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Abstract

Magnetic resonance imaging (MRI) is a widely used nonionizing and noninvasive diagnostic
instrument to produce detailed images of the human body. The radio-frequency (RF) coil is an
essential part of MRI hardware as an RF front-end. RF coils transmit RF energy to the subject and
receive the returning MR signal. This paper presents an MRI-compatible hardware design of the
new automatic frequency tuning and impedance matching system. The system automatically
corrects the detuned and mismatched condition that occurs due to loading effects caused by the
variable subjects (i.e., different human heads or torsos). An eight-channel RF transceiver head coil
with the automatic system has been fabricated and tested at 7 Tesla (T) MRI system. The
automatic frequency tuning and impedance matching system uses digitally controlled capacitor
arrays with real-time feedback control capability. The hardware design is not only compatible with
current MRI scanners in all aspects but also it operates the tuning and matching function rapidly
and accurately. The experimental results show that the automatic function increases return losses
from 8.4 dB to 23.7 dB (maximum difference) and from 12.7 dB to 19.6 dB (minimum difference)
among eight channels within 550 ms. The reflected RF power decrease from 23.1 % to 1.5 %
(maximum difference) and from 5.3 % to 1.1 % (minimum difference). Therefore, these results
improve signal-to-noise ratio (SNR) in MR images with phantoms.

Index Terms

Automatic impedance matching and frequency tuning network; Magnetic Resonance Imaging
(MRI); RF power detection; RF coil
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[. Introduction

High magnetic field MRI systems have better signal-to-noise ratios (SNR), spatial
resolution, and contrast in MR images [1]-[3]. The traditional clinical 1.5 T magnet is being
replaced by 3 T and research magnets of 7 T and 9.4 T are being used for animals and the
human images [1],[3]. Higher magnetic field strengths require higher operating frequencies
defined by the Larmor frequency formula given by (1)

fLarmor :VBO (1)

where f|_armor IS the Larmor frequency (MHz), By is a static magnetic field strength (T), and
v is the gyromagnetic ratio (MHz/T) and is 42.58 for protons, 1H, which are used in MRI.

Despite the above-mentioned many advantages, the use of high frequencies complicates the
design and implementation of the MRI hardware [1],[3]-[6]. An RF coil creates the RF
transmission magnetic field (B1) to excite protons and receives the nuclear magnetic
resonance (NMR) signal as shown in Fig. 1. The RF coils are tuned to the Larmor frequency
to create resonant B4 fields and are matched to the source impedance of 50 2 to maximize
RF power transfer efficiency [7]. The variable subjects (e.g., different human heads or
torsos) load on the RF coil and alter the both tuning and matching conditions. Therefore the
power transmission efficiency and the SNR decrease. In current clinical systems (1.5 T or 3
T), RF coils operate at conditions of fixed tuning and fixed matching that cannot be adjusted
by any existing practical means. This results in suboptimum RF coil performance. At current
ultrahigh field (7 T and beyond) research, RF coil should be manually tuned and matched
before every MR scanning because the loading-induced resonant frequency shift and quality
(Q) factor decrease become severe when a subject is placed on the RF coil.

An RF coil design has moved from the birdcage coils to the pioneering transverse
electromagnetic (TEM) coils at ultrahigh fields because the TEM coil structure can satisfy
high frequency operations and multi-channel applications [3],[7]. There, however, is an
inevitable loading effect due to high-Q property of the TEM coils that is no different from
most RF coil types. The resonant frequency of the TEM coil shifts down about 1 % to 3 %
resulting in 5 % to 20 % power reflection when a human head is placed on the coil at 7 T
[8]. These variations are out of range of the RF coil's acceptable performance because not
only low RF power transmission cannot create NMR signals enough to produce high quality
MR images but also such power reflection can cause a safety problem and damage RF
components. The current manual readjustment method to correct variations of loaded coils is
a time-consuming process as the modern MRI trends toward multi-channel technology and
is impractical in clinical applications.

In this study, the design of an automatically tuned and matched head coil for both the
transmission and reception (transceiver) of RF signals has been investigated. The following
sections show that a fully automatic tuning and matching RF coil offers the feasibility of
overcoming limitations of the current manual method without adverse impact on MR
images.
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Il. Preview of RF System and Loading Effect in MRI

A. RF system in MRI

RF hardware of MRI is similar to a general wireless communication system. An RF coil
transmits RF pulses into the human body with the high power capability (~ 60 dBm) and
receives RF signals (~ -20 dBm) generated by the proton's nuclear magnetic resonance.
Differences are that it works under strong magnetic fields, and the transmitted and received
RF signals present RF magnetic near-field (B4) that must be perpendicular to the static
magnetic field (Bg) as illustrated in Fig. 1.

B. TEM RF coils

An RF coil creates a time-varying RF magnetic near-field (B;) at the Larmor frequency in
specific regions of the human body as shown in Fig. 2(a) and (b). The performance of RF
coils determines the MR image quality as an RF front-end. Thus, various types of RF coils
have been proposed including loops, birdcage coils and TEM coils. The TEM coil elements
are driven independently and has an individual current's returning path. So, it offers easy
manipulation for the multi-channel technology and high frequency operation [7],[9]. As
shown in Fig. 2(c), a single TEM element consists of a microstrip transmission line (MTL)
and its finite shield as RF ground. This structure is typically terminated by capacitors: two
variable capacitors, the matching capacitor (Cy,) and tuning capacitor (Cy), at RF input side;
a fixed value capacitor (C¢) on the other end to form a capacitively tuned, matched, and
foreshortened half-wave resonator. When C; and C,, are well tuned to the Larmor frequency
and matched to the source impedance of 50 €, the RF coil efficiently delivers RF power to
the coil's resonator and maximizes the transmitted RF (B1*) magnetic near-field causing
high NMR signals. The capacitively terminated TEM structure should resonate at the
Larmor frequency by adjusting the tuning capacitor, and the RF coil element is matched to
the source impedance of 50 €2 by adjusting the matching capacitor as shown in Fig. 3.
Although a tuning capacitor and matching capacitor separately have dominant roles, both
steps affect each other and the final values are decided by back and forth operation in
practical.

C. Loading (body) effect

The loading effects caused by a human body vary according to subject's shape, size,
composition, and distance between the subject and the coil element, thus it is hard to predict
the impact of loading effects on RF coil's performance [10]-[12]. Fig. 4(a) shows the loading
effects resulting in a variation of the resonance frequency and the Q from the preset
condition depending on different loading conditions. The resonance frequencies shift down
causing high RF power loss at the Larmor frequency (f_armor), and the Q is lowered causing
high noise level. The reflected RF power level becomes significantly high unless tuning and
matching readjustment is done. Fig. 4(b) and (c) show the comparison of the transmitted RF
magnetic fields inside the phantom between the detuned/mismatched condition caused by
phantom loading (Fig. 4(b)) and the tuned/matched condition (Fig. 4(c)) after the
readjustment. Since the MR image quality is directly related to the strength of RF near-field
(H), higher values results in higher signal intensity and therefore higher SNR [3],[5].
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The loading effect becomes a serious problem at ultrahigh fields because even the same
loading condition makes a significant change as shown in Fig. 4(d). For example, when
approximately 3-9 MHz (1-3 %) of the resonance frequency shift down from the initially
tuned and matched preset condition at 7 T, it causes over 10 dB difference (D) in the
reflection coefficient (S1;) and 50-200 W RF power loss in case of the RF input power of
1kW. However, in case of a low frequency region (e.g., 1.5 T), the insignificant variation
(D2) occurs because the loading-induced variation of electrical properties is relatively small
compared to the intrinsic values of the RF coil to resonate at the low frequency region.

RF coils cannot efficiently create high B;* magnetic field without readjustments to tune and
match after a patient is loaded at ultrahigh fields, and this is a critical obstacle in the modern
MRI systems. Consequently, the current manual method should be replaced with the
automatic tuning and matching technology. Some papers about an automatic tuning and
matching system in MRI have been published but all approaches of them are only related to
receive side, not transmit or transceiver [13]-[18].

lll. Hardware Design of Automatic System

A. Overview of the system

The automatic tuned and matched RF coil element consists of an RF coupler, a RF power
monitor, electrically switched capacitor arrays (Cp;: matching capacitor and Cp,: tuning
capacitor) with PIN diodes, a main controller, and a TEM RF resonator as shown in Fig.
5(a). In the overall operation, there are two steps synchronized with a trigger signal (str)
from an MRI console: the first step is the automatic tune and match procedure with the
moderate RF power level (less than 0.1 W), and the second step is the normal MRI scanner
operation with high power RF signal (up to 1 kW). In the first step, the output of the RF
power monitor represents the reflected power level caused by impedance mismatch at the
input of the TEM RF coil element. With this information, the main control and decision
block determines the optimum frequency and impedance condition. The capacitor arrays are
built with the microstrip IT matching network as shown in Fig. 5(b) to adjust the reactance
values by switching PIN diodes. The capacitor array has four branches consisting of PIN
diodes and capacitors in both the tuning and matching side. Therefore, a total of 256
different impedance states can be generated. Fig. 5(c) shows the input impedance (Zj,) range
made by the capacitor arrays on the Smith chart. The triangle (red) at the center is the preset
matched condition at the Larmor frequency. Other dots indicate the impedances as the
results of digitally switched PIN diodes from the loading effect, the square (blue). The range
of impedances on the Smith chart is determined by capacitor values at each branch, and
there is a tradeoff between the range and resolution of impedances produced. Since the
bottom part of the head coil has more severe loading effect than the top part, capacitor
values are selected through a test bench. The reflected RF power is measured to monitor the
load conditions during the adjustment of capacitances, and eventually the main controller
finds the minimum reflected power condition as an optimal impedance match at the Larmor
frequency.
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B. Reflected RF power monitoring

RF power monitoring is an indispensable part of a real-time tuning and matching feedback
system. A commercialized RF power detector (LTC5507, Linear technology, Milpitas, CA,
USA) based on the Schottky diode's peak detection is used to get the stable RF power
measurement and to satisfy the requirements of this study such as input dynamic range,
power supply option, effects of the strong magnetic field, etc. The high accuracy of the
power monitoring circuit cannot be obtained without a high directivity coupler [19]. The
custom-built RF coupler has the coupling factor of 27 dB, the isolation of 45 dB, and the
directivity of 18 dB. When capacitances of capacitor arrays vary with PIN diode switching,
the RF power reflection through the coupler is connected to the input of the power detector
circuit and then the DC voltage output that is proportional to the reflected RF power is
generated.

C. Main controller and PIN diode driver

An automatic control algorithm was implemented into the FPGA (Field Programmable Gate
Aurray) core (Cyclone 4 series, Altera) using Verilog HDL (Hardware Description
Language). The 12-bit ADC (ADC128S, National Semiconductor, Lewisville, TX) converts
the sampled RF reflection power into 12 bit digital signals for the computation in the FPGA
core. The automatic function algorithm has been run with the real-time output of the RF
power monitoring circuit, and it switches PIN diodes through the output of the PIN diode
drivers. The PIN diode switching control signals are generated by the FPGA, and the
reflected RF power signals are sampled simultaneously as shown in the time diagram in Fig.
6. This algorithm follows timing constraint of the MRI system (Siemens Magnetom 7 T) that
is used for this study. The minimum interval between RF pulse packets is 2 ms, and multi-
sampler samples the reflected power level generated by the RF power measurement circuit
after PIN diode switching. The PIN diodes are switched after the RF pulse pocket to
eliminate the influence of high power RF signals. The state toggle signal in Fig. 6 indicates
the duration of tuning or matching control based on the tuning and matching processes in
Fig. 3, and several iterations may be used to increase the accuracy of the performance of the
system. To switch PIN diodes (MA4P7470F, M/A-COM technology, Lowell, MA, USA), a
level shifter and an amplifier are required to make dual high voltages and high current
driving capability. The level shifter generates moderate dual output voltages and the high
power amplifier (OPA552, Texas Instruments, Dallas, TX) amplifies it to completely turn on
or off PIN diodes against high power RF signals. In case of the forward bias, each PIN diode
needs at least 20 mA to be turned on. In case of the reverse bias condition to completely turn
off the PIN diode, the reverse voltage should keep the proper voltage level (less than -25 V)
to prevent the RF leakages through PIN diodes [20].

