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Abstract
A complete lumped component model representing the wideband impedance of water-cooled multi-layered core-
less solenoid coils is presented and analytical and numerical calculation methods for model elements are reviewed
and extended. The model includes stray capacitances, mutual inductances and frequency-dependent resistive
losses. Contrary to previous treatments of this topic, the model is not simplified further and is evaluated in its
complete form, allowing accurate prediction of the coil impedance beyond the first resonant frequency. This
aspect is especially important if the coil is part of a passive filter circuit, where higher resonances limit the filter
bandwidth. Also, a liquid coolant is included in the calculations. Additionally, figures of merit for the evaluation of
field homogeneity inside the coil are given. The model is applied to a MPI drive coil and is compared to measured
data. It shows good agreement up to 4 MHz, including the second series resonance of the coil. Additionally, the
influence of water-cooling on the coil impedance is investigated. Comparison of model results to measured data
shows additional losses.

I. Introduction

Parasitic effects have a large impact on the high fre-
quency behavior of coils. From the first resonant fre-
quency onward, the coil impedance is dominated by the
interaction of parasitic capacitances, mutual- and self
inductances of individual turns, as well as frequency-
dependent loss mechanisms such as skin- and proximity
effect.

For the optimization of passive filter circuits, coil be-
havior beyond the first resonant frequency is important,
because (higher) resonances often limit the bandwidth
over which the filter maintains the desired response.
Since Magnetic Particle Imaging (MPI) [1]drive field coils,
which are used for field generation in the kHz range,

are always a part of the transmit filters [2, 3], these reso-
nances are an important design consideration.
This influence on the filter bandwidth happens because
either the first (parallel) resonance or the second (series)
resonance of the coil introduces an undesired pair of
poles or zeros (respectively) into the coil’s impedance,
leading to deviations from its ideal characteristic. Since
common filter synthesis assumes that coils only exhibit
an impedance zero at the origin [4], the response of the fil-
ter deviates from the intended transfer function. For the
bandpass and bandstop filters used in MPI, this results
in limited attenuation at high frequencies or a limited
maximum pass-band range respectively. Prediction of
coil parameters before construction can therefore reveal
whether these effects will limit scanner performance and
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if a different construction or filter synthesis is advised.
Previous publications have established a lumped

component coil model [5, 6] and provided a procedure to
iteratively simplify it to extract the total capacitance value
[7]. Additionally, numerical [8] and analytical [5–7]meth-
ods for the calculation of stray capacitances have been
suggested. For electromagnetic compatibility (EMC) ap-
plications, the partial element equivalent circuits (PEEC)
method [9] shows good agreement with measured data
[10]. Although it provides good insight into the problem,
field solvers using this method are not generally available
for non-planar geometries. Also, to the knowledge of the
authors, it has not been demonstrated for multi-layered
coils or coils in dielectric media other than air. From a
design perspective, it can be beneficial to let simulation
elements coincide with the elements of the designed ge-
ometry, so that cell results directly correspond to design
parameters.

This paper presents a method to predict the
impedance and homogeneity of a multi-layered core-
less solenoid coil over a wide frequency range, using an-
alytical formulas or finite element method (FEM) data
in combination with a SPICE circuit solver [11]. The sim-
plifications compared to a full PEEC simulation in com-
bination with analytic element estimation allow faster
simulation times and good scaling, making it suitable
for initial design verification and iterative optimization
techniques. Unlike previous works, where individual cir-
cuit elements were removed from the network before
solving it (e.g. the mutual inductance was added to the
self-inductance [7]), the proposed method works beyond
the first resonant frequency since it includes the inter-
actions between individual windings. Additionally, we
investigate the influence of water cooling (i.e. coil wind-
ings submerged in water) on the coil’s impedance and the
self resonant frequency, which has not been addressed
before. The method was used to study the behavior of
a MPI drive coil. Comparison of simulation results with
measured data shows good agreement up to the second
series resonance.

