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Field Distribution and Coupling Investigation of
an Eight-Channel RF Coil Consisting of Different
Dipole Coil Elements for 7 T MRI
Zhichao Chen∗ , Student Member, IEEE, Klaus Solbach, Daniel Erni, Member, IEEE,
and Andreas Rennings, Member, IEEE

Abstract—In this contribution, we investigate the B1 distribution and coupling characteristics of a multichannel radio frequency (RF) coil consisting of different dipole coil
elements for 7 T MRI, and explore the feasibility to achieve
a compromise between field distribution and decoupling by
combining different coil elements. Two types of dipole elements are considered here: the meander dipole element
with a chip-capacitor-based connection to the RF shield
which achieves a sufficient decoupling between the neighboring elements; and the open-ended meander dipole element which exhibits a broader magnetic field distribution.
By nesting the open-ended dipole elements in between the
ones with end-capacitors, the B1 distribution, in terms of
field penetration depth and homogeneity, is improved in
comparison to the dipole coil consisting only of the elements with end-capacitors, and at the same time, the adjacent elements are less coupled to each other in comparison to the dipole coil consisting only of the open-ended
elements. The proposed approach is validated by both fullwave simulation and experimental results.
Index Terms—B1 distribution, coupling investigation,
dipole coil, multichannel coil array, 7 T MRI.
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I. INTRODUCTION

VER the past decade, ultrahigh field (UHF) imaging
(B0 ≥ 7 T) has attracted more and more attention due to
its enhanced imaging sensitivity, increased spectral resolution,
and improved scan efficiency (parallel imaging techniques),
etc. [1]–[6]. Associated with the aforementioned advantages,
various problems and challenges occur along with the increased
field strength, such as spatially inhomogeneous B1 field, more
critical specific absorption rate (SAR) issue, susceptibility
effects, etc. [1]–[3], [7], [8]. Therefore, massive effort has been
devoted to the development of efficient radio frequency (RF)
coils, since the conventional RF coils, such as surface coils and
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volume coils, challenge the limits of design and performance
due to the higher magnetic resonance frequencies [9]–[13].
At higher magnetic resonance frequencies, dipole coils form a
promising candidate since they effectively produce propagating
electromagnetic waves toward the imaging target [14].
Recently, multichannel RF coils based on several longitudinally oriented stripline elements have been successfully
applied in UHF MRI [7], [15]–[20]. For such multichannel
RF coils, the coupling characteristic between the adjacent
elements could impact the coil performance severely, and
thus, become an important parameter for the coil design. A
comparison of the coupling mechanism for various dipole
coil elements is presented in [21] based on the characteristic
mode analysis [22]. It has been demonstrated that the dipole
element with lumped-element connection to the RF shield
[23] achieves a sufficient decoupling, while the element
without direct connection to the RF shield exhibits a broader
transverse magnetic field distribution. The meandered dipole
element without direct connection to the RF shield was initially
introduced in [24], where the length of the meandered dipole
elements with different termination topologies was optimized
to achieve a minimized SAR. In practice, a homogeneous B1
field and a sufficient decoupling between coil elements are
pursued, especially for the receive case. Hence, RF coils, which
could simultaneously possess these two features, are desired.
Here, we present an investigation of the B1 distribution and
coupling characteristics of a multichannel RF coil consisting of
different dipole coil elements for 7 T MRI, and explore the feasibility to achieve a compromise between field distribution and
decoupling by combining two different coil elements. The considered dipole elements are symmetrically fed stripline dipoles
which are terminated by a meander structure on each side. However, different terminations from the meander to the corresponding RF shield are used: first, a lumped-element connection (endcapacitor scenario); and second, in the absence of direct connection between the RF shield and the meanders (open-ended
scenario). Here, we consider three different coil setups:
1) an eight-channel coil based on dipole elements with endcapacitors;
2) an eight-channel coil based on open-ended dipole elements; and
3) an eight-channel coil based on an alternating combination
of the aforementioned two dipole elements.
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The investigation is performed based on full-wave simulations, and further validated by measurements of the excited
fields.
The paper is organized as follows. Section II briefly introduces the dipole elements which will be utilized to construct
the different RF coils in the forthcoming section. In Sections III
and IV, the B1 distribution and coupling characteristics of multichannel RF coils consisting of different dipole coil elements
are compared based on finite difference time domain (FDTD)
full-wave simulation and experimental results. In addition to the
near-field measurements, the absolute B1+ maps of the proposed
multichannel coils with different dipole elements are acquired
and compared. Finally, conclusions are given in Section V.
II. CONSIDERED DIPOLE ELEMENTS
In this study, we utilize a symmetrically fed dipole element
which was terminated by two meanders on each side. However,
different coupling scenarios to the corresponding RF shield are
considered: first, the meander is connected to the RF shield
through a so-called end-capacitor with the value of 1 pF [23];
and second, a field-based coupling is used where no direct connection between the RF shield and the meanders is established
(open-ended). For the second case, the meander sections are
covered by substrates with high dielectric constant to finetune
the current distribution on the dipole [24]. In both versions (with
end-capacitor and open-ended), the stripline dipole and the corresponding RF shield are printed on Rogers RO4003 substrates
(25 cm × 8 cm) with a thickness of 0.5 mm, and separated by
2 cm of air.
Fig. 1 shows the absolute magnetic field in the transverse
cross section of the considered dipole elements. A homogeneous flat phantom (!r = 45.3, σ = 0.87 S/m) was placed 2 cm
above the dipole element. The corresponding magnetic field is
normalized to the square root of the accepted power and plotted
in dB. The dipole element with end-capacitors reveals a loop
current which flows through the stripline and the RF shield via
the end-capacitors. As a result, a relative strong magnetic field
below the stripline is observed [cf. Fig. 1(a)]. Without the direct
connection to the RF shield, the magnetic field of the openended dipole element is not confined between the stripline and
the RF shield, but is distributed above the stripline in a broader
manner [cf. Fig. 1(b)]. The drawback of this broader field distribution is a higher coupling between adjacent elements [21]. In
addition to the broader field distribution, the open-ended dipole
element also exhibits a slightly stronger field penetration into
the phantom compared to the case of the dipole element with
end-capacitors [cf. Fig. 1(c)].
III. FIELD DISTRIBUTION OF EIGHT-CHANNEL RF COILS
BASED ON DIFFERENT DIPOLE ELEMENTS
In this section, we compare the B1 distribution of an eightchannel RF coil consisting of different dipole coil elements
based on full-wave simulation and near-field measurement.

