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ABSTRACT: The annular micro receiving coil (RC) holds promise in the wireless power supply for capsule endoscopy (CE). The equivalent
series resistance (Rsr) of the RC plays a critical role in energy transmission efficiency. Calculating Rsr is challenging because RC
typically incorporates an embedded magnetic core. To overcome this challenge, this paper employs Dowell’s method and Bessel’s method
respectively to calculate Rsr. The analyzed RC consists of an annular core with two grooves and dual windings positioned within the
grooves. The influence of the magnetic core on the Rsr is equivalently considered through the winding skin effect and core losses. We
compared the simulated, calculated, and measured values of the Rsr, and found that the error of Dowell’s method becomes smaller when
the groove spacing (D) > 4 mm, but fails to capture the influence of D, on the Rsr. Conversely, Bessel’s method effectively captures
the influence of D, but exhibits larger errors (2.09% ~ 26.52%). Based on this finding, we propose a novel Bessel-modified Dowell’s
(BMD) method by integrating the framework of Dowell’s method with a proximity-effect correction term from Bessel’s method, which
reduces the maximum calculation error to within 13.72%, facilitating rapid optimization of annular coils with embedded magnetic cores.

1. INTRODUCTION

Capsule endoscopy (CE) offers significant advantages in
Anoninvasive visualization of gastrointestinal tract and has
become a widely adopted diagnostic tool in clinical prac-
tice [1-5]. As next-generation CE integrate high-resolution
imaging [6], active locomotion [7, 8], and therapeutic func-
tions [9, 10], their power consumption has exceeded 0.5 W. Tra-
ditional button batteries cannot support the demand for long-
term operation due to capacity limitations. Inductively coupled
wireless power transfer (IWPT) enables energy transmission
through magnetic coupling between external transmitting coil
and internal receiving coil (RC), thereby addressing the power
supply bottleneck of CE. The calculation of winding loss in the
RC, as the core of accurate evaluation of received power, di-
rectly affects the optimal design of the system [11].

Dowell’s method is used to calculate the winding resistance
in IWPT systems [12]. This method simplifies conductor struc-
tures into planar copper foils, establishing a framework for re-
sistance calculation under skin effect and proximity effect. Due
to its computational efficiency, it is widely adopted in prelimi-
nary design. However, the dual demands of CE miniaturization
and higher efficiency necessitate greater accuracy in winding
resistance calculations.

In terms of IWPT system optimization, scholars have ex-
plored both coil structure design and computational methods
[13—15]. Kuang et al. employed Litz wire and achieved mag-
netic field focusing by optimizing the transmitter coil struc-
ture to reduce losses, establishing a mutual power analysis
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model under a specific configuration [16]. Elizondo et al.
systematically compared various high-frequency winding loss
models, highlighting that existing analytical models exhibit
significant errors in complex core structures such as toroidal
inductors, particularly at high frequencies (> 200kHz) and
in multi-layer winding scenarios, where the resistance factor
can be overestimated by 93% to 226%. A new analytical
model was proposed, which splits the inner and outer wind-
ings and incorporates a toroidal factor and equivalent conduc-
tivity correction, reducing the deviation to within 20% [17].
Research on the improvement of Dowell’s method mainly fo-
cuses on introducing compensation coefficients to correct er-
rors resulting from one-dimensional equivalence [18], while
two-dimensional (2D) models describe the magnetic field su-
perposition effect of each turn of wire through integral equa-
tions, such as using Bessel function expansions to calculate al-
ternating magnetic fields (AMF) [19].

However, existing studies are mainly limited to air-core
windings and are lacking in analyzing the influence of magnetic
core. To further improve the calculation accuracy of the equiv-
alent series resistance (Rgsp), this study performs an in-depth
comparative analysis of error sources of the two calculation
methods within specific winding configuration, and proposes
a novel optimization approach. Based on the RC configuration
presented in Fig. 1, the research contents are as follows:

1. Analytical models of the RC using Dowell’s method and
Bessel’s method, respectively, which correlate their Rggr
with design parameters, are built.
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FIGURE 1. Schematic diagram of the receiving coil (RC) configuration.

2. The influence of groove spacing (D,) and winding layers
(IVp) on the Rsp is revealed.

3. The prototypes and simulations of RC with identical sizes
are fabricated, and their Rgr from Dowell’s, Bessel’s, and
the novel Bessel-modified Dowell’s (BMD) methods are
compared to confirm the superiority of BMD method.

