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Purpose: To evaluate the performance of micro-electromechanical systems (MEMS)

switches against PIN diodes for switching a dual-tuned RF coil between 19F and 1H

resonant frequencies for multi-nuclear lung imaging.

Methods: A four-element fixed-phase and amplitude transmit–receive RF coil was

constructed to provide homogeneous excitation across the lungs, and to serve as a

test system for various switching methods. The MR imaging and RF performance of

the coil when switched between the 19F and 1H frequencies using MEMS switches,

PIN diodes and hardwired configurations were compared.

Results: The performance of the coil with MEMS or PIN diode switching was com-

parable in terms of RF measurements, transmit efficiency and image SNR on both
19F and 1H nuclei. When the coil was not switched to the resonance frequency of the

respective nucleus being imaged, reductions in the transmit efficiency were observed

of 32% at the 19F frequency and 12% at the 1H frequency. The coil provides transmit

field homogeneity of 612.9% at the 1H frequency and 614.4% at the 19F frequency

in phantoms representing the thorax with the air space of the lungs filled with

perfluoropropane gas.

Conclusion: MEMS and PIN diodes were found to provide comparable performance

in on-state configuration, while MEMS were more robust in off-state high-powered

operation (>1 kW), providing higher isolation and requiring a lower DC switching

voltage than is needed for reverse biasing of PIN diodes. In addition, clear benefits of

switching between the 19F and 1H resonances were demonstrated, despite the proxim-

ity of their Larmor frequencies.

KEYWORD S

Micro-electromechanical systems (MEMS), PIN diode, fluorine-19 MRI, Switchable RF coils, Dual Tuned

RF coils, lung MRI

1 | INTRODUCTION

In non-proton MRI applications, it is desirable to be able to

acquire 1H structural imaging that is co-registered to the

complementary functional imaging provided by the other

nucleus, as demonstrated previously with hyperpolarized gas

and 1H lung MRI.1 The motivation for this work was devel-

opment of switched dual-tuned RF coil designs to allow

detection of inhaled 19F C3F8 gas and 1H signals from the

lungs at 1.5 T in the same scan session.
.......................................................................................................................................................................................
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In previous human lung imaging studies with perfluorinated
19F gases, the 1H body coil has typically been used with an

actively decoupled 19F vest coil.2 The use of a coil for both 1H

and 19F nuclei without dual-tuning has been implemented previ-

ously,3 but the detection sensitivity and homogeneity was only

optimized at the 19F frequency. Trap circuits are commonly

used to tune the coil resonance to multiple frequencies4 using

inductive and capacitive elements in parallel. However, for 19F

(60.06 MHz at 1.5 T) and 1H (63.8 MHz at 1.5 T) the band-

width of passive traps with the typical Q-factors of commer-

cially available components is comparable to the frequency

separation, limiting their use, as discussed previously.5 Another

approach is to actively switch-in capacitors in parallel to the

existing tuning capacitors using PIN diodes, and more recently

the use of field effect transistors6 and micro-electromechanical

systems (MEMS) 7–9 have also been reported. The equivalent

series resistance (ESR) of these three devices are reported to be

insignificant when compared with the quality factor (Q) of trap

circuit inductors (eg. Q� 120 at 128 MHz in Maunder et al),10

which results in negligible additional loss. For example, when

comparing a dual-tuned coil design to single tuned counterparts,

SNR losses of 25% and 50% were reported for 19F and 1H,

respectively,11 while the switching used in Choi et al12 resulted

in more equivalent performance for imaging both 19F and 1H

when compared with respective single tuned coils. Therefore,

due to the close frequencies of 19F and 1H at 1.5 T the use of

switching is favored.

Recent improvements in the technology for MEMS

switches and associated driver circuitry has allowed

increased switching speed, better power handling and

reduced insertion loss,13 so that MEMS switches have been

successfully demonstrated for coil decoupling14 and recon-

figurable RF coils15 in MRI. However, MEMS are not well

established or characterized for use in the MRI environment

when compared with PIN diodes, so both devices are system-

atically compared here. A summary of typical performance

parameters for FETs, MEMS or PIN diodes is presented in

Supporting Information Table S1, which is available online,

with the specific values for the PIN diodes and MEMS com-

ponents used in this study. Notably, the switching speed has

typically been found to be limited by the driver circuitry

rather than the devices themselves.6 It would, therefore, be

beneficial to use low DC power MEMS or FETs for switch-

ing, but for FETs the breakdown voltage is lower than often

present for high power transmission pulses, which restricts

their use in MRI.

In this Note, we compare two methods for switching the

matching network tuning: MEMS and PIN diodes, and com-

pare these with a hard-wired configuration for either nucleus.

The switching comparison is exemplified using a four ele-

ment fixed phase/amplitude transmit–receive RF coil

designed for lung imaging of 1H and 19F perfluorinated gases

at 1.5 T.

2 | METHODS

2.1 | Component evaluation: Power handling
of PIN diode and MEMS

The mechanism of actuating MEMS switches is fundamentally

different to that of PIN diodes. The MEMS used here consist

of an array of beam type structures that operate as relays actu-

ated electrostatically by a DC voltage applied between the

beam and gate.14 A representative side view of the MEMS

structure is shown in Figure 1A displaying the method of oper-

ation, as the switch is actuated the beams make contact with

the central conductor providing a connection between RFa and

RFb in the circuit schematic model. More details on the device

structure are provided in Keimel et al.13 To compare the behav-

ior of both PIN diode and MEMS under the higher RF transmit

power conditions experienced in whole-body MRI, a bench-

top test was set up. A pulse-modulated signal of 60 MHz with

pulse duration of 0.2 ms (duty cycle 0.02%) was generated by

a WS8352-Taber waveform generator. A 335953-Picker linear

pulse amplifier was used to generate peak output powers from

7.3–2380 W. The output time-domain voltage waveform was

measured on a high-speed oscilloscope (DSO 104A-Keysight)

after 30 dB attenuation. Transmission to the attenuator was

through MEMS switch or PIN diode placed in series, and DC

bias isolated by choke inductors. The MEMS switch configura-

tion was evaluated in open or closed position, and the PIN

diode configuration was evaluated with varying reverse bias

voltages and forward bias currents.

2.2 | Coil design for switching application

To test the switching performance, a four element fixed

phased transmit–receive coil was designed for dual tuned use

for imaging 19F (60.06 MHz) and 1H (63.8 MHz) at 1.5 T on

a GE Signa HDx system equipped with a 4 kW broadband RF

amplifier. A circularly polarized B1

1 excitation was achieved

using a combination of 908 and 1808 hybrid circuits that were

custom built for both the 1H and 19F frequencies. In the

matching network topography shown in Figure 1B, the

capacitor Cs was switched-in to change the matching tuning

(resonance) of the coil from the Larmor frequency of 1H to
19F by three possible mechanisms:

(i) MEMS (MM7100, MenloMicro, Irvine, CA) switched on

by application of 82V DC,

(ii) PIN diode (MA4P7435F-1091T, MACOM, MA) forward

biased with 100 mA DC current,

(iii) Hard-wired configuration for either nucleus.

The matching capacitance (10C package, Dali Capacitors,

Dalian, China) and inductance values were; Cm568 pF and

2 | Magnetic Resonance in Medicine
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Lm592 nH for the left and right coils and Cm556 pF and Lm

5111 nH for the anterior and posterior coils, as annotated in

Figure 1C. The capacitor was Cs575 pF for all four coil

elements. The manufactured matching networks are shown in

Figure 1C. RF scattering parameters were measured on

the bench using an Agilent E5061A Network Analyzer

(Keysights, Santa Clara, CA). To characterize the loss of the

matching networks, the scattering parameters of the matching

network were measured without the coil connected and the

power loss ratio, PLR, was calculated.
16

Decoupling between adjacent coil elements was achieved

using capacitive decoupling networks.17 The topology and

dimensions of the coil (Figure 1D) were designed to provide

a receive sensitivity and transmit field profile that covered

the lungs of a large adult male, with <20% variation over a

253 253 20 cm3 volume. The widths were 25.5 cm for the

anterior/posterior and 30 cm for the right/left elements coils.