Fig. 1. Simulated absolute magnetic field distribution in the transverse
cross section of the considered dipole elements: (a) dipole element with
lumped element (end-capacitors) connection between the RF shield and
the meander, (b) dipole element with open-ended meander terminal.
The corresponding magnetic field is normalized to the square-root of the
accepted power and plotted in dB. (c) The absolute |B 1 | distribution of
the considered dipole elements along the transverse path (x = 0) with
different penetration depth into the phantom (z = 1, 3, 5, 7 cm).

1) an eight-channel coil based on dipole elements with endcapacitors;
2) an eight-channel coil based on open-ended dipole elements; and
3) an eight-channel coil based on an alternate combination
of the aforementioned two dipole elements.
For each case, the dipole elements are equably arranged
around a cylindrical phantom (!r = 45.3, σ = 0.87 S/m,
ρ = 1000 kg/m3 ) with a diameter of 20 cm. The radial separation between the coil elements and the phantom is set to
2 cm. In order to excite a circularly polarized (CP) mode, the
coil elements in our case are fed equally in magnitude and with
a relative phase lag of 45◦ .
B. Numerical Model Validation
First, the numerical models of the considered coil arrangements are validated through the comparison of full-wave simulation and experimental results.
1) Full-Wave Simulation: The transverse B1 distributions of the proposed dipole coils are simulated with a full-wave
simulator based on the FDTD method, here EMPIRE XPU,1 and
displayed in Fig. 2. For each coil setup the dipole elements are

