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Abstract

A novel integrated RF/wireless coil design, termed an integrated RF/wireless coil,

which enables simultaneous MR image acquisition and wireless data transfer, has re-

cently been proposed. The integrated RF/wireless coil design allows radio-frequency

(RF) currents to flow on the coil simultaneously at the Larmor frequency, for MR

image acquisition, and at the 2.4 GHz wireless communication frequency, for wireless

data transfer from within the MRI scanner bore to a wireless Access Point (AP) on

the scanner room wall. The integrated RF/wireless coil design provides a low-cost so-

lution for wireless data transmission between the scanner bore and the console room

that requires no mechanical modifications to the existing MRI system, which can 1)

reduce the need for cumbersome cabling networks in the scanner, 2) increase patient

comfort, and 3) decrease patient set up time.

In previous work, the radiated energy emitted from the integrated RF/wireless

coil was not optimized for wireless data transfer between the coil in the scanner bore

and the AP on the scanner room wall. The wireless data transfer from an integrated

RF/wireless coil is optimal when the maximum amount of radiated power in the wire-

less communication band is transferred from the integrated RF/wireless coil to the

AP, and the power deposited into the subject in the scanner is minimized. However,

measurements of the radiated power from the integrated RF/wireless coil in the MRI

environment (i.e., in the scanner bore and on a human) are not practical because they

would require an excessively large anechoic chamber. Thus, electromagnetic simula-

tions are performed to determine the optimal integrated RF/wireless coil design (e.g.,

size, position on the subject) that maximizes the radiated power delivered from the

coil to an AP while 1) ensuring no degradation in SNR compared to a traditional RF

coil and 2) minimizing the radiated power deposited into the subject in the scanner
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bore.

In this work, 3-D finite element electromagnetic co-simulations with an RF circuit

designer are performed to optimize the gain of an integrated RF/wireless coil on a

human phantom in the scanner bore and the corresponding S21 power transmission

(i.e., link budget) between the coil and an AP on the scanner room wall. These

simulations are verified by constructing an integrated RF/wireless coil and by using

it to perform free-space radiated gain pattern measurements in an anechoic chamber

and to acquire SNR maps of a uniform water phantom in an MRI scanner.
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Chapter 1

Introduction

In magnetic resonance imaging (MRI), data transfer between the scanner hardware

components (e.g., radio-frequency (RF) coil arrays, shim coils, and peripheral de-

vices) and the console outside the scanner room is central to its operation. RF coil

arrays used in modern scanners can have a large number of coil elements (e.g., up to

96 coil elements [14]) to perform parallel imaging and reduce the scan time, which

also drastically increases the number of RF cable traps, baluns, and coaxial connec-

tions required to transfer the MRI data to the scanner console. Similarly, shim coils

and peripheral devices (e.g., physiological monitoring sensors) transfer data through

multiple direct current (DC) and digital control connections to the scanner to perform

B0 shimming and acquire signals from the peripheral devices, respectively (Fig. 1.1

a). All of these wired connections require careful cable routing and RF filters to

maintain the MR image quality, which 1) increases the cost and complexity of the

system, 2) can reduce patient comfort, and 3) increases patient setup time.

Recently, wireless data transfer solutions have been proposed to reduce the num-

ber of wired connections by inserting additional antenna systems within the bore to

move data between an RF receive coil array and the scanner. However, these solu-

tions require inductively coupled RF loops (e.g.,“sni↵er” coils)[11] or dipole antennas

[7], which require additional supporting electronics (e.g., amplifiers, signal dividers,

fiber optic cables), to be added to the RF coil array within the scanner to enable wire-

less data transfer. Alternatively, a novel integrated coil design, termed an integrated

RF/wireless coil design, has recently been proposed to use the same coil structure to

perform simultaneous 1) RF signal reception and 2) wireless data transfer between

the coil in the scanner bore and computers located outside the scanner room via
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an access point (AP) located on the scanner room wall (Fig. 1.1 b) [6]. Since the

integrated RF/wireless coil design requires no scanner modifications or additional

antenna systems, it o↵ers an elegant, cost-e↵ective solution for wireless MRI data

transfer.

Figure 1.1: The wired connections in a traditional MRI scanner (a) can be elimi-
nated by transferring MRI data (red line), shim control data (blue line), and periph-
eral data (magenta line) wirelessly between an RF/wireless coil array and an access
point located on the scanner room wall (b).

The integrated RF/wireless coil design can perform simultaneous RF signal re-

ception and wireless data transfer by allowing RF currents to flow on the coil at the

Larmor frequency (e.g., 127.7 MHz for a 3T scanner) and in the wireless communica-

tion band (e.g., 2.4 GHz for the 802.11b/g standard), which generate the MRI signal

from a subject and the radiated power for data transmission, respectively (Fig. 1.2).

The RF signal-to-noise ratio (SNR) and radiated power from the coil are maximized

when the RF currents at the Larmor and wireless communication frequencies, IMRI

and IWiFi, are isolated from losses incurred to the wireless communication module

(i.e., WiFi Module) and the MRI low-noise amplifier (LNA) (i.e., LNA Module), re-

spectively. The isolation is provided by inserting two high-impedance bandstop filters

between the coil and the LNA or WiFi modules to block the currents with frequencies

outside the operational band from flowing into the “out-of-band” termination of each
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module. Specifically, a high-impedance bandstop filter, FilterWiFi (Fig. 1.2 b, orange

filter), which presents a high impedance at frequencies in the wireless communication

band but not at the Larmor frequency, is placed between the phase plane of the coil

and the LNA module to prevent losses incurred from the termination of IWiFi into

a resistive load. Additionally, a high-impedance bandstop filter, FilterMRI (Fig. 1.2

b, red filter), which presents a high impedance at the Larmor frequency but not at

frequencies in the wireless communication band, is placed between the phase plane

of the coil and the WiFi module to prevent losses incurred from the termination of

IMRI into a resistive load. With this design, any fixed size RF coil element of an

array can be modified into an integrated RF/wireless coil by only changing the RF

electrical characteristics, but without any mechanical modifications.

Figure 1.2: A traditional RF coil (a) can be modified into an integrated RF/wireless
coil (b) to enable RF currents at the Larmor frequency (red) and in a wireless commu-
nication band (orange) to flow on the same coil for simultaneous MR image acquisition
and wireless data transfer.

In previous work, the radiated energy emitted from the integrated RF/wireless

coil was not optimized for wireless data transfer between the coil and the AP when

the coil was placed within the scanner bore [6]. The wireless data transfer from a
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coil in the scanner bore is optimal when the maximum amount of radiated power in

the wireless communication band is transferred between the integrated RF/wireless

coil and the AP, while the power losses incurred to the bore and subject are min-

imized. Since the radiated power from the coil cannot be measured in the bore,

electromagnetic simulations can be performed to determine the optimal integrated

RF/wireless coil design that provides the maximum amount of radiated power to the

AP for wireless data transfer, while also providing the same RF performance as that

of a traditional RF coil used for imaging. In this thesis, we will perform these simula-

tions to determine the optimal integrated RF/wireless coil design (e.g., size, position

within the scanner) that can perform RF signal reception, maximize the amount of

radiated power delivered to the AP, and minimize the amount of power deposited

into the subject.
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Chapter 2

Magnetic Resonance Imaging and

Radio-Frequency Coils

2.1 The MRI Signal

MRI images are generated by applying static, RF-pulsed, and spatially varying mag-

netic fields to produce spatially dependent RF signals in subject tissue. In the pres-

ence of an external static magnetic field along the scanner bore, B0 = B0ẑ, the

magnetic moments of the protons contained in water molecules align parallel or anti-

parallel to B0. These spins precess about B0 with a frequency (called the Larmor

frequency) that is proportional to the field strength

fLarmor = �̄B0 (Hz), (2.1)

where �̄ is the gyro-magnetic ratio which varies for di↵erent atomic nuclei (�̄ = 42.57

MHz/T for 1H). A slightly larger number of protons are in the parallel state, which

has a lower energy than the anti-parallel state, resulting in a net magnetization,

M, along the z-axis of the scanner bore (Fig. 2.1 a). Some of the protons in the

low-energy state are excited into the high-energy state by applying an RF pulse to

the tissue, which generates a corresponding magnetic field (B1) perpendicular to B0.

The RF pulse tips the magnetization by an angle, ↵, towards the transverse x-y plane

(Fig. 2.1 b), resulting in a time-varying transverse magnetization,

Mxy(t) = M0 sin↵e
�j(2⇡f0t��) (2.2)
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Figure 2.1: The magnetization vector M is initially aligned with the static magnetic
field (a) and then begins to precess about the z-axis (b) once it is tipped towards the
transverse plane by an RF pulse.

where M0 = |M(t = 0)| and � is the initial transverse magnetization angle,

� = arctan
My

Mx

. (2.3)

The net magnetization vector after the RF pulse is applied has time-dependent

longitudinal magnetization, Mz(t), and transverse magnetization, Mxy(t), compo-

nents relative to the B0 axis. The rotation of Mxy(t) in the transverse plane produces

an RF voltage that can be acquired with an RF coil(s) placed close to the subject.

The voltage from the transverse magnetization, and its decay, generate tissue-specific

RF signals within each image voxel, which are then digitized and reconstructed to

produce an image.

The RF signal is spatially located in the image by applying an additional set of

linear magnetic field gradients, (Gx, Gy, Gz = dBz

dx
, dBz

dy
, dBz

dz
), to the tissue, which

changes the B0 field strength, and hence the proton precessional frequencies, in the

x, y, and z-directions. The precessional frequency spatial encoding by the magnetic

field gradients allows the corresponding RF signal to be located in the proper voxel

of the image.
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2.2 Radio Frequency Coil Signal Reception

An RF coil, or an array of RF coil elements, is used to acquire the transverse mag-

netization signal after the RF excitation pulse has been applied in the imaging pulse

sequence. Specifically, the signal from the subject is acquired by an RF coil placed

close to the subject when the Mxy electromotive force induces an equivalent voltage

onto the conductors of the coil, which creates an RF current that is proportional to

the transverse magnetization. The RF coil can e�ciently acquire the induced voltage

from the transverse magnetization when the frequency of the transverse signal and

the coil resonant frequency are the same (e.g., f0 = 127.7 MHz at 3T).

The RF coil resonant frequency is dependent upon: the inductance and capaci-

tance of the coil wires and RF components; and the RF components placed between

the coil and the low-noise amplifier (LNA) that processes the signal, which ensure

that the impedance of the coil and LNA are the same (i.e., the coil is matched to the

LNA). Specifically, the coil is made to be resonant for MRI signal reception when the

reactance from the total inductance and capacitance of the coil satisfies the resonant

condition, XC = XL, for the Larmor frequency, fLarmor. In general, the resonant

frequency is

f0 =
1

2⇡LC
(Hz), (2.4)

where L is the inductance and C is the capacitance. The inductive and capacitive

reactance at the resonant frequency are

XL = 2⇡f0L (⌦), (2.5a)

XC = � 1

2⇡f0C
(⌦). (2.5b)

The coil impedance, Z, can be expressed as
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Z = R + j(XC +XL) (⌦), (2.6)

where R is the resistance of the coil. Therefore, the RF coil will deliver the maximum

amount of power from the RF signal produced from the tissue to the LNA when the

resonant frequency is purely resistive and matched to the LNA.

2.2.1 RF Coil Resonance Measurements

The resonant frequency of an RF coil can be measured on a vector network analyzer

(VNA) by measuring the amount of power delivered to the coil placed on a subject

or phantom that is reflected back to the VNA. The amount of reflected power is a

minimum at the resonant frequency because the energy from the coil is transferred to

the subject or phantom rather than being reflected back to the VNA. In addition to

the resonant frequency, the power coupled between RF coil elements in an array can

be acquired on the VNA by measuring the power that is transmitted between them.

The reflected and transmitted power measurements on the VNA are represented

by a scattering parameter, or S-parameter, matrix of complex numbers, Sij, which

represents the magnitude and phase of the reflected and transmitted power measured

at each VNA port. For example, the S-matrix elements that represent the reflection,

S11, and transmission, S21, coe�cients from a two-element RF coil array represent

the reflected power for a single coil element and the transmitted power between both

elements in the array, respectively.

2.2.2 RF Coil Size and Signal-to-Noise Ratio

An RF coil of radius, a, located close to the subject can detect the RF signal in

tissues near the surface, but its ability to detect this signal rapidly decreases in the
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tissues that are farther from the coil. The magnetic field generated in the tissue

sample from the currents flowing on the RF coil is proportional to the signal-to-noise

ratio (SNR). The depth at which the coil can measure the magnetic field, By, in the

corresponding tissue voxels is a function of the coil radius about the coil axis and

given by

By =
µ0I

2

a
2

(a2 + y2)1.5

✓
A

m

◆
(2.7)

where I is the current, µ0 is the magnetic susceptibility of free space, and y is the

location along the coil axis. Clearly, a trade-o↵ exists in equation 2.7 between the

radius, a, and the penetration depth, y, to detect the signal produced from the tissues

in the subject (Fig. 2.2).

Figure 2.2: Magnetic field strength, H, profiles simulated in a uniform water phan-
tom from a single RF coil with a = 20.0 (a), 35.0 (b), and 50.0 mm (c), which are
common coil element sizes in standard RF coil arrays, demonstrate the increasing
penetration depth and SNR with increasing coil radius.

Additionally, RF coils with a larger radii can receive signals from greater depths

within the sample, but have a lower SNR because they are also more sensitive to

noise within the sample. Conversely, RF coils with smaller radii can only receive

signals near the surface of the sample, but have an improved SNR relative to coils

with larger radii. For example, the RF coil elements in a typical body coil array

(e.g., 8 - 16 coil elements) can have large radii (a � 50.0 mm)to image the anatomy
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in the abdomen (e.g., liver, kidneys) that is far from the surface of the subject, but

have a lower SNR in the imaged voxels. Alternatively, the RF coil elements in a head

coil array (e.g., 32 - 48 coil elements) can have smaller radii (a � 20.0 mm) with a

higher SNR closer to the subject surface because the relative size of the head is much

smaller compared to that of the body.

2.3 Radio-Frequency Coil Safety

The RF coil elements in an array in modern scanners can be used to apply an RF

pulse to generate the RF signal in the tissue. The RF pulse transfers power to the

tissue near each coil element during the transmit cycle of a pulse sequence, which

will increase the temperature of the tissue. The local power deposition, or specific

absorption rate (SAR), from the coil elements to a kilogram of tissue in the human

head or body is determined by

SAR =
�E

2

⇢

✓
W

kg

◆
, (2.8)

where � is the electrical conductivity, ⇢ is the mass density, and E is the magnitude

of the electric field in the tissue.

The National Radiological Protection Board determined that healthy individuals

can safely withstand a 1�C rise in whole-body temperature [4], which is produced from

an approximate 4 W/kg whole-body SAR. Therefore, the International Commission

of Non-Ionizing Radiation Protection published SAR guidelines that limit the core

temperature rise to 0.5�C and the total head temperature to 38�C during MRI [10].

The standard IEC 60601-2-33 limits the whole-body SAR to 2 W/kg and head SAR

to 3.2 W/kg, averaged over a mass of 10 g, so that tissue temperatures remain within

the recommended limits [5].
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Chapter 3

RF/Wireless Coil Antenna Design

Wireless data is transferred over-the-air (OTA) between the integrated RF/wireless

coil and the AP via radio-frequency electromagnetic waves, or radiation, that prop-

agates in the free space that separates them within the scanner room. The quality

of the OTA data transmission is determined by the amount of radiated power that

is transmitted from the coil and received by the AP, which is dependent upon the

interaction of the radiation with the subject and the scanner. The radiation emitted

from the coil will be reflected or absorbed by subject tissue and the mechanical and

electrical components in the bore, which can reduce the amount of radiated power

received by the AP. To minimize the power loss, the integrated RF/wireless coil size

and position within the bore can be optimized to direct the radiated power toward

the AP and away from the bore.

3.1 RF/Wireless Coil Radiated Electromagnetic

Fields

An integrated RF/wireless coil generates radiation when a uniform RF current dis-

tribution flows on the coil, which creates an RF voltage between the coil and ground

conductors. The RF voltage between the conductors produces electromagnetic waves,

whose frequency is determined by the period of the voltage, that propagate radially

outward from the coil and in the direction of the AP located far away on the scanner

room wall. The corresponding radiated electric and magnetic fields from the coil that

are received by the AP are
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E� =
ak⌘I0e

�jkr

2r
J1(ka sin(✓)), (3.1)

H✓ = �E�

⌘
, (3.2)

where k = 2⇡
�
, ✓ is the angle defined between the z-axis and x-y plane, I0 is a uniform

RF current distribution, r is the radial distance from the coil, a is the radius of the

coil, and J1 is Bessel function of the first kind. The radiation from the coil is generated

by the electric field components in the �-direction because the ✓-components of the

fields are symmetric about the coil axis and cancel each other when emitted from the

coil.

3.2 RF/Wireless Coil Far-Field Radiation for Wire-

less Communication

The signal strength of the transmitted data from an integrated RF/wireless coil

to the AP is directly related to the power stored within the radiated electric and

magnetic fields that propagate between the integrated RF/wireless coil and the AP.

The total radiated power stored in the time-varying fields is found by integrating

the energy flux, or radiation power density W = E ⇥ H ( W
m2s), emitted radially

outward through a large closed surface sphere, S, far from the coil (Fig. 3.1). The

power density through the surface is averaged over one period of the electromagnetic

fields to remove the time dependence of the power, which is used to calculate the

time-averaged power at the AP. For an integrated RF/wireless coil of radius, a, the

time-averaged radiation density is then

Wav =
1

2
Re[E⇥H

⇤] = âr

1

2⌘
|E�|2 = âr

(a!µ)2|I0|2

8⌘r2
J
2
1 (ka sin(✓)), (3.3)
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Figure 3.1: The total radiated power stored in the time-varying fields generated
from an integrated RF/wireless coil (blue) in the x-y plane with radius a and current
I0 is found by integrating the power density over the surface of a sphere S.

where ! is the angular frequency and µ is the permeability of the material the fields

are propagating within. The corresponding total time-averaged radiated power from

the coil, Prad, normal to the closed surface in the radial direction, Wav · âr, is

Prad =

I

S

Wav · ds =
⇡(a!µ)2|I0|2

4⌘

Z
⇡

0

J
2
1 (ka sin ✓) sin ✓d✓. (3.4)

The data transmission signal strength from an integrated RF/wireless coil in the

bore to the AP, which is located far away on the scanner room wall, is maximized when

the angular distribution of the radiated time-averaged power density, or radiation

intensity U(✓,�), emitted from the coil is directed toward the AP. The radiation

intensity, which is radially independent because the distance between the devices, r,

is large compared to the dimension of the coil (r >> a), is symmetric in the azimuthal

direction, and changes in elevation by

U(✓,�) =
(a!µ)2|I0|2

8⌘
J
2
1 (ka sin ✓). (3.5)

The radiation intensity is a function of the radiation frequency and coil radius,
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which together determine the magnitude and angular distribution, or pattern, of

the radiated power. For our application, the frequency of the currents that flow on

the coil for RF signal reception and 802.11b/g WiFi wireless data transmission are

fLarmor = 127.7 MHz and 2.412 < fWiFi < 2.472 GHz, respectively. As such, the far-

field radiation intensity pattern subtended from the coil for each of these frequencies

is uniquely determined by the coil radius for a uniform current distribution, which

can be optimized to maximize the radiated power in the direction of the AP.

