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Abstract— In high-field MRI, transmit arrays and high-
permittivity inserts are often used together to mitigate the effects
of RF field inhomogeneities due to short wavelength. However,
array performance is limited by mutual impedance between
elements which must be closely spaced around the volume of
interest. Mutual impedance plays a substantial role at high
frequencies and is increased by the presence of dielectric pads
which are used to increase the homogeneity of the RF magnetic
field. This paper describes a decoupling strategy for an eight-
channel transmit/receive array in the presence of a high
permittivity dielectric liner. The elements are decoupled using
capacitive bridges between adjacent elements. In spite of the
higher mutual impedance due to the liner, both mutual resistance
and reactance can be removed between adjacent elements
(isolation better than 30 dB), and coupling between non-adjacent
elements is maintained below 15 dB. The effects of decoupling on
the transmit performance of the array in presence of high
permittivity liners are investigated in terms of coupling, magnetic
field intensity, SAR and transmit efficiencies.

Index Terms— Magnetic resonance imaging, transmit array
coils, specific absorption rate, mutual impedance, decoupling, high
permittivity liner.

I. INTRODUCTION

AGNETIC resonance imaging (MRI) at high static fields

provides higher SNR, and consequently faster imaging
and higher resolution than MRI at standard field strengths
(Bo <3 tesla) [1]. However, higher magnetic fields result in
higher Larmor frequencies (f, = yB, ,y = 42.576 MHz/T for
'"H) and thus shorter radio frequency wavelengths. The
wavelength in human tissues is also shorter than that in vacuum
because of the permittivity and is thus comparable to or shorter
than the body’s dimensions. The short wavelength leads to
undesirable inhomogeneous RF magnetic fields (circularly
polarized transverse component, B;), and consequently
inhomogeneous image excitation, as well as increased coupling
between array elements.

High dielectric constant (HDC) pads placed between the
sample and the array have been used to improve RF field
homogeneity within the region of interest (ROI) [2]. Pads with
relative permittivity higher than 100 have been extensively used
to focus magnetic field locally and hence increase SNR in an
ROI [3]. They are made by mixing powdered ceramics such as
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barium or calcium titanate (BaTiO; and CaTiOs) with
deuterium oxide (D;O) or deionized water, forming a
suspension that is then sealed in plastic bags. The resulting
permittivity depends on the volume ratio and the dielectric
constants of each of the materials [4], [5].

Array excitation with adjustment of amplitude and phase of
each element (i.e., RF shimming) mitigates the RF
inhomogeneities inside the ROI and also provides control over
specific absorption rate (SAR) [6]. Besides requiring a
multichannel system, mutual coupling is the most important
challenge to implementing transmit arrays. The proximity of the
elements in an array gives rise to significant mutual impedance
between them through which signal and noise can transfer.
Additionally, when loaded with lossy materials such as the
human body, elements in an array will share common eddy
current loops inside the sample [7], resulting in mutual
resistance and consequently noise correlation [6], [8]. Mutual
impedance increases when HDC pads are used [9] and thus one
of the goals of this work is to explore whether the enhanced
interaction can be suppressed with practical methods.

Coupling is more difficult to manage at higher frequencies
and strongly affects the field maps of individual elements.
Parallel transmit techniques (e.g., transmit SENSE [10]) require
a distinct field map for each element. Therefore it is reasonable
to require high isolation (>30 dB) between adjacent elements to
avoid significant overlap in the sensitivity patterns. Coupling
also affects the transmit efficiency of the array [11], because
power coupled between ports returns down the transmit path
and is dissipated to protect the power amplifiers. The minimum
isolation required between all pairs of elements to achieve a
given efficiency depends on the specific excitation method and
settings (e.g., RF shimming settings, transmit SENSE pulse
shapes) [11]. Nevertheless, because the array elements are
tuned resonators, in practice it is desirable to achieve a
minimum of 15-20 dB isolation to avoid detuning effects.

Different techniques have been used to decouple the elements
in a coil array [6], [8], [12], [13], [14], [15], [16] where most of
them aim to remove mutual reactance as the most significant
term in the mutual impedance. The simplest method to remove
mutual inductance is to overlap adjacent loops in an array [8].
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Although this method effectively reduces coupling levels
between adjacent elements, it is not optimal for parallel spatial
encoding where the elements’ sensitivity patterns should have
minimal overlap and be distinct from each other [17]. Therefore
in receive-only arrays, low-input impedance (reflective)
preamplifiers are used to further reduce inductive coupling
between non adjacent elements by blocking currents on the
array elements [8]. However, this technique is not practical in
transmit mode due to the lack of powerful high-output-
impedance amplifiers [18]. More recently magnetic walls,
implemented using metamaterials, have been used to isolate
adjacent elements by suppressing the common fields between
elements. This technique yields approximately 26 dB isolation
between neighboring channels at 7T [19], [20]. Numerous
methods employing capacitors and inductors between elements
have also been devised to remove mutual inductance [13], [14],
[15], [16], [21]. Capacitive networks are more popular
decoupling circuits due to higher quality factors than inductive
circuits, resulting in higher SNR [14].

Until recently, the resistive term of the mutual impedance
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Figure 1: a) Two loops conformed to a cylindrical phantom in presence of a
high-permittivity dielectric liner. b) Designed eight channel array. (D=200
mm, L=180 mm, =69 mm, S=10 mm).

was simply ignored or believed to be impossible to remove [22].
Recently-developed methods to eliminate the mutual resistance
in receive arrays are investigated in [6] and [13]. It is expected
that eliminating mutual resistance in transmit arrays will be
beneficial where high-output-impedance power amplifier
decoupling cannot be used.

This work describes an eight-channel transmit/receive array
of loops for 4.7 tesla. A high permittivity liner is located
between the coil array and phantom to improve the magnetic
field homogeneity inside the ROI [23]. As a result, mutual
coupling is also significantly enhanced between elements.
Hence both resistive and reactive components of the mutual
impedance between elements are eliminated using capacitive
bridges appropriately placed between adjacent loops. Transmit
performance metrics such as B;" field pattern and SAR are used
to investigate the effect of decoupling. For comparison, real and
imaginary components of the mutual impedance are removed
individually as well as concomitantly, and results are compared
to the coupled case in terms of transmit and safety efficiencies
[23].

In [24] we investigated the effect of removing both mutual
reactance and resistance between three elements in a concave

array which is used to scan the occipital lobe of the brain. As a
result we were able to reduce coupling to —44 dB between
adjacent channels ensuring a distinct field pattern for each
element. We expand on our abstract by extending the array to 8
channels to image the whole head, providing the corresponding
simulations and experimental data. The larger number of
channels greatly increases the number of interactions between
elements and complicates practical construction. We also
expand the theoretical analysis of coupling in section II-A and
show how and why coupling changes with the dielectric liner.
Additional simulation and fabrication details are also provided
in sections II-B, C and D. Simulation results as well as bench
measurements and imaging results are outlined in section III.
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Figure 2: Simulated (a) mutual resistance, (b) mutual reactance (with HDC
liner: solid, without: dotted) for the two-loop example of Figure la. Note that
in the absence of both liner and phantom X}, would be inductive.

II. METHODS

A. Theory

Mutual impedance between coupled elements, Z;, is a
complex quantity with a real part, Ri,, and imaginary part, X;»,
through which signal and noise transfer. To explain the effect
of dielectric liners on the mutual impedance, we must examine
Ampere’s law with Maxwell’s correction in a conductive
medium (1),

VXH=]p,+ ], =jweE + oF (1)

where H is the magnetic field (A/m), E is the electric field
(V/m), w is the angular frequency, J, is the displacement
current density and J is conduction current density (4/m?).
Displacement current density depends on the frequency as well
as permittivity. Using an HDC liner with high permittivity
(>150) will create a significant displacement current density
which acts as a secondary source to generate additional



magnetic fields [3]. The higher the permittivity of the liner, the
stronger the electric/magnetic field generated in the region
adjacent to it.
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Figure 3: Circuit model for coupled loops with decoupling capacitors.