The coils were constructed from 11-mm-wide and 77-

lm-thick self-adhesive copper tape mounted on a flexible

Polytetrafluoroethylene substrate. There were five capacitor

break-points in each coil.

For 1H imaging and RF measurements a cylindrical

phantom was used consisting of 3.6 g/L NaCl and 1.96 g/L

CuSO4�5H2O salt solution18 to represent a human load. For
19F imaging two glass canisters (2 L volume) were filled

with C3F8 gas mixed with 21% O2 at 1.5 bar pressure, which

emulates the air-space in the human thorax. The glass phan-

toms were placed in a cylindrical shell and surrounded with

a 12L bag containing the saline solution and placed over

another equal volume bag for suitable loading. The phantoms

and coil are shown in Figure 1E.

2.3 | Imaging tests

Measurement of T1 was performed in homogeneous phan-

toms by 2D spoiled gradient echo (SPGR) imaging. First, the

FIGURE 1 (a) Circuit schematic ofMEMS switch used here and wafer level representative diagrams of the devices used. (b) A circuit schematic of

the matching network design using the various switching methods. (c) The constructed matching network on anterior coil. (d) Schematic of transmit-

receive coil for 19F and 1H imaging at 1.5 T with dimensions labeled. Included in the driving circuitry is a 90 8 hybrid, a pair of 180 8 splitters/combiners,

and a T/R switch. (e) The coil prototype with cylindrical and bag phantom used to emulate body loading

HEULE ET AL.
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flip angle (FA) was fit against image intensity with varying

input power with TR >>T1 (TR5 600 ms for 1H phantom

experiments and TR5 80 ms for 19F in the C3F8/O2 phan-

tom). Next, T1 was fit against the image intensity with varying

FA but with TR<T1 (TR5 8 ms for 1H phantom experiments

and TR5 7.5 ms for 19F in C3F8/O2 phantom). Image inten-

sity (SSPGRÞ was related to FA and T1 according to Deoni
19

SSPGR5
qð12e2TR=T1ÞsinFA
r 12e

2
TR
T1cosFA

� � ; (1)

where q is a proportionality factor that depends upon system

hardware and the TE, which was fixed. The noise standard

deviation, r; is included to normalize the signal to SNR units.

The standard deviation of noise in images was measured in a

signal-free region of greater than 100 pixels as described in

NEMA.20

To compare the effect of the respective switched tuning

methods on transmit efficiency, the FAs were measured for
1H and 19F SPGR imaging by varying input power and fitting

FA, as well as q=r; according to Eq. (1) with the phantom

measured T1’s for 1H and 19F (reported in results section)

when the coil tuning was set to both 19F and 1H, respectively.

The corresponding transmit efficiency with known input

power and pulse width was subsequently calculated.

2.4 | In vivo imaging

In vivo lung imaging evaluation was performed with inhaled

C3F8 mixed with 21% O2 with a healthy adult male volunteer

(28 years) following informed consent and a protocol

approved by UK National research ethics committee. Three-

breaths of the gas were inhaled and then 3D 19F SPGR imag-

ing was performed within a single breath-hold (37 s scan

time). In addition, 1H 3D SPGR anatomical imaging was per-

formed during a separate breath-hold (13 s) of air with the

lungs at the same inflation level. Both images were localized

to cover the same geometry. MEMS were used to switch

between the two tuning states during in vivo imaging. A

summary of all sequence and acquisition parameters used for

the imaging experiments are provided in Table 1.

