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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. It is 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< 10−5 up to an inter-chip interconnect distance of 3 cm is

achievable with the average transmitted power less than−2.85 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

v

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



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< 10−5 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 10-Ω.cm substrate can support a data rate of 1.5 Gbps with a BER<

10−5 up to an intra-chip wireless channel of length 10 mm with the average transmitted

power of 0 dBm; while the system on the 5-KΩ.cm substrate can support a data rate

of 3.5 Gbps with a BER< 10−6 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 BER< 10−7 over an inter-

chip wireless channel of length 20 cm can be achieved with the radiated power spectral

density less than−41.3 dBm/MHz.
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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

1

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



1.1 Background and Motivation

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, 6, 7, 8]. For interconnect resistance, it is calculated as

Rinterconnect = Rwire + Rcontact + Rvia (1.1)

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 capacitanceC and its driver

there is a value of resistanceR that makes that wire a transmission line [5]. With

interconnect resistance increasing, more and more interconnect wires are becoming

RC transmission lines withRCdelay constant, which can be calculated as

τdelay = Rinterconnect × Cinterconnect (1.2)

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

2
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1.1 Background and Motivation

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 exceeds∼1016A/l2 bps or∼1017A/l2 bps by equalizing the chan-

nels [7], wire interconnects become more difficult, whereA is the cross-sectional area

of the interconnect wire andl is 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

3
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1.1 Background and Motivation

1 ps for late 1980’s 1.0µm technology but 100 ps for early 2000’s 0.1µm 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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1.1 Background and Motivation

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, 17].

 

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 Changet 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

5
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1.1 Background and Motivation

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-µm CMOS technology [18]. In [11, 12, 18, 19], 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 about 600µm2,

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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1.1 Background and Motivation

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 interconnects [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 few 100µm2 [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 in Fig. 1.2. They can be

7
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1.1 Background and Motivation

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.
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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 0.18-µm 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-I/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 [17]. 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

9
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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 Fig. 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, Renoldset al. demonstrated 60-GHz radio

front-end circuits including a low noise amplifier (LNA), a direct down converter, a
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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. Doanet al. has explored CMOS for 60-GHz applications and designed an

LNA using a standard 0.13-µm CMOS process [26]. Luizet al. demonstrated 64-GHz

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

a standard 0.25-µm 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, 30, 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
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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, Chanet al. developed planar inverted-F antennas of size 9.4 to 25 mm2 on

proton-implanted silicon substrate with high resistivity 1 MΩ.cm to resonate at 10 and

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

of 9 mm2 on silicon substrate of high resistivity 10 KΩ.cm to resonate at 6 GHz [34].

Micromachining techniques, bulk fabrication, and etching process were employed to

construct cavity-backed microstrip patch antennas of 144 mm2 and 7 mm2 on sili-

con substrates of high resistivity to resonate at 16 and 21 GHz, respectively [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, Kimet al. 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-
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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
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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 Ω.cm to 106 Ω.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. 1.2. 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 radio [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 (ICPAs) using this technology in the the-

14

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



1.1 Background and Motivation

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 of 3.1∼10.6

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 [53]. 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 as 8×6×1 mm3. 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 23×23 mm2 on a 66×50×1 mm3

LTCC substrate. They meet the challenges to be miniaturized and further to be inte-

grated. In [57], 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 Objectives

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 follows.The first contribution is that we proposed

a novel inter-chip RF-interconnect using CPW, capacitive couplers, and UWB radios

and evaluated its performance;the 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 performance;the 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 performance;the 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 interconnects;the sixth contribution is that we

fabricated and characterized the on-chip monopoles, on-chip 60-GHz inverted-F and

quasi-Yagi antennas. They can be used for intra-chip wireless interconnects;the sev-

enth contribution is that we fabricated and characterized the LTCC-based beveled

monopole UWB antenna. It can be used for inter-chip wireless interconnects;the

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

18

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



1.4 Organization of the Thesis

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

20

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



1.4 Organization of the Thesis

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.
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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

 

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

The previous RFI systems are all based on traditional radio structure [11, 12, 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. Fig. 2.1 shows this novel inter-chip RFI system located inside

a MCM package to fulfill the interconnect function between digital I/O 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

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

H(f) =
XOUT (f)

XIN(f)
(2.1)

whereXIN(f) andXOUT (f) are the frequency domain representations of the channel

input signalxin(t) and output signalxout(t) respectively as shown in Fig. 2.1. In our

studyH(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 inputxin(t) is then given as [58],

xin(t) =
+∞∑

i=−∞
A · g(t− iTf − diδ) (2.2)

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 Fig. 2.2, designed using a novel algorithm

proposed in [59].Tf = 0.3 ns is the frame width that controls the interconnect data rate
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Rb = 1/Tf = 3.33 Gbps,di is the transmitted data inith frame. The peak amplitude

A, which controls the transmitted energy per bitEtb, is adjusted to meet a certain

transmitted powerPt, e.g. whenA is 0.03 V we obtain theEtb value of−131.5 dB

for 22-29 GHz bandwidth or the average transmitted powerPt less than−2.85 dBm.

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

according to the criterion,

δopt = arg min
δ

∫ +∞

−∞
g(t)g(t− δ)dt (2.3)
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Figure 2.2: Designed UWB pulseg(t) and its normalized PSD.

As shown in eq. (2.1), givenxin(t) and the theoretically characterizedH(f) the

channel output signalxout(t) 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, whereCt is the transmitter’s coupling capacitor,Cr is
the receiver’s coupling capacitor,Rt is the transmitter’s output resistance,Rr is the
receiver’s input resistance,Vs is the source signal voltage,d is the distance between the
transmitter and receiver,Zin is the impedance looked into the CPW,Vi is the channel’s
input voltage, andVo is the channel’s output voltage.

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

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

H(f, d) =
XCt + Zc//Zin

(Rt + XCt + Zc//Zin)
· [(Zin + Zc) exp(−γd) + (Zin − Zc) exp(γd)]

2(Rt + XCt + Zin)

(2.4)

where

XCt = −j
1

ωCt

, XCr = −j
1

ωCr

, Zin = Zc
(Rr + XCr)//Zc + Zc tanh γd

Zc + (Rr + XCr)//Zc tanh γd
, (2.5)

γ = α+jβ is the complex propagation constant of the CPW. Its real partα in NP/m

represents the attenuation constant and its imaginary partβ in rad/m represents the

phase constant.

Based on the simulated frequency dependantα andβ values in [58], we examined

the parameters’ effect on the amplitude of transfer functionH as 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 ofH versus frequency: (a) effect of distance:C =
500 fF,R = 5 KΩ, (b) effect of coupler capacitance:d = 5 mm,R = 5 KΩ, (c) effect of
resistance:d = 5 mm,C = 500 fF, (d) effect of distance:C = 500 fF,R = 5 KΩ.

d, the coupler capacitanceC = Ct = Cr, and the resistanceR = Rt = Rr. Note that

the value of coupler capacitanceC and resistanceR 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 ofH decreases with distance quickly. The longer

distance has the larger attenuation. Fig. 2.4 (b) shows that coupler capacitanceC has

important effect on the amplitude ofH. The smaller capacitance has the larger channel

attenuation. Based on this simulationC = 500 fF is chosen for our system. Further-

more, it is found that output resistanceR has certain effect on the amplitude ofH. R
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2.2 System Performance Evaluation

with small value will cause the fluctuation of the amplitude ofH in high frequency as

shown in Fig. 2.4 (c). Based on this simulation we chooseR = 5 KΩ. 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 Fig. 2.5, which shows the transmitted data,

channel input signalxin(t) and channel output signalxout(t) with normalized ampli-

tude atd = 20 mm. As expected the channel output signal suffers from channel loss and

delay. Fig. 2.6 shows their relationship with distance, computed using a time-domain

waveform of the signal after the channel. As expected the channel lossLc and delay

both increase with interconnect distance.
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Figure 2.5: Channel input and output signal with normalized amplitude atd = 20 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. 2.7. 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.

 

Figure 2.7: Suppression of switching noise at the transmitter end in RF-interconnect.
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2.2 System Performance Evaluation

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 sourceVn on a victim CPW through

capacitive coupling at the pointp. The more realistic attacker waveformVn(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 in (2.6), wherea is the probability that a particular attacker

switches andT is the shortest delay between state transition.

SD(ej2πfT ) =
a(1− a)

1 + (1− 2a)2 − 2(1− 2a) cos(2πfT )
(2.6)

The realistic attack noise waveformVn(t) is obtained by makingd(t) pass through a

first-order LPF having a gainV and a time constantτ . Its PSD is then derived as

Sn(f, V ) = SD(ej2πfT )

∣∣∣∣∣ V 2

(2πfτ)2 + 1

∣∣∣∣∣ (2.7)
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Figure 2.8: Switching noise attack model.

     

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

For switching noise attack model of Fig. 2.8 the transfer functionHn(f , p) between

V0 andVn can be exactly derived based on the transmission line theory according to

three cases,p < a, a ≤ p ≤ b andb < p ≤ l. The received noise PSD atV0 contributed

by the single noise attackerVn is then obtained by

S0(f) = Sn(f, V ) |Hn(f, p)|2 (2.8)

It is assumed that the position of the each attackerp is a random variable, which is
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uniformly distributed in the range of 0 to the CPW’s lengthl. The gainV is also

assumed to be a random variable having uniform distribution in the range of 0 to 1.

To consider the realistic case of many switching noise attackers to the victim CPW,

the total PSD of the noise atV0 is determined by superposing the contribution of each

individual attacker. In MATLAB, we simulated the average PSD atV0 at 5, 10 and 15

attackers, which is calculated by

S0,av(f) =
1

N

N∑
j=1

5,10,15∑
i=1

Sn(f, Vij) |Hn(f, pij)|2 (2.9)

whereN is the total test number,j is the test index, andi represents theith switching

noise attacker. In every test, a noise source’s coupling gainVij and coupling position

pij is produced randomly according to their distribution.Hn(f , pij) is then calculated

according to its positionpij.
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Figure 2.10: Average switching noise PSD versus frequency.

The simulatedS0,av(f) at the attacker number of 5, 10 and 15 respectively is shown
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in Fig. 2.10. As expected, theS0,av(f) increases with the number of attacker. It

is also worth noting that theS0,av(f) has no DC component and is fairly flat in the

frequency range 22-29 GHz. The average value in this frequency rangeS0 will 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 densityN0 has been presented in [58] based on the receiver noise

figureFr. It is shown thatFr 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, hereFr can

be reasonably assumed to be 15 dB. The simulated average switching noise PSD is

obtained in section 2.2.2 asS0. Then the average bit signal-to-noise ratio (SNR) at the

receiver end is shown as follows

Γb =
Erb

N0 + S0

(2.10)

Erb = Etb · Lc ·Gr · Lm (2.11)

Etb =
Pt

Rb

(2.12)
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whereErb is the received average energy per bit, calculated based on the gain of the

receiverGr and the implementation marginLm, which includes all kinds of marginal

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

Pb =
1

2
erfc

√(1− ρ) · Γb

2

 (2.13)

ρ =

∫ Tf

0 g′(t)g′(t− δ)dt∫ Tf

0 g′2(t)dt
(2.14)

whereg′(t) is the received pulse corresponding to our designed pulseg(t).
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Figure 2.11: Average bit SNR and BER versus distance for the different number of
attackers.

The average bit SNRΓb and BER versus distance for the different number of at-

tackers are shown in Fig. 2.11. The parameters used in the simulations areLm = −4

dB, Gr = 15 dB,Fr = 15 dB, and the peak amplitude of the transmitted pulseA is

adjusted to 0.03 V. As expected,Γb 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 BER< 10−5 up to an interconnect distance

of 3 cm is achievable with the average transmitted power less than−2.85 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

 

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 Fig. 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 2µm thick, 10µm 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 on a 3-µm thick

oxide layer on a 20-Ω.cm silicon substrate of 633-µm thickness. The S11 of the on-chip

dipole antenna versus frequency is shown in Fig. 3.2 (a). It is evident that S11 is lower

than−6 dB from 20 to 29 GHz indicating an acceptable matching to a 50-Ω source. To

measure the transmission performance between TA and RA, the antenna transmission

gain (TG) is derived usingFriis transmission formula

TG =
|S21|2

(1− |S11|2)(1− |S22|2)
(3.1)

TG is the ratio of the received power to the transmitted power when both on-chip

antennas are conjugately matched. The average value ofTGcan be accurately obtained

from an on-chip measurement or from a full wave electromagnetic simulator. Fig. 3.2

(b) and (c) show the average value ofTG for the on-chip dipole antenna pair. It is

found that the average value ofTG 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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(c)

Figure 3.2: On-chip dipole antenna pair characterization: (a) S11, (b) averageTG
versus frequency, and (c) averageTG versus distance.
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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.

