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Abstract of the Thesis

RFID-Inspired Miniature Antennas for Circular

Polarization Tags and Brain-Machine Interface

Applications

by

Lingnan Song

Master of Science in Electrical Engineering

University of California, Los Angeles, 2016

Professor Yahya Rahmat-Samii, Chair

Radio frequency identification (RFID) technology in the ultra-high frequency (UHF) band

has become the mainstream applications that help the speed of handling manufactured goods

and materials in recent years. The mechanism of RFID backscattering technique has also

been utilized for many novel wireless sensing applications, such as remote health sensing, and

biomedical signal recoding. In an RFID system, the tag antenna plays a key role in the overall

system performance. In this sense, the study of novel tag antenna design with compact size

and circular polarization (CP) characteristics is necessary to achieve miniature and highly-

sensitive RFID systems. In the first part of the thesis, we present a CP cross-dipole RFID

tag antenna with miniature design. The CP mode is excited by two orthogonal dipoles

with 90 degree phase delay between each other. Impedance matching is achieved using a

matching structure of T-match meander line. In the second part of the thesis, we present

an optimized implantable antenna transferring power and data efficiently with a low profile

external transmitting antenna by utilizing RFID backscattering technique. We characterize

the coupling enhancement by simulating the wireless link with head models. Prototypes are

measured and characterized in terms of absorption level and channel capacity. The proposed

antenna system provides wireless and fully-passive solution for multichannel neural recording

systems.
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CHAPTER 1

Introduction

1.1 Research Background

Communication by means of backscattering power was first demonstrated in 1948 by Harry

Stockman [1]. In 1950 the first patent was lodged for passive transponders. For the first

time, it had commercial usage in animal tracking in the United States, followed by RFID

tracking of US rail cars in 1994. After the establishment of the first Auto ID research center

at the Massachusetts Institute of Technology in 1999, research in RFID technology received a

huge boost up. Absence of other related technologies like database management and also the

absence of any global standards restricted the development of this technology in the initial

phase. This problem was solved when EPC Global systems was established in 2003, which

was the biggest boost up that this technology received, followed by the market demands of

Wal-Mart, US Department of Defense, Gillette, and so on [2].

An RFID system is composed of two core components: an RFID reader, and an RFID

tag, which is consist of RFID chip and RFID tag antenna. The tag antenna plays a key role

in the overall system performance in terms of read range and overall size, since passive tags

are essentially obtaining energy from the incoming radio frequency signal received by the tag

antenna. To date, many miniaturized tag antennas have been proposed to achieve compact

and sensitive design for RFID transponders [5–9]. Yet most of them are linearly-polarized

(LP) antennas, which would result in the 3 dB sensitivity degradation due to polarization

mismatch between tag and reader antenna since most of the commercial reader antennas

have circular-polarization (CP) characteristics.
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Figure 1.1: RFID products in the market [3, 4].

To address the 3 dB polarization mismatch, various types of tag antennas with CP

radiation have been considered. However, most of them are limited by their large size or the

need for a high-dielectric substrate, which would make the transponder bulky and limited

for real applications [10–13]. In this sense, the study of novel tag antenna design with

compact size and CP characteristics is necessary to achieve miniature and highly-sensitive

RFID systems.

On the other hand, the mechanism of RFID backscattering technique has been utilized for

many novel wireless sensing applications, such as advanced vehicle monitoring, remote health

sensing, and biomedical signal recoding [14–16]. Since all the power required for transmission

of the sensing data by the transponder is drawn from the electromagnetic power radiating by

the reader, it is particularly attractive for sensing systems requiring fully passive operation

and comparative small device.

One of these applications involves the emerging field of Brain-machine interfaces (BMIs),

which aims at giving severely paralyzed people another way to communicate with the world

[18]. This is achieved with devices that record and decode neural signals and control artificial

actuators [19]. Currently, one of the major challenges is to develop viable neural interfaces

that can work stably and last for a lifetime. The neural implant electronics should thus

be wirelessly powered, with ultra-low power consumption, and support reliable data flow to

2



Figure 1.2: The utilization of RFID technology benifits the development of modern health-

care devices [17].

”read” from the brain.

Considering the system requirements of wireless and fully-passive operation and ultra-low

power consumption, the RFID inspired backscattering technology is one of the most promis-

ing and safest methods for establishing wireless power and data link to communicating with

miniature neural implants [20,21]. Similar to any passive RFID tags, the neural recoding IC

obtains power from the carrier signal transmitted by the reader, and the recorded data can be

superimposed on carrier signal by modulating terminal impedance of the implanted antenna

and backscattered to the reader. In such system, the complexity and power consumption is

predominantly at the interrogator, which enables the implementation of battery-free neural

implants resembling RFID tags.
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1.2 Research Outlines and Goals

1.2.1 Cross-Dipole RFID Tag Antennas

In the first part of the thesis, a circularly polarized cross-dipole antenna for UHF RFID tag

is presented. The antenna structure was inspired by [22].The antenna is miniaturized with

dimensions of 35.6 × 35.6 × 0.78 mm3 The CP mode is excited by two orthogonal dipole

branches with 90 degree phase delay between each other. Impedance matching between tag

antenna and the chip is achieved using a matching structure of T-match meander line [23].

The triangular-shaped ending is used for achieving a compact size [24, 25]. The structure

was simulated and optimized using particle swarm optimization (PSO). The design goal is

to achieve good sensitivity with compact design. The following criteria is assigned:

1) To achieve satisfactory impedance matching of S11 less than -10 dB between tag

antenna and tag chip to minimize return loss.

2) To miniaturize the antenna area to less than 20 cm2, length smaller than 7 cm and

substrate thickness less than 5 mm.

Figure 1.3: Flow chart for the study of CP cross-dipole RFID tag antennas.

The first part of the thesis starts with a brief introduction about RFID systems in Chapter

2. RFID backscattering mechanism is then introduced and RFID tag antenna design criteria

is specified. In Chapter 3, design and measurements of the cross-dipole RFID tag antenna

is presented, followed by discussion based on measurement results.
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1.2.2 BMI Antennas based on RFID-Inspired Backscattering Technique

In the second part of the thesis, an antenna system for wireless neural recording based on

RFID inspired backscattering technique was proposed. Power and data transfer is achieved

by near field inductive coupling between transmitting antenna and implanted antenna. The

power received by the implanted antenna will activate the neural recording IC. Just like the

operating mechanism of any passive RFID tags, the data link is established through the

modulation of the impedance at the terminal the implant antenna according to the acquired

neuro signal. This study was inspired by the research work reported in [20].

In this study, we design and characterize a miniature implantable antenna that is opti-

mized to communicate with an external transmitting antenna at the Medical Implant Com-

munications Service (MICS) frequency band (402-405 MHz), which is a part of the spectrum

that has the characteristics favorable to the transmission of radio signals into the human

body [26].

The wireless inductive link between transmitting and implanted loop antennas with head

tissue in between was modeled as a linear two-port network [27]. The coupling efficiency

between antennas is described by the link power gain Gp,max , which is the ratio of the power

delivered to the implanted microsystem to the power supplied to the external transmitting

antenna as the two ports are simultaneously conjugate matched [28].

Figure 1.4: Flow chart for the study of BMI antennas based on RFID-inspired backscattering

technique.

Theoretical analysis of the wireless inductive link between a low-profile interrogator loop

5



antenna and the implanted antenna is presented first in Chapter 4, followed by discussion

focusing on antenna design of transmitting and implanted loop antennas to achieve high

magnetic coupling and low SAR. Simulation results of the coupling link power efficiency

between transmitting and implanted antennas presented in different human head model are

shown in Chapter 5. Finally performance of the antennas was validated by measurements

and results are presented in Chapter 6 and further evaluated regarding the specific absorption

rate (SAR) generated in tissue and channel capacity from both power and data point of view,

proving the feasibility of this approach.
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CHAPTER 2

RFID Systems and RFID Tag Antennas

2.1 Introduction to RFID Systems

Radio-Frequency Identification (RFID) is a wireless data capturing technique from a tagged

item. An RFID system consists of an interrogator (reader) and a tag or transponder [2].

RFID tags or radio transponders are high-frequency electronic devices that broadcast the

position or attributes of specific items to which they are attached, which allows these items

of interest to be remotely detected, identified, and tracked. In a broader perspective, RFID

technique falls into the specialized category of Automatic Identification (Auto ID) that uses

an electromagnetic signal to communicate between the reader and the transponder [29].

Auto ID technology is a big superset of different technologies including Magnetic Ink

Character Recognition (MICR), Voice Recognition, Biometrics, Barcodes, and RFID. Among

the various forms of Auto ID, optical barcodes have been dominating the Auto ID market

and are widely used in almost everything and everywhere, which is mainly because of their

low cost. However, barcodes are limited in memory storage capabilities; and based on the

line-of-sight operating mechanism, barcode has to be presented in the ”sight” of reader,

which means the reading distance is limited.

RFID technology comes into the Auto ID market with huge potential of overcoming these

limitations. However, RFID tags require a silicon chip to store the data, which makes the

tags expensive comparing with barcodes. Hence the momentum arises for the need of RFID

tags with large reading distance, large data storage capability and low cost.

The basic RFID system consists of three components: (i) a miniature tag device (or

transponder) attached to the item of interest, (ii) a reader (or transceiver) whose location
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is generally fixed and which contains an attached antenna. The system operates as follows:

signal with unmodulated periods is transmitted by the reader through its attached reader

antenna. The tag receives the signal, extracts DC power from the unmodulated period to

power the IC, and responds the reader either by reading or writing data, which typically

would be an identity code or a measurement value. The tag may also resend the original

signal received from the reader, with a predetermined time delay.

The unique identification of the object to be tracked is stored in IC. The major difference

among the different Auto ID technologies is in how identification is stored and retrieved and

how less frequent is the human intervention. This is where RFID technology has advantages

over all other existing Auto ID technologies in terms of ease and areas of application and

subsequently became a major topic of research in these current years.

