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Abstract 

Magnetic resonance imaging (MRI) systems rely on wired radio-frequency (RF) 

coil arrays placed near the anatomical region of interest to acquire images. However, 

these wired arrays have a long setup time and RF currents induced on their cables can 

potentially burn nearby tissue. A novel coil design, termed an integrated RF/wireless 

(iRFW) coil, eliminates these issues by removing the cabled connection between the coil 

array and the scanner. In lieu of transmitting the acquired signal through wired 

connections, the iRFW coil transmits data wirelessly over the air at a WiFi frequency 

(2.442 GHz). 

Previous work has shown that the iRFW coil can be used for low data rate 

applications (e.g., ~10 Megabytes/sec), but further investigation at higher data rates 

(~300 Megabytes/sec) is needed in order to adequately transfer acquired MR image data. 

Electromagnetic simulations are performed in this study to computationally determine 

the optimal iRFW coil size and position in the MRI scanner bore. The simulations 

determine: 1. The similarity in MR signal-to-noise ratio between a traditional RF coil and 

an iRFW coil, 2. The amount of localized heating in a human subject’s body due to the 

transmitted wireless signal, 3. The strength of the wireless data transmission between 

the iRFW coil inside the scanner bore and connecting antennas outside the bore for 

different coil sizes and positions, and 4. The stability of the wireless transmission link for 
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the optimal coil size and position with different subject body lengths. The optimal coil 

size and position are determined by considering the trade-off between reducing 

localized heating in human subject tissue and maximizing the transmission link between 

the iRFW coil and adjacent antennas. Completed simulations indicate that specific coil 

sizes and positions do result in an improved connection. In future work, these 

simulations will be validated by a physical model. 
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1. Introduction  

Magnetic resonance imaging (MRI) continues to be a leading diagnostic imaging 

technique for many diseases. In a traditional MRI scanner, the receive radio-frequency 

(RF) coil in the scanner bore acquires the MRI signal from the subject in the form of an 

induced voltage, which travels through a series of wired receive chain components (e.g., 

amplifier, filters) and is then digitized for image reconstruction on the console computer 

outside the scanner room. All of these wired connections in the receive chain must be 

properly shielded, filtered, and routed through the scanner to maintain the MRI signal 

integrity, which makes the physical RF coil arrays heavy, bulky, and difficult to 

engineer. In addition, the number of coil elements in new RF coil arrays is increasing, 

which can lead to increased size and weight. Large phased-array receive coils, such as 

the General Electric 48-channel head coil array, are becoming popular for clinical use 

due to increased signal-to-noise ratio (SNR), decreased scan time, and improvement in 

perceived image quality [1, 2]. Even larger arrays, such as research-focused 96-channel 

or 128-channel head coil arrays, demonstrate further improvements in speed and SNR 

[3, 4]. Unfortunately, these RF coil arrays with many coil elements also require more 

wired connections, which makes the array hardware more cumbersome and heavy. 

Because of the weight and bulkiness, such equipment can take longer to setup and take 

down, reducing patient throughput and limiting allocated time the MRI imaging 

technologist has to acquire diagnostic images. Additionally, RF coil array cables can 
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present a health risk to patients by inducing RF currents on peripheral tissue, causing 

mild to severe burns. To mitigate burn risk, MRI technologists occasionally are required 

to add padding between the cables and patient, further reducing patient comfort and 

increasing setup time [5, 6].  

We are interested in the development of RF coil designs that enable the wireless 

transmission of the MRI signal over-the-air, in order to move away from wired RF coil 

arrays and eliminate their detrimental effects on patient throughput, comfort, and 

safety. Ideally, a wireless RF coil design will transmit the acquired MRI signal with a 

comparable SNR as that of its wired counterpart while being lighter, easier to install on 

the scanner, and safer to the patient. 

Previously, several technologies for wireless data transfer of the MRI signal have 

been developed, as outlined in Figure 1.1. For example, one technique for wireless MRI 

data transfer uses an additional set of inductively coupled coil-pairs in the coil cable 

assembly located between the receive coil array and the connector to inductively transfer 

data in the MRI scanner bore (Figure 1.1b) [7]. In order to function properly, these coil-

pairs are secured to the inner diameter of the bore and must be precisely aligned to 

transfer the MRI data. Even so, in vivo images acquired with the coil-pairs had an 

average SNR reduction of 14%, as compared to a traditional receive coil [7]. 

Additionally, a second potential wireless transmission system for MRI data in the 

scanner bore utilizes a short-wave radio network between antennas mounted to the RF 
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receive coil array and inside the MRI scanner bore (Figure 1.1c) [8]. This antenna system 

does transmit data up to 2 gigabytes per second (Gbps) and operates well in the strong 

magnetic environment. However, the data transmission rate is severely impacted when 

increasing the distance between the antennas beyond 10 cm without the addition of 

preamplifiers and bulky modifications to the antenna structure and the scanner bore. In 

addition, this wireless transmission technique has not been validated during an actual 

clinical MRI scan.    

 

Figure 1.1:  Simplified schematic for a (a) typical RF coil array, (b) inductively 

coupled RF coil array, and (c) mounted antenna RF coil array. In each case, red cables 

represent typical cables that send acquired image data to the console computer, blue 

lines represent alterations to the coil design for wireless implementation, and yellow 

lines pictorially represent the over-the-air data communication method for b and c. 

A recently developed coil design, termed an integrated RF/wireless (iRFW) coil, 

can simultaneously acquire the MRI signal via a low-noise amplifier (LNA) and 

wirelessly transmit data with an accompanying WiFi module [9] by allowing RF 

currents at the Larmor frequency, IMRI, (e.g., 127.7 MHz for a 3T scanner) and at a 

wireless frequency, IWiFi, (e.g., 2.4 GHz for WiFi) to flow on the same coil element 

(Figures 1.2 and 1.3). In addition, electronic filters, FilterWiFi and FilterMRI, are utilized to 
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protect the LNA and WiFi modules from their respective currents, IWiFi and IMRI, and 

ensure that the resonant coil structure does not include downstream components. 

 

Figure 1.2: Theoretical implementation for an iRFW coil array in an MRI 

system. 

 

Figure 1.3: Schematic of (a) a traditional RF coil and (b) an integrated 

RF/wireless coil with IMRI (colored red) and IWiFi (colored blue) flowing on the same 
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coil element. In both designs, a downstream LNA is utilized to detect and digitize the 

analog MRI signal at the Larmor frequency, which is then used to reconstruct an MR 

image. In the iRFW coil design, a signal at the WiFi frequency is broadcasted from the 

same coil element during image acquisition. In order to protect downstream 

electronics and mitigate unwanted interference for both the LNA and WiFi modules, 

bandstop filters are implemented at the WiFi and Larmor frequencies, respectively.   

Previous studies have demonstrated that an iRFW coil can transmit data at a low 

data rate (LDR) of approximately 15 megabytes per second (Mbps) in order to control 

peripheral systems, for example to perform wireless localized B0 shimming with an 

integrated RF/shim coil [9,11,12] or wireless physiological monitoring with a respiratory 

belt [12] or an ultrasound sensor [10], during MRI image acquisition. In these studies, 

the radiated wireless signal was wirelessly transmitted between the iRFW coil element 

and a wireless access point (AP), mounted on the wall of the scanner room, which 

shared a wired connection with the console computer and other systems outside the 

scanner room.  

Although an LDR transmission link between an iRFW coil and AP is suitable for 

the aforementioned applications, wireless transmission of acquired MRI image data will 

require a high data rate (HDR) of approximately 160 – 320 Mbps [8], depending on the 

number of coil elements and acquisition method. Generally speaking, the required data 

rate for MRI image data exceeds what has been validated via LDR transmission. 

Therefore, the development of an HDR transmission link between an iRFW coil and AP 

is essential for wirelessly transmitting MRI image data. However, HDR transmission 

does have limitations—the required signal strength for uninterrupted connection 
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between two wirelessly paired antennas increases with an increase in data transmission 

rate. This means that the AP antenna sensitivity decreases for HDR transmission as 

compared to LDR applications. Therefore, optimizing the maximal radiated signal from 

the iRFW coil to a receive antenna is needed to enable the wireless transmission of MRI 

image data over the air.  