38

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



3.2 System Performance Evaluation

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 (PSD)N0 is obtained using the method

presented in [17] as

N0 = kT0F = kT0(
Tant

T0

+ Fr) (3.2)

wherek is the Boltzman constant,T0 is the reference temperature (typically taken as

290 K), Tant is the antenna temperature (taken as 330K) [17], andFr is the receiver

noise figure. As shown,N0 increases withFr.

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 PSDS0 has 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 noise PSDS0

can be reasonably assumed to be either 10 or 5 dB lower than the thermal noise as

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

Γb =
Erb

N0 + S0

(3.3)

whereErb is the received average energy per bit, calculated as

Erb = (1 +
1

K
) · Etb · TG ·Gr · Lm (3.4)

Etb =
Pt

Rb

(3.5)

whereEtb is the transmitted energy per bit,Pt is the transmitted power,Rb is the

interconnect data rate,TG is the transmission gain of on-chip antennas.Gr is the gain

of the receiver,Lm 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 + 1/K) is the modified parameter for the received energy in

Rician fading channel.

Considering the Rician fading effect, the instantaneous bit SNRx become a vari-

able following a probability density functionp(x) as shown in (3.6) [67], which is

determined byK and the non-fading bit SNRΓb of (3.3).

p(x) =
1 + K

Γb

exp(−(1 + K)x + KΓb

Γb

)I0(2

√
K(1 + K)x

Γb

) x ≥ 0 (3.6)

The BER of our system is then obtained by averagingPb|x, the BER at a specific value

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

Pb =
∫ +∞

0
Pb|x p(x)dx (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 is (3.8),

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

1

π

∫ π
2

−π
2

e−r sec2 θxdθ =erfc(
√

rx) (3.8)

and the second is (3.9)

∫ +∞

0
e−αxI0(2

√
βx)dx =

1

α
e

β
α (3.9)

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

that are precise and easily computed numerically as follows, wherek = log2M is the

number of bits per symbol.

Pb,MFSK(K, Γb) =
2k−1

2k − 1
· 1

M
·

M∑
i=2

(−1)i
(

M
i

)
1 + K

1 + K + (1− 1
i
) · kΓb

·

exp

− K(1− 1
i
)

1+K
kΓb

+ 1− 1
i

 (3.10)

Pb,MDPSK(K, Γb) =
1

k
·
sin π

M

2π
· 1 + K

k · Γb

·

∫ π
2

−π
2

exp

(
− K(1−cos π

M
cos θ)

1+K
k·Γb

+1−cos π
M

cos θ

)
(
1− cos π

M
cos θ

) (
1+K
k·Γb

+ 1− cos π
M

cos θ
)dθ (3.11)

Pb(K, Γb) = a · 1

kπ
· 1 + K

Γb

·
∫ π

2

−π
2

1

rk sec2 θ + 1+K
Γb

· exp

 −Krk sec2 θ

rk sec2 θ + 1+K
Γb

 dθ

(3.12)
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(3.12) is applied to the Gray coded coherent MASK, MPSK, MQAM, GMSK, and

MSK with parametersa andr shown in Table 3.1 [71]. It should be noted that (3.12)

can be applied to thePb|x with the general form as follows

Pb|x = a · erfc(
√

r · x) a, r > 0 (3.13)

MASK MPSK MQAM GMSK (BT = 0.25) MSK

a (M−1)
M

{
0.5 M = 2
1 M 6= 2

2(
√

M−1)√
M

0.5 0.5

r 3
M2−1

sin2(π/M) 3
2(M−1)

0.68 0.85

Table 3.1: Parametersa andr in eq. (3.12) for Gray coded coherent MASK, MPSK,
MQAM, GMSK, and MSK.

3.2.2 System BER performance

In BER calculation,Fr 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 beT = 10 dB orT = 5 dB lower than the thermal noise

according to the measured result [66].Lm = −13 dB, including the loss ofTG due

to the inference structures between the TA and RA as well as the kinds of mismatch

loss [66]. Pt = 0 dBm,K = 10 dB, andGr 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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3.2 System Performance Evaluation

found that among simulated modulation schemes FSK shows the worst performance

and (2ASK, BPSK, QPSK, 4QAM) shows the same best performance.
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Fig.3-4 (a) BER vs. distance with 2 Gbps data rate. (a)
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(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.
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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 Fig. 3.4. We choose the initial parameters,

that isPt = 0 dBm, Lm = −13 dB,Gr = 15 dB,Fr = 15 dB,T = 5 dB. Using the

initial parameters, we get BER> 10−2 at 20 mm distance to achieve 2 Gbps. When

we increase the SNR by 5 dB, the BER decreases to about 10−3. When we further
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increase the SNR by 13 dB, the BER decreases to about 10−5. 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 powerPt, receiver gain

Gr and transmission gainTG as well as decreasing the inference structures loss inLm

and receiver noise figureFr. Especially,TG 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< 10−5 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
 

 
 

 

 

Z 

X
L

S

Y

I1(x’) 

I2(x’) 

B

α

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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4.1 On-Chip Dipole Antenna Pair

aration distance ofS. The pair is on the surface of the grounded silicon substrate

with thicknessB and relative permittivity ofεr. The on-chip dipoles are of lengthL

and widtha. It is assumed that the width is very small as compared to the free-space

wavelength (a� λ), and therefore the thin-wire approximation can be used.

In the cylindrical coordinates, the components of the field in the air (z≥ 0) gen-

erated by a horizontal on-chip dipole on the same substrate as shown in Fig. 4.1 with

unit electric moment are shown as follows when 1≤ f ≤ 100 GHz [72].

E0ρ(ρ, φ, z) =
ωµ0

2πk0

cos φeik0r


ε
(

z
r

) (
ik0

r
− 1

r2

)
− ε2

[
ik0
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r2 − i
k0r3 − k2

0ε
(

r
ρ

) (
π

k0r

)1/2
e−iP F (P )

]


(4.1)

E0φ(ρ, φ, z) =
ωµ0

2πk0

sin φeik0r



ε
(

z
r

) (
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)2 (
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)
+ik0ε

(
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) (
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e−iP F (P )




(4.2)

E0z(ρ, φ, z) = −ωµ0ε

2πk0

cos φeik0r
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ρ

r

)(
ik0

r
− 1

r2
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e−iP F (P )

]
(4.3)

B0ρ(ρ, φ, z) = −µ0ε

2π
sin φeik0r
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B0z(ρ, φ, z) =
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) (
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4.1 On-Chip Dipole Antenna Pair

where

r =
(
ρ2 + z2

)1/2
(4.7)

ε = −ik0B (4.8)

P =
k0r

2

(
εr + z

ρ

)2

(4.9)

F (P ) =
1 + i

2
−
∫ P

0

eit

(2πt)1/2
dt (4.10)

where the integral inF (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. Withz = 0, the formulas are

E0ρ(ρ, φ, 0) = −ωµ0ε
2

2πk0

cos φeik0ρ

ik0

ρ
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whereP = (k0ρε2)/2.

The fields excited by an on-chip dipole along the air dielectric interface can be
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4.1 On-Chip Dipole Antenna Pair

decomposed into the following components: a space wave (1/ρ dependence), a higher

order wave (1/ρ2 dependence), a surface wave (1/ρ1/2 dependence), and leaky waves

(exp(-λρ)/ρ1/2 dependence) [74]. Asρ increases the surface waves constitute the dom-

inant contribution because of their cylindrical wave characterρ1/2 as opposed to the

spherical behavior of the space wave [73].

For the dipole pair as shown in Fig. 4.1, its current distribution can be expressed as

J(x′, y′) = [I1(x
′)δ(y′)P1 + I2(x

′)δ(y′ − S)P2]δ(z
′ −B)x̂ (4.17)

whereI1(x
′), I2(x

′) are the unknown currents andP1, P2 are two unit pulse functions

which are zero everywhere except over the lengths of the dipolesL1, L2, respectively.

The axial component of the electric fieldEx is given at any point on the substrate

by [73]

Ex =
∫

L1,y′=0
I1(x

′)

[
k2Πx +

∂2Πx

∂x2
+

∂2Πz

∂x∂z

]
dx′ +

∫
L2,y′=S

I2(x
′)

[
k2Πx +

∂2Πx

∂x2
+

∂2Πz

∂x∂z

]
dx′ (4.18)

where the components of the Hertz vectorΠx andΠz are given by

Πx = lim
z→B

2K
∫ ∞

0
J0(λρ)e−µ(z−B) λdλ

De(λ)
(4.19)

Πz = lim
z→B

2K(1− εr)
∫ ∞

0
J1(λρ)e−µ(z−B) λ2 cos αdλ

De(λ)Dm(λ)
(4.20)

with

De(λ) = µ + µe coth µeB (4.21)
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Dm(λ) = µεr + µe tanh µeB (4.22)

k = (2π)/λ, µ =
√

λ2 − k2, µe =
√

λ2 − εrk2, ρ =
√

(x− x′)2 + (y − y′)2,

andK = −i/(4πε0ω).

The dipoles are divided intoN1 andN2 subsections respectively to solve forI1(x
′)

andI2(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 adopted.I1(x
′), I2(x

′) are then

obtained by the matrix form [V]=[Z][I] as below withM = N1 + N2 − 2.
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· · ·
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I1
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...
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
(4.23)

whereI is related to the currents on the subsections andV to 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 impedanceZc between the two on-chip dipoles is then

easily obtained as presented in [73].

With different value ofα, the dipole pair can be in collinear (α = 0◦/180◦), broad-

side (α = 90◦) or echelon configurations (α = others). The substrate thicknessB and

relative permittivityεr determine the number of the supported surface wave modes.

The TE and TM modes are zeros of the factorsDe(λ) andDm(λ), respectively. The
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4.1 On-Chip Dipole Antenna Pair

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

cosα as shown in (4.20). 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. Fig. 4.2 (a) and (b)

shows the mutual impedance as a function of separation distanceS in the broadside

case, which is commonly used in the intra-chip communication for dipoles. The silicon

substrate hasεr = 11.9. As shown the rapid fall in mutual impedance for small separa-

tion (S < 0.4λ0) confirms that the coupling is mainly due to the higher order modes,

while for (S > 0.8λ0) the space wave takes over. In the intermediate zone (0.4λ0 < S

< 0.8λ0) 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 = 0.3λ0 with (b) for L = 0.35λ0.

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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4.1 On-Chip Dipole Antenna Pair

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 0.68λ0 which is very close to the wavelength of the TE mode of the sur-

face waves of 0.673λ0. 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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(c)

Figure 4.2: Mutual impedance between two broadside dipoles: (a) for a single propa-
gating mode withB = 0.03λ0, εr = 11.9, andL = 0.3λ0, (b) for a single propagating
mode withB = 0.03λ0, εr = 11.9, andL = 0.35λ0, and (c) for two propagating modes
with B = 0.1016λ0, εr = 11.9, andL = 0.3λ0.
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4.1 On-Chip Dipole Antenna Pair

4.1.2 Simulation study

 

 

(a)

 

(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. 4.3 for an on-chip dipole antenna pair with the separation distance ofd. The

axial length of the antenna is 2 mm. The test ground-signal-signal-ground (GSSG)

pads are squares of 80µm by 80µm. The width of the line elements is 10µm. Fig.

4.3 (b) shows the cross sectional view of the antenna pair. As shown, an oxide layer of

thickness 1µm is grown on the low resistivity silicon substrate (10Ω.cm) of thickness

260µm to increase isolation and an aluminum layer of thickness 1µm is used to form

the antennas. The block of wood (2.6 mm thick withεr = 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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4.1 On-Chip Dipole Antenna Pair

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 from 10Ω.cm to 106 Ω.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 S11 and S21.

55

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



4.1 On-Chip Dipole Antenna Pair

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 mechanism. Fig. 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 in S21 simulation the meshing frequency

can greatly influence the simulation results. Therefore the point by point frequency

meshing method is used in IE3D simulation.

Fig. 4.6 (a) shows the effect of the separation distanced on the dipole antenna pair

performance. It is found that S11 results are insensitive to the separation distance of the

antenna pair. They remain unchanged withd varied from 2 mm to 10 mm. It is also

evident that S21 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 20µm according to this process in our simulation. Compared

with the original antenna pair performance, the S11 value becomes larger and the S21

performance becomes worse. It is 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 5-KΩ.cm high re-
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Figure 4.6: Simulated S11 and S21: (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 of 10-Ω.cm low resistivity.