2.2 RFID Transponder Design Specifications

In an RFID system, the reader or interrogator is usually fixed and only need to be installed

one time, whereas the tags or transponders are required in thousands or millions, depending

on the application. Thus research on tags with desirable and stable performance is essential

for the wide-spread usage of RFID technology. When designing an RFID tag or transponder,

the following characteristics need to be considered carefully [2].

2.2.1 Frequency of Operation

RFID is typically considered as a non-specific short range device. It can use frequency

bands without a license. Nevertheless, design of RFID tags has to be compliant with local

regulations [30].

• Low frequency (LF): 125-134 kHz

RFID LF tags are well adapted for animal tracking, patients tracking, veichle immo-

bilizer, and so on. Glass tags are small and light. They can be used with all kinds

of material - textiles, metals, plastics etc. Generally these tags are passive tags with
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short read range (a few inches).

• High frequency (HF): 13.56 MHz

RFID HF tags are used in traceability and logistics applications, using loop antenna

printed or etched on flexible substrates. They are passive tags with longer read range

of about 3 ft.

• Ultra-high frequency (UHF): 860-960 MHz

Globally, each country has its own frequency allocation for passive UHF RFID, e.g.

866-869 MHz in Europe, 902-928 MHz in North and South America, 950-956 MHz in

Japan and some Asian countries [31].

RFID UHF tags typically have dipole like antennas etched or printed on all kind of

dielectric substrate, using backscatter coupling to communicate with reader. The read

range of such a tag can be comparably far, around 3 to 6 or even 8 meters. Specific

antenna design is required for metallic environments.

Figure 2.1: RFID frequency spectrum table.

2.2.2 Near-Field vs Far-Field Coupling

In an RFID system, communication between interrogator and transponder is achieved by

transferring electromagnetic (EM) energy through coupling, which can be categorized into

two types, by the region of field where the coupling occurs [2].
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• Near-Field/ Inductive Coupling:

Near-field coupling occurs where the plane wave has not yet fully developed and sep-

arated from the antenna. The distribution of the near field is fairly omnidirectional,

and the power attenuates at the sixth power of the distance from the antenna. This

is basically a transfer of energy through shared magnetic field and hence operation is

limited to only LF and HF frequencies and only RFID tags. The wavelength is much

bigger than the antenna and the interrogation zone. The antennas operating in the

near-field region are always inductive coil.

• Far-Field/ Backscattering Coupling:

Far-field coupling occurs in area beyond near field region and communication between

tag and reader is achieved by backscattered EM radiation. In the far field, EM power

attenuates in a radial manner obeying the inverse square law of distance from the

antenna.The EM energy is transmitted from the reader antenna and received by the

tag antenna, where it is reflected back with information of tag modulated into the

signal. The signal is then detected, amplified, and decoded to extract the data. This

kind of communication is prevalent in the UHF passive RFID tags.

2.2.3 Read Range and Link Budget

The most important tag performance criteria is read range. In an RFID system, read range

is defined by the distance between reader and tag from which the tag can be detected and

read. Read range depends on multiple factors, including the frequency of operation, the

size of tag antenna, the power level of reader and whether the tag is active or passive. Link

budget calculation in wireless communications specifies the required power budgeting for the

transmitter and receiver, the antenna gain, and effective isotropic radiated power (EIRP) of

the reader antenna to obtain a certain level of read range. It helps RFID antenna designer to

evaluate the required antenna specifications to obtain robust communication in the specific

wireless application.
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2.3 RFID Backscattering Mechanism

Figure 2.2: Operating mechanism of a basic RFID system.

In this section, we focus on theoretical analysis of far-field backscattering mechanism in

passive RFID systems. As illustrated in Fig. 2.2, a passive backscattering RFID system

operates as follows [31]:

• First the RFID reader transmits a modulated signal with periods of unmodulated

carrier to power up the passive tag.

• The RF voltage developed on antenna terminals during the unmodulated period is

converted to DC and powers up the chip.

• The RFID chip sends back the information by varying its front end complex input

impedance, effectively modulating the backscattered signal.

In the figure, Zc is the port impedance of chip. Pth is the chip sensitivity, representing the

minimum threshold power necessary to provide enough power to activate the RFID chip.

Typically the read sensitivity Pth,read is smaller than the write sensitivity Pth,write.
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In a passive RFID system, read range of a tag is affected by the chip sensitivity, impedance

matching, and also factors such as tag orientation, material and environment. Read range

can be calculated by Friss free-space equation as:

r =
λ

4π

√
PtGtGrττPLF

Pth
(2.1)

where r is the read range, λ is the wavelength, Pt is the transmitted power by reader, Gt is

the gain of reader antenna, Gr is the gain of tag antenna, τPLF is the polarization loss factor

(see Appendix A), and τ is the transmission coefficient defined by:

τ =
4real(Zc)real(Za)

|Zc + Za|2
, 0 ≤ τ ≤ 1 (2.2)

where Za is the port impedance of tag antenna attached to IC. The transmission coefficient

refers to the power loss by reflection due to mismatch.

2.4 UHF RFID Tag Antenna Design Specifications

In an RFID system, antennas are the spatial filters since they form certain radiation pattern

to couple the free space electromagnetic energy into guided structures to enable communi-

cation between reader and tags located at certain directions [29]. In this section, we discuss

various aspects of antenna design for UHF RFID tags.

2.4.1 Frequency and Bandwidth

The antenna impedance, chip impedance, and read range are all functions of frequency for a

typical RFID tag. The frequency of the peak range is referred as the tag resonance. The tag

range bandwidth can be defined as the frequency band in which the tag offers an acceptable

minimum read range over that band.

2.4.2 Impedance Matching

Among all the other factors, impedance matching plays a key role in RFID tag antenna

design. The design and manufacturing of new application-specific integrated circuits (ASICs)
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is both time and cost consuming in industry, thus RFID antennas are typically designed for

specific ASICs in market. Since the IC attached to the tag antenna terminals are typically

built with capacitive impedance, the design goal of tag antenna is to achieve inductive

input reactance required for conjugate matching with IC. The common impedance matching

technique is usually not applicable here since incorporating matching network with lumped

elements would increase the cost of manufacturing. To overcome this, matching mechanisms

have to be adopted to tag antenna layout.

One of the most popular strategy of tuning antenna impedance is the well-known T-

matching technique, which tunes the impedance of dipole antenna by introducing a centered

short-circuit stub [32]. The T-matching strategy is illustrated by Fig. 2.3.

Figure 2.3: T-matching structure for tuning inductive impedance of planer dipole antennas.

The geometrical parameters a, b, and w′ can be tuned to match the IC impedance.

2.4.3 Polarization

The polarization of any antenna is defined by the polarization of the electrical field it radiates,

which may be linear, circular or elliptical. Reader antennas are typically circularly polarized,
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while most tag antennas are linearly polarized dipole-type antennas. Comparing with linearly

polarized tags, circularly polarized ones have advantages in the sense that tags can be read

in any orientation, with a 3-dB enhancement of power level at maximum. Another very big

advantage of the circularly polarized antennas is the fact that they can operate in the close

proximity without any interference if their senses of polarization are opposite (e.g. one left-

handed and the other right-handed). Readers with opposite polarizations placed alternately

are very helpful in dense reader environments where lot of readers have to be accommodated

to accurately and quickly read any tag that might be passing through. The polarization

mismatch between antennas is discussed in Appendix A.

2.4.4 Gain and Directivity

In an RFID system, the reader antenna is usually required to have large gain and directivity,

whereas the tag antennas are supposed to achieve omnidirectional operation (except for the

cases where the tags are mounted on metallic surfaces). This is important in determining

the interrogation zone of an RFID tag.

In conclusion, when one designs an RFID tag antenna, the tradeoffs between antenna

size, gain, polarization, impedance, and bandwidth need to be carefully evaluated. Gener-

ally the design requirements are largely determined by the specific application as well as

characteristics of reader antenna.
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CHAPTER 3

Meander Dipole RFID CP Tag Antennas: Design and

Measurements

In this chapter, a compact circularly polarized (CP) crossed-dipole antenna for radio fre-

quency identification in the ultra-high frequency is studied. The CP mode is excited by two

orthogonal dipoles with 90 degree phase delay between each other. Impedance matching be-

tween tag antenna and the chip is achieved using a matching structure of T-match meander

line. The triangular-shaped ending is used for achieving a compact size [22]. The structure

was simulated and optimized using particle swarm optimization (PSO).

3.1 RFID Chip and Reader Specifications

In this chapter, we study RFID tag antennas designs based on the following commercial

RFID tag chip and RFID reader:

3.1.1 Monza 5 RFID Chip

The Monza 5 UHF RFID tag chip is a commercial RFID chip produced by Impinj. It

is optimized for serializing items such as apparel, electronics, cosmetics, documents and

jewelry. The Monza 5 tag chip fully supports all requirements of the Gen 2 specification

as well as many optional commands and features. In addition, the Monza tag chip family

provides enhancements of writing and reading sensitivity and reliability, high speed writing

and encoding. Specifications of Monza 5 tag chip are listed in Table 3.1. As shown in Fig.

3.1, Monza 5 tag chips have four external pads available to the user: one RF+ pad, two
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RF- pads, and a non-connected pad designated NC. RF+ and RF- form a single differential

antenna port [33].

Figure 3.1: Monza 5 tag chip die orientation [33].

Figure 3.2: RFID chip connected to the antenna differential port.
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Table 3.1: Specifications of Monza 5 RFID tag chip [33].

Parameters Typical Value Comments

Cp 0.825 pF Intrinsic chip capacitance

Rp 1.8kΩ Intrinsic chip resistance

Cmount 0.245 pF Typical capacitance due to adhesive

Zchip 14.562-i 161.24Ω Total chip impedance

Chip Read Sensitivity -17.8 dBm Measured using DSB-ASK modulation

Chip Write Sensitivity -13.75 dBm —

3.1.2 NXP G2XM RFID Chip

The NXP G2XM is an RFID chip for passive, intelligent tags and labels supporting the Gen

2 UHF RFID standard. It is suited for applications where operating distances of several

meters and high anti-collision rates are required. Specifications are listed in Table 3.2. A

unique feature of NXP chip is that it provides package option with Cu or Al straps, which

enable the reliable connections between RFID chips and antennas for research purposes (Fig.