D. 8-channel RF transceiver head coil for 7 T

The 8-channel RF head coil design with the automatic tuning and matching system is shown
in Fig. 7. The TEM RF coil part has been built with the copper trace on the low loss Teflon
substrate (height of 1.9 cm and length of 14 cm) and, eight elements attached to a cylindrical
shell with 25.4 cm in inner diameter. The automatic control box driving the eight channels is
installed next to the TEM RF resonator part. Capacitor arrays in a single element have two
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main trimmer capacitors (NMAJ40HV, Voltronics, Salisbury, MD, USA) to build the
microstrip IT matching network. Four capacitor branches to adjust capacitances from a basis
of the main trimmer capacitor value were implemented at the tuning and matching side,
respectively. Each branch consists of one PIN diode and one capacitor with small
capacitance (1 pF to 3.5 pF) depending on the position of a coil element. The combination of
capacitances controlled by switching PIN diodes usually covers the range of 1 pF to 8 pF to
correct the loading effect depending on the results of the test bench experiment. Each coil
channel was initially tuned to 297.2 MHz for 7 T and matched to 50 Q2 through a coaxial
cable with the default PIN diode switching condition. The RF switch in the RF detector
block changes the direction of the coupled RF power signal path toward the ground after the
completion of the automatic function to protect low power circuits during high RF power
operation. For the fully automated stand-alone system operation, the RF un-blank signal (str)
from the MR console is used to activate or deactivate the automatic tuning and matching
function.

IV. Test Bench and Results

A. Overview of the test bench setup

Before installing a new device in the MRI system, a test bench is necessary to verify the
performance with high RF power, the radiation effects by the RF coil resonators, and system
interfaces because measuring electrical signals inside an MRI room is difficult, and there are
many restrictions to use an MRI machine. Therefore, the same condition except for a strong
magnetic field surrounding is required on the test bench. The use of RF un-blank gating
signal (str) to active or deactivate RF pulse is the only way to communicate with a console
of an MRI scanner, and it is required to build a stand-along automatic running device
synchronized with an MRI system. In the test bench setup, a replica of control lines of the
Siemens MAGNETOM 7 T scanner was implemented to check the interface between the
MR machine and the RF coil.