3 | RESULTS

3.1 | Coil bench testing

Both the MEMS when switched closed, and PIN diode when

forward biased, remained operational up to the maximum

powers tested (2380 W, or approximately 6.9 A peak cur-

rent), in accordance with the maximum values specified in

Supporting Information Table S1. However, as demonstrated

in Figure 2A, the reverse biased PIN diode began to conduct

RF power when the reverse bias DC voltage was lower than

the peak RF voltage, which was not the case with the MEMS

switch in the open position. However, at the maximum

power (equivalent to a peak voltage of 690 Vpp as delivered

to a 50 X load), the MEMS switch in the open position suf-

fered critical failure. Figure 2B–D displays the measured

pulse waveforms with increasing RF power and 15V reverse

bias of the PIN diode demonstrating conduction was primar-

ily coming from undesired injection of majority carriers in

the intrinsic region on the negative voltage swing.

Additionally, at high power there was an observed droop

in the voltage over the pulse length when the diode was

insufficiently reverse biased. This is believed to be related to

rapid heating of the PIN diode during the RF pulse resulting

in increased impedance. The waveform observed (Figure

2D) when the pulse length and power was increased

(Vpp5 648V) shows the effect became more pronounced

and ultimately led to device failure. This voltage droop was

only observed for PIN diodes when insufficiently reverse

biased, the waveforms obtained at the same power with

either MEMS or a 3 pF blocking capacitor (Figure 2F,G)

showed no droop. The MEMS switch used here was found

to have a marginally higher isolation (19.4 dB) when

TABLE 1 Imaging parameters for coil performance evaluation

Measurement Sequence TE (ms) TR (ms) BW (6 kHz) Matrix size FOV (cm3) Mean FA (8) Avg.

1H – T1 2D Axial SPGR 4.6 FA fit - 600

T1 fit - 8

14.76 1283 1283 1 403 403 1 varied 1

19F – T1 2D Axial SPGR 3.4 FA fit - 80

T1 fit - 7.5

8.06 303 253 1 303 243 10 - 20

1H – Tx efficiency 3D Coronal SPGR 3.1 8 ms 31.25 1283 963 30 443 333 30 - 1

19F – Tx efficiency 3D Coronal SPGR 2.1 5.1 6.94 503 423 10 303 243 20 - 10

1H – In-Vivo 3D Coronal SPGR 3.7 9.1 8.06 1003 1003 28 423 423 28 35 1

19F – In-Vivo 3D Coronal SPGR 0.9 4.3 10 503 423 14

(75% kx)

423 343 28 27 15

4 | Magnetic Resonance in Medicine
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compared with the diode (18 dB) when a sufficiently high

reverse bias voltage was applied. The power levels tested on

the bench were higher than those expected in the scanner and

with the maximum 1 kW RMS input pulse there was no

observed unintentional reverse biasing of the forward-biased

PIN diode or failure of the MEMS switch.

The measured unloaded and loaded quality factors of coils

were 165 and 14.4 for anterior/posterior coils and 195 and

14.3 for right/left coils, respectively. The measured coil resist-

ance when loaded with a cylindrical phantom was �24 X for

the anterior/posterior coils and �26 X for left/right coils (Fig-

ure 1E). The reflection coefficient of one of the coil elements

(right) when switched between the 19F and 1H frequencies by

means of each of the three methods is shown in Supporting

Information Figure S1. The reflection coefficients of all the

elements were found to be less than -20 dB at the frequencies

of interest (60.06 MHz for 19F and 63.8 MHz for 1H). The

90 8 hybrid and 180 8 power dividers used had a reflection

coefficient less than -15 dB for both frequencies with insertion

loss of �0.5 dB. The decoupling between nearest neighbor

coils (e.g., anterior and right) was optimized for the 19F

frequency, where isolation was greater than 15 dB for quadra-

ture channels. PLR was 126 2% for the matching network for

MEMS, PIN diode and hard-wired configurations of the coil,

which was verified with three repeated measurements.