II. Methods

Computational electromagnetic methods are routinely
used nowadays for the design of coils. However, if par-
asitic properties of the coil need to be determined, the
complexity of the required computation rises. If the size
of the structure is well below the wavelengths at the fre-
quency range of interest, a lumped component model
can be assembled to represent the problem. After deter-
mining individual element values, the lumped model can
be solved instead, which is usually less computational
intensive than a (full wave) EM simulation. It can also be
combined with other component models, e.g. to predict
the behavior of complete filter structures. To adequately

represent a coil up to and beyond the first resonant fre-
quency, the mutual and self inductance of the windings,
as well as stray capacitances between them need to be
considered. Also, frequency-dependent losses need to be
modeled. When determining element values, it can be
beneficial to use analytical formulas, especially in early
design phases when fast verification of design intent is
more important than high accuracy.

It should be noted that at frequencies where the cur-
rent paths are significantly altered by displacement cur-
rents, the modeling of the magnetic coil properties needs
to take these into account. To continue using a lumped
component model, a smaller cell size as well as additional
inductances are required and the element values become
frequency dependent, which is beyond the scope of this
work. Another limit appears once the wavelengths are
of the same order as the size of the structures, so that
retarded fields need to be modeled. From that frequency
onward, full wave or full PEEC simulations are more
adequate. For the frequency range of interest in MPI
drive field applications, which is in the 10 kHz to 150 kHz
range, field retardation is not required for structures with
dimensions below several hundred meters. Even for MPI
receive circuitry, which uses frequencies up to ≈ 2 MHz,
lumped components models are usually sufficient for
the geometries encountered in typical MPI scanners. At
these frequency ranges the presented method is easier
to apply than full wave simulations that struggle with the
large span of geometric feature sizes in MPI coils. It also
gives more accurate results than first order models that
cannot predict higher coil resonances.

II.I. RLC Model for Quantitative
Comparison

Figure 1 shows a commonly used RLC model that rep-
resents the whole coil including its first (parallel) reso-
nance. We will use it to compare the results of a more
sophisticated model network with measured data quan-
titatively. It includes the coil’s inductance LS, models
its first parallel resonance through capacitance CP, in-
cludes the coil’s DC resistance through series resistance
RS (because usually RS ‖RP ≈RS) and the quality factor of
the resonance by introducing a parallel resistance RP (cf.
[12]). Although higher order models are available, fitting
these to measured data becomes increasingly ambiguous
because several combinations of model parameters can
yield the same residual sum of quadratic errors, which
makes these higher order models unsuitable for parame-
ter comparison.

II.II. Modeling Stray Capacitances
Analytically

Several approaches have been presented to calculate the
mutual capacitance of individual solenoid coil windings.
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Figure 1: Simple RLC model of a coil that includes the induc-
tance LS, the first parallel resonance through capacitance CP,
DC resistance RS and quality factor of the resonance RP (cf.
[12]).

All techniques assume that the winding radius R of the
coil is much larger than the wire radius rcu and neglect
the curvature. In the following we want to denote the
turn-to-turn capacitance between neighboring wires of
the same layer as Ctt and distinguish it from the inter-
layer capacitance Ci between windings of different layers.

Different assumptions have been made considering
the effect of the opposite winding pitch of adjacent layers
in a multi-layered coil: While Massarini et al. [5] assumed
densely packed windings with a staggered pattern, Hole
et al. [7] declared that adjacent layers will stack without
shift due to the opposing pitch. Geometrical considera-

B

A

A B

Figure 2: Cross sectional patterns of windings observed in
multi-layer solenoid coils with layers of opposed pitch. The red
filled winding makes the transition from the inner to the outer
layer.

tions suggest that both variants appear: since a densely
wound coil has a pitch of 2rcu per turn, adjacent layers
with opposite pitch will show the same cross-sectional
pattern after every 180◦, so both patterns alternate every
90◦ (cf. Figure 2).

