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Leaky-wave Coil Element with Improved Tx-

efficiency for 7 T MRI Using a Non-Uniform Current 

Design

Abstract: Imaging of the human body at ultra-high fields (static magnetic field B0≥7 Tesla) is challenging due to the radio-

frequency field inhomogeneities in the human body tissues caused by the short wavelength. These effects could be partially 

mitigated using an array of antennas and by parallel transmission allowing for control of the radio-frequency field distribution in 

the region of interest. All commonly-used radio-frequency arrays for ultra-high field MRI consist of resonant elements: dipoles, 

TEM-resonators, loops and individual slots. All these elements rely on standing wave excitation, in the sense that they are resonant 

devices that produce a field pattern with a constant phase distribution along the commensurable conductor elements. However, it 

was shown previously, that a non-uniform phase of surface current is required to reach the ultimate intrinsic signal-to-noise ratio 

or a maximized signal in the desired region of interest. In our work we propose to use a previously demonstrated non-resonant 

leaky-wave approach to control the phase of currents in radio-frequency coil conductors to increase the B1
+ field in the center or 

in the region of interest. Using this approach, we developed a radio-frequency coil based on a leaky-wave antenna approach with 

optimized surface current distribution resulting in stronger B1
+ in the desired region compared to e.g. a fractionated dipole. 
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I. INTRODUCTION1 

agnetic resonance imaging (MRI) is a rapidly 

developing, non-invasive technology for diagnosis of 

various diseases as well as biomedical investigation of 

the human body. One of the current trends is increasing the 

static field B0 of superconductive magnets, which can 

provide a higher signal-to-noise ratio (SNR) to achieve 

higher resolution, as well as improved tissue contrast [1]. 

Ultra-high-field (UHF) MRI with a static magnetic field B0 

of 7 T has become available for clinical diagnostics of the 

human head and extremities [2]. UHF MRI has been 

successfully employed for the investigation of the human 

brain [3] and early detection of cancer [4]. However, 

challenges remain in the development of radio-frequency 

(RF) hardware, and RF safety concerns have slowed down 

the application of UHF MRI to some clinical tasks, 

especially for whole body imaging.  
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Classical volumetric RF coils used for whole body 

imaging are driven by only two independent channels (or 

only one separated into quadrature) to generate a circularly 

polarized (CP) field in the human body. However, previous 

work [5] showed that volumetric quadrature transmit (Tx) 

RF coils can create a strongly inhomogeneous field 

distribution in the human body at 7 T. To address the 

inhomogeneity of the transmit B1
+ field, a parallel 

transmission (pTx) approach was introduced [6] using arrays 

of individually driven transmit RF coils located at the surface 

of the human body. In pTx, phase and amplitude of the 

individual channel excitations can be optimized together in 

order to homogenize the B1
+ field in a desired region of 

interest (ROI) or to minimize specific absorption rate (SAR) 

[7]. 

Different RF coil elements can be used for pTx 

arrays, including loops [8], stripline resonators [9], dipoles 

[10] and slot antennas [11]. Individual array elements are 
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usually optimized to have maximum B1
+ in the target imaging 

region and minimal SAR at the region located close to the 

surface during transmission. It has been shown [10] that 

dipole antennas are more efficient for the imaging of deeply 

located regions such as the prostate and the heart at UHF in 

comparison to the stripline and loop RF coils because of their 

less concentrated current distribution generated at the surface 

of the subject. Several configurations of dipole antennas for 

7 T body imaging were introduced during the last years, 

including fractionated [12], dual-mode [13] and passive-fed 

[14].  

In UHF MRI, the ideal RF surface current patterns 

that maximize performance in the center of a tissue-

mimicking sample tend to have currents that lead in phase 

towards the ends and lag in phase towards the middle [15], 

[16]. However, all above-mentioned designs are based on the 

resonant current distributions that occur in the conductor, 

generating standing waves that lead to a constant phase of 

the phantom’s surface current. 

