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SUMMARY

Fine-scale positioning systems using inexpensive, low-power, and reliable smart tags
enables numerous commercial and scienti ¢ applications. Internet of Things (IoT) appli-
cations, such as asset tracking, contact tracing, and autonomous driving, require wireless
technologies with both the long ranges of conventional wireless links and the low power
consumption of passive and semi-passive Radio Frequency Identi cation (RFID) tags [1,
2]. Results in [3] have shown how a 5.8 GHz Tunneling RFID tag can signi cantly increase
the range of backscatter radio links while consuming very low power.

This dissertation proves that using the Received Signal Phase (RSP)-based position-
ing method along with tunneling backscatter communication at 5.8 GHz breaks the range
limit of ne-scale RFID positioning systems. A frequency hopping reader operating in the
5.8 GHz Industrial, Scienti c and Medical (ISM) band is designed and implemented in this
work. Experimental results yield a one-dimensional distance estimation error of less than
1% at ranges of 100 m when a clear Line-of-Sight (LoS) is available in indoor and outdoor
environments. Compared to Received Signal Strength (RSS)-based positioning techniques,
the average positioning accuracy is improved by a factor of 51 at ranges of tens of meters.
In Non-Line-of-Sight (NL0oS) scenarios, the proposed system achieves an estimation error
of less than 1.9%. Experimental results also demonstrate that the RSP-based positioning
technique allows estimating a mobile reader's two-dimensional position with an average er-
ror of 0.17 m in an outdoor environment. A channel sounder is also implemented using the
same hardware con guration, which further increases the accuracy in multipath environ-
ments. Calculation based on the system speci cations projects a sub-meter level accuracy

at ranges of more than 1 km is feasible using the proposed method.
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CHAPTER 1
INTRODUCTION AND BACKGROUND

Ultra-precise wireless positioning could revolutionize smartphone applications, augmented
reality experiences, asset tracking, and autonomous vehicle navigation, as well as opening
up entirely new use cases for Internet of Things (IoT) devices. A quali ed system that
can apply to drone delivery, inventory tracking, and contact tracing requires devices with
at least the following features: long battery life, low cost, high tracking accuracy, and long
communication range. However, a solution that satis es all of these requirements is not
available in the IoT industry yet. For instance, Global Positioning System (GPS) drains
battery life and have low accuracy in urban and indoor environments [4] [5]; Bluetooth
and WiFi require a dense RF infrastructure to cover indoor areas [6]; while passive Radio
Frequency Identi cation (RFID) tags have short ranges [7].

RFID, the most commonly seen backscatter communication technology, relies on pas-
sive re ection and modulation of an incident electromagnetic wave. RFID systems typ-
ically nd applications for identifying objects because of their simplicity and low-power
characteristics [8]. RFID readers perform fully coherent detection of the backscattered sig-
nal, which can utilize the Received Signal Phase (RSP) of backscattered signals to calculate
the position and velocity of a tagged object [9].

The rapid development of the 10T and RFID industry is witnessing an increasing de-
mand for systems that can identify people and objects together with their locations. Nev-
ertheless, some classical wireless positioning approaches cannot be effectively applied to
passive Ultra-High-Frequency (UHF) RFIDs because of their short-range (up to 10 m)
and narrow bands (26 MHz) characteristics, which do not allow readers to operate in the
short pulse mode required for Time Difference of Arrival (TDOA) methods [9]. Funda-

mental limitations (e.g., communication range and positioning accuracy) in RFID-based



positioning techniques hampered the massive deployment of RFID-based positioning sys-
tems. Consequently, RFID technology to date is only a short-range wireless communication
technique.

The objectives of this work are to overcome fundamental limits in RFID technology
and enable new wireless technologies for 10T applications that require the long ranges of
conventional wireless links, the low power consumption of passive and semi-passive RFID
tags, and accurate location estimations not achievable using conventional RFID localiza-
tion systems. Results in this dissertation show that a low-powered tunneling tag, operating
at 5.8 GHz Industrial, Scienti c and Medical (ISM) band, can signi cantly increase the
range of backscatter radio links and providing ne-scale position estimation accuracy using
phase-based methods at long distances. ldentifying the real-time position of both objects
and people without a clear Line-of-Sight (LoS) is another key feature for versatile sens-
ing applications. Rescuers, task forces, and security staff can bene t from a positioning
technology that would protect them from unpredictable threats in unknown buildings and
environments. In this work, the proposed phase-based method is also studied in Non-Line-
of-Sight (NLoS) environments.

As shown in Figure 1.1, long-range RFID positioning systems can provide accurate
item locations in a large area for precise asset tracking. Tunneling tags mounted on ve-
hicles, people, or goods will assist driver-less cars, facilitate intelligent drone delivery,
and monitor the transportation of goods in real-time. Sports analysts could capture the
movements and collisions of sports players during a match for scienti ¢, medical, or enter-
tainment purposes by tracking helmets equipped with tunneling tags. Moreover, a mobile
device equipped with an RFID reader can communicate with tunneling tags deployed at
known locations as anchor points to obtain its real-time position. As one use case, a drone
equipped with a low-power and lightweight RFID reader can navigate itself using anchor
tags in the warehouse for inventory management. People with the reader built-in their

smartphones can also receive noti cation and location updates for contact tracing purposes
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Figure 1.1: lllustration of two different uses of real-time RFID positioning systemss(a)

set trackingmode: xed readers collect data from one or more tunneling tags to locate and
track assets; (lmavigationmode: a mobile, low-powered reader grabs data from multiple
anchor points for accurate contact tracing.

during pandemics.
The results from this work could disrupt existing positioning approaches for 1oT ap-
plications — which have severe range and environmental limitations — by using hardware

already available in every smartphone. Today's smartphones are already equipped with RF



transceivers, RF switches, and microwave antennas. By adding long-range precise localiza-
tion capabilities, an entirely new class of low-powered positioning systems would become

available for the next-generation cellular networks [10] [11].

1.1 RFID System Overview

Figure 1.2: The RFID backscatter system

Figure 1.2 presents a conventional RFID backscatter system, including an RFID reader
and tag. The RFID reader is usually an RF transceiver that acts as an interrogator in most
commercialized RFID systems. The tag, acting as a transponder, is placed at a certain
distance D) from the reader. The reader's Transmit (Tx) antenna transmits continuous
electromagnetic waves at the operating frequency and irradiates the tag's antenna. The
modulator integrated with the tag antenna modulates these waves using load modulation
and backscatter modulated waves back to the Receive (Rx) antenna of the reader. RFID
tags provide a means of very low-power sensing and communication for a wide variety of
applications, including RFID for intelligent transportation systems [12], structural health
monitoring [13, 14], and orientation sensing[15]. Based on their power sources, RFID tags
can be divided into three categories: passive, semi-passive, and active tags. Passive RFID
tags utilize simple and energy-ef cient circuitry without batteries, which rely on harvesting
energy from the incident electromagnetic eld. Semi-passive tags, also known as battery-

assisted tags, are usually powered by small coin batteries, which provide the tags chances



of implementing peripheral sensor circuitry and operating at longer ranges than passive
tags.

In chapter 3, a low-power, compact frequency hopping RFID reader is introduced,
which has great potential for use in sensing applications, including structural health moni-
toring, asset tracking, inventory management, and sensitive eld measurements. Figure 1.3
illustrates a simpli ed block diagram of the RFID reader based on direct conversion con-
guration, which reduces the complexity, the size of the antenna, and the number of com-
ponents. The RF output signal is generated by the Local Oscillator (LO) operating the
5725-5875 MHz frequency ISM band, ampli ed by a power ampli er (optional), then ra-
diated out by the Tx antenna. The reader utilizes a Rx antenna and a Low-Noise Ampli er
(LNA) to receive and amplify the backscattered signal. A downconverter is then used to
output both In-phase (1) and Quadrature (Q) channel baseband signal. The baseband signal
is then sampled by a digital signal processor with a built-in Analog-to-Digital Converter
(ADC) or a Software-De ned Radio (SDR) platform (e.g. Universal Software Radio Pe-
ripheral (USRP) N210). The sampled signal can be processed using SDR or saved in the
local drive for post-processing in MATLAB.

The RFID reader proposed in chapter 3 has been launched into low-earth orbit aboard
the Radio Frequency Tag Satellite (RFTSat) and served as a demonstration of backscatter
communications in space. On 26 July 2019, a Falcon 9 rocket launched the CRS SpX-
18 (Dragon) mission to resupply the international space station. As part of its obligatory
CubeSat payload, RFTsat was launched to test a new space-certi ed, ultra-low-power 5.8
GHz microwave RFID reader. A 5.8 GHz passive RF tag was energized at a distance by

the reader; the tag backscattered temperature sensor data to the RFID reader.



Figure 1.3: Elements of the RF tag reader operating at 5.8GHz.

1.2 The Tunneling Effect

The well known link budget equation of a backscattering system:

4

P, = PGy Gy G? id M: (1.1)

can involve one tag with gai6;, and one co-located bistatic reader with transmitting and
receiving antenna gairGy, andG,y, respectively [17]. It suggests that a system engineer
can operate on some parameters to improve the reading distdnate/een the reader and
the transponder. For example, a modulation fadtor= 7| 1 ,j? [17] can achieve
values greater thabh when active loads are used. In particular, a tunneling re ection am-
pli er based on tunnel diodes and mounted on a tunneling tag ( Figure 1.4, [1] [18]) is an
ef cient way to obtain a modulation factdvl > 1 with very low biasing power (21.32

W at 80 mV [19]). The tunneling tag exploits tienneling effecthat, as shown in the

regionl of Figure 1.4b, takes place for extremely low reverse and forward biasing voltages



Figure 1.4: a) Microstrip line structure of the tunneling re ection ampli er as in [16]; b)
the measured IV curve [1] of tunnel diode model MBD5057 c¢) The block diagram of the
tunneling tag.



applied to a tunnel diode. When the forward biasing voltage slightly increases, the tunnel-
ing effect fades and the the device displays a negative resistaRce The corresponding
amplitude of the re ection coef cienj | = % = gtfgz:: can be made greater
than onej j > 1, henceM > 1) by matching the value of R_ with a properly matched
antenna impedancg,.;. Therefore, the on/off biasing of the tunneling diode can modu-
late, backscatter, and amplify an impinging RF signal and enhance the backscattering link

range.

1.3 RSP-Based Positioning

1.3.1 RSP-base®angingMethod

The transmitter and receiver of an RFID reader usually share the same local oscillator, giv-
ing it the capability of near-perfect phase coherence detection. The demodulated complex

received signab(f ) at frequencyf can be express by:

S(fo) = A(fe)exp[ J ( ps(fe) + " m(fe) + " olf))]; (1.2)

whereA(f ;) is the magnitude of the received signal at the carrier frequégncyps(fc) =

4f cd
c

is the phase shift due to the propagated distahce(f.) is the phase offset caused
by the propagation within hardware (e.g. cables, antennas, tag modulation, and other reader
components), and, (f¢) is the phase offset caused by the multipath channel.

With an RSP-based method, the estimated distdmzween a reader and a tag can be

calculated using the received signal phase [20]:

d= > (ha(fa+1) " alfa)); (1.3)

with' , and' ,+; being the measured phases of the received signals obtained by the reader

at carrier frequencies, andf,.;, respectively;N being the number of the frequency



channels; and, = -5 the equivalent wavelength obtained when a uniform frequency
step, f = fha1 fn, IS used. Itis important to highlight that the maximum detection
rangedmax Of the RSP-based method is determined by the minimum frequency $tex

the reader., = -5 =

_e
f 2"

1.3.2 Trilaterationapproach

To obtain the two-dimensional position of a target tag, multiple readers collaborate to lo-
calize the tag by using the trilateration approach. Figure 1.5 illustrates the trilateration
approach that nds the position of a tagged object in a coplanar scenario. At least three
readers at known positions and three measurements of distance are required in this case.
The location of the target tag can be determined using the intersection of the circles cen-
tered at the known reader locations with radius estimated using the phase-based method.
For non-coplanar or three-dimensional scenarios, at least four readers and distance readings

are necessary to nd the intersection point.

Figure 1.5: In the trilateration approach the location is estimated by intersection of the three
or more circles formed by evaluation of the target object's distance using its received signal
phase.



1.4 Document Organization

The goal of this dissertation is to demonstrates how a novel 5.8 GHz RSP-based RFID po-
sitioning system achieves long-range and high-precision positioning using tunneling tags.

This dissertation is organized as follows:

» Chapter 1 introduces the background of backscatter communication using tunneling
tags and how RSP-based positioning works for conventional semi-passive tags and

tunneling tags;

» Chapter 2 discusses the state-of-art of RF and RFID-based positioning, which illus-
trates the range and accuracy advantage of RSP-based positioning using tunneling

tags over other techniques;

» Chapter 3 presents the 5.8 GHz RF backscatter system architecture, including the
design of the RF transceiver, semi-passive tag, energy harvesting tag, and the space

mission utilizing the system,;

» Chapter 4 demonstrates the RSP-based ranging technique and tunneling tags for ex-

tending the range and accuracy of RFID positioning;

» Chapter 5 analyzes the positioning performance of RSP-based positioning technique

and tunneling tags in NLOS environments;

» Chapter 6 describes the design of a real-time 2D RSP-based positioning system using

tunneling tags and shows the positioning accuracy of it in an outdoor environment;

» Chapter 7 proves that the proposed system can also be used as a channel sounding,
and the channel sounding algorithm improves the ranging accuracy at long distances

in realistic environments;

» Chapter 8 summarizes the achievements in this dissertation and discusses the future

work.
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CHAPTER 2
LITERATURE SURVEY

In the past few decades, the rapid development of the 0T and wireless communication in-
dustry motivates increasing demands for versatile systems that can accurately identify and
localize people and objects in realistic environments. In this chapter, a literature survey
is presented in the following sections: (1) Overview of positioning systems; (2) RFID fre-
guency bands and range limits; (3) Overview of RFID positioning techniques; (4) Accuracy

and range of RFID-based localization techniques.

2.1 Overview of Positioning Systems

Numerous position tracking solutions have been developed to determine the absolute or rel-
ative location within a coordinate system of people and objects [21]. In general, positioning
systems can be classi ed in various ways based on different criteria that depend on the pur-
pose, coverage area, and infrastructures. Positioning systems can be classi ed into two
major categories, Global Navigation Satellite Systems (GNSS) and terrestrial positioning
systems, as shown in Figure 2.1 [4].

GNSS, GPS, Global Navigation Sattelite System (GLONASS), Galileo, and BeiDou
systems have been effectively demonstrated for many outdoors navigation applications
across the world. Relying on multiple Earth-orbiting satellites, GNSS-enabled devices
can track their latitude, longitude, and altitude, which determines their locations on earth.
Even though GNSS has provided reliable outdoor location service since the early 1980s,
they are not yet capable of accurate enough positioning inside of buildings and in clustered
environments due to signal attenuation and multipath interference [4].

In contrast, terrestrial positioning systems estimate the location of targeted objects by

collecting information from sensory devices, transponders, and local RF base stations on
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earth. Commonly used terrestrial positioning systems can be divided into three categories
by their techniques: (1) Device-less, (2) Inertial Navigation System (INS) (inertial naviga-
tion systems), and (3) RF-based position tracking system [4, 11]. The taxonomy of location
and tracking systems are present in Figure 2.1. Device-less positioning systems do not re-
quire any sensors or transponders on the targeted object, like vision-based tracking systems
and radar systems. INS uses sensory data (e.g., gyroscopes and accelerometers) to track the
position, velocity, and orientation and the target relative to a known initial state. RF-based
positioning systems track the location of targeted objects by using RF transponders and
interrogators to collect information via RF communication links. Most of the terrestrial
positioning systems have better accuracy in indoor and clustered environments than GNSS,
but are usually limited by their range for outdoor navigation. RFID positioning systems, as
other RF-based positioning systems, have the advantage of lower power and less complex-
ity on the tag side, but usually are considered shorter range than other RF-based techniques
(e.g. WLAN, Bluetooth, Zigbee, etc.). This work uses backscatter communication, fre-
guency hopping RFID reader, and tunneling tags to achieve long-range RFID positioning.
Therefore, this chapter focuses on RFID-based positioning systems and techniques used by

them, as highlighted in Figure 2.1.

2.2 RFID Frequency Bands and Range Limits

Backscatter tags have been used in a wide variety of low-power sensing and communication
applications, including RFID for intelligent transportation systems [12], structural health
monitoring [13, 14], indoor vehicle localization [22], and orientation sensing [15]. Posi-
tioning an RFID tag with high accuracy at a long distance in a realistic environment remains
challenging. The RFID industry employs frequencies from around 100 kHz to over 5 GHz
for various RFID systems. Instead of operating across the whole frequency spectrum, RFID
systems are usually concentrated in narrow bands that have been made available by regu-

lators. The most commonly used RFID bands are 125/134 KHz, 13.56 MHz, 433 MHz,
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Figure 2.1: Overview and classi cation of positioning systems.

860-960 MHz, 2.4-2.45 GHz, and 5.8 GHz. For RFID positioning systems, range and accu-
racy are two of the most signi cant characteristics, usually directly related to the frequency
band and the corresponding wavelength.

The earliest RFID systems operate at 125/134 KHz frequency band, which is also
known as the Low-Frequency (LF) band. LF band RFID system relies on inductive cou-
pling by direct contacting. RFID systems operate at High-Frequency (HF) band (13.56 MHz)
also utilize inductive coupling but provide higher ranges than LF band RFID systems. How-
ever, both LF and HF band RFID systems have insuf cient ranges and do not support ac-
curate positioning due to long wavelength. Readers and tags that operate from 433 MHz
to 2.45 GHz are all classi ed as the UHF band RFID systems. Most RFID positioning
systems and well-known RFID localization techniques operate at this frequency band due
to its longer range and shorter wavelength than LF and HF RFID systems. Recently, Super-
High-Frequency (SHF) band, as known as microwave band, and THz/mm-wave band are
brought up for the next generation of RFID systems. SHF band devices usually operate

around 5 GHz. THz band devices use frequency bands that are higher than 20 GHz.
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2.3 Overview of RFID Positioning Techniques

The objective of RFID positioning systems is to estimate the position of RFID-tagged ob-
jects by using one or multiple RFID readers that gather information from tags. A low-power
RFID system that can identify and localize the tagged item simultaneously is a competi-
tive tool for location services in an loT application. RFID readers, with coherent detection
capability, collect various backscattered signal characteristics from the targeted tags, in-
cluding Received Signal Strength (RSS), RSP, and additional sensory information. RFID
positioning systems can be divided into three categories based on the characteristics and ap-
proaches utilized by their localization techniques: 1) RSS-based techniques, 2) RSP-based
techniques, and 3) Hybrid techniques [11]. Figure 2.2 shows the classi cation of RFID

positioning systems based on the proposed method.

Figure 2.2: Overview and classi cation of RFID positioning systems.
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2.3.1 RSS-BasedRFID LocalizationTechniques

The most common RFID positioning and tracking systems estimate the reader-to-tag dis-
tances using the RSS. They are classi ed into proximity-based techniques [23, 24]; RF
ngerprint techniques [25, 26, 27, 28]; and distance-based techniques [29, 30, 31, 32].
However, RSS-based methods suffer from poor accuracy, especially when the target is far
away from the reader. Therefore, complicated RF infrastructure is required to achieve rea-
sonable accuracy in a large area when using RSS-based techniques.

Proximity and RF ngerprint techniques require a set of reference tags or reference
readers as markers. Proximity approaches deploy reference tags/readers in a grid with
known positions and use the readability of the object identity to determine its position in
the area of interest. RSS or Received Signal Strength Indicator (RSSI) can be used to nar-
row down the location estimation to a single grid. The localization accuracy of proximity
approaches is in uenced by the hardware implementation, and localization algorithms [23,
24].

Although RF- ngerprint techniques also require pre-installed reference tags/readers,
they estimate the location of target objects by comparing radio transmission characteris-
tics, also known as RF- ngerprint, to the information pre-stored in the system. RF char-
acteristics like RSS or RSSI are usually measured in advance as the RF ngerprints. The
most well-known and cited RF- ngerprint approaches are Location Identi cation Based on
Dynamic Active RFID Calibration (LANDMARC) [25, 27], Active RFID-based Localiza-
tion Using Virtual Reference Elimination (VIRE) [33], and Localization of RFID tags with
Virtual Reference Tags (L-VIRT) [26]. Although RF- ngerprint techniques can track the
location of the target in indoor environments reliably, the major issue of these approaches
is the high cost due to the vast number of reference tags/readers and high implementation
complexity.

RSS is also widely used by a variety of distance-based positioning techniques in a broad

frequency spectrum from HF to UHF [29, 30, 31]. In distance-based RFID positioning sys-
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tems, RSS is measured to estimate the distance between tagged objects and readers by
using the path loss equation given in Equation Equation 1.1 [17]. Despite its simplicity,
RSS measurements suffer from poor accuracy caused by shadowing and multipath effects.
Although Time of Arrival (ToA), TDOA, and Phase Difference of Arrival (PDoA) are uti-

lized to obtain the distance in many other RF positioning systems, TOA and TDOA cannot

be effectively applied to HF or UHF RFID positioning systems because their short-range
and narrow frequency bands do not allow readers to operate in the short-pulse mode with

enough time resolution [9].

2.3.2 RSP-BasedrRFID positioningTechniques

Recent papers have demonstrated Beteived Signal PhagR®SP)-based RFID localiza-
tion systems can achieve high ranging accuracy by using various techniques[9] [34] [20].
Nikitin et al. summarize RFID positioning techniques based on Phase Difference of Ar-
rival (PDOA), including TD (Time Domain), FD (Frequency Domain), and SD (Spatial
Domain) PDoA methods [9]. Povalat al. applied PDoA ranging method to UHF RFID
tags and achieved a mean absolute estimation error of 0.14 m at 2.5 m. Cnagaton
demonstrate multi-channel backscatter communication and ranging using active backscat-
ter RF tags [34]. Zhowt al. proposed and characterized a dual-frequency phase-based
ranging technique for backscatter RF tags. Results in [9] also show that the TD-PDoA
method performs more robustly in multipath environments compared to FD-PDoA, due to
the narrow bandwidth in the UHF band (26 MHz). A phase-based localization method
combined with sensory data for tracking mobile nodes equipped with a UHF RFID system
was demonstrated in [35].

Angel of Arrival (AoA) techniques also utilize RSP, allowing RFID of readers with
active antenna arrays to nd the direction of arrival of the incident wave [36, 37]. However,
the accuracy of the AoA techniques highly depends on the number of elements in the

antenna array used by the RFID reader. AoA-based RFID positioning systems have to
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make trade-offs between complicated and expensive reader infrastructures with angular

resolution and accuracy.

2.3.3 Hybrid RFID positioningTechnique

Researchers have developed many hybrid RFID localization techniques to increase the ac-
curacy of conventional RFID-based positioning techniques, combining various other po-
sitioning techniques with RFID-based systems, including heterogeneous techniques and
post-processing approaches. Heterogeneous approaches take advantage of another RF or
non-RF positioning technique, such as computer vision [38, 39], WLAN [40], and Zigbee
[41], to mitigate the shadowing, interference, and multipath effect.

Akbar et al. developed a new INS-assisted RFID localization tracking scheme with
cm-level to decimeter-level tracking accuracy, Hibrid Inertial Microwave Relectometry
(HIMR), at 5.8 GHz ISM band[10, 11]. HIMR scheme estimated the velocity and posi-
tion of the tag by measuring the received signal RSP and RSS and combined them with the
re ected inertial acceleration data from a tag-mounted, 9-axis inertial accelerator in data
post-processing. The HIMR scheme did not require reference tags or an external system
for localization.

Other post-processing techniques improve the hybrid technique using Kalman Iter and
machine learning, which may further mitigate environmental dependant factors like mul-
tipath fading, interference in dynamic environments, and measurement errors. Chai, et
al. integrated robust support vector regression and Kalman lIter to improve the localiza-
tion accuracy of a reference-based RFID tracking system [42]. Simulation results in [43]
showed that by using various versions of the Kalman lter, the tracking accuracy of HIMR
scheme could be further improved. Zhang et al. proposed a 3D structure prediction system
based on the combination of Deep Brief Network (DBN), computer vision, and conven-
tional reference-based RFID positioning system, and reduced the tracking error to 0.168 m

[44].
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2.4 Accuracy and Range of RFID-based Positioning Techniques

Most RFID-based 10T applications require reliable communication between readers and
tags in various environments at different distances. Two signi cant challenges involved
in designing RFID positioning systems are improving the accuracy and range. Usually,
the accuracy of the same positioning system is degraded when tagged objects are close
to the maximum reading range. Multiple factors also affect the precision and coverage of
positioning systems, such as the frequency band used by the RFID system, the sensitivity of
the RFID reader, antenna gain, localization techniques used by the system, environmental
factors, and the availability of clear LoS between tags and readers.

Although researches have improved the accuracy, few techniques have been proposed
to improve distance estimation accuracy at long distances. Many researchers have built
RSS-based or RSP-based positioning systems at higher frequency bands (e.g., 5.8 GHz)
to achieve higher accuracy brought by the shorter wavelength and broader bandwidth.
Nonetheless, higher frequencies bring shorter communication ranges due to the higher
path loss. Therefore, positioning an RFID tag with high accuracy and a long distance
in a multipath-rich environment remains challenging. In the last few years, researchers
have proposed solutions to overcome the range limits of passive and semi-passive RFID
tags [1, 2]. Experimental results in [3] have shown how a 5.8 GHz RFID tunneling tag can
signi cantly increase the range of backscatter radio links while consuming very low power.
Authors in [45, 46, 47, 2] have suggested equipping RFID tags with Van Atta-based Arrays
[48] to increase the communication range further while maintaining a wide eld-of-view.

A summary of the state-of-the-art is shown in Figure 2.3 where the errors (in %) are
calculated as the ratio between the mean error at the maximum distance and the maximum
distance itself. In this dissertation, a mean error of 0.45% is observed when the tunneling
tag is placed at 20 m to 100 m by using a channel sounding method in chapter 7. Projected

results can be given by increase the transmit power and reader's sensitivity. In the 5.8 GHz

When this mean error is not reported, an average error is calculated among all the achieved distances.
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Figure 2.3: RFID positioning and tracking techniques, state-of-the-art and prediction of
what will be obtained by combining Tunneling Tags (TT) and RSP-based positioning ap-
proaches. Comparisons were made in terms of reported distance errors and maximum
ranges.

ISM band, a 150 MHz bandwidth is available, giving a ranging resolution of 1 m (0.1% at
1000 m).
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CHAPTER 3
FREQUENCY HOPPING RFID SYSTEM AT 5.8 GHZ FOR SPACE SENSING
MISSION AND TERRESTRIAL APPLICATIONS

3.1 Introduction

This chapter present the design of a frequency hopping RFID reader at 5.8 GHz ISM band.
Because of the low-power consumption and small pro le, our RFID backscatter system
can operate in RFTSat, a 3U nanosatellite (10 x 10 x 34 cm) designed by undergraduate
students at Northwest Nazarene University (NNU). The RFTSat mission is to demonstrate
the use 5.8 GHz distributed sensor tags deployed from a CubeSat in a Low-Earth Orbit
(LEO). RFTSat derives its power operating power from solar cells and stores energy in
lithium-ion batteries, which limits the power consumption of the reader system under 4 W.
On 26 July 2019, a Falcon 9 rocket launched the CRS SpX-18 (Dragon) mission to resuply
the international space station. As part of its obligatory CubeSat payload, RFTsat was
launched to test a new space-certi ed, ultra-low-power 5.8 GHz microwave RFID reader.
This reader and tag combo was designed and built entirely by the team at Georgia Tech
[50]. A 5.8 GHz passive transponder tag was energized at a distance by the reader; the tag
backscattered temperature and other sensor data to the RFID reader.

Although radio transmissions in space are not governed by Federal Communications
Commission (FCC) Part 15 regulations, this reader was designed to comply with Part 15
rules to allow it to operate in both the space and terrestrial environments. Therefore, the
reader must incorporate spread spectrum communications to mitigate interference as out-
lined in the Code of Federal Regulations, Title 47, Part 15, sub-part C.247. Schematics of

the proposed reader and semi-passive tag are available in Appendix A.
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3.2 System Overview

RFTSat is composed of hardware provided by Near Space Launch (NSL) [51], NNU, and
Georgia Tech. The satellite bus (i.e., solar panels, electrical power supply, satellite frame,
and downlink radio) was supplied by NSL, the 5.8 GHz backscatter system including a
RFID reader and a passive RF tag was developed by Georgia Tech, and the payload con-
trol hardware was developed by NNU. A rendering of RFTSat is shown in Figure 3.1 and
Figure 3.2. All the satellite subsystems (except the RF tag) are powered by the solar pan-
els installed on the three sides of the satellite. On the fourth side of the satellite, the RF
tag is mounted, facing inward towards the reader's transmitter and receiver antennas. The
distance between the reader and tag antennas is approximately 3-4 cm. The tag communi-
cates the sensor data to the RF tag reader by modulating the portion of the continuous wave
transmitted by the RFID reader and backscattering it to the RFID reader. The sensor data
will then be relayed to a network of ground stations using the GlobalStar satellite constella-
tion. The NNU team will access the data from RFTSat using an online portal. RFTSat was

launched into a LEO, coordinated through the NASA CubeSat Launch Initiative, in 2019.

Figure 3.1: RFTSat with the RF tag separated from its mounting position to show the reader
transmitter and receiver patch antennas. The tag will harvest energy from the RF tag reader
and send sensor data to the reader using modulated backscatter.

Figure 3.3 and Figure 3.4 show the RFID reader boards and antennas. The RF tag,
reader boards, and antennas are designed to t between two metal plates that allow the

entire unit to be easily removed for testing. Due to the limited size of the nanosatellite, the
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Figure 3.2: RFTSat with the RF tag separated from its mounting position to show the tag's
backscatter and energy harvesting antennas.

Figure 3.3: The RF tag reader mounted between the two metal plates. The different boards
of the RF tag reader as well as the reader transmit and receive antennas are shown.

RF reader was designed on multiple Printed Circuit Boards (PCB) to Il the available space
(the reader and payload control circuitry tin an approximately 10 cm cube). RF coaxial
cables are used to connect the boards and reader antennas internally. Since the Phase-
Lock Loop (PLL) board is a commercial, Commercial Off-The-Shelf (COTS) evaluation
board without mounting holes, it was secured directly to the lower plate with a custom
plastic (Delrin) case (i.e., plastic mounting clamp). The RF portion of reader including the
transmit RF power ampli er, LNA, and the I/Q downconvertor are allocated to the same
board which is placed at the top of the board stack (labeled “Amp & DC Board”). The
baseband processing board is located just below it in the stack (“DSP board”). The PLL is

thermally connected to the metal slider plates. Figure 3.4 shows the transmitter bandpass
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Figure 3.4: A backside view of the RF tag reader boards showing the location of the tran-
sitter's band pass lter.

Iter mounted on the back of the board stack. The other boards in the stack (not labeled in
Figure 3.3) are the payload control boards and a temperature sensing board. The details of
the reader design are presented in section 3.3.

In this chapter, a semi-passive tag (assisted by a coin battery) will be used to demon-
strate the backscatter communication capability of the RFID reader and the frequency hop-
ping algorithm will be presented for use in terrestrial applications. An energy harvesting
tag is then designed and implemented for the nal space mission. The data collected during

the space mission is present to demonstrate the overall system.

3.3 Reader Design

3.3.1 RFID readerArchitecture

Figure 3.5 illustrates the comprehensive block diagram of the RFID reader with the details
on the specs. Similar to most UHF RFID readers extensively used in the industry [52][53],
the RFID reader in this chapter uses the homodyne architecture, also known as direct con-
version architecture. Direct conversion receiver architecture reduces the complexity and
power consumption; meanwhile, it avoids the problem of images [7]. However, direct con-
version receivers contend with other challenges including lacking IF gain and saturated RF
power ampli er because of the Direct Current (DC) offset and leakage from the transmit

antenna [54][52].

23



Figure 3.5: Elements of the RFID reader operating at 5.8 GHz

The nexus of the reader is a Digital Signal Processor (DSP) which digitally controls the
synthesizer via Serial Peripheral Interface Bus (SPI) in single-frequency mode for space
application and frequency-hopping mode for terrestrial applications. The DSP samples the
in-phase and quadrature-phase outputs from the receiver demodulation block simultane-
ously using on-chip 12-bit ADC. The synthesizer is a PLL evaluation board and contains
a Texas Instrument LMX2592 chip. It provides the glslo used in the reader. The Power
Ampli er (PA) ampli es the output of the synthesizer (3 dBm) by 20 dB and transmits
23 dBm RF power to the transmit antenna.

Unlike most commercial UHF RFID readers that use monostatic antenna con guration,
the proposed RFID reader uses the bistatic antenna con guration. A major reason to use

monostatic antenna con guration for commercial UHF RFID readers is that the reader size
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mainly depends on the antenna size. And circulators at 915 MHz usually have 30 dB iso-
lation to ensure relatively little of the transmitted signal leaks into to receiver. However,
commercial circulators at 5.8 GHz have no more than 20 dB isolation, which may cause
the ampli ers in the receiver to be saturated by the transmission leakage. The transmit-
receive leakage also leads to signi cant residual colored noise in the received signal, which
accumulates signi cantly more power density at lower frequencies [54]. The overall size
of antennas shrinks as operating frequency increases. Therefore, two antennas on a sin-
gle board can coexist while creating higher isolation between two antennas than that of a
circulator at 5.8 GHz frequency ISM band. The transmit antenna and receive antenna are
designed to have an identical gain of 8 dB with 30 dB isolation, which gives the reader the
ability to transmit up to 31 dBm of Equivalent Isotropically Radiated Power (EIRP).

The receiver consists of a low noise ampli er (LNA), an in-phase/quadrature (1/Q)
downconverter, lters, and baseband ampli cation circuits. The LNA can be used to in-
crease the reader sensitivity when higher isolation between transmit antenna and receive
antenna is achievable. When not saturated, the downconverter has 13 dB conversion gain
with 2 dB noise gure. The high pass Iter eliminates the DC offsets due to self-mixing and
multi-path re ection. Operational ampli ers (Op-Amps) are used for both | and Q channel
with adjustable gain determined by the target communication distance. The voltage refer-
ence generator adds 1.8 V DC offset to the received signal sampled by the 12-bit ADC to

utilize the most bits of the ADC result registers.

