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Abstract: This paper presents a novel coil structure employing two parallel-connected subunit
rectangular coils. The structure is based on the fact that the rectangular coils are less sensitive
to misalignment along its longer side. Therefore, two identical subunit rectangular coils are
vertically-oriented to one another and connected in parallel to form a cross-shape coil. The cross-shape
coils have the advantage of better misalignment tolerance as compared to circular and square coils
with similar footprints at the cost of an increased wire usage. Electromagnetic simulations and
experiments on various small-sized coils are performed to verify the advantages of the proposed
coil structure. Based on the simulation and measurement results, cross-shape coils exhibit not only
better tolerance to misalignment, but also smaller self-inductance values resulting in larger coupling
coefficients as compared to square and circular coils. A large cross-shape coil pair consisting of
100 × 70 cm subunit rectangles are fabricated with copper tubes and utilized in a frequency-tuned
wireless power transfer system. When coils are separated by 17 cm, a near constant efficiency of more
than 89% up to 15 cm misalignment along x- or y-directions and 13 cm along diagonal direction is
obtained in the frequency-tuned system.

Keywords: wireless power transfer; cross-shape coil; circular coil; square coil; misalignment;
mutual inductance

1. Introduction

Magnetic resonance-based wireless power transfer systems (MRWPTs) offer larger transfer
distances as compared to inductive power transfer systems (IPTs). This makes MRWPTs suitable
for applications ranging from electric vehicle chargers and automated guided vehicles (AGVs) to
mobile devices such as laptops and mobile phones [1–4]. In all these applications, the device to be
charged may be misaligned during power transfer and such a misalignment needs to be considered
in the system design, because it reduces the coupling between coils and ultimately deteriorates the
power transfer efficiency.

Various system-level solutions have been proposed for compensating the output power reductions
due to coupling variations [5–15]. Tunable impedance-matching circuits, or so-called impedance-tuned
systems, may be utilized to match the source and load resistances to varying input and output
impedances seen toward the transmit and receive coils, respectively [5–9]. Impedance-tuned systems
utilize tunable lumped components and a control unit. Frequency-tuned systems are also proposed by
researchers to deliver a constant power to the load against varying coupling between the coils [11–15].
One can maintain an almost-constant output power at strongly coupled regime if the radio frequency
(RF) source frequency is tuned to either one of the two resonance frequencies, which are known as
even- and odd-mode frequencies (feven and fodd).

In addition to the aforementioned system-related solutions, significant efforts have been made
to optimize the coils for increasing tolerance to misalignment between coils [16–23]. Bipolar coil
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structures such as flux-pipe coils consist of two parallel connected helical-shape coils which are
wound around a common ferrite core extending along the x-direction. A magnetic flux pipe is formed
between these parallel connected coils, which creates a longer fundamental flux path along both x- and
z-(height) directions. Therefore, high coupling level and improved misalignment tolerance is obtained
in flux-pipe coils. A major disadvantage of the flux pipe coils is that they exhibit double-sided magnetic
flux distribution. Therefore, when a metallic shield is used at the back side of coil, quality factor (Q)
of the coil reduces significantly. A single-sided double-D (DD) shape bipolar structure, which also
forms a magnetic flux pipe along the x-direction toward which ferrites are extending, is proposed
for improving coupling level and misalignment tolerance [17]. In DD coils, wires are wound on top
of the ferrite cores, forming two D-shape planar coils which are electrically connected in parallel.
Each D-shape coil is placed back-to-back such that number of turns doubles at the middle of the DD
coil. This is equivalent to magnetically connecting each D-shape coil in series with each other, creating
larger coupling coefficients. DD coils exhibit good misalignment tolerance toward only y-direction,
which is parallel to the wires at the middle of the DD coil [17]. When a misalignment is applied
along the x-direction (along the flux pipe length), DD coils exhibit large sensitivity to misalignment.
To increase tolerance to misalignment along the x-direction, a quadrature coil is added to the DD coil
and this new combined coil is referred to as a DDQ coil [17]. The DDQ coil exhibits very good tolerance
to lateral misalignment along both x- and y-directions; however, the DD and Q coils have no electrical
connection and need separate circuitry. For example, if the DDQ coil is utilized at the secondary
side, DD and Q coils are independently tuned and the signals coming from these coils are rectified
separately [17]. Therefore, complexity and cost of wireless power transfer systems with DDQ coils are
higher as compared to systems with only DD coils. Depending on the application, lateral misalignment
may be more important in one direction than in others; in this case, one can use DD coils and place
them according to the misalignment requirement [18,19]. In a recently reported work, a bipolar DD
coil and a unipolar rectangular shape coil is integrated into a single coil structure which exhibits
large coupling coefficients with smaller sizes and improvements in tolerance to misalignment [21].
However, as in DDQ coils, the integrated bipolar and unipolar coils are also connected to separate
circuits at both primary and secondary sides. Therefore, inverter and compensation components at the
primary side, as well as compensation components and rectifiers at the secondary side, are doubled
as compared to traditional wireless power transfer systems. Three-dimensional loops, utilizing a
three-loop structure, are also presented and they show a nearly angle-insensitive efficiency [22].
A drawback in three-dimensional loops would be the difficulty associated with mounting the loops
on devices. A quad-D-quadrature (QDQ) coil structure, consisting of four adjacent circular coils and
a rectangular coil, has been proposed for reducing the sensitivity to the misalignment of coupled
coils [23].