To overcome this issue, a non-resonant leaky wave 

antenna (LWA) was successfully proposed as a versatile RF 

coil element [17]. Such an antenna realizes a linear phase 

distribution of the phantom’s surface current due to its 

intrinsic non-resonant behavior, having a large bandwidth 

and are easy to match [17]. In this work we propose a novel 

RF coil for UHF body imaging using a non-uniform phase in 

the current distribution. The proposed MRI antenna design is 

based on LWA and was inspired by the ideal current patterns 

[15], [18] associated with the ultimate intrinsic signal-to-

noise ratio (UISNR) with the goal to maximize the B1
+ field 

in the ROI during transmission.  

II. METHODS 

A. Ideal current patterns at ultra-high-field MRI 

Ultimate performance limits, such as the UISNR 

[15], [19]-[23], the ultimate intrinsic specific absorption rate 

[7], [24] and the optimal transmit efficiency (OptTx) [21] 

have been proposed as absolute metrics to assess optimal RF 

coil designs. To calculate these performance benchmarks, an 

optimization process is performed that involves combining 

electromagnetic fields generated by basis modes. These 

modes can be represented by fundamental surface current 

patterns, which are treated as associated to individual coil 

elements of a hypothetical infinite array. To mimic body 

imaging, the current basis can be defined on a cylindrical 

surface surrounding a homogenous tissue-mimicking 

cylindrical object (i.e. a so-called phantom). The optimal 

weighted combination of the basis modes that yields the best 

possible performance for a task of interest defines the ideal 

surface current distribution. By calculating these ideal 

current patterns (ICPs), design guidelines are established for 

the development of RF coil elements that can approach the 

optimal efficiency [15], [25]. 

As it was mentioned in the introduction, in UHF 

MRI, the ICPs, namely the RF surface current patterns that 

maximize performance (i.e., the level of B1
+ field) at the 

center of the phantom tend to have currents that lead in phase 

towards the ends and lag in phase towards the middle of the 

current pattern. This could be explained from a geometrical 

point of view: if we consider several discrete current samples 

arranged along the bore axis (z-axis) at the operation 

frequency of a 7 T MRI (298 MHz), their phase increases 

from the center toward the ends of a cylindrical phantom to 

provide focusing of the B1
+ field in the object's center. Ideal 

UISNR current patterns that result in the UISNR at the center 

of a cylindrical phantom are illustrated in Figure 1 for a 27.5 

cm-diameter cylindrical phantom (ε=60, σ=0.6 S/m) at 298 

MHz. Similarly, for the transmit case, it is possible to 

calculate the ICPs that maximize B1
+ field in the central 

region of the sample while minimizing power absorbed over 

the entire sample.  

In contrast, resonant MRI coils and array elements 

commonly used for RF magnetic field excitation and spin 

relaxation signal reception (i.e. birdcage RF coils, arrays of 

dipoles, loops and stripline antennas) have current 

distributions with constant phase in the longitudinal direction 

[26-28]. One prior attempt to approximate the ICP was to use 

curved dipoles placed on top of a curved dielectric substrate 

so that the central portion would be further from the sample 

than the ends [29]. This aims at a geometric approach to 

change the current phase distribution along the z-direction. If 

we imagine such a dipole antenna as a combination of 

multiple discrete radiators, we can describe the effect of 

increased field as a result of constructive interference at the 

phantom's center. However, such an approach requires 

 
Fig. 1.  Ideal surface current patterns (ICPs) on the surface of a cylinder (a), and phase of corresponding z-oriented current along any z-oriented line on the surface 

of the cylinder (b). Ideal current patterns rotate around the z-axis in the direction indicated by the curved contour arrows such that the current towards ends of the 

cylinder along a z-oriented line (such as the dashed white line) leads that near the middle of the cylinder.  
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significant space inside the MR system compared to the 

traditional dipole array, and, therefore, is not practical.  

In reality, it is quite difficult to realize these ICPs. 