A. Proposed Dipole Coils
As depicted in Fig. 2, three coil setups will be considered
here:

1 EMPIRE XPU is one of the leading three-dimensional electromagnetic field
simulators. It is based on the powerful FDTD, which has become an industrial
standard for RF and microwave component and antenna design.
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Fig. 2. Simulated |B 1 | distributions on the transverse cut of the proposed dipole coils: (a) an eight-channel coil based on dipole elements with
end-capacitors; (b) an eight-channel coil based on open-ended dipole elements; and (c) an eight-channel coil based on an alternate combination of
the aforementioned two dipole elements. The corresponding |B 1 | distributions are normalized to the square root of total accepted power and plotted
in dB. The field distribution outside the phantom (in the shaded area) is also displayed in order to indicate the unique field pattern of different coil
elements.

properly matched in such a way that the power delivered to each
dipole element is identical. The corresponding field distributions
are normalized to the total accepted power by the coil elements.
The coil based on dipole elements with end-capacitors reveals
a strong concentration of magnetic field between the stripline
and the RF shield, showing a triangle-shaped field distribution,
where only the tip of the triangle is extended into the phantom [cf. Fig. 2(a)]. As a result, the degradation of the B1 field
in the regions between the adjacent elements is obvious. For
the coil with open-ended elements, the field is not confined below the stripline, but spread out in a broader manner inside the
phantom, which results in an inverted-triangle-shaped field distribution [cf. Fig. 2(b)]. Hence, the in-between areas with low
field in Fig. 2(a) are covered by the broader field distributions,
and an improved B1 homogeneity is achieved. As mentioned
previously, this broader field distribution leads to a stronger coupling between the neighboring elements. Therefore, we present
a new setup which achieves a compensation of the triangle- and
inverted-triangle-shaped field distribution [cf. Fig. 2(c)]. In this
case, the gaps between the elements with end-capacitors will
be compensated by the open-ended elements, and thus, a more
uniform B1 field is observed. On the other hand, the coil will
not suffer from the strong coupling between the neighboring
elements, since the field generated by the elements with endcapacitors and the open-ended elements do not deeply overlap
with each other as in Fig. 2(b).
Here a numerical analysis of the field parameters is performed
and compared for different coils in Table I. To some extent, the
averaged penetrating ability of magnetic field can be correlated
to the mean value of |B1 |, and the homogeneity of |B1 | field is
then represented by the coefficient of variation (CoV) of |B1 |:
CoV (|B1 |) =

std (|B1 |)
mean (|B1 |)

(1)

where std(·) stands for the standard deviation. A small CoV indicates a low variance of the examined variable, and thus, a better
homogeneity. In comparison to the coil with end-capacitors,

TABLE I
SIMULATED FIELD PARAMETERS OF THE CONSIDERED DIPOLE COILS

Type of Coil
CASE 1:

mean
0.334

End-Capacitor Element
CASE 2:

0.415

Open-Ended Element
CASE 3:
Combination of 1 and 2

0.398

!
#

#
#

|B 1 |
√

P in

"

√µ T

W/ kg

√µ T

W/ kg

√µ T

W/ kg

$
$
$

!
"
|B |
CoV √ 1
P in

0.479

0.321

0.369

due to the better radiation ability the open-ended dipole element provides a better B1 field (larger mean(|B1 |) and smaller
CoV(|B1 |). The field parameters of the coil with combined
dipole elements fall between the other two cases. Compared to
the coil with end-capacitors, the combined dipole arrangement
exhibits an increment of 19% on mean(|B1 |), and a reduction of
23% on CoV(|B1 |).
2) Experimental Results: Besides the FDTD full-wave
simulation, the magnetic field distributions of different coil setups are also investigated by near-field measurement. The experimental setup for near-field measurement is depicted in Fig. 3.
The dipole elements are equably arranged around a cylindrical phantom (!r ≈ 45.3, σ ≈ 0.87 S/m) with a diameter of
20.5 cm. Fig. 3 displays the particular case with combined coil
elements, it should be noted that the other two cases share the
same measurement setup. The geometry parameters of the coil
elements are in accordance with the ones utilized in simulation.
The source power is first split into four equal parts with a 90◦
phase-shift using a Butler matrix. Each output signal is followed
by a subsequent power amplifier and a Wilkinson power divider,
which provides an additional 45◦ phase-shift between the two
outputs. In total, eight equal signals with a relative phase lag of
45◦ are generated and applied to the dipole elements. In our case,
the power accepted for each channel is roughly 5 W, and varies a
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TABLE II
MEASURED FIELD PARAMETERS OF THE CONSIDERED DIPOLE COILS