To calculate the capacitance value, we have expanded
the method proposed by Massarini et al. [5] to support
spacing between wires. This allows us to use this ap-
proach for both winding patterns and incorporate manu-
facturing tolerances. We also incorporated surrounding

dielectrics other than air. Similar to the original deriva-
tion we consider the series connection formed by the
wire and the insulating coating with the ambient medium
to another insulated wire. In the case where litz wire is
used, it assumes that the thickness of the wire serving
and the gap size between the wires are large compared
to size of individual wire strands and therefore the devi-
ations from the round shape can be neglected. Due to
the symmetric nature of the arrangement, it is sufficient
to calculate the capacitance of one half and account for
the series arrangement. Figure 3 shows two adjacent
windings with the associated dimensions and material
properties.

rin

rcuεin εin

εg
2·x(θ)

θ

2·sg

Cg
2C in 2C

in

Figure 3: Geometrical arrangement of two adjacent windings
and associated capacitances (cf. [5]). Cin is the total insulation
capacitance between the wires and needs a factor of 2 if split
into individual contributions. Cg is the capacitance formed by
the gap between the wires. See text for other parameters.

The capacitance per differential angle of the series
connected cylindrical capacitors formed by the wires and
their insulation can be calculated through a conformal
mapping as [5]

d Cin =
εinlt

2 ln
� rin

rcu

�dθ , (1)

where lt = 2πR is the turn length, rcu is the wire radius,
εin is the dielectric constant for the insulation material
and rin its outer radius.

Cin is in series with the capacitance Cg of the gap be-
tween two wires. Following the simplifications of Mas-
sarini et al., we assume that the electric field lines form
straight connections between the wires. This assumption
is adequate if the angular segment is small and the wires
are densely packed. For each differential angle, using
the basic capacitor formula with the differential surface
element d S , we arrive at

d Cg = εg
d S

2 x (θ )
=
εg lt

2

rin

sg+ rin (1− cosθ )
dθ . (2)

Here, εg is the dielectric constant of the space between
the wires, which are separated by a distance of 2sg. The
expression for x (θ ) follows from the geometry shown in
Figure 3.
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The total capacitance follows from the series connec-
tion of the segments.

d Cser =
d Cin d Cg

d Cin+d Cg
=

1

2

εglt dθ
εg

εin
ln
� sin

rcu

�

+
sg

rin
+1− cos (θ )

. (3)

It includes the contributions of the insulations of both
wires and the space between them. By integrating along
the angle θ we arrive at an expression for the capacitance
between two adjacent windings

Cser =
lt rinεgεin arctan

�

((sg+2rin)εin+D )sin (θ )
(1+cos (θ ))S

�

S
(4)

S =
Ç

�

sg+2rin

�

sg εin
2+

�

sg+ rin

�

2εinD +D 2 (5)

D = εgrin ln
�

rin

rcu

�

(6)

and evaluating this for an angle θ =±π6 (cf. [5]) results in

Ctt = 2 [Cser]
θ= π6
θ=0 =

2 lt rin εg εin arctan
�

εin sg+2εin rin+D

(
p

3+2) S

�

S
.

(7)

Since it includes spacing and an intermediate medium,
the same formula was used to calculate the inter-layer
capacitance Ci.

II.III. FEM Modeling of Capacitances
The capacitance between adjacent wires can be calcu-
lated numerically by using finite element methods. To
calculate the coupling capacitances to all neighboring
wires efficiently, the potential of a wire n is changed by
a small value∆Vn compared to a reference simulation.
For each adjacent wire m , the charge variation∆Qm is
determined, while all wires except n are held at a con-
stant potential. The individual coupling capacitances
can be calculated by

Ctt,m ,n = −
∆Qm

∆Vn

�

�

�

�

Vm=const

. (8)

To get a quick result of the total capacitance of the
coil that forms the first resonance with the coil’s induc-
tance, the complete structure can be simulated at once.
Each wire should be assigned with a potential according
to its position in the winding process (e.g. by assum-
ing a unit voltage drop Vcoil over the coil and a constant
voltage drop per winding). The capacitance can be cal-
culated by evaluating the total electrostatic energy EE in
the structure according to

C =
2EE

Vcoil
2 . (9)

For the calculations in this work the open source
FEMM (Finite Element Method Magnetics) package [13]
has been used. Alternatively, many similar programs are
available for this task.

II.IV. Analytical Modeling of Self- and
Mutual Inductance

To calculate the self-inductance of the wires we rely on
the well-known formula [14, 15] for the inductance of a
wire loop

Lm =µ0R
�

ln
�

8R

rcu

�

−2+
Y

2

�

(10)

where µ0 is the vacuum permeability, R is the coil radius
and Y is a parameter that accounts for the current distri-
bution in the wire. It is 0 when assuming surface currents
and 1

2 for a homogeneous current density across the wire
cross section.