It is found that the S21 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 260µm to 100µm. It is found that the S21 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 S11 results are changed for all four

interference structures. It can be seen that the interference structures a and b can greatly

improve the S21, behaving like transmission lines. While the interference structures c

and d decrease the S21 performance. This characteristic can be used wisely to improve

the antenna gain performance as suggested in [75].

    

       a b c d

Figure 4.7: Interference structures layout with separation distanced = 3 mm.

4.2 On-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 antennas [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-

quencies up to millimeter-wave range, microstrip-fed quasi-Yagi antennas have been

built on conventional dielectric substrate (εr = 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

59

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



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

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

 

 

       Fig.5-1 (a) Layout of on-chip inverted-F antenna 

 

 
 

  Fig.5-1 (b) Cross-sectional view of on-chip inverted-F antenna 

 

 
  Fig.5-1 (c) Top view photograph of on-chip inverted-F antenna 

 

(a)
 

(b)

 

 

       Fig.5-1 (a) Layout of on-chip inverted-F antenna 

 

 
 

  Fig.5-1 (b) Cross-sectional view of on-chip inverted-F antenna 

 

 
  Fig.5-1 (c) Top view photograph of on-chip inverted-F antenna 

 

(c)

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 Fig. 4.8. The test ground-signal-ground (GSG) pads are

squares of 80µm by 80µm. The width of the line elements is 10µm. Given the
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technology, the design parameters areL, H, andS. The effective length (L + H)

controls the frequency of resonance, while the separation distanceS can adjust the

antenna impedance to match to the source. To ease our designH andS are fixed as

100µm, respectively.

The simulated S11 of the inverted-F antenna for the parameterL variation is shown

in Fig. 4.9. It is evident from the figure that whenL reaches 2 mm, the return loss

drops to 17 dB indicating good matching to the 50-Ω source at 60 GHz. We know that

for conventional inverted-F antenna the resonance occurs at

(L + H) = nλ/4 (4.24)

whereλ is the wavelength andn is the mode order. At 60 GHz, the wavelength in

CMOS silicon substrate of low resistivity of Fig. 4.8 (b) is about 2.2 mm. Thus, it

seems that (L + H) should be 0.55 mm for the first-order mode to resonate at 60 GHz.

However, our simulation shows in Fig. 4.9 that the resonance does not occur for the

first-order mode with this length. The resonance occurs near 60 GHz when (L + H)

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 Fig. 4.10, whereL, S, andH are taken as

2 mm, 100µm, and 100µm, respectively. In the azimuth plane: as expected, the

maximum radiation occurs in the 0◦ 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 the 0◦ direction 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 the 0◦ direction in the elevation plane.
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Figure 4.9: S11 of the inverted-F antenna forL 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 plane (φ = 0◦), and thicker lines for azimuth plane (θ = 85◦).

B. Design of quasi-Yagi antenna

Fig. 4.11 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 80µm by 80µm with a pitch of 100µm. As a result, the impedance between

the signal pad and the ground plane with 2-µm 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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Figure 4.11: On-chip quasi-Yagi antenna: (a) layout, (b) cross sectional view, and (c)
top view photograph.

optimize the design areL1, L2, L3, andL4. ParameterL1 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. ParameterL2 is the distance between the driver

and the ground plane, parameterL3 is the length of the director, and parameterL4 is

the length of the driver. The optimized parameters areL1 = 146µm, L2 = 270µm,

L3 = 382µm, andL4 = 426µm. It is found that the return loss is insensitive to the

variation of parametersL1 andL3. WhenL1 is varied by 30µm from 116µm to 176

µm andL3 by 30µm from 352µm to 412µm, respectively, the return loss remains

unchanged. It is 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 parameterL2 increases from

190µm to 350µm by 80µm. The resonant frequency decreases when the parameter

L4 increases from 376µm to 476µm by 50µm. 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 Fig. 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.
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Figure 4.12: S11 of the quasi-Yagi antenna for parameter variation.
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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 plane (φ = 0◦), and thicker lines for azimuth plane (θ = 85◦).

4.2.2 Fabrication

The post BEOL process is illustrated in Fig. 4.14. Note that a standard low resistiv-

ity silicon wafer of diameter 8 inches and thickness 750µm is used. First, a 6-µm

thick SiO2 layer is grown on the wafer to simulate the insulator used for on-chip in-

terconnect in standard CMOS process and over it a 7.5 KÅ thin Aluminum pattern

is deposited, which is equivalent to the Al pad used in standard CMOS ICs. Then,

a 20-µm thick SiO2 layer is grown to enhance the isolation of the RF passives from

the silicon substrate of low resistivity. The 20-µm thick SiO2 layer and the associated

deep via capability are two important features of this BEOL process. Next, a 1 KÅ thin

Si3N2 layer is grown. After this process, we proceed to grow a 4-µm thick SiO2 layer.

In the 4-µm thick SiO2 layer the Copper passive pattern is embedded. Deep vias are

formed to connect the Aluminum with the Copper layers. This is followed by growing

66

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



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

a 3 KÅ thin Si3N2 layer and a 3 K̊A thin SiO2 layer for passivation sequentially. The

Aluminum test pads are finally formed for testing.

       

Pad

750 µm thick Silicon (εr = 11.9, ρ =10-Ω.cm) 

Passive layer 

Deep via layer  

6 µm IC interconnect layer 

Si3N2SiO2

Al Cu

BOEL 

FOEL 

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-µm thick SiO2 layer. The quasi-Yagi antenna was fabricated with the modified

post BEOL process. As seen from Fig. 4.11 (b), the antenna is formed by two 2-µm

Aluminum layers separated by a 2-µm SiO2 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 20-µm thick SiO2 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
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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 simulated S11 of the 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-

Ω source. Using a threshold of−10 dB, the measured bandwidth for the inverted-F

antenna covers from 55 to 67.5 GHz. Fig. 4.15 (b) shows the measured and simulated

S11 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 thicknesst of the 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 S11 of (a) the inverted-F antenna and (b) the
quasi-Yagi antenna.
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The gains of both inverted-F and quasi-Yagi antennas were measured with the tech-

nique presented in [77]. The technique requires two identical antennas placed face-to-

face and separated by a distanced. The distanced 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

G2 = |S21|2
[
4πd

λ

]2

. (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 withd = 20 mm. In our measurement a gain of−19 dBi is

obtained at 61 GHz for the inverted-F antenna; while a gain of−12.5 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. 4.8. To characterize the antenna pair transmission performance, a test
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vehicle is layout as shown in Fig. 4.16, including transmit antenna 00 and receive

antennas 01, 02 and 03.

                                  

Transmit antenna position 

Receive antenna position

01 
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03 

10 m
m

 

2 mm 

00 

Die 

   

Figure 4.16: Top view of the tested die.
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Figure 4.17: S11 versus frequency for the on-chip inverted-F antenna pair.

Fig. 4.17 shows the measured S11 results of receive antennas 01, 02, and 03 of Fig.

4.16 located at the three different dies, respectively. It is evident that their S11 results

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 threshold of−10 dB, a broad

12.5-GHz bandwidth can be achieved at 61 GHz. In addition, Fig. 4.17 compares

the measured and simulated S11 results of the transmit antenna 00 of Fig. 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 S11 values do not agree well. It might be the reason of fabrication tolerance.

The transmission gainTG defined in eq. (3.1) is calculated from the measured

S-parameters. It is valid only for the case that|S11| << 1. It is seen from Fig. 4.17

that the measured S11 results are lower than−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 of Fig. 4.16.

A transmission gain of−46.3 dB at 61 GHz is achieved from the pair of inverted-

F antennas at the separation of 10 mm on the standard 10-Ω.cm silicon substrate of

thickness 750µm. It should be mentioned that a transmission gain of−56 dB was

measured for a pair of 2-mm long and 10-µm wide dipoles at a separation of 10 mm

on the standard 10-Ω.cm silicon substrate of thickness 500µm 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 10-Ω.cm silicon substrate of thickness 260µm [38].

It is interesting to note from Fig. 4.18 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.
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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 zigzag 30◦, meander, T-

linear, T-meander, T-zigzag up, T-zigzag down, T-zigzag 30◦, and T-zigzag 120◦. The

axial length of the antenna is 1 mm. The test ground-signal-ground (GSG) pads are

squares of 80µm by 80µm. The width of the line elements is 10µm. The T-linear

monopole is easily designed due to its simple structure. Other monopoles are similar
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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 NTU 1.2-µm

CMOS process on silicon wafers of high resistivity 5 KΩ.cm and low resistivity 10

Ω.cm, respectively. Fig. 4.20 (a) shows the test vehicle cross sectional view. As

seen an oxide layer of thickness 2µm was grown on the silicon substrate of thickness

633 µm to increase isolation and an aluminum layer of thickness 2µm was 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 distanced varied from 2.5

to 40 mm as shown in Fig. 4.20 (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 Fig. 4.20 (b) include metal lines parallel to the
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monopoles and metal lines perpendicular to the monopoles.
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Monopole_geo1:  Integrated monopole structures. 

 

 

 

 
 

Monopole_geo2: Test vehicle cross sectional view. 
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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 S11 and S22, while the transmission measurements were to obtain S12 and S21.

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

The meander and zigzag 30◦ monopole pair performance are first evaluated. The

results of reflection measurements are displayed in Fig. 4.21. It is evident from the

figure that their S11 results are insensitive to the separation distance. Compared with

the 5-KΩ.cm silicon substrate, the 10-Ω.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 30◦ monopole on the 5-KΩ.cm silicon substrate. Using the
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4.3 On-Chip Monopole Antennas

threshold of−20 dB, a broad 5-GHz bandwidth can be achieved at all these resonant

frequencies.
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Monopole_s11_a: The measured return loss of the meander pair. 
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Monopole_s11_b: The measured return loss of the zigzag 30° pair. 

(b)

Figure 4.21: The measured S11: (a) the meander pair and (b) the zigzag 30◦ pair.
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The results of transmission measurements are exhibited in 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 the 5-KΩ.cm

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 10-Ω.cm 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 10-Ω.cm 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 of S21. Fig. 4.23 shows the mea-

sured phase of S21 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-

quency 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 standard 10-Ω.cm silicon substrates. At 18 GHz, a transmis-

sion gain of−56 dB was measured for a pair of 2-mm long and 10-µm wide dipoles

at a separation of 10 mm on the standard 10-Ω.cm silicon substrate of thickness 500

µm [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 standard 10-Ω.cm silicon substrate of thickness

260 µm [33]. As can be seen from Fig. 4.22, a transmission gain of−54 dB at 18

GHz are achieved from either the pair of meander or zigzag 30◦ monopoles at the sep-

aration of 10 mm on the standard 10-Ω.cm silicon substrate of thickness 633µm. 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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Monopole_tg_a: The measured transmission gain of the meander pair. 
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Monopole_tg_b: The measured transmission gain of the zigzag 30° pair. 

(b)

Figure 4.22: The measured transmission gain: (a) the meander pair and (b) the zigzag
30◦ pair.
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(b)

Figure 4.23: The measured phase of S21 of the meander pair atd = 5 mm on (a) 10-
Ω.cm and (b) 5-KΩ.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). Fig. 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.
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Monopole_inftg : The measured effects of metal lines on the transmission gain on 

5 k -cm silicon substrate. 

Figure 4.24: The measured effects of metal lines on the transmission gain on 5-KΩ.cm
silicon substrate.

Finally, the measurement results of the other monopoles are compared in Fig. 4.25.

It is seen that no sharp resonance dips (< -20 dB) can be observed for the monopoles

on the 5-KΩ.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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Monopole_tgelse_a:The measured return loss of the other monopole pairs on 5 

kΩ-cm silicon substrate. 
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Monopole_tgelse_b:The measured transmission gain of the other monopole pairs 

on 5 kΩ-cm silicon substrate. 

 

 
 

Monopole_mgeo: On-chip meander antenna top view photograph. 
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Monopole_raymodel: Simplified ray tracing model. 

 

(b)

Figure 4.25: The measured results of the other monopole pairs atd = 5 mm on 5-
KΩ.cm silicon substrate, (a) S11 and (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

 

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 I/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 functionH(f) is defined in the

frequency domain for the intra-chip wireless channel as the ratio ofxin(t), the signal

applied to the TA, toxout(t), the signal received by the RA. In our studyH(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 signalxin(t) applied to the TA is the same as eq. (2.2). Givenxin(t)
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and the experimentally characterizedH(f) the channel output signalxout(t) is easily

obtained using the Fourier inverse transform.
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Monopole_tgelse_b:The measured transmission gain of the other monopole pairs 

on 5 k -cm silicon substrate. 

