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Dual-band power and communication antennas for

wireless brain-computer interfaces

Apoorva Sharma

Chair of the Supervisory Committee:
Matthew S. Reynolds

Department of Electrical and Computer Engineering

Implanted biomedical devices such as wireless brain computer interfaces (BClIs) for
neural recording and stimulation face two key challenges: (1) remaining powered over a long
duration and (2) communicating with an external system with sufficient bandwidth in an
unconstrained environment without data dropouts. A viable solution to solve these problems
is to supply power to the BCI device via inductive coupling at the high-frequency (HF) band
(13.5 MHz) and to have data communication at the ultrahigh-frequency (UHF) band (902-928
MHz). To fulfill these requirements, design of dual-band (HF and UHF) antennas for BCI and
external devices are needed. Designing HF and UHF antennas together in a small printed
circuit board (PCB) size (area of = 0.002 m?) is a challenging task due to (1) the relatively long
wavelengths of HF (= 22 m) and UHF bands (= 0.3 m), (2) the desire to minimize the specific
absorption rate (SAR), (3) the wide bandwidth required in the communication band, and
(4) the need to minimize unwanted interference between the power and communication
systems.

This thesis presents two BCI antenna systems: (1) a novel electrically-small dual-band
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implant antenna (27 mm diameter) to be embedded in the dura layer (= 1 cm below the skin’s
surface) with an external antenna (85 mm diameter) in proximity (few millimeters) to the
skin’s surface, and (2) a dual-band BCI antenna (55 mm diameter) designed to be installed on
the top of non-human primate’s (NHP) head, with an external antenna located inside the top
wall of the housing cage. The antennas were tested initially using a saline tissue proxy. Later,
the implant antenna was tested inside the chicken muscle. With an implant depth of 11 mm
and an air gap of 5 mm, the power link has a 17 % measured power transfer efficiency in the
HF band, inclusive of matching component losses, and the UHF communication link has 38
dB insertion loss over the 902-928 MHz band using saline solution. In chicken muscle UHF
communication link has 7.5 dB lower insertion loss as compared to saline solution.

Head-stage antennas designed for large NHPs were tested inside a metal housing cage.
Wireless communication inside the cage is a challenging task as the metal walls form a
reverberating cavity, creating dense multipath, resulting in many deep nulls that impair
the communication channel. Later in the thesis, in-vivo recordings were performed on an
anesthetized pigtail macaque (Macaca nemestrina), to validate the performance of wireless
backscatter uplinks. The monostatic backscatter data uplink using ceramic BCI antenna,
designed for NHPs, was successfully validated inside the cage, exhibiting 0 % packet error
ratio (PER) for 23 of 25 measurement location points, at a data rate of 6.25 Mbps, and PER
greater than 5 % at two measurement location points due to the presence of deep nulls inside
the cage. These experimental results showed high data rate communication with low PER, in
the presence of significant multipath. In this work, the highest data rate achieved to uplink
the recorded neural signals of an anesthetized pigtail macaque to the external system from
the proposed head-stage antenna system is 25 Mbps.

The success of the antenna designs presented in this thesis open an opportunity to
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utilize wireless BCI systems in the future for human clinical applications (for example, in
neural-recording and deep-brain stimulation for people with Parkinson’s disease and other

neurological disorders), and for neuroscience research on awake, freely moving animals.
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CHAPTER

INTRODUCTION

1.1 Motivation

With the technological advancements that have been made in the area of electrophysiological
recording of single cortical neurons in awake monkeys [8], a new understanding of neuronal
control of muscular movements has developed. As a result, neuroscientists have been able
to relate neuronal firing rates to various movement parameters [9, 10, 11, 12] and measure
the extra-cellular activity of individual neurons and neural ensembles. These changes have
led to the development of neural prosthetics referred to as brain-computer interfaces (BCIs).
In BCI, neural signals are measured by a signal acquisition system on the test subject (e.g. a
non-human primate (NHP)) and then transferred to an external computer where the neural
data is analyzed and translated into commands for external activities like control of a robotic
limb. BCI devices have several applications in biomedical industry, such as: (1) short-term
epilepsy prognosis using electroencephalography (EEG) [13], (2) classifying expressions of

sadness and happiness [14], (3) controlling wheelchairs based on neural activity [15], (4)
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controlling robotic mechanical limbs to help people with paralysis or amputations [16], and
(5) monitoring the brain development of humans and animals [17, 18]. BCIs can also enable
the future paradigms of electronic telepathy by enabling humans to control digital devices
with their thoughts, and, perhaps eventually, allowing people to perform brain-to-brain

communication [19].

1.2 Need for wireless BCIl systems

In conventional BCI systems, wires are used to connect the BCI device to an external computer
for power and data transfer. For such devices the relationship between neural activity and
physical behavior can only be achieved by constraining the movement of the subject, which
therefore limits the long-term functionality/usability of such devices. There are other several

issues with wired BCI systems that demand the design of wireless alternatives:
¢ Risk of infection inside the brain [20],

e Limited to laboratory experiments and are not suitable for everyday life applications

(17],
e Time-consuming setups and adjustments that cannot be made easily by the user [17],
* Mechanical problems can injure animals and reduce longevity [21],

* The wiring itself can produce misleading correlations between movement parameters

and neural activities [9].

Antennas are the most critical aspect of wireless BCI systems and are discussed in this

work.
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1.3 Objectives

To enable fundamental neuroscience research on awake, freely moving animals, BCIs must
be able to wirelessly stream neural data across multiple channels for several days in an
unconstrained environment without data drop-outs [22, 23]. A BCI system should also have
the ability to charge through wirelessly eliminating the need for heavy and bulky batteries to
provide energy [24, 25]. The development of wireless BCI systems will hopefully lead to an
unbiased understanding of the relationship between neural activity and movement through
continuous recording from freely-moving animals. These wireless BCI requirements drive
the design of biomedical antennas.

In this thesis, we explored following two real-world environments where biomedical
antennas can be used to improve device performance : (1) short-range communication/WPT
between implanted and the external devices, and (2) communication/WPT between the
external device and the head-mounted BCI device designed for NHPs. The proposed BCI
systems contain high frequency (HF) loop antenna designed for WPT based on inductive

coupling and ultra high frequency (UHF) antenna for backscatter communication.

1.3.1 Why HF band for WPT?

For WPT the optimal choice of operating frequency in an implanted device is a function
of the size of the implanted system as well as the electromagnetic (EM) properties of the
tissue in which it is embedded [26, 27]. For neural recording and stimulation in larger rodents
or primates, with implants = lcm3, transferring WPT in the HF spectrum (e.g., 13.56 MHz)
represents a good compromise between antenna size and efficiency. In this work, WPT
antennas are designed at 13.5 MHz. Another advantage of using the HF spectrum is of long

penetration depth resulting in minimal EM absorption in biological tissues [28].
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1.3.2 Why UHF band for data communication?

Although it would be convenient to use the HF spectrum for data communication too. The HF
spectrum cannot be used for efficient communication because of its limited 14 KHz industrial,
scientific and medical (ISM) bandwidth. In this work, the UHF band (902-928 MHz) is utilized
for data communication based on backscatter technique, instead of conventional radio since
backscatter devices do not require power hungry active RF amplifiers and oscillators to
generate a communication carrier wave (CW). This technique allows small-form-factor
systems with high data rates (>96 Mbps) [29] at orders of magnitude less power consumption
when compared to conventional, commercially-available radio standards like Bluetooth Low
Energy and WiFi (IEEE 802.11n) [30]. In backscatter-based devices, a time-varying impedance
is applied to the antenna, which modulates the amplitude and phase of the incident CW, and
scatters the modulated signal. Other communication alternatives exist (e.g., ultrasonic [31]
and ultra-wideband [32]), but the high data rate, simplicity, and small size of backscatter

communication systems make them an attractive choice for wireless BClIs.

1.4 Short-range WPT and communication between

implant and external systems

In this work, an implant antenna is designed to be embedded in the dura layer and an external
antenna capable of communicating with the implant within a distance of a few centimeters.
The antenna can be fit in a cap which the user can wear on their head such that the external
antenna is in close proximity to the head’s skin. This kind of setup enables the use of BCI
systems for everyday life applications, outside the laboratory environment as shown in Fig.

1.1 (a).



1.4. SHORT-RANGE WPT AND COMMUNICATION BETWEEN IMPLANT AND EXTERNAL
SYSTEMS

The practicability of implanted BCI systems for long distance WPT and communication
(as shown in Fig. 1.1 (b)), where the external antenna is located at a distance of a few meters
from the implant antenna, is unknown because of the complexity in link budget. This work is

suggested for future work and is not covered in this thesis.

Cap T~ Y WPT and Comm

N
External Antenna o) Hardware
n

 m— 1 rf
\ Implant Anterina
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WPT and Comm.
Portable Hardware >
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Figure 1.1: Two possible applications of implanted wireless BCI systems. (a) Short-range WPT
and communication. (b) Long range WPT and communication.

1.4.1 Dual-band implantable antenna challenges

Implanted dual-band (HF and UHF) antennas are challenging to design for many reasons:

* Need to make compact : Typically, implanted devices [33, 34] have volumes on the
order of a few mm? to a few cm® limited by allowable tissue displacement, and a power
budget on the order of yW to mW limited by tissue heating. Long wavelengths at HF
(= 22 m) and UHF bands (= 0.3 m) complicate the design of co-planar HF and UHF

antennas in a small PCB size (volume =~ few cm?).

* Need to maximize data : The trade-off for designing electrically-small antennas is

poor antenna radiation efficiency and narrow bandwidth. However, a wide bandwidth
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would be required to support high data rates and to incorporate more recording or
stimulation channels. In addition to that, EM wave absorption in biological tissues

results in reduced coupling efficiency between external and implanted devices.

* Need to minimize heat : The desire to minimize specific absorption rate (SAR) and
accompanying tissue heating from EM absorption, to prevent tissue damage. In the
US, wireless BCI systems need to be designed for SAR below 1.6 W/Kg measured in 1

gram of tissue sample for human exposure [35].

* Need to minimize signal interference : Port-to-port mutual coupling between the co-
planar WPT and communication antennas should be minimized to prevent unwanted
interference between the power and communication signals. Additionally, biological
signals of interest often have very low amplitude (e.g. neural spikes are = <100 uV), so

the antennas should not interfere with sensitive measurement electronics.

* Need to protect : Encapsulation is needed for the protection of tissues from corrosion
and impurities. A layer of encapsulation can change antenna properties like resonant
frequency, and bandwidth. Hence, it is essential to model the encapsulation layer while

designing the antenna for simulations.

1.5 WPT and communication inside a metal housing
cage

Another BCI application proposed in this thesis is to provide efficient wireless communication
for enabling neuroscience research on awake, freely moving large NHPs inside a metal

housing cage. The block diagram is shown in Fig. 1.2.



1.6. STEPS FOR DESIGNING WIRELESS BCIANTENNAS
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Figure 1.2: Block diagram of wireless BCI system on awake, freely moving animals. Desktop
image is licensed under CC CC BY-NC-ND and monkey image credit to James Rosenthal.

1.5.1 Challenges with BCI systems in metal housing cage due to

reverberant cavity

Enabling communication inside a metal housing cage is a challenging task as the metal walls
form a reverberating cavity in which EM waves bounce back and forth, creating dense multi-
path fading. This phenomenon results in many deep nulls in the communication channel
which can destructively interfere with the backscattered signal. There is extensive literature
on characterizing multipath channels in urban, indoor office, and industrial environments
[36, 37, 38, 39]. To the best of my knowledge, experiments performed in this work, to charac-
terize the channel transfer function for UHF band inside the commonly utilized NHP housing

cage made up of metal grids, is the first work of its kind.

1.6 Steps for designing wireless BCI antennas

In this thesis, BCI antennas were designed using the following methodology:
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* Estimation of the material properties of biological tissue or tissue proxy using statistical

models like Debye or Cole-Cole models,

e Creation of a numerical phantom in EM simulation software with calculated dielectric

properties for each biological layer,
* Antenna design based on the requirements of BCI systems,

e Optimization of antenna dimensions using local/global algorithms, e.g., genetic algo-

rithm,

* EM simulations for the estimation of bandwidth, insertion loss, power transfer effi-

ciency, and SAR,
e Fabrication and encapsulation,

* Testing of the antenna systems and in-vivo neural recordings.

1.7 State of the art

1.7.1 Literature on WPT antennas

In the past, many researchers have worked separately on powering biomedical devices based
on WPT via inductive coupling as shown in Table 1.1 and wireless BCI communication as
shown in Table 1.2, and in [40]. Literature review suggests that, WPT can be performed for
frequency ranges from few MHz to GHz.

The antenna design proposed in [41] designed at 0.8 MHz, is most efficient but has the
largest size. The design mentioned in [46] at frequency 400 MHz has the smallest area with a

low WPT efficiency of -27 dB. The antenna design mentioned in [26] at 13.5 MHz has a small
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Table 1.1: Literature on biomedical antennas for WPT

Center Implant size Gap between. Link

Reference |Frequency (mm) Application external & efficiency

(MHz) implant antennas (mm) (dB)
WPT/

Sharma [1] |13.5 & 915|Board diam. 25|Backscatter 15 -7.6dB

comm.

Knecht [41] 0.8 diam. 70 WPT 20 -0.2
Jow [42] 1 diam. 20 WPT 10 -3.85
Jow [42] 5 diam. 20 WPT 10 -0.7

Zargham [26] 13.5 diam. 10 WPT 10 -1.4
Kiani [43] 13.5 diam. 10 WPT 5 -8.5
Zargham [44] 160 2x2.18 WPT 10 -20
Bjorninen [45] 400 6.5 x 6.5 WPT 16 -16
Song [46] 400 1x1x1 WPT 10 -27

Driscol [47] 1000 2x2 WPT 15 -31

necht
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Figure 1.3: Comparison of WPT antennas based on the references mentioned in Table 1.1.
Design mentioned in Sharma [1] has small HF antenna size as well as good efficiency.

antenna diameter of 10 mm, and has an efficiency of -1.4 dB, for an air gap of 10 mm. The
dual-band implant antenna proposed in this work [1], is an ideal balance of small size and
good efficiency. From Table 1.1 and Fig. 1.3, it can be concluded that the antenna’s efficiency
largely depends on the coil area, the frequency, and the gap between external and implant
antennas. As a result, it is challenging to design small antennas for WPT with good efficiency
at low-frequency bands. The disadvantage of designing antennas at higher frequency bands
is that the WPT link efficiency decreases with the increase in frequency due to the increased

path loss and increased EM absorption in biological tissues.
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Table 1.2: Literature on biomedical antennas for wireless communication

Center Implant size Separation ga
Reference | Frequency P Application| > " % 151 @B)
(mm) (mm)
(MHZz)
WPT/ 30dB
Sharma [1] | 13.5 & 915 |Board Diam. 25|Backscatter 15 @ 915 MHz
comm.
-20dB @
. 2450 MHz
Bahrami [48](2450 & 6850 10x9 Comm. 4 38dB @
6850 MHz
-32dB@
2400 MHz
i 402 & 24 . .
Liu [49] 02 & 2400 | 22 x 23 x 1.27 Comm 50 34dB @
402 MHz
-30 @
403 MH
Duan [50] | 403 & 2450 |13.4 x 16 x 0.83| Comm. 20 . g
&-22@
2450 MHz
Backscatter 25@
Song [46] 950 Ixlx1 comm. 3 915 MHz

1.7.2 Literature on implantable antennas for data communication

The literature review on implantable antennas for wireless communication is shown in Table
1.2. For communication, the medical device radiocommunications service (MICS) 402-405
MHz band and the 2.4 GHz ISM band are common choices in the literature. However, with
the constrained bandwidth, it becomes increasingly more difficult to send high data rates.
The 2.4 GHz band has higher ISM bandwidth of 100 MHz but suffers from higher path loss
resulting in lower link efficiency compared to the MICS band. In this thesis, the UHF band
(902-928 MHz) is chosen for communication because of the following reasons: (1) wider
bandwidth (26 MHz) as compared to MICS band, (2) capable of supporting data rates from

tens to hundreds of Mbps, and (3) lower path loss compared to 2.4 GHz.

