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Summary

The traditional wire interconnects are approaching their fundamental material limits in
the giga-scale integration (GSI). Intra- and inter- chip wireless interconnects become
possible with high-frequency silicon technologies and ever-increasing integrated-circuit
(IC) size. In this thesis, the chip scale wireless interconnect systems are analyzed in
terms of bit error rate (BER) performance and studied in terms of their antennas, in-
cluding on-chip antennas for intra-chip wireless interconnects and on-package anten-

nas for inter-chip wireless interconnects.

A novel inter-chip RF-interconnect (RFI) system is first proposed and analyzed in
terms of BER performance. Itis still a ‘wire’ interconnect and uses coplanar waveguide
(CPW), capacitive couplers, and ultrawide-band (UWB) radios that operate in 22-29
GHz. It is concluded that a high interconnect data rate of 3.33 giga bits per second
(Gbps) with a low BER< 10~° up to an inter-chip interconnect distance of 3 cm is

achievable with the average transmitted power less &85 dBm.

An intra-chip wireless interconnect system is then studied in terms of BER perfor-

mance. A method is presented to evaluate the system BER. The BER performance of

\
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SUMMARY

various digital modulation schemes in the system is evaluated at 25 GHz, including
coherent MASK, MPSK, MQAM, GMSK and MSK, as well as noncoherent MFSK
and MDPSK. It is concluded that by taking feasible measures a high data rate at 2
Gbps with a low BER< 107° up to an intra-chip wireless channel of length 2 cm is

achievable under the reasonable signal-to-noise ratio (SNR) budget.

On-chip antennas are suitable for intra-chip wireless interconnects. On-chip dipole
pair’s transmission mechanism is analyzed and its performance is simulated. Also, On-
chip 60-GHz inverted-F and quasi-Yagi antennas are designed, fabricated, and charac-
terized. Furthermore, on-chip monopoles are fabricated and measured up to 110 GHz.
Finally, a novel intra-chip wireless interconnect system using on-chip meander mono-
pole antennas and UWB radios that operate in 22-29 GHz is studied. It is shown that
the system on the 1Q-cm substrate can support a data rate of 1.5 Gbps with aBER
10-° up to an intra-chip wireless channel of length 10 mm with the average transmitted
power of 0 dBm; while the system on the 3dcm substrate can support a data rate
of 3.5 Gbps with a BER< 107% up to an intra-chip wireless channel of length 40 mm

with the same transmitted power.

On-package antennas are suitable for inter-chip wireless interconnects. An LTCC-
based discrete beveled monopole UWB antenna is fabricated and characterized. The
LTCC-based UWB integrated circuit package antenna (ICPA) and 60-GHz ICPAs are
also designed. Finally, a novel inter-chip wireless interconnect system using on-package

beveled monopole antennas and UWB radios that operate in 3.1-10.6 GHz is studied.

Vi
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SUMMARY

It is concluded that a high data rate of 1 Gbps with a low BERO™" over an inter-
chip wireless channel of length 20 cm can be achieved with the radiated power spectral

density less thar-41.3 dBm/MHz.

vii
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Chapter 1

Introduction

1.1 Background and Motivation

1.1.1 Traditional wire interconnects

Semiconductor technologies continuously scale down feature size to improve the speed
of operation. Taking complementary metal oxide semiconductor (CMOS) technology
as an example, the minimum feature size of MOS transistors has reduced to 90 nm and
the speed of operation has exceeded 100 GHz [1]. Such rapid scaling has two profound
impacts. First, it enables much higher degree of integration. Second, it implies much
greater challenge of traditional wire interconnects and fundamental material limits are

approaching [[2].

To parallel with the trend of CMOS device scaling down, metal wire width and
space together with via size in the traditional interconnect technology have to be scaled
down accordingly. Constant metal resistance is maintained as both width and length

have been scaled down, without affecting the metal thickness. Meanwhile, the wire
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capacitance per unit length is increasing. Total capacitance is roughly constant, but
with another distribution of different contributors: intra-metal contributors are becom-
ing bigger than inter-metal ones. Contact and via resistances are scaling up, since their
aspect ratio is becoming worse and worse (fixed height and smaller diameter). The
limitation of the traditional interconnect can be viewed from four aspects, namely, in-
terconnect resistance, interconnect capacitance, interconnect inductance, and bit-rate

capacity [3| 4, 5,16,/7,/8]. For interconnect resistance, it is calculated as

Rinterconnect = Rwire + Rcontact + Rm’a (11)

The number of contacts is constant and the number of vias tends to increase with more
metal layers and more complex circuits. For a given capacitéhead its driver

there is a value of resistande that makes that wire a transmission liné [5]. With
interconnect resistance increasing, more and more interconnect wires are becoming

RCtransmission lines witRC delay constant, which can be calculated as

Tdelay — Rinterconnect X Cinterconnect (12)

Hence, the interconnect delay (the delay from the input of a ‘line driver’ to the output
of a ‘line receiver’ with a transmission line in the middle, where a transmission line is
composed of a simple or complex network of resistances and capacitances) is getting

larger, as well as the voltage drop across the interconnect.

Next, for interconnect capacitance, its intra-metal capacitance component is in-

creasing. Then the ratio between intra-metal capacitance (‘sidewall component’) and
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inter-metal capacitance (‘plate component’), which is related to signal integrity, is get-
ting larger. However, for good signal stability, we have to maintain a small ratio (as
long as the ratio is smaller than 1, the signal has a good stability; when the ratio is
becoming greater than 1, the significant negative effects such as voltage bump happen-
ing and cross coupling effects will be observed). Hence, signal integrity cannot be too
high due to the increasing intra-metal capacitance [5]. For the interconnect inductance,
it leads to signal ringing, signal reflection and additional inductive crosstalk under fast
input slew rate condition [6]. When a circuit frequency increases above 500 MHz, the

on-chip inductance must be considered [6].

Finally, for bit-rate capacity, the traditional wire interconnect faces a limit. Once
the bit-rate capacity exceedd 0' A /i? bps or~10'" A /i? bps by equalizing the chan-
nels [7], wire interconnects become more difficult, whdres the cross-sectional area
of the interconnect wire ands the length of the wire. The dynamic power dissipation

and the crosstalk of the wire become significant as well [7].

As pointed out in[[3], for the microchip performance and cost,we are experiencing
a epical shift from the transistor dominated age (from the inception of microelectron-
ics in 1959 until the early 1990's) to the interconnect dominated age. Taking the clock
distribution as a example, the global interconnect delay presents a particularly detri-
mental problem since these signals need to be distributed across the microprocessor
with skews of less than 10 % of the global clock period. One dilemma is that the delay

of a 1.0 mm interconnect devolves faster from one decade to two decades, e.g., it is
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1 ps for late 1980's 1.um technology but 100 ps for early 2000’s Qufn technol-

ogy |3]. Concurrent with this dilemma, clock frequency is increasing by 100 times
placing stringent new demands on the interconnects that implement the chip clock dis-
tribution network. This is in contrast to chip area and total delay through the clock
distribution network, which are both increasing. Also with this trend chip-to-package
input-output interconnect count increases by 10-20 times and the maximum total wire
length per chip increases by 50 times. Hence, techniques are required to equalize the
increasingly large delays of each distributed clock signal to even greater accuracies
or lower clock skews. Another example for interconnect problem is the heavy burden
of the power distribution network with supply current increasing by 60 times while
supply voltage scaling downward by 5 times. Seen from the above examples as well
as its profound and pervasive nature the interconnect problem demands commensurate

response.

1.1.2 Chip scale wireless interconnects

Revolutionary interconnect methods and techniques must be pursued to carry on the
fast progress of the future ULSI technology. Possibilities include 3D integration, opti-
cal interconnects, and RF/wireless interconnects. 3-D integration has been shown to re-
duce the number and average length of 2-D global wires by providing shorter ‘vertical’
paths for connection. However, it needs a new process technology and heat removal
remains to be quite challenging [9]. Optical interconnect technologies have long been

considered as attractive solutions to providing both inter or intra chip/package applica-
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tions. However, the relative size of optical components is a big issue and they exhibit
serious challenges to be fabricated in silicon [10]. RF/wireless interconnects become
possible with high-frequency silicon technologies and ever-increasing integrated cir-

cuit (IC) size [11[ 12, 13, 14, 15, 16,117].

MCM Package Top CPW

Metal Shlld

Capacitor Coupling

. [as]
g Radio-A Radio-B =
2] —
5 -
T v
Digital I/O-A Digital 1/0-B
MCM Package Bottom

Figure 1.1: Inter-chip RF-interconnect system inside the MCM package.

An RF-interconnect (RFI) system inside a multi-chip-module (MCM) package is
presented by Chanet al. as shown in Fig[ 1]1[11]. RF signals are up-linked to the
shared broadcasting medium, coplanar waveguide (CPW) or microstrip transmission
line (MTL) via transmitting capacitive couplers, then down-linked via receiving capac-
itive couplers to fulfill the interconnect function. Modern communication algorithms
CDMA and/or FDMA have been demonstrated to effectively alleviate the undesired
cross-channel interference within the shared medium. The RFI system can be very
suitable to relay ultra broadband signals up to 150 GHz. It overcomes the limits of

conventional digital interface systems using the direct-coupled interconnect (DCI) and
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the capacitive coupled interconnect (CCI). It improves the signal-to-noise ratio and
lowers the signal swing and output consumption while increases the transmission data
rate [18]. For this RFI system structure it has been demonstrated a maximum data rate
of 2.2 Gbps in 0.18:m CMOS technologyi [18]. In[11, 12, 18,119], the transceivers of
these previous RFI systems are all based on traditional radio structure. As compared
with conventional radios, the ultrawide-band (UWB) radio is much simpler and there is
no reference oscillator, frequency synthesizer, voltage-controlled oscillator, mixer, or
power amplifier, which directly translates to smaller circuitry overhead and power con-
sumption [20]. The concept of integration of UWB transceiver into a chip for intra-
and inter- chip wireless interconnect has been proposed in a novel configuration of
wireless chip area networks (WCAN) as its physical layer [21]. The UWB radio is
firstly proposed as the transceiver for the inter-chip RFI system using CPW and capac-
itive couplers by us [58]. Based on this idea, a novel RFI system structure is proposed

in this thesis to offer an alternative solution for inter-chip interconnect problem.

It is true that the above RFI approach provides the solution for future intercon-
nect. However, it uses ‘active’ capacitive coupling to CPW or MTL making it still a
‘wire’ interconnect method and its performance is limited by interconnect capacitors.
Problems include the area required by a coupling capacitor, which is aboutngQ0
and its impacts to interconnect delay time. At this point, the chip scale wireless in-
terconnect systems using on-chip/on-package antennas have shown their advantages.
The wireless interconnect system consists of integrated receivers and transmitters with
on-chip/on-package antennas which communicates across a single chip or between

6
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multiple chips at the speed of the light via electromagnetic waves. The interconnect
delay is expected to be much smaller than that of the wire interconnect, because the
signal can propagate at the speed of light, as with optical interconhéects [2]. In addition,
the system is easier to be integrated in CMOS ICs. Wireless interconnects should also
provide an additional means for global communication, freeing up conventional wires

for other users.

Chip scale wireless interconnect is a very new approach for intra- and inter- chip
interconnects, although the techniques proposed are well developed for wireless com-
munications applications. It faces the same fundamental issues related to component
(transmitter, antenna, receiver) size and error correction. Before becoming a viable
candidate to replace global wires and/or package interconnects it also has additional
difficult challenges to overcome. First, for package applications, its implementation
must be cost competitive with existing interconnects and must support the required
form factors. Further, the power dissipated by its 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 be less than a feywd6@2]. Also, its RF power
dissipation cannot add a significant amount of heat to an already heavy thermal load.
Finally, similar to optical interconnects, chip scale wireless interconnect systems will
likely require adaptation of new system architectures to fully exploit the capabilities of

RF interconnects [2].

The chip scale wireless interconnect systems are shown irf Fig. 1.2. They can be
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classified into two categories, intra-chip wireless interconnects and inter-chip wireless
interconnects. They can be used for both data and clock signals. Compared with
wireless interconnect for clock signal distribution, the one for data communication is

much more complex as a modulation scheme is required.

Solder bump Package Top Metal lines Solder bump Package Top Metal lines
' >> Intra-chip wireless > >> Inter-chip wireless >
T o channel % RA‘m T . channel % RA

Radio-A Radio-B Radio-A Radio-B
Digital I/0-A Digital 1/0-B Digital I/O-A Digital 1/0-B
Package Heat Spreader Package Heat Spreader
(@) (b)

D)) s ) )) 4
Package Top Package Top Package Top Package Top
Wireless & 2 Wireless
channel ";’// channel
Single Chip - Single chkage
Radio-A Radios Radio-B Radio-A Radios Radio-B
Digital I/0-A Digital 1/0-B Digital 1/0-A Digital 1/0-B
Package Heat Spreader Package Heat Spreader Package Heat Spreader Package Heat Spreader
(c) (d)

Figure 1.2: Chip scale wireless interconnects: (a) intra-chip wireless interconnect us-
ing on-chip antennas, (b) inter-chip wireless interconnect using on-chip antennas inside
MCM package, (c) inter-chip wireless interconnect using on-chip antennas through air,
and (d) inter-chip wireless interconnect using on-package antennas through air.

A. Intra-chip wireless interconnects

The intra-chip wireless interconnect system is illustrated in[Fig. 1.2 (a), which ful-
fils the wireless interconnection between the digital I/O A and B. The system features

on-chip antenna pairs, radios, and a unique intra-chip wireless channel on the same
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substrate.

The system can be used for both clock and data signals. It has been demonstrated
recently for clock distribution at 15 GHz in 0.18n CMOS technologies [13]. It has
also received attention for data communication [17], which should be developed to fur-
ther exploit the capacities of wireless interconnects. This will have great significance
on providing the potentials to develop reconfigurable intra-chip wireless interconnect
system using multi-access methods to meet the future ULSI interconnect system de-
mands of extremely high data transmission rate, multi-1/O services, reconfigurable and
fault-tolerant computing/processing architecture, and full capability with mainstream
silicon CMOS and MCM technologies [11]. Unlike wireless clock, wireless data re-
quire a modulation scheme. Thus, the accurate analysis of bit error rates (BER) for
different digital modulation schemes in intra-chip wireless channels will become in-
creasingly important in system design. BER analysis will not only provide an un-
derstanding of the performance of each modulation scheme in the chip environment,
but will also reveal the limits of data rate and intra-chip wireless channel capacity. A
simple BPSK intra-chip wireless interconnect system for data communication is ana-
lyzed at 15 GHz in[[1/7]. To optimally design intra-chip wireless interconnect systems,
BER performance of various digital modulation schemes in intra-chip wireless chan-
nels should be fully evaluated at the system working frequency, such as 15, 25 or 60

GHz. We will study this issue at 25 GHz in the thesis.

The conventional radios were used in the previous studies for this system. As
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compared with the conventional narrowband radios used in wireless clock and data [13,
17], the UWB radio is much simpler and has smaller circuitry overhead and power
consumption. The novel intra-chip wireless interconnect system using UWB radios

should be evaluated. This will be studied in the thesis.
B. Inter-chip wireless interconnects

The inter-chip wireless interconnect systems are illustrated in [Fig. 1.2 (b), (c),
and (d), which fulfil the wireless interconnection between the digital I/O A and B. The
system features on-chip/on-package antenna pairs, radios on the different substrate and
a unique inter-chip wireless channel. For 1.2 (c) and (d), the inter-chip wireless
channel is though air. They realize the wireless communication through air between

two single-chip radios or single-package radios, respectively.

60-GHz single chip/package radio has received great attention recently. This is
because that a large bandwidth of 7 GHz is available at 60-GHz band for wireless
personal area network (WPAN) applications|[22]. The large bandwidth and millime-
ter wave frequency have indeed created many challenges, in particular, in the design
of radio front-ends. The 60-GHz radio front-end implemented as an assembly of mi-
crowave monolithic integrated circuits (MMICs) in Gallium Arsenide (GaAs) semi-
conductor technology has proven feasible but rather expensive [23]. The 60-GHz
radio front-end based on MMICs in Silicon Germanium (SiGe) semiconductor tech-
nology has been attempted. For instance, Renel@d. demonstrated 60-GHz radio

front-end circuits including a low noise amplifier (LNA), a direct down converter, a

10
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power amplifier, and a voltage controlled oscillator (VCO) in SiGe technology [24].
Design towards realizing a low-cost fully-integrated SiGe 60-GHz radio front-end has
been carried out [25]. As the high-frequency capabilities of CMOS technology im-
prove through scaling, CMOS has become a viable technology for millimetre wave
operation. Doaret al. has explored CMOS for 60-GHz applications and designed an
LNA using a standard 0.13m CMOS process [26]. Luizt al. demonstrated 64-GHz

and 100-GHz VCOs in 90-nm CMOS [27]. Let al. demonstrated a 63-GHz VCO in

a standard 0.2 CMOS [28]. In addition, CMOS technology that promises to in-
tegrate a complete 60-GHz system (radio front-end plus digital processor) on a single

chip (SoC) further enhances its competitiveness.

UWB single chip/package radio has also received great attention recently. UWB
has attracted significant interest for the implementation of high-speed wireless data
rates up to 480 Mb/s in short range personal area network. With the development of
the ULSI the highly integrated UWB transceiver has become the research focus of
many semiconductor companies. It will be aimed to realize a single-chip UWB radio
or single-package UWB radio [29,130,/31) 32]. A novel inter-chip wireless interconnect

system using UWB radios will be studied in the thesis.

