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Abstract

Wireless Sensor Hardware for Advanced Smart Cities Applications

Kevin Akira Kam

The emergence of smart cities as a field of study focuses on integrating hardware and data-

driven solutions to enhance the efficiency, sustainability, and quality of life in urban areas. A

smart city looks to integrate various Internet of Things (IoT) technologies such as sensor hardware,

wireless communication networks, and data analysis methods into urban infrastructure and services

optimization. Smart city initiatives typically aim to address challenges related to environmental

monitoring, energy generation, waste management, and healthcare, among others. At its core, the

field of smart cities fuses various elements of wireless IoT sensor technologies in ways that aim to

create more livable and resilient urban environments for residents.

The work outlined in this thesis looks to investigate and overcome some of the challenges

involved with wide-scale implementation of IoT devices in an urban environment. The thesis be-

gins by defining a "smart city" and discussing the current status of IoT devices development and

their applications for smart cities. Included in this analysis is an outline of common wireless

communication protocols, sensor integration methodologies, and motivations for biomedical and

environmental applications of wireless sensor networks. Next, this thesis presents advancements

in the integration of implantable biomedical devices with wireless sensor tags. These devices were

realized with Bluetooth low energy (BLE) and long range radio wide area network (LoRaWAN)

wireless communication protocols in form factors appropriate for rodent models. To enable these



implantable devices, a novel design methodology for biocompatible antennas was developed and

implemented in a LoRaWAN data link. In addition, the behavioral effects of various commercial

printed circuit board technologies were studied in rodents in an effort to study the least invasive

methods to design implantable devices. Next this thesis discusses IoT applications in urban soils

health monitoring. In this work, low cost soil sensors were developed with BLE and LoRaWAN

varieties. These sensors are capable of measuring light, humidity, temperature, and nutrient con-

centration (Nitrogen, Phosphorus, and Potassium) to determine changes in soil health. Addition-

ally, these sensors were integrated with a dendrometer to record weather patterns remotely over the

course of a few months. Finally, this thesis concludes with a study on the network characteristics

of a LoRaWAN communication link on the physical (PHY) and medium access control (MAC)

layers. In this study, the entirety of New York City’s Upper West Side was used as an urban test

bed to fully measure the performance of long-range LoRaWAN communication links in a dense

urban environment. This characterization compared devices from different application spaces and

measured their power consumption, signal to noise ratio (SNR), received signal strength indicator

(RSSI), and approximate distance from a receiver to analyze device performance over a majority

of northern Manhattan.
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Chapter 1: Introduction and Background

The Internet of Things (IoT) is an emerging �eld which combines sensor development, wireless

networking, and data analysis techniques to provide low power ubiquitous devices the ability to

exchange important sensor data between wirelessly connected devices. [1, 2]

1.1 Smart Cities and the Internet of Things

A growing application of wireless sensor networks is in the an emerging �eld called "Smart

Cities". In a smart city, sensor networks, wireless communications, and data processing techniques

are integrated into an urban or residential environment. These devices help to optimize the ef�cient

allocation of resources, improve environmental sustainability, and enhance the overall quality of

life for the city's residence. [3, 4, 5] An description of the overlapping areas in which smart cities

developments affect the lives of residents is shown in 1.1.

An example of a smart city technology is the continued development of smart grids. Smart

grids help to intelligently predict a city's energy consumption based on real time demands on the

power grids. With the continued installation of solar energy, rapid changes in the weather can

cause signi�cant changes in energy demand, as cloud cover reduces the amount of generated solar

power and thus increases the amount of needed power grid generation. [6]

Another common area of smart city development is in the deployment of environmental sen-

sors. The way that humans interact with the urban landscape causes detrimental environmental

effects including air/water pollution, �ooding, and poor waste management. The goal of these

environmental sensors is to monitor and assess detrimental changes before their affects become

dangerous for the public. [7]

While environmental applications of smart city technologies are the most easily apparent, smart

1



city IoT sensor devices have interesting uses in wireless biomedical instrumentation for healthcare

monitoring and medical research. IoT devices have an inherent low-power wireless architecture

that makes them attractive options for implants and wearable sensors. [8]

1.1.1 Low Power Wireless Communication Networks

A large constraint on IoT devices is their power consumption. IoT sensors are often used in

remote monitoring, mission critical, and wearable applications and require low-power operation

over long periods of time. Thus, wireless protocols that prioritize low power operation are often

used. Two commonly utilized protocols are Bluetooth low energy and Long Range Radio Wide

Area Network, and will be discussed below.

Bluetooth Low Energy

Bluetooth Low Energy (BLE) is a low power wireless communication technology operating

in the ISM band. BLE's most pronounced use is in low power IoT devices. Compared to classic

Bluetooth, BLE is commonly used in applications that required lower power consumption with

low data rates such as for Biomedical sensors or smart home devices. [10]

Unlike classic Bluetooth, BLE does not require device pairing and instead utilizes peripheral

devices who broadcast their data and central devices who read and accept them information from

the peripheral devices[10]. In practice, wireless sensor devices will broadcast their data payloads

while the central device act like clients who can read or write a given characteristic.

At the heart of BLE's data exchange is the Generic Attribute (GATT) Protocol. The GATT

protocol de�nes how devices in a BLE network communicate. The communication is separated

into a services and characteristics [11]. More speci�cally, a BLE peripheral device provides a

services which includes the characteristics for a given sensor. A unique identi�er called the UUID

is used to de�ne and locate services and characteristics. Characteristics represent the data generated

from the sensor devices. An example service for an IoT node would include characteristics for

various sensor outputs such as temperature, humidity, position, etc.
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Figure 1.1: Areas of Development in a Smart City. Figure courtesy of [9]
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Figure 1.2: LoRaWAN's range vs bandwidth compared to other wireless network protocols. Figure
courtesy of [14]

Long Range Wide Area Network

Long Range Radio Wide Area Network (LoRaWAN) is a wireless communication network-

ing protocol which is used to support long-range and low power applications. LoRaWAN devices

operate in the sub-GHz ISM band at 915MHz (902-928 MHz) in the United States. At the PHY

layer, LoRa radio uses a proprietary Chirp Spread Spectrum (CSS) wireless modulation where in-

formation is encoded into chirped pulses to increase the signal robustness over long distances [12].