 

 
 

Monopole_mgeo: On-chip meander antenna top view photograph. 
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Monopole_raymodel: Simplified ray tracing model. 

 

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 measured S11 results 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-KΩ.cm Si and 10-Ω.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 the 5-KΩ.cm Si

substrate and at 18 GHz in the 10-Ω.cm Si substrate of Fig. 4.20 (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 the 5-KΩ.cm and
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10-Ω.cm Si substrates the measured S11 results are both lower than−6 dB from 22 to

29 GHz, indicating an acceptable matching to a 50-Ω source. In addition, the simulated

radiation efficiency is 7 % for the 5-KΩ.cm case and 1.1 % for the 10-Ω.cm case. The

low efficiencies are caused by the lossy silicon substrate.
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Monopole_ms11: Return loss of the on-chip meander antenna. 
Figure 4.28: S11 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 Fig. 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 distanced varied from 2.5 to 40 mm. The measurements were conducted to

characterize the intra-chip wireless channel by its transfer functionH(f). Fig. 4.29
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Monpole_H_a: Measured amplitude of H(f)on 10-Ω.cm Si substrate. 
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Monopole_H_b: Measured amplitude of H(f)on 5-KΩ.cm Si substrate. 

(b)
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Monopole_H_c: Measured phase of H(f)on 10-Ω.cm Si substrate. 
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(d)

Figure 4.29: MeasuredH(f): (a) amplitude, 10-Ω.cm Si, (b) amplitude, 5-KΩ.cm Si,
(c) phase, 10-Ω.cm Si, and (d) phase, 5-KΩ.cm Si.

shows the measured transfer functionH(f) at the interconnect distances of 2.5 and

40 mm on the 5-KΩ.cm and 10-Ω.cm Si substrates. It is seen that both amplitude and

phase of the transfer functionH(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 modeHEM11 dominates in the transmission, as a result, the

fluctuations should follow a Rician distribution [17]. Fig. 4.29 also shows that the am-

plitudes ofH(f) are higher for the 5-KΩ.cm Si substrate than those for the 10-Ω.cm 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 lossLc with the varying interconnect distance on

the 5-KΩ.cm and 10-Ω.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 functionH(f), we can use it to calculate

the signal received by the RAxout(t) with respect to the signal applied to the TA

xin(t). Fig. 4.31 shows an example of the transmitted data,xin(t) with an normalized

amplitude,Tf = 0.3 ns,Rb = 1/Tf = 3.33 Gbps andδopt= 0.02 ns, andxout(t) received
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Monopole_hloss: Channel loss versus interconnect distance. 
Figure 4.30: Channel loss versus interconnect distance.

by the RA located atd = 2.5 mm on the 5-KΩ.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 theΓb calculation, the receiver noise figureFr is reasonably assumed to be 15 dB.

The switching noise is assumed to beT = 10 dB orT = 5 dB lower than the thermal

noise according to the measured result [66]. The other parameters used in the evalua-
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Monopole_signal: Transmitted data, xin(t)and xout(t)with normalized amplitude at 

d=2.5mm and Rb =3.33Gbps. 

Figure 4.31: Transmitted data,xin(t), andxout(t) with normalized amplitude atd =
2.5 mm andRb = 3.33 Gbps.

tion are all reasonable values withGr = 15 or 20 dB,Lm = −4 dB,K = 10 dB andPt

= 0 dBm.

Fig. 4.32 shows the BER versus distanced for the 5-KΩ.cm and 10-Ω.cm Si sub-

strates atRb = 1.5 Gbps. Fig. 4.33 shows the BER versus data rateRb for the 5-KΩ.cm

and 10-Ω.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-

KΩ.cm Si substrate achieves a better BER than that on the 10-Ω.cm Si substrate. It

is also shown that the system on the 10-Ω.cm substrate can support a data rate of 1.5

Gbps with a BER< 10−5 up to an interconnect distance of 10 mm with the average

transmitted power of 0 dBm; while the system on the 5-KΩ.cm substrate can support

a data rate of 3.5 Gbps with a BER< 10−6 up to an interconnect distance of 40 mm

with the same transmitted power.
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Monopole_ber1_a: BER versus distance d at Rb =1.5 Gbps on 10-Ω.cm Si. 
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Monopole_ber1_b: BER versus distance d at Rb =1.5 Gbps on 5-KΩ.cm. Si. 

(b)

Figure 4.32: BER versus distanced at Rb = 1.5 Gbps on (a) 10-Ω.cm Si and (b) 5-
KΩ.cm Si.
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Monopole_ber2_a:  BER versus distance Rb at d=40 mm on 10-Ω.cm Si. 

(a)

Data rate (Gbps)

.5 1.0 1.5 2.0 2.5 3.0 3.5

Lo
g 

(B
ER

)

-8.0

-7.5

-7.0

-6.5

-6.0

-5.5

Gr = 20 dB, T = 10 dB
Gr = 20 dB, T = 5 dB
Gr = 15 dB, T = 10 dB
Gr = 15 dB, T = 5 dB

d = 40 mm, 5-KΩ.cm Si

 

 

Monopole_ber2_b: BER versus distance Rb at d=40 mm on 5-KΩ.cm Si. 
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Figure 4.33: BER versusRb atd = 40 mm on (a) 10-Ω.cm Si and (b) 5-KΩ.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 of 8×15 mm2. The final

fabricated dimensions are,L1 = 3 mm,L2 = 15 mm,L3 = 8 mm,L4 = 2 mm,L5 = 2

mm,X1 = 6.7 mm,X2 = 5 mm,X3 = 2 mm,S1 = 0.3 mm,S2 = 1 mm.
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5.1 LTCC-Based Beveled Monopole UWB Antenna

10 mm
17 m
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S1

Z
X
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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. Fig. 5.2 shows the measured S11 result. 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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5.1 LTCC-Based Beveled Monopole UWB Antenna

Frequency (GHz)

2 3 4 5 6 7 8 9 10 11 12

S 11
 (d

B
)

-40

-35

-30

-25

-20

-15

-10

-5

0

 

Figure 5.2: Measured S11 of 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 functionsS21,AUT (f) and

S21,STD(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. 5.4 shows the measured S21,AUT (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].

HN,AUT (f) =
S21,AUT (f)

S21,STD(f)
HN,STD(f) (5.1)

whereHN,STD(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]. Fig. 5.5 shows theHN,AUT (f)

magnitude and group delay. It is 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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5.1 LTCC-Based Beveled Monopole UWB Antenna

It should be emphasized that the magnitude in decibels of the normalized transfer

function is exactly the antenna absolute gain [48]. As seen from Fig. 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 withTw = 175 ps,

si(t) =

3− 6

(
4π

T 2
w

)
t2 +

(
4π

T 2
w

)2

t4

 · e−2π( t
Tw

)
2

(5.2)

The other is the modulated pulse expressed as follows with carrier frequencyfc = 5

GHz anda = 300 ps,

si(t) = sin(2πfct)e
−( t

a)
2

(5.3)
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5.1 LTCC-Based Beveled Monopole UWB Antenna

The waveforms of these two kinds of incident pulse are illustrated in 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,

sr(t) = F−1
{
Si(f) ·HN,AUT (f) ·

∏
(f)

}
(5.4)

where
∏

(f) represents an ideal bandpass filter from 2 to 12 GHz. Fig. 5.6 also

illustrates the received pulses by the beveled UWB antenna. A well-defined parameter

named Fidelity is proposed in eq. (5.5) to evaluate the capability of pulse distortion of

the antennas [48].

Fidelity = max
τ


∫∞
−∞ si(t)sr(t + τ)dt√∫∞
−∞ s2

i (t)dt
∫∞
−∞ s2

r(t)dt

 (5.5)

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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5.2 LTCC-Based UWB ICPA
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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, 49, 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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5.2 LTCC-Based UWB ICPA

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. 5.8 shows the configurations of the UWB ICPA in a 20×10×1.2 mm3 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 the 10-µm thick

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 2.5×2.5×0.4 mm3. The bottom layer is 0.4

mm thick with a large cavity of 4.1×4.1×0.4 mm3. 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 dimensions of 2×2×0.4 mm3 is
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5.2 LTCC-Based UWB ICPA
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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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5.2 LTCC-Based UWB ICPA

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 to 50Ω in 5.5-10.6 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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5.2 LTCC-Based UWB ICPA

A. Antenna design and optimization

In the UWB integrated antenna design, with reference to the structure of Fig. 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. 5.9 as typea with a small footprint of 6.18×11.35 mm2. 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 0.15×0.5×0.01 mm3 has been

added in the location with high current distribution as typeb shown in Fig. 5.9 to

further achieve the good matching around 7 GHz. As seen from 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 2×2×0.01 mm3 has been added based on the design of the typeb.

This slot is chosen to be located at the place of low current distribution. This technique

will make the designed antenna as typec achieve the expected mechanical property

while having no influence on its electrical property. This is confirmed by the S11 result

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 Fig. 5.8 (b) the whole feeding network
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Fig.6-5 Return loss optimization of the integrated UWB antennas. 
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Fig.6-6 (a) Return loss of the CPW1 of the feeding network.  

 

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-CPW2 will be designed respectively. With reference to the

complete structure of Fig. 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 S11 of every part. Although 50-Ω 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 in Fig. 5.10 (a) and
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Fig.6-6 (b) Return loss of the CPW2 of the feeding network. 
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Fig.6-6 (c) Return loss of the Bond wire-CPW1of the feeding network. 
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Fig.6-6 (d) Return loss of the CPW1-via-CPW2 of the feeding network. 
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Fig.6-6 (e) Optimized Return loss results of the feeding network. 
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Fig.6-7 UWB ICPA Return Loss. 

 

(e)

Figure 5.10: S11 of the feeding network: (a) CPW1, (b) CPW2, (c) Bond wire-CPW1,
(d) CPW1-via-CPW2, and (e) optimized results.
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5.2 LTCC-Based UWB ICPA

(b) respectively. For the CPW1 design its trace length is fixed at 1.8 mm to remain

the structure consistency while its widthw1 is varied to optimize the CPW return loss

performance. It is seen from Fig. 5.10 (a) that the best S11 <−20 dB for the frequency

range of 5.5-10.6 GHz is obtained atw1 = 0.17 mm. For the CPW2 design its trace

length is fixed at 2.3 mm while its trace widthw2 is varied to optimize the CPW return

loss performance. It is seen from Fig. 5.10 (b) that the best S11 < −20 dB for the

frequency range of 5.5-10.6 GHz is obtained atw2 = 0.35 mm. The bond wire is

designed using the bond wire and optimized CPW1 combined structure. The designed

parameters areXbw, Dbw andSbw, whereXbw is the bond wire length,Dbw is the

bond wire diameter, andSbwis the gap between the neighboring bond wire feed via

centers. It is seen from Fig. 5.10 (c) that the best S11 < −15 dB for the frequency

range of 5.5-10.6 GHz is obtained atSbw= 0.15 mm,Dbw = 0.04 mm andXbw= 0.9

mm. The via between CPW1 and CPW2 is designed using optimized CPW1, via and

optimized CPW2 combined structure. The aperture radiusRa is varied to optimize the

return loss performance. It is seen form Fig. 5.10 (d) that the best S11 < −15 dB is

obtained atRa= 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 S11 < −11 dB is obtained. This shows that the feeding network can achieve good

matching to 50-Ω source.

C. Characterization of UWB ICPA

After the antenna optimization and feeding network design, the characteristics of
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5.2 LTCC-Based UWB ICPA

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 a 50-Ω source 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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Fig.6-7 UWB ICPA Return Loss. 
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Fig.6-8 UWB ICPA Impedance. 

 

 

Figure 5.11: UWB ICPA S11.
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Fig.6-7 UWB ICPA Return Loss. 
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Fig.6-8 UWB ICPA Impedance. 

 

 

Figure 5.12: UWB ICPA impedance.
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5.2 LTCC-Based UWB ICPA
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Fig.6-9 (a) UWB ICPA H-plane radiation patterns at 5.05 GHz 
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Fig.6-9 (b) UWB ICPA E-plane radiation patterns at 5.05 GHz. 
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Fig.6-9 (c) UWB ICPA H-plane radiation patterns at 8 GHz.  
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Fig.6-9 (d) UWB ICPA E-plane radiation patterns at 8 GHz. 
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Fig.6-9 (e) UWB ICPA H-plane radiation patterns at11.75 GHz. 

 

(e)

-30dB

-20dB

-10dB

0dB
0

30

60

90

120

150

180

210

240

270

300

330

 
Fig.6-9 (f) UWB ICPA E-plane radiation patterns at11.75 GHz. 
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Fig.6-10 UWB ICPA Gain. 

 

 

(f)

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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5.2 LTCC-Based UWB ICPA

The simulated UWB ICPA achieves the high radiation efficiency> 96% 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

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

              

Fig.6-11 60 GHz ICPA 3D view 

 

Fig.6-12 (a) Layout of the WB-slot 60 GHz ICPA. 
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Figure 5.15: 60-GHz ICPA 3D view.
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5.3 LTCC-Based 60-GHz ICPA

Fig. 5.15 shows the configuration of the designed 60-GHz ICPA in a 11×7×1.3

mm3 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 10-µm 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 250µm.

 

Fig.6-12 (a) Layout of the WB-slot 60 GHz ICPA. 

 

L1 

L2 

L3 

(a)

Bibliography 

 

Fig.6-12 (b) Layout of the WB-triangle 60 GHz ICPA 

L4 

(b)
 

Fig.6-12 (c) Layout of the Yagi 60 GHz ICPA. 

  

(c)

Figure 5.16: 60-GHz ICPA layout: (a) WB-slot ICPA, (b) WB-triangle ICPA, and (c)
Yagi ICPA.
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5.3 LTCC-Based 60-GHz ICPA

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 a 4.75×3.75×0.6 mm3

small cavity and a 5.25×4.25×0.4 mm3 large cavity to carry a single-chip 60-GHz

IBM receiver with size of 3.4×1.7×0.46 mm3 [25]. Fig. 5.16 (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 element 100µm

deeper inside the middle layer. This antenna is designed as a single-chip package

with a 5.3×3.6×0.6 mm3 small cavity and a 5.8×4.1×0.4 mm3 large cavity to carry a

single-chip 60-GHz IBM transmitter with size of 4.0×1.6×0.46 mm3 [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 Fig. 5.16 (a), whereL3 = 2L1 = 2L2 = λ. The wavelength

λ 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 50-Ω source at 60-GHz frequency band.
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5.3 LTCC-Based 60-GHz ICPA
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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 Fig. 5.16 (b), whereL4 = λ. 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-Ω source at 60-GHz frequency band.

For the differential Yagi ICPA with the layout as shown in Fig. 5.16 (c), the return

loss is defined as follows,

RL = 20 lg
(

Zd − Z0

Zd + Z0

)
(5.6)

WhereZd is the input impedance of the differential driven antenna, calculated using

two port Z-parameters asZd = 2(Z11 − Z21) = 2(Z22 − Z12). Z0 is of typical value of

100Ω, 300Ω or 600Ω. In this study we choose 100Ω 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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5.3 LTCC-Based 60-GHz ICPA
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Fig.6-13 (c) H-plane radiation patterns of the WB-slot ICPA at 60 GHz. 
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Fig.6-14 (a) Return Loss of the WB-triangle 60 GHz ICPA. 
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Fig.6-13 (b) E-plane radiation patterns of the WB-slot ICPA at 60 GHz. 
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Fig.6-14 (c) H-plane radiation patterns of the WB-triangle ICPA at 60 GHz. 
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Fig.6-15 (a) Return Loss of the Yagi 60 GHz ICPA. 
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Fig.6-14 (b) E-plane radiation patterns of the WB-triangle ICPA at 60 GHz. (d)
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Fig.6-15 (c) H-plane radiation patterns of the Yagi ICPA at 60 GHz. 
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Fig.6-15 (b) E-plane radiation patterns of the Yagi ICPA at 60 GHz. 

 

 

(f)

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

which indicates good matching to a 50-Ω source 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 all

achieve the high radiation efficiency> 95% at 60 GHz.

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

5.4.1 System description

Processor chip
 equipped with

UWB radio

Multi-chip module

Memory chip
 equipped with

UWB radio

Memory chip
 equipped with

UWB radio

I/O I/O

Processor chip
 equipped with

UWB radio

TA RA
d

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 (PCIe) as detailed in [83], while conventionally the PCIe circuits

are used for wire interconnects between chips. This novel interconnect has such ad-
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5.4 Inter-Chip Wireless Interconnect Using On-Package Antennas and UWB Radios

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].

ADCLNA Integrator

Receiver (RX)

Correlator

Multiplier

Transmitter (TX)

DA

Pulse
Generator

Pulse Modulator

Clock Generator
&Synchronizer

Antenna

TX data

RX data

Baseband
Processor

Figure 5.20: Architecture of UWB radio.

Fig. 5.20 shows the block diagram of the UWB radio architecture [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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5.4 Inter-Chip Wireless Interconnect Using On-Package Antennas and UWB Radios

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 Fig. 5.1 will be adopted in this system. It has

S11 lower than−10 dB from 3.1 to 10.6 GHz, indicating an acceptable matching to a

50-Ω source. As shown in Fig. 5.19 a unique inter-chip wireless channel is formed

between the TA and RA. A transfer functionH(f) is defined in the frequency domain

for the inter-chip wireless channel as the ratio ofxin(t), the signal applied to the TA, to

xout(t), the signal received by the RA. In our studyH(f) will be characterized by the

experimental method. The UWB radio adopts the pulse position modulation (PPM)

scheme. The PPM signalxin(t) applied to the TA is the same as eq. (2.2) but with the

basic UWB pulseg(t) modified to the fourth derivative of a Gaussian function pulse

as expressed in eq. (5.2) and with the waveform shown in Fig. 5.6 (a). It is found

from Fig. 5.7 that the PSD of this modifiedg(t) 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 TAxin(t) and the experimentally character-

izedH(f) the channel output signalxout(t) is easily obtained using the Fourier inverse

transform.

In what follows the theoretical performance of the inter-chip wireless interconnect

system of Fig. 5.19 with interconnect lengthd of 20 cm will be evaluated. The UWB

radio operates with the radiated power spectral density< −41.3 dBm/MHz (or the

average transmitted powerPt less than−2.55 dBm) to meet the emission regulation
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5.4 Inter-Chip Wireless Interconnect Using On-Package Antennas and UWB Radios

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 functionH(f) was then

measured to characterize the inter-chip wireless channel. Fig. 5.21 shows the mea-

sured transfer functionH(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 lossLc 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 5.21: MeasuredH(f).
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Figure 5.22: Channel loss versus data rate.
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5.4 Inter-Chip Wireless Interconnect Using On-Package Antennas and UWB Radios

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 SNRΓb calculation the method presented in section 3.2.1 also

can be applied for this inter-chip case, except that the eq. (3.4) should be changed to

the equation as follows based on the channel lossLc

Erb = Etb · Lc ·Gr · Lm (5.7)

The receiver noise figureFr is reasonably assumed to be 15 or 10 dB [63, 64]. The

switching noise is assumed to beT = 10 dB orT = 5 dB lower than the thermal noise

according to the measured result [66]. The other parameters used in the evaluation

are all reasonable values withGr = 15 dB,Lm = −4 dB, andK = 10 dB. All above

parameters are used to calculate the value ofΓb.
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5.4 Inter-Chip Wireless Interconnect Using On-Package Antennas and UWB Radios

In BER calculation, we havePb|x acoording to eq. ( 2.13 ) for UWB PPM scheme.

Pb|x =
1

2
erfc

√(1− ρ) · x
2

 , (5.8)

whereρ has been presented in eq. (2.14). The abovePb|x has the general form of eq.

(3.13). Using the BER expression derived as eq. (3.12) we finally get the BER as

follows that is precise and easily computed numerically.

Pb =
1

2π
· 1 + K

Γb

·
∫ π

2

−π
2

1
1−ρ
2

sec2 θ + 1+K
Γb

exp

 −K 1−ρ
2

sec2 θ
1−ρ
2

sec2 θ + 1+K
Γb

 ·dθ (5.9)
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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 10−8.9 at 0.1 Gbps to 10−7.9 at 1 Gbps. It is

shown that the system can support a data rate of 1 Gbps with a BER< 10−7 up to an
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5.4 Inter-Chip Wireless Interconnect Using On-Package Antennas and UWB Radios

interconnect distance of 20 cm with radiated power density less than−41.3 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< 10−5 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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6.1 Conclusions

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 BER< 10−5 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 S11 and S21 parameters. It is concluded that the BEOL, micromaching,

and proton implantation methods should be optimized in design to take their advan-

tages. It is also concluded that the existence of metal lines between antenna pairs may

improve the antenna transmission performance.
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6.1 Conclusions

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 10Ω.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 gain of−19 dBi

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 gain of−46.3 dB at

61 GHz is achieved from the pair of inverted-F antennas at the separation of 10 mm on

the standard 10-Ω.cm silicon wafer of thickness 750µm.

On-chip monopoles of axial length 1 mm have been fabricated on silicon substrates

of high resistivity 5 KΩ.cm and low resistivity 10Ω.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 30◦ monopole 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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6.1 Conclusions

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 10-Ω.cm substrate can support a data rate of 1.5

Gbps with a BER< 10−5 up to an intra-chip wireless channel of length 10 mm with

the average transmitted power of 0 dBm; while the system on the 5-KΩ.cm substrate

can support a data rate of 3.5 Gbps with a BER< 10−6 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 size of 17×10×1

mm3. 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 6.18×11.35 mm2 has been designed for

the fist time in a 20×10×1.2 mm3 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 BER< 10−7

over an inter-chip wireless channel of length 20 cm can be achieved with the radiated

power spectral density less than−41.3 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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[46] Erik Öjefors, “Micromachined Antennas for Integration with Silicon Based Ac-
tive Devices,” Licentiate Theses, Uppsala University, Sweden, April 2003.

[47] J. Heyen, T. von Kerssenbrock, A. Chernyakov, P. Heide, and A. F. Jacob, “Novel
LTCC/BGA modules for highly integrated millimeter-wave transceivers,”IEEE
Transactions on Microwave Theory and Techniques,vol. 51, pp. 2589-2596, 2003.

135

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



BIBLIOGRAPHY

[48] T. G. Ma and S. K. Jeng, “Planar miniature tapered-slot-fed annular slot antennas
for ultrawide-band radios,”IEEE Transactions on Antennas and Propagation, vol.
53, no. 3, pp. 1194-1202, 2005.

[49] M. J. Ammann and Z. N. Chen, “A wide-band shorted monopole with a bevel,”
IEEE Transactions on Antennas and Propagation, vol. 51, no. 4, pp. 901-903,
2003.

[50] K. L. Wong, C. H. Wu, and S. W. Su, “Ultrawide-band square planar metal-
plate monopole antenna with a trident-shaped feeding strip,”IEEE Transactions
on Antennas and Propagation, vol. 53, no. 4, pp. 1262-1269, 2005.

[51] J. Liang, L. Guo, C. C. Chiau, and X. Chen, “CPW-fed circular disc monopole
antenna for UWB applications,” presented atIEEE International Workshop on An-
tenna Technology: Small Antennas and Novel Metamaterials, IWAT 2005.

[52] Z. N. Low, J. H. Cheong, and C. L. Law, “Low-cost PCB antenna for UWB
applications,”Antennas and Wireless Propagation Letters, vol. 4, pp. 237-239,
2005.

[53] C. Ying and Y. P. Zhang, “A planar antenna in LTCC for single-package
ultrawide-band radio,”IEEE Transactions on Antennas and Propagation, vol. 53,
no. 9, pp. 3089-3093, 2005.

[54] Y. Chen, G. Y. Li, and Y. P. Zhang, “An LTCC planar ultra-wideband antenna”,
Microwave and Optical Technology Letter, vol. 42, no. 3, pp. 220-222, 2004.

[55] Y. Chen and Y. P. Zhang, “Integration of ultra-wideband slot antenna on LTCC
substrate,”Electronics Letters, vol. 40, pp. 645-646, 2004.

[56] “Ultrawide band antenna and filter design,” Taiyo Yuden Co., LTD, presented at
theAnsoft 2005 workshop, Sep. 2005.

[57] M. Sun and Y. P. Zhang, “Miniaturization of Planar Monopole Antennas for
Ultrawide-Band Applications,” submitted toIEEE Transactions on Antennas and
Propagation, 2006.

[58] M. Sun and Y. P. Zhang, “Inter-chip RF-interconnect using CPW, capacitive cou-
pler and UWB transceiver,” inProc. of Asia-Pacific Microwave Conference,India,
2004.

[59] B. Parr, Cho ByungLok, K. Wallace, and Zhi Ding, “A novel ultra-wideband
pulse design algorithm,”IEEE Communications Letters, May 2003, vol. 7, no. 5,
pp. 219-221.

[60] H. Shin, Z. Xu, K. Miyashiro, and M. F. Chang, “Estimation of signal-to-noise
ratio improvement in RF-interconnect,”IEE Electronics Letters, Dec. 2002, vol.
38, no. 25, pp. 1666-1667.

136

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



BIBLIOGRAPHY

[61] M. Saint-Laurent, Z. Ajmal, M. Swaminathan, and J.D. Meindl, “A model for
interlevel coupling noise in multilevel interconnect structures,”Interconnect Tech-
nology Conference, June 2001, vol. 4-6, pp. 110-112.

[62] Y. P. Zhang, M. Sun, and W. Fan, “Performance of Integrated Antennas on Sil-
icon Substrates of High and Low Resistivities up to 110 GHz for Wireless Inter-
connects,”Microwave and Optical Technology Letters, vol. 48, no. 2, pp. 302-305,
2006.

[63] IEEE Standard 802.15 -03/139r5, 2003.

[64] IEEE Standard 802.15 -03/334r3, 2003.

[65] Y. P. Zhang, M. Sun, and W. Fan, “Performance of Integrated Antennas on Sil-
icon Substrates of High and Low Resistivities up to 110 GHz for Wireless Inter-
connects,”Microwave and Optical Technology Letters, vol. 48, no. 2, pp. 302-305,
2006.

[66] D. Bravo, H. Yoon, K. Kim, B. Floyd, and K. O. Kenneth, “Estimation of the
signal-to-noise ratio for on-chip wireless clock signal distribution (year 2000),”
Proc. of IEEE International Interconnect Technology Conference,Jun. 2000, pp.
9-11.

[67] F. Q. Xiong, Digital Modulation Techniques, Artech House, Boston/London,
2000.

[68] T. S. Rappaport,Wireless Communications: Principles and Practices.2nd Edi-
tion, Prentice Hall, 2001.

[69] M. Abramowitz and I. A. Stegun,Handbook of Mathematical Functions, New
York, Dover, 1972.

[70] I. S. Gradshteyn and I. M. Pyzhik,Table of Integrals, Series and Products, Aca-
demic Press, 1980.

[71] M. Sun and Y. P. Zhang, “A note on BER calculation of digital modulation
schemes in wireless Rician fading channels,”IEEE Region 10 Infocom Colloquium
on Broadband Access Technology, Singapore, 2004.

[72] Ronold W. P. King, “The electromagnetic field of a horizontal electric dipole in
the presence of a three-layered region,”J. Appl. Phys. 69 (12), 15 June 1991, pp.
7987-7995.

[73] N. Alexopoulos and I. Rana, “Mutual impedance computation between printed
dipoles,” IEEE Transactions on Antennas and Propagation,vol. 29, no. 1, pp.
106-111, 1981.

137

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



BIBLIOGRAPHY

[74] L. B. Felsen and N. Marcuvitz,Radiation and Scattering of Waves, Microwaves,
Fields Series. Englewood Cliffs, NJ: Prentice-Hall, 1973.

[75] X. Guo, R. Li, and K. K. O, “Design guidelines for reducing the impact of metal
interference structures on the performance on-chip antennas,” presented atIEEE
2003 Antennas and Propagation Society International Symposium, 2003.

[76] P. R. Grajek, B. Schoenlinner, and G. M. Rebeiz, “A 24-GHz High-Gain Yagi-
Uda Antenna Array,”IEEE Transactions on Antennas and Propagation, vol. 52,
no. 5, pp. 1257-1261, 2004.

[77] R. N. Simions and R. Q. Lee, “On-wafer characterization of millimeterwave an-
tennas for wireless application,”IEEE Transactions on Microwave Theory and
Techniques, vol. 47, no. 1, pp. 92-96, 1999.

[78] M. J. Ammann and Z. N. Chen, “Wideband monopole antennas for multi-band
wireless systems,”IEEE Antennas and Propagation Magazine,vol. 45, pp. 146-
150, 2003.

[79] K. L. Wong, C. H. Wu, and S. W. Su, “Ultrawide-band square planar metal-
plate monopole antenna with a trident-shaped feeding strip,”IEEE Transactions
on Antennas and Propagation,vol. 53, pp. 1262-1269, 2005.

[80] N. Behdad and K. Sarabandi, “A multiresonant single-element wideband slot an-
tenna,”Antennas and Wireless Propagation Letters, vol. 3, pp. 5-8, 2004.

[81] A. U. Bhobe, C. L. Holloway, M. Piket-May, and R. Hall, “Wide-band slot an-
tennas with CPW feed lines: hybrid and log-periodic designs,”IEEE Transactions
on Antennas and Propagation, vol. 52, pp. 2545-2554, 2004.

[82] I. K. Kim, S. Pinel, J. Papapolymerou, M. M. Tentzeris, J. Laskar, and J. G. Yook,
“Linear Tapered Slot Antennas on LTCC Substrate for Millimeter-Wave Applica-
tions,” accepted for presentation to the2005 IEEE-APS Symposium, Washington,
DC, July 2005.

[83] Y. J. Zheng, Y. P. Zhang, and Y. Tong “A Novel Wireless Interconnect Technol-
ogy Using Impulse Radio for Interchip Communications ”IEEE Transactions on
Microwave Theory and Techniques, vol. 54, no. 4, pp. 1912-1920 , 2006.

[84] J. R. Heath, P. J. Kuekes, G. Snider, and R. S. Williams “A defect tollerant com-
puter architecture: Opportunities for nanotechnology ”Science, vol. 280, pp. 1717-
1721, 1998.

[85] FCC noite of proposed rule making, revision of part 15 of the commission’s rules
regarding ultra-wideband transmission systems. FCC, Washington. DC, ET-docket
98-153.

138

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



A
PP

E
N

D
IX

 
 

In
te

rc
on

ne
ct

 te
ch

no
lo

gi
es

 in
 fu

tu
re

 U
L

SI
 

 
Te

ch
no

lo
gi

es
 

Pr
os

 
C

on
s 

In
te

rc
on

ne
ct

 p
er

fo
rm

an
ce

 
In

tr
od

uc
tio

n 
of

 
lo

w
-r

es
is

tiv
ity

 
co

pp
er

 a
nd

 lo
w

-
pe

rm
itt

iv
ity

 (k
) 

di
el

ec
tr

ic
s  

• 
It 

pr
ov

id
es

 p
er

fo
rm

an
ce

 a
nd

 
re

lia
bi

lit
y 

en
ha

nc
em

en
t c

om
pa

re
d 

w
ith

 tr
ad

iti
on

al
 w

ire
 in

te
rc

on
ne

ct
. 

    

• 
In

te
gr

at
io

n 
of

 th
es

e 
ne

w
 m

at
er

ia
ls

 
in

to
 in

te
gr

at
ed

 c
irc

ui
t f

ab
ric

at
io

n 
is

 a
 fo

rm
id

ab
le

 ta
sk

, r
eq

ui
rin

g 
m

at
er

ia
l, 

pr
oc

es
s, 

de
si

gn
, a

nd
 

pa
ck

ag
in

g 
in

no
va

tio
ns

 [1
]. 

• 
Th

e 
in

te
rc

on
ne

ct
 b

an
dw

id
th

 is
 

lim
ite

d 
by

 th
e 

w
ire

 m
at

er
ia

l. 

Th
e 

w
ire

 c
ha

nn
el

 c
ap

ac
ity

 is
 g

iv
en

 b
y 

10
16

A/
l2 bp

s, 
w

he
re

 A
 st

an
ds

 fo
r t

he
 

cr
os

s s
ec

tio
n 

of
 a

 w
ire

 a
nd

 l 
fo

r t
he

 
le

ng
th

 o
f t

he
 w

ire
. C

on
si

de
r A

 =
 3

0 
um

2 
an

d 
l =

 1
 c

m
, t

he
 w

ire
 c

ha
nn

el
 

ca
pa

ci
ty

 is
 3

 G
bp

s [
2]

.  

O
pt

ic
al

 
in

te
rc

on
ne

ct
 

  

• 
It 

is
 a

ttr
ac

tiv
e 

as
 o

ff
-c

hi
p 

or
 

pa
ck

ag
e/

bo
ar

d 
ap

pl
ic

at
io

n.
 T

he
 

m
at

er
ia

l b
an

dw
id

th
- l

im
it 

do
es

n'
t 

ex
is

t. 
Th

e 
on

ly
 li

m
it 

is
 th

e 
pr

op
ag

at
io

n 
de

la
ys

 o
f o

pt
oe

le
ct

ro
ni

c 
co

m
po

ne
nt

s s
uc

h 
as

 tr
an

sm
itt

er
s, 

m
od

ul
at

or
s, 

an
d 

re
ce

iv
er

s. 
 

• 
O

pt
ic

al
 in

te
rc

on
ne

ct
s u

se
d 

fo
r o

ff
-

ch
ip

 a
nd

 o
n-

ch
ip

 c
lo

ck
 a

nd
 si

gn
al

 
di

st
rib

ut
io

n 
el

im
in

at
e 

th
e 

hi
er

ar
ch

ic
al

 
co

ns
tra

in
ts

 im
po

se
d 

by
 o

ff
-c

hi
p 

el
ec

tri
ca

l i
nt

er
co

nn
ec

ts
, i

.e
., 

th
e 

lo
w

er
 

ba
nd

w
id

th
 a

nd
 lo

ng
er

 d
el

ay
 ti

m
e.

 
 

• 
A

 m
od

ul
e 

is
 n

ee
de

d 
to

 tr
an

sf
or

m
 

op
tic

al
 si

gn
al

s t
o 

el
ec

tri
ca

l 
si

gn
al

s. 
• 

Th
e 

re
la

tiv
e 

si
ze

 o
f o

pt
ic

al
 

co
m

po
ne

nt
s i

s a
 b

ig
 is

su
e 

an
d 

th
ey

 e
xh

ib
it 

se
rio

us
 c

ha
lle

ng
es

 to
 

be
 fa

br
ic

at
ed

 in
 si

lic
on

. 
• 

It 
is

 n
ot

 c
os

t-e
ff

ec
tiv

e.
 T

he
 

te
ch

no
lo

gy
 d

ep
en

ds
 la

rg
el

y 
on

 
co

m
po

ne
nt

s m
ad

e 
of

 g
al

liu
m

 
ar

se
ni

de
 a

nd
 g

er
m

an
iu

m
, w

hi
ch

 
ar

e 
m

or
e 

ex
pe

ns
iv

e 
th

an
 si

lic
on

. 
• 

A
lig

nm
en

t i
s a

ls
o 

a 
m

or
e 

de
lic

at
e 

m
at

te
r i

n 
th

is
 o

pt
ic

al
 te

ch
no

lo
gy

. 
• 

A
n 

on
-c

hi
p 

op
tic

al
 in

te
rc

on
ne

ct
 

te
ch

no
lo

gy
 m

ay
 re

qu
ire

 e
ith

er
 

im
pr

ac
tic

al
 h

ig
h 

le
ve

ls
 o

f o
pt

ic
al

 
si

gn
al

 p
ow

er
 o

r a
re

a 
in

te
ns

iv
e 

er
ro

r c
or

re
ct

io
n 

ci
rc

ui
ts

. 

8 
G

bp
s i

s r
ea

liz
ed

 fo
r a

 h
ig

h-
sp

ee
d 

12
-c

ha
nn

el
 li

nk
 (8

 d
at

a 
ch

an
ne

ls
) a

t 
th

e 
In

te
l C

om
po

ne
nt

s R
es

ea
rc

h 
La

b 
[3

]. 
 T

he
 o

pt
ic

al
 I/

O
 is

 b
as

ed
 o

n 
an

 
op

to
el

ec
tro

ni
c 

fli
p-

ch
ip

 p
in

 g
rid

 a
rr

ay
 

(F
C

PG
A

) p
ac

ka
ge

, a
nd

 th
e 

ke
y 

co
m

po
ne

nt
s o

f t
he

 h
yb

rid
 p

ac
ka

ge
 a

re
 

ga
lli

um
 a

rs
en

id
e 

V
C

SE
Ls

, p
-ty

pe
 

in
tri

ns
ic

 n
-ty

pe
 d

op
ed

 si
lic

on
 (P

IN
)  

ph
ot

od
io

de
 a

rr
ay

s, 
ac

ry
la

te
 p

ol
ym

er
 

w
av

eg
ui

de
 a

rr
ay

s, 
m

ul
tit

er
m

in
al

 
fib

er
-o

pt
ic

 c
on

ne
ct

or
s, 

an
d 

th
e 

0.
18

-
μm

 C
M

O
S 

tra
ns

ce
iv

er
 c

hi
p.

 T
he

 3
× 

3.
25

 m
m

2  tr
an

sc
ei

ve
r c

hi
p 

oc
cu

pi
es

 
on

ly
 o

ne
-th

ird
 o

f t
he

 to
ta

l c
hi

p 
ar

ea
 

w
hi

le
 c

on
ta

in
in

g 
al

l t
he

 c
irc

ui
ts

 
ne

ed
ed

 fo
r u

se
 in

 o
pt

ic
al

-li
nk

 
tra

ns
m

is
si

on
. 

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



3-
D

 in
te

gr
at

io
n 

• 
3-

D
 in

te
gr

at
io

n 
ha

s b
ee

n 
sh

ow
n 

to
 

re
du

ce
 th

e 
nu

m
be

r a
nd

 a
ve

ra
ge

 le
ng

th
 

of
 2

-D
 g

lo
ba

l w
ire

s b
y 

pr
ov

id
in

g 
sh

or
te

r ‘
ve

rti
ca

l’ 
pa

th
s f

or
 c

on
ne

ct
io

n.
 

It 
al

lo
w

s m
in

im
al

 in
te

rc
on

ne
ct

io
n 

le
ng

th
s a

nd
 th

e 
el

im
in

at
io

n 
of

 sp
ee

d-
lim

iti
ng

 in
tra

- a
nd

 in
te

r-
ch

ip
 

in
te

rc
on

ne
ct

s. 
• 

Th
is

 a
pp

ro
ac

h 
ha

s b
ee

n 
ef

fe
ct

iv
el

y 
us

ed
 in

 d
es

ig
ni

ng
 m

ic
ro

pr
oc

es
so

rs
 

an
d 

ha
s r

es
ul

te
d 

in
 a

 d
ra

m
at

ic
 

re
du

ct
io

n 
of

 si
ze

 a
nd

 a
n 

un
be

lie
va

bl
e 

in
cr

ea
se

 o
f s

pe
ed

. 
• 

Th
e 

bi
gg

es
t w

in
 fo

r 3
-D

 in
te

gr
at

io
n 

m
ay

 b
e 

as
 a

n 
en

ab
le

r f
or

 n
ew

 sy
st

em
s 

ar
ch

ite
ct

ur
es

. 

• 
It 

ne
ed

s a
 n

ew
 p

ro
ce

ss
 te

ch
no

lo
gy

 
an

d 
he

at
 re

m
ov

al
 re

m
ai

ns
 to

 b
e 

qu
ite

 c
ha

lle
ng

in
g.

 
 

A
 se

lf-
sy

nc
hr

on
iz

ed
 R

F-
in

te
rc

on
ne

ct
 

ba
se

d 
on

 c
ap

ac
iti

ve
 c

ou
pl

in
g 

is
 

im
pl

em
en

te
d 

in
 3

-D
 in

te
gr

at
io

n 
te

ch
no

lo
gy

. I
t i

s f
ab

ric
at

ed
 a

nd
 

ve
rif

ie
d 

in
 U

M
C

 0
.1

8-
μm

 M
O

S 
w

ith
 

a 
PR

B
S 

(P
se

ud
o 

R
an

do
m

 B
in

al
y 

Se
qu

en
ce

) d
at

a 
ra

te
 o

f 3
G

bp
s, 

a 
B

ER
 

of
 1

.2
×1

0-1
0 
an

d 
a 

rm
s j

itt
er

 o
f 1

.2
8p

s. 
Th

e 
co

re
 c

irc
ui

t b
ur

ns
 4

m
W

 fr
om

 a
 

1.
8V

 su
pp

ly
 a

nd
 o

cc
up

ie
s 0

.0
2m

m
2  

ch
ip

 a
re

a 
[4

]. 
 

R
F 

in
te

rc
on

ne
ct

 
us

in
g 

ca
pa

ci
tiv

e 
co

up
lin

g 
  

• 
It 

fo
llo

w
s t

he
 m

ai
ns

tre
am

 o
f t

he
 

U
LS

I, 
is

 c
om

pa
tib

le
 w

ith
 th

e 
C

M
O

S 
te

ch
no

lo
gy

 tr
en

d,
 a

nd
 h

as
 m

or
e 

po
ss

ib
ili

tie
s w

ith
 h

ig
h-

fr
eq

ue
nc

y 
si

lic
on

 te
ch

no
lo

gi
es

 a
nd

 e
ve

r-
in

cr
ea

si
ng

 in
te

gr
at

ed
 c

irc
ui

t s
iz

e 
[6

]. 
• 

It 
ov

er
co

m
es

 th
e 

lim
its

 o
f 

co
nv

en
tio

na
l d

ig
ita

l i
nt

er
fa

ce
 sy

st
em

s 
us

in
g 

th
e 

di
re

ct
-c

ou
pl

ed
 in

te
rc

on
ne

ct
 

(D
C

I)
 a

nd
 th

e 
ca

pa
ci

tiv
e 

co
up

le
d 

in
te

rc
on

ne
ct

 (C
C

I)
. I

t i
m

pr
ov

es
 th

e 
si

gn
al

-to
-n

oi
se

 ra
tio

 a
nd

 lo
w

er
s t

he
 

si
gn

al
 sw

in
g 

an
d 

ou
tp

ut
 c

on
su

m
pt

io
n 

w
hi

le
 in

cr
ea

se
s t

he
 tr

an
sm

is
si

on
 d

at
a 

ra
te

. 
• 

M
od

er
n 

co
m

m
un

ic
at

io
n 

al
go

rit
hm

s 
C

D
M

A
 a

nd
/o

r F
D

M
A

 h
av

e 
be

en
 

• 
It 

us
es

 ‘a
ct

iv
e’

 c
ap

ac
iti

ve
 

co
up

lin
g 

to
 C

PW
 o

r M
TL

 m
ak

in
g 

it 
st

ill
 a

 ‘w
ire

’ i
nt

er
co

nn
ec

t 
m

et
ho

d 
an

d 
its

 p
er

fo
rm

an
ce

 is
 

lim
ite

d 
by

 in
te

rc
on

ne
ct

 
ca

pa
ci

to
rs

. 
• 

Pr
ob

le
m

s i
nc

lu
de

 th
e 

ar
ea

 
re

qu
ire

d 
by

 a
 c

ou
pl

in
g 

ca
pa

ci
to

r, 
w

hi
ch

 is
 a

bo
ut

 6
00

 μ
m

2  a
nd

 it
s 

im
pa

ct
s t

o 
in

te
rc

on
ne

ct
 d

el
ay

 
tim

e.
 

   

A
n 

R
F/

ba
se

ba
nd

 F
D

M
A

-in
te

rc
on

ne
ct

 
tra

ns
ce

iv
er

 is
 im

pl
em

en
te

d 
in

 0
.1

8-
μm

 C
M

O
S.

 It
 e

na
bl

es
 

re
co

nf
ig

ur
ab

ili
ty

 a
nd

 m
ul

tip
le

 a
cc

es
s 

fo
r m

ul
ti-

I/O
s o

n 
a 

sh
ar

ed
 b

us
. I

t 
ac

hi
ev

es
 a

n 
ag

gr
eg

at
e 

da
ta

 ra
te

 o
f 3

 
G

bp
s/

pi
n 

(3
.6

 G
bp

s/
pi

n)
 fo

r b
i-

di
re

ct
io

na
l (

un
i-d

ire
ct

io
na

l) 
si

gn
al

in
g 

w
hi

le
 d

is
si

pa
tin

g 
92

 m
W

 a
nd

 
oc

cu
py

in
g 

0.
65

 m
m

2 
[5

]. 
It 

is
 

ex
pe

ct
ed

 th
at

 th
e 

pr
op

os
ed

 
in

te
rc

on
ne

ct
 sc

he
m

es
 b

as
ed

 o
n 

C
D

M
A

 a
nd

 F
D

M
A

 c
an

 a
ch

ie
ve

 
ag

gr
eg

at
e 

da
ta

 ra
te

 b
ey

on
d 

10
0 

G
bp

s/
pi

n 
gi

ve
n 

th
e 

65
 n

m
 te

ch
no

lo
gy

 
as

 p
re

se
nt

ed
 in

 [6
]. 

 

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



de
m

on
st

ra
te

d 
to

 e
ff

ec
tiv

el
y 

al
le

vi
at

e 
th

e 
un

de
si

re
d 

cr
os

s-
ch

an
ne

l 
in

te
rf

er
en

ce
 w

ith
in

 th
e 

sh
ar

ed
 

m
ed

iu
m

. 
 

In
 th

is
 th

es
is

, a
 n

ov
el

 in
te

r-
ch

ip
 R

F-
in

te
rc

on
ne

ct
 (R

FI
) s

ys
te

m
 is

 fi
rs

t 
pr

op
os

ed
 a

nd
 a

na
ly

ze
d 

in
 te

rm
s o

f 
B

ER
 p

er
fo

rm
an

ce
. I

t u
se

s C
PW

, 
ca

pa
ci

tiv
e 

co
up

le
rs

, a
nd

 u
ltr

aw
id

e-
ba

nd
 (U

W
B

) r
ad

io
s t

ha
t o

pe
ra

te
 in

 
22

-2
9 

G
H

z.
 It

 is
 c

on
cl

ud
ed

 th
at

 a
 h

ig
h 

in
te

rc
on

ne
ct

 d
at

a 
ra

te
 o

f 3
.3

3 
G

bp
s 

w
ith

 a
 lo

w
 B

ER
 <

 1
0-5

 u
p 

to
 a

n 
in

te
r-

ch
ip

 in
te

rc
on

ne
ct

 d
is

ta
nc

e 
of

 3
 c

m
 is

 
ac

hi
ev

ab
le

 w
ith

 th
e 

av
er

ag
e 

tra
ns

m
itt

ed
 p

ow
er

 le
ss

 th
an

 −
2.

85
 

dB
m

. 
R

F 
w

ir
el

es
s 

in
te

rc
on

ne
ct

  
 

• 
Th

e 
in

te
rc

on
ne

ct
 d

el
ay

 is
 e

xp
ec

te
d 

to
 

be
 m

uc
h 

sm
al

le
r t

ha
n 

th
at

 o
f t

he
 w

ire
 

in
te

rc
on

ne
ct

, b
ec

au
se

 th
e 

si
gn

al
 c

an
 

pr
op

ag
at

e 
at

 th
e 

sp
ee

d 
of

 li
gh

t. 
• 

It 
fo

llo
w

s t
he

 m
ai

ns
tre

am
 o

f t
he

 
U

LS
I, 

is
 c

om
pa

tib
le

 w
ith

 th
e 

C
M

O
S 

te
ch

no
lo

gy
 tr

en
d,

 a
nd

 h
as

 m
or

e 
po

ss
ib

ili
tie

s w
ith

 h
ig

h-
fr

eq
ue

nc
y 

si
lic

on
 te

ch
no

lo
gi

es
 a

nd
 e

ve
r-

in
cr

ea
si

ng
 in

te
gr

at
ed

 c
irc

ui
t s

iz
e.

 
• 

It 
ha

s p
ot

en
tia

ls
 to

 p
ro

vi
de

 th
e 

co
nc

ur
re

nt
 m

ul
ti 

I/O
 se

rv
ic

es
.  

• 
It 

ca
n 

ac
hi

ev
e 

ul
tra

-h
ig

h 
da

ta
 ra

te
. 

Th
e 

m
at

er
ia

l l
im

it 
do

es
 n

ot
 e

xi
st

. T
he

 
on

ly
 li

m
it 

is
 th

e 
ci

rc
ui

t d
es

ig
n 

an
d 

im
pl

em
en

ta
tio

n.
 

• 
Si

nc
e 

no
 p

hy
si

ca
l c

on
ne

ct
io

n 
is

 
re

qu
ire

d 
fo

r d
iff

er
en

t I
/O

s, 
th

e 
sy

st
em

 
re

co
nf

ig
ur

at
io

n 
ca

n 
be

 re
al

iz
ed

 b
y 

ch
an

gi
ng

 m
od

ul
at

io
n/

de
m

od
ul

at
io

n 

• 
It 

fa
ce

s t
he

 sa
m

e 
fu

nd
am

en
ta

l 
is

su
es

 re
la

te
d 

to
 c

om
po

ne
nt

 
(tr

an
sm

itt
er

, a
nt

en
na

, r
ec

ei
ve

r)
 

si
ze

 a
nd

 e
rr

or
 c

or
re

ct
io

n.
  

• 
B

ef
or

e 
be

co
m

in
g 

a 
vi

ab
le

 
ca

nd
id

at
e 

to
 re

pl
ac

e 
gl

ob
al

 w
ire

s 
an

d/
or

 p
ac

ka
ge

 in
te

rc
on

ne
ct

s, 
it 

m
us

t b
e 

co
st

 c
om

pe
tit

iv
e 

in
 si

ze
, 

co
st

 a
nd

 p
ow

er
 d

is
si

pa
tio

n.
 

• 
Its

 R
F 

po
w

er
 d

is
si

pa
tio

n 
ca

nn
ot

 
ad

d 
a 

si
gn

ifi
ca

nt
 a

m
ou

nt
 o

f h
ea

t 
to

 a
n 

al
re

ad
y 

he
av

y 
th

er
m

al
 lo

ad
. 

• 
It 

w
ill

 li
ke

ly
 re

qu
ire

 a
da

pt
at

io
n 

of
 

ne
w

 sy
st

em
 a

rc
hi

te
ct

ur
es

 to
 fu

lly
 

ex
pl

oi
t t

he
 c

ap
ab

ili
tie

s o
f R

F 
w

ire
le

ss
 in

te
rc

on
ne

ct
s. 

 

It 
ha

s b
ee

n 
de

m
on

st
ra

te
d 

fo
r c

lo
ck

 
di

st
rib

ut
io

n 
at

 1
5 

G
H

z 
in

 0
.1

8-
μm

 
C

M
O

S 
te

ch
no

lo
gi

es
 a

cr
os

s a
 2

.2
 c

m
 

di
st

an
ce

. T
he

 tr
an

sm
itt

er
 o

cc
up

ie
s a

n 
ar

ea
 o

f 6
00

×4
00

 μ
m

2 ., 
w

hi
le

 th
e 

re
ce

iv
er

 o
cc

up
ie

s a
n 

ar
ea

 o
f 6

00
×6

00
 

μm
2 
ex

cl
ud

in
g 

th
e 

bo
nd

 p
ad

s. 
Th

e 
ar

ea
s o

f a
nt

en
na

s a
re

 in
cl

ud
ed

 in
 th

e 
es

tim
at

io
n.

 T
he

 tr
an

sm
itt

er
 a

nd
 

re
ce

iv
er

 c
on

su
m

e 
~ 

50
 a

nd
 4

0 
m

W
, 

re
sp

ec
tiv

el
y 

[7
]. 

 In
 th

is
 th

es
is

, a
 n

ov
el

 in
tra

-c
hi

p 
w

ire
le

ss
 in

te
rc

on
ne

ct
 sy

st
em

 u
si

ng
 

on
-c

hi
p 

m
ea

nd
er

 m
on

op
ol

e 
an

te
nn

as
 

an
d 

U
W

B
 ra

di
os

 th
at

 o
pe

ra
te

 in
 2

2-
29

 
G

H
z 

is
 st

ud
ie

d.
 It

 is
 sh

ow
n 

th
at

 th
e 

sy
st

em
 o

n 
th

e 
10

-Ω
.c

m
 su

bs
tra

te
 c

an
 

su
pp

or
t a

 d
at

a 
ra

te
 o

f 1
.5

 G
bp

s w
ith

 a
 

B
ER

 <
 1

0-5
 u

p 
to

 a
n 

in
tra

-c
hi

p 
w

ire
le

ss
 c

ha
nn

el
 o

f l
en

gt
h 

10
 m

m
 

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



sc
he

m
es

. 
• 

A
s C

M
O

S 
te

ch
no

lo
gi

es
 im

pr
ov

e 
th

e 
co

st
 o

f o
n-

ch
ip

 a
nt

en
na

 a
nd

 re
qu

ire
d 

ci
rc

ui
ts

 sh
ou

ld
 d

ec
re

as
e.

 T
hi

s m
ak

es
 

R
F 

w
ire

le
ss

 in
te

rc
on

ne
ct

 c
os

t 
ef

fe
ct

iv
e 

in
 fu

tu
re

. 
 

w
ith

 th
e 

av
er

ag
e 

tra
ns

m
itt

ed
 p

ow
er

 o
f 

0 
dB

m
; w

hi
le

 th
e 

sy
st

em
 o

n 
th

e 
5-

K
Ω

.c
m

 su
bs

tra
te

 c
an

 su
pp

or
t a

 d
at

a 
ra

te
 o

f 3
.5

 G
bp

s w
ith

 a
 B

ER
 <

 1
0-6

 u
p 

to
 a

n 
in

tra
-c

hi
p 

w
ire

le
ss

 c
ha

nn
el

 o
f 

le
ng

th
 4

0 
m

m
 w

ith
 th

e 
sa

m
e 

tra
ns

m
itt

ed
 p

ow
er

.  
 In

 th
is

 th
es

is
, a

 n
ov

el
 in

te
r-

ch
ip

 
w

ire
le

ss
 in

te
rc

on
ne

ct
 sy

st
em

 u
si

ng
 

on
-p

ac
ka

ge
 b

ev
el

ed
 m

on
op

ol
e 

an
te

nn
as

 a
nd

 U
W

B
 ra

di
os

 th
at

 
op

er
at

e 
in

 3
.1

-1
0.

6 
G

H
z 

is
 a

ls
o 

st
ud

ie
d.

 It
 is

 c
on

cl
ud

ed
 th

at
 a

 h
ig

h 
da

ta
 ra

te
 o

f 1
 G

bp
s w

ith
 a

 lo
w

 B
ER

 <
 

10
-7

ov
er

 a
n 

in
te

rc
hi

p 
w

ire
le

ss
 c

ha
nn

el
 

of
 le

ng
th

 2
0 

cm
 c

an
 b

e 
ac

hi
ev

ed
 w

ith
 

th
e 

ra
di

at
ed

 p
ow

er
 sp

ec
tra

l d
en

si
ty

 
le

ss
 th

an
 −

41
.3

 d
B

m
/M

H
z.

 
 R

ef
er

en
ce

 
[1

] 
R

. H
. H

av
em

an
n 

an
d 

J. 
A

. H
ut

ch
by

, “
H

ig
h-

pe
rf

or
m

an
ce

 in
te

rc
on

ne
ct

s:
 a

n 
in

te
gr

at
io

n 
ov

er
vi

ew
,”

 P
ro

ce
ed

in
gs

 o
f t

he
 IE

EE
, M

ay
 2

00
1,

 v
ol

. 8
9,

 n
o.

 5
, 

pp
. 5

86
-6

01
. 

[2
] 

D
. A

. B
. M

ill
er

 a
nd

 H
. M

. O
za

kt
as

, “
Li

m
it 

to
 t

he
 b

it-
ra

te
 c

ap
ac

ity
 o

f 
el

ec
tri

ca
l 

in
te

rc
on

ne
ct

s 
fr

om
 t

he
 a

sp
ec

t 
ra

tio
 o

f 
th

e 
sy

st
em

 a
rc

hi
te

ct
ur

e,
” 

J.
 

Pa
ra

lle
l D

is
tr

ib
.C

om
pu

t. 
(S

pe
ci

al
 Is

su
e 

on
 P

ar
al

le
l C

om
pu

tin
g 

w
ith

 O
pt

ic
al

 In
te

rc
on

ne
ct

s)
, v

ol
. 4

1,
 p

p.
 4

2-
52

, 1
99

7.
 

[3
] 

ht
tp

://
w

w
w

.d
ev

ic
ef

or
ge

.c
om

/a
rti

cl
es

/A
T3

58
83

66
21

5.
ht

m
l . 

[4
] 

Q
. G

u,
 Z

. X
u,

 J
. K

im
, J

. K
o 

an
d 

M
. F

. C
ha

ng
, “

Th
re

e-
D

im
en

si
on

al
 C

irc
ui

t I
nt

eg
ra

tio
n 

B
as

ed
 o

n 
Se

lf-
Sy

nc
hr

on
iz

ed
 R

F-
In

te
rc

on
ne

ct
 u

si
ng

 C
ap

ac
iti

ve
 

C
ou

pl
in

g,
” 

20
04

 S
ym

po
si

um
 o

n 
VL

SI
 T

ec
hn

ol
og

y 
an

d 
C

ir
cu

its
 (V

LS
I)

, D
ig

es
t o

f T
ec

hn
ic

al
 P

ap
er

s, 
pp

.9
6-

97
, J

un
e 

20
04

, H
aw

ai
ia

n,
 U

SA
. 

[5
] 

M
. F

. C
ha

ng
 e

t a
l.,

 “
A

dv
an

ce
d 

R
F/

ba
se

ba
nd

 in
te

rc
on

ne
ct

 sc
he

m
es

 fo
r i

nt
er

- a
nd

 in
tra

-U
LS

I c
om

m
un

ic
at

io
ns

,”
 IE

EE
 T

ra
ns

ac
tio

ns
 o

n 
El

ec
tr

on
 D

ev
ic

es
, 

Ju
ly

 2
00

5,
 v

ol
. 5

2,
 n

o.
 7

, p
p.

 1
27

1-
12

85
. 

[6
] 

J. 
K

o,
 J

. K
im

, Z
. X

u,
 Q

. G
u,

 C
. C

hi
en

 a
nd

 M
.F

. C
ha

ng
, “

A
n 

R
F/

B
as

eb
an

d 
FD

M
A

-I
nt

er
co

nn
ec

t T
ra

ns
ce

iv
er

 fo
r R

ec
on

fig
ur

ab
le

 M
ul

tip
le

 A
cc

es
s 

C
hi

p-
to

-C
hi

p 
C

om
m

un
ic

at
io

n,
” 

20
05

 I
EE

E 
In

te
rn

at
io

na
l 

So
lid

-S
ta

te
 C

ir
cu

its
 C

on
fe

re
nc

e 
(I

SS
C

C
) 

D
ig

es
t 

of
 T

ec
hn

ic
al

 P
ap

er
s, 

vo
l.4

8,
 p

p.
33

8-
33

9,
 F

eb
. 

20
05

, S
an

 F
ra

nc
is

co
, C

al
ifo

rn
ia

, U
SA

. 
[7

] 
K

. O
. K

en
ne

th
 e

t a
l.,

 “
O

n-
C

hi
p 

A
nt

en
na

s i
n 

Si
lic

on
 IC

s a
nd

 T
he

ir 
A

pp
lic

at
io

ns
,”

 IE
EE

 T
ra

ns
ac

tio
ns

 o
n 

El
ec

tr
on

 D
ev

ic
es

, J
ul

y 
20

05
, v

ol
. 5

2,
 n

o.
 7

, p
p.

 
13

12
-1

32
3.

 

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


	main.pdf
	Ph.D. Dissertation
	Acknowledgements
	Table of Contents
	Summary
	List of Figures
	List of Tables
	1 Introduction
	1.1 Background and Motivation
	1.1.1 Traditional wire interconnects
	1.1.2 Chip scale wireless interconnects
	1.1.3 Antennas for chip scale wireless interconnects

	1.2 Objectives
	1.3 Major Contributions of the Thesis
	1.4 Organization of the Thesis

	2 Inter-Chip RF-Interconnects
	2.1 System Description
	2.2 System Performance Evaluation
	2.2.1 Characterization of the interconnect channel
	2.2.2 Switching noise attack model
	2.2.3 System BER performance


	3 Intra-Chip Wireless Interconnects
	3.1 System Description
	3.2 System Performance Evaluation
	3.2.1 Methods to evaluate BER
	3.2.2 System BER performance


	4 On-Chip Antennas for Intra-Chip Wireless Interconnects
	4.1 On-Chip Dipole Antenna Pair
	4.1.1 Transmission theory
	4.1.2 Simulation study

	4.2 On-Chip 60-GHz Inverted-F and Quasi-Yagi Antennas
	4.2.1 Design
	4.2.2 Fabrication
	4.2.3 Characterization
	4.2.4 High transmission gain inverted-F antenna pair on low resistivity Si

	4.3 On-Chip Monopole Antennas
	4.3.1 Layout and fabrication
	4.3.2 Characterization

	4.4 Intra-Chip Wireless Interconnect Using On-Chip Antennas and UWB Radios
	4.4.1 System description
	4.4.2 System performance evaluation


	5 On-Package Antennas for Inter-Chip Wireless Interconnects
	5.1 LTCC-Based Beveled Monopole UWB Antenna
	5.2 LTCC-Based UWB ICPA
	5.2.1 Geometry
	5.2.2 Design and characterization

	5.3 LTCC-Based 60-GHz ICPA
	5.3.1 Geometry
	5.3.2 Design and characterization

	5.4 Inter-Chip Wireless Interconnect Using On-Package Antennas and UWB Radios
	5.4.1 System description
	5.4.2 System performance evaluation


	6 Conclusions & Recommendations
	6.1 Conclusions
	6.2 Recommendations

	Author's Publications
	Bibliography

	appendix.pdf

