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Design of an inductively decoupled microstrip array at 9.4 T
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Abstract

By independent control of the phases and amplitudes of its elements, the microstrip transmission-line array can mitigate sample-in-
duced RF non-uniformities, and has been widely used as the transceiver in parallel imaging applications. One major challenge in imple-
menting the microstrip array is the reduction of mutual coupling among individual elements. The low-input impedance preamplifier is
commonly used for the decoupling purpose. However, it is impractical in the transceiver array design. Although interconnecting capac-
itors can be utilized to reduce the mutual coupling, they only efficiently work for the neighbor elements. In addition, this approach is
impractical at fields higher than 300 MHz, in which the required decoupling capacitance is commonly less than 0.5 pF. We propose a
novel decoupling approach by using decoupling inductors in this study. Due to the fact that the decoupling inductance is independent
of the resonant frequency, the microstrip arrays can be well decoupled at ultra-high fields. To verify the proposed approach, an eight-
channel microstrip array is fabricated and tested at 9.4 T. For this prototype, couplings between elements are significantly reduced by
using the interconnecting inductors. The phantom experiment shows that the inductively decoupled microstrip array has good parallel
imaging performance.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The major advantages provided by high magnetic fields
are increased NMR sensitivity, ultimately improved spatial
and spectral resolution. For parallel imaging strategies
based on multi-coil arrays [1,2], high fields are expected
to improve parallel imaging performance due to the more
complex sensitivity profiles of each coil element and the
increased signal-to-noise ratio (SNR) [3,4]. However, there
are some significant challenges in the image acquisition at
ultra-high fields. For example, the lack of body resonators
for homogeneous transmit pulses and the non-uniform B1

profile with human load. For the receive-only coil array,
the limited space of the high field magnet sometimes makes
it hard to use an additional volume coil for transmit. The
volume microstrip transmission-line array [5–9] is one
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possible approach to overcome these limitations. With
independent phase and amplitude control of its elements,
it can mitigate the sample-induced RF non-uniformities
and can be used for transmission and reception. The radi-
ation loss is well addressed by coil designs that incorporate
a ground plane into the resonance structure in the form of
transmission-line. Without the need of a transmit coil, the
array structure is more compact and hence valuable space
is saved inside the ultra-high-field magnets.

One major challenge in implementing the microstrip
transmission-line arrays is to find sufficient means to min-
imize mutual coupling between individual coil elements.
In some cases, coil elements are intrinsically decoupled
without resorting to additional decoupling circuits, e.g.,
when there are enough spacing between the resonant ele-
ments, or the thin substrate is selected to provide enough
broad decoupling [5,8]. However, if the substrate thickness
is increased to pursue deeper B1 field penetration, or the
coil array is built with narrow gap between coil elements,
the mutual coupling among coils may be strong enough
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to cause the resonance peak to split. Hence, the additional
decoupling circuit is necessary to isolate individual coil ele-
ments. This becomes particularly important in transceiver
arrays where low-input impedance preamplifier decoupling
[10] is not easily feasible. Alternative methods for decou-
pling such as decoupling network [11] or compensating
for the nearest neighbor mutual coupling by introduction
of a capacitor [5–7,12,13] are currently used for microstrip
arrays. However, extending the decoupling network to
large numbers of elements (>8) is quite complex and chal-
lenging. The method by using interconnecting capacitors
also has a problem for the fields higher than 7 T, where
the required decoupling capacitance is usually unpractical-
ly small.