10
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Table 1.3: Literature on biomedical antennas for WPT and communication

WPT |Comm.
Center . . .
Implant size . . Separation gap| Link Data
Reference Freq. Application .
(MHz2) (mm) (mm) efficiency| rate
(dB) |(Mbps)
WPT/
Sharma|[l] [13.5 &915| Diam. 25 Backscatter 15 -7.6 5
comm.
Young [51] | 4&433 Dlzm' WPT/ Comm. 20 - 0.005
Bjorninen [34] 400 6.5 x WPT/ Comm. 16 -22 -
6.5 x 0.0002
Muller [52] 300 Diam. 6.5 | WPT/ Comm. 10 -1.5 1
Mestais [53] [13.5&400| diam.50 |WPT/Comm. 200 - 0.45
403 &
Das[54] | 1525& ZOX'SO_XO;’ ! iiﬁlsr:ki: Z;li)nTg/ 55 3135 | -
2425
Talla [55] 13.5&915| Diam. 20 |WPT/ Comm. 10 -0.97 0.16
Simard [56] | 1&13.56 | Diam.24 | WPT/ Comm. 5 -2.21 4.16
Yeager [57] 1500 0.5x0.25 | WPT/ Comm. 1 -6.1 1

1.7.3 Literature on WPT and data communication antennas

There is some literature on dual-band antenna systems for WPT and communication. How-
ever, it is surprising that so few systems integrate WPT and communication. For example,
work mentioned in [51] describes an implantable system for WPT at 4 MHz and data com-
munication at 433 MHz for a freely moving mouse inside a plastic cage that has a limited
data rate of 5 kbps. WPT and neural recording can both be achieved using a single antenna
system, similar to the work mentioned in [52], where the received power is 3x higher than
the required power of the implanted integrated circuit (IC), but with a limited recording rate
of 1 Mbps.

It is hard to achieve high data rate and efficient WPT at the same frequency band, using a
single BCI antenna, because WPT systems based on inductive coupling require high quality
factor (Q) narrow-band antennas [58]; however, broadband antenna systems are required for

high data rates [59]. Many papers have demonstrated the idea of WPT and communication

11
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systems using discrete antennas without integrating them onto a single BCI printed circuit
board (PCB) [46]. Other standard literature is based on dual or triple frequency bands using a
single antenna [52, 54]. The dual-band implant antenna system proposed in this work [1],
balances these two needs, with a good WPT efficiency of -7.6 dB and communication uplink
with a data rate of 5 Mbps, for a separation distance of 15 mm, the highest data rate compared

to the literature mentioned in this section.

1.8 Original contributions
The original contributions of the author to date are as follows:

* Design of dual-band external and implant antenna devices : To the best of my knowl-
edge, the proposed design is the first ever dual-band (HF and UHF), co-planar antenna
system for implanted neural recording and/or stimulation devices. The implant an-
tennas are designed on a 25 mm diameter and 3 mm thick PCB surrounded by a thin
layer of bio-compatible silicone encapsulate. The external antennas are designed on
an 85 mm diameter and 3 mm thick PCB. Proposed antennas are designed for low SAR
and low port-to-port mutual coupling between HF and UHF devices. Related work

published in [1] and a patent in [60].

* WPT and backscatter communication using dual-band external and implant an-
tenna devices : The pre-recorded neural signals from the implant device were suc-
cessfully uplinked towards the external device with a data rate of 5 Mbps using saline
solution. The HF antennas were able to deliver 1.33 mW towards the implant device
with an efficiency of 17 %. The communication link is shown to have a 0 % PER at an

implant depth of 2.5 cm and less than 0.91 % up to 3 cm. The insertion loss measured

12
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in saline solution at UHF band was 7.5 dB higher as compared to the loss measured
in chicken muscle. We expect better communication link in animals as compared to
saline, due to lower resistive losses in the protein and fat content of animal tissues. We
found comparable insertion loss at 13.5 MHz using saline solution and chicken muscle
as biological tissues are almost transparent at 13.5 MHz. Related work published in

(61, 62].

Design of dual-band external and head-stage antenna devices for NHPs : To the best
of my knowledge, the proposed antenna designs are the first ever dual-band (HF
and UHF) BCI antenna system for large NHPs inside a reverberant cavity. The BCI
antenna PCB is a two-layer board designed on a 55 mm diameter, 1.6 mm thick FR-4
dielectric. This PCB was designed to fit inside a 3.7 cm long, 5.6 cm inner diameter
Teflon cap connected to 8.5 cm long titanium (Ti) tube enclosure which is fabricated
to be mounted on the top of the skull of an NHP. In this work, two UHF BCI antennas
were designed: (1) a narrow-band ceramic antenna with high gain, and (2) a wide-band

uSP antenna. Related work published in [63].

UHF antenna characterization inside reverberant housing cage and backscatter com-
munication inside the cage: To the best of my knowledge, the proposed work is the
first ever characterization of the channel transfer function inside a reverberant housing
cage. A measured 3 dB channel mean bandwidth of 6.5 MHz with an insertion loss
from 14 to 37 dB was achieved at 126 surveyed locations within the cage volume using
the ceramic antenna, and a measured 23.8 MHz mean bandwidth was achieved using
the wide-band uSP antenna with an insertion loss from 21 to 42 dB. Experimental
results show that despite the significant multipath inside the reverberant cage envi-

ronment, efficient backscatter communication is possible. The relationship between

13
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usable bandwidth and |S»;| dB in the cage was observed to be similar to mode-stirred

reverberant chambers. Related work published in [63].

* In-vivo measurements using anesthetized pigtail macaque in a benchtop setup :
Neural recordings were uplinked successfully to the external system with a data rate of
6.25 Mbps using differential quadrature phase shift keying (DQPSK) from a head-stage
ceramic antenna, and 25 Mbps from a head-stage wide-band uSP antenna. Summary
of in-vivo measurements is shown in Table 1.4. Related work published in [64] along

with a paper under review [65].

Table 1.4: In-vivo testing using anesthetized pigtail macaque

Di -10dB BW
BCI head Istance 0d BCI antenna |BCI antenna|Data rate
between external |of BCI antenna . . . .

stage . dimensions gain achieved

antenna and head-stage | in free space (cm x cm x cm) (dBi) (Mbps)
antennas (cm) (MHz) p

Ceramic 30 1 2.5 x 2.5 x 2.5 -0.4 6.25
Antenna

uSP

35 12.5 1.27 x 0.92 x 0.28 -13.6 25

Antenna

1.9 Dissertation organization

The remainder of this document is organized as follows:

» Chapter 2 discusses EM wave propagation in a lossy medium along with the discussion
of issues such as tissue heating that result from exposing biological bodies to EM waves.
The same chapter covers the estimation technique of dielectric properties of different

biological materials (e.g., brain, skin) based on Cole-Cole and Debye models.

e Chapter 3 presents dual-band (HF and UHF) implant and external antenna devices

for humans/NHPs. The HF band is for WPT and the UHF band is for backscatter

14
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communication. The chapter discusses the need for dual-band BCI implant systems
as well as background on backscatter communication and WPT. The remainder of
the chapter focuses on the design parameters and simulation results of implant and
external antennas. In addition to that, encapsulation techniques for implantable
systems are covered. The chapter concludes measurement results from implanted

antenna in saline solution and chicken muscle.

* Chapter 4 presents dual-band (HF and UHF) antenna systems for large NHPs inside
a reverberant metal housing cage, which is an electromagnetically challenging envi-
ronment for wireless communication. This chapter presents simulation as well as
measurement results of UHF antenna characterization inside the reverberant cage.
The chapter is further extended to in-vivo measurements in a benchtop setup using an

anesthetized pigtail macaque at the Washington National Primate Research Center.

e Chapter 5 is the conclusion and proposal for future work.

1.10 List of publications to date

All publications to date are included below.

1.10.1 Patents

1. A. Sharma and B. White “Antenna Pattern Shaping Techniques for Mobile Devices”,

Filed.

2. A.Sharma and M. S. Reynolds “Broadband Single Wire Transmission Line Coupler and

Launcher Structures,” U.S. Provisional Patent Application No. 62/445,986.
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CHAPTER

EM WAVE PROPAGATION IN A BIOLOGICAL TISSUE

2.1 Introduction

A biological body is a complex mix of different biological tissues, e.g., white matter of the
brain, blood vessels, bone cortical, fat, muscle, etc. Each biological tissue has different
dielectric properties, which can be estimated from statistical fitting models like the Cole-Cole
or Debye models [66]. When an EM wave propagates through a lossy medium, the wave is
attenuated, reducing the signal inside the medium. The EM wave propagation inside the
biological tissue varies with different parameters like frequency of operation, the geometry
and age of the biological tissue, and the polarization of the incident wave. The continuous
exposure of biological tissue to EM waves can damage biological tissue. Therefore, it is
essential to study EM wave characteristics in the lossy medium. EM wave characteristics can
be calculated numerically using wave equations or can be estimated with the help of 3D EM
simulation software using a CAD model of a biological body designed in software (commonly

known as a numerical phantom). Depending on the application, the numerical phantom

19
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can be modeled as a homogeneous structure or a heterogeneous structure as shown in Fig.
2.6. The heterogeneous phantom is an anatomically detailed model of several dielectric
layers arranged in a complex manner. In this work, proposed antennas are designed using
homogeneous phantoms because they are easy to design, are faster to simulate, and are an
effective technique when the location of the biomedical implant is unknown in the body.
This chapter discusses the following topics: (1) the effects of EM exposure to biological
tissue, (2) EM wave propagation in a lossy medium based on Maxwell’s equation and the
wave equation, (3) an estimation of the dielectric properties of biological tissues based on

the Cole-Cole model, and (4) details about numerical phantoms.

2.2 Specific Absorption Rate (SAR)

Direct exposure to an EM wave can cause thermal damage to the biological tissue. The
absorption of EM energy in a body depends on the duration of exposure and radiation
strength [67]. The rate at which the EM field is absorbed by biological tissue is given by
the SAR and is measured in watts per kilogram (W/Kg). SAR can be measured using highly
sensitive temperature and electric field probes, or it can be estimated using time-domain
3D EM software tools which is much faster and cheaper [2]. SAR is calculated by averaging
the rate of absorption in 1 gram or 10 gram of a human tissue sample. In this work, CST
time-domain simulation is used to estimate SAR in tissue phantoms. Fig. 2.1 is an example of
EM wave absorption inside a homogeneous phantom from a cell phone.

Mathematically, SAR can be written as

2
SAR:lfwdrzcﬂ @.1)
|4 p(r) At

where o (r) is the electrical conductivity of the tissue, E(r) is the RMS electric field inside the
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2.2. SPECIFIC ABSORPTION RATE (SAR)

Figure 2.1: Example showing simulated SAR calculated at 1.8 GHz from a cell phone. In this
image red color represents peak absorption and blue represents least absorption (image
taken from [2]).

tissue, p(r) is the tissue density, V is the volume of the tissue, c is the specific heat capacity of

the tissue, At is the change in time, and AT is the change in tissue temperature.

2.2.1 Importance of SAR limitation

Temperature rise due to RF absorption exceeding 1° —2°C in the human tissue can cause
adverse health effects like heat stroke, heat exhaustion, and ultimately tissue damage [68]. As
mentioned in [69] SAR value of 4 W/kg can cause tissue temperature to rise by 1° C. In the
United States (US), according to the FCC, the SAR level inside biological tissue should be at
or below 1.6 W/kg calculated by averaging a mass of 1 gram of tissue that is absorbing most
of the signal [35]. This limitation suggests that the on/in-body wireless devices should be

designed for SAR value smaller than 1.6 W/kg to be viable for long-term use.

2.2.2 SAR vs frequency

When a plane wave is incident on a human body, the body acts as an antenna and resonates
at a specific frequency. For example, a human body on the conductive ground behaves like a
monopole antenna [70]. Multiple experiments and simulations were performed previously,

to estimate the behavior of SAR with respect to frequency and it was concluded that the SAR
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increases until resonant frequency is achieved and then drops after the resonance. The work
mentioned in [70] showed that maximum SAR absorption occurs at 65 MHz, 85 MHz, 110
MHz, and 155 MHz for the adult, 10-year-old, five-year-old, and one-year-old phantoms,
respectively, under isolated conditions (Fig. 2.2). The resonant region can be calculated
approximately for the human height of 0.36 — 0.4 x A, where A is the wavelength [71]. Fig. 2.2
suggests that the SAR at 13.5 MHz (HF band) is smaller than the SAR at 915 MHz (UHF band)
in biological tissues. Hence, SAR was one of the critical parameter taken into consideration

for designing UHF antennas.
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Figure 2.2: The whole-body averaged SAR for the adult, 10-year-old, 5-year-old and 1-year-
old phantoms for the incident electric field of 1V m ™! (rms). (Left) Phantom under isolated
conditions. (Right) Phantom on the ground. (image taken from [3]).

2.3 EM wave propagation in a lossy medium

The permittivity (¢) and permeability (u) are the two main electrical properties of a dielectric
material. These two parameters vary with tissue type in a biological system as well as with
the frequency of the incident EM wave. In order to describe EM waves in biological tissues,
the loss tangent, penetration depth, wave impedance, and attenuation must be understood.

The relative permeability (u,) is a complex quantity which can be written as
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Hr = % = IJrI - jllrll (2.2)
where u is the permeability of a material, u, is the permeability of free space, u,’ is the
real part of the relative permeability. For biological tissue, y,’ is assumed to be negligible,
similar to the permeability of free space and does not change with the frequency [72], u,” is a
measure of the magnetic losses and does not occur in biological tissues [73].
The relative complex permittivity (¢,) can be written as
€

€r == €r, - erH (2'3)

o

where € is the permittivity of the material, €, is the permittivity of free space, ¢, is the real part
of permittivity also known as the dielectric constant, ¢,” is out-of-phase loss that occurs due
to dielectric damping of vibrating dipole moments and conductive loss [74]. The electrical
damping of most of the biological tissues can be assumed to be zero due to the dominance of
conductive currents [75]. The out-of-phase loss can be written as

, O

e, = 2.4)
€o

where o is the total conductivity of the material and w is the angular frequency.

2.3.1 Estimation of loss tangent

The loss tangent, tan(6) is defined as

tan(d) = — 2.5)
€
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If tan(0) is zero, then the material is lossless. For example, dry air has zero loss tangent.
When the loss tangent is high it implies that the EM absorption in the material would be high.

Loss tangent can be derived from Ampere’s circuital law which can be written as

VxH=—+] (2.6)
ot

where V x is the curl, H is the magnetic field strength, J is the conduction current density,
and D is the electric flux density. The conduction current and electric flux density are related

to electric field intensity (E) and can be written as [74]

J=0E 2.7)
B = eoerz") (2.8)
From Eqns. 2.7 and 2.8, Eq. 2.6 can be modified to
—_ . — — . . (0} —
V x H = jwepe, E +0E:]weo[er—]—]E (2.9)
weE
The overall complex permittivity obtained from Eq. 2.9 can be written as
. g
E:eo[er—] ] (2.10)
Using Eq. 2.10 the loss tangent can be derived as
e’ o wel +a
tan(d) = — = = - (2.1
€ weyE, we;

We can see from Eq. 2.11 that the loss tangent increases as the conductivity of a material

increases.
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2.3.2 Estimation of attenuation and phase constant using wave
equation

Wavelength and penetration depth in a media are related to the propagation constant and

the attenuation constant. These constants can be derived from Maxwell’s equation

VxE=-—— =—jouH (2.12)

where B is the magnetic flux density.

From wave equation [76]

VxVx E=V(V-E)-V2E (2.13)

where V- E = 0 for a source free region [74].

Eq. 2.13 can be modified to
VxVxE=Vx(—jouH) = —jop,V x H (2.14)

Combining Egs. 2.13 and 2.14 gives

g ]E:o 2.15)

V’E +w2uoeo[er —j
wWEe,

Eqg. 2.15 is the Helmholtz equation [77] from which the wave number k can be derived as

k:w\/uoeo[er—j = | (2.16)

we,

The propagation constant y can be written as

. . . . 0
Y= a+]ﬁ:]k:]w\//,toeo[er—] ] (2.17)

wE,
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where « is the attenuation constant which is 0 for a lossless medium, and S is the phase

constant in rad/m. Constants a and f can be derived as

w |€r g 12

a=2q| L 1+[ ] -1 (2.18)
co\ 2 WEHE,
w |€ 2

=1 Zi/14+ [ +1 2.19)
Cco \| 2 WEHES

where ¢, is the speed of light in vacuum.

2.3.3 Estimation of wavelength

Using Eq. 2.19, the wavelength (1,, ) of EM signal in a lossy medium can be written as

27Cy

-
" (i

Eq. 2.20 suggests that the wavelength dependents on the operating frequency, material

(2.20)

conductivity, and permittivity of the media.

2.3.4 Depth of penetration

When EM wave is incident on the surface of a material, a portion of the wave is reflected back
and a portion propagates into the material and gradually attenuates. The distance at which
the signal power density decreases by a factor of 1/e or by 36.8 % is called penetration depth
(74, 78].

The penetration depth (6 ) can be written as
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(2.21)

6,9:%: il 2
o/ < [T )

Above equation suggests that the penetration depth dependents on the operating frequency,
the conductivity and the permittivity of the material. Penetration depth decreases with the
increase in frequency. More details are mention in Section 2.4.3. This behaviour suggests
that lower frequency signals can travel longer inside a dielectric material without significant

attenuation.