B. Test bench environment and results

To set the same interface of the MRI system, The RF signal generator is connected to the
power amplifier with the 57 dBm gain in Fig. 8. In the first step, the RF power entering the
RF coil element is about 15 dBm to find the optimal matching and tuning condition by the
automatic tune/match function, and then the entire system is tested with high power RF
signals (around 40 to 45 dBm) to investigate the stability and performance. Fig. 9 (a) shows
the reflected RF power level at the output of the RF power monitoring block when RF input
power is 42 dBm. The outputs are synchronized with the str signal (Fig. 9(b)) of the MRI
console. This measurement is from the initially preset tune/match condition to the automatic
function after phantom loading over time. Fig. 9(c) shows that the DC output signals of the
reflected RF power levels vary according to loading conditions. The DC outputs have stable
voltage values without RF interference during the time period of the reflected RF power
sampling. The output of the RF power monitor (Fig. 9(e)) depends on the reflected RF
power level (Fig. 9(d)) that is measured at the output of the coupler while the automatic
tuning and matching function finds the lowest RF reflection through PIN diode switching.
As a result, the automatic tuning and matching function has been fulfilled without any
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instability or defect despite high RF power conditions. The successfully automated function
needs about 550 ms for each channel that is limited by the minimum duty cycle time (2ms)
of the MRI system for safety reasons. Therefore, the operating time for the automatic
function may be reduced if the access permission to the MRI machine is allowed. On the test
bench for the eight-channel RF transceiver head coil, the phantom of a cylindrical 8-liter
bottle filled with sucrose/saline solution (e, = 58.1 and ¢ = 0.539 S/m) was used to measure
the experimental reflection coefficients (S11) as shown in Fig 10. The reflection coefficients
of each channel were measured in three states: (a) the initial preset condition (no phantom
present), (b) after the phantom is loaded, and (c) after the automatic tuning and matching
function to correct the change caused by the phantom loading. Table 1 summarizes the
characteristics and performances of the RF coil at each channel based on the results of Fig.
10. Test bench results demonstrate that the automatic functions decrease the reflected RF
power from 23.1 % to 1.5 % (maximum difference in channel 4) and from 5.3 % to 1.1 %
(minimum difference in channel 8).

V. MRI Experiments and Results

In the preliminary MRI experiment, the portable RF analyzer (Morris Instruments, Ottawa,
Ont., Canada) is used to determine the tuned and matched condition inside the MR room.
Fig. 11 shows the automatic tuned and matched MRI results according to RF power levels (8
W, 98 W, and 882 W) with a resolution phantom at 7 T. Since there is no artifact or
distortion in images, the results demonstrate that the system works properly even at high
power range (up to around 1 kW) and the strong magnetic field. Fig. 12 shows the
comparison result between before and after the automatic function in MR images with a
small bottle phantom. The automatic function after loading improves the RF signal
penetration about 20% in SNR (combined transmitting and receiving signals). The
performance of the automatic tuned and matched MR image was evaluated using the
Gradient Recalled Echo (GRE) RF pulse sequence (resolution = 1x1 mm, repetition time =
150 ms, echo time = 6 ms, slice thickness = 5 mm) to acquire the slices in Fig. 13. The
experimental set-up with the cylindrical phantom and the performance of each channel are
presented in Fig. 13. Each channel has proper signal penetration, and the images do not have
any significant defect or distortion. The stability of the system and its consistent
performance were verified and the automatic function does not need any extra hardware or
modification to connect the existing the MR scanner.

VI. Conclusion

This study has discussed the eight-channel automatic tuning and matching TEM RF
transceiver head coil. The fully automated function offers the feasibility of overcoming the
current time-consuming manual tuning and matching readjustments to correct the variation
caused by the loading effect. It performs rapid and accurate impedance matching/frequency
tuning resulting in the improved power transmission efficiency and higher SNR in MR
images. This achievement can be a breakthrough for the current and future clinical RF coil
technology.
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Fig. 1.
A system structure of MRI hardware and the three dimensional coordination with the

direction of the static magnetic field (Bg) and the RF magnetic field (B;) for MRI system
(inside dotted box).
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L
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Fig. 2.
TEM RF coil: (a) an example of RF transceiver multi-channel head coil, (b) loading

condition of a human head, and (c) a TEM RF coil element structure.

|EEE Trans Biomed Circuits Syst. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Sohn et al. Page 14

fiarmor Frequency fiomor  Frequency

1511 (dB)
T
F
_-
-
~ !
'3
- )
-—..r‘_-’w‘
=
4
-~
o
“\“
]

111 (dB)

(a)

Fig. 3.
Concept of frequency tuning with a variable tuning capacitor (a) and impedance matching

with a variable matching capacitor (b).
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Fig. 4.
Loading effects: (a) return losses according to different human bodies compared to the

preset condition, the simulation results of the multi-channel transmitted magnetic field, By,
inside a phantom between detuned/mismatched (b) and tuned/matched (c) RF coil, and (d)
frequency shifts by the same loading condition at the low field (D) and high field (D).

|EEE Trans Biomed Circuits Syst. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Sohn et al.