1.1.3 Antennas for chip scale wireless interconnects

A.  On-chip antennas for intra-chip wireless interconnects

On-chip antennas can be used for both intra- and inter- chip wireless interconnect

11
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systems as shown in Fig. 1.2. They are more common to be used for intra-chip wireless
interconnects on the same substrate. Here it should be mentioned that on-chip antennas
on silicon substrates have been investigated for conventional wireless applications. For
instance, Chaet al. developed planar inverted-F antennas of size 9.4 to 25 oim
proton-implanted silicon substrate with high resistivity 2Mm to resonate at 10 and

5.8 GHz, respectively [33] and Mendes al. developed planar inverted-F antennas

of 9 mn? on silicon substrate of high resistivity 10(Kcm to resonate at 6 GHz [34].
Micromachining techniques, bulk fabrication, and etching process were employed to
construct cavity-backed microstrip patch antennas of 144 rmnd 7 mnd on sili-

con substrates of high resistivity to resonate at 16 and 21 GHz, respedtively [35, 36].
The on-chip antennas have also been investigated for intra-chip wireless interconnects.
However, the previous studies focus more on the dipole. They show that wireless in-
terconnects rely on transmission gains of on-chip antennas. The antenna transmission
gain is defined as the ratio of the received power by the receive antenna to the transmit-
ted power by the transmit antenna, where both antennas are conjugately matched. To
characterize on-chip antennas, Kanal. fabricated dipoles of axial length 2 mm on

bulk, silicon on insulator (SOI), and silicon on sapphire (SOS) substrates and measured
their transmission gains from 10 to 18 GHz. They found that the transmission gains of
dipoles increase with frequency and they are higher on the SOS substrate than those on
the bulk and SOI substrates. The lower transmission gains of the bulk and SOI dipoles
are due to the conduction loss of the substrates [37]. To improve on-chip antennas,

Rashidet al. fabricated dipoles of axial length 2 mm on proton-implanted silicon sub-

12
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strates and measured their transmission gains from 6 to 26.5 GHz. They demonstrated
that the proton implantation greatly increased the resistivity of the silicon substrates,
so did the transmission gains. They confirmed that the transmission gains of dipoles
increase with frequency and found that the transmission gains could be maximized for

a given resistivity by optimizing the silicon substrate thickness [38].

On-chip dipoles are preferred in intra-chip wireless interconnects because they can
adequately reject noise and interfering signals generated by other circuits on the same
silicon substrate. To evaluate the on-chip dipole performance the previous studies are
mainly focused on the experimental method [13, 38]. There are some simulation results
based on the EM software such as HFSS, but it is time consuming to get the simulation
results [39] 40]. The dipole antenna pair transmission mechanism should be further
studied and efficient simulation should be further carried out. This issue will be studied
in the thesis. In addition, dipole antennas are not compatible with most existing test
facilities. They require using baluns to have the measurements done. It is known that
baluns are narrow band devices, which partially explains why the reported integrated
dipoles for wireless interconnects were measured below 26.5 GHz. To experimentally
characterize integrated antennas on silicon substrates over a much broader bandwidth,

on-chip monopoles will be designed in the thesis.

A 60-GHz antenna plays a key role in a 60-GHz radio. It has independent proper-
ties that affect the radio as a whole. Current antennas for 60-GHz radios are mainly

discrete designs on conventional dielectric substrates [41, 42]. At 60 GHz the antenna

13
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form factor is on the order of millimetres or less and opens up new integration options.
Integration of millimetre-wave antennas on silicon substrates of high resistivity has
been investigated [34, 36, '43]. The 60-GHz on-chip antenna design also becomes pos-
sible. However, the problems lie in the large loss due to low resistivity silicon substrate
as the frequency increases to millimeter-wave range. The various techniques such as
micromachining process and proton implantation have to be employed to combat this
problem. The micromachining process removes the loss silicon substrate underneath
the antenna radiating element [43], while the proton implantation increases signifi-
cantly the resistivity of the silicon substrate underneath the antenna radiating element
from 10 Q.cm to 10 Q.cm [33]. In our work, we adopt the post back-end-of-line
(BEOL) process developed at Singapore Institute of Microelectronics for RF CMOS
passives to overcome this problem. The 60-GHz on-chip inverted-F and quasi-Yagi

antenna using this process will be presented in the thesis.
B. On-package antennas for inter-chip wireless interconnects

On-package antennas can be used for inter-chip wireless interconnect systems as
shown in Fig. [1.R. On-package antennas have been investigated for the conven-
tional narrow band single-package radio in![44| 45]. They have also been investi-
gated in MCM technologies for 60-GHz radlo [46]. Low-temperature cofired ceramic
(LTCC) technology has recently become the choice of technology to realize compact
RF/microwave modules due to its excellent RF performance [47]. We will design the

60-GHz integrated circuit package antennas (ICPASs) using this technology in the the-
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sis. The designed ICPAs are not only as antennas but also as packages that can carry

the single-chip 60-GHz radio transceivers for inter-chip wireless communications.

The antenna in a UWB radio plays a more unique role than it does in a conven-
tional narrowband radio because it behaves like a bandpass filter and reshapes the
spectra of the UWB pulses. It should be designed with care to avoid pulse distortions.
Generally speaking, it is quite challenging to design a suitable antenna to fulfill all
the critical requirements of UWB radios, including ultrawide bandwidth, omnidirec-
tional patterns, and constant gain over the entire band, high-radiation efficiency, and
low profile [48]. Driven by the development of UWB radios, many antennas for UWB
applications have been designed to cover the single band or multi-band~afB6L
GHz frequency range. Among them, the monopole antenna has become the choice
of antennas for UWB radios due to its attractive merits, such as the ultra wideband
characteristic, near omni directional radiation patterns, simple structure and low cost.
The monopole antennas for UWB radios can be classified into three types according to
their fabrication technology. The first type is in a metal-plate format perpendicularly
mounted above a large ground plane. The typical designs can be found in [49] for a
shorted metal-plate monopole with a bevel and for a square planar metal-plate mono-
pole with a trident-shaped feeding strip [50]. The second type is in a planar format
fabricated on PCB material substrates, such as FR4, RO4350B, and Rogers RT/Duroid
5880. The antenna can be a single or multi-layer structure. The typical designs can
be found in[51] for a CPW-fed circular disc monopole antenna and in [52] for a mi-
crostrip feed beveled monopole antenna. The third type is in a planar format fabricated
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on the LTCC substrates [63]. The typical designs can be found in [54] for a planar
volcano-smoke slot monopole antenna and in [55] for a planar monopole antenna with
ground plane on the bottom. It should also be mentioned that there are chip antennas
fabricated in LTCC for UWB radios. The typical design can be found_in [56]. The
chip antenna has a radiating element as small>a8>8 mm?. However, a ground

plane with almost 5 times larger than the radiating element is needed. This makes
the effective antenna dimension still very large. Among above monopole antennas for
UWB radios the planar LTCC type provides the great potential to be integrated and
further provides the solution of single package UWB radio implementation. This ad-
vantage is based on its easily integrated characteristic of planar structure, the excellent
RF performance of LTCC technology as well as its miniaturized antenna profile owing
to the high dielectric constant of LTCC [47]. The planar monopole antenna fabricated
in LTCC not only forms as an antenna but also as a package that can carry a single-chip
UWB radio. However, the existing planar monopole antenna in LTCC with smallest
dimensions still has radiating element footprint of<2Z8 mn? on a 66<50x1 mm’

LTCC substrate. They meet the challenges to be miniaturized and further to be inte-
grated. In[[5¥7], this miniaturization issue was detailed. Using circular and beveled
planar monopole antennas as examples, we demonstrated through simulations that a
40% size reduction could be realized by simply exploiting their structural symmetry.
We found that the miniaturized antennas exhibit wider impedance bandwidth, higher
cross-polar radiation, and slightly lower gain as compared with their un-miniaturized

counterparts. We confirmed these effects of miniaturization with measurements of
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both un-miniaturized and miniaturized beveled monopole antennas. This LTCC-based
miniaturized UWB antenna will be presented in the thesis. The LTCC-based UWB

ICPA will also be designed in the thesis.
1.2 Obijectives

The thesis focuses on two objectives. The first is to propose the structures and evaluate
the performance of the intra- and inter- chip wireless interconnect systems. The second
is to investigate the suitable antennas for intra- and inter-chip wireless interconnect

systems.
1.3 Major Contributions of the Thesis

This thesis studies the chip scale wireless interconnect systems and their antennas. The
major contributions are listed as follow$he first contribution is that we proposed

a novel inter-chip RF-interconnect using CPW, capacitive couplers, and UWB radios
and evaluated its performandbg second contributionis that we evaluated the BER
performance of various digital modulation schemes in intra-chip wireless channels at
25 GHz; the third contribution is that we proposed a novel intra-chip wireless in-
terconnect system using on-chip meander monopole antennas and UWB radios and
evaluated its performanctie fourth contribution is that we proposed a novel inter-

chip wireless interconnect system using on-package beveled monopole antennas and

UWB radios and evaluated its performantte fifth contribution is that we analyzed
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the on-chip dipole antenna pair in theory and simulated it with various parameters. It
can be used for intra-chip wireless interconneth& sixth contribution is that we
fabricated and characterized the on-chip monopoles, on-chip 60-GHz inverted-F and
guasi-Yagi antennas. They can be used for intra-chip wireless intercontiecsev-

enth contribution is that we fabricated and characterized the LTCC-based beveled
monopole UWB antenna. It can be used for inter-chip wireless interconreets;
eighth contribution is that we finished the initial design of LTCC-based UWB ICPA

and 60-GHz ICPAs. They can be used for inter-chip wireless interconnects.
1.4 Organization of the Thesis

In the thesis, a intra- or inter- chip interconnect is treated as a system. The system con-
sists of a transmission antenna (TA) and receiving antenna (RA), a wireless channel,
and a modulation scheme which is used to accomplish the signal transmission between

transmit/receive sites. This is the methodology used in the whole thesis.

This chapter has presented the background and main achievements of the project.

The following chapters will be organized as follows.

Chapter 2 presents and analyzes a novel inter-chip RF-interconnect (RFI) system

using CPW, capacitive couplers, and UWB transceivers that operate in 22-29 GHz.

In this chapter, the RFI interconnect is treated as a system, where the capacitive
couplers act as TA and RA, CPW as channel and the UWB transceivers are used. We

initially restricts considerations to characterization of the channel using transmission
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line theory. This is done via HFSS EM simulations as well as MATLAB simulations.
By having obtained the channel properties, the system performance is assessed in terms

of BER only via simulations in MATLAB.

Chapter 3 evaluates the performance of an intra-chip wireless interconnect system

using on-chip antennas at 25 GHz for various digital modulation schemes.

In this chapter, the intra-chip wireless interconnect is treated as a system, where the
linear on-chip dipoles are used for TA and RA and the different modulation schemes
are used. The focus is the evaluation of the system BER performance varied by the
modulation schemes. We initially restricts considerations to characterization of the
channel by measurement. By having obtained the channel properties, the system per-

formance is assessed in terms of BER only via simulations in MATLAB.

Chapter 4 first studies on-chip antennas for intra-chip wireless interconnects, in-
cluding dipole antennas, 60-GHz inverted-F and quasi-Yagi antennas, as well as mono-
poles. In addition, a novel intra-chip wireless interconnect system using on-chip mean-
der monopole antennas and UWB radios that operate in 22-29 GHz is studied in terms

of BER performance.

In this chapter, for the on-chip dipole pair, its transmission mechanism is obtained
using theoretical analysis and its performance is simulated using IE3D. For the on-chip
60-GHz inverted-F and quasi-Yagi antennas, they are designed in IE3D, fabricated
using BEOL process of silicon substrates of low resistivity, and characterized on wafer

with Cascade Microtech coplanar probes and an HP8510XF network analyzer. For
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on-chip monopoles they are fabricated and measured up to 110 GHz.

In this chapter, the intra-chip wireless interconnect using on-chip antennas is treated
as a system, where on-chip meander monopole antennas are used for TA and RA and
UWB radios are used. We initially restricts considerations to characterization of the
channel by measurement. By having obtained the channel properties, the system per-

formance is assessed in terms of BER only via simulations in MATLAB.

Chapter 5 first studies LTCC-based on-package antennas for inter-chip wireless
interconnects, including a discrete beveled monopole UWB antenna, a UWB ICPA,
and 60-GHz ICPAs. In addition, a novel inter-chip wireless interconnect system using
on-package beveled monopole antennas and UWB radios that operate in 3.1-10.6 GHz

is studied in terms of BER performance.

In this chapter, for the discrete beveled monopole UWB antenna, it is fabricated in
LTCC technology and measured in terms of impedance bandwidth, radiation patterns,
gain, and both frequency domain and time characteristics. For the UWB ICPA, only a
design procedure and result in HFSS are presented. No fabrication and measurement
are realized. For the 60-GHz ICPAs, they are also designed in HFSS. No fabrication

and measurement are realized.

In this chapter the inter-chip wireless interconnect using on-package beveled mono-
pole antennas is treated as a system, where on-package beveled monopole antennas are
used for TA and RA and UWB radios are used. We initially restricts considerations

to characterization of the channel by measurement. By having obtained the channel
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properties, the system performance is assessed in terms of BER only via simulations

in MATLAB.

As shown above, IE3D and HFSS are two EM softwares used mostly in the thesis.
It is known that the IE3D is the 2.5D Method of Moments based EM analysis software.
As it assumes, infinitely long layers of dielectrics, it provides approximations to the
actual circuits and antennas investigated in the thesis, which are of finite dimensions.
This is not the case of HFSS of Ansoft, being the Finite Element Method EM analysis

software.

Chapter 6 presents the conclusions and recommendations.

21



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 2

Inter-Chip RF-Interconnects

A novel inter-chip RF-interconnect (RFI) system using CPW, capacitive couplers, and
ultrawide-band (UWB) radios that operate in 22-29 GHz is described in section 2.1
and analyzed in terms of system bit error rate (BER) performance in section 2.2.

2.1 System Description

MCM Package Top CPW
C Capacitor Coupling ¢ Metal Shield
xin xozlt
T/R Switch T/R Switch
UWB 3
= Radio 5
ik : g
@ | 2 2 2
[ [
E Threshold Circuit E Threshold Circuit
T - T v
Digital I[/O-A Digital 1/0-B
MCM Package Bottom

Figure 2.1: Inter-chip RF-interconnect system architecture.

The previous RFI systems are all based on traditional radio structure [11,112, 18,
19]. The UWB radio is firstly proposed as the transceiver for the inter-chip RFI system
by us [58]. The proposed system has the advantage of the small attenuation of CPW
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and capacitive coupler channel as well as the advantage of the UWB radio for short
range communication. Fi§. 2.1 shows this novel inter-chip RFI system located inside

a MCM package to fulfill the interconnect function between digital I/0 A and B [58].

The system features a unique channel, composed by capacitive couplers and an
off-chip but in-package passive CPW as a shared broadcasting medium. A transfer

function H( f) is defined as follows to characterize this channel,

H(f) = Xovr(f) 2.1)

Xin(f)

where Xy (f) and Xoyr(f) are the frequency domain representations of the channel
input signalz;,(¢) and output signat,,.(¢) respectively as shown in Fi§. 2.1. In our

study H(f) will be characterized by the theoretical method.

The system features UWB transceivers, which comprise a pulse generator, a trans-
mit /receive (T/R) switch, a low noise amplifier (LNA), a matched filter, and a threshold
circuit. The UWB radio can operate over either a 7-GHz bandwidth from 22-29 GHz or
a 7.5-GHz bandwidth from 3.1-10.6 GHz. In this study the higher band is preferred for
the lower channel loss. The UWB radio adopts the pulse position modulation (PPM)
scheme. The PPM signal applied to the channel ingL(t) is then given as [58],

—+00

whereg(t) is the basic UWB pulse with 0.25 ns pulse duration to occupy the 7-GHz
bandwidth from 22 to 29 GHz as shown in Hig.]2.2, designed using a novel algorithm

proposed in[59]T} = 0.3 ns is the frame width that controls the interconnect data rate
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R, = 1/Ty = 3.33 Gbpsy, is the transmitted data iith frame. The peak amplitude

A, which controls the transmitted energy per Bi§, is adjusted to meet a certain
transmitted powef’;, e.g. whenA is 0.03 V we obtain thev,, value of —131.5 dB

for 22-29 GHz bandwidth or the average transmitted pofydess than—2.85 dBm.

The PPM delay is optimized as 0.02 ns to obtain the best system BER performance

according to the criterion,

'+OO
dopt = arg min/ g(t)g(t —d)dt (2.3)
) —00
15 5
O 4
3 1.0 g 5]
2 5 a-10 4
g z
- = -15 A
20.0 8
= = -20
£ £
g -5 1 2 25
,30 4
10 -35 A
1.5 ‘ ‘ : ‘ -40 ; ‘ ‘ ‘ ‘ ‘ ‘ ‘ :
0.00 05 10 15 20 25 20 21 22 23 24 25 26 27 28 29 30
Time (ns) Frequency (GHz)
(a) (b)

Figure 2.2: Designed UWB pulsgt) and its normalized PSD.
As shown in eq.[(2]1), given;,(t) and the theoretically characterizéd{ f) the
channel output signal,;(¢) is easily obtained using the Fourier inverse transform.
2.2 System Performance Evaluation
2.2.1 Characterization of the interconnect channel
The channel comprises capacitive couplers and a shared CPW. The characteristic of

this channel is first analyzed in [11] based on transmission line theory with some ap-
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Figure 2.3: Channel model, whefg is the transmitter’s coupling capacitar;. is
the receiver’s coupling capacitoR; is the transmitter’s output resistande, is the
receiver’s input resistance; is the source signal voltagéjs the distance between the
transmitter and receiver;, is the impedance looked into the CPWis the channel’'s
input voltage, and’, is the channel’'s output voltage.

proximation. Here, the channel’s exact transfer function is derived ih (2.4) based on

transmission line theory using the channel model as shown in Fig. 2.3.