2.3.5 Wave impedance in the medium

The wave impedance Z(w) is a ratio of the electric and magnetic fields and can be defined as
[74]
_El)  [Ho

— (2.22)

Z@ =g~V e

where E(w) is the electric field and H(w) is the magnetic field.
Placing complex permittivity term from Eq. 2.10 in Eq. 2.22 gives the relationship between

the wave impedance, the dielectric property, and the frequency

(2.23)

where Z is the wave impedance. From Eq. 2.23 we can conclude that the EM wave has lower
impedance inside biological tissues as compared to the impedance in free space, although
this impedance is different depending on the tissue. Hence, an antenna matched for one
specific tissue will lead to impedance mismatch losses for other tissues, thus reducing the

antenna’s radiation efficiency.

27



CHAPTER 2. EM WAVE PROPAGATION IN A BIOLOGICAL TISSUE

2.4 Dielectric properties of biological tissue

EM wave propagation in a biological system depends on the frequency, the body’s physiologi-
cal parameters, the dielectric permittivity, and the polarization of the incident wave. If the
dielectric property of each tissue layer is known, the parameters such as penetration depth
and attenuation can be determined. Hence, it is essential to estimate the dielectric property
of biological tissues from the statistical models like Cole-Cole or Debye equations. These

equations are based on the experimental data of biological tissues mentioned in [79].

2.4.1 Permittivity vs frequency

Fig. 2.3 shows that the permittivity varies with respect to frequency [80]. In the presence of
electric fields, materials exhibit a variety of resonance phenomena. Fig. 2.3 represents the
variation of relative permittivity as a function of frequency, which can be divided into four
zones: ionic, dipolar, atomic, and electronic. Ionic conduction ranges from low frequencies

up to MHz. In this zone, the displacement of ions occurs in the presence of electric fields.

g=¢'+ig" L
A

€ dipolar T
® (®)
8|| I l
: S,
. @. atomic electronic

| |
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|JmicrowaveL| infrared WlIS |JUVL|
Frequency in Hz

Figure 2.3: Permittivity as a function of frequency (image taken from [4]).
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The dipolar zone ranges from MHz to GHz. In this region, dipoles become polarized in the
direction of the applied field. The atomic zone occurs from the GHz to the infrared region.
Atomic polarization occurs when neighboring positive and negative ions stretch under an
applied electric field. Electronic polarization occurs in neutral atoms when an electric field

displaces the nucleus cloud with respect to the surrounding electrons [81].

2.4.2 Tissue property estimation using Cole-Cole model

The permittivity of biological tissues can be efficiently estimated over a wide range of fre-

quencies from the Cole-Cole model. The Cole-Cole model can be written as

A
€(w) =€x+ —6 (2.24)
1+ (jwr)l-@
A€ =€5—€x (2.25)

where €(w) is the permittivity which is a function of frequency, Ae denotes the magnitude
of the dispersion, €; is the static permittivity calculated at the lowest frequency, €, is the
permittivity when the frequency approaches infinity (w -> 00), j=v/—1, T is the relaxation time
which is the time required for the signal to reduce by 1/e or 36.8 % from its initial value, a
describes broadening of the dispersion (0 < a < 1), and w is the frequency [82, 83]. For the
simplification of calculations €., can be assumed as 2.5 for bone and 3.5 for all other tissues

for the frequency range of 1 MHz to 20 GHz [84].

2.4.3 Biological tissue permittivity used in this work

In this work, biological EM simulations were performed using CST MWS. For simulations, we

used CST’s built-in biological tissue library for biological tissue material properties. Fig. 2.4
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(a) and Fig. 2.4 (b) shows real and imaginary permittivity, respectively, of different tissues for

the frequency range of 1 MHz to 1000 MHz obtained from CST’s material library.
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Figure 2.4: (a) Simulated real permittivity of different biological layers for the frequency range
of 1 MHz to 1000 MHz. (b) Simulated imaginary permittivity for the frequency range of 1
MHz to 1000 MHz.

In general, tissues with higher water content have higher real and imaginary permittivity
since the water has high dielectric constant and high conductivity. As shown in Fig. 2.4, fat
has the lowest real part of permittivity as compared to other layers since the water content is
relatively small and is almost constant from 100 MHz to 1000 MHz. The skin and the brain
have high permittivity because of high water content in the tissues.

Eqg. 2.10 suggests that the imaginary part of the complex permittivity is proportional to
the conductivity of the material. As shown in Fig. 2.4 (b), bone and fat have a low imaginary
part of permittivity while skin and brain tissues have a very high imaginary part which is due
to the high conductivity [85]. Therefore, significant attenuation of EM signals in the brain
and skin is expected as compared to fat and bone at HF and UHF bands.

The values of loss tangent, penetration depth, and wave impedance for different layers
are mentioned in Tables 2.1, 2.2, and 2.3 at 13.5 MHz, 915 MHz, and 2.45 GHz, respectively

(86].
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Table 2.1: Loss tangent, penetration depth and wavelength in human tissues at 13.5 MHz

Penetration Depth | Wavelength
Loss tangent
(m) (m)
Brain (Grey Matter) 1.64 0.31 1.12
Fat 3.45 0.9 4.27
Bone (Cortical) 1.97 0.81 3.16
Skin (Wet) 2.87 0.26 1.17

Table 2.2: Loss tangent, penetration depth and wavelength in human tissues at 915 MHz

Penetration Depth | Wavelength
Loss tangent
(m) (m)
Brain (Grey Matter) 0.35 0.04 0.04
Fat 0.18 0.24 0.13
Bone (Cortical) 0.22 0.09 0.12
Skin (Wet) 0.36 0.04 0.04

Table 2.3: Loss tangent, penetration depth and wavelength in human tissues at 2.4 GHz

Penetration Depth | Wavelength
Loss tangent
(m) (m)
Brain (Grey Matter) 0.27 0.02 0.02
Fat 0.14 0.12 0.05
Bone (Cortical) 0.25 0.05 0.04
Skin (Wet) 0.27 0.02 0.02

From Tables 2.1 - 2.3, it is clear that penetration depth decreases with higher frequencies
and is smaller for tissues with higher water content (i.e. brain and skin). The attenuation of

the signal in biological tissues reduces the efficiency of the overall communication system.

2.5 Estimation of dielectric properties of saline

solution using Debye first order model

In this work, saline solution is used as a tissue proxy for testing of the implant antennas since
it is easier to make in the laboratory. Saline solution is a homogeneous phantom whose
conductivity and permittivity changes with frequency. The dielectric properties of a saline

proxy are calculated using Debye first order model [87], which can be written as
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+ 65_600 +' o
1-j2ntf ]Zﬂeof’

K=¢€x (2.26)

where K is the dielectric constant, €; is the static dielectric constant of the solvent calculated
at lowest frequency and e, is calculated at the highest frequency, 7 is the relaxation time, €
is the dielectric constant of free space which is 8.854 x 107!2, ¢ is the ionic conductivity and
f is the frequency of operation. Static dielectric, and relaxation time can be calculated using

following equations [88],

€s(T,N) = e5(T,0)a(N) (2.27)

and

2nt(T,N) =2n1(T,0)b(N, T) (2.28)

where T is the water temperature in °C, and N is the normality of the solution.
Eqns. 2.27 and 2.28 are valid for 0 < T <40 °C and 0 < N < 3 [87]. The normality N can be
calculated as

N =S(1.707 x 1072+ 1.205 x 107°S + 4.058 x 10725?) (2.29)

where S is the salinity in parts per thousand and is valid for 0 <S < 260.
The a(N), b(N, T), and €5(T,0) mentioned in Eqns. 2.27 and 2.28 can be obtained from

the following equations [88]

a(N)=1-0.2551N+5.151 x 10"2N? —6.889 x 10 > N3 (2.30)

€s(T,0) = 87.740 — 0.4008 T +9.398 x 10 *T?> —1.410 x 10763 2.31)
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Eq. 2.31 shows that the static dielectric constant varies with temperature. Hence, the

environment and temperature of the tissue are essential when performing experiments.

b(N,T) =0.1463 x 107>2NT +1 — 0.04896 N — 0.02967N? + 5.644 x 10 3 N°3 (2.32)
The relaxation time of water can be written as [87]
277(T,0)=1.1109x 10719 -3.824 x 1072 T +6.938 x 107 14T?> -5.096 x 107173  (2.33)

In this work, € is taken as 4.9 as mentioned in [89]. The conductivity of saline solution

mentioned in [87] can be written as

a(T,N) =0(25,N)[1-1.962 x 10"2A +8.08 x 10 °A% = AN(3.020 x 107> +3.922 x 10 °A+

N(1.721 x 107° —6.584 x 107%A))] (2.34)
where A = 25— T. The ionic conductivity at 25 °C can be written as
(25, N) = N(10.394 — 2.3776 N + 0.68258 N> — 0.13538 N° + 1.008610 > N*) (2.35)

Once ionic conductivity, relaxation time, frequency, temperature, and static dielectric
constants are known, we can estimate dielectric constant of saline solution.

The saline solution used for the testing of antennas in this work, contains the following
recipe: 0.91 grams of sodium chloride (NaCl) per liter of distilled water [90]. For this recipe,
the normality was estimated as 0.0155. Complex permittivity obtained from Eq. 2.26 is 72.2 -
j19.69 calculated at 25 °C and at 915 MHz. This permittivity value was used in the simulations.
The real part of permittivity of the brain is around 55, and dura is 68.6 at 915 MHz.

The complex permittivity of saline solution (0.91 grams of NaCl per liter of distilled water)
with respect to solution temperature is shown in Fig. 2.5. THis suggests that the permittivity
varies a lot with the temperature. Hence, all the experiments should be performed at the
same temperature.
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Figure 2.5: Variation of permittivity with respect to saline solution temperature.
2.6 Why biological EM simulations?

In this work, biological simulations were utilized because of the following reasons:

* Invasive experiments on human body is difficult and almost impossible for such pre-

liminary work,

e From simulations we can estimate antenna parameters like SAR, electric/magnetic

field distributions, radiation properties and surface current. These parameters are

complicated to calculate from theoretical equations.

2.7 Numerical phantoms and electromagnetics

modeling

The biological body is an electromagnetically complex structure that consists of various
biological tissues such as skin, bone, and internal organs. Numerical methods such as

finite element method (FEM) or finite integral technique (FIT) are used to characterize
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electromagnetic interactions between the biomedical device and the biological body.

2.7.1 Types of numerical phantoms

(b)

Figure 2.6: Types of numerical phantoms. (a) Homogeneous model (image taken from "head
and hand - mobile phone" example in CST MWS). (b) Layered model. (c) Heterogeneous

model (image taken from CST's "visible human model dataset").

A biological numerical phantom can be designed in three ways:

e The homogeneous model, as shown in Fig. 2.6 (a), sometimes called Specific Anthro-
pomorphic Mannequin (SAM) [91], contains a uniform material that represents the
average material properties of the biological body. The advantage of using the SAM
model is that the simulation can be performed with a low memory system and can be

simulated with a low number of mesh cells.

* The second type of biological model is the layered model [92], as shown in Fig. 2.6 (b),
contains several layers of homogeneous materials like skin, fat, muscle, or brain. In
general, layered models are designed in the shape of rectangular boxes or spheres. The
layered model contains more features than the homogeneous SAM model and is more

accurate for the estimation of EM field behavior inside the phantom.

* The third type of model is called the heterogeneous model, as shown in Fig. 2.6 (c), is an

anatomically detailed three-dimensional representation of the biological bodies [93].
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Those CAD models are based on CT, MR, and cryosection images [94]. The disadvantage
of using a heterogeneous model is that the model requires a high-end computer or GPU
and is mesh extensive i.e. simulations often require extensive run-time and memory.
This kind of model is preferred when the fixed position of a biomedical device is known

inside a biological body.

2.7.2 Numerical phantoms used in this work

Skin 2 mm
Fat 2 mm
Bone 7 mm
Saline 61 mm
Implant
50 mm
Tissue (e.g. brain)

(a) (b)

Figure 2.7: Numerical phantoms used in this work for simulations. (a) Four layer model. (b)
Homogeneous saline model.

In this work, two types of biological CAD models are used for the simulation:

1. A four-layered model : This model contains skin, fat, bone, and tissue layers (Fig.
2.7(a)). The four-layer model was used due to the following reasons: (a) the position
of the implant is unknown in the biological body, (b) the model is easy to design and
simulate, (c) the simulation does not require a high-end computer or GPU, and (d) the
simulation is not mesh extensive. A CST inbuilt bio-library was used to import material

properties of each layer.

2. A homogeneous saline model : The saline homogeneous model is designed to com-

pare the experimental results of antennas performed using a saline solution (0.91 grams
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of NaCl per liter of distilled water) serving as tissue proxy (Fig. 2.7(b)). Simulated im-
plant performance in saline and four-layered model is presented in Section 3.14 along

with measured performance in the saline solution.

2.8 Conclusion

This chapter discusses the behavior of the EM wave in lossy media and the hazardous effects
of direct exposure of the EM wave towards biological bodies. A rise in temperature due to RF
absorption in the biological tissue can cause adverse health effects, and ultimately results in
tissue damage. Hence, it is essential to design biomedical devices with low SAR.

Equations for the wave attenuation, penetration depth, and wavelength inside the lossy
medium are presented in the chapter. The dielectric properties of biological tissues and of
the saline solution are presented in the chapter based on Cole-Cole model and Debye model,
respectively. From the Cole-Cole model, the tissues with higher water content (e.g. skin)
have a higher dielectric constant as compared to the tissues with lower water content (e.g.
fat and bones). The imaginary part of permittivity is higher for the tissues with higher water
content, e.g., the imaginary permittivity of bones and fat are smaller as compared to the skin
and brain tissue [85]. Therefore, a large attenuation of EM signals in the brain and skin is
expected as compared to the fat and bones. The biological body is a complicated structure,
hence, for faster but nonetheless accurate estimations, 3-D simulation software is preferred.
In this chapter, various types of numerical phantoms are presented for the simulations and

the advantages and disadvantages of each type are discussed.
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CHAPTER

ANTENNA SYSTEMS FOR IMPLANTABLE WIRELESS DEVICES

*The chapter is an adapted version of [1, 61, 62].

3.1 Introduction

This chapter presents a dual-band (HF (13.5 MHz) and UHF (902-928 MHz)) antenna system
for implanted neural recording and/or stimulation devices. The system consists of implanted
and external antennas that are capable of supporting frequency bands for WPT and data
communication while being as compact as possible. The implant antenna is designed to be
embedded in the dura layer inside a human’s head that is approximately 1 cm below the skin
surface. The external antenna is designed to be fit in a cap which the user can wear on their
head such that the external antenna is within a few millimeters to the head’s skin.

The dual-band implant device presented in this work is designed to prevent interference
between the WPT and communication systems while also inducing low SAR to avoid tissue
heating. The implant antenna is a three-layer PCB in which the middle layer is the ground

plane. This three-layer stack-up permits electronics to be placed on the back side of the
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antenna to minimize the total volume of the implant. The internal ground layer is required to
reduce signal coupling between the antenna and the electronics. The implanted device is
encapsulated in a 1 mm thick bio-compatible silicone on all sides to avoid PCB corrosion
and to protect biological tissue from PCB impurities. The overall size of the implanted device
is 27 mm diameter and 3 mm thickness, including a thin layer of encapsulation. The 27 mm
diameter constraint is driven by a collaborator who informed us that this is the smallest
dimension that could be cut into a human skull during interventional epilepsy surgeries
[95]. The external antenna device is designed on a two-layer PCB whose outer diameter is
85 mm and 3 mm thickness. The top layer is utilized for the antennas, and the bottom layer
for the matching components and the antenna feeds. A photo of the fabricated antennas and

alayered block diagram are shown in Fig. 3.1.

External
Antenna ]
IAII’ Gap
2 mm | Skin
2 mm Fat
7 mm Bone -

r—— —m———— External (85 mm diam)
Implant Antenna

50 mm Tissue (e.g brain) 1

~—r
Implant (25 mm diam)

Figure 3.1: (Left) 4- layer model showing location of the implant and the external antennas.
(Right) Photo of fabricated external and implant antennas. Encapsulation layer not present
in antenna images.

The implant antenna was simulated inside the four-layer bio-model, with the external

antenna in close proximity to the bio-model, as shown in Fig. 3.1, using time- and frequency-

domain solvers (CST Inc). This layered model is a common design in the literature, which has

39



CHAPTER 3. ANTENNA SYSTEMS FOR IMPLANTABLE WIRELESS DEVICES

been used to design prior neural implants [52]. The implant antenna system was fabricated
and tested using saline solution and chicken muscle. From the experiments, parameters
such as HF loop efficiency, UHF antenna bandwidth, and transmission coefficients, were

obtained.

3.2 The implant antenna: challenges

The system requirements which make designing an implant antenna challenging are ex-

plained below:

1. Implant size : The shape and size of implant antenna depend mainly on its location
in biological body, and the amount of tissue displacement [96, 97] which limits the
applicability of single antenna type around multiple organs. Typically, implanted
devices [33, 34] have volumes on the order of a few mm3 to a few cm?, limited by

allowable tissue displacement.

