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1. INTRODUCTION

This application note concisely shows the differences
between three different inductive SMT components — the
ceramic inductor (air coil), the SMT ferrite and the wire-wound
ferrite inductor. Electrical parameters are compared and their
differences explained. Applications to illustrate how the
components can be used to the best performance and how
physically induced parasitic parameters can be used
advantageously in circuit design.

2. COMPARISON OF THE SMT FERRITE,
CERAMIC/AIR INDUCTOR AND WIