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SUMMARY 

 

This thesis presents several novel designs of antenna-on-chip and antenna-

in-package suitable for millimeter-wave radio frequency wireless 

communications. The aim of designing those antennas and antenna arrays with 

excellent performance can be accomplished with the employment of novel 

artificial periodic structure and the modified soft-surface structure.  

Our proposed efficient antenna-on-chip is achieved by combining it with 

an artificial periodic structure, which can make the lossy silicon substrate 

equivalently act as a magnetic conductor. This artificial magnetic conductor 

(AMC) plane replaces the normal perfect electric conductor (PEC) plane and 

can reflect the incident wave in phase for a low profile antenna, resulting in 

enhancement of antenna gain performance. In this thesis, a 60-GHz circularly 

polarized antenna-on-chip employing a modified AMC structure to increase 

the gain, has been designed, and fabricated using the conventional 0.18-μm 

CMOS process. From the performance of the antenna, we can see great 

improvement in the gain and radiation patterns, which confirms the function of 

the AMC structure.  

Along with the above solution for the chip-level antennas, we have also 

introduced a novel soft-surface structure into the designing of the package-
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level antenna arrays using LTCC technology, which faces the problem of 

surface wave loss. The proposed structure consisting of vias and metal stripes 

has been embedded around the radiating patch elements to suppress the 

surface waves and thus improve the antenna performance significantly. We 

propose two such 4×4 antenna array designs in this thesis.  

In addition, two miniaturized substrate integrated multibeam antenna 

arrays with multiple polarizations are also explored through the development 

of one dual linear polarization multibeam antenna array and one dual circular 

polarization multibeam antenna array. By carefully embedding the 

complicated substrate integrated waveguide feeding network underneath the 

antenna array, the entire design size can be only the same as the radiating 

aperture. 
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Chapter 1: Introduction 

1.1 Background of 60-GHz Wireless Communications 

Wireless communication technology has evolved substantially these years 

and this flourishing trend is surely expected to continue. Nowadays, inspired 

by the rapid proliferation of high definition video centric broadband 

applications, there is rapid development of gigabit wireless communication 

systems working at millimeter-wave (mm-Wave) frequencies. The mm-Wave 

frequency spectrum is defined to be 30 to 300 GHz, which corresponds to 

wavelengths from 10 to 1 mm. Within this wide range of spectrum, the 

bandwidth 57~66 GHz is unlicensed. This thesis will specifically focus on the 

60-GHz wireless communication systems. 

The history of mm-Wave technology began with the Indian physicist J. C. 

Bose, who in 1895 demonstrated wireless signaling at 60-GHz frequency with 

several microwave components including horn antennas [1]. In 1947, the 

American physicist J. H. Van Vleck observed that the oxygen molecule 

absorbs electromagnetic energy more significantly at 60-GHz than at other 

frequencies [2]. From the 1960s onward, explorations into this area for 

military and space applications have been conducted for almost 20 years [3]-

[4]. In 2000, Japan first presented 60-GHz regulations for this unlicensed 

spectrum from 59 to 66 GHz, where the maximum transmit power is 10 dBm, 

with a maximum antenna gain of 47 dBi and maximum bandwidth of 2.5 GHz 

[5]. Following that, the US announced a spectrum of 7 GHz from 57 to 64 

GHz for unlicensed use in 2004 [6]. The Canada was harmonized with this 

spectrum [7]. However, a narrower bandwidth of 3.5 GHz was defined in 

Australia [8] and a wider bandwidth of 9 GHz was stipulated in Europe [9].  

Fig. 1-1 illustrates these different regulations. 

Owing to the high atmospheric absorption of the radio waves, the 60 GHz 

frequency band is only suitable for low power and short range 

communications. In fact, the propagation loss can be exploited to prevent 

eavesdropping, reduce interference and increase frequency reuse. As shown in 
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Fig. 1-2, a typical application of this is in wireless personal area networks 

(WPAN), where all the network nodes are contained in a single room and the 

communications range is typically within 10 meters. Interesting applications 

such as uncompressed high definition video streaming, mobile distributed 

computing, wireless gaming, Internet access, and fast large file transfer, are 

envisioned and detailed in the 802.15.3c usage model document [10]. This has 

attracted both large consumer electronics and small start-up companies to 

explore this space. To what extent and in what capacity these applications 

utilized will be are determined by the ability of research companies. 

 

Figure 1-1 60 GHz frequency band rules in different countries [38] 

 

Figure 1-2 WPAN application [16] 
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Currently, there are three leading groups working on the standards of 60 

GHz wireless communications systems. The first is the IEEE 802.15.3 Task 

Group formed in March 2005, which aims to standardize 60-GHz radios. To 

encompass available but inconsistent unlicensed frequencies, the standard 

divides nearly 9 GHz of spectrum from 57.24–65.88 GHz into four 2.16-GHz 

channels. The mmWave WPAN will allow high coexistence with all other 

microwave systems in the 802.15 family of WPANs. It will support greater 

than 1 Gbps applications such as high speed internet access, video on demand 

and home theatre. Very high data rates in excess of 2 Gbps will be provided 

for simultaneous time critical applications such as real time multiple HDTV 

video streaming and wireless data bus for cable replacement.  

The second group working on 60 GHz wireless communications systems is 

the WirelessHD consortium, which is led by almost all major technology and 

consumer electronics companies including NEC, Toshiba, Panasonic, Sony, 

LG, Intel, SiBeam and Broadcom, etc. WirelessHD is aimed at defining a next 

generation wireless digital interface specification for consumer electronics and 

PC products. Specifically, it will enable wireless connectivity for streaming 

high-definition audio, video and data between source devices and displays. A 

typical application of WirelessHD is to connect a 1080p HD television with an 

HD set-top box, Blue-ray disc, or HD camcorder. WirelessHD is effectively a 

wireless replacement for a high-definition multimedia interface cable. In its 

first generation implementation, it is expected that high-speed rates up to 4 

Gbps will be achieved, but its core technology is capable of theoretical data 

rates as high as 25 Gbps. 

Besides the above two groups that are working on communication 

standards, the Wireless Gigabit Alliance (WiGig) is a newly formed 

organization promoting the adoption of multi-gigabit speed wireless 

communications technology operating over the unlicensed 60 GHz frequency 

band. The creation of WiGig (IEEE 802.11 ad) was announced on May 7, 

2009. The WiGig specification allows devices to communicate without wires 

at multi-gigabit speeds. It enables high performance wireless data, display and 

audio applications that supplement the capabilities of today’s wireless LAN 
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devices. WiGig tri-band enabled devices, which operate in the 2.4, 5 and 

60 GHz bands, will deliver data transfer rates up to 7 Gbit/s, about as fast as 

an 8 antenna 802.11ac transmission, and nearly 50 times faster than the 

highest 802.11n rate, while maintaining compatibility with existing Wi-Fi 

devices. However, the promised 7 Gbit/s rate makes use of the 60 GHz band 

which cannot go through walls; it is a line-of-sight technology. When roaming 

away from the main room the protocol will switch to make use of the other 

lower bands at a much lower rate, but which propagate through walls. WiGig 

competes with WirelessHD in some applications. WirelessHD transmits in the 

same 60 GHz band used by WiGig. 

Though very promising the corresponding applications are, the 60-GHz 

wireless communications encounter several challenges in implementation, 

which can be broadly classified into four categories: characterization of 

propagation channels, antenna technology, transceiver integration, and digital 

signal processing [11]. The antenna technology affects radio propagation 

channels, transceiver designs, and choices of digital modulation schemes. As a 

result, it hinders the establishment of a 60 GHz link and its reliability. To 

achieve a distance of 8–10 meters and to suit the consumer electronics market, 

the antennas must have moderately high gain, be of low cost and be compact. 

They should be compatible for integration to complementary metal oxide 

semiconductor (CMOS) transceivers. Antennas and antenna arrays for highly 

integrated radios operating at 60-GHz or above have received great attention 

[12]-[15], especially the antenna-on-chip and antenna-in-package solutions 

[16]-[37]. This is not only because the antenna form factor at 60-GHz is in the 

order of millimeters or less, which opens up new integration options on a chip 

or in a package, but also offers obvious advantages in terms of cost, 

compactness, reliability, and reproducibility for both chip-level antenna and 

package-level antenna solutions. In sections 1.2 and 1.3, newly proposed 

antennas-on-chip and antennas-in-package for highly integrated 60-GHz 

radios will be addressed and analyzed. 
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1.2 Antennas-on-Chip 

1.2.1 Literature Review 

Traditionally, wireless systems have been developed by integrating distinct 

functionality modules, either in a horizontal or a vertical fashion. This method 

offers the option of using the best technology for each component. For 

example, digital circuits are best suited for CMOS technology; power 

amplifiers may use III–V compound semiconductor technology; and antennas 

function efficiently on low-loss printed circuit boards (PCBs) such as FR-4, 

and Duroid. However, integrating these different technologies becomes 

difficult, especially at higher frequencies, as the interconnection is lossy and 

the specialized processes such as flip-chip bonding increases the costs. As 

shown in Fig 1-3, assisted by the advances in silicon technologies such as 

CMOS, the on-chip antenna approach has triggered great interest, as it allows 

on-chip integration of digital baseband and a complete RF front-end [39]. 

However, there are two challenges for on-chip antennas: low antenna gain 

resulting from losses in low-resistivity silicon substrates, layout constraints 

due to metallization density rules and difficulties of on-wafer characterization. 

 

Figure 1-3 Illustration of System-on-Chip [39] 

The current semiconductor technologies are not equipped to support high-

efficient antennas-on-chip. This is because the semiconducting substrates 

typically have a low resistivity of 10 Ω-cm, which is beneficial for ICs (as it 
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avoids latch-up) but disastrous for on-chip antenna design. For instance, a 

typical 0.18µm silicon based CMOS metal stack, shown in Fig. 1-4, consists 

of six metal layers placed on top of a 300 μm thick substrate.  

 

Figure 1-4 CMOS technology structure 

The antenna, which converts RF power from the circuits to 

electromagnetic (EM) radiation, finds a low-resistive path through the 

substrate and thus incurs gain degradation. Moreover, the high dielectric 

constant (ε=11.9) of silicon substrate in 0.18 µm standard CMOS technology, 

which causes most of the power to be confined in the substrate instead of 

being radiated into free space, further degrades the radiation efficiency. Fig. 1-

5 illustrates the mechanism of EM radiation from on-chip antenna using 

silicon based technology (ε=11.7). 

 

Figure 1-5 Radiation of on-chip antenna in CMOS technology [39] 
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Table 1-1 State-of-art of mm-Wave Antennas-on-Chip Antennas 

Architecture  

& Reference 
Process Technology 

Chip Area 

(mm×mm) 
Gain @ Frequency 

Quasi-Yagi [20] Post-back-end-of-line 0.2×2 -12.5 dBi @ 65 GHz 

Invert-F [20] Post-back-end-of-line 0.4×1.3 -19 dBi @ 61 GHz 

Triangular 
Monopole Antenna 

[41] 
0.18-um CMOS 1×0.81 -9.4 dBi @ 60 GHz 

Yagi Antenna with 
CPW Feed [40] 

0.18-um CMOS 1.1×0.95 -10.6 dBi @ 60 GHz 

Yagi, Dipole, 
Rhombic, Loop 
Antennas [42] 

0.18-um CMOS 

1.2×0.05, 
1.2×0.03,  

5×5, 5×5 

-3.5 dBi, -7.3 dBi, -1.2 
dBi, -3.4 dBi @ 60 

GHz 

Cavity-Backed Slot 
Antenna [46] 

CMOS 0.6×1.2 -2 dBi @ 140 GHz 

Microstrip Patch 
[47] 

SiGe BiCMOS 0.97×0.69 0.7 dBi @ 94 GHz 

 

1.2.2 StateoftheArt onChip Antennas 

Having discussed the advantages and challenges of chip-level antennas, 

hereafter we provide an overview of the state-of-the-art in antennas-on-chip 

using various semiconductor technologies. A majority of these antennas in the 

last few years have been implemented in bulk silicon-based technologies such 

as CMOS and SiGe. This is because the CMOS technology has become the 

mainstream choice for IC designs. CMOS also supports a high level of 

integration, offers improved process options and lower costs for mass 

production. Furthermore, in comparison to two or three metal layers offered in 

GaAs, six to nine metal layers are available in the CMOS processes, adding 

flexibility for antennas-on-chip.  

Table 1-1 lists some of the state-of-the-art mm-Wave antennas-on-chip 

based on CMOS and SiGe technology. The behavior of these antennas is 

characterized by low gain and poor radiation. Y. P. Zhang, et al., have 

implemented both inverted-F and quasi-Yagi antennas on a standard low 

resistivity substrate (10 Ω·cm) [20]. These antennas were implemented with a 

specialized BEOL technology to overcome the challenges caused by the 
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substrate. In their fabrication, proton implantation in the substrate was used to 

increase resistivity, reduce substrate losses, and improve performance. Using 

the Zeland IE3D simulation tool, the authors found that this inverted-F 

antenna achieved a radiation efficiency of 3.5%, which is unfortunately typical 

in much of the literature to date. The quasi-Yagi in [20] was found to exhibit a 

maximum gain of -12.5 dBi at 65GHz, while the simulated efficiency was 

5.6%. The return loss and maximum gain were measured with a probe station 

and network analyzer. 