3.3) [34].

Figure 3.3: NXP chip with straps: layout and pinning [34].
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Table 3.2: Specifications of NXP G2XM RFID tag chip [34].

Parameters Typical Value Comments

Ci 1.36 pF Intrinsic chip capacitance with Cu straps

Zchip 14.8-i 128Ω Total chip impedance with Cu straps

Ci 1.42 pF Intrinsic chip capacitance with Al straps

Zchip 13.3-i 122Ω Total chip impedance with Al straps

Chip Read Sensitivity -15 dBm minimum operating power supply

3.1.3 Mercury 4 RFID Reader and Antenna

The Mercury 4 is a low profile, high-performance 4-port RFID reader for both indoor and

outdoor applications. Specifications of reader, cable and antenna are listed in Table 3.3, 3.4

and 3.5 [35].

Figure 3.4: Mercury 4 reader and authorized dual-circular-polarized antenna [35].
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Table 3.3: Specifications of Mercury4 RFID reader [35].

Frequency UHF operating frequency: 902-928 MHz

Input voltage 24 Vdc, 2.0 A

Supported UHF Tag Protocols EPC Class 1, GEN2EPC Class 0

Table 3.4: Specifications of Mercury4 RFID reader cable [35].

Standard Reverse TNC to Reverse TNC

Length 25 ft.

Insertion Loss 3.1 dB

Table 3.5: Specifications of Mercury4 RFID reader antenna [35].

Model MANNAT0141

Gain 5.9 dBi max

Connector Reverse TNC

Polarization LHCP, RHCP (dual-circularly polarized)

3.2 Circularly Polarized RFID Tag Antenna

In this section a cross-dipole RFID tag antenna design is presented. The design goal is to

achieve good sensitivity with compact design. The following criteria is assigned:

1) To achieve satisfactory impedance matching of S11 less than -10 dB between tag

antenna and tag chip to minimize return loss.

2) To miniaturize the antenna area to less than 20 cm2, length smaller than 7 cm and

substrate thickness less than 5mm.

The cross-dipole RFID tag antenna was designed to be integrated with the RFID chips

specified in previous section. For the requirement of conjugate match the antenna with RFID

chip, the input impedance of the proposed antenna must be approximately 14.8 + i 128 Ω

(NXP) or 14.562 + i 161.24 Ω (Monza 5). The input impedance of the antenna can be tuned
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Figure 3.5: Geometry of the meandered cross-dipole RFID tag antenna.

by optimizing the dimensions in the T-match section.

Circularly polarized (CP) radiation of the antenna is achieved by the inserting two semi-

circular curves between the orthogonally arranged dipole arms. The two crossed dipoles

with orthogonal radiation mode (one horizontal and the other vertical) were tuned to have

overlapping resonances that exhibit a 90 phase difference at the frequency of 915 MHz.

The dimensions w1, Lm and Ht were tuned to conjugate match the antenna to different

chip impedance. And the dimensions w2 and dr were tuned to adjust the semi-circular rings
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to achieve CP radiation. The optimized dimensions for two chips are listed in Table 3.6.

Table 3.6: Geometry of meandered cross-dipole RFID tag antenna.

Parameter Dimension (NXP) Dimension (Monza5) Comments

W 35.6 mm 35.6 mm fixed

L1 4 mm 4 mm fixed

L2 1 mm 1 mm fixed

Li 19.7 mm 19.7 mm fixed

wi 0.2 mm 0.2 mm fixed

gi 0.4 mm 0.4 mm fixed

R 3.2 mm 3.2 mm fixed

Lt 14 mm 14 mm fixed

w1 0.4 mm 0.3 mm optimized

w2 1.6 mm 0.6 mm optimized

Lm 4.2 mm 3.3 mm optimized

Ht 8mm 5 mm optimized

dr 0 mm 0.2 mm optimized

Fig. 3.6 shows the simulated current distribution of the antenna at 915 MHz for the two

phase angles 0◦ and 90◦. We observed that at phase of 0◦, the currents are mainly flowing

on the vertical branch of the cross-dipole while at phase of 90◦ the currents are mainly

distributed on the horizontal branch. This current arrangement over phase explains the CP

radiation of the cross-dipole antenna. Note that the currents distributed on the T-matching

section are different for the two phases due the asymmetric antenna structure. The current

distribution on the meander line of T-matching section ia larger at phase 0◦ than at phase

90◦.

Fig. 3.7 shows the simulated input impedances of the antenna. Good conjugate match-

ing between the input impedances of the antenna and the RFID chip was observed. The
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Figure 3.6: Simulated current distribution of the tag antenna at 915 MHz for two phases (a)

0◦ and (b) 90◦

resistance and reactance components of the antenna were very close to those of the chip at

around 900-930 MHz. Fig. 3.8 confirmed the good impedance matching bandwidth with the

simulated reflection coefficient. For the case of conjugate match, the S11 was calculated by:

S11 =
Za − Z∗c
Za + Zc

(3.1)

where Za is the complex impedance of antenna and Zc is the complex impedance of the chip

(see the MATLAB code in Appendix B).

Fig. 3.8 also shows the simulated axial ratio (AR) of the cross-dipole antenna, which is

defined as the ratio of the major axis to the minor axis of the polarization ellipse. Simulated

results of AR in the direction of θ = 0◦ showed that its 3-dB AR bandwidth was 8 MHz

(908-916 MHz).

Fig. 3.9 shows the simulated radiation pattern of the antenna at 915 MHz in xz plane.

The antenna radiates a left-handed CP (LHCP) on the front side (θ = 0◦), and a right-

handed CP (RHCP) on the back side (θ=180◦). The maximum gain of -3.5 dB was achieved

on both sides.
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Figure 3.7: Simulated antenna impedance and comparison with the chip impedance (Monza

5).

3.3 Linearly-Polarized RFID Tag Antenna

A linearly polarized (LP) tag antenna was also built to verify the CP performance of the cross-

dipole antenna. The LP tag was built by removing a vertical branch and the semi-circular

rings. Its impedance and directivity characteristics are similar as the CP counterparts.

Dimensions of Ht, Lm, w1 and Li were adjusted to achieve good conjugate matching with

the chip. The optimized dimensions are listed in Table 3.7. And simulated S11 are shown in

Fig. 3.11.
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Figure 3.8: Simulated S11 and AR (θ = 0◦) of the cross-dipole antenna.

Table 3.7: Geometry of LP meandered dipole RFID tag antenna.

Parameter Dimension (Monza 5) Comments

Li 14.4 mm optimized

w1 0.3 mm optimized

Lm 4.2 mm optimized

Ht 9.3 mm optimized

3.4 Particle Swarm Optimization on RFID Tag Antennas

The optimization of RFID tag antennas includes determining input design optimization pa-

rameters in RFID tag antenna structures, describing of output antenna performance and

design objectives including S11 and AR, drawing structure models in EM simulators, sim-

ulating by full-wave EM solvers, and adjusting of the input parameters according to the

output simulation results. Nature-inspired global optimization, specifically particle swarm

optimization (PSO) was employed [36] to optimize the tag antenna geometries.
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Figure 3.9: Simulated radiation pattern of the cross-dipole antenna.

Both CP and LP tag antennas presented in 3.2 and 3.3 were optimized with dimensions

specified in Table 3.6 and 3.7. The fitness function for the CP antenna is given by:

FitnessCP = 50− 10(1− |S11|2f=915MHz) ·
1

1 + e2|f=915MHz

(3.2)

where e is defined by the axial ratio (AR) in Appendix A as:

e =
AR− 1

AR + 1
(3.3)

AR and S11 are the axial ratio and reflection coefficient in real values simulated at 915
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Figure 3.10: Geometry of the LP RFID tag antenna.

Figure 3.11: Simulated S11 of the LP RFID tag antenna.

MHz. The desired AR value is close to 1.4 (3 dB) and the desired S11 is close to 0.312 (10

dB). The fitness function for the LP antenna is given by:
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FitnessLP = 50− 10(1− |S11|2f=915MHz) ·Gain|θ=0,f=915MHz (3.4)

where S11 and Gain are the reflection coefficient and broadside gain in real values simulated

at 915 MHz.

3.5 Measurement Setup

3.5.1 Read Range Measurement

The read range measurement is an application-specific measurement for RFID tags. Besides

the antenna itself, the measured read range is also related to the features of RFID reader,

reader antenna, and the transmitting power level. Read range is defined as the maximum

activation distance of the tag along a specific direction as [37]:

dmax(θ, φ) =
c

4πf

√
EIRP

Pchip
Gtag(θ, φ) (3.5)

where EIRP is the effective isotropic radiated power transmitted by the reader and Pchip is the

read or write sensitivity of the RFID chip. For read range measurement, it requires that an

RFID chip be physically connected at the tag antenna’s balanced terminals. Measurements

should be performed in a controlled environment such as an anechoic camber, as shown in

Fig. 3.12.

In the read range measurement, instead of using the equation above, another expression

can also be used to find the maximum read range for a certain EIRP:

dmax = d

√
EIRP

PminGtLc
(3.6)

where d is a fixed distance in measurement and Pmin is the minimum transmitting power

required to activate the tag at distance of d. Gt is the reader transmitting antenna gain and

Lc is the insertion loss of reader antenna cable.

The read range measurement is the simplest to perform. It only requires an RFID

reader with tunable power level and desired polarization characteristics. The read range
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measurement provides a true system performance evaluation. However, the features of the

tag antenna, such as impedance, directivity and polarization, are hidden within the overall

results [32].

