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ABSTRACT

The simulation and design of radiofrequency (RF) coils is a fundamental task to maximize Signal-to-Noise Ratio (SNR) in Magnetic Resonance (MR) applications. The estimation of coil resistance, i.e. the losses within the coil conductors, in dependence on tuning frequency permits to predict coil performance and data SNR. Indeed, at RF the conductor resistance is increased due to the skin effect, which distributes the current primarily near the surface of the conductor instead of uniformly over the cross section. Moreover, the estimation of radiative losses as a function of tuning frequency permits a complete characterization of coil performance, expecially for high-frequency tuned coil when this loss mechanism could be the dominant one.
The objective of the paper is to compare Finite Element Method (FEM) simulations with analytical calculations in wire loop RF coils for MR applications.  Our results show that FEM can predict the losses within the coil conductors at 5.7 MHz with a relative difference lower than 3% with respect to analytical calculation, while the relative difference grows up to 58% at 127.8 MHz. Concerning the radiative losses, the relative difference between analytical formulation and FEM is lower than 3% at 5.7 MHz, and it grows up to 44% at 127.8 MHz.
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1. INTRODUCTION
Radiofrequency (RF) coils are key components in MR systems. The purpose of the transmitter RF coil is to produce a highly homogeneous alternating B1 field in the field of view (FOV) while the function of the receiver RF coil is to maximize signal detection while minimizing the noise [1].

Signal-to-Noise Ratio (SNR) is an accepted standard for quality index in MR and it is dependent on the hardware, particularly the main field strength and radiofrequency coils, upon the acquisition sequence parameters and the tissue relaxation properties [2]. In particular, SNR depends on the thermal noise voltage measured at the coil terminals which, in turn, depends on the coil resistance and the biological sample-induces resistance [3]. The SNR dependence on frequency can be estimated by taking into account the different contributions of power losses as a function of frequency f and by considering a sample with d as its linear size. In particular, by taking into account RF current distribution in the coil conductor cross-section, coil losses are proportional to 
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 while in the near-field assumption sample losses are proportional to 
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 [4]. We can assume that at low RF frequencies the SNR is mainly determined by the coil losses [5] and 
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: in these conditions high SNR coil design is more challenging and awareness of component losses becomes important. In these low field 1H MRI (for example 0.5T)  SNR can be improved by using high Q factor coil. On the other hand, at high RF frequencies, the sample losses are dominant and 
[image: image4.wmf]2

1

d

 

f

SNR

»

 [2]. These higher loading sample cases generally happen for 1.5 T and 3T 1H coil design. 

In dependence on their cross-sectional shape, conductors used for coils building can be categorized into two groups: cylindrical rod shapes (also referred to as “wires”) and rectangular shapes (also referred to as “strips”). While conducting wires size is defined by their radius, conducting strips are characterized by width and thickness.

Coil losses can be estimated by mean of analytical formulations [6, 7]. Alternatively, numerical methods based on solutions of Maxwell's equations can be used. Specifically, in [8] the finite-difference time-domain (FDTD) method has been used for calculating coil losses in wire geometries at 3T , i.e. at 128 MHz: FDTD results displayed a moderate agreement with theory. Such moderate agreement has been motivated by the authors with a not adequate mesh resolution; in fact, the required mesh resolution should be smaller than the skin depth, thus significantly increasing computational complexity. Several approaches have been proposed to incorporate skin effect losses without lowering resolution [9, 10], however their accuracy with respect to the geometries encountered in MR coil simulations has not been established. 

FDTD, or its version involving the integral form of Maxwell's equations in time domain, i.e. the Finite Integration Technique (FIT), has been widely used for electromagnetic characterization of low and high field MR coil, both unloaded and loaded with human-like phantom. However, FDTD has also some criticism when dealing with structures having small radius of curvature, such as wires [11] and/or rods. Wires and/or rods can be appropriately modelled by using the Finite Element Method (FEM), which is a numerical method based on solutions to Maxwell's equations in the frequency-domain [11, 12, 13]. Moreover, FEM is inherently quicker than time-domain procedures. Concerning FEM memory requirements, they scale proportional to the geometry, the frequency and the size of the surrounding space (i.e. for electrically small objects the space is very large). In this paper we propose the application of FEM to perform wire loop coil losses estimation from 0.13 T to 3.0 T, i.e. from 5.7 MHz to 128 MHz; the results are then compared with analytical formulations.
II. METHODS
RF coil can be schematized by an equivalent RLC circuit whose current which flows on it is maximized at the Larmor frequency (Fig. 1). As according to the reciprocity theorem [14], V can be the voltage source (transmit coil) or the sample-induced voltage (receive coil). L is the system inductance which takes into account for the energy that can be stored in the magnetic field and it is related to the conductors size and geometry. C is the system capacitance and is mainly resulting from the contribution of discrete capacitors.
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Fig. 1 RLC equivalent circuit of a radiofrequency coil

