHNOLOGIES:

The semiconductor technology is moving quickly towards applications requiring
operating frequencies of the order of tens and hundreds of GHz, as have been predicted in
fig.1.1. Also, this is fuelling the demand for scaling the VLSI integration down to the
deep sub-micron level with an astonishing pace, Le, toward ULSI. Along with the
transistor scaling, wire width and wire spaces have been scaled down together. Metal
routing pitches have also been scaled down and the number of metal layers has been
increased. This increasing level of integration is the main route to achieve ever-hi gher
computing speed. But, the main concern toward high-speed operation of ULSIs is the
. Interconnect delay due to the parasitic resistance and capacitance [13]. The scaled chip
interconnects suffer from increased resistance due to a decrease in conductor cross-
sectional area and increased capacitance for reduced spacing and an increase in conductor
height. Thus, Interconnect delay exceeds the gate delay at present technology, as shown
in fig. 1.2 [14]. Therefore, the parasitic R and C will remain the primary obstacle to
increase clock frequency in future ULSI. Therefore, now-a-days, one of the most urgent

needs concerns the development of new interconnect technologies for systems on chip.
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Fig. 1.1: Projected Clock Frequency Fig. 1.2: Comparison between Gate

delay and Interconnect delay
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1.5 DIFFERENT SOLUTIONS OF INTERCONNECTION PROBLEMS-— THE WIRING

BOTTLENECK:

Due to éontinually shrinking feature sizes, higher clock frequencies, and the
simultaneous growth in complexity, the role of interconnect as a dominant factor in
determining circuit performance is growing in impdrtance. For the past few decades, a
great deal of work has been focused on improving the conventional interconnect
technology. If all these solutions are enlisted chronologically, then we get the following

approaches ——

1.5.1 Multi laver Interconnects:

In the 80’s, advances in VLSI and electronic product performance were driven by

silicon technologies. The main driver was transistor scaling which was propelled by

advances in lithography and gate dielectrics. Thus, the smaller the feature size is, the

faster the transistors become. In the ‘90s, multilayer interconnection on VLSI became a
common technology driven by advances in metallization. An extremely large number of
interconnects are needed not just for connecting the devices in a circuit but also for
connecting the circuits together. The results show that mﬁltilayer interconnects show
similar capacitance behavior as do the corresponding single path interconnects. However,
the current carrying capability of a multilayer interconnection is expected to be much
higher. Therefore it could be beneficial to use multilayer interconnects since more current
could be carried by the interconnect in relation to the amount of additional capacitance
that the interconnect adds to the circuit {15]. Thus, this advance, in turn, hastened VLSI
integration. While this advance is impressive, it is increasingly apparent that such high
levels of integration and performance place significant demands on VLSI
interconnections. It is evid.ent that VLSI circuit speed is now dominated by the
interconnection. In order to mitigate this limitation, modern VLSI interconnection
strategies were driven mostly by adding more metal layers. However, due to the increase
of interconnect resistance and intra-layer capacitance, multilayer cépacilance failed to

meet the speed demand of new generation chip.

ap.



1.5.2 Cu Interconnect:

The introduction of copper metallization, along with the imminent introduction of
low-dielectric-constant insulating materials, indicates an accelerating pace of innovation.

Cu has been seriously evaluated as an interconnection material due to its high
electrical conductivity and relatively high melting temperature. Al, on the other hand, had
been the interconnection material for about 30 years. The restriction was due to two
limiting behaviors of Al.

The first one is related to interconnection failures associated with electromigration
[16]. The phenomenon of electromigration occurs when the conductor is subjected to
high current density at operating conditions where atomic drifting is severe, leading to
mass transports associated with atomic flux divergence. The enhanced and directional
mobility of atoms are caused by the direct influence of the electric field on the ionized
atoms and the collision of electrons with atoms, leading to momentum transfers and
atomic movements. Table 1.1 compares the electromigration parameters of Al and Cu as
calculated for the bulk large-grained metals, where Z* is effective valence, p is the
clectrical resistivity, Q is the activation energy of diffusivity, and Do is the pre-

exponential constant. Cu is the more resistant against electromigration.

Z'pD at 100°C |

Cu 3.7-,3 1.67

Table 1.1: Comparison of electromigration parameters for bulk materials.

The second limiting property of Al is its resistivity. For pure Al, the resistivity is
2.7 pQ-cm, which is considerably higher than that of pure' Cu (1.7 pQ-cm). Making the
situation worse, pure Al is not used as the interconnection metal. To bolster its

electromigration resistance and minimize its reactivity with silicon substrate, actual Al



interconnections are alloys containing Cu and Si, which increase the resistivity to 3 (o0 3.5
mW-cm or higher.

As the channel length of a MOS transistor decreases, the carrier transit time
across the length of the channel also decreases, making the transistor a faster device.
However, the signal propagation in between the devices must occur through
interconnections. The interconnection is surrounded by insulating dielectrics. One can
approximate the RC delay by multiplying R with a simple plate capacitance C, leading to
an expression— '

LZ
RC=L L | (1.1)

IM l.’.’,f)

where p, tv and L are the resistivity, thickness, and length of the interconnection
~ respectively. g p and t; p are interlayer dielectric (ILD) permittivity and thickness of the
 dielectric respectively. One can substitute p/ty with the sheet resistance R, given in units
of ohms per square. A reduction in ty or t;.p will increase the RC. For a given iy and t“;D,
however, RC delay depends only on Ry, L, and gy and is independent of the width of the
interconnection. This dependency implies that, to the first order, reducing the line width
does not affect the RC. Indirectly, this is a disadvantage because the RC time constant
can offset the speed advantage of device miniaturization. '

More rigorous calculations of the RC time constant that includes the effect of
fringing capacitances will show that at smaller dimensions, the total circuit delay is a
composite of the intrinsic device delay associated with the transistor and the
interconnection delay [17]. Therefore, by changing the interconnection material from Al
to Cu, number of metal layer, power consumption, and RC delay can be significantly

improved as shown in Fig. 1.3.
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Fig. 1.3: Superiority of Cu/low-k interconncction over AV SiO; interconnection.

1.6 REVOLUTIONARY TECHNIQUES-PREDICTED "END OF THE ROAD" FOR

METALLIC INTERCONNECT:

At 250-nm technology node, copper (Cu) with low- dielectric was introduced to
alleviate the adverse effect of increasing interconnect delay [18]. However, as shown in
Fig. 1.4, below 130-nm technology node, substantial interconnect delays will result in
spite of introducing these new materials, which in turn will severely limit the chip
performance. Further reduction in interconnect delay cannot be achieved by introducing

any new materials.



Optimal Interconnect Delay
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Fig. 1.4: Typical gate and interconnect delays as a function of feature sizes.
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due to the repeaters. \

Again, the global clock skew can limit the high-speed operation of
microprocessors, even when using the state-of-the-art copper and low-x interconnect
technology [19]. Worse than this, typical systemic clock skew solutions involve use of H-
tree circuitry, téking up a large area and requiring symmetry [20]. What this means in
terms of clock delivery is that as the chip size and clock frequency are increased each
passing vyear, the clock skew becomes harder to equalize across the chip, and the total
area used in clock delivery increases. This problem is one of the grand challenges facing
the semiconductor industry, which could place serious limitations on the growth of the
industry. A |

The problem facing us then is that evolutionary solutions will not be sufficient to
meet the performance roadmap. To tackle the issues developed above, radically different
interconnect appri;'aches displaying a highly improved data-rate to power ratio must be
developed. At present, the most prominent ideas are

= 3D (non-planar) integration [21],
* Optical interconnects [22] and

* Integrated radio frequency or microwave interconnects [23].



1.6.1 3-D integration:

Three-dimensional integration (schematically illustrated in Fig. 1.5) to create
multilayer Si ICs is a concept that can significantly improve deep-submicrometer
interconnect performance, increase transistor packing density, and reduce chip arca and
powcr dissipation [24]. In the 3-D design architecture, an entire (2-D) chip is divided into
a number of blocks, and each block is placed on a separate layer of Si that is stacked on
top of cach other. Each Si layer in the 3-D structure can have muitiple layers of
interconnect. These layers are connected together by vertical interlayer interconnects

(VILICs) and common global interconnects as shown in Fig. 1.5 [21].