The mutual inductance between two coaxial wire
loops m and n with the radii Rm , Rn and the positions
zm , zn on the common axis, can be calculated using
Maxwell’s formula [14, 16]

Mm ,n = 4π
p

Rm Rn

��

2

k
−k

�

Fk −
2

k
Ek

�

(11)

k =
2
p

Rm Rn
Æ

(Rm +Rn )
2+ (zm − zn )

2
(12)

where Fk and Ek are the complete elliptic integrals of the
first and second kind respectively. It should be noted
that many numerical implementations of these integrals
expect k 2 as argument.

II.V. FEM Modeling of Self- and
Mutual Inductances

Similar to the capacitance calculations, the mutual in-
ductance can be determined numerically by evaluating
the change in flux linkage∆Φm in a winding m in com-
parison to a reference value, as a result of a small change
in current∆in in another winding n

Mm ,n =
∆Φm

∆in

�

�

�

�

im=const

, Lm=
∆Φm

∆im
. (13)

The coupling coefficient is calculated as

kM (m ,n ) =
Mm ,n

p

Lm Ln

(14)

II.VI. Predicting Coil Losses

Frequency-dependent coil losses can either be extracted
from the real part of the coil voltage drop as predicted by
the magnetic FEM simulation from the previous section,
or can be calculated analytically. Reatti and Bartoli et al.
[17, 18] have developed an analytical expression for the
AC resistance of solid and litz wire solenoids. For litz wire
they arrive at

10.18416/ijmpi.2018.1804001 c© 2018 Infinite Science Publishing

http://dx.doi.org/10.18416/ijmpi.2018.1804001
http://dx.doi.org/10.18416/ijmpi.2018.1804001


International Journal on Magnetic Particle Imaging 5

Ra c = Rd c
γs

2

�

1

ns

berγs bei ′γs −beiγs ber ′γs

ber ′2γs +bei ′2γs

+

�

(−2π)

�

4
NL

2−1

3
+1

�

ns

�

η1
2+η2

2 p

2πns

�

·
ber2γs ber ′γs +bei2γs bei ′γs

ber2γs +bei2γs

� �

, (15)

where Rd c =
4Nt lt

nsσπds
2 is the DC resistance, Nt is the total

number of turns, lt the (average) length of a single turn,
ns is the strand count of the litz wire, ds a single strand’s
conductor diameter and σ its conductivity. γs =

ds

δ
p

2
,

δ−1 =
p

π f µ0µrσ is the skin depth, f the frequency
and µ0µr the permeability of the strands. NL is the layer

count, η1 =
do
p
π

2to
the external porosity factor, η2 =

ds
p
π

2ts

the internal porosity factor, do the outer diameter of the
litz wire bundle (without serving), to the distance be-
tween adjacent windings, ts the spacing between strands,

and p =Nt
ds

2

do
2 is the litz wire packing factor. The poros-

ity factors closely resemble filling factors. The internal
porosity factor refers to the packing of strands in the litz
bundle while the external porosity factor describes the
arrangement of adjacent litz wires. berνz , beiνz are the
Bessel-Kelvin functions of argument z and order ν (ν= 0
where omitted).

For the derivatives of the Kelvin functions, it is conve-
nient to use the following identities [19]:

ber ′νz =
−berν−1z +berv+1z −beiv−1z +beiv+1z

2
p

2
(16)

bei ′νz =
+berv−1z −berv+1z −beiv−1z +beiv+1z

2
p

2
(17)

II.VII. Figures of Merit for Field
Homogeneity

Salmon et al. [20] list several criteria for defining inho-
mogeneity. For MPI applications, the peak-to-peak field
deviation IHpp is the most critical value and should there-
fore be used for design evaluation:

IHpp =
max
~r

�

~B(~r ) · ~es

�

−min
~r

�

~B(~r ) · ~es

�

�

� ~B( ~rc ) · ~es

�

�

(18)

where ~es is the desired field direction and ~B(~rc ) the field at
the center of the FOV. The vector ~r should be evaluated
over the complete volume of interest (VOI).