In this thesis, the optimization of an iRFW coil for HDR applications in an MRI 

scanner environment is addressed. Simulations are performed with an iRFW coil inside 

the scanner bore to determine the maximal radiated wireless signal, minimize the 

specific absorption rate (SAR) in the subject, and maintain the same SNR as that of a 

traditional RF coil. 
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2. Theory and Background 

2.1 Coil and System Design 

MRI images are created by detecting RF signals from MR active nuclei in the 

imaging region of interest (e.g., the imaged tissue). Fundamentally, these nuclei, 

typically protons in hydrogen, precess in the presence of a strong magnetic field at what 

is termed the Larmor frequency, expressed as (Equation 2.1): 

𝑣0 = 𝛾𝐵0 

(Eq. 2.1) 

In this relationship, γ, is the gyromagnetic ratio (42.57 MHz/T for hydrogen) and 

B0 is the static magnetic field strength of the scanner. In order to obtain an MR signal, an 

RF pulse is first delivered to the subject, causing the net magnetization of the resonating 

protons in the region of interest to come out of alignment with the main magnetic field. 

After the RF pulse, the precessing protons emit an RF signal as they relax and realign 

with B0, which induces an RF current at the Larmor frequency, IMRI, on the coil element 

conductors. In addition to allowing an induced current at the Larmor frequency, an 

iRFW coil also allows RF currents at a wireless frequency, IWiFi, to simultaneously flow 

on the shared coil element. A high-impedance bandstop filter upstream of the LNA, 

FilterWiFi, is applied to inhibit IWiFi from physically damaging LNA components, 

degrading the acquired IMRI signal, and limiting the propagation of the wireless 

transmission signal to the coil element and not downstream electronic components. 
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Likewise, FilterMRI prevents acquired IMRI currents from flowing to the WiFi module, 

which would otherwise reducing the effectiveness of the resonant structure. 

2.2 Integrated RF/Wireless Coil Antenna Performance  

RF currents flowing on an RF coil generate oscillating electromagnetic fields, 

which radiate from the coil. The radiated power from the wireless signal is emitted 

radially outward from its center, which when plotted over the solid angle of a sphere, 

generates the gain of the coil. Each point on the sphere can be plotted as a function of the 

solid angle coordinates θ and φ to generate a pictorial representation of the emitted 

power (Fig 2.1). Thus, the antenna can be characterized by its gain pattern.  The gain 

pattern from the coil changes as a function of the distance R from the coil center. 

Specifically, there are three regions for the pattern, expressed in the following 

relationships (Equation 2.2a–c): 

a. ) 𝑅 >  
2𝐷2

𝜆
          b. ) 𝑅 >> 𝐷          c. ) 𝑅 >>  𝜆 

(Eq. 2.2a–c) 

where D is the longest linear dimension of the antenna and λ is the operating 

wavelength. When R satisfies only Eq2.2a and/or Eq2.2b, the antenna gain pattern does 

not accurately represent the radiated power because the electromagnetic fields are not 

efficiently emanated in a radially outward fashion. When all three of the expressions are 

satisfied, R is considered to be in what is termed the far field, and this far field gain 

pattern of an iRFW coil describes the quality and characteristics of the propagating field 
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at the desired wireless frequency. Quantifiable metrics, such as peak directivity and 

peak gain, are obtained from the far field gain pattern and, in turn, enable a better view 

of how much and where relative power can be transmitted by the antenna. 

 

Figure 2.1: Pictorial representation and graphical examples of an antenna gain 

pattern. (a) The solid angle coordinates with respect to a cartesian reference system 

are displayed for a generic radiating antenna. The antenna gain pattern can be viewed 

many ways. In this example, the same gain pattern is plotted on a spherical shell (b) 

and with respect to the logarithmic gain for each solid angle coordinate (c). 

Depending on the application, a spherical shell can aid in the identification of nulls, 

whereas a scaled gain pattern can help conceptualize the magnitude of antenna 

directivity (i.e., the difference in radiating power with respect to direction in space).   

Antenna directivity is a relative measurement that compares an antenna’s far 

field radiation pattern to an isotropic dipole antenna that radiates equally in all 

directions. In other words, it describes how ‘directional’ a given antenna’s radiation 

pattern is relative to an idealized case. An isotropic antenna has a directivity measure of 

1, indicating equal power radiated in all directions. In practice, no antenna, for example 
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the iRFW coil, is perfectly isotropic, and therefore all physical antennas, including the 

iRFW coil, report values greater than one.  

As the far field gain pattern from the iRFW coil radiates out into space, the field 

may interact with surrounding objects. The electromagnetic field can be reflected or 

absorbed by objects, based on the radiation’s frequency and the material’s magnetic 

permeability, electric permittivity, electrical conductivity. Thus, the comprehensive gain 

pattern and antenna directivity are dependent upon the coil radius with respect to 

operational frequency and environmental conditions. The gain pattern in an open 

environment, where no interactions with other objects, is often called the gain pattern in 

“free space”. This is a useful measurement to determine the peak antenna gain and peak 

antenna directivity with respect to only antenna parameters (e.g., coil radius, coil 

material, etc.). In the case of an iRFW coil, when the coil radius is small compared to the 

operational wavelength, the free-space gain pattern is more isotropic as compared to a 

larger coil radius and the same operational frequency.  

The radiated power from an iRFW coil used for wireless data transfer will also be 

absorbed by the subject, which can cause tissue heating similar to the radiated power 

used for MRI. The power absorbed by the subject is dependent upon the electric 

conductivity, relative permittivity (i.e., dielectric constant), and relative permeability of 

the tissue and can be evaluated by the frequency-dependent specific absorption rate 
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(SAR). Specifically, SAR is a measure of heating due to electromagnetic energy and is 

mathematically expressed in Equation 2.3. 

𝑆𝐴𝑅 =  
1

𝑉
 ∫

𝜎(𝒓)|𝐸(𝒓)|2

𝜌(𝒓)
𝑑𝒓 

(Eq. 2.3) 

where σ is the sample electrical conductivity, E is the electric field, V is the 

volume of the sample, and ρ is the sample density [13]. Because MRI scanners utilize RF 

energy, SAR is a metric used to ensure patient safety during image acquisition for both 

traditional RF coils and iRFW coils. In the United States, the Food and Drug 

Administration sets MRI SAR limits operating at the Larmor frequency to 3 W/kg and 4 

W/kg for a 10-minute head scan and 15-minute body scan per 1 gram of tissue, 

respectively [14, 15]. Similarly, the International Electrotechnical Commission MRI SAR 

limits are 3.2 W/kg and 4 W/kg for 6-minute head and body scans per 1 gram of tissue, 

respectively [14, 16]. For an iRFW coil, SAR at both the Larmor and wireless frequencies 

must be taken into consideration simultaneously. At wireless communication 

frequencies, the SAR limits imposed by the Federal Communication Commission (FCC) 

and European Union (EU) are 1.6 W/kg per 1 gram and 2.0 W/kg per 10 grams, 

respectively [17, 18]. 

2.3 Wireless Data Transfer Link Budget 

In an MRI scanner environment, the radiated power of the iRFW coil design is 

attenuated and/or reflected by the subject and scanner components. Due to these 
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interferences, the radiated electric fields are more directional and can increase the 

contribution to the SAR. The total amount of the radiated signal wirelessly transmitted 

from the coil to the AP directly impacts the wireless transfer data rate and quality. The 

quality of the wireless data transmission between the iRFW coil and AP can be 

quantified by the maximum transmit power conducted to the iRFW coil, PTxiRFW, the 

antenna gains for both the coil and AP, GiRFW(r,ϴ,φ) and GAP, and the power loss between 

the coil and AP, termed pathloss, PL. If the combination of these factors is greater than 

the minimum power receive sensitivity of the AP transceiver, PRxAP, then the wireless 

data transmission quality is maintained. Termed the link budget, this relationship can be 

described mathematically in Equation 2.4: 

𝑃𝑇𝑥
𝑖𝑅𝐹𝑊 + 𝐺𝑖𝑅𝐹𝑊(𝑟, 𝛳, 𝜑) + 𝐺𝐴𝑃 − 𝑃𝐿 − 20log10 (

𝜆

4𝜋𝑑
) > 𝑃𝑅𝑥

𝐴𝑃 

(Eq. 2.4) 

Note that the term 20𝑙𝑜𝑔10 (
𝜆

4𝜋𝑑
) is added to account for the free-space power 

loss between the two antennas and is independent of the scanner environment and 

iRFW coil properties.  