2. THE STRUCTURE OF THE RC

The RC studied herein is fully wound on a dual-groove circular
magnetic core, with its key design parameters illustrated in the
3/4 model of the RC as shown in Fig. 1: the total length | =
20 mm, outer diameter r, = 6.5 mm, and inner diameter r; =
4 mm are kept unchanged, while N, and D, are varied.

The total number of turns IV, is set to 100, with the number of
turns per layer given by N, = N, /N,. Each sub-winding has
an equal number of turns, is connected in series, and is wound
in the same direction. The windings on both sides utilize enam-
eled copper wires with thick insulation: bare copper diameter
dp = 0.15 mm, insulated outer diameter d ~ 0.18 mm. This is
because the influence of the skin effect on this enameled wire
is minimal within the commonly used frequency range of 200—
300kHz, and its resistance is low [20]. The thickness of the
high-temperature tape insulation layer Dy = 0.18 mm. The ra-
dius of the magnetic core groove 7, width of the sub-winding
l., and height of the sub-winding b can be calculated as follows,
respectively:

rg = 1o —b— D )
l. = (N,/2+0.5)d )
b = (V3N,/2 —V3/2+1)d 3)

3. FINITE ELEMENT ANALYSIS OF RSR

As shown in Fig. 2, 16 different RCs were actually made by
changing the structural parameters IV, and D, in accordance
with the structural parameters defined in Fig. 1. The Rgr of
each RC was measured using an LCR meter (HIOKI IM3536).

To obtain a reference benchmark for the computed values, a
3D electromagnetic model was established using COMSOL: by
discretizing the solution domain into finite elements (referred
to as mesh generation), governing equations are formulated and
solved, enabling the precise calculation of electromagnetic field
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FIGURE 2. The magnetic cores and RCs with different groove spacing
(Dg) and winding layers (Np).

[95)

distribution, which is then used to compute Rgg. Finite ele-
ment simulation (FEA) can effectively handle complex geome-
tries, material properties, and boundary conditions, and accu-
rately simulate the electromagnetic field distributions and cur-
rent flow characteristics of actual windings. Note that, consid-
ering the electromagnetic exposure and overheating of RC and
their impact on human safety, the frequency was set to 218 kHz
[21].

Compare the measured and simulated values of Rgg, and a
high degree of agreement was found between them, as shown
in Fig. 3, which validates the accuracy and reliability of the
simulation model.
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FIGURE 3. Comparison between the measured equivalent series resis-
tance (Rsr) and simulated ones.

Considering the unavoidable manufacturing deviations (e.g.,
dimensional precision) in the manual production process, the
simulated Rgr values were used as the reference for calculated
values in subsequent sections of this paper.

To explore the impact of resistive loss caused by the alter-
nating magnetic field (AMF) for series-connected windings, a
simulation study was conducted based on COMSOL. By accu-
rately setting the material parameters and refining the winding
region mesh (ensuring that the mesh size was smaller than the
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FIGURE 4. Schematic diagram of current density (J) distribution for a circular coil with a radius of 6.41 mm at 218 kHz: (a) Effect of skin effect; (b)

Effect of proximity effect.
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FIGURE 5. Variation of current density (J) with groove spacing Dy
(from 2 mm to 5 mm) at N, = 5.

skin depth), we achieved a high-precision capture of the current
density J distribution.
J can be calculated as:

“)

where I is the coil current, and A, = 7(dy x 1072/2)? is the
cross-sectional area of the wire. Note that Eq. (4) represents an
ideal uniform distribution, whereas Fig. 4 to Fig. 6 illustrate the
actual nonuniform J distribution under high-frequency excita-
tion.

Asshown in Fig. 4, each annular coil has a radius of 6.41 mm,
with a current of 0.02 A, the distance between the two coils is
2 mm. The non-uniformity of the J distribution caused by the
skin effect, and the proximity effect at 218 kHz is illustrated in
Fig. 4. It can be observed that the skin effect causes the current
to concentrate towards the conductor surface, reducing the ef-
fective cross-sectional area. This results in increased resistance
and generates additional losses. The proximity effect further
causes a nonuniform distribution of JJ within each winding —
with J enhanced on the far side and attenuated on the near side
— thereby exacerbating resistance losses.
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FIGURE 6. Variation of J with winding layers N, (from 2 to 5 layers)
at Dy =2mm.