3.2 | Transmit uniformity and efficiency
with switching

The measured T1 of
1H in the salt solution phantom was 39.5

ms, while the T1 of
19F in the C3F8/O2 mixture was 16.6 ms.

Using the FA mapping method described, the measured

transmit efficiency within a cylindrical phantom at 63.8 MHz

is shown in Figure 3A and Figure 3B, when the coil is hard-

wired tuned to 1H and 19F respectively. A measured reduction

of �12% in the mean transmit efficiency and a �21%

increase in the B1 inhomogeneity (SD) was observed when

the resonance of coil was set to the 19F frequency, while

transmitting and receiving at the 1H frequency. Similarly, for
19F, the mean transmit efficiency decreased by 32% and the

B1 inhomogeneity (SD) increased by 67% when the reso-

nance of coil was set to 1H.

FIGURE 2 (a) Transmission relative to operation in the conducting state for MEMS and PIN diode with different reverse bias voltages. The measure-

ment waveforms with increasing RF power are displayed below. The Vpp labeled next to waveforms is the voltage measured in the forward conducting

state with 100mA bias current.Waveforms are shown for when PIN diode is reverse biased by 15V at b (Vpp5 38.3V), c (Vpp5 108V), and d

(Vpp5 334V). (e) The waveform for the PIN diode during an extended high-power RF pulse shows voltage droop leading to failure, which is not evident

for either F (MEMS in open-state), or g (a series 3 pF blocking capacitor)

HEULE ET AL.
Magnetic Resonance in Medicine | 5



The measured transmit efficiency for the three switching

methods are presented in Figure 3C. The mean and SD of

the transmit efficiency calculated from the fitted FA from

Eq. (1) is displayed above the axial images. The q=r within

the 19F phantom, as fitted from Eq. (1), was 43.66 17.8%

with MEMS, 43.46 23.1% with PIN diode, 48.76 28.1%

with hard-wired 19F tuning and 44.66 28.6% with hard-

wired 1H tuning. The mean SNR changed marginally when

tuning was switched from 19F to 1H, but the SD increases

demonstrating a reduction in homogeneity of the transmit

and receive sensitivity profiles. Results of transmit efficiency

and SAR simulation21 for a cylindrical phantom and realistic

human body model with HFSS® (ANSYS, Canonsburg, PA)

and Sim4Life® (duke model)22 (ZMT, Zurich Switzerland)

can be viewed in the Supporting Information Figure S2,

which substantiate the measured results.

3.3 | In vivo imaging

Eight central slices of 19F in vivo lung ventilation images

overlaid on 1H images are shown in Figure 4. The resulting

inhaled 19F C3F8 lung ventilation MRI display similar SNR

FIGURE 3 Measured transmit efficiency at 63.8MHzwithin a cylindrical phantom in central axial and coronal slices. In measurement, the coil is

either tuned to 1H (a) or 19F (b) frequency. The mean transmit efficiency shown above axial slices is calculated within the volume of the circled region. (c)

Measured transmit efficiencywithinmulti-nuclear phantom tuned to 19F frequency using the three methods:MEMS switch, PIN diode, hard-wired

connection and additionally the coil tuned to 1H frequency

FIGURE 4 Coronal 19F ventilation images overlaid upon 1H images from a healthy volunteer (male, 28 years old) usingMEMS to switch the coil

resonance.

6 | Magnetic Resonance in Medicine
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homogeneity to those performed with the phantom. SNR

was found to be high enough (�12) with the given imaging

parameters for single breath-hold lung ventilation images to

be obtained and co-registered with proton structural images.

4 | DISCUSSION

In this study, there was no measurable difference in the power

loss introduced by MEMS or PIN diode switching (PLR) when

compared with a hard-wired connection, as would be expected

from their relatively low nominal ESR (Supporting Table S1).