In general, a wireless transceiver has a decreased receive sensitivity when the 

data transmission rate is increased because differentiation between bits in the data 

stream becomes more difficult to analyze. As an example, a 2.4 GHz WiFi transceiver 

(NXP pn: 88W8987) has receive sensitivities of -99 dBm and -73 dBm for 1 Mbps and 100 

Mbps, respectively. This means that wireless data transfer for HDR applications have a 
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lower link budget than for LDR applications. Relating back to Equation 2.4, optimizing 

the power terms on the left side of the inequality mitigates data loss between the iRFW 

coil and AP.  

As mentioned previously, the antenna gain pattern is affected by the physical 

parameters of the coil and the absorption/reflections of the radiated signal in the scanner 

environment. Therefore, maximal transmission should occur from the iRFW coil to the 

AP along the main z-axis of the bore (i.e., open front and back regions of the MRI 

scanner). However, once the APs are installed, they are fixed in position and can no 

longer contribute to the optimization of our link budget. According to Equation 2.4, the 

transmit power can increase the link budget, but PTxiRFW is limited by the aforementioned 

FCC and EU regulatory measures related to SAR. Therefore, the primary optimization to 

minimize the pathloss and maximize the link budget is the iRFW coil antenna gain, 

GiRFW(r,ϴ,φ). The optimization of the iRFW coil design in the scanner bore seeks to 

minimize the pathloss, maximize the radiated power from the iRFW coil to the AP, and 

generate a peak SAR that complies with FCC and EU standards. In addition, the 

optimization should provide comparable SAR and SNR to those of a standard RF receive 

coil. 
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3. Experimental Setup for HFSS Simulations 

The performance of the iRFW coil was evaluated at 127.7 MHz and 2.442 GHz, 

for MRI at 3T and WiFi data transmission, respectively, utilizing a High-Frequency 

Structure Simulator (HFSS) software package (ANSYS HFSS 2019, 2021 R3, Canonsburg, 

PA) for simulations. To enable these simulations, the iRFW coil was modeled as a 

toroidal ring subdivided into four sections by inserting: three lumped port capacitors 

(C1 = C2 = C3 = 10pF); and an RF lumped source (Fig. 3.1).  

The electric currents flowing at both the Larmor and wireless frequencies, IMRI 

and IWiFi, were modeled in HFSS by defined planes that represent boundary conditions. 

In this case, currents IMRI and IWiFi on the coil structure were generated by a lumped 

component with two 50-ohm RF excitations. The RF source excitation at both the MRI 

and WiFi frequencies was utilized in the simulations to evaluate the SNR and SAR in a 

modeled head and the WiFi gain patterns in a modeled MRI scanner environment.  

The HFSS simulation was paired with a circuit designer to dynamically link 

HFSS field results with tuning and matching properties of the underlying circuit defined 

in the excitation planes.  To ensure that the resonant structure of the coil was properly 

tuned and matched to 50 ohms, matching circuits, MatchMR and MatchWiFi, were utilized. 

As referenced in Chapter 2, to maintain RF isolation on the Larmor and WiFi frequency 

excitations, high-impedance filters, FilterWiFi and FilterMR, were inserted downstream the 

respective matching networks. Figure 3.2 displays a general schematic of the coil circuit. 
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Figure 3.1:  iRFW coil model in HFSS, composed of toroidal ring subdivided 

into four sections. Each section is connected with a 2-dimensional plane, which is 

then defined as an excitation lumped port. 

 

Figure 3.2: Accompanying circuit for HFSS simulated iRFW coil. The dynamic 

link between HFSS and circuit models is represented by the blue box. Each excitation 

plane in the HFSS model (see Figure 3.1) corresponds to a underlying circuit in the 

circuit simulator. 

Next, the MRI scanner bore (length: lbore = 1.5 meters, diameter: dbore = 0.7 meters) 

was modeled in HFSS by a 2-mm copper sheet layered in 50 mm of FR4-epoxy and the 

iRFW coil was located within the bore, close to a tissue-equivalent human phantom 

(length = 183.3 cm). Additionally, a 50-ohm x-y gradient coil was placed inside the 

scanner bore surface to simulate reflected and absorbed WiFi radiated signals inside the 

bore that could couple to them, which can reduce the pathloss. Finally, two APs were 
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placed 3 meters away from the isocenter along the main axis of the bore at the front and 

back of the scanner to evaluate the radiated power exiting the bore for wireless data 

transmission. Two APs were used to evaluate the different pathloss between the front 

and back regions of the bore and what interference/reflection pattern effects the body 

contributes to the model. These APs were modeled as ideal half-wavelength dipole 

antennas designed to resonate in the 2.4 GHz WiFi frequency band, which allowed them 

to be able to receive the radiated power from the iRFW coil in the bore. All of these 

model objects were enclosed in a radiation boundary for these simulations, which 

absorbed any radiated power that exited the bore but was not received by the APs. 

Figure 3.3(a) displays a general setup of the physical parameters and simulation material 

properties are outlined in Table 3.1. Tissue-equivalent materials exhibit different 

electrical properties at 127.7 MHz and 2.442 GHz, and therefore two separate definitions 

were used in accordance with literature values [19, 20]. 

Table 3.1: Material Properties for HFSS Simulations 

 Conductivity 

(S/m) 

Relative 

Permittivity 

Relative 

Permeability 

Copper 5.8 × 107 1 0.99 

Tissue Equivalent 

at 127.700 MHz 

1.26 76.8 1 

Tissue Equivalent 

at 2.442 GHz 

1.8 39.2 1 

Air 0 1 1 

FR4-Epoxy 0 4.4 1 

 



 

17 

To solve for the electric and magnetic fields in an iRFW coil simulation, both 

HFSS and the circuit designer were utilized to analyze the IRFW coil in the scanner bore 

(Figure 3.4). For a given simulation, the HFSS analysis consisted of importing the 

physical model with defined boundary conditions, creating a mesh structure, and 

iteratively solving for Maxwell’s equations to calculate the fields on the objects and 

radiated outside the bore to the APs. The HFSS field results were then imported into the 

circuit designer program (Figure 3.5), and currents at both the Larmor and WiFi 

frequencies were simulated on the coil. Values for circuit components, such as the 

inductance on MatchWiFi, were adjusted to provide isolation between the MRI and WiFi 

ports from the FilterMRI and FilterWiFi and to make sure that the coil was resonant at the 

Larmor and WiFi frequencies in the HFSS simulation. For this study, the coil was 

considered tuned if the reflection coefficient was less than –30 dB. After circuit analysis 

of the iRFW coil, the impedances of the coil at these frequencies calculated in the circuit 

simulator were imported back to the HFSS model. With the HFSS model tuned and in 

conformance with circuit simulation results, the new electromagnetic fields were then 

generated in HFSS, which allowed the S-parameters (e.g., the reflection coefficient), 

pathloss, and antenna far-field gain pattern to be generated and applied to the model to 

characterize the coil’s antenna performance in the scanner. A separate simulation was 

performed for each coil radius and coil position in the scanner to determine the optimal 

design inside the bore. All simulations were performed on a shared 56-node Linux Grid 
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Engine cluster with 976 CPU cores and 7.5 TB RAM to streamline the optimization 

process. 