3.3.2 Antennas

An E-shaped patch antenna, rst proposed by Yang, et al., is a conventional patch antenna
with two slots in parallel, like a capital letter "E” shown in Figure 3.6a [55]. Like con-

ventional microstrip patch antennas typically used in sensing networks, the E-shaped patch
antenna has the same advantages: low pro le, low cost, and conformable for planar sur-

faces. Furthermore, the E-shaped antenna typically has 2-3 dB gain more than that of a
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conventional microstrip antenna [56]. A microstrip antenna array shown in Figure 3.6a is
used to increase the gain of the system. By using the E-shaped antenna, we can avoid using
the feeding network to reduce the overall size of a transmit-receive antenna pair and obtain
more separation between the transmitting and receiving antenna. Therefore, the E-shaped
antenna is a better choice for this application, in which the total size of the transmit antenna
and receive antenna (on single 2-layer board) has to be smaller than 8 cm by 8 cm, and the
isolation between two antennas has to be as high as possible.

For a longer communication distance and a smaller pro le, the transmitting and receiv-
ing antenna are implemented to be co-polarized on one substrate, which causes 20-30 dB
more mutual coupling than a cross-polarized con guration [57]. Many self-jamming can-
cellation approaches were used to achieve higher isolation for monostatic antenna con g-
uration [58] [59]. Although these methods can usually achieve 25 dB more isolation than
a single circulator, they require multiple RF couplers and extra control units (e.g. DSP
units) that take more space and consume more power. To achieve higher isolation between
the co-polarized transmitting and receiving antennas without exceeding the size and power
constraints of the cubesat, a slitted structure can be used on the ground plane between the
transmitting and receiving antennas[60]. Figure 3.6b shows the shape of the structure used
between the antennas.

Figure 3.7 illustrates the isolation between two E-shaped antennas with a slitted ground
plane and a solid ground plane between each other, along with the isolation of a commercial
circulator. The re ection coef cient of the antenna is optimized at 5.8 GHz and the gain
is optimized to be 8 dBi. The slitted ground plane increases the isolation between the two
E-shaped patch antennas with conventional solid ground plane from 21 dB to 29 dB on av-
erage within the 5.8 GHz frequency band. Compare to a commercial circulator with 19 dB
isolation, the E-shaped antenna pair has 10 dB more isolation, which means less leakage
from the transmitter and improves the receiver sensitivity without adding any hardware to

the reader. The isolation can be further increased for other applications in which the size
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of the antenna pair is not a constraint or using cross polarized TX/RX reader antennas.

Figure 3.6: The front side of the transmit-receive E-shaped patch antenna pair and a mi-
crostrip patch array (a), and the ground plane of the antenna pair (b).

Figure 3.7: The isolation between the transmit and receive port by using a circulator and
a pair of E-shaped patch antenna with solid ground plane and slitted ground plane. The
slitted ground plane has 10 dB more isolation than the circulator at 5.8 GHz and 8 dB more

than the solid ground plane.
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3.3.3 FrequencyHoppingDesign

The frequency hopping design has three components: the hop set, the hopping sequence,
and the hop rate. The hop set is the set of frequencies the system will use while the hopping
sequence is the speci ¢ order of those frequencies. The hop rate, or hop duration, is the
amount of time the system will spend on a single frequency before hopping to the next
one in the sequence. The RFID reader derives its frequency hopping criteria from 47 Code
of Federal Regulations (CFR) Part 15.247 for RF devices operating in the 5.8 GHz ISM
band, which provides 125 MHz of bandwidth, W, for the hop set. The frequency hopping
design must use at least 75 frequencies with a hop durdijgomf no more than 400ms in

a thirty-second period and a hopping pattern based on a pseudo-randomly ordered list that
uses each frequency equally. [61]

The RFID reader maximizes the hop duration and channel bandwidth to create a hop-
ping pattern that is as close to single frequency communication as possible. Hardware
limitations restrict the transmitter's output frequency resolution to 0.2 MHz increments of
even decimal fractions. Dividing the 125 MHz bandwidth into 75 or more frequencies to
the nearest even decimal fraction led to a hop set of 77 frequencies each with 1.6 MHz
bandwidth, B, and guard bands of 0.8 MHz and 1.0 MHz at the bottom and top of the band,
respectively. [62]

The hop sequence used a three-step process to ensure adequate randomness in the hop-
ping pattern. The rst step used a random number generator to produce a value for each
frequency and then the list of frequencies sorted according to their random value. [62] The
list of frequencies was then divided into seven sub-hop sets of eleven frequencies each and
each frequency compared to its two adjacent neighbors to ensure they did not share the
same sub-hop set. [62] Any frequency within two hops of a frequency in the same sub-hop
set was switched with a frequency near its location in the sequence until all frequencies had
two-hop neighbors from a different sub-hop set. [62]

The nal randomization step ensured that the last and rst couple of frequencies in ad-
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Table 3.1: Hopping Sequence [62]

Seq f(MHz) Seq f(MHz) Seq f(MHz) Seq f(MHz)
5824.2 21 5734.6 41 5809.8 61 5825.8
57458 22 5769.8 42 57442 62 5797.0
5830.6 23 5819.4 43 5838.6 63 5753.8
5779.4 24 5790.6 44 57922 64 57954
5805.0 25 57714 45 58450 65 5816.2
5750.6 26 5843.4 46 5763.4 66 5777.8
5813.0 27 5728.2 47 5808.2 67 58114
5787.4 28 5793.8 48 57826 68 5739.4
5733.0 29 58226 49 57426 69 5761.8
10 5773.0 30 57378 50 58354 70 5829.0
11 5848.2 31 58370 51 57586 71 5768.2
12 58034 32 57474 52 5781.0 72 5798.6
13 5760.2 33 5806.6 53 5817.8 73 5840.2
14 57855 34 5736.2 54 5755.4 74 5741.0
15 58210 35 5789.0 55 58338 75 5776.2
16 57266 36 5749.0 56 58146 76 5752.2
17 58274 37 5729.8 57 5765.0 77 57746
18 57314 38 5841.8 58 5846.6

19 5766.6 39 5801.8 59 5757.0

20 5800.2 40 58322 60 5784.2

O©Coo~NOoOUlh,WNPE

jacent sub-hop sets had suf cient separation. Each sub-hop set has a bandwidth of 17.6
MHz; therefore, adjacent frequencies were compared to ensure they had at least 17.6 MHz
separation between them. [62] Any frequency within a sub-hop set bandwidth of its neigh-
bor was switched with a frequency nears its location in the sequence until all frequency
hops were greater than the 17.6 MHz sub-hop set bandwidth. Table 3.1 lists all seventy-
seven frequencies according to their order in the hopping sequence, and Table 3.2 provides
basic statistical properties of the hopping sequence.

Table 3.2: Hop Set Statistical Properties [62]

Smallest hop 19.2 MHz
Largest hop 115.2 MHz
Average hop 53.5 MHz
Median hop 46.4 MHz

Most Frequent (mode) 25.6 MHz

The nal component of the frequency hopping design is the hop rate. Due to the 77-
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frequency hop set, the RFID reader must use a 390ms or less hop duration to ensure it does
not occupy a single frequency for longer than 400ms in a thirty-second period. Figure 3.8
provides the nal hopping sequence for the RFID reader.

The RFID reader uses slow frequency hopping, so it must account for situations in
which the reader reaches the end of its 390ms hop duration but is still receiving a transmis-
sion. Should this occur, the reader will add a 1ms hop duration extension, with a maximum
of ten 1ms extensions, to the standard 390ms duration until the incoming transmission is
complete at which point it will hop to the next frequency in the hop set. [62] If the incoming
transmission takes longer than 10ms to complete, the reader will hop to its next frequency

so comply with the 400ms maximum occupancy restriction. [62]

Figure 3.8: Hopping Sequence for all 77 frequencies in the 5.8 GHz band [62].