Type of Coil
CASE 1:

mean
0.143

End-Capacitor Element
CASE 2:

0.186

Open-Ended Element
CASE 3:
Combination of 1 and 2

Fig. 3. Experimental setup for near-field measurement. The dipole elements are equably arranged around a cylindrical phantom (!r ≈ 45.3,
σ ≈ 0.87 S/m) with a diameter of 20 cm.

little bit between elements due to the slightly different matching
behaviors.
Fig. 4 shows the measured absolute magnetic field distribution on the transverse cut inside the phantom (cf. Fig. 3) for
different dipole coils. The corresponding field distributions are
normalized to the square root of the total accepted power by the
coil elements. The slight asymmetry of the field pattern is mainly
caused by the unequal excitation of the coil elements due to the
imperfect power splitting by the Bulter matrix and the power
dividers. Besides, the coil misalignment and slightly different matching levels between coil elements could also aggravate the asymmetry. Due to the finite thickness of the side
wall of the phantom container and the radius of the field
probe, the measurable field region (D = 16 cm) is smaller
than the actual cross section of the phantom (D = 20 cm).
This smaller field of view (FoV) weakens the difference on
field distribution between the dipole coils under comparison,
since in the outer region of the phantom the field difference
is more prominent. Nevertheless, the coil with open-ended elements reveals the most promising |B1 | distribution, in terms
of mean value and CoV of |B1 |. Compared to the case with
end-capacitors, the combination of two different dipole elements exhibits a more homogeneous and strengthened |B1 |
distribution, especially in the regions between the neighboring
elements.
Similarly, a numerical analysis of the field parameters is carried out based on the measured data (cf. Table II). In general,
the field parameters of the measured magnetic field shows the
same tendency as the ones based on full-wave simulation in
Table I. The coil with open-ended dipole elements reveals the
largest mean value and the smallest CoV of the absolute magnetic field, indicating an improved field distribution. The coil

0.159
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)
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0.574

0.548

0.566

with end-capacitors exhibits a comparatively inferior field distribution, denoted by the smallest mean value and the largest
CoV of the absolute magnetic field. The field parameters of the
coil with combined dipole elements again fall in between the
other two cases, suggesting an intermediate magnetic field distribution. Since the accessible field region for measurement is
smaller than the phantom cross section in full-wave model (due
to the sidewall of the phantom container and the diameter of
the field probe), the measured field magnitude is smaller than
the simulation results [cf. Fig. 2(a)–(c)]. As mentioned earlier,
this smaller FoV weakens the difference on field distribution
between the three compared coil arrangements and leads to a
less different CoV in Table II. We can notice that due to the
smaller mean values, the CoV of the measured magnetic field in
Table II are larger than the ones computed based on the
simulation results (cf. Table I).
Basically, the full-wave simulation and near-field measurement reveal a very similar magnetic field distribution inside the
phantom, which is also confirmed by the numerical analysis.
Through the comparison of simulated and measured results,
the numerical models of the considered coil arrangements are
effectively validated.
C. B1+ Distribution
For a multichannel RF coil, the CP magnetic field, namely the
B1+ field, inside the phantom is mostly considered [25], [26].
In our case the coil elements are fed equally in magnitude and
with a relative phase lag of 45◦ to excite the first-order CP+
mode. For the UHF MRI application, the local peak SAR is a
critical limitation which should be minimized. In addition to the
absolute field distribution, here we also investigate the CP B1+
field inside the phantom, and normalize it to the square root of
peak SAR (cf. Fig. 5). In general, the |B1+ | distributions show
a similar tendency as the absolute B1 distribution in Fig. 2,
except for the slightly rotated field patterns due to the circular
polarization.
The numerical analysis of the |B1+ | distribution in Table III reveals a similar tendency as the |B1 | distribution. The dipole coil
with end-capacitors is of the smallest mean value and the largest
CoV of the B1+ distribution, whereas the open-ended dipole coil
exhibits the largest mean(|B1+ |) and the smallest CoV(|B1+ |) of
the three considered cases. The field parameters of the coil
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Fig. 4. Measured absolute magnetic field distributions on the transverse cut for the different coil setups: (a) an eight-channel coil based on dipole
elements with end-capacitors, (b) an eight-channel coil based on open-ended dipole elements, and (c) an eight-channel coil based on an alternate
combination of the aforementioned two dipole elements. The displayed distributions are normalized to the square root of the total delivered power
into the coil.