2. Wide bandwidth and high data rates : Requirements of the communication band-
width increase with the number of supported electrodes; given reasonable assumptions
about sampling rate and resolution, data rates into the tens to hundreds of Mbps are
required for high-density probes with dozens of electrodes [98]. The system band-
width and the data rate are related to each other and can be obtained from the Nyquist

formula.

C=2xBxlog,(M) (3.1

where C is the channel capacity in bits per second, B is the bandwidth, and M is the
number of symbols used in the communication. Eq. 3.1 implies that for high data
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rates, communication systems should have high bandwidth. On the other hand, the
"Chu-Harrington limit" describes that it is a challenging task to design an efficient

small-sized implant for a wide bandwidth [99]. This limit is written as

Q:n(LJrL) 3.2)
(ka)®  ka

where k=27/A is the wave number, A is the wavelength, a is the smallest radius of
the sphere enclosing the antenna, 7 is the efficiency, Q is the quality factor which is
inversely proportional to the antenna bandwidth (Q o< 1/B). The "Chu-Harrington"
limit suggests that for a given antenna efficiency the quality factor must increase and

the bandwidth must decrease with a reduction in antenna size.

. Radiation efficiency : Electrically-small antennas have low radiation efficiency due
to low radiation resistance. The relationship between radiation resistance (R,) and

radiation efficiency (1) can be written as

—_ Rr
"R, +R;

n (3.3)

where R; is the ohmic resistance and R; is is directly proportional to the antenna
length [100]. Furthermore, biological tissues reduce the overall radiation efficiency
because conductive tissue absorbs the EM waves. More details about EM absorption in

biological tissues are mentioned in Section. 2.3.4.

. Encapsulation material : It is necessary to package the implantable device to protect
the device from corrosion and to protect tissues from device impurities [101]. The
material used for encapsulation must be biocompatible and non-toxic. Commonly
used encapsulation materials are titanium, platinum, and silicone [102]. Antennas
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should be encapsulated in a dielectric material instead in a metal enclosure. It is
essential to simulate implant antenna along with an encapsulation layer, since the layer

of encapsulation can change antenna resonance, gain, or bandwidth.

5. Low SAR requirements: Biomedical antennas should be designed for SAR smaller than

the FCC limit, to avoid tissue heating (Refer to Section. 2.2 for more details).

6. Small mutual coupling: The HF and UHF implant antennas should be designed for
small mutual port-to-port coupling to avoid unwanted signal interference between

them and to increase the signal-to-noise ratio.

3.3 Why develop a dual-band implant?

In this work, the HF band antenna is designed to supply power to the implant via inductive
coupling. This HF band was chosen for WPT due to the minimal interaction of EM waves
with a biological tissue because of long wavelength (= 20 m) resulting in a high link efficiency
between external and the implant antenna systems.

Due to the insufficient ISM bandwidth (14 KHz) available in the HF spectrum and for
high data rates, communication links in the 915 MHz or 2.4 GHz band are the two standard
choices in the ISM frequency bands. The 915 MHz band has a bandwidth of 26 MHz while the
2.4 GHz band has 100 MHz bandwidth. The advantage of designing an antenna at 2.4 GHz is
that good antenna radiation efficiency can be achieved for smaller antenna size due to its
shorter wavelength as compared to designing the antenna at 915 MHz band. However, path
loss increases with the increase in frequency, which increases the insertion loss between the
external antenna and the implant antenna. In this work, the 915 MHz UHF band was chosen

for the communication because of sufficient bandwidth and smaller path loss as compared
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Figure 3.2: Block diagram showing dual-band power and communication system concept.

to the 2.4 GHz band. The block diagram of the dual-band implant system proposed in this

work, is shown in Fig. 3.2.

3.4 Implant PCB requirements

The outer diameter of the implantable device is limited by the dimension of the electro-
corticography (ECoG) electrode array used in interventional epilepsy surgeries [95]. The
electrode grids were constructed using exposed platinum-iridium pads that were 2.4 mm
in diameter and embedded in silastic (AdTech, Racine, WI). Two arrangements of electrode
grids are used in epilepsy surgeries performed by one of our collaborators [95]. The spacing
between the adjacent grids is 10 mm in one electrode array while the electrode spacing in the
other grid is 7 mm. The grid mentioned in the two arrangements is either setin an 8 x 8 array
ora4 x 8 array.

In the 4 x 8 array with 7 mm grid spacing, the minimum implant dimension that can
be designed is for the board diameter of 28 mm. This 28 mm is the smallest dimension of

the skull flap. The implant PCB presented in this work is based on the smallest skull flap.
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To fit the implantable device inside the smallest skull flap, the implant was designed on a
PCB that was 25 mm in diameter and surrounded by a thin (approximately 1 mm) layer of

encapsulation, resulting in an overall width of 27 mm.

3.5 Wireless power transfer (WPT)

A BCI system should have an ability to charge wirelessly to eliminate the need for heavy and
bulky batteries and to prevent surgeries to replace them [103]. This is possible by replacing
the battery with small antennas and charging the implant device from the external device
using EM waves based on near-field (non-radiative) or far-field (radiative) technique [104].

Far-field technique: Far-field WPT is based on propagating EM waves [105]. This technol-
ogy can transmit power over long distances through directive or omnidirectional transmitting
antennas. The fundamental problem limiting far-field WPT is of free-space path loss. The di-
vergence of the EM beam in free-space causes the power available to the receiver to decrease
at arate of 1/d?, where d is the range between the transmitter and receiver antennas.

Near-field technique: Near-field WPT can be utilized to transfer power efficiently for
short distances up to a few centimeters [105]. This can be achieved using two methods: (a)
inductive loops based on magnetic field coupling, and (b) parallel plate capacitors, using
electric field coupling. Inductive WPT systems are more common than capacitive WPT
systems because of higher efficiency.

The simplified block diagram of inductive WPT system is shown in Fig. 3.3. At the RF
transmitter side, AC signal is converted to a magnetic field through self-resonating inductive
loop. This magnetic field is then coupled into the nearby inductive receiver loop. The receiver
loop is connected to the rectifier which converts AC voltage to DC voltage and supplies DC

voltage to the load.
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Figure 3.3: Block diagram of inductive WPT system (image source: CCO 1.0 Universal Public
Domain Dedication format [5]).

3.6 Backscatter communication

In this work, antennas are designed for backscatter communication. The concept of backscat-
ter communication is widely known through radio frequency identification (RFID) technology.

A block diagram of backscatter communication is shown in Fig. 3.4.

— ))) w —
Transmitter i

N T Backscatter

signal A\  switch
Transponder

17 §2

Receiver

Figure 3.4: Block diagram of the backscatter communication.

In backscatter-based devices, a time-varying impedance is applied to the antenna, which
modulates the amplitude and phase of the incident CW by changing the radar cross-section
(RCS) [106, 107, 108]. The RCS is the effective area through which the EM field is reflected

from the backscatter antenna to the receiver antenna and can be written as

/12

Ao =—
4n

Gélfil - r1*42|2 (3.4)

where Ao is the differential RCS, Gp is the backscatter antenna gain, le and Fzz are the
complex power wave reflection coefficient at the backscatter antenna for the two impedance
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states (L1 and L2) of the switch. The reflection coefficient is the ratio of reflected signal to the
incident signal and can be derived from
Ziie — 2y

B
=— (3.5)
2 Ziie + 7

r;
where Z1; 1> are complex impedances of the two states of the RF switch, and Zg is the
antenna’s characteristic impedance.

To maximize SNR of the backscattered signal, it is important to have the largest possible
vector distances between the complex impedance states. In theory, maximum scattering
reflection coefficients can be achieved through short and open circuits given by Z; =0 for a
short circuit, and Z = oo for an open circuit, which gives I'; = —1 and I'y, = +1, respectively.

However, in practical scenarios the impedances vary with frequency and often with incident

power [109].

3.6.1 Pros and cons of backscatter communication

The advantage of backscatter communication over conventional radios is that the backscatter-
based devices do not require power-hungry active RF amplifiers and oscillators to generate
a communication carrier. This quality allows backscatter systems to be very small and yet
provide high data rates (>96 Mbps) [29] with orders of magnitude less power consumption as
compared with Bluetooth Low Energy and WiFi (IEEE 802.11n) [30].

The trade-off with backscatter communication is a less favorable link budget than the
conventional radios because the communication carrier from transceiver travels a round-trip
path via reflection from the backscatter antenna. As a result, the received signal power at the
transceiver side is proportional to 1/d*, where d is the distance between the transceiver and

the backscatter source, while received signal from the conventional radio is proportional to

46



3.7. A85CM DIAMETER 3 MM THICK DUAL-BAND EXTERNAL ANTENNA DEVICE

1/d? [110].

3.7 A 85 cm diameter 3 mm thick dual-band external

antenna device

The dual-band external antenna device is designed to be placed external to the outermost
tissue layer, with a nominal 5 mm air gap between the inner surface of the external antenna
and the outer surface of the skin. As shown in Fig. 3.5, the external antenna device has
a concentric arrangement of HF (outer annulus) and UHF (inner ring) antenna elements
fabricated on a two-layer printed circuit, 85 mm in diameter with 2 mm thick FR-4 substrate
and 2 oz copper traces. The bottom layer is utilized for the ground plane, feed, and the
matching networks. For the protection of the antenna from the saline solution, the antenna
was laminated between 0.4 mm thick Teflon sheets, yielding overall dimensions of 85 mm x
3 mm (diameter x thickness).

HF Coil
Antenna

Matching
network
& Feed

Matching
network
& Feed

Segmented
Loop
Antenna (UHF)

Figure 3.5: Plan views of the external antenna. (Left) Top view showing UHF and HF antennas.
(Right) Bottom view showing matching network, feed, and ground plane.
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3.7.1 External HF spiral loop antenna for WPT

The HF antenna structure is the simpler of the two antenna structures shown in Fig. 3.5.
It consists of a 4-turn continuous spiral loop with outer radius 41.6 mm and inner radius
29.8 mm. A circular spiral shape was chosen because the implant board has a circular outline.
The trace width is 1.4 mm and the inter-turn spacing is 1.2 mm. One end of the loop is
connected to the ground plane through a conductive via and the other end of the loop is
connected to the feed through another conductive via.

The number of turns, width and turn spacing of HF spiral antenna were optimized using

the frequency domain solver in CST to fulfill two primary requirements:
* To achieve acceptable coupling efficiency between external and implant loop antennas,

* To maintain minimal surface current coupling between external HF and external UHF

antennas.

3.7.2 External UHF segmented loop antenna for communication

For the external UHF antenna, a segmented loop structure was chosen for two reasons:

* Unlike a continuous loop where the circumference is comparable to the guided wave-
length, segmented loops can be engineered to yield a relatively uniform magnetic field
(H-field) within the diameter of the loop. The simulated H-field plots at 915 MHz across
the loop and the segmented loop antennas are shown in Fig. 3.6. In the single turn
loop antenna as shown in Fig. 3.6 (a), the H-field is not uniform and most of the field is
concentrated around the feed. On the other side, segmented loop antenna as shown in
Fig. 3.6 (b) with a comparable loop length has a uniform field distribution across the

antenna.
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* Each segment of the loop is separated by capacitors, hence the current induced in the

UHF loop by the surrounding HF loop can be more easily managed.

dB (1 A/m)

dB (1 A/m)

(@) (b)

Figure 3.6: (a) Simulated H-field distribution at 915 MHz across loop antenna. (b) Simulated
H-field distribution at 915 MHz across segmented loop antenna.

The segmented loop diameter is 42 mm, with a trace width of 2 mm. In the design, one
end of the segmented loop is connected to the ground plane through conductive via and
the other end of the loop is connected to the feed through another conductive via. Murata
36 pF lumped capacitors (part number GRM1555C1H360GA01D) were used between each
of the 11 segments. The capacitor value was chosen by a parameter sweep in CST to yield a
uniform current distribution by compensating the phase shift along the loop, which leads
to a more uniform H-field distribution while simultaneously suppressing the radiated E-
field component and thus reducing the SAR in the adjacent tissue [111]. Capacitor package
parasitics were significant and thus included in the model when performing the parameter

sweep.
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Figure 3.7: Layer stackup of implant antenna.

3.8 A 27 mm diameter 3 mm thick dual-band implant

antenna device

As shown in Fig. 3.7, the implanted device consists of three metal layers and three dielectric
layers. The top metal layer is used for the HF and UHF antenna structures, while the bottom
copper layer is used for the matching components and to accommodate integrated data
acquisition electronics. The top view of each metal layer is shown in Fig. 3.8. The middle
layer is a ground plane separating the antenna structures on the top layer from the electronics
on the bottom layer and helps in reducing interference between them. The implant stack
supports both through-vias and blind-vias. Through-vias connect the top layer to the bottom
layer at the feed points, and blind-vias tie ground nets on the bottom layer to the inner
ground layer without penetrating the top layer.

HF Coil
Antenna

ND To Feed
E S

To Feed

Annular Split Ring
Antenna (UHF

(a) (b) (c)

Figure 3.8: Implant PCB. (a) Top layer. (b) Middle layer. (c) Bottom layer.
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3.8.1 Implant HF spiral loop antenna for WPT

The implant HF spiral loop antenna forms the outer annulus of the implant antenna similar
to the external antenna board. It consists of three turns with inner radius 9.6 mm, outer
radius 12.1 mm, trace width 0.4 mm, and inter-turn spacing 0.3 mm. As with the external
loop antenna, these parameters were chosen via optimization using CST’s frequency domain
solver to maximize the efficiency given the lossy dielectrics of the layered bio-model. To
obtain resonance at 13.5 MHz, a set of capacitors were connected between the feed and loop

antenna as shown in Fig. 3.9.

14.7 pF* 100 pF
Feed e
e HF HF Feed
47 pF External | Implant 660 pF*
| Antenna | Antenna -|-
' °
* Through Parallel Circuit

Figure 3.9: HF matching network for external and implant antennas.

3.8.2 Implant UHF split ring antenna for communication

The implanted UHF antenna consists of an annular split ring resonator. The diameter of
the ring is 14.6 mm, with an inner circular slot of 1.78 mm diameter. The ring is split along
a radius with a split gap of 0.2 mm forming the feed point. The split in the annular ring
prevents the ring from forming a shorted turn that would otherwise be tightly coupled to the
HF antenna surrounding it. This approach minimizes the unwanted loading and interaction
between the HF and UHF antennas.

At 915 MHz simulated realized gain of the split ring antenna was -25 dBi and of the

external segmented loop was -4 dBi. The main goals of designing implant and external UHF
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antennas were to provide short-range near field communication with low SAR and to have
low coupling with the adjacent HF coil. Hence, antenna gain is not a significant factor in the
design for this work.

As with the external antenna, lumped element matching networks as shown in Fig. 3.10

are employed to reduce the required board area compared to printed (e.g., microstrip) match-

ing elements.

3 pF 0.9 pF
Feed Feed
UHF UHF
75 nH External Implant 0.5 pF
Antenna Antenna
GND GND

Figure 3.10: UHF matching network for external and implant antennas.

3.9 Interference between implant HF and implant UHF

antennas
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Figure 3.11: Simulated time domain surface current. (a) Input signal to UHF loop at 915 MHz.
(b) Input signal to HF loop at 13.5 MHz.
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The implant board is designed to have low interference between HF and UHF antennas.
In the UHF annular ring antenna, most of the current stays across the antenna feed and
the slot as shown in Fig. 3.11 (a). When the HF loop antenna is excited, most of the surface
current flows along the periphery of HF loop antenna as shown in Fig. 3.11 (b) and a very
small amount of current (approx. 30 dB less than the peak current) flows to the UHF antenna.

Two methodologies were used to reduce interference :

* To reduce the coupling between two port, the feed of the antennas were placed at the

opposite ends of the board,

e Optimal spacing was given between the two antennas, based on an optimization

toolbox in CST to reduce surface current coupling.

Measured port-to-port coupling: To check the interference between the antennas, the
HF antenna was connected to port 1 of a vector network analyzer (VNA), and the UHF
antenna was connected to port 2 through another cable, and the transmission coefficient
(1S211 dB) were measured between the antennas. The measured worst-case port-to-port

mutual coupling was -43 dB (|S,;| dB) in the 902-928 MHz band and -55.6 dB at 13.56 MHz.

3.10 SAR simulation

3.10.1 Simulated SAR at 915 MHz

The time-domain solver module in CST was used to calculate the SAR at the implant site
when the external antenna was driven with the maximum expected transmitter power of
20 dBm at a frequency of 915 MHz. The SAR simulations were performed in a four-layer

tissue model mentioned in Section 2.7.2. From a SAR point of view, the regulatory limits are
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driven by the UHF band, as tissue absorption at HF frequencies is much lower. As shown in
Fig. 3.12, the peak UHF SAR value was 0.457 W/kg in 1 gram of average mass, which is well
below the regulatory limit of 1.6 W/kg for human exposure. This figure also shows that most
of the EM absorption occurred in the skin layer (top layer) and brain tissue (bottom layer) as
compared to the fat and muscle layers (intermittent layers). This is because skin and brain

tissues have higher water content than fat and muscle, which makes them lossier.