Repeaters or
- optical VO devices
/r#?&%c_

M3
M2
M1
oo Memory
L. LY ™
] T2 or
: - Anaiog
_ !
"'Iff-'-:,%}f ¥ R Via
[n+ip+ | [ nerp+ T1
. ..- Logic --

Fig. 1.5: Schematic repr'esentation of 3-D integration with multilcvel wiring network

and VILICs. T1: first active layer device, T2: second active layer device, Optical 1/0

device: third active layer /O device. M']1 and M'2 are for T1, M1 and M2 are for T2.
M3 and M4 are shared by T1, T2, and the I/O device.

10



3-D integration offers some attractive advantages related to system performance

and enabling of new system architectures.

First, the 3-D architecture offers extra flexibility in system design, placement, and

routing. For instance, logie gatés on a critical path can be placed very close to each other
using multiple active layers. This would result in a significant reduction in RC delay and
ean greatly enhance the performance of logic circuits.

Second, the negative impact of decp-submicrometer interconnects on VLSI design
can be reduced significantly by eliminating the long global wires that realize the
interblock communications by vertical placement of logic blocks connected by short
vertical interlayer interconnects.

Third, the 3-D chip design technology can be exploited to build SoCs by placing
circuits with different voltage and performance requirements in different layers.

Fourth, three-dimensional integration can reduce the wiring, thereby reducing the
capacitance, power dissipation, and chip area and therefore improve chip performance.

Fifth, the digital and analog components in the mixed-signal systems can be
placed on different Si léyers thereby achieving better noise performance due to lower
electromagnetic interference between such circuit blocks.

However, there are several critical challenges on the way to use this technique.

* Difficult technological barriers are opposed to the use of this technique.
Heterogeneous integration is still a long way from reaching the status of mature
technology.

¢ It also appears rather clear that pliysica] problems must be solved, such as the
evacuation of thermal energy and the necessarily higher reliability of the
components, which must survive the longer and more intricate fabrication
process.

* Even if these issues are resolved, it is also necessary to question the long-term
validity of the approach. Indeed, when communication frequency increases, the
communication distance decreases at constant power budget. The surface of each
layer must thus decrease, which results in a quadratic increase in the number of

layers and in the vertical communijcation distance.
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» Thus it is not obvious that all technological problems will be solved before this
technique becomes obsolete compared to bandwidih requirements.

The active interconnect layer is a variant on the general vertical integration
technique, specific to the interconnect problem. This solution will not solve the problems
inherent to metallic interconnect, but it offsets them for a while. The idea is to graft a
layer of active buffers above the last metal layer and use these buffers (which can be
arranged in a matrix formation or as a "sea" of buffers) solely as repeaters for long
interconnect. This approach frees up active silicon area for computing functions rather
than for interconnects. It also reduces congestion by replacing the via stacks (necessary
between the last metal layer and the active silicon layer), by single vias going vertically
upwards from the last metal layer to the vertically adjacent buffer layer. Power may be
marginally reduced (as the via stack contribution to line load is removed). Crosstalk or
any disturbance on victim lines should be reduced. As with 3D, doubts can be expressed

as to how long this approach could be viable.

1.6.2 Optical interconnects:

Optics is arguably a very interesting and different physical approach to
interconnection that can in principle address most, if not all, of the problems encountered
in electrical interconnections. [22]. Fig. 1.6 shows a typical view of an optical
interconnect system. Proposed optical approaches can be grouped into guided wave and
free space [25], as shown in fig. 1.7. Guided wave optics involves the usc of waveguides
to contain the optical signals within a board, package, or on a chip. Free-space optics.
utilizes diffractive optics and conventional lenses or microlens arrays to guide single or

multiple pa.réllel optical beams in free space.
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Fig. 1.6: Optical Interconnect Technology on Si

Free-Space Interconnect Guided-Wave Interconnect

Fig. 1.7: Proposed two groups of Optical Interconnect.

Compared to electrical wires, optical technology offers fundamental advantages to

global interconnects, given that the technology can be realized in a simple, cost effcctive

implementation,

* The bandwidth of electrical interconnects is ~A/lz, where A 1s the cross section

area of the Interconnect and 1 is the length. Optical interconnects, however, are

not bandwidth limited in this way, although they are limited by the propagation

delays of optoelectronic components such as transmitters, modulators, and

receivers.

= The signal propagation velocity of electrical interconnects tends 1o be 10%--30%

of the speed of light, ¢, whereas the optical propagation velocity for guided waves

tends to be ~ (I/3)c.

13



Optical interconnects used for off-chip and on-chip clock and signal distribution

have similar bandwidths and latency, and they, therefore, eliminate the

-hierarchical constraints imposed by off-chip electrical interconnects, i.c., the

lower bandwidth and longer delay times. .

Optical interconnects must overcome some rather difficult fundamental and

technological challenges before they will find application even in off-chip applications.

The technical challenges this interconnect is facing includes

The decisions on which signals to include in optical communications and which
remain in conventional metal diclectric, and the choice of on-chip optical
emitters, are significant. In the case of optical interconnects, it is easy to assume
that this solution will meet speed requirements because the signal travels at “the
speed of light.” However, to define the total interconnect system for this
approach 1t 1 necessary to consider the delays as'sociated with rise and fall times
of optical emitters and detectors, the speed of light in the transmitting medium,
losses in the optical waveguides (if used), the signal noise due to coupling
between waveguides, and a myriad of other details.

Guided wave optical intercdnnects may require separate active I-ayers in the
vertical dimension with via interconnect to the functional blocks to support the
required optoelectronic components,

An on-chip optical interconnect technology may require either impractical high
levels of optical signal power or area intensive error correction circuits. The latter,
again, can be achieved perhaps in a separate set of active interconnect layers.

The additional disadvantages include Power dissipation for receivers, and, to a
lesser extent, transmitters can be prohibitively large.

Other issues with optical interconnects are the technologies for fabricating 11—V
devices on silicon. Heteroepitaxial growth of 1I-V vertical-cavity surface-
emitting lasers (VCSELSs) on silicon CMOS circuits is a very difficult technology

limited by reliability concerns.

Much sophisticated optical and optoelectronic technology has been developed for

long-distance communications, but the requirements of dense interconnects arc

substantially different. Low power dissipation, small latency, small physical size, and the
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ability to integrate with mainstream silicon electronics in large numbers are all required
for dense interconnects at the chip-to-chip or on-chip level. Existing optical
telecommunications applications do not require any of these constraints, and the
technologies developed do not satisfy them. Additionally, the discrete approaches used
for long distances are likely not to be viable for dense interconnects. However, other
opportunities in optical and optoelectronic technology have been researched over the last
several years that are apparently capable of operating at the densities needed, though the
technologies are often quite different from those of long-distance communications and

are much less mature.

1.6.3 RF/Wireless Interconnect:

A relatively radi-cal alternative to the usual metal/dielectric interconnects is to usc
transmission of signals from one part of a chip to another via RF or microwaves.
Recently, this technology has been considered as a viable candidate to replace
metal/dielectric global wires. In general, RF signals can be transmitted through free space
or waveguide mediums. At chip scale, the free space transmission is not possible. On the
other hand, guided transmission (by MTL (Microstrip transmission line) or CPW
(Coplanar waveguide)) can be carried out with attenuation lower than 2dB/cm up to
200GHz. A wireless LAN type interconnect architecture (Fig, 1.8) can exploit this high
bandwidth by associating IP blocks, RF transceivers, capacitive couplers as near-field

antennas and MTL/CPW as shared RF communication channel [23].
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Fig. 1.8 Intcgrated RF interconnect channcl concept

RF interconnects are a very new approach for intrachip and interchip
interconnects. This approach has become possible because of the confluence of wireless
technologies for communications applications with high-frequency silicon technologies.
This approach can be used for both clock and data signals. They have been demonstrated
recently for clock distribution at 7.4 GHz and 15 GHz in 0.25-um and 0.18-pum
technologies respectively. They have also received atiention for data communication
[26].

The use of code division multiple access (CDMA) and frequency division
muitiple access (FDMA) to obtain up to 100 channels in a 100-GHz carrier connecting
multiple transmitting and receiving nodes is the special and novel feature of this wireless
approach. Using local area network (LAN) communication techniques applied to
microsystems applications, this micro-LAN (M-LAN) approach will provide high-speed.
low-loss intrachip clock/signal distribution among multiple block functions on a chip. or,
more likely, among multiple chips in a package.

Compared to global electrical wires, RF interconnects potentially offer several
advantages.
* Circuits can be synchronized over much larger areas because wircless approach

transmit signals threc to ten compared to global wires.
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* In addition, the bandwidth of the RF approaches is only limited by the bandwidths
of the transmitting and receiving components, and not by the transmission
medium, as 1s the case for global wires.

* The crosstalk between Channels should be much improved, particularty for the
approach using FDMA and CDMA communication techniques.