Figure 3.2: The 2.4 GHz radiation pattern for a coil of radius a = 4
3
�

2 (a) has a null

in the plane of the coil, while the radiation pattern for a coil of radius a = 1
10⇡

�

2 (b)

has no null in the same position.

The integrated RF/wireless coil radius determines the shape of the pattern by

weighting the elevation argument of the radiation intensity (Eqn. 3.5), which deter-

mines the spatial location of the zeros (nulls) and maximum values (peaks) in the

radiation intensity pattern. For example, the radiation pattern for a single coil of

radius a = 4
3
�

2 in free space (i.e., no scanner bore or subject) develops a null in the

plane of the coil (✓ = 90�) (Fig. 3.2 a), while the pattern for a = 1
10⇡

�

2 has no nulls in

the same position (Fig. 3.2 b). Similarly, the radius of an integrated RF/wireless coil

can be chosen to generate a radiation intensity pattern that will direct the radiated
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power from the coil to the AP (peak) and away from the scanner bore and subject

(null) for a specific coil position and orientation in the bore.

Coils with di↵erent radii produce radiation intensity patterns with di↵erent shapes

and peak intensity values at di↵erent positions relative to the coil. The pattern can

be optimized by determining a coil radius and corresponding directivity, which is the

ratio of the radiation intensity directed to the AP relative to the average radiated

power in the bore, that delivers the maximum radiation intensity from the coil to the

AP. The directivity for an integrated RF/wireless coil is defined to be

D(✓,�) = 4⇡
U(✓,�)

Prad

, (3.6)

where the maximum directivity is given by Dmax = 4⇡Umax

Prad

.

The directivity of an RF/wireless coil is directly proportional to the gain, which

describes how e�ciently the coil can convert the power delivered from an integrated

RF/wireless coil WiFi transceiver to radiated power that will be received by the AP

for a radius-specific radiation intensity pattern. Specifically, the far-field gain pattern

is related to the coil directivity by

G(✓,�) = ✏D(✓,�), (3.7)

where ✏ is the far-field radiated e�ciency, which is the ratio of the input power deliv-

ered to the coil relative to the power radiated by the coil. Additionally, the e�ciency

of the coil can be determined by dividing the maximum gain by the maximum direc-

tivity from the coil far-field pattern, ✏ = Gmax

Dmax

.
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3.3 RF/Wireless Coil Far-Field Radiation Mea-

surements

An anechoic chamber (Fig. 3.3 a) is a room that completely absorbs radiated electro-

magnetic waves and that can be used to measure the far-field radiated gain pattern

of an antenna with no obstructions in the surrounding environment (i.e., free space).

To create this free space environment, the walls, floor, and ceiling of an anechoic

chamber are lined with radiation-absorbent material that is designed to absorb in-

cident radiation from all directions, thus minimizing reflections within the chamber

(Fig. 3.3 b). For our application, anechoic chamber measurements are taken between

an integrated RF/wireless coil and a receive antenna (i.e., patch antenna) to measure

the free space gain pattern of the coil at the wireless communication frequency.

Figure 3.3: An anechoic chamber (a) lined with radiation absorbent material (b)
that completely absorbs incident electromagnetic radiation from all directions so that
the far-field radiated gain along the line-of-sight from the integrated RF/wireless coil
(left) to a receive patch antenna (right) can be measured in a free space environment.

A receive patch antenna located at one far end of the chamber receives the far-

field electromagnetic waves radiated from the integrated RF/wireless coil located
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at the opposite end of the chamber on a rotator that rotates by 360� in � and ✓.

The power transferred along the line-of-sight between the receive patch antenna and

the integrated RF/wireless coil is measured on a vector network analyzer (VNA) to

determine the relative magnitude and locations of peaks and nulls in the far-field

gain pattern of the antenna in a free space environment.

3.4 RF/Wireless Coil System Performance

The quality of the data transmitted from an integrated RF/wireless coil to the AP

is dependent upon the amplitude and direction of electromagnetic radiation passed

between the two devices. The amplitude of the electromagnetic fields from the coil,

or any antenna, is attenuated as they propagate between the devices by the medium

(e.g., air, scanner dielectrics) they propagate through, which will result in data loss

when the signal is below the AP receiver noise floor. Likewise, the electromagnetic

fields are attenuated when the radiation is not directed toward the AP because: the

signal will be partially reflected and partially absorbed by every surface in the prop-

agation path between the devices; and the propagation path length is dramatically

increased relative to a line-of-sight path.

3.4.1 Path Loss

The path loss is defined as the power density attenuation of an electromagnetic wave

as it propagates through space (Fig. 3.4) and is measured by the S21 between the

integrated RF/wireless coil and an AP. The power density attenuation is influenced

by the propagation medium as well as environmental factors that reflect or absorb

the radiated power. Path loss can be represented using the following formula
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L = 10n log10(d) + C (3.8)

where L is the path loss, n is the path loss exponent, d is the distance from the

antenna, and C is a constant to incorporate system losses. The path loss exponent

typically ranges from 2 (free space propagation) to 4 (propagation through high-loss

environment). However, extremely lossy environments may have path loss exponent

values reaching 6, which dramatically reduces the amount of power that reaches the

receive antenna compared other high-loss environments. Conversely, some tunnel-

like environments can act as waveguides with path loss exponents less than 2, which

significantly increases the amount of power that reaches the receive antenna compared

to a free space environment.

Figure 3.4: The link budget between the integrated RF/wireless coil and an AP is
a measure of the power at the AP receiver (PRX) above the receive noise floor given
the power output from the integrated RF/wireless transmitter (PTX), the TX/RX
system losses (LTX/LRX), the TX/RX antenna gains (GTX/GRX), and the path loss
(S21) between the integrated RF/wireless coil and the AP.
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3.4.2 Link Budget

The link budget between the integrated RF/wireless coil and an AP combines all of

the gains and losses between the coil and the AP (i.e., TX/RX system losses, TX/RX

antenna gains, path loss) to determine the overall performance of the system in a

specific environment (Fig. 3.4). Ultimately, the link budget determines the amount

of radiated power received at the AP given a specified amount of input power, PTX,

to the WiFi port of the integrated RF/wireless coil.

The sensitivity of the AP receiver determines the minimum received power density

required to produce a reliable signal. If the amount of losses in the system, such as

those from the RX/TX electronics, cabling, antennas, or surrounding environment, is

greater than the amount of gains in the system, the power at the AP receiver would

be below the AP receive noise floor, which would result in data loss. Therefore, a suf-

ficient link budget is crucial to maintain the integrity of the data that is transmitted

wirelessly between two devices.
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Chapter 4

Electromagnetic Simulations of the

RF/Wireless Coil

The RF and far-field performance of an integrated RF/wireless coil placed in the

scanner bore are determined by its: size; placement near the subject; and location

within the scanner. The RF performance (e.g., SNR and SAR) of the coil can be

easily measured on a uniform water phantom in the scanner, but the far-field perfor-

mance (e.g., gain) of the coil in the bore cannot be measured because it would require

an excessively large anechoic chamber to make the measurement. Fortunately, elec-

tromagnetic simulations of an integrated RF/wireless coil can be performed in place

of measurements to evaluate 1) the SNR and 2) the impact that the placement of the

coil relative to a human phantom in the bore has on the far-field gain, and hence the

link budget. In this work, electromagnetic simulations of an integrated RF/wireless

coil will be performed with a commercial co-simulation software package (ANSYS

HFSS and Circuit Designer, Canonsburg, PA) to determine the coil radius, place-

ment on a human phantom, and location in the bore that produce the optimal link

budget for wireless communication, while minimizing the power deposited into the

subject and maintaining the SNR of a traditional RF coil. Additionally, simulations

will be performed for an integrated RF/wireless coil to determine 1) the SNR in a

uniform water phantom and 2) the free space gain without the subject or bore, which

will be compared to SNR maps acquired on an MRI scanner and gain measurements

performed in an anechoic chamber, respectively, to validate the design.
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4.1 RF/Wireless Coil Simulation Model

The simulation model of an integrated RF/wireless coil located in the scanner bore on

a human phantom is made to accurately represent a typical coil application setup to

evaluate: the SNR and SAR in the head of the phantom, and the e↵ect the bore and

phantom have on the wireless data transfer between the coil and APs located outside

the bore, which are modeled by two dipoles placed along the axis bore (Fig. 4.1 a).

Figure 4.1: The (a) MRI scanner bore was modeled as a cylindrical two-layer
impedance boundary surrounding a human phantom model with two dipole anten-
nas (APback and APfront) placed 3 m from the origin along the +/- z-axis and the
(b) integrated RF/wireless coil was placed in five separate locations on the head
(↵ = 0�,↵ = 45�,↵ = 90�, � = 45�, � = 90�) for three di↵erent coil radii (a = 20.0
(orange), 35.0 (red), and 50.0 mm (blue)).

The integrated RF/wireless coil design in the simulation was modeled as a coil of
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radius, a, driven by two RF excitations (i.e., WiFi and MRI ports) that provide the

RF currents at the Larmor frequency and in the wireless communication band. Ad-

ditionally, three identical capacitors (C1 = C2 = C3 = 10 pF) were evenly distributed

about the coil in the model to resonate it at the Larmor frequency for RF signal

reception, while minimally changing the resonances in the wireless communication

band (Fig. 4.1 b). Two high-impedance bandstop filters, FilterMRI and FilterWiFi,

were included in the model between the WiFi and LNA modules, represented by

the WiFi and MRI ports, and the integrated RF/wireless coil to isolate the RF cur-

rents, ILarmor and IWiFi, from termination into the opposite “out-of-band” modules.

Finally, the coil impedance was matched to the RF excitation ports (e.g., 50 ⌦) to

provide the maximum SNR and radiated power from the coil at the Larmor frequency

and in the wireless communication band, respectively.

The MRI scanner bore in the model has the same dimensions as a GE MR750

wide bore 3 T gradient coil (i.e., lbore = 1.5 m and dbore = 0.7 m) so that the e↵ect of

the bore on the integrated RF/wireless coil gain pattern can be evaluated in a typical

clinical environment. In this model, the bore thickness is not assigned to the model

object, but rather as a boundary condition in the simulation. Within the bore, a

homogeneous human phantom approximately 180 cm in height and 35 cm in width

was included in the MRI scanner to determine: the SNR and SAR of the coil within

the head of the phantom; the power deposited from the coil into the phantom head

and body during wireless data transfer; and the impact that the entire phantom and

the scanner bore have on the path loss between the integrated RF/wireless coil and

the APs. The two APs were modeled as 2.4 GHz half-wavelength dipole antennas at

a distance of 3 meters from the origin along the axis of the bore (Fig. 4.1 a, APfront

and APback), which was chosen based on the dimensions of a typical MRI scanner

room.
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4.1.1 RF/Wireless Coil Size and Position Variation

As previously mentioned, the RF and far-field performance of the integrated RF/wireless

coil depend upon the coil size and placement relative to the human phantom and the

scanner bore. To evaluate the coil performance for these metrics, the integrated

RF/wireless coil model was rotated by 45� and 90� to five separate positions on the

head of the phantom (Fig. 4.1 b, ↵ and �) for three coil sizes with radii, a, of 20.0,

35.0, and 50.0 mm. For each coil size and position, 1) the power deposited from the

coil into the phantom and 2) the electric field propagation in the scanner bore and

on the phantom, which a↵ect the far-field performance, were evaluated in the 2.4

GHz wireless communication band. Additionally, the amount of power transmitted

from the integrated RF/wireless coil and received by the APs during wireless data

transfer was evaluated for each coil variation. Lastly, for each of these positions and

coil sizes, the SNR and SAR at the Larmor frequency were determined in the head

of the phantom.

4.1.2 Material Properties

The materials of the integrated RF/wireless coil, the bore, and the human phantom

in the model determine the electric and magnetic field propagation and attenuation in

the simulation. As such, the materials for each of the model objects are assigned a set

of electromagnetic properties to specify the 1) the electrical conductivity, �, which is

the measure of a material’s ability to conduct electrical current, 2) the permeability,

µ, which is the measure of the degree of magnetization of a material when placed in

a magnetic field, and 3) the permittivity, ✏, which is the measure of the degree of

electrical polarization a material experiences when placed in an electric field. The

absolute permeability, µ, and permittivity, ✏, are generally expressed as ratios, µr

and ✏r, relative to the permeability and permittivity in free space, µ0 and ✏0,

23



µr =
µ

µ0
(4.1a)

✏r =
✏

✏0
. (4.1b)

In this model, the integrated RF/wireless coil and APs were assigned to be copper,

which has a high electrical conductivity and low permittivity so that the RF currents

can flow freely on their conductors. The phantom in the bore was assigned to be

water because it has a low conductivity and high permittivity similar to human

tissue. Lastly, the space surrounding the model objects was assigned to be vacuum

so that the gain of the integrated RF/wireless coil was not attenuated between the

model objects. The relative permittivity and permeability for these materials are in

Table 4.1.

Table 4.1: The material properties of copper, water, vacuum, FR4-Epoxy, and a Per-
fect Electrical Conductor (PEC) used in the simulation of the integrated RF/wireless
coil.

Conductivity [S/m] Relative Permittivity Relative Permeability

Copper 5.8⇥ 107 1 0.99

Water 2⇥ 10�4 81 0.99

Vacuum 0 1 1

FR4-Epoxy 0 4.4 1

PEC 1⇥ 1030 1 1

4.2 RF/Wireless Coil Simulation Set-Up

4.2.1 Source Excitations

The RF currents that flow on the integrated RF/wireless coil in the model at the

Larmor frequency and in the wireless communication band are generated by assigning
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source excitations to the MRI and WiFi ports, which allow energy to flow into and

out of the coil. Additionally, source excitations are assigned to the three capacitors

on the coil to simulate the localized fields within the components, which change the

RF currents on the coil conductors. Specifically, the MRI port, the WiFi port, and

the three capacitors on the coil model were assigned lumped port source excitations,

which provide the incident power to drive each of these components. Additionally,

the impedance of each lumped port can be adjusted to tune, match, and filter the

integrated RF/wireless coil. Similarly, the dipole antennas in the model were each

assigned a lumped port source excitation to determine the amount of power that

flows into each AP source from the integrated RF/wireless coil during wireless data

transmission to evaluate the path loss between them.

4.2.2 Boundary Conditions

The radiated gain pattern from the integrated RF/wireless coil interacts electrically

with the phantom, the scanner bore, and the two AP dipole antennas. Electrical

boundary conditions are assigned to these model objects to accurately simulate any

RF absorption or reflections of the radiated power from the coil, which determine:

the gain pattern of the coil; and the path loss between the coil and the APs. First,

the aforementioned two-dimensional scanner bore sheet was assigned a two-layer

impedance boundary, which specified the thickness and material electrical proper-

ties to its model object of a typical scanner bore (Fig. 4.2). Further, the boundary

condition on the bore model object assigns an impedance to the surface of the sheet

so that the electric fields incident on the sheet are absorbed and reflected in the same

way that a 3-D object with an equivalent thickness and material composition would

absorb and reflect incident electric fields. Specifically, the first layer of the bore model

object was assigned to be a two-sided cylinder with a thickness of 5 cm and material
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properties of FR4-Epoxy to model the internal support structure of the gradient coils

in the scanner bore, and the second layer of the model object was assigned to be a

1 mm thick perfect electrical conductor (PEC) to simulate the electrical interactions

of the gradient coil conducting sheets (Fig. 4.2 b). A PEC is an idealized boundary

condition assigned to metallic surfaces with an infinite electrical conductance and no

electrical resistance, which reflects all incident radiation from the surface.

Figure 4.2: The (a) geometry of the MRI scanner bore model in the simulation
that is assigned a two-layered impedance boundary with |Z0| = 105⌦ at the WiFi
frequency, and (b) the electrical representation of the impedance boundary assigned
to the bore model object in (a).

In this model, radiation emitted from the integrated RF/wireless coil that propa-

gates outside the scanner bore, but is not received by the APs, will not contribute to

the simulation results. Specifically, the radiation that does not contribute to the re-

sults is terminated into absorptive boundary conditions that are assigned to the outer

surfaces (i.e., air boxes) of the phantom, bore, and AP model objects (Fig. 4.3). An

advantage of assigning the air box boundary conditions to the model objects is that
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the simulation solutions to the electromagnetic time-varying Maxwell’s equations are

solved within a finite region with no reflections o↵ of the outer surfaces, which can

drastically reduce the computational time and resources required to complete the

simulation.

Figure 4.3: Three absorbing boundary conditions (blue) are defined on conformal
regions surrounding the two APs and the integrated RF/wireless coil, scanner bore,
and human phantom so that radiation incident on the boundaries is not reflected and
continues to propagate through free space. A layered impedance boundary (orange)
was assigned on the scanner bore to approximate the impedance seen by the radiated
electromagnetic waves at the surface of the bore.

4.3 RF/Wireless Coil Simulation Analysis

The electromagnetic fields and RF currents on the integrated RF/wireless coil, hu-

man phantom, scanner bore, and APs for the aforementioned boundary conditions

were separately computed at the Larmor and WiFi frequencies. The RF currents and

electromagnetic fields simulated in the model are solved by dividing each model ob-

ject into smaller sections, known as tetrahedral elements, with wavelength-dependent

dimensions, using the finite element method (FEM). The finite element method ap-

proximates the local RF currents and electromagnetic fields on the surface of each

tetrahedral element by solving the corresponding field equations for each frequency,

which are then combined to simulate the total fields and currents in the model. A set
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of tetrahedral elements is required for each solution frequency because the element

size must correspond to each of the wavelengths to accurately represent the fields on

the model objects.

The FEM simulation solver divides each model object into a mesh of tetrahe-

dral elements with an automated wavelength-based adaptive meshing process that

generates an initial, coarse set of tetrahedral mesh elements over the larger model

objects (e.g. bore) and a fine mesh over the detailed model objects (e.g. integrated

RF/wireless coil source excitations). The mesh is iterated upon by performing addi-

tional adaptive passes that refine the mesh until the return loss at the Larmor and

WiFi frequencies converge for each of the solution frequencies, which determines the

accuracy of the simulation. In this simulation, the convergence criteria for the mesh

requires that the di↵erence between the return loss of the integrated RF/wireless coil

between two consecutive adaptive passes is less than 0.02. The mesh length in this

simulation was limited to a maximum tetrahedral edge length of 1 mm at the lumped

ports to provide a faster convergence.

The computationally intensive mesh must be regenerated for each of the 1) 15

integrated RF/wireless coil size and position variations and 2) the two solution fre-

quencies (fLarmor=127.7 MHz and fWiFi=2.4 GHz) in the simulation. The mesh at

the Larmor frequency and in the WiFi communication band require di↵erent size

tetrahedral elements to solve for the electromagnetic fields on the model objects,

where the fine mesh required to model the 2.4 GHz field can be especially computa-

tionally expensive (Fig. 4.4).
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Figure 4.4: The mesh generated on (a) the integrated RF/wireless coil at the 2.4
GHz WiFi frequency, (b) a dipole antenna and the surrounding air box at the Larmor
frequency, and (c) a dipole antenna and the surrounding air box at the 2.4 GHz WiFi
frequency reveal that the the mesh is finer on structures with high field densities
(i.e., RF/wireless coil and APs) and for higher solution frequencies (i.e., shorter
wavelengths).