Besides these novel coil structures, optimizing compensation capacitors [24] or utilizing multiple
component compensation such as a series-parallel-series (SPS) compensation topology [25] can
provide more than 30% improvement in tolerance to the misalignment. Finally, nonlinear resonators,
represented by duffing equations, have recently been proposed to compensate for coupling variations
and exhibit substantial improvement to misalignment and range variations [26]. A near-constant
75% efficiency has been reported up to 18 cm coil separations [26]. These efforts on coil geometry
and compensation networks, which may be combined with system level solutions discussed in the
previous paragraph, offer a considerable potential for realizing a coupling-variation tolerant wireless
power transfer system.

Contribution

In this paper, we first study lateral misalignment performance of typical square, circular,
and rectangular coils. Findings are discussed by briefly addressing the differences between
misalignment tolerance performances of these three common coil structures. Subsequently, a new coil
structure—cross-shape coil—is proposed by utilizing the findings from this study. Cross-shape coils
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have the advantage of exhibiting better lateral misalignment tolerance as compared to square and
circular coils. These advantages are verified through both simulations and measurement of fabricated
small-sized coils using a vector network analyzer. Measurement results unveil another advantage,
that the cross-shape coils have larger mutual inductance to self-inductance ratios, which in turn results
in larger magnetic coupling coefficients as compared to square and circular coils. Considering these
advantages, a large-sized cross-shape coil pair is finally fabricated using copper tubes and utilized in a
frequency-tuned wireless power transfer system.

2. Misalignment Analysis of Square, Circular, Rectangular, and Cross-Shape Coils

2.1. Square, Circular and Rectangular Coils

Mutual inductance of single-turn circular, square, and rectangular coil pairs is studied using an
electromagnetic High Frequency Structural Simulator (HFSS). The diameter and side lengths of circular
and square coils are chosen as 30 cm in simulations. Rectangular coils with various aspect ratios are
simulated and the longer side of all rectangular coils are fixed to 30 cm. Figure 1 shows typical HFSS
model drawings for simulated single-turn coupled coil pairs along with the direction vectors. In HFSS
simulations, the conductors for all coil types are modeled as a solid copper wire with a diameter of
1 mm. Coils are placed at the center of a cubic air box with a side length of 200 cm and excited via
50 ohm lumped ports. Misalignment is applied along x-, y-, and diagonal directions, and for each
misalignment, 2-port S-parameters are simulated for the coupled coil pairs from 100 kHz to 2000 kHz
with 100 kHz steps. The mutual inductance (M) is extracted by utilizing a 2-port equivalent circuit
model of magnetically coupled coils as shown in Figure 1a. This model can further be manipulated to a
T-network as seen in Figure 1b [27]. Analyzing the model in Figure 2b reveals the following expression
for M [28]:

M =
Z21

j × (2π f0)
(1a)

and
Z21 =

2S21

(1 − S11)(1 − S22)− S21S12
(1b)

where S11, S12, S21 and S22 are the simulated 2-port S-parameters for the coupled coils.
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In HFSS simulations, the shorter sides of all rectangular coils are in parallel with x-direction.
Figure 3a,b show normalized mutual inductances as a function of misalignments along x- and
y-directions, respectively, for single-turn square, circular, and rectangular coils. In these simulations,
the separation between the coils is 5 cm. The nominal mutual inductance values, for perfectly aligned
situations (Mmax) and 5 cm coil separation, are given in the graphs for each coupled coil pairs. As seen
in Figure 3a,b, square coils exhibit better tolerance than the circular coils to both x- and y-direction
misalignments. Since shorter sides of rectangular coils are parallel with x-direction (see Figure 1),
any misalignment along x-direction predominantly increase the separation between longer sides
of rectangular coil pairs. Therefore, rectangular coils are more sensitive to misalignment along the
x-direction as compared to square and circular coils as seen in Figure 3a. Sensitivity of rectangular
coils to x-direction misalignment gets higher as the aspect ratio reduces. When misalignment is
applied along the longer sides (y-direction), rectangular coils exhibit higher tolerance to misalignment
as compared to circular and square coils (Figure 3b), because misalignment along the y-direction
predominantly increases the separation between the shorter sides of the rectangular coil pairs.
These misalignment characteristics of rectangular coils can be exploited to form a new coil structure,
details of which are presented in following section.
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2.2. Cross-Shape Coils

Cross-shape coils consist of two rectangular subunit coils which are vertically aligned to one
another with the same geometric midpoints as shown in Figure 4. The subunit rectangular coils are
electrically connected in parallel and the inputs are connected in such a way that the current on each
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rectangular coil flows through the same direction. Therefore, the magnetic field created by each coil
becomes constructive at the middle of cross-shape structure. As discussed in the previous section,
rectangular coils exhibit better tolerance to misalignment along their longer sides as compared to
square and circular coils (Figure 3b). Therefore, cross-shape coils are expected to show improved
tolerance to misalignment along any direction on horizontal plane. Initial verification is performed via
HFSS simulations on single-turn cross-shape coils for various lateral misalignments. Figure 5 shows
an HFSS model drawing of a simulated cross-shape coil pair.
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direction vectors.

Lateral misalignments are applied along both x- and y-directions and the diagonal direction
(see Figure 5) during simulations. The M values of coupled cross-shape coils for each misaligned
situation are extracted from simulated 2-port S-parameters using (1). Normalized mutual inductances
of the two cross-shape coils—a large one with 20 × 30 cm (Cross 20 by 30 cm) and a small one with
17 × 30 cm (Cross 17 by 30 cm) subunit rectangular coils—are compared to those of square and circular
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coils as a function of misalignment along x- (or y-) and diagonal directions as shown in Figure 6.
Nominal M values for perfectly aligned coils (Mmax) with 5 cm separation are also given on the same
graphs. Since coils are symmetric around the x and y axes, misalignments along x- and y-directions
have the same effect on coupling between the coils.Energies 2018, 11, x FOR PEER REVIEW  6 of 14 
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coils as a function misalignment along (a) x- (or y-) direction and (b) diagonal direction. These mutual
inductance values are extracted from simulated 2-port S-parameters. Separation between coils is 5 cm.

As seen in Figure 6a, cross-shape coils exhibit better tolerance to misalignment along the
x-direction as compared to both circular and square coils. For example, when 5 cm misalignment
is applied, small and large cross-shape coils exhibit 2.7% and 4.7% better tolerance, respectively,
than the square coils. The same small and large cross-shape coils exhibit 6.4% and 8.2% better tolerance,
respectively, to 5 cm misalignment along x-direction as compared to circular coils. When misalignments
are applied along the diagonal direction, improvement of tolerance in cross-shape coils is even more
apparent, as seen in Figure 6b. At 7.5 cm misalignment along the diagonal direction, cross-shape
coils exhibit more than 7% higher tolerance than the square and circular coils. During simulations,
it was observed that misalignment tolerance of cross-shape coils is no better than square coils when the
short sides of subunit rectangular coils are smaller than 15 cm. Therefore, the aspect ratio of subunit
rectangular coils in cross-shape coils need to be smaller than two. A major drawback of cross-shape
coils is that they exhibit smaller coupling levels as compared to square and circular coils as seen in Mmax