Energy exchange between magnetic and electric field might alternate in time with maximum efficiency at the resonant frequency. By applying Kirchhoff law, the circuit resonant frequency can be calculated as:
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The circuit resonant frequency is equal to the Larmor frequency, and thus it is related to the static field B0 and to gyromagnetic ratio values for the nuclei (1H in this paper). The resistance R is the sum of all the resistances that can be associated to loss mechanism within the conductors and within the sample [15]. In particular 


[image: image7.wmf]extra

sample

coil

tot

R

R

R

R

+

+

=

                 



                                                 (2)

Rcoil takes into account for the losses within the coil conductors and depends on the conductor geometry. Rsample are the sample losses caused by RF currents, induced by the fluctuating magnetic field, and by electric fields in the sample. Rextra includes radiative losses, tuning capacitor losses and soldering losses: if we neglect tuning capacitors losses and soldering losses, we can assume Rextra including only radiative losses. Thus we can write:
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where 
[image: image9.wmf]irr

R

 denotes the radiative losses.
In the unloaded condition, Rsample can be neglected.

Coil losses estimation: FEM

To evaluate FEM ability in coil losses prediction, an unloaded circular coil with radius r=7.5 cm constituted by a wire copper (radius a=0.1 cm) is simulated through CST MW Suite (CST-Computer Simulation Technology AG, Darmstadt, Germany). The loop is feeded by an S-port, positioned as shown in Fig 2. The impedance is calculated at the following frequencies: f= 5.7, 21.3, 42.6, 63.9, 85.2 and 127.8 MHz. 
The real part of the impedance corresponds to Rtot. Note that Rtot comprises both
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. However, since CST permits to calculate the power loss in metal, the separation between 
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FEM analysis was performed with an adaptive automatic tetrahedral mesh. In order to reach the convergence for S parameters during the mesh adaptation, a local mesh has been used. We stopped the refined after reaching a minimum edge length of 10 µm; this lead to 2626254 tetrahedrons. Simulation time was 16 hours on one workstation. Note that a further reduction of the minimum edge length leads to an enhancement of the number of tetrahedrons; however, number of tetrahedrons must be monitored to avoid RAM exceeding (32GB in our case) during simulation. To evaluate the impact of the number of tetrahedrons on the estimation of both 
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, simulations have been repeated at 63.9 MHz using approximately 273476 and 854832 tetrahedrons.
Coil losses estimation: analytical calculation 
An alternating current (AC) flowing in a conductor is not uniformly distributed across its section but it is confined in a region near the surface whose thickness (penetration depth) δ is given by [16]:
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where ρ is the conductor resistivity (ρ=1.68·10-8 m·Ω for copper),  f  is the coil tuning frequency and μ0 is the free space permeability ([image: image17.wmf]7
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Henry per meter). The conductor volume crossed by the RF current is limited by penetration depth value given the so called the “skin effect” [17].

The coil resistance can be estimated by using the classic formula R=ρl/S  which takes into account for the conducting pathway geometry, where l and S are the total conductor length and cross-sectional area respectively [18].

For a r radius circular loop constitured by a wire conductor, if the wire radius a is much greater than δ, the loop conductor losses can be calculated as [7]:
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where the dependency on frequency is due to the penetration depth. 