3.5.2 Differential Port Impedance Measurement

The majority of the RFID tag antennas are balanced designs. The impedance of a balanced

antenna can hardly be measured directly by a typical VNA which is terminated with unbal-

anced coaxial ports. If the balanced RFID was directly connected to the unbalanced coaxial

port, then the currents fed into the two sections of the antenna are unequal, which would

make the measured antenna impedance inaccurate. A straightforward way to address the

problem is to connect the balanced antenna to unbalanced ports through a balun, which

creates equal currents flowing into the two sections. However, careful attention needs to be

paid as the unideal balun is introduced into the measurement setup.

In this study we used a method based on two-port S parameter measurement to character-

ize the balanced RFID antenna impedance. This method is able to characterize asymmetrical

balanced antenna impedance precisely without introducing baluns. Together with the coax-

ial fixture and the port-extension technique, the impedance of the antennas can be extracted

directly from the measured S-parameters over broad frequency band [38].

Referred to Fig. 3.13, the impedance of the balanced antenna can be expressed as follows

[39]:

Zd =
Vd
I0

=
V1 − V2
I0

=
(Z11I1 + Z12I2)− (Z21I1 + Z22I2)

I0
(3.7)

Since I1 = I0 and I2 = −I0, the results in (3.7) can be simplified as:

Zd = Z11 − Z21 − Z12 + Z22 (3.8)

Converting the Z-parameters to S-parameters, the balanced antenna impedance can be ex-

pressed as:

Zd =
2Z0(1− S11S22 + S12S21 − S12 − S21)

(1− S11)(1− S22)− S12S21

(3.9)
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Figure 3.12: RFID tag antenna range measurement setup in the UCLA Antenna Lab. (a)

System setup with (b) reader antenna and (c) tag antenna perfectly aligned.
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Figure 3.13: Network representation of the balanced antenna [38].

where Z0 is the characteristic impedance of the connected coaxial cable which is typically 50

Ω. For symmetric antenna structures with S12 = S21, the expression can be further simplified

as:

Zd =
2Z0(1− S2

11 + S2
12 − 2S12)

(1− S11)2 − S2
12

(3.10)

Figure 3.14: Setup for balanced antenna impedance measurement. (a)Fixture consists of

two semi-rigid coaxial cables. (b)The balanced tag is connected to the 2 port VNA through

the test fixture.
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The setup of measurement system is illustrated by Fig. 3.14. The measurement is

conducted by using a two-port VNA with port-extension functionality. A test fixture is

constructed by two semi-ridge coaxial cables with one end connected to SMA connector and

the other end open with small tip of inner conductor to connect with the antenna under test

(AUT). The coaxial cables are soldered together on their outer conductors.

The measurement started with conducting standard VNA parameters setting and 2-

port calibration (open, short, load and through). After calibration, the port extension was

conducted to shift the calibration plane to take the length of text fixture into account. Note

that the port extension only requires the test fixture to be connected to the test cables with

tips open or short, that is, without loading the AUT. Here the short option was chosen

since the perfect open is difficult to realize while simply solder the two tips together makes

an almost perfect short. After port extension, the AUT was connected to the test fixture

through the tips. Two-port S parameters were easily extracted and the impedance of AUT

was calculated based on (3.9) for asymmetric AUT or (3.10) for symmetric AUT (see the

MATLAB code in Appendix C).

3.6 Measurement Results and Discussion

The CP and LP antennas were fabricated on Rogers RO4003 laminate with thickness of

31 mil. The Monza 5 chips and NXP G2XM chips with Cu straps were integrated to the

fabricated antennas using conductive epoxy, as shown in Fig. 3.15 and 3.16.

The read range of the antenna prototypes were measured in an anechoic chamber. The

RFID reader and reader antenna are specified in previous discussions. During the first

measurement, the tag antenna was placed at a fixed position 40 cm away from the reader

antenna and the minimum transmitting power required to activate and read from the tag

was recorded.

Several observations can be made from the results listed in Table 3.8. First, the tags

integrated with NXP chips had significantly better performance compared to those mounted

with Monza5 chips, even though the read sensitivity of NXP chip (-15 dBm) is 2.8 dBm lower
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Figure 3.15: Fabricated meandered RFID tag antenna prototypes with Monza5 chips. (a)

CP cross-dipole and (b) LP dipole prototypes.

Figure 3.16: Fabricated meandered RFID tag antenna prototypes with NXP chips with Cu

straps. (a) CP cross-dipole and (b) LP dipole prototypes.
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than the sensitivity of Monza5 chip (-17.8 dBm). This could be explained by the effects of Cu

straps on the package of NXP chips, which gives more reliable connection between chip pads

and antenna ports, and thus enhances impedance matching. Second, for the tags with NXP

chips mounted on, a 2 dBm sensitivity enhancement was observed for the CP tag compared

with the LP counterpart. This is not as high as the theoretical improvement of 3 dB from LP

to CP. However, as we refer to the AR simulation shown in Fig. 3.8 and the plot in Fig. 3.17

for the theoretical sensitivity improvement versus AR based on link budget calculation, a 2

dB sensitivity enhancement is exactly matched with the 2.5 dB AR from simulation. Third,

since our connections with Monza5 are doubted, we compared the measurement results with

a commercially built Monza5 LP RFID tag with similar dimensions as our design. Note that

Monza5 chips are 2.8 dB more sensitive than NXP chip, and with that taken into account,

the performance of our LP antenna is comparable with commercial LP tag antenna, and our

CP antenna gives a 2 dB sensitivity enhancement compared to the commercial one.

Figure 3.17: Improvement of sensitivity from LP to CP with varying AR.

A second measurement was carried out to study the effects of angular rotation and tilting

to the CP antenna performance. During the second measurement, the tag antenna was again

placed at a fixed position 40 cm away from the reader antenna and was tilted or rotated

by a certain angle, as illustrated in Fig. 3.18 and 3.19. The minimum transmitting power
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Table 3.8: Measurement results of minimum activate power at d = 40 cm.

Tag under

test

LP tag

(NXP)

CP tag

(NXP)

LP tag

(Monza5)

CP tag

(Monza5)

Commercial

tag (Monza5)

Pmin 18 dBm 16 dBm 18 dBm 23 dBm 15 dBm

required to read from the tag was recorded, as listed in Table 3.9.

Table 3.9: Measurement results of minimum activate power at d = 40 cm as the CP tag was

rotated and tilted.

Rotation Angle 0◦ 90◦ 180◦ 270◦

Pmin 16 dBm 16 dBm 16 dBm 16 dBm

Tilting Angle 30◦ -30◦ 90◦ -90◦

Pmin 18 dBm 18 dBm 20 dBm 20 dBm

Figure 3.18: Rotating the NXP CP tag antenna for 0◦, 90◦, 180◦ and 270◦.

The results from the second measurement confirms that rotation does not affect the

performance of CP antenna, while tilting could affect the sensitivity for up to 4 dB, which

matches with the radiation pattern expected by simulation results in Fig. 3.9. The simulated

total gain decreases by 1.5 dB for 30◦ tilting and 3.5 dB for 90◦ tilting, while the measured

sensitivity decrease are 2 dB and 4 dB, respectively.
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Figure 3.19: Tilting the NXP CP tag antenna for 30◦, -30◦, 90◦ and -90◦.
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CHAPTER 4

System Architecture of Antennas for Wireless

Brain-Machine Interfaces

Brain-machine interface (BMI) technology is a new and multidisciplinary field that holds

great potential for patients suffering from a wide variety of severe neurological conditions,

such as paralysis, stroke, and spinal cord injury [40]. Impressive growth has occurred in

this field through decades since the first experimental demonstration that electrical activity

generated by cortical neurons can be extracted and applied to control robotic manipulator

[41]. The research goals on BMI systems are to record neural data and transform thought into

action, which fulfill the dream of many patients living independently, using prosthetic limbs

in the same way as biological ones. Such systems require multichannel sensors for neural

recording, specialized IC for signal processing, programs for brain simulation, a wireless link

to communicate with external unit, and finally a real-time mechanical actuator to control a

three-dimensional prosthetic limb.

Currently, two main challenges remains in the development of reliable and long-lasting

BMI systems. One is to control a multi-degree-of-freedom artificial limb in a manner com-

parable to natural movements [42], and the other is to build viable neural interfaces that

last a lifetime. A long-lasting neural interface should be biocompatible and extremely small,

to minimize tissue damage. The neural implant should thus be wirelessly powered, require

minimum power, and support bidirectional data flow, i.e., reading and writing from or to

the brain. Study of the wireless data and power transmission technique plays a key role in

this endeavor.

This chapter discusses the system architecture of miniature telemetry antennas used for
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wireless power and data transfer in BMI systems. We start with an overview of the state-of-

the-art BMIs, followed by specified antenna design criteria for such applications. Then we

introduce the mechanism of wireless power and data transfer of biomedical implants, and

finally come to the detailed analysis of transmitting and implanted antennas.

4.1 Overview of Wireless Brain-Machine Interface Systems

4.1.1 Neural Signals and Neural Recording

When it comes to recording neural signals, different methods exist, depending on the level

of invasiveness and the required spatial resolution [18]. Typically more invasive recording

method gives signal with better quality. This section briefly introduces the popular neural

recording methods and their applications.

The most non-invasive and convenient method is based on electroencephalograms (EEGs),

in which neural signals are acquired by placing sensing electrodes on the top skin of the head.

EEGs records signals that represent the superimpose of the electrical activity generated by

a large number of neurons close to the recoding position and thus suffer from low spatial

and temporal resolution. Accordingly, BMIs based on EEGs are used for simple task, such

as controlling a computer cursor or operating a wheel chair.

A more invasive method called electrocorticography (ECoG) uses electrodes implanted on

surface of the cortex. ECoG compared with EEG allows recording from a more localized area

(i.e., 10s of mm vs. cm), with broader bandwidth (i.e., 0-500 Hz vs. 0-50 Hz), and higher

characteristic amplitude (i.e., 50-100 µV vs. 10-20 µV) [43]. However it’s still not good

enough to acquire signals for complex task such as the multi-degree movement of artificial

limb, which requires methods with better resolution.