The loss in the matching networks is less than the insertion

loss incurred across the power-dividers used to feed power to

the coil elements (0.3–0.5 dB loss for each stage) and primar-

ily comes from the use of inductors, which have physically

limited Q factors. There was only a 4.5% difference (10.6–

11.1 lT=
ffiffiffiffiffiffiffi

kW
p

) in the mean transmit efficiency measured with

the three switching configurations, which is likely in part due

to the variation in re-positioning the phantom. This is in

accordance with other studies, which showed similar imaging

performance with switched dual-tuned coils when compared

with single-tuned counterparts.12,23 Therefore, we believe the

choice of switching method is primarily one of practicality and

we summarize below the salient considerations.

From a component perspective, MEMS typically have a

higher cost and occupy a larger circuit footprint than PIN

diodes. PIN diodes require high DC power consumption and

biasing requires multiple inductive chokes to prevent RF cur-

rents induced on DC lines, rather than resistive networks.

MEMS switches typically require higher DC voltages, because

their operation is based on electrostatic actuation, which would

require the scanner interface to be in accord with voltage direc-

tives for medical devices.24 However, to prevent unintentional

forward biasing of PIN diodes in their off-state requires higher

reverse bias voltage.25 Additionally, without sufficient reverse

biasing the isolation is degraded and the transmitted power

becomes nonlinear,26 which can lead to device destruction,27

as demonstrated here with high power pulse leading to diode

burnout. The lower switching speed of MEMS switches when

compared with PIN diodes is listed in Supporting Table S1,

but previous research has demonstrated MEMS switches have

adequate switching speed for most MR imaging methods, and

are comparable to that of PIN diodes including driver

circuitry.7,28,29

In this study, matching the coil to the correct frequency

reduced the reflection coefficient from�-5 dB to< -20 dB, which

corresponds to an increased mean transmit efficiency and homo-

geneity at the 19F and 1H frequency. Therefore, a clear advantage

of the use of dual-tuning was identified, despite the relatively close

frequencies. Nevertheless, in situations where the required scope

of 1H imaging is limited, e.g., for initial localizer/survey/pilot

imaging or low-resolution structural lung imaging in the same-

breath, a coil optimized for 19F frequency could be sufficient for
1H imaging. The limitations of using the coil in this manner

depends on the loaded quality factor of the coil, which primarily

depends on the physical dimension of individual element/loop.

Although the primary theme of the work was the switch-

ing comparison, the 19F perfluoropropane lung image quality

obtained with the transceiver coil at 1.5 T is encouraging, as

1.5 T may have potential benefits over 3 T for this application

in terms of reduced SAR and longer T�
2 of the gases in vivo.

5 | CONCLUSIONS

The losses introduced by switching a dual-tuned coil between
19F and 1H with either MEMS or PIN diode switches was found

to be not measurably different to the losses experienced with

hard-wired connections. Moreover, the MEMS switch did not

fail during high RF power pulsing. Therefore, we believe

MEMS switches are suitable for use in high power transmit

coils and may be used in applications, which currently use PIN

diodes or in T-R switch networks for dual tuned MRI coils.

ACKNOWLEDGMENTS

Doctoral program funding for AdamMaunder was partially pro-

vided by support from GE Healthcare Inc. and scholarships

from the Natural Sciences and Engineering Research Council of

Canada (NSERC) and University of Sheffield. The views

expressed in this study are those of the author and not necessar-

ily those of NHS, NIHR, MRC or the Department of Health.

REFERENCES

[1] Wild JM, Marshall H, Xu X, et al. Simultaneous imaging of

lung structure and function with triple-nuclear Hybrid MR imag-

ing. Radiology. 2013;267:251-255.

[2] Ouriadov AV, Fox MS, Couch MJ, Li T, Ball IK, Albert MS. In

vivo regional ventilation mapping using fluorinated gas MRI with

an x-centric FGRE method.Magn Reson Med. 2015;74:550-557.