In 2008, researchers from National Cheng Kung University created a 

coplanar waveguide (CPW) feed structure and an on-chip 3-element Yagi 

antenna in standard 0.18 µm CMOS technology [40]. The authors used Ansoft 

HFSS to simulate the antenna structure and obtain a radiation efficiency of 

approximately 10%. These authors also implemented a triangular monopole 

antenna in the same 0.18 µm CMOS technology [41]. The simulated radiation 

efficiency of this antenna was approximately 12%. The maximum value of the 

gain was calculated from S-parameters to be -9.4 dBi at 60 GHz. In 2009, 

Theodore S. Rappaport and his students at the University of Texas at Austin 

presented several on-chip antenna structures that may be fabricated with 

standard CMOS technology for use at millimeter wave frequencies, including 

dipole, Yagi, rhombic, and loop antennas [42]. They found the key 

relationships between the dipole and the Yagi element spacing and found that 

the antenna performance is maximized when the antennas are placed at the 

edge of the die. At the corner of the chip, the dipole and the 2-element Yagi 

had maximum gains of -6.7 dBi and -3.5 dBi, respectively. 

It is clear from past work that the design and implementation of antennas-

on-chip is neither easy nor efficient. Gain and radiation efficiencies are very 

poor. 

1.2.3 Ways to Improve the AntennasonChip 

First of all, efficiency and gain of antennas-on-chip can be improved by 

using high resistivity substrates such as Through Silicon Via (TSV). TSV 

technology is employed in 3-D integrated circuits, consisting of stacking 
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silicon wafers or dies, and the vias interconnecting these wafers.  As the most 

advanced technology, TSV does not only have the fabrication character of 

multilayer and via structure, which greatly reduces the size and the 

interconnection mismatch of integrated system, but also achieves excellent 

fabrication accuracy suitable for mm-Wave applications. The configuration of 

an integrated system using TSV has been presented in Fig 1-6. 

 

 Figure 1-6 TSV-based configurations for system-in-package [45] 

So far, this process, however, is not the mainstream in chip fabrication as 

the bulk CMOS is, because of the complexity and extremely expensive cost. In 

addition, the micromachining technique and the proton implantation process 

have also been proposed to reduce silicon substrate loss and improve the 

radiation efficiency of antennas-on-chip [43]. 

Micromachining techniques use either wet or dry backside etching to 

selectively remove parts of the bulk silicon substrate. In the wet etching 

process, a silicon wafer is typically submerged in a chemical liquid to create 

cavities and membranes in the substrate. However, the etching is restricted by 

the crystal planes in the substrate, thus leaving the etched cavities with slanted 

walls. In the dry etching process, a single wafer is put in an evacuated 

chamber where plasma is generated to etch the silicon substrate. A 

disadvantage of dry etching is its high cost because of the expensive 

equipment used and time required. To solve this contradictory requirement of 

high and low substrate resistivity for single-chip mm-Wave radios, a proton 

implantation process has been developed to increase the resistivity of silicon 

substrates from 10 Ω·cm to 106 Ω·cm underneath selected devices [43]. 
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 Generally speaking, all the above solutions dealing with the fabrication 

improvement reduce the level of system integration and increase the cost. 

Instead of increasing fabrication difficulty, the method of employing artificial 

magnetic conductor (AMC) has been sought to achieve the same performance 

in standard bulk silicon. A ground plane at the bottom of the silicon substrate 

induces oppositely charged image current that destructively interferes with the 

antenna currents. The AMC isolates the ground plane by inducing image 

currents in its own surface, constructively interfering with the antenna currents 

and boosting the antenna efficiency. Taking advantage of the multiple metal 

layers in today’s silicon technologies, AMCs can be implemented without any 

cost or post-processing penalties.  Specific AMC-based on-chip antenna will 

be designed and analyzed in chapter 2 with more details. 

1.3 Antennas-in-Package 

1.3.1 Literature Review 

The integration solution of combining an antenna (or antenna array) with a 

highly integrated radio die into a standard surface embedded in package 

device is a recent and important innovation in the miniaturization of wireless 

systems. Among these integrated systems, the antennas-in-package have been 

considered to be a very promising solution for the highly integrated mm-Wave 

wireless systems. Fig 1-7 shows two basic configurations of the package-level 

antenna solution to highly integrated mm-Wave wireless systems. The first 

configuration contains two cavities, one of which holds the integrated radio 

die, while the other filled by air is employed for antenna radiation. The second 

in-package solution uses multilayer structure in the way of vertical stacking.  

Fabrication technologies suitable for realizing in-package systems with 

antennas in highly integrated 60-GHz radios are limited within the choices of 

high resistivity silicon, Teflon, ceramics, and polymers. Among them, low 

temperature cofired ceramic (LTCC) technology is an excellent candidate 

because of its advantages of multilayer configuration, flexible metallization, 

and low fabrication tolerance [36], [48]-[50]. Compared with conventional 

multilayer PCB technology, it is easier to use LTCC technology in the 
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realization of blind vias and across-layer connection by vias. There exist 

several LTCC processes in the mainstream market nowadays. Ferro A6 is the 

most popular LTCC material for 60-GHz applications, which can be 

characterized over frequencies up to 110 GHz. Over the wideband of 60 GHz 

to 94 GHz, the Ferro A6 presents a dielectric constant of 5.9±0.2 and loss 

tangent of 0.002. Based on the stable material characteristics and novel 

structural properties employed, LTCC technology has been successfully used 

by researchers to design functional packages and antennas for applications in 

the 60-GHz band. Fig 1-8 shows one specific example of a LTCC multilayer 

integration system containing various modules inside a compact area. 

 
Figure 1-7 Two basic configurations of the in-package antenna [39] 

 

Figure 1-8 System-in-Package in LTCC technology [44] 
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Due to the low transmission power, large propagation loss, and high data 

rate of the mm-Wave wireless systems, the package-level antennas or antenna 

arrays are required to obtain high gain and broad bandwidth. Commonly, a 

bandwidth of at least 15% and a minimum gain of 15 dBi should be 

accomplished. The high-gain antenna array designs will reduce the multipath 

effect, and as a result simplify the 60-GHz wireless systems. A single antenna 

element can hardly meet the gain requirement, so it is necessary to extend 

antennas to antenna arrays. Hereafter in this thesis, the part of package-level 

arrays will be illustrated and analyzed in details. 

1.3.2 StateoftheArt inPackage Antenna Arrays 

Various choices of array elements such as patch, dipole, slot, and others 

have been used in 60-GHz in-package applications. The advantages and 

disadvantages of these array elements are well known. A patch antenna, either 

aperture-coupled or probe fed, is commonly employed because the radiating 

patch can be optimized independently regardless of the feeding mechanism. 

Different from the patch antenna, the popularity of the slot antenna element 

comes from the mature research of substrate integrated waveguide (SIW). 

Among the various kinds of feeding mechanism, such as microstrip line, 

stripline, SIW and so on, the microstrip line is more convenient in the 

interconnection with the radio die, while SIW has lower transmission loss. In 

[48], the SIW feed network is used in aperture fed cavity antenna array, 

achieving a bandwidth of 17.1%. 

 The challenge in designing LTCC antenna arrays is how to enhance gain 

performance because the high permittivity of the LTCC substrate inherently 

brings in great surface wave. Table 1-2 lists some previously published 60-

GHz antenna arrays based on LTCC technology, where different methods of 

suppressing the surface wave loss are studied. First of all, processing a cavity 

inside the substrate will reduce the effective dielectric constant and thus 

suppress the surface-wave [49]. Secondly, by removing part of the substrate 

around the radiating patch antennas in [52], open air cavities have been 

created to reduce the surface wave. However, these two kinds of structures 
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require complicated process in fabrication, resulting in high cost and 

probability of deformation.  

 Instead of changing the fabrication process, artificial structures can be 

used to reduce the surface wave and mutual coupling between antennas. For 

example in [51], a uniplanar-compact electromagnetic band-gap (UC-EBG) 

structure is placed around the patch antennas to increase the gain performance 

effectively. However, this addition of UC-EBG structure not only enlarges the 

total array size but also narrows the bandwidth. Another method of using the 

artificially soft-surface structure to improve antenna performance is illustrated 

in [53]. The soft-surface structure will not increase the overall area or the cost, 

through the use of multilayer LTCC technology. More details and analysis will 

be provided in chapter 3, where two circularly polarized antenna arrays with 

soft-surface have been designed.  

As discussed above, the majority of 60-GHz array antennas are fixed-beam 

broadside. In practical wireless applications, steerable antenna arrays can 

benefit the selection of the best signal path. Multibeam array antennas can be 

used to form switched-beam array antennas with a switch circuit in front of the 

Table 1-2 State-of-art of 60-GHz LTCC Antenna Arrays 

architecture of Antenna 
Array 

Scale of Array 
Impedance 
Bandwidth 

Peak Gain 

Grid Antenna Array [36] 13.5×8×1.265 mm3 14.3% 14.5 dBi 

Patch Antenna Array with 
UC-EBG [51] 

18.5×18.5 mm2 

4×4 units  
5.4% 18 dBi 

Patch Antenna Array with 
Open Air Cavities [52] 

4×4 units 13% 16.5 dBi 

Patch Antenna Array with 
Embedded-cavities [49] 

18.6×18.6 mm2 

4×4 units  
9.5% 18.2 dBi 

Patch Antenna Array  

with Soft-surface [53] 

14.4×14.4 mm2 

4×4 units  

29% 

 
17.5 dBi 

SIW Fed Cavity 

Antenna Array [48] 

47×31×2 mm3 

8×8 units 
17.1% 22.1 dBi 
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fixed beam-forming network such as a Rotman lens or a Butler matrix. 

Chapter 4 will demonstrate the procedures in designing multibeam array 

antennas. 

1.4 Thesis Outline 

In consideration of the demanding operating requirements for 60-GHz 

antennas and the challenges in our current research, we shall focus on the 

design and analysis of novel antenna-on-chip and antenna-in-package suitable 

for practical wireless applications. More specifically, we aim at designing high 

gain antennas and antenna arrays by employing novel artificial structures, 

together with novel multibeam antenna arrays. The structure of this thesis is 

organized as follows: 

Chapter 2 first explores the theory of AMC structures and then presents 

one novel AMC structure, which has wider bandwidth in reflecting incident 

wave. At the same time, the design of a 60-GHz on-chip loop antenna on 

silicon substrate is discussed. The proposed design has an enhanced circular 

polarization bandwidth because of a parasitic inner loop. By combining this 

modified AMC plane, a high gain antenna-on-chip is obtained and can be 

fabricated in CMOS technology.    

Apart from the above solution for the chip-level antenna, chapter 3 

introduces a novel soft-surface structure in the designing of package-level 

antenna arrays in LTCC technology, in order to solve the surface wave loss 

problem. The proposed structure consisting of vias and metal stripes has been 

embedded around the radiating patch elements to suppress the surface waves 

and thus improve the antenna performance significantly. After analyzing the 

function of soft-surface structure, we present two 4×4 circularly polarized 

antenna arrays with novel soft-surface structure in LTCC technology.  

In chapter 4, miniaturized substrate integrated multibeam antenna arrays 

with multiple polarizations are demonstrated through the development of one 

dual linearly polarized and one dual circularly polarized substrate integrated 

multibeam antenna arrays. By carefully embedding the complicated SIW 
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feeding network underneath the antenna array, the whole design size can be 

only the same as the radiating aperture. 

Last but not least, a conclusion of the thesis, as well as the limitations of 

current work, is presented in chapter 5. Some practical suggestions about the 

future work will also be discussed. 

1.5 Some Original Contributions 

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

1) A novel AMC structure has been proposed, which achieves wider 

bandwidth compared with previous structures. Theoretical analysis and 

parameter study have been provided in detail as well. This AMC plane 

is capable of enhancing the antenna-on-chip performance by producing 

constructively in-phase reflections with the incident wave at the 

specified operating frequency band. 

 

2) A CP antenna has been designed at 60-GHz in CMOS technology. Prior 

to this, most of the 60-GHz on-chip antennas were linearly polarized. 

Along with the character for wideband circular polarization, this AMC 

based antenna-on-chip also achieves better gain performances than 

previous conventional chip-level antennas. 

 

3) Two kinds of T-probe fed antennas have been designed for 60-GHz 

wireless communication systems in LTCC technology, both of which 

are wideband circularly polarized antennas. The first patch antenna 

realizes the circular polarization character by adding a stub at the corner 

of the patch, while the second slot antenna achieves this by cutting two 

corners off and inserting one 45 ° located slot in the middle of the patch.  

 

4) A modified soft-surface structure has been proposed to improve the 

circularly polarized antenna array performance. Corresponding analysis 

about the surface wave suppression and mutual coupling reduction are 

illustrated. Two 4×4 CP antenna arrays combining the formerly 
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discussed T-probe antenna with soft-surface structure have been 

designed in LTCC technology, which are currently in fabrication 

process. 

 

5) Previously, beam forming network and radiator array are placed side by 

side in 2-D plane to make up a multibeam array.  In order to reduce the 

whole size, a folded Butler matrix in 3-D using LTCC multilayer 

technology has been proposed. The total size of the multibeam array 

only equals to that of the radiating aperture, meaning the feeding Butler 

matrix is completely hidden underneath the radiators. This innovative 

structure results in a remarkable miniaturization.  

 

6) This thesis also realizes the possibility of combining the multiple-beam 

and multiple-polarization character together in one same antenna array. 

Two miniaturized substrate integrated multibeam antenna arrays with 

multiple polarizations have been presented, one of which is a dual 

linearly polarized array and the other is a dual circularly polarized array. 