Based on characteristics of the skin effect and proximity ef-
fect, two sets of experiments were designed to observe the dis-
tribution of J induced by AMF under different D, and N,, con-
ditions.

To investigate the relationship between J and D, a differen-
tial excitation experiment was designed, as shown in Fig. 5: N,
was fixed at 5 layers for the RC. An alternating current excita-
tion was applied to the left winding of the dual-winding struc-
ture, while the right winding was maintained in an open-circuit
state (only generating induced eddy currents). By varying D,
from 2 mm to 5 mm, the change in J within the cross-section
of the right winding was observed. The distribution of J in the
left winding remains unchanged, while the simulated maximum
J values in the right were 2.42 x 10° A/m?, 2.11 x 10° A/m?,
1.87 x 10 A/m?, and 1.68 x 10% A/m?, respectively, showing
a significant decrease with D.

To investigate the relationship between J and N,, D, was
fixed at 2 mm for the RC. As shown in Fig. 6, the two windings
were connected in series. By varying N, from 2 to 5, the vari-
ation of J in the cross-sections of both windings was observed.
In Fig. 6, the maximum J values for both windings consistently
occur on the side facing away from the neighboring conductor,
a direct consequence of the proximity effect. The simulated
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maximum J values were 2.68 x 10° A/mz, 3.05 x 10° A/mz,
3.73 x 108 A/mz, and 4.38 x 106 A/m2, respectively, showing
a significant increase with IV,,.

Higher J values indicate a greater influence of the skin effect
and proximity effect, leading to greater winding losses caused
by these effects. Fig. 5 and Fig. 6 account for the trend in Fig. 3
that the Rgr decreases with D, and increases with IV,,.

4. CALCULATION OF Rsgr

Figure 7 shows the equivalent circuit diagram of the RC. The
RC can be represented by a lumped-parameter model (R, L.,
Crp), where Rq., Ly, and C,., represent the AC resistance,
inductance, and parasitic capacitance of the RC, respectively.
Rgpg can be calculated as [19]:

Rac
(1 —4n2f2L,C,p)° + (27 fCrpRac)”
Rcopper + Rco’re (6)

where Rcopper 1s the copper loss resistance of the circular coil
itself; R.orc is the magnetic loss resistance of the ferrite core.
The calculations for L, and C,,, refer to [22,23].

®)

Rsgr =

Rac =

Rac LI
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FIGURE 7. Equivalent circuit of the RC.

4.1. Calculation of Rc,pper Using Dowell's Method

As shown in Fig. 8, the core concept of Dowell’s method in-
volves simplifying calculations by equating conductors to cop-
per foils. This process consists of two steps: first, a round
conductor is converted to a square conductor of equal cross-
sectional area. Subsequently, while maintaining constant thick-
ness, the height of the square conductor is adjusted to equal that
of the original round conductor.
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FIGURE 8. Schematic diagram of the equivalence process in Dowell’s
method (S denotes the cross-sectional area of the conductor).
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Reopper D can be calculated as:
RcoppcrﬁD = Rdc(Fs + Fp) (7)

where R represents the DC resistance; F represents the skin
effect coefficient; and F), represents proximity effect coeffi-
cient [24], respectively:

Np N,
Rye — P it Zj:1(2777’ij) )
7 (do/2)?
sinh2Z +sin27
F, = 9
cosh2Z — cos2Z ©)
2(N2 —1) sinh Z —sin Z
F, =7 P 10
p 3 cosh Z + cos Z (10)
dv/3i—+v3+1
Ty = To— (\/ﬂ 2f“r ) (1)

where Z = (7/4)%"do\/7 fono; the permeability of air

po = 4m x 10~7 (H/m); the porosity factor = %5/2)2

the electrical conductivity ¢ = 1/p; the resistivity of copper
p = 1.75 x 1078 (Q*m); and r;; is the radius of the j-th turn
in the ¢-th winding layer.

The Reopper calculated by Dowell’s method is presented in
Fig. 9, where it can be observed that:

>

1. The Ry, stabilizes at 3.94 + 0.07 2. This stability oc-
curs because the IV, of the RC fixed at 100 turns, caus-
ing the influence of the skin effect to approach a constant
value. Consequently, variations inR.,pper are primarily
influenced by the proximity effect.