 

Figure 3.3: General HFSS parameters for the MRI scanner environment 

simulations. An HFSS and circuit analysis was performed at each coil position and 

coil size. 
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Figure 3.4: General process for iRFW coil HFSS simulations. (a) A physical 

model is designed to simulate the iRFW coil and MRI scanner environment. The 

computational analysis is then initiated. (b) During analysis, a mesh structure is 

generated for the physical model. The tetrahedral mesh structure takes advantage of a 

finite element modeler, meaning that the simulation is not limited to a voxel size and 

instead uses linear equations to solve for each tetrahedral mesh structure. After the 

mesh is iteratively formed, the analysis solves for the electromagnetic fields according 

to Maxwell’s equations. The resultant converged field results (c) can be plotted on the 

structure but are in an untuned state. The HFSS results must be imported into the 

circuit simulator (d) for tuning to the system impedance. After the circuit simulator 

calculates the power on all lumped ports, the excitations are imported back into HFSS 

to give the tuned results (e). (f) Finally, field calculations, gain patterns, and other 

characteristics of the antenna in study can be calculated and analyzed based on the 

electric field calculations in parts d and e.  A representative calculation, for example a 

reflection coefficient (S1,1), is displayed above.  
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Figure 3.5: Simulation workflow of the iRFW coil optimization process, 

showing in detail the dynamic link between the HFSS domain (blue) and Circuit 

Simulator (green). Post-processing results are taken from the HFSS and circuit 

domains to report pathloss, S1,1, SAR, E-fields, antenna gain patterns, etc. 

In this study, the main objectives were to: 1. Maximize the power radiated from 

the iRFW coil to both APFront and APBack, 2. Minimize the local SAR from the iRFW coil 

into the modeled head, and 3. Ensure minimal SNR changes between traditional and 

iRFW coils. In order to determine the optimal coil radius and position that satisfy these 

aims, simulations were performed at both the Larmor and WiFi frequencies, with eight 

coil radii (a = 15, 20, 25, 30, 35, 40, 45, and 50 mm) and five different coil positions (α = 0°, 

45°, 90° and β = 45°, 90°) oriented around the human model head, with the positional 

parameters outlined in Figure 3.3(b). Field calculations from simulations parameterized 

in Figure 3.3, such as pathloss (i.e., S2,1), power deposition into body, and far-field gain 

patterns, were calculated using the HFSS fields calculator. Additionally, the average 

pathloss, PLAvg, was calculated by converting the logarithmic values of S2,1 for PLFront and 
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PLBack into magnitude values, taking the average, and converting back to logarithmic 

form.  

The SARMRI and SARWiFi were determined by calculating the peak local SAR in 

the modeled head and integrating to 1 and 10 grams of tissue, in accordance with 

IEC/IEEE 62704-4 Draft, for FCC and EU standards, respectively [21]. Because the iRFW 

coil operates at two separate frequencies, a composite SAR value for heating inside the 

head must be determined. To err on the side of caution, and for simplicity, MRI and 

WiFi SAR values are added to obtain a composite SAR, SARComposite [22].  

The SNR measurements were utilized to determine how the WiFi current 

degrades the induced MRI current on the iRFW coil circuit. The change in SNR between 

traditional and iRFW coils essentially determines how effective the FilterWiFi in the circuit 

simulator is. In this work, the SNR was calculated by dividing the magnetic field in the 

phantom by the coil and phantom resistances [23]. 

In addition to the simulations described above, a separate set of simulations were 

performed with the optimal coil radius-position combination for different body lengths 

between 168 cm and 194 cm to evaluate the effects of body size on the radiated wireless 

signal and power deposition into the body, and to ensure that the pathloss was stable for 

different body length variations.  
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4. Simulation Results 

4.1 SNR and SARMRI of a Traditional and an iRFW Coil 

The SNR of the iRFW coil relative to that of the traditional coil only showed a 

maximum -1.51% and -0.04% difference for the SNRMax and SNRMean, measured at β = 45° 

and a = 50 mm and at β = 90° and a = 50 mm, respectively. On average, the percent 

change in SNRMax and SNRMean from traditional to iRFW coil was 0.14% and 0.017%, 

respectively. Figure 4.1 demonstrates the similar SNR between a traditional coil and an 

iRFW coil, and Figure 4.2 displays minimal spatial differences in SNR measured at β = 

90° and a = 50 mm, where the largest difference in SNRMean occurs. 

 

Figure 4.1: Maximum and average SNR (left and right, respectively) for an 

iRFW (blue) and traditional coil (red). Minimal variability between the two coils is 
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observed. β = 50° and a = 50 mm was selected for this figure because the greatest 

SNRMean is measured at this position. 

 

Figure 4.2: SNR distribution across the human head model for a traditional 

(left) and iRFW (right) coil. Like Figure 4.1, minimal variance in the spatial 

distribution of SNR is observed. Note the increased SNR in the top portion of the ear, 

due to closer proximity to the coils as compared to the bulk of the head model. β = 50° 

and a = 50 mm was selected for this figure because the greatest SNRMean is measured at 

this position. 

As suggested from Figure 4.1, SNR differences between the traditional and iRFW 

coils were negligible. Addressing general SNR trends with respect to coil radius and 

position, SNRMax decreased and SNRMean increased with increasing coil radius because 

the MR signal is more dispersed in tissue and the coil can excite a larger proportion of 

tissue with respect to the total head volume at larger coil radii. Sharp increases in 

SNRMax can be explained by the increasing proximity between the coil and superficial 

tissue when the coil radius is enlarged to cause this sharp change in proximity. This can 

be observed visually in the modeled head’s ear in Figure 4.2 due to decreased distance 
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between the large coil and ear tissue. The SNRMax and SNRMean of the iRFW coil for 

different coil radii and positions are shown in Figure 4.3, and all SNR measurements for 

a traditional coil and an iRFW coil are tabulated in Supplementary Table A.1. 

 

Figure 4.3: Maximum SNR (left) and average SNR (right) for the iRFW coil 

simulations. 

The percent changes in SARMRI between the traditional coil and the iRFW coil 

were not significant—a maximal 2.1% increase in 1-gram averaged SARMRI at β = 45° and 

a = 50 mm and a 2.0% increase in 10-gram averaged SARMRI at α = 45° and a = 45 mm was 

measured. This indicates that the iRFW circuit and WiFi currents do not significantly 

affect SARMRI. Figure 4.4 visually demonstrates the similarity of SARMRI between the 
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traditional and iRFW coils, taken at the coil radius-position combination with the 

maximal difference.  

 

Figure 4.4: Comparison of SNRMRI for a traditional (left) and iRFW (right) coil. 

Minimal variance was observed.  β = 45° and a = 50 mm is shown in this figure 

because it was the comparison with the greatest difference between the traditional 

and iRFW coil simulations (2.1% change). 

In addition, the SARMRI values for all coil radii and positions were well within the 

regulatory limits of 3 W/kg and 3.2 W/kg for FDA and IEC SARMRI limits, respectively 

(Figure 4.5). The general trend for SARMRI correlates with that of SNRMean—with increasing 

coil radii, the SNR is dispersed over a larger area, resulting in a greater average SNR over 

the head model and localized heating from absorbing the RF energy. All of the 

comparisons between the SARMRI of the traditional and iRFW coils are tabulated in 

Supplementary Table A.2. 
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Figure 4.5: SARMRI in a human head model for the iRFW coil. Although there is 

a maximal 70-fold increase in SARMRI for coil radii ranging from 15 to 50 mm, the 

actual SAR values are well below the safety and regulatory limits, and do not 

contribute significantly to the SARComposite. 

4.2 SARWiFi and SARComposite for an iRFW Coil 

The predominant SAR contribution for these simulations is due SARWiFi. With 

this in mind, results indicate that the minimal 1-gram averaged SARComposite of 0.029 

W/kg was measured at α = 90° and a = 30 mm. Conversely, the maximum 1-gram 

averaged SARComposite of 2.628 W/kg was measured at α = 0° and a = 20 mm, exceeding the 

FCC regulation of 1.6 W/kg. However, the corresponding 10-gram averaged SARComposite 

at α = 0° and a = 20 mm was 1.294 W/kg, which does not exceed the EU limit of 2.0 W/kg. 