0.457
0.283
0.169
0.0938
0.0444

0

Figure 3.12: Simulated UHF SAR in four-layer bio-model. (Left) Skin-surface top view. (Right)
Cross section.

3.10.2 Simulated SAR at 13.5 MHz

At 13.5 MHz, the simulated peak SAR value was 0.0175 W/kg averaged over 1 gram of tissue
sample for the peak transmitted power of 30 dBm (Fig. 3.13), which is much smaller than 1.6

W/kg and much smaller than the UHE as expected.

W/kg (Log)
0.0175
0.0109

0.0064
0.0036

0.0017
0

Figure 3.13: Simulated HF SAR in four-layer bio-model. (Left) Skin-surface top view. (Right)
Cross section.
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3.11 SAR improvement using multi-slot annular ring

UHF implant antenna

The simulated SAR was unsymmetrical in biological tissues using annular split ring antenna,
as shown in Fig. 3.12. This is because the surface current in implant antenna was con-
centrated around the area near feed and the slot (Fig. 3.11 (a)). Hence to improve current
distribution, multiple slots can be designed on annular ring structure where the slot act as
a capacitor. Fig. 3.14 (a) contains eight equally spaced slots in annular ring structure. The

surface current is more uniform around the antenna as shown in Fig. 3.14 (b).

(@) (b)

Figure 3.14: Simulated time domain surface current at 915 MHz. (a) Annular ring structure
with single slot. (b) Annular ring structure with multiple slots.
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Figure 3.15: Simulated SAR in four-layer bio-model for in the presense of annular ring
structure with multiple slots. (Left) Skin-surface top view. (Right) Cross section.
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At 915 MHz, the simulated peak SAR value was 0.44 W/kg averaged over 1 gram of tissue
sample for the peak transmitted power of 20 dBm (Fig. 3.15). The SAR is more uniform in

biological tissues and is smaller than the annular ring structure with a single slot (Fig. 3.12).

3.12 Encapsulation

Encapsulation is one of the most critical and crucial processes during the manufacturing
of biomedical devices, as the encapsulating layer acts as a barrier between biological tissue
and the implant device. This barrier is required to prevent leakage current from the implant
device from flowing into the biological tissues and to protect human/NHP tissues from the
corrosion of implant electronics and from PCB contaminations. The desired properties of an
encapsulating material are soft material, long life, transparency for easy inspection, low ionic
impurity, and material that can be easily cured and does not require high temperatures.

In this work, the implant PCB board is encapsulated in a biocompatible silicone polymer
Dow Corning MDX4-4210. This biocompatible silicone was chosen because of its well-known
material properties, long life, low surface tension, hydrophobicity, and excellent thermal
stability. As mentioned in [112], the median lifespan of a silicone gel implant is 16.4 years.
The adhesion life of silicone is highest when compared to Ag, Al, Cr, Cu, Fe, Ni, Pb, Sn, Ti and

71, as mentioned in [113].

3.12.1 Encapsulation process

Two important factors to consider while making the encapsulate are as follows:

* Void-free encapsulate is essential as water can condense inside the voids, causing

leakage current, and corrosion,
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* Clean environment to avoid contamination in the encapsulation.

In this work, the following steps were performed during encapsulation:

(b)

Figure 3.16: Instruments used during the encapsulation process. (a) Vacuum chamber. (b)
Centrifuge.

1. Mixing: One part of the curing agent was mixed with ten parts by weight of the base
elastomer. The mixture was placed in a centrifuge tube which was then inserted in one
of the slots of the Electric Medical Desktop Lab Medical Practice Centrifuge Machine,
shown in Fig. 3.16 (b). The centrifuge was used for ten minutes at a rotation speed of
500 rpm. This method was utilized to remove air bubbles from the silicone mixture. If

any bubbles remained, this centrifuging was repeated.

2. Molding and de-airing: A 27 mm diameter and 5 mm long plastic cylindrical tube
closed at one side was used as a mold. A thin layer of silicone mixture was placed inside
the mold slowly to avoid additional air bubbles. Then the implant board was set on the
top of the silicone mixture with another thin layer of silicone mixture on the top of the

implant board.
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For a void-free encapsulate it is essential to remove entrapped air. The mold was
placed in a 75 qt. vacuum chamber exposed to a vacuum of about 710 mm Hg (28
inches of mercury) for approximately three hours. During this process, the vacuum was
released several times to break the bubbles. At the end of the process, the mold was
kept stationary for 30 minutes to allow the remaining traces of air to escape from the

material.

3. Curing: The mold was then removed from the vacuum chamber and placed inside an
oven for two hours at a temperature of 55 °C. The end product is shown in Fig. 3.17
with no bubbles in the encapsulate. For testing the lifetime of silicone in the lab, the
encapsulated implant board shown in Fig. 3.17 has been placed inside an airtight
plastic container containing saline solution since January 2016. The performance of
the implant device is same even after three years. This suggests that the silicone is
performing as indicated and the devices can be expected to function for long stretches

of time.

Rry
Sdlp 9N 614l

Figure 3.17: Implant PCB along with void-free bio-compatible silicone encapsulate. (Left)
Bottom view. (Right) Top view.
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3.13 Saline solution test setup

Antenna testing was performed using a plastic cylindrical tank with a diameter of 30.4 cm
filled with 3 L of water and 2.73 grams of salt serving as a tissue proxy. The experimental setup
is shown in Fig. 3.18. The implant antenna was protected from the saline solution by a thin
(= 70um) latex membrane and submerged to a depth of 1 cm below the surface of the liquid.
Later in the experiments, the latex membrane was replaced with the silicone encapsulate.
The implant antenna was connected to one port of VNA through a coaxial cable, and the

external antenna was connected to other port of the VNA with another coaxial cable.
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Figure 3.18: Photo of the saline solution experiment.
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Figure 3.19: Diagram of sleeve balun designed for the external UHF segmented loop antenna.
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A quarter wavelength long sleeve balun was designed at 915 MHz for the external seg-
mented loop UHF antenna which was utilized to stop the leakage current flowing to the
outer conductor of the coaxial cable. One end of the sleeve was short-circuited to the outer
conductor of the coaxial cable, while another end of the sleeve was left open. This creates a
high impedance between the sleeve and the outer conductor of the coaxial, which causes
choking of the RF signal flowing from the antenna to the outer conductor of the coaxial cable.

The block diagram of sleeve balun is shown in Fig. 3.19.

3.14 Saline test measurement results

The distance between the external antenna and the surface of the saline solution, which is
referred to as an air gap in this thesis, was varied from 0 cm to 1.5 cm. The implant position

was kept constant at 1 cm below the surface of the saline solution.

3.14.1 HF antenna performance

Fig. 3.20 shows S-parameter plots for the HF antennas measured at different air gaps starting
from 0 cm to 1.5 cm. In the measurement plots, |S;;| dB corresponds to the reflection
coefficient for port 1 connected to the external antenna, |S22| dB corresponds to the reflection
coefficient for port 2 connected to the implant antenna, and |S2;| dB corresponds to the
transmission coefficient. From Fig. 3.20 (a), the external antenna matching was poor when
the external antenna was at the surface of the saline solution (0 cm air gap) because the
external antenna is designed for an air gap between the skin surface and the external antenna.
The antenna matching improved with the increase in the air gap. As shown in 3.20 (b),
the implant and the external antenna coupling decreased with a larger air gap due to the

increased path loss. As shown in Fig. 3.20 (c), the implant HF matching does not vary
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significantly as the air gap changed from 0.5 to 1.5 cm.
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Figure 3.20: Measured performance of HF antenna system. (a) External antenna |S;;| dB. (b)
External to implant coupling |S»;| dB. (c) Implant antenna |S2,| dB.

The measured and simulated results in the saline tissue proxy are compared in Table 3.1,
along with the simulated results in the saline model and the four-layered bio-model. The
bio-model indicates that the expected performance in the layered tissue will be somewhat
better than that in the saline tissue proxy due to lower resistive losses in the protein and fat

content of the tissue compared to that of the saline solution.

Table 3.1: Measured vs. simulated performance at 5 mm nominal air gap for HF antennas
Measured | Simulated | Simulated
(Saline) (Saline) (Layers)
Implant -10 dB BW (MHz) | 13.3-13.9 | 13.46-14.02 | 13.43-13.88
External -10 dB BW (MHz) | 13.52-13.62 | 13.52-13.7 | 13.47-13.98
Ins. Loss (dB), 13.56 MHz 8 6 6.8

3.14.2 UHF antenna performance

The measured results for UHF antennas showed a trend similar to that of HF antennas
mentioned in the above sub-section. For the air gap = 0 cm, the external UHF antenna
matching was poor and the antenna matching improved with the increased air gap, as shown
in Fig. 3.21 (a). As shown in Fig. 3.20 (b), the implant and the external antenna coupling
decreased with the increase in the air gap due to the increased path loss. There is approx.
8 dB reduction in coupling between the antennas from 0.5 to 1.5 cm, measured at 915 MHz.
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As shown in Fig. 3.20 (c), the implant matching does not vary significantly as the air gap

changed from 0 cm to 1.5 cm.
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Figure 3.21: Measured performance of UHF antenna system. (a) External antenna |S33| dB.
(b) External to implant coupling |S,3| dB. (c) Implant antenna |S44| dB.

Table 3.2: Measured vs. simulated performance at 5 mm nominal air gap for UHF antennas

Measured | Simulated | Simulated
(Saline) (Saline) (Layers)
Implant -10 dB BW (MHz) 898-916 908-916 906-917
External -10 dB BW (MHz) | 870-955 891-936 889-932
Ins. Loss (dB), 910 MHz 37.65 38 25.7

The measured and simulated results in the saline tissue proxy at the UHF band are

compared in Table 3.2, along with the simulated results in the four-layered bio-model. Similar

to the performance of HF antennas (Table 3.1), the simulated insertion loss is smaller for the

UHF antennas in bio-layered model as compared to simulated and measured results in the

saline tissue.
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Figure 3.22: Block diagram of the lateral misalignment experiment.
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3.14.3 Lateral misalignment

It is essential to examine the performance of the antenna system for different lateral mis-
alignments between the implant device and the external device. In this setup, the external
antenna was moved laterally along the Y-axis, while the saline container and the implant
were kept stationary. The experimental block diagram is shown in Fig. 3.22. In the setup,
0 cm corresponds to the center of the external PCB aligned to the center of the implant board

along the Y and X-axis.
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Figure 3.23: Lateral misalignment at 0.5 cm airgap for UHF antennas. (a) External antenna
|S11] dB. (b) External to implant coupling |S;2| dB. (c) Implant antenna |S»2| dB.
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Figure 3.24: Lateral misalignment at 1.5 cm airgap for HF antennas. (a) External antenna
[S11]. (b) External to implant coupling |S;2]. (c) Implant antenna |S»»|.

From Fig. 3.23 (a) & (c) and Fig. 3.24 (a) & (c), it can be concluded that the matching of the
HF and UHF antennas does not change significantly with a lateral misalignment from 0 cm to

3 cm. As shown in Fig. 3.23 (b) and Fig. 3.24 (b), the coupling was reduced by approximately
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10 dB from 0 cm to 3 cm. One solution to solve lateral misalignment issue could be to design
an array of the external side antennas instead of using a single one, similar to the work shown

in [114].

3.14.4 HF power transfer efficiency

The efficiency of the HF wireless power link can be calculated using the transducer gain
formula [74]. The transducer gain G is the ratio of power delivered to the load Py, to the

power available from the source Pg, and can be derived from

Pr_1SalP x A =lrsl?) x 1 =1L

Gr=
Pg 11-7sTinl? x |1 = Sap7r|?

(3.6)

where

S12 X S21 X T,
Tin=Sn+——c ——— 3.7
1=8x»nx1p

In this, 77 = (Z; — Zy)/ (Z1 + Zp) is the reflection coefficient from the load, 75 = (Zg —
7o)l (Zs + Zy) is the reflection coefficient from the source, 7 is the characteristic impedance,
71 is the load impedance, Zs is the source impedance, and 7; is the reflection coefficient
from the input of the two-port network.

Using Eq. 3.6, HF efficiency can be obtained at different frequencies. Efficiency based on
the measurement results is shown in Fig. 3.25. From Fig. 3.25, it can be concluded that the HF
power transfer efficiency decreases with an increase in the air gap. The link efficiency values
obtained in the experiment were 19 %, 17 % and 11 % at a frequency of 13.5 MHz measured

at an air gap of 0 cm, 0.5 cm and 1.5 cm, respectively.
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Figure 3.25: (a) Measured HF efficiency vs. frequency for different air gaps. (b) Measured HF
efficiency vs. air gap.

3.15 Communication experiments in saline solution

using pre-recorded neural signhals

A benchtop setup was deployed as shown in Fig. 3.26 to characterize the performance of
the backscatter communication link. Experiments were performed in collaboration with
Eleftherios Kampianakis, using saline solution (0.91 grams of NaCl per liter of distilled water)
acting as a tissue proxy in a styrofoam cup filled to the height of 6 cm. The external antenna
was placed at an air gap of 0.5 cm from the saline surface. In the setup, a 3D-printed fixture
was used to adjust the air gap between the external antenna and the surface of saline solution.
The implant antenna was placed fixed at a depth of 1 cm below saline surface. The implant
board was connected to a neural/EMG recording IC [115] capable of supporting up to 10
neural and 4 electromyogram (EMG) channels with a sampling rate of 26.10 kHz for the neural
channels and 1.628 kHz for the EMG channels. The complete antenna setup was placed in a
Faraday cage in order to shield the experiment from external interference and RF electronics.

For neural telemetry, prerecorded neural signals were fed into the implant with an Agilent
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Figure 3.26: (Left) Implanted communication system testbed. (Right) 3D-printed fixture for
varying the air-gap and implant depth (image courtesy of Eleftherios Kampianakis).

500
%
500 _ 0
[0}
_ o)
s S
= S -500 r
E’ - > —— Original
S —R d
S 1000 | | | eco‘nstructe
-1000 | | | ] . . 72 73 74 75
0 20 40 60 80 100 120 .
Time (ms) Time (ms)

Figure 3.27: Original vs. reconstructed neural signal. (Left) Complete reconstructed and
original waveforms. (Right) Zoomed-in depiction of one of the spikes that occur at approx.
74 ms (image courtesy of Eleftherios Kampianakis).

335008 arbitrary waveform generator (AWG). These prerecorded neural signals were captured
from the forearm area of left primary motor cortex of a monkey Macaca nemestrina by our
colleagues under an IACUC approved protocol.

For the validation of communication link, PER measurements were performed which is
the ratio of erroneous packets to total transmitted packets. Where the erroneous packet is the
packet with two or more bit errors. In this work, a successful communication was achieved
from the implant device to the external device with a backscatter uplink rate of 5 Mbps at an
implant depth of 1 cm in a saline solution without any data dropouts [61] and PER less than
0.19 % till implant depth of 3 cm for an input power of -91 dBm. PER measurements were first

made as a function of available channel power by counting cyclic redundancy check (CRC)
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errors, after Hamming decoding, from 25000 packets.

The comparison between the pre-recorded signal and the signal obtained from the pro-
posed system are shown in Fig. 3.27. On the left side of the figure, the time domain representa-
tion of the entire 130 ms of data is plotted, while on the right a zoomed-in view depicts a single
spike. The pre-recorded signal and the reconstructed signal obtained from the proposed

implant system are in agreement (as shown in Fig. 3.27 (Right)).

3.16 WPT experiment in saline solution

For WPT, the implant HF antenna was connected to the matching circuit, which was con-
nected to the power rectifier. Details of the power rectifier are mentioned in [61], in which
the output was regulated using low-dropout (LDO) regulators to provide 3.3 Vand 1.8 V
rails. A 3.3 Vregulator powers the photo-stimulator and a 1.8 V regulator powers the implant

recording IC. A block diagram of a WPT system at the implant side is shown in Fig. 3.28.
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Figure 3.28: Block diagram of a WPT implant (image courtesy Eleftherios Kampianaksis).

As shown in Fig. 3.29, the HF loop antenna is capable of turning on the photo-stimulator
when the loop antennas were separated at a distance of 4 cm and at a peak input voltage

of 20 V from a signal generator connected to the external antenna. In this setup, a human
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Figure 3.29: WPT experiment.

hand was placed between the external and the implant devices to mimic biological tissue in

between them.

3.17 Chicken muscle experimental setup

In the setup, the implant PCB was placed inside a 1 cm thick chicken muscle, and the external
antenna system was placed 1 cm away from chicken muscle. The photo of the setup is shown
in Fig. 3.30. For the measurement, implant antenna was connected to port 1 of the VNA
while the external antenna was connected to port 2. S-parameters were measured for the

estimation of the bandwidth and the coupling between the antennas.

Figure 3.30: Photo of the experimental setup with chicken muscle.
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3.18 Chicken muscle measurement results

Fig. 3.31 shows the measurement results with implant antenna in chicken muscle. |S»;| dB
measured -30 dB at 915 MHz and at -12 dB at 13.5 MHz. However, in the saline experiments,
|S21] dB was -37.5 dB and -12 dB at 915 MHz and 13.5 MHz, respectively. We found 7.5 dB
better communication link in the UHF band using chicken muscle as compared to the saline
solution while HF link remained the same. As expected from the simulation results of saline
phantom and a layered model shown in Table 3.2 and Table 3.1, the measured performance
in chicken muscle is better than the saline solution at UHF band. The measured results
at HF band using saline solution and chicken muscle are comparable due to negligible RF

absorption in tissue proxy.
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Figure 3.31: Measured S-parameters from chicken muscle experiment. (a) At HF band. (b) At
UHF band.

3.19 Conclusion

In this chapter a dual-band (HF and UHF (13.56 MHz and 902-928 MHz)) antenna system for
a chronic implanted neural recording and/or stimulation devices consisting of implant-side
and external antennas were presented. The antennas are intended for dual-band systems

where power is supplied to the implant via inductive coupling in the HF band, while data
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is transferred via UHF near-field coupling. The antenna system consists of an implant-side
antenna of 27 mm diameter and 3 mm thickness (including silicone encapsulate) which is
a constraint by the dimension of the smallest skull flap. The external antenna is designed
for the dimensions of 85 mm diameter and 3 mm thickness. The WPT loop antennas and
communication antennas were designed and optimized in CST MWS software using the
frequency domain solver.

We presented simulation results for the antenna performance and the time-domain
SAR in a layered tissue model, as well as the experimental confirmation of the antenna
performance in a saline tissue proxy and a chicken muscle. The peak SAR value was 0.457
W/kg at 915 MHz and 0.017 W/Kg at 13.5 MHz in 1 gram of average mass, which is below the
regulatory limit of 1.6 W/kg for human exposure. The implant antenna board was designed
for low mutual port-to-port interference between implant HF and implant UHF antennas.
The measured worst-case port-to-port mutual coupling was -43 dB in the UHF ISM band
(902-928 MHz) and -55.6 dB at 13.5 MHz.

With an implant depth of 1 cm and an air gap of 5 mm, the HF power link had a 17 %
measured power transfer efficiency using saline solution. The communication link measured
at 915 MHz was 7.5 dB better in chicken muscle as compared to saline solution. A successful
communication link was achieved using proposed UHF antenna system with a data rate of

5 Mbps at an implant depth of up to 1 cm.
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CHAPTER

DUAL-BAND ANTENNA SYSTEM FOR LARGE NHPS IN

REVERBERANT METAL CAGES

*The chapter is an adapted version of [63, 64, 65].

4.1 Introduction

This chapter presents a dual-band (HF and UHF) antenna system for large non-human
primates (NHPs) to enable neuroscience research on animals moving freely in a caged en-
vironment. Additionally, we present a characterization of the channel transfer function in
a reverberant metal housing cage and an in-vivo 16 channel neural recording of an anes-
thetized pigtail macaque in a benchtop setup. The NHP considered in this work is a pigtail
macaque (Fig. 4.1). This species is commonly used in neuroscience experiments [9, 116, 117].

It is challenging to design antennas to operate inside a metal cage. When EM waves
propagate inside the cage, waves bounce back and forth from the metal walls, creating

dense multipath. Hence,the cage can be considered a reverberant cavity. This phenomenon
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Figure 4.1: Image of macaque (image licensed under CC BY-SA 3.0 and taken from [6]).

results in many deep nulls in the communication channel and impairs the backscatter signal,
creating a challenge for an antenna to be able to perform efficiently throughout the volume
of the cage.

The overall system consists of the following devices: (1) a cage device mounted on the
inner top wall of the housing cage, and (2) a BCI device installed external to NHP’s head.
Both the devices contain HF and UHF band antennas, where HF antennas are for WPT, and
UHF antennas are for backscatter communication. The BCI antenna PCB is a two layer board
designed on a 1.6 mm thick FR-4 substrate with an outer diameter of 5.5 cm to be fit inside
the head-stage canister containing a communication board, battery, and a neural recording
chip Neurochip 3 that is the successor to the Neurochip 2 [118]. The BCI antenna device is
designed for low SAR to avoid tissue heating and for small port-to-port mutual coupling to
prevent unwanted interference between the power and communication systems.

In this chapter, two antennas are proposed for BCI device: (a) ceramic antenna, and (b) a
uSP antenna. The uSP antenna has the following advantages over proposed ceramic antenna
such as: (1) smaller size, (2) wider bandwidth, and (3) ability to achieve communication with
higher data rates. However, better communication link with a lower insertion loss can be

achieved from the ceramic antenna due to its higher gain.
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4.2 Layout of the housing cage of a pigtail macaque

To understand EM field distribution and channel transfer function inside the cage, we did
several experiments in the lower chamber of the housing cage of a pigtail macaque as shown in
Fig. 4.2. The cage is divided into two chambers (top and bottom) by a horizontal metal grating.
The dimensions of the lower chamber are 93 cm x 93.4 cm x 77 cm (height x width x length).

The lower chamber has an 18 cm long metal seat at a height of 15 cm.
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Figure 4.2: (a) Block diagram of setup used in lower chamber of the cage (image courtesy of
James Rosenthal). (b) Photo of the test setup used to characterize the wireless channel of the
NHP cage.

The walls of the cage are built with square metal mesh with a mean grid size of 2.5 cm
which is more than 10 x smaller than the shortest wavelength in the UHF band (A = 32.3 cm)
as well as the shortest wavelength of the HF band (A1 = 220 cm). Based on the dimensions,
the cage walls can be viewed as an impenetrable metal wall for HF and UHF in-band signals.
One of the vertical sidewalls of the lower chamber contains 23.4 cm long, 60.7 cm high,
clear poly-carbonate window. The EM environment inside the cage is different from fully

enclosed Faraday cage, because the length and height of the window are much greater than

the wavelength of the UHF band, resulting in leakage of UHF EM waves from the cage to
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outside. In contrast, EM waves do not leak outside a fully enclosed Faraday cage.

4.2.1 Communication challenges due to reverberant cavity

Several simulations were performed in CST MWS to analyze field distribution inside the cage
at different horizontal planes. For simulations, the primate cage was modeled with aluminum
material, and the cage-mounted UHF patch antenna was modeled inside the top wall of
the cage, as shown in Fig. 4.3. A Sinusoidal signal was provided to the patch antenna as an

excitation signal with a peak power of 1 W.

Primate Cage

)
Cage Antenna

Polycarbonate
Window

Figure 4.3: Model used in the simulation for the estimation of E-field inside the cage.

Fig. 4.4 shows simulated time-domain E-field plots at 923 MHz along the height of the
housing cage, starting from the lower base to the upper metal wall in 11.6 cm increments. The
black rectangular line shown in the sub-images corresponds to the cage boundary. Simulation
results showed that the E-field distribution and locations of deep nulls vary drastically from
one height to another. The randomness of field distribution inside the cage, as shown in the
simulation results, suggest that it challenging to design an antenna which performs efficiently
throughout the entire volume of the cage. For the case when NHP is inside the cage, the field

distribution will be even more chaotic.
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Figure 4.4: Simulated time domain E-field slices at 923 MHz, inside the cage starting from

lower base of the cage chamber with the increment height of 11.6 cm up to the top of the
chamber.
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4.3 Link budget characterization

The round-trip link budget for the backscatter system, shown in Fig. 4.5 can be summarized

as follows:

Monkey Cage

Reader

@__

Figure 4.5: Block diagram of the system with link budget parameters (image courtsey: Elefthe-
rios Kampianakis).

Interface |

PRzpc+2X821+M—Scp (4.1)

where Py, is the received power at the cage-side antenna in dBm, Pc denotes the carrier

power from the cage antenna, Sy is a transmission coeficient which is a function of various
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parameters (such as frequency, geometry, and electric and magnetic field distribution), M is
a modulation factor imposed by the symbol-dependent change in modulator impedance as
seen by the BCI antenna (akin to the free-space differential RCS) [119], and S, denotes the

losses involved in the RF interface due to the coupler and cabling.

4.3.1 Link budget in the cage

The RF interface which was designed by Eleftherios Kampianakis and James Rosenthal in
[63] indicates measured losses (S¢p) of 12 dB and a receiver sensitivity of -86 dBm. Fig. 4.6 (a)
shows the measured S;; values across the UHF ISM band (902-928 MHz), corresponding
to four switching states of the RF switch using a calibrated VNA. The four different switch
states form a constellation on the Smith chart which corresponds to the four different symbol
phases of the quadrature phase shift keying (QPSK) signal [115]. Modulation factor (M) = 23.9

dB was calculated for the smallest symbol distance present in the constellation.
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Figure 4.6: (a) S;; measurements of the QPSK backscatter modulator for 4 different
impedance states. (b) Symbol constellation recorded over 5,000 symbol periods (image
courtsey: Eleftherios Kampianakis).

Based on these calculations and the measured sensitivity of the receiver system, any
insertion loss (which is absolute of transmission coefficient Sy; dB) higher than 30 dB will

resultin a 100 % PER for a receiver sensitivity of -86 dBm. This suggests that telemetry packets

may be lost at the locations inside the cage where the insertion loss is higher than 30 dB. The
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parameters used for the calculation of the link budget are summarized in Table 4.1.

Table 4.1: Link budget parameters for backscatter communication inside the cage

Parameter Value
Maximum cage-side antenna power (P¢) (dBm) 10
M (dB) -23.9
Losses in BCI circuit (S.p) (dBm) 12
Receiver sensitivity (dBm) -86
Calculated S,; (dB) -30

4.4 Cage side antenna system: HF loop antenna and

a commercial UHF patch antenna

The following antennas were chosen to be placed inside the top wall of the cage: (a) a
commercially available UHF right-hand circularly polarized (RHCP) Laird Technologies
S9028PCR patch antenna, and (b) a high-Q printed spiral loop antenna designed for the
HF band. Since freely moving animals may stand in any orientation relative to the cage
antenna, the circularly polarized antenna is the best choice to reduce signal losses from
polarization mismatch. The commercial UHF patch antenna has a -10 dB bandwidth of 26
MHz (902-928 MHz) [120]. The reported antenna gain is 8 dBic with a 70° beamwidth, and
its overall dimensions including the plastic casing are 25.8 cm x 25.8 cm x 3.2 cm (length x
width x height). ‘WiBotic’ HF transmitter loop antenna is proposed to be used as an HF cage

antenna [121].

4.5 Layout of head-stage BCl assembly

The proposed BCI antennas are designed to fit inside a 3.7 cm long, 5.6 cm inner diameter

Teflon cap connected to an 8.5 cm long titanium (Ti) tube enclosure fabricated to be mounted
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on top of NHP’s skull. The enclosure contains a communication PCB, a power rectifier PCB,
and a neural recording chip Neurochip 3. Together, these are referred to as the BCI assembly

in this thesis. A block diagram of BCI assembly is shown in Fig. 4.7.
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Figure 4.7: Layout of the BCI assembly.

4.6 Design 1: BCl antenna system using narrow-band

ceramic UHF patch antenna

The BCI antenna PCB shown in Fig. 4.8 is a two-layer board designed on a 1.6 mm thick FR—4
substrate with an outer diameter of 5.5 cm and 30 pym copper plating. The top side of PCB
contains the following: (1) a circularly shaped ground plane with a radius of 1.5 cm bonded
to the ground plane of an Abracon APAE915R2540ABDB1-T ceramic patch antenna, and (2)
HF loop, outer annulus to the ceramic antenna. The ceramic patch architecture was chosen
because of the good trade-off between its small size and high realized gain; its dimensions
are 2.5cm x 2.5 cm x 0.4 cm (length x width x height).

An HF loop antenna was designed outer to the UHF ground with the following design
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parameters: 4.95 turns, 0.7 mm trace width, and 0.8 mm turn spacing. These parameters
were obtained using genetic optimization in a frequency domain solver. The bottom side of
the PCB consists of a UHF balun, UMC coaxial connectors, and 82 pF in series to HF loop for

self-resonance at 13.5 MHz, as shown in Fig. 4.8 (b).
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Figure 4.8: (a) Top view showing the locations of UHF ceramic antenna and HF loop antenna.
(b) Bottom view showing the locations of balun, series capacitor to HF loop, and UMC
connectors.

4.7 Design 1: BCl antenna simulation results

The performance of the BCI antenna PCB was evaluated using the FEM solver built into
CST MWS. Simulations were performed for the BCI antenna PCB placed within the Teflon
cap connected to the Ti enclosure, similar to the layout shown in Fig. 4.7. Simulated -10 dB
bandwidth of the UHF ceramic antenna is approximately 1 MHz centered at 923 MHz. The
maximum simulated realized gain of the ceramic antenna along with the Teflon cap and Ti
enclosure, is -0.4 dBi at 923 MHz as shown in Fig. 4.9 (c). The gain of the ceramic antenna is
maximum at a plane perpendicular to the antenna and minimum at a plane parallel to it.
Simulated frequency domain surface currents for HF and UHF antennas are shown in

Fig. 4.9 (a) and (b). When the HF antenna is excited, most of the surface current is confined
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Figure 4.9: (a) Simulated frequency domain surface current at 923 MHz when the HF loop
was excited. (b) Simulated frequency domain surface current at 923 MHz when the ceramic
antenna was excited. (c) Simulated ceramic antenna gain at 923 MHz.

in the HF loop and around the edges of the UHF ceramic antenna as well as in the ground
plane of UHF antenna due to the proximity of the HF and UHF antennas which is apparent
in Fig. 4.9 (a). When the ceramic antenna is excited at 923 MHz, the signal is mostly confined
at the edges of the antenna and the ground plane, and very less current flows in the HF coil
which is shown in Fig. 4.9 (b).

The measured -10 dB bandwidth of the UHF ceramic antenna ranged from 921.8 to
923.8 MHz. Measured scattering parameters from VNA showed that the HF loop antenna has
a harmonic at 923 MHz. To suppress it, a 220 pF capacitor was connected between the feed

and the ground to act as a low pass filter (LPF).

4.8 Design 1: BCl antenna PCB measurements

4.8.1 Port-to-port coupling

The HF BCI antenna was connected to port 1 of VNA and UHF ceramic BCI antenna was
connected to port 2 of VNA to measure S-parameters. Fig. 4.10 shows the measured results.

Ideally, port-to-port coupling should be minimal.
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Figure 4.10: Measured S-parameters of HF and UHF BCI antennas inside the teflon cap
connected to Ti tube.

The measured worst-case port-to-port mutual coupling between BCI HF and BCI UHF
antennas was -27 dB (|S»21| dB) in the 902 - 928 MHz band and -49 dB at 13.56 MHz when LPF
was connected to the loop. Measured port-to-port transmission coefficient was -8 dB in the
UHF band when LPF was not connected. Due to LPE the port-to-port coupling was reduced

by 19 dB. Hence, LPF is an essential block in this antenna arrangement.

4.8.2 HF antenna testing in air

The BCI HF loop antenna was tested in free-space using WiBotic’s HF loop as a transmitter
antenna. An experimental setup is shown in Fig. 4.11. The distance between the HF loop and
WiBotic’s coil was increased from 7 cm to 15 cm. The measured transmission coefficient at a

separation distance of 7 cm was -2.21 dB and -10.8 dB at 15 cm.

81



CHAPTER 4. DUAL-BAND ANTENNA SYSTEM FOR LARGE NHPS IN REVERBERANT METAL
CAGES

8 10 12 14 16
Distance between antennas (cm)

(b)

Figure 4.11: (a) Picture showing the experimental setup. (b) Transmission coefficient |S»;| dB
from 7 cm to 15 cm separation gap.

4.9 Cage experimental setup for backscatter

communication

A 7 kg saline tissue solution was used as a phantom in place of a male pigtail macaque,
which weighs 7 kg on average. The phantom is made up of 7 liters of saline solution with
0.91 gram NaCl per liter of distilled water [1] filled in a plastic container with dimensions of
41.8 cm x 27.8 cm x 16.5 cm (length x width x height). The BCI assembly was placed on top
of the saline filled plastic container. The BCI antenna was connected to port 1 of a Keysight
FieldFox VNA with a coaxial cable, and the cage antenna was connected to port 2 of the VNA
with another coaxial cable. These cables were carefully dressed along the metal surfaces of
the cage to ensure that the cable placement did not significantly influence the measurement.

BCI antenna performance was measured at multiple locations within the cage. As shown
in Fig. 4.2 (a), the cage volume was divided into 3 horizontal measurement planes, labeled
1-3 from bottom to top, with a vertical spacing of 20.3 cm between measurement planes .
An RF-transparent Styrofoam block (dielectric constant = 1) was utilized to raise the tissue
phantom’s height to measurement planes 2 and 3. These measurement planes were, in turn,

subdivided into 7.6 cm x 7.6 cm square grids (Fig. 4.12). All measurement positions were
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conducted in the center of these squares. The edges of each grid line were labeled from 1
to 7 and from A to G for the X-axis and the Y-axis respectively. Thus, the center of the cage
corresponds to location D4. Measurement planes 2 and 3 contain 49 measurement locations.
However, for measurement planes 1, the experiments were performed from rows A to G along
the Y-axis but only from columns 1 to 4 along the X-axis, due to the placement of the metal

seat, giving a total of 28 measurement locations.

Measurements were performed at
center of each squares

T m g O W >

T m 9 o0 m >

$ 7.6 cm

7.6 cm
(a) (b)

Figure 4.12: (a) Measurement grid for plane 1. (b) Measurement grid for planes 2 and 3.
Measurements were performed at the center of each grid.
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Figure 4.13: Simulated SAR for the input power of 1 W (30 dBm) transmitted from the cage
antenna. The peak SAR value obtained from all three positions is well below the regulatory
limit of 1.6 W/kg for human exposure.
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4.9.1 Design 1: SAR simulation inside the NHP cage

The time-domain solver module built into CST was employed to estimate the SAR on the
tissue phantom. The peak SAR for the saline phantom was simulated for locations D1, D4
and D7 at Level 2 for an input power of 1 W (30 dBm). The dielectric properties of saline were
calculated using the Debye first order model at room temperature [87]. To our knowledge
there is no established SAR measurement procedure for NHPs nor established limits. The SAR
in a saline solution model can be considered as worst case due to the higher conductivity of
the saline vs. NHP tissue [90]. As shown in Fig. 4.13, the maximum calculated value that was
obtained is 0.6 W/kg averaged over 1 gram of saline mass for the input peak power of 30 dBm.
This is well below the regulatory limit of 1.6 W/kg for human exposure that is imposed by the
FCC in the United States. We expect the actual SAR to be =20 dB smaller than the simulated

values, because for the actual experiments a 10 dBm peak transmit power was utilized.

4.10 Design 1: cage UHF monostatic uplink

experimental results

We performed a two-port calibration of the coaxial cables and VNA prior to measurement.
To further mitigate cable effects, we routed the cables away from the direct path between
the antennas and perpendicular to the antenna plane as much as possible, routing the cable

along the metal cage walls.

4.10.1 Estimation of usable bandwidth and insertion loss

The BCI antenna performance was characterized in terms of its 3 dB bandwidth (MHz),

insertion loss (dB), and orientation sensitivity. The insertion loss is the absolution of trans-
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Figure 4.14: Experimental results using ceramic antenna, at measurement plane 1 showing
(a) Heatmap and (b) Histogram of usable bandwidth. (c) Heatmap and (d) Histogram of
maximum insertion loss. In all heatmap images, darker colors indicate worse performance.
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Figure 4.15: Experimental results using ceramic antenna, at measurement plane 2 showing
(a) Heatmap and (b) Histogram of usable bandwidth. (c) Heatmap and (d) Histogram of
maximum insertion loss. In all heatmap images, darker colors indicate worse performance.
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Figure 4.16: Experimental results using ceramic antenna, at measurement plane 3 showing
(a) Heatmap and (b) Histogram of usable bandwidth. (c) Heatmap and (d) Histogram of
maximum insertion loss. In all heatmap images, darker colors indicate worse performance.

mission coefficient (S,; dB). The bandwidth and the insertion loss were measured at each
different measurement location for all three measurement planes. Figs. 4.14 - 4.16 shows the
aggregated results where darker colors indicate smaller bandwidths or higher insertion loss.

The mean 3 dB bandwidth (which is considered to be the “Usable” bandwidth) was found
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to be 6.56 MHz, 6.50 MHz, and 6.70 MHz for measurement planes 1, 2, and 3, respectively.
The maximum insertion loss inside the 3 dB bandwidth was measured at 27.6 dB, 28.7 dB,
and 37 dB for measurement planes 1, 2, and 3, respectively. Due to the cavity effects, the 3 dB
bandwidth across all 126 measurement locations varied from 3.4 MHz to 22 MHz, and the

best and worst case insertion loss were 14 dB and 37 dB, respectively.

Table 4.2: Summary of measured results inside the cage using ceramic antenna as BCI
antenna.

Parameter Value
Mean bandwidth (measurement plane 1) in MHz 6.5
Worst case insertion loss (measurement plane 1) indB | -27.6
Mean bandwidth (measurement plane 2) in MHz 6.5
Worst case insertion loss (measurement plane 2) indB | -28.7
Mean bandwidth (measurement plane 3) in MHz 6.7
Worst case insertion loss (measurement plane 3) indB | -37

4.10.2 Verification of link budget

To evaluate end-to-end performance of the system throughout the entire volume of the cage,
we conducted PER measurements by collecting a total of 10® packets at 25 measurement
locations inside the cage. Fig. 4.17 shows collected data overlaid on the measured insertion
loss heatmap at three measurement planes. It can be concluded that packets were received
without packet dropout at all locations, except at A1 and G1 locations of plane 3 where packet
dropouts were observed due to the presence of deep null. At locations G1 and Al of plane
3, insertion loss was greater than 30 dB. The link budget shown in Section 4.3.1, suggests
that telemetry packets may be lost at the locations inside the cage where the insertion loss is

higher than 30 dB. We found a similar trend in PER measurements.
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Figure 4.17: PER measurements at three measurement planes. Results are in agreement with
the link budget.

4.10.3 Measured reflection coefficient of BCl ceramic antenna

As shown in Fig. 4.18, the reflection coefficient |S1;| (dB) of the BCI antenna is better than
-10 dB across the 921.5 — 924 MHz band (2.5 MHz BW) for two out of nine positions of
measurement plane 2, while in seven out of the nine test locations the -10 dB bandwidth was
around 921.5 to 928 MHz (6.5 MHz BW). This suggests that the matching of BCI antenna does

not change drastically with the change in antenna position inside the cage.

Sy (dB)

E Frequency of Operation

-50 '
918 920 922 924 926 928 930 932
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Figure 4.18: Measured S;; (dB) of the BCI antenna at nine different locations of measurement
plane 2. In 2 of the 9 locations, the -10 dB bandwidth was = 921.5 -924 MHz, and for the
remaining 7 locations, the -10 dB bandwidth was = 921.5 -928 MHz.
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4.10.4 Orientation sensitivity analysis

The BCI antenna was characterized for the orientation sensitivity relative to the cage antenna.
The saline phantom and the BCI assembly were placed in the center of measurement plane 2
(location D4), and rotated along their vertical Z-axis with a step of 45° ranging from 0°- 330°
and along an elevation angle with a step of 30°, ranging from 0°- 90°. The results are depicted
in Fig. 4.19, showing a maximum orientation impairment of 3 dB along the vertical Z-axis
and a maximum orientation impairment of 7 dB along the elevation angle. Hence, we can say
that the presence of NHP is not the only problem inside the cage, if the antenna orientation

changes the insertion loss can increase which can make the system more sensitive.
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Figure 4.19: Measured insertion loss at 923 MHz. (a) Rotation along z-axis. (b) Elevation angle
from z-axis to x-axis

4.11 Understanding measured results inside the cage

Experimental results measured at three planes, showed that the insertion loss was generally
higher where the 3 dB bandwidth was higher and lower at the locations where 3 dB bandwidth
was small. For example, Fig. 4.15 shows that at position D4, the insertion loss was 14 dB and
the 3 dB bandwidth was 6 dB. While at position B2 the insertion loss was 37 dB and the 3 dB
bandwidth was 22 MHz. Similar relationship between insertion loss and bandwidth can be

noticed in mode-stirred reverberant chambers (RC).
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RCs are large, cavity resonator with high quality factor and are commonly used for electro-
magnetic compatibility (EMC) testings as well as for measuring antenna efficiency. Electric
and magnetic field distributions inside RC are highly inhomogeneous due to the presence
of dense multipath. To generate uniform field distribution inside the chamber, mechanical

mode-stirrers are used, such as metallic rotating plates (as shown in Fig. 4.20) [122].

Reverberant Chamber\‘k

Dﬂye Stirrer

Rx Antenna

Figure 4.20: Block diagram of reverberant chamber.

—

Tx Antenna

The relationship between transmission coefficient and the bandwidth inside RC can be
obtained from the quality factor (Q). The quality factor can be written as
u_.rf

Q:wP—d = A_f 4.2)

where w is the angular frequency, U is the stored energy inside the cavity, P is the dissipated
power in cavity, f is the operating frequency and A f is the bandwidth.

Quality factor for a reverberant chamber (RC) can be defined using following equation

[123]

_ 16n2V(<Pr>)

Q e P, (4.3)

where < P, > is average received power for all stirred angles, and P; is the transmitted power.
The Q inside the cavity can be obtained statistically based on experiments where transmitter
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antenna is connected to one port of VNA and the receiver antenna connected to the other

port of VNA [124]. For VNA measurements Eq. 4.3 can be modified to [125]

_ 167%V <8y %>
A3 <(1-18111%) >< (1=18221%) > m17m2

(4.4)

where <-> represents the average over different stirrer positions, 7, is the radiation efficiency
of the antenna connected to port 1, 17, is the radiation efficiency of the antenna connected to

port 2. For well-matched antennas Eq. 4.4 can be modified to

_ 1672V <|Su|* >

A3 112

Q (4.5)

Eq. 4.5 suggests that the quality factor inside the reverberant chamber is proportional
to the transmission coefficient (S2;). This equation suggests that, at the location with deep
nulls where S»; is small, the Q will be low and the Q will be high at the locations of hot spots
where Sy; is maximum. As Q is inversely proportional to the bandwidth, it can be concluded
that the bandwidth will be higher at location of deep nulls and smaller at hot spots. We found
similar relationships between bandwidth and Sy, inside the cage for all three measurement
planes. Hence, we assume that the movement of NHP acts as a mode-stirrer inside the cage

and can be compared with RCs.

4.11.1 Justification through simulations

Simulations were performed to check E-field distribution at various locations of saline proxy
and BCI antenna inside the cage. As shown in Fig. 4.21, location (b) has a hot spot (peak
E-field) in the area surrounding BCI assembly, and locations (a) & (c) have low E-field con-
centration in the area surrounding BCI assembly. Transmission coefficient was highest at

location (b) due to high E-field concentration and lowest at location (c). The simulated
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3-dB bandwidth was 15 MHz, 13 MHz, 19 MHz, 18 MHz at locations (a), (b), (c), and (d),
respectively. Simulations suggest that if BCI assembly is in the hot spot then the transmission

coefficient will be higher and the 3-dB bandwidth will be lower.

Cage side aptenna

BCI assembly

(a)

Figure 4.21: Simulated time domain E-field along x-axis inside the cage at locations (a), (b),
(c), and (d).

(d)

Figure 4.22: Simulated time domain E-field along y-axis inside the cage at locations (a), (b),
(c), and (d).
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Figure 4.23: Simulated S-parameters at different at locations (a), (b), (c), and (d) .
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4.12 Design 1: in-vivo recordings using ceramic BCI

antenna

In-vivo recordings were performed on an anesthetized pigtail macaque (Macaca nemestrina)
to validate the performance of wireless backscatter uplinks. The experiments were conducted
at the Washington National Primate Research Center, Seattle, Washington, USA, with the sup-
port of the UW Department of Physiology and Biophysics, and all experimental procedures
were approved by the UW Institutional Animal Care and Use Committee. The BCI assembly
containing ceramic antenna was connected via a 17 cm of shielded single-ended cabling
to a chronically-implanted 96-channel Utah Array (Blackrock Microsystems), previously
implanted in the primary motor cortex (M1). The monkey rested on a plastic surgical cart,
and the BCI assembly was placed horizontally at the edge of the cart so that the BCI antenna

had a clear line-of-sight to an external system patch antenna placed 30 cm away (Fig. 4.24).

Figure 4.24: Photo of in-vivo experimental setup (image courtesy of James Rosenthal).

For this experiment, the BCI assembly was configured to sample eight channels at 5 kHz

with a 1 Hz - 2 kHz band- pass filter as well as a 1.6 Hz DSP high-pass filter. Sampled data was
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able to uplink towards the external system with a rate of 6.25 Mbps. The received data, which

was plotted in MATLAB, is shown in Fig. 4.25.
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Figure 4.25: Example of wirelessly uplinked in-vivo neural spike recordings from the primary
motor cortex of a pigtail macaque.

4.13 Design 2: BCIl antenna system using wide-band

uSP antenna for communication

In previous work, the maximum wireless uplink rate was limited to 6.25 Mbps due to a -10 dB
antenna bandwidth of 1 MHz in free space. The BCI antenna presented in this section is
designed to have a wider bandwidth of 12.5 MHz to support higher data rates. The antenna
element used in this work was the Linx Technologies (Merlin, OR) Ant-916-uSP antenna
whose dimensions are 12.7 mm x 9.2 mm x 2.8 mm (width x length x height) where uSP stands
for embedded SP Series Splatch. These commercial antennas are great for remote controls
and other compact devices [126]. The layout of the uSP antenna is shown in Fig. 4.26.

The pSP antenna was connected to the top layer of the PCB with three connection pads;
one pad was connected to a 50 Q microstrip feed line, and the other two were connected
to the ground plane. The bottom layer of the antenna PCB consists of a ground plane, UHF
matching network, and UMC connectors. The matching circuit connected to the uSP antenna

is shown in Fig. 4.27. The antenna PCB is a two-layer board whose outer diameter is 55 mm
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outer. It was designed on a 1.6 mm-thick FR-4 substrate with 30 um thick copper. The uSP

antenna was chosen for communication due to its low cost, compact form factor, and wide

bandwidth.

12.7 mm

9.2 mm

To
° Connected f ; Connected

i i microstrip feed
microstrip feed to ground P to ground

(@ (b)

Figure 4.26: Layout of uSP antenna. (a) Top View. (b) Bottom View.
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Figure 4.27: Matching network connected to uSP antenna.
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Figure 4.28: (a) uSP antenna parallel to PCB (b) uSP antenna perpendicular to PCB. (c) Bottom

view.
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4.14 Design 2: simulated coupling between BCI HF

and UHF antennas

In this section, two antenna configurations were considered for simulations: uSP antenna
parallel to the plane of PCB as shown in Fig. 4.28 (a), and uSP antenna perpendicular to the
plane of PCB as shown in Fig. 4.28 (b). Fig. 4.29 presents a time-domain simulation of surface
current for both configurations of uSP antenna in PCB. The surface current induced in HF
coil from uSP antenna is much higher when the antenna was parallel to PCB, as compared to
the case when the antenna was perpendicular to PCB. Higher coupling is observed between
HF and uSP antennas in the case of parallel uSP antenna, as the E-field is parallel to the plane

of the PCB.
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Figure 4.29: (a) Simulated frequency domain surface current at 923 MHz when pSP antenna
was parallel to PCB. (b) Simulated frequency domain surface current at 923 MHz when uSP
antenna was perpendicular to PCB. (c) Simulated gain pattern at 923 MHz for uSP antenna at
both locations.

The uSP antenna has a meander shape. The advantage of meandering the antenna is
that the overall antenna area can be reduced with the same electrical length. The antenna
gain is proportional to the area and meander antennas have smaller area. As a result the gain
of meander antenna is small. The simulated peak gain of perpendicular uSP antenna was

-15 dB and that of parallel uSP antenna was -22 dB. The simulated -10 dB bandwidth of uSP
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antenna for both configurations is from 907 MHz to 922 MHz, which is much higher than the
bandwidth of ceramic antenna proposed in previous sections. The BCI antenna PCB which
was used for experiments contains uSP antenna perpendicular to PCB to achieve better gain

and less coupling with the HF coil.

4.15 Design 2: Experiments inside NHP cage using

uSP antenna

In this experiment, a commercially available Laird Technologies S9028PCR antenna was
connected inside the top wall of the cage similar to the setup mentioned in section 4.4, and
a BCI assembly containing uSP antenna was placed inside Teflon cap of Ti enclosure. The
BCI assembly was placed on a saline solution tissue proxy container and the container was

moved along 3 different measurement planes.

4.15.1 Measured reflection coefficient of uSP antenna

Fig. 4.30 shows a reflection coefficient of uSP antenna inside the cage measured at eight
different location points of measurement plane 2. It can be concluded from the results that
|S11] dB do not vary much inside the cage. The overall measured bandwidth of a uSP antenna

is from 910 MHz to 923 MH i.e. 13 MHz.

4.15.2 Estimation of usable bandwidth and insertion loss

Similar to the section 4.10, the BCI ceramic antenna performance was characterized in terms
of its 3 dB bandwidth (MHz), insertion loss (dB), and orientation sensitivity. The bandwidth

and the insertion loss were measured at three different measurement planes.
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Figure 4.30: (a) Measured |S;;| (dB) of the uSP antenna inside the cage at eight different
locations of measurement plane 2. The -10 dB bandwidth is = 910 MHz-923 MHz at all 8
locations.