[3] Waiczies H, Kuehne A, Nagel AM, et al. 8CH 19F/1H transceiver

array for lung imaging at 7T (pTX). In Proceedings of the 24th

Annual Meeting of ISMRM, Singapore, 2016. Abstract 3506.

[4] Rao M, Wild JM. RF Instrumentation for same-breath triple

nuclear lung MR imaging of 1H and hyperpolarized 3He and
129Xe at 1.5T. Magn Reson Med. 2016;75:1841-1848.

[5] Rao M, Robb F, Wild JM. Dedicated receiver array coil for 1H

lung imaging with same-breath acquisition of hyperpolarized
3He and 129Xe gas. Magn Reson Med. 2015;74:291-299.

[6] Lu JY, Grafendorfer T, Zhang T, et al. Depletion-mode GaN

HEMT Q-spoil switches for MRI coils. IEEE Trans Med Imag-

ing. 2016;35:2558-2567.

[7] Fuentes M, Weber E, Wilson S, Li B, Crozier S. Micro-Electro-

mechanical Systems (MEMS) based RF-switches in MRI – a

performance study. In Proceedings of the 18th Annual Meeting

of ISMRM, Stockholm, Sweden, 2010. Abstract 704.

HEULE ET AL.
Magnetic Resonance in Medicine | 7



[8] Bulumulla SB, Park KJ, Fiveland E, Iannotti J, Robb F. MEMS

switch integrated radio frequency coils and arrays for magnetic

resonance imaging. Rev Sci Instrum. 2017;88:025003.

[9] Maunder A, Rao M, Robb F, Wild J. RF Coil design for multi-

nuclear lung MRI of 19F fluorinated gases and 1H Using

MEMS. In Proceedings of the 24th Annual Meeting of ISMRM,

Singapore, 2016. Abstract 3504.

[10] Maunder A, Fallone BG, Daneshmand M, De Zanche N. Experi-

mental verification of SNR and parallel imaging improvements

using composite arrays. NMR Biomed. 2015;28:141-153.

[11] Hu L, Hockett FD, Chen J, et al. A generalized strategy for designing
19F/1H dual-frequency MRI coil for small animal imaging at 4.7

Tesla. J Magn Reson Imaging. 2011;34:245-252.

[12] Choi C-H, Hong S-M, Ha Y, Shah NJ. Design and construction

of a novel 1H/19F double-tuned coil system using PIN-diode

switches at 9.4 T. J Magn Reson. 2017;279:11-15.

[13] Keimel C, Claydon G, Bo L, Park J, Valdes ME. Microelectro-

mechanical-systems-based switches for power applications. IEEE

Trans Ind Appl. 2012;48:1163-1169.

[14] Spence D, Aimi M. Custom MEMS switch for MR surface coil

decoupling. In Proceedings of the 23rd Annual Meeting of

ISMRM, Toronto, Canada, 2015. Abstract 704.

[15] Bulumulla SB, Fiveland E, Park K, Iannotti J. MEMS reconfig-

urable coils. In Proceedings of the 23rd Annual Meeting of

ISMRM, Toronto, Canada, 2015. Abstract 1797.

[16] Pozar DM. Microwave Engineering. 4th ed. New York: John

Wiley and Sons, Inc; 2012.

[17] Maunder AM, Daneshmand M, Mousavi P, Fallone BG, De

Zanche N. Stray capacitance between magnetic resonance imag-

ing coil elements: models and application to array decoupling.

IEEE Trans Microw Theory Tech. 2013;61:4667-4677.

[18] Och JG, Clarke GD, Sobol WT, Rosen CW, Mun SK. Acceptance test-

ing of magnetic resonance imaging systems: report of AAPM Nuclear

Magnetic Resonance Task Group No. 6.Med Phys. 1992;19:217-329.

[19] Deoni SCL. High-resolution T1 Mapping of the brain at 3T with

driven equilibrium single pulse observation of T1 with high-

speed incorporation of RF field inhomogeneities (DESPOT1-

HIFI). J Magn Reson Imaging. 2007;26:1106-1111.