Given the setup parameters, all simulation results, excluding α = 0° and a = 20 mm, 

complied with the FCC and EU SAR requirements.  Results for SARComposite on a human 
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head are compiled in Figure 4.6 with additional information located in Supplementary 

Table S.3.   

 

Figure 4.6: SARComposite (SARWiFi + SARMRI) for the iRFW coil simulations in a 

human head. Note that for 1-gram averaged SAR values, the FCC limit is 1.6 W/kg. 

Therefore, the α = 0° and a = 20 mm simulation exceeds this safety measure. All other 

coil sizes and positions are in compliance with FCC and EU regulations. 

4.3 Optimized iRFW Coil in a Scanner Environment with Subject 
Body 

Separate PLBack and PLFront results show that generally PLBack values were higher 

compared to PLFront values because of reflections and attenuation by the subject body 

positioned between the iRFW coil and APFront. Given the optimization across the 

simulation process, the range in pathloss was 31 dB and 21 dB for PLBack and PLFront, 

respectively. Figure 4.7 reports all PL values with a subject body. The optimal coil 

configuration for our simulations was determined to be at α = 45° and a = 40 mm due to 

the high PLAvg and low SARComposite. At this coil radius and position, PLAvg was -44.2 dB, 
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and the 1-gram and 10-gram averaged SARComposite values were 0.205 and 0.112 W/kg, 

respectively. 

 

Figure 4.7: PLBack (left), PLFront (center), and PLAvg (right) for iRFW coil 

simulations with bore and subject body. Note the difference in PLBack and PLFront due 

to the body. The green box in PLAvg indicates the optimal coil size and position. The 

red box shows the poorest coil size-position option for PLAvg. 

Based on the PLAvg and SARComposite results, one apparent trade-off consideration 

is high SAR versus improved pathloss. For example, the PLAvg increases to -40.2 dB at α 

= 90° and a = 20 mm (Figure 4.7), as compared to -44.2 dB at the ‘optimal’ setup of α = 45° 

and a = 40 mm. This results in a 9.06% improvement! However, Figure 4.6 indicates that 

a higher SARComposite is encountered at a = 20 mm, as compared to other coil radii. This is 

because electromagnetic energy in the 20 mm coil gain pattern is directly coupled into 

the subject’s head, as observed in Figure 4.8b. It can be further observed that the 

electromagnetic energy does not couple as strongly into the subject head at larger coil 
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radii, such as a = 40 mm in Figure 4.8a. Indeed, the change in SARComposite from α = 90° 

and a = 20 mm to α = 45° and a = 40 mm is -49.1% and -48.3% for 1-g averaged and 10-

averaged integrations, respectively. 

 

Figure 4.8: SARWiFi (1-gram averaged) for (a) α = 45° and a = 40 mm and (b) α = 

90° and a = 20 mm. The peak SARWiFi for α = 90° and a = 20 mm was almost double that 

of α = 45° and a = 40 mm. While α = 90° and a = 20 mm does have a larger PLAvg value, 

moving to α = 45° and a = 40 mm minimally reduces PLAvg while significantly 

reducing SARComposite, due to less RF energy being directionally coupled into the 

subject head. 

In addition, incorporating the link budget equation (Eq 2.4) makes a greater 

argument for the optimized design at α = 45° and a = 40 mm because greater transmit 
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power can be achieved without exceeding FCC and EU SAR mandates. Although α = 90° 

and a = 20 mm SARComposite values —being 0.402 W/kg for 1-g average and 0.217 W/kg for 

10-g average—are well beneath the FCC and EU regulations of 1.6 and 2.0 W/kg (for 1-g 

and 10-g averages), the relative ~48% SAR reduction at α = 45° and a = 40 mm means that 

higher transmit power coupled to APFront and APBack can be achieved, as compared to α = 

90° and a = 20 mm. 

Comparative far field gain patterns indicate why the optimal position for this 

study lies at α = 45° and a = 40 mm, and why in general α = 45° and α = 90° positions 

have improved PL, especially compared to other positions, such as β = 45° and β = 90°. 

Taking the optimal versus lowest PLFront setup (β = 45° and a = 30 mm) in these results, 

the peak gain was 8.69 dB and 7.30 dB, respectively. Furthermore, the peak gain in the 

xy plane, which is orthogonal to the main axis of the bore, emits energy directly into the 

bore surface and subject. Quantitatively, peak gain values were -6.14 dB and -0.51 dB, for 

α = 45° and a = 40 mm and for β = 45° and a = 30 mm, respectively. This indicates that the 

directivity at β = 45° a = 30 mm is not optimized for pairing to APFront and APBack. Figure 

4.9 graphically demonstrates the difference in far field gain patterns between the optimal 

setup and an undesirable coil size and position. 
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Figure 4.9: Gain patterns for optimal coil position (α = 45° and a = 40 mm), and 

suboptimal position (β = 45° and a = 30 mm), with lowest measured PLFront. Note the 

difference in max gain pattern in each of the principal planes. The optimal position 

directs energy outside the bore (primarily out the back of the bore in the xz and yz 

planes, green arrows), whereas the suboptimal coil position has a larger gain in the xy 

plane, directing wasted power into the MRI bore wall and gradient coil and non-

maxima gains transmitted out the z-axis (red arrows). 

4.4 Pathloss Stability of an iRFW Coil in a Scanner Environment 
with Variable Body Lengths 

Simulations of the iRFW coil at α = 45° and a = 40 mm with variable body lengths   

yielded pathloss ranges for PLBack, PLFront, and PLAvg of 0.68 dB, 10.17 dB, and 0.60 dB, 

respectively (Figure 4.10). It was determined from this set of simulations that the 

optimal coil setup, based on our prior results, is stable with respect to body length in the 

adult male size range. 
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Figure 4.10: Variance in iRFW coil pathloss with respect to variance in body 

length 

While the 10.17 dB spread for APFront does not overtly affect the PLAvg taken at 

magnitude values, some explanation is warranted. In order to determine where the 

power was lost at shorter body lengths, the power deposition into the subject body and 

the antenna peak gain were measured. Subsequently, correlation coefficients of -0.98 and 

0.86 were determined between PLFront and power deposition into the subject body, and 

between PLFront and antenna gain pattern, respectively, as displayed in Figure 4.11. These 

correlations can be explained by the change in body geometric shape over different 

lengths. While the top of the head was consistently positioned at the same location 

inside the scanner bore irrespective of total length, the head shape was less spherical at 

shorter body lengths, creating a more orthogonal surface area about which the iRFW coil 

signal was attenuated and reflected. Thus, the radiated power reaching APFront was 

weaker because of the stronger attenuation and surface reflection for a flatter (i.e., 
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shorter) and closer head shape. In support of the change in peak gain, this can also be 

demonstrated by the comparative far-field gain patterns shown in Figure 4.12. 

 

Figure 4.11: PLFront (left), power deposition into the body (center), and antenna 

peak gain (right) with respect to body length. Power deposition into the subject body 

decreased with increasing subject body length, while both PLFront and peak gain 

values increased. 
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Figure 4.12: Principal plane (xz) gain pattern and electric field strength on the 

human head model for α = 45° and a = 40 mm with a (a) 164 cm body length and a (b) 

192 cm body length. With increasing body length, the head surface reflected less 

power (blue circles in gain patterns) towards APBack (upwards in this orientation) and 

allowed comparatively more power to APFront (green circles in gain patterns, down the 

page in this orientation).  
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5. Discussion 

Based on the HFSS simulation results, the optimal coil position and radius for the 

iRFW coil were α = 45° and a = 40 mm. This was determined by maximizing the optimal 

trade-off between SAR and pathloss. Results in Figure 4.7 show pathloss increases at 

intervals at 20 mm and 40 mm coil radii, with a lower magnitude at 40 mm compared to 

20 mm. These spikes can be considered harmonical with respect to coil size, meaning a 

local maxima in pathloss is expected every 20 mm. Furthermore, the harmonics at 20 

mm and 40 mm indicate they are the best coil radii for a maximum link budget. While in 

general a 20-mm coil radius provided the highest pathloss values, mitigation of 

SARComposite was of concern. The setup at α = 45° and a = 40 mm demonstrated a slight 

decrease in PLAvg and SARComposite that could be compromised with an increase in 

transmit power.  