In this study, a novel inductive decoupling approach is
presented. Unlike the transformer decoupling method [14]
by using two coupled inductors, our approach is to inter-
connect inductors between adjacent microstrip elements
for decoupling. This decoupling inductance is independent
of the resonant frequency and therefore the microstrip
array can be extended for the fields higher than 7 T. An
eight-channel prototype at 9.4 T has been fabricated and
tested to validate the proposed method.
Fig. 1. The circuit of two coupled microstrip resonators (a) and its
equivalent circuit (b). (c) Schematic of the coupled microstrip coils with a
decoupling inductor. (d) Equivalent circuit of the coupled microstrip coils
with decoupling inductor. (e) The circuit to calculate magnetic
wall frequency by inserting an open circuit into T–T 0 of (d). (f) The
circuit to calculate electric wall frequency by inserting a short circuit into
T–T 0 of (d).
2. Method and materials

2.1. Theory

Consider a pair of microstrip resonantors that are tuned
to the same resonant frequency. The corresponding equiv-
alent LC circuit is shown in Fig. 1a, where L and M are the
self-inductance and mutual inductance, respectively. Let V1

and V2 denote the voltages of T 1–T 01 and T 2–T 02, and I1, I2

represent the currents in the two resonators, respectively.
If the two resonators are planar structures, or closely

placed around a cylinder such that the induced current
on the strip has the opposite direction to its original cur-
rent, the coupling equations of the two-port network from
T 1–T 01 to T 2–T 02 are

V 1 ¼ jxLI1 � jxMI2

V 2 ¼ jxLI2 � jxMI1: ð1Þ

The second terms on the right-hand-side of Eq. (1) are
the induced voltages. Note that V1 and V2 are reduced
due to the mutual inductance has a negative sign. Based
on Eq. (1), the Z parameters can be obtained as follows:

Z ¼
jxL �jxM

�jxM jxL

� �
: ð2Þ

According to this Z matrix, the two-port network from
T 1–T 01 to T 2–T 02 can be replaced by a T-type circuit, which
is shown in Fig. 1b.

Fig. 1c depicts two coupled microstrip resonators with
an interconnecting inductor for decoupling. Two shunt
capacitors C01 and C02 are placed at the ends of the stri-
plines, and a serial capacitor C002 is placed on the strip for
frequency tuning. Here L0d is the decoupling inductance,
C01 locates between the ground and the connection point
of the decoupling inductor L0d.

The equivalent circuit of inductively decoupled micro-
strip resonators is shown in Fig. 1d. T-type coupling circuit
is marked in a dashed square box. Note that the long con-
nection trace of the decoupling inductor may have the reac-
tance in series with the decoupling inductor. If this trace is
placed closely to the ground plane, parasitic capacitor also
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exists between the trace and ground planes adjacent to it.
Those reactance need to be considered in the equivalent cir-
cuit. Hence Ld in Fig. 1d is defined as the total reactance of
the decoupling inductance L0d and its connecting traces. C1,
which locates between Ld and the ground plane, is the total
capacitance of C01 and the parasitic capacitance. C2 is the
equivalent capacitance of C02, C002 and the distributed shunt
capacitance of the transmission-line, which is serial with C1

in the microstrip coil. For simplicity, the resistance R in the
equivalent LC loops is ignored and the decoupling inductor
Ld is divided into two serial inductors with value of Ld/2
such that the circuit is symmetry from the line T–T 0.

Based on the symmetry circuit in Fig. 1d, the two reso-
nate frequencies of the coupled microstrip resonators, fe

and fm, are calculated and the decoupling condition is
obtained. According to ‘‘magnetic/electric wall’’ analysis
[15], the symmetry circuit can be analyzed by inserting an
open circuit (magnetic wall) and a short circuit (electric
wall) into T–T 0. Any bisection magnetic and electric circuit,
which are shown in Figs. 1e and f, respectively, is used to
calculate the resonant frequencies.