According to one work [25] for a large cylindrical phantom 

that mimics the human body, Tx arrays of 8 and 16 loops are 

reaching only 45% and 62% of the maximal possible UISNR 

at the center. Arrays based on straight dipole antennas with 

the same lengths as loops (22 cm) are more feasible for 

reaching UISNR, with 8 dipoles achieving 75% of UISNR 

and 16 dipoles accordingly 81% of UISNR at the center. To 

approach OptTx, several methods could be utilized. One 

possible method is using double-row arrays of dipoles with 

complicated decoupling circuits [32]. However, this is 

problematic since the majority of modern UHF MRI systems 

have only eight available Tx-channels. Another approach 

consists of an RF coil with a non-uniform distribution of 

currents that will mimic the ICPs [31]. 

In our prior work [17], a non-resonant approach for 

RF field excitation was proposed using a LWA. The LWA is 

based on the excitation of an array of slots, which are fed by 

a travelling wave on a microstrip line (MSL). In this LWA 

coil, there is no standing wave present. The phase delay 

between slots is defined by the electrical length of the 

intervening MSL sections. In [17], a linear phase distribution 

was used. In this paper, a similar approach was taken for the 

RF coil design, but with an optimized, non-uniform phase 

distribution to realize an optimal current distribution. We do 

not aim to fully mimic ICPs, but provide a versatile platform 

that is capable to realize different non-uniform current 

distributions within a single RF coil element. For 

demonstration, we focused our study on the optimization of 

the RF magnetic field in transmission.  

B. Simulations of multi-source RF coil with optimized 

current distribution 

As a starting point, we modeled a LWA based on 

previous work [31]. We designed an array consisting of six 

individually-driven, etched I-shaped slot antennas, located 2 

cm above the surface of a cylindrical homogeneous phantom 

(ε=60, σ=0.6 S/m), mimicking the human body at 298 MHz. 

I-shaped slots were used to increase the real part of the slot’s 

input impedance and to improve the loading of the RF coil 

onto the phantom. The slots were created by removing 

material from the shared metal ground plane and were 

designed with an overall length of L=115 mm. The slots were 

spaced with a 60 mm period and distributed uniformly along 

the z-axis. Each slot in the implemented design was driven 

using a lumped port, meaning that the slots were considered 

as individually driven antennas. Figure 2 illustrates the 

configuration of the proposed RF coil. 

The numerical simulations for the slot antenna were 

performed with CST Studio Suite 2020 (Dassault Systèmes, 

Vélizy-Villacoublay, France) using the frequency domain 

solver. Initially, each slot of the antenna was driven 

individually to obtain the RF field created by each port. The 

ROI was set to a point at a depth of 7 cm to correspond to the 

ROI in prostate imaging applications. In order to maximize 

the ratio of the RF field in the ROI to the accepted power 

(i.e., to maximize Tx efficiency) we exported the field 

distributions resulting from individual slot excitation in 

tandem with the S-matrix of the model for subsequent use in 

the optimization process. Using the Python 3.7 SciPy library 

implementation of the Trust-Region Constrained algorithm, 

we solved the minimization problem for six variables, 

namely the amplitude and the phase input coefficients, which 

are the initial values for the excitation of each slot, for three 

slots (owing to the symmetry of the problem, the ROI was 

assumed to be located directly under the center of the coil). 

Within the target function, the fields of the individual slots 

were first combined with amplitude and phase coefficients to 

find the total RF field value in the ROI and then the same 

input coefficients were multiplied by the S-parameter matrix 

to find the output coefficients, which represent the adjusted 

amplitudes and phases of the excitation signals for each slot 

after accounting for the mutual coupling between them, as 

determined by the S-parameter matrix, and the accepted 

power.  