Fig. 5. Simulated |B 1+ | distributions on the transverse cut of the proposed dipole coils: (a) an eight-channel coil based on dipole elements with
end-capacitors; (b) an eight-channel coil based on open-ended dipole elements; and (c) an eight-channel coil based on an alternate combination of
the aforementioned two dipole elements. The corresponding |B 1+ | distributions are normalized to square root of the peak SAR inside phantom and
plotted in dB.
TABLE III
SIMULATED FIELD PARAMETERS OF THE CONSIDERED DIPOLE COILS

Type of Coil

CASE 1:

mean

%

0.255

End-Capacitor Element
CASE 2:

0.321

Open-Ended Element
CASE 3:
Combination of 1 and 2

0.275

√
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$
$
$

&

%

CoV

√

+
|
1
S A R max
|B

&

0.390

0.273

0.307

with combined dipole elements fall between the other two
cases.

Fig. 6. Eight-channel dipole coil with combined elements loaded with
a cylindrical phantom positioned on the patient table of an MRI scanner.

D. Absolute B1+ Maps
In addition to the near-field measurement, the absolute B1+
maps of the proposed multichannel coils with different dipole
elements are acquired with the method presented in [27] in a
7 T MRI scanner (Magnetom 7 T, Siemens Healthcare).

1) Measurement Setup: As shown in Fig. 6, the
eight-channel dipole coil with combined elements is loaded
with a cylindrical phantom (!r ≈ 45, σe ≈ 0.8 S/m, d = 21 cm)
and positioned on the patient table of a 7 T MRI scanner. The
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Fig. 7. Acquired absolute transverse B 1+ maps for different dipole coils: (a) an eight-channel coil based on dipole elements with end-capacitors; (b)
an eight-channel coil based on open-ended dipole elements; and (c) an eight-channel coil based on an alternate combination of the aforementioned
two dipole elements.

coil elements are fed with 45◦ phase lag to each other in order
to excite the first-order CP+ mode. The peak power applied on
each channel is 40 W with 1 ms duration. Including the losses
in the RF cables, coil matching network, Tx/Rx switches,
etc., the available power that reaches the coil element is less
than the applied power. Fig. 6 displays the particular case
with combined coil elements, it should be noted that the same
measurement setup is applied for the other two cases.
2) Results and Discussion: The absolute B1+ maps on
the transverse plane of the phantom are compared for different
dipole coil arrangements:
1) an eight-channel coil based on dipole elements with endcapacitors,
2) an eight-channel coil based on open-ended dipole elements, and
3) an eight-channel coil based on an alternating combination
of the aforementioned two dipole elements.
From Fig. 7(b), it can be seen that the field strength in the
region between the coil elements with end-capacitors is considerably lower compared to the primary field excited by the dipole
coil, whereas the coil with open-ended elements exhibits an extended field distribution, which significantly improves the field
strength in the regions between the neighboring elements. Additionally, the overall field penetration depth of the open-ended
scenario is considerably increased as well, indicated by the more
obvious “central-brightening” [cf. Fig. 7(b)]. The dipole coil
with combined elements reveals an “intermediate” B1+ distribution, which falls between the aforementioned two cases. Compared to the end-capacitor scenario, the field strength between
the coil elements as well as the field penetration are enhanced for
the case using alternating combination of dipole elements. However, the improvement is not as significant as the one achieved
with open-ended scenario. The asymmetry of the absolute B1+
maps is probably caused by the impurity of the CP+ mode due
to the inaccurate relative phase lag between the coil elements.
Different matching levels for individual elements and imperfect
alignment around the phantom could also aggravate the asymmetry of the B1+ distributions.
IV. COUPLING INVESTIGATION OF EIGHT-CHANNEL RF COIL
BASED ON DIFFERENT DIPOLE ELEMENTS
Besides the magnetic field distribution, the coupling effect
between the coil elements of a multichannel RF coil is another