From the circuits in Figs. 1e and f, we have

x2
m ¼

C1 þ C2

C1C2ðL�MÞ ð3Þ

x2
eC2

Ld=2

2� x2
eLdC1=2

þ LþM
� �

¼ 1 ð4Þ

where xe,m = 2pfe,m. When the two microstrip coils are
totally decoupled, that is xe = xm, from Eqs. (3) and (4),
the required Ld is expressed as follows,

Ld ¼ L � k
2ð1� m2Þ þ 2kmð1� mÞ

mð1þ kÞ2
; ð5Þ

where k = C2/C1 and m = M/L. Note that in Eq. (5), the
required inductor Ld is determined by m, k, and L, and is
independent of the resonant frequency. Hence the inductive
decoupling method can be applied for microstrip arrays at
ultra-high fields. Based on Eq. (5), the relations among Ld,
Fig. 2. The relationship between m and decoupling inductance Ld

(assuming the self inductance L = 0.5 lH).
m and k are further illustrated in Fig. 2 by assuming
L = 0.5 lH. As shown in the figure, when m < 0.2 (this
condition is usually satisfied for microstrip arrays at ul-
tra-high fields), the required decoupling inductances can
be adjusted in a board range by varying k.

2.2. Coil construction

An eight-channel microstrip volume array was fabricat-
ed for mice imaging at 9.4 T (Fig. 3). The dimension of the
cylinder former was 9.0 cm in length, 7.6 cm in outer diam-
eter and 6.4 cm in inner diameter. The substrate used for
the coil array was PETT, with a low loss tangent d of
0.00015 and a permittivity of 2.1. The 6 mm substrate
thickness for this prototype was selected according to the
suggestion in Ref. [16]. The eight microstrip coils were built
with 6.5 mm wide top strips and 2.5 cm wide ground strips.
The inter-spacing between the strips was 2.0 cm and the
inter spacing between the ground strips was 0.5 cm. Each
element was matched to 50 X with a tunable capacitor
(Voltronics, Denville, NJ) when loaded. The decoupling
inductor was mounted via the gap between the ground
strips such that the space inside the volume can be saved.
Fig. 3. Photograph (a) and sketch (b) of the eight-channel strip array for
9.4 T.



Fig. 4. Experimental comparison between capacitive and inductive
decoupling. (a) Interconnecting capacitance and (b) interconnecting
inductance, as a function of the resonant frequency. (c) The required
decoupling inductor vs. k0 ¼ C01=C002 at 400 MHz.
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Two shunt capacitors C01;C
0
2 and a serial capacitor C002 with

the values around 8.2 pF were mounted on each element.
Bench experiments by observing the phase response from

the S parameters [15] can prove that the mutual inductance
between adjacent elements of the prototype is negative
and, thus, the established inductive decoupling model is
applicable. Each decoupling inductance is 0.18 lH (mea-
sured by a LCR meter, Agilent 4263B, at 100 KHz) which
was wound with a copper wire of 7 turns and 7.0 mm in diam-
eter. Note that the decoupling inductor here is somewhat a
solenoidal coil. However, in this approach, k was tuned to
decrease the decoupling inductance, such that its self-reso-
nance frequency was well beyond the frequency of interest.
In this prototype, the self-resonant frequencies of the decou-
pling inductors were around 800 MHz.

2.3. Experiment

To illustrate the advantages of this inductive decoupling
method, it was compared to the conventional capacitive
decoupling method [5] on bench. By varying the tuning
capacitors on the strips, two adjacent microstrip elements
in the prototype were tuned to the frequencies ranging
from 200 MHz to 450 MHz, while the other six elements
were open-circuit. This frequency range is commonly used
for most high field applications. For each investigated fre-
quency, all tuning capacitors C01, C02, and C002 were approx-
imately equal, such that k in Eq. (5) approximates a
constant.

Bench measurements were also taken to show the decou-
pling performance with different phantoms. Saturated
NaCl solution, pure water and mineral oil phantoms were
made with the same size (a cylindrical bottle with 9-cm long
and 5.5-cm diameter). The saturated NaCl phantom with
permittivity of about 58 at 400 MHz was used for imaging.
The phantoms of pure water and mineral oil were used to
test the decoupling performance when some degree of
dielectric effects exist at 9.4 T, this dielectric effect may con-
tribute to the coupling between coil elements. In addition,
Qs were measured before and after mounting the decou-
pling inductor to evaluate the loss caused by the additional
inductors.

Finally, MRI experiments with this microstrip array was
performed on a 9.4 T horizontal bore magnet (Magnex Sci-
entific, UK) interfaced to a Varian INOVA console (Vari-
an Associates, Palo Alto, CA, USA). The gradient-recalled
echo (GE) sequences were used (flip angle = 11�,
TE = 3.2 ms, TR = 100 ms, matrix size = 128 · 128, field
of view = 10 · 10 cm, slice thickness = 3 mm).

2.4. Parallel imaging reconstruction

To demonstrate the parallel imaging performance of the
inductively decoupled microstrip array, GRAPPA recon-
structions were performed with the phantom data. Partial
k-space data were extracted from the full dataset to simu-
late 2·, 3· and 4· accelerations. The improved GRAPPA
reconstruction algorithm reported in Ref. [17] were
employed. In each reconstruction, 7 auto-calibrating signal
(ACS) lines were used for the fitting process.

3. Results and discussion

The comparison results of the inductive and capacitive
decoupling method are shown in Fig. 4. Fig. 4a indicates



Table 2
The required decoupling inductances and S21 between coil elements with
different phantoms: saturated NaCl, pure water, and mineral oil phantom

Phantom Neighbors S21 (dB) Ld (lH)

Without Ld With Ld

Saturated NaCl 1st Peak splitting �15 to �20 0.19
2nd �10 to �14 �12 to �21
3rd �17 to �21 �24 to �29
4th �19 to �22 �27 to �36

Pure water 1st Peak splitting �13 to �17 0.24
2nd �8 to �15 �11 to �21
3rd �14 to �19 �21 to �30
4th �19 to �22 �18 to �26

Mineral oil 1st Peak splitting �14 to �22 0.20
2nd �11 to �13 �12 to �19
3rd �18 to �22 �22 to �35
4th �16 to �24 �22 to �25

Ld was measured at 100 kHz.
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that the decoupling capacitance significantly decreases with
the resonant frequency. When the resonant frequency is
higher than 350 MHz, the decoupling capacitance is less
than 0.3 pF, which is unpractically small. With the same
coil geometry, the result of using decoupling inductor is
shown in Fig. 4b. Unlike the capacitive decoupling method,
the required inductance is almost independent of the reso-
nant frequency. The required inductance is in the range of
0.17–0.19 lH (5–7 turns copper wire with 7 mm diameter).
The slight difference of the inductance is caused by the var-
iable k. Because the distributed shunt capacitance of trans-
mission-lines is hard to be estimated, k at different resonant
frequencies is not a constant. The comparison indicates
that the inductively decoupling method is more appropri-
ate for microstrip arrays at ultrahigh fields. Fig. 4c shows
the relationship between k0 ¼ C01=C002 and the required
decoupling inductance. When k

0
ranges from 0.05 to 2.5,

the required inductance can be controlled in a broad range
from 0.03 lH (a 2 cm long copper wire) to 0.84 lH (a 14
turns copper wire with 10 mm diameter) at 400 MHz.
Varying the proportion of tuning capacitors, k, is efficient
to adjust the decoupling inductances.

The loss of the decoupling circuit is estimated by mea-
suring Q. With one microstrip element resonated at
400 MHz and other seven elements open, the unloaded Q

was 130 and the loaded Q was 85 for the saturated NaCl
phantom. After mounting decoupling inductors, unloaded
Q of all the elements were around 120–130 and loaded Q

were around 72–82, no significant loss is observed.
Table 1 illustrates the relation between frequency split

and the decoupling inductance. When increasing the decou-
pling inductor from 0.027 lH to 1, only one of the split
frequencies, fe, varies with the decoupling inductance and
shifted from 403.5 to 391.5 MHz, while fm almost remains
the same. This fact agrees with Eqs. (3) and (4) quite well.