Mutual impedance can be calculated using reaction theory
[25] from the electromagnetic fields produced by exciting each
element. The interaction of two fields i and j, (i, j), excited by
current sources is defined as [25]

<i,j>=[E'-Pdl=U [E'-dl=-V, )

where E/ is the electric field induced by current I/on coil j, and
V! is the voltage at the ports of coil i. The mutual impedance
between elements i and j is then: [25], [26]

<> 3
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The term J(r) is the current density on coil i and J4,(r) is the
current density generated in the phantom and HDC liner
(considered to be a single region). In fact ];', is the current
density in the phantom which is induced by the fields generated
by coil i [26]. The displacement current term due to the
presence of the HDC liner cannot be ignored and the mutual
impedance can be expanded to

Zij =I;;{fffpapEf(r)-Ei(r)dv+fffpjweEf(r)- (5)
vy
Ei(r)dv + ([ E/(r) - JL(r)dv)}.

Here ¢ is the permittivity of the phantom or liner, and o), is the
phantom’s conductivity.

Consider two rectangular loops conformed to a cylindrical
phantom and corresponding high permittivity liner as shown in
Figure la. Using full-wave simulation software (HFSS V.15,
Ansys Corp., Canonsburg, PA), mutual impedance between two

TABLE I
CAPACITOR VALUES AND LOCATIONS FOR EACH CASE.
Cu (pF) Cu (pF) Ca (pF) d (mm)
Coupled 15 15 -
Rix=0 14 10 470 25
X12=0 10 10 460 30
Z1,=0 18 10 12 80

adjacent loops on the cylinder is plotted for the case without and
in presence of the dielectric liner in Figure 2. As can be seen at
200 MHz both terms of the mutual impedance have
significantly increased with the HDC liner present which is
consistent with the above equations for mutual impedance
(specifically the third term of (5)).

To remove mutual impedance between adjacent elements,
capacitive bridges are connected between the elements, thus
introducing a third current loop [13]. The circuit model of two
loops with capacitive decoupling is shown in Figure 3. The
current in the third loop is controlled with capacitors C,> and Cy,
and their spacing, d. Circuit mesh equations are as follows:

joL + ——+——+R —
JwCy  jwCiy ! JwCyy
1 2 +R
JjwCy, jwCq  jwCp
-1
jwM + R
ST T joCe
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joL + ——+ —— 4R, | L2l w2
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Here M is the mutual inductance and R; and R; refer to the self-
resistances of the main loops and decoupling loop, respectively.
The mutual resistance and reactance between the two ports

simplify to:
Real (Z,,) = (10)
Ryw?CE
— Ry, + 3w lp —
R2w*Ch + 4w?%(Cyy + tz/Cd)z
Imaginary (Z;,) = (11)
2
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2
REw*Ch + 402 (Ch + 12/ )2

The mutual impedance is removed by finding appropriate
values for C;; and Cy, as well as the separation, d, which directly
influences R;. A few parameter sweeps are performed in HFSS
around an initial estimate to determine the desired values. Four
cases are compared: no decoupling (coupled), zero mutual
resistance (R1>=0), zero mutual reactance (X;,=0) and zero
mutual impedance (Z,=0). Design parameters are listed in
Table I.

B. Design and simulation

The coil array designed as shown in Figure 1b consists of
eight rectangular loops conformed to an acrylic (PMMA)
cylinder supporting copper traces. The former’s 200 mm
diameter can accommodate a child’s head or the extremities.



Capacitors are designed to make the elements resonate at
200.4 MHz which is the Larmor frequency for 'H at 4.7 T. These
capacitors are distributed along the coil to guarantee a uniform
current distribution on the coil. A lossy cylindrical phantom
(160 mm o) with relative dielectric constant & = 76 and
conductivity of ¢ = 0.8 S/m is used to mimic the dielectric
properties of brain. An HDC liner with permittivity &, = 150
surrounds the phantom to maximize the homogeneity of the
magnetic field in the phantom.