* The signal multiplexing capability of the M-LAN approach should reduce the
actual number of I/O ports going off-chip and the M-LAN communications
techniques can p‘rovide new flexibility to feconﬁgure the interconnect system
simply by changing the CDMA codes.

* RF interconnects are. a very new approach for intrachip and interchip
interconnects, although the techniques proposed are well developed for wireless
communications applications.

RF interconnect has to overcome some difficult challenges before becoming a viable
candidate to replace global wires. First, for package applications, the RF implementation
must be cost competitive with conventional interconnect systems. Further, the“. power
dissipated by RF interconnect support circuits must be equal to or less than the power
dissipated by the global interconnect wires, and the silicon area consumed by these RF
circuits must only be a small fraction of tﬁe chip size. Also, the RF power dissipation
cannot add a significant amount of heat to an already heavy thermal load. Finally, similar
to optical interconnects, RF interconnect systems will likely require adaptation of new

system architectures to fully exploit the capabilities of RF interconnects.

L7 ADVANTAGES _OF _WIRELESS INTERCONNECT OVER OPTICAL

INTERCONNECT:

Though both optical and wireless interconnect schemes are simultaneously
evaluated as a new technology solution for the future ULSI, the later shows a number of
promising advantages,

® The advantage of RF technique lies primarily in the possibility of offering
several IP blocks access to a broadband communication channel through a

single physical channel, without major process modifications. Whercas
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optical interconnect, traditionally considered as a specialized technique,
raises design questions that industrial IC designers are not equipped to
answer. Difficulties expected are obtaining a larée enough optical-
electrical conversion efficiency.

= Optical devices are fabricated using III-V group which are not compatible
with existing Si technology and hence costly to implement. On the other
hand, wireless interconnects provide completely CMOS compatible
architecture. |

= The relative size of optical components (particularly waveguides and
photo-receiver circuits) compared to chip circuttry is a critical design
constraint. That is why, optical interconnects may require separate active
layers in the vertical dimension with via interconnect to the functional
blocks to support the required optoelectronic components. To the contrary,
no special guided wavé mechanism is required for on-chip wireless
interconnect hence it reduces the electronic overhead on the éxisting
circuit components.

= WDM (Wavelength Division Multiplexing) is the only technique that
makes possible to increase the aggregate data rate of the optical link. RF
interconnect exploits CDMA (Code Division Multiple access) or FDMA
(Frequency Division Multiple access) encoding techniques, managed by
the transceivers, which are not . only the most common and easy
techniques, but also increase data rate and reduce any interchannel
interference. CDMA and FDMA are compatible to other communication

systems also.

1.8 RESEARCH OUTLINE:

The ultimate goal of this work is to develop an efficient system of On-chip
integrated antenna on Si for Wireless Interconnect. A model of on chip integrated antenna
on Si substrate will also be developed. The outcomes while delving through the work are

asserted below—




T

* The effect of multi layer interconnect scheme on forward transmission |co-
efficient of dipole antenna. :

t
f

* Analytical explanation of the simulation of dipole antenna excited
j
|

horizontally. !

* The effect of Si resistivity on transmission co-efficient of dipoie antennai at
different frequencies.

* The effect of distance between the antennas on transmission co-efﬁcienl%of
dipole antenna at different frequencies. E

* The efficient way of providing excitation to the antenna in integrated CiI'C:ilit
fabricated with planar IC technology.

T o i
* Analytical explanation of the simulation of antenna excited in vertidal
Y p .

direction. ' E
|

The complete system was simulated in ANSOFT and the calculation was done I?y
MATLAB. Optimistic results from these simulations and theoretical studies took us,a

way forward to achieve the overall goal of finding the circuit parameters of the
transmitting and receiver antenna and also the transmission medium. E
I

1.9 THESIS LAYOUT:

3

!'

. T

This thesis comprises of seven chapters. %

In chapter 1, we first highlighted the interconnect problem of today’s small scal;;e

ICs as a prime challenge to.meet the projected overall technology requirements. There aréqa
several new techniques to overcome this interconnect problem. Different types of

. . - - . - e |
Interconnect schemes have been delineated in details starting with the definition of

interconnect. The problem of using metallic interconnect irrespective of the material has

been also depicted in this chapter. Consequently, the importance of revolutionary
interconnect schemes has aroused and all this new techniques has been sketched. It has
been shown that the wireless interconnect scheme using Si integrated antenna has some;:
superfluous advantages above the others. At last, a detailed outline of the research has|

been sketched. !
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In chapter 2, the definitions and theories that have been used in this work hra::s

been described elaborately. At first the characteristics of dipole and monopole antenngs

has been recited with the help of electromagnetic theory. Then the definition of scatterirlf]g

matrix of a microwave network has been depicted and at last the Friis transmissi('TL|1 :
formula, which is the backbone of the work, has been derived. o li
In chapter 3, the detail of the analytical part of the research has been enunwrateé.

- At first an analytical model of dipole antenna under study has been formed on the basis (%Jf
Friis transmission formula. The Forward transmission Co-efficient (S,1) of a dipole has

been developed from this Formula. Then equation of S;; at different conditions, tike

without any metal layer on the top of the dipole antenna, with metal layer on the top ha[%

-been derived and the explanation is given for the first time in this work. The effect oi:f
change in resistivity of St substrate and variation in distance between the transmitting and

receiving antenna on Sy has been also incorporated in case of dipole antenna without an),f’

' |

metal layer. Dipole antenna without any metal layer on the top has been analyzed as it isi

the most conventional and efficient way of using integrated antenna in VLSI. In thigr
|
l

network. The circuit parameters of each of the T model element have been furthet:

same chapter, the same antenna structure has been modeled as a two port microwave 1

derived. Then the problem in using the dipole antenna in presence of upper metal lay'er;i
has been described and a novel approach of applying vertical excitation to the antennaﬂ
has been proposed here. ‘1

In chapter 4, the simulation procedure has been described and comparison‘
between the theoretical data and simulation results has been also shown. The simulation:.-
result has been extracted in the form of Forward Transmission Co-efficient (S,;) and Z-.
matrix of the antennas. All the theoretical data that have been acquired from the theory
described in chapter3, has been juxtaposed with the simulated one at different situations
and cases. The comparison showed good agreement between the simulated and modeled
data. _

[n chapter 5, the thesis has come to its end with the summary of the research and

with some suggestions to move toward the future of this work.
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CHAPTER 2

GENERAL THEORY OF DIPOLE ANTENNA

In our thesis, we propose an efficient design of Integrated Dipole antennas on Si
for on-chip wireless interconnects in Multi layer metal process. Therefore, we need to

define some of the terms of our work. The definitions are described below—

2.1 BASIC ANTENNA THEORY:

Every structure carrying RF current generates an electromagnetic field and can
radiate RF.power to some extent and likewise an external RF field can introduce currents
in the structure. This means that theoretically any metallic structure can be used as an
antenna. However, some structures are more efficient in radiating and receiving RF
power than others. The following set of examples explains this concept.

Transmission lines (striplines, coaxial lines etc.) are designed to transport RF
power with as little radiation loss as possible because these structures are designed to
contain the electromagnetic fields. To obtain any appreciable radiation from such a
structure, requires excessively high RF currents which causes low efficiency due to hi gh
losses. Likewise, the ability to introduce RF currents into the structure is of i;11p01'tatlce,
described by the feed point impedance. If the feed point impedance is very high, low,
and/or highly complex, it is difficult to introduce RF current with good efficiency.

The antenna structure should be of reasonable size compared to the wavelength of
the RF field. A natural size is half a wavelength, which corresponds to approximately 6
cm at the 2.4 GHz band. This size is effective because when fed with RF power at the
center point, the structure is resonant at the half wave frequency. Reducin g the size below
6cm tends to make the antenna less visible to the RF field and not resonant that causes
low efficiency. Not all structures make an efficient antenna.

Numerous structures have been devised that provide good efficiency and
impedance match, but most of these are derived from a few basic structures. Of the

variations that exist, the following sections highlight the most common.
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2.1.1 Dipole Antenna:

The dipole is one of the most basic antennas. The dipole is a straight picce of wire
cut in the center and fed with a balanced generator or transmission line. As previously
stated, this structure is resonant, or non-reactive, at the frequency where the conductor
length is 1/2 wavelength. For the ISM band, this length is approximately 6 cm or about 2
Y inches. At this length, the dipole shows resonance, the feed impedance is resistive, and

is close to 73 Ohms. This also holds true for a very thin wire in free space.