The results also indicate flexibility in the design—while we support that α = 45° 

and a = 40 mm is the optimal setup, other coil sizes and positions are justifiable. For 

example, the setup at α = 90° and a = 25 mm, compared to the optimal α = 45° and 40 

mm, reports only a 0.24% decrease in pathloss (Figure 4.7) but a 68% decrease in 

SARComposite for both 1-g and 10-g averages (Figure 4.6). Therefore, transmit power could 

be increased by an even larger scale than at α = 45° and a = 40 mm, and create a larger 

link budget. Therefore, we opted to move away from sizes close to 20 mm, and indeed, 

the PLAvg is still slightly larger at α = 45° and a = 40 mm. In addition, we acknowledge 
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that there are electrical limitations in peak transmit power, and thus the link budget 

gains may not be realistic and would need further evaluation.  

In this study, APFront and APBack were implemented to compare pathloss between 

the iRFW coil and each end of the scanner, with the key difference being the subject 

body placed between iRFW coil and APFront. Indeed, a major finding of these simulations 

is the effect of subject body on pathloss—across all simulations, the average drop in 

pathloss from PLBack to PLFront is 38%, and for our optimal position, this reduction is 58%. 

If we conclude from our results that the iRFW coil to APFront link is not viable for the 

overall design, we can focus on PLBack results only, and therefore, the interpretation for 

the optimal setup changes. However, given this new definition of optimal, we come to 

the same conclusion of an optimized setup at α = 45° and a = 40 mm, due in part to the 

risk of reaching a high SARComposite at a coil radius of 20 ± 5 mm.  

In determining the optimal coil setup, the HFSS SARWiFi results showed that the 

transmit power at 2.442 GHz was the main contributor to SARComposite. In addition, 

SARWiFi results indicate harmonic increases in pathloss correspond with harmonic 

contributions in peak SARWiFi (Figure 4.6). This is different from the SARMRI values, 

which continually increased with coil radii. Fortunately, only one simulation exceeded 

regulatory measures (α = 0° and a = 20 mm), and this setup was not deemed viable with 

respect to pathloss, with a reported PLAvg of -50.61 dB. As mentioned previously, the a = 
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20 mm coil radius and similar radii were deemed problematic for an optimal setup 

because of the large spike in SARWiFi.   

In this study, the results also show that the SNR and SARMRI of the iRFW coil 

were similar to those of the traditional coil. The SARMRI simulations, in addition to 

showing similarity between traditional and iRFW coils, show that SARMRI contributes 

less than 0.08 W/kg to SARComposite at a very maximum. 

In regard to future work, ideally the entire scanner, including the patient table, 

additional gradient coils (e.g. z-gradient, RF transmit coil, etc.), and all other MRI 

scanner components could also be incorporated into the HFSS model. However, the 

computational cost of such simulations would become impracticable with additional 

material definitions, objects, and boundary conditions. Given the complexity of the 

current setup, each simulation required approximately 30 GB of data and took several 

days to solve on the Linux Grid engine. With additional computational resources and 

time, a more complex system could be incorporated. However, it is likely the results 

would not be worth the return on investment for a more detailed simulation, in terms of 

computational cost and time, because the current simulation captures the main essence 

of those MRI components that contribute significantly to link budget.  

Another additional investigation that could be performed for this simulation 

work is for other changes in body size besides body length. Our results indicate that 

while the PLAvg was stable across a range of subject body lengths, there was some 
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pathloss variability, especially with regard to PLFront, based on subtle changes in body 

shape and proximity to the iRFW coil. Further evaluations with differences in subject 

width and overall size (i.e., proportionality of the model is changed in all three 

coordinate planes) could further determine the impact that the subject body has on the 

iRFW coil pathloss and link budget. Similarly, HFSS simulations with a female body 

could be performed to determine any pathloss difference between a male and female 

subject.  

Validation of a physical model are the next step for this work, and progress on 

this front are underway. A physical iRFW coil would be used to validate the HFSS 

simulation work. Two major components to validate are the far field free-space gain 

pattern in an anechoic chamber and pathloss measurements taken in an MRI scanner. In 

addition, the current iRFW coil evaluation utilizes a single iRFW coil. Future studies 

could incorporate an array of iRFW coil elements, which would decrease the required 

link budget on any single coil element. Other peripheral systems, in addition to the 

transfer of image acquisition data, could also potentially be monitored. 
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6. Conclusion 

The simulations performed in this study demonstrate the similarity in SNR and 

SARMRI between a traditional coil and an iRFW coil. These simulations also show that 

SARMRI is also not a major determining factor for the overall SARComposite. In addition, this 

study presents an optimal iRFW coil size and position at a = 40 mm and α = 45°, 

determined by measuring the pathloss and SAR values in multiple setups. The work 

also provides data supporting other coil sizes and positions that are viable alternatives. 

Indeed, a greater understanding of how the iRFW coil behaves in a scanner environment 

allows us to maximize the link budget and potentially enable the transfer of image 

acquisition data in the future. 
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Appendix A 

Table A.1: SNR Measurements for a Traditional and an iRFW coil 

  RF  iRFW    

A
lp

h
a 

0°
 

Coil 

Size 

(mm) 

SNRMax SNRMean 
 

SNRMax SNRMean 
 

% Ch. 

SNRMax 

% Ch. 

SNRMean 

15 2791.3 16.9  2792.8 16.9  0.05% 0.02% 

20 1983.2 17.6  1984.5 17.6  0.07% 0.02% 

25 1557.8 18.3  1559.0 18.3  0.08% 0.02% 

30 1311.9 19.1  1313.3 19.1  0.11% 0.03% 

35 1042.5 19.9  1043.9 19.9  0.13% 0.03% 

40 790.0 20.5  791.3 20.5  0.17% 0.03% 

45 954.9 21.1  957.3 21.1  0.25% 0.02% 

50 2130.5 21.6  2137.5 21.5  0.33% 0.00% 

          

 

Coil 

Size 

(mm) 

SNRMax SNRMean 
 

SNRMax SNRMean 
 

% Ch. 

SNRMax 

% Ch. 

SNRMean 

A
lp

h
a 

45
° 

15 2376.6 17.3  2377.8 17.3  0.05% 0.02% 

20 1574.6 17.9  1575.5 17.9  0.06% 0.02% 

25 1112.7 18.4  1113.5 18.4  0.07% 0.02% 

30 828.1 18.9  828.9 18.9  0.09% 0.02% 

35 662.9 19.4  663.6 19.4  0.11% 0.02% 

40 528.2 19.9  528.9 19.9  0.13% 0.02% 

45 431.8 20.3  432.5 20.3  0.16% 0.01% 

50 362.9 20.7  362.8 20.7  -0.03% 0.00% 

          

 

Coil 

Size 

(mm) 

SNRMax SNRMean 
 

SNRMax SNRMean 
 

% Ch. 

SNRMax 

% Ch. 

SNRMean 

A
lp

h
a 

90
° 15 2623.6 16.9  2625.0 16.9  0.05% 0.02% 

20 1587.7 17.4  1588.6 17.5  0.06% 0.02% 
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25 1099.3 18.0  1100.1 18.0  0.07% 0.02% 

30 818.6 18.5  819.3 18.5  0.09% 0.02% 

35 664.8 18.9  665.6 18.9  0.12% 0.02% 

40 543.8 19.3  544.6 19.3  0.14% 0.01% 

45 451.6 19.7  452.5 19.7  0.20% 0.00% 

50 396.1 19.9  397.1 19.9  0.26% -0.03% 

          

 

Coil 

Size 

(mm) 

SNRMax SNRMean 
 

SNRMax SNRMean 
 

% Ch. 

SNRMax 

% Ch. 