Rwire is calculated for the loop of Fig 2; note that Rwire does not correspond to Rtot but only to Rcoil, since it can not take into account radiation losses 
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For a small loop, 
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 can be calculated as [19]:
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Note that a loop can be classified as small if 2πr<<λ.
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Fig. 2. Unloaded 7.5 cm radius circular loop constituted of 0.1 cm radius wire copper. The cone represents the source.
III. RESULTS AND DISCUSSIONS
Tab. 1 shows coil simulation results obtained with FEM at 63.9 MHz for different number of tetrahedrons. From Table 1, it is possible to note that the relative difference of Rcoil calculated using 854832 tetrahedrons and 273476 tetrahedrons is 6%; the relative difference of Rcoil calculated using 2626254 tetrahedrons and 854832 tetrahedrons is 3%. The relative difference of Rirr, calculated in similar manner, is always less than 1%. The slight increase of Rcoil with an higher mesh resolution is in agreement with what observed in [8].

Tab. 2 shows coil simulation results obtained with FEM at different frequencies, while Tab. 3 refers to analytical calculations. In Tab. 3, the penetration depth is also given. 

From Tab. 2 and Tab. 3, it is possible to note that within 63.9 MHz the coil total losses are dominated by the coil losses; specifically, at 63.9 MHz, we have Rcoil/Rirr =8.4 and Rwire/Rsmall loop-irr=7.7.
FEM can predict the losses within the coil conductors at 5.7 MHz with a relative difference lower than 3% with respect to analytical calculation, while the relative difference grows up to 58% at 127.8 MHz. The enhancement in relative difference with respect to frequency could be explained recalling that, in simulations, we used a minimum tetrahedrons edge length of 10 µm. The penetration depth drops to 5.8 µm at 127.8 MHz; thus, at 127.8 MHz, the tetrahedrons here used are not fine enough to accurately take into account the skin effect, which distributes the current primarily near the surface of the conductor instead of uniformly over the cross section. At 127.8 MHz, we have Rcoil equal to 345 mΩ: note that this value is in excellent agreement with Rcoil calculated in [8] (337 mΩ), where the FDTD solver of CST MW Suite (CST-Computer Simulation Technology AG, Darmstadt, Germany) has been used.
Concerning the radiative losses, the relative difference between analytical formulation and FEM is lower than 3% at 5.7 MHz, and it grows up to 44% at 127.8 MHz. This enhancement in relative difference with respect to frequency can be explained recalling that the analytical formulation of eq. (6) holds true for 2πr<<λ (i.e. 2πr<λ/10) and, thus, only up to 63.9 MHz for the geometry here conceded.
	number of 

tetrahedrons
	R tot (mΩ)

 
	R coil (mΩ)


	R irr (mΩ)



	273476
	181
	159.9477
	21.0523

	854832
	190
	168.8418
	21.1581

	2626254
	197
	 175.3694
	21.6306


Tab. 1 Wire circular coil losses estimation at 63.9 MHz using FEM with different number of tetrahedrons 

	f (MHz)
	R tot (mΩ)

 
	R coil (mΩ)


	R irr (mΩ)



	5.7
	47.4
	47.3967
	0.0013

	21.3
	92.5
	   92.2487
	0.2513

	42.6
	139.8
	135.6479
	4.1521

	63.9
	197
	 175.3694
	21.6306

	85.2
	304
	218.9712
	85.0288

	127.8
	919.8
	345.1090
	574.69


Tab. 2 Wire circular coil losses estimation for different frequencies: FEM
	f (MHz)
	δ (μm)
	Rwire (mΩ)
	R small loop-irr (mΩ)

	5.7
	27.3
	46
	0.00127

	21.3
	14.1
	89
	0.247

	42.6
	10.0
	126
	3.958

	63.9
	8.1
	155
	20.036

	85.2
	7.0
	178
	63.324

	127.8
	5.8
	218
	320.577


Tab. 3 Wire circular coil losses estimation: analytical calculation for different frequencies. The penetration depth is also given
IV. CONCLUSIONS 
In this paper we use the numerical approach based on FEM for estimating separately the conductor and radiative losses in wire loop RF coils for MR applications. Such losses estimations are compared with analytical calculations for different tuning frequencies.
Concerning conductor losses, FEM displays a good agreement with analytical calculation at low frequencies; as the frequency increases, conductor losses estimated through FEM are higher than analytical calculation. Concerning radiative losses, small loop radiation equation displays a good agreement with FEM at low frequencies; as the frequency increases and small loop approximation does not hold, small loop radiation equation leads to radiative losses lower than FEM. 
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