Typical LoRa bit rates range from 0.3 kbps to 50 kbps [13] depending on various RF parameters

such as spreading factor and bandwidth. One of the appealing characteristics of LoRa radio is its

high resistance to signal interference at very long ranges. LoRa communication networks can reli-

ably transmit data up to 10-20km in �at rural areas and about 1-2km in urban settings [13]. Figure

1.2 shows the relationship between LoRaWAN's range vs bandwidth against those of other com-

mon wireless communication networks. LoRaWAN excels in applications that require long-range

and low power at the cost of high data rate.

LoRaWAN is the Media Access Control (MAC) layer protocol derived from the LoRa CSS
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modulation scheme. LoRaWAN is comprised of a stars-of-stars topology where end devices com-

municate with gateways that act as a bridge between the sensor devices and a central network

server [12]. Thus, in a LoRaWAN application end devices can transmit their sensor data to any

nearby gateway which will forward the packets. This is particularly appealing in urban environ-

ments as a higher population density will lead to more potential gateways for a LoRaWAN end

device to connect to. [12]

1.2 Biomedical Applications for IoT Devices

IoT devices have shown potential in wearable and implantable devices for biomedical applica-

tions. Biomedical devices utilize various biocompatible physical, optical, chemical, or piezoelec-

tric sensors to measure sensitive biopotential signals.

The bene�t of IoT based sensors allow these signals to be analyzed and transmitted wirelessly

to an application server. The lack of wired data transmission allows for biopotential collection in

freely-moving subjects. As a result, current biomedical devices have begun to move away from

bulky wired sensors and toward unobtrusive wireless forms of data collection. [15]

1.2.1 "Bridging the Translational Gap"

In his 2018 message titled "Moving Stress Research Forward", Dr Joshua Gordon, the Director

of the National Institute of Mental Health (NIMH) discussed the lack of success in reproducing

stress-related treatments from lab rodents to human trials. [16]

A large portion of this discrepancy is due to the usage of lab rodents. Lab rats generally are

inbred and posses few opportunities for complex and meaningful social interactions. Thus, while

certain behavioral treatments may show promising results in lab rodent, the same ef�cacy rarely

translates to human behavioral studies. The main difference between human studies and rodent

models is that humans posses more complex social interactions that are not properly simulated

with inbred rodents raised in a laboratory setting with regimented social interactions [17]. As

proposed solution to this problem is to utilize wild rodent populations as a model for stress and
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resilience studies. Unlike laboratory rats, wild rats have more complex social interactions with

members of their nest, which more closely resembles those of humans.

The main work of the section of the thesis is in the development of ways to perform behavioral

studies in wild rodents. The ability to collect important biosignals in freely moving subjects have

been especially interesting in behavioral studies where wearable and implantable devices can be

used to monitor behavior. Implantable devices can generate data without cumbersome and uncom-

fortable electronics that can induce an unwanted source of stress into the results.

1.2.2 Implantable Sensors

Implantable sensors are often utilized as a way to discreetly and continuously collect biomed-

ical data for treatment, diagnostic, or research purposes. The work in this thesis focuses on the

developing implantable sensors speci�cally for laboratory research in rodent model. By surgically

implanting sensors into laboratory animals, biopotential signals can be measured in a more nat-

uralistic setting to reduce error in medical research. As with any implantable device, there are

many hurdles to consider when designing devices for surgical implantation. In rodents, the size

and weight of the implant must be suf�ciently small to not induce undesirable physiological effects

post-surgery.

Additionally, implantable electronics require a hydrophobic coating which is compatible with

the bodies internal environment. In general, the coatings should be FDA approved materials. Com-

mon implantable coatings include:�; 2$ 3, /=$ , and)8$ 2 [18]. These materials are resistant to

corrosion caused by exposure to the body's internal conditions.

1.3 Environmental Applications for IoT Devices

As previously stated, one important aspect in a smart cities device is the development of wire-

less sensors for environmental monitoring. These environmental sensors have an important role in

protecting urban green spaces.
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1.3.1 The Importance of Urban Green Spaces

In large, dense urban environments such as New York City green spaces play an important

roll in society. From large parks and public spaces to smaller street side bioswales and treepits,

these green spaces provide social, environmental, and economic bene�ts. These green spaces fos-

ter social cohesion and community development by providing a venue for recreation and cultural

activities which can strengthen community ties and promote a sense of belonging in the neighbor-

hood [19].

From an environmental impact perspective, urban green spaces help alleviate the devastating

effects of extreme weather. One emerging area of interest is the role of street lined tree pits in

reducing the effects of urban storm water runoff and �ooding [20]. In general, urban metro areas

possess large areas of land coverage with buildings, roads, and parking lots. These areas produce

more runoff during a �ooding than a similarly sized wooded environment. Tree pits, or locations

with exposed soil used to house foliage serve as a method to reduce the effects of urban �ooding.

This is done in a number of ways, and both the soil and the tree work together to divert storm water

[21]. During a storm event, water enters the ground through the The trees pull excess water from

the surrounding environment through their roots and store them in their branches and leaves.

1.3.2 Soil Health Sensing

Because soils play an important role in absorbing stormwater, the water in�ltration rate of urban

soils is important in characterizing the ability of tree pits to adequately combat excess �ooding [22].

The ability to quantify the health of urban soils is directly tied to the concentration of nutrients

(such as nitrogen, phosphorus, and potassium), pollutants, and the soil's in�ltration rate. The soil

in�ltration rate is important because it is directly related to the amount of water that is capable of

being absorbed into the soil during �ooding events. The work in this thesis looks to develop IoT

sensor devices to quantify the overall health and in�ltration ability of these soils.
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Chapter 2: Implantable Electronics for Rodent Biopotential Measurement

Wireless sensors for biomedical measurements in rodents face a number of challenges. These

include, strict area and biocompatibilty requirements for the electronics, sensors, and wireless

hardware. The following sections in the chapter are based on past work on implantable antennas

[23] in 2.1 and implantable behavioral analysis [24] in 2.1.