The most invasive yet most accurate method uses microelectrodes to acquire the local

activity of neuron. In this method, electrodes with diameters of a few 10s of µm penetrate

the cortex for 100s of µm to get signals. Obviously such an approach is much more invasive

than EEGs or ECoG, but the increased signal fidelity outweighs the risks in many cases.
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Figure 4.1: Schematics illustration of a general BMI system architecture.
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Therefore the reminder of the thesis focus on system development based on this method.

Microelectrodes implanted introcranially typically record neural signal as a combination

of the local field potential (LFP), action potential (AP) or spikes, and a DC offset due to

electrochemical interfacing. The AP signals contain information from 300 Hz to 10 kHz

generated from a single neuron, while the LFP signals are typically below 300 Hz, in the

form of ”brain waves”.

However, one of the existing problems associates with microelectrode arrays is the diffi-

culty to record signals stably over long time [44, 45]. Experiments showed that, a few days

after implantation, the human body starts forming scarring tissue (Fig. 4.2), which gets in

between the recording site of the electrode and the neurons. As a result, the signal-to-noise

ratio (SNR) of the recorded signals degrades over time and eventually becomes too low to

extract reliable information. A number of research projects focus on overcoming this prob-

lem, including approaches investigating different materials and/or shapes of electrodes or

improving the surgical procedures to implant the electrodes.

Figure 4.2: Tissue response to microelectrodes over time [44].
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4.1.2 BMIs: Past, Present and Future

Research on BMIs has grown in a stunning pace since the first experimental demonstration

by Eberhard in 1999 that ensembles of cortical neurons could directly control an actuator

(Fig. 4.3) [41]. Since then people have done a lot of works on this topic and many interest-

ing demonstrations have been set up. Many of them using non-invasive method exploiting

electroencephalograms (EEGs). However since the neural signals severely attenuate through

transmission in head tissue, and signals generated from different neurons interfere and su-

perimpose with each other, the non-invasive method is very limited in spatial resolution,

which makes them difficult to complete complex task, such as movements of artificial limbs

with multi-degree of freedom. In comparison, invasive BMIs use electrodes implanted in-

tracranially to acquire raw brain activities . This method apparently carries risks associated

with surgeries. Yet it provides signals with good quality regarding spatial resolution and

bandwidth.

Figure 4.3: The first experimental demonstration in 1999 that ensembles of cortical neurons

could control an actuator [41].

BMI technology holds promise to revolutionize modern health care. However, bottlenecks

still exist that preclude BMIs from clinical application. For example researchers are still

working on stable and long-term recordings of large numbers of neurons (i.e. hundreds to
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thousands) from multiple brain areas [40]. Most of existing state-of-art systems are based

on wired data transfer, which limits the freedom of patient and increase the risk of injury

and infection.

Figure 4.4: Classifications of the existing brain-machine interfaces [46–50].

4.1.3 Proposed Antenna System for BMIs

Addressing the above requirement, we need to design miniature antenna system that can

support wireless data flow. And in order to support multi-channel multi-area neural recording

and high data rate, the antenna system should have a reasonable bandwidth. Also to achieve

fully passive system, the wireless link should be able to transfer power efficiently in human

tissue. And finally, the specific absorption rate should be compliant to FCC regulation,

which means the maximum SAR generated in tissue should be less than 1.6 W/kg [51]. And

that limitation defines the maximum power level that can be safely transferred in skin.

4.2 Wireless Power and Data Transmission

When it comes to wireless power and data transfer, it is critical to have a good understanding

of the wireless channel. In the case of wireless transfer to biomedical implanted devices, the
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Figure 4.5: Antenna design challenges: fully passive, integrated, and ultra low power wireless

neural interfaces

channel consists of layers of various kinds of tissues such as skin, fat, dura etc., each having

unique dielectric and loss properties [27, 52]. In order to find the optimum link parameters

such as frequency of operation and antenna geometries, Thus, full-wave electromagnetic

simulations are required in order to find the link parameters that optimize the overall power

and data transfer efficiency through the region of operation . Using good models for the

tissue parameters is crucial for the accuracy of the simulations.

In this work we focus on antennas for invasive BMI systems with a miniature neural

recording system implanted in CSF fluid on top of the brain, and a transmitting device

sitting on top of the skin that generates the near-field electromagnetic field to power the

implanted device, as shown in Fig. 4.6. The transmitting antenna is interfaced with a power

and data telemetry similar to an RFID reader. And the implanted antenna is connected to

a neural recording IC similar to the RFID tag chip. The external device is not constrained

in size to the first order, but is desirable to be low-profile and wearable in order to be easily

integrated into cloth or head stage. The main challenge is the requirement of minimized

space as well as the difficulty of getting access to the device once it is implanted by surgery.
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Figure 4.6: Antenna system setup: implanted antenna and transmitting antenna.

The channel itself consists of various types of tissue and can be modeled as layers of bone, fat,

skin etc.. Depending on the age of the patient and due to variations in anatomy the different

layers can add up to a total of between 1 and 10 mm [53]. In the rest of the work we consider

the general case of 5 mm distance from top skin to implant cite. The dielectric properties of

the different types of tissue were modeled in the finite element based electromagnetic field

solver (ANSYS HFSS) to simulate the overall link efficiency.

Due to the size and power constraints, mm-size implanted wireless devices can only

operate over a short distance of a few millimeters, and thus mainly operate in the near-field

region. Considering the fact that human tissues absorb electric field but conducts magnetic

field, magnetic antennas with low electric near fields are the preferred candidates for antennas

for biomedical implants. Loop antennas generate small electric near fields while providing

rather strong near-field magnetic field and efficient inductive coupling and are therefore

commonly used for wireless implants.

Considering the above-mentioned system requirements and limitations, short-range RFID

backscattering technology might be one of the most promising and safest methods for estab-
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lishing wireless powering of and communicating with miniature neural implants. In such a

system, power and data transfer is achieved by near field inductive coupling between trans-

mitting antenna and implanted antenna [54]. The power received by the implanted antenna

will activate the neural recording IC. Just like the operating mechanism of any passive RFID

tags, the data link is established through the modulation of the impedance at the terminal

of the implant antenna according to the acquired neural signal [21]. The complexity is thus

predominantly at the external transmitter or interrogator, which enables the neural implants

to be designed fully passive with ultra-low power consumption, resembling to RFID tags.

The operating mechanism is illustrated in Fig. 4.7.

Figure 4.7: Wireless link mechanism: RFID inspired backscattering technique.

4.3 Characterization of Wireless Channel

Power is transferred from outside to the implants by short-range backscattering technology

using near-field inductive links with loop antennas, which is a desirable method to transfer

power efficiently through short distances and highly dissipative media, such as human head.

A wireless inductive link between transmitting and implanted loop antennas can be charac-

terized as a linear microwave two-port network as shown in Fig. 4.8, since antennas have an

influence on each other in a near-field wireless system.

For a two-port network, input and output impedances are related to the source and load
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Figure 4.8: The wireless channel modeled as a linear two-port network.

impedances and two-port Z parameters as [39]:

Zta = Zin = Z11 −
Z12Z21

Z22 + ZIC
(4.1)

Zra = Zout = Z22 −
Z12Z21

Z11 + Zs
(4.2)

The effective coupling between antennas can be described by link power efficiency Gp,max,

which is defined by the maximum ratio of the power delivered to the implanted microsystem

to the power supplied to the external transmitting antenna, achieved as the delivered power

at the two ports are maximized and the ports are simultaneously conjugate matched:

Zta = Z∗s , Zra = Z∗IC (4.3)

In the case of near-field coupling between loop antennas, the link power efficiency Gp,max

is represented in terms of the two-port S parameters as [28]:

Gp,max =
PIC
Pavs

= K −
√
K2 − 1, where (4.4)

K =
1− |S11|2 − |S22|2 + |S11S22 − S12S21|2

2|S12S21|
(4.5)

Based on the two-port Z parameters the link power gain can also be written as:

Gp,max =
|Z21|2

S +
√
S2 + |Z12Z21|2

, where (4.6)
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S = 2Re(Z11)Re(Z22)−Re(Z12Z21) (4.7)

where the subscript 1 refers to transmitting port and subscript 2 refers to implanted port.

For wireless devices transmitting power toward the human body, the exposure of the

tissues to the electromagnetic field need to be taken into consideration. According to FCC

regulations, the maximum specific absorption rate (SAR) level generated in tissue should be

less than 1.6 W/kg, which limits the maximum amount of power that can be safely delivered

by the transmitting antenna:

Pt,max =
(1.6W/kg)τs
SARmax

Pt (4.8)

Here, Pt is the assigned test power in simulation model and τs is the ratio of the power

available to the transmitting antenna port to the power delivered from the source. Thus,

the maximum power available to the implant device is simply defined as:

PL,max = Gp,maxPt,max (4.9)

The goal of telemetry antenna design is to maximize the available power PL, by maxi-

mizing both the link power efficiency and the maximum transmitting power.

4.4 Transmitting Antenna Design

On the transmitting antenna side, the goal is to design transmitting loop that provides high

inductive coupling with the implanted loop to maximize the link power efficiency, as well as

low SAR to enhance the maximum SAR compliant transmit power. The design criteria can

thus be summarized as:

1). High near magnetic field and efficient coupling with implanted antenna.

2). Low near electric field, since the local SAR is proportional to the square of the

magnitude of the electric field.

3). Low profile design, since the ultimately the transmitting antenna should be fabricated

as part of the clothing-integrated and wearable device.
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4.4.1 Optimized Transmitting Antenna Dimensions

For the application of BMIs, the implanted antenna is constrained in size while the transmit-

ting antenna can be designed larger to enhance the coupling efficiency. We therefore start

by fixing the size constrained implanted antenna when optimizing the overall link. In the

following discussion the size of implanted antenna is constrained to 1 mm3 with 0.03 mm

thickness. Prior research have reported that the frequency with minimized link loss shifts

down to lower frequencies and the minimum link loss decreases with increasing transmitting

antenna size [55, 56]. Accordingly there should exist a optimized size for minimum link loss

and hence maximum the overall link efficiency for an assigned frequency of operation . In

this study the optimum size for inductive loop antenna is represented by its radius, with the

trace width fixed to 3 mm through the study to lower ohmic loss. In order to investigate

the changing of optimum loop size with frequencies, we modeled the links with transmitting

antennas of varying inner radius over a frequency range of 300 MHz to 500 MHz, as shown

in Fig. 4.9.