3.3.4 PowerBreakdown

In the space sensing application, the solar panel of the cube satellite can provide our RFID
system with limited power supply. Consequently, we have to trade off between an op-
timized performance and the power consumption. In this design, we use the most energy

ef cient on-shelf components we can nd in the market to make use of the amount of power
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we have. A total power consumption of 3.78 W is achieved by this design as listed in Ta-
ble 3.3 along with the power consumption of each part. The cost of the rst-run prototype
in this project totaled $114.60 per reader using price quotes for purchases of 1,000 units.
When purchasing only one unit for each required component, the total price increases to
$175.44. Table 3.3 lists the critical components of the reader unit including the synthesizer,
RF ampli ers, and the 1/Q downconverter, which are the most expensive units and are cru-
cial for determining the overall cost per unit. Reader size is another important consideration
in the project and was aimed to be kept as small as possible. Ideally, the reader unit should
be two boards that slide into the cube satellite. A rough size of approximately 7 x 7 cm was
estimated for the complete reader PCB. This size can be further reduced by closely spacing
the ICs and removing the RF connector space. The total power consumption and size can

be even further reduced by integration onto a single Intergrated Circuits (IC) chip [53].

Table 3.3: The power consumption and price of major components in the RFID reader. The
price of the components for purchasing a single chip and 1000 units are listed.

Part Component Price Price/1kower
® & W
LO LMX2592 30.49 26.16 1.48
PA HMC634LC4 63.11 51.65 0.90
LNA HMC902LP3E  35.71 25.54 0.25
I/Q Downc. HMC951BLP3E 31.98 26.52 0.59
Op-Amp OPA2626 6.58 3.10 0.11
ADC/DSP  TMS320F28027 7.57 5.35 0.45
Total 175.44 112.16 3.78

3.3.5 Link Budget

To derive the amount of power received by the receiver, a link budget calculation is neces-
sary. Grifn, et al. summarized the link budget equation for various types of backscatter

communication systems [17]. For a bistatic RFID reader, the received modulated backscat-
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ter powerP;, is given by

P, =P+ Gr+ Ggr+2G;+ M +40log(=4D ) (3.1)

whereP is the transmitted power of the readét,andG,; are the gain of the transmit and
receive antennds; is the gain of the tag antennajs the wavelength at 5.8 GHB, is the
distance between the RFID reader and ¥gis the modulation factor, which is measured
tobe 6dB inourcase. All parameters in equation Equation 3.1 adBirscale. Identical
antennas are used for the transmitter, receiver, and tag, therefore, equation Equation 3.1

can be further simpli ed into

P, = P,+4G+ M +40log(=4D ) (3.2)

whereG = Gt = Gr = G is the gain of the E-shaped antenna used for the transmitter,

receiver and tag respectively.

3.4 Backscatter Communication

3.4.1 TestSetup

In practice, the reader will connect to transmitting and receiving antennas for wireless
backscatter communication. To validate the performance of our reader under wireless con-
ditions, we complement the RFID reader with antennas and place the RF tag 1.2 m away
from the reader, present in Figure 3.9. The tag modulates the incoming RF signal based
on BPSK and scatters data packets back to the receiver. The data packets use preambles
as packet headers to help the receiver recognize the beginning of the data packets. After
the demodulation, ampli cation, and sampling, the matched Iter processes the received
signal and stores the decoded data packet in the ash memory of the DSP. To compare the

performance of the RFID reader based on bistatic and monostatic antenna con guration,
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we use an oscilloscope to sample the output of the baseband ampli ers. Eye diagrams are
generated by the oscilloscope as an indicator of the quality of signals the received signal

when different antenna con gurations are used.

Figure 3.9: The experimental setup with antenna on the open-air, rooftop antenna range at
Georgia Tech.

3.4.2 Results

Figure 3.10: The eye diagram of the received signal when bistatic (a) and monostatic (b)
antenna con guration are used.

An eye diagram, also known as eye pattern, gives a quick glance at the amplitude and
time distortion of the signal that degrade the BER, which indicates the quality of the re-
ceived signal. An eye diagram can be generated by properly con guring an oscilloscope

with higher persistence. Figure 3.10a and Figure 3.10b represent the eye diagram of the
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Figure 3.11: An example of ADC-sampled received data packets (single channel) for
bistatic and monostatic antenna con gurations.

received signal when bistatic and monostatic antenna con gurations are used, respectively.
In an eye diagram, the eye-opening, which is the distance between higher level and bottom
level, indicates the Signal-to-Noise Ratio (SNR) of the received signal. The bistatic reader
has higher SNR than that of the monostatic reader, clearly shown in Figure 3.10, which
leads to lower BER. Note that the jitter noise in the eye diagrams for both for bistatic and
monostatic readers implies a potential timing error when decoding the backscattered sym-
bol. In this design, this problem does not occur because of a shorter symbol. Many wireless
communication systems implement late-early timing recovery to prevent problems caused
by timing errors for simplicity, which can be implemented in the future when using longer
data packets.

An example of the signal sampled by the ADC for both bistatic and monostatic an-
tenna con gurations is present in Figure 3.11. In accordance with the eye diagram, the
sampled symbol of the bistatic reader has a higher amplitude and less noise than that of the
monostatic reader. The reader demodulated and recorded the backscattered data packets
lead by preambles, which demonstrates the feasibility of using this RFID reader to achieve
backscatter communication with both antenna con gurations. However, based on the bet-
ter performance of the bistatic antenna con guration, it is the recommended option for all

RFID readers that require higher isolation between the transmitter and receiver.
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3.5 RF Tag Design

3.5.1 RF TagArchitecture

Figure 3.12: Elements of the RF tag operating at 5.8 GHz.

Figure 3.12 illustrates the comprehensive block diagram of the batteryless RF tag. The
RF tag consists of three major parts: the energy harvester, the power manager, and the core
tag block. The initial RF energy harvester, a single stage Dickson charge pump, converts the
RF power at 5.8 GHz received by the harvesting antenna to a DC voltage. The charge pump
is matched to the 50 microstrip patch antenna array to reduce the re ection loss. The
Avago HSMS-286C zero-bias Schottky diodes are used for their high-detection sensitivity
at microwave frequencies. As the next stage, the power management circuit (BQ25570)
boosts the output voltage of the charge pump and stores the DC power in a 1.5 mF tantalum
capacitor. The minimum required input voltage for the power management IC to start
charging is 0.35 V, known as the cold start voltage. Once the power received by the tag
is suf cient to turn-on the power management IC, it begins accumulating charge in the
tantalum capacitor. When the voltage accumulated in the tantalum capacitor exceeds 3V,

the power management IC releases the power to the RF tag. The output voltage of the power
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management IC is programmable to be 1.5 V to 5 V determined by external resistors. In
this application, the output voltage is set to be 1.8 V because the TI MSP430F2132 MCU
requires a minimum supply voltage of 1.8 V.