Simulation of the array structure is done in HFSS using 50 Q
lumped port excitations (1 W incident power) to acquire
scattering parameters. Excitation phase is incremented linearly
spanning [0, 27t] to generate a circularly polarized (quadrature)
mode. Single-clement fields are obtained by exciting the ports
with 1 A current sources.

Figure 4: Fabricated arrays (a) coupled, and (b) decoupled using capacitive
bridges (dashed ellipses). Bench measurement setup is shown in ¢), including
VNA and the common grounding plate for the 8 coaxes.

C. Fabrication

The array is constructed using adhesive copper tape attached
to the PMMA cylinder (Figure 4 (a)). Each element is fine-tuned
to 200.4 MHz using a 12 pF trimmer, and matched to 50 Q
using a lattice matching balun. The solution in the phantom
(3.6 g/¢ NaCl, 1.96g/¢ CuSO45H:0) has permittivity and
conductivity equal to those in the simulation. The annular gap
between the array and the phantom is filled with HDC pads
made using BaTiO; suspension in deionized water with a
volume ratio of 3/7 (VBatios/Vwaer), achieving a permittivity of
150 [9]. A Keysight 85070E Dielectric Probe was used to
measure the permittivity of the suspension. The suspension was
subsequently packaged in ~5-cm-wide heat-sealable bags

(layered polyethylene and polyamide film) to prevent spills and
to facilitate arrangement around the phantom.

Coupling between adjacent elements is adjusted using
trimmer capacitors located as shown in Figure 4 (b). The
capacitor values after trimming are shown in Table II.
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Figure 5: Coil array set-up for imaging (solid line and dashed line connections
represent the set-up used for each subset of measurements).

0.1
- —HDC pad
. /l‘ \\— No pad
F
= / N
=005 ?/ \§ 7
_ N—
M
0
-100 -50 0 50 100
X [mm]

Figure 6: B, field versus radius plotted in transverse plane in the phantom for
coupled coil in presence and without HDC liner.

TABLE II
CAPACITOR VALUES AND LOCATIONS USED FOR FABRICATION.
Cu (pF) Ce (pF) Ca (pF) d (mm)
Coupled 15 10 - -
Z1:=0 15 15 1-15 80

D. Measurement

Scattering parameters of the array are measured in the
vicinity of 200 MHz using an Agilent 4395A VNA in the
presence of dielectric liner and phantom. The structure is
supported by foam holders and cables are grounded using a
common bulkhead plate. To verify the simulations, the B," field
is measured in the coupled and fully decoupled configurations



using the double-angle method [27] where two gradient-echo
images are acquired with nominal flip angles (FA) of 45° and
90°, and the resulting FA map is obtained from the ratio of the
image magnitudes. The acquisition parameters are Te=7 ms,
Tr=1000 ms, 192 x 192 x 180 mm? FOV, and 1 x 1 x 8§ mm?
resolution.

All images were obtained in a 4.7 T whole-body MRI system
using a Unity Inova console (Varian, Palo Alto, California).
Because of the availability of a single transmit channel and four
receivers in the current scanner, each scan required two
acquisitions transmitting with one element and receiving with
four channels at a time. The connections for each setup are
shown in Figure 5 in dashed and solid lines, respectively.

a) b)

Figure 7: S matrix magnitude (dB) with liner present for (a) coupled, (b) R12=0,
(c) X12=0, (d) Z12=0, and (e) coupled without liner.

III. RESULTS AND DISCUSSION

A. Simulations

The B," field is plotted along the diameter of the phantom
on a central transverse plane in Figure 6, showing that the liner
suppresses the difference between fields at the center versus the
peripheral regions of the phantom.

However the drawback of using the HDC liner is the increase
in mutual impedance, especially between non-adjacent
elements. Figure 7 shows the full scattering matrices for the
unlined array as well as for each decoupling case of the lined
array, all normalized by matching so that elements on the
diagonals are zeros. Removing both terms of the mutual

impedance achieves isolation that is better than that obtained

when mutual resistance or reactance are removed individually.
TABLE III
SUMMARY OF SIMULATION RESULTS.

with HDC liner

Coupled R12=0 X12=0 Z1=0
Nearest Neighbor -9.4 -24 -27 -32
Coupling (dB)
Max non-neighbor -19 -14 -18 -18
coupling (dB)
Averaged B;" (nT) 34 34 34.9 39.8
Center Bi* (nT) 68.3 64.8 66.5 70.4
Maximum SAR 7.3 11 11.9 13.1
(mW/Kg)
Average SAR 1.9 2.8 3 3
(mW/Kg)
Deposited power 7 10.2 10.7 10.8
(mW)
Bi*(Avg.)VPv (“_r;) 0.406 0.336 0.337 0.383
Bi*(Avg.)/ (ﬂ) 0.398 0.324 0.320 0.347
JSAR(Max) \/%
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Figure 8: Measured (a) |S;| and (b) |S12| (in dB) between adjacent elements for
coupled and decoupled case with the HDC liner.

Removing both terms of mutual impedance reduces nearest-
neighbor coupling to -32 dB and other terms to -18 dB or better,
thus meeting the requirements set forth in the INTRODUCTION
(30 and 15 dB, respectively). Conversely, the unlined, coupled
coil presents isolations of 28 and 7 dB, respectively. The
decoupling achieved in the other cases is shown in Table III.
Specifically, if only one term of the mutual impedance is
removed, nearest-neighbor isolation is insufficient (27 dB).
With the array excited in quadrature the average B field
magnitude (along with the B field at the center of the phantom)
is highest with full decoupling. The maximum SAR and



Figure 9: B, field pattern for (a) coupled, (b) R1,=0, (¢) X12=0, (d) Z1,=0 and corresponding SAR field pattern for (e-h). Each channel
is excited with a 1A current source with phase appropriate for circular polarization.

average SAR also increase due to the currents in the additional
loops created by the insertion of capacitors between the main
loops.

Table III also compares transmit performance in terms of
excitation efficiency (Ev = |Bf]| /\/Fv) and safety efficiency
(Sv = |Bf|/\/max(SAR;,, )), where P, is the power deposited
in the phantom and max(SAR,) is the maximum of the 10g
SAR average [28]. We observe that decoupling has a minimal
influence on the transmit efficiencies, with a small reduction in
safety efficiency under full decoupling due to increased
maximum SAR.

Using simulation data for electric and magnetic fields, B;*
field and SAR patterns are plotted in a transverse slice through
the center of the phantom (Figure 9). While the magnetic field
patterns remain very similar, SAR increases especially in the
peripheral regions of the phantom as a result of currents through
the decoupling capacitors.

B. Measurements

Scattering parameters measured on the bench are plotted in
Figure 8. Full decoupling eliminates resonant frequency
splitting in the |S11| curve and reduces isolation to 32 dB (Figure
8(b)), compared to 9 dB for the coupled case.

The simulated B, "field and SAR patterns obtained when only
one channel is excited with 1 W of power are plotted in Figure
10 (a)-(d), showing that full decoupling reduces the amount of
shared field between two neighboring elements. Moreover,
acquired flip angle (= scaled B;") maps are compared to those
of the simulation in Figure 10 (e) and (f), confirming better
distinction in the transmit field patterns and suppression of
signal from neighboring elements.

IV. CONCLUSION

In this work we investigate the effects of high-permittivity
liners and various levels of decoupling on the transmit
characteristics of an eight-channel array for imaging the
extremities or pediatric brain at 4.7 T. The liner improves field
homogeneity but also increases mutual impedance between

Figure 10: Simulated B, field (0-2uT) for (a) coupled, (b) decoupled and
SAR (0-1W/kg) for (c) coupled and (d) decoupled coil when one channel is
excited, flip angle (0-50°) or B;" maps for (e) coupled, (f) decoupled coil.



elements. This coupling can be reduced to acceptable levels
without degrading the transmit performance or field uniformity
of the array by removing both resistive and reactive terms of the
mutual impedance using capacitive bridges. For each element a
distinct field map can therefore be produced as required for
parallel transmit techniques (e.g., Transmit SENSE). These
methods of array design can be extended readily to larger
dimensions or greater numbers of elements.
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