Figure 4.9: Simulated link efficiency with varying inner radius at different frequencies.

According to the results for antennas operating at 350, 400, 450 MHz, the optimum

transmitting antenna size exist for an assigned frequency and a given receiving antenna [57].

The optimum transmitting antenna size increases at lower frequency and decreases at higher
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frequency. We can also observe that at our frequency of interest around 400 MHz the

corresponding optimum transmitting antenna size coupling with a 1 mm3 receiving antenna

is 6 mm in inner radius. For this particular optimum antenna configuration, the link power

efficiency has a peak of around -27 dB, which is commonly accepted as was discussed in [20].

In this simulation the separation between loop antennas are set as 15 mm, which is on the

same order as the dimensions of the transmitting antenna with the optimum size observed

here. The implanted antenna is thus operating in the source region of the transmitting

antenna, and none of the common near or far field equations are applicable in this region [58].

Therefore it is necessary to apply full wave simulation to analysis the link performance even

through we are using rather simple antenna configurations.

4.4.2 SAR Reduction

By applying the optimum configurations given by the previous section, we can easily obtain

a planar transmitting antenna with copper printed on substrate. However, the problem

associated with the solid loop structures is the E field hot spots generated in the region close

to the feeding point. This is due to the fact that for a few 100 MHz carrier frequencies, the

current distribution within the loop is nonuniform, and therefore E field hot spots appeared

on the skin when the transmitting loop was brought near the skin [20, 59]. The presence of

E field hot spots leads high local SAR, which is undesired since it would strongly decreases

the maximum allowed transmit power.

Prior research has demonstrated that by partitioning the transmitting loop into segments

and inserting capacitors within the gaps, current continuity and uniformity can be enhanced

and E field hot spots in human tissue can be averaged effectively [60]. The capacitors were

to be chosen to resonant with the loop inductance and to compensate for the phase shift

along the loop due to its dimension. The effect of segmenting planar loop structure to reduce

local SAR is illustrated by simulation results of E field and H field shown in Fig. 4.11.

It might be tempting to do more segmentations based on the simulations. For real

implementation however, the use of lumped capacitors would introduce parasitic loss and

48



Figure 4.10: Segmenting the loop antennas and inserting serial capacitors to average electric

field hot spot and enhance coupling.

thus decrease the overall link power efficiency. Therefore, in this study, we use a 2-segmented

planar copper loop structure for transmitting antenna and connect the segments with 36 pF

capacitor. The 2-segmented loop can thus achieve a similar link efficiency as the solid loop

and provide a lower local SAR at the same time. As shown in Fig. 4.10, antenna was

simulated and fabricated on a 31 mil Rogers RT/Duroid 5880 substrate (εr=2.20) with 6

mm inner radius and 3 mm trace width, which are the optimized size according to previous

section with maximum coupling with the fixed implanted loop at the MICS frequency band

of 402-405 MHz.

4.5 Implanted Antenna Design

The implantable antenna should be bio-compatible and miniaturized without increasing

the size of the implanted system significantly. Thus, ultra-compact antennas are desirable

solutions for localized neural recording systems. Here we used 1 mm3 3D cubic loops in
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Figure 4.11: Segmenting the loop antennas and inserting serial capacitors to average electric

field hot spot and enhance coupling.

copper (Fig. 4.12), which provides wider current path and larger coupling area compared to

their planar counterparts with the same cross-section area. Moreover, the cubic structure

allows for the insertion of a magnetic core to further enhance the inductive coupling.

The implanted small loop antenna was designed to be interfaced with a miniature neural

recording IC implanted in the CSF fluid on top of the back of the microelectrode array,

which sits on top of the cortex and connected to the neural recording system by wires.

In this section we discuss the optimum small loop dimensions to further enhance coupling,

and then compare the link efficiency using the cubic loop and wired loops. We stick on the

transmitting loop antenna design given by the analysis in the previous section.

4.5.1 Optimized Implanted Antenna Dimensions

For a given transmitting antenna and assigned frequency, the optimum implanted antenna

size can be easily found as discussed in the previous section. However, for the application

of implanted neural sensing microsystem, the occupied space of antenna is a major design
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Figure 4.12: Millimeter size cubic loop antenna compared with typical neural recording

electrode array [61].

constraint. We therefore started with millimeter-size small loop and investigate how the

optimum values for the link change for different implant sizes, simulation similar to the one

for transmitting antenna was carried out, as shown in Fig. 4.13. The implanted antenna

is modeled as cubic loop antenna with its dimension varying between 0.5 and 10 mm. The

optimum frequency with the maximum coupling increases with decreasing size, starting at

a few 10s of MHz going all the way up to a few 100s of MHz. We thus chose the size of

implanted loop antenna with 1 mm dimension, with an associated optimum frequency of

around 400 MHz.

Effect of copper thickness is studied by comparing two models with same outer dimensions

but different in copper thickness (0.03 mm and 0.3 mm). Fig. 4.14 shows the simulated link

power efficiency of the 1 mm3 implanted loops coupling with the planar transmitting loop

described in the former section. Again, the implanted loops were aligned at the lateral center

of transmitting loop with vertical distance of 15 mm. We also observe a 2 dB enhancement

in coupling efficiency of the link with 0.03 mm thick implanted loop, comparing with the

0.3 mm counterpart. Thus for the rest of this study we use the 0.03 mm copper foil for

implanted antenna fabrication.
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Figure 4.13: Millimeter size cubic loop antenna optimized for frequency of around 400 MHz,

immersed inside CSF fluid in the primary motor cortex area.

4.5.2 Comparison of Cubic and Wire Antenna Structures

To investigate the advantages of using a cubic structure rather than coils, we compare the

link efficiency of cubic loop structure and wire loops with single turn and multiple turns, as

shown in Fig. 4.15. The wired loops are modeled with the same cross-section area as the

cubic and the overall separation between feeding ends. Their occupied volume is thus about

the same as cubic loop and the performance are comparable. Link efficiencies are simulated

with the designed planer transmitting loop antenna.

Based on the simulation results, we can observe up to 25 dB coupling enhancement

compared to single-turn loop and 10 dB enhancement as we increase the wire loop to 5

turns. As the number of turns increase, the multi-turn wire loop is approaching the solid 3D

structure and showing reasonable performance. However considering the ease of fabrication,

we still use the cubic loop structure in the following discussions.
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Figure 4.14: Simulated link power efficiency of implanted loop antennas (0.03 mm and 0.3

mm thickness) coupling with 2-segmented planar transmitting loop antenna.
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Figure 4.15: Simulation of link power efficiency using cubic loop (solid) and wire loops

(dashed).
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CHAPTER 5

Simulations of Brain-Machine Interface Antennas:

Effects of Environment

5.1 Antennas Integrated in Implantable Medical Systems

For the wireless links between implanted antenna inside a human body and transmitting

antennas in the free space, implanted antennas are commonly placed inside biological tissues

with a buffer layer, to reduce the large absorption due to direct contact and to improve

biocompatibility. The buffer layer is typically made of organic polymers such as PDMS [62].

5.2 Antennas in the Layered Spherical Head Model

As an approximation, the human head is represented in this section by a multi-layered lossy

dielectric sphere with the electric properties of skin, fat, skull, dura, cerebrospinal fluid

(CSF) and brain. Table 5.3 shows the electric characteristics (relative dielectric constant

and conductivity) of the biological tissues in the model of the spherical head at 402 MHz.

We construct different layered models, homogeneous head, four-layer head, and six-layer

head, from simple to complex, to represent human head by changing the parameters of

the spherical head models. The homogeneous head ignore other layered tissues and only

represent the brain tissue as a sphere. The four-layered head consists of brain, CSF, skull

and skin, and the six-layered head consists of brain, CSF, dura, skull, fat, and skin [63].

Dimensions of layers used in different models are shown in Table 5.2.

To investigate the effects of head tissue on the link characteristics, we simulated the

antenna link in different layered head models. Configuration of loop antennas follows the
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Table 5.1: Electrical properties of biological tissues in the layered head model at 402 MHz.

Head Tissue Relative Permittivity (εr) Conductivity (σ, S/m) Mass Density (g/cm2)

Brain 49.7 0.59 1.04

CSF 71.0 2.25 1.01

Dura 46.7 0.83 1.01

Skull 17.8 0.16 1.88

Fat 11.6 0.08 0.92

Skin 46.7 0.69 1.01

Table 5.2: Outer Radius of layers in different layered head model.

Head Tissue Homogeneous Head (mm) 4-Layered Head (mm) 6-Layered Head (mm)

Brain 90.0 82.0 82.0

CSF — 84.0 86.0

Dura — — 86.5

Skull — 85.5 87.6

Fat — — 89.0

Skin — 90.0 90.0

design presented in Chapter 4. Again the implanted antenna is immersed into the region of

CSF, as illustrated in Fig. 5.1.

5.3 Antennas in Fully-Integrated Human Head Model

The integrated ANSYS man’s head model incorporates the detailed structures, e.g. the

organs and muscles. The model contains the original geometries without simplification. It

generates about half a million tetrahedra in full wave simulation.The materials of biological

56



Figure 5.1: Antenna configuration in layered head model.

tissues are characterized by a frequency-dependent relative permittivity εr and a frequency-

dependent conductivity σ, and is thus more accurate than the layered head through all the

frequency band [64]. Again the antenna configuration remains the same as described in the

previous chapter, as shown in Fig. 5.2.

5.4 Effects of Biological Tissues

5.4.1 Path Loss in Head Tissues

To investigate the effect that tissue has on the link characteristics, the same antenna setup is

generated in different air and different head models and results are compared and discussed.