To address the computational resource concerns, the larger human phantom and

scanner bore model objects in the simulation were optimized to reduce the mesh by

minimizing the mesh in the volumes. The mesh in the human phantom was reduced

by segmenting it between the neck and body to produce 1) a head/neck and 2) a

body model object in the simulation. The head/neck model object was still meshed

in the volume to be able to generate the local SNR and SAR from the coil into the

phantom. However, the mesh on the larger body model object was only generated

on the surface because the radiated power in the WiFi communication band is not

deposited into the volume of the phantom far away from the coil. Additionally, the

impedance boundary condition applied to the surface of the bore eliminates the need

to mesh a bore volume, which significantly reduces the mesh computational resources

for the simulation.
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4.3.1 Circuit Co-Simulation

The impedance and incident RF power assigned to the MRI and WiFi ports to

generate the RF currents and electromagnetic fields in the meshed model is provided

by a separate RF circuit simulator program (ANSYS Circuit Designer), which allows

the power and impedance at each port to be adjusted without requiring an additional

mesh from changes to the model. For each integrated RF/wireless coil variation in

the simulation, the MRI and WiFi ports will have a di↵erent impedance, and hence

return loss, from the relative change in position to the human phantom and scanner

bore. As such, the matching impedance for the MRI and WiFi ports (i.e., MatchMRI

andMatchWiFi) and lumped port capacitors (C1, C2, C3) must be adjusted to provide

a similar return loss at fLarmor and fWiFi for each of the coil variations to be able

to determine the SNR, SAR, and optimal gain pattern of the design. Additionally,

the MRI and WiFi bandstop filters (i.e., FilterMRI and FilterWiFi) are included in

the simulation via the RF circuit simulator, which are fundamental to the integrated

RF/wireless coil design.

The incident power presented to the integrated RF/wireless coil MRI and WiFi

ports from the RF circuit simulator is generated by applying a 7 V sinusoidal excita-

tion at the Larmor and WiFi frequencies, which produces 1 W of power (P = V2/R =

(7 V)2/(50 ⌦) ⇡ 1 W). The 1 W of power is distributed to each of the lumped ports

in the model to determine any loss or frequency dependent changes from the com-

ponents (e.g., electric field in the capacitors) and to ensure that the corresponding

RF currents and electromagnetic fields on the integrated RF/wireless coil are scaled

accordingly. The scaled RF currents and electromagnetic fields are then simulated

on the meshed model objects to generate the SNR, SAR, and gain patterns of the

coil in the bore.
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Figure 4.5: The workflow used in this project is subdivided into four steps: the
model set-up in the 3-D EM domain (orange) where the 3-D geometry is designed;
the simulation set-up where boundary conditions and lumped ports are defined; the
simulation analysis that is performed via a link between the 3-D EM domain and the
RF circuit domain (blue); the final post-processing of the electromagnetic field data.

The co-simulation between the model and the RF circuit simulator requires only

a single FEM mesh generation for any number of di↵erent RF power and impedance

variations from RF component values [8] [9]. The co-simulation process is outlined

in the Simulation Analysis subdivision of the workflow (Fig. 4.5). First, a mesh

is generated for the integrated RF/wireless coil, phantom, and bore model objects

(Fig. 4.5, orange), which are linked to the RF circuit simulator (Fig. 4.5, blue) as

a 6-port S-parameter matrix. The 6 ports in the S-parameter matrix represent the

MRI/WiFi ports, three ports for the capacitors, and two ports for each of the APs
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(Fig. 4.6).

Figure 4.6: The RF circuit simulator schematic represents the impedance and
incident RF power at the ports of the integrated RF/wireless coil model (blue
box) by the matching circuits (MatchWiFi and MatchMRI), tuning capacitors
(C1 = C2 = C3 = 10 pF), and MRI and WiFi filters (FilterMRI and FilterWiFI).
The path loss between the integrated RF/wireless coil and the APs is measured by
the S21 between the WiFi port (orange) and the AP ports (black).

4.4 RF/Wireless Coil Simulation Post-Processing

4.4.1 Electromagnetic Fields

Field Quantities at the Wireless Communication Frequency

The integrity of the wireless data transfer between the integrated RF/wireless coil

placed near the human phantom inside the scanner bore and the APs is determined

by the path loss, S21, between each of them, which changes for each of the 15 simu-

lated coil variations. The optimal coil variation minimizes the path loss in the WiFi
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communication band by delivering the maximum amount of power from its radiated

gain pattern to the APs. As such, the gain pattern, and corresponding peak gain

and directivity, were computed from the co-simulations for each coil variation. Ad-

ditionally, the electric fields from the gain patterns that propagate on the surface of

the body of the human phantom were computed to determine their contribution to

the path loss between the coil and APs. Lastly, the path loss for two di↵erent sized

human phantoms was computed to determine the e↵ect of subject size on the link

budget.

The amount of radiated power deposited into the human phantom from the inte-

grated RF/wireless coil: increases the path loss between the coil and the APs; and

is proportional to the SAR, which can increase the temperature of the tissue. In

this work, the SAR in the WiFi frequency band was computed on the surface of the

phantom, but not in the volume, because the computational resources to complete

the simulations (i.e., generate a mesh inside the volume) were not available. The SAR

on the surface of the phantom is approximated as the total surface loss on the human

phantom, which is computed by integrating the surface loss density, or equivalently

the energy flux per unit area (i.e., Poynting vector ~P ), over the surface of the body

Pbody =

Z

Body

( ~E ⇥ ~H) · dS =

Z

Body

(~P ) · dS. (4.2)

Field Quantities at the Larmor Frequency

The RF performance and patient safety of the integrated RF/wireless coil at the

Larmor frequency were evaluated by simulating the SNR and SAR from the co-

simulated field results inside the volume of the phantom head. The SNR generated

in the volume of the head phantom by the integrated RF/wireless coil is the same

as that generated by a traditional RF coil because the band stop filters, FilterMRI

and FilterWiFi, preserve the RF current on the conductors. In these simulations, the
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SNR of an integrated RF/wireless coil and a traditional RF coil of three identical

sizes (a = 20.0, 35.0, and 50.0 mm) were compared by computing the magnetic

field strength, H, for each coil type and size to validate the design. Specifically,

the average magnetic field in the phantom head volume and the H-field patterns

for axial, coronal, and sagittal slices were compared between the traditional RF coil

and the integrated RF/wireless coil for each size to evaluate any degradation to the

SNR or the penetration depth resulting from the integrated RF/wireless coil design.

Similarly, the peak SAR for an integrated RF/wireless coil and a traditional RF coil

were computed in a volume containing 1 or 10 g of tissue inside the phantom head

for each coil size in the same coil position (↵ = 90�) to validate the safety of design.

Additionally, the 1 g SAR distributions in the phantom head were compared between

the two coils to determine any changes in the local SAR between the designs.

4.5 Experimental Verification of Electromagnetic

Simulations

To verify the simulations, the intermediate sized integrated RF/wireless coil (a =

35.0 mm) was constructed (Fig. 4.7a), tuned on a 4-port vector network analyzer

(VNA), and used to acquire an SNR map of a uniform water phantom on a 3T GE

MR750 scanner and a free space radiation pattern measurement in a 3x2x2 meter

calibrated anechoic chamber. The chamber was calibrated to eliminate the chamber

path loss and the test antenna (i.e., patch) gain from the integrated RF/wireless coil

far-field gain measurements.
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Figure 4.7: The (a) integrated RF/wireless coil with three tuning capacitors and
two high-impedance band-stop filters at the WiFi and Larmor frequency between the
coil and the MRI or WiFi ports, respectively, and the (b) integrated RF/wireless coil
that was simulated to closely model the constructed coil in (a).

An integrated RF/wireless coil was modeled using the same 3-D electromag-

netic co-simulation procedure described above to accurately simulate the constructed

RF/wireless coil (Fig. 4.7b). The simulated coil contained three identical lumped port

capacitors, an RF source at the Larmor frequency at the MRI port, and an RF source

at the wireless communication frequency at the WiFi port. The MRI and WiFi ports

were isolated from each other (S21 < -35 dB) by inserting high-impedance band-

stop filters, FilterMRI and FilterWiFi, between the coil and the WiFi or MRI ports,

respectively, using the circuit simulator.
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Figure 4.8: The power radiated from the integrated RF/wireless coil rotated by
360� in � and ✓ is received by a patch antenna for both horizontal (H) and vertical
(V) polarizations of the patch in an anechoic chamber using a 2-port vector network
analyzer (VNA).

