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Abstract

Ultra-wideband (UWB) antennas and 60-GHz millimeter-wave antennas and arrays are
analyzed and designed in this thesis for developing high-speed short-range wireless com-

munications.

Firstly, a probe-fed crossed circle-disk monopole UWB antenna with stable omni-
directional radiation pattern was studied. The antenna was then cut by half to form a crossed
semi-circle monopole antenna with a top-loaded patch to reduce its height. Moreover, a

new crossed semi-ring band-notch UWB antenna with L-shaped slots was developed.

Secondly, an effective equivalent circuit for a UWB antenna was proposed for possi-
ble co-designing with analog/digital integrated circuits in the time domain by using a new
automatic physical augmentation with tuning method. The proposed method has been val-

idated for modeling a spiral inductor and an MIM capacitor in a wide bandwidth.

Next, a new compact and multilayer UWB planar antenna was designed using the low-
temperature co-fired ceramics (LTCC) technology, which gives the possibility of integrat-
ing RF circuits and antennas in a single substrate. The configuration of the proposed mul-

tilayer UWB LTCC planar antenna fully exploits the three-dimensional (3-D) integration

Xvii



Xviii

feature of the LTCC technology and explores a new way for antenna size reduction.

Lastly, novel 60 GHz integrated antennas and arrays using the LTCC technology were
developed. A new wideband planar circularly polarized helical antenna array was designed
and realized in LTCC. Moreover, a wideband LTCC aperture-coupled truncated-corner cir-
cularly polarized patch antenna with a sequential rotation feeding scheme was proposed in
the 60-GHz band. The wire-bonding packaging technology with a T-network compensa-
tion was also studied in the 60-GHz band. Development of an active circularly-polarized
antenna by integrating the antenna array with a low noise amplifier in LTCC was demon-

strated to enhance the receiving power.
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Chapter 1

| ntroduction

1.1 Background and M otivation

Recently, the requirement for wireless multimedia and wideband high rate applications
has increased rapidly. At the same time, the contradiction between frequency resource and
system capacity is more and more standing out with the development of modern wireless
communication systems. As a result, the short distance wireless communication network
has become one of the effective solution schemes.

Some emerging short distance wireless communication technologies such as Bluetooth,
wireless local area network (WLAN), Ultra-wide band (UWB) and IEEE 802.15.3c (60-
GHz wireless communication regulations) are all undergoing significant development due
to their high date-rate transmission abilities in a short range of distance (< 100m). Ac-
cordingly, the requirement of mobility and miniaturization of these wireless devices keep
growing. As a critical part of the wireless devices, antennas have attracted a lot of attention.

The early UWB systems are mainly for radar, sensing, and military communications.
Since Federal Communication Commission (FCC) of USA allocated 3.1-10.6 GHz unli-

censed band for low power UWB communication, the UWB technology has attracted a lot



of attention as one of the most promising solutions for future high data-rate wireless com-
munications, high accuracy radars, and imaging systems. Unlike the conventional narrow
band systems, one kind of UWB systems utilizes very short pulses in transmission that re-
sults in an ultra-wideband spectrum with very low power spectral density. Compared with
other narrow band systems, UWB systems have a high data rate around 100-500 Mb/s in the
range of 10 meters. However, the output power of UWB transmitters is only around 1 mW.
That is why a UWB system acts as a low power consumption one. This characteristic al-
lows UWB radios to transmit high data rate signals without causing undesired interferences
to the existing communication systems. However, some strong signal from other existing
wireless communication systems may degrade the UWB system’s performance. 802.11a
WLAN systems occupy the 5-6 GHz spectrum and 802.11b/g WLAN systems cover 2.4-
2.48 GHz frequency band. In order to suppress the strong interference signal from WLAN
systems, filtering function is important to UWB systems. In the meantime, UWB antennas
should have sufficiently broad operating bandwidths for impedance matching, good radi-
ation pattern for indoor omni-directional communications and minimum distortion of the
received waveforms for avoiding signal interference.

On the other hand, co-designing antennas with other function blocks could facilitate
optimizing the whole communication system performance. For instance, in the traditional
antenna and low-noise amplifier (LNA) design, both elements are matched to pure resis-
tive 50-Ohm impedance. Matching the elements enables to maximize the power transfer.
Nevertheless, in the context of co-integration where an antenna is close to the amplifier,
other solutions than 50-Ohm impedance could be investigated in order to relax some con-
straints and to increase performances for the same power consumption. In this case, the

challenge of co-design consists of finding the best tradeoff between the maximum power



gain of the LNA and the feasibility of an antenna with impedance which differs from 50
Ohms [1]. Even if an optimized antenna impedance is obtained for co-designing at certain
frequencies, it is still difficult to evaluate the system performance in a wide bandwidth. The
antenna S parameter can be used in the frequency co-simulation for the circuit design, but
it would be invalid in the time-domain co-simulation with mixed analog/digital integrated
circuits. Therefore, the need to have wideband modeling of UWB antennas is increased as
the design complexity of the RF system increases.

The first part of this research intends to investigate the application of three-dimensional
monopole antennas in UWB communications and wideband antenna modeling for system
co-design based on an automatic physical augmentation method. In addition, a UWB planar
antenna is also designed using the low temperature co-fired ceramics (LTCC) technology,
which gives the possibility of integrating RF circuits and antennas in a single substrate.

A rapid growth of high-definition video and high-resolution imaging markets has stirred
up a sudden need for extreme broadband gigabits per second (Gbps) wireless communica-
tions. Traditional wireless communication systems cannot satisfy this very high-data-rate
requirement. For example, WiFi systems can only top out at 54 Mbps, where some can go
as high as 108 Mbps. And UWB systems achieve around 480 Mbps data rate. The trans-
mission data rate of all existing wireless system is far away from the Gbps requirement. In
order to satisfy the future wireless communications’ requirements for high speed, big ca-
pacity and good security, millimeter-wave (mmWave) solutions will be required. An IEEE
standards group, 802.15.3c, is defining specifications for 60-GHz radios to use a few Giga-
hertz of unlicensed spectrum to enable very high-data-rate applications such as high-speed

Internet access, streaming content downloads, and wireless data bus for cable replacement.



The targeted data rate for these applications is greater than 2 Gbps [2]. Accordingly, anten-
nas have received a lot of interests.

In the second part of this thesis, various 60 GHz wideband antennas and arrays are
designed. A new wideband planar circularly polarized (CP) helical antenna array is de-
signed and realized. Moreover, an active antenna is formed through integration of a CP
antenna array with an LNA in low temperature co-fired ceramics (LTCC). Through this re-
search, power enhancement for mmWave high-speed short-range wireless communications
is anticipated. The designed active receiving antenna will find applications in the 60-GHz

wireless personal area networks (WPANS).

1.2 Literature Review

1.2.1 UWB Antenna Design and Wideband Circuit Modeling

A UWB antenna is a critical component in UWB radio systems. UWB antennas quite
differ from the narrowband antennas, which mostly are resonant elements that support
a standing-wave type current distribution and are tuned to particular centre frequencies.
In contrast, as one sub-category of broadband antennas, UWB antenna designs seek suf-
ficiently broad operating bandwidth for impedance matching and require non-resonating
structures. On the other hand, for the pulse-based UWB systems, a very short time domain
impulse (implying large bandwidth) is used to excite the antenna. Keeping the waveform
of the impulse unchanged is another important issue of the UWB antennas. Otherwise, the
ringing effect will arise and the signal is no longer impulse like, as shown in Figure. 1.1 [3].

The traveling wave antennas and frequency independent antennas are two kinds of

classical broadband antennas. Frequency independent antennas, such as a log-periodic
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Figure 1.1: The ringing effect response of an antenna to impulse excitation.

antenna [4] and a conical log-spiral antenna [5], have a constant performance over broad
bandwidth but frequency-dependent changes in their phase centers, resulting in distortion
in the waveform of radiated UWB pulses [6]. Transverse electric magnetic (TEM) horns [7]
and conical antennas [8] are typical representatives of the traveling wave antennas. These
two kinds of antennas have very broad well-matched bandwidths and relatively stable phase
centers, which are wonderful features for UWB system applications. However, the dimen-
sion of a traveling wave antenna is normally large due to the fact that sufficient length of the
radiator is needed for efficient radiation. In practical UWB mobile devices, miniaturized
antennas are desired due to limited device dimensions.

Since both travelling wave antennas and frequency independent antennas are not so
suitable for modern UWB applications, a monopole antenna becomes a good candidate for

UWB antenna designs due to its simple structure and good performance in both the time



and frequency domain [9, 10].

Three-dimensional monopole antennas have been demonstrated that they have true and
stable omni-directional radiation pattern through the operation frequency band [11, 12],
which is preferred by test antennas or base station antennas. Besides, since the UWB radios
share part of the spectrum with the WLAN applications using the IEEE 802.1la (5.15-5.35
GHz, 5.725-5.825 GHz) protocol, ultra-wideband antennas with band-rejection property in
the 5-6 GHz band have been proposed in order to mitigate the potential interference be-

tween different users and avoid degrading the performance of the affected radios [13-15].

The need to have wideband modeling for passive components/antennas is increased as
the design complexity of the radio frequency (RF) system increases. In many wideband
cases, a simple equivalent circuit model is not accurate anymore. The effect of parasitic
elements on the component’s response cannot be neglected. These parasitic effects can be
simulated and modeled by using a full wave electromagnetic (EM) simulation. The ob-
tained network scattering parameters from the EM simulation can be incorporated in the
frequency co-simulation for the circuit design, but it would be invalid in the time-domain
co-simulation, such as for mixed digital-analog integrated systems. In the literature, typ-
ically the equivalent circuits are accurate for narrow- or medium- frequency bandwidth.
Therefore, extracting the equivalent circuit in a wide operation bandwidth would be of
much interest. Normally, macromodeling or curve-fitting approaches are employed to get
a non-physical mathematical model of the circuit as a black box [16]. The weakness of
this approach is that this model cannot be used to correlate the model parameters with the
layout parameters. Also such a black box model usually suffers from difficulty in ensuring

passivity, stability and causality. To avoid such problems, physical circuit augmentation has



been implemented to realize wideband equivalent circuits [17-22]. This physical model is
attractive because it can be correlated with the layout parameters and can guarantee passiv-
ity and stability of the equivalent circuits. In [20], the augmentation elements are chosen
from a pre-designed SPICE-equivalent circuit library. The effect of adding a single circuit
element on the admittance (YY) parameters is considered using two well-known circuit aug-
mentation formulas, i.e., one for a parallel augmentation and the other for a series one. To
simultaneously accommodate the series and shunt augmentation, a verification stage was
added to identify the type of connection that was to be added to the existing series and

shunt formulation [20].

Printed antennas have attractive characteristics like small, lightweight, low profile, con-
formal nature and mechanically robust, which make planar antennas such as microstrip
patch antennas and slot antennas compatible with integrated circuits [23]. Among the
proposed UWB antenna designs, the printed single-layer monopole antennas have been
studied by many researchers due to their amazing characteristics such as wide impedance
bandwidth, compact size and stable radiation properties [24-27]. It is also noted that LTCC
planar monopole antennas for UWB applications were also reported [28], [29]. The utiliza-
tion of the LTCC technology gives the possibility of building highly integrated circuits in a
single substrate, as well as in different materials for RF circuits and antennas. Furthermore,
some researches such as [30], [31] show the method in detail for integrating the antenna

and transceiver electronics into compact modules with the LTCC technology.



1.2.2 60-GHz LTCC Wideband CP Antenna Design

Designs towards low-cost highly-integrated 60-GHz radios have been carried out using
multi-layer LTCC based System-in-Package (SiP) technology [2,32-34]. The specifica-
tions for antennas are defined according to the government regulations for unlicensed use,
IEEE 802.15.3c standard and its usage model in the 60-GHz band [35]. Considering toler-
ances and variations in implementations, the targeted bandwidths of 60-GHz antennas can
be simply defined as 3, 5, 7, and 9 GHz, respectively. The bandwidth covering 57-64 GHz
is usually preferable. The gain of 60-GHz antennas is not specified although the maximum
gain is limited by some regulations. As shown in TABLE 1.1 [36], the necessary combined
gain values of transmitting and receiving antennas from a link budget analysis for 60-GHz
antennas in indoor environment with a line-of-sight (LOS) path are given [35]. Taking the
case of QPSK with the data rate of 2 Gbps at d = 5 meters as an example, one can see that
the combined antenna gain required for the LOS path is 27 dBi. This requires antenna gain
> 13.5 dBi for each.

Recently, antenna designs are accordingly shifting from conventional discrete designs
to Antenna-in-Package (AiP) solutions [37-41]. They have advantages over Antenna-on-
Chip (AoC) solutions by providing higher gain and better package solutions [42]. The
current AiP has developed from a single element to an array to achieve a higher gain [43].
In addition, in view of wireless access applications, the CP property is very desirable for
60-GHz antennas. The commonly used linear-polarized (LP) antenna necessitates rotating
the transmitting and receiving antenna properly for polarization matching, particularly in
the case of the line-of-sight (LOS) radio links. Using the CP antenna this problem can

be mitigated while also allowing for reduction of interference from multi-path reflections.



Thus many investigations have been pursued on 60-GHz CP array antennas [44-48]. How-
ever, there is no report on the integration of the CP antenna with active circuits at 60 GHz

in the package.

Table 1.1: THE COMBINED ANTENNA GAIN (dBi) REQUIRED FOR LOS PATH
Distance(m) QPSK(2 Gbps) 16-QAM(4 Gbps) 64-QAM (6 Gbps)

1 13 19 24
5 27 33 38
10 33 39 44
20 39 45 50

1.3 ThesisOutline

This thesis consists of six chapters. Chapter 2 explores various feasibilities of probe-
fed monopole antennas for UWB applications. A cross-circle monopole antenna, compact
crossed semi-circle monopole antenna and band-notched crossed semi-ring monopole an-
tenna are investigated both in frequency domain and time domain.

Chapter 3 introduces a new physical augmentation based wideband modeling tech-
nique. Firstly, the conventional circuit augmentation method is reviewed. Then, several
modifications are applied to the basic physical augmentation method. For the new auto-
matic physical augmentation with tuning method, the preliminary analysis of the circuit to
decide the augmentation type is not needed. The type of augmentation to be performed can
be determined automatically. This proposed methodology is validated for the broadband
modeling of an spiral inductor, and an MIM capacitor. Finally, the proposed method has

been successfully extended to extract the equivalent circuit for our UWB antenna.
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Chapter 4 presents the design of a miniaturized UWB monopole antenna in LTCC. By
fully exploiting the three-dimensional (3-D) integration feature of LTCC technology, a new
compact and multilayer UWB planar monopole antenna design is introduced.

The development of an active antenna which integrates a CP antenna array with an LNA
in LTCC is presented in Chapter 5. Firstly, various 60 GHz wideband antennas and arrays
are designed in LTCC. A new wideband planar circularly polarized helical antenna array
is designed in LTCC. Then an aperture-coupled truncated-corner patch antenna array with
a sequential rotation feeding scheme is integrated with an LNA. In addition, the conven-
tional bond wire technology is studied and a T-network bond wire compensation scheme
is introduced. Furthermore, the fabricated active antenna prototype has demonstrated that
wide impedance bandwidth, circularly polarized characteristic and enhanced peak gain can
be achieved.

Finally, the conclusion and suggestion for future work will be given in Chapter 6.

1.4 Original Contributions

In this thesis, the following original contributions have been made:

1. A probe-fed crossed semi-circle monopole antenna with a top-loaded patch for height-
reducing is proposed. Moreover, a new crossed semi-ring band-notch UWB antenna

with L-shaped slots is developed.

2. Development of a new automatic physical augmentation with tuning method for
wideband antenna modeling. The conventional circuit augmentation method is mod-

ified to remove the preliminary analysis of the circuit to decide the augmentation
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type. The proposed methodology has been validated for the broadband modeling of
a spiral inductor, and an MIM capacitor. Finally, the proposed method has been suc-

cessfully extended to extract the equivalent circuits for our UWB antenna.

. A new compact and multilayer UWB planar antenna design with the LTCC technol-
ogy is proposed, which gives the possibility of integrating RF circuits and antennas in
a single substrate. The configuration of the proposed multilayer UWB LTCC planar
antenna fully exploits the three-dimensional (3-D) integration feature of the LTCC

technology and explores a new way for antenna size reduction.

. Novel 60 GHz integrated antenna and arrays using the LTCC technology are devel-
oped. A new wideband planar CP helical antenna array is designed on LTCC sub-
strate. The modified LTCC helical antenna array achieves wide operating frequency
band and good CP characteristic as well. The design takes the advantage of both tra-
ditional helical antenna and LTCC technology. The planar structure and the stripline

feeding scheme give a good solution for helical antennas and circuits’ integration.

. A wideband LTCC aperture-coupled truncated-corner circularly polarized patch an-
tenna with a sequential rotation feeding scheme is proposed for the 60-GHz band.
The wire-bonding packaging technology with a T-network compensation is also stud-
ied in the 60-GHz band. Development of an active circularly-polarized antenna by
integrating the antenna array with a low noise amplifier in LTCC is demonstrated to

enhance the receiving power.
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Chapter 2

3D Ultra Wideband Monopole Antenna
Design

2.1 Introduction

UWB systems have recently attracted much attention for indoor communications. It
has merits of high speed transmission rate, low power consumption and simple hardware
configuration. Within a UWB system, the UWB antenna remains one of the challenging as-
pects in that the antenna should have sufficiently broad operating bandwidth for impedance
matching, good radiation pattern and minimum distortion of the received waveforms in
order to satisfy the FCC standard for UWB applications [49].

The study of UWB systems including antennas has been widely performed [50]. Pla-
nar monopole antennas have been extensively studied due to their very wide frequency
bandwidth, good radiation performance and simple geometric structure [51-53]. How-
ever, planar monopole antennas exhibit unstable quasi omni-directional radiation pattern
with frequency. In order to improve the stability of the radiation pattern, similar work

has been conducted by Anob [11] and Ammann [12]. Their studies demonstrated that the

14
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cross-shape monopole antennas can overcome the pattern distortion and keep stable omni-
directional radiation pattern through the operation frequency band. On the other hand, a
small-size antenna is always desired. A compact UWB antenna was proposed and studied
in [54]. However, these studies did not cover the time domain impulse performance.

Although the UWB system requires a wide operating frequency band, which is from
3.1 to 10.6 GHZ (released by FCC on 2002) [49], interferences will appear in the wide
bandwidth of UWB systems from other communication systems. As a result, a filtering
function is needed by the UWB antennas. And the band-rejected cross-shape monopole is
proposed [55].

In this chapter, we first studied a cross-plate probe-fed monopole antenna. Then two
new semi-circle cross-plate monopole antennas are proposed through cutting the original
cross-disc UWB monopole antenna by half and adding top-loaded circular and rectangu-
lar patches, respectively. After that, a new UWB monopole antenna with a band-rejection
function is proposed. For all these proposed antennas, time domain responses are investi-
gated by using CST microwave studio. The standard we employ to characterize the oper-
ating bandwidth is the frequency range for which |S11| < —10 dB. The S-parameters are
measured using an HP8510A network analyzer. The far-field radiation pattern and gain are
obtained by measurements in a compact antenna test range with N5230A antenna measure-

ment system.
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2.2 UWB Crossed Circle-Disc Probe-fed Monopole An-

tenna

2.2.1 Antenna Structure

h=31mil

substrate

Figure 2.1: Geometry of a cross-circle disc monopole antenna

We studied with a cross-circle disk monopole antenna, which is based on the planar
disk monopole antenna [56-58]. After some modification, the antenna structure is shown
in Fig. 2.1. Fig. 2.2 shows the photographs of the fabricated cross-circle disc monopole
antenna. It is mounted on the Rogers substrate (¢, = 2.33, h = 31mil) without any feed
gap. The radius R of the circle planar element is 14mm and the thickness of the copper
plate is 0.2mm. The two circle discs are placed orthogonally to form a crossed construction
and are connected to a 50-2 SMA connector through a finite ground plane (70cm x 70cm).
A(= 2mm) is the vertical distance between the two circle planar elements, which can make

the fabrication easier.
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Figure 2.2: Photographs of the fabricated crossed circle-disc probe-fed monopole antenna.

2.2.2 Simulation and M easurement Results

The cross-circle disc monopole antenna designed for UWB applications was constructed,
measured and performance evaluated. Fig. 2.3 shows the simulated and measured return
loss for the antenna. Ansoft’s 3D full-wave electromagnetic field software HFSS is used to
simulate the 3D monopole antenna. The measured bandwidth shows to be 2.5 — 12.4G H .
According to the papers [56-58], the circle disc monople antenna should have even wider
bandwidth. Here the fabricated antenna’s operation bandwidth is different with the simu-
lated one at the upper frequency band. The reason is probably caused by fabrication and
solder errors. The actual gap between the antenna and the ground is not exactly the same
as those in the simulation model, which influences the upper frequency band performance
significantly. However, here the frequency bandwidth from 2.5 GHz to 12.4 GHz can still
satisfy the requirement of UWB systems. And the study of the radiation pattern of the
antenna will be focused on for UWB applicaitions.

Fig. 2.4 shows the measured peak gain. The measured peak gains are between 2.1 and

6 dB in the frequency band.
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Figure 2.4: Simulated and Measured antenna gain in the UWB band



s Simulated co-pol
0 e Simulated x-pol
- — Measured co-pol
Pl . K === Measured x-pol

90
0.2

08l

(a) E-plane radiation pattern at 3 GHz

s Simulated co-pol
0 e Simulated x-pol
Measured co-pol
= = = Measured x-pol

0.2
90
0.2

08l

(c) E-plane radiation pattern at 6 GHz

bt Simulated co-pol
0 = Simulated x-pol
Measured co-pol
=== Measured x-pol

(e) E-plane radiation pattern at 10 GHz

------ Simulated co-pol
o | Simulated x-pol

- — Measured co-pol
= = = Measured x-pol

08l

(b) H-plane radiation pattern at 3 GHz

""" Simulated co-pol
o | Simulated x-pol
Measured co-pol
=== Measured x-pol

Se

08l

(d) H-plane radiation pattern at 6 GHz

------ Simulated co-pol
o | Simulated x-pol
Measured co-pol
----------- . === Measured x-pol

(f) H-plane radiation pattern at 10 GHz

19

Figure 2.5: Simulated and Measured E- and H-plane radiation pattern for the cross-circle

disc monopole antenna at f = 3, 6 and 10 GHz.
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The measured radiation patterns are shown in Fig. 2.5 for 3, 6, and 10 GHz, respec-

tively. The radiation patterns in the H-plane are almost omnidirectional across the ultra

wide bandwidth.

2.2.3 Transmission Analysisin Time Domain

In addition to good impedance matching and radiation pattern, UWB antennas still
require a minimum distortion of the time response waveform.

So it is necessary to perform a time-domain study of the electromagnetic fields signals
emitted by the UWB antenna. Here a 3D EM simulation software CST MICROWAVE
STUDIO is used to perform the time domain study. The incident voltage pulse used in the

time-domain simulations is a normalized Gaussian pulse, which is shown in Fig. 2.6.
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Figure 2.6: Antenna input signal in the time domain.
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Figure 2.7: Time domain response of a Gaussian impulse for the co-polar component at
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Figure 2.8: Time domain response of a Gaussian impulse at different polar angles (H-

plane).(a) for the co-polar component; (b) for the cross-polar component
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Figure 2.9: Time domain response of a Gaussian impulse (H-plane) for (a) co-polar and (b)

cross-polar components (6 = 0°, 302, 60°, 90°)
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Fig. 2.7(a) and Fig. 2.8 show the normalized far field time-domain electrical signals at
different elevation angle in the E- and H-plane, respectively. From the results, we can see
that the ringing effect can be ignored.The pulse shape varies with the different observation
angle; however, all entire pulse remains satisfactory at all angles.

Fig. 2.7(b) and Fig. 2.9 superimpose time-domain responses of all different angles
together. It is easy to see that the cross-polar signals in the H-plane are very small as

expected, compared with the co-polar signals.

2.3 UWB Semi-CircleCross-Plate Probe-fed M onopole An-
tenna

In this section, a semi-circle cross-plate probe-fed monopole antenna is proposed through
cutting the original cross-circle disc monopole antenna by half and adding a top-loaded cir-
cular and rectangular patches, respectively, to achieve ultra-wideband operation as well as

size reduction.

2.3.1 Antenna Sturcture

The structure of the proposed antenna is shown in Fig. 2.10. It is comprised of a semi-
circle cross-plate configuration with a circle-plate (Fig. 2.10(a)) or a square-plate (Fig.
2.10(b)) on the top. Fig. 2.11 shows the photographs of the fabricated proposed antennas.

This kind of semi-circle cross-plate monopole antennas is constructed with 0.2mm
thick copper plate and mounted on the Rogers substrate (¢, = 2.33, h = 31mil). There is

no feed gap between the feed poing and the top surface of the substrate.
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ground plane (70 x70mm?*) Via — hole

substrate

«—50-Q SMA connector

substrate

ﬁ «— 50-Q SMA connector

(b)
Figure 2.10: Geometry of the proposed semi-circle cross-plate probe-fed monopole an-

tenna:(a) top-circle plate; (b) top-square plate.
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Figure 2.11: Photographs of the fabricated semi-circle probe-fed cross-plate probe-fed

monopole antenna:(a) top-circle plate; (b) top-square plate.

The radius R; of the vertical semi-circle planar element is 14mm. A (= 2mm) is the
small vertical distance between the center of the two semi-circle planar elements and the
center of the top small circle-plate. So the vertical height of the antenna is R1+A = 16mm.
The two semi-circle plates are arranged to have a ”crossed” structure and connected to a
50-Q2 SMA connector through a finite ground plane (70cm x 70c¢m).The radius R, of the

top-circle planar element is 11mm, and the length of the top-square element is [ = 22mm.
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Figure 2.12: Variation of the size of the top-plate of the proposed antennas shown in Figure

2.10: (a) top-circle plate; (b) top-square plate.
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In the proposed antenna design, the ”cross-plate” configuration makes it possible to
improve the omnidirectional radiation performance. The use of a semi-circle plate instead
of a full circle-plate reduces the size of the antenna by almost half. However, this will
adversely affect the impedance matching. So we use a small top-circle/top-square copper
plate to modify the impedance matching to satisfy the UWB bandwidth requirement. Fig.
2.12 exhibits the return loss of the proposed antenna with respect to its top-plate size, R»
or [. For the top-circle plate case, when the top-circle plate’s size is increased, the lower
frequency band will be lowered. However, R, should be smaller than 14mm for keeping
the ultra-wide band performance. For the top-square case, the edge length [ of top-square

plate should not be greater than 24mm.

2.3.2 Simulation and M easurement Results

Simulation and measurement results of the return loss in Figure 2.13 show that the
bandwidth of the proposed antennas is from 2.8-13 GHz (about 129%), which satisfies the
UWAB antenna requirement.

The simulated and measured radiation patterns at 3GHz, 6GHz and 10GHz are plotted
in Fig. 2.14, respectively. Since both top-circle copper plate antenna and top-square cop-
per plate antenna have similar far-field radiation patterns, here only the far-field radiation
patterns for the top-circle case are shown. In the H-plane (x-y plane), the co-polar pattern
are nearly stable to be omnidirectional throughout the whole ultra-wide band of operation.
Even with the size reduction, the omnidirctional characteristics of the radiation pattern are

not deteriorated compared with the cross-circle plate probe-fed monopole antenna.
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Figure 2.13: Measured and simulated return loss of the proposed antennas shown in Figure

2.10: (a) top-circle plate; (b) top-square plate.
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Figure 2.14: Simulated and measured E- and H-plane radiation patterns for the semi-circle

cross-plate with top-circle plate monopole antenna at f = 3, 6 and 10 GHz.



Gain (dBi)

1 L L L L

- ¢ - Simulated Peak Gain
—e— Measured Peak Gain

(@)

7 8
Frequency (GHz)

9 10 11

12

Gain (dBi)

- ¢ - Simulated Peak Gain
—e— Measured Peak Gain

2 L L L L

7
Frequency

(b)

8 9 10 11
(GHz)

12

31

Figure 2.15: Measured and simulated peak gain of the proposed antennas shown in Figure

2.10: (a) top-circle plate; (b) top-square plate.
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The measured peak gains with frequency of the top-circle copper plate antenna range
from 1.78 to 6.4 dB, as shown in Fig. 2.15(a). And the measured peak gains of the top-
square copper plate antenna are shown in Fig. 2.15(b). Both antennas have similar per-
formance on peak gains. However, the measured peak gains of both antennas have a drop
around 5 GHz and 8.5 GHz compared with corresponding simulated one. The peak gain

drop might be caused by the fabrication tolerance.

2.3.3 Transmission Analysisin Time Domain

The semi-circle cross-plate probe-fed monopole antenna is reduced almost by half com-
pared with the cross-circle plate monopole antenna. However, a good time-domain perfor-
mance is one of basic requirements for UWB antennas. Here we do a detailed investigation
on the time-domain response of the proposed antenna.

The incident voltage pulse used in time-domain simulations is a normalized Gaussian
pulse, which is shown in Fig. 2.6. The normalized far field time-domain electrical signals
of the semi-circle cross-plate top-circle probe-fed monopole antenna at different elevation
angles in the E-plane and H-plane are shown in Fig. 2.16(a) and Fig. 2.17, respectively. Fig.
2.16(b) and Fig. 2.18 show the superposition of the time-domain responses at all different
angles. Since the top-square copper plate antenna has similar time domain responses, here
we do not show them. The ringing effects shown in these figures are so small that they can
be ignored. So all the pulses still remain satisfactory at all angles after the size reduction of
the antenna compared with cross-circle monopole antenna in section 2.2. It can be easily
observed that the cross-polar signals in the H-plane is small as expected, compared with

the co-polar signals.
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Simulation and measurement results have shown that the proposed semi-circle probe-
fed monopole antennas are capable of providing the 7.5 GHz ultra wide bandwidth and
good radiation performance across this wide operating band. Moreover, the antenna size
can be reduced by half by using a semi-circle cross-plate instead of a full-circle cross plate

without affecting the time domain performance.

2.4 UWB Semi-Ring Cross-Plate Probe-fed M onopole An-
tenna with Band-Re ected Functions

A UWB system is one kind of high-data-rate system, which operates in the frequency
range from 3.1 to 10.6 GHz. However, interferences appear in the wide bandwidth UWB
systems from some other existing communication systems. As a result, a filtering function
is needed by the UWB antennas. A number of different methods can be used to achieve
the band-notch function, for example, inserting a narrowband resonant slot in the radiating
patch (i.e., U-shaped, arc-shaped, and a pie-shaped slot) [59-64], embedding a tuning at-
tachment element or radiator within a slot on the radiating patch [65-67], utilizing parasitic
patches near the radiator to form band-notched characteristic [68], or inserting a slit on the
patch [55, 69].

In this section, a new cross typed UWB monopole antenna with band-notched char-
acteristic is proposed. It uses a crossed semi-ring structure which can achieve stable far-
field radiation pattern in the passband and size-reduction compared with planar monopoles.

Meanwhile, the band-notched characteristic is obtained by embedding four L-shaped slits
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in the radiating patch. The central frequency and bandwidth of notched band can be ad-
justed easily by controlling three key design parameters of the L-shaped slits. This ap-
proach provides more degrees of freedom in design.

Finally, a prototype is constructed and measured. The measured 10-dB return loss
shows that the proposed antenna achieves a bandwidth ranging from 3.1 to over 13 GHz
with a notched band of 5.4-6 GHz. The antenna radiator has a compact size of 28mm x
28mm x 14mm. The proposed antenna presents omni-directional radiation pattern across

the whole operating band in the H-plane.

2.4.1 Antenna Structure

The geometry of the band-notched crossed semi-ring monopole antenna is shown in
Fig. 2.19(a) and 2.19(b). When we remove the four L-shape slots, it becomes the construc-
tion of the crossed semi-ring monopole antenna, which is transformed from the crossed
semi-circle monopole antenna [70]. The crossed semi-ring monopole has similar impedance
matching and far-field radiation characteristics as the crossed semi-circle monopole accord-
ing to the current distribution principle. The surface current is mainly concentrated along
the edge of the semi-circle disc. Hence, cutting the central part of the disc to form a semi-
ring monopole will not affect the performance of the monopole.

In the proposed antenna design, the two semi-ring discs are arranged to have a ”crossed”
structure, and one circle disc is arranged on the top of this ”crossed” structure. The cross-
plate configuration makes it possible to improve the omnidirectional radiation performance,
and the top circle disc is adopted to improve the impedance matching of the antenna. Fur-
thermore, the four L-shape slots are etched on both semi-ring discs, which provide the

band-notched characteristic. All prototypes fabricated in this section are vertically mounted
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on a FR4 substrate (¢, = 4.4, H = 40mal) with an SMA connector. The size of the finite

ground plane is 80 x 80mm? and the radiation element is made up of copper sheet of 0.1

mm.
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(b)
Figure 2.19: Geometry of the proposed semi-ring cross-plate probe-fed monopole antenna

with L-shaped slots (a) Three-dimensional view; (b) Planar view.
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2.4.2 Effect of The Geometrical Parameters

In order to better understand the antenna’s characteristics, some key parameters are
varied to analyze the structure through simulation. The first variation is performed by
adjusting the diameter of the inner cutoff semi-circle of the proposed antenna without the L-
shaped slots, which is shown in Fig. 2.20. It is observed that the input impedance responses
do not change appreciably when W3 < 14mm, but deteriorate when W3 >= 18mm. That
means appropriate cutting size of the central part of the antenna will not affect much on
the current distribution. In order to embed the notch-band characteristic into this monopole
antenna, a cutting ring with W5 = 14mm is adopted. Based on the selected value of 13,
the key parameters which influence the notched bandwidth (B1,,) and central frequency

(f,.) of the notched band are studied.
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Figure 2.20: Variation of the Wj.
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Tables 2.1, 2.2, and 2.3 show the simulated results for BW,, and f,, against different
L1, Ly and Wy, respectively. Firstly, when L, increases, f,, shifts to lower frequency band
gradually and BW,, becomes wider. Fig. 2.21 shows the details of the impedance response
with different values of L,. Secondly, when L, increases, f, shifts to lower frequency
band gradually, but BW,, becomes smaller at the same time. Fig. 2.22 shows the details
of the impedance response with different values of L,. Thirdly, the width of slots W,
also influences the BW,, and f,, independently. When slot width 17/, varies from 0.5mm
to 2.5mm, the central frequency of the notch shifts from 5.225GHz to 6.7GHz, and BW,,
increases from 0.65GHz to 1GHz. BW,, stops increasing when W, > 2mm. Fig. 2.23

shows the details of the impedance response with different slot width 17/,.

o ~0 L, =6.25mm
noo - - -L,=7.25mm
: R L1:8.25mm H
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—-25+ \ « J

1
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Figure 2.21: Variation of the L;.
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Table 2.1: Simulation Results For f,, And BW,, Versus L; (Unit Length: mm, Frequency:
GHZ, L2:4.5, W4:1, W1:28, W2:22, W3 = 14, H1:14, 51:2, 32:55)

Ll fn BWn
6.25 | 6.625 | 0.45
7.25 | 5.875 | 0.55
8.25 | 5.45 0.7

Table 2.2: Simulation Results For f,, And BW,, Versus L, (Unit Length: mm, Frequency:
GHZ, L1:8.25, W4:1, W1:28, W2:22, W3 = 14, H1:14, 51:2, 52:55)

L2 fn BWn
2 |705| 13
3 1645 11
4 |585| 09
5 1525| 06

S11 Magnitude (dB)
i -
ul o

|
N
o

-25

2 4 6 8 10 12 14
Frequency (GHz)

Figure 2.22: Variation of the L.
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Table 2.3: Simulation Results For f,, And BW,, Versus W, (Unit Length: mm, Frequency:
GHZ, L1:8.25, L2:4.5, W1:28, W2:22, W3 = 14, H1:14, 81:2, 52:55)

W4 fn BWn
0.5 | 5225 | 0.65

1 | 545 0.7
15| 5.825 | 0.85
2 6.3 1

25| 6.7 1

S11 Magnitude (dB)

_25 Il Il S Il Il
2 4 6 8 10 12 14
Frequency (GHz)

Figure 2.23: Variation of the 1W}.

At the resonance frequency of the embedded L-shaped slots, the current distribution
on the edge of the radiation plate will be disrupted, resulting in the malfunction of the
semi-ring monopole in this frequency range. From the above parametric study, we can
observe that the total length of the slot (L1 + L2) is around quarter wavelength at the

notch frequency when the slot width 1, is around 1.5mm. Increasing either L1 or L2
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will reduce the resonance frequency of the slots, which in turn results as a lowering of
the notch frequency f,,. On the other hand, by enlarging the value of W, but keeping L1
and L2 unchanged, the total length of the slots’ outer line is reduced. As a result, the
resonance frequency for such slots is increased and the rejection band moves towards the
higher frequencies. Characteristics of the notched band are mainly influenced by L1, L2.
And W, will influence the notched band together since the variation of the slot width will
change the current distribution. By proper selection of these parameters’ values, the center

frequency and bandwidth of the notched band can be adjusted.

2.4.3 Design Examples

The antenna is composed of two identical semi-ring plates and one circle plate. The
outer and inner diameters of the semi-ring are W1 = 28mm and W3 = 14mm, respec-
tively. The diameter of the top circle plate is W2 = 22mm. The height of the proposed
antenna is H1 = 14mm. The design parameters as shown in Fig. 2.19(b) are set to be
L1 =8.25mm, L2 = 4.5mm, S1 = 2mm, S2 = 5.5mm and W4 = 1mm, respectively.

Fig. 2.24 shows the photographs of the fabricated semi-ring cross-plate monopole an-

tenna and the band-notched antenna.

e ————

(a) Semi-ring cross-plate monopole (b) Semi-ring cross-plate band-notched monopole

Figure 2.24: Photographs of the fabricated semi-ring cross-plate monopole antenna.
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Fig. 2.25 shows the measured and simulated return loss of the crossed semi-ring
monopole antenna and corresponding band-notched antenna. Simulation of the proposed
antennas is obtained by using ANSOFT HFSS. The results indicate that the impedance
bandwidth(10dB return loss) of the crossed semi-ring monopole antenna is in the frequency
range from 3.1 to 12.5 GHz, which covers the bandwidth of the FCC definition for UWB

indoor communication systems.
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----- (without 4 slots)Simulation
OF -« : : . | =@ (with 4 slots)Measure

y = = =(with 4 slots)Simulation
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Figure 2.25: The Measured and simulated return loss of the cross semi-ring disc monopole

antenna and band-rejected cross semi-ring disc monopole antenna.

The measurement result of the band-notched crossed semi-ring monopole antenna has
a small shift compared with the simulated one. This may due to the fabrication errors. Ac-

cording to the measurement result, the operating bandwidths of the band-notched crossed
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semi-ring antenna are 3.1 ~ 5.4 GHz and 6.0 ~ 13 GHz.

Fig. 2.26 shows the measured peak gain in the E-plane (y-z plane) from 3 ~ 11 GHz
for the proposed antenna with and without the L-shaped slots. From the figure, we can see
that both the antennas have good antenna peak gains in the y-z plane. The antenna with
slots has very similar gains as the one without slots, except for a sharp antenna gain drop

in the notched frequency band from 5.4 to 6.0 GHz.

Gain (dBi)

- = =Measured Peak Gain (without 4 slots)
—e— Measured Peak Gain (with 4 slots)
_6 Il Il Il Il Il Il Il Il

3 4 5 6 7 8 9 10 11 12
Frequency (GHz)

Figure 2.26: The measured y-z plane antenna gain of the cross semi-ring disc monopole

antenna and the band-rejected cross semi-ring disc monopole antenna.

Fig. 2.27 shows the E- and H-plane far-field radiation patterns of the band-notched
antenna at 4, 6 and 10 GHz, respectively. The radiation pattern in the H-plane is almost
omnidirectional across the ultra-wide bandwidth. Even at 10 GHz, the antenna shows stable

omni-directional pattern with only slight distortion.
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Figure 2.27: Simulated and Measured E- and H-plane radiation patterns for the crossed

semi-ring band-notch monopole antenna at f = 4, 6 and 10 GHz.
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24.4 Transmission Analysisin Time Domain

Time domain responses of the band-notched antenna are also studied by using a 3D
EM simulation software CST MICROWAVE STUDIO. The incident voltage pulse used
in the time-domain simulations is a normalized Gaussian pulse, which is shown in Fig.
2.6. It can be observed that the source pulse width is 0.35 ns. Fig. 2.28(a) shows the
normalized far-field time-domain electrical signals at different elevation angles in the E-
plane of the antenna without four L-shaped slots, and Fig. 2.28(b) superimposes time-
domain responses of all different angles together. The resulted pulse of antenna without
notch has a pulse width of 0.83 ns, which has 0.48 ns extension compared with the source
signal pulse. The increase in pulse width is due to the ringing effect of the antenna. The
semi-ring structure and the top loaded circle disc construct a resonant structure which is
equivalet to a RLC tank. At the resonance frequency, the equivalent LC network can store
part of the time-varying signal energy so the oscillation will continue even without input
signal, which results in the signal tail after the main pulse.

Fig. 2.29(a) shows the normalized far-field time-domain electrical signals at different
elevation angles in the E-plane of the antenna with four L-shaped slots, and Fig. 2.29(b)
superimposes time-domain responses of all different angles together.

From the results, it can be noticed that the main response pulses are nearly the same
for the cases with or without notch. However, the band-notched antenna has more ringing
effects than the antenna without notch. The reason could be due to the impedance mis-
matching at the notched band and the energy storage effect of the embedded four L-shaped
slots. Obviously, the filtering function integrated with the antenna is realized by a compro-
mise on the time-domain response. Nevertheless, the proposed band-notched antenna still

has a limited ringing-effect and can be used in the current UWB system.
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Figure 2.28: Time domain response of a Gaussian impulse for the co-polar component at

different polar angles (E-plane). Due to symmetry, the cross-polar component is absent

(E.r0ss = 0):(a)normalized E-plane response at(? = 0°,30°, 60°, 90°);(b)superimpose E-

plane response at(fd = 30°, 60°, 90°)
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Figure 2.29: Time domain response of a Gaussian impulse for the co-polar component at
different polar angles (E-plane). Due to symmetry, the cross-polar component is absent
(E.r0ss = 0):(a)normalized E-plane response at(? = 0°,30°, 60°, 90°);(b)superimpose E-
plane response at(d = 30°, 60°, 90°)
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2.5 Conclusion

In this chapter, we first studied a cross-plate monopole antenna, which is used as a
reference for three following new antennas proposed in this thesis. Then, two new small
semi-circle cross-plate monopole antennas with top-loaded circular and rectangular patches
have been investigated. Finally, a new band-rejected semi-ring cross-plate monopole an-
tenna has been presented. All 3-D antennas studied in this chapter have shown stable far-
field radiation pattern across the operation bandwidth compared with the planar monopole
antennas. The cross-circle disc and semi-circle cross-plate antennas exhibit good time-
domain responses at the same time. The band-rejected semi-ring cross-plate monopole
antenna achieves the frequency-notch function by adding four L-shaped slots in the radiat-
ing plates. This novel design also has a compact size. Though the time domain responses
of this band-rejected antenna show a ringing effect, however, it still has appropriate UWB

performance to be a good candidate for practical UWB applications.



Chapter 3

Circuit Modeling of Ultra Wide Band
Antennas

3.1 Introduction

In this chapter, wideband circuit modeling of UWB antennas for system co-design is
discussed. Normally, macromodeling or curve-fitting approaches are employed to get a
non-physical mathematical model of the circuit as a black box [16]. The weakness of this
approach is that this model cannot be used to correlate the model parameters with the layout
parameters. Also such a black box model usually suffers from the difficulty in ensuring
passivity, stability and causality. To avoid such problems, physical circuit augmentation has
been implemented to realize wideband equivalent circuits [17-22]. This physical model
is attractive because it can be correlated with the layout parameters and can guarantee
passivity and stability of the equivalent circuits. Here we will focus on modeling based
on physical augmentation. Particularly we would explain the details of modeling based on
automatic physical augmentation proposed in [21], where all series augmentation elements
were transformed into the parallel ones for the wideband physical augmentation. Using

this technique, the preliminary analysis of the circuit to decide the augmentation type is not

51
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needed. The type of augmentation to be performed can be determined automatically. In
this chapter, some modifications to improve the method in [20] and [21] are suggested.

One of the modifications is in the way that we view the initial simple equivalent circuit.
In many methods (e.g. [17], [19], [20], [71]), circuit elements from the initial equivalent
circuit are treated differently than any other elements in the under-developed equivalent cir-
cuit. In this thesis, we propose a different approach in using this simple equivalent circuit.
Unlike the method in [20], here we do not differentiate between augmented elements and
original elements.

The second modification is that, unlike in [21], we incorporate a separate tuning module
in order to minimize number of augmented elements. This module is run alternately with
the augmentation module. In this module, we only allow tuning of the elements’ values
without introducing new elements.

This new approach is implemented following the methods described in [20] and [21]
resulting in our pseudo-new and new method, respectively. Comparison between these
two methods is made by observing their performance in the case studies involving a spiral
inductor modeling and an MIM capacitor modeling. The results, which are given in Sec-
tion 3.4, show that both methods perform well and that the new method is superior to the
pseudo-new method. Finally, the proposed method is successfully extended to extract the

equivalent circuit for two UWB antennas.
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3.2 Automatic Physical Augmentation

3.2.1 Review of Circuit Augmentation

According to basic circuit theory there are two ways to solve circuit equations. They
are mesh analysis and nodal analysis. In computer aided analysis, these analyses are not
used. The reason is nodal analysis and mesh analysis are not easy to be implemented
numerically. There is another method named modified nodal analysis (MNA) that is easy
to be implemented numerically. In the MNA, voltage source is represented by one current

variable (i) and one current source (E). Every node is represented by one current source

Vv
(J) and one node voltage (V). The MNA matrix, A, gives a connection between [ _ ] and
[

J Vv J
.Letx = andy =
E [ E

the MNA equation into

, then we have Ax =y. Since J = 0 we can rewrite

AXx = By (3.2.1)

where B is a binary selector matrix [ with 1, is n x n identity matrix (n is the size

n

of matrix E) and O is zero matrix with appropriate size. The y-parameters matrix Y has the
relationship as YV = E. With some manipulations, the y-parameters matrix can be written
as

Y = -B’A"'B (3.2.2)

where the superscript 7" denotes the matrix transpose operator.
Let the measured y-parameters of the actual device be represented as Y ,,,..s. The goal

of circuit augmentation is to modify the equivalent circuit with additional two-terminal
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Parallel Augmentation

) 4 | | )4
Existing Branch

Figure 3.1: Parallel augmentation

passive element such that it matches measurement/EM data over the entire broadband fre-

quency range. Let the corresponding new y-parameters matrix be represented by
Y=Y+AY (3.2.3)

The effect of adding one passive element into a circuit has been previously well re-
searched [72]. In this case, it is relatively easy to calculate the augmentation effect on
circuit’s y-parameters using exact formulas.

There are two formulas that are available for doing this job: one for parallel augmen-
tation (Fig. 3.1) and one formula for series augmentation (Fig. 3.2). We can understand
the need to differentiate the type of augmentation by considering that parallel connected
elements have the same voltages while series connected elements have the same currents.
The derivation of parallel augmentation formula based on this characteristic can be seen
from [72]. The series augmentation formula can be derived following the same reasoning
in [72] with appropriate modification, like changing voltage with current and vice versa.

The formulas and their derivation for calculating the effect of parallel and series aug-

mentation on the y-parameters are shown below. These formulas are based on the formulas
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Series Augmentation

; //
--- L ¢ 7/ o
Branch Cut Existing Branch

Figure 3.2: Series augmentation

in [20].
A. Parallel Augmentation

Firstly, Sherman-Morisson formula [73] is intorduced to update the matrix inverse.

A tuvTA—!

A+u)yt=At__— — "~
(A+ ) 1+VvlTA !y

(3.2.4)

The augmentation will be lead to change in the MNA matrix, hence change in the

inverse MNA matrix. In other words
AY = -BTA(A™HB (3.2.5)

Combining (3.2.4) and (3.2.5) we get

B'A 'uv’A~'B
AY = TVIATTg (3.2.6)

The only task remained is in defining u and v.

The change because of parallel augmentation on the MNA matrix can be derived easily.
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Let ¢ be a slector column vector with the m!” and n'" entries set to ”+1” and ”-1”, respec-

tively and zeros elsewhere if the augmentation is conducted on the nodes m and n. & can

be written as

£=| (3.2.7)

0
Then we can write the change of parallel augmentation on the MNA matrix as AA =

g™ oy ¢
Zm,henceu 1Y Nk

Inserting these two values onto (3.2.6) we get
_ B'AT¢¢"AT'B
 Zaug +HETATE

So we can write the formula to calculate the effect of parallel augmentation on y-

AY (3.2.8)

parameters as

AY = BTATEET AT By, (3.2.9)

where A is the MNA matrix and +,,, is defined to be

Vaug = Zaug + & ATE (3.2.10)

B. Series Augmentation
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Series augmentation is a little bit tricky. Firstly we note that series augmentation adds
one more node. \We need to set the last diagonal entry of A to —z,,,. Hence AA =
—E€€" Zug, SO U = -V = &, /Zau,. Inserting this value here into (3.2.6) we got the series

augmentation formula
B BTA—1££TA—IB
- éTA*lé _ -1

aug

AY (3.2.11)

Actually, Eqg.(3.2.9) can still be used to calculate the effect of the series augmentation
on the Y parameters but the definitions of some variables have to be changed [19], [20].
The definition is as below:

A is the modified MNA matrix. If the augmented variable is on the £ row, the k"

diagonal entry of A is set t0 —z4yg. Yaug 1S defined as
-1 T -1 —1
’Yaug = 5 A 5 - Zaug (3.2.12)

£ is the column vector with the k%" row is ”1” and ”0” elsewhere.

One more step has to be added to the series augmentation formulation if we are to allow
series augmentation to be done at any terminal pairs including the terminal pairs related to
the augmented series element. This modification is necessary for implementing pseudo-
new method and to get a fairer comparison with the method in [21]. The additional step is

described in box below.

Additional steps (after series augmentation calculation):

1. If the —z,,, value is at the m' row and m™ column of MNA matrix, delete
the m! row and m** column.

2. Update the rows and columns corresponding to the nodes connected to the
new circuit element.

In [21], these steps are not performed. Hence the results are not accurate enough. A
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more accurate result is shown in this thesis where we compare the new and pseudo-new
method.

The effect of multiple augmentations can be approximated using formula below [20]:
AY =Y BTATEET AT Braug (3.2.13)

There are some disadvantages of the circuit augmentation approach described as above.

Some of them are:

1. The user of the formulas above has to know which type of augmentation must be
performed without knowing which one gives more desired effects. This is because
the definition of variables in the formulation of series and parallel augmentation is
different. As the consequence of this disadvantage, the type of augmentation must

be specified in advance.

2. Two rows and two columns have to be added into the MNA matrix before calculating

using the series augmentation formula; hence it adds the calculation burden.

3.2.2 Transform Series Augmentation into Parallel Augmentation

In order to overcome the disadvantages stated above, especially the first one, a new for-
mulation of circuit augmentation is needed. One possible solution is to transform the series
augmentation into the parallel augmentation. As shown in Fig. 3.3, if the augmentation is
taken place between ;' node and [*" node, this can be achieved by considering the relation

below

1

—_— = Zg+ 2z
—1 -1 J s
Zp + Zj
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Series Augmentation

ZP
I D ey
/ /
J zj /
Parallel Augmentation

Figure 3.3: Transform Series Augmentation into Parallel Augmentation

= (4 2) =2 (3.2.14)
where z, is the parallel-equivalent impedance, z; is the series augmented impedance, and
zj is the impedance between the ;%" node and the I*" node.

This formulation can detect which type of augmentation that can give the desired result.
Another minor advantage is that there is no need to increase the size of MNA matrix before
the augmentation calculation is done. The addition of new columns and rows is done after
the augmentation calculation is completed.

In this work, we call this formulation of physical augmentation as automatic (physical)
augmentation. The reason of this name is because using this formulation the type of aug-

mentation that has to be done can be decided automatically. The details are described in

the subsection below.
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3.2.3 Modeling based on Automatic Physical Augmentation

In the method presented in [20], a verification stage is needed to identify the type of
connection. Based on the type of augmentation for each element, either the series or shunt
element is applied to carry out the augmentation. The augmentation type has to be deter-
mined before the main calculation. Although simultaneous multiple series and/or shunt
augmentations can be conducted, the procedure cannot decide which combination of aug-
mentation type will give the best result.

Using the new formulation of series augmentation, it is possible to eliminate this ver-
ification stage. Every possible series augmented element can be converted into a parallel
one. Hence, all augmented elements can be considered as the parallel augmentation. If the
augmentation is actually a series augmentation, we insert one row and one column to the
MNA matrix to represent the new node. This is done after the augmentation calculation
is finished. In this way, more flexible augmentation can be done. The flowchart of this
method is shown in Fig. 3.4.

As in [20], the improvement on Y,,,, is measured by calculating the error using formula

below

2

€= Nif D | — yiret (3.2.15)
f L,

We will discuss some important parts of the flowchart above in the subsections below.
A. Element Comparison

An important part of this new method is to find the element that is closest to z,,, (i.e.,
corresponding to block (*) in the flowchart). There are many ways to define this closeness.

Ideally, the definition should be such that if an element is closer to z,,,, the error e will be
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All targeted terminal
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Figure 3.4: Modeling based on automatic physical augmentation
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smaller. Unfortunately, to implement this ideal definition, nonlinear problem has to be
solved. Because of that, we use a simpler definition. The closeness between an element

and z,,, is defined as

1 2
A= \/; 2(F) — 2o (F) (3:2.16)

or in other words it is equivalent with the Euclidean distance between them. We call this
method as direct method because of its nature.

There is another method that we call indirect method. The method is described in Box

Box 1. Indirect method for single augmentation

Step 1: Divide all possible augmented impedance into several groups (e.g.
{(inductor, series augmentation), (inductor, parallel augmentation), (resistor, se-
ries augmentation),.. . }).

Step 2: For each group find one element that satisfy constraints and minimize
(3.2.16). Create one set of elements consisting of these best elements.

Step 3: Calculate directly for those elements in the set and choose the element

that has minimum e value.

In the indirect method, for multiple augmentations, it is assumed that the inverse of

MNA matrix does not change. Hence the method becomes as in Box 2.

Box 2. Indirect method for multiple augmentations

Let the number of single augmentations in one multiple augmentation = N,,,.
Step 1: Decide the sequence of single augmentations. Assigni = 1.

Step 2: For the i** augmentation, do indirect method for single augmentation.
Step 3: Assign i = i + 1. If i > N, stop. Else, repeat Step 2 assuming the

inverse of MNA matrix does not change.

As can be seen from the description above, the indirect method is more calculation-

extensive than the direct method. However, it is potentially better than the direct one.
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Hence we still consider it. Another thing that has to be noted is z(f) in (3.2.16) is the
impedance of the parallel equivalent element in the case of series augmentation.

Let us call resistor, capacitor, and inductor as basic elements. In our implementation,
one single augmentation will only add up to one basic element. The reason for this is to
allow high flexibility in the circuit structure. Moreover the basic element’s value has to be
positive.

Exception is made if the nodes, corresponding to terminal pair under study, are con-
nected directly by a basic element. In that case, the basic element value has to be chosen
such that the resulted circuit contains only positive valued elements. We name the case
where negative element is allowed as tuning case. In tuning case the closeness is not

measured using (3.2.16). Instead it is measured using formula below.

1
A:ﬁf Zf: 2(f) + z0(f) Zauy(f>+20<f)

where, z(f) and z,,,(f) are the same as those in (3.2.16) and zo(f) is the existing basic

Af) % 20(f)  zaug(f) * 20(f) | (32.17)

element between terminal pairs’ nodes that has the same type as z(f). In other words,
rather than comparing the augmented elements, we compare the closeness of the resulted
elements. In the case zo(f) >> z4u(f) and zo(f) >> z(f), equation (3.2.17) will give
the same result as equation (3.2.16).

One example is given in Box 3.

This requirement on the element value is different from the requirement used in [21].
In [21], the requirement is that all augmented elements have to be positive.

Here implement (3.2.16) and (3.2.17) by using Isgnonneg() function available in MAT-
LAB. It is possible that this function will give zero impedance result. In that case, we

change the zero impedance with very small impedance after the element comparison is
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done. We choose L, R, 1/C = 1073 (H, ohm, F~!) to create the very small impedance.

Box 3. Example

The nodes of terminal pair 1 is directly connected only by one capacitor with
capacitance = C'. Parallel augmentation will be done to this terminal pairs. The
possible augmented elements are:

-Inductor with positive inductance

-Resistor with positive resistance

-Capacitor with capacitance > —C'

For the inductor and resistor, the closeness is measured using (3.2.16). For capac-
itor the closeness is measured using (3.2.17).

B. Sequence Generator

Another important part of the physical augmentation method is the method used to
decide at which terminal pairs the augmentation has to be done. Thus far, this problem has
not been solved completely.

Here a sequence generator is used to create a sequence of augmented terminal pairs for
each iteration. The sequence generator’s characteristics are explained in Box 4.

Note that the rule for terminal pairs assignment and central node assignment is sorted
from the most important to the least important ones.

In this algorithm, series augmentation is only allowed to be done at terminal pairs where
their nodes are connected directly by a basic element. That is why we use point 1 as our
generator’s characteristic. This is to ensure that series augmentation has the same chance
to be done as parallel augmentation.

In the following sections we will give some case studies to show the performance of the

proposed method.



Box 4. Sequence Generator

1.

For odd numbered iterations, only terminal pairs with their nodes directly
connected by basic element are allowed to be generated. For even numbered
iterations, this restriction is not used.

Terminal pairs assignment for odd numbered iterations:

- The ones that have been visited least are preferred.

- The ones that appear first in the netlist file are preferred.

For even numbered iterations, our sequence generator assigns one or more
nodes as a central node and produces all known terminal pairs associated
with those central nodes.

Central node assignment:

- Node that has never been a central node is preferred

- Node which has smallest node’s number is preferred.

Terminal pairs assignment for even numbered iterations:

- The first node in each terminal pairs has smaller node’s number than the
second one. Terminal pairs contain the central node as the first node.

- The ones that have been visited least are preferred

- The ones with the second node has smallest node’s number are preferred.

Node corresponds to ground has node’s number 0. If there is N non-ground
nodes corresponded to external ports, they will have node’s number 1 to V.

After all terminal pairs corresponded to last central node have been visited,
the central node is assigned to 0 and the sequence generator is reset.

If no more improvement is possible, stop the algorithm.

65
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3.3 Testing Automatic Augmentation

In order to test the ability of automatic augmentation formulation to decide augmenta-
tion type, we use circuit 1 shown in Fig. 3.5. All resistors have 1-) resistance, capacitor

has 250-pF" capacitance, and inductor has 1-nH inductance.

Figure 3.5: Desired resulted circuit (testing automatic augmentation)

The testing method is as follows:

1. Find the response of circuit 1 at some frequencies. In this case the frequency range

of 1-5 G H z is divided into 40 frequency points with equal separation.
2. Alter circuit 1 to become circuit 2 as shown in Fig. 3.6.

3. Use the modeling method to regain circuit 1 from circuit 2.

Figure 3.6: Initial circuit (testing automatic augmentation)
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The Y parameter response comparison between circuit 2 (initial) and circuit 1 (desired)

is shown in Fig. 3.7.
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0 @ | initial response
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-15
------ initial response
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-30
=35}
40 ‘
2 3 4 >
frequency(GHz)
(b)

Figure 3.7: Initial circuit response (testing automatic augmentation)
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Three terminal pairs will be augmented simultaneously. We will not use sequence gen-
erator explained in section 111.C2. This is because the answer to at which terminal pairs
the augmentation has to be chosen is quite trivial. Observe that the available number of
terminal pairs is only three. They are [[0 1], [0 2], [1 2]] where O represents the ground. As
we see here we need at least to do multiple augmentation twice. What we expect is

Iteration 1: L1 will be tuned to 1nH. C1, C2 = 250 pF will be added at [0 1] and [0 2],
respectively.

Iteration 1: Node 3 will be created with R1= 1 ohm added at [2 3]. R2, R3 =1 ohm
will be added at [0 1] and [0 2], respectively.

Hence, the type of augmentation that we expect will be performed by the algorithm is

Iteration 1: [parallel, parallel, parallel]

Iteration 2: [parallel, parallel, series]

The direct element comparison is used to decide what element has to be augmented.

We use this augmentation type assignment in the old method (the one that is based
on physical augmentation, not based on the automatic physical augmentation). Then we
compare the result between the new method (based on automatic augmentation) and old
method.

L1=1nH

1 R1=1.0001 ohm
3

(e —

T~C1 = 292.45pF T~ C2 = 292.45 pF

Figure 3.8: Resulted circuit (testing automatic augmentation)
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It is found that both of them produce the same result. The resulted circuit after 2

iterations is shown in Fig. 3.8.
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(b)
Figure 3.9: Final circuit response (testing automatic augmentation, new method gives the

same results as the old method)
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The Y parameter response comparison between the resulted circuit (final) and circuit 1
(desired) is shown in Fig. 3.9.

From the result, we find that the new method can decide the type of augmentation
accurate enough. The reason why the equivalent circuit is not the same as circuit 1 is
because we use many approximations to get the value of augmented elements. But, since

their responses are not so different, the approximations are acceptable generally.

3.4 Spiral inductor and MIM Capacitor Modeling

In this section we will use the new method for modeling an MIM capacitor and a spiral
inductor. In order to be able to make comparison with the old method, we need to decide
how the augmentation type assignment is done in the old method. The procedure that we
use is described below.

Odd sequence: all augmentations are series

Even sequence: all augmentations are parallel.

This procedure is used to ensure the probability for the series augmentation is the same
as that for the parallel case. This is reasonable since we assume there is no prior knowledge
about the structure of the correct equivalent circuit. In this thesis, we call the old method
combined with this augmentation type assignment as the pseudo-new method.

There is one important thing in the pseudo-new method. It is that, like in the new
method, we do not differentiate between the original circuit element and the augmented
circuit element.

The maximum number of iteration allowed is 30. The algorithm can stop before 30
iterations if it detects that no further improvement is possible.

The MIM capacitor structure is shown in Fig. 3.10. The response of this capacitor is
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obtained using IE3D simulation.

Figure 3.10: MIM capacitor layout

The initial equivalent circuit for the MIM capacitor is obtained using IE3D at 1 GHz.

This circuit and its responses are shown in Fig. 3.11 and Fig. 3.12, respectively.

Cc2
o K = Element | Value(ohm)(pF)(nH)
| R1 4k
G2 N T <SR C1 0.06
R2 46k
C2 3
R3 27TM
L L C3 0.03

Figure 3.11: Initial MIM equivalent circuit
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Figure 3.12: Response of initial MIM capacitor equivalent circuit

The responses of the final equivalent circuit when the direct element comparison is used

are shown in Fig. 3.13. Since in this case the new and pseudo-new method gives the same
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result, only one graph is drawn. We see in this case that both methods give bad results.
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Figure 3.13: Response of final MIM capacitor equivalent circuit (direct element compari-

son, pseudo-new method gives the same result as new method)
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The responses of the final equivalent circuit when the indirect element comparison is

used are shown in Fig. 3.14 and Fig. 3.15.
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¥
_35 L L n I I
15 2 25 3 35 4
frequency(GHz)
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Figure 3.14: Response of final MIM capacitor equivalent circuit (indirect element compar-

ison, pseudo-new method)
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Figure 3.15: Response of final MIM capacitor equivalent circuit (indirect element compar-

ison, new method)
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Fig. 3.16 shows the final equivalent circuit when the new method with indirect element

comparison is used.

R4 R5

Cl A~ CIATN

Ci N

Element | Value(ohm)(pF)(nH) || Element | Value(ohm)(pF)(nH)
R1 25699.2262 R2 8744.702
C1 6.712e-2 C2 3
R3 27TM R4 2.3756e-5
C3 3.3906e-2 C4 2.4927e-1
L1 1178.4 L2 1.8285e-1
RS 0.038978

Figure 3.16: Final MIM Capacitor equivalent circuit (indirect element comparison, new

method, not simplified)

We see that the circuit can be simplified by combining elements with the same type
which are connected in series. Unfortunately, a general algorithm to do this combining is
not available. Hence, this job has to be done manually. In the following parts, only the
simplified equivalent circuit is shown.

Fig. 3.17 shows the final equivalent circuit when the pseudo-new method with indirect
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element comparison is used. Initially this circuit contains 15 nodes (including ground) and
18 elements, which are larger than those for the circuit obtained using the new method.
Hence, when the final responses are roughly the same, the new method produces a simpler

equivalent circuit than the old method.

o J_% m L( J_ <=

ci~ c3 R3

— L2

L3§ R5

Element | Value(ohm)(pF)(nH) | Element | Value(ohm)(pF)(nH)
R1 4k R2 46k
C1 6e-2 C2 3
R3 27TM R4 0.051789
C3 3e-2 C4 2.13274e-1
L1 1.8329%e-1 L2 5.5435e-1
RS 67.6925 L3 5.9535

Figure 3.17: Final MIM Capacitor equivalent circuit (indirect element comparison, pseudo-

new method, simplified)

The spiral inductor structure is shown in Fig. 3.18. The inductor is simulated using

IE3D.
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Figure 3.18: Spiral inductor layout

Initially, the initial equivalent circuit for the spiral inductor is obtained using IE3D at
1 GHz. In order to test the method for a bad initial equivalent circuit, a different initial
circuit is produced by slightly modifying the values of elements in the 1E3D-produced
initial equivalent circuit. This circuit and its responses are shown in Fig. 3.19 and Fig.
3.20, respectively.

The new procedure gives better result than the pseudo-new procedure regardless of the
element comparison method used. It is also found that the indirect element comparison

gives better result regardless which procedure is used.

Element | Value(ohm)(pF)(nH)
R2 L1 R1 400
C1 le-2
RIZ ¢~ C2 < R3 R2 4
L1 4
R3 200
L == C2 2e-2

Figure 3.19: Initial spiral inductor equivalent circuit
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Figure 3.20: Response of initial spiral inductor equivalent circuit

The responses of the final equivalent circuit when the indirect element comparison is

used are shown in Fig. 3.21 and Fig. 3.22. We see here that the new method gives much
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better result than the pseudo-new method.
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Figure 3.21: Response of final spiral inductor equivalent circuit (indirect element compar-

ison, pseudo-new method)
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Figure 3.22: Response of final spiral inductor equivalent circuit (indirect element compar-

ison, new method)

Fig. 3.23 shows the final equivalent circuit when the new method with indirect element

comparison is used.
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Figure 3.23: Final spiral inductor equivalent circuit (indirect element comparison, new

method, simplified)
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3.5 UWB Antenna Modeling

There are three modifications in the method used for UWB antenna modeling. They

are:

1. It is still not clear which one is better, the direct or indirect element comparison.
For UWB antenna modeling, we use switching method in our new method. We
implement this by modifying our sequence generator. The sequence generator used

for UWB antenna modeling is described below.

Sequence Generator 2
1-7. As in Sequence Generator box

8. If the modeling algorithm fails to produce improvement in the first iteration
after reset, switch from indirect (direct) to direct (indirect) element compar-

ison.

9. If the modeling algorithm fails to produce improvement in the first iteration
after switching, stop the algorithm.

The next problem is that which one has to be executed first, direct or indirect element
comparison. Because we still cannot answer this question, we try both ways and

choose the best results.

2. A separate tuning method is added. The method becomes as in Fig. 3.24. Here we
use a special block for tuning since negative element augmentation is not allowed in

circuit augmentation block.

We use tuning based physical augmentation in our implementation. Tuning based
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| AY Parameter | Simple Circuii Model (SCM)
|
Circuit Modeling

Stopping condition
is satisfied

Figure 3.24: Modeling method with additional separate tuning method

physical augmentation is basically the same as modeling based physical augmenta-
tion for tuning case (see box Example). Moreover, the element comparison is based

on element’s admittance. Hence, (3.2.16) in tuning method will be changed to

1 2
A=— ~ Youg 35.1
v, \/;w(f) Va1 (35.1)

3. In series augmentation, the comparison between elements is divided into two cases.
When comparing elements with the same type (resistor, inductor, or capacitor), the
series-equivalent of z(f) and z,,,(f) is used in (3.2.16) while when comparing el-
ements that have different type parallel-equivalent of z(f) and z,,,(f) is used in
(3.2.16). Note that the series-equivalent of z,,,( f) IS zaue(f), and parallel-equivalent

of z(f) is z(f). We found that this rule can improve the resulted equivalent circuit.

In our implementation, the maximum number of iterations allowed to be executed
within the circuit modeling (tuning) is 200. In total the circuit tuning block is executed

for 3 times and circuit modeling block is executed for 2 times.



85

Since the number of port is 1, in order to make the linear equation (3.2.13) not to be
underdetermined, only single augmentation can be performed. However we found that
the result is not good enough when only single augmentation is allowed. Hence we use
multiple augmentations. Due to this, (3.2.13) will have many solutions. In order to find
unique solution of (3.2.13) we add one more condition. The solution of (3.2.13) that will
be chosen is the one that has minimum 2-norm value. In a sense, it is the one that minimize
the change in the circuit.

For circuit tuning block, the number of augmentations done simultaneously is 2. For
circuit augmentation block, single augmentation is used for the odd numbered iterations,
while two augmentations are done simultaneously for even numbered iterations.

The first UWB antenna structure is shown in Fig. 3.25. The Z parameter responses of

this antenna are obtained using IE3D simulation.

Part ]

Figure 3.25: UWB antenna 1 layout

The initial equivalent circuit for the UWB antenna and its responses are shown in Fig.

3.26 and Fig. 3.27 respectively.
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Figure 3.26: Initial UWB Antenna 1 equivalent circuit
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Figure 3.27: Response of initial UWB Antenna 1 equivalent circuit

The final equivalent circuit is shown in Fig.3.28 and its netlist is shown in Table 3.1. Its

responses are shown in Fig. 3.29.
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Figure 3.28: UWB Antenna 1 equivalent circuit (simplified)

Table 3.1: Netlist of UWB Antenna 1 Equivalent Circuit

(resistor in 2, inductor in H, capacitor in F)

.subckt inpMNA 22
R1 1 34 52.2607
L1214 1.2576e-9
R2 3 4 70.5847
C1341.0184e-12
C2591.0351e-12
R4 16 302.915
C3160.10213e-12
C47141.4485e-12
C5 827 2.7082e-12
R5300.27315

C6 3 0 180910e-12

R11 016 0.011286
C150 16 153.03e-12
R12 519 397.582

L7 19 20 1.48092e-9
R13 21 5613.948

L8 22 21 3.9972e-9
R14 23 30 0.0090857
R15 24 9 101286
C16 24 95.1122¢-19
C17 2517 0.35524¢e-12
L9 22 24 481440e-9
C18 6 26 1.6399e-12

R20 33 41 643.608
C29 1 23 0.020328e-12
R2117 1 112.209

L16 5 34 1.03282¢-9
L17 28 35 0.16068e-9
C30 32 36 0.091381e-12
L18 0 36 4.5957e-9
L19 027 1.5563e-9
L20 13 29 1.96827e-9
C31 3120 2.68179e-12
L22 0 8 0.0046286e-9
L23 25 37 0.87732e-9



C79235.1612e-12
R6 10 22 3.5349

R7 11 29 914.58

L2 6 0 2.99352e-9

C8 1213 0.44097e-12
L312131.0327e-9
C9 14 15 2.9765e-12
C10150662.27e-12
R8 8 16 12.925

C11 816 244.19e-12
C12 1217 1.1457e-12
L5 12 17 0.37186e-9
C13 06 0.1055e-12
R9 18 42 0.1533

R10 0 15 2.38112e+007
L6 0 15 7904.6e-9

C19 27 42 1.2672e-12
C20 22 28 1.0945¢e-12
R17 26 22 0.15746
L10 26 22 4.3789%e-15
C21 22 29 0.09144e-12
C22 30 22 0.72688e-12
C23 22 31 4549.8e-12
L11 22 31 0.00024446e-9
C24 322 7.1164e-12
C25 22 19 0.30053e-12
C26150.1678e-12
R19 17 0.099726
L1217 0.10665e-9
L13 28 10 0.21664e-9
C27 32 11 0.64344e-12
L1432 11 1.7427e-9

C32 38 17 0.00035176e-12
C331331.2463e-12
L251 33 0.68261e-9
C34 239 0.10809e-12
L27 0 38 3162.1e-9

L28 0 39 4.8637e-9

C36 4 32 21.55e-12

C38 0 37 20.345e-12
C390250.001104e-12
C40 22 5 0.06224e-12
R22 6 40 35429.5

C42 40 22 4.3647e-19
C281 21 0.46483e-12
L21 41 18 0.0588604e-9
R3 41 35 119.327

.ends inpMNA
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Figure 3.29: Response of final UWB Antenna 1 equivalent circuit

The second UWB antenna structure is our 3D monopole structure which is shown in

Fig. 3.30. This antenna is simulated using ANSOFT HFSS.
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é SMA connector

Figure 3.30: UWB antenna 2 layout

The initial equivalent circuit for the second UWB antenna and its responses are shown

in Fig. 3.31 and Fig. 3.32 respectively.
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C1 1
L1 1
C2 1
L2 1
R1 10

Figure 3.31: Initial UWB Antenna 2 equivalent circuit



Z11(magnitude)

Z11(real)

~
o

(o2}
o

a
o

N
o

w
o

N
o

[y
o

N
o

w
o

N
o

=Y
o

T

T T T

------ initial response
—— desired response

! ! !

6 8 10
frequency(GHz)

@)

T

T

T T T

------ initial response
—— desired response

! ! !

6 8 10
frequency(GHz)

(b)

92



Z11(imag)

30

N
o
T

=
o
T

o
T

|
'_\
o
T

|
N
o
T

T T T T T

initial response

!

——desired response

10
frequency(GHz)

(©

14

Figure 3.32: Response of initial UWB Antenna 2 equivalent circuit
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Figure 3.33: UWB Antenna 2 equivalent circuit (simplified)
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The final equivalent circuit is shown in Fig.3.33 and its netlist is shown in Table 3.2. Its

responses are shown in Fig. 3.34.

Table 3.2: Netlist of UWB Antenna 2 Equivalent Circuit

(resistor in €2, inductor in H, capacitor in F)

.subckt final 10 L1224 47 0.36611e-9
R11228.5398 L13 321 0.18034e-9
R2 34 1.0828 L14 22 25 3.5589%¢-9
R3 35 58.1529 L15 26 28 4.0622¢-9
R4 6 30 42.244 L16 6 27 0.0010784e-9
R54 7 10.8492 L17 3 250.0027947e-9
R6 89 13348 L18 117 7.3561e-9

R7 1011 1.1876 L19 30 38 0.14269e-9
R8 19 50 192.19 L20 9 32 0.031767e-9
R9 8 22 825.798 L21 34 42 16.597e-9
R10 4 8 291.557 L22 13 39 1.7008e-17
R11 4 26 44.6455 L2341 15 0.087004e-9
R12 3 25 1.5792 L24 8 35 0.052475e-9
R13 11 28 68.8572 L2511 29 0.0082388e-9
R14 11 34 83.0091 L26 0 8 122.98e-9

R15 7 37 0.6895 L2718 46 0.01199e-9

R16 717 8.1026e-005  L28 0 48 23.152¢-9

R17 7 43 37.6399 L29 0 20 0.00016011e-9
R18 21 44 112.166 L3006 28.211e-9
R19 7 40 0.52702 L3127 49 0.070992e-9

R20 16 12 16.0301 L32 0 32 726.25e-9

C88220.081918e-12
C9 23 46 1.88648e-12
C104 8 0.12986e-12
C113211.6476e-12
C12 6 27 96.508e-12
C13 3 25110.49e-12
C14 229 4.54851e-12
C1511 14 0.01692e-12
C16 31 36 10.594e-12
C17 33 14 3.63658e-12
C18 24 8 0.624794e-12
C19 3549 8.7032e-12
C20 36 37 0.80562e-12
C21 36 38 2.0543e-12
C22 13 39 3.854¢e-5
C23 7 17 0.00054738e-12
C24 1 40 0.85025e-12
C25 12 23 6.816e-12
C26 26 42 0.050459¢e-12
C27 18 43 0.13337e-12
C280519.177e-12



R21 23 51 23926.5
L11237.16e-9

L2 3 4 3.2346e-14
L3350.7387e-9

L4 470.062447e-9
L5890.047981e-9

L6 13 45 0.0003416e-9
L7 14 31 0.316577e-9
L8 12 17 0.026919e-9
L9 18 33 0.135775e-9
L10 12 1 0.042583e-9
L11 20 41 0.397406e-9

L33 024 32.714e-9
L34 027 24.371e-9
L35 48 50 0.494243e-9
L36 0 51 2.5365e-9
L37 3552 530.4e-9
C13443401e-12
C2351e-12

C31011 3.0125e-12
C4 12 3 4.3845e-12
C515321.70916e-12
C6 4 16 0.012207e-12
C719210.701758e-12

95

C29 17 45 1918.8e-12
C30 09 0.0025499¢-12
C3147 48 1.64277e-12
C32 020 4094.8e-12

C33 06 0.0013562e-12
C34 739 7.0557e-3
C357 44 6.2204e-12

C36 041 0.0012582e-12
C37 3552 0.0034489%¢-12
C38 052 0.0028013e-12

.ends final
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Figure 3.34: Response of final UWB Antenna 2 equivalent circuit
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3.6 Conclusion

In this chapter, a new physical augmentation based wideband modeling technique has
been presented. In this method, all series augmentation elements are transformed into
their parallel equivalents. The initial circuit elements is treated the same as the augmented
elements. Tuning is treated as a special case of augmentation. This is achieved by allowing
negative valued element augmentation in some circumstances. Using this technique, the
preliminary analysis of the circuit to decide the augmentation type is not needed. The
type of augmentation to be performed can be determined automatically. The proposed
methodology has been validated for broadband modeling of a spiral inductor, and an MIM
capacitor. The method has also been successfully extended to extract the equivalent circuits
for two UWB antennas. The results show good correlation with the EM data. The final
equivalent circuit netlist for the two UWB antennas can be imported to the time-domain
software directly, which would be very useful for co-design in the mixed analog/digital

circuits in the time domain.



Chapter 4

Miniaturized Ultra Wideband antenna
Design in LTCC

4.1 Introduction

Since Federal Communication Commission of USA allowed 3.1-10.6 GHz unlicensed
band for low power UWB communication, the UWB technology has attracted a lot of
attention as one of the most promising solutions for future high data-rate wireless com-
munications, high-accuracy radars, and imaging systems [49, 74, 75]. Consequently, as a
critical part of the entire system, UWB antennas have been receiving increasing interests
from both the academia and industries [76-79].

Accompanied by the decreasing sizes of transistors and chips, electronics components
are getting smaller and smaller inside a single integrated circuit. Hence, besides bandwidth
enhancement requirement of the UWB system, the miniaturization of UWB antennas has
become an important focus. Compared with the traditional PCB technology, the LTCC
technology has great advantages on miniaturized multilayer antennas’ design. The LTCC
process is capable of using the blind, buried and through vias anywhere in the substrate,

which gives great flexibility on antenna design. Considering the easy integration, flexible
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via-holes distribution, and mechanically strong, hermetically sealed, dimensionally sta-
ble process properties, the LTCC has been regarded as the promising technology of light
weight, compactness and excellent high frequency performance which is suitable for sin-
gle integrated circuit solutions of modern microwave and millimeter-wave communication
systems [80].

In this chapter, we propose a new compact and multilayer UWB planar antenna de-
signed with the LTCC technology. The configuration of the proposed multilayer UWB
LTCC planar antenna fully exploits the three-dimensional (3-D) integration feature of the
LTCC technology. The proposed LTCC multilayer UWB antenna is composed of a ground
plane, transmission lines and two open asymmetrical rectangular loops on various layers.
To minimize the total antenna’s size,the two open asymmetrical rectangular loops as the ra-
diation elements of the antenna are separated on two different layers of the LTCC substrate
and partly overlaped with each other. The major advantage of flexible via holes distri-
bution of LTCC technology is fully utilized in the antenna design. The vias fulfilled the
connections perfectly between the transmission lines and the radiation elements on various
layers. A typical antenna design is implemented and the measurement results are presented
and discussed. The experimental result shows that the prototype antenna achieves a band-
width of 7 GHz (|S11| < —10dB from 3.6 to 10.6 GHz). Radiation characteristics over its

bandwidth of interest have been examined and are stable in the passband.

4.2 LTCC Technology

LTCC is a multilayer ceramic technology (Fig. 4.1). LTCC circuit boards are created by

cofiring of a glass ceramic material designed for sintering at temperatures below 1000°C.
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LTCC technology provides an ability to embed passive components in layers, which is suit-
able for size-reduction of mixed signal RF products since they tend to use up a large number
of passive components. Recently, LTCC is also used to create passive circuit elements such
as capacitors, resistors, inductors, filters and resonators in a ceramic interconnector pack-

age due to its high performance, high integration density, and high reliability.
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Figure 4.1: LTCC Technology.

LTCC technology also offers the possibility to integrate various chips in one package,
which supports the system-in-package (SIP) approach. SIP is a functional block or sub-
system that integrates multiple chipsets with embedded passive components in a single
package, as shown is Fig.4.2. SIP has the ability to stack die vertically 3D or horizon-
tally side-by-side. Moreover, SiP allows flexible integration of different elements such as

MEMS, optoelectronics, active and passive components, bio-electronics and antennas into
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the packaging, thus improving performance and reducing system cost.

Figure 4.2: System in Package.

Fig.4.3 shows an example of 60 GHz Antenna-in-Package (AiP) solution proposed by
IBM [81]. As we can see, LTCC technology gives the possibility of integrating RF circuits

and antennas in a single substrate, which in turn makes the antenna design very attractive.

Radiation direction
Buried RFIC (SiGe chip)
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- e N A

jamtm f
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.' ;
I . Thru wafer vias Antenna reflector cavity .

Figure 4.3: Antenna in Package.

4.3 A Novel Multilayer UWB Antennain LTCC

The compact antenna is fabricated on a six-layer LTCC substrate with dielectric con-
stant of 5.9, each layer thickness of 0.19 mm and loss tangent (tand) of 0.0026. The

configuration of the proposed multilayer patch antenna is shown in Fig. 4.4.
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The detailed dimensions are shown in the Table 4.1. Various parameters are introduced
in the proposed antenna design due to the multilayer stuctures, which may add more com-

plexity but give more flexibility on the antenna tuning as well.

Table 4.1: ANTENNA DIMENSIONS IN MILLIMETERS
hl hQ h3 Gw Gl f'LUl f’wg fll

0.38 095 | 114 |40 4437 | 1.77 | 0352 |23

fla g1 g2 gs Swy SWa Sws Sy

2.737 |1.032 | 1.638 | 0.923 | 13.115 | 1.881 | 1.638 | 1.881

sly sly sl sly sls slg sh bw,

6.364 | 4.349 | 3.649 | 2.144 | 0.934 | 2.015 | 4.153 | 14.627

b’UJQ bU)g bll blg blg bl4 bl

20.748 | 1.313 | 1.666 | 2.596 | 2.511 | 3.111 | 11.091

The antenna consists of two open rectangular loops as its radiation elements which lie
on two different layers of the LTCC substrate (h; = 1.14 mm and hy = 0.95 mm).The
two open rectangular loops are connected with each other by two vias at the feeding point
and the end point. And both of the open rectangular loops are connected to the microstrip
feedline which lies on the h; = 0.38 mm layer through a via. The microstrip feeding
line is embedded inside the substrate with the LTCC technology, which can feed the two
open rectangular loop radiators vertically at the same time and achieve the best impedance
match. The top layer (hs = 1.14 mm) contains a short 50-Q2 microstrip line which acts
as a pad for soldering a SMA connector. This top layer short microstrip line connects to
the b, = 0.38 mm layer feedline through a via. A rectangular shaped ground with size of

Gl x Gw is located on the bottom layer.
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The two open rectangular loops are playing the main role in the antenna operating band-
width. The total lengths of the two open rectangular loops are assigned to one wavelength
at two different frequencies. The top layer one (ks = 1.14 mm) is assigned at around 3
GHz. The other one is assigned at around 5 GHz. For each of these two open rectangular
loops, it is definitely a narrow band radiation element. Here, utilizing the multilayer pro-
cessing characteristics of the LTCC technology, we can combine two narrow band radiation
elements to one broadband radiation antenna. The bandwidth was improved intrinsically
because the combined radiation elements introduce different current paths with different
lengths which produce multi-resonances. Considering the mutual coupling effects when
we combined the two open rectangular loops, these two loops are not strictly symmetrical
rectangular loops any more. The right sides of the loops have extended stubs, which are
used to improve the impedance matching of the final broadband antenna. Meanwhile, each
open rectangular loop has two slots on both upper and lower sides, as shown in Fig. 4.4.
These slots are just used to improve the current distribution on both rectangular loops. The
top layer (hz = 1.14 mm) slots have a dimension of 3.5 mm x 0.3 mm. The hy = 0.95
mm layer’s slots have a dimension of 2.8 mm x 0.3 mm. The radii of all the vias used for

connection between different layers is 0.1 mm.

4.3.1 Parametric Study

The main purpose of the multilayer structure of the proposed LTCC antenna is to
achieve an ultra-wide operating bandwidth. Initially, the dimensions of the antenna were
selected so that the total lengths of the big and small open rectangular loops equal to one
wavelength at around 3 GHz and 5 GHz, respectively. The other parameters are optimized

based on the numerical results until it can achieve an ultra-wideband operation. The initial
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dimensions of the antenna parameters are shown in Table 4.1. Here we perform the antenna
parametric study based on the simulated results to further understand each parameter’s ef-
fect and improve the antenna performance. When one antenna parameter is analyzed, the
other parameters are all kept unchanged as shown in Table 4.1. All the parametric analyses
are simulated with a commercial software HFSS, which is a full wave electromagnetic field

solver based on the finite element method (FEM).
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Figure 4.5: Effect of GI.

Fig. 4.5 shows the effect of the *G[’ parameter on the simulated S11. As we can see,
with a change of +£0.5 mm of *G1’, the antenna performance can be kept almost unchanged
in the central frequency band but get worse at both low and high frequency band. So the
dimensions of the ground have an effect on the input impedance matching of the antenna.

We should choose the optimized ground size for achieving the best antenna performance.
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Fig. 4.6 shows the effect of *bl,’, which refers to an extended stub on the right longer
edge of the big rectangular open loop. Increasing *bl,” improves the S11 level between

3.6 GHz-4 GHz and 5.5 GHz-6 GHz, but deteriorates S11 between 6.3 GHz-8 GHz and 9

GHz-10 GHz.
o
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Figure 4.6: Effect of bl4.

Fig. 4.7 shows the effect of "bw;’. When *bw;’ is decreased, the impedance matching
is improved around 5 GHz-7.3 GHz. Within 8 GHz-10 GHz, appropriate value of *bw,’

should be chosen for the best S11 performance.

Fig. 4.8 shows the effect of "si3”, which controls the size of the cut away slot on the edge
of the extended stub on the right longer edge of the small rectangular open loop. Tuning
“sl3” can slightly tune the lowest frequency band. As ’si3’ was decreased from 6.364 mm

to 3.649 mm, the lowest operating frequency band varies from 4 GHz to 3.6 GHz.
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“slg” controls the length of the extended stub on the right longer edge of the small rect-
angular open loop. From Fig. 4.4, we can see that ’slg’ directly controls the overlapped
areas between the big and small open rectangular loops, which affects the coupling influ-
ence between the two radiator elements. Fig. 4.9 shows that *sls” mainly has an effect on

the lower frequency band but has a small influence on the higher frequency band.
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Figure 4.9: Effect of si;.

Fig. 4.10 shows the effect of the relative position of the two open loops which lie on two
separated layers. When we increases the ’g3’, which means the relative distance between
the two open loops is increased, the impedance matching is obviously improved at lower
and central frequency range, between 3.6-4.6 GHz and 6.8-8 GHz. The impedance match-
ing is improved between 8-10 GHz with decreasing g3’ when g3 > 0.923 mm. However,
it will be deteriorated by decreasing *g3’ between 8-10 GHz when g3 < 0.923 mm. On

both upper and lower sides of the two open rectangular loops, there are four narrow slots,



109

as shown in Fig.4.4. Fig. 4.11 shows the compared S11 parameters of the antenna with and
without these four narrow slots. It has an obvious improvement on impedance matching
around 7.5 GHz.

Fig. 4.12 shows the compared S11 parameters of the antenna with only one small
rectangular open loop and with only one big rectangular open loop. It can be seen that the
resonant frequencies are around 5 GHz, 7.8 GHz and 8.8 GHz when there is only one small
rectangular open loop. And the resonant frequencies are around 4 GHz, 6.5 GHz, 8 GHz
and 11 GHz when there is only one big rectangular open loop. Each of the open rectangular
loops acts as a multi-frequency radiation element. With the LTCC technology, the small
and big rectangular open loops can be combined together to form a multilayer radiation

structure, which can be operated in the UWB frequency range finally.
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4.3.2 A Typical Design

A prototype of the proposed multilayer patch antenna fabricated on a six-layers LTCC

substrate is shown in Fig. 4.13.

Figure 4.13: Photo of the multilayer patch antenna

Fig.4.14 shows a reasonable agreement between the measured and simulated |S11]|.
Some discrepancies between the simulated and measured results may occur because of the
effect of the SMA connector. The bandwidth of the antenna is around 98% and ranges from
3.6 GHz t0 10.6 GHz.

Fig. 4.15 shows the simulated and measured gains of the antenna. From 3.6 to 10.6
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GHz, the proposed antenna exhibits an average simulated peak gain of 1.45 dBi, ranging
from -0.74 dBi to 3.33 dBi, and an average measured E-plane peak gain of 1.24 dBi, ranging
from -1.72 dBi to 3.64 dBi. From 3.6 to 10.6 GHz, the proposed antenna exhibits an average
simulated boresight (¢ = 0°, 8 = 0°) gain of -1.33 dBi, ranging from -4.41 dBi to 0.89 dBi,
and an average measured boresight gain of -1.47 dBi, ranging from -3.74 dBi to 0.64 dBi.
The simulated and measured average gains of all the directions on the E- and H-planes are
ranging from -3.17 dBi to 0.04 dBi and from -4.93 dBi to -2.12 dBi, respectively.

Fig. 4.16 shows the simulated and measured normalized radiation patterns of the multi-
layer LTCC antenna at frequencies 4, 7, and 10 GHz, respectively for the E- and H-planes.
As observed, the radiation pattern of the antenna almost can remain constant at low fre-

quency bandwidth. However, it shows some little distortion at higher frequencies.
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Figure 4.14: Simulated and measured |S11| of the multilayer UWB antenna.
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Figure 4.15: Simulated and measured gain of the multilayer UWB antenna.
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Figure 4.16: Simulated and Measured E- and H-plane radiation patterns for the multilayer

UWB antenna at f = 4, 7 and 10 GHz.

4.4 Conclusion

Utilizing the LTCC technology, two narrow band radiation elements are combined to-
gether to achieve an UWB antenna over 7 GHz, which results in a new compact and mul-
tilayer UWB planar antenna design and gives the possibility of integrating RF circuits and

antennas in a single substrate. The configuration of the proposed multilayer structure fully
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exploits the three-dimensional (3D) integration feature of the LTCC technology and offers
a wide impedance bandwidth as well as a miniaturized antenna size. Moreover, the embed-
ded feeding network makes the proposed antenna suitable for integrating with other LTCC

circuits.



Chapter 5

60-GHz Millimeter-wave Wideband
Antennasand Arraysin LTCC

5.1 Introduction

In this chapter, we will integrate a circularly-polarized (CP) array with a low noise
amplifier (LNA) in LTCC. The conventional method to enhance the array antenna gain
with increased array elements inevitably narrows the antenna beamwidth and increases the
antenna size. Compared with it, our proposed active antenna provides a promising solution
for power enhancement while keeping the antenna beamwidth [82].

Various wideband antennas and arrays are designed in LTCC at 60 GHz. Our CP an-
tenna is designed with aims to achieve a high gain, a wide impedance bandwidth, a wide
axial ratio bandwidth, as well as good beam pattern and reasonable beam width. In Sec-
tion 5.2 and Section 5.3, the microstrip feeding is used, while the stripline feeding is more
suitable for antenna integration with chip and also easy to be tested in the probe station. In
Section 5.4 the design of a circularly polarized antenna element is presented. This antenna
will be integrated with an LNA in Section 5.6. It is an aperture-coupled truncated-corner

patch antenna. Then by using the sequential rotation feeding scheme [83], a 4 x 4 array

116
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is designed to achieve a wide impedance and axial ratio bandwidth. All these make the
antenna performance less sensitive to the surrounding package- and PCB-level dielectric
and metal layers. They also decouple the design of the antenna from the exact physical
properties of the package, simplifying simulation and modeling complexity in the antenna
integration with active devices.

In Section 5.5 the design of a wideband circularly polarized planar helical antenna is
proposed. It is well known that the axial-mode helical antenna is a directive antenna with
good circularly polarized characteristic on its axis over a wide frequency band. However,
the traditional helix design is usually to keep its helical shape by some supporting materials
such as dielectric rod, which is inconvenient for integration with other circuits. In [84], a
stacked multilayer planar microstrip helical antenna is introduced. This microstrip helical
antenna is much easier to be integrated with other circuits compared with the traditional
helix. However, the probe-fed of the antenna is still not so convenient for integrations. Be-
sides, there is still no planar helical antenna designed with LTCC technology for mmWave
communications. In this chapter, wideband circularly polarized planar helical antenna and
array in LTCC at 60 GHz are developed by taking the advantage of traditional helical an-
tenna and LTCC technology. And the stripline is used in feeding network scheme that gives
a more convenient solution for antenna and circuits integration.

The integration of an LNA into the package is challenging with wire bonding tech-
nology at 60 GHz. A number of studies on the electrical performance of wire-bonding
interconnection have been reported for microstrip and coplanar configurations, indicating
that insertion loss for a bonding wire will be drastically increased with frequency as the
bond wire acts as a series inductor [85-87]. The flip-chip bonding technology uses metal-

lic bumps for device connections. Compared to the length of the bond wire, the size of these
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bumps is kept very small (less than 100 pm) to result in better impedance matching, and
reduce interconnection losses and parasitic effects of transition discontinuities in mmWave
systems [88]. The advanced ribbon or double bond wire techniques are also possible be
used to decrease the bond wire inductance, where the ribbon is much more commonly used
to bond mmwave devices than double bond wires due to their complexity [83,89]. Nonethe-
less, the wire-bonding technique, well established in consumer electronics, remains a very
attractive solution since it is robust and inexpensive. In addition, it has the advantage of
being tolerant on chip thermal expansion, an important requirement for many applications.
In order to improve the high-frequency performance of a bond-wire interconnect, efforts
have usually focused on reducing the length of the bond wire and also reducing the chip-to-
package spacing. However, limitations in manufacturing require longer bond-wire lengths
and wider chip-to-package spacing to improve the yields of mmWave chip-package assem-
blies. In this chapter we will use a T-network bond wire compensation scheme [90] to
enable the longer 2-mil bond wire of length 500 m to be used, which is almost a tripled
length of the shortest bond wire supported by the current technology and would thus greatly
improve the yield of assembly of the chip with the package. This also makes our integra-
tion solution suitable for mass production. From chip-antenna interconnect aspect, low
loss transitions have to be developed. In this chapter, we will optimize these transitions to
achieve the lowest interconnection loss.

In what follows of this chapter, we will present the active circularly polarized antenna
array. Section 5.6 describes the integration of the designed antenna array with an LNA
chip to further form an active antenna. The key integration challenges are solved by de-
signing the bond wire compensation scheme and developing low loss transitions. A proof-

of-concept prototype is designed. It is then fabricated and tested to obtain the integration
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performance as well as the polarization characteristics.

5.2 Narrow-band Microstrip-line-fed Aperture-coupled Lin-

early Polarized Patch Antenna and Array

5.2.1 Antenna Element
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Figure 5.1: Geometry of the single antenna element (w, = 0.75 mm, [, = 0.75 mm,
lo = 0.315 mm, w; = 0.54 mm, wy = 0.3 mm, l; = 0.2 mm, l; = 0.1 mm, wyg = 0.15

mm). (The simulated size: 5 x 5 x 0.4 mm?).

Fig. 5.1 shows the configuration of a single antenna element. It is an aperture-coupled
patch antenna. It is fed by a micrtostrip line as in [43], [47] through a slot on the ground

plane. The width of the 50-C2 microstrip line wq as shown in Fig. 5.1 is easily characterized
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to be 0.15 mm with the commercial full-wave electromagnetic simulation software An-
soft HFSS. The patch is implemented on the 300-.m thick LTCC substrate. The antenna
parameters are optimized with final values shown in the subtitles of Fig. 5.1. The final
simulated antenna element size is 5 x 5 x 0.4 mm?.

Fig. 5.2 shows the simulated antenna element performance. Fig. 5.2 (a) depicts the
antenna return loss. The antenna has a narrow impedance bandwidth of 7.8% at 60 GHz

(58.5-63.2 GHz) for return loss > 10 dB.

mag(S,,) (dB)
S

50 52 54 56 58 60 62 64 66 68 70
Frequency (GHz)

@)

Co 0=0

-=--= Cross

300

120 7 240

(b) (©)



121

g4
=
£ 37
<
O

2 4

| 1 | = Peak gain

- -~ —- Peak realized gain
0

55 56 57 58 59 60 61 62 63 64 65
Frequency (GHz)
(d)

Figure 5.2: Simulated performance of the single element: (a) return loss, (b) xz-plane &

(c) yz- plane radiation pattern at 60 GHz, and (d) gain.

Figs. 5.2(b)-(c) show the simulated antenna radiation pattern in the xz- and yz-planes at
60 GHz. As expected, the antenna is linearly polarized and its radiation pattern has a main
lobe of radiation in the upper hemisphere (in the -z direction) with a front-to-back ratio
better than 22 dB. The 3-dB beam width is 140° in the zz-plane and 100° in the yz-plane.

Fig. 5.2 (d) shows the simulated antenna peak gain and peak realized gain, which are
the simulation parameters provided by commercial software Ansoft HFSS. The peak gain
is an ideal parameter which does not consider whether the impedance matching of antenna
is good or not. The peak realized gain is a parameter which has included the mismatched
impedance loss from ideal peak gain. Obviously, when the impedance matching of antenna
is good enough, the parameter values of peak gain and peak realized gain are almost the

same. The antenna has peak gain of 5.14 dBi.
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52.2 4 x 4 Patch Antenna Array
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Figure 5.3: Geometry of the array antenna and zoom in view of the 90° corner bent and the

quarter-wave matched T-junction.

Fig. 5.3 shows the geometry of the array. It is realized by the identical antenna element
in respect to its neighbouring element. The microstrip line feeding network is designed
to feed each radiation element with equal amplitude and phase. In the microstrip line

feeding network, the 90° corner bent is used instead of mitering the lines. The characteristic
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impedance for each port is 50 €2 with wy = 0.15 mm. In addition, a quarter-wave matched
T-junction is used as the power divider to split the power equally. Its width w,; and length
[, are easily characterized to be 0.26 mm and 0.58 mm, respectively. The final input
matching at the input port is |S11| = —24 dB and the coupling from the input port to the
output port is |S21| = —3.25 dB at 60 GHz. It is reasonable with a 0.25 dB more insertion

loss in the output port for this power divider.

Table 5.1: DESIGN SUMMARY

T-junction |S11] = —24 dB, |S21| = —3.25
Dimensions d =2.5 mm, size: 11 x 11 x 0.4 mm?
10-dB bandwidth 6.3% (59.2-63 GHz)
Patterns Linearly polarized
3-dB beam width 30° both in zz- and yz-planes
Peak realized gain 16.5 dBi@Q60GHz
3-dB Gain BW >7.5 GHz (57.5-65 GHz)
Efficiency >80%

Fig. 5.4 shows the simulated array performance. It is found from Fig. 5.4(a) that the
antenna has a narrow impedance bandwidth of 6.3% (59.2-63 GHz) for (return loss >10

dB).
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Figure 5.4: Simulated performance of the array antenna:: (a) return loss, (b) xz-plane &(c)

yz- plane radiation pattern at 60 GHz, and (d) gain.

Figs. 5.4 (b)-(c) also show the simulated antenna radiation pattern in the xz- and yz-
planes at 60 GHz. It can be clearly seen that the radiation is linearly polarized. The antenna
radiation pattern is beam-shaped with a 3-dB beam width of 30° both in the zz- and yz-
planes. Fig. 5.4 (d) shows the simulated antenna peak gain. As we can see the antenna

has high peak realized gain of 16.5 dBi. The simulated efficiency is > 80% over 7-GHz
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bandwidth. As summarized in TABLE 5.1, the designed array exhibits narrow impedance
matching at 60 GHz. Obviously, the bandwidth of the antenna and array should be further

improved, which will be addressed in the next section.

5.3 Wideband Microstrip-line-fed Aperture-coupled Cir-

cularly Polarized Patch Antenna and Array

5.3.1 Antenna Element

= 5%
<« i Wp .
A I
4
ZS A\ 4 e
X $h o
A o
; "l 1 patch
P < >
wi . X
ground with t
A 4 aperture y <2
X microstrip line |g
<—f Wo
zZ
Y 0.3mm g | i

0.1lmm

Figure 5.5: Geometry of the single antenna element (w, = 0.671 mm, [, = 0.609 mm,
ws = Iy, = 0.21 mm, lp = 0.264 mm, wy; = 0.735 mm, [; = 0.2 mm, wy = 0.15 mm).

(The simulated size: 4 x 4 x 0.4 mm?).

Based on the previous design on a narrow band antenna element, the element bandwidth

is enhanced by using an aperture-coupled truncated-corner patch antenna as shown in Fig.
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5.5. At the same time, the circular polarization can be obtained by cutting the two opposite
corners of the square patch. This generates two orthogonal resonance modes which yield
two linear polarizations along the patch diagonals. The antenna parameters are optimized
with final values shown in the subtitles of Fig.5.5. The final simulated antenna element size
iS4 x 4 x 0.4 mm3.

Fig. 5.6 shows the simulated antenna element performance. Fig. 5.6 (a) depicts the
antenna return loss. The antenna has a wide impedance bandwidth of 14% at 60 GHz
(56.8-65.3 GHz) for return loss > 10 dB.

Figs. 5.6 (b)-(c) show the simulated antenna radiation pattern in the zz- and yz-planes
at 60 GHz. As expected, the antenna is circularly polarized at 58 GHz and its radiation
pattern has a main lobe of radiation in the upper hemisphere (in the -z direction) with a
front-to-back ratio better than 19 dB.

Fig. 5.6 (d) shows the simulated antenna peak gain and axial ratio. The antenna has

peak gain of 5.8 dBi. The 3-dB gain bandwidth is over 16.5 GHz.
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Figure 5.6: Simulated performance of the single element: (a) return loss, (b) zz-plane &

(c) yz- plane radiation pattern at 60 GHz, and (d) gain and axial ratio.

It should be noted that the 3-dB axial ratio bandwidth is only 1 GHz (57.8— 58.8 GHz).
Although the radiation patch with truncated-corner can generate two orthogonal resonance
modes which yield two orthogonal linear polarizations along the patch diagonals, this kind

of circular polarization characteristic is quite poor and only with narrow bandwidth.
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5.3.2 Wideband 4 x 4 Patch Antenna Array
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Figure 5.7: Geometry of the array antenna and zoom in view of the 90° corner bent and the

quarter-wave matched T-junction.

Fig. 5.7 shows the geometry of the array. It is realized by the same antenna element
in respect to its neighbouring element. The microstrip line feeding network is designed to
feed each radiation element with equal amplitude and phase. Fig. 5.8 shows the simulated

array performance. TABLE 5.2 summarizes the antenna performance.
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Table 5.2: DESIGN SUMMARY

T-junction |S11| = —24 dB, |S21| = —3.25
Dimensions d=2.5mm, wy = 0.15 mm, w; = 0.26 mm,
Iy = 0.55 mm, size: 13 x 13 x 0.4 mm?3
10-dB bandwidth 15% (56-65 GHz)
Patterns Poor RHCP
3-dB AR BW 0 GHz
3-dB beam width 30° both in zz- and yz-planes
Peak realized gain 17.6 dBi@62GHz, 17.2 dBiQ60GHz
3-dB Gain BW >10 GHz (55-65 GHz)
Efficiency >80%
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Figure 5.8: Simulated performance of the array antenna with dimensions in Table 5.2: (a)
return loss, (b) xz- plane & (¢) yz- plane radiation pattern at 60 GHz, and (d) gain and axial

ratio.

It is found that the array has an impedance bandwidth to cover the whole 7-GHz band-
width with high gain performance. However, it is not a good right-handed circularly po-
larized (RHCP) antenna. The axial ratio at 60 GHz is 4.6 dB and the 3-dB axial ratio
bandwidth is zero. Even the antenna element still has a narrow band circular polarization
characteristic, the 4 x 4 antenna array with an equal amplitude and phase feeding net-
work lost all axial ratio bandwidth. The strength of two orthogonal linear polarizations of
single antenna element is weakened by the coupling effect between neighbouring antenna
elements. So the coupling effect between antenna elements should be considered in CP

antenna array design, and the 3-dB axial ratio bandwidth of this design has to be enhanced.

5.3.3 Wideband Circularly Polarized Patch Antenna Array

As we know, the circularly polarized property is desirable for 60-GHz antennas in view

of wireless access applications. And the wide axial ratio bandwidth is one of the important
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targeted characteristics. So in this section we use a sequentially feeding rotation scheme to
increase the axial ratio bandwidth as well as the impedance bandwidth of the antenna array.
This feeding scheme is a well known technique to enhance the axial ratio and impedance
bandwidth [83]. According to different application requirments, 2 x 4 and 4 x 4 antenna
arrays are presented, respectively.

A. 2 x 4 Wideband Circularly Polarized Patch Antenna Array
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Figure 5.9: Geometry of the sequential feeding array antenna and zoom in view of the 90°

corner bent and the quarter-wave matched T-junction.
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In this design, we use a sequential rotation feeding technique to achieve a wideband
axial ratio bandwidth. The element used is the same as shown in Fig. 5.5.

Fig. 5.9 shows the geometry of the sequential feeding array. It is realized by rotating
each antenna element in respect to its neighbouring element. In this design, we have chosen
to produce RHCP by arranging the element with the fashion of 0°,—90°, —180°, —270°
as shown in Fig. 5.9. Accordingly the microstrip line feeding network is designed to
feed each radiation element with equal amplitude but with phase corresponding to their
individual rotation angles as denoted in Fig. 5.9. The required different phases in feeding
network are achieved by the microstrip line delays, e.g. an increase of a quarter guided
wavelength in length corresponds to a delay of 90 degrees in phase. In the microstrip line
feeding network, the 90° corner bent is used instead of mitering the lines. In addition, the
quarter-wave matched T-junction is used as the power divider to split the power equally.

Fig. 5.10 shows the simulated array performance. TABLE 5.3 summarizes the antenna
performance. It is found that the array has achieved wide impedance bandwidth. The most
important is that the 3-dB AR bandwidth is enhanced to 10 GHz and the antenna shows

good RHCP characteristics.

Table 5.3: DESIGN SUMMARY

Dimensions d =3 mm, wyg = 0.15 mm, w; = 0.26 mm,
Iy = 0.55 mm, size: 13 x 7 x 0.4 mm?
10-dB bandwidth 24.6% (54.2-69 GHz)
Patterns RHCP
3-dB AR BW 10 GHz (55.5-65.5 GHz)
3-dB beam width 30° both in zz- and yz-planes
Peak realized gain 14.5 dBi@60GHz
3-dB Gain BW >8 GHz (57-65 GHz)
Efficiency >80%
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Figure 5.10: Simulated performance of the array antenna: (a) return loss, (b) zz-plane &

(c) yz- plane radiation pattern at 60 GHz, and (d) gain and axial ratio.
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B. 4 x 4 Wideband Circularly Polarized Patch Antenna Array
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Figure 5.11: Geometry of the sequential feeding array antenna and zoom in view of the 90°

corner bent and the quarter-wave matched T-junction.

Fig. 5.11 shows the geometry of the sequentially feeding 4 x 4 array. Fig. 5.12 shows
the simulated array performance. It is found that the array has achieved a wide impedance
bandwidth with high gain. The most important is that the 3-dB axial ratio bandwidth is
enhanced to 9 GHz and the antenna shows good RHCP characteristics. TABLE 5.4 sum-

marizes the antenna performance.



Table 5.4: DESIGN SUMMARY

Dimensions d=3mm, wyg = 0.15 mm, w; = 0.26 mm,
l; = 0.55 mm, size: 13 x 13 x 0.4 mm?3
10-dB bandwidth 31% (51-69.5 GHz)
Patterns RHCP
3-dB AR BW 9 GHz (55.5-64.5 GHz)

3-dB beam width

30° both in zz- and yz-planes

Peak realized gain 17.5 dBi@62GHz, 17.1 dBiQ60GHz

3-dB Gain BW >7 GHz (58-65 GHz)
Efficiency >80%
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Figure 5.12: Simulated performance of the array antenna: (a) return loss, (b) zz-plane &

(c) yz- plane radiation pattern at 60 GHz, and (d) gain and axial ratio.

54 Wideband Stripline-fed Aperture-coupled Circularly
Polarized Patch Antenna and Array

In Section 5.2 and Section 5.3, the microstrip feeding is used, while the stripline feeding
Is more suitable for antenna integration with chip and also easy to be tested in the probe
station. Combined with the advantage of the aperture couple antenna topology and stripline
feeding, the antennas will be less sensitive to the surrounding package- and PCB-level
dielectric and metal layers. They also decouple the design of the antenna from the exact
physical properties of the package, simplifying simulation and modeling complexity. The
above reasons lead us to design stripline-fed wideband circularly polarized patch arrays in
this section. Similar to Section 5.3, both 2 x 4 and 4 x 4 antenna arrays are presented,

respectively.
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Figure 5.13: Geometry of the single antenna element (size: 4 x 4 x 1 mm?, w, = 0.6682
mm, l, = 0.5278 mm, ws = [, = 0.182 mm, ly = 0.2155 mm, w; = 0.735 mm, [, = 0.2

mm, wy = 0.1 mm).

Fig. 5.13 shows the configuration of a single antenna element. It is an aperture-coupled
truncated-corner patch antenna. It is not fed by a micrtostrip line but by an asymmetrical
stripline through a slot on the ground plane. The stripline is sandwiched between the 100-
pum and 600-pm thick LTCC substrates with the top and bottom grounded. The width of
the 50-€2 stripline wq as shown in Fig. 5.13 is easily characterized to be 0.1 mm. The patch
is implemented on the 300-um thick LTCC substrate. The circular polarization is obtained
by cutting the two opposite corners of the square patch. This generates two orthogonal res-

onance modes which yield two linear polarizations along the patch diagonals. The antenna
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parameters are optimized with final values shown in the subtitles of Fig. 5.13. The final
simulated antenna element size is 4 x 4 x 1 mm?.

Fig. 5.14 shows the simulated antenna element performance. Fig. 5.14 (a) shows an
impedance bandwidth of 9.7 GHz (56.5-66.2 GHz) for SWR<2 (|S11| <-9.542 dB).

Fig. 5.14 (b)-(c) show the simulated antenna radiation pattern in the zz- and yz-planes
at 60 GHz, where the radiation is decomposed into a RHCP wave and a left-handed circu-
larly polarized (LHCP) wave. It can be clearly seen that the radiation is RHCP around the
z-axis. As expected, the antenna radiation pattern has a main lobe of radiation in the upper
hemisphere (in the-z direction) with a front-to-back ratio better than 20 dB. The 3-dB beam
width is 120° in zz-plane and 90° in yz-plane.

Fig. 5.14 (d) shows the simulated antenna peak gain and axial ratio. The antenna has
peak gain of 5 dBi. The 3-dB gain bandwidth is over 14.5 GHz. It should be noted that the

3-dB axial ratio bandwidth is narrower than 2 GHz.
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Figure 5.14: Simulated performance of the single element: (a) |S11|, (b) zz- plane and
(c) yz- plane radiation pattern at 60 GHz, (d) gain and axial ratio at the main radiation

direction.

5.4.2 Wideband 2 x 4 Circularly Polarized Patch Antenna Array

Fig. 5.15 shows the geometry of the sequentially feeding array. It is realized by rotating

each antenna element in respect to its neighbouring element.
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Figure 5.15: Geometry of the sequential feeding array antenna and zoom in view of the 90°

corner bent and the quarter-wave matched T-junction.

In this design, we have chosen to produce right handed polarization by arranging the
element with the fashion of 0°, —90°,—180°,—270° as shown in Fig. 5.15. Accordingly the
stripline feeding network is designed to feed each radiation element with equal amplitude
but with phase corresponding to their individual rotation angles as denoted in Fig. 5.15.

The required different phases in feeding network are achieved by the stripline delays, e.g.
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an increase of a quarter guided wavelength in length corresponds to a delay of 90 degrees

in phase. In the stripline feeding network, the 90° corner bent is used instead of mitering

the lines. In addition, the quarter-wave matched T-junction is used as the power divider to

split the power equally.

Fig.5.16 shows the simulated array performance. It is found that the array has achieved

a wide impedance bandwidth. The most important is that the 3-dB axial ratio bandwidth is

enhanced to 7.5 GHz and the antenna shows good RHCP characteristics.
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Figure 5.16: Simulated performance of the array antenna: (a) return loss, (b) zz-plane &

(c) yz- plane radiation pattern at 60 GHz, and (d) gain and axial ratio.

5.4.3 Wideband 4 x 4 Circularly Polarized Patch Antenna Array

Fig. 5.17 shows the geometry of the sequentially feeding array with a size of 13 x 13 x 1
mm?. It is realized by rotating each antenna element in respect to its neighboring element.
In this design, we have chosen to produce right handed polarization by arranging the ele-
ment with the fashion of 0°, -90°, -180°, -270° as denoted in Fig. 5.17. Accordingly the
stripline feeding network is designed to feed each radiation element with equal amplitude
but with phase corresponding to their individual rotation angles. The required different
phases in feeding network are achieved by the stripline delays, e.g. an increase of a quarter
guided wavelength in length corresponds to a delay of 90 degrees in phase. In the stripline
feeding network, the 90° corner bent is used instead of mitering the lines. The character-
istic impedance for each port is 50 2 with wy = 0.1 mm. In addition, the quarter-wave

matched T-junction is used as the power divider to split the power equally. Its width w,
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and length [, are easily characterized to be 0.22 mm and 0.501 mm, respectively. The final
input matching at input port is [S11| = —20.5 dB and the coupling from the input port to
the output port is |S21| = —3.29 dB at 60 GHz. It is reasonable with a 0.29 dB loss in the

output port for this power divider.
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Figure 5.17: Geometry of the sequential feeding array antenna (size: 13 x 13 x 1 mm?3,

d = 3 mm) and zoom in view of the 90° corner bent and the quarter-wave matched T-

junction.
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Figure 5.18: Simulated performance of the array antenna: (a) |S11|, (b) xz- plane and

(c) yz- plane radiation pattern at 60 GHz, (d) gain and axial ratio at the main radiation

direction.



145

Fig. 5.18 shows the simulated array performance. It is found from Fig. 5.18 (a) that
the antenna has a wide impedance bandwidth of 18.5 GHz (51.5-70 GHz) for SWR<2. It
is almost double that of the single element.

Figs. 5.18 (b)-(c) also show the simulated antenna radiation pattern in the zz- and yz-
planes at 60 GHz. It can be clearly seen that the radiation is RHCP around the z-axis. The
antenna radiation pattern is beam-shaped with a 3-dB beam width of 20° both in the zz-
and yz-planes.

Fig. 5.18 (d) shows the simulated antenna peak gain and axial ratio. As we can see the
antenna has peak gain of 16.8 dBi. The 3-dB gain bandwidth is 10 GHz (56.8-66.8 GHz).
It should be noted that the 3-dB axial ratio bandwidth has been successfully broadened to
8 GHz (55.5-63.5 GHz). It is more than four times of that of the single element. As a
summary the designed array exhibits wideband impedance matching and AR performances

at 60 GHz. We will further improve its gain using a 21-dB active LNA in Section 5.6.

5.5 Wideband Stripline-fed Circularly Polarized Planar

Helical Antenna and Array

55.1 AntennaElement

Fig. 5.19 shows the configuration of a single planar helical antenna element. This modi-
fied helical antenna is designed in a twenty-layer LTCC substrate with dielectric constant of
5.9, each layer thickness of 0.1 mm. The antenna consists of eleven metallic layers, which
can be divided into two parts. The first part is the radiation-patch of the helical antenna

which is implemented on the upper eight metal layers as shown in Fig. 5.19(b) (M1-M8).
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The second part is the feeding network of the helical antenna which is implemented on
the lower three metal layers as shown in Fig. 5.19(b) (M9-M11). From M1 to M8, the
thickness between every two neighbouring metal layers is h; = 0.2 mm. And the distance
between M8 and M9 is 0.1 mm. The radiation-patch consists of one quarter-annular-patch
lies on metal layer M8 and seven half-annular-patches lie on metal layers M1-M7. Vertical
vias are used to connect every two neighbouring metal layers. So all the eight metal layers’
traces are connected together by these vias, which form the raidation-patch of the helical
antenna. The radiation-patch implemented on the h; = 1.4 mm thick LTCC substrate is
fed vertically by a feeding via which connects to a stripline through a circle slot on the
ground plane. The stripline is sandwiched between the 200-.m and 300-um thick LTCC
substrate with the top and bottom grounded. The width of the 50-§2 stripline w, as shown

in Fig. 5.19 is easily characterized to be 0.15 mm.

(a) 3D view
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Figure 5.19: Geometry of the single antenna element (size: 3 x 3 x 2 mm?, wy = 0.15 mm,
ly = 1.65 mm, r, = 0.3 mm, r; = 0.15 mm, r. = 0.3 mm, dy;, = 0.1 mm), hy = 0.2

mm, hg =T7x hl = 1.4 mm.

The circular polarization can be obtained by appropriate selection of the geometrical
parameters of the radiation-patch. Fig. 5.20 and Fig. 5.21 show S11 and axial ratio perfor-

mance with three different cases.
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Casel: hy =0.2mm, hy =7 x hy = 1.4 mm.

Case 2: hy =0.2mm, hy =6 X hy = 1.2 mm.

Case 3: hy =0.1mm, hy =7 x hy = 0.7 mm.
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Case 1 is exactly the same situation as shown in Fig. 5.19. One quarter-annular-patch
and seven half-annular-patches are assigned on the 1.4 mm thick LTCC substrate with
equal distance (h; = 0.2 mm). In case 2, there are one quarter-annular-patch and six
half-annular-patches are assigned on the 1.2 mm thick substrates with equal distance 0.2
mm. Case 2 has one less half-annular-patch compared with case 1. In case 3, there are one
quarter-annular-patch and seven half-annular-patches are assigned on the 0.7 mm thick
substrates with equal distance 0.1 mm. Case 3 has the same radiation patches with case 1
but smaller separate distance.

Comparing case 1 with case 2, both S11 and axial ratio become worse in the same
operating bandwidth when the number of radiation patches is reduced. Comparing case
1 with case 3, even with the same number of radiation patches, the distance between two
radiation patches is critical for deciding the operating frequency. When the value of h; is
reduced, the operating frequency of the helical antenna is going higher for both S11 and
axial ratio.

The antenna parameters are optimized with final values shown in the subtitles of Fig.

5.19. The final simulated antenna element size is 3 x 3 x 2 mmJ?.
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Figure 5.22: Simulated performance of the sigle antenna: (a) return loss, (b) zz-plane &

(c) yz- plane radiation pattern at 60 GHz, and (d) gain and axial ratio.

Fig. 5.22 shows the simulated antenna element performance. Fig. 5.22 (a) shows an
impedance bandwidth over 18 GHz (52-70 GHz) for |S11| < —10 dB. Figs. 5.22 (b)-(c)
show the simulated antenna radiation pattern in the xz- and yz-planes at 60 GHz, where the
radiation is decomposed into a RHCP wave and a left-handed circularly polarized (LHCP)
wave. It can be clearly seen that the radiation is LHCP around the z-axis. As expected,

the antenna radiation pattern has a main lobe of radiation in the upper hemisphere. The
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3-dB beam width is 90° in the xz-plane and 70° in the yz-plane. Fig. 5.22 (d) shows the
simulated antenna peak gain and axial ratio. The antenna has peak gain of 2.2-3.7 dBi in
the band (57-64 GHz). The 3-dB gain bandwidth is 10 GHz. Compared with the aperture-
coupled CP antenna, the modified helical antenna has thicker substrate. As a result, the
antenna peak gain is lowered due to increased substrate loss. However, it should be noted
that even the single antenna element has a 3-dB axial ratio bandwidth over 14 GHz. The

modified helical antenna inherits great CP characteristic from traditional helical antenna.

5.5.2 Wideband 4 x 4 Circularly Polarized Helical Antenna Array

GCPW to stripline transition

(a) 3D view



152

e 11.96mm |
: le 10mm |
- L
z(?»y i
x Gy B g
& -/ ASEZN )
d
S,
Yo % o r W
¥ i’”a o %
83> S
! WOK;-=-:-__:1 =0.85mm §
. : “
Q}{Zlmm;
1}
J [ L
i )
i i
i ii mmm 4 d >
K L=0, /43540 1o,
A e
o : i Port 1 ! *1
i iii | oLE 500
|
R | Port3
ATV S— T —1 -
: i — — — L
11 M4
é» i | - — — | Y
x®—>y P IM — - 1 1
R S— - - | 5 W7
M9-10 - \\ i i ] - I\I\;Ili)o
M11
ground of ground with feeding via ground
GCPW aperture stripline
(b) 2D view

Figure 5.23: Geometry of the 4 x 4 Array. (size: 10 x 11.96 x 2 mm?, d = 2.5 mm,

wo = 0.15 mm, g = 0.15 mm, S, = 0.3 mm, w; = 0.35 mm, l; = 0.501 mm)
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Since the gain of the single element of planar LTCC helical antenna is low (2.2-3.7 dBi
in 57-64 GHz band), a 4 x 4 LTCC helical CP antenna array is exploited.

Fig. 5.23(a) shows 3D configuration of the helical antenna array with a GCPW-to-
stripline transition. The detailed geometry is shown in Fig. 5.23(b). The stripline feeding
network is designed to feed each radiation element with equal amplitude and phase. The
characteristic impedance for each port is 50-Q2 with wy = 0.15 mm. In addition, the
quarter-wave matched T-junction is used as the power divider to split the power equally. Its
width w, and length [, are easily characterized to be 0.35 mm and 0.501 mm, respectively.
The transition from GCPW-to-stripline has a length of 1.96 mm. The GCPW is designed
at 60 GHz with wy = g = 0.15 mm. The signal line of the GCPW is on the metal layer M9
and the ground plane of the GCPW is on M9-10. The thickness between M9 and M9-10 is

0.1 mm.

Figure 5.24: Photograph of the fabricated 4 x 4 Helical CP Antenna Array.
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The 4 x 4 planar helical CP antenna array was fabricated as shown in Fig. 5.24. The
antenna was tested by Rohde & Schwarz ZVA50 vector network analyzer (VNA) up to a
frequency of 75 GHz. A GSG RF probe with a pitch of 250 pm was touched on the GCPW
line of the antenna for testing.

Fig. 5.25 shows the measured and simulated array performance. It is found from Fig.
5.25(a) that the antenna has a wide impedance bandwidth of 13 GHz (52-65 GHz) for
|S11| < —10 dB. It is narrow than that of the single element. Figs. 5.25(b)-(c) show the
measured and simulated antenna peak gain and axial ratio. As we can see the antenna has
peak gain of 15.4 dBi at 60 GHz. The 3-dB gain bandwidth is 12 GHz (53-65 GHz). It
should be noted that the 3-dB axial ratio is 12 GHz (54-66 GHz). It is almost the same as
that of the single element. In this modified helical antenna array design, the wideband CP
characteristic is achieved without usage of sequentially feeding rotation scheme in feeding
network. The coupling effect between neighbouring antenna elements will not deteriorate
the CP performance of single element, which reduces design complexity of the feeding

network.
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Figure 5.25: Measured and simulated performance of the array antenna: (a) return loss, (b)

peak gain, (c)axial ratio at the main radiation direction.

Figs. 5.26, 5.27 and 5.28 show the measured and simulated antenna radiation pattern
in the yz- and zz-planes at 55 GHz, 60 GHz and 64.5 GHz, respectively. The antenna

radiation pattern is beam-shaped with a 3-dB beam width around 20° at 60 GHz.
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Figure 5.26: Radiation patterns at 55 GHz.
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Figure 5.27: Radiation patterns at 60 GHz.
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Figure 5.28: Radiation patterns at 64.5 GHz.
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From our previous study, we can see that the proposed planar helical antenna and array
in LTCC in the 60-GHz band achieve a good CP characteristic over wide operating fre-
quency band (around 12 GHz). The design takes the advantage of both traditional helical
antenna and LTCC technology. The planar structure and the stripline feeding scheme give

a good solution for helical antennas and circuits’ integration.

5.6 Integration of Circularly Polarized Array and LNA in

LTCC asa 60-GHz Active Receiving Antenna

Fig. 5.29 shows the geometry of the 60-GHz active receiving antenna in LTCC pack-
age. It integrates the 4x4 antenna array presented in Section 5.4 with a LNA. As shown
the package consists of five cofired laminated ceramic layers with their thickness denoted
respectively in Fig. 5.29 (b). There are also five metallic layers, where M1, M2, M3,
M4 layers are the same as those in Fig. 5.13 and Fig. 5.17. The M1 layer provides the
metallization for the patch array antenna, the M2 layer the metallization for the antenna
ground with aperture and the Grounded Co-Planar Waveguide (GCPW) for chip intercon-
nection as well as chip DC biasing layout, the M3 layer the metallization for the antenna
stripline feeding traces, the M3-4 layer the metallization for the GCPW ground, and the
M4 layer the metallization for the system ground plane. The size of the whole package is
13 x 19.85 x 1.4 mm?3. Note that the active antenna features standard wire bonding to chip.
A T-junction structure as shown in Fig. 5.29 (c) is used to compensate the bond wire larger
inductance at 60 GHz. This enables the longer bond wire of 500 pm to be used, which is
almost a tripled length of the shortest bond wire supported by the current technology and

would thus greatly improve the yield of assembly of the chip with the package. This also
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makes our integration solution suitable for mass production. The bond wire compensation
will be presented in the following Section 5.6.1. In addition, the active antenna features
low loss transitions as denoted in Fig. 5.29 (c). Their design and performance optimization
will be presented in the following Section 5.6.2. Based on the bond wire compensation
and transition optimization, by using a 50- dummy microstrip line on chip as shown in Fig.
5.29 (c) the whole receiving antenna is simulated. This will give us an idea of the transi-
tions effect on the integration performance. The details will be presented in the following

Section 5.6.2. Finally in Section 5.6.3, the active antenna is tested.
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Figure 5.29: Geometry of the integrated array antenna with LNA (size: 13 x 19.85 x 1.4
mm3): (a) 3D top view, (b) 3D explored view, and (c) zoom in view of the transitions with

a 50-2 dummy microstrip line on chip.

5.6.1 Millimeter Wave Bond Wire Compensation Study
Review of Bond Wire Compensation Structures

The goal for mmWave interconnect designs is to maximize bond-wire length to improve
manufacturability and maximize bond pad size so that mechanical tolerances are eased.
Budka has demonstrated that this is possible with a filter theory approach to interconnect
design as shown in Fig. 5.30 [95]. He has considered the conventional bond wire design
as a single-stage low pass filter while his novel design as a five-stage low pass filter. Thus,
for the same cutoff frequency of the single- and five-stage filter, the center inductor in the
five-stage design can have a 3.6 times higher inductance than a single inductor design. This
directly translates into a 3.6 times longer bond wire for the same cutoff frequency.

Budkas wirebond design technique enables the use of significantly longer bond wires

but the chip must have filter-like compensation on the mmWave bonding pads. This is
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usually impossible unless the co-design of the chip and package can be done. Also Budkas
method is not suitable for connecting the radio chip to the antenna because it is difficult to
implement the DC blocking capacitor between them. However, it can realize the wideband

compensation.
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Figure 5.30: Budkas bondwire compensation scheme: (a) circuit model and (b) layout.

A T-network was used to compensate for the series inductance introduced by the bond

wire as shown in Fig. 5.31 [90]. The inductor L;, models the bond-wire inductance.
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Inductor L, and capacitor C,, are realized on package.
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Figure 5.31: Bondwire compensation scheme used in [82] and [90]: (a) circuit model and

(b) layout.
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This compensation network has also been used in [82]. It is noted that it has the draw-
back of a large on-package area required to implement L, and C,. In addition, the compen-
sation is still narrowband. However, its compensation structure is on the same layer with
the traces to be connected by bond wires, which makes it useful and convenient in most
cases.

In the following parts, the compensation structure of Fig. 5.31 will be applied to the

wire bonded chip-to-package interconnect.

Bond Wire Compensation in LTCC at 60 GHz

TABLE 5.5 lists the LTCC technology data as well the 50-2 microstrip line (MSL) and
coplanar waveguide (CPW) dimensions as denoted in Fig. 5.32 (a) and (b). These 50-(2
MSL and CPW will be used in the wire bonding interconnects as port interfaces as shown

in Fig. 5.32.

Table 5.5: LTCC TECHNOLOGY DATA @ 60 GHZ
LTCC substrate 200-um thick (e, =5.9, tand = 0.002)

metal 10-um thick gold
basic design rule smallest line width / spacing: 100 um
50-2 MSL @ 60GHz w=0.3 mm

w=0.2 mm, s=0.1mm, w, =0.7 mm,

50-0 CPW@ 60GHz 5. = 0.45 mm, d, = 0.15 mm

Fig. 5.32(c) shows the gold bond wire parameters with a total length of 7'L,,, a height
of H,, and a diameter Dy, = 1mail or 2mil. It is known that a bond wire presents high
impedance because of its high inductance and low capacitance. Thus, keeping 7" L., mini-
mum and using the bond wires with the largest possible D, are critical to minimizing their

disruptive influences on electrical signals.



164

dy
via diameter

(b)

Bondwire: total length TLyy, height Hy,y
diameter Dy, = 1mil/2 mil

Figure 5.32: Bond wire (bw) interconnect and its compensation (bwc): (a) MSL, (b) CPW,
(c) bw MSL-MSL, (d) double bw MSL-MSL, (e) bwc MSL-MSL, (f) bwc MSL-CPW, and
(g) bwc CPW-CPW (Note: the substrate has a ground plane at the bottom).
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One technique to reduce the bond wire inductance is using double bond wires with a
separation distance of S, as shown in Fig. 5.32 (d). It is effective, reliable and cost-
effective. Fig. 5.32 (e) shows the T-network compensation parameters. As introduced
previously, this compensation is narrowband. It is found from our simulation that the reso-
nance frequency f, shifts down with the increase of [, [, or w.. In addition, the decrease of
wy Will help to achieve better matching at f,. When the T-network compensation structure
is fabricated, the wire bonding process variation will cause the shift of the f,. Usually the
bond wire will be over lengthened. One technique is trimming the w,. to a smaller value
to compensate it. Fig. 5.32(f) and (g) shows the bond wire compensated MSL-CPW and
CPW-CPW configurations, respectively.

Table 5.6: SUMMARY
T Ly, = 400 um, Hyp,, = 0.1 mm, g = 0.4 mm,
Parameters we. = 0.15mm, I, = 0.1 mm,l =0.7mm, w; = 0.1 mm

Bondwire |S11| @60GHz | |S22| @60GHz |S21| @60GHz

2-mil bw -8 -8 -1.65
double 1-mil bw -8.5 -8.5 -1.65

2-mil bwc -16 -18 -0.85

For the MSL-CPW configuration as shown in Fig. 5.32 (f), it is seen that choices are
summarized in TABLE 5.6. Fig. 5.33 shows the simulation results for the MSL-CPW
configuration in LTCC, which usually appears in the packaging between microstrip-based
active devices and CPW-based LTCC transmission lines. The performances are still poor
by using one 2-mil or double 1-mil bond wires even at the shortest length of 400um. In
contrast, using the bond wire compensation for 2-mil bond wires, the insertion loss can be
improved to 0.85 dB. The design difficulty is that the smallest line width and spacing is
100 pm in LTCC, making the better matching hard to be achieved. It also should be noted

that the bond wire length should be controlled at 400 pm with small variation. Otherwise
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the best performance can not be guaranteed.
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Figure 5.33: Bond wire interconnects for MSL-CPW configuration.
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Bond Wire Compensation in Integrated Array Antennawith LNA in LTCC

The bond wire compensation at mmWave frequencies, especially 60 GHz is studied in
detail in the previous parts. It provides the important information to guide the integration
of 60-GHz chip into the package.

As shown in Fig. 5.29 (c) we use a T-network [90] to compensate for the series induc-
tance introduced by the bond wire. The bond wire length is fixed at 500 pm to facilitate
the compensation structure design. In addition, to simplify the design the 50-2 dummy
microstip line on chip is used in simulation. The transition 1 as shown in Fig. 5.29(c) is
simulated, where a 50-2 GCPW is cascaded by a T-junction bond wire compensation line
(by layers of M2 and M 3-4) to connect to the chip 50-2 dummy line using bond wires.
The effect of the bond wire compensation network on the electrical performance is shown
in Fig. 5.34, where the 2-mil bond wire is used. As we can see, the matching is optimized
at 60 GHz, leading to a better return loss from 9 dB to 18 dB and a reduction in insertion
loss from 1.18 to 0.6 dB at this frequency. In simulation, it is also found that the bond wire
length variation of +25 pm will have insignificant effect on performance. Tables 5.7 and
5.8 also show the variation of the return loss and insertion loss with the bond wire diameter.
As expected with thinner bond wires, the transition 1 has the worse performance, indicated
by an increased insertion loss value. However, if the wire bonding condition in fabrication
is limited to 1-mil the performance is still acceptable with less stringent requirement.

To study the bond wire compensation experimentally, one 1-mil bonding wire and two
1-mil bonding wires for back-to-back cases are employed as shown in Fig. 5.35. Fig. 5.36
shows the measured results. It is demonstrated that the wire bondings with compensa-
tion show better performance at 60 GHz band than their un-compensated counterparts. As

expected, the 2-wire bondings with compensation achieves best performance in terms of



matching and insertion loss.
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Figure 5.34: Simulated results for transition 1 compared with the results without compen-

sation (500-um long 2-mil bond wire is used): (a) |S11], |

S22| and (b) [S21].
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(b) 2-wire bonding, wt comp

(c) 1-wire bonding, with comp

(d) 2-wire bonding, with comp

Figure 5.35: Bond wire compensation study.
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Figure 5.36: Measured results for bond wire compensation study: (a)|S11| and (b) |S21].

5.6.2 Low losstransitions

In the integration design, attenuation caused by radiations at the discontinuities and
impedance mismatch along the transmission lines and integrated devices should be mini-
mized for power efficiency and noise performance of the mm-wave system. By properly

designing the structure and placing grounding vias around the transitions the attenuation
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can be remedied. In our transition 2 design, the GCPW is cascaded by a signal via and
finally fed to the stripline of the antenna. Through this transition the stripline fed antenna is
transformed to GCPW-fed format making it convenient for probe-touching test. Fig. 5.37
shows the performance of this transition. It is seen that the matching is optimized at 60
GHz, leading to a good return loss of 20 dB and insertion loss of 0.28 dB. In the transition
3 design, the bond wire compensation structure is cascaded by the transition 2. This in-
creases the insertion loss to 0.57 dB at 60 GHz with input and output matching still better
than 20 dB. In the transition 4 design, the transition 1 and transition 3 combined to lead to
a further increased insertion loss of 0.7 dB at 60 GHz while input and output matching still
better than 20 dB. It should be noted that 0.7 dB attenuation is quite satisfactory for this
complex transition with bond wires. Table 5.7 and 5.8 also show the variation of the return
loss and insertion loss with the bond wire diameter. As expected with thinner bond wires
the transitions 3 and 4 have the worse performance, indicated by an increased insertion loss
value. It should be noted that the whole transition performance in some bond wire cases is

better than its part performance owing to the global optimization.
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Figure 5.37: Simulated results for transitions 2-4: (a) [S11], |S22| and (b) |S21].

Table 5.7: BOND WIRE EFFECT ON |S21| PERFORMANCE OF TRANSITIONS

500-um long Bondwire Transitionl Transition2 | Transition3 | Transition4
2 mil > —0.82%, —-0.61% | >-0.3,-0.27 | >-0.77,-0.57 | > -0.9,- 0.7
1 mil >-1.3,-0.89 >-0.3,-0.27 | >-1.12,-0.77 | >-1.1,-0.8

'performance over 57-64 GHz, “performances at 60 GHz, unit: dB

Table 5.8: BOND WIRE EFFECT ON |S11] / |S22| PERFORMANCE OF TRANSI-

TIONS
500-um long Bondwire Transitionl Transition2 | Transition3 | Transition4
2 mil < —14.7', < —18% | <-195,-19.8 | <-18,-21 | <-16,-23
1 mil <-9,-11 <-19.5,-19.8 | <«<-11,-13 <-18, -18

!performance over 57-64GHz, “performances at 60 GHz, unit: dB

I ntegration simulation

With a dummy 50-€2 microstrip line on chip, we evaluate the performance of the whole

active antenna as shown in Fig. 5.29. It is found from Fig. 5.38 that transitions degrade the

impedance bandwidth. It is reduced to 16.5 GHz (53-69.5 GHz) from 18.5 for VSWR<2.
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The transitions also lead to a slightly larger LHCP radiation component while 3-dB beam
width still remains unchanged. In addition, the peak gain is reduced from 16.8 dBi to 14.9
dBi by 1.9 dB. The 3-dB gain bandwidth remains 10 GHz but shifts to the lower frequency
band of 54.5-64.5 GHz. The 3-dB axial ratio bandwidth broadens to 9 GHz (54.25-63.25
GHz) due to the AR performance improvement at the lower frequency. As a summary the
integrated array antenna with transitions still exhibits a wideband impedance matching and

wideband circularly polarized performances at 60 GHz.
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Figure 5.38: Simulated performance of the array antenna with transition 4: (a) |S11|, (b)

xz- plane and (c) yz- plane radiation pattern at 60 GHz, (d) gain and axial ratio at the main

radiation direction.

5.6.3 Antennawirelesstest

CP array without LNA was fabricated as shown in Fig. 5.39(a). Note that the GCPW-

SL transition as used in the Section 5.6.2 is added to this sample to facilitate testing. In
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simulation, it is found that GCPW-SL transition does not degrade obviously the antenna
performance presented in Fig. 5.38 except of a 0.6-dB peak gain penalty (from 16.8 dBi to
16.2 dBi). The antennas were tested by Agilent EB361A vector network analyzer (VNA)
up to a frequency of 67 GHz. A GSG RF probe with a pitch of 250 m was touched on
the GCPW line of the antenna for testing. With proper probe touching, the tested antenna
senses the radiation in the boresight direction from a WR-15 standard pyramidal horn an-
tenna. The horn antenna has an aperture size of 13 x 10 mm? and a gain of 15 dBi. The
far field region limit of the horn antenna can be calculated as 2D?/ )\, ~ 10.8cm, where
D is the largest dimension of the horn and )\, is the free space wavelength. The distance
between the horn aperture and the antenna under test is set around 15 ¢m. The antenna
patterns were also measured with the set up as shown in Fig. 5.40(a).

Fig. 5.41 and Fig. 5.42 show the simulated and measurement results for the antenna
without LNA. It is found from Fig. 5.41(a) that the antenna has a wide impedance matching
bandwidth larger than 8 GHz, which is 11.5 GHz from 50.5-62 GHz for SWR < 2. If
there was no measured hump around 63.5 GHz the bandwidth would be even larger. The
occurrence of the similar bump in Fig. 5.38 (a) enlightens us to improve our basic array
matching performance to eliminate this hump in the next round fabrication. This can be
done by optimizing the antenna dimensions. Fig. 5.38(a) also shows one optimized result.
Fig. 5.41(b) shows a measured peak gain > 16 dBi over 60 GHz band. Fig. 5.41(c) also
confirms the good AR bandwidth performance in measurement. Fig. 5.42 presents the
measured patterns with upward radiations.

A 21-dB Low noise amplifier (LNA), HMC-ALH382 [93] is used in the finally fabri-

cated active antenna. The amplifier die has a size of 1.55 x 0.73 x 0.1 mm? with pads laid
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out as illustrated in Fig. 5.29 to facilitate the wire bonding. Fig. 5.39 (b) shows the photo-
graph of the final fabricated active antenna for measurement. It measures only 13 x 20 x 1.4
mm?3.The active antenna was also measured with VNA. However, another DC probe was
touched to provide a biasing drain voltage of +2.5 V and a gate voltage of —0.3 V. A to-
tal 64 m A drain current was thus obtained in measurement. Fig. 5.43 shows a measured

bandwidth of 4.3 GHz (60.7-65 GHz) for SW R < 2.

(a) (b)
Figure 5.39: Photograph of the fabricated samples for test: (a) the referenced array antenna

without amplifier and (b) the active array antenna with amplifier.

Finally, the set up as shown in Fig. 5.40(b) is used to study the polarization characteris-
tic of the antenna. The horn antenna is placed on the top of the AUT antenna. They are both
paralleled to xy — plane. The tests are then conducted with horn at 0° position (E field of
horn is in the xz direction) and 90° position (E field of horn is in the yz direction), respec-
tively. Fig. 5.44 shows the measured transmission performance. The circularly polarized
characteristic is observed with both transmission coefficients at 0° and 90° positions having
the similar amplitude. In addition, compared with the transmission coefficients measured

at the case of without amplifier, those measured with amplifier show an average increase
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of approximately 19 dB from 60.7-65 GHz, which is very close to the amplifier gain value

of 21 dB deducted by a 1.9-dB loss as evaluated in Section 5.6.2. Based on the above the

final estimated peak gain of the active antenna is at least 35 dBi.

AUT antenna on the probe station

(@) (b)

Figure 5.40: Antenna wireless test set up.
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Figure 5.41: Measured and simulated performance for the antenna without LNA: (a) |S11]|,

(b) peak gain, (c) axial ratio at the main radiation direction.
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Figure 5.42: Measured and simulated xz- plane & yz- plane radiation pattern at 57, 60 and

64 GHz.
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5.7 Conclusion

Various 60 GHz wideband antennas and arrays are designed in LTCC technology. A

planar helical antenna array in LTCC at 60 GHz is proposed. This helical antenna array
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takes the advantage of both traditional helical antenna and LTCC technology and achieves
a good CP characteristic over wide operating frequency band (around 15 GHz). The planar
structure and the stripline feeding scheme give a good solution for helical antennas and cir-
cuits’ integration. Another 4 x 4 antenna array with a stripline sequential rotation feeding
scheme exhibits a wide impedance bandwidth (VSWR<2) and 3-dB AR bandwidth, both
over 8 GHz. The array also achieves a beam-shaped pattern with a 3-dB beam width of 20°
and peak gain of 16.8 dBi. This array was further integrated with a 21-dB LNA to form
a compact 60-GHz active receiving antenna, where the low loss transition structures were
optimized and the bond wire compensations were used to improve the performance of the
60-GHz chip-package interconnection. The fabricated active antenna prototype measures
only 13 x 20 x 1.4 mm?3. The wireless test was finally conducted to study antenna per-
formance. The wide impedance bandwidth was confirmed in measurement. The circularly
polarized characteristic was also observed with co- and cross-polarization having the sim-
ilar transmission amplitude in wireless test with the help of the horn antenna. The final
estimated peak gain of the active antenna is at least 35 dBi. The designed active receiving

antenna will find its application in the 60-GHz wireless personal area networks.



Chapter 6

Conclusions and Suggestions for Future
Works

6.1 Conclusion

The main focus of the work presented in this thesis is on the design and analysis of
UWB and mmWave antennas and arrays for developing high-speed short-range wireless
communications. Various novel wideband antennas and arrays are designed for UWB and
mmWave applications. The major original contributions are made as below.

As the bandwidth demand of modern wireless communication systems is expanding,
especially for UWB applications, it is necessary to use antennas that have wide impedance
bandwidth. Several novel UWB probe-fed antennas are developed in Chapter 2. A probe-
fed crossed circle-disc monopole UWB antenna is cut by half to form a novel crossed
semi-circle monopole antenna with a top-loaded patch to reduce its height. The radia-
tion properties of the proposed UWB probe-fed antennas are fully investigated both in
frequency domain and time domain. The cross-circle disc and semi-circle cross-plate an-

tennas perform wide impedance bandwidths, stable radiation pattern and good time-domain

182
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responses. Moreover, a new semi-ring monopole antenna with band-notched function is de-

veloped by adding four L-shaped slots in the radiating plates.

In chapter 3, a new compact and multilayer UWB planar antenna is designed using the
low-temperature co-fired ceramics (LTCC) technology, which gives the possibility of inte-
grating RF circuits and antennas in a single substrate. Utilizing the LTCC technology, two
narrow band radiation elements are combined together to achieve a UWB antenna over 7
GHz. The configuration of the proposed multilayer UWB LTCC planar antenna fully ex-
ploits the three-dimensional (3-D) integration feature of the LTCC technology and explores

a new way for antenna size reduction technique.

In chapter 4, an effective equivalent circuit for a UWB antenna is proposed for pos-
sible co-designing with analog/digital integrated circuits in the time domain by using a
new automatic physical augmentation with tuning method. For the new automatic physical
augmentation with tuning method, all series augmentation elements are transformed into
their parallel equivalents, which reduced the preliminary analysis of the circuit to decide
the augmentation type. Tuning is treated as a special case of augmentation by allowing
negative valued element augmentation in some circumstances. The proposed method has
been validated for modeling a spiral inductor and an MIM capacitor in a wide bandwidth.
Further, the new method has been successfully applied to extract the equivalent circuits for

two UWB antennas.

In chapter 5, novel 60 GHz integrated antenna and arrays using the LTCC technol-

ogy are developed. A new wideband planar circularly polarized helical antenna array has
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been designed and realized in LTCC for the first time. Moreover, a 60-GHz wideband
LTCC aperture-coupled truncated-corner circularly polarized patch antenna with a sequen-
tial rotation feeding scheme is proposed and further integrated with a 21-dB LNA to form
a compact active receiving antenna. The low loss transition structures are optimized and
the bond wire packaging technology with a T-network compensation are studied and used
to improve the performance of the 60-GHz chip-package interconnection. The fabricated
active antenna prototype demonstrated its wide impedance bandwidth, circularly polarized

characteristic and enhanced receiving power.

6.2 Suggestionsfor Future Works

Antenna design is under rapid progress with the fast development in technology in this
area. With the growing requirements on wireless communication, there is plenty of room
for future extension of antenna design. The following items represent some possible future

research directions.

1. Since UWB antenna with band-pass filter property has great potential for commercial
application, new compact UWB antenna structure which can provide higher rejection
performance at 5 GHz WLAN band is desired to increase the whole system’s rejec-

tion ability.

2. Co-design of an antenna and an LNA is necessary for practical UWB application.
An integrated solution to suppress the in-band/out-band interference without system
size increase and compromise in system performance is highly desirable. Extension
of our wideband circuit modeling method to co-design an antenna and an LNA for

UWB system is a suitable research topic.
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3. New techniques should be explored to further reduce the size of the UWB antennas
to suit practical applications. Meta-material is a promising candidate since it can
reduce the antenna size greatly in theory. Although most of current meta-material
antennas are narrow bandwidth applications, we believe that it will become available

for wideband operation in the near future.

4. The mmWave technology is being developed rapidly in recent years due to its high-
data rate transmission ability. As a critical element of wireless communication sys-
tem, mmWave antennas are nearly always be integrated with the chip or chip pack-
age. As aresult, wideband interconnection compensation techniques are necessary to
mitigate the packaging challenges. On the other hand, mmWave antennas and arrays

with new packaging means could be developed.
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