However the frequency associated with the optimum link efficiency has not shifted noticeably.

As expected, the link loss when operating in air is lower than when operated through

tissue across the entire frequency band. At lower frequencies the difference decreases, while in

high frequencies it clearly increases. This can be explained by the increased E-field produced

by the loop at higher frequencies, leading to higher interaction with the tissue.
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Table 5.3: Electrical properties of biological tissues in the layered head model at 402 MHz.

Head Tissue Relative Permittivity (εr) Conductivity (σ, S/m) Mass Density (g/cm2)

Brain 49.7 0.59 1.04

CSF 71.0 2.25 1.01

Skull 17.8 0.16 1.88

Skin 46.7 0.69 1.01

Spinal cord 35.4 0.45 1.04

Muscle 58.8 0.84 1.04

Cartilage 45.4 0.59 1.10

Cerebellum 55.9 1.03 1.05

Eye tissue 57.7 1.00 1.17

Tongue 57.7 0.77 1.05

Blood 64.2 1.35 1.06

Teeth 22.4 0.23 1.85

Trachea 44.2 0.64 1.10

Simulation results of the link power efficiency generated in the two head models agree

very well, with only a difference of 1 dB at the frequency around 400 MHz. We further

observed that as the frequency goes to higher regime the effects of the detailed structures

start to appear and difference between the two models increases. The presence of tissue

also affects the impedances of antennas, or impedance of the two port network, in a way to

increase the resistance, which also agrees with our expectation with the lossy medium.

5.4.2 Local SAR Generated in Tissues

The amount of power available in the wireless link is limited by the path loss as well as

the maximum transmit power regulated to avoid adverse effects on tissues due to exposure

to electromagnetic field. Based on the standard for safety level of human exposure to high
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Figure 5.2: Antenna configuration in ANSYS man’s head model.

Figure 5.3: Simulated link power efficiency generated by the antenna system in the layered

head model and integrated head model.
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frequency electromagnetic field from 100 kHz to 300 GHz, limits in terms of the specific

absorption rate (SAR) are regulated to protect human body from adverse health effects due

to tissue heating [65]. The SAR is a measure of power level that absorbed by a certain

amount of tissue and converted into heat. The limit is based on a certain amount of tissue

heating associated with the electromagnetic radiation it is exposed to, and therefore defines

the maximum transmit power of wireless devices. In the U.S. standard, the SAR value

for partial body exposure regulated by FCC to 1.6 W/kg over 1 gram of tissue. Based on

definition given by standards, the SAR is determined by the electric field by:

SAR =
σ|E|2

ρ
(5.1)

where σ represents the conductivity on tissue, ρ represents the mass density of the tissue,

and E is the RMS value of the local electric field in tissue.

Figure 5.4: Simulated SAR generated by the antenna system in the ANSYS man’s head

model.
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Table 5.4: Effects of the head tissue on overall power delivered to the load.

Media (At 400 MHz) SARmax, W/kg Pt,max, dBm Gp,max, dB PL,max, dBm

Homogeneous Head 21.9 18.6 -26.9 -8.3

4 Layered Head 22.4 18.5 -27.0 -8,5

6 Layered Head 22.5 18.5 -27.4 -8.9

Integrated Head 26.7 17.8 -28.1 -10.2

In order to find the maximum transmit power compliant to the SAR limitation, we

compare it with the maximum SAR generated from the build-in function of HFSS in the

ANSYS head model simulation with the testing excitation at the transmitting port assigned

as 1 W. As shown in Fig 1, the maximum SAR is generated in the top skin surface, which

is the closest tissue to the transmitting loop antenna. As we compare the simulation with

the regulated limitation, the maximum SAR-compliant transmit power was calculated as 60

mW or 17.8 dBm at the frequency of 400 MHz. Since the impedance mismatch loss was

already taken into account in the simulation of link power efficiency, here the simulation of

maximum SAR assumed that all the antenna ports are conjugate matched.

5.4.3 Effects on Antenna Impedances

For a fixed maximum receive power, the maximum available voltage is also related to the

impedance at resonance, which to the first order increases with frequency, and affected by

the presence of head tissue as well.

Simulations of antenna impedances, or the impedances of the two port network shown

in Table 5.5 predict the influence introduced by the presence of tissue, in a way to increase

the resistance. This also agrees with our expectation that the path loss in channel can be

represented by increasing of antenna resistance.
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Table 5.5: Effects of the head tissue on impedance of antennas.

Media (At 400 MHz)
Implanted

Antenna Rra

Implanted

Antenna Xra

Tranmitting

Antenna Rta

Transmitting

Antenna Xta

Air 0.0344 Ω 1.81 Ω 0.21 Ω 38.8 Ω

Homogeneous Head 0.0376 Ω 1.24 Ω 0.34 Ω 38.5 Ω

4 Layered Head 0.0310 Ω 1.84 Ω 0.31 Ω 40.9 Ω

6 Layered Head 0.0408 Ω 2.14 Ω 0.32 Ω 41.2 Ω

Integrated Head 0.0461 Ω 2.17 Ω 0.39 Ω 44.5 Ω
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CHAPTER 6

Fabrication and Measurement of Brain-Machine

Interface Antennas

6.1 Integration of Matching Networks

Figure 6.1: Schematics of matching circuits built in ADS.

As already mentioned previously, the impedance of the loop antennas has a small real part

and large imaginary part, which would cause large reflection as it connected to a standard 50

ohm cable. To address that we integrated matching circuits with parallel and series capacitors

to convert the impedance to 50 ohm, and surface-mount baluns (ATB2012-50011) [66] to
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properly convert differential port to single-ended port. The matching circuits were built

in ADS with the 2 port S parameters exported from HFSS, which includes simulation of

wireless link between antennas and head tissue. We further simulate the link characteristics

including mismatch. Now with the matching circuits we have reflection on both the 2 ports

lower than -15 dB, and the overall coupling efficiency is as high as -20 dB. This combined

with the maximum SAR-compliant transmit power based on the analysis in 5.4.2, satisfies

the requirements for neural recoding with hundreds of channels [67].

6.2 Fabrication of Antenna Prototypes

The cubic copper loop was made of a 0.03-mm-thick copper plate and it was attached to

the SMA connector via a small test board with matching circuits, which matches the input

impedance of the implant antenna to 50 Ω. We made the circuits as small as possible to

avoid EM coupling of the matching circuit to the transmitting antenna. The transmitting

loop was fabricated by 31 mils RT/Ruroid 5880 High Frequency Laminates with dielectric

constant of 2.20 and loss tangent of 0.0004 [68]. Similarly, the transmitting loop was attached

to SMA connector via matching circuits to tune the impedance to 50 Ω.

Figure 6.2: Prototypes of transmitting and implanted antennas mounted on test boards with

matching circuits.
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To ease the fabrication of the prototype, systematic procedures were created. The fabri-

cation procedures starts with chemical etching of the double-sided PCB broad. On the top

side is the transmitting loop antenna and microstrip lines for the matching circuits, while on

the bottom side is the ground plane for matching circuits. The second step is to drill 3 holes

for each of the matching circuits and install vias to ground the circuits and baluns properly.

The third step is to connect the surface-mount balun to the broad with conductive epoxy.

The reason to use epoxy is due to difficulty of soldering multiple small pins underneath as

well as the temperature requirements. Finally all the capacitors and SMA connectors are

carefully soldered to the broad. And with that, the prototype is completed.

6.3 Measurement Setup

The Two-port measurement was carried out as the antennas aligned as shown in Fig. 6.3.

The two ports of VNA are connected to the transmitting and receiving antennas through

SMA connectors.
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Figure 6.3: Measurement setup of the BMI antennas.

6.4 Measurement Results of Designed Antennas

After the standard VNA parameter setting and calibration, the two-port Z parameters was

extracted and Gp,max was calculated according to (4.6) and (4.7) (see the MATLAB code
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in Appendix D). As shown in Fig. 6.4, the two-port measurement results demonstrate S11

and S22 below -10 dB and the maximum realized Gp,max of -20 dB, with a -30 dB Gp,max

bandwidth of 10 MHz.

To characterize the robustness of the design, we further investigated the effects of differ-

ent separations between transmitting and implanted antennas. The coupling efficiency was

measured for distance between loop centers from 3 mm to 15 mm and plotted for the points

where maximum coupling occurs with the changing separation. As expected, the coupling

decreased with the increasing separation. As mentioned in the previous section, increasing

the transmitting loop-to-skin distance decreases SAR in the tissues, but this is at the expense

of lower link power efficiency.

Effects of lateral misalignment between the loop centers were also studied by measure-

ment, as illustrated in Fig. 6.7. Again the coupling efficiency was measured as the center

shift of 5 mm and 10 mm was applied. The transmitting loop antenna was placed 5 mm

above the implanted antenna. As expected, the best coupling is achieved when the trans-

mitting and the implanted antennas are perfectly aligned while any lateral misalignment

decreases the link power efficiency. From the measurement results, we observed that as the

loop misaligned by 5 mm from concentric, the coupling efficiency still remained -30 dB at

maximum, which is a typically accepted level for existing BMI telemetry systems [69]. Thus,

the link power efficiency of the system is not very much sensitive to lateral misalignment.

The effect of lateral misalignment could be potentially addressed by using transmitting an-

tenna with larger size [56]. However, by doing this the local SAR generated in tissue would

increase as well, which further limits the maximum power that can be safely transmitted

and delivered to the load.
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Figure 6.4: Two-port measurement for the antenna system and comparison to simulation.

Figure 6.5: Two-port measurement for the antenna system, study of effects of separations.

6.5 Estimation of Channel Capacity

In order to support multichannel neural recoding systems, the telemetry system was designed

to transfer both power and data, thus it is necessary to estimated the channel capacity of
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Figure 6.6: Two-port measurement for the antenna system, study of effects of lateral mis-

alignment.

Figure 6.7: Lateral misalignment between transmitting and implanted loop from concentric.

the proposed antenna system from both power and data point of views.