The TI MSP430F2132 MCU is the central hub of the core tag module, which uses the
on-board 10-bit analog-to-digital converter to read the built-in temperature sensor. Mean-
while, it digitally controls the RF modulator via SPI to modulate and backscatter the data to
the RF reader. Once a suf cient voltage is obtained, the MCU and sensors start operating
in active mode, utilizing the energy stored in the tantalum capacitor. As the supercapaci-
tor discharges, the output voltage remains 1.8 V until the stored voltage decreases to 2.8
V. Then the power management IC disconnects the MCU and sensors from the tantalum
capacitor to recharge the voltage of the supercapcitor to 3 V again. The period of the op-
erating/recharging duty cycle is determined by the output power level of the charge pump,
the ef ciency of the power management IC, and the capacitance of the tantalum capacitor.

The duty cycle and DC-DC booster based approach is often used in low-power applica-
tions [63] [64]. A major reason to use such a con guration is the limited received power by
the tag and insuf cient RF-DC conversion ef ciency of the charge pump. The situation is
worse at higher frequencies, in which the free space path loss is higher and the conversion
ef ciency of charge pumps are lower. For example, the free space path loss at 5.8 GHz
is 16 dB higher that at 915 MHz. Furthermore, the energy harvester at 5.8 GHz usually
has lower ef ciency, which further reduces the available DC power [65]. By introducing
the power management IC and the operating/recharging duty cycle, the required turn-on
power of the tag was reduced and the communication range of the tag increased far beyond
what would be possible by simply increasing the ef ciency of the one-stage Dickson charge
pump. Of course, the trade-off is that the tag may not be able to operate continuously at

low power levels.
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3.5.2 Antennas

A microstrip patch antenna array is used to increase the received power of the RF power
harvester. Microstrip patch antennas, typically used in many sensing networks, have the
following advantages: low pro le, low cost, and conformable for planar surfaces. Fur-
thermore, microstrip antennas can be easily made into a two-element antenna array with
typically 2-3 dB more realized gain. For the RFTSat mission, nearly no polarization mis-
match occurs if the microstrip antennas used by the reader and tag are properly aligned. In
this circumstance, the microstrip patch antenna array is a better choice to increase the RF
power received by the RF tag. Figure 3.13 presents the outline of the harvesting antenna.
The highest realized gain of this antenna array is 10.3 dBi in the normal direction without

polarization mismatch.

3.5.3 PowerConsumption

In the space sensing application, an external accelerometer, a radiation sensor, and a built-
in temperature sensor inside the MCU are used to gather various kinds of information.
Meanwhile, the modulator, as an RF switch, also requires power supply to accomplish
the backscatter communication. Both sensing and backscatter communication require a
suf cient amount of voltage, current, and time to remain operating in active mode. Conse-
guently, we have to select a large enough tantalum capacitor that can accumulate suf cient
charge to satisfy the power consumption over enough time to complete initialization, read

sensors, and communicate with the RF reader. In this design, the total minimum power

Figure 3.13: The pro le of the harvesting antenna.
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consumption of the tag (including the micronctroller, RF switch, radiation sensor, and ac-
celerometer) totaled 559W. A 1.5 mF tantalum capacitor made by AVX is used in this

design.

3.5.4 Link Budget

The amount of power received by the RF tag can be derived by a link budget calculation.
Grif n, etal. rst proposed the link budget equation for various types of backscatter com-
munication systems [17]. Usually, the maximum comuunication distance between the RF
reader and the passive RF tag is determined by the amount of power received by the RF

tag, which is given by the down-link budget:

P, = P + Gy + G, +20log(=4D ) (3.3)

whereP; = 23 dBm is the transmitted power of the read@&y,= 8 dBi is the gain of the

transmit antenna of the RF read&, = 10:3 dBi is the gain of the tag harvesting antenna,
is the wavelength at 5.8 GHR = 0:75m is the maximum distance between the RF

reader and tag. Consequently, the power received by the chargeRump 4:21dBm,

which is approximately 0.3793 mW.

3.5.5 ChargePump

Figure 3.14 a) shows the schematic of a single-stage Dickson charge pump circuit, consist-
ing of two capacitors and two Schottky diodes. Although an ideal Dickson charge pump
has 100% ef ciency, in reality, the conversion ef ciency is demolished due to impedance
mismatch, material loss, and output voltage harmonics[66][67]. Wetrg], increased the
conversion ef ciency of a conventional single-stage Dickson charge pump by replacing C2
in Figure 3.14 with a class-F load as shown in Figure 3.15 [67]. The class-F load creates an

RF ground for the Schottky diode D2 and shorts the rst and third harmonic of the output
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voltage to ground. Furthermore, it also performs as parallel plate capacitor that can replace
C2 with higher capacitance [67]. A similar structure is used in this chapter to maximize the
conversion ef ciency of the charge pump for lower input power at 5.8 GHz. Figure 3.16

a) presents the manufactured charge pump used in this chapter. The performance of this
charge pump with and without power management IC are measured and compared in Sec-
tion section 3.6 and Section section 3.7.

Figure 3.14 b) shows the schematic of the two-stage Dickson charge pump circuit. This
topology utilizes four capacitors and four Schottky diodes. Conversion ef ciency of this
device is reduced due to diode losses, mismatch in traces and connections, and output
voltage harmonics. The purpose of the second stage is to double the output voltage pro-
duced by the one stage charge pump, operating at higher input power level than one-stage
Dickson charge pump. While the second stage does introduce higher losses to the sys-
tem, the higher output voltage allows the device to be useful in higher power applications
without damaging the diodes by operating at higher voltage than the reverse break-down
voltage of the diode. A similar matching network and class-F load is used for both stages to
achieve higher output voltage and conversion ef ciency, as shown in Figure 3.16 b). Both
charge pumps are built on a 2-layer antenna grade laminate (RO4725JXR) made by Rogers
Corporation with a dielectric constant of 2.55 and a loss tangent of 0.0022 measured at
2.5 GHz. The output voltage and ef ciency into a 3000 Ohm load are presented in Section

section 3.6.

3.5.6 RF Taglntegration

Two separate boards are manufactured to implement the RF tag. The RF components, con-
sisting of an energy harvesting antenna and one-stage Dickson charge pump, are built using
the same 2-layer laminate (RO4725JXR). The antenna and energy harvester are placed on
the top layer and the bottom layer is used as the ground plane. The backscattering an-

tenna, core tag modules, and the power manager are distributed on a 4-layer FR-4 print
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Figure 3.14: The schematic of a a) conventional one-stage Dickson charge pump and b)
two-stage Dickson charge pump.

Figure 3.15: The schematic of a one-stage Dickson charge pump with a class-F load.

circuit board (PCB). In the launch mission, the harvester board and tag board will be glued
together and mounted to the boom. The operation and data transmission of this tag are

presented in Section section 3.7.

3.6 Tag Operation without power management IC

3.6.1 TestSetup

The conversion ef ciency and output voltage are the most important specs for a Dickson
charge pump. To investigate the conversion ef ciency of the RF tag at different distances
from the RF reader, we connect the charge pump to an RF signal generator. The output

voltage of the one- and two-stage charge pump across a load reBister 8000 ) are
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