Xo,+ Ze) [ Zin [(Zin + Z.) exp(—vd) + (Zin — Z.) exp(yd)]

H(f,d) = .
= Rt Ko+ 2012.) (B + Xov + Zi)
(2.4)
where
X b X b 7 _Z(RT—FXCT)//ZC%—ZCtanhyd 2.5)
G oy e T T g i T e .+ (R-+ X¢,)//Z.tanh~vd’ '

v = atj 3 is the complex propagation constant of the CPW. Its real pant NP/m
represents the attenuation constant and its imaginaryfartrad/m represents the

phase constant.

Based on the simulated frequency dependaamd3 values in[58], we examined
the parameters’ effect on the amplitude of transfer funciioas shown in Fig. 2]4 (a),

(b), and (c). The parameters include the distance between the transmitter and receiver
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Figure 2.4: Amplitude and phase &f versus frequency: (a) effect of distandg:=
500 fF, R = 5 K¢, (b) effect of coupler capacitancé=5 mm, R = 5 K(2, (c) effect of
resistanced =5 mm,C = 500 fF, (d) effect of distance&®' = 500 fF, R = 5 K.

d, the coupler capacitanaé = C; = C,, and the resistancg = R; = R,. Note that

the value of coupler capacitanceé and resistancé? is the same for the transmitter

and receiver because of our system'’s bidirectional communication nature. As expected
the amplitude of the transfer function shows the high pass characteristics. In addition,
Fig.[2.4 (a) shows that the amplitude@fdecreases with distance quickly. The longer
distance has the larger attenuation. 2.4 (b) shows that coupler capacithase
important effect on the amplitude &f. The smaller capacitance has the larger channel
attenuation. Based on this simulatich= 500 fF is chosen for our system. Further-

more, it is found that output resistan&ehas certain effect on the amplitude 8t R
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with small value will cause the fluctuation of the amplitudetbin high frequency as
shown in Fig.[ 2.4 (c). Based on this simulation we chofise 5 K2. The phase of

the transfer function in terms of distance is also examined[Fig. 2.4 (d). It shows the
linear characteristics and the longer distance has the larger delay. Based on the above
observation we conclude that the CPW and capacitive coupler channel can be regarded
as a high pass filter which has linearly increased delay with interconnect length. This
conclusion reconciles well with the measurement result in [60]. The channel charac-
teristics also can be clearly observed in 2.5, which shows the transmitted data,
channel input signat;,(¢) and channel output signal,..(¢) with normalized ampli-

tude atd =20 mm. As expected the channel output signal suffers from channel loss and
delay. Fig[2.p shows their relationship with distance, computed using a time-domain
waveform of the signal after the channel. As expected the channel]ossd delay

both increase with interconnect distance.

Relative amplitude

—— Channel input signal x;(t)

1.5 4 Transmitted data
—— Channel output signal x,,(t)

-2.0

0.0 2 4 .6 .8 1.0 1.2
Time (ns)

Figure 2.5: Channel input and output signal with normalized amplitude=e20 mm.
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Figure 2.6: Channel delay and loss versus distance.

The highpass characteristics of the channel can greatly reduce the switching noise
coupling from the on-chip digital circuitry into the channel at the transmitter end as
illustrated in Fig. [2.J7. It also explains why the higher UWB 22-29 GHz band is
preferable than the lower band. However, for realistic condition switching noise will
randomly couple to the CPW channel at any point. The more realistic switching noise
model will be developed and the corresponding average noise power spectral density

(PSD) will be presented in section 2.2.2.

Highpass channel characteristics

Switching noise ./
X —— e —

Power

RF signal

Frequency,GHz

Figure 2.7: Suppression of switching noise at the transmitter end in RF-interconnect.
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2.2.2 Switching noise attack model

For our system that integrates both the analog radio front end and digital baseband
processing circuits, the switching noise produced by the digital circuits may be signif-
icant and impact the receiver performance. Two types of switching noise coupling can
be considered. The first type is the noise generated by the transistors in digital circuits
injecting currents into the common substrate. Its effect on the system can be modelled
by capacitive coupling. The second is the noise capacitively coupled to the CPW in the
same layer or from adjacent layers|[61]. Therefore, the switching noise attack of both

two types can be modeled based on capacitive coupling mechanism.

Fig.[2.8 shows the attack by a switching noise solcen a victim CPW through
capacitive coupling at the poipt The more realistic attacker waveforfy(t) is pro-
posed in[[61] based on the Markov chain and low pass filter (LPF) model as shown
in Fig. [2.9. The switching noise activity is modeled by the Markov chain producing
d(t) whose PSD is shown if (2.6), wherés the probability that a particular attacker

switches and’ is the shortest delay between state transition.

a(l —a)

Sp(e™T) = 1+ (1 —2a)? — 2(1 — 2a) cos(27 fT)

(2.6)

The realistic attack noise waveforif (¢) is obtained by making(t¢) pass through a

first-order LPF having a gaill and a time constant. Its PSD is then derived as

Sa(f, V) = Sp(e™™IT) (2.7)

VZ
2rfr)2+1 ’
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Vn
T Ca ;
— a p  CPW b —
Za=2c—‘ 7=0 d 7Z=d ’—Z;):ZC
Zc Zc
Vi Ct Cr Vo
Rt Rr

Figure 2.8: Switching noise attack model.

Markov )
chain d(t) va(t)

LPF

Figure 2.9: Markov chain model for the switching activity of attackers.

For switching noise attack model of F[g. .8 the transfer functipfyf, p) between
Vo andV,, can be exactly derived based on the transmission line theory according to
three casess < a, a < p < bandb < p < [. The received noise PSD &} contributed

by the single noise attackef, is then obtained by

So(f) = Sulf, V) [Half,p)I’ (2.8)

It is assumed that the position of the each attagkier a random variable, which is
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uniformly distributed in the range of O to the CPW'’s lengthThe gainV is also
assumed to be a random variable having uniform distribution in the range of O to 1.
To consider the realistic case of many switching noise attackers to the victim CPW,
the total PSD of the noise &} is determined by superposing the contribution of each
individual attacker. In MATLAB, we simulated the average PSD/aat 5, 10 and 15
attackers, which is calculated by

5,10,15

N
SnaelF) = 30 D Sl Vi) [H( ) 2.9

j=1 =1

L

whereN is the total test numbey, is the test index, andrepresents thé&h switching
noise attacker. In every test, a noise source’s coupling gaiand coupling position
pij is produced randomly according to their distributidh,(f, p;;) is then calculated

according to its positiop;;.

-117

-118 4

-119 4

-120 4

-121 4

122 —e— 5 attackers
—e— 10 attackers
—e— 15 attackers

Average switching noise PSD (dBm/Hz)

-123 A

-124

T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50
Frequency (GHz)

Figure 2.10: Average switching noise PSD versus frequency.

The simulated ., (f) at the attacker number of 5, 10 and 15 respectively is shown
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in Fig. . As expected, thé, ,,(f) increases with the number of attacker. It

is also worth noting that thé&; ., (f) has no DC component and is fairly flat in the
frequency range 22-29 GHz. The average value in this frequency g be used

to estimate the average bit signal-to-noise ratio (SNR) at the receiver end in section
2.2.3. The exact transfer function and realistic switching noise attack model presented
here makes it possible to realistically estimate the switching noise PSD on the victim

line, which will provide important information to evaluate the system’s performance.

2.2.3 System BER performance

The system performance is evaluated in terms of BER under the assumptions of perfect
system synchronization. For inter-chip interconnect within a package the signal is only
contaminated by thermal noise and switching noise. The expression of the thermal
noise power spectral densily, has been presented in [58] based on the receiver noise
figure F... Itis shown thatF; is 6.6 dB in the lower band and 8.6 dB in the upper band

for a CMOS UWB radio operating from 3.1 to 10.6 GHz|[63] 64]. Thus, lférean

be reasonably assumed to be 15 dB. The simulated average switching noise PSD is
obtained in section 2.2.2 &. Then the average bit signal-to-noise ratio (SNR) at the

receiver end is shown as follows

Erb
I = 2.10
= N+ S, (2.10)
Ey=FEp-Le Gy Ly (2.11)
P
A ——— 2.12
=t (2.12)
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where E,, is the received average energy per bit, calculated based on the gain of the
receiverG, and the implementation margit,,, which includes all kinds of marginal

loss. BER of our system using PPM modulation is then obtained as [58],

P, = ;erfc ( u_g)rb) (2.13)

_ o’ g/t = d)dt
Jo" g”(t)dt

whereg'(t) is the received pulse corresponding to our designed puise

(2.14)

10° 25
10% %
e 2
107 ~
o -~ 198
10+ ' e 7%
& e 2
0 104 155
1051 13 3
F
1055 -
—e— BER of 5 attackers SNR of 5 attackers 9
1075 7 —e— BER of 10 attackers SNR of 10 attackers 7
—@— BER of 15 attackers SNR of 15 attackers
10% T T T T T 5
0 5 10 15 20 25 30
d (mm)

Figure 2.11: Average bit SNR and BER versus distance for the different number of
attackers.

The average bit SNR;, and BER versus distance for the different number of at-
tackers are shown in Fij. 2]11. The parameters used in the simulatiohs, sre-4
dB, G, = 15 dB, F;. = 15 dB, and the peak amplitude of the transmitted pulss
adjusted to 0.03 V. As expectell, decreases with distance and the attacker number.

BER increases with distance and the attacker number. It is concluded that a high inter-
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connect data rate of 3.33 Gbps with a low BERLO® up to an interconnect distance

of 3 cm is achievable with the average transmitted power less-t2a85 dBm.
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Chapter 3

Intra-Chip Wireless Interconnects

An intra-chip wireless interconnect system using on-chip antennas is described in sec-
tion 3.1 and studied in terms of its bit error rate (BER) performance at 25 GHz in
section 3.2 for various digital modulation schemes.

3.1 System Description

Solder bump Package Top Metal lines

>>> Intra-chip wireless channel m
TA RA

LNA

Modulator Demodulator
~ On-chip dipole
v
Digital I/0-A Digital 1/0-B

Package Heat Spreader

Figure 3.1: An intra-chip wireless interconnect system for data communication.

An intra-chip wireless interconnect system using an on-chip antenna pair for point
to point data communication is shown in Fi§. [3.1][17]. Note that the transmitter
comprises a modulator, a power amplifier (PA), and a transmit antenna (TA); while
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3.1 System Description

the receiver comprises a receiver antenna (RA), a low noise amplifier (LNA), and a
demodulator. Also note that the wireless interconnect system features a unique intra-

chip wireless channel.

The linear on-chip dipole antenna pair, each the mirror image of the other, is used
for TA and RA. The antennas are;dn thick, 10 um wide and 2 mm long. The
dipole-balanced structure ensures an adequate rejection of noise and interfering signal
travelling through the common silicon substrate. They are fabricated ogmna tBick
oxide layer on a 2@2.cm silicon substrate of 633m thickness. The $ of the on-chip
dipole antenna versus frequency is shown in Fig. 3.2 (a). It is evident thé [Bwer
than—6 dB from 20 to 29 GHz indicating an acceptable matching to &S@urce. To
measure the transmission performance between TA and RA, the antenna transmission

gain (TG) is derived usingrriis transmission formula

|So1 |?

— 3.1
=150 P) (L= S2P) D)

TG is the ratio of the received power to the transmitted power when both on-chip
antennas are conjugately matched. The average vall® cn be accurately obtained
from an on-chip measurement or from a full wave electromagnetic simulatof. Fjg. 3.2
(b) and (c) show the average valueT® for the on-chip dipole antenna pair. It is
found that the average value ©G increases with the frequency and decreases with

the distance. It is-48 dB at 25 GHz at a separation distance of 10 mm.
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Figure 3.2: On-chip dipole antenna pair characterization: (@) @) averagel’'G

versus frequency, and (c) averdgé versus distance.
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3.1 System Description

The system features a unique intra-chip wireless channel. The characteristics of
this channel are analyzed around 15 GHZ.in [17] and 25 GHz in [21]. It is concluded
that the channel can be regarded as a non-dispersive Rician fading channel for the data
rate 2-5 Gbps considered here. The conclusion is based on the imperfect dielectric
waveguide characteristics due to the intra-chip wireless channel not being designed
primarily as a wave guiding structure, which supports the transmission of multi hy-
brid electromagnetic modes. This is particularly true in a package chip environment
where exist a large number of metal lines and solder bumps. They will cause mode
conversion and increase transmission loss. Similar to radio propagation via multipaths
in an indoor wireless channel, radio signal transmission through multimodes in the
intra-chip wireless channel exhibits fluctuations while still keep the dominant mode as
analyzed in[[17]. As a result, signal fluctuations over the intra-chip wireless channel
follow a Rician distribution. This treatment of the intra-chip wireless channel as the
Rician fading channel also agrees with the on-chip measurements of the radio signal
transmission from 5 to 26 GHz. The measurements reveal that the signal fade depth
never exceeds 10 dB [13]. In addition, as for the dispersive characteristics of the wire-
less channel, time delay is calculated to be negligible for the data rate range of 2-5
Gbps of interest [17]. As analyzed in [17], through this non-dispersive Rician fading
intra-chip wireless channel the transmitted signal will be only corrupted by the thermal

noise and switching noise.
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3.2 System Performance Evaluation

3.2.1 Methods to evaluate BER

Based on the assumption that the intra-chip wireless channel is a non-dispersive Rician
fading channel, the system SNR and BER performance will be evaluated under the
assumptions of perfect system synchronization and signal corruption from thermal and

switching noise.

The thermal noise power spectral density (P9R)is obtained using the method

presented in[17] as

Tan
Ny = KToF = kTp(=2
Ty

+F) (3.2)

wherek is the Boltzman constanty is the reference temperature (typically taken as
290 K), T, is the antenna temperature (taken as 330K) [17], &nib the receiver

noise figure. As showny, increases wittf;,.

For our system that integrates both the analog radio front end and digital baseband
processing circuits, the switching noise produced by the digital circuits may be sig-
nificant and impact the receiver performance. The switching noise 231as been
analyzed in[[21]. The measured switching noise was also found to be 10 dB lower than
the thermal noise [66]. Based on this measurement result the switching nois€,PSD
can be reasonably assumed to be either 10 or 5 dB lower than the thermal noise as

denoted ag" in the following BER calculation.
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The average bit SNR at the receiver end is then given as follows

Erb

Iy, = 3.3
A (3.3)
whereFE,, is the received average energy per bit, calculated as
1
E,=(1+ E) -Ew-TG -G, - Ly, (3.4)
B
Ey=— 3.5
w= 5 (3.5)

where Ey, is the transmitted energy per bif, is the transmitted powel, is the
interconnect data rat&,G is the transmission gain of on-chip antenn@s.is the gain

of the receiver,L,, is the implementation margin that includes all kinds of marginal
loss. K is the specular-to-random energy ratio of the Ricain distribution of intra-chip
wireless channel, and ¢ 1/K) is the modified parameter for the received energy in

Rician fading channel.

Considering the Rician fading effect, the instantaneous bit $SNRcome a vari-
able following a probability density functiop(z) as shown in[(3]6).[67], which is

determined by and the non-fading bit SNR, of (3.3).

1+ K
-

(1+K)x+KFb[ K(1+ K)x

p(z) exp(— T, )1o(2 ——ﬁj—ﬁ x>0 (3.6)

The BER of our system is then obtained by averagh)g, the BER at a specific value

of x, over the entire range af [68], that is

+o0

P, = ; Py p(z)d (3.7)
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It is well known that the accurate computation of the above infinity integration in

(3.7) is rather difficult. To circumvent this difficulty, we propose to use the following
two formulas to transform the infinite integration to a finite one. The first i (3.8),

which can be easily proved by using [69, eq. (7.4.11)] and making a variable change

1 /=
—/2 e 000 —er fo(v/r)
m -z

(3.8)
and the second i§ (3.9)

+0o0 _ 1 B
/ e “Iy(2y/Pr)dr = —en (3.9)
0 a

which can be found from integration tables[70]. We finally get the BER expressions

that are precise and easily computed numerically as follows, wherég, M is the
number of bits per symbol.