2.1 Antennas for Implantable IoT Devices

2.1.1 Introduction

Wireless Telemetry devices have become widespread in biomedical sensing applications. Cou-

pled with the rise of the Internet of things (IoT), common implantable devices utilizing radio com-

munications have shown applications in �elds such as neuroscience and biomedical sciences/engineering

[25, 26, 27, 28, 29]. Implantable devices with radio transmission capabilities provide an attractive

option for measuring and collecting biopotential data remotely. These devices trade off access to

consistent power and higher data rates for accessibility of data collection in freely moving animals

in naturalistic environments.

While there exist many current implantable antennas designed for the 2.4GHz ISM band com-

monly used for Bluetooth radios, our design looked to create an implantable antenna for long range

(LoRa) radio communications. Recently, LoRa devices and their LoRaWAN protocols have be-

come commonplace in remote sensors. The combination of LoRa's low power and long range

make the communication protocol an excellent alternative for long-range communication in im-

plantable devices. The lower operating frequency also experiences signi�cantly lower absorption

by water, improving the communication range and power ef�ciency once implanted [30]. There

are, however, also some drawbacks to 915 MHz antennas when compared to their 2.4 GHz coun-
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terparts. The biggest design challenge is that lower frequency (915 MHz) antennas require a much

larger size than 2.4 GHz antennas. This size difference introduces challenges when used in an

implantable setting for biomedical experiments [31].

From a biomedical research perspective, wireless telemetry-based tracking devices optimized

for implantation in freely-moving Norway rats (Rattus norvegicus) will solve several issues cur-

rently facing many behavioral studies. First, neuroscience studies that model human brain patho-

physiology in laboratory rodents currently face issues in translation: despite decades of research,

human psychiatric disorders remain dif�cult to treat [32]. One hypothesis for this gap is that labo-

ratory rodents constitute a poor model and are starkly different from their wild counterparts [33, 34,

35]. Monitoring the physiology and behavior of wild rats will lead to a better understanding of the

relationship between stress modeling in the laboratory and real-life stress experienced in an urban

environment. To this end, LoRaWAN-based implantables will be a signi�cant improvement upon

previously attempted GPS-based tracking systems, which cannot penetrate the built environment

or underground burrows characteristic of rat colonies [36] [37].

2.1.2 Antenna Design Methodology

Designing for Implant Surgery

The antennas are designed to be surgically implanted under general anesthesia in adult and

juvenile male and female rats. Placement will be subcutaneous on the dorsal �ank in the lower

thoracic to mid-lumbar region, an area no greater than 3.5 cm x 6 cm. A general rule in rodent

implantation is that devices must weigh less than 10% of the weight of the animal per Institutional

Animal Care and Use Committee (IACUC) guidelines. Thus, we designed a system with a mass

of 10g. Wild rats weigh slightly less than laboratory rats, with males typically 225-400g while

and females typically 120-250g [36]. Implants are designed to be as �at and as smooth as possible

in order to reduce discomfort. Therefore, even for the smallest wild rat, 10g will be below the

10% cutoff (8.3% of a 120g female), allowing for addition of biopotentials and other components

down the line. The physical design balances the necessary size of the of the antenna with the
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size constraints of the rodent surgery and implantation. It is important to note that the overall an-

tenna was not particularly designed for a minimum size, but represents a tradeoff between antenna

characteristics, area for sensors and a battery, and an optimal size for surgery.

Designing for System Integration

While designing the antenna, careful attention was given to the regions of the antenna that

would house the various sensors, integrated circuits, and batteries. A key component to the design

featured in this work is that it is built in a common PCB process. This allows the designer to

integrate a vast number of different sensors and microcontrollers without the need for expensive

uncommon substrates and precise Cu etching. In addition, the antenna features ground planes on

both the front and bottom of the PCB connected with a shorting pin. This provides additional

usable area for periphery electronics.

Physical Antenna Design

Figure 2.1 shows the design and physical dimensions of the antenna. This antenna is designed

for use as an implantable LoRa device in wild New York City rats to monitor their locations,

and later on, biophysical measurements. To �t the design into a smaller area, a planar inverted-F

antenna (PIFA) design was used. This radiating monopole was designed to �t into the width of

the board. The optimal physical dimensions such as area, thickness, and material biocompatibility

were provided with guidance from the team's behavioral neuroscientists experienced in surgeries

on rodent models. The antennas are designed and simulated on a �ex PCB platform, using a

polyimide substrate (nA = 3.2).

The �exible substrate both reduces the overall weight and thickness while also making the

implantation surgery easier to perform. After the boards are fabricated, parylene-C (4 µm) is

deposited onto both the top and bottom layers of the boards. This layer of parylene-C serves

as a hydrophobic protective coating assuring that internal biological components (muscle, blood,

other bodily �uids) do not interact with the antenna. Parylene-C is used as it is chemically and
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Figure 2.1: Not to scale a) Physical design of the PIFA layer stack b) The addition of parylene-C
through post processing deposition.
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Figure 2.2: Not to scale a) Dimensions of the PIFA patch b) Dimensions of the PIFA ground plane.

biologically inert [38], and commonly used as a coating for implantable devices. The antenna

dimensions were simulated and adjusted to provide the best electromagnetic performance given

the size and mass constraints of the system. Simulation models were created for the uncommon

antenna dielectric substrates/coatings (polyimide and parylene-C) and an approximation was made

for the dielectric properties of biological components to better understand the system performance.

2.1.3 Antenna Simulation

All simulations were performed with ANSYS HFSS 3D electromagnetic simulation software.