Total length is Approximately 1/2 Wavelength
(At 2.4 GHz, Length is Approximately 6 cm)

Fig 2.1: Basic Dipole

A practical dipole of some thickness, loaded with different dielectric materials
(PCB etc.), and perhaps relatively close to ground, shows resonance at a slightly shorter
length than calculated, and the radiation resistance drops somewhat. For dipoles not too
close to ground, the shorting factor is typically in the range of 5-20%, the shorter being
more heavily dielectric loaded, and radiation resistance is in the range of 35-65 Ohmis.
This dipole setup exhibits a relatively good match to a 50 Ohm generator, but the feed is

differential.

2.1.2 Monopole Antenna:

i

If one part of a dipole antenna is removed and replaced by an infinite ground
plane, the remaining half of the dipole “mirrors™ itself in the ground plane; much in the
same way that one sees their own reflection in water. |

For all practical purposes, the monopole behaves as a “half” dipole: That is, it has

the same doughnut shaped radiation pattern; the radiation resistance is half thai of the
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dipole (37 Ohm), and the same loading and feeding techniques can be applied. However,
one very important difference remains in that the antenna feed point is not batanced, but
single ended. Because of this and because most RF circuits are of the unbalanced type,
this antenna type has been immensely popular and a lot of variations of the monopole

theme exist, most designed to match 50 Ohms.

Fig. 2.2: Monopole above a ground plane, showing the “Mirror” Antenna

In a practical application, the ground plane of monopole antenna is often made up
of the remainder of the PCB (ground and supply planes, traces, and components). The
ground plane should be a reasonably sized area compared to the antenna, and should be
reasonably continuous. If a monopole is used on a very small PCB, perhaps even with
only a small area of copper, efficiency suffers, and the antenna is difficult to tune.
Components and tracks introduce additional losses and affect the feed point impedance.

As for the dipole, resonance is obtained at a length slightly shorter than one
quarter wavelength, typically 5-15% shorter. Typical lengths are slightly more than an

inch ortwo or 3 to 5 cm.
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2.1.3 Radiation Patterns:

The radiation or antenna pattern describes the relative strength of the radiated
field in various directions from the antenna, at a fixed or constant distance. The radiation
pattern is a "reception pattern” as well, since it also describes the receiving properties of
the antenna. The radiation patiern is three-dimensional, but as shown in the fig. 2.3 it is
difficult to display the three-dimensional radiation pattern in a meaningful manner, it is

also time consuming to measure a three-dimensional radiation pattern.
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Fig. 2.3: Radiation Pattern of Horizontal Half-Wave Dipole (3 dimensional sketch).

Ofien radiation patterns are measured that are a slice of the three-dimensional
paticrn, which is of course a two-dimensional radiation pattern that can be displayed
easily on a screen or piece of paper. These pattern measurements are presented in either a

rectangular or a polar format (The co-ordinate system is-shown in figure 2.4). Two-
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dimcensional radiation patterns of Dipole and Monopole antenna are shown in fig2.5,2.6

and 2.7. .
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Fig. 2.5: Radiation Pattern of Horizontal Half-Wave Dipole (Vertical Plane).
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2.2 THE SCATTERING MATRIX:

In microwave networks, a practical problem exists when trying to measure
voltages and currents because direct measurements usually involve the magnitude
(inferred from power) and phase of a wave traveling in a 'given direction or, of a standing
wave. Thus, equivalent voltages and currents, and the related impedance and admittance
matrices, become somewhat of an abstraction when dealing with high-frequency
networks. A representation more in accord with direct measurements, and with the ideas
of incident, reflected, and transmitted waves, is given by the scattering matrix.

The scattering matrix provides ’complete description of an N-port network as seen
at its N ports. This matrix relates the voltage waves incident on the ports to those
reflected from the ports. For some components and circuits, the scattering parameters can
be calculated using network analysis techniques. Otherwise, the scattering parameters can
be measured directly with a vector network analyzer. Once the scattering parameters of
the network are known, conversion to other matrix parameters can be performed, if

needed.
Consider the N-port network shown in Figure 2.8, where Vn+ is the amplitude of
the voltage wave incident on port n, and V, is the amplitude of the voltage wave

reflected from port n. The scattering matrix, or [S] matrix, is defined in relation to these

incident and reflected voltage waves as

a Sy Sy - Swv n
Vol Sy Sy vy
Vy S Swv LV

o l-lsl]
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Fig 2.8: An arbitrary N-port microwave network

A specific clement of the [S] matrix can be determined as

J V=0 for k#j

In words, the above equation says that Sj; is found by driving port j with an incident wave
or voltage VJ-+ and measuring the reflected wave amplitude, Vi coming out of port i. The
incident waves on all ports except the jth port are set to zero, which means that all ports
should beé terminated in matched loads to avoid reflections. Thus, Sj is the reflection
cocfficient seen looking into port i when all other ports are terminated in matched loads,
and §; the transmission coefficient from port j to port i when all other ports are

terminated in matched loads.
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2.3 FRIIS TRANSMISSION FORMULA:

Friss Transmission formula is derived by Harad T. Friis in 1946. This formula

gives the power received over a radio communication link.,

Transmitting Recerving
Anterna Antenna

ez I~
N i/f

At t’-‘ﬁer_

T | R

Transmitter Receiver

Fig. 2.9: The Radio Communication Link describing Friis Transmission Formula

Referring to fig. 2.9, let the transmitter feed a power Pito a tramsmitting antenna
of effective Aperture A,. The antennas are assumed to be lossless and matched. At a
distance r, a receiving antenna of effective aperture A intercepts some of the power
radiated by the transmitting antenna and delivers it to the receiver R. Assuming for the
moment that the transmitting antenna is isotropic, the power per unit area available at the

receiving antenna is —

B
S, = " (") | @)

If the antenna has gain G, the power per unit area available at the receiver antenna will

be increased in proportion as given by—
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" dry W)

2 (2.2)

Now the power collected by he lossless, matched receiving antenna of effective aperture
Agr is—

P — S A — PthAer
r T et ter T 47Tr2 (2.3)

The gain of the transmitting antenna can be expressed as— |

G - dr A,
Substituting this in (2.3) yields the Friis Transmission Formula——

P A, A : : :
— == (Dzmenszonless) (2.5)
P ra '
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CHAPTER 3

THEORETICAL ANALYSIS OF THE WORK

3.1 WORK OUTLINE:

As discussed in chapter 1, the speed limitations of conventional interconnect
metal lines have led to the concept of on-chip wireless interconnections using integrated
antennas on Si. Microwave clock distribution usi_ﬁg integrated antennas can reduce the
chip area used in interconnection and also reduces the clock skew and dispersion,
allowing a higher clock frequency for a given chip size. The reported studies of wireless
interconnects using integrated antennas have focused on dipole antennas with field
excitation along the plane of the antenna. We call this horizontal excitation in this work,
and it is thus far the most convenient way of exciting the antennas in chips fabricated
with planar IC technology. Different analytical derivations have been developed in this
chapter to explain the behavior of the integrated dipole antenna at different situation
under study. The effect of upper, metal layer 0;1 the transmission gain of the dipole
antenna has been investigated for the first time in this dissertation. The derived equation
shows that the gain is lowered significantly if a metal layer is present above the antennas.
This work also presents a novel approach of evaluating an equivalent two port T-modeled
microwave circuit of a system-on-chip consisting of transmitting and receiving dipole
antennas on Si wafer. Each component of the T-model represents a physical quantity, like
the transmission antenna, receiving antenna and the medium. Finally, a new approach of
exciting the antenna has been described. Since all practical IC fabrication processes
involve multiple metal layers to reduce chip size due to wiring, it is important that an
antenna structure is devised such that the affect of other metal layers on the signal
propagated through the Si substrate is minimized. The analytical expression derived in
this work has shown that the excited field mode Ipropagates through the silicon substrate

with constant antenna gain in presence of upper metal layers.
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3.2 THEORETICAL GAIN OF A DIPOLE ANTENNA:

The performance of the dipole antenna can be éxplained analytically by using the
Friis Transmission Formula, described in chapter 2. The cross sectional diagram of the

structure under study has been shown in fig. 3.1.

Second metal layer interc omwcf
// A A A
- RXcIta lOll(
//%’/ ;

Dipoie
Anlenna

_Metallic Ground

Fig. 3.1: Cross-sectional diagram of a dipole antcnna excited horizontally,

According to this formula, the gain of the the anienna can be calculated from the

equation—
__i — Aer Ael
T 242 3.1)
B r
where,

Pr=received power in W,

P, = transmitted power in W,

A = effective aperture of the transmitting antenna in n12,
Aer = effective aperture of the receiving antenna in m?,

r = distance between the transmitting and receiving antennas in m and

/= wavelength in m.
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In the entire work, the transmitting and the receiving antenna has been taken as
identical. So, in the above equation, A becomes equal to A, and taking Ay = Ay = A,

equation (3.1) reduces to—

AZ
P

P
ey 1 (3.2)
£

However, when the second metal layer placed above the first metal layer, the
second metal layer can be effectively considered as a metal plate and it serves as a mirror

for the transmitting antenna. So, a mirror image of the transmitting antenna appears

above it at a distance of d, as shown in fig.3.2.

Imagze of TX i

N , Second metal laver
P

4 Pl;m_t IS 7T "7 RX # Dipole Transmitting(Tx)
4 um o I and Receiving(Rx)
‘ -—t Oxide antenna on first metal laver
=~ Sid mm) =2

%%Metallic Ground %

Fig. 3.2: Conceptual Diagram of the structure explaining the image theory when the

antenna is excited horizontally.

The distance of the upper metal plate from the antenna is cqual to the inter-layer

metal distance which is &_ , as seen In the figure. Hence, the distance between the mirror
2

transmitter and the receiver becomes +f ii‘ 4+ d? ) The Si substrate is thick enough. So,

the bottom plate can be considered to be relatively far away from the antennas. Thus,
ignoring the contribution of the bottom plate at the receiving antenna, the gain of the

receiving antenna in presence of the second metal layer can be written as—
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(3.3)

P 47 A?
P m

S T (FP+d? a2

!

In this case, 4 is the wavelength in the Si substrate.

3.3 EFFECT OF VARIATION OF RESISTIVITY AND ANTENNA DISTANCE ON THE
ANALYTICAL GAIN OF THE ANTENNA

The work so far has been delineated without the effect of variation of resistivity [2777].
As the gain of an antenna exponentially decreases with distanee, equation (3.2) can be rewritten

as—

= e (3.4)

where,

. e o
a = Real part of | J@ [14,8,; [1— J —} = Attenuation Copstant
& S

w = 2xf, {is the operating frequency,
tsi = Silicon permeability,

&s; = Silicon permittivity,

‘o = Conductivity of Si substrate.

Hence the effect of the resistivity is incorporated in this model. The equation (3.4)
can be rearranged as follows —
A A?

= (re“’ )2 72 = rgﬂz 22 (3.5)

PI’
£

where, rp= re” = Effective inter antenna distance.
This effective distance 7.y changes with both distance and the resistivity. So, this
model can now explain the behavior of the integrated antenna at different distances as

well as different resistivities. Hence, the parameter A can be again used as a frequency
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dependent fitting parameter in this work using equation (3.5) which results an array of

values at different frequencies.

3.4 DESCRIPTION OF THE ANALYTICAL MODEL:

The entire system of wireless transmission using the dipole antennas has been

delineated as a two port T-modelled microwave circuit as shown in the fig. 3.3 [28].

D -

Fig. 3.3: The estimated T-model of the Antenna strueture

The Z, has been considered as the transmitting antenna, Z, has been considered as
the receiving antenna and Z; has been deemed as the transmitting medium. Then each of
the elements of the model has been separately modeled. The total procedure can be

described in the following steps —

3.4.1 Estimation of the entire system as T-Mode!:

The T-model has been derived from the Z-matrix obtained from the
simulation. On the way to the model, the Z-matrix has been converted in the transmission

(ABCD) matrix using the following formulae [28] —

A:% (3.6)
21
2.7, —
B: 11 22Z Z|222] (3.7)
21
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C= (3.8) |

D=

R
Z2i

Zn (3.9)
ZII

Then the equivalent circuit parameters, 7, Z; and 73 have been calculated using

the following equations —

L 1
Z=— (3.10)
Z, =Z,(A-1) (3.11)
Z,=Z.(D-1)- (3.12)

The reciprocity of the system has been maintained in the proposed model as well

as in the simulated structure.

3.4.2 Antenna Modeling:

The antenna has been modeled with the éoncept of ElectroMagnetic (EM)
theory. As we know that antenna impedahce depends upon the ratio of 8- component of

the Elecrical field (Eg) and ¢-component of the magnetic field (H,), the equation of the

impedance of any dipole antenna will be proportional to the following (‘i—”] term [29]—
¥

. jou . 1 3+12
Lo | T _;"’51" ! (3.13)
HW J—+—2

s r

where,
r is the distance between the transmitting and receiving antenna,
o is the angular frequency and is equal to 2xf, f is the frequency of operation,

u 1s the Permeability of the Si wafer,



-

g is the Permittivity of the Si wafer,

7 is the Intrinsic impedance of the Si wafer,

k is the wave number and is equal to @/ e or 2af  ue

Equation (3.14) can be transform to a binomial series of the variable (kr )2 , like—

B, 1T L T
(HTJ"’PWM e [H(kr)z} 1

The real part of the modeled antenna, R should be proportional to the real part of

equation (3.15) and the imaginary part of the same, X should be proportional to the

imaginary part of equation (3.15). So, R and X can be written as—

-
£ I
R w real partof | —= | o= 5| 1+ and
’ (H =1y

P

-1
E
X o imaginary pariof | =2 | o | - f .] = T+ ]2
H, ° per (kr)

As k=2nf  ue , then we can write the equation of R at a particular distance between the

antennas as follows—

R=ai—a, [ +a f™ —a, /= 4 (3.16)

X==b b, f7 =bf T +b f 7+ (3.17)
where, a;, a;, 23,..... and by, bz, ba,..... etc. are the constants for a particular r.

Though the series is an infinite one, first 12 terms are sufficient for the best fit of the
equation with the simulated data. The first term of the R is a frequency independent term
representing the resistance of the Antenna element and the first term of X represents the
dominance of the capacitive quality of the antenna in transmitting a signal.

As the transmitting and the receiving antenna impedance are same due to the

reciprocity of the system, the model of the antenna satisfies both Z; and Z,.
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3.4.3 Transmission Medium Modeling:

The transmission line modeling has been done using the circuit theory. Z;
of the proposed T-model represénts the tranmission line or medium. The transmission
medium has been assumed to be a circuit consisting of one resistance, one capacitance
and one inductance each being parallel with others. The admittance of Z;, Y3 has been
used to determine the parameters. At resonance point, the magnitude of Y3 has been
inverted to find the resistive value of the transmission line. The positive maximum value
of the imaginary part of Y; gives the capacitive susceptance and the negative maximum

value of the imaginary part of Y3 gives the inductive susceptance of the medium. From

these values, transmission line inductance and capacitance can be determined. Thus the -

RLC modeling of the transmission medium has been done.

The entire estimated system has been shown in fig. 3.4,

Transmitting Antenna Receiving Antenna
Z, ‘ Z,
— 1 _AAA _| f,__,_j“'u""u“'v"\ f’"v"\r‘v""\_____‘i I———\l"'.,l"\l*——--—'
Portl =~ T Port 2

Transmission e dium
Ly

Fig, 3.4: The estimated T-modeled circuit in detail..

3.5 THE PROBLEMS IN USING DIPOLE ANTENNA WITH UPPER METAL LAYER:

The gain of the dipole antenna clearly indicates that upper metal layers contribute
to the reduction of the dipole antenna gain at the entire frequency range of examination.O
Hence, in multilayer metal process, using a dipole antenna with horizontal excitation is

not a preferable and appropriate decision.



Again, recent sucessful fabrication of an interated low noise amplifier (LNA) has
been 1'cp0(ted in the GHz frequency range [30]. This LNA has more than 40 dB3 voltage
gain. For the efficient use of the integrated dipole antenna along with this LNA in on chip
wireless interconnect system, the gain of the dipole antenna needs to be more than -50dB.
This implies that dipole antenna with horizontal excitation can not be used efficiently in
multi-layer processes. Therefore integrated antenna structure in Si which can overcome
the effect of second and upper metal layer for wireless interconnect has become an

exigency.

3.6 THE IMPROVED INTEGRATED ANTENNA— MONOPOLE:

In order to improve the performance of the integrated antenna, monopole antenna

can be a better substitute of the dipole antenna. In case of monopole, the excitaion is

given vertically through the Si substrate. The structure has been shown in fig. 3.5.

second metal layer interconnect

| Monopole
Antenna

Oxide -~

>/

ST (1 nun) =

Ixeitation (Verticals
{{

NMetallic Ground

Fig. 3.5: Cross-sectional diagram of a monopole antenna excited vertically through

the Si layer.
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3.7 ANALYTICAL GAIN OF MONOPOLE ANTENNA:

The transmission of power from the transmitting monopole antenna to the
receiving antenna can be explained by dielectric waveguide concept. Without the
presence of the upper metal layer, the oxide layer and the metallic ground of the structure
create a waveguide for the propagation of energy. On the other hand, when the second
metal layer is present, the dielctric waveguide becomes parallel plate waveguide and the
energy propagation remains almost uneffected and unchanged.