In addition, we propose the directional inhomogene-
ity as another figure of merit that is useful for MPI ap-
plications. For systems with multiple drive field axes,
the angle of the field of an axis should be evaluated in
addition to its mere projection into the axes direction.

Again, we prefer to use a maximum deviation over av-
erage or root-mean-square (rms) values. We define the
directional inhomogeneity IHDirMax as

IHDirMax =max
~r

�

arccos
�

~B(~r ) · ~es

�	180◦

π
. (19)

II.VIII. Equivalent Circuit Model and
Network Solution

Figure 4 shows the equivalent circuit model we used to
represent the distributed parasitics of the coil, which is
loosely based on the work of Grandi et al. [6]. Its cen-
tral building block are the inductances of the individ-
ual windings Lm . To account for losses, we added the
frequency-dependent resistors Rac as well as regular re-
sistors RP parallel to the stray capacitances. Although it
is reasonable to assume that these losses are frequency
dependent as well in the case of a water cooled coil, there
is no established model for these losses. While there are
many works on the real part of the dielectric constant
of water [21], there seems to be no equivalent for dielec-
tric loss tangent in the kHz range. However, extending
the model in such a way is easily accomplished, as the
technique is the same as for Rac. The lossy capacitors

m

n

Lm Lm+1 Lm+2

LnLn+1Ln+2

Ztt(m,m+1)
Ztt(m+1,m+2)

Ztt(n,n+1)
Ztt(n+1,n+2)

Rac,m Rac,m+1

Rac,n+2 Rac,n+1

Z
i(m

,n+1)

Z
i(m

+2,n−1)Z i(m
+2,n

+1)

Z
i(
m

,n
+
2
)

Mm,m+1

Mm,m+2

Mm,n+2

Z(m,n)
∧
=

C(m,n)

RP,C(m,n)

Figure 4: Lumped circuit model of a coil including parasitics.
Indices m , n respect the winding direction of the correspond-
ing layers.

are added between adjacent turns within the same layer
(Ztt) and between neighboring turns of adjacent layers
(Zi). Since the coil in our case is not in proximity to a
shielding structure, winding-to-shield capacitances are
not included in Figure 4. For the FEM simulations, a
shield can be easily modeled if required and incorpo-
rated into the model. Analytical calculation methods for
wire-to-shield capacitances are given by Hole et al. [7].
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The (direct) stray capacitance between non-neighboring
wires was neglected after FEM simulations predicted it
consistently more than two orders of magnitude below
the value of adjacent wires, owing to the distance as well
as a shielding effect of the wire in between.

To accurately predict the coil impedance it is neces-
sary to preserve the complete network structure, since
higher resonances result from the complex interaction
between stray capacitances and (mutual) inductances.
Solving the network can either be performed by imple-
menting a modified nodal approach [22], or by convert-
ing it into a net-list and using a SPICE [11] circuit solver.
The latter approach has the additional benefit of directly
implementing a simulation model of the coil that can
be used in combination with other components, e.g. to
simulate the behavior of complete filter circuits.

To account for the mutual inductances, a current con-
trolled voltage source is added in series to the induc-
tances of the windings. In the frequency domain, the
induced voltage VM in wire m as a result of the current
changes in the other N windings n can be calculated
from the branch voltages VL ,n across the corresponding
inductors Ln through

VM ,m =
N
∑

n=1,
n 6=m

Mm ,n

Ln
VL ,n . (20)

However, if the SPICE program offers dedicated syntax
to express coupling coefficients kM (m ,n ), this approach is
favored, to allow the circuit solver to optimize its matrix.
Adding a voltage source for each mutual inductance (as
opposed to adding a voltage source that is dependent
on the derivatives of multiple node currents) should be
avoided as it dramatically increases the node count of the
circuit. Even though the resulting network equations will
be the same (if the matrix is simplified), this will severely
slow down the circuit analysis step that assembles the
network matrices.

III. Results

III.I. MPI Drive Coil Design
The previously described modeling methods and figures
of merit were applied to optimize a MPI drive field gen-
erator for the use in a dual-frequency scanner in a se-
ries resonant circuit. A genetic algorithm [23, 24] was
used to find a compromise between homogeneity, power
losses, compact size and achievable field strength per
unit current. An even layer count was favored to allow
close proximity of the connecting wires.

