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Abstract—The paper describes the design of optimized printed
circuit board (PCB) air-core toroids for high-frequency dc–dc con-
verters with strict requirements in terms of volume and noise. The
effect of several design parameters on the overall inductor volume,
on dc and ac winding resistance, and on the radiated noise will
be investigated. PCB toroids are compared to standard air-core
solenoids and other state-of-the-art air-core toroids both theoret-
ically and experimentally: at first, using ANSOFT Maxwell and
ANSOFT Q3D simulation tools, and subsequently, with labora-
tory measurements (irradiated noise, efficiency, and frequency re-
sponse) on several prototypes. These very flexible and rather easy
to manufacture inductors appear very attractive for compact high-
frequency dc–dc converters where high efficiency, low volume, and
low noise are of primary concern.

Index Terms—Air-core inductors, dc–dc converters, electromag-
netic interference reduction, magnetic shielding, printed circuit
board (PCB) inductors.

I. INTRODUCTION

I
N high-energy physics as well as in space applications, power

supply designers have to face specific and uncommon con-

straints that prevent the use of standard solutions for switching

devices and magnetic structures [1]. For instance, the presence

of a 4-T dc magnetic induction in the physics experiments at

the Large Hadron Collider (LHC) forces the power supply de-
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Fig. 1. Inductor current for the 1 W (dotted curve) and 6 W (dashed curve)
buck converter. The blue curve on the bottom represents the voltage across the
inductor for a buck converter with 2.5 V output voltage.

signers to adopt core-less inductors. On the other hand, the

necessity of placing these components in point-of-load convert-

ers does not allow moving them to low magnetic field region.

High level of integration, strict material budget, and low lev-

els of electromagnetic irradiation are other typical constraints

of such applications, having to be traded off with the necessity

of high-efficiency components (low ohmic losses). In addition,

considering a rather big production volume, these components

must comply with standard industrialization processes in order

to simplify the manufacturing operations, reduce the costs, and

guarantee adequate levels of yield and performance.

In relation to these specific requirements, printed circuit board

(PCB) air-core toroids are proposed to manufacture inductors

of a few hundred nanohertz, operating at a switching frequency

of 1–2 MHz and carrying triangular current waveforms with an

average value between 1 and 3 A. The target application is the

use in buck-type converters in the range of 1–6 W of output

power (see Fig. 1). Since these converters are supposed to work

in quasi-square-wave conduction mode [2], the current ripple

is, at least, twice the average value; therefore, considerable rms

values are expected both for low- and high-frequency current

components. Converter efficiency above 85% is expected for the

application of our interest.

More in detail, Allongue et al. [1] show that the inefficiencies

of the converter are mainly due to two factors: the switching

losses of the power MOSFETs and the conduction losses of the

inductor. The latter depend, at low frequency, on the dc current
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flowing through the dc resistance of the inductor, while at high

frequency, on the rms value of the current flowing through the

ac resistance of the coil, which is calculated, as an approxima-

tion, in correspondence to the switching frequency (1 MHz).

Therefore, considering the characteristics of the application of

our interest, dc and ac resistances (and thus, the Q factor) will

be used throughout the paper to quantify the power efficiency

of the inductors.

Optimal containment of the main flux inside the inductor,

simple fabrication process (including the possibility to easily

add an extra magnetic shield layer), small volume occupation,

and low power loss are the key features of the toroids on PCB,

outperforming in several aspects widely used commercial com-

ponents (as RF air-core solenoids) or other proposed air-core

inductor designs, as those in [3]–[7]. For what concerns the lat-

ter designs, air-core toroids presented in [3] and [4] seem to be

suitable only for very high frequencies (>30 MHz) and require

a larger volume for the integration of hundreds of nH. Planar

inductors described in [5]–[7], instead, show evident drawbacks

for the application of our interest, especially in terms of electro-

magnetic emission and power consumption. Finally, magnetic

components have already been presented with implementations

on PCB but more usually with ferromagnetic cores [8], [9], thus

not suitable for the application of our interest. On the other

hand, RF air-core solenoids represent the most widespread so-

lution for the applications of our interest, because of the wide

range of manufacturers available on the marketplace, and be-

cause their structure (already optimized) ensures good perfor-

mances in terms of efficiency and overall compactness. For

these reasons, RF air-core solenoids can be considered as a

good benchmark to evaluate the performance of new PCB air-

core toroids. Key parameters for this comparison are achievable

values of inductance, dc and ac resistances, electromagnetic irra-

diation, volume occupation, and effective implementation (use

of a qualified industrialization process).

The electromagnetic characterization of the inductors has

been performed with ANSOFT Maxwell 3D v11.1 and AN-

SOFT Q3D Extractor, two software tools using the finite ele-

ment method analysis to simulate and solve 3-D electromagnetic

field problems. Given a defined geometry, these tools can also

provide values of auto-inductance and dc/ac resistance. Aiming

at a validation of the theoretical results, a first series of PCB

air-core inductors has been manufactured, tested, and compared

with the RF air-core solenoids. Even in this case, measurements

have dealt with the values of inductance, winding resistance,

and external magnetic irradiation. Particular attention has been

reserved to the evaluation of the effects introduced by para-

sitic elements like the equivalent series resistance and the stray

capacitances.

II. RF AIR-CORE SOLENOID

The RF air-core solenoid used as a benchmark (see Fig. 2)

is a ten-turn inductor with a turn diameter equal to 3.8 mm and

a wire radius of 0.19 mm. The overall length is 8 mm and the

material used is copper.

Fig. 2. 150-nH RF air-core solenoid under test.

Fig. 3. Magnetic induction of the air-core solenoid, vector plot (each square
side is 0.5 mm long). Relevant levels of magnetic induction are present even a
few centimeters far from the inductor.

The nominal value of the inductance is 150 nH, chosen on

purpose for a hypothetical converter providing 0.5 A to the

output (dc), hence with a maximum current of 1 A. The geometry

selected for this sample reflects what proposed by Coilcraft for

its “Fixed RF inductors–132 Series” nevertheless, in order to

reduce simulation analysis time, it has been necessary to slightly

modify some parameters, such as the turn pitch and the wire

cross-section shape.

A. Characterization of the Magnetic Field Emission

A first useful exercise to characterize such an inductor is

the evaluation of its magnetic field emission; for this purpose,

radiation diagrams, taken after the simulations, are proposed

in the next figures. These images refer to the condition where

the current reaches the peak value of 1 A, corresponding to the

maximum irradiation level (worst case evaluation). The range of

values indicated by the color code is 1–15µT; this range allows

us to study magnetic flux lines relatively far from the inductor (a

few centimeters) but characterized by magnetic induction levels

sufficient to radiate effectively the surrounding area, potentially

adversely affecting other equipment placed nearby. Looking in

Figs. 3 and 4, it is immediately clear that the main part of the

magnetic field (and hence the energy managed by the inductor)
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Fig. 4. Frontal view of the magnetic induction, vector plot (each square side
is 0.5 mm long). For these levels of magnetic induction, even the effect of the
terminals becomes non-negligible.

is not only concentrated inside the coil but also all around it,

with non-negligible levels within 3 cm in all directions.

Moreover, an attentive analysis of the frontal view of the

solenoid on the XY -plane (see Fig. 4) suggests that the whole

emission is not only related to the “conventional” contribu-

tion of the inductor; there is also a “parasitic” contribution,

perpendicular to the former, due to the “semiloop” performed

by the inductor and its two terminals. Clearly, this contribu-

tion is marginal if compared with the induction level inside the

solenoid; nevertheless, considering flux lines a few centimeters

far from the inductor with order of magnitude 10−5 to 10−6 T, the

two effects become absolutely comparable. This last evaluation

suggests the following consideration: although it is important to

reduce as much as possible the external irradiation generated by

these magnetic components, a minimum level of irradiation has

to be tolerated, and this level is represented by the irradiation

of a single piece of wire carrying the same current of the induc-

tor under test. This minimum level of magnetic field density,

estimated around 1µT, can be used as a “safety threshold” to

determine whether a certain component is a dangerous source of

noise, establishing at the same time a goal for potential actions

that aim at a reduction of the external magnetic irradiation. In

order to obtain a more precise measurement of the induction

level along the main axis of the solenoid (Z-axis), Fig. 5 shows

its trend from the middle of the coil to a distance of 18 mm

(the first 4 mm is still inside the solenoid; in fact, the induction

value is roughly constant and starts to decrease close to the last

turns). The theoretical formula for the induction along the Z-

axis, which represents the solution of the Maxwell equation for

a simple and well-defined condition, can be written as

B(x)=
µ0NI

2d

[

d + 2x
√

(d + 2x)2 +4R2
+

d− 2x
√

(d− 2x)2+ 4R2

]

(1)

where µ0 is the magnetic permeability of the air, N the number

of turns, I the current flowing into the winding, d the length

of the solenoid, R the radius of the solenoid, and x is the dis-

tance (along Z-axis) between the middle of the solenoid and the

measurement point. The comparison of the results of (1) and of

the simulation (see Fig. 5) evidences a good matching: Ansoft

Maxwell correctly reproduces the theoretical behavior of the

magnetic field emission, especially inside the solenoid where

Fig. 5. Magnetic field induction along Z -axis processed by Ansoft Maxwell
(solid curve) in comparison with the correspondent theoretical formula (dotted
curve). First 4 mm are inside the solenoid.

the induction level is quite high and, therefore, the incidence of

the mathematical approximations is almost negligible.

B. Electrical Performances

As expected, this type of inductor shows excellent electrical

performance: values estimated by Ansoft Q3D for the dc and

high-frequency (1 MHz) resistance are, respectively, 23.5 and

41.4 mΩ, leading to a quality factor of 22.8. Thanks to its opti-

mized geometry, the increase of the resistance at high frequency

due to skin and proximity effects is rather small.

C. Shielding

The main drawback of such inductors for our application is

the relatively intense emission of magnetic field in the space sur-

rounding it; emission that can influence the noise performance

of electronics systems. One such example has been widely de-

scribed in [10]: analyzing the conducted output noise of a dc–dc

converter prototype which was equipped with a 500-nH air-

core solenoid, we saw that the noise was very sensitive to the

orientation of the inductor. Changing orientation modifies the

magnetic flux in sensitive loops of the converter, with a signif-

icant increase of the conducted output noise (up to +20 dB on

high-frequency components of the common mode current). This

evidences that the level of emission from these RF solenoidal

coils is sufficiently large to give measurable system effects.

Low-noise applications need, therefore, magnetic components

with properly confined emission; the simplest and most effec-

tive solution to achieve this goal is the adoption of shielding

techniques. From Faraday–Lenz’s law, the magnetic field irra-

diated by the coil induces eddy currents in a metallic shield

placed nearby; the secondary magnetic field generated by such

eddy currents opposes to the original one, leading to an over-

all reduction of the magnetic field beyond the shield. Critical

parameters that define the effectiveness of the shield are its ge-

ometry and its resistivity, and it should also be considered that

a shield positioned too close to the inductor might modify its

inductance value. Simulations with Ansoft software tools have
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Fig. 6. Magnetic induction along the Z -axis of the solenoid without shield
(solid curve) and with shield (dashed curve); first 4 mm are inside the solenoid.
With the shield, the external irradiation is well below the safety limit of 1µT.
The performance of the shield can be also evaluated through the shielding
effectiveness (dotted curve).

Fig. 7. RF air-core solenoid under test with aluminum shield. The volume
increase by a factor 9 is due to the necessity of reducing the noise emission
without affecting the inductance value.

shown that a 100-µm aluminum foil wrapped all around the

solenoid, at a distance of only 0.4 mm, reduces quite well the

emitted magnetic field but also decreases the inductance value

from 150 to 111 nH (–26%). Following an empirical law [11],

the same aluminum foil shield has been put at a distance equal

to the solenoid diameter (around 4 mm). This provision reduces

the irradiation relatively far from the inductor, without affecting

those components defining the main part of the energy stored

by the coil (see Fig. 6). The same result can be seen in terms of

shielding effectiveness [12], which is the ratio between the field

strength, at a given distance from the source, without the shield

interposed and the field strength with the shield interposed. The

dotted curve in Fig. 6 shows that a shielding effectiveness be-

yond 40 (32 dB) is achieved, with a peak of 200 (46 dB) nearby

the shield aluminum box.