The optimized surface current distribution was 

obtained by performing another simulation with the 

optimized input coefficients and extracting the surface 

current along the surface of the phantom. The resulting 1D 

current distribution Jz(z), presented in Figure 1b, was then 

imported into a corresponding COMSOL Multiphysics 

(Burlington, MA, USA) model to estimate the impact of 

current discretization introduced by the slots. This current 

distribution was then extended to a CP-mode producing a 2D 

current distribution continuous along φ, resulting in a current 

strongly resembling the ICP presented in Figure 1a. We then 

compared the resulting optimized current, in which the phase 

increases towards the ends, with the case of a constant 

current phase (along the z-axis). Phases of the surface current 

Jz at the top surface of the phantom for different cases are 

shown in Fig. 3.  

Figure 4 shows the distribution of the RF magnetic 

field B1
+ (normalized by the square root of the accepted 

power) simulated for the current configurations in Fig. 3.  

 
Fig. 2.  General view of the proposed RF coil placed over a homogeneous 

phantom. 



These simulations include a calculation with 

continuous current distribution (full) and two discretization 

methods: by discrete angle φ and by both discrete φ and z. 

Each image presents the normalized magnetic field B1
+ with 

a variable (optimal) and constant current phase along the z-

axis. The normalized magnetic field B1
+ for the full case is 

evenly distributed in the simulation region, with smooth 

intensity changes. For the full current distribution, the OptTx 

B1
+ at the center is 17% larger than that for the case with 

constant phase. When discretizing by φ, the OptTx B1
+ is 

about 16% larger than the corresponding case with constant 

phase. Discretization by both φ and z, the OptTx B1
+ field 

amplitude significantly decreases. Nonetheless, even with 

two-parameter discretization with a variable phase, the 

OptTx B1
+ is still 18% larger than for the current distribution 

with constant phase. Thus, independently from the current 

discretization, having the phase that increases towards the 

ends of the antenna has an advantage in terms of the OptTx 

B1
+ field amplitude.  

 
Fig. 3.  Current distributions used in COMSOL simulations. The columns represent different current discretization schemes: continuous full distribution, 
discretization by φ, and discretization by both φ and the z. The rows show different phase conditions, namely an optimized current with phase increasing towards 

the ends, and a constant phase current along the z-axis. The color scale represents the magnitude and direction of the current density, with red indicating positive 

values and blue indicating negative values. 
 

 

Fig. 4.  Simulated 𝐵1
+/√𝑃𝑎𝑐𝑐  for the current distributions. The value at the center of the phantom is listed below each case. 

 
Fig. 5.  Proposed OptTx-coil with optimized current phase design. 
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C. Design of single-source RF coil with optimal currents 

To demonstrate that the LWA can be used to create 

an optimal current distribution at 298 MHz, based on 

numerical simulation results, we designed an OptTx-coil as 

a MSL section with a periodically slotted ground plane. The 

name OptTx was chosen since the proposed coil was 

designed to approach the optimal Tx-efficiency in a region 

of interest (at a depth of 7 cm). The final version of the 

proposed OptTx-coil is shown in Figure 5. 

We designed the OptTx-coil inspired by previous 

work [31] for a pelvis-shaped phantom (ε=60, σ=0.6 S/m) 

that mimics the human pelvis [11]. We use a length of 400 

mm as in [31], because it is the maximum possible length 

along which the exponentially decaying wave propagates 

along the MSL to maximize power radiation before the 

terminal load. The length and spacing of the slots etched in 

the ground plane were adjusted to optimize efficiency in the 

desired ROI at a depth of 7 cm, resulting in a width of 145 

mm and an overall length of 390 mm. The LWA coil element 

features a ground plane with six identical I-shaped slots, as 

in the numerical model. These slots are used to increase the 

power coupling efficiency per unit length. To mitigate SAR 

and isolate the LWA coil's slotted ground plane from the 

phantom, a 15-mm polycarbonate spacer was introduced. 