As a result of the optimization, the cross section of
the windings was arranged as a circle segment. To al-
low for a large radius of this circle and thus a compact
design, additional windings (called reinforcement wind-
ings in Tab. 1) were added at either ends of the coil. The

effect of these windings and the bend shape is that the
homogeneity within the center region is better than for
a straight solenoid coil of the same length. This allows
easier access to the FOV (compared to longer coils) and
reduces coil losses. Tab. 1 shows key data of the design.

Parameter Value

Total winding count 180
Reinforcement windings 5 on each end

Layers 3 (+1 reinforcement)
Inner coil diameter (min) 47.1 mm

Coil bend radius 875 mm
Coil length (winding area) 116.88 mm

Total wire diameter 2.03 mm
Wire serving 2×30µm Mylar
Litz strands 420

Strand diameter 0.071 mm
Strand insulation 2.5µm Polyurethane

Wire spacing 5µm
εin = εMylar ≈ εPUR 3.5 ε0

εg = εH2O 79.678 ε0

Field per unit current 1.667 mT A−1

VOI for (18), (19) 20 mm × 20 mm
IHpp 0.676%

IHDirMax 0.235◦

Table 1: Drive coil data

Figure 5: Drive coil design: CAD model with field overlay.

The coil was manufactured at the institute’s workshop.
The coil former is made of Polyamide 6. To direct the flow
of the coolant, the top winding layers were sealed using
a thin layer of epoxy casting resin.

III.II. Impedance Without Coolant
Impedance measurements of the completed coil were
carried out using an Agilent 4294A impedance analyzer
with a 42941A probe. Fig. 6 shows a comparison between
the measured impedance data ZMeas. and the impedance
as predicted by the lumped component model with ele-
ment values calculated using the FEM simulation (ZFEM),
as well as the analytical formulas (ZAnalyt.).

As is apparent from Fig. 6, the impedance of the coil
is reasonably well predicted by the network up to the sec-
ond series resonance at 3 MHz. Frequency-dependent
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losses, however, are overestimated from that point on-
ward so that the quality factor of the second series res-
onance (QFEM,2ndser = 2.65) is predicted lower than ap-
parent from measured data (QMeas.,2ndser = 8.56). For fre-
quencies below the second series resonance the ac losses
show better agreement with the measured resistance, al-
though losses are slightly overestimated there as well
(QFEM,2ndpar = 23.95 vs. QMeas.,2ndpar = 24.69). The losses
were determined by taking the real part of the impedance
and by evaluating the quality factors of the resonances.
The measurement uncertainty of the Q factors should
be below 4% for the settings used [25].
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Figure 6: Predicted impedance through analytical calcula-
tions (ZAnalyt.) and FEM simulations (ZFEM) compared to the
measured impedance (ZMeas.) of the coil in air. An RLC model
fit (ZRLC fit) to measured data is shown as well.

Both analytical and FEM predictions show good
agreement with measured data. To quantitatively com-
pare the results with measured data, a RLC model (cf.
Fig. 1) is fitted to both simulated and measured data
and the resulting fit parameters are compared: The in-
ductance value of the finite element simulation and the
analytical formula show a −0.8% and −0.2% deviation
from measured data respectively. Self-capacitance val-
ues show larger errors of −7.9% and −11.0% compared
to measured results. As a consequence of the discrepan-
cies, the self resonance is shown +4.6% and +5.8% too
high by the models.

III.III. Water-Cooled Coil
Water-cooling of coils fabricated from litz wire is often
a compromise between low impact on the self resonant

frequency and low thermal resistance between the wind-
ings and the coolant. To reduce the influence on stray
capacitances, coated wires can be used. For the example
shown here, the litz wire was covered by two layers of
Mylar serving. The insulation thickness is assumed to
be 65µm, which is in agreement with a measured thick-
ness of 30µm for a single Mylar foil layer. Experiments
showed that the effect of the Mylar serving stems from its
dielectric constant and not its tight sealing of the wires:
Damaging the serving so that water can access the space
between the strands (while keeping the serving mostly in
place) only has minor influence on the self-capacitance
of the coil.
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Figure 7: Predicted and measured impedance of the coil in
water.