Each multibeam antenna has four switchable beams with different 

pointing directions. Each beam direction has two orthogonal linearly 

polarized or circularly polarized modes, therefore allowing for 

polarization diversity. 
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Chapter 2: AMC-Based on-chip Antenna 

Design 

2.1 Artificial Magnetic Conductor Structure 

2.1.1 Literature Review 

Periodic structures which act as artificial metamaterials have become a 

promising research area in recent years. They are able to behave like known 

materials, as well as qualitatively respond in ways which are not known to 

occur in nature. These periodic structures, such as electromagnetic bandgap 

(EBG), Artificial Magnetic Conductor (AMC), Double Negative Material 

(DNM), Frequency Selective Surface (FSS), High Impedance Surface (HIS) 

and so on can benefit many microwave related applications.    

In 1999, Sievenpiper et al. first presented a mushroom EBG structure, 

which turned out to be very useful in commercial applications [54]-[57]. This 

mushroom EBG structure consists of an FSS plane, a ground plane and vias 

connecting each FSS units to the ground. The shape of the FSS unit could be 

either square or hexagonal depending on the specific situation.  Its bandgap 

character comes from each periodic unit’s equivalent behavior as a resonant 

LC circuit. The spacing between the edges of the elements controls the 

capacitance, and the magnetic flux created between the patches and the ground 

plane defines the inductance.  

First introduced by T. Itoh et al., [58]–[61], the uniplanar compact 

photonic bandgap (UC-PBG) structure can also realize similar characters, 

which have been utilized for antennas, and microwave circuits applications. 

The UC-PBG structures again consist of a ground plane and a plane of 

periodically located conducting elements. Different with the mushroom 

surface, the UC-PBG structures realize the bandgap properties with more 

complex element shapes instead of vias.  

The AMC structure, also considered as HIS or Perfect Magnetic Conductor 

(PMC), provides a high impedance surface causing reflection phase changes 
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from 180° to -180° as the frequency increases. The analysis of AMC structures 

will be discussed in details next section. 

Because of their unique microwave character, these artificial periodic 

materials have been introduced in antenna systems to enhance performance, 

especially in improving the radiation pattern, enhancing bandwidth and 

reducing size. Antennas composed of single negative materials that resonantly 

couple to the external radiation was proposed by Isaacs et al. [62]. Qureshi et 

al. also proposed a metamaterial ring antenna with efficiency of 54% [63]. 

Mosallaei and Sarabandi introduced the concept of magneto–dielectrics design, 

which was effective in patch antenna miniaturization [64]. Bilotti further 

presented the design of miniaturized metamaterial patch antenna with negative 

permeability loading [65]. More recently, the concept of metamaterial-based 

antenna, first proposed by Ziolkowski and Erentok [66]–[69], proved to be an 

excellent approach to reduce the antenna size while maintaining satisfactory 

antenna performance. 

2.1.2 Employment of AMC in Antenna Designs 

To show the advantage of this property, an example is the electric linear 

wire antenna near a PEC reflector: its separation must be a quarter-wavelength 

for optimum radiation due to the reverse image currents which reduce the 

radiation efficiency. For PMC, on the other hand, the dipole can be placed 

immediately above the reflector, which reduces its profile to about λ/20 

without affecting its performance. This is due to the fact that the reflection 

coefficient of the PEC surface is Г= -1, but that of the PMC is Г= +1. 

Moreover, the reflection phase of AMC is R = +1 at a certain frequency, 

which resembles an ideal PMC that does not exist in nature. A PEC causes a 

phase reversal, while an AMC does not. To illustrate the fundamental 

principle, Fig.2-1 compares the AMC ground plane with the traditional PEC 

ground plane in wire and microstrip antenna designs [70]-[71]. As it is known, 

the image current introduced by a PMC is in parallel and in phase with its 

source, which is located horizontally above it. This fact is usually used to 

describe the improvement in the antenna performance when AMCs or HISs 

are employed. 
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Figure 2-1 Comparison of PEC and AMC Planes [72] 

2.1.3 Some Classic AMC Structures 

Several different AMC unit cells with various structures are presented in 

Fig. 2-2. A patch-type AMC unit cell, shown in Fig. 2-2(a), as well as its 

modified version loaded by slots, shown in Fig. 2-2(c), has the same reflection 

phase response. However, extending the middle arms to touch the unit cell 

boundaries, i.e., connecting the adjacent unit cells as shown in Fig. 2-2(d), 

completely changes the reflection phase characteristics. This metallization has 

been introduced in [58] as one of the uni-planar EBGs (UC-EBGs). At this 

frequency range, the metallization, shown in Fig. 2-2(d) is no longer an AMC. 

This implies that the existing capacitance between the adjacent unit cells play 

a key role in reducing the resonance frequency and consequently compact unit 

cell design.  

The metallization, shown in Fig. 2-2(c), has the well known Jerusalem 

cross shape. In Fig. 2-2(f), only two middle arms, which connect the four sides, 

are removed. Interestingly, the reflection phases of both of these metallization 

are very close. This indicates that the middle cross-shape conductors play an 

insignificant role compared to the side conductors.  

The other class of metallization studied in this work is the ring-type AMC 

unit cells. Some variations of this kind of metallization are shown in Fig. 2-

2(b), (g), (h), (i) and (j). The loading of the middle of the ring-type unit cells 

does not have any significant effect on the reflection phases. On the other hand, 

when the outer ring is loaded by small gaps, for example the one shown in Fig. 
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2-2(k), reflection phase response drastically changed. At this frequency, the 

metallization in Fig. 2-2(k) no longer represents an AMC unit cell, since the 

reflection phase is between 125 and 150. Therefore, the outer ring determines 

the first resonant frequency in this type of metallization.  

Moreover, the characteristics of AMC are greatly dependent on the gaps 

between conducting parts of the two adjacent unit cells. As a result, the design 

of AMCs relies very much on the precision limitation by the etching 

fabrications. It is desirable to have more compact unit cells when advanced 

fabrication technology is employed. The smaller the gap, the more compact 

the unit cell will become. 

 

Figure 2-2 Unit cells of several AMCs, from [73] 
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2.2 Analysis of a Novel AMC Structure 

2.2.1 Unit Structure 

In this section, a novel AMC structure has been designed, simulated and 

fabricated onto an on-chip antenna using standard 0.18 µm CMOS technology. 

The property of the AMC structure will be presented in detail. 

In standard six-metal-layer 0.18µm CMOS technology, the maximum 

metal strip size on M1 is 30µm by width and 500µm by length, while the slant 

metal strips must be in 45° degree and the minimum fabricated size must 

larger than 5µm. In order to meet these fabrication guidelines, we present a 

novel planar AMC structure. Fig.2-3 shows the top view of an AMC unit cell. 

The substrate is lossy silicon with permittivity = 11.9, loss tangent = 0.02, 

bulk conductivity = 10s/m, and thickness= 300 μm. By changing La, Lb and 

Wa, the operating center frequency can be adjusted to the desired frequency. 

The structure is finally optimized to be La = 0.145 mm, Lb = 0.14 mm, Lc = 

0.15 mm, Wa = 0.024 mm, and Wb = 0.006 mm, in order that the reflection 

phase is zero at 60-GHz and the bandwidth of AMC is wide. 

 

Figure 2-3 Geometry of proposed novel AMC cell structure 

To accurately characterize the reflection phase of the incident wave on the 

AMC, the FEM-based 3-D full-wave EM solver, Ansoft HFSS, is used for the 

design simulation. The HFSS model to compute the reflection phase 

characteristics of the proposed AMC structure is shown in Fig.2-4. This model 
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is based on simulating scattering parameters of a single port air filled 

waveguide with two PECs and two PMCs walls. The propagating plane wave 

is polarized parallel to the PMC walls and normal to the PEC walls. The 

waveguide is then terminated to a single unit cell of the proposed AMC 

structure and the reflection phase is obtained by calculating the scattering 

parameter at the input of this single port waveguide. Compared with other 

conventional methods, this simple model is faster and more accurate. 

 

(a)                                   (b)                                   (c) 

Figure 2-4 The HFSS simulation model for an AMC cell: (a) The geometry and the 
wave-port excitation. (b) Perfect-E and (c) perfect-H symmetry planes. 

In AMC designs, the phase curve of the reflected field of a plane wave 

which is incident on an AMC surface is a very important characteristic. 

Obtaining this phase curve helps the designer to realize the AMC condition at 

or near a desired frequency, where the phase of the reflected wave should be 

close to 0°. Fig.2-5. shows the simulated reflection phase. The proposed AMC 

surface exhibits a reflection phase of 0°at 60 GHz. The frequency bandwidth 

of the HFSS optimized AMC is between 52.5 GHz and 67 GHz, at which the 

reflection phase is within +90° and -90°. Compared with previous AMC for 

60-GHz radio, this bandwidth of 24% is larger. For the unlicensed 7 GHz 

working bandwidth, from 57 GHz to 64 GHz, the reflection phase is within 

+54.5° and -66.4°. The enhancement in bandwidth will be illustrated in the 

following section through parameter study. 
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Figure 2-5 Simulated reflection phase of wave incident on AMC structure 

2.2.2 Parameter Study 

Among all the relevant parameters, the width d (d=Lc-La) between two 

adjacent AMC units and the width of metal strip Wa are the most crucial 

parameters in fixing an AMC structure, which affects the capacitance in the 

equivalent circuit and further determines the operation frequency of the 

proposed AMC structure. Simulated reflection phase of AMCs with different d 

and Wa are plotted in Fig.2-6 and Fig.2-7 respectively. With increasing width 

d between adjacent AMC units or increasing width Wa of metal strip of AMC 

unit, the AMC operation frequency would both decrease.     

The adding of two diagonal metal strips brings some extra freedom, which 

would affect the slope of curves and thus affect the bandwidth of the AMC. 

By this way, the bandwidth of AMC can be adjusted and optimized. Fig.2-8 

shows that the reflection phase bandwidths of AMC with Lb of 0.13 mm, 

0.115 mm and 0.145 mm are 20%, 22.5% and 25% respectively. 
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Figure 2-6 Reflection phase of AMCs with different d 
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Figure 2-7 Reflection phase of AMCs with different Wa 
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Figure 2-8 Reflection phase of AMCs with different Lb 

2.3 AMC-Based Circularly Polarized on-Chip Loop 

Antenna Using CMOS Technology 

2.3.1 Circularly Polarized Loop Antenna Design 

In view of wireless access applications, the circularly polarized (CP) 

property is very desirable for 60-GHz antennas. For the commonly used 

linearly polarized (LP) antenna, we have to rotate the transmitting and 

receiving antenna properly for polarization matching, particularly in the case 

of the line-of-sight radio links. Using the CP antenna this problem can be 

mitigated while also allowing for reduction in interference from multi-path 

reflections. Some researchers have introduced 60-GHz CP antennas using 

LTCC technology and PCB fabrication process [74]-[77]. Though there is also 

a huge demand of CP antenna using CMOS technology for integrated chip 

applications, there are no CP antenna designs among the previous 60-GHz 

antennas using commercial CMOS technology. In this paper, we employ a 

circular open-loop antenna for the circular polarization property. An open-loop 

antenna has been studied for CP operation and a parasitic element was 

introduced for bandwidth enhancement in [78]. However, a coaxial feed 
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cannot be used because there is no vertical via for the conventional silicon 

process. As a result, we combined the CP loop antenna with coplanar 

waveguide (CPW) feed and integrated it with modified AMC plane for further 

CMOS fabrication and performance improvement. 

Loop antennas are usually used as linearly polarized antennas. Research 

has found that a loop antenna can radiate circularly polarized waves if a gap is 

cut on the loop. The reason why this CP radiation can be produced is that the 

traveling wave current distribution gets excited along the open loop. 

Unfortunately the bandwidth of the CP loop antenna is much less than that 

achieved by spiral antennas. It is found that the axial ratio (AR) bandwidth of 

a CP loop antenna can be significantly increased by adding another loop inside 

the original loop [78]. The addition of this parasitic element can produce one 

more resonance that leads to a considerable enhancement for the AR 

bandwidth. Since the additional parasitic element is placed inside the original 

loop and there is no direct electrical connection to its surrounding, there is no 

significant increase in size and complexity of the antenna structure. 

As shown in Fig. 2-9, the CP antenna consists of two open wire loops 

placed above the lossy silicon substrate, whose height is 300 μm. The outer 

loop, fed at Φ=0 by a CPW feed, acts as a driven loop, while the inner loop 

acts as a parasitic element. A small gap is cut on each loop in order to radiate a 

CP wave. By adjusting the size of the parasitic loop and the positions of the 

two gaps, an optimal performance for the on-axis (in the z direction) axial 

ratio can be achieved. A CPW feed is employed here so that it can be easily 

connected to the ground-signal-ground (GSG) probe station for measurement. 

The width of the feed (l2) and distance (l3) between the feed and grounded 

rectangular pads are optimized to be 60 μm and 35 μm for 50 Ω matching, 

respectively. The configuration parameters are summarized in Table 2-1. 
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Figure 2-9 Geometry of the CP on-chip antenna 

Table 2-1 Configuration Dimensions of on-Chip Antenna  

Symbol Value Unit 

r1 0.21 mm 

r2 0.315 mm 

t1 0.015 mm 

t2 0.04 mm 

Δφ1 

Δφ2          

w1 

w2 

5 

15 

0.16 

0.04 

degree 

degree 

mm 

mm 

l1 0.3 mm 

l2 0.064 mm 

l3 0.04 mm 

Fig. 2-10 and Fig. 2-11 show the axial ratio and gain performance of the 

CP antennas with and without the parasitic inner loop, respectively. It is 

confirmed that adding a parasitic loop can introduce one more AR resonance. 

The axial ratio bandwidth has been increased from 10.8% to 23.5%, while the 

gain has been decreased by approximately 1.5 dBi for the coupling loss 

between two loops. 
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Figure 2-10 Simulated axial ratio of single loop and double loop CP antennas 
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Figure 2-11 Simulated gain performance of single loop and double loop CP antennas 
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2.3.2 Integration of Modified AMC plane 

Once the AMC structure is fixed, and the characteristics of the proposed 

CP antenna are investigated, the antenna is placed on the 12×12 units AMC 

plane and simulated as a compound antenna. Due to the fabrication limit, 

distance between the antenna on M6 layer and the AMC plane on M1 layer is 

only 4.5 µm, even less than λ/1000. Therefore, the mutual coupling between 

the antenna and the AMC plane is extremely strong and affects antenna 

performances greatly. In order to reduce this mutual coupling, the 12×12 units 

AMC plane is modified by gradually removing the unit elements from the 

center region of the AMC plane underneath the loop antenna. Fig. 2-12 shows 

the axial ratio performance of the antenna combined with 4×4 AMC units 

removed blank plane, 6×7 AMC units removed blank plane and full AMC 

plane, respectively. On the other side, the AMC plane can make the reflected 

wave in phase with the incident wave, and therefore increase the gain 

performance. So we have to keep at least three column AMC units at most of 

the area. Taking the area limit of the fabrication, the reflection function of 

AMC plane, and axial ratio variation due to AMC plane, we optimized to 

achieve a trade-off of the modified AMC plane.  
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Figure 2-12 Axial ratio performance comparison of antennas integrated with different 
modified AMC planes  
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To further illustrate the function of the AMC in behaving like a PMC 

surface and then enhancing the antenna gain, we simulated the antenna with 

the solid PEC reflector with a rectangular opening in the middle region similar 

to the modified AMC layer. The results in Fig.2-13 proved that the gain of 

antenna with PEC reflector is much lower than that of antenna with modified 

AMC layer. Lastly, the antenna with the final modified AMC plane is 

demonstrated in Fig. 2-14. 
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Figure 2-13 Comparison of antenna with PEC layer and modified AMC layer 

 

Figure 2-14 3D explored view of the proposed antenna with the modified AMC plane 
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2.3.3 Measurement and Analysis 

For the conventional PCB antennas, the radiation pattern and gain 

characteristics have been measured inside an anechoic chamber by employing 

transmit and receive towers. However, this method of measurement would 

become more difficult when applied to the mm-Wave antennas-on-chip. The 

reasons for this are as following: 

1) Different from the conventional coaxial or SMA feed setup, small wafer 

probes have been used to feed the on-chip antennas, with tips landing 

on bond pads. These probe tips are so fragile that they can break very 

easily whenever there is any tiny movement of the connected antenna. 

Extra transmission lines should be used to connect the physical feeding 

point on the antenna. 

 

2)  The measurement results may be affected, because the antenna under 

test (AUT) environment has been interfered by the adding of the probe-

arm which steadily holds and connects the probes to the VNA. Besides 

that, the metallic probe station will behave like an extra ground plane of 

the antenna and thus bring in tolerance into the measurement results, 

too. 

 

3) In order to connect those probes precisely onto the feeding points of the 

on-chip antenna, we have to use a microscope.  

 

Our antenna was measured by Rohde & Schwarz vector network analyzer 

(VNA) ZVA75 up to 75 GHz. A GSG RF probe with a pitch of 100 μm was 

touched on the grounded coplanar waveguide (GCPW) line of the antenna for 

measurement. The antenna patterns were measured with the set up shown in 

Fig.2-15 (a). With the proper probe touching, the tested antenna senses the 

radiation in the boresight direction from a WR-15 standard pyramidal horn 

antenna. The horn antenna has an aperture size of 13×10 mm2 and a gain of 15 

dBi. The far field region limit of the horn antenna can be calculated as 2D2/λ

= 10.8 cm, where D is the largest dimension of the horn andλis the free space 
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wavelength. The distance between the horn aperture and the antenna under the 

test is set around 15 cm. Fig.2-16 exhibits a photograph of the fabricated 

prototype of this AMC-based CP antenna-on-chip using the CMOS 

technology, including one picture for the case attached on a conductor carrier 

for easy on-wafer measurement and one under a microscope. 

 
(a) 

 

(b) 
 

Figure 2-15 Antenna test set up: (a) pattern measurement and (b) polarization 
study. AUT: antenna under test 

h

AUT antenna on the probe station 

d = 

Pr
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(a) 

 

(b) 

Figure 2-16 Photograph of the proposed CP on-chip antenna: (a) attached on a 
conductor carrier for easy measurement and (b) zoom in under a microscope  

Fig.2-17 shows the simulated and measured results for the antenna. Fig.2-

17 (a) shows that this proposed antenna can offer a wide impedance matching 

bandwidth from 34 GHz to 105 GHz for |S11| is less than -10 dB from the 

simulation. The measurement results from 55 to 65 GHz agreed with the 

simulation. From Fig. 2-17 (a), it is observed that the measured |S11| is 

approximately 2 dB worse than that from simulation, which could be caused 

by the measurement setup and the deviation of the silicon substrate 

characteristics setting in the simulation from its actual values. Fig. 2-17 (b) 
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shows simulated and measured peak gain values are at -3.7 dBi at 60 GHz and 

-4.4 dBi at 62 GHz, respectively. Fig. 2-17 (c) shows that the simulated axial 

ratio (AR < 3) bandwidth is approximately 30 %, from 56 GHz to 74 GHz. 

Gain and AR measurements agreed with the simulation for the frequency 

range from 57 GHz to 67 GHz. 
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(c) 

Figure 2-17  Measured and simulated performance of the proposed antenna: (a) return 
loss, (b) gain, (c) axial ratio 

Finally, the antenna far-field radiation pattern is measured. The horn 

antenna is placed on top of the AUT. The apertures of the two antennas are 

both parallel to the xy-plane. The tests are then conducted with the horn at 0° 

position (E field of the horn is in y-direction) and 90° position (E field of the 

horn is in x-direction), respectively. If the measurement setup permits several 

pairs of orthogonal positions, the CP test can be more accurate [92]. Fig. 2-18 

shows the measured radiation pattern in the upper half-plane at 57 GHz, 60 

GHz, and 64 GHz, compared with the simulated radiation pattern of the 

proposed antenna. Good agreement is obtained between simulation and 

measurement for the gain, AR and radiation patterns. 
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XOZ of 57 GHz               (a)                 YOZ of 57 GHz 
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XOZ of 60 GHz                (b)               YOZ of 60 GHz 
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Figure 2-18 Measured and simulated XOZ-plane and YOZ-plane radiation 
patterns at (a) 57 GHz, (b) 60 GHz, (c) 64 GHz 
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Table 2-2 shows the performance comparison between our work and those 

in reported articles [20], [40], [41], [79]. However, low gain is indeed a 

common problem of the CMOS on-chip antennas, because its lossy silicon 

substrate has a conductivity of 10s/m. Our proposed AMC-Based antenna-on-

chip is considered to be partly acceptable compared with other conventional 

chip-level antennas in CMOS process. It can be seen from the table that the 

measured gain obtained is higher than the best measured gain reported 

previously, which indicates a significant gain improvement of the proposed 

antenna-on-chip with an AMC plane on the lossy substrate.  

While antennas-on-chip have a common problem of low gain due to the 

substrate absorption, the integration of antennas on chip offers substantial cost 

reduction and flexibility in system design for commercial applications, since it 

removes all connections between circuits and antenna. As for practical 

applications, we would like to demonstrate the prospective applications in the 

following aspects:  

Table 2-2 Comparison with Previously Reported 60-GHz CMOS Antenna Designs 

 

 

Type of Antenna 
Process Technology     Frequency Gain Polarization 

Quasi-Yagi[20] Post-back-end-of-line 65 GHz -12.5 dBi (Measured) Linearly Polarized 

Invert-F[20] Post-back-end-of-line 61 GHz -19 dBi (Measured) Linearly Polarized 

Monopole[41] 0.13-um CMOS 60 GHz -9.4 dBi (Measured) Linearly Polarized 

Yagi [40] 0.18-um CMOS 60 GHz -10.6 dBi (Measured) Linearly Polarized 

Meander-line  

Invert–F [79] 
0.18-um CMOS 60 GHz -15.7 dBi (Measured) Linearly Polarized 

Slot [80] 0.09-um CMOS 60 GHz -2.1 dBi (Simulated) Linearly Polarized 

Dipole [81] No Fabrication 60 GHz -7.3 dBi (Simulated) Linearly Polarized 

Yagi [81] No Fabrication 60 GHz -3.5 dBi (Simulated) Linearly Polarized 

Our work 0.18-um CMOS 60 GHz -4.8 dBi (Measured) Circularly Polarized 
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Firstly, antenna-on-chip may be employed as receiver antenna in short-

range (usually less than 1 meter) wireless communication systems, such as 

rapid upload/download, wireless display, wireless gaming, distribution of high 

definition TV, wireless file transfer. As discussed in ref [82], in a 

communication link, assuming that the gain of transmitter antenna and 

receiver antenna are GT and GR respectively, the link budget equation can be 

expressed as: 

+ =M 10 log 10 logT R I t

C
G G L kT B NF PL n d X P

N
        

 
where M is the link margin set to be 10 dB; C/N (the carrier-to-noise ratio) 

required for demodulation is 10.7 dB for QPSK, which is the minimum value 

for quasi-error-free reception by the ¾ coded OFDM system with guard 

interval ¼ in Rayleigh channels, LI (the implementation loss of a transceiver) 

equals 6 dB, B is the bandwidth set as 2.16 GHz, NF (noise figure) considered 

as 7 dB, PL (the reference path loss) at d=1m equals 68 dB, n the distance 

factor is 2, Xσ is 2 dB for a line of sight path in a typical indoor office and Pt 

(transmitted power) commonly obtains 10 dBm, which is even more than 12 

dBm in ref [81]. Here in the calculation, we choose the Pt to be 10 dBm for a 

more general result. After instituting all the parameters above, the above 

equation can be simplified as: 

    2 20logT R

C
G G d

N
                                                         

 
 The combined antenna gains required for the line-of-sight path can be 

calculated from the simplified equation. For applications of the low gain 

antenna, we can take the case of QPSK with the data rate of 2 Gb/s at d=1m 

for instance, the combined antenna gain required is 13 dBi. If the distance was 

even nearer, maybe 0.5m, the combined antenna gain requirement would only 

be 7 dBi. In these cases, our proposed antenna can have a possible application 

with the corporation of a well performed transceiver antenna. Moreover, with 

the development in improving the transmitter power, we can assume that 

antennas-on-chip will be suitable for more CMOS devices.  
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    The employment of antenna-on-chip will be beneficial in highly 

integrated transceiver designs. In ref [80], an AMC-based wide-slot squared 

antenna has been integrated onto a 60-GHz OOK receiver using 90-nm CMOS 

process, whose simulated gain is -2.1 dBi. 

    Thereafter, antenna-on-chip may be considered to be a promising means 

of replacing metal interconnects between chips on a PCB, where metal leads 

become unusable at vast bandwidths and sub-terahertz carrier frequencies. 

Ultimately, in further on-chip research, this proposed antenna could also be 

justified as an element that may be considered in an array, which would 

achieve higher gain for wider 60-GHz wireless applications. 

2.4 Summary 

A 60-GHz CP antenna-on-chip, which employs a modified AMC structure 

to increase the gain, has been designed using the conventional 0.18-μm CMOS 

process. The fabricated antenna including the modified AMC structure 

measures only 1.8×1.8×0.3mm3. The antenna test was conducted to study 

antenna performance. The wide impedance matching bandwidth, the gain and 

the CP characteristics have been measured and the measurements confirm its 

good performance in prospective applications. The peak gain in the 60-GHz 

band is -4.4 dBi at 65GHz. The AR bandwidth is 30%, from 56GHz to 74GHz. 

The proposed antenna could be integrated into CMOS circuits for further 

application in the 60-GHz wireless personal area network. The AMC structure 

proved to be useful in enhancing antenna gain. 
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Chapter 3: Circularly Polarized Antennas-

in-Package with Modified Soft-

Surface Structure  

3.1 Literature Review 

In the view of wireless access applications, a circularly Polarized (CP) 

antenna array has been an interesting topic, since it can reduce the sensitivity 

to the antenna orientation and make an overall system resistant to multipath 

effects. In [84], and [85], CP antenna arrays have been employed in high speed 

wireless links at the 60-GHz band. Table 3-1 lists a comparison of several 

published 60-GHz CP antenna arrays. The challenge for antenna designs is in 

figuring how to cover the operating bandwidth of 7 GHz for both the return 

loss and the axial ratio. 

Studies have been carried out on different methods to increase the CP 

bandwidth of an antenna array. Take [86] for an example, a 60 GHz 4 × 2 CP 

slot array loaded by ellipse strips achieves a bandwidth of 23% for the AR 

lower than 3 dB. As noted from the designs in [87]-[89], the sequentially 

rotated feed technique can be used to enhance the AR bandwidth. Sun et al. 

proposed a 4 × 4 CP microstrip patch antenna array in LTCC by applying a 

stripline sequential rotation feed network [90], which presents a wide 

impedance bandwidth, as well as a perfect axial ratio bandwidth, both over 8 

GHz. Similarly with [90], a CP antenna array in [91] also employs the 

sequential rotation feed network to increase AR bandwidth, where a U-slot 

patch antenna to enhance the impedance matching bandwidth. In [92], a 60 

GHz 4×4 SIW-fed CP antenna array in LTCC has the AR bandwidth widened 

by adopting a rotated strip because of the additional CP radiation from the 

strip. A metal-topped via fence has also been used to reduce mutual coupling 

between elements and thus improve the AR bandwidth. In [93], the flexible 

via holes distribution is employed to achieve a helical antenna array to obtain 

excellent CP performance. 
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3.2 Circularly Polarized T-probe Fed Antennas 

3.2.1 Circularly Polarized Tprobe Stubbed Patch Antenna 

Due to its light weight, conformability and low cost, the patch antenna is 

one of the most popular antenna configurations in various applications. 

However, the conventional patch antenna suffers from narrow bandwidth. 

Among the several popular feeding techniques, aperture coupled feed and L- 

and T-probe fed thick patch antennas can effectively increase their impedance 

bandwidth. Here in this section, we employ the T-probe fed structure to form a 

CP patch antenna element.  

The geometry of the single T-probe fed patch antenna element is shown in 

Fig.3-1. The multilayer LTCC substrate used is Ferro A6-M with dielectric 

permittivity εr =5.9 and loss tangent tanδ=0.001. A fired tape thickness is 

0.1mm for each layer, while the conductor thickness is 0.01mm. The T-probe 

consists of a vertical via and a 0.63mm × 0.15mm horizontal microstrip line. 

The proposed antenna element is fed by a stripline to suppress the radiation 

 

Table 3-1 Comparison of 60 GHz CP Antenna Arrays 

Architecture of  

Antenna Array 

Impedance Bandwidth 

Sim. /Mea.(<-10 dB) 

AR Bandwidth 

Sim. /Mea. 

Peak Gain (dBi) 

Sim. /Mea. 

Circular Slot 

2×4 (LCP) [86] 
22.5% / 24.2% 23% / 21% 15.9 / 15.6 

Aperture Coupled 
Patch 4×4 (LTCC) [90] 

19% / 11.5%  8% / >8% 16.2 / NA 

U-Slot Patch 

4×4 (LTCC) [91] 
28% / >16.5% 16.6% / 11.5% 16.4 / 16 

Helical Antenna 

4×4 (LTCC) [93] 
14% / 13%  14% / 12% 15 / 15.2  
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from the feeding line. A stub is added to the upper-right corner of the patch to 

excite two orthogonal modes for CP radiation. 

 

(a) 

 

(b) 

Figure 3-1 Geometry of stubbed patch antenna: (a) top view; (b) side view 
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Table 3-2 Configuration Dimensions of T-probe Patch antenna  

Symbol Value (mm) symbol Value (mm) 

Lp 0.68 H1 0.9 

Wp 0.68 H2 0.5 

Ls 0.33 H3 0.3 

Ws 0.28 H4 0.3 

L1 1.25   

 

Since the antenna performance deals with the parameters of the patch, T-

probe, feed position and substrate thickness, optimization has been processed 

through the FEM-based 3-D full-wave EM solver, Ansoft HFSS, to present the 

final design. The detailed dimensions are presented in Table 3-2. The total 

design contains 9 LTCC layers (0.9mm), including 5 layers as the stripline 

feeding part and the other 4 layers as the antenna radiating part. Due to the 

limitations of the LTCC fabrication process, the width wf of the feed stripline 

is 0.15 mm, representing a characteristic impedance of 50 Ω. The diameter of 

the via is also 0.15 mm.  

Figs. 3-2 ~ 3-5 exhibit the simulated impedance bandwidth, gain, axial 

ratio and 3-D radiation pattern of the T-probe stubbed patch antenna. It can be 

seen that the impedance bandwidth is 30% with |S11| < -10 dB between 49 

GHz to 67 GHz, while the AR bandwidth is 6.33% with AR < 3 dB between 

58.2 GHz to 62 GHz, which is within the impedance bandwidth. The 

simulated peak gain attains 6.02 dBi at 60 GHz. This proposed array element 

is left-hand circularly polarized (LHCP), and it can be easily adjusted to right-

hand circularly polarized (RHCP) operation by changing the stub of the patch 

to the bottom-right corner.  
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Figure 3-2 Simulated return loss of stubbed patch antenna 

 

50 55 60 65 70
0

2

4

6

8

Frequency (GHz)

G
ai

n
 (

dB
i)

 

 

Figure 3-3 Simulated gain performance of stubbed patch antenna 
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Figure 3-4 Simulated axial ratio of stubbed patch antenna 

 

 

  

Figure 3-5 3-D radiation pattern at 60 GHz 
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3.2.2 Circularly Polarized Tprobe Slot Patch Antenna 

The configuration of a T-probe CP slot antenna is shown in Fig 3-6. A 

0.76mm × 0.76mm patch metal is printed on the top of the 9 LTCC layers. The 

T-probe feed structure consists of a 0.51mm × 0.15mm horizontal strip placed 

on the second layer below the patch layer and a vertical via conductor 

(0.15mm diameter). Same as the former CP patch antenna, the total design 

contains 9 LTCC layers (0.9mm), including 5 layers as the stripline feeding 

part and the other 4 layers as the antenna radiating part. Because of the 

limitation in LTCC fabrication, the width wf of the feed stripline is 0.15 mm, 

representing a characteristic impedance of 50 Ω.  

To obtain the circular polarization, the bottom-left and upper- right corners 

are cut off, while a 45°slot is etched in the middle of the radiating patch. The 

parameters of the slot antenna, T-probe, feed position and substrate thickness 

have been optimized in the FEM-based 3-D full-wave EM solver, Ansoft 

HFSS, to achieve good performance. Table 3-3 describes the detailed 

dimensions of this T-probe slot patch antenna. During the optimization, it is 

found that the dimensions and location of the horizontal strip are crucial for 

the impedance matching performance. The CP character is sensitive to the 

length and the shape of the slot. 

 

Table 3-3 Configuration Dimensions of T-probe Slot Antenna  

Symbol Value (mm) symbol Value (mm) 

Lp 0.76 H1 0.9 

Wp 0.76 H2 0.5 

Ls 0.25 H3 0.3 

Ws 0.39 H4 0.3 

L1 1.125 Wc 0.27 
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(a) 

 
(b) 

Figure 3-6 Geometry of stubbed patch antenna: (a) top view; (b) side view 

The following Fig. 3-7 describes how gain performance varies with the 

frequency, and we can see that the 3-dB gain bandwidth is quite wide. During 

the working frequency bandwidth from 57 GHz to 66 GHz, the gain remains 

above 6 dBi and is flat, from 6 dBi to 6.3 dBi. This kind of stable and high 

performance gain would be quite useful in practical applications. The 

matching impedance bandwidth shown in Fig. 3-8 is wide due to the character 

of T-probe antenna, from 50 GHz to 70 GHz, approximately 33%. As shown 

in Fig. 3-9, the CP bandwidth covers 3 GHz, from 57.5 GHz to 61.2 GHz. Fig. 

3-10 presents the 3-D radiation pattern of the proposed antenna at 60 GHz.   
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Figure 3-7 Simulated gain performance of slot patch antenna 
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Figure 3-8 Simulated return loss of slot patch antenna  
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Figure 3-9 Simulated axial ratio of slot patch antenna 

  

Figure 3-10 3-D radiation pattern at 60 GHz 
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3.3 Soft-Surface Structure 

3.3.1 Literature Review 

The soft and hard surfaces are defined from the boundary conditions of the 

E-field by analogy with soft and hard surfaces in acoustics. For antenna 

designs, the concept of soft and hard surfaces is a practical design tool. The 

hard-surface will support waves with a maximum value of the E-field at the 

surface, whereas the soft-surface makes the amplitude of the E-field zero at 

the surface. The well known soft surface structure, which is realized by 

corrugations, has been connected with horn antennas. These corrugated horn 

antennas, which are also called hybrid mode horns, have been existed for 

several decades [94], [95]. These horns are widely employed as feeds in dual-

reflector antennas. The structure of corrugations has also been utilized to 

prevent the electric current on a conductor from floating in certain directions.  

To some degree, the soft-surface can be analyzed similarly with the EBG 

structure. Both of them are capable to suppress surface wave propagation in a 

dielectric slab. Classical corrugations can transform the zero impedance from 

the bottom metal to the high impedance at the surface with the quarter 

wavelength depth. Compared to conventional EBG structures, some planar 

soft-surface structures have a smaller unit size, on the order of their resonant 

frequency. The reason for this reduction is that the soft-surface makes use of 

strips, while EBG employs patch. In previous studies, several papers have 

combined soft-surface with antenna designs to improve the overall 

performance. For example, a planar soft-surface structure has been utilized to 

reduce radiation backwards and therefore increase the antenna efficiency [96]. 

A non-planar structure has also been presented in [97] with the same goal. 

Moreover, a comparison between corrugations and EBG in reducing the radar 

mutual coupling has been made in [98]. Similarly in [99], a soft-surface 

structure has been proven to be better than the EBG structure in mutual 

coupling reduction, for the reason that the soft-surface can decrease both 

vertical and horizontal polarizations. Later in this section, detailed analysis 

will be provided to demonstrate soft-surface’s function in the reduction of 

mutual coupling between patch antennas.      
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3.3.2 Structure of Modified SoftSurface 

Taking the advantages of multilayer and via structures in LTCC, a modified 

soft-surface structure consisting of four layers of metal square rings and four 

sides of via walls short-circuited to the ground plane is proposed in this thesis. 

This novel soft-surface structure retains a compact size around the patch 

antenna and improves the antenna gain performance greatly. The 3-D bird 

view, top view and side view of the geometry for this stubbed patch antenna 

combined with a modified soft-surface structure are shown respectively in Fig 

3-11 (a), (b), (c) .  The diameter of vias remains as 0.15 mm, and the distance 

between two adjacent vias is 0.375mm.  

 
(a) 

 

(b) 
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(c) 

Figure 3-11 Geometry for patch antenna with a modified soft-surface structure: 

(a) 3-D bird view; (b) top view and (c) side view 

 

3.3.3 SoftSurface Structure around Antenna Element 

This modified soft-surface can effectively suppress the outward propagation 

of surface wave around the antenna. The cavity formed by these four sides of 

vias as side walls is a useful isolation cavity to improve the antenna gain and 

to reduce the radiation backwards. The size of this cavity determines the 

operating frequency where peak gain appears. This is because the modified 

soft-surface structure is also a resonant structure as well as the antenna. Fig. 3-

12 presents the 3-D radiation pattern of the stubbed patch antenna with the 

modified soft-surface structure at 60 GHz. It can be observed that gain 

performance at 60 GHz has been improved by about 0.65 dBi. This 

improvement mainly results from the increase of antenna directivity. Antenna 

efficiency remains almost the same since there is no significant change in the 

antenna structure. The difference of return loss between antenna with and 

without the soft-surface structure is not significant to some degree, indicating 

that the soft-surface does not affect impedance performance very much. 
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Figure 3-12 3-D radiation pattern at 60 GHz 

There exists decrease in the field magnitude outside compared with that 

without soft-surface structure. That is because the shorted metal strips are 

approximately a quarter wave length from the radiation edge of the patch 

antenna. It equivalently acts as an open circuit for the TM mode, which is the 

main operating mode for patch antennas. The surface current on the inner edge 

of the metal ring thus cannot flow outwards. Besides the explanation of the 

surface current, the adding of soft-surface ring effectively increased the 

radiation aperture size. The fringing field along the inner edge of the soft-

surface structure contributes to the radiation pattern improvement, which in 

fact forms an antenna array with the radiating edges of the patch antenna. 

Though the magnitude of this fringing field is much lower than the patch 

antenna, the size of the soft-surface is much larger than the patch. In general, 

the function of this fringing field in radiation enhancement is probably 

significant.  

During the optimizations, we also found that the inner length of the soft-

surface structure affected gain performance greatly, because of the 

complicated coupling between the soft-surface metal ring and the patch 

antenna. Fig. 3-13 illustrates comparison of the gain performances with 

different inner lengths of the soft-surface, while the comparison of axial ratio 
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performance has been presented in Fig. 3-14.  Since the antenna with soft-

surface structure will be used to group an array later in next section, we also 

have to take the distance of two adjacent antenna elements into account, which 

restricts the large size of inner length. By carefully considering these two 

factors, an inner length of 2.25mm has been chosen. 
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Figure 3-13 Comparison of the gain performances with different inner lengths of the 

soft-surface 
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Figure 3-14 Comparison of axial ratio performances with different inner lengths of 
the soft-surface  
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3.3.4 Reduction of Mutual Coupling 

In designing antenna arrays, mutual coupling is very crucial to the overall 

performance, which is mainly caused by surface wave between adjacent 

antenna elements. We first examine the mutual coupling between two patch 

antennas without the soft-surface structure. Fig. 3-15 presents the array 

configuration of two proposed patch antennas separated at a distance S. 

 

Figure 3-15 Array configuration of two adjacent stubbed patch antennas 

 

Figure 3-16 Array configuration of two adjacent stubbed patch antennas with soft-
surface structure 

After introducing the soft-surface structure around the antenna elements, 

the configuration is shown as follows in Fig. 3-16. We can see that between 

these two patch antennas, two rows of vias are inserted to block the surface 

waves. Comparison of the mutual coupling with and without soft-surface 

structure have been made and presented in Fig. 3-17. The isolation between 

the two adjacent elements is improved using the soft-surface structure. 
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Figure 3-17 Comparison of the mutual coupling with and without soft-surface 
structure  

3.4 Circularly Polarized T-probe Patch Antenna 

Arrays with Soft-Surface in LTCC 

3.4.1 Antenna Array and Transition 

Fig. 3-18 shows the geometry of the 4 × 4 T-probe patch antenna array. 

The distance between adjacent antennas is 3.3 mm and the size of the entire 

antenna array package is 15 × 17 × 0.9 mm3. In order to enhance the CP 

bandwidth, each antenna element is rotated in respect to its adjacent element. 

A stripline sequential rotation feeding network is utilized to provide each 

patch antenna with equal amplitude but different phase with respect to their 

rotation angles. An extension of quarter guided wavelength in the strip line, 

meaning a delay of 90° in phase, realizes the phase difference in the feeding 

network.  

Since the stripline fed antenna array cannot be tested directly, a GCPW to 

stripline transition has to be used for the probe station measurement, which is 

presented in Fig. 3-19. The ground planes are all connected by vias while the 
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GCPW is connected to the strip line by a signal via. After optimization, Fig. 3-

20 shows simulated |S11| < -18 dB and |S21| > -0.3 dB from 50 to 70 GHz. 

 

 

Figure 3-18 Geometry of the 4 × 4 T-probe stubbed patch antenna array  

 

Figure 3-19 Structure of the GCPW structure 
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Figure 3-20 Simulated S parameters of GCPW 

3.4.2 Integration of SoftSurface Structure 

To improve the performance of the proposed antenna array, a modified 

soft-surface structure has been placed around each antenna element. Fig. 3-21 

shows the 3-D bird view, zoomed in view, top view and side view, describing 

the geometry of the antenna array with the modified soft-surface structure. The 

function and analysis of the soft-surface structure in antenna array will be 

demonstrated afterwards in this section.  

 
(a) 
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(b) 

 
(c) 

 
(d) 

Figure 3-21 Geometry of antenna array with modified soft-surface structure 
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Figure 3-22 Gain comparison of proposed antenna array with and without the 

modified soft-surface structure 

In order to demonstrate the function of the soft-surface structure, a 

comparison between the antenna arrays with and without the soft-surface has 

been performed. Despite the limitations of the LTCC fabrication our 

collaborator provided this time, we theoretically adopted the parameters with 

more advanced accuracy for better explanation. The minimum width of the 

metal line is set to be 0.1mm, and the minimum diameter of the via is also 

0.1mm. Accordingly, the other parameters of the antenna array have been 

slightly changed. This comparison is just for the purpose of illustrating soft-

surface structure, not for real fabrication. Fig. 3-22 shows the comparison in 

gain performance between antenna arrays with and without soft-surface 

structure. The peak gain has been increased by nearly 1 dBi, and there has 

been the remarkable enhancement in the 3 dB gain bandwidth, covering the 

whole of the unlicensed spectrum. The significant improvement in the 3 dB 

gain bandwidth after the introduction of the modified soft-surface structure 

results from the reduction of the mutual coupling, which has been analyzed in 

the last section. 

Based on the result of gain performance, we analyzed the reduction of 

mutual coupling between antenna elements in calculations, especially at the 

higher frequency. Taking the situation at 65 GHz for example, from the gain 
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of the antenna element previously, the ideal gain of this proposed antenna 

array can be derived by: 

        1010 logarray elementGain Gain N  
 

                      105.8 10 log 16 17.8dBi     

The loss of GCPW-SL is about 0.3 dB, and the loss of 4 T-junctions is 

about 0.8 dB. The simulated peak gain of this array at 65 GHz is 10.5 dBi. So 

the loss of mutual coupling in this condition is about:  

4

coupling identical simulated GCPW SL

T junction

Loss Gain Gain Loss

Loss





  

 
 

                  ≈6.2 dB 

After embedding the soft-surface around the antenna elements, the 

simulated gain has been enhanced to 14.8 dBi, meaning the mutual coupling is 

correspondingly reduced by approximately 4 dB. Compared with previously 

published antenna arrays, the kind of reduction in mutual coupling is 

significant as well. For further explanation, we also investigated the electrical 

field of antenna arrays with and without the soft-surface, as shown in Fig. 3-23, 

where we can see the electric field is found to be contained inside the metal 

ring. An obvious decrease of the field magnitude outside compared with that 

without soft-surface structure can be found. As a result, the mutual coupling 

between antennas has been reduced greatly after introducing the soft-surface 

structure. This improvement therefore brings benefits in the 3 dB gain 

bandwidth for a more stable gain performance. 
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(a) 

 

(b) 

 Figure 3-23 Electric field distributions on the top surface of the substrate of the 
patch antenna array with (a) and without (b) the soft-surface  
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3.4.3 Measurement and Results 

The S-parameter measurements were carried out by Rohde & Schwarz 

vector network analyzer (VNA) ZVA75 up to 75 GHz. Fig. 3-24 shows the 

measurement setup using the probe station. The calibration was accomplished 

through the short-open-load-thru two-port standard calibration impedance 

substrate. A ground-signal-ground (GSG) probe with a pitch of 250 μm was 

touched on the GCPW line of the antenna. Due to the limitation of the VNA in 

our lab, the measurements were conducted up to 67 GHz.  

 

(a) 

 

(b) 

 Figure 3-24 Antenna test setup 
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The input matching for the antenna array is presented in Fig. 3-25. The 

simulated impedance matching bandwidth covers a range of 56 ~ 68 GHz, 

meaning a 20% bandwidth. The measured results confirm impedance 

matching at most zone of the bandwidth, except the measured hump around 57 

GHz. This discrepancy could come from several factors, including the 

permittivity shift of the LTCC substrate, the different touching positions of the 

GSG probe, LTCC fabrication tolerance and other connection problems in the 

measurement system. Generally speaking, a reasonable agreement has been 

achieved between the simulation and measurement. 
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 Figure 3-25 Simulated and measured return loss of proposed antenna array 

For the far-field measurement setup, first, a pair of high-gain discrete horn 

antennas is connected to VNA port 1 and 2. The horn-to-horn antenna link is 

used as a calibration standard.  After that, a standard horn antenna connected 

to port 2 is used as the transmitting antenna and our designed antenna is 

connected to port 1 as the receiving antenna. The tested antenna gain in the 

two-step method is extracted by subtracting two measurement datasets. So the 

designed antenna gain can be calculated as: 

 2 1 |AUT horn dBG H H G        

where H1 and H2 are the link transmission gain of horn-to-horn and the 

link transmission gain of tested antenna to horn, respectively. Ghorn and GAUT 
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are the standard horn antenna gain and tested antenna gain, respectively, ∆|dB 

is the loss difference between coax/horn and coax/probe transition. In this 

measurement setup, the loss difference is about 1dB according to the 

instructions of the probe. 

Using a GSG RF probe with a pitch of 250 μm, the tested antenna senses 

the radiation in the broadside direction from the horn antenna, which is at a 15 

cm distance away on the top of the antenna under test and the far-field 

condition is met. The tests are conducted with the horn at 0° position (E field 

of the horn is in y-direction) and 90° position (E field of the horn is in x-

direction), respectively. The circularly polarized characteristics are observed 

with both transmission coefficients at 0° and 90° positions having the similar 

amplitude. So the AR can be calculated by subtracting two measurement 

datasets: 

 2 1| |AR T T dB                

where T2 and T1 are the measured datasets when the horn is at 00 position 

and 900 position, respectively. The gain of circularly polarized antenna was 

measured and calculated using the partial gain method. The partial gain was 

combined to give the total gain of circularly polarized antennas as follows: 

 10 log( )V HG G G   

where Gv  and GH are the vertically and horizontally measured gain by horn 

antennas, which can be calculated based on the formula of GAUT. 

Simulated and measured AR values are presented in Fig.3-26. AR 

performance is less than 3 dB in the frequency range from 53.5 GHz to 68.5 

GHz, while measured AR is less than 3 dB in the frequency range from 55.5 

GHz to 67 GHz. If the measurement setup permits several pairs of orthogonal 

positions, the CP test can be more accurate [92]. Fig. 3-27 shows the simulated 

and measured gain of the antenna array. The 3-dB gain bandwidth is from 56.1 

GHz to 64.2 GHz, covering the commonly used unlicensed 60-GHz bandwidth. 

The measured peak gain at 62 GHz is about 17.2 dBi, as well as the simulated 

peak gain is 17.11 dBi at 61 GHz. The fabrication tolerance and measurement 
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system loss coming from the cables or the adapters may result in a small 

discrepancy between the simulated and measured gain performance. Fig. 3-28 

shows the radiation patterns of the proposed T-probe antenna array at 

frequencies 57 GHz, 60 GHz, and 64 GHz, respectively for yz- and xz-planes. 

The radiation patterns are stable in the unlicensed 7 GHz frequency bandwidth. 
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 Figure 3-26 Simulated and measured axial ratio of proposed antenna array 
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 Figure 3-27 Simulated and measured gain of proposed antenna array 
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(c) 
 

 Figure 3-28 Measured and simulated radiation patterns at (a) 57GHz, (b) 60GHz, 
(c) 64GHz 
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3.5 Circularly Polarized T-probe Slot Antenna Array 

with Soft-Surface in LTCC 

3.5.1 Antenna Array with SoftSurface Structure 

Fig. 3-29 shows the geometry of the 4 × 4 T-probe slot patch antenna array 

with the modified soft-surface structure. The distance between adjacent 

antennas is 3.35 mm and the size of the entire antenna array package is 15 × 

17 × 0.9 mm3. As with the previous T-probe stubbed patch antenna, each slot 

antenna element is rotated with respect to its adjacent element. The quarter-

wave T-junction and GCPW transition remain the same as well. To improve 

the performance of the proposed antenna array, a modified soft-surface 

structure was placed around each antenna element. Also, the array was 

fabricated in LTCC technology under the minimum accuracy of 0.15mm. 

 

 
 Figure 3-29 Geometry of patch antenna array with the modified soft-surface 

structure 

3.5.2 Measurement and Results  

The input matching for the antenna array is presented in Fig. 3-30, from 

which we can see that the simulated impedance matching bandwidth covers a 

range of 55 ~ 65.1 GHz, meaning a 17% bandwidth. The measured results 

confirm impedance matching at most zone from 55 GHz to 64 GHz, except the 
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hump at 57 GHz. This difference could result from a permittivity shift of the 

LTCC substrate, the different touching positions of the GSG probe, LTCC 

fabrication tolerance and other connection problems. AR performance is 

presented in Fig.3-31, indicating that AR is less than 3 dB in the frequency 

range from 55 GHz to 68 GHz, while the measured AR agreed with simulation. 

Fig. 3-32 shows the gain performances of the antenna array from both the 

simulation and measurement. The simulated peak gain at 62 GHz is about 17.3 

dBi, as well as the 3-dB gain bandwidth is from 56 GHz to 64.4 GHz. The 

measured peak gain at 62 GHz is 16.9 dBi. Fig. 3-33 shows the radiation 

patterns of the proposed T-probe antenna array at frequencies 57 GHz, 60 

GHz, and 64 GHz, respectively for yz- and xz-planes. The radiation patterns 

are stable in the unlicensed 7 GHz frequency bandwidth. 

Table 3-4 lists and compares the performances among published LTCC 

antenna arrays in 60-GHz. It is seen from the table that the performances 

obtained are quite competitive with most of the reported designs. 
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 Figure 3-30 Simulated and measured return loss of proposed antenna array 
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 Figure 3-31 Simulated and measured axial ratio of proposed antenna array 
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 Figure 3-32 Simulated and measured gain of proposed antenna array 



 

71 
 

-40

-30

-20

-10

0
0

30

60

90

120

150

180

210

240

270

300

330

-40

-30

-20

-10

0

 

 Simulated
 Measured

   YOZ Plane

-40

-30

-20

-10

0
0

30

60

90

120

150

180

210

240

270

300

330

-40

-30

-20

-10

0

 

 Simulated
 Measured

   XOZ Plane

 

(a) 

-40

-30

-20

-10

0
0

30

60

90

120

150

180

210

240

270

300

330

-40

-30

-20

-10

0

 

 Simulated
 Measured

   YOZ Plane

-40

-30

-20

-10

0
0

30

60

90

120

150

180

210

240

270

300

330

-40

-30

-20

-10

0

 

 Simulated
 Measured

   XOZ Plane

 

(b) 

-40

-30

-20

-10

0
0

30

60

90

120

150

180

210

240

270

300

330

-40

-30

-20

-10

0

 

 Simulated
 Measured

   YOZ Plane

-40

-30

-20

-10

0
0

30

60

90

120

150

180

210

240

270

300

330

-40

-30

-20

-10

0

 

 Simulated
 Measured

   XOZ Plane

 

 

(c) 

 Figure 3-33 Measured and simulated radiation patterns at (a) 57GHz, (b) 60GHz, 
(c) 64GHz 
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3.6 Summary 

In this chapter, we have proposed two 4× 4 LTCC T-probe CP patch 

antenna arrays with a modified soft-surface structure for 60 GHz applications. 

The introduced soft-surface structure has proved to be quite effective in 

suppressing the surface wave and reducing the mutual coupling. Compared 

with previous 60 GHz CP antenna arrays, our proposed antenna arrays feature 

wider impedance bandwidth, higher peak gain, and stable gain bandwidth. 

 

 

 

TABLE 3-4 COMPARISON WITH REPORTED 60GHZ LTCC 4×4 ANTENNA ARRAYS 

Type of Antenna BW Peak Gain AR Bandwidth Polarization 

Grid Antenna Array [36] 14.3% 14.5 dBi NA LP 

Patch Antenna Array with UC-EBG 
[51] 

5.4% 18 dBi NA LP 

Patch Antenna Array with Open Air 
Cavities [52] 

13% 16.5 dBi NA LP 

Patch Antenna Array with Embedded-
cavities [49] 

9.5% 18.2 dBi NA LP 

Patch Antenna Array 
with Soft-surface [53] 

29% 17.5 dBi NA LP 

Aperture Coupled Patch Array [90] 11.5% 16.2 dBi 8% CP 

U-Slot Patch Array [91] 
>16.5% 16 dBi 11.5% CP 

Helical Antenna Array [93] 
14% 15.2 dBi 12% CP 

Our T-probe Stubbed Patch Antenna Array 
20% 17.1dBi 25% CP 

Our T-probe Slot Patch Antenna Array 
23% 16.9 dBi 22% CP 
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Chapter 4: Multibeam Antenna Arrays 

with Multiple Polarizations 

4.1 Introduction 

Multibeam array antennas can be applied to form switched-beam array 

antennas with a switch circuit in front of the fixed beam forming network 

(BFN) such as a Rotman lens or a Butler matrix. In this way, steerable 

antennas benefit the selection of the best signal path for 60-GHz wireless 

communications [100]-[103].  

A 60-GHz switched-beam array antenna employing advanced thin film and 

flip-chip technology has been illustrated by Lee et al.  This 4×8 Rotman lens 

fabricated on a 30 µm thick substrate form four beams in the ±6° and ±18° 

directions. In order to reduce the parasitic effects in the 60-GHz radios, they 

have optimized the flip chip structure for heat dissipation. The fabricated 

switched-beam array antenna shown in Fig. 4-1 has an effective isotropic 

radiated power of higher than 17.3 dBm in the ±6° and ±18°directions [100].  

 

Figure 4-1 Photograph of the beam-steering antenna in package [100] 
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In [103], Choi et al. present a 60-GHz switched-beam array antenna using 

a single-chip beam-former integrated circuit consisting of an absorptive switch 

and a 4×4 Butler matrix in 0.13 µm CMOS technology. The isolation has been 

enhanced by the absorptive switch and thus unwanted degradation of the 

radiation patterns can be avoided. A two metal layer PCB has been used to 

feed the microstrip patch array antenna and to carry the CMOS beamformer 

chip. The whole design can achieve a gain of 4.14 dBi in the ±12° directions 

and lower in the ±44° directions. This poor gain performance is caused by the 

lossy substrate in 0.13 µm CMOS technology.  

The above two switched-beam array antennas using the Rotman lens or 

Butter matrix allow scanning only in some predetermined directions on one 

plane and cause a missing link even in the most important boresight direction 

since 0°  is typically not in the predetermined directions. Moulder et al. 

presented a novel switched-beam network containing two 4×4 Butler matrices 

and four hybrid couplers [104]. It was printed on an RT Duroid 5880 substrate 

together with a 2×4 patch array to create eight 2-D beams across the 60-GHz 

band. 

Due to the fabrication limitations of CMOS and PCB, these array antennas 

encounter a fundamental challenge, namely the circuit size. Their practical use 

is still limited considering the relative large size. In contrast, multilayer 

technology is considered to be an effective approach to miniaturize the 

multibeam antenna arrays. Among several different multilayer fabrication 

technologies, the LTCC process has been widely used, which is convenient for 

integrating the feeding network and radiators together. Such technology has 

presented its superiority in several millimeter-wave applications [90]-[93]. To 

compensate for the high path loss at millimeter-wave bands, an antenna array 

with high gain is more preferable. However, the gain enhancement of the 

antenna array is limited by the loss caused by its feeding network, such as a 

microstrip-line feeding network. Therefore, the SIW feeding network is 

widely used at 60-GHz because of its low transmission loss. 
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As one of the most popular BFNs, Butler matrix has been realized in SIW 

structures [105]-[109]. The conventional SIW-based Butler matrix consists of 

four 3dB couplers, two crossings and fixed phase shifters, thus it usually has 

complicated configuration and occupies a large circuit area. Researchers have 

attempted to reduce the size of the Butler matrix using the multilayer 

technology in [110]-[112]. However, it should be noted that the used BFN and 

the radiator array are placed side by side in a two-dimensional plane leading to 

a large area. In this situation, it is potential to reduce the total size of the 

multibeam antenna by employing a three-dimensional approach.  

Based on LTCC technology and SIW structure, we design a substrate 

integrated multibeam array antenna fed by a folded Butler matrix. The total 

size of the proposed multibeam array antenna is only equal to that of the 

radiating aperture, which means the feeding Butler matrix is completely 

hidden underneath the radiators. In this way, the proposed design achieves a 

remarkable miniaturization. Besides the mentioned advantage in size 

miniaturization, this design also provides the possibility of combining the 

multiple-beam and multiple-polarization character together in one same 

antenna array. In this chapter, we present a ±45° dual linear-polarization and a 

dual circular-polarization substrate integrated multibeam array antenna. The 

scanning beam possesses an ability to change its polarization state between the 

45° and the –45° linear polarization, or between the left-handed circular 

polarization (LHCP) and the right-handed circular polarization (RHCP), 

depending on the actual application requirements.  

In Section 4.2, a layer-to-layer transition with the constant phase shift over 

a wide bandwidth has been introduced. It is crucial in the design of a 

multilayer miniaturized Butler matrix. The design procedure for each sub-

component of the proposed multibeam array antenna has also been 

demonstrated there. In Sections 4.3 and 4.4, two dual linear- and circular-

polarization multibeam antennas consisting of 21 stacked ceramic tapes are 

designed and fabricated through the LTCC process. Measured results are 

provided to validate the proposed designs. 



 

76 
 

4.2 Folded Butler Matrix 

4.2.1 Interconnection between Layers and Self Compensation 

In this design, the proposed SIW multibeam antenna is folded and 

distributed in different layers. Therefore, layer-to-layer transitions are 

necessary to connect these SIW sections, which have similar configurations as 

shown in Fig. 4-2. One structure is a back-forward 1-to-2 transition, 

transmitting the electromagnetic wave from layer 2 to layer 3. The other is a 

back-forward 1-to-3 transition, transmitting the electromagnetic wave from 

layer 1 to layer 3. 

 The used ceramic material is Ferro A6-M with a relative permittivity of 

5.9 and loss tangent of 0.002. The width of the SIW is 1.8 mm, the diameter of 

the metallic via is 0.1 mm, and the distance between two adjacent vias is 0.25 

mm. Each SIW layer is realized by three stacked ceramic tapes. In Fig. 4-2, 

tsl2=1.6 mm, tsw2=0.1 mm, tsl3=1.52 mm, and tsw3=0.15 mm. The simulated 

reflection coefficient of the 1-to-2 transition is below –23 dB within the 

frequency band of 50~70 GHz, while the simulated reflection coefficient of 

the 1-to-3 transition is below –20 dB within the frequency band of 53~63 GHz.  

For a Butler matrix, the 90° phase difference is required between two 

branches, i.e. branch 21 and branch 43. But the original layer-to-layer structure 

has a high frequency dispersive phase shift as illustrated in Fig. 4-3, which 

certainly results in poor bandwidth-related performances. Fig. 4-3 indicates 

that the phase shift φ1 (f) (phase (S43-S21)) of the layer-to-layer transition 

grows almost linearly with frequency. On the other hand, there exists another 

type of SIW phase shifter, which has two equal-length branches with two 

different equivalent widths pwe1 and pwe2 (pwe1<pwe2). The phase shift 

(phase (S43-S21)) of this phase shifter decreases with the frequency. Hence 

the concept of phase compensation can be employed here, based on the fact 

that the varying tendencies of the phase shift versus frequency obtained by the 

layer-to-layer transition and the equal-length unequal-width SIW structure are 

just opposite. By combining them, a flat relative phase shift covering a 

wideband can be achieved. 
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(a) 

 

(b) 

Figure 4-2 Configuration of the proposed interconnection between layers: (a) without 
phase compensation, (b) with phase compensation, and (c) top view. 

 

Figure 4-3 Phase characteristics of the proposed interconnection between layers 
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The design procedure can be summarized as follows. Firstly, the first-order 

derivative of phase shift φ1 (f) with respect to f for the layer-to-layer transition 

before compensation can be fitted from the simulated curve in Fig. 4-3. 

Secondly, the following equation: 
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can be utilized to determine the pwe1 and pwe2 with a fixed pl1. After 

modeling and optimization, the phase compensation effects are illustrated in 

Fig. 2. Here, pw1=1.664 mm, pw2=2.072 mm, and pl1=1.25mm. The phase 

difference between the 1-to-2 and 1-to-3 transitions is approximately 90° (–

0.75°~4.3°) over 50~70 GHz.  

4.2.2 Design Procedure of Butler Matrix 

A. Configuration 

The proposed LTCC substrate integrated multibeam antenna has the 

configuration as shown in Figs. 4-4 and 4-5.  

 
Figure 4-4 Configuration of the proposed integrated multibeam array antenna and the 

CPW feed structure. 
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Figure 4-5 Sketch of the integrated multibeam antenna 

First of all, a folded 4×4 Butler matrix is developed. An optimized 

topology can omit some sub-components, such as crossovers, and improve the 

overall performance. Therefore, the conventional Butler matrix can be folded 

several times to miniaturize the circuit area. As revealed in Fig. 4-6, the 

proposed folded Butler matrix consists of H-/E-plane couplers, layer-to-layer 

transitions and phase shifters. It has nine stacked ceramic tapes and each three 

tapes are laminated as an SIW guided-wave structure. Four input ports are 

distributed in layer 1 and 2 respectively. In this design, the first two couplers 

are E-plane version to connect two ports placed in different layers 
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conveniently while finish the power dividing function. Then, two H-plane 

couplers，which connect the output ports of two E-plane couplers respectively, 

are overlapped at adjacent layers. After that, the outputs of the bottom H-plane 

coupler are connected to layer 3 through 1-to-3 transitions, while the outputs 

of the H-plane coupler in layer 2 are connected by 1-to-2 transitions. Here, 

four output ports are all placed in layer 3. The distance between two adjacent 

output ports is 0.58 λ0 at 60 GHz, where λ0 is 5mm. The fixed phase shifters 

are positioned properly to achieve the desired phase characteristics. 

Considering different applications in the following work, two Butler matrices 

with similar architecture but different output phase characteristics are designed. 

For an excitation of port 2 as an example, the desired phase difference 

between adjacent ports are 45°/45°/45° and –45°/135°/–45°, respectively.  

 

(a) 

 

(a)                                                                (b) 

Figure 4-6 Sketch of the folded Butler matrix: (a) 2-D; (b) 3-D. 



 

81 
 

Then, an integrated multibeam antenna can be realized by the proposed 

Butler matrix and a 4×4 antenna array consisting of six-layer tapes for 

radiators and other six-layer tapes for dividers. Ports 1 and 3 are transferred to 

the same layer of the ports 2 and 4 through forward 1-to-2 transitions, which 

has the similar configuration of the back-forward version as shown in Fig. 4-2. 

But the orientations of the input and output ports of the forward transition are 

opposite. 

B. E-plane Coupler with 45° phaser 

There are two different types of SIW couplers employed in this design to 

satisfy the compact and simple layout requirement. One is an E-plane coupler, 

and the other is an H-plane coupler. A double-slot E-plane coupler integrated 

with a 45° phase shifter is shown in Fig. 4-7. The desired phase shift comes 

from a pair of SIWs with different widths [113]. Ports 1 and 2 are located in 

the same layer, while ports 3 and 4 are in the other layer. Two long slots are 

cut on the broadside conductor layer near the metallic via wall. The related 

parameters are: ecl=2.8 mm, ecw=0.43 mm, eco=0.15 mm and ecp=0.6 mm. 

The simulated results of such a structure are shown in Fig. 4-8. The reflection 

and coupling coefficients are below –20 dB within the frequency band of 

55~63.5 GHz. It has well-balanced outputs. The phase difference between 

output ports, phase (S31-S21)), is 45°±2° within the radio band of 55~65 GHz.   

 
Figure 4-7 Configuration of the E-plane coupler incorporating a 45° phaser:  

(a) 3-D configuration, and (b) top view 
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Figure 4-8 Simulated results of the E-plane coupler incorporating a 45° phaser 

 

C. H-plane Coupler with Layer-to-Layer Transition 

The employed SIW-based H-plane coupler has a continuous coupling 

aperture. Waveguide steps are used to achieve good matching. The 

configuration of two overlapped H-plane couplers with corresponding layer-

to-layer transitions is shown in Fig. 4-9 and the simulated results are shown in 

Figs. 4-10, 4-11. The corresponding parameters are: hcl=2.05 mm, hcw=0.3 

mm, hcg=1.02 mm, and hcp=0.64 mm. The reflection and coupling 

coefficients are almost below –20 dB within the frequency band of 56.5~64.5 

GHz. The phase difference is 90.5°±1° between output ports of the identical 

coupler within the frequency band of 57~65 GHz, and 90°±5° between output 

ports of two couplers within the frequency band of 55~64.2 GHz. 
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(a)                                                       (b) 

Figure 4-9 Configuration of two overlapped H-plane couplers incorporating layer- to-
layer transitions: (a) 3-D configuration, and (b) top view.  

 

Figure 4-10 Magnitude Characteristic of two overlapped H-plane couplers 
incorporating layer-to-layer transitions 
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Figure 4-11 Phase characteristics of two overlapped H-plane couplers incorporating 
layer-to-layer transitions 

 

4.3 Dual Linearly Polarized Substrate Integrated 

Multibeam Antenna Array 

4.3.1 45° Linearly Polarized Antenna Element 

In this design, the radiating element is an open-ended square SIW cavity as 

shown in Fig. 4-12. It has six stacked ceramic tapes and is fed by an SIW 

structure through a 45° inclined slot located on the bottom conductor plate of 

the cavity in order to generate a 45° LP beam. A square radiating aperture is 

cut on the top surface. The optimized dimensions of the element are: avw=2.4 

mm, acw=2.24 mm, asl=0.88 mm, and asw=0.25 mm.  