Although the irradiation problem is now evidently solved, the

volume of the device is considerably increased: for an 8-mm-

long solenoid with a 3.8-mm diameter, located 4 mm above

the ground plane, the shielded configuration reaches a length of

16 mm, a width of 12 mm, and a height of at least 12 mm (see

Fig. 7); this means a volume increase by a factor 9. Furthermore,

the construction of such a structure is not straightforward with-

out the addition of even more material to guarantee sufficient

stability and robustness.

As a further demonstration of the need for a shield and its

effectiveness in low-noise applications, Fig. 8 shows the effect of

Fig. 8. Effect of the shielding on a typical front-end system of LHC detectors.
The noise level is defined as the number of fake particles detected by the read-out
circuitry when no inputs are applied to the system.

Fig. 9. 3-D image of a 150 nH PCB air-core toroid.

a 500-nH air-core solenoid (with the same excitation mentioned

previously, hence a sinusoidal current of 1 A peak at a frequency

of 1 MHz) on a typical front-end system in LHC detectors [13].

This system is made up by a silicon strip detector module

whose signal is read out (amplified, compared to a threshold,

stored in memory) by a custom ASIC. For this kind of systems,

the noise level is defined as the number of fake particles detected

when no input is applied to the read-out circuitry. The system

noise is considerably increased over its nominal value by the

electromagnetic emission from the solenoid placed close to the

detector. A 50-µm aluminum shield, wrapped all around the

solenoid, reduces the emission, and the system noise is kept to

its nominal level.

III. PCB AIR-CORE TOROID

In view of the difficulties in properly shielding a solenoid

inductor in a compact device, a new design for air-core PCB

toroids is proposed. Fig. 9 shows such a design for a 150-nH

inductor that yields electric performance comparable to those of

the solenoid but with a containment of the magnetic field that can

be more easily achieved without volume increase, addition of

material, or manufacturing complications. Table I provides the

geometrical and electrical characteristics of such an inductor.

Similar to what adopted in [14], the structure of these PCB

inductors is composed by two copper layers placed at large dis-

tance (typically 3.2 mm), properly connected through a number
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TABLE I
GEOMETRICAL AND ELECTRICAL CHARACTERISTICS PREDICTED

WITH ANSOFT Q3D

of vias. The support material can be the commonly used FR4,

which has negligible magnetic properties. Each of the two cop-

per layers is patterned in “petals.” The current enters from the

top metal line, crosses the corresponding top petal, and reaches

the bottom one through one via at the inner end of the petal. The

outer end of this petal is aligned with the second petal on the

top layer; the connection is again assured by several vias at the

outer side. In this way, the current has circulated in a loop. This

structure is repeated along the whole toroid, which is in fact

a series of current loops around a circumference in the middle

of the petals. The area of each loop and the number of loops

determine the total inductance.

The fabrication process for this kind of structure is rather

simple: the upper and lower petals are directly printed on the

two sides of a PCB and the connection between them is per-

formed with common vias. This inductor could, in principle,

be realized directly on the same PCB of the converter; alterna-

tively, it is possible to choose the optimized characteristics for

the PCB process (thickness of FR4 and copper, central hole and

via dimension, etc.) and produce stand-alone toroids, which can

be mounted on the converter PCB. In this case, each inductor

can be optimized to the specific application: different designs,

minimizing different characteristics [equivalent series resistance

(ESR), size], can be manufactured with the same process.

A. Characterization of the Magnetic Field Emission

Thanks to the toroidal geometry, the main flux of the inductor

is well contained inside the coil and, more precisely, concen-

trated in the inner part of the toroid. Nevertheless, considering

the magnetic field density values we are interested in (1–15µT),

the main concern in terms of external irradiation is no longer

the internal flux but the parasitic one through the central hole of

the coil (irradiation due to the current flux along the single-turn

loop around the central hole of the toroid). As shown in Fig. 10,

these parasitic flux components can easily exceed the threshold

value of 1µT. Unlike the magnetic field of the solenoid, this is a

parasitic magnetic field; neither it determines the amount of en-

ergy stored inside the inductor, nor it determines the inductance

value. Therefore, it can be shielded without any performance

degradation or further volume consumption. In this scenario, a

PCB air-core toroid can be shielded in a really easy and efficient

way. The shield, in fact, can be applied as an extra copper layer,

directly above and below the inductor, at a distance of a few

hundred micrometers, without affecting the inductance value

of the toroid (see Fig. 11). As shown in Fig. 12, the magnetic

Fig. 10. Parasitic magnetic field induction of a 150-nH PCB toroid (vector
plot). This is the parasitic effect of the current flowing along the single-turn-loop
performed by the toroid.

Fig. 11. Shielded 150 nH PCB air-core toroid (the 100-µm-thick shielding
layers are placed 100 µm far from the petals layer).

Fig. 12. Comparison of the simulated magnetic induction along the Z -axis
of the inductors. Unshielded solenoid (solid curve), unshielded PCB toroid
(dashed curve), and shielded PCB toroid (dotted curve). The dotted/dashed
curve represents the shielding effectiveness of the two extra layers.

induction along the PCB toroid Z-axis (lower than the one of

the solenoid even without any shield) is further reduced by a

factor 10 simply adding two 100µm shielding layers just above

and below the toroid, reaching the “safety threshold” of 1µT

within 7 mm. Thus, for the application of interest, a shielding

effectiveness between 10 and 70 can be considered more than

enough. On top of that, since the shielding layers are put at a
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TABLE II
DIMENSIONS COMPARISON BETWEEN PCB TOROID AND SOLENOID (SHIELDED AND UNSHIELDED)

distance of only 100µm, the whole structure shows a negligible

increase in the overall volume (see Table II).

B. Electrical Performances

If smaller field emission is the key feature of the PCB air-core

toroids, even electrical performances have shown to be compet-

itive with those of standard air-core solenoids. For the sample

previously shown in Fig. 9, Ansoft Q3D estimates a dc resis-

tance of 30 mΩ and an ac resistance at 1 MHz equals to 54 mΩ
(after the manufacturing process, these values will be slightly

higher because of the addition of the inductors terminals). These

levels of resistance are achievable with the use of vias filled with

copper, since a large contribution to the resistance is given by

the single via connecting two petals toward the center of the

toroid. With standard vias (only a few tens of micrometers of

copper), a higher resistance value can be expected: for instance,

an increase of a factor 2.7 is estimated by Ansoft Q3D in the

case of vias with internal copper thickness of 50µm. In addi-

tion, the use of rather thin copper layers for the petals (100µm)

ensures sufficiently low dc resistance without a strong increase

at high frequency (at 1MHz, the skin depth is 67µm; therefore,

the effective surface of copper carrying the current does not de-

crease excessively). Of course, these performances cannot be as

competitive as those of state-of-the-art conventional inductors

that use magnetic core [15], [16], where dc/ac resistances of a

few milliohms can be easily achieved for RF inductors around

150–200 nH. Nevertheless, the impossibility of withstanding 4T

dc magnetic fields does not allow considering their adoption for

the application of our interest.

Thanks to the high flexibility guaranteed by these full custom

components, the geometry of the toroids can be easily rear-

ranged in order to obtain a strong reduction either in the dc

resistance or in the overall size. Because of the many parame-

ters that affect the inductor performance, a mathematical model

(written with Mathcad 14) has been developed to compare dif-

ferent geometries and indicate which one better complies with

the requirements defined for each application. Such a model

basically predicts inductance and resistance of the coil by ana-

lyzing the contribution of each elementary part, such as petals

and vias. Geometrical dimensions, material, frequency, and tem-

perature are the parameters taken into account. Calculating in-

ductance and resistance as functions of such parameters, it has

been possible to identify inductors’ geometries which complied

with the target of our application. After this initial step, anyway,

more precise simulations have been performed with the Ansoft

Fig. 13. 150 nH PCB toroid with extremely low dc and ac resistance. ESR
reduction is achieved using bigger filled vias and two additional metal layers
(“duplicating” each petal with a parallel structure).