Fig. 8. Simulated S-parameters for the different coil setups depicted in
Fig. 2. For each case, one of the dipole elements with the port number
1 is excited with the remaining ports being terminated by 50 Ω loads.

important parameter in the coil design and could significantly
influence the coil performance. In this section, the coupling
characteristics of the proposed RF coils with different dipole
elements are compared by means of the scattering parameters
between directly adjacent dipole elements, since these values
are the most critical ones.
A. Full-Wave Simulation
The coil arrangement for the investigation of coupling characteristics of the different coil setups remains unchanged as
depicted in Fig. 2. For each case one of the dipole elements with
the port number 1 [cf. Fig. 2(f)] is excited with the remaining
adjacent elements being terminated by 50 Ω loads. Normally,
the neighboring elements present the strongest coupling due to
proximity (“worst-case”). Fig. 8 compares the S-parameters of
two directly adjacent elements (with port numbers 1 and 2) for
the different coil setups. With appropriate matching networks,
more than 35 dB return loss is achieved for all the dipole coils.
As expected, the dipole element with end-capacitors achieves
a lowest coupling level to the neighboring element of around
−38 dB at 300 MHz. Through the extended field distribution
the adjacent open-ended dipole elements couple to each other
more strongly [cf. Fig. 2(b)], and thus leading to the highest
coupling level for the three considered cases (S21 = −21 dB).
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comparison to the dipole coil consisting only of the open-ended
elements. Here we demonstrated the feasibility to achieve a
compromise between field distribution and coupling behavior
by combining different dipole coil elements. The presented investigation is based on full-wave simulations and corresponding
measurements, which match to each other very well. In addition
to the near-field measurement, the eight-channel coil with different dipole elements are tested in a 7 T MRI scanner, which
validated the proposed approach. The arrangement of different dipole elements (in terms of number and position) shall
be optimized depending on specific applications (various body
regions), which will be investigated in the future.
Fig. 9. Measured S-parameters for different coil arrangements as depicted in Fig. 2. For each case the reflection coefficient of the dipole
element with the port number 1, as well as the transmission coefficient
between port 1 and 2, are measured with the remaining ports being
terminated by 50 Ω loads.

As a compromise of the other two scenarios, the dipole coil with
combined elements reveals an intermediate S21 with a value of
−28 dB, which falls between the other two cases.
B. Experimental Validation
The S-parameters of two directly adjacent elements in Fig. 3
are measured with a two-port network analyzer for the different
coil setups. With the proper matching networks, more than 20 dB
return loss is achieved for all the coil elements in the different
coil setups. As shown in Fig. 9, the coil with end-capacitors
reveals a most promising decoupling between the neighboring
elements, indicated by the smallest S21 of −25 dB at 300 MHz.
The coil consisting of open-ended elements exhibits the highest
coupling level around −14 dB due to the broader and overlapped field distributions inside phantom. The coupling level
of the coil with combined elements falls in between the aforementioned two scenarios, showing an intermediate S21 with a
value of −18 dB. Generally, an excellent agreement between
the simulation and measurement results is observed.
V. CONCLUSION
The magnetic field distribution and coupling characteristics
of a multichannel RF coil consisting of different dipole elements
for 7 T MRI are investigated. Two types of dipole elements are
considered here: the meandered dipole element with lumpedelement connection to the RF shield (end-capacitor scenario),
and through an electromagnetic field-based coupling to the RF
shield (open-ended scenario). It has been shown that the openended dipole coil exhibits a better magnetic field distribution,
whereas the dipole coil with end-capacitors achieves a sufficient decoupling between the neighboring elements. Hence, a
coil setup which combines the aforementioned two types of
dipole elements is proposed. By nesting the open-ended dipole
elements in between the ones with end-capacitors, the magnetic
field distribution is improved in comparison to the dipole coil
consisting only of the elements with end-capacitors, and additionally, the adjacent element are less coupled to each other in
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