For power transfer, the link budget gives the amount of energy supplied to the load,

which is related to the maximum SAR compliant transmit power and the maximum link
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power efficiency:

PL = Gp,maxPt,max (6.1)

where Pt,max represents the maximum SAR-compliant transmit power and Gp,max represents

the maximum link efficiency. According to previous discussion, the maximum amount of

power supplied to the load is 600 µW or -2 dBm, which is related to the maximum SAR

compliant transmitting power of 60 mW or 18 dBm and the maximum link power efficiency

of -20 dB. For the existing neural recording ICs, the achievable power dissipation can be as

low as 5 µW/channel [67]. Thus the system can power up existing neural recording ICs with

up to 120 channels.

Table 6.1: Estimation of power capacity by link budget.

Pt,max Gp,max PL Channels

60 mW (18 dBm) -20 dB 600 µW (-2 dBm) 120 channels

For data transfer, the data capacity is related to bandwidth and signal to noise ratio by

Shannons law:

C = BWlog2(1 + SNR) (6.2)

where C is the data capacity in bits per second, BW is the bandwidth of the system in

hertz, and SNR the signal-to-noise ratio (SNR) of the signal. with a -30 dB bandwidth of

10 MHz. For the existing neural recording ICs [70], a bandwidth of 10 MHz can support

data flow of 0.3 Mbps for up to 100 recording channels with a data rate of 0.3 Mbps. The

telemetry system presented here thus satisfies the requirements for future clinical BMIs with

high-speed neural recordings of large populations of neurons to reconstruct complex neural

activities with multiple degrees of freedom [40].
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CHAPTER 7

Conclusion and Future Works

Radio frequency identification (RFID) technology in the ultra-high frequency (UHF) band

has become the mainstream applications that help the speed of handling manufactured goods

and materials in recent years. In an RFID system, the tag antenna plays an important role

in the overall system performance. To date, most miniaturized tag antennas are linearly

polarized. In the first part of the thesis, a circularly polarized cross-dipole RFID tag antenna

design was presented. The CP mode was excited by two orthogonal dipoles with 90 degree

phase delay between each other. Impedance matching between tag antenna and the chip

was achieved using a matching structure of T-match meander line. The triangular-shaped

ending was used for achieving a compact design. Such novel tag antenna structure with CP

characteristics could potentially enhance the tag sensitivity by up to 3 dB compared with LP

tags, which is desirable for the development of miniature and highly-sensitive RFID systems.

The mechanism of RFID backscattering technique has been utilized for many novel wire-

less sensing applications, such as remote health sensing, and biomedical signal recoding. In

the second part of the thesis, an antenna system for wireless neural recording based on RFID

inspired backscattering technique was proposed. Power and data transfer was achieved by

near field inductive coupling between transmitting antenna and implanted antenna. The

power received by the implanted antenna activates the neural recording IC. Similar to the

operating mechanism of any passive RFID tags, the data link was established through the

modulation of the impedance at the terminal of the implant antenna according to the ac-

quired neuro signal. Such novel design of BMI antennas constitutes important milestone in

the development of wireless BMI systems, and enhances wireless body-centric systems.

The antenna system for BMIs presented in this thesis is more of a first step rather then
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the final step in developing miniature implanted neural recoding systems. A lot of work need

to be carry on to build a complete system that is viable for clinical applications.

Integrating the antenna system with a ultra-low power neural recoding IC to evaluate

the overall system performance is one crucial step for the entire concept to be realized.

Building small and efficient external interrogator is also one critical area to be concerned in

future work. For the external transmitting antenna the ultimate goal is to fabricate it to

be clothing-integrated and wearable. This requires knowledge of the properties of different

types of wearable conductive materials. The realized link power gain between antennas still

has room to be improved. Integrating metamaterial shell might be a way to enhance the

overall link efficiency and is therefore worthwhile to look at. As a final step, encapsulation

of the implanted system in a bio-compatible package and its effect on the wireless power

transfer is another issue that needs to be carefully addressed before it can be implanted in

humans.
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Appendix A

The Polarization Loss Factor between Antennas

Generally speaking the polarization of a receiving antenna could be different to the polar-

ization of the incoming electromagnetic wave. The power loss due to this mechanism is

commonly referred as polarization mismatch and can be represented by the polarization loss

factor, as shown in (2.1). Assuming the electric field is time-harmonic with the time variation

represented by ejωt, the incoming wave can be written as:

Ei = ρ̂wEi (A.1)

where ρ̂w is the unit vector of the incident wave. Assuming an elliptically polarized incident

wave is traveling in the inward radial direction, the unit vector is written as:

ρ̂w = (
Awâθ + jBwâφ√

A2
w +B2

w

) (A.2)

where Aw and Bw are the magnitudes of incident wave in θ and φ directions, as defined in

Fig A.1.

Similarly, the polarization of the electric field of the receiving antenna can be expressed

as:

Er = ρ̂rEr (A.3)

where ρ̂r is the unit polarization vector of the receiving antenna, and is written as:

ρ̂r = (
Arâθ − jBrâφ√

A2
r +B2

r

) (A.4)

with Ar and Br representing the magnitudes of receiving wave in θ and φ directions. Note

that since the polarization of receiving antenna is defined in its transmitting mode, and
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Figure A.1: Spherical coordinate system and unit vectors [71].

transmitting and receiving waves are viewed from different direction, the opposite sign ap-

pears in (A.4) and (A.2). However the receiving antenna has the same sense of polarization

as it is in the transmitting mode.

The polarization mismatch can be taken into account by the polarization loss factor

defined as [71]:

τPLF = |ρ̂wρ̂r|2 (A.5)

Note that since the polarization vector of the transmitting antenna is defined exactly as the

polarization of incident wave it is generated, (A.5) not only refers to the polarization loss

between an incoming wave and a receiving antenna, also defines the polarization mismatch

between transmitting and receiving antennas that are not perfectly aligned. If the antennas

are polarization matched, the τPLF will be unity and the receiving antenna will extract the

maximum power from the transmitting antenna. If the antennas are aligned orthogonally,

then there will be no power extracted by the receiving antenna. Two antennas that are both

circularly polarized in the same sense (both RHCP or LHCP) do not suffer signal loss due to

polarization mismatch, while a linearly polarized receiving antenna will have a polarization

mismatch loss of 0.5 (-3 dB) with a circularly polarized transmitting antenna, no matter
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what the angle the receiving antenna is rotated to.

As a special case with a CP transmitting antenna and an elliptically polarized receiving

antenna, the polarization loss factor τPLF can be written as a function of AR of the receiving

antenna [72]:

τPLF =
1

1 + e2
, e =

AR− 1

AR + 1
(A.6)

as was applied in the fitness function of CP tag antenna optimization in (3.2).
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Appendix B

MATLAB Code of S11 Calculation for Conjugate

Matching

% See Equation (3.1).

T1=importdata(’Z11re.csv’);

T1data=T1.data;

freq=T1data(1:end,1);

Z11re=T1data(1:end,3);

Z11Length=length(Z11re);

T2=importdata(’Z11imag.csv’);

T2data=T2.data;

Z11imag=T2data(1:end,2);

Za=transpose(Z11re+1j*Z11imag);

Zc=24-195*1j.*ones(1,Z11Length);

Zc=(14.56-161.25*1j).*ones(1,Z11Length);

S11dB_thickness=20.*log10(abs((Za-conj(Zc))./(Za+Zc)));

S11_abs=abs((Za-conj(Zc))./(Za+Zc));

vswr=(1+S11_abs)./(1-S11_abs);

plot(freq,S11dB);

makeFig.Nice;
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Appendix C

MATLAB Code of ZA Calculation in Differential

Measurement

% See Equation (3.9) and (3.10).

T1=importdata(’7_7.csv’);

T1data=T1.data;

freq=T1data(1:end,1)-1e8;

S11magdB=T1data(1:end,2); S11phase=T1data(1:end,3);

S21magdB=T1data(1:end,4); S21phase=T1data(1:end,5);

S12magdB=T1data(1:end,6); S12phase=T1data(1:end,7);

S22magdB=T1data(1:end,8); S22phase=T1data(1:end,9);

S11=10.^(S11magdB/10).*exp(1i*S11phase*pi/180);

S21=10.^(S21magdB/10).*exp(1i*S21phase*pi/180);

S12=10.^(S12magdB/10).*exp(1i*S12phase*pi/180);

S22=10.^(S11magdB/10).*exp(1i*S22phase*pi/180);

Zd = 2*50*(1-S11.*S22+S12.*S21-S21-S12)./((1-S11).*(1-S22)-S21.*S12);

Zdre=real(Zd); Zdim=imag(Zd);

plot(freq, Zdre);

hold on

plot(freq, Zdim,’r’);
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Appendix D

MATLAB Code of Gp,max Calculation by 2-Port Z

Parameters

% See Equation (4.6) and (4.7).

T11=importdata(’z11.csv’); T11data=T11.data;

T22=importdata(’z22.csv’); T22data=T22.data;

T12=importdata(’z12.csv’); T12data=T12.data;

T21=importdata(’z21.csv’); T21data=T21.data;

freq=T11data(1:end,1);

Z11im=T11data(1:end,2); Z11re=T11data(1:end,3); Z11=Z11re+1j*Z11im;

Z22im=T22data(1:end,2); Z22re=T22data(1:end,3); Z22=Z22re+1j*Z22im;

Z12im=T12data(1:end,2); Z12re=T12data(1:end,3); Z12=Z12re+1j*Z12im;

Z21im=T21data(1:end,2); Z21re=T21data(1:end,3); Z21=Z21re+1j*Z21im;

S=2*real(Z11).*real(Z22)-real(Z12.*Z21);

Gpmax=(abs(Z21)).^2./(S+(S.^2-(abs(Z12.*Z21)).^2).^0.5);

Gpmax_dB=10*log10(Gpmax);

plot(freq*1000,Gpmax_dB);

xlabel(’freq (MHz)’); ylabel(’Gpmax (dB)’);
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