Anechoic chamber measurements between the integrated RF/wireless coil and a

receive patch antenna separated by 1.5 meters were taken on a 3x2x2 meter cali-

brated anechoic chamber for the 2.4 GHz wireless communication band to measure

the amount of power transmitted from the integrated RF/wireless coil to the receive

patch antenna (Fig. 4.8). The path loss, S21, between the receive antenna and the

integrated RF/wireless coil was measured on a 2-port vector network analyzer for a

full 360� rotation in � (Fig. 4.8, orange arrow) and ✓ (Fig. 4.8, green arrow) in steps

of 5� and 2�, respectively, for both vertical and horizontal polarizations of the receive

patch antenna. The S21 values for the horizontal, SH

21, and vertical, SV

21, polarizations

were combined in MATLAB to calculate the raw gain, GRaw, using the equation:

GRaw = 10 log10(10
S
V

21/10 + 10S
H

21/10) (4.3)

and the final compensated gain, GFinal, by subtracting a gain compensation factor,
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GPatch, determined during chamber calibration from the raw gain:

GFinal = GRaw �GPatch. (4.4)

Finally, GFinal was plotted on a spherical coordinate system to generate a measured

free space radiation pattern for the integrated RF/wireless coil.
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Chapter 5

Simulation and Experimental Results

Electromagnetic simulations of the integrated RF/wireless coil were conducted for the

15 di↵erent coil size and position variations at both the Larmor and WiFi frequencies

following the procedure described in Chapter 4. The wireless communication perfor-

mance and patient safety of the integrated RF/wireless coil at the WiFi frequency

were evaluated by simulating the directivity, gain, power deposition and E-fields on

the body, and path loss between the coil and APs. Additionally, the RF perfor-

mance and patient safety of the integrated RF/wireless coil at the Larmor frequency

were evaluated by simulating the SNR and SAR within the volume of the phantom

head. Finally, far-field measurements performed in an anechoic chamber and SNR

maps acquired on a uniform water phantom on a GE MR750 3T scanner, both using

a constructed integrated RF/wireless coil, are included to validate the simulation

results.

5.1 Results for Simulations at the WiFi Frequency

5.1.1 Electromagnetic Field Results

The optimal integrated RF/wireless coil variation for wireless data transfer from the

15 coil variations was determined to be the coil with a radius a = 20.0 mm at an

angle of ↵ = 90�. This coil variation provided the best path loss between the coil and

the APs in the WiFi communication band and the least amount of power deposited

into the human phantom, which maximizes the link budget for wireless data transfer.

The a = 20.0 mm, ↵ = 90� integrated RF/wireless coil variation provided a
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path loss, S21, of -26.5 and -42 dB between the coil and the front and back APs,

respectively. The path loss to the front AP di↵ered between the optimal and the least

optimal coil variation (a = 35.0 mm, � = 90�) by approximately 40 dB (Fig. 5.1,

green and red dashed circles), which strongly demonstrates the need to optimize the

coil design for wireless data transfer within the bore. Similarly, the di↵erence in path

loss between the back AP and either the optimal or the least optimal coil variation (a

= 35.0 mm, ↵ = 0�) was 17 dB (Fig. 5.1, green and red solid circles). The di↵erence

in path loss to the back AP was less than that to the front AP because the interaction

with the human phantom was minimized.

Figure 5.1: The S21 between the integrated RF/wireless coil on the body in the bore
and the front (dashed) and back (solid) APs for the a = 20.0 (green), 35.0 (red), and
50.0 mm (blue) coil radii highlights the improvement that the optimal coil variation
(a = 20.0 mm, ↵ = 90�, green circles) has over the least optimal coil variations (a =
35.0 mm, ↵ = 0� and � = 90�, red circles).

The amount of radiated power deposited into the human phantom from the coil

increases 1) the path loss between the coil and the front AP and 2) the tempera-
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ture within the phantom. In these simulations, the a = 20.0 mm, ↵ = 90� optimal

integrated RF/wireless coil variation deposited the least amount of radiated power

into the human phantom, which increases with coil size and with other coil positions.

For example, the a = 50.0 mm, ↵ = 90� coil variation deposited approximately 50%

more power into the human phantom relative to the optimal coil variation (Fig. 5.2,

green and blue lines). Similarly, the position of the integrated RF/wireless coil on

the phantom in the scanner bore has a significant impact on the amount of power

absorbed by the body. For example, the amount of power deposited into the human

phantom by the optimal integrated RF/wireless coil variation increased by approxi-

mately 60% when moved from the top of the head (Fig. 5.2, ↵ = 90�) to the side of

the head over the ear (Fig. 5.2, � = 90�). Hence, varying both the position and the

size of the integrated RF/wireless coil from � = 90� to ↵ = 90� and a = 50.0 mm to

a = 20.0 mm reduced the amount of power deposited into the entire human phantom

by 70%.
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Figure 5.2: The radiated power deposited into the human phantom for the a = 20.0
(green), 35.0 (red), and 50.0 mm (blue) integrated RF/wireless coil variations shows
that less power is deposited into the human phantom for coil variations with smaller
coil radii.

The radiated power, Pbody, deposited into the human phantom from the optimal

integrated RF/wireless coil variation was less than from the coil variations with radii

of 35.0 and 50.0 mm at the ↵ = 90� position (Fig. 5.3). Specifically, the total power

deposited in the human phantom for each of the coil variations of radii a = 20.0, 35.0,

and 50.0 mm were 11, 13, and 20 mW, respectively. Further, the power deposited in

the head of the phantom was significantly less for the optimal coil variation (Fig. 5.3

a) than the other two coil variations (Fig. 5.3 b, c), which is important for patient

safety.
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Figure 5.3: The power deposited onto the surface of the human phantom was much
higher in the head and body for the integrated RF/wireless coil with a radius of 50.0
mm at the ↵ = 90� position compared to the optimal coil variation with a radius of
20.0 mm at the same position.

Instead of depositing the radiated power into the phantom, the corresponding

electric fields from the optimal integrated RF/wireless coil variation generated by

its pattern propagate from the coil along the dielectric surface of the phantom to

its feet, which improves the path loss to the front AP. Specifically, the optimal coil

variation provided a path loss to the front AP of -26.5 dB because the electric fields

propagate along the entire length of the human phantom and are re-radiated to

the front AP (Fig. 5.4 a, black box). In contrast, the path loss between the 35.0

and 50.0 mm coil variations at the same ↵ = 90� position and the AP were -57.5

and -55.0 dB, respectively, because the electric field propagation along the phantom

was significantly less (Fig. 5.4 b, c, black box), which indicates that the power was

deposited into the human phantom.
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Figure 5.4: The magnitude of the electric fields, | ~E|, from the integrated RF/wireless
coil on the human phantom at the ↵ = 90� position for the coil variation with a =
20.0 mm (a) propagated along the human phantom more than the 35.0 (b) and 50.0
mm (c) coil variations, which dramatically improved the path loss.

The gain patterns for each of the integrated RF/wireless coil sizes at the optimal

↵ = 90� position show that the MRI scanner bore and human phantom significantly

a↵ect the radiated power along the bore axis when compared to the free space patterns

(Fig. 5.5), which a↵ects the field propagation along the surface of the phantom and

the corresponding path loss to the APs. Specifically, the gain patterns develop nulls

and side-lobes in the negative z-direction toward the back AP because the radiated

fields absorbed and reflected by the bore destructively interfere with one another.

The gain pattern for the optimal integrated RF/wireless coil variation with a radius

of 20.0 mm has fewer nulls along the z-axis of the bore (Fig. 5.5 a, scanner pattern)

compared to the coil variations with the larger coil radii (Fig. 5.5 b,c, scanner pattern)
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because it interacts less with the bore. The optimal coil variation interacts less with

the bore because its free space gain pattern (Fig. 5.5 a, free space pattern) is initially

directed along the axis bore, while the other coil variations have more power directed

to the scanner surface (Fig. 5.5 b,c, free space pattern). The gain pattern in the

positive z-direction toward the front AP for each of these coil variations decreased

because the power is absorbed by the human phantom.

Figure 5.5: The 3D gain patterns for the (a) a = 20.0 mm, (b) a = 35.0 mm, and
(c) a = 50.0 mm integrated RF/wireless coils in free space (left) and on the human
phantom in the scanner (right) viewed from the zy-plane (top) and the yx-plane
(bottom).

The peak gain and directivity from the radiation gain patterns for the optimal
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integrated RF/wireless coil variation are on average higher (Fig. 5.6, green line) than

those for the coil variations with radii of 35.0 and 50.0 mm for each coil position

(Fig. 5.6, red and blue lines). The peak gain and directivity from the gain patterns

increased for each of the coil variations at ↵ = 90� because the radiated power: is

reflected and absorbed by the scanner bore; and is deposited in, and reflected from,

the phantom head so that the gain is focused toward the back AP in the negative

z-direction, when compared to the free space gain patterns (Fig. 5.6, single points).

For example, the peak gain and directivity are increased by 8.5 (Fig. 5.6 a) and 13.5

dB (Fig. 5.6 b), respectively, for the optimal coil radius of 20.0 mm at the ↵ = 90�

position compared to the free space gain and directivity.

Figure 5.6: The peak gain (a) and directivity (b) for the integrated RF/wireless
coil on the phantom in the scanner bore for each coil variation show that on average,
the a = 20.0 mm coil (green) has the highest gain and directivity compared to the
35.0 and 50.0 mm coil variations (red and blue), and that the gain and directivity
significantly increase for all coil sizes compared to free space.

The path loss between the optimal integrated RF/wireless coil variation (a = 20.0

mm, ↵ = 90�) and the front AP generated by the radiated gain pattern in the scanner
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bore and the electric field propagation on the human phantom improved by 17.8 dB

relative to the free space path loss, while the path loss to the back AP was improved

by approximately 2 dB (Fig. 5.7). Further, the optimal coil configuration had the

best path loss between the coil and both APs compared to the free space path loss

for the 35.0 and 50.0 mm coil size variations.

Figure 5.7: The S21 between the integrated RF/wireless coil and the front and
back APs for the ↵ = 90� orientation in free space (FS) and on the phantom in the
scanner bore (Bore) for the a = 20.0, 35.0, and 50.0 mm coil variations shows a 17.8
dB increase for the optimal coil variation (↵ = 90�, a = 20.0 mm) in the bore on the
phantom compared to free space.