2. The Rcopper increases significantly with /V,, but remains
unchanged with D, thus it cannot reflect the impact of
D,.

This limitation stems from the equivalent process altering the
shape of the circular conductor and neglecting the complexity

Rskin
...

Regpper (€2)

D, (mm)

FIGURE 9. Variation of copper loss resistance (Rcopper) With IV, and
D, busing Dowell’s method.
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of the winding geometry as well as the effects of interactions be-
tween conductors. At high frequencies, this leads to significant
calculation errors in proximity effect losses. When N, > 2, the
proximity effect factor F}, is significantly higher than the skin
effect factor Fs [24]. Consequently, Dowell’s method yields
substantial deviations from actual results when N, is high.

4.2. Calculation of Rc,pper Using Bessel's Method

The resistance calculation method constructed based on Bessel
functions comprehensively considers the winding geometry, in-
teractions between conductors, and the influence of the mag-
netic field on current flow, enabling accurate calculation of the
total winding resistance.

However, the presence of the magnetic core affects the mag-
netic field distribution around the winding, thereby indirectly
influencing the winding resistance. This paper introduces the
effective permeability 11;;, namely, the average value of rela-
tive permeability of the core to represent this influence, which
is calculated as follows:

r2 — 2 rZ — (r2 —r?)
pij = i (zif) + g (12)
r e

where z;; is the axial position, and 1 is the ratio of the core
inductance to air-core inductance [25].

Figure 10 shows p’ along the axial position z under differ-
ent structural parameters, with dashed lines indicating maxi-
mum values for each V,. The data indicate that these maxi-
mum values increase with IV, significantly and decrease with
D, slightly.

-4,
-4,

“'
-4

-6 4 -2 0 2 4 6 8
z(mm)
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-10 -8

FIGURE 10. Distribution of u’ along axial position z for dual-groove
structures with various N, and Dy,.

When alternating current passes through the RC, each turn is
affected by AMF generated by both its own current and currents
in other turns. This alters the uniformity of current distribution
within the turn, leading to power losses. Such power losses are
directly related to Reopper:

Reopper B = 2(Ps + B,)/I° (13)

258

where P; is the power loss caused by the skin effect, and P,
is the power loss caused by the proximity effect. Therefore,
accurate calculation of Ropper lies in computing these corre-
sponding losses. The detailed calculation method is as follows:

4.2.1. Calculation of P,

Py can be calculated as:

N, N,
Ei:p1 Zj:ql Rsfijlz

27('7“1‘]‘ x 1.05 x F(’y”)
o 4 |
R, 4 o2 (15)
i ber(vi)bet’ (i) — bei(vyi;)ber! (i
Flyy) = i (i )bed’ (i) (vi)ber’ (7i) (16)

2 ber’2(;;) + bei’?(v;;)

where Ry_;; is the skin effect-related resistance of a single-
turn coil [19]; 1.05 accounts for the effective length increase
due to the helical structure; I is the current passing through

2d :
55, The skin depth 6;; = /77—

ber() and bei() are the real and imaginary parts of zeroth-order
Kelvin functions, respectively; ber’() and bei’() are the first
derivatives of ber() and bei(), respectively [26].

the conductor; ;; =

4.2.2. Calculation of P,

P, can be calculated as:

Np Nq
Py=Y % 2mri;Glyiy) | Hij

(17)
i=1 j=1
L —2myi bera(yig)ber’ (vig) +beia (viz)bed (vig)
G0ny) = o ber?(vi;) +bei® (vij) (18)
_ 1 27 pdo/2
H;; :7/ / H;; (p, ) pdpdp 19
T r(do/2)? Jo Mo !

Np N‘I
Hij(p,0) = > > Hyy(rij + psing, zjq + peos 9)ih (20)

p=1q=1

where G(v;;) is the conversion function between the AMF
and power loss, and H;; is the average external magnetic field
strength at the cross-section of the winding in the ¢-th layer and
J-th turn. z;4 is the axial distance between the winding in the
p-th layer and ¢-th turn and the winding in the ¢-th layer and
j-th turn. v = 1 when p = 7 and ¢ = j; otherwise, ¥ = 0.