SNRMean 

B
et

a 
45

° 

15 1597.6 18.9  1598.4 19.0  0.05% 0.01% 

20 1290.6 19.3  1291.4 19.3  0.06% 0.02% 

25 1180.1 19.7  1181.0 19.7  0.08% 0.02% 

30 984.7 20.1  985.6 20.1  0.09% 0.02% 

35 805.0 20.6  806.0 20.6  0.12% 0.02% 

40 677.7 21.0  678.8 21.0  0.15% 0.02% 

45 551.9 21.4  553.0 21.4  0.20% 0.02% 

50 456.3 21.8  449.4 21.8  -1.51% 0.03% 

          

 

Coil 

Size 

(mm) 

SNRMax SNRMean 
 

SNRMax SNRMean 
 

% Ch. 

SNRMax 

% Ch. 

SNRMean 

B
et

a 
90

° 

15 1386.0 18.9  1386.7 18.9  0.05% 0.01% 

20 1078.7 19.2  1079.3 19.2  0.06% 0.01% 

25 818.2 19.5  818.7 19.5  0.06% 0.02% 

30 650.1 19.9  650.6 19.9  0.08% 0.02% 

35 552.6 20.3  553.2 20.3  0.10% 0.01% 

40 449.1 20.6  449.6 20.6  0.11% 0.01% 

45 460.6 21.0  461.9 21.0  0.26% 0.00% 

50 688.4 21.2  690.6 21.2  0.33% -0.04% 

 



 

42 

Table A.2: SARMRI for a Traditional and an iRFW Coil 

 

 

Traditional 
 

iRFW 
   

A
lp

h
a 

0°
 

Coil 

Size 

(mm) 

1g 

SAR 

max 

10g 

SAR 

max 

 
1g 

SAR 

max 

10g 

SAR 

max 

 
% 

Ch. 

1g 

Avg 

% 

Ch. 

10g 

Avg 

15 0.001 0.000  0.001 0.000  0.5% 0.5% 

20 0.003 0.001  0.003 0.001  0.5% 0.5% 

25 0.006 0.003  0.007 0.003  0.6% 0.6% 

30 0.012 0.005  0.012 0.005  0.7% 0.7% 

35 0.016 0.008  0.016 0.008  0.7% 0.7% 

40 0.022 0.013  0.022 0.014  0.9% 0.9% 

45 0.038 0.025  0.038 0.025  1.0% 1.0% 

50 0.075 0.045  0.076 0.046  1.1% 1.1% 

 

Coil 

Size 

(mm) 

1g 

SAR 

max 

10g 

SAR 

max 

 

1g 

SAR 

max 

10g 

SAR 

max 

 

% 

Ch. 

1g 

Avg 

% 

Ch. 

10g 

Avg 

A
lp

h
a 

45
° 

15 0.000 0.000  0.000 0.000  0.5% 0.5% 

20 0.001 0.001  0.001 0.001  0.5% 0.5% 

25 0.002 0.001  0.002 0.001  0.6% 0.6% 

30 0.004 0.002  0.004 0.002  0.7% 0.7% 

35 0.007 0.004  0.007 0.004  0.7% 0.7% 

40 0.011 0.007  0.011 0.007  0.8% 0.8% 

45 0.018 0.012  0.018 0.012  1.0% 2.0% 

50 0.029 0.019  0.029 0.019  1.6% 1.6% 

 

Coil 

Size 

(mm) 

1g 

SAR 

max 

10g 

SAR 

max 

 

1g 

SAR 

max 

10g 

SAR 

max 

 

% 

Ch. 

1g 

Avg 

% 

Ch. 

10g 

Avg 

A
lp

h
a 

90
° 

15 0.001 0.000  0.001 0.000  0.5% 0.5% 

20 0.002 0.001  0.002 0.001  0.5% 0.5% 

25 0.003 0.002  0.003 0.002  0.6% 0.6% 

30 0.006 0.003  0.006 0.004  0.7% 0.7% 

35 0.010 0.006  0.010 0.006  0.7% 0.7% 
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40 0.017 0.010  0.017 0.010  0.8% 0.8% 

45 0.029 0.018  0.030 0.018  1.0% 1.0% 

50 0.052 0.033  0.052 0.033  1.1% 1.1% 

 

Coil 

Size 

(mm) 

1g 

SAR 

max 

10g 

SAR 

max 

 

1g 

SAR 

max 

10g 

SAR 

max 

 

% 

Ch. 

1g 

Avg 

% 

Ch. 

10g 

Avg 

B
et

a 
45

° 

15 0.000 0.000  0.000 0.000  0.5% 0.5% 

20 0.001 0.000  0.001 0.000  0.5% 0.5% 

25 0.002 0.001  0.002 0.001  0.6% 0.6% 

30 0.003 0.002  0.003 0.002  0.7% 0.7% 

35 0.006 0.003  0.006 0.003  0.7% 0.7% 

40 0.010 0.006  0.010 0.006  0.9% 0.9% 

45 0.018 0.011  0.018 0.011  1.0% 1.0% 

50 0.035 0.021  0.035 0.021  2.1% 1.7% 

 

Coil 

Size 

(mm) 

1g 

SAR 

max 

10g 

SAR 

max 

 

1g 

SAR 

max 

10g 

SAR 

max 

 

% 

Ch. 

1g 

Avg 

% 

Ch. 

10g 

Avg 

B
et

a 
90

° 

15 0.000 0.000  0.000 0.000  0.5% 0.5% 

20 0.001 0.000  0.001 0.000  0.5% 0.5% 

25 0.002 0.001  0.002 0.001  0.6% 0.6% 

30 0.004 0.002  0.004 0.002  0.7% 0.7% 

35 0.007 0.004  0.007 0.004  0.7% 0.7% 

40 0.013 0.008  0.013 0.008  0.9% 0.9% 

45 0.023 0.014  0.023 0.014  1.0% 1.0% 

50 0.046 0.029  0.046 0.030  1.1% 1.1% 
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Table A.3: SARWiFi for iRFW Coil and Composite SAR (SARMRI + 

SARWiFi on iRFW Coil) 

  SARWiFi  SARComposite 

A
lp

h
a 

0°
 

Coil Size 

(mm) 

1g SAR 

max 

10g SAR 

max  

1-

gram 

10-

gram 

15 0.141 0.071  0.142 0.072 

20 2.625 1.293  2.628 1.294 

25 0.276 0.121  0.283 0.124 

30 0.109 0.047  0.121 0.052 

35 0.145 0.067  0.161 0.075 

40 0.437 0.238  0.459 0.251 

45 0.115 0.059  0.153 0.085 

50 0.044 0.020  0.120 0.065 

 

      

 

 SARWiFi  SARComposite 

 

Coil Size 

(mm) 

1g SAR 

max 

10g SAR 

max  

1-

gram 

10-

gram 

A
lp

h
a 

45
° 

15 0.097 0.051  0.098 0.051 

20 0.893 0.519  0.894 0.520 

25 0.086 0.048  0.088 0.049 

30 0.032 0.017  0.036 0.019 

35 0.053 0.028  0.059 0.032 

40 0.194 0.105  0.205 0.112 

45 0.041 0.025  0.059 0.037 

50 0.018 0.010  0.047 0.029 

 

      

 

 SARWiFi  SARComposite 

 

Coil Size 

(mm) 

1g SAR 

max 

10g SAR 

max  

1-

gram 

10-

gram 

A
lp

h
a 

90
° 

15 0.046 0.026  0.047 0.026 

20 0.400 0.216  0.402 0.217 

25 0.061 0.035  0.065 0.036 

30 0.023 0.013  0.029 0.017 

35 0.044 0.024  0.054 0.030 

40 0.141 0.077  0.158 0.088 

45 0.032 0.018  0.061 0.036 

50 0.021 0.011  0.074 0.044 
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 SARWiFi  SARComposite 

 

Coil Size 

(mm) 

1g SAR 

max 

10g SAR 

max  

1-

gram 

10-

gram 

B
et

a 
45

° 
15 0.043 0.024  0.043 0.024 

20 0.472 0.255  0.473 0.255 

25 0.092 0.048  0.093 0.048 

30 0.041 0.019  0.044 0.021 

35 0.053 0.028  0.059 0.032 

40 0.274 0.124  0.284 0.130 

45 0.063 0.031  0.081 0.042 

50 0.029 0.014  0.065 0.035 

 