Lastly, the impact of the human phantom size on the path loss between the

integrated RF/wireless coil at the optimal coil position and the APs, for each coil

size, was evaluated on 1) the original human phantom and 2) the phantom scaled to

50% of its original size (Fig. 5.8 a). The optimal coil variation with a radius a = 20.0

mm had a path loss to the front and back APs of: -26.6 and -43.5 dB for the original

phantom and -44.9 and -38.7 dB for the scaled phantom, respectively (Fig. 5.8 b).
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The worst case -44.9 dB path loss value from either phantom size or AP location is

comparable to the best path loss provided by either of the other coil size variations

at this position. Additionally, the average path loss from both APs for the original

phantom and each coil size of radii a = 20.0, 35.0, and 50.0 mm was approximately

-29.6, -52.3, and -45.7 dB, respectively. Likewise, the average path loss for the scaled

phantom for the same coil sizes was -40.8, -43.5, and -42.1 dB, respectively. These

results show that the optimal coil size for maximum power transfer between the

integrated RF/wireless coil and the APs is a = 20.0 mm regardless of the size of the

human phantom in the scanner.

Figure 5.8: The original (left) and the scaled (right) human phantoms (a) and the
corresponding path loss (b) between the integrated RF/wireless coil at ↵ = 90� and
the front and back APs for a = 20.0, 35.0, and 50.0 mm, with the original (red) or
scaled (black) phantom in the model, shows that the optimal coil size for maximum
power transfer between the coil and APs is a = 20.0 mm regardless of the phantom
size.
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5.1.2 Mesh Convergence

The simulations of the a = 20.0, 35.0, and 50.0 mm integrated RF/wireless coils

required four, five, and six adaptive passes to converge to a maximum di↵erence in

path loss of 0.0182, 0.0198, and 0.0017, respectively (Fig. 5.9 a). It follows that the

number of solved mesh elements on the objects increased with each adaptive pass

(Fig. 5.9 b). The elapsed simulation time (hours:minutes:seconds) and total memory

of the adaptive meshing process at the WiFi frequency for the simulations with a

= 20.0, 35.0, and 50.0 mm coil variations was 01:14:09 and 16.07 GB, 01:39:10 and

22.48 GB, and 02:06:35 and 28.2 GB, respectively. These simulations were run on a

56-node Grid Engine cluster with 976 CPU cores and 7.5 TB RAM.

Figure 5.9: Convergence plots for the simulations at the WiFi frequency for the a

= 20.0, 35.0, and 50.0 mm coil sizes show (a) the number of adaptive passes required
to satisfy the convergence criteria (Maximum �S < 0.02) and (b) the increasing
number of solved mesh elements for each adaptive pass.

The mesh statistics for each volumetric object in the simulations containing the

a = 20.0, 35.0, and 50.0 mm integrated RF/wireless coils at the WiFi frequency are

included in Tables 5.1-5.3. The total number of mesh elements for the simulations
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with the a = 20.0, 35.0, and 50.0 mm integrated RF/wireless coil variations are

2.63⇥105, 3.50⇥105, and 4.25⇥105, respectively, with the region surrounding the

bore, human phantom, and integrated RF/wireless coil (i.e., Bore Airbox) requiring

the greatest number of tetrahedral elements.

Table 5.1: Mesh statistics for a simulation of the a = 20.0 mm integrated
RF/wireless coil at the WiFi frequency.

Total Number of Mesh Elements: 2.63⇥105

# Mesh Elements Mean Element Vol [mm3] Std Devn [mm3]

Bore Airbox 2.22⇥105 4.52⇥103 3.94⇥103

Body 1.80⇥104 4.32⇥103 1.41⇥104

Coil 3.81⇥103 1.10⇥10�2 1.30⇥10�2

Dipole 1 1.93⇥103 8.50⇥10�2 9.10⇥10�2

Dipole Feed 1 1.36⇥102 4.50⇥10�2 3.60⇥10�2

Dipole Airbox 1 7.94⇥103 1.15⇥101 2.70⇥101

Dipole 2 1.93⇥103 8.50⇥10�2 9.10⇥10�2

Dipole Feed 2 1.36⇥102 4.50⇥10�2 3.60⇥10�2

Dipole Airbox 2 7.87⇥103 1.16⇥101 2.75⇥101

49



Table 5.2: Mesh statistics for a simulation of the a = 35.0 mm integrated
RF/wireless coil at the WiFi frequency.

Total Number of Mesh Elements: 3.50⇥105

# Mesh Elements Mean Element Vol [mm3] Std Devn [mm3]

Bore Airbox 2.91⇥105 3.45⇥103 3.62⇥103

Body 1.82⇥104 4.29⇥103 1.47⇥104

Coil 6.14⇥103 1.20⇥10�2 1.40⇥10�2

Dipole 1 2.07⇥103 7.90⇥10�2 8.40⇥10�2

Dipole Feed 1 1.50⇥102 4.10⇥10�2 3.10⇥10�2

Dipole Airbox 1 1.52⇥104 6.00⇥100 1.40⇥101

Dipole 2 2.07⇥103 8.00⇥10�2 8.40⇥10�2

Dipole Feed 2 1.45⇥102 4.20⇥10�2 3.50⇥10�2

Dipole Airbox 2 1.52⇥104 6.0⇥100 1.38⇥101

Table 5.3: Mesh statistics for a simulation of the a = 50.0 mm integrated
RF/wireless coil at the WiFi frequency.

Total Number of Mesh Elements: 4.25⇥105

# Mesh Elements Mean Element Vol [mm3] Std Devn [mm3]

Bore Airbox 3.59⇥105 2.79⇥103 3.21⇥103

Body 1.87⇥104 4.17⇥103 1.54⇥104

Coil 7.97⇥103 1.40⇥10�2 1.40⇥10�2

Dipole 1 2.11⇥103 7.80⇥10�2 8.00⇥10�2

Dipole Feed 1 1.46⇥102 4.20⇥10�2 3.00⇥10�2

Dipole Airbox 1 1.75⇥104 5.20⇥100 1.17⇥101

Dipole 2 2.12⇥103 7.80⇥10�2 7.90⇥10�2

Dipole Feed 2 1.48⇥102 4.10⇥10�2 3.50⇥10�2

Dipole Airbox 2 1.75⇥104 5.20⇥100 1.17⇥101
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5.2 Results for Simulations at the Larmor Fre-

quency

5.2.1 Electromagnetic Field Results

The SNR from the integrated RF/wireless coil design in the human phantom head

showed minimal di↵erence relative to the SNR from the traditional RF coil design

for any of the 15 simulated coil variations. Importantly, the magnetic fields that

generate the signal in the phantom head at the optimal coil position (↵ = 90�) had

the same profile and field strength in the axial, coronal, and sagittal slices for each

of the traditional and integrated RF/wireless coil size variations. For example, the

optimal coil size with a radius of 20.0 mm had the same field pattern and average

strength of 0.021 and 0.027 A/m for the traditional and integrated RF/wireless coil

designs, respectively (Fig. 5.10). The magnetic fields in the phantom head were the

same for the traditional RF coil and the integrated RF/wireless coil because the RF

filters inserted between the MRI and WiFi ports provided -31.6, -35.1, and -21.7

dB of isolation for the coil radii of 20.0, 35.0, and 50.0 mm, respectively, which is

su�cient to maintain the RF signal at the Larmor frequency.
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Figure 5.10: The magnetic field strength profiles in axial (left), coronal (middle),
and sagittal (right) slices and the average magnetic field strengths [A/m] in the head
phantom generated from a 1 W excitation at the MRI port show minimal di↵erence
between a traditional RF coil (a) and an integrated RF/wireless coil (b) at ↵ = 90�

for radii of a = 20.0, 35.0, and 50.0 mm

Additionally, the penetration depth of the magnetic fields for both coil designs

increased with coil radius as expected. The corresponding electric fields, which gen-

erate the noise in the phantom, produced by the integrated RF/wireless coil in the

phantom are the same as those produced by the traditional RF coil design because

no RF components were added to the coil conductors. As such, these results show

that the SNR in the phantom head is the same for the traditional and integrated

RF/wireless coil designs.

The integrated RF/wireless coil design had a similar specific absorption rate as a

traditional RF coil design because the electric fields that generate it in the phantom
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head were the same for both designs. Specifically, the peak SAR values from the

integrated RF/wireless coil design in a 1 mm voxel with a 1 g/cm3 tissue density for

1 and 10 g of tissue inside the phantom head (Fig. 5.11 a) were similar to those from

the traditional RF coil design (Fig. 5.11 b) for the 20.0, 35.0, and 50.0 mm radii at

the Larmor frequency.

Table 5.4: Peak SAR values for a = 20.0, 35.0, and 50.0 mm traditional RF and
integrated RF/wireless coils for a volume containing 1 and 10 g of tissue in the
phantom head generated from a 1 W MRI port excitation at the Larmor frequency.

Traditional RF Coil RF/Wireless Coil

Peak SAR (1g) Peak SAR (10g) Peak SAR (1g) Peak SAR (10g)

20 mm 3.0⇥ 10�5 1.5⇥ 10�5 2.8⇥ 10�5 1.4⇥ 10�5

35 mm 7.9⇥ 10�5 4.7⇥ 10�5 7.8⇥ 10�5 4.6⇥ 10�5

50 mm 12.2⇥ 10�5 9.1⇥ 10�5 11.2⇥ 10�5 8.3⇥ 10�5

Additionally, the 1 g SAR distribution in the volume of the phantom head shows

that the SAR increases with coil radius as expected. All of the reported peak SAR

values from the integrated RF/wireless coil design in table 5.4 are within the U.S.

limit of 3.2 W/kg peak SAR in a volume containing 10 g of tissue.
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Figure 5.11: Whole-head and mid-sagittal slice SAR maps and corresponding peak
SAR values for a volume containing 1 g of tissue in the head phantom for the a =
20.0, 35.0, and 50.0 mm traditional RF and integrated RF/wireless coils generated
from a 1 W MRI port excitation at the Larmor frequency.