TABLE III
COMPARISON BETWEEN PCB TOROIDS AND STANDARD SOLENOIDS

software tools, yielding all parameters for the design. Follow-

ing this procedure, another sample of 150 nH PCB toroid has

been designed with Rdc and Rac (at 1MHz) equal to 12.7 and

42.3 mΩ, respectively (see Fig. 13).

This has been possible by adopting filled vias with big-

ger diameter and a double layer for the petals. On the other

hand, these modifications need larger dimensions; this specific

sample, for instance, has an overall diameter equal to 13 mm.

Table III summarizes the geometrical and electrical character-

istics of PCB toroids designed with different targets: low ESR

or reduced volume consumption. A comparison with standard

air-core solenoids shows a substantial uniformity in terms of

electrical performance (not evidenced in this table, the emission
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Fig. 14. Prototypes of 500 nH PCB air-core toroid without and with shield.

Fig. 15. Measurement of the magnetic induction along the main axis of the
inductors. 538 nH solenoid (dotted/dashed curve), 500 nH PCB toroid (solid
curve), and shielded 500 nH PCB toroid (dashed curve).

from the standard solenoid cannot be shielded without consid-

erable penalty in volume).

C. Measurements Results

After the design phase, a series of PCB air-core toroids was

scheduled for a first prototype run. Inductors with different in-

ductance value, dimensions and electrical performances have

been produced and tested at CERN. To simplify the manufactur-

ing process, prototypes have been realized with partially filled

vias. The consequent increase of the ESR has been partially

reduced implementing a double-petal structure (therefore, the

toroids are built on a four-layer PCB). To avoid the production

of too thick PCBs (at least for these first prototypes), the shield

is added afterward applying a 100-µm-thick copper tape above

and below the coils (see Fig. 14).

Kapton tape is used to prevent shorts between metallic shield

and petals. The evaluation of the magnetic emission of such

inductors has been performed using near field magnetic probes

connected to a spectrum analyzer, thus minimizing the pertur-

bation of the coil irradiation (measurements are based on the

current induced inside the magnetic field probe). The inductors

chosen for the test are a-538 nH RF air-core solenoid (made by

Coilcraft) and a 500-nH PCB air-core toroid, both of them sup-

plied with a 1-MHz sinusoidal current having a peak value of 1

A. The irradiation patterns along the inductors’ main axis reflect

well enough what simulated by Ansoft Maxwell (see Fig. 15).

Looking at the external irradiation nearby the edge of the

coils, the ratio between solenoid and toroid is around a factor 3,

TABLE IV
INDUCTANCE AND DC RESISTANCE OF THE PCB TOROIDS PROTOTYPES

(SIMULATED AND MEASURED, WITH AND WITHOUT SHIELD)

while the introduction of a shield decreases the irradiation of a

further factor 20. The results of Ansoft Maxwell simulation in

Fig. 12 confirm this trend, although the latter are associated with

different values of inductance (150 nH instead of 500 nH). A

similar correspondence is found moving the measurement point

1 cm far from the coils. Again, between solenoid and toroid,

there is an irradiation reduction of factor 2; adding a 100-µm-

thick copper shield, the irradiation is reduced by a further order

of magnitude (again well reflecting what simulated by Ansoft

Maxwell). For what concerns the electrical performance, mea-

surements carried out on the PCB air-core toroids showed good

agreement with Ansoft Q3D simulations (see Table IV). The

higher values of inductance in the measurements are due to the

presence of the coil terminals, neglected during the simulations.

Considering terminals of 1 cm with inductance of 1 nH/mm, the

difference between measurements and simulations can be well

explained. Even for the dc resistance, there is good agreement.