2k—1'M'§:(_1)i(M) S

1+ K+ (1— 1) kT,

(3.10)

1 sinZ%t 1+ K
Py vippsk (K, Ty)

= — . M

ko 2r  k-Ty

K(1—cos ﬁ cos 9)
X p—
/g exp };’—Fb-i—l—cosﬁcosG

do (3.11)
z (1 — cosﬁcos@) % +1— Cosﬁcose)

Pb(K7Fb) =a:

us

1 1+K 3 1 —Krksec?d
2 / exp o
km Fb —

- exX
= rksec? 0 + L{K
b

rksec? 6 + %

(3.12)
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(3.12) is applied to the Gray coded coherent MASK, MPSK, MQAM, GMSK, and
MSK with parameters andr shown in Table 3.1.[71]. It should be noted tHat (3.12)

can be applied to thé&},, with the general form as follows

Pyz = a-erfe(v/r-x) a,r >0 (3.13)
MASK MPSK MQAM GMSK (BT =0.25) MSK

w-y [ 05 M=2 a1
a| 95 { L M £2 T 0.5 05
vl e sin(m/M) i 0.68 0.85

Table 3.1: Parametersandr in eq. [3.12) for Gray coded coherent MASK, MPSK,
MQAM, GMSK, and MSK.

3.2.2 System BER performance

In BER calculation F;. is assumed to be 10 dB or 15 dB at 25 GHz, which is supported

by a recent study of CMOS implementation of a broadband software radio [21]. The
switching noise is assumed to be= 10 dB or7" = 5 dB lower than the thermal noise
according to the measured result|[66],, = —13 dB, including the loss of' G due

to the inference structures between the TA and RA as well as the kinds of mismatch
loss [66]. P, = 0 dBm, K = 10 dB, andG, is 20 dB or 15 dB. Fig| 3]3 shows the

BER performance of different modulation schemes versus the separation distance and
data rate at 25 GHz with the according parameters. As expected, for all modulation
schemes their BER performance degrades with separation distance and data rate. It is
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found that among simulated modulation schemes FSK shows the worst performance

and (2ASK, BPSK, QPSK, 4QAM) shows the same best performance.

107
—e— 2FSK —a— GMSK
1050+ —O0— 4ASK —p— MSK
—v— DQPSK —e— 2ASK,BPSK,QPSK,4QAM
—&— DBPSK
1 0 554
1 0 -6.0 o
&
@ 1077
1 077.0 ~
1 0 754
1 0 -8.0 o
Data rate at 2 Gbps, Gr=20 dB, Fr=10 dB, T=10 dB
1089 T T T T T T T T
2 4 6 8 10 12 14 16 18 20
Separation distance (mm)
(a)
1030

—e— 2FSK —a— GMSK

10°27 | —0— 4ASK  —o— MSK

—v— DQPSK —e— 2ASK,BPSK,QPSK,4QAM
10°4 7 | —— DBPSK

BER

Separation distance at 10 mm, Gr=20 dB, Fr=10 dB, T=10 dB

1070 T T T T T T
2.0 2.5 3.0 3.5 4.0 4.5 5.0

Data rate (Gbps)

(b)

Figure 3.3: BER: (a) versus distance and (b) versus data rate.

In practice, factors of implementation complexity and power efficiency must be

both considered for modulation schemes. i.e., as for the noncoherent 2FSK, with the
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worst BER performance but easy to be implemented, it can be one of the candidates for
intra-chip wireless data communication; as for the coherent BPSK, with the best BER
performance but not feasible to realize the perfect synchronization for demodulation,
especially in a fading intra-chip channel, it may not be a good scheme to be used in
intra-chip wireless communication; as for DBPSK, it may be an attractive technique
because of its simplicity of noncoherent demodulation and relatively better power effi-

ciency.

—e— |Initial SNR (Gr=15 dB,Fr=15 dB,T=5 dB)
|| —0— Increasing SNR by 5 dB

10 —v— Increasing SNR by 10 dB
—a— Increasing SNR by 13 dB

BER

Data rate at 2 Gbps

T T T T T T T T
2 4 6 8 10 12 14 16 18 20

Separation distance (mm)

Figure 3.4: Feasibility study of FSK in terms of BER performance.

Provided that we choose 2FSK for its simplicity in implementation, the feasibility
in terms of BER performance is studied in Hig.|3.4. We choose the initial parameters,
that isP, =0 dBm, L,, = —13 dB, G, = 15 dB, F, = 15 dB,T = 5 dB. Using the
initial parameters, we get BER 1072 at 20 mm distance to achieve 2 Gbps. When

we increase the SNR by 5 dB, the BER decreases to about MYhen we further
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increase the SNR by 13 dB, the BER decreases to abotit The increase of 13 dB

in SNR budget is reasonable to be obtained. This can be achieved by exploiting the
potentials of all parameters, namely, increasing the transmitted pewerceiver gain

G, and transmission gaifiG as well as decreasing the inference structures logs,in

and receiver noise figurg,. Especially,T’G has the potential to be improved by up

to 10 dB using new process as reported. in [38]. Also, the initial transmitted power of
0 dBm can be further increased to a value at which power consumption and generated
extra heat cause no harm to the system realization. Finally, from the above analysis
for 2FSK which has the poorest BER performance among the modulation schemes,
namely, (2ASK, BPSK, QPSK, 4QAM), MSK, GMSK, DBPSK, DQPSK, 4ASK, and
2FSK, it is concluded that a high data rate at 2 Gbps with a low BER° up to a
interconnect distance of 2 cm is achievable for all these modulation schemes under the

reasonable SNR budget.
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Chapter 4

On-Chip Antennas for Intra-Chip
Wireless Interconnects

On-chip antennas for intra-chip wireless interconnects are studied, including on-chip
dipole antennas in section 4.1, on-chip 60-GHz inverted-F and quasi-Yagi antennas
in section 4.2, and on-chip monopoles in section 4.3. A novel intra-chip wireless
interconnect system using on-chip meander monopole antennas and UWB radios that
operate in 22-29 GHz is finally studied in section 4.4.

4.1 On-Chip Dipole Antenna Pair

4.1.1 Transmission theory

Figure 4.1: On-chip dipole antenna pair geometry.

Fig. [4.1 shows the simple geometry of the dipole antenna pair with vertical sep-
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aration distance of. The pair is on the surface of the grounded silicon substrate
with thicknessB and relative permittivity ot,. The on-chip dipoles are of lengih
and widtha. It is assumed that the width is very small as compared to the free-space

wavelength ¢ < \), and therefore the thin-wire approximation can be used.

In the cylindrical coordinates, the components of the field in the al¥ () gen-
erated by a horizontal on-chip dipole on the same substrate as shown jn Fig. 4.1 with

unit electric moment are shown as follows wheg I < 100 GHz [72].

z) (thko _ 1Y) _ 2
wor ] S (B —5%) ¢

EO,O(pv ¢7 Z) = sl COS ¢6

2’/Tk'0 i i , - 1/2 ;
b ke () ()R
(4.1)
“(3) (- %)
Wy . ikor . . .
Buolp:02) = g, S LA (2) (- 3 - i)
—&
VN
i (2) ) e
(4.2)
_ WHos ikor | (P (Pho 1 o (TN ip
B0~ 2o [(2) (B0 1) e (7)o
(4.3)
2 2 z 2 ik 3 31
72+kr3+; ro_ﬁ_kr
Bop(p, ¢, 2) = =75~ singe™™” ’ 2 9 52 o) (4.4)
ik (3) () e F
Ho< ikor | o1 : 2 (T TN\ ip
BO¢<p,¢,2):§COS¢€ T_E_W_kog ; (ko?”) € F(P)
(4.5)
. e(2) (% — 3 31) _g2(2
BOZ(IOJ ¢7 Z) = Ho sin Qbe“f” (72> ( " v kor3) (T) (46)
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where
r= (p2 + z2>1/2 4.7)
e = —ikyB (4.8)
P:k;r (”:Z>2 (4.9)
F(P) = 1;” —/OP @;i;lﬂdt (4.10)

where the integral iF’( P) is the well-known and tabulated Fresnel integral.

Of particular interest are much simpler formulas when the point of observation is

on the surface of the dielectric. With= 0, the formulas are

witoe? o like 1 i  \V2
Eop(p, #,0) = cww%pp"—‘—%e< ) e P F(P)

27k p*  kop? kop
(4.11)
9 ' 5 9 . 2
Eos(p, 6,0) = _g’;‘}; sin g | %5 4 kO;g + ’;)5 (ép) e PE(P)| (4.12)
WitpE koo | tho 1 \"* .p
Eo.(p,9,0) = — Dk cos e’ i kie Top e ""F(P) (4.13)
. 9 9 ” 2z
Boy(p, ,0) = —‘%5 sin geikor [p2 + ko;?’ + Zpog ( k:p) e PE(PY|  (4.14)
| " ] . 2
B0 = e comgtor | B0 g () e
(4.15)
2 .
HoE” . " 1 3t 3
By (p,9,0) = — P — = o5 4.16
0 (r6.0) = <5 gt (1 B 2 (@.16)

whereP = (kope?)/2.

The fields excited by an on-chip dipole along the air dielectric interface can be
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decomposed into the following components: a space wayed@@gendence), a higher
order wave (14> dependence), a surface wavep{17 dependence), and leaky waves
(exp(-\p)/p'/? dependence) [74]. Asincreases the surface waves constitute the dom-
inant contribution because of their cylindrical wave charaptét as opposed to the

spherical behavior of the space wavel[73].

For the dipole pair as shown in Fig. #.1, its current distribution can be expressed as
J(&'y") = [Li(2)o(y ) PL + L(2")o(y' — S)P)d(2' — B)# (4.17)

wherel, (z'), I,(2") are the unknown currents ait, P, are two unit pulse functions
which are zero everywhere except over the lengths of the difdgles,, respectively.
The axial component of the electric field, is given at any point on the substrate

by [73]

L. 921
E, = / I(2) | K211, i z
L1 y/—0 1(90)[ + 922 +

8:1:82] dz’ +
9?11 0*11

L(x") |K*TI * z ! 4.1
/Lz,y’—S 2(7') [k =t 0x? * 8x82] dr (4.18)

where the components of the Hertz vedirandlII, are given by

o0 AdA
— 1 —p(z—B)

II, = le_r)% 2K ; Jo(Ap)e D) (4.19)

00 A2 cos ad \
II, = lim 2K (1 — &, / —ne=B) 4.20
fim 2K —&r) | SilAn)e D.(N D, (V) (4.20)

with

D.(\) = p+ pe coth p.B (4.21)
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Dy (N) = pe, + pe tanh p. B (4.22)

k= @m)/\n= VR = VR B2 p=J(e — )2+ (y — y)2,

andK = —i/(4meqw).

The dipoles are divided int&; and N, subsections respectively to solve fofz’)
and/,(x’). For numerical convergence, sinusoidal functions have been chosen as ex-
pansion and testing functions. In addition, the appropriate principal value integration
of the Sommerfeld-type integrals along the real axis is adogtéd’), I(x’) are then

obtained by the matrix form [V]=[Z][l] as below with/ = N; + Ny — 2.

‘/1 le Z12 e ZlM Il
‘/2 ZQl Z22 e Z2M ]2

_ (4.23)
VM ZMl ZM2 e ZMM [M

where/ is related to the currents on the subsectionsldnd the electromagnetic ex-
citation column. Depending on the feeding point, the corresponding excitation voltage
is set to unity in the excitation column. By using the knowledge of the current distri-
bution over the pair the mutual impedancebetween the two on-chip dipoles is then

easily obtained as presented [n [[73].

With different value of, the dipole pair can be in collinear & 0°/180), broad-
side (@ = 9C°) or echelon configurationsy(= others). The substrate thickne8sand
relative permittivitye, determine the number of the supported surface wave modes.

The TE and TM modes are zeros of the factdrg\) and D, (), respectively. The
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lowest order mode is TM mode with a component of electric field parallel to the direc-

tion of propagation.

For a single propagating TM mode, the pair launches the surface wave with max-
imum efficiency in the collinear configuration while with minimum efficiency in the
broadside configuration. This is because the TM mode has a launching spatial pattern
cosy as shown in[(4.70). Therefore, for the single propagating mode, the mutual cou-
pling in the broadside configuration will be mainly due to direct, high order and leaky
waves excited by the antenna. While the mutual coupling in the collinear configuration
will be mainly due to the TM surface wave excited by the antenna. The mutual cou-
pling in the echelon configuration will be the intermediate state. [Fid. 4.2 (a) and (b)
shows the mutual impedance as a function of separation distamtehe broadside
case, which is commonly used in the intra-chip communication for dipoles. The silicon
substrate has. = 11.9. As shown the rapid fall in mutual impedance for small separa-
tion (S < 0.4)\,) confirms that the coupling is mainly due to the higher order modes,
while for (S > 0.8)\;) the space wave takes over. In the intermediate zone (BG4S
< 0.8\y) the leaky wave modes are dominant. It is also found that the longer antenna
has the larger mutual impedance in the small separation zone by comparing the Fig.

4.2 (a) forL = 0.3\ with (b) for L = 0.35\,.

For two propagating modes, the TE mode surface wave will be excited and domi-
nated in the coupling of the broadside configuration, while in the collinear configura-

tion the dominant coupling will be still due to the TM mode. The mutual coupling in
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the echelon configuration will be the intermediate state. [Fig. 4.2 (c) shows the mutual
impedance in the broadside case. It is found that mutual impedance oscillates with
a period of 0.68, which is very close to the wavelength of the TE mode of the sur-
face waves of 0.678,. TE mode surface wave is dominant in this case. In addition,
the rapid fall in mutual impedance for small separation shows the effect of the higher

order modes.
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Figure 4.2: Mutual impedance between two broadside dipoles: (a) for a single propa-
gating mode withB = 0.03\,, ¢, = 11.9, andL = 0.3\, (b) for a single propagating
mode withB = 0.03\,, ¢, = 11.9, andL = 0.35\,, and (c) for two propagating modes
with B =0.1016), ¢, =11.9, andL = 0.3 )\,.
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4.1.2 Simulation study

quI

T_A E.A Al lpm
2o 1 pm Oxide
d
260 pm Si (10-Q.cm)
2.6 mm Wood
mnEm
() (b)

Figure 4.3: On-chip dipole antenna pair: (a) layout and (b) cross-sectional view.

The simple analytical method is conducive to obtain the dipole transmission mech-
anism. However, it shows limit in analyzing the more complicated structure as shown
in Fig. for an on-chip dipole antenna pair with the separation distanc¢e Diie
axial length of the antenna is 2 mm. The test ground-signal-signal-ground (GSSG)
pads are squares of 80n by 80 um. The width of the line elements is 10n. Fig.

[4.3 (b) shows the cross sectional view of the antenna pair. As shown, an oxide layer of
thickness Jum is grown on the low resistivity silicon substrate (2@m) of thickness
260um to increase isolation and an aluminum layer of thicknegsis used to form

the antennas. The block of wood (2.6 mm thick wiath= 2.15) is used to eliminate

the effect of metal chuck of the probe station in accordance with the measurement set
up condition in[39]. In this case we use the electromagnetic 2.5-D simulator Zeland
IE3D to study the on-chip dipole antenna pair performance. It is based on the method

of moments (MOM) and is quick and accurate to solve the planar dipole antenna pair
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problem. Its features such as open box formulations and the differential MMIC port

de-embedding scheme also make it efficient in simulation.

In the dipole antenna pair simulation, its performance with varied separation dis-
tance should be studied to investigate the interconnect potentials. In addition, one of
challenges for on-chip antennas is the large loss due to low resistivity silicon substrate.
It is the fundamental limitation of silicon operating at higher frequency. It becomes
more serious as the frequency increases to millimeter-wave range. To improve the
on-chip antenna transmission performance various techniques such as micromaching
and proton implantation have been developed [33, 46]. The micromaching process
removes the loss silicon substrate underneath the antenna radiating element, while the
proton implantation increases significantly the resistivity of the silicon substrate un-
derneath the antenna radiating element fronf2dém to 16 2.cm. Recently a BEOL
process is adopted to combat substrate loss at Singapore Institute of Microelectronics
for RF CMOS passives to fabricate the on-chip antennas for 60-GHz radios. The ef-
fect of these processes on the on-chip dipole pair performance should be simulated and
their potentials to improve the antenna pair transmission performance should be inves-
tigated. Furthermore, inside an SOC or a ULSI there are many metal structures such as
bus lines or power lines. Inevitably, they occur in between the transmitting and receiv-
ing antennas and certainly affect the transmission performance. The effects of these
interference structures on the antenna pair performance should be investigated. In what
follows the factors mentioned above with their effects on dipole pair performance will
be simulated and analyzed.
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Figure 4.4: Simulated mutual impedance.
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Figure 4.5: Simulated and measured &d S;.
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Fig.[4.4 shows the simulated mutual impedance. It is found that mutual impedance
oscillates with a period. Its characteristics are very similar to[Fig. 4.2 (c). The surface
wave is expected to be dominant in this case. In addition, the rapid fall in mutual
impedance for small separation shows the effect of the higher order modes. This plot
is conducive to understand the dipole transmission mechanisn]. Fjig. 4.5 compares the
simulated S parameters with the measured ones from [39]. The separation distance of
the dipole antenna pair is 3 mm. It is seen that the measured and simulated results
agree well to some extent. It is noted that iy Simulation the meshing frequency
can greatly influence the simulation results. Therefore the point by point frequency

meshing method is used in IE3D simulation.

Fig. (a) shows the effect of the separation distahoe the dipole antenna pair
performance. It is found that, Sresults are insensitive to the separation distance of the
antenna pair. They remain unchanged witharied from 2 mm to 10 mm. It is also

evident that § results decrease with the distance as expected.