Page 16

Tune/Match
Ca Ca
pswi[3:0] paw2{3:0]

PIN diode drivers

““f—‘r'i— [ interface circuits

==
—

(a)

(c)

Fig. 5.
(a) The system diagram, (b) a single RF coil element with Pi matching network of digitally

controlled capacitor array by PIN diodes switching, and (c) the impedance range of the
capacitor array in (b) on the Smith chart.
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Fig. 6.
Time diagram of the automatic tuning and matching function.
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Fig. 7.
8-channel RF transceiver head coil with the automatic tuning and matching system.
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RF Signal Generator

Device Under Test

MR Console Replica

Fig. 8.

Test bench setup to check the performance of RF and electrical circuits.
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Fig. 9.
Measured test bench results of the fully automatic tuning and matching function: (a)

reflected power level synchronized with the RF un-blank signal (str) (b) str signal (c) the
enlarged output of RF power monitor circuit (d) coupled RF reflection signal at the RF
coupler's output, and (e) the RF power monitor output according to (d).
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Fig. 10.
Measured reflection coefficient (S11): (2) the initially preset conditions without a phantom,

(b) after a phantom loading, and (c) after the automatic tune and match at each channel.
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Fig. 11.
High power test: (a) a resolution phantom and MR images according to the RF input power

(b) 20 Vrms (= 8 W), (c) 70 Vrms (= 98 W), and (d) 210 Vrms (=882 W)
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(a) (b)

Fig. 12.
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Page 23

Experimental MR image results of the slices in the central region of a small cylindrical
phantom; (a) before and (b) after automatic tuning and matching function.
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Fig. 13.
MR experimental set-up (left) and low flip angle gradient recalled echo images of each

channel of the automatically tuned and matched 8-channel RF transceiver coil.

|EEE Trans Biomed Circuits Syst. Author manuscript; available in PMC 2016 October 01.



Page 25

Sohn et al.

(474 6'9 TT 9'6T T8 0°€T €9 Let €0 1'G¢ 8

S8 €L 6T (A" S'6 80T ¥'0T 8'6 60 102 L

V1 €qT ¥'0 L'€C 9'€l A 744" ¥'8 80 T1¢ 9

4 ¥'6 T €61 0T €8T €07 6'6 4 '8¢ S

9'TC 81T ST 8T 9'¢e €91 Tee ¥'9 S0 L'ee 14

99 0Vl €0 9'Ge L9 891 8'9 911 170 ¥'8¢ €

TL Tl 90 €ee YL 44 L'L T1T €0 €6¢ 4

Tal an T €61 791 T61 €97 6°L 4 Le T

°.©EM0%WV>EQE_ (@ap) © h%%ov;on @p) @.m%%v_ peoj (ap) ® u,%o\ho.aw;oa (@) ® p%omow;og (gp) | oAU IPUEEUD

Jamod uoissiwsuetl 44 ©0l'slv 4y paosjey sl Aq sso| Jamod 4y O-C@I'slv 4y paldsyey sl 44 paosjey sl
@ @ ® © ® ® ® ® ® ®

N9 1-01ne Ag Juswanoadw|

108449 Buipeo]

‘PUOI 18Sald

Author Manuscript

Author Manuscript

I 3lqel

S9OURWLIOLIB pUe SI1ISLIg1oR.IRYD JUBWI[T [10D 4Y

Author Manuscript

Author Manuscript

|EEE Trans Biomed Circuits Syst. Author manuscript; available in PMC 2016 October 01.