As expected, the presence of empty vias increases considerably

the ESR with respect to the initial estimation (2.7 times the value

with filled vias), leading to worse performance than those of the

solenoids. Nevertheless, the mathematical model showed to be

reliable; thus, we are confident that the initial predictions can

also be met by inductors with filled vias. A last series of mea-

surements deals with the evaluation of the frequency response

of the PCB toroids. More in detail, toroidal inductors are known

to present a relatively large parasitic capacitance, if compared

to solenoidal ones [17]. On top of that, the addition of a shield

could magnify such an effect by introducing a further contribu-

tion due to the turns-to-shield stray capacitances [18]. This is

expected to lower the inductor resonance frequency and, ulti-

mately, to limit its frequency range of operation. To quantify this

effect, an experimental determination of the equivalent parasitic

capacitance has been performed on a few toroidal inductors.

Table V summarizes the results of such measurements. The test

has been carried out by using an impedance analyzer with an

internal tracking generator that can provide a sinusoidal signal

of constant amplitude (100 dB·µV) up to a limit frequency of

1.5 GHz. Looking at the results of Table V, it is clear that the

resonance frequencies are in any case relatively high, well above

100 MHz, which guarantees a proper inductive behavior for the

switching frequencies of interest for the application (i.e., 1 or

2 MHz). As expected, the resonance frequency is related to the

size of the toroid and to the presence of the shield. The shielded
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TABLE V
MEASUREMENTS OF RESONANCE FREQUENCY AND PARASITIC CAPACITANCE FOR A FEW TYPES OF TOROIDAL INDUCTORS

Fig. 16. Cross-section of the ideal PCB air-core toroid. Part of the internal
FR4 could be removed to improve the material budget.

toroid indeed presents the minimum resonance frequency (i.e.,

the highest stray capacitance); instead, the wound toroid is the

one with the highest resonance frequency (i.e., the minimum

stray capacitance). A motivation for this result is the smaller

interwinding capacitance of the wound inductor, whose turns

are much more distant from each other than in a PCB toroid.

Nevertheless, dealing with such high values of resonance fre-

quency, even in the case of shielding adoption, PCB toroids can

certainly be considered a valid solution for the application.

D. Manufacturing Issues

In view of the industrialization of the PCB air-core toroids, a

market survey is being conducted to verify the opportunity of a

large-scale manufacturing. Discussing directly with the produc-

ers, we would also be interested in exploring the possibility to

remove part of the FR4 that forms the PCB (see Fig. 16); this is

desirable in application where weight is a key parameter.

Moreover, the use of aluminum instead of copper would be

preferable for the realization of the shield, to decrease the ma-

terial budget, although it is important to assure a low enough

resistivity of the shielding layers.

A last consideration deals with the fabrication parameters

used for the design of the PCB toroids (layers thickness, separa-

tion between traces, max/min via diameter, etc.). All of them are

linked to the specific process chosen by each manufacturer [19];

therefore, the final aspect (and the performance) of the PCB

toroids will have to be reviewed taking into account new con-

straints defined by the process flow used for the production.

IV. CONCLUSION

New PCB air-core toroids have been proposed as an effective

way to manufacture inductors with optimum performance in

terms of dc/ac resistance, external irradiation, and volume oc-

cupation. RF air-core solenoids have been identified as a valid

benchmark for an exhaustive comparison. Although those induc-

tors have good electrical performance, theoretical and experi-

mental evidence suggested that the emission from the solenoid

has to be properly shielded for low-noise applications. Never-

theless, an efficient shield would strongly penalize the device in

terms of volume, material budget, and process reliability.

PCB air-core inductors, instead, have revealed comparable

electric performance with optimum levels of magnetic flux

containment, compactness, and material consumption. More-

over, the flexibility of the manufacturing process allows the

designer to optimize the coil for different applications, mini-

mizing the size rather than the power losses. These conclusions

are based, in a first stage, on simulations supported by bench-

marking to analytical calculations; afterward, a series of PCB

air-core toroids has been designed, produced, and tested. Pro-

totypes’ performances have shown good agreement with the-

oretical expectations, both in terms of external magnetic irra-

diation and of electric characteristics. Future activities will be

focused on the individuation of a PCB manufacturer to finalize

the design of the coils and evaluate the performance of the final

product.
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