The radiation intensity, I, in terms of transmitting power, can be wrilten as—
ne/
¥

!

(3.18)

where,

P, = total power transmitted by the antenna,
G, = antenna gain,
r = the distance between transmitting and receiving antenna.

+

Again, if A is the effective area of the antenna, then the power received by the

receiving antenna is given by—
P =14 (3.19)
Hence, the gain of the receiving antenna becomes—

K
- T (3.20)

The parameter K can be assumed to be independent of frequency as the length of
the antennas are much smaller than the wavelength. So, equation (3.20) represents the
gain of a monopole antenna to be constant with the variation of frequency for a fixed

distance.
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1.8 DISCUSSION:

The theortes that are developed in this work explain the characteristics of the
dipblc antenna and model the entire dipole antenna structure. The work also focuses on
the problem of the performance using a dipole antenna in a multilayer process and
proposes a new antenna structure i.e., monopole antenna with vertical excitation to
overcome this problem. The support of simuiation results by matching the simulation
values with the values developed theoreticaily (shown in the next chapter) can confirm

the ground of the theory emerged here.
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CHAPTER 4

RESULTS AND DISCUSSIONS

| 4.1 WORK SUMMARY:

The effect of the other metal layers on the transmission gain of the antenna has
not been studied before; it has been done for the first time in this thesis. In this work, we
report that the forward transmission coefficient of the transmitting antenna is drastically
reduced in a multi-layer metal interconnect scheme when a second metal layer is placed
above the antenna at the usual inter-layer metal distance. Therefore, furthér investigation
in this work has been made on the dipole antenna without any layer on top. This work
also demonstrates the change in forward transmission gain of the dipole antenna with the
change in resistivity of the medium, Si substrate in this case, as well as the change in
inter antenna distance. Here it has been seen that the forward transmission gain becomes
saturated with the increase in resistivity and distance. Simulations have been carried out
using the ANSOFT high frequency structure simulator (HFSS) program employing three
dimensional (3-D) finite element method. A simplified analytical model has also been
developed that explains the drastic reduction in antenna transmission co-efficient in the
presence of neighboring metal layers in a multi-layer process and also the effect of Si
resistivity and inter antenna distance. The same structure has been used for the simulation
in case of the modeling. The simulation of the antennas has been done with horizontal
excitation without any second metal layer, because this excitation is mostly used in the
conventional VLSI circuits. The impedance matrix of the system has been extracted from
the simulation. Then, Transmission (ABCD) matrix has been determined using this
Impedance[Z] matrix.

All the above discussions have focused on the dipole antenna as the most
conventional way of utilizing antennas on chip. Here, we have shown that the adverse
effect of a neighboring metal layer in a muiti-layer metal process of dipole antenna can

be avoided by designing it with the first metal layer and exciting it vertically through the
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Si substrate. In this case, the excited field mode propagates through the silicon substrate
without any reduction in the power transmission of the antenna due to the presence of

upper metal layers.

4,2 SIMULATED DEVICE STRUCTURE:

. ]
Fig. 4.1 shows the structure of the antennas used for the simulation. The

excitation has been given horizontally through the plane of antenna.

Wy

| /

A'nten.nas

* Substrate

Metal lay®

Fig. 4.1: The structure used in the simulation.

The structure was grown on a thick metallic ground placed at the bottom. The
substrate, I mm thick Si layer, was on the mélatlic ground. The antennas were formed
using first metal layer, which is 1pm thick Aluminium(Al). The substrate and the metal is
separated by an insulator— 4 pm thick SiO; layer. The permittivity of Si and SiO; was
taken as 11.9 and 4 respectfully and the conduetivity of the Al is 3.5x107 mho/m. |
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4.2.1 Dipole antenna— s-matrix data extraction:

The cross sectional diagram of the structure used for simulation has been

shown in fig. 4.2.

4 ,u.mT?A 3
4umy| -

Second metal layer interconnect
W//I /WM///// I,

Dipole
Anlenna

,,Oxide

~ Si da mim) N

/7

7 Metallic Ground

Fig. 4.2: Cross-sectional diagram of a dipolc antenna cxcited horizontally.

Simulation was carried out with and with out the second metal laycr.

The variations in the s-parameter between the transmitting and receiving

antennas, in different situations, was analyzed in this work. The variations are as

belows—

With and without the second metal layer. The space between the
first and second metal layers was filled with SiQ,.

By varying the frequency from 1GHz to 303GH7_ with 1 GHz step.
By changing the resistivity of Si substrate from 10Q-cm and
1000Q2-cm.

By varying the inter antenna distance from 3mm to 10mm.

The effect of placing metal layers above the antenna was examined. For this, a

second metal layer was placed above the antenna. The layer consists of 1 um thick Al and

was at a 4 pm distance.
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4.2.2 Dipole antenna— Z-matrix data extraction:

In this case, there was no upper metal placed above the dipole antennas.
The Z matrix of the system during the transmission of the signal has been extracted using
the simulation. The input port of the system, i.e., the input terminals of the transmitling
antenna has been considered as port 1 and the output terminals of the receiving antenna is
said to be port 2.
The Z matrix was collected at different situations of dipole antenna, like—
* At several frequencies starting from SGHz to 30GHz with 1GHz step.
o At different distances between transmitting and receiving antenna. The distance
was varied from 3mm to Smm with 1mm step.
Each simulation was done at each resistivity of Si substrate at a perticular distance
between the antennas. Then all the four components of the Z matrix was collected at
different frequencies— Input impedances (Zy), Z2;) .;:lnd the transfer impedances (Z),.

Z). These impedances has been used for the further analysis and system modeling.

4.2.3 Monopole antenna— s-matrix data extraction:

In order to improve the performance of the integrated antenna, monopole
antenna can be a better substitute of the dipole antenna. In case of monopole, the
excitaion is given vertically through the Si substrate. The structure has been shown in fig.

4.3.
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.‘
-
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_Metallic Ground

Fig. 4.3: Cross-sectional diagram of a monopole antenna excited vertically through

the Si layer. Simulation was earried out with and with out the second metal layer.
As shown in the figure, the structure is same as in case of dipole antenna, the only

difference is in the direction of the excitation. The variation of forward transmission gain

(S21) with frequency has been investigated for this excitation.

4.3 SIMULATION METHOD:

The simulation of the structure was executed by using the ANSOFT high
frequency structure simulation (HFSS) program. It is a three-dimensional full-wave finite
element ele’ctromagnetic simulator. In this software, the simulation region is divided into
a large number of tetrahedral — a single tetrahedral is basically a four-sided pyramid.
HFSS stores the cofnponents of the T-field or E-field that are tangential to the three
edges of the tetrahedron at each vertex of the tetrahedron.

In addition, the system can store the component of the vector field at the midpoint
of selected edges that is tangential to a face and normal to the edge (Fig. 4.4). The field
inside each tetrahedron is interpolated from these nodal values. By représenting field
quantities in this way, the system can transform Maxwell’s equations into matrix

equations that are solved using traditional numerical methods.
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In the simulation, adaptive mesh was used. In adaptive mesh, the simulated
structure s initially divided into a coarse number of finite elements of tetrahedral shape.
The number of tetrahedrons is gradually increased by 20% between each successive
simulation until the simulated s-parameter show a 99.9% match between two successive
simulations at every vertex of every tetrahedron in the entire simulated structure. The
result of the simulation was stored as the variation of the forward transmission co-

efficient (S21) with the frequency of the antenna at different situations.

The comp onents of a field that are

y tangential to the edges of an element
AN are explicitly stored at the vertices.
R The companent of a field that is
R *\‘ ‘». . tangential to the face of an element
’* AL ‘\%:‘ and normal to an edge is explicitly
A \ stored at the midp oint of selected
‘a“ . i 5% 3 edoes
K i ges.
IR Y4 The value of a vector field at an

interior point is interpolated from
the nodal values.