[20] NEMA. Determination of signal-to-noise ratio (SNR) in diagnostic

magnetic resonance imaging NEMA, MS 1-2008 (R2014). 2015.

https://www.nema.org/Standards/Pages/Determination-of-Signal-to-

Noise-Ratio-in-Diagnostic-Magnetic-Resonance-Imaging.aspx

Accessed February 18, 2018.

[21] IEC 60601-2-33:2010, Medical electrical equipment - Part 2-33: Par-

ticular requirements for the basic safety and essential performance of

magnetic resonance equipment for medical diagnosis, IEC 60601-2-

33:2010/AMD2:2015. https://webstore.iec.ch/publication/2652.

[22] Christ A, Kainz W, Hahn EG, et al. The virtual family - development

of surface-based anatomical models of two adults and two children

for dosimetric simulations. Phys Med Biol. 2010;55:N23-N38.

[23] Ha S, Jamamura MJ, Nalcioglu O, Muftuler LT. A PIN diode

controlled dual-tuned MRI RF coil and phased array for multi

nuclear imaging. Phys Med Biol. 2010;55:2589.

[24] Directive 2014/35/EU of the European Parliament and of the

Council of 26 February 2014 on the harmonisation of the laws

of the member states relating to the making available on the

market of electrical equipment designed for use within certain

voltage limits text with EEA relevance. April 18, 2014. http://

www.justervesenet.no/wp-content/uploads/2016/01/MID_2014_32_

EU.pdf Accessed February 18, 2018.

[25] Caverly RH, Doherty WE, Watkins RD, eds. Modeling high

speed MRI coil switching using PIN DIODES. Paper presented

at IEEE MTT-S International Microwave Symposium, June

2011; Baltimore, MD.

[26] Avdievich NI, Bradshaw K, Kuznetsov AM, Hetherington HP.

High-field actively detuneable transverse electromagnetic (TEM)

coil with low-bias voltage for high-power RF transmission.

Magn Reson Med. 2007;57:1190-1195.

[27] Caverly RH, Hiller G. Establishing the Minimum reverse bias

for a p-i-n diode in a high-power switch. IEEE Trans Microw

Theory Tech. 1990;38:1938-1943.

[28] Maunder A, Rao M, Robb F, Wild JM. Combined transmit array

and 8-channel receive coil array for 19F/1H for human lung

imaging at 1.5 T utilizing MEMS transmit-receive detuning. In

Proceedings of the 25th Annual Meeting of ISMRM, Honolulu,

Hawaii, 2017. Abstract 1052.

[29] Brunner D. A high speed, high power T/R switching frontend.

In Proceedings of the 23rd Annual Meeting of ISMRM, Toronto,

Canada, 2016. Abstract 496.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the

online version of this article.

FIGURE S1 Measured reflection coefficient (for right coil

element) when coil tuned to 1H or switched to 19F tuning

by the three methods: MEMS, PIN Diodes and hard-wired

FIGURE S2 (A) Simulated transmit efficiency at 63.8 MHz

within a cylindrical phantom in central axial and coronal slices.

Simulated transmit efficiency (mT/
ffiffiffiffiffiffiffi

kW
p

) with 1 kW RMS

input power at 60 MHz using HFSS (B) or SIM4LIFE (C)

using realistic human body models. The mean transmit

efficiency6 standard deviation shown above axial slices is

calculated within the volume of the circled region with phan-

tom and over the displayed region in human body models.

Greater inhomogeneity is observed in HFSS human model due

to the larger size, thereby having regions much closer to con-

ducing elements of coil. However, Local 10g averaged SAR

for the same input power calculated by HFSS or SIM4LIFE

with the body models at 60MHz were close at 121 W/kg and

125 W/kg, respectively

TABLE S1 Performance parameters of common switching

devices: MEMS, PIN diodes, and FETs.
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