Figs. 4.31-4.33 depict the aggregated results where darker colors indicate smaller band-
width or higher insertion loss. The mean 3 dB bandwidth (which is considered to be the “us-
able” bandwidth) found to be 23.8 MHz, 22.9 MHz, and 23.9 MHz for measurement planes 1,
2, and 3, respectively. The mean insertion loss inside the 3 dB bandwidth was measured as
33.9dB, 33.3 dB, and 35 dB for measurement planes 1, 2, and 3, respectively. It is important to
note that, due to the cavity effects, the 3 dB bandwidth across all 126 measurement locations
varied from 11 MHz to 56 MHz, and the best and worst case insertion loss were 21 dB and

42 dB, respectively.
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Figure 4.31: Experimental results using uSP antenna, at measurement plane 1 showing
(a) Heatmap and (b) Histogram of usable bandwidth. (c) Heatmap and (d) Histogram of
maximum insertion loss. In all heatmap images, darker colors indicate worse performance.
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Figure 4.32: Experimental results using uSP antenna, at measurement plane 2 showing
(a) Heatmap and (b) Histogram of usable bandwidth. (c) Heatmap and (d) Histogram of
maximum insertion loss. In all heatmap images, darker colors indicate worse performance.
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Figure 4.33: Experimental results using uSP antenna, at measurement plane 3 showing
(a) Heatmap and (b) Histogram of usable bandwidth. (c) Heatmap and (d) Histogram of
maximum insertion loss. In all heatmap images, darker colors indicate worse performance.

Table 4.3: Summary of measured results using uSP antenna.

Parameter Value
Mean bandwidth (measurement plane 1) in MHz 23.8
Worst case insertion loss (measurement plane 2) in dB -40
Mean bandwidth (measurement plane 1) in MHz 22.9
Worst case insertion loss (measurement plane 2) indB | -40
Mean bandwidth (measurement plane 3) in MHz 23.9
Worst case insertion loss (measurement plane 3) indB | -42

4.15.3 Orientation sensitivity analysis

For the orientation sensitivity analysis, saline phantom and the BCI assembly were placed
in the center of measurement plane 2 (location D4), and rotated along their vertical Z-axis
with a step of 45° ranging from 0°- 330° and along an elevation angle with a step of 30°,
ranging from 0°- 90°. The results are depicted in Fig. 4.34, showing a maximum orientation

impairment of 6 dB along the vertical Z-axis and a maximum orientation impairment of 11 dB
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4.16 Design 2: in-vivo recordings using uSP antenna

' o "W NHP
m'm (not pictured)
) _S5) S

Figure 4.35: Photo of the in-vivo experimental setup (image courtesy of James Rosenthal).

The BCI assembly was placed on a plastic surgical table at a distance of 35 cm from the
external patch antenna. The experimental setup is shown in Fig. 4.35. The neurochip used in
the experiment has 16 recording channels which were connected to the monkey’s implanted
electrode via a 17 cm shielded cable. Recordings from all 16 channels were pre-configured

with a sampling rate of 20 kSps with 16-bit resolution per channel. To remove low-frequency
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offsets from the data, the biosignal front-end was configured with a 1 Hz - 7.5 kHz band-pass

filter and a 1.6 Hz digital high-pass filter.
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Figure 4.36: In-vivo data was uplinked to the External System. (a) Time series plot of all 16
channels of measured neural data. Offline spike sorting was then performed on the data
based on [7] (b) Plot of five mean spike waveforms identified in one channel of the data. (b)
Plot of the spikes identified identified within one cluster overlaid with the mean waveform.

The recorded neural signals were uplinked to the external system with a data rate of
25 Mbps, which were then decoded and plotted offline using Matlab. A time-series plot of
the recording channels is shown in Fig. 4.36(a). The data shows low-frequency fluctuations
corresponding to local field potentials (LFPs) as well as higher-frequency neural spikes. Some
channels,such as the fifth channel from the bottom in Fig. 4.36(a), exhibited higher noise
that could be attributed to neural cell loss or glial scarring due to the chronically-implanted
micro-electrode array. Spike sorting was applied to the data set, using methods presented
in [7], to validate that the neural recordings captured biologically relevant signals. Several
neural spike families were identified in the data (Fig. 4.36(b) and (c)). Summary of implant
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antenna and head-stage antennas, designed in this work are shown in Table 4.4.

Table 4.4: Summary of BCI antennas designed in this work

Distance BCl antenna BCI antenna BCI antenna|Data rate
BCIUHF |between external| -10 dB BW . . A .
. dimensions gain achieved
antenna and BCI in free space (cm x em x cm) (dBi) (Mbps)
antennas (cm) (MHz) P
Ceramic 30 1 25x2.5x 2.5 -0.4 6.25
Antenna
uSP
35 12.5 1.27 x 0.92 x 0.28 -13.6 25
Antenna
Implant
Annular Ring 1.5 18 Diam. 1.46 x thickness 0.3 -25 5
Antenna

4.17 BCI antenna behavior between air and the cavity

environment
External Antenna External Antenna External Antenna

— —

5 § §

< Head mounted < Head mounted < Head mounted

— — Metal —
Antenna Aptenna wall Aptenna Metal
Wall

Saline Proxy Saline Proxy Saline Proxy
(a) (b) (©)

Figure 4.37: Block diagram of experimental setup: (a) antennas in free space, (b) antennas in
open cavity from the top, and (c) antennas inside closed cavity.

This section presents the performance of BCI antenna in three different environments:
(a) free space, (b) open cavity from the top, and (c) closed cavity. In the experiments, patch

antenna was used as an external antenna whose design description is mentioned in Section.
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4.4, and ceramic antenna was used as a head-stage BCI antenna. A detailed description of
ceramic BCI antenna is mentioned in Section. 4.6.

The BCI antenna was inserted into a head-stage canister placed on the top of a plastic
container containing saline solution serving as a primate proxy. Experiments were performed
inside a cardboard box whose dimensions were comparable to the Washington National
Primate Research Center’s NHP cage mentioned in Section. 4.2. To emulate an open cavity,
we attached aluminum foil on the side and bottom walls of the cardboard box leaving the top
wall open as shown in Fig. 4.37 (b). For a closed cavity, aluminum foil was attached to all six
walls as shown in Fig. 4.37 (c). At UHF band, cardboard is transparent to EM waves. Hence,
experiments in the box without attaching aluminum foil to all walls emulate free space.

The external antenna was placed inside the top wall of the cardboard box, and the BCI
antenna was placed 14 cm below the external antenna on the top of saline container. Both
antennas were connected to a VNA. The primate proxy container was placed on a grid of 40
location points inside the cardboard box. For each location, two data sets were collected : the
transmission coefficient between the antennas (|S2;| dB) and the 3 dB usable bandwidth in
915 MHz ISM band. Identical tests were performed in free space, closed, and open cavities.

Measurement results showed that the mean bandwidth was 12.6 MHz, 12.5 MHz, and
14.5 MHz in free space, open cavity, and closed cavity, respectively. Measured mean insertion

loss was 43.3 dB, 37.7 dB, 26.1 dB in free space, open cavity, and closed cavity, respectively.

L. He
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Figure 4.38: Experimental results in free space showing (a) Heatmap and (b) Histogram of
usable bandwidth. (c) Heatmap and (d) Histogram of maximum insertion loss. In all heatmap
images, lighter colors indicate worst performance.
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Figure 4.39: Experimental results in open cavity showing (a) Heatmap and (b) Histogram of
usable bandwidth. (c) Heatmap and (d) Histogram of maximum insertion loss. In all heatmap
images, lighter colors indicate worst performance.
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Figure 4.40: Experimental results in closed cavity showing (a) Heatmap and (b) Histogram of
usable bandwidth. (c) Heatmap and (d) Histogram of maximum insertion loss. In all heatmap
images, lighter colors indicate worst performance.

Insertion loss inside the cage depends on the location of BCI antenna. If the BCI antenna is

in the hot spot then the insertion loss will be lower or if the BCI antenna is in the deep null

caused by the multipath then the insertion loss will be higher.

(b)
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0

Figure 4.41: Time domain E-field plots at 915 MHz. (a) In free space. (b) In cage.

As shown in Fig. 4.41, E-field was higher in the area surrounded by BCI assembly inside

the cage as compared to free space. Transmission coefficient was higher inside the cage as

compared to free space environment (Fig. 4.42) with smaller 3 dB bandwidth.

This experiment suggests that the antenna system designed for a cavity environment can
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Figure 4.42: Transmission coefficients in free space and inside the cage

be inefficient in free space. Hence, for better performance, antennas should be designed

according to the surrounding environment.

4.18 Conclusion

We presented a backscatter-based dual-band antenna system for the BCI device to be used
with NHP’s subjects. The goal of this work is to enable real-time data uplink from neu-
roscience experiments in freely behaving animals. In this chapter, two BCI antennas are
proposed: a narrow-band ceramic antenna and a wide-band uSP antenna. The advantage of
using a ceramic antenna is lower insertion loss between BCI and external antennas and that
of a uSP antenna is wider bandwidth. Both the antennas were tested inside NHP cage using a
saline solution-filled container.

Measurements with a saline tissue proxy at 126 surveyed locations inside an actual NHP
cage indicated a typical 3 dB bandwidth of 6.56 MHz for ceramic antenna and 23.9 MHz
for uSP antenna. The measured mean insertion loss for the ceramic antenna was 27.6 dB,
28.7 dB, and 37 dB for measurement planes 1,2, and 3, respectively. For uSP antenna the
mean measured insertion loss was 33.9 dB, 33.3 dB, and 35 dB. The uSP antenna resulted in
higher insertion loss as well as higher bandwidth as compared to the ceramic antenna. A
higher bandwidth is required for higher data rates and large numbers of recording channels.

The experimental results presented in Fig. 4.14 - 4.16 clearly show the presence of dense
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multipath inside the reverberate cavity environment of the metal animal cage. It is clear from
these measurements that a system design assuming free-space propagation is doomed to
be unreliable in a cage environment due to the deep nulls occurring only a few centimeters
apart from each other. Cage experiments suggest that the bandwidth of the antenna depends
highly on the location inside the cage. We found that insertion loss is higher inside the cage
at the locations where the bandwidth is wider and lower where the bandwidth is smaller.

From the perspective of NHP animal safety, the simulated SAR values indicate that a
carrier power of 10 dBm is safe for continuous exposure of the NHP animal subject. For our
purposes, the 10 dBm carrier power level was sufficient to achieve the communication link
quality goal and was comfortably within safe limits.

In-vivo recordings were performed with an anesthetized pigtail macaque in a benchtop-
setup. All recording channels were uplinked successfully based on a backscatter communica-
tion to the external system with a data rate of the 25 Mbps from the uSP antenna and 6.25

Mbps data rate from the ceramic antenna.
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In this thesis, we presented innovative dual-band (HF and UHF (13.56 and 902-928 MHz))
antenna systems for wireless BClIs to enable short-range communication (over few millime-
ters between implanted and external systems) along with a capability of wireless charging.
We have also presented antenna designs for head-stage BCI device to enable real-time neuro-
science experiments on awake, freely moving animals.

To the best of my knowledge, the antenna designs presented in this work are the first
dual-band (HF and UHF) co-planar antennas designed for wireless BClIs. In these devices,
the HF band antennas are for powering the BCI system via inductive coupling and UHF band
antennas are for data transfer based on backscatter communication. For the protection of
biological tissue against implant PCB corrosion, the implant PCB was encapsulated inside
biomedical grade silicone Dow Corning MDX4-4210. The encapsulation process was carefully
done for void-free encapsulation which is required to prevent condensation inside the voids
that can cause leakage current and corrosion. The detailed contributions presented in this

thesis are mentioned in the next section.
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5.1 Summary

e Dual-band external and implant antenna system: We designed, the first ever electrically-
small dual-band co-planar HF and UHF (13.56 and 902-928 MHz) antenna system
for implanted neural recording and/or stimulation devices. The implant diameter
is 27 mm, and the thickness is 3 mm. The antenna is designed to be placed in the
dura layer approximately 1 cm below the skin’s surface. The external antenna, with a
diameter of 85 mm and a thickness of 3 mm, is designed to be in close proximity (a
few millimeters) from the skin’s surface. The antennas are designed for the SAR below
FCC limit defined for human exposure as well as for low port-to-port coupling between

power and communication antennas.

The antennas were tested using saline solution and with chicken muscle. We observed
measurement results comparable to the simulation results. In saline solution, the
measured power transfer efficiency in the HF band was 17 % when the distance between
the external and the implant antenna was 1.5 cm. The maximum insertion loss at the
UHF band in chicken muscle was 7 dB lower, as compared to saline tissue proxy, due to
lower resistive losses in the protein and fat content of animal tissue as compared to a

pure saline solution. Related work is published in [1] and in a patent [60].

* Successful short distance WPT and backscatter communication using dual-band ex-
ternal and implant antenna system: We achieved successful backscatter uplink at a
data rate of 5 Mbps for an implant depth of 1 cm in saline solution. We expect a better
communication link in animal tissue as compared to a saline solution. Related work is

published in [61, 62].

* Dual-band external and head-stage antennas for NHPs: We designed the first ever
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dual-band (HF and UHF) co-planar BCI antenna devices for large NHPs located inside
a metal housing cage, which acts as a reverberant chamber. The BCI antenna PCB is
a two-layer board that is designed on a 5.5 cm diameter, 1.6 mm thick FR-4 dielectric.

Related work is published in [63].

 The first ever channel characterization inside a reverberant NHP cage: We performed
several experiments to understand the EM response inside the housing cage and to
verify the behavior of the antennas in the cage environment. Inside the cage, we used
a plastic container filled with a saline solution, to emulate tissue, instead of working
with a live monkey. The cage side and head-stage antennas were chosen because of low

SAR, as well as low port-to-port coupling between the HF and UHF systems.

We found that the insertion loss and bandwidth varies from one location to another
inside the cage, because of the variation in field distribution caused by the multipath.
Experimental results presented in this work showed that backscatter communication
using proposed antennas can perform well inside the volume of the reverberant cavity

cage, despite the presence of significant multipath. Related work is published in [63].

* A 6.26 Mbps and 25 Mbps backscatter uplink through in-vivo measurements with
an anesthetized pigtail macaque using benchtop setup: Neural recordings from 16
channels were successfully uplinked to the external system using proposed antennas
with a maximum data rate of 25 Mbps. The distance between the external and head-
stage antenna was 35 cm. Related work is published in [64] along with a paper under

review [65].
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5.2 Future Work

There can be numerous future improvements in the antenna design for wireless BCI systems.

5.2.1 Implantable BCI antennas

* Need of implant packaging for long — term usage of implants : In this work, we used
bio-compatible silicone for the encapsulation of implants. It is essential to study
various dielectric materials for packaging, with better material properties as that of

silicone, to increase the lifetime of the proposed implantable device.

* Methods for improving the bandwidth of the antennas for data rate ~ 100 Mbps for
real-time recording and stimulation : Improvements in antenna design is needed for

wider bandwidth without heating biological tissues.

* Design of implant and external antennas using flexible material or WPT range im-
provement using flexible metamaterial lens : The work can be continued for design-
ing antennas on thin flexible material for the reduction of overall implant device size.
WPT range can be improved by installing metamaterial lens between implant and

external antennas similar to the work mentioned in [127].

* Long-range communication and WPT over an entire room : In this work, we showed
the possibility of using wireless BCI systems based on backscatter communication
for small — range communication of few centimeters between the implant and the
external device. The practicability of implanted BCI systems for long distance (where
the external antenna is located at a distance of a few meters from the implant antenna)

WPT and communication is unknown and further study is required.
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5.2.2 Antennas for NHP in a metal housing cage

* BCI recording from an awake moving monkey inside metal housing cage : In this
thesis, we were able to record neural activity successfully using proposed antenna
systems at a data rate of 25 Mbps, with an anesthetized macaque monkey, in a benchtop
setup. The next step is to perform neural recording from a freely moving monkey inside

its housing cage.

* Methods for improving bandwidth of the antennas for higher data rate : Further

study is required for improving antennas for wider bandwidth.

* Modification of cavity to achieve uniform field distribution inside the cage or use of
multiple receiver antennas : To ensure continuous neural recordings or stimulation
and to avoid blind spots, an array of dual-band cage antennas can be designed so that
each element has a switching capability relative to the position of the BCI antenna
inside the cage, similar to the work mentioned in [114]. This switching capability for a
cage array is an efficient way to reduce input power because only a few elements could

be activated at a time instead of having the whole array always need to be on.

Another method could be by installing a mechanical or electrical mode-stirrer inside
the cage for homogeneous field distribution. This concept is commonly and effectively

used in microwave ovens or reverberating chambers [128].
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