Fig.[4.6 (b) shows the effect of the process on the dipole antenna pair performance.
First, the simplified BEOL process is used to overcome the substrate loss. The oxide
thickness is increased to 20n according to this process in our simulation. Compared
with the original antenna pair performance, the @lue becomes larger and thg S
performance becomes worse. Itis concluded that using BEOL can not always increase
the transmission ability and the design should be optimized to take the advantage of

this process. Second, the proton implantation effect is studied. THe.&riKhigh re-
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Figure 4.6: Simulated;$ and S;: (a) effect of distance, (b) effect of the process, and
(c) effect of the interference structures.

sistivity substrate is used to substitute the original substrate 6f.a@low resistivity.

It is found that the § performance increases quickly in the higher frequency range
as shown in Fig[ 4]6 (b). This agrees well with the measured characteristics in [40].
Third, the micromaching technique is also studied. The substrate thickness is reduced
from the original 26Qum to 100m. It is found that the § performance using micro-
maching shows no advantages. It is concluded that the design should be optimized to

take the advantage of this process.
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Fig. [4.6 (c) shows the effect of the interference structures (Fig. 4.7) on the dipole
antenna pair performance. It is found that the &sults are changed for all four
interference structures. It can be seen that the interference structures a and b can greatly
improve the §;, behaving like transmission lines. While the interference structures c
and d decrease the;Jerformance. This characteristic can be used wisely to improve

the antenna gain performance as suggested in [75].

uapa L unpn Ll
T anEm unln =™
a b c d

Figure 4.7: Interference structures layout with separation distarcg mm.

4.2 0On-Chip 60-GHz Inverted-F and Quasi-Yagi An-
tennas

Antennas for 60 GHz applications should feature the following properties: 1) low
fabrication cost and readily amenable to mass production, 2) light weight and small
size, 3) high efficiency and broad bandwidth, and 4) integratable with other radio front-
end circuitry [22]. Most antennas on silicon substrates are microstrip antennas, planar
inverted-F antennas and Yagi-Uda antenhas [34, 36, 43]. Considering the potential that

the microstrip patch and the planar element may cause micro fracture to the silicon
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substrate, we chose linear inverted-F and quasi-Yagi antennas for our work.

The linear inverted-F antenna consists of a horizontal line, a short-circuited verti-
cal line, and a signal-driven vertical line. It is well known that the inverted-F antenna
originated from the modification of the inverted-L antenna. The modification is very
important because the input impedance of an inverted-F antenna can be arranged to
have an appropriate value to match the source impedance, without using any additional
circuit between the antenna and the source. An inviting property of the inverted-F an-
tenna is a radiation with both vertical and horizontal polarizations. This would be very
useful for WPAN applications. In a WPAN environment, the radio signal has random
fluctuating distributions, compounding of the vertical polarization and the horizontal
polarization can provide a diversity effect and improve the reception. Another advan-
tage of the inverted-F antenna is its small vertical dimension, which enables it to be
favourable for on-chip integration as it can be designed at one of chips’ edges. Tak-
ing these facts into account it can be said that the inverted-F antenna is an especially

attractive antenna for WPAN applications.

The Yagi-Uda antenna has found wide applications in the HF-UHF band. For fre-
guencies up to millimeter-wave range, microstrip-fed quasi-Yagi antennas have been
built on conventional dielectric substrate € 9.8) [76]. The Yagi-Uda is based on the
principles of parasitic elements that are not directly fed by an energy source. These
elements focus the radiation pattern using currents induced in them by radiation from

the driven element. According to their length and spacing from the driven element, the
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parasitic elements become either directors or reflectors. Directors are shorter than the
driven element and result in the radiation pattern being sharply focused in the direction
of the directors. Reflectors are longer than the driven element and result in a radiation
pattern directed away from them. The overall result is an endfire radiation pattern,

which is an attractive property for point-to-point radio communications [43].

4.2.1 Design

The inverted-F and quasi-Yagi antennas were designed using the electromagnetic sim-

ulator Zeland IE3D.

A. Design of on-chip inverted-F antenna

- > 4 um thick Copper (c = 5.7x107 S/m)

e = 20 pm thick S0, (¢, = 3.9)

- 750 um thick Silicon (¢,= 11.9, p=10-Q.cm)

@) (b)

Z—» X

(©

Figure 4.8: On-chip inverted-F antenna: (a) layout, (b) cross sectional view, and (c)
top view photograph.

The layout, cross-sectional view, and top view photograph of the on-chip inverted-
F antenna are illustrated in Fifj. #.8. The test ground-signal-ground (GSG) pads are

squares of 8Qum by 80 um. The width of the line elements is 1dn. Given the
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technology, the design parameters areH, andS. The effective lengthf + H)
controls the frequency of resonance, while the separation distarmas adjust the
antenna impedance to match to the source. To ease our désagnal S' are fixed as

100 um, respectively.

The simulated § of the inverted-F antenna for the paramdterariation is shown
in Fig. [4.9. Itis evident from the figure that whénreaches 2 mm, the return loss
drops to 17 dB indicating good matching to the @&ource at 60 GHz. We know that

for conventional inverted-F antenna the resonance occurs at

(L+ H) =n\/4 (4.24)

where \ is the wavelength and is the mode order. At 60 GHz, the wavelength in
CMOS silicon substrate of low resistivity of Fifj. 4.8 (b) is about 2.2 mm. Thus, it
seems that/{ + H) should be 0.55 mm for the first-order mode to resonate at 60 GHz.
However, our simulation shows in Fi§. 4.9 that the resonance does not occur for the
first-order mode with this length. The resonance occurs near 60 GHz vthenH)

reaches 2.1 mm, which indicates that the fourth-order mode is excited.

The simulated radiation patterns of the inverted-F antenna in the azimuth and el-
evation planes at 60 GHz are shown in Fjg. 4.10, where, and H are taken as
2 mm, 100um, and 100um, respectively. In the azimuth plane: as expected, the
maximum radiation occurs in theé direction for the co-polarization radiation and the

radiation is stronger in the upper hemisphere. The cross-polarization radiation is much
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weaker than the co-polarization radiation, for example, in thdif®ction the cross-
polarization radiation is 32 dB weaker. In the elevation plane: the radiation patterns,
both co- and cross-polarizations can only be obtained for the upper hemisphere be-
cause the electromagnetic model assumes infinite extension of the ground plane. The
co-polarization radiation pattern becomes asymmetric because of the shorted-circuit
line element. The radiation gets stronger in the directions away from the shorted-
circuit line element. The cross-polarization radiation is stronger as compared with that
in the azimuth plane. The cross-polarization radiation is only about 9 dB weaker than

the co-polarization radiation in thé @irection in the elevation plane.

Sy (dB)

S =100 um, H =100 um —— L=2mm
-30 T T T T ! !
40 50 60 70 80 90 100 110

Frequency (GHz)

Figure 4.9: §, of the inverted-F antenna fdr variation.
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Figure 4.10: Radiation patterns of the inverted-F antenna with solid lines for co-
polarization components, short dash lines for cross-polarization components, normal
lines for elevation planei= 0°), and thicker lines for azimuth plané € 85°).

B. Design of quasi-Yagi antenna

Fig. [4.1] shows the layout, cross-sectional view, and top view photograph of the
on-chip quasi-Yagi antenna. It consists of one driver, two directors, and a truncated
ground plane that acts as reflector. The antenna is fed by a microstrip line. It should be
mentioned that the ground-signal-ground (GSG) probes require the testing pads being
squares of 8@m by 80,m with a pitch of 10Qum. As a result, the impedance between
the signal pad and the ground plane witlh@-thick silicon oxide separation is small.

This small impedance of a few ohms avoids the short circuit and a part of the signal

reach the antenna to radiate.

It is known that the quasi-Yagi antenna has significantly more gain and a better-
controlled front-to-back ratio when it employs at least three elements. We chose four

elements for our design [76]. As shown in Fig. 4.11 (a), parameters considered to
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2 um thick Aluminum (o = 3.7x107 S/m)

,,,,,, 2 pm thick SiO, (g, = 3.9)

I S 2 pm thick Aluminum (o = 3.7x107 S/m)

20 pm thick SiO, (¢, = 3.9)

750 pm thick Silicon (¢, = 11.9, p =10-Q.cm)

(a) | (b)
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Figure 4.11: On-chip quasi-Yagi antenna: (a) layout, (b) cross sectional view, and (c)
top view photograph.

optimize the design argl, L2, L3, andL4. Parametel 1 is the distance between the
driver and the first director, which equals the distance between the first director and the
second director to simplify the design. Paraméieis the distance between the driver
and the ground plane, paramef&t is the length of the director, and parameteris

the length of the driver. The optimized parametersiare= 146 yum, L2 = 270 um,

L3 =382um, andL4 = 426 um. It is found that the return loss is insensitive to the
variation of parameters1 and 3. WhenL1 is varied by 3Qum from 116um to 176

pm and L3 by 30 um from 352um to 412um, respectively, the return loss remains

unchanged. Itis also found that the return loss is sensitive to the variation of parameters
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L2 andL4 as shown in Fig. 4.12. They affect both impedance bandwidth and resonant
frequency. The resonant frequency increases when the paraheiecreases from

190 um to 350m by 80um. The resonant frequency decreases when the parameter
L4 increases from 37gm to 476.m by 50um. The final optimized parameters for

the quasi-Yagi antenna yield the axial length of the quasi-Yagi antenna 1.3 mm and a

broad 10-dB return loss bandwidth from 55 to 65 GHz.

The simulated radiation patterns of the quasi-Yagi antenna in the azimuth and ele-
vation planes at 60 GHz are shown in Hig. 4.13. Note that the quasi-Yagi antenna re-
sults in low cross-polarization radiation. They are 18.7 dB lower in the azimuth plane
and 29.7 dB lower in the elevation plane as compared with co-polarization radiation.

The poor front-to-back ratio is due to the lossy substrate configuration.

Sy (dB)

Original parameters

|

] s Decrease L2 by 80 um

‘l ————Increase L2 by 80 um

| ——- Decrease L4 by 50 um \
[

\

|

‘l

-20 |
‘l
y — — Increase L4 by 50 um
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30 40 50 60 70 80 90 100 110

Frequency (GHz)

Figure 4.12: $, of the quasi-Yagi antenna for parameter variation.
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180

Figure 4.13: Radiation patterns of the quasi-Yagi antenna with solid lines for co-
polarization components, short dash lines for cross-polarization components, normal
lines for elevation planei= 0°), and thicker lines for azimuth plané € 85°).

4.2.2 Fabrication

The post BEOL process is illustrated in F[g. 4.14. Note that a standard low resistiv-
ity silicon wafer of diameter 8 inches and thickness 750 is used. First, a Gdn

thick SiO, layer is grown on the wafer to simulate the insulator used for on-chip in-
terconnect in standard CMOS process and over it a A&Hn Aluminum pattern

is deposited, which is equivalent to the Al pad used in standard CMOS ICs. Then,
a 20um thick SiG, layer is grown to enhance the isolation of the RF passives from
the silicon substrate of low resistivity. The 20n thick Si0G; layer and the associated
deep via capability are two important features of this BEOL process. Next fathik

SizN, layer is grown. After this process, we proceed to grow@adthick SiG; layer.

In the 44:m thick SiG, layer the Copper passive pattern is embedded. Deep vias are

formed to connect the Aluminum with the Copper layers. This is followed by growing
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a 3 KA thin Si;N, layer and a 3 i thin SiO, layer for passivation sequentially. The

Aluminum test pads are finally formed for testing.

Pad
Passive layer
Al Cu
Deep via layer
Si0, SizN,
6 um IC interconnect layer

750 pm thick Silicon (g,= 11.9, p =10-Q.cm)

Figure 4.14: The BEOL process

The inverted-F antenna was fabricated with the simplified post BEOL process. This
can be seen from Fig. 4.8 (b) where no Aluminum layer is deposited and no deep
via is formed. The inverted-F antenna is separated from the silicon substrate by a
20-um thick SiG; layer. The quasi-Yagi antenna was fabricated with the modified
post BEOL process. As seen from Fjg. 4.11 (b), the antenna is formed by pwo 2-
Aluminum layers separated by a;2n SiO, layer. The driver, two directors, and its
feeding structure are etched on the top Aluminum layer, while the truncated ground
plane used as the reflector is etched on the bottom Aluminum layer. The ground pads
are connected to the truncated ground plane by vias to eliminate the capacitance effect
between the two Aluminum layers. The whole antenna structure is separated from
the silicon substrate by a 2@n thick SiG, layer. It is obvious that the antennas can

be built on CMOS IC chips using the post BEOL process if they are proved to be

67



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

g

4.2 On-Chip 60-GHz Inverted-F and Quasi-Yagi Antennas

successfully fabricated with the simplified post BEOL process discussed here.

4.2.3 Characterization

The measurements were performed on-wafer with Cascade Microtech coplanar probes
and an HP8510XF network analyzer. The S-parameters were measured for both anten-

nas up to 110 GHz.

Fig. [4.15 (a) shows the measured and simulatgdoSthe inverted-F antenna.
It is evident from the figure that the measured result agrees well with the simulated
one. It is more important to note from the measurement result that a sharp dip exists
at 61 GHz, which indicates excellent antenna quality and good matching to the 50-
(2 source. Using a threshold ef10 dB, the measured bandwidth for the inverted-F
antenna covers from 55 to 67.5 GHz. Hig. 4.15 (b) shows the measured and simulated
S;; of the quasi-Yagi antenna. Note that a resonance null occurs at 65 GHz. Using a
threshold of-6 dB, the measured bandwidth covers from 61 to 70 GHz. The measured
resonant frequency agrees with the simulated one. However, the matching is not good
to achieve the lower return loss at the resonant frequency. It might be the reason of
fabrication tolerance that makes the fabricated antenna not as fine as the designed. Fig.
[4.15 (b) also shows the tolerance influence of the thickhe$she silicon oxide layer
between the top antenna structure and the truncated ground plane on the return loss.
This can give one important possible reason why the measured return loss is so low at

the resonant frequency.
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Figure 4.15: Measured and simulated 8f (a) the inverted-F antenna and (b) the
guasi-Yagi antenna.
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The gains of both inverted-F and quasi-Yagi antennas were measured with the tech-
nigue presented in [77]. The technique requires two identical antennas placed face-to-
face and separated by a distadcd he distance measures the separation between the
reference planes used for far-filed measurements. One antenna functions as a transmit
antenna, the other as a receive antenna. From transmission measurements the antenna
gain can be estimated by

rd)’?
G2 = | Sy |2 H] (4.25)
The technique does not permit one to determine the radiation pattern. However, the
goal of this work was to validate the design method and to optimize the process in
order to integrate a complete 60-GHz radio front-end. The antenna gain is extracted
from the measurements with= 20 mm. In our measurement a gain-e19 dBi is

obtained at 61 GHz for the inverted-F antenna; while a gair ti2.5 dBi at 65 GHz

for the quasi-Yagi antenna.

4.2.4 High transmission gain inverted-F antenna pair on low resis-
tivity Si

60-GHz on-chip antenna pair can be used for the intra-chip wireless communication.

The wireless interconnects rely on transmission gains of on-chip antenna pair as de-

fined in (3.1). In what follows we demonstrate the high transmission gain performance

of the on-chip inverted-F antenna pair .

The layout and top view photograph of the on-chip inverted-F antenna are illus-

trated in Fig.[ 4.B. To characterize the antenna pair transmission performance, a test
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vehicle is layout as shown in Fid. 4]16, including transmit antenna 00 and receive

antennas 01, 02 and 03.

@ Transmit antenna position

Receive antenna position

Die

Figure 4.16: Top view of the tested die.
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-35 T T T T T T T T T
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Figure 4.17: $ versus frequency for the on-chip inverted-F antenna pair.

Fig.[4.17 shows the measured &esults of receive antennas 01, 02, and 03 of Fig.
[4.16 located at the three different dies, respectively. It is evident that theiesults

are insensitive to their location on the wafer. They show the same characteristics as
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the Fig.[4.15 (a). A sharp resonance dip occurs at 61 GHz which comes from the one-
wavelength resonance as already explained. Using the threshelti®o@iB, a broad
12.5-GHz bandwidth can be achieved at 61 GHz. In addition, 4.17 compares
the measured and simulateg, $esults of the transmit antenna 00 of Fjg. 4.16. The
simulation was run using a full-wave solver IE3D. It is seen that the measured and
simulated locations of the resonance dips agree well. However, the measured and

simulated $, values do not agree well. It might be the reason of fabrication tolerance.

The transmission gaiff'G' defined in eq. [(3]1) is calculated from the measured
S-parameters. It is valid only for the case thet| << 1. Itis seen from Fig[ 4.17
that the measured, Sresults are lower thar 10 dB in the frequency range of 56-67
GHz. Fig.[4.18 shows the calculated transmission gain results in this frequency range
between the transmit antenna 00 and receive antennas 01, 02, and 03 pf Fjg. 4.16.
A transmission gain 0f-46.3 dB at 61 GHz is achieved from the pair of inverted-
F antennas at the separation of 10 mm on the standafeldi-silicon substrate of
thickness 75Q:m. It should be mentioned that a transmission gain-66 dB was
measured for a pair of 2-mm long and A6t wide dipoles at a separation of 10 mm
on the standard 10-cm silicon substrate of thickness 50fh at 18 GHz[[13]. This
is very near to the-56.3 dB gain at 18 GHz obtained for the same size dipoles at the
same separation on the standard{10m silicon substrate of thickness 26t [38].
It is interesting to note from Fig[ 4.118 that the transmission gain decreases slowly
with the separation distance between the transmit and receive antennas in the far-field
region at 61 GHz. An approximate decreasing rate of 0.16 dB per mm reveals that the
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propagation of guided waves plays a dominant role. [Fig.]4.18 also shows the measured
phase delay between receive antennas 01 and 02 with respect to the transmit antenna.
It is observed that the phase delay changes with frequency rapidly, which indicates
that the signal in this frequency range suffers from the multipath fading due to the

propagation of multiple guided modes or paths.