In the proposed OptTx-coil, the guiding 

transmission line with a strip height of 2 mm was designed 

to achieve a 50 Ω impedance to match the output impedance 

of the MRI-scanner transceiver system. It was separated 

from the transmission line by a 2-mm-thick foam layer. Since 

it is necessary to provide a growing phase along the axial 

direction from the center of the OptTx-coil towards its end, 

we feed two sections of a proposed OptTx-coil from the 

center with a 180° phase shift. To realize the signal splitting 

with the required phase shift, an ultra-compact rat-race 

coupler was used as proposed previously in [30]. From the 

output ports of the rat-race coupler, the signal is led to the 

sections of the OptTx-coil. Additional lumped inductors 

were placed at the inputs of the leaky-wave sections to 

provide impedance matching.  

A similar approach as in [31] regarding the transmit 

field optimization was used: single slot B1
+ field profiles 

were imported to a Python 3.7 script and then optimized to 

maximize the B1
+ field in the region, located at 7 cm depth 

beneath the antenna center. To provide the desired phase 

shift, which was obtained by the optimization process, 

microstrip phase shifters were used. Since the phase lag from 

the center of the OptTx-coil towards its end should be 

positive, phase shifters with values larger than 180° were 

used. Phase shifters were implemented as a combination of a 

180° 70.7 Ω line and a 50 Ω line. The 70.7 Ω line was used 

due to its better miniaturization ability because of its smaller 

MSL width. 

D. RF coil prototyping and bench measurements 

To construct the OptTx-coil, two 0.2 mm thick 

Rogers RO4003 low-loss dielectric PCBs (ε=3.38) were 

positioned on top of a 2-mm-thick layer of ROHACELL 

31HF foam. The top PCB was responsible for forming the 

stripline, which included the ultra-compact rat-race coupler, 

the lumped inductors, and the microstrip phase shifters. The 

bottom PCB served as the ground plane and featured six 

etched I-shaped slots. A 15-mm-thick polycarbonate spacer 

was inserted to separate the slotted ground plane of the 

OptTx-coil from the phantom, helping to control the SAR 

levels. The overall design of the OptTx-coil prototype is 

displayed in Figure 6. 

The LWA was powered from one side using a 50 Ω 

coaxial cable, soldered to the MSL. The remaining three 

ports of the LWA were terminated with 50 Ω high-power 

resistors. They were placed at the inputs of LWA sections to 

provide impedance matching. No matching network or balun 

was required in this prototype.  

For all tests, a homogeneous phantom with 

dimensions and electrical properties similar to those used in 

the numerical simulations was utilized. To experimentally 

test the performance of the proposed OptTx-coil and the 

reference fractionated dipole, the RF coils and the phantom 

were placed in a Philips Achieva 7 T human MRI scanner. 

Single channels were used for transmission and reception. 

 
Fig. 6.  Photo of the prototype of OptTx-coil in (a) a perspective view, (b) a top view, and (c) a bottom view. 



III. RESULTS 

A. Numerical simulation of the proposed RF coil 

The optimized OptTx-coil element was numerically 

and experimentally compared to a fractionated dipole using 

the aforementioned homogeneous phantom within the 7 T 

MRI scanner. The amplitude of the RF B1
+ field was 

normalized by the square root of the accepted power in the 

central coronal slice plane at the center of the phantom and 

is presented in Figure 7a and 7b for both the fractionated 

dipole and the proposed OptTx-coil with two optimization 

methods applied. For analyzing the RF field distribution at 

different depths, we extracted RF B1
+ field profiles through 

the centers of the ROI. Figure 7c presents these profiles, 

comparing the OptTx-coil and the fractionated dipole. 

Compared to the fractionated dipole, the OptTx-coil 

generates a RF B1
+ field with higher magnitude at every 

depth, including the ROI at a 7-cm depth (indicated by the 

dashed lines in Figures 7a and 7b). 

The simulated and measured B1
+ amplitude for the 

proposed OptTx-coil and the fractionated dipole are 

compared in Table 1. 

This table shows that the RF field generated by the 

OptTx-coil at a depth of 7 cm (corresponding to the prostate) 

is 15% stronger than that of the fractionated dipole. 

In our previous work [31], we showed the 

difference between the uniform phase distribution of the 

dipole and a non-uniform distribution of the slot array. 