The models for the conductors were simulated using 1 oz of Cu (35 µm thickness). The overall

width and length of the board was W= 26 mm x L= 54 mm, determined from the requirements

for safe and effective rodent surgery. Of this area, W1= 26 mm x L1= 41 mm, was used for the

antenna's ground plane. This was made to provide as large of a ground plane as could physically

�t on the board. L1 was chosen to be as close as possible to_•4 of the operating frequency (915

MHz).

All the relevant widths and lengths for the simulated antenna is shown in Figure 2.1 and Table
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Table 2.1: Antenna Dimensions

Symbol Measurement (mm)

W1 26.00
W1 23.24
W3 21.18
W4 20.22
W5 23.03
W6 13.12
L1 41.00
L2 2.57
L3 8.02
L4 4.04
L5 4.04
L6 9.04

2.1. Figure 2.1 components are not to scale and are used to highlight the location of the various

lengths and widths featured in the design.

The lengths and widths of the winding microstrip metal patch was designed from the commonly

used formula for �nding the resonant frequency of a PIFA [39].

50 =
2

4¹, ¸ ! º

Where c is the speed of light,50 is the operating frequency of interest, and W and L are the

width and length of the antenna patch respectively. Based on this formula, we concluded that in

designing a PIFA, for any particular frequency, the antenna's W+L should be equal to a quarter of

the antenna's wavelength. The relationship can be seen more clearly below.

, ¸ ! =
2

450
=

_0

4

Where_0 is the wavelength in free space. For 915 MHz, this value is about 80 mm of length

+ width. During simulation, it was found that the PIFA design formula is an approximation and

realizing an antenna at 915 MHz requires tuning. In HFSS, a parametric analysis was used to
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vary multiple dimensions of the antenna's width and length. This allowed for the most optimized

dimensional parameters for the antenna in different scenarios. The W6 line (Fig. 2.2a) of the

antenna, in particular required a lot of care as slight changes in the lengths would affect the( 11

magnitude and overall bandwidth. The careful design of the antenna dimensions was necessary

because the device was smaller in area than the quarter wavelength of the LoRa frequency. This

is much longer than that of 2.4 GHz devices, whose quarter wavelength is 29-32mm. 2.4 GHz

devices, consequently, need less than half the required area of antenna traces and ground plane.

Once the antenna was designed and simulated, the( 11, 2D and 3D gain, surface current, and

radiation patterns were extracted.

2.1.4 Antenna Physical Design and Measurements

Once the design was simulated, the antenna dimensions were exported to Altium PCB design

software. To connect the antennas to the outside world, a 50
 SMA Molex SMA connector

was attached to a microstrip transmission line matching network integrated on the �ex PCB. This

transmission line was simulated in HFSS to ensure proper impedance matching between the feed

line and the antenna. After fabrication, the boards were taken to the Columbia University's CNI

clean room and 5 µm of parylene-C was deposited on both sides of the board using a SCS Labcoter

2 Parylene Coater.

After deposition, the SMA connector was soldered onto the board. Once connected to the

SMA connector, the antennas were `implanted' in a 1 lb (0.45 kg) slab of pork loin placed in a

glass container. Pork models are common in RF testing to simulate a biological environment [40].

Using a NanoVNA V2 Plus, a 3GHz mini vector network analyzer (VNA), the( 11 values were

measured.

Additionally, the antenna was implanted into a rat model to measure the electromagnetic char-

acteristics in a living rodent. To acomplish this, two adult rats were anesthetized with 5% iso�u-

rane and maintained under anesthesia during surgery using 3.5-4% iso�urane. After con�rming

anesthesia, an incision wide enough to accommodate antenna insertion was made using straight
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Figure 2.3: The antenna was fully inserted into a live rat model. To prevent electrical shorting in
the rat's body, the antenna and SMA connector were coated in parylene-C.

iris surgical scissors lateral and perpendicular to the dorsal midline. Hemostats and tissue for-

ceps were used to probe anteriorly under the skin, gently remove connective tissue between skin

and dorsolateral abdominal musculature, and create a subcutaneous space for implantation. Once

implantation was complete,( 11 measurements were collected. Two rats were used for surgical

testing on two different experimental days. Both animals were euthanized before recovering from

anesthesia. Figure 2.3 shows the implantation surgery and measurement of implanted( 11 data.

All animal procedures were performed in accordance with guidelines of the Institutional Ani-

mal Care and Use Committee at Columbia University.

The ( 11 results for the pork and live rat models are shown in the Results section along with a

comparison to the free space standing antenna( 11 and the HFSS simulated antenna( 11.
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Figure 2.4: Antenna radiation testing.
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Figure 2.5: Surface Current Distribution (915 MHz).

To complete the antenna characterization, the best performing antenna was sent to Antenna

Test Lab, a company that specializes in performing gain, ef�ciency and radiation measurements.

Figure 2.4 shows the antenna undergoing a radiation test. This service was used to test our antennas

under the most ideal conditions.

2.1.5 Results

Surface Current

The surface current was exported from HFSS and is shown for the microstrip patch in Figure

2.5. The surface current was measured at 915 MHz and shows higher density along the turns and

thinner strips of radiating metal. Sides L4, L5, W4, and W5 show the largest current density in

the entire design, while L2, W3, and the thicker section of W5 show substantially less surface

current density. Additionally, L2 acts as a shorting pin for the antenna and has the lowest amount

of current density in the entire design.
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Re�ection Coef�cient

The re�ection coef�cients (( 11) for the designed antenna are shown in Figure 2.6. The( 11 from

the initial parameter simulations in HFSS, along with the two experimentally measured( 11 values

are displayed. The( 11 of the �rst antenna (plotted in red in Figure 2.6), was measured with the

designed antenna in free space. The antenna was connected to a 50
 cable that fed into a bench

top VNA. Once this measurement was taken, the antenna was placed on the surface of a pork model

with its radiating side facing down. The antenna itself was completely shielded from the pork test

substrate with the parylene-C dielectric shown in Figure 2.1. The pork and antenna combination

were then placed into a glass dish and the same benchtop VNA was used to take the measurement

(black line in Figure 2.6). To determine the effectiveness of the antenna's performance inside a

living rodent, the antenna was implanted using the procedure detailed in the methods section. The

live rat data is shown by the green line in Figure 2.6. Finally, the HFSS simulation is shown in blue

in Figure 2.6. The simulated antenna showed the deepest peak in its( 11 at -26.47 dB while the

non-implanted antenna was measured at -18.32 dB, the pork implanted antenna's( 11 was measured

at -17.94 dB, and the rat implanted antenna's( 11 was measured at -15.66 dB. In all four cases the

reported values were taken at 915 MHz, the designed operating frequency for the antenna. This

point did not necessarily align with the lowest possible center frequency. Interestingly, the( 11

resonance peaks of both the implanted (rat and pork) and non-implanted antennas saw shifts in

both frequency and magnitude. The most notable example is in the slowly declining( 11 value at

frequencies above the operating frequency (915 MHz). To quantify this bandwidth shift, the -10

dB fractional bandwidth (FBW) was calculated using the formula below.

� �, 103� =
5103� 2 � 5103� 1

52

Where� �, 103� is the fractional bandwidth of the antenna where 10% of the incident power

gets re�ected,5103� 2 is the frequency above the center frequency where the( 11 measures -10 dB,

5103� 1 is the frequency below the cutoff frequency where the( 11 measures -10 dB, and52 is the

18



Figure 2.6: Simulated and Measured (implanted and non-implanted) Re�ection Coef�cient( 11.

center frequency or the frequency at which the( 11 is at its lowest possible value.

For the simulated antenna the� �, 103� was 3.52%. The non-implanted antenna had an ex-

pectedly lower� �, 103� at 1.53%. The pork implanted antenna, however, showed a� �, 103� of

4.62%, which is much larger than was even simulated, while the live rat implanted antenna showed

a bandwidth of 2.62%. The bandwith of all four measurements �t well within the max 500kHz

channels used in LoRaWAN communication networks. Thus, although the� �, 103� of these an-

tennas are not as large as wideband and ultrawide bandwidth antennas, their bandwidth is more

than enough to operate under their intended application space.
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Figure 2.7: Simulated vs Measured Gain for XZ, YZ, and XY Planes.

Gain

The 2D far-�eld polar gain plots of the parylene-C coated antenna are shown in Figure 5.

All 2D and 3D measurements were taken in compliance with IEEE Standard 149 (1979) “IEEE

Standard Test Procedures for Antennas” [41]. In this standard, the XY plane form the center

equator of the sphere while the Z axis bisects the plane perpendicularly. All gain measurements

were taken with respect to the XY plane, XZ plane, and YZ plane. In each of these planes the

horizontal and vertical gains were measured at each of the spherical angles� and � to form a

sphere of gain values in three spatial dimensions. All three planes were plotted in Figure 2.7

The gain measurements for both horizontal and vertical versions of each coordinate plane

match fairly closely in shape to the simulated results from HFSS. As expected, however, the gain

magnitude in the measured data was lower than the simulated data in every possible plane and

angle.

The shape of the antenna's radiation in both the simulated and measured cases was omni-

directional. The omnidirectional shape of the radiation pattern is bene�cial for use in LoRa com-

munication as LoRa implantable devices are expected to constantly be moving and shifting their

position. Both the XZ and YZ planes show a notch between approximately 200 and 220 degrees.

This notch serves as a slight blind spot in the antenna which should not impact the overall perfor-

mance while implanted for the reasons outlined above.
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Figure 2.8: Measured 3D radiation pattern.
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Figure 2.9: Peak gain and spherically averaged gain.

Figure 2.8 shows the 3D radiation pattern of the antenna measured at 915 MHz. As is consistent

with the 2D gain seen in the XY, XZ, and YZ planes of Figure 5, the antenna radiates omni-

directionally. While the majority of the antenna's 3D gain values are measured at around -10dBi,

the yellow and blue portions of Figure 2.8 show the blind spot in the XZ and YZ plane from Figure

2.7. Aside from these areas of lower gain, the rest of the antenna functions omni-directionally as

expected and desired.

Figure 2.9 shows both the peak gain and the spherically integrated average gain. The peak gain

(in blue) is the highest gain value measured from any direction. At 915 MHz the peak gain was

-3.94 dBi.

The average gain was determined by measuring the integrated gain over the entire spherical
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radiation pattern. The below equation explains the computation of this value.

�08=0E6=

¯ 2c
0

¯ 2c
0 � ¹� –� º3� 3�

#

Where�08= �E6 is the spherically integrated gain shown in the black colored plot in Figure 2.8.

� ¹� –� º and is a function of the experimentally measured gain in terms of its 3D coordinates and

the frequency at which it was measured. N is the number of overall values measured at a particular

frequency. This relationship corresponds to the spherical integral of the gain values divided by the

amount of total gain values given. Since measurements were taken at a range of frequencies and N

is a constant value across all frequencies,�08= �E6 is a function of frequency.

The average gain value for the antenna radiating in any particular direction was found to be

-8.46 dBi. This result matches what is shown in Figure 2.8's 3D visualization as many of the

visible points appear to be between the -5dBi point through the -15dBi point range. This shows

that �08= �E6 is a useful metric for analyzing the overall gain of the antenna and will be used in

further analysis of the antenna's properties.

Ef�ciency

The antenna's ef�ciency was calculated using the analysis shown. First, the equation for deter-

mining the ef�ciency of a radiating antenna is given below.

4A =
%A

%8

Where4A is the antenna's radiation ef�ciency,%A is the antenna's radiated power, and%8 is

the antenna's input power under testing. The%A was calculated using the antenna's total radiated

power (TRP). The formula for TRP is given in the below equation [42].

) '% =
¹ 2c

0

¹ c

0
* ¹� –� ºB8=� 3� 3�

Where* ¹� –� º is the antenna's radiation intensity. From the antenna's radiation pattern, the
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effective isotropic radiated power (EIRP) can be used to calculate the TRP of the antenna. The

EIRP formula is given below.

� � '% = %A � ! 2 ¸ � 0

Where%A is the power radiated from the antenna,! 2 is the losses due impedance mismatch in

the test environment, and� 0 which has been experimentally calculated and reported in Figure 2.9.

Since EIRP depends on the antenna's gain, EIRP is a function of both� and� and will vary at

different measurement angles. TRP is a measure of the EIRP at every 3D angle and averaging it

over the surface area of a sphere.

) '% =
1

4c

¹ 2c

0

¹ c

0
� � '% ¹� –� ºB8=� 3� 3�

The calculated value for TRP is used for%A while %8 was determined and set in the testing

phase as a part of IEEE Standard 149 (1979). The resultant ef�ciency values are shown in Figure

2.10. These values were translated from dB to a percentage point for a clearer understanding.

Figure 2.10 shows that at 915MHz the antenna radiates at 14.86%. This value is on the same order

as PCB antennas used in cell phones [43] and other implantable antennas [44].

Link Budget Analysis

A link budget analysis was performed to analyze the theoretical effectiveness of this antenna

in a LoRaWAN communication network. The link characteristics used in this analysis are shown

in Table 2.2.

The link margin for a wireless communication system is de�ned as the difference between the

power received at the receiver end and the sensitivity of the receiver [45]. In equation form, this

relationship is given as:

!8=: "0A68== %A42� %B4=B
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Figure 2.10: Ef�ciency.

Table 2.2: Link Budget Parameters

Variable Description Value

5 Operating frequency 915 MHz
%B4=B Receiver sensitivity Variable, in dBm
%) Transmitter Power Uplink 14dBm, Downlink 27dBm
! 5 B Free space loss Variable in dB
� ) - Transmitter gain -8.46 dBi
� ' - Receiver gain -8.46 dBi
BW Bandwidth 500kHz
SF Spreading factor 12
CR Coding rate 4•5
' 1 Bit Rate 1.17kbps

%A42 Received power Variable, in dBm
%A42-%B4=B Margin Variable in dBm
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The sensitivity of the receiver (%B4=B) in a LoRaWAN network is a function of the signal to

noise ratio of the receiver. For LoRa antennas using a Semtech LoRa transceiver (sx1276), the

values for the receiver sensitivity are given at various bandwidth (BW) and spreading factors (SF).

For the case with the highest BW (500kHz) and SF (12), the sensitivity was given as -130 dBm.

This value was veri�ed in [46]. From the formula give in [46], the bit rate of a LoRa modulation

channel is shown below.

' 1 = (� �
�,
2(�

� � '

Where CR is the coding rate, a variable that sets the amount of parity bits transmitted. In

this case the CR was set to 4/5. Thus, the bit rate of our LoRaWAN communication channel is

calculated to be 1.17 kbps. The received power at the receiver (%A42) is calculated as the sum of

the transmitted power (%) ) and both the receiver and transmitter gains (� ' - and� ) - ) minus all

losses in the system. The largest source of loss in wireless communication systems is in the free

space path loss (! 5B) or the degradation of the RF signal as it propagates in free space. The free

space path loss and received power equations are shown below.

! 5 B= 20;>6103 ¸ 20;>6103 ¸ 32•45

%A42= %) - ¸ � ) - ¸ � ' - � ! 5 B

The free space path loss calculation shown above is converted to units of km and MHz and

has units of dB. In the received power equation, both the transmitter antenna gain and the receiver

antenna gain were set to -8.46 dBi signifying a communication network where both the transmitter

and the receiver are using the antenna designed in this work. The input transmitter power depended

on whether the device was communicating on an uplink or downlink. The LoRaWAN protocol has

different limits for the input power. For uplink, the max input power is 14 dBm and for downlink

the max input power is 27 dBm, this follows European Telecommunications Standards Institute

(ETSI) regulations for Short Range Devices.
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Figure 2.11: Link Margin in a LoRaWAN channel for both uplink and downlink at a bit rate of
1.17 kbps.
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Table 2.3: Benchmark Table

This Work addref adddref addref addref addref
Frequency 915 MHz 915 MHz/2.45GHz 915 MHz 402MHz/2.4GHz 920MHz/2.45GHz 928MHz/2.45GHz

Implantable? Yes Yes Yes Yes Yes Yes
Flexible? Yes Yes No Yes Yes Yes

Ef�ciency 14.86% - - - 2%/4% -
( 11 at target frequency -17.94 dB -17dB/-20dB -20 dB -25dB/-25dB -30dB/-17dB -17dB/-40dB

Peak Gain -3.94 dBi -28.32/-23.91 dBi -29 dBi -34dBi/-9dBi -32.2dBi/-23.7dBi -28.44dBi/-25.65dBi
Average Gain -8.46 dBi - - - - -

-10dB Bandwidth 42.21 MHz 111 MHz/570 MHz 35 MHz 35.3% 15%/18% 184.1MHz/219.7MHz
Material Polyimide substrate Rogers RT/duriod 6010 Rogers 3010 Rogers RO3210 Rogers RO3010 Rogers ULTRALAM 3850HT

with parylene-c with Al2O3 with Al2O3

Figure 2.11 shows the link margin as a function of distance away from the transmitter. The

relevant parameters (SF, BW, CR, Rb) used in this LoRaWAN connection are found in Table 2. It

is important to note that this plot is a purely theoretical simulation of a LoRaWAN link using the

designed antenna. This means that the model did not consider more complicated areas of power

loss and the complex geographies in which this antenna may be used.

The link margin shows that the designed antenna contributes to a good link margin upwards of

10-15 km when functioning as both the uplink and downlink antenna at maximum power. Even

with added loss from cable matching and an uneven geography (buildings, hills, and mountains),

the antenna should show solid performance in the 0-5 km range.

2.1.6 Analysis

The antenna operating characteristics are laid out in Table 2.3 in comparison to similar im-

plantable antennas in the literature. The �rst big difference is the relatively large size of this work's

antenna. The other antennas featured in Table 2.3 are miniaturized by designing the radiating and

ground planes to be as small as possible. While these antennas are smaller, none of them left any

area for sensing electronics, microcontrollers, or power supplies, a necessity for implantable de-

vices. The antenna showed in this work, clearly de�nes area for use as in a total integrated system.

Thus, the overall volume of the antenna was speci�cally created as an integrated platform where

different types of electronics can be swapped into the base design. Additionally, the larger antenna
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size provided some distinct bene�ts. The most clearly shown is in the overall gain of the antenna.

The antenna featured in this work had a higher average gain by far than all of the peak gains pre-

sented. This is most likely due to the larger size of the antenna from this work as compared to

the others. To achieve a smaller area, the other antennas in Table 2.3 use compact designs and

materials, yet their gains and radiation remain very low. This may not pose an issue in implantable

devices that transmit and receive at or around the skin level, however for LoRaWAN applications,

a relatively high gain and ef�ciency are important in transmitting data reliably over some distance.

The last interesting distinction between the antennas listed in Table 2.3 is substrates. The proposed

work utilizes a �ex PCB with a polyimide substrate and parylene-C encapsulation. A �ex PCB

platform was used as adding radio modules and sensor circuits become easier on a well-de�ned

PCB fabrication platform. Other works use high-quality �exible dielectric materials, however in-

tegrating these substrates into a common PCB fabrication process may be dif�cult when designing

the corresponding circuitry. The antenna proposed in this work was designed with the external

circuitry in mind. Of the antenna's that used an encapsulation method, this work was the only one

to use parylene-C. This FDA approved material is easily deposited onto the front and back of the

antenna without the need to purchase Al2O3 sputtering targets or to subject circuits to an atomic

layer deposition, which requires expensive equipment and training.

2.2 Post-implantation Behavior in Rodents

2.2.1 Introduction

Wireless implantable devices have become widespread in biotelemetry applications from an-

imal tracking in wildlife biology [47] [48] to preclinical biomedical research conducted in labo-

ratory rodent models [49]-[50]. These devices lack external connectors for transmitting data and

power and provide consistent communication of location and biopotential data in freely-moving

organisms. In doing so, they link internal physiological states to behavior and pathology and allow

for otherwise unattainable insights into these relationships. For every biotelemetry application,

however, device design, encapsulation, and surgical implantation must be carefully considered for
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animal welfare and ef�cacy.

The hallmark challenge of designing implantable devices is to optimize accuracy and power

consumption, while considering issues such as biocompatibility, electrical safety, size compatibil-

ity for the intended animal model, and behavioral effects. Negative outcomes on behavior include

recovery time lasting longer than 2 weeks post-implantation, altered locomotion, physical irrita-

tion, attempted removal of the device, and changes in typical animal behavior such as decreased

eating, decreased sociability, and increased grooming. When designing electronics for the purpose

of behavioral studies, it is crucial that these effects are minimized. If the animal is stressed or in

post-operative pain, the outcome of all future experiments will be negatively affected.

In the present study, we determined the behavioral effects after implantation of a mock elec-

tronic device on 11 adult male CD1 mice in order to determine future ef�cacy and safety outcomes

for biotelemetry applications in rats and mice.

Model devices were designed on printed circuit board (PCB) processes and a coin cell bat-

tery was af�xed to the top of each in order to simulate the size and weight of an active device.

Coin cell batteries were used as their smaller form factor and suf�cient capacity allows weeks of

experimental use at a proper duty cycle [51]. Two types of PCBs, rigid FR4-based boards and �ex-

ible polyimide boards, were designed and fabricated. Once implanted, the effects of each board

topology on each animal's movement and stress levels were compared.

Following surgery, open �eld tests and 3-chamber social interaction tests were performed up

to one week after implantation to measure basic movement, willingness to explore, and draw con-

clusions about relative levels of stress, anxiety, and sociability in implanted animals compared to

those that underwent a sham surgery.

To further validate the post implantation behavior results, a BLE wireless tag was implanted

into one of the mice and left to roam in a small enclosed chamber. This would show that smaller

BLE implants are an effective way to monitor rodent biopotentials as useful wireless sensor de-

vices.

In this work, we demonstrate considerations for effective subcutaneous implantation surgery in
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order to minimize adverse outcomes in adult mice and determine the optimal design of potential

devices for future preclinical research on rodent behavior.

2.2.2 Electronics Design

To test the impacts of sizing, two different PCBs were fabricated on both a rigid and �ex pro-

cess. A general guideline from the Institutional Animal Care and Use Committee (IACUC) is that

the devices must weigh less than 10% of the animals total body weight. This reduced the maximum

mass of the board, batteries, and integrated circuits (ICs) used for sensing and communication.

Once the boards were of an acceptable size and weight, a 5` m layer of parylene-C was de-

posited onto both sides of all of the implantable boards. This layer served as a conformal hy-

drophobic coating to prevent the electronics from interacting with the body's �uids and biological

environment (blood, tissue, etc). Parylene-C was used because it is a common insulator for im-

plantable devices. It is chemically and biologically inert [52] [53] and has been approved by the

Food and Drug Administration (FDA) for use in implantable devices [54]. The coating was applied

using a SCS Labcoter 2 Parylene Coater in Columbia University's Clean room.

For the next layer of protection, the devices were encapsulated in silicone putty, which offers

two bene�ts. First, the putty rounded out any sharp and rigid edges from the battery, ICs, and the

board itself. This was critically important as even small uneven edges can drastically affect the

animal's comfort level post-operation. Second, the silicone layer provided an additional layer of

insulation to isolate the electronics from the body.

The layer stack for the devices is shown in Figure 2.12a, while one of each of the two different

PCB types are shown in Figure 2.12b. Both pictured devices were later implanted as part of the

behavioral experiment.

2.2.3 Rodent Surgery

Male CD1 mice 10-20 weeks of age were anesthetized with 5% iso�urane. One centimeter

lateral to the dorsal midline, a 2.6 cm vertical incision was made in the skin on the �ank ending
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Figure 2.12: (a) Layer Stack of implanted devices (b) (left to right) Devices on rigid and �ex
substrates pre-implantation.

just above the pelvic region. Blunt forceps and straight iris surgical scissors were used to gently

separate any connective tissue between skin and musculature to create a subcutaneous space for

implantation. Once implantation was complete, 3-5 interrupted sutures were used to close the

incision. To control for the effects of anesthesia and the surgical process itself, one group of

mice for each board type underwent a sham surgery in which anesthetic delivery, duration, and

opening and closing of the subcutaneous space were consistent with implantation but no device was

inserted. Body weight and overall health were monitored for 1 week following both implantation

and sham surgeries. Figure shows an adult CD1 mouse post surgery.

All animal procedures were performed in accordance with guidelines of the Institutional Ani-

mal Care and Use Committees at Columbia University and the New York State Psychiatric Insti-

tute.

2.2.4 Results

Post-Surgery Behavioral Analysis

Between surgery and behavioral endpoints 1 week later, none of the mice presented with any

physical health complications such as excessive redness or swelling at the incision site, hypo- or
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Figure 2.13: Adult CD1 mouse post-surgery.
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Table 2.4: Body Mas Pre and Post Implantation Surgery

PCB Type Surgery Initial Average Body Mass (g) Change in Body Mass

Rigid Sham 42.6 -2.1%
Rigid Implant 49.1 -3.8%
Flex Sham 41.6 -1.2%
Flex Implant 50.6 -3.4%

hyperthermia, excessive licking, scratching, or vocalizing, tremors, hunching, unwillingness to

move, or changes in normal food and water consumption. On average, after accounting for the

mass of each implant where appropriate, body weight decreased by 1-3% for all groups, but this

change was not signi�cantly different for either rigid or �ex board types between sham surgery and

implanted animals (rigid PCB: t2 = 0.38, p = 0.74; �ex PCB: t5 = 1.21, p = 0.28 by two sample

t-test, Table 2.4). Animals implanted with rigid PCB devices or underwent sham surgery (N =

2/group) recovered for 1 week and were then subjected to a 45-minute open �eld test. A second

cohort of male CD1 mice underwent sham surgery or were implanted with �ex PCB devices (N = 3-

4/group) and were allowed to recover for 3 days before being subjected to the 45-minute open �eld

test. One week following �ex PCB implantation, this cohort was tested in a 3-chamber sociability

test. By one-way repeated measures ANOVA, implantation with the rigid PCB board had a main

effect on immobility (F1,2 = 38.207, p = 0.025; Fig. 2.14b) but not on basic movement compared

to sham surgery (no interaction effect with implant presence over time: F2,4 = 3.429, p = 0.136;

Fig. 2.14a). Post hoc analysis with a false discovery rate adjustment indicated that immobility

was signi�cantly different only within the �rst 15 minutes of the open �eld test (p = 0.036; Fig.

2.14b). When animals were implanted with �ex PCB, however, there was no signi�cant effect of

implant on either movement (F2,10 = 0.126, p = 0.883; Fig. 2.14c) or immobility (F2,10 = 1.245,

p = 0.329; Fig. 2.14d) over the 45 minutes of the test.

In the open �eld assay, time spent in the center versus the periphery of the arena is a measure

of willingness to explore; animals that spend signi�cantly less time in the center than others are
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Figure 2.14: Movement (left) and immobility (right) in an open �eld assay after implantation
surgery with rigid (top) and �ex (bottom) PCB substrates. Individual animals are consistently
represented by colored line.
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Figure 2.15: Flex vs rigid PCB substrates and implanted mice compared to sham surgery group
time spent exploring center arena in open �eld test.

considered to be in an affective state analogous to anxiety. For both the rigid and �ex PCB sub-

strates, animals that received an implant versus a sham surgery did not spend signi�cantly different

periods of time in the center of the arena (rigid PCB cohort: t2 = 0.206, p = 0.856; �ex PCB cohort:

t5 = 0.596, p = 0.577 by two sample t-test, Fig. 2.15).

Implanted BLE Device Characterization

Once the behavior tests were completed, a BLE biotelemetry tag from the device shown in

Figure 2.12 was implanted into a live mouse. The Received Signal Strength Indicator (RSSI) was

measured from the tags to determine the quality of the wireless connection. During implantation

the RSSI was measured over the course of 1 minute while the mouse was free to roam around

the enclosure shown in Figure 2.16. The average RSSI over this interval was - 62.96 dBm with a

standard deviation of 4.95 dBm and a variance of 24.53�< 2.

36




	Acknowledgments
	Introduction and Background
	Smart Cities and the Internet of Things
	Low Power Wireless Communication Networks

	Biomedical Applications for IoT Devices
	"Bridging the Translational Gap"
	Implantable Sensors

	Environmental Applications for IoT Devices
	The Importance of Urban Green Spaces
	Soil Health Sensing


	Implantable Electronics for Rodent Biopotential Measurement
	Antennas for Implantable IoT Devices
	Introduction
	Antenna Design Methodology
	Antenna Simulation
	Antenna Physical Design and Measurements
	Results
	Analysis

	Post-implantation Behavior in Rodents
	Introduction
	Electronics Design
	Rodent Surgery
	Results
	Analysis


	Wireless Sensor Networks for Soil Health Monitoring
	NPK Nutrient Sensing
	Plant Spike
	System Architecture
	Hardware Overview and Design
	Urban Ecosystem Testbed
	System Implementation
	Electrical Characterization

	LoRa Soil Sensing
	Introduction
	System Design
	System Deployment
	Results


	LoRaWAN Network Characterization
	Introduction
	System Design
	System Design
	Analysis

	Conclusion or Epilogue
	References
	Ultrasonic Piezoelectric CMOS Analog Front End
	Piezoelectric Sensor Characterization
	CMOS AFE Circuit Design
	Input Stage Amplifiers
	Single-Ended to Differential Converter
	Programmable Gain Amplifier
	Gm/C Filter
	Current Distribution

	System Measurements
	Voltage Mode Input Signal Chain
	Charge Mode Input Signal Chain

	Ultrasonic AFE for Ranging Finding Applications