values in Figure 6. Therefore, one needs to increase the number of turns (N) to obtain adequate mutual
inductance values. Increasing the wire usage initially seems disadvantageous but, as will be discussed
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in following paragraph, parallel connection of subunit rectangular coils makes the self-inductance and
parasitic loss resistance of cross-shape coils even lower than those of square and circular coils.Energies 2018, 11, x FOR PEER REVIEW  7 of 14 
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Figure 7. An S-parameter measurement setup for fabricated multi-turn coils.

Multi-turn square, circular, and cross-shape coils are fabricated for analyzing the effect of the
excessive wire usage on cross-shape coils. Three-turn (N = 3) square and circular coils with side length
and diameter of 30 cm, respectively, and cross-shape coils with four-turn, 20 × 30 cm rectangular
subunit coils are fabricated on Styrofoam. In all coils, solid copper wires with 0.9 mm radius are
utilized. These multi-turn coils are measured using a using Rohde and Schwarz FSH8 Spectrum +
Network analyzer ( Rohde & Schwarz, Munich, Germany) from 100 kHz to 5 MHz as shown in Figure 7.
Misalignments are applied along x-, y-, and diagonal directions during S-parameter measurements.

Mutual inductance values are extracted from measured 2-port S-parameters using Equation (1).
Figure 8a,b show normalized mutual inductance as a function of misalignments along x- (or y- due to
symmetry) and diagonal directions, respectively. Cross-shape coils exhibit substantial improvement in
terms of tolerance to misalignment along both x- and diagonal directions, verifying simulation results
of single-turn coils shown in Figure 6. The maximum mutual inductance value, when each coil pair is
perfectly aligned with 5 cm separation, are represented by Mmax and shown for each coil type on the
graphs in Figure 8. One can see that the mutual inductance values of four-turn cross-shape coils are
larger than that of three-turn square and circular coils. In all coil types, a typical N2 relationship can be
observed between mutual inductance and number of turns by comparing the simulation results of
single-turn coils in Figure 6 with measurement results of multi-turn coils in Figure 8.
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Figure 8. Normalized mutual inductance (M/Mmax) for multi-turn cross-shape, square and circular
coils as a function misalignment along (a) x- (or y-) direction and (b) diagonal direction. These mutual
inductance values are extracted from measured 2-port S-parameters. Separation between coils are 5 cm.

The self-inductance and parasitic loss-resistance for each coil is extracted from measured 2-port
S-parameters of each uncoupled coil in a series configuration as shown in Figure 9a. Losses are
represented as a series-connected loss resistance (Rloss) to self-inductance (L) as shown in Figure 9b
and can be extracted from the measured S11, which is the input reflection coefficient when the second
port is loaded with system impedance, using Equations (2) and (3) as follows:

Rloss = Re
[

2Z0 · S11

1 − S11

]
(2)

L =
Im
[

2Z0·S11
1−S11

]
2π f

(3)

where Z0 is the 50 Ω system impedance of the network analyzer. The extracted Rloss values increase
with frequency due to frequency-dependent AC and radiation resistances. To make a comparison,
average value of Rloss resistances within a measured frequency range along with extracted L values for
each coil are given in Table 1. The M value for perfectly aligned identical coils with 5 cm separation,
M/L ratio, area and wire usage for each coil are also given in Table 1 to make a comprehensive
comparison between all coil types. As seen in Table 1, cross-shape coils have larger wire usage for
achieving an equal to or more mutual inductance values than circular and square coils; however,
the loss resistance of cross-shape coil is slightly smaller despite this larger wire usage. Total wire used
in four-turn 20 × 30 cm cross-shape coil is 800 cm, which is larger than 283 cm and 360 cm wire usage of
three-turn circular and square coils, respectively. However, average loss resistance of cross-shape coil
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is 0.75 Ω, which is still slightly smaller than the 0.8 Ω and 0.9 Ω average loss resistances of circular and
square coils, respectively (Table 1). Since subunit rectangular coils are electrically parallel, cross-shape
coils exhibit larger M/L values as compared to square and circular coils as seen in Table 1. Therefore,
cross-shape coils exhibit larger coupling coefficient values, which in turn results in higher power levels
delivered to the load. For example, for a typical resonant inductive wireless power transfer system
with identical transmit and receive coils, the output power (Pout) is directly proportional to (M/L) and
can be expressed as follows [17]:

Pout = ωI1
2 M2

L
Qr = V1 I1k2Qr (4)

where ω, I1, V1, Qr, and k are radial frequency, current flowing through transmit coil, voltage across the
transmit coil, operating quality factor of receiving side, and magnetic coupling coefficient, respectively.
A small L value is important also in high-power systems for limiting the voltage swings below the
maximum voltage ratings at the transmitter side [29]. In the following section, a frequency-tuned
wireless power transfer system utilizing a large size cross-shape coil pair is presented.
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Table 1. The extracted electrical parameters, area, and wire usage for each fabricated coil. M values are
for when coils are perfectly aligned with 5 cm separation.
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3. A Frequency-Tuned Wireless Power Transfer System with Cross-Shape Coils

In this section, five-turn (N = 5) cross-shape coils with 100 × 70 cm rectangular subunits are
fabricated using copper tubes with inner radius and copper thickness of 635 µm and 70 µm, respectively.
First, the self-inductance of fabricated cross-shape coils are extracted as 34.3 µH using Equation (3).
The fabricated coils are then utilized in a frequency-tuned system, which has been proposed in the
literature as a system-level solution for compensating the output power reductions due to the coupling
variations [11–15]. The block diagram of the frequency-tuned system is shown in Figure 10. Frequency
of operation is chosen as 550 kHz; therefore, the value of series connected compensation capacitors
is approximately 2.4 nF. An RF signal generator with source impedance of 50 Ω is connected to the
input port of a 20 dB bidirectional coupler. The bidirectional coupler exhibits 50 Ω at all its four ports;
therefore, the source impedance (RS) in the frequency-tuned system is 50 Ω as well. The power is
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delivered to a load resistance (RL) of a 25 Ω resistor as shown in Figure 10. The picture of tested
frequency-tuned system with fabricated cross-shape coils is shown in Figure 11.Energies 2018, 11, x FOR PEER REVIEW  10 of 14 
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Figure 11. Picture of tested frequency tuned-system utilizing fabricated cross-shape coils.

The output power of the RF signal generator is set to 7 dBm. Misalignment is applied between
coils and, at each misalignment, the frequency of the RF signal generator is varied manually until
the power at the reflect port is minimum. This guarantees the frequency of highest power transfer
efficiency by just controlling the system at transmitter side. At this frequency, the power delivered to
load (PL) is calculated by using the measured voltage across RL. Subsequently, peak power transfer
efficiency is calculated as the ratio of power delivered to the load to the power available from the source
(η = PL/PAVS). Figure 12a shows measured peak efficiencies as a function of misalignment along the
x- (or y-) direction. Figure 12b shows these resonance frequencies as function of misalignment along
the x- (or y-) direction. The coils are separated by 17 cm along the z-direction when misalignments
are applied. As seen in Figure 12a, a near-constant efficiency of more than 89% is obtained up
to 15 cm misalignment along the x-direction. Beyond 15 cm, efficiency drops significantly with
increasing lateral misalignment. The tracked resonance frequency, at which peak efficiency is obtained
(Figure 12b), reduces from 586 kHz to approximately 550 kHz as misalignment increases from 0 to
15 cm. Beyond 15 cm, resonance frequency stays almost constant at 550 kHz as lateral misalignment
increases. One can conclude that that coils are in a strongly coupled regime for up to a critical-coupling
misalignment of 15 cm. It was observed that the peak efficiency is obtained slightly above the
resonance frequency of isolated coils (f 0 = 550 kHz) due to the frequency splitting phenomenon at
strongly coupled regimes. Figure 13 shows similar ηmax and fr graphs for diagonal misalignments.