Table 2 shows the decoupling results with different
phantoms. Without the decoupling inductors, the mutual
coupling between the 1st neighbors split the resonant peaks
no matter what phantoms are used. After implementing the
decoupling circuit, S21 among all the coil elements are bet-
ter than �13 dB with the saturated NaCl and mineral oil
phantoms, and it is about 1–5 dB worse with the pure
water phantom. The results demonstrate that even the
dielectric effect exists at 9.4 T, this inductive decoupling
scheme is still valid.

Although the inductors were connected between the
adjacent elements, Table 2 shows that the inductor decou-
Table 1
fm and fe of the two adjacent microstrip coils

fm (MHz) fe (MHz) Ld (lH)

399.1 391.5 1
399.6 397.0 0.197
400.0 400.0 0.081
400.1 403.5 0.027

With the increase of decoupling inductors, fe decreases while fm is
unchanged.
pling method can reduce the mutual coupling not only
between adjacent elements, but also between non-adjacent
elements. The decoupling inductors bring 3–14 dB addi-
tional isolations for all non-adjacent elements, which is
shown more clearly in Fig. 5. By connecting the elements
to the two ports of a network analyzer, the S11, S22 and
S21 curves of the nearest, 2nd, 3rd, and 4th neighbors are
shown in Figs. 5a–d, respectively. S21 of the 3rd and 4th
neighbors obviously decrease near the 400 MHz. All the
L/C components between the non-adjacent elements can
be seen as a L/C decoupling network, which is helpful
for reducing the mutual coupling. Further study will be
needed to analyze and optimize the decoupling scheme
for the non-adjacent elements.

Fig. 6a shows the saturated NaCl phantom image
acquired from each element. The image profiles indicate
that sufficient decoupling among all elements is achieved.
Fig. 6b shows a combined image from the individual imag-
es by using the sum-of-squares method and 2·, 3·, and 4·
accelerated cases using the improved GRAPPA reconstruc-
tion algorithm. Those combined images have good quality
in terms of SNR and artifacts, implying the inductively
decoupled microstrip array is suitable for parallel imaging.

Note that the isolations achieved by this inductively
decoupling scheme is very efficient for the receive mode
to avoid peak splitting and to attain sufficient decoupling
for independent coil tuning and matching. For transmit
mode, highly decoupling might be required.

4. Conclusion

This work provides a new and efficient approach for
decoupling the microstrip array at ultra-high fields. In con-
trast to the capacitive decoupling methods, the decoupling
inductance is independent of the resonant frequency, mak-
ing this method much easier to implement. The decoupling
inductance can be decreased by varying the tuning capaci-
tors on the strips, such that the self-resonant frequency of



Fig. 5. In the eight-channel microstrip array, the S11, S22, and S21 parameters of the nearest neighbor (a), second neighbor (b), third neighbor (c) and forth
neighbor (d) after loading with a saturated NaCl phantom. The span is 50 MHz and the central frequency is 400 MHz.

Fig. 6. Images of the saturated NaCl phantom obtained with the eight-
channel microstrip array. (a) MR images acquired from each element with
a gradient-recalled echo (GE) pulse sequence (TE = 3.2 ms, TR = 100 ms,
flip angle = 11�, NEX = 1, FOV = 10 cm, slice thickness = 3 mm, matrix
size = 128 ·128). (b) Combined image by using sum-of-square method and
images acquired by using improved GRAPPA with 2·, 3·, and 4·
acceleration rate.
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the decoupling inductors is well beyond the frequency of
interest. Size of the inductors, and therefore the loss caused
by this decoupling circuit can be also controlled. In our
eight-channel prototype at 9.4 T, the interconnecting
inductors can reduce the coupling not only between adja-
cent elements, but also between non-adjacent elements.
This decoupling approach has great potential for packing
more elements into microstrip arrays for the purpose of
parallel imaging and retaining depth sensitivity at fields
higher than 7 T.
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