Fig. 7 shows the impedance prediction compared to
measured data for the water cooled coil. Again, the mea-
sured data agree with the predicted values by the finite
element method up to the second series resonance. The
first self resonance shows very good agreement for the
FEM data with +1.22% deviation, but larger errors for
the analytical results (+10.9%). However, the frequen-
cies of higher resonances are predicted 9% lower than
actually measured. Another observation can be made
from the quality factor of the higher resonances: Both
analytical results and FEM values predict higher quality
factors than those which are apparent from the measure-
ment (QFEM,2ndpar = 16.75 vs. QMeas.,2ndpar = 7.93). This
is in contrast to the slight over-prediction of losses that
was found for the dry coil. A possible explanation for
this behavior are losses from the coolant and additional
proximity effect losses from displacement currents. The
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deviations for the higher resonances may in part also be
due to the changed current paths in the coil. Since the
overall capacitances are much larger in the water cooled
case, displacement currents are increased in that case.
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(b) Water

Figure 8: Analytical values compared to FEM reference results
for individual windings for (a) the coil in air, (b) the water-
cooled coil. The detail shows the upper end of the windings.
Numbers without units indicate the windings order.

Comparing analytical results and FEM simulation
data shows that the analytical formulas under-predict
the capacitance between wires. Fig. 8 shows the analyti-
cally calculated values and the differences compared to
FEM results for a detail of the coil. Values are positioned
between the windings to which they correspond. Devia-
tions are largest for windings at the edge of the winding
area. This observation might allow future improvements
in the analytical models to better account for media with
high dielectric constants.

III.IV. Stacked winding pattern

Based on the work of Hole et al. [7], we also performed
simulations where windings are stacked without stag-
gering, similar to the green marked winding pattern in

Fig. 2. However, the results of FEM simulations, as well as
the analytical formulas for the capacitance [7], (8) show
larger deviations (in the same direction) than the stag-
gered pattern. It was found that the FEM results in water
show acceptable agreement, but the self resonance for
the dry coil is predicted too high (cf. Fig. 9).
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Figure 9: Predicted and measured impedance of the coil in
water and air for the stacked winding pattern.

This can be explained through the fact that the stray
capacitances for the water-cooled coil are dominated
by the insulation and serving material’s permittivity and
thickness. Since the dielectric constant of water is very
high (εH2O = 79.678ε0) in comparison to that of most
insulators, this offsets the larger spacing in the stacked
configuration and the series connection of both capaci-
tances is still dominated by the insulation. This is true
in water for the chosen configuration up to a gap size
2sg = 2.969 mm where both become equal with Cg =
Cin = 36.28 pF. The gap size plays a larger role in the
dry case with Cg being smaller than 36 pF for gap sizes
2sg > 10.5µm and thus dominating the series connec-
tion even with tight spacing. Therefore, large deviations
are observed in this case with the stacked pattern.

Apparently, the winding pattern of litz wire is bet-
ter described by the staggered arrangement. Most likely
this is in part due to the flexible nature of the used litz
wire, which will tend to form closer spacings than solid
wire would. Also, since the staggered pattern will always
appear as well for opposing winding pitches, the paral-
lel connection of both patterns will be governed by the
larger contribution, which will always correspond to the
staggered pattern.
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IV. Conclusion
We have shown a practical method for predicting the
impedance of liquid cooled multi-layered core-less
solenoid coils by calculating the element values of a
lumped component model and using the resulting net-
work as a simulation model. Additionally, figures of merit
for the field homogeneity of the coil were presented.

The proposed methods have been successfully used
to construct a water-cooled drive-field coil for a dual-
frequency MPI scanner. Measured values show generally
good agreement with the coil models, even for higher
resonances. This information is very beneficial when
evaluating the frequency response of a complete MPI
transmit chain, since parasitic resonances can limit the
rejection bandwidth.

Limitations of the analytical models for the stray ca-
pacitances as well as additional loss mechanisms have
been identified for the water-cooled case, giving room
for future refinements and research.
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