Energies 2018, 11, 1094 11 of 14

Critical coupling misalignments, up to which a near constant efficiency of more than 89% is obtained,
is approximately 13 cm.Energies 2018, 11, x FOR PEER REVIEW  11 of 14 
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Misalignment Tolerance Comparison with Bipolar Coils

The fabricated large-sized cross-shape coil pairs, utilized in a frequency-tuned system above, are
characterized in terms of mutual inductance. For this, 2-port S-parameters of magnetically coupled
coil pairs are measured using Rohde and Schwarz FSH8 Spectrum + Network analyzer from 100 kHz
to 5 MHz. When measuring 2-port S-parameters, misalignments up to 25% (25 cm) of a side length of
the cross-shape coil (100 cm) are applied at each 5% misalignment steps. M and L values are extracted
from measured 2-port S-parameters using Equations (1) and (3), respectively.

Misalignment tolerance performance of proposed cross-shape coil is compared to that of a
77 × 41 cm DD coil reported in [17]. The mutual inductance (M) for DD coils as function of
misalignment is not directly given, but uncompensated power (Psu) is plotted as a function of
misalignments along x- and y-directions in [17]. One can extract mutual inductance from Psu values
using Equation (5) as follows:

M =

√
PsuL
ωI1

2 (5)
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where L/ωI1 can be taken as a constant that can easily be calculated from given M and Psu values
in [17] for the perfectly aligned coils. Then one can solve M values for given Psu as a function of
misalignment along the x- and y-directions. Figure 14 shows normalized mutual inductance (M/Mmax)
as a function of percentage misalignments along x- and y-directions relative to the longer side of DD
(77 cm) and cross-shape coils (100 cm). As seen in Figure 14, cross-shape coils exhibit the same tolerance
to misalignments along both x- and y-directions, which are nearly same with DD coils’ tolerance to the
y-direction. The tolerance of DD coils gets significantly worse when misalignment is applied along the
x-direction.

The DDQ coils reported in [17] exhibit much better tolerance to misalignment along the x-direction
as compared to both DD and cross-shape coils; however, in DDQ coils, separate circuits are needed
for DD and Q coils, making the wireless power system more complex. Flux pipe coils are another
type of bipolar coil with large mutual inductance and lateral misalignment tolerance; however, due to
their non-planar windings around I-shape ferrites, they are double-sided coils and may exhibit high
losses if shielding is placed on the back side of the coils. Here the reported cross-shape coils are planar
and suitable for forming a single-sided magnetic flux distribution if ferrites are placed underneath
the windings.
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4. Conclusions

In this paper, a novel cross-shape coil structure, employing two parallel connected subunit
rectangular coils, are presented for use in wireless power applications. Simulations and experimental
verifications show that the proposed coil exhibits better lateral misalignment tolerance at the cost of
larger wire usage as compared to commonly used circular and square coils. Larger wire usage, on
the other hand, seems to be a major disadvantage; however, this larger wire usage does not increase
the loss resistance and self-inductance of cross-shape coils due to parallel connection of the subunit
rectangular coils. In fact, measurement results show that cross-shape coils exhibit larger M/L ratios as
compared to circular and square coils with similar lateral size and mutual inductance values. Here the
proposed coil structure is not meant to be an alternative to various other recently reported novel coil
structures such as DD and QDD coils. Nevertheless, misalignment performance of cross-shape coils
is discussed also by comparing it with that of DD coils in Section 3. That comparison shows that
cross-shape coils exhibit the same high tolerance along both orthogonal directions in the horizontal
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plane while DD coils exhibit high tolerance to misalignment only along one orthogonal direction.
The mutual inductances of DD coils are expected to be larger as they exhibit longer fundamental flux
paths as compared to unipolar coils. Here, the mutual inductances are not directly compared because
size of coils are different, and no ferrites have been utilized in cross-shape coils. Cross-shape coils can
be manipulated to fit any desired application without ruining its misalignment tolerance advantages.
For example, ferrite materials can be placed under copper windings to create a single-sided magnetic
field distribution for use in electric vehicle charging systems.

5. Patents

A patent application was made to the Turkish Patent and Trademark Office on cross-shape coil
structure on 6 April 2018.
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