      

 

 SARWiFi  SARComposite 

 

Coil Size 

(mm) 

1g SAR 

max 

10g SAR 

max  

1-

gram 

10-

gram 

B
et

a 
90

° 

15 0.057 0.031  0.057 0.031 

20 0.399 0.234  0.399 0.235 

25 0.053 0.033  0.055 0.034 

30 0.039 0.019  0.043 0.021 

35 0.087 0.043  0.094 0.047 

40 0.332 0.123  0.345 0.131 

45 0.141 0.042  0.164 0.057 

50 0.135 0.043  0.182 0.073 
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Table A.4: iRFW Path Loss with Subject in Scanner Bore 

A
lp

h
a 

0°
 

coil radius 

(mm) 

PLBack (dB) PLFront 

(dB) 

PLAvg (dB) 

15 -51.5 -68.0 -56.3 

20 -45.8 -62.4 -50.6 

25 -49.8 -69.2 -54.9 

30 -51.1 -71.3 -56.3 

35 -49.3 -61.1 -53.3 

40 -48.9 -57.2 -52.1 

45 -51.9 -59.7 -54.9 

50 -52.0 -64.0 -56.1 

 

    

 

coil radius 

(mm) 

PLBack (dB) PLFront 

(dB) 

PLAvg (dB) 

A
lp

h
a 

45
° 

15 -46.8 -68.0 -52.1 

20 -38.5 -60.8 -43.9 

25 -42.5 -67.2 -48.0 

30 -43.2 -70.5 -48.9 

35 -40.6 -68.8 -46.3 

40 -38.7 -63.0 -44.2 

45 -41.0 -64.5 -46.4 

50 -41.5 -61.6 -46.7 

 

    

 

coil radius 

(mm) 

PLBack (dB) PLFront 

(dB) 

PLAvg (dB) 

A
lp

h
a 

90
° 

15 -43.2 -70.5 -48.9 

20 -34.4 -65.1 -40.2 

25 -38.4 -71.8 -44.3 

30 -41.1 -75.6 -47.0 

35 -42.2 -68.8 -47.8 

40 -41.9 -66.7 -47.4 

45 -43.5 -77.0 -49.4 

50 -45.3 -71.5 -50.9 

 

    

 

coil radius 

(mm) 

PLBack (dB) PLFront 

(dB) 

PLAvg (dB) 

B
et

a 

45
° 15 -59.3 -67.2 -62.4 

20 -54.2 -64.3 -57.8 
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25 -58.6 -75.9 -63.6 

30 -58.7 -78.4 -63.8 

35 -53.9 -73.5 -59.1 

40 -50.8 -69.0 -55.8 

45 -51.9 -67.7 -56.6 

50 -52.0 -67.7 -56.7 
 

    

 

coil radius 

(mm) 

PLBack (dB) PLFront 

(dB) 

PLAvg (dB) 

B
et

a 
90

° 

15 -65.6 -69.9 -67.5 

20 -59.8 -62.3 -61.0 

25 -63.1 -64.4 -63.7 

30 -63.5 -64.6 -64.0 

35 -61.5 -66.6 -63.7 

40 -59.7 -69.7 -63.3 

45 -60.8 -68.0 -63.7 

50 -63.2 -65.6 -64.3 
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Table A.5: Power to Body and Antenna Characteristics for iRFW 

Coil in Scanner with Body 

A
lp

h
a 

0°
 

Coil 

Radius 

(mm) 

Power 

Deposited 

into Body 

(dB) 

Peak 

Total 

Gain 

(dB) 

Peak 

xz 

Gain 

(dB) 

Peak 

yz 

Gain 

(dB) 

Peak 

xy 

Gain 

(dB) 

Peak 

Directivity 

(dB) 

15 6.44 6.86 0.70 7.18 -7.62 12.20 

20 14.98 7.20 -0.20 7.47 -7.31 12.66 

25 8.49 7.19 -0.21 7.54 -7.41 12.59 

30 6.31 6.89 0.43 6.89 -6.70 12.05 

35 9.21 7.78 0.97 7.78 -4.44 12.72 

40 12.38 8.67 0.45 8.67 -5.34 13.63 

45 8.15 9.06 -0.24 9.06 -7.54 14.03 

50 7.03 8.81 0.59 8.85 -8.40 13.73 

 

       

 

Coil 

Radius 

(mm) 

Power 

Deposited 

into Body 

(dB) 

Peak 

Total 

Gain 

(dB) 

Peak 

xz 

Gain 

(dB) 

Peak 

yz 

Gain 

(dB) 

Peak 

xy 

Gain 

(dB) 

Peak 

Directivity 

(dB) 

A
lp

h
a 

45
° 

15 4.29 8.30 7.88 8.35 -5.46 12.23 

20 14.37 8.90 8.20 8.96 -5.04 12.38 

25 5.53 9.18 8.40 9.12 -4.65 12.28 

30 2.97 8.98 8.34 8.88 -5.81 11.94 

35 6.56 7.75 7.63 7.61 -5.81 11.09 

40 11.80 8.68 7.24 8.68 -6.14 12.15 

45 6.83 9.32 7.67 9.32 -7.91 12.59 

50 4.90 10.41 8.40 10.12 -6.32 13.20 

 

       

 

Coil 

Radius 

(mm) 

Power 

Deposited 

into Body 

(dB) 

Peak 

Total 

Gain 

(dB) 

Peak 

xz 

Gain 

(dB) 

Peak 

yz 

Gain 

(dB) 

Peak 

xy 

Gain 

(dB) 

Peak 

Directivity 

(dB) 

A
lp

h
a 

90
° 

15 3.85 9.51 7.18 9.51 

-

12.51 12.92 

20 13.28 10.71 8.46 10.71 

-

14.35 13.52 
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25 5.34 11.03 8.86 11.03 

-

11.31 13.58 

30 3.16 10.07 8.34 10.07 -6.52 12.80 

35 6.67 6.57 4.99 6.58 -3.84 9.87 

40 11.58 9.16 2.96 9.16 -4.87 12.34 

45 6.04 9.97 4.29 9.97 -6.56 12.84 

50 4.49 10.37 4.18 10.37 -7.18 13.42 

 

       

 

Coil 

Radius 

(mm) 

Power 

Deposited 

into Body 

(dB) 

Peak 

Total 

Gain 

(dB) 

Peak 

xz 

Gain 

(dB) 

Peak 

yz 

Gain 

(dB) 

Peak 

xy 

Gain 

(dB) 

Peak 

Directivity 

(dB) 

B
et

a 
45

° 

15 5.29 7.66 4.97 5.25 -1.33 12.57 

20 14.13 7.91 4.17 4.95 -1.64 13.02 

25 8.64 7.78 3.08 4.51 -1.08 12.92 

30 6.00 7.30 2.54 4.43 -0.51 12.32 

35 8.45 6.25 3.26 4.84 0.27 11.20 

40 12.40 6.90 4.03 5.16 -0.48 12.00 

45 7.63 8.05 4.28 4.99 -2.69 13.10 

50 6.17 8.65 4.53 4.92 -4.96 13.46 

 

       

 

Coil 

Radius 

(mm) 

Power 

Deposited 

into Body 

(dB) 

Peak 

Total 

Gain 

(dB) 

Peak 

xz 

Gain 

(dB) 

Peak 

yz 

Gain 

(dB) 

Peak 

xy 

Gain 

(dB) 

Peak 

Directivity 

(dB) 

B
et

a 
90

° 

15 4.44 6.39 5.15 2.80 -1.49 11.56 

20 13.38 7.13 5.60 1.87 -1.13 12.30 

25 7.80 7.51 6.01 1.33 -0.26 12.55 

30 5.05 7.70 5.20 1.73 -0.92 12.67 

35 7.84 6.23 6.14 3.14 -2.48 11.33 

40 11.54 6.68 6.71 3.54 -3.64 11.77 

45 7.02 7.46 7.38 3.41 -5.77 12.30 

50 6.02 7.27 7.21 3.89 -5.01 12.20 
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