5.2.2 Mesh Convergence

The simulations of the integrated RF/wireless coil at the Larmor frequency, for the

three di↵erent coil sizes (a = 20.0, 35.0, and 50.0 mm), each required three iterative

mesh generations (i.e., adaptive passes) to satisfy the convergence criteria (Fig. 5.12

a), which is less than the number of passes required for the simulations at the WiFi

frequency. The a = 20.0, 35.0, and 50.0 mm solutions converged to a maximum

di↵erence in path loss of 0.011, 0.0091, 0.0089, respectively. It follows that the number

of solved mesh elements on the objects increased with each adaptive pass (Fig. 5.12
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b). The elapsed simulation time (hours:minutes:seconds) and total memory of the

adaptive meshing process at the Larmor frequency for the simulations with a = 20.0,

35.0, and 50.0 mm coil variations was 00:07:55 and 1.55 GB, 00:09:32 and 1.88 GB,

and 00:09:41 and 1.95 GB, respectively. These simulations were run on a 56-node

Grid Engine cluster with 976 CPU cores and 7.5 TB RAM.

Figure 5.12: Convergence plots for the simulations at the Larmor frequency for the a
= 20.0, 35.0, and 50.0 mm coil sizes show (a) the number of adaptive passes required
to satisfy the convergence criteria (Maximum �S < 0.02) and (b) the increasing
number of solved mesh elements for each adaptive pass.

The mesh statistics for each volumetric object in the simulations containing the a

= 20.0, 35.0, and 50.0 mm integrated RF/wireless coils at the Larmor frequency are

included in Tables 5.5-5.7. The total number of mesh elements for the simulations

with the a = 20.0, 35.0, and 50.0 mm integrated RF/wireless coil variations are

8.03⇥104, 8.73⇥104, and 9.25⇥104, respectively, with the region surrounding the

bore, human phantom, and integrated RF/wireless coil (i.e., Bore Airbox) requiring

the greatest number of tetrahedral elements.
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Table 5.5: Mesh statistics for a simulation of the a = 20.0 mm integrated
RF/wireless coil at the Larmor frequency.

Total Number of Mesh Elements: 8.03⇥104

# Mesh Elements Mean Element Vol [mm3] Std Devn [mm3]

Bore Airbox 4.13⇥104 2.42⇥104 1.27⇥104

Body 1.76⇥104 4.43⇥103 1.44⇥104

Coil 3.80⇥103 1.10⇥10�2 1.30⇥10�2

Dipole 1 1.96⇥103 8.40⇥10�2 8.70⇥10�2

Dipole Feed 1 1.60⇥102 3.80⇥10�2 2.20⇥10�2

Dipole Airbox 1 6.68⇥103 1.37⇥101 3.72⇥101

Dipole 2 1.95⇥103 8.40⇥10�2 8.90⇥10�2

Dipole Feed 2 1.63⇥102 3.80⇥10�2 2.20⇥10�2

Dipole Airbox 2 6.65⇥103 1.38⇥101 3.80⇥101

Table 5.6: Mesh statistics for a simulation of the a = 35.0 mm integrated
RF/wireless coil at the Larmor frequency.

Total Number of Mesh Elements: 8.73⇥104

# Mesh Elements Mean Element Vol [mm3] Std Devn [mm3]

Bore Airbox 4.76⇥104 2.10⇥104 1.09⇥105

Body 1.77⇥104 4.42⇥103 1.59⇥104

Coil 6.09⇥103 1.30⇥10�2 1.40⇥10�2

Dipole 1 1.93⇥103 8.50⇥10�2 9.10⇥10�2

Dipole Feed 1 1.56⇥102 3.90⇥10�2 2.50⇥10�2

Dipole Airbox 1 5.85⇥103 1.56⇥101 4.55⇥101

Dipole 2 1.93⇥103 2.40⇥100 9.20⇥10�2

Dipole Feed 2 1.59⇥102 3.90⇥10�2 2.40⇥10�2

Dipole Airbox 2 5.83⇥103 1.57⇥101 4.55⇥101

56



Table 5.7: Mesh statistics for a simulation of the a = 50.0 mm integrated
RF/wireless coil at the Larmor frequency.

Total Number of Mesh Elements: 9.25⇥104

# Mesh Elements Mean Element Vol [mm3] Std Devn [mm3]

Bore Airbox 5.09⇥104 1.96⇥104 1.03⇥105

Body 1.76⇥104 4.42⇥103 1.62⇥104

Coil 7.94⇥103 1.40⇥10�2 1.40⇥10�2

Dipole 1 1.93⇥103 8.50⇥10�2 9.10⇥10�2

Dipole Feed 1 1.54⇥102 4.00⇥10�2 2.40⇥10�2

Dipole Airbox 1 5.87⇥103 1.56⇥102 4.65⇥101

Dipole 2 1.93⇥103 8.50⇥10�2 9.20⇥10�2

Dipole Feed 2 1.54⇥102 8.50⇥10�2 2.40⇥10�2

Dipole Airbox 2 5.85⇥103 1.56⇥101 4.49⇥101

5.3 Experimental Verification of Simulated Mea-

surements

The measured SNR map and the magnetic field, B1, map in uniform water phantoms

of the constructed (Fig. 5.13 a) and simulated (Fig. 5.13 b) integrated RF/wireless

coils, respectively, displayed similar field distributions within the volume of the coil.

The far-field radiation patterns were comparable in magnitude and distribution, and

the corresponding peak gain and directivity only di↵ered by 0.9 and 0.3 dB, respec-

tively.
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Figure 5.13: Measured and masked SNR map within the constructed integrated
RF/wireless coil and the measured far-field radiation pattern of the coil in the ane-
choic chamber (a) are in agreement with the simulated and masked B1 map within
the volume of the coil and its simulated far-field radiation pattern (b). The di↵er-
ences in peak gain and peak directivity between the constructed and simulated coils
are 0.9 dB and 0.3 dB, respectively.
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Chapter 6

Discussion

In this work, electromagnetic simulations of an integrated RF/wireless coil were per-

formed to determine the optimal coil design (e.g., size, position within the scanner)

that maintains the RF signal reception and maximizes the radiated power delivered

to the AP(s). The simulation results show that the integrated RF/wireless coil has

the same SNR and SAR as those of a traditional RF coil of the same size and loca-

tion on the human phantom in the bore, while also radiating energy to the APs to

sustain the link budget for wireless data transmission. Additionally, the results show

that the SNR, SAR, and radiated power delivered to the AP from the integrated

RF/wireless coil in the scanner significantly change with size and position, which

should be optimized in a coil array design for specific applications.

In these proof-of-concept simulations, the integrated RF/wireless coil with a ra-

dius of 20.0 mm placed on the top of the subject’s head (↵ = 90�) was chosen to

be the optimal coil size and location because it provided the best path loss between

the coil and an AP in the WiFi communication band and the least amount of power

deposited into the human phantom. The optimal integrated RF/wireless coil varia-

tion significantly improved the path loss between the coil and the front AP by 17.8

dB compared to the path loss without the bore and phantom in the same position.

Additionally, the optimal coil variation has the lowest average path loss between the

coil and the APs for the smaller phantom size, which indicates that the optimal coil

size is independent of the patient body type. Therefore, these simulations show that

the MRI scanner bore and subject determine the path loss, and hence the wireless

communication link budget, between the integrated RF/wireless coil and the APs,

which can be used to optimize the far-field antenna performance of the integrated
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RF/wireless coil in the bore.

Significant memory and simulation time were required for each of the integrated

RF/wireless coil simulations, which limited the complexity of the model geometry and

the number of integrated RF/wireless coil size and location variations. In the future,

simulations can be performed with increased computational resources to improve the

accuracy of the scanner bore model (e.g., gradient coils, patient bed) and the human

phantom model (e.g., appropriate internal organs, tissue properties, sizes), which

would improve the design for “real-world” MRI scanners. Additionally, the integrated

RF/wireless coil can be simulated as a single element of an array to evaluate the RF

performance and wireless data transfer for a typical RF coil array that is used for

clinical applications.

Finally, these simulations can be expanded upon to investigate a multiple-input

and multiple-output (MIMO) design, which uses multiple integrated RF/wireless coil

elements in a coil array and multiple access points in the scanner room to drastically

improve the wireless data throughput. The increased throughput of an integrated

RF/wireless coil MIMO array can enable wireless data transmission of: large MR

image data sets; physiological monitoring data; and shim current values for localized

B0 shimming at the same time. Further, an integrated RF/wireless coil MIMO array

would reduce the size of the scanner by removing many RF components, cables,

and system control hardware within the scanner room that are currently required to

transfer data. Lastly, the integrated RF/wireless coil MIMO array could be simulated

for di↵erent wireless communication bands and field strengths (e.g., 1.5 T, 7 T) to

determine the optimal communication band frequencies that provide the best link

budget for wireless data transfer at each field strength.
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Chapter 7

Conclusion

In conclusion, experimentally verified 3-D electromagnetic co-simulations were per-

formed to determine the optimal coil size (a = 20.0 mm) and position (↵ = 90�) on

a human phantom in the MRI scanner bore that 1) maintains the SNR of a tradi-

tional RF coil, 2) minimizes the power deposited into the human phantom, and 3)

maximizes the radiated power to the AP(s). The results show that we can design

an integrated RF/wireless coil with the same SNR and SAR of a traditional RF coil,

while also radiating energy to the APs to sustain the link budget for wireless commu-

nication. Further, the simulations reveal that the MRI scanner bore and the human

phantom significantly a↵ect the link budget between the integrated RF/wireless coil

and the APs compared to the link budget between the devices in free space. There-

fore, rather than adding components to the existing MRI system to enable wireless

data transfer, we can harness the MRI environment to maximize the design of an

integrated RF/wireless coil for simultaneous MR image acquisition and wireless data

transfer.
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