Figure 8 depicts the RF B1
+ field for the non-uniform phase 

distribution of the OptTx-coil element showing a narrower 

field of view but with significantly larger magnitude at large 

depths in comparison to the reference dipole for the same 

accepted power.  

B. RF coil evaluation 

The experimentally measured distributions of the 

RF B1
+ field in the central cross-section of the phantom for 

the OptTx-coil element and the fractionated dipole are 

presented in Figures 9a and 9b, respectively. Figure 9c shows 

depth profiles both for the proposed OptTx and dipole coils. 

IV. DISCUSSION AND CONCLUSION 

To maximize the transmit B1
+ field in the ROI 

located at a depth of 7 cm into the phantom (relevant to 

prostate imaging), we employed a multistep approach. First, 

the individual B1
+ field distributions and S-matrix 

parameters of the six-slot antenna array were processed using 

the Trust-Region Constrained algorithm to determine the 

ICP for maximizing Tx-efficiency. Subsequently, the impact 

of discretizing this continuous optimal current distribution 

on the RF B1
+ field characteristics and Tx-efficiency was 

evaluated. Comparing the optimized phase distribution with 

a constant phase distribution as visualized in Figure 3, 

confirmed the advantages of the optimized configuration in 

enhancing the RF B1
+ field strength within the target region. 

We found that the optimized phase of the OptTx-

coil progressively increases from the center to the edges. The 

optimization of current using a variable phase resulted in an 

increased Tx-efficiency by 17-18% compared to the constant 

phase along the z-axis. This indicates that by increasing the 

 
Fig. 7.  Simulated B1

+ field distribution for (a) the proposed OptTx-coil element and (b) the fractionated dipole, and (c) the associated B1
+ field profiles at 7-cm 

depth. 

 
Fig. 8.  B1

+ amplitude for the proposed OptTx-coil and for the fractionated 

dipole along the z-axis at 7-cm depth. 

TABLE I 

COMPARISON BETWEEN SIMULATED AND MEASURED B1
+

 AMPLITUDE FOR 

THE PROPOSED OPTTX-COIL AND THE FRACTIONATED DIPOLE 

RF 

coil 

type 

Simulated < B1
+>, μT Measured < B1

+>, μT 

OptTx 0.217 0.353 

Dipole 0.184 0.285 
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phase of current towards the ends of the RF coil, more 

magnitude of the B1
+ field can be focused on the ROI. 

In comparison, the fractionated dipole provides a 

more uniform magnetic field distribution along its length, but 

the dipole is less effective at deeper penetration in the ROI. 

Experimental results further shown in Figure 9 demonstrate 

that the OptTx-coil creates an RF B1
+ field with higher 

amplitude at all depths, including the ROI, by 19% compared 

to the dipole (at 7 cm depth), confirming and even surpassing 

the numerical simulation results. 

The OptTx-coil is particularly effective for MRI of 

an ROI at significant tissue depth, such as the prostate, due 

to its ability to concentrate the RF B1
+ field in the ROI and 

its improved directionality. This OptTx-coil design 

maximizes the use of the wavelength to focused RF B1
+ field 

with higher intensity in the ROI before the wave fully decays.  

The OptTx-coil is specifically engineered to have a 

phase increase from the center to the ends, which enhances 

the transmitted signal's intensity. The OptTx-coil design 

provides a unique approach for MRI. The use of an ultra-

compact rat-race coupler, based on the work in [30], in 

conjunction with microstrip phase shifters, enables the 

generation of a tailored phase distribution that maximizes 

power radiation and minimizes SAR.  However, the inclusion 

of phase shifters and the miniaturized rat-race coupler, which 

ensure the necessary phase shifts and improve impedance 

matching with the MRI system, significantly complicates the 

OptTx-coil design. 

In future work, we intend to create an 8-channel 

transceiver body RF coil based on this LWA approach, to 

improve the magnitude of the RF field in a desired ROI such 

as the prostate. 
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