Fig. 4.4: Three Dimensional finite element (Tetrahedron)

4.4 COMPARISON BETWEEN THE SIMULATION RESULTS AND ANALYTICAL DATA -

OF S, —WITH _AND WITHOUT UPPER METAL LAYER IN CASE OF DIPOLE

ANTENNA:

The simulation results were saved as the transmission gains of the dipole antenna.
The graph of forward transmisison gain (S,;) vs. frequency of the dipole antenna excited
horizontally is shown in fig. 4.5. In this case, the length of the dipole antenna was 2mm,
the transmitter and the receiver were separated by a distance of 3mm and Si resistivity

was set to be 1000 Q-cm.
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Fig. 4.5: Simulation result: Variation of the Forward transmission coefficient (S;)

with frequency for a horizontally excited Dipole antenna.

The graph clearly shows and indicates the effect of placing the metal layers at the
top of the first metal layer. In case of one metal layer, as shown in curve (a) of the figure,
the transmission gain is lower value at low frequency and then starts to increase with the
increase of frequency. The presence of a second metal layer on the top of the first metal
layer shows same pattern of variation transmission gain (S;;) with frequency but the
transmision gain decreases significantly at each frequencies. For example, the gain
deceases from -52.9 dB to -120 dB at 10 GHz and from -32 dB to -93.4 dB at 20 GHz.
Second metal layer was placed at a distance of 4 um above the transmitting antenna,
which is the usual metal layer distance of VLSI circuits. This close proximity of the metal
tayers results the zero boundary condition for the clectric ficld on the metal surface and
prevents the transmitting antenna from effective radiation. |

In theoretical analysis, 4 has been taken as the frequency dependent fitting
parameter. At first, the equation (3.2) was used for the best fit between the analytical gain
of the recetving antenna and the simulated gain of the receiving antenna without the
presence of any upper metal layer. These values of 4 at different frequencies obtained

from the above fitting has been used in equation (3.3) to determine the analytical gain of
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the receiving antenna in the presence of the upper second metal layer. The resullant
curves of the analytical gain (Sz;) have been shown in fig. 4.6. In the same figure, the

simulated gain (S;;) has also been plotted for comparison. And it can be seen that the
analytical and the simulated data has similar tendency and affinity. So, from the figure, it
is apparent that the presence of upper layer drastically reduces the gain of the receiver,
which can be explained by the mirror image of the transmitting antenna formed in

presence of the upper metal layer.

0
-20
-40
-60
80} |

-100 }.f

-120

-140 <~ (a) Without metal : HFSS Simulatinn ]

-160 ~4@— (b) With metal : HFSS Simulation 1

_180 13 —~{1— (c) Without metal : Analytic i
o —C5 (d) With metal : Analytic .

—2000

3 10 15 20 25 30
'Frequency (GHz)

§,1(dB)

Fig. 4.6: Comparison of antenna transmission gain of dipole antenna between

simulated data and analytically calculated values using HFSS,

4.5 THE EFFECT OF VARIATION IN RESISTIVITY ON S, OF THE DIPOLE

ANTENNAS— COMPARISON BETWEEN SIMULATED AND ANALYTICAL DATA:

As alrecady mentioned, for a given distance, 4 has been used as the fitting
parameter to match one curve of the analytic gain with HFSS results. This A4, being an
array at different frequencies, has been used as frequency dependent fitting parameter in

this work, using equation (3.5) which includes the effect of resistivity as well as inter
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antenna distance. 4 is determined from the simulated result in case of the resistivity 1000
ohm-cm and inter antenna distance of 3mm, as the gain gets saturated beyond this value
of resistivity. This 4 has been used for the other different resistivities and distances under
study. Fig. 4.7 shows the Forward Transmission Co-efficient (S;,) versus frequency curve
at different resistivities at an inter antenna distance of 3 mm. The simulated and
analytical results in case of 1000 ohm-cm have been the same as this curve has been used
for determining the array of 4. One noticeable point is that the results are well matched in
higher frequencies rather than the lower frequencies in case of 10 ohm-cm. Friis
Transmission formula is more appropriate for the far field of an antenna. It does not
include the effect of the reactive field. As a result, the analytical curve shows clear
difference with the simulated one for 10 ohm-cm as it does not inelude the gain due to the

reactive field at low frequencies.

0 n 1 i 1 1 1
20 :35“'9;‘:9;3 -
WA aaaaBEea o

=40 ~ ) ’D,D:H:E/ -
& o
CAAN oA A -
-, /D/ X /l
w A & _.a

N ..
-80 - A~

A
4 /‘:_)' —0— Resistivity 10Q-cm---Simulated
—°— Resistivity 100Q-cm---Simulated

-100 4 —4— Resistivity 1000Q-cm---Simulated [
1 —=— Resistivity 10Q-cm---Analytical
-120 —*— Resistivity 100Q-em---Analytical |
1 —a— Resistivity 1000Q-cm---Analytical |
T T T T T T T T T T T

0 5 10 15 20 25 30
Frequency (Hz) '

Fig. 4.7: Comparison between the simulated and analytical Forward Transmission
Co-efficient (Sz)) of the structure under study at different resistivity. The plotis a
semi log one, i.e., S3; values are in dB.

For example, for 10 ohm-cm, the difference between analytical and §imulated S5,

are 19.6585dB and 2.1771dB at 10GHz and 25GHz, respectively. In case of 100 ohm-cm,
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the effective distance becomes sufficient for the field to be far. So, the analytical curve is
in well harmony with the simulated one. For example, at 25GHz, the difference between
analytical and simulated S, are 2.1771dB and 0.2201dB for 10 ohm-cm and 100ochm-cm,
respectively. As seen in the figure, the gain increases with the frequency, but gets

saturated at higher frequency irrespective of the value of fesistivity.

4.6 THE EFFECT OF VARIATION IN DISTANCE BETWEEN THE DIPOLE ANTENNAS

ON Sy, — COMPARISON BETWEEN SIMULATED AND ANALYTICAL DATA:

The same array of A, mentioned in case of variation in resistivity, has been used
to determine S;, for different distances. Fig. 4.8 shows the forward transmission co-

efficient (S;1) versus frequency at different distances between the antennas having the

resistivity of Si substrate 1000 ohm-cm. This curve also shows the saturation of Sy in

higher frequencies at each distance between the antennas. The same dissimilarity of the
curves is seen at the lower frequencies, the differences between the analytical and
simulated values are noticeable in case of both 7mm and 10mm. The reason is again the

reactive field effect at low frequencies. The values match well at high frequencies.
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Fig. 4.8: Comparison between the simulated and analytical Forward Transmission
A
Co-efficient (S;)) of the structure under study at diffcrent inter antenna distances.

The plot is a semi log one, i.c., Sz; values are in dB.
As shown in the figure, for 7mm distance, the differences between S,y are

7.3515dB and 0.1515dB at |0GHz and 25GHz, respectively. And for 10mm distance, the
differences between S,; are 13.2118dB and 3.7882dB at 10GHz and 25GHz, respectively.

4.7 COMPARISON BETWEEN THE SIMULATED CIRCUIT PARAMETERS AND THE

ANALYTICAL PARAMETERS OF THE ANTENNA MODEL:

The antenna has been modeled to be a series circuit having both Resistive and
Reactive part. The equation (3.16) and (3.17) has been used for the real and imaginary
part of the impedance respectively. Fig. 4.9 [(a) is for the Resistive part, (b) is for

Reactive part of the antenna and (¢) is for Impedance part of the antenna] shows the
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comparison between the Simulated and Modeled antenna impedance. The distance
between the antennas was 3mm in this case and the resistivity of the Si substrate was -
10€2-cm As can be seen from the figure, impedance of the modeled antenna is in good

harmony with the simulated one.
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[ 8 160 | -
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Fig. 4.9(a): The comparison of the Transmitting or Receiving Antenna resistance

between simulated data and analytically calculated values of the estimated model.
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Fig. 4.9(b): The comparison of the Antenna Reactance between simulated data and

analytically calculated values of the estimated model.
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Fig. 4.9(c): The comparison of the Antenna Impedance between simulated data and

analytically calculated values of the estimated model.
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4.8 DIPOLE ANTENNA MODEL AT DIFFERENT DISTANCE:

The characteristics of any antenna do not change with the inter antenna
distance. The proposed antenna mode! has been determined individually at each distance,
and then compared to cach other. The comparison has been shown in fig. 4.10. The
distance between the antennas has been varied from 3mm to 6mm with 1mm step. As
seen in the figure, the impedances are not exéctly equal to each other. In addition, the
variations of the real and iméginary parts of the impedances of antennas at different
distances are not in the same order. These two effects have changed the phase of the
impedances as well. The differences among the values are not ignorable though
unexpected. The reason for these differences can be explained by the effect of circulating
current in the Si wafer due to the electromagnetic induction and effect of the reactive

field between the antennas.
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Fig. 4.10(a): Antenna Resistances at different inter antenna distances—

the simulated data and calculated values from the estimated model and comparisons

among them.
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FFig. 4.10(b) Reactances of the Antennas at different inter antenna distances—

Comaprisons among the simulated values and calculated data.