35 .
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Frequency (GHz)

Figure 4.18: Transmission gain and phase delay versus frequency for the on-chip
inverted-F antenna pair.

4.3 On-Chip Monopole Antennas

4.3.1 Layout and fabrication

Fig. [4.19 shows the on-chip monopole structures. They are zigZagréander, T-
linear, T-meander, T-zigzag up, T-zigzag down, T-zigzagy 8ad T-zigzag 120 The
axial length of the antenna is 1 mm. The test ground-signal-ground (GSG) pads are
squares of 8Qum by 80um. The width of the line elements is X0n. The T-linear

monopole is easily designed due to its simple structure. Other monopoles are similar
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meander T-meander T-zigzag down T-zigzag 120°
TH B ENE AYE YN BpE Ay BgE
£
1 mm
Y A
zigzag 30° T-linear T-zigzag up T-zgzag 30°

Figure 4.19: On-chip monopole antennas.

in that resonance is obtained in a compact space by compressing the wire in different
ways. With the wire folded back and forth the antenna resonance is found in a much

more compact structure than can otherwise be obtained.

The antennas were layout in a test vehicle and fabricated using the NTuh.2-
CMOS process on silicon wafers of high resistivity 52 Km and low resistivity 10
(2.cm, respectively. Fig| 4.20 (a) shows the test vehicle cross sectional view. As
seen an oxide layer of thickness:th was grown on the silicon substrate of thickness
633 um to increase isolation and an aluminum layer of thickneggn2was used to
form the antennas. The test vehicle contains the transmit and receive antenna pairs,
each the mirror image of the other, with the separation distanearied from 2.5
to 40 mm as shown in Fig] 4.0 (a). The test vehicle also contained interference
structures. These structures were designed to estimate interference effects of metal
lines between the transmitting and receiving monopoles on their performance. The

interference structures as shown in Fjg. 4.20 (b) include metal lines parallel to the

74



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

4.3 On-Chip Monopole Antennas

monopoles and metal lines perpendicular to the monopoles.

: T |
TA RA J, a

2 pm Oxide '1'
| b
633 pm Si (5-KQ.cm/10-Q.cm) ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ J. c
HHITTRTITTTTTHRIIL

(a) (b)
Figure 4.20: Test vehicle: (a) cross sectional view and (b) interference metal line

structures.

4.3.2 Characterization

The on-chip monopoles were measured on wafer using a MicroTech probe station and
an HP8510XF network analyzer to get the S-parameters in the frequency range of 10-
110 GHz at the NTU wireless technology center. The reflection measurements were to
obtain §; and S,, while the transmission measurements were to obtagira®d S;.

The transmission gaifiG is calculated from the S-parameters as defined in (3.1) [17].

The meander and zigzag 3thonopole pair performance are first evaluated. The
results of reflection measurements are displayed in 4.21. Itis evident from the
figure that their & results are insensitive to the separation distance. Compared with
the 5-K2.cm silicon substrate, the 1Q-cm silicon substrate has larger loss over the
whole frequency range and there is no sharp resonance dip observed. In contrast, a
sharp resonance can be seen at 75 GHz for the meander monopole and two at 67 and
104 GHz for the zigzag 30monopole on the 5-R.cm silicon substrate. Using the
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threshold of—20 dB, a broad 5-GHz bandwidth can be achieved at all these resonant

frequencies.
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Figure 4.21: The measured;S(a) the meander pair and (b) the zigzag péir.
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The results of transmission measurements are exhibited iy Fig. 4.22. It should be
noted that the transmission measurement results around 110 GHz show large swings
due to the test system problem around this frequency. Firstly, it is seen from the figure
that the pattern of the transmission gain is quite similar for both meander and zigzag
30° monopole pairs. This is because the transmission gain reflects the propagation
characteristics of the on-chip channel. Once the signal is excited by a monopole, the
transmission of the signal is mainly controlled by the propagation characteristics of
the on-chip channel. Secondly, there exists a high gain window. For th@.86aK
silicon substrate, the high gain window locates between 13 to 65 GHz. It first increases
rapidly from 13 GHz, then maintains high with small fluctuations up to 60 GHz, and
finally decreases slowly from 65 GHz. For the @0em silicon substrate, the high gain
window becomes narrow and separation-dependent. Taking the separation of 5 mm as
an example, the high gain window starts at 13 GHz and ends at 33 GHz. Finally, it
is more interesting to note that the transmission gain increases slowly with frequency

and becomes insensitive to separation after 45 GHz for the.& silicon substrate.

The distinction between the high gain window area and after the high gain window
area can be clearly identified in the measured phase;offy. [4.23 shows the mea-
sured phase of 3 for the meander monopole pair with a separation of 5 mm. Note
that within the window area the phase exhibits linear or nearly linear characteristic
with frequency, which illustrates that the signal transmission between the monopoles
occurs through the propagation of a dominant mode or path. The signal in this fre-
guency range can be expected to be received easily. While in the after-window area
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the phase changes with frequency rapidly, the signal in this frequency range suffers
from the multipath fading due to the propagation of multiple modes or paths. This
multipath fading effect occurs more easily for lower resistivity silicon substrate and

larger distance. This explains why the window width decreases with distance.

The finding of the high gain window is important and useful. It suggests that the
operating frequency of wireless interconnects be allocated within the high gain win-
dow for good performance. For instance, the frequency of 18 GHz is a proper band for
wireless interconnects on standard2@m silicon substrates. At 18 GHz, a transmis-
sion gain of—56 dB was measured for a pair of 2-mm long andid@-wide dipoles
at a separation of 10 mm on the standard10m silicon substrate of thickness 500
wm [38].This is very near to the-56.3 dB gain at 18 GHz obtained for the same size
dipoles at the same separation on the standar@.&6r silicon substrate of thickness
260 um [33]. As can be seen from Fig. 4]22, a transmission gain%4 dB at 18
GHz are achieved from either the pair of meander or zigzagr8thopoles at the sep-
aration of 10 mm on the standard @em silicon substrate of thickness 6381. We
enhanced the gain by 2 dB with a 50% reduction in antenna axial length. The reduction

of antenna length directly helps to save the die area.
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Figure 4.22: The measured transmission gain: (a) the meander pair and (b) the zigzag
30° pair.
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Figure 4.23: The measured phase of & the meander pair at =5 mm on (a) 10-
2.cm and (b) 5-K2.cm silicon substrate.
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Inside an SoC or an ULSI, there are many metal structures such as bus lines or
power lines. Inevitably, they occur in between the transmitting and receiving antennas
and certainly affect the performance of the antenna pair. To study their effects, we
measured the transmission gain over a distance of 5 mm between a pair of T-linear
monopoles with and without metal lines as shown in [Fig. }4.20 (b). 4.24 shows
the measurement results. It is observed from the figure that the existence of metal lines
improves the highest gain of the window area. This is because the periodic layout
of the metal lines enhances the band pass characteristic of the on-chip channel. This

characteristic can be used wisely to improve antenna gain performance.

TG (dB)

No metal lines

-45 Metal line structure a
777777 Metal line structure b
—--—-— - Metal line structure ¢
_—— Metal line structure d

-50 A

-55 T T T T T T T T T
10 20 30 40 50 60 70 80 90 100 110

Frequency (GHz)

Figure 4.24: The measured effects of metal lines on the transmission gain QrciK
silicon substrate.

Finally, the measurement results of the other monopoles are compared[in Fjg. 4.25.
It is seen that no sharp resonance dips20 dB) can be observed for the monopoles
on the 5-K2.cm silicon substrate. Nevertheless, we still can find that the longer the
unfolded length of the monopole is, the lower the resonant frequencies are.
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Figure 4.25: The measured results of the other monopole paitsséd mm on 5-
K€.cm silicon substrate, (a),Sand (b) transmission gain.
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4.4 Intra-Chip Wireless Interconnect Using On-Chip
Antennas and UWB Radios

4.4.1 System description

Solder bump Package Top Metal lines
TA >> Intra-chip wireless channel mRA
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Figure 4.26: Intra-chip wireless interconnect system architecture.

Fig.[4.26 shows the proposed intra-chip wireless interconnect system located inside
an IC package to fulfill the interconnect function between digital 1/O A and B. The
system uses on-chip antennas on the same substrate, including transmit antenna (TA)
and receive antenna (RA). It is interesting to note that a unique intra-chip wireless
channel is formed between the TA and RA. A transfer funcfityif) is defined in the
frequency domain for the intra-chip wireless channel as the ratig,6f), the signal
applied to the TA, tac,,.(t), the signal received by the RA. In our stud( f) will be
characterized by the experimental method. The system uses UWB radios that operate
in 22-29 GHz. Its structure and transmitted signal have been described in section 2.1.

Here, the PPM signat;,(t) applied to the TA is the same as efj. [2.2). Given(t)

83



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

4.4 Intra-Chip Wireless Interconnect Using On-Chip Antennas and UWB Radios

and the experimentally characteriz&d f) the channel output signal,.;(¢) is easily

obtained using the Fourier inverse transform.

Figure 4.27: On-chip meander antenna top view photograph.

The 1-mm long on-chip meander monopole antenna is used for TA and RA. Its top
view photograph is shown in Fig. 4]27 and its cross sectional view is shown in Fig.
[4.20 (a). Its fabrication and characterization have already been presented in section 4.3.
Fig.[4.28 shows the simulated and measurgd&ults in 15-50 GHz for the fabricated
on-chip meander antenna. It is seen that the measured and simulated locations of the
resonance dips agree well for both high and low resistivity cases. They are at 23
GHz and 18 GHz for the 5-8.cm Si and 102.cm Si substrates, respectively. The
feature size of our meander antenna is about 2.5 mm. Based on the exact simulations
from the IE3D, it is found that the guided wavelengths at 23 GHz in théXck Si
substrate and at 18 GHz in the em Si substrate of Fid. 4.P0 (a) are both about
5 mm. This indicates that the origin of these resonant frequencies comes from the
half-wavelength resonance. In addition, it is evident from Fig. |4.28 that the substrate
is lossy and the monopole antenna can not operate well in 22-29 GHz if evaluated
using 10-dB return loss bandwidth threshold. However, the 6-dB return loss bandwidth

threshold is still acceptable in the industrial standard. As shown, for th@.8rK and
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10).cm Si substrates the measurgg &sults are both lower than6 dB from 22 to
29 GHz, indicating an acceptable matching to &bfsurce. In addition, the simulated
radiation efficiency is 7 % for the 5R.cm case and 1.1 % for the XD.€m case. The

low efficiencies are caused by the lossy silicon substrate.
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-20 A
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Simulated 5-KQ.cm Si
— — Measured 10-Q.cm Si
Simulated 10-Q.cm Si

25 -

'30 T T T T T T
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Frequency (GHz)

Figure 4.28: $, of the on-chip meander antenna.

4.4.2 System performance evaluation

A. Characterization of intra-chip wireless channel

A test vehicle with the cross section view of Hig. 4.20 (a) was fabricated and mea-
sured to characterize the intra-chip wireless channel. The transmit and receive antenna
pairs, each the mirror image of the other, were layout in the test vehicle with the sep-
aration distance varied from 2.5 to 40 mm. The measurements were conducted to

characterize the intra-chip wireless channel by its transfer fundfiof). Fig.
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shows the measured transfer functiflii /) at the interconnect distances of 2.5 and

40 mm on the 5-K.cm and 102.cm Si substrates. It is seen that both amplitude and
phase of the transfer functidfi( f) fluctuate with frequency indicating that the intra-
chip wireless channel is a frequency-selective channel. The frequency-selective char-
acteristics originate from the transmission of multi hybrid electromagnetic modes sup-
ported by the intra-chip wireless channel. The intra-chip wireless channel is actually
an imperfect dielectric waveguide. The imperfectness of the dielectric waveguide is the

result of the intra-chip wireless channel not being designed primarily as a wave guid-
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ing structure. Since electric monopole antennas are used, the horizontally-polarized
hybrid electromagnetic moddEM;; dominates in the transmission, as a result, the
fluctuations should follow a Rician distribution [17]. Fjg. 4.29 also shows that the am-
plitudes ofH (f) are higher for the 5-R.cm Si substrate than those for the @@&m Si
substrate at the same interconnect distance. This reveals that the loss of the intra-chip
wireless channel depends on the chip substrate resistivity. The higher the resistivity is,

the lower the loss is.

Fig. [4.30 shows the channel logs with the varying interconnect distance on

the 5-KQ2.cm and 10R.cm Si substrates. The channel loss that equals to the energy
difference between the received signal and the transmitted signal is computed from
the measured channel transfer function. It is evident from the figure that the longer
interconnect distance is, the larger the channel loss is. It is noted that the existence
of metal lines and solder bumps may increase or decrease the channel loss depending
on their layout as shown in Fig. 4]24. However, their existence will not change the
channel frequency-selective nature and the intra-chip wireless channel in the realistic
packaged chip environment still can be treated as a Rician fading channel for system

performance analysis.

Having measured the channel transfer functid(f), we can use it to calculate
the signal received by the RA,,;(t) with respect to the signal applied to the TA
2 (t). Fig. shows an example of the transmitted datd#) with an normalized

amplitude, 7’y = 0.3 ns,R,, = 1/Ty = 3.33 Gbps and,,.= 0.02 ns, and:,,,;(¢) received
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Figure 4.30: Channel loss versus interconnect distance.

by the RA located at/ = 2.5 mm on the 5-K.cm Si substrate. It is seen that the
received signal suffers loss and delay. From the channel characteristic, we know that
the loss of the received signal increases with distance and decreases with substrate
resistivity. The delay also increases with distance. We confirm this in our simulation.

For brevity, we only show one example here.
B. System BER performance

The performance of the intra-chip wireless interconnect system is evaluated using
the method presented in section 3.2.1 in terms of BER under the assumptions of perfect
system synchronization and signal corruption from the thermal and switching noises.
In the ', calculation, the receiver noise figufé is reasonably assumed to be 15 dB.
The switching noise is assumed to’Be= 10 dB or7" = 5 dB lower than the thermal

noise according to the measured result [66]. The other parameters used in the evalua-
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Figure 4.31: Transmitted data;,(t), andx,,(t) with normalized amplitude at =
2.5 mm andR;, = 3.33 Ghps.

tion are all reasonable values with. = 15 or 20 dB,L,,, = —4 dB, K = 10 dB andP;

=0dBm.

Fig. shows the BER versus distamac®r the 5-K).cm and 102.cm Si sub-
strates af?, = 1.5 Gbps. Fig. 4.33 shows the BER versus datafatfer the 5-K2.cm
and 10f)2.cm Si substrates at 40 mm distance. As expected, the BER performance
degrades with interconnect distance and data rate. In addition, the system on the 5-
KS.cm Si substrate achieves a better BER than that on the.d- Si substrate. It
is also shown that the system on the2@m substrate can support a data rate of 1.5
Gbps with a BER< 10~° up to an interconnect distance of 10 mm with the average
transmitted power of 0 dBm; while the system on the G:-&m substrate can support
a data rate of 3.5 Gbps with a BER10-¢ up to an interconnect distance of 40 mm

with the same transmitted power.
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Figure 4.33: BER versuB, atd = 40 mm on (a) 132.cm Si and (b) 5-K.cm Si.
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Chapter 5

On-Package Antennas for Inter-Chip
Wireless Interconnects

LTCC-based on-package antennas for inter-chip wireless interconnects are studied,
including a discrete beveled monopole ultrawide-band (UWB) antenna in section 5.1,
a UWB integrated circuit package antenna (ICPA) in section 5.2, and 60-GHz ICPAs in
section 5.3. A novel inter-chip wireless interconnect system using on-package beveled
monopole antennas and UWB radios that operate in 3.1-10.6 GHz is finally studied in
section 5.4.

5.1 LTCC-Based Beveled Monopole UWB Antenna

Fig. [5.1 shows the layout and photograph of the beveled monopole antenna in LTCC
for UWB applications. Its structure with a slot has good mechanical property, which
can successfully combat the warpage or fracture in LTCC fabrication caused by differ-
ent stress property of the metallization layer and LTCC substrate layer. The finalized
footprint of the beveled antenna only has small dimensions<df®mn¥. The final
fabricated dimensions arél =3 mm,L2 =15 mMm,L3 =8 mm,L4 =2 mm,L5=2

mm, X1=6.7mmX2=5mMmm,X3=2mm,S1=0.3mm,S2=1 mm.
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Figure 5.1: Beveled monopole antenna in LTCC for UWB applications.