The mutual couplings between elements versus their distance at different 

operation frequency are investigated and depicted in Fig. 4-13. 
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(a)                                                       (b) 

Figure 4-12 Configuration of the proposed 45° linear polarization antenna:          
(a) 3-D configuration, and (b) top view 

 

 

Figure 4-13 Mutual couplings between elements versus their distance at different 
operating frequencies 
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4.3.2 Antenna Array 

An E-plane divider is employed to vertically feed a four- element linear 

array in a multilayer configuration as shown in Fig. 4-14. Fig. 4-15 shows that 

the achieved –10 dB bandwidth is 56.3~64.5 GHz. 

 

(a) 

 

 

 

(b)                                                       (c) 

 

Figure 4-14 Configuration of the proposed cavity antenna array: (a) 1×4 45° LP 
array, (b) 4×4 45° LP array, and (c) 4×4 CP array.  
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Figure 4-15 Simulated reflection coefficient of the proposed 4-element linear 
antenna array 

 

Figure 4-16 Simulated yoz-plane patterns of the proposed 4×4 45° LP array 
antenna (The phase for ports 1~4: case 1: 0°, 45°, 90°, and 135°; case 2: 0°, 135°, 

270°, and 405°) 
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Such four linear arrays can be grouped as a 4×4 45° LP array antenna. Fig. 

4-16 shows the yoz-plane patterns with different phase shift between 

neighboring elements in simulation. The 4×4 array antenna keeps 45° LP 

when the beam is scanned. Thus, such two arrays with orthogonal feed slot, i.e. 

±45°, can be used to construct a dual linear-polarization multibeam array 

antenna. 

Based on the above design, we employed two identical Butler matrices to 

excite two 4×4 antenna arrays with different polarizations, i.e. ±45°. The 

fabricated prototype is shown in Fig. 4-17. It has 21 stacked ceramic tapes and 

is excited by CPWs. The total circuit area is 32.7×14.6 mm2 excluding the 

additional feeding structures. This size is approximately equal to that of two 

4×4 antenna arrays.  

 

Figure 4-17 Photograph of the fabricated dual linear-polarization substrate 
integrated multibeam array antenna. 

4.3.3 Measurement and Analysis 

This multibeam antenna is measured from 55 GHz to 65 GHz by two GSG 

probes connected to a Rohde & Schwarz vector network analyzer. For ports 

1~4, the measured reflection coefficients are shown in Fig. 4-18. A coefficient 

below –10 dB is achieved for all ports within the whole tested frequency band. 

For an excitation at port 1, the isolation to the other ports is better than 10 dB 

within the frequency band of 55~65 GHz as shown in Fig. 4-19. In Fig. 4-20, 

similar results are observed for an excitation at port 2.  
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Figure 4-18 Reflection coefficients of the fabricated dual linear-polarization 
substrate integrated multibeam array antenna excited by ports 1~4. 

 

Figure 4-19 Isolation coefficients of the fabricated dual linear-polarization 
substrate integrated multibeam array antenna excited by port 1. 
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Figure 4-20 Isolation coefficients of the fabricated dual linear-polarization 

substrate integrated multibeam array antenna excited by port 2. 

The radiation patterns of the fabricated antenna are measured by a far-field 

radiation measurement setup as illustrated in Fig. 4-21. It is able to generate 

four beams with –45° LP and different beam directions excited at ports 1~4, 

while four beams with  45° LP and different beam directions excited at ports 

5~8. As shown in Figs. 4-22, 4-23, the measured radiation patterns of the array 

in yoz-plane are in agreement with the simulated results. The measured gains 

at beam direction are 12.4 dBi, 13.4 dBi, and 13.5 dBi at 58 GHz, 60 GHz and 

62 GHz excited at port 1, while 14.9 dBi, 15.3 dBi, and 15.7 dBi at 58 GHz, 

60 GHz and 62 GHz excited at port 2. 

  

Figure 4-21 Far field measurement setup 
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Figure 4-22 Simulated and measured radiation patterns of the fabricated dual 
linear-polarization multibeam array antenna at different frequency excited at port 1. 
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Figure 4-23 Simulated and measured radiation patterns of the fabricated dual 
linear-polarization multibeam array antenna at different frequency excited at port 2. 
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4.4 Dual Circularly Polarized Substrate Integrated 

Multibeam Antenna Array 

4.4.1 Dual Circularly Polarized Antenna Array 

Four linear arrays can be grouped as a 4×4 CP array antenna as well, in a 

different arrangement. The CP antenna array can be constructed by two 1×4 45° 

and two 1×4 -45° LP arrays arranged alternately. Fig. 4-24 shows the yoz-

plane patterns with different phase shift between neighboring elements in 

simulation. As shown, the CP array antenna can generate LHCP and RHCP 

beams pointing at different directions simultaneously. The good reflection 

characteristic can be found as well. Therefore, it can be employed in the 

design of a dual circular-polarization multibeam array antenna.  

 

Figure 4-24 Simulated yoz-plane patterns of the proposed 4×4 CP array antenna 
(The phase for ports 1~4: case 1: 0°, 45°, 270°, and 315°; case 2: 0°, –45°, 90°, and 

45°) 

Now, the dual CP operation mechanism will be investigated in details. The 

model consists of four elements, which are equally spaced in terms of distance 

d, set up along a straight line. The first and third element have the same 

polarizations (45° in this paper), while the second and the fourth elements 
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have the orthogonal polarizations (–45° in this paper). Its array factor can be 

written as: 
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If I1=I2=I3= I4=1, and φ1=–π/4, φ2=π/2, φ3=π/4 (case 2 in Fig. 4-24),  

                             

4 2 6
( sin ) ( sin ) ( sin )

2 4 4

4 2
( sin ) ( sin )

2 4

ˆˆ( ) [1 ] [ ]

ˆˆ[1 ] ]

d d d
j j j

d d
j j

F e e e

e e

       
  

    
 

  

 

  

 

   

  



[  (4-3) 

The beam direction, θ, of this array can be calculated by 

4
sin 0 2
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In this work, d=0.58λ. Thus, θ=12° or –40°. At the beam pointing of 12°, 

(4-3) becomes: 

     ˆˆ( ) 2 ]F j   


[  

It is an LHCP beam. At the beam pointing of –40°, (4-3) becomes: 

ˆˆ( ) 2 ]F j   


[  

It is an RHCP beam. That means this scheme can support two orthogonal 

CP beams at the same time. They have different beam directions. The 

theoretical analysis is identical with the simulated results as shown in Fig. 4-

24. 

In order to feed a 4×4 CP antenna array and also have the switched-beam 

capacity, the 45° phase shifter within the folded Butler matrix as illustrated in 

Fig. 4-6 is replaced by a –45° phase shifter. In this situation, the proposed 

multibeam antenna can generate four beams with different pointing directions 

and polarizations as described in section 4.3. That means each port supports 

two operation modes, which have different polarizations and beam directions. 

When the polarization state is selected, the beam pointing direction for each 

port is determined.  
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4.4.2 Measurement and Analysis 

The fabricated prototype is shown in Fig. 4-25, which also has 21-layer 

stacked ceramic tapes and is excited by CPWs. The total circuit area is 

16.5×14.6 mm2 excluding the additional feeding structures. This size is 

approximately equal to that of a 4×4 array antenna. Fig. 4-26 presents the 

measured and simulated radiation patterns of the array in yoz-plane excited at 

port 3. The axial ratio at the beam direction of 60 GHz is 2.3 dB and 2.62 dB 

for LHCP and RHCP beams, respectively. The similar performance can be 

found with an excitation of port 1, but the polarization purity will be 

deteriorated when excited at ports 2 and 4. The main beam pointing direction 

and the beam direction with the best axial ratio are offset. 

 

 

Figure 4-25 Photograph of the fabricated dual circular-polarization substrate 
integrated multibeam array antenna 
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97 
 

 

 

Figure 4-26 Simulated and measured radiation patterns of the fabricated dual 
circular-polarization multibeam array antenna at different frequencies excited at port3.  
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Table 4-1 lists comparative results among different SIW multibeam 

structures, including the operation frequency (f0), size, port forming, gain at 

the center frequency and bandwidth (BW). 

Table 4-1 Comparison with Different SIW Multibeam Antennas 

 f0 (GHz) Size (λ0) Port forming 
Gain 
(dBi) 

BW 

[105] 25.6 22×3.1 Coaxial line 23.1 3.7% 

[106] 16 17.6×5 Microstrip line 22.7 3.8% 

[109] 77 8.1×7.3 Waveguide 12.2 11% 

[112]* 24 8.8×2.1 Microstrip line in different layers 12.9 - 

Our work** 60 5.6×4 CPW 15.3 7% 

* Slot array version 

** A single LP multibeam antenna including the CPW-SIW transition  

 

4.5 Summary 

Several miniaturized substrate integrated multibeam array antennas with 

multiple-polarization capacity are developed in this paper. The folded Butler 

matrix and the SIW radiators are integrated as a whole by employing the 

LTCC fabrication process. The ±45° LP beam scanning and LHCP/RHCP 

beam scanning can be achieved by two dual-polarization multibeam antennas 

respectively, which are designed to operate at 60 GHz. Experiment results 

agree with the simulated performances. These designs represent excellent 

candidates in the development of millimeter-wave miniaturized multibeam 

systems. 
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Chapter 5: Conclusions and Future Works 

5.1 Conclusions 

The primary objective of this study is to design and analyze novel 

antennas-on-chip and antennas-in-package suitable for mm-Wave radio 

frequency wireless communications. By combining the AMC structure, 

employing modified soft-surface structure, and by folding 3-D Butler Matrix 

feeding network, a series of high-performance chip-level antenna and 

package-level antenna arrays, which can be further integrated into 60-GHz 

wireless systems, have been realized, analyzed, fabricated and measured.   

For most current antennas-on-chip, CMOS fabrication process has 

encountered a critical problem of poor radiation because of the lossy silicon 

substrate. Typical antennas-on-chip have only 10% efficiency and gain of 

lower than -10 dBi, and hence cannot be used for practical commercial 

communications. In chapter 2, we propose one CP antenna-on-chip obtaining a 

gain improvement of 1~2 dBi by combining a modified AMC plane. This 

AMC plane makes the lossy silicon substrate equivalently act as a magnetic 

conductor and thus produces in-phase reflections with the incident wave at 60 

GHz. This chip-level antenna can be used in the chip-to-chip wireless 

communications to replace the metal interconnects between chips, and the 

low-cost consumer handheld devices for near distance communications with 

high data rate transmission.  

Meanwhile, for antennas-in-package, the surface wave introduces 

significant loss due to the higher permittivity of LTCC substrate at mm-Wave 

bands. In chapter 3, we demonstrated a modified soft-surface structure to solve 

this surface wave loss problem and improve the package-level antenna 

performance. The soft-surface structure consisting of vias and metal strips 

around the radiating edges of the patch elements is used to suppress the 

surface waves. Two such 4×4 in-package CP antenna array designs illustrated 

in this thesis have achieved much better 3-dB gain bandwidth. 
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In chapter 4, two miniaturized substrate integrated multibeam array 

antennas with multiple-polarization capacity are developed. The folded Butler 

matrix and the SIW radiators are integrated as a whole by employing the 

LTCC fabrication process. The ±45° LP beam scanning and LHCP/RHCP 

beam scanning can be achieved by two dual-polarization multibeam antennas 

respectively, which are designed to operate at 60 GHz. Experiment results 

agree with the simulated performances. These designs represent excellent 

candidates in the development of millimeter-wave miniaturized multibeam 

systems. 

 

5.2 Recommendations for Future Work 

In view of currently obtained research outcome and the state-of-art of mm-

Wave antennas, there is still plenty of room for future extensions. The 

following items represent some possible future research directions: 

(1) It is possible to further analyze the periodic structures. The equivalent 

circuit of each specific structure could be simulated and investigated 

since finding corresponding physical realization of inductance and 

capacitance will benefit in designing better periodic structures. 

 

(2) New packaging techniques should be explored to further enhance the 

gain of antennas-on-chip in silicon based process for practical 

applications in 60-GHz wireless communication systems, such as high 

resistivity silicon substrate namely TSV. This kind of processing 

techniques can significantly improve the efficiency of the chip-level 

antennas. 

 

(3) Advanced fabrication techniques are also in great demand to decrease 

in-package antenna sensitivity to the fabrication tolerance. It has been 

observed that the width of the transmission line is an important factor 

leading to impedance matching performance. Moreover, CP antennas 

are usually quite sensitive to the fabrication precision in CP property.  
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A more robust fabrication procedure can increase the consistency of 

the package-level antennas. This procedure is also very critical to the 

in-package mass production. 

 

(4) New compact package-level antenna array which can provide higher 

gain and wider impedance matching bandwidth should be studied to 

improve the performance of the whole integrated system. Antennas 

with parasitic structure and stacked antennas may be promising choices 

to represent better performances for future mm-Wave wireless systems. 

 

(5) To achieve more practical wireless systems, it is desirable to integrate 

antennas with active circuits, so that the mismatching will be reduced 

to minimum. For example, a low noise amplifier or a filter can be 

combined into the antenna-in-package design. Wire bonding or flip 

chip methods are available for the connections. 
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