4.9 TRANSMISSION LINE MODEL OF Si SUBSTRATE AT DIFFERENT DISTANCE:

The characteristics of the transiission line should change with the inter
antenna distance. As the transmission line has been modeled as circuit consisting of
resistance, capacitance and inductance in parallel, the parameters have been shown in
terms of admittance instead of impedance. In the fig. 4.11, the real and imaginary part of
the estimated transmission line model and the simulation structure data have been plotted
for comparison. As seen in the fig. 4.11(a), the real part of the transmission line
admittance of the simulation structure has a variation with frequency with even negative
value. This variation reflects the problem of simulation spurious, as the deviation of the
conductance values are not of wide range. So, the conductance of the proposed
transmission line modei has been estimated to be the mean Qalue of all the simulated data.
The simulation spurious also affected the susceptance of the transmission line, as can be

seen from the figure 4.11(b).
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4.10 COMPARISON BETWEEN THE SIMULATION S-MATRIX AND S- MATRIX OF

THE PROPOSED MODEL:

The ultimate aim of this work is to determine the Forward Transmission Co-
cfficient of the proposed model. The Reflection co-efficient S;; and Forward
Transmission co-efficient S;7 of the dipole antenna in case of different distances has been
shown in fig. 4.12. At each distance, calculated co-efficients have been compared with
the simulated data. The discrepancies between the data are due to the problem in
transmission line modeling which occurred in the simulation. Though this probelem
"exists, the simulated data and the calculated values are in good agrccment. The co-

efficients are in log scale.
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Fig. 4.12(a): Comparison among the ealculated and the estimated Rcﬂ_cction Co-

efficient (S;;) at different frequencies.
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Fig. 4.12(b): Comparison among the calculated and the estimated Forward

Transmission Co-efficient (S;;) at different frequencies.

4.11 COMPARISON BETWEEN THE SIMULATION RESULTS AND ANALYTICAL

DATA OF S, —WITH AND WITHOUT UPPER METAL LAYER IN CASE _OF

MONOPOLE ANTENNA:

As indicated earlier, the structure of the monopole antenna is same as that of
dipole antenna, the only difference is in the direction of the excitation. The excitation is
in vertical direction to make the antennas monopole. The variation of forward

transmission gain (Sz;) with frequency for monopole is shown in the fig. 4.13.

59



() [y
20k

1
-40
-00
-80
-100
-1290
-140

LA B B I B

Sy dB)

—h— (1) monapole Excittion: Vertical. one met:
_ No mefallayer above antennn
-160 [ —— (b} monopele Excitation:Vertical, two meta

-150f Second metal Inyer above antenna. )
200 [ P PP DRSS TR B T T B S
0 S 10 15 20 25 30

Frequeuncy (GHz)

Fig. 4.13: Simulation result: Variation of the Forward transmission coefficient (S2;)

with frequency for a vertically excited Monopole antenna.

From the curves of the Forward transmission co-efficient in case of with or
without upper metal, it is clear that there is almost no effect of upper metal layers on the
transmission co-efficient in case of monopole antenna excited vertically. The trend of the
S, curve has also been changed — it has become almost constant with the variation of
frequency as well as the presence of metal layer. Moreover, the gain at low frequencies
has been increased than that of the dipole.

K has been used as a fitting parameter in case of monopble antenna and the
equaiton (6.20) has been fitted with the HFSS simulation data. The analytical resuit along

with the simulation data has been shown in the fig. 4.14.
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Fig. 4.14: Comparison of antenna transmission gain of monopole antenna betwecen

simulated data and analytically calculated values using HFSS.

As seen from the figure, the pattern of the forward transmission gain is flat over
the examined frequency range. The performance of monopole antgnna with vertical
excitation not only eliminates the problem of dipole antenna but also transforms those
disadvantages into advantages. For example, the gain of the monopole antenna remains
unchanged when upper metals are placed. Sb, this monopole antenna can be easily
utilized in multilayer systems with LNA, meeting the requirement of at least -50dB gaimn.
Monopole antenna gives additional advantage of having same higher gain at lower

frequencies also, whereas, Dipole has Jower gain at lower frequencies.

4.12 CONCLUSION:

Integrated antenna can be widely utilized to produce Ultra Wideband (UWB) ultra
short pulse, which is essential for the UWB transmitter circuit [31]. The effect of any top
or bottom metal layer in a multilayer metal processron the transmission characteristics of
an integrated antenna has been investigated here. If we approximate the interconnect

metal layers as a solid metal plate, the simulation shows that a very small amount of
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power propagates when the dipole antenna is excited horizontally parallel to the plane of
the Si substrate in the presence of a second metal layer interconnect above the antenna
[27]. The drastic reduction in transmitted power can be explained using the Friis
transmission formula and image theory.

The effect of resistivity and distance between the antennas has also been
examined in this work. Both simulation and analytical analysis show that the
transmission gets maximum and saturated in higher frequenéies and higher resistivity.
From the curves, we can see that simulated Sz; is higher than the analytical one in the
lower frequencies. But at high frequencies, the simulated antenna gains are in good
harmony with the analytical one. As the RF antennas generally used in the high
frequencies, the result is quite agreeable.

This work also delineates a novel model of the structure of the dipole antenna on
chip under investigation. The performance of the model is quite satisfactory. '

This thesis also depicts that if we excite a monopole antenna vertically through
the Si substrate, the excited mode propagates through the Si substrate, and any metal
layers on top of the antenna do not hinder the field propagation. For integrated antenna

system in a multi level metal process, the system is expected to perform better if the

antenna on the first metal layer is excited vertically through the Si substrate to achieve a -

higher transmission coefficient.
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CHAPTER 5

CONCLUSION

5.1 SUMMERY OF THE WORK:

This thesis has investigated effects of variation of different system parameters in
the characteristics of the Integrated Dipole Antenna on Si for On-chip Wireless
[nterconnects and modeling of the entire structure consisting of the transmitting antenna,
receiving antenna and the medium, which is Si substrate in this case. A new method of
applying excitation has also been proposed to retain the power during transmission
through wireless interconnect. The different features and outcomes from this work can be

summerized as follows—

* The transmission gain of an integrated dipole antenna on a Si chip used for
an on-chip wireless interconnect is drastically reduced in a multi-layer
metal interconnect scheme when a second metal layer is placed above the

“antenna at the usual interlayer metal distance. If we approximate the
interconnect metal layers as a solid metal plate, the simulation shows that
a very small amount of power propagates when the dipole antenna is
excited horizontally parallel to the plane of the Si substrate in the presence
of a second metal layer interconnect above the antenna.

* The drastic reduction in transmitted power can be explained using the Friis
transmission formula and image theory.

» The transmission co-efficients of dipole antennas increases and gets
saturated with the increase in frequency with the variation in the resistivity
of the Si substrate, as well as inter antenna disténce.

= The modeling of the structure of the wireless interconnect system has been
rendered for dipole antenna. Successful separation and modeling of the

tranmitting and receiving antenna has been completed with the help of
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clectromagnetic theory. The transmission line parameters has been
determined using circuit theory.

* The best way to preserve high gain of the integrated antenna in such a
multi-layer metal process is to design an antenna with excitation vertically
through the Si substrate. If the monopole antenna is excited vertically, the
excited mode propagates through the Si substrate, and any metal layers on

top of the antenna do not hinder the field propagation.

5.2 FUTURE WORK:

Though the research has been done quite successfully, some amelioration can be
still be done for the completeness of the discussion of the characteristics and modeling of

the wireless interconnect system toward the end, like—

* Derive a successful derivation of equivalent circuit of monopole antenna.

. The effect of change in resistivity of Si s_ubstratc and inter antenna ¥
distance can be simulated and theoretically explained in case of monopole
antenna.

®* The effect of changing the thickness of the Si substrate can be investigated
and theoretical explanation can be developed for the clarification in case.

* The effect of inter antenna distance, resistivity and thickness of the Si

substrate in presence of the upper metal layer and explain these elfects

theoretically.
Favorable outcomes from the investigation of the above topics may lead toward

the end of the full elucidation of Wireless Inter connect system using Integrated Antenna

on Chip for future utilization.
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