A. Impedance bandwidth and radiation patterns

The antenna was fed by a PSF-S01 SMA connector in our measurement. The
asymmetry of the structure was enhanced by the feeding SMA connector, which would
make the cross-polar radiation more significant. The S-parameter was measured with
the N5230A network analyzer. Fif. 5.2 shows the measuredeSult. As shown the
impedance bandwidth is 8.25 GHz from 2.85 to 11.1 GHz. In addition[Fig. 5.3 shows
the measured radiation patterns in both H (XZ) and E (YZ) planes at 3.5 GHz, 6.85
GHz and 10 GHz, respectively. As shown, the beveled UWB antenna has high cross-
polar radiation. This is confirmed by observing the electrical current distribution across
the surface of the antenna. As analyzed in [57], the X-directed current component on

the radiating element does not cancel owing to its asymmetry of the structure. This
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Figure 5.2: Measured,;Sof the beveled UWB antenna.

leads to the high cross-polar radiation.
B. Transfer functions and gain

The measurement of the transfer functions was conducted in an anechoic cham-
ber. During the measurement the transmitting antenna was fixed while the AUT (the
beveled monopole UWB antenna) or the standard antenna was mounted as the receiv-
ing antenna. The transmitting and receiving antenna pair was placed in a face-to-face
co-plane orientation with a separation distance of 1.6 m. In our measurement the WJ-
48430 dual-polarized quad-ridged horn antenna was chosen to be both the transmit-
ting and standard receiving antenna. This antenna has proved to be well matched to
the measurement system from 3 to 18 GHz. The transfer functigns,r(f) and
So1.s7p(f) were then measured by the N5230A network analyzer. It should be men-

tioned that the system was calibrated to the antenna terminals in advance.
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Figure 5.3: Measured radiation patterns of the beveled UWB antenna with solid lines

for co-polarization components and short dash lines for cross-polarization components:
(a) H plane at 3.5 GHz, (b) E plane at 3.5 GHz, (c) H plane at 6.85 GHz, (d) E plane at

6.85 GHz, (e) H plane at 10 GHz, and (f) E plane at 10 GHz.
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Figure 5.4: Measured transfer function of the beveled UWB antenna.

Fig. shows the measured, Q7 (f) magnitude and group delay. As seen the
magnitude of the transfer function is relatively flat and the group delay is relatively
constant over the whole UWB frequency range. The normalized antenna transfer func-

tion of the AUT is further defined as follows to calibrate the range related effects [48].

So1.avr(f)

Hyavr(F) =5 )

Hy.srp(f) (5.1)

whereH y srp(f) is the normalized antenna transfer function of the standard antenna.

It can be readily achieved by referring to the gain data sheet and estimating group
delay of the standard horn antenna as illustrated in [48].. 5.5 shovwhther(f)
magnitude and group delay. Itis observed that the magnitude of the normalized transfer
functions is rather flat and the group delay is nearly constant over the frequency band
of interest. As a consequence, the beveled monopole UWB antenna has proved to be
very suitable for UWB radios.
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It should be emphasized that the magnitude in decibels of the normalized transfer
function is exactly the antenna absolute gain| [48]. As seen fronj Fip. 5.5 that the gain

varies from - 5.6 to 2.3 dBi over the whole UWB frequency range of 3.1-10.6 GHz.
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Figure 5.5: Normalized measured transfer function of the beveled UWB antenna.

C. Time-domain characteristics

Two kinds of incident pulse are selected in this study. One is the fourth derivative

of a Gaussian function pulse expressed as follows Wjtk 175 ps,

2 2
si(t) = (3 6 @g) £ (;g) t4) ce2(7) (5.2)

The other is the modulated pulse expressed as follows with carrier frequercy
GHz anda = 300 ps,

si(t) = sin(27rfct)e_<§)2 (5.3)

96



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

5.1 LTCC-Based Beveled Monopole UWB Antenna

The waveforms of these two kinds of incident pulse are illustrated irf Fig. 5.6. As seen
in Fig. [5.7 their power spectrum density (PSD) comply with the required FCC indoor

emission mask.

The output waveform at the receiving antenna terminal can be expressed by an

inverse Fourier transform as follows,

se(t) = F~ {Si(f) -Hyavr(f) - 11 (f)} (5.4)

where]] (f) represents an ideal bandpass filter from 2 to 12 GHz. 5.6 also
illustrates the received pulses by the beveled UWB antenna. A well-defined parameter
named Fidelity is proposed in ef. (b.5) to evaluate the capability of pulse distortion of

the antennas [48].

[0, si(t)s, (t+ 7)dt } (5.5)

Fidelity = max —
T sE )t [, s2(t)dt

It quantitatively describes how similar the received pulse to the incident pulse. It
reaches the maximum unity as the two pulses are exactly the same in shape. As shown
in Fig. [5.6 with values of Fidelity better than 0.97 the well-behaved received pulses
are demonstrated and the late time ringing is almost negligible. This validates that the
beveled monopole UWB antenna does not distort the incident pulse significantly. It

also proves its applicability in UWB radios.
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Figure 5.6: Waveforms of the incident pulses and received pulses.
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Figure 5.7: The normalized PSD of the incident pulses.

5.2 LTCC-Based UWB ICPA

This section focuses on the UWB antenna integration issue in simulation. No ex-

perimentally tests are conducted.

In the previous studies UWB antennas are dis-

crete and excited from an external added port but not from the internal transceiver

chip [48,149, 50| 51, 52, 53, 56, 57]. The chip-package co-EM simulation method

should be further used to examine the UWB antenna integration performance. Further-
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more, the design difficulty of the UWB ICPA still remains in achieving the ultra-wide
band impedance matching. Bandwidth enhancement techniques should be adopted
in the design of UWB ICPA, such as techniques of using double or trident feed-
ing [78,[79], using multiresonant radiation structures [80], and etc. In what follows

a UWB ICPA in LTCC technology is designed to cover the upper multiband UWB
frequency range of 5.5-10.6 GHz. The miniaturized antenna is designed to be inte-
grated to an LTCC package format with a dummy UWB transceiver chip and feeding
network loaded. The chip-package co-EM simulation method is used in our study to

characterize its performance.

5.2.1 Geometry

Fig. shows the configurations of the UWB ICPA in ax2®x1.2 mn?¥ LTCC
package. The package ceramic material is DuPont 951 with a relative permittivity and
loss tangent of 7.8 and 0.0015, respectively. The ICPA is formed by therlthick

silver metallization. As shown in Fig). 5.8 (a) of its 3-D top view three ceramic layers
are observed to form the package. The top layer is a 0.4-mm thick radiator layer with
an antenna on the surface and a truncated ground plane on the back. The middle layer
is 0.4 mm thick with a small cavity of 2:62.5x0.4 mn¥. The bottom layer is 0.4

mm thick with a large cavity of 4:44.1x0.4 mn¥. Both of them form a package
cavity to load a chip. Considering the overwhelming dominance of CMOS integrated
circuits and their great potentials to realize the integration of the single-chip UWB

CMOS wireless transceiver a silicon chip with the dimensions02:20.4 mn? is
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To chip circuit

(b)

Figure 5.8: UWB ICPA: (a) 3-D top view and (b) 3-D bottom view and feeding network
structure zoom in view.
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loaded into the cavity in our study as clearly shown in Fig] 5.8 (b) of the 3-D bottom
view. It should be noted that the UWB CMOS chip is adhered to the cavity base of
the common ground plane. This configuration will contribute to the shielding of the

CMOS chip from the UWB ICPA.

The zoom in view in Fig.[ 5|8 (b) shows the detailed antenna feeding network
structure. The transmitted signal from the UWB transceiver chip will be firstly fed to
the bond wires and CPW1, then feed to the CPW2 by a via through a ground plane
aperture, and finally feed to the antenna to radiate the EM energy to the external en-
vironment. While for the received signal it is a reverse process. The CPWs and via
are made of silver, while the bond wires are assumed to be made of gold to minimize

signal transmission loss.

5.2.2 Design and characterization

The design of the UWB ICPA as shown in Fig. |5.8 has many trade off parameters to be
considered as the normal antenna design, such as return loss, radiation pattern, gain, ra-
diation efficiency etc. However, the big difficulty lies in the ultra wide band impedance
matching. It has to be designed to cover the UWB bandwidth of 5.5-10.6 GHz. In this
study, an integrated UWB antenna is first designed and some techniques are used to
optimize its shape to achieve good integration impedance matching. Then the feeding
network for integration is designed to achieve good matching @ B05.5-10.6 GHz.

After that, the feeding network and antenna are combined to characterize the ICPA
performance to ensure other parameters meet the requirement.
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A. Antenna design and optimization

In the UWB integrated antenna design, with reference to the structure df Fjg. 5.8
the antenna is feed directly by a lumped port from ground plane with the whole feeding
network deleted in simulation. The objective is to characterize the performance of
the UWB antenna without feeding network. The initial antenna shape is shown in
Fig. as type with a small footprint of 6.1811.35 mni. As shown in Fig| 5)9
this antenna has UWB performance with 8.5-dB return loss bandwidth in the range
of 5.45-11.85 GHz. However, the matching around 7 GHz is not good enough. By
observing the antenna current distribution, a slot of 80%x0.01 mnt? has been
added in the location with high current distribution as typshown in Fig.[5.p to
further achieve the good matching around 7 GHz. As seen fronf Fig. 5.9 this technique
successfully makes the 10-dB return loss bandwidth in the range of 5.25-12.8 GHz.
Another consideration in LTCC technology is the good mechanical property. For this
purpose a slot of 22x0.01 mni has been added based on the design of thellype
This slot is chosen to be located at the place of low current distribution. This technique
will make the designed antenna as typachieve the expected mechanical property
while having no influence on its electrical property. This is confirmed by theeSult
in Fig. [5.9. It can be seen that the 10-dB return loss bandwidth still remains in the

range of 5.3-12.6 GHz.
B. Feeding network design

As shown in the zoom in view of the Fid. $.8 (b) the whole feeding network
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Figure 5.9: Impedance matching optimization of the integrated UWB antennas.

includes bond wires, CPW1, via, and CPW2. It is noted that the ground traces of the
CPWs are shorted to the common ground plane. In our design the CPW1, bond wire-
CPW1, CPW2, CPW1-via-CPW?2 will be designed respectively. With reference to the
complete structure of FiJ. 5.8 only the antenna and the unrelated feeding network parts
are deleted in simulation for the respective part. This partial optimization skill will
make it easy to find the design difficulties and save the simulation time. In addition, to
ease the design only the return loss is considered, the CPW ground trace has the same
width with the signal trace, the gap between the signal trace to the ground trace is fixed

at 0.15 mm, and the radius of the shorted via is fixed at 0.05 mm.

Fig. [5.10 shows the simulated;Sof every part. Although 50 CPW in normal
configurations can be easily designed using some free softwares, such as APPCAD, the
HFSS simulation can be used to further characterize its performance inside a custom

package. For this purpose, the CPW1 and CPW2 are designed i Fig. 5.10 (a) and
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Figure 5.10: $ of the feeding network: (a) CPW1, (b) CPW2, (c) Bond wire-CPW1,
(d) CPW1-via-CPW2, and (e) optimized results.
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(b) respectively. For the CPWL1 design its trace length is fixed at 1.8 mm to remain
the structure consistency while its width is varied to optimize the CPW return loss
performance. Itis seen from Fig. 5|10 (a) that the bestS—20 dB for the frequency
range of 5.5-10.6 GHz is obtained@f = 0.17 mm. For the CPW2 design its trace
length is fixed at 2.3 mm while its trace widthy is varied to optimize the CPW return
loss performance. It is seen from Fig. 5.10 (b) that the beskS—20 dB for the
frequency range of 5.5-10.6 GHz is obtainedugat= 0.35 mm. The bond wire is
designed using the bond wire and optimized CPW1 combined structure. The designed
parameters ar&bw, Dbw and Sbw whereXbw is the bond wire lengthDbw is the

bond wire diameter, an8bwis the gap between the neighboring bond wire feed via
centers. It is seen from Fig. 5]10 (c) that the best& —15 dB for the frequency
range of 5.5-10.6 GHz is obtained$lbw= 0.15 mm,Dbw = 0.04 mm and&Xbw= 0.9

mm. The via between CPW1 and CPW?2 is designed using optimized CPW1, via and
optimized CPW2 combined structure. The aperture ra@ais varied to optimize the
return loss performance. It is seen form Hig. 5.10 (d) that the bhest S-15 dB is
obtained aRa= 0.75 mm. The whole feeding network performance is then obtained
by simulating the optimized parts combined structure. It is seen form[Fig] 5.10 (e)
that §; < —11 dB is obtained. This shows that the feeding network can achieve good

matching to 502 source.
C. Characterization of UWB ICPA

After the antenna optimization and feeding network design, the characteristics of
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the UWB ICPA feeding from the CMOS chip as shown in Fig.| 5.8 should be studied.
The excitation comes from the transceiver chip. Using the optimized structures for
every part the combined structure shows the good impedance matching characteristics
as shown in Fig[ 5.11. The 10-dB return loss bandwidth is found to be 6.7 GHz from
5.05 to 11.75 GHz, which indicates good matching to @5€surce in an ultra wide

frequency band.

Fig. [5.12 shows the simulated impedance characteristics of the UWB ICPA. The
impedance characteristics give insight on how the ICPA achieve resonant frequencies.
Here the resonant frequency is defined as where the reactance of the input impedance
is equal to zero. It is evident from Fig. 5]12 that the impedance characteristics at a
specific resonant frequency exhibit a small peak in the resistance and a gentle swing
in the reactance from inductive to capacitive. The multi-resonant characteristic can be
clearly observed in Fig. 5.12. This multi-resonant characteristic is useful to make the

ICPA achieve the ultra wide band performance [80].

Fig. [5.13 shows the UWB ICPA radiation patterns in both E (YZ) and H (XZ)
planes at 5.05 GHz, 8 GHz, and 11.75 GHz respectively. According to the figures, the
E-plane pattern exhibits dual-polarized properties at all frequencies while the H-plane
pattern is relatively uniform at lower frequencies. The cross-polarization component is
generally lower than the dominant one for the H-plane pattern at all frequencies. While
for the E-plane pattern the cross-polarization component becomes more significant at

the higher frequency.
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Figure 5.11: UWB ICPA §.
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Figure 5.12: UWB ICPA impedance.
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Figure 5.13: UWB ICPA radiation patterns with solid lines for co-polarization com-
ponents and short dash lines for cross-polarization components: (a) H plane at 5.05
GHz, (b) E plane at 5.05 GHz, (c) H plane at 8 GHz, (d) E plane at 8 GHz, (e) H plane
at 11.75 GHz, and (f) E plane at 11.75 GHz.
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The simulated UWB ICPA achieves the high radiation efficienc96% at 5.05
GHz, 8 GHz, and 11.75 GHz. The gain versus frequency characteristic is also shown
in Fig. [5.14. The gain of an antenna is a critical parameter in wireless network de-
sign. The high antenna gain is often required to extend the network coverage. It is

evident from Fig.[ 5.14 that the gain varies from 2.5 to 4.3 dBi over the simulated

UWB frequency range.
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Figure 5.14: UWB ICPA gain.
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5.3 LTCC-Based 60-GHz ICPA

The LTCC-based 60-GHz ICPA is designed not only as antenna but also as a pack-
age that can carry a single-chip 60-GHz IBM radio transceiver. In this section, three
ICPA candidates are presented to cover the 58-65 GHz frequency band with antenna
efficiency > 77% and available radiation patterns. This work provides the potentials

of realizing 60-GHz single-package radios.

5.3.1 Geometry

Top view

Bottom layer

Connected to the chip
by bond wires
CPW-feed antenna

Explored view Middle layer

Top layer

Ground plane

Bottom view

Figure 5.15: 60-GHz ICPA 3D view.
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Fig. [5.1% shows the configuration of the designed 60-GHz ICPA in>a711.3

mm? LTCC package. The package ceramic material is LTCC ferro-A6 with a relative
permittivity and loss tangent of 5.9 and 0.002, respectively. The ICPA is formed by
the 10um thick silver metallization. As shown, three ceramic layers are observed to
form the package. The top layer is 0.3 mm thick with a truncated ground plane on the
back. The middle layer is 0.6 mm thick with a small cavity and with the antenna on
the back or inside the layer. The bottom layer is 0.4 mm thick with a large cavity. Both
of them form a package cavity to load a chip. It should be noted that the transceiver
chip is adhered to the cavity base of the common ground plane. This configuration
will contribute to the shielding of the chip from the antenna. In addition, the aperture
feeding scheme using via through ground is avoided here to minimize the transmission
loss at high frequency band of 60 GHz. Instead the CPW single or differential feeding
directly from the signal trace of the chip is adopted. The central distance between

ground line and signal line is 25am.

@) (b) (©)

Figure 5.16: 60-GHz ICPA layout: (a) WB-slot ICPA, (b) WB-triangle ICPA, and (c)
Yagi ICPA.
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Fig. [5.16 (a) and (b) show the layout of a CPW-feed wideband slot (WB-slot)
60-GHz ICPA and a CPW-feed wideband triangle (WB-triangle) 60-GHz ICPA, re-
spectively. They are designed as single-chip packages with &3.75<0.6 mn?
small cavity and a 5.264.25x0.4 mn?¥ large cavity to carry a single-chip 60-GHz
IBM receiver with size of 3.41.7x0.46 mnt [25]. Fig. (c) shows the layout
of a differential CPW-fed Yagi 60-GHz ICPA. It consists of one driven element, four
director elements on the back of the middle layer, and one reflector elemepti00
deeper inside the middle layer. This antenna is designed as a single-chip package
with a 5.3x3.6x0.6 mn¥ small cavity and a 5.84.1x0.4 mn? large cavity to carry a

single-chip 60-GHz IBM transmitter with size of 4Q.6x0.46 mn¥ [25].

5.3.2 Design and characterization

The 60-GHz ICPAs were designed in HFSS. The design difficulty still remains in
achieving the ultra-wide band impedance matching. The CPW-fed hybrid slot antenna
(HAS) achieves impedance bandwidth up to 57% at 4.7 GHz [81]. This structure is the
combination of the generalized CPW open-end slot antenna with the standard CPW
slot antenna. The center frequencies of the two structures were kept slight apart to
increase the bandwidth of the overall structure. The antenna is redesigned at 60 GHz
with the layout as shown in Fi§. 516 (a), whéy@ = 2.1 = 2.2 = \. The wavelength

A at 60 GHz is 2.2 mm for the simulated structure. It is found from Fig.]5.17 that 10-
dB return loss bandwidth is 17.8 GHz from 51.6 to 69.4 GHz, which indicates good

matching to a 532 source at 60-GHz frequency band.
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Figure 5.17: 60-GHz ICPA return loss.

The beveled structure is well known for its wideband impedance matching [82]. We
creatively use this structure in our design for the WB-triangle antenna with the layout
as shown in Figl 5.16 (b), whetg4 = \. It is found from Fig[5.17 that 10-dB return
loss bandwidth is 15 GHz from 52.3 to 67.3 GHz, which indicates good matching to a

50«2 source at 60-GHz frequency band.

For the differential Yagi ICPA with the layout as shown in Hig. .16 (c), the return

loss is defined as follows,

Zi— 7
RL =201g (ZZ . ZZ> (5.6)

Where Z, is the input impedance of the differential driven antenna, calculated using
two port Z-parameters ag; = 2(Z1; — Zo1) = 2(Z2e — Z12). Zp is of typical value of
1002, 300€2 or 600¢2. In this study we choose 100 in our calculation. It is found

from Fig.[5.17 that 10-dB return loss bandwidth is 17.2 GHz from 51.7 to 68.9 GHz,
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270 90

90 270

(e) ()
Figure 5.18: 60-GHz ICPA radiation patterns at 60 GHz with solid lines for co-
polarization components and short dash lines for cross-polarization components: (a) H
plane for WB-slot ICPA, (b) E plane for WB-slot ICPA, (c) H plane for WB-triangle
ICPA, (d) E plane for WB-triangle ICPA, (e) H plane for Yagi ICPA, and (f) E plane
for Yagi ICPA.

114



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

5.4 Inter-Chip Wireless Interconnect Using On-Package Antennas and UWB Radios

which indicates good matching to a $Dsource at 60-GHz frequency band.

Fig.[5.18 shows the designed ICPA radiation patterns in H (XZ) and E (YZ) planes
at 60 GHz. As shown the E-plane patterns exhibit dual-polarized properties. It is
also found that the H-plane patterns have very small cross-polarization components
while for the E-plane patterns they are significant. In addition, the simulated ICPAs alll

achieve the high radiation efficiency95% at 60 GHz.

5.4 Inter-Chip Wireless Interconnect Using On-Package

Antennas and UWB Radios

5.4.1 System description

TA RA

Processor chip d Memory chip
equipped with |~ T equipped with

UWB radio UWB radio

4 Multi-chip module

Memory chip Processor chip
equipped with equipped with

UWB radio UWB radio

o Antenna center position

Figure 5.19: Inter-chip wireless interconnect system.

Fig. [5.19 shows the inter-chip wireless interconnect system within a multichip
module. It employs a UWB impulse radio to realize a wireless peripheral component
interconnect express (PCle) as detailed in [83], while conventionally the PCle circuits
are used for wire interconnects between chips. This novel interconnect has such ad-
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vantages as scalability and reconfigurability. It can also be used at the system level to
attain fault tolerance, because one can reconfigure the multichip module by software

commands to debug and then to eliminate the fault chips via reconfiguration [84].

ANENNA pecaiver (RX)

|

' Multiplier :
|
X Integrator ———»| RX data

A |
Correlator

Pulse Clock Generator Baseband
Generator &Synchronizer ' Processor

] -
Pulse Modulator TX data

Transmitter (TX)

Figure 5.20: Architecture of UWB radio.

Fig.[5.20 shows the block diagram of the UWB radio architecfure [83]. As shown,
the transmitter comprises a UWB Gaussian pulse generator, modulator, and driver am-
plifier (DA). The receiver consists of a UWB low-noise amplifier (LNA), a correla-
tor, an analog-to-digital converter (ADC), and clock generation and synchronization
circuits. A UWB Gaussian pulse is firstly generated by the pulse generator and then
modulated by the pulse modulator. The modulated pulse is then amplified by the UWB
DA and finally transmitted by the UWB transmit antenna (TA). The wireless signal is
then detected by the UWB receive antenna (RA) and then amplified to a suitable level
for signal processing as well as provided enough gain so as to overcome noise in sub-
sequent stages. The data is subsequently recovered by the correlator. The ADC is used

to convert the analog demodulated signal into the digital signal. The digital baseband
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provides control for the clock generation, synchronization, and data processing.

A UWB radio requires UWB antennas. The beveled monopole UWB antenna fab-
ricated in LTCC substrate as shown in Hig.|5.1 will be adopted in this system. It has
Si;1 lower than—10 dB from 3.1 to 10.6 GHz, indicating an acceptable matching to a
502 source. As shown in Fig. 5.[19 a unique inter-chip wireless channel is formed
between the TA and RA. A transfer functiéh( /) is defined in the frequency domain
for the inter-chip wireless channel as the ratiagf(t), the signal applied to the TA, to
zout(t), the signal received by the RA. In our studll( ) will be characterized by the
experimental method. The UWB radio adopts the pulse position modulation (PPM)
scheme. The PPM signal,(t) applied to the TA is the same as €[g. [2.2) but with the
basic UWB pulsg)(t) modified to the fourth derivative of a Gaussian function pulse
as expressed in eq[ (b.2) and with the waveform shown in[Fig. 5.6 (a). It is found
from Fig. that the PSD of this modifiedt) complies with the required FCC in-
door emission mask which occupies the whole 7.5-GHz UWB bandwidth from 3.1 to
10.6 GHz. Given the signal applied to the T4, (¢) and the experimentally character-
ized H( f) the channel output signal,..(t) is easily obtained using the Fourier inverse

transform.

In what follows the theoretical performance of the inter-chip wireless interconnect
system of Fig[ 5.119 with interconnect lengttof 20 cm will be evaluated. The UWB
radio operates with the radiated power spectral density41.3 dBm/MHz (or the

average transmitted powéi less than—2.55 dBm) to meet the emission regulation
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over the UWB from 3.1 to 10.6 GHz.

5.4.2 System performance evaluation

A. Characterization of inter-chip wireless channel

The transmit and receive antenna pairs, each the mirror image of the other with the
separation distance of 20 cm, were placed in a test multi-chip module PCB board as
illustrated in Fig[ 5.19 for measurement. The channel transfer funéfigh) was then
measured to characterize the inter-chip wireless channel.[Fig] 5.21 shows the mea-
sured transfer functio/ (f). It is seen that both amplitude and phase of the transfer
function H(f) fluctuate with frequency indicating that the inter-chip wireless chan-
nel supports the transmission of multi hybrid electromagnetic modes. The inter-chip
wireless channel can be regarded as a Rician fading channel. This treatment agrees
with the measurements of the radio signal transmission from 2 to 12 GHz. In addition,
the time-delay spread of the inter-chip wireless channel is calculated to be negligi-
ble as compared with the date rate considered here, and the external interferences are
insignificant as the module can be well shielded. Hence, over such a nondispersive
Rician fading channel, the system performance depends on the signal-to-noise ratio

(SNR) [83].

Fig. [5.22 shows the channel logs with the varying data rate. The channel loss
that equals to the energy difference between the received signal and the transmitted

signal is computed from the measured channel transfer function. It is evident from the
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Figure 5.22: Channel loss versus data rate.
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figure that the channel loss increases with data rate.

Note that the metal lines and solder bumps exist in a multichip module environ-
ment. Their existence may increase or decrease the channel loss depending on their
layout, without changing the Rician fading characteristic of the inter-chip wireless

channel[[65].
B. BER performance

The performance of the inter-hip wireless interconnect system will be evaluated
in terms of BER under the assumption of perfect system synchronization. The signal

corruption is assumed to be caused by the thermal and switching noise.

In the average bit SNR, calculation the method presented in section 3.2.1 also
can be applied for this inter-chip case, except that the[eg| (3.4) should be changed to

the equation as follows based on the channel Igss

Erb = Etb : Lc : Gr . Lm (57)

The receiver noise figuré, is reasonably assumed to be 15 or 10 dB [63, 64]. The
switching noise is assumed to fbe= 10 dB or7" = 5 dB lower than the thermal noise
according to the measured result/[66]. The other parameters used in the evaluation
are all reasonable values with, = 15 dB, L,,, = —4 dB, andK = 10 dB. All above

parameters are used to calculate the valuie,of
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In BER calculation, we havé,, acoording to eq.[(2.13) for UWB PPM scheme.

Py, = ;erfc( (1_2'0):6) , (5.8)

wherep has been presented in ef. (2.14). The ablyehas the general form of eq.
(3.13). Using the BER expression derived as €qg. {3.12) we finally get the BER as

follows that is precise and easily computed numerically.

1_
P 1 1+K /’2' 1 —KT”seCQH ” (5.9)
b= 57 ' 1=p 2 itk XP | 55 2 tK |- :
ks
2 Ty —§ Psec?t + 4 57 sec? 0 + 5
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Figure 5.23: BER versus data rate at 20 cm distance.

Fig.[5.23 shows the BER versus data rate at 20 cm distance. As expected, the BER
performance degrades with data rate. Taking the worst case as an example, for the
fixed 20-cm distance, it degrades from=10 at 0.1 Gbps to 10 at 1 Gbps. It is
shown that the system can support a data rate of 1 Gbps with aBER " up to an
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interconnect distance of 20 cm with radiated power density lesstHar8 dBm/MHz.
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Chapter 6

Conclusions & Recommendations

6.1 Conclusions

Chip scale wireless interconnect systems have been analyzed in terms of bit error rate
(BER) performance and studied in terms of their antennas, including on-chip antennas
for intra-chip wireless interconnects and on-package antennas for inter-chip wireless

interconnects.

In chapter 2, a novel inter-chip RF-interconnect (RFI) system has been proposed
and analyzed in terms of BER performance. It is concluded that a high interconnect
data rate of 3.33 giga bits per second (Gbps) with a low BER)~° up to an inter-
chip interconnect distance of 3 cm is achievable with the average transmitted power

less than-2.85 dBm.

In chapter 3, an intra-chip wireless interconnect system has been studied in terms of

BER performance. A method has been presented to evaluate the system BER. The BER
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performance of various digital modulation schemes in the system has been evaluated
at 25 GHz, including coherent MASK, MPSK, MQAM, GMSK and MSK, as well as
noncoherent MFSK and MDPSK. It is concluded that by taking feasible measures a
high data rate at 2 Gbps with a low BER10~° up to an intra-chip wireless channel

of length 2 cm is achievable under the reasonable SNR budget.

In chapter 4, on-chip antennas for intra-chip wireless interconnects have been stud-
ied, including on-chip dipole antennas, on-chip 60-GHz inverted-F and quasi-Yagi an-

tennas, as well as on-chip monopoles.

On-chip dipole antenna pair on the grounded silicon substrate has been analyzed to
obtain its transmission mechanism for commonly used broadside configuration. The
theoretical analysis shows that for a single propagating mode the mutual coupling will
be mainly due to direct, high order and leaky waves with minimal TM mode surface
wave contribution, while for two propagating modes the TE mode surface wave will be
excited and dominated in the coupling. On-chip dipole pair has also been simulated for
more complex structures. The effect of the separation distance, the process including
micromaching, back-end-of-line (BEOL), and proton implantation, as well as the ef-
fect of the interference structures on the dipole pair performance have been studied by
characterizing § and S; parameters. It is concluded that the BEOL, micromaching,
and proton implantation methods should be optimized in design to take their advan-
tages. Itis also concluded that the existence of metal lines between antenna pairs may

improve the antenna transmission performance.
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On-chip 60-GHz inverted-F and quasi-Yagi antennas have been designed, fabri-
cated, and characterized. The design was made using the Zeland IE3D software pack-
age. The fabrication was realized with the BEOL process of silicon substrates of low
resistivity 10Q2.cm. The characterization was conducted on wafer with Cascade Mi-
crotech coplanar probes and an HP8510XF network analyzer. The results show that
the inverted-F antenna achieved a minimum return loss of 32 dB and a gakbaiBi
at 61 GHz; while the quasi-Yagi antenna a minimum return loss of 6.75 dB and a gain
of —12.5 dBi at 65 GHz. Good agreement has been observed between the measured
and simulated result. Results also show that a high transmission gai$6o8 dB at
61 GHz is achieved from the pair of inverted-F antennas at the separation of 10 mm on

the standard 10.cm silicon wafer of thickness 750m.

On-chip monopoles of axial length 1 mm have been fabricated on silicon substrates
of high resistivity 5 K2.cm and low resistivity 132.cm, respectively. We measured
their performance up to 110 GHz for wireless interconnects. Reflection measurements
show that a sharp resonance can be seen at 75 GHz for the meander monopole and
two at 67 and 104 GHz for the zigzag°3®onopole on the silicon substrate of high
resistivity but no such sharp resonance can be seen for them on the silicon substrate
of low resistivity. Transmission measurements show that a high gain window exists.
It suggests that the operating frequency of wireless interconnects be allocated within
the high gain window for good performance. The metal lines running parallel with or
vertical to the monopole pairs were also observed to improve the highest gain of this
window area.
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A novel intra-chip wireless interconnect system using on-chip meander monopole
antennas and UWB radios that operate in 22-29 GHz has finally been studied in chapter
4. It is shown that the system on the ®0em substrate can support a data rate of 1.5
Gbps with a BER< 10~° up to an intra-chip wireless channel of length 10 mm with
the average transmitted power of 0 dBm; while the system on th@ 5+ substrate
can support a data rate of 3.5 Gbps with a BER.0~® up to an intra-chip wireless

channel of length 40 mm with the same transmitted power.

In chapter 5, LTCC-based on-package antennas for inter-chip wireless intercon-
nects have been studied, including a discrete beveled monopole UWB antenna, a UWB

integrated circuit package antenna (ICPA), and 60-GHz ICPAs.

The beveled monopole UWB antenna has been fabricated with sizexdfQk7l
mmn?. It has achieved impedance bandwidth of 8.25 GHz from 2.85 to 11.1 GHz, gain
from —5.6 to 2.3 dBi, and broad patterns. In addition, both frequency domain and
time domain characteristics of the beveled antenna are also carefully investigated with
a normalized measured transfer function. They all proved applicability of this beveled

monopole antenna in UWB radios.

The UWB ICPA with a small footprint of 6.1811.35 mni has been designed for
the fist time in a 2&10x 1.2 mn?¥ LTCC package format with feeding network and
CMOS transceiver chip loaded. The chip-package co-EM simulation method is used.
A design guideline based on the return loss parameter is illustrated. Results show
that the UWB ICPA achieves a 10-dB return loss bandwidth of 6.7 GHz which covers
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the upper UWB band from 5.05 to 11.75 GHz, gain from 2.5 to 4.3 dBi, radiation
efficiency > 96%, and broad radiation patterns. This work provides the potentials to

realize a single-package UWB radio.

The 60-GHz ICPAs have been designed, including the WB-slot and WB-triangle
ICPAs to carry the IBM receiver chip, as well as the differential driven Yagi ICPA
to carry the IBM transmitter chip. All designed ICPAs achieve the good impedance
matching at 60-GHz frequency band from 58 to 65 GHz with antenna efficiency
95% and available radiation patterns. This work provides the potentials to realize 60-

GHz single-package radios.

A novel inter-chip wireless interconnect system using on-package beveled mono-
pole antennas and UWB radios that operate in 3.1-10.6 GHz has finally been studied
in chapter 5. It is concluded that a high data rate of 1 Gbps with a low BEIR 7
over an inter-chip wireless channel of length 20 cm can be achieved with the radiated

power spectral density less tha#1.3 dBm/MHz.

6.2 Recommendations

This thesis only focuses on the study of chip scale wireless interconnect systems and
their antennas. The detailed design and implementation should be further carried out.

The recommendations are listed as follows:

First, we only evaluated the BER performance of chip scale wireless interconnect
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system in theory. The transceiver circuit blocks and integrated antennas should be
implemented to realize the complete intra- or inter- chip wireless interconnect system
and obtain its measured performance, where the UWB transceiver blocks can be good

candidate according to our study.

Second, according to different chip scale wireless interconnect systems there are
different suitable antennas. The study should be further carried on to investigate the an-
tenna candidates. The advanced process technologies or fabrication techniques should

be investigated to further improve the antenna transmission gain.

Third, we fabricated the on-chip monopoles, inverted-F and quasi-Yagi antennas.
Their performance should be further characterized by connected with the designed tr-
ansceiver circuits. We analyzed on-chip dipole pair. It should be further fabricated
and tested for intra-chip wireless interconnects. In addition, we only designed LTCC-
based UWB ICPA and 60-GHz ICPAs . It provides the potentials to further realize
the single-package radios. The fabrication and measurement should be carried on for
these ICPAs, which not only behave as antennas but also as packages that can carry
the single-chip UWB or 60-GHz radio transceivers for inter-chip wireless communi-

cations.

Fourth, for intra- and inter-chip wireless interconnect systems their channel should
be further characterized using experimental and theoretical methods. Although we
have obtained some results, the further study will greatly facilitate the system perfor-

mance analysis.
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