In Fig. 11, the center of the winding in the p-th layer and ¢-th
turn is the origin.

Hpq(xﬂz): \/H%(:C,Z) +H§(m,z) (21)
™ I

H = L 22

«(2, %) /o 4W%(x’z)zcosed9 (22)

WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 160, 254-262, 2025

PIER C

.~
S
.

.

N

| ith-layer
Jjth-turn

FIGURE 11. (a) Magnetic field schematic for winding at p-th layer and
q-th turn; (b) Cross-section of the winding at i-th layer and j-th turn
in the Oz plane.

H(00)= [ -

ro(z,z)= \/(rpq cos&—x)z—i—(rpq sin0)’+(—2) (24)

where H,,; is the AMF generated by the winding in the p-th
layer and g-th turn; H, and H, are the components of H,, in
the x-direction and z-direction, respectively; r¢ is the distance
from the winding in the p-th layer and g-th turn to the point
Q(x,0,2); the calculation of 7,4 is the same as that of r;; in
Eq. (11).

The Rcopper calculated by the Bessel’s method is shown in
Fig. 12, where it can be observed that:

I
"2 (p — wcos)dd (23)

dmrd)(x, z)

1. The R, stabilizes at 3.16 +0.04 €2, and the influence of
the skin effect becomes constant.

2. The variation of Rcopper is primarily dominated by the
proximity effect, and its value increases with IV, and de-
creases with Dy.

FIGURE 12. Variation of Rcopper With N, and D, using Bessel’s
method.
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4.3. Calculation of Roye

R_.,re can be calculated as:

NP Nq
2rfLoy ;0 Zj:l W' (ziz)

Rcore = N

(25)

where Ly is the air-core inductance; f = 218 kHz; and p” is
the difference between simulated values of the cored resistance
and air-core resistance [25].

Figure 13 shows p' along the axial position z under differ-
ent structural parameters, with minima for each IV, marked by
dashed lines. The data reveal that these minimum values in-
crease with IV, slightly, while they decrease with D, slightly.

z(mm)

FIGURE 13. Distribution of u” along axial position 2 for dual-groove
structures with various IV, and D,.

By substituting the simulated value of i’ into Eq. (25), Reore
is obtained, as shown in Fig. 14. The R, value increases with
N, and decreases with D, exhibiting the same variation trend
as u’.

R (D)

D, (mm)

FIGURE 14. Variation of magnetic loss resistance (Rcore) With Np, and
D,.

5. ERROR ANALYSIS

In the overall accuracy assessment, the Root Mean Squared
Error (RMSE) comprehensively reflects the accuracy of both
the calculation methods. The RMSE values between calculated
Rgr values and simulated ones are 1.0131 for Bessel’s method
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FIGURE 15. Comparison between the calculated Rsr using Bessel’s
method and simulated ones.

and 1.0070 for Dowell’s method, respectively. The difference
in accuracy between the two methods is less than 1%, indicat-
ing that their overall error levels are similar across the entire
dataset.

As showed in Figs. 15 and 16, both Bessel’s method and
Dowell’s method calculations of Rgp exhibit an underesti-
mation trend compared to the simulated values, with neither
method providing an adequate fit to simulation values. To fur-
ther optimize calculated results, the analysis is conducted in
terms of IV, and D, combined with the geometric structure
of the RC.

In Fig. 17, deviation is defined as the difference between
calculated and simulated values, with bar charts indicating the
mean deviation. It can be found that:

1. Bessel’s method demonstrates higher accuracy when
D, < 4mm, and deviations decrease with IN,,. As shown

2 T T T T

Il mean deviation, Bessel [l mean deviation. Dowell

—A— N,=2.Bessel —&— N,=2.Dowell
| L —0— N,=3.Bessel —— N,=3.Dowell
—@— N,=4.Bessel —0— N,=4.Dowell
05 —— N,=5.Bessel —— N,=5.Dowell

Deviation

3
Dg (mm)

FIGURE 17. Change of calculation deviations with N, and D, when
using the Bessel’s and Dowell’s methods (Bar height represents mean
deviation).
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FIGURE 16. Comparison between the calculated Rgr using Dowell’s
method and simulated ones.

in Fig. 15, the calculated and simulated values show good
agreement at N, = 5.

2. Dowell’s method achieves higher accuracy when D, >
4mm, and deviations increase with IN,,. As shown in
Fig. 16, the closest match to simulated values occurs in
simplified structures with IV, =2 and D, = 5mm.

The accuracy of the two methods varies significantly with
changes in the RC structural parameters IV, and D,. Building
on the previous analysis, an improved method was proposed to
optimize computational efficiency.

6. BESSEL-MODIFIED DOWELL'S (BMD) METHOD

The conventional Dowell’s method simplifies the winding into
planar conductor layer for calculation, which exhibits a signifi-
cant limitation: when D, varies, the proximity effect loss calcu-
lated remains constant, as showed in Fig. 9, leading to excessive
deviation in the calculation of Rspg.

To address this limitation of Dowell’s method, we propose
a novel Bessel-modified Dowell’s (BMD) method by integrat-
ing the framework of Dowell’s method with a proximity-effect
correction term from Bessel’s method. The Rcopper BMp Value
using the BMD method can be calculated as:

RcoppcrﬁBMD (Dm Np) = RcoppcrﬁD (Dg ) Np) + A (26)

A = Reopper B(Dgs Np) — Reopper 8(Dg = 5mm, N,,)  (27)
where Rcopper p 18 the Reopper calculated using Dowell’s
method in Eq. (7); Rcopper B 18 the Reopper calculated using
Bessel’s method in Eq. (13); A represents the increment
of Reopper caused by proximity effects under different D,.
Substitute Eq. (26) into Egs. (5) and (6) to calculate Rgpr
values of the BMD method.

The method addresses the limitations of traditional Dowell’s
method by incorporating the increment of R opper caused by
the proximity effect into Reopper p When D, changes.
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The result in Fig. 18 shows that BMD method achieves
significant improvement over Dowell’s method presented in
Fig. 16.

Np=2.Sim Np=2.Mea
1k — Np;=3.8im 0 N,=3.Mea
Np=4.Sim & N,=4.Mea
— Npy=5.8im A N=5Mea
10F
—~ or
G
&
< 8f
7 -
i a
6 O
[m]
T 3 4 5
Dg(mm)

FIGURE 18. Comparison between the calculated Rsr using Bessel-
modified Dowell’s (BMD) method and simulated ones.

The relative error is the absolute value of the ratio of the devi-
ation to simulation value, multiplied by 100%, which provides
a more intuitive understanding of the degree to which the cal-
culated values deviate from the simulation values. As shown
in Fig. 19, Dowell’s method exhibits relative errors ranging
from 2.97% to 19.72%, with a mean value of 11.71%. Bessel’s
method exhibits relative errors ranging from 2.09% to 26.52%,
with a mean value of 12.69%. After the correction, the relative
errors were reduced to a range of 2.97% to 13.40%, with a mean
value of 7.99%, showing significant improvement compared
to the uncorrected Dowell’s method. The red line and red dot
represent the median and mean, respectively. The closeness of
these two values indicates a symmetric error distribution, which
demonstrates the high reliability of the BMD method.

30 ;
® Mean

Median line

_’,
0 " T

251

5o}
(=]

Relative Error (%)
&

10 F
[ )
o1 | 1
0 1 1
Dowell Bessel BMD

FIGURE 19. Comparison of statistical characteristics for relative errors
of three calculation methods.
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7. CONCLUSION

This study establishes an accurate calculation model for the
Rgp of the receiving coil (RC). Under fixed overall dimen-
sions and turn count, variations in the winding layer (/V,) and
groove spacing (D) reveal that equivalent series resistance
(Rsr) fluctuations are primarily driven by the proximity effect
losses. The Dowell’s method, due to its equivalent hypothe-
sis, cannot reflect the impact of changes in D, on proximity
effect loss, resulting in significant errors when D, < 4mm.
By introducing the average of relative permeability (11;5) to an-
alyze the magnetic field, Bessel’s method investigates the in-
fluence of proximity losses with varying N, and D,. However,
both methods exhibit a systematic underestimation compared to
simulated values. To address this, this paper proposes a Bessel-
corrected Dowell’s (BMD) method that reduces the maximum
relative error from 19.72% (mean 11.71%) to below 13.40%
(mean 7.99%). This method provides an effective tool for the
rapid design optimization of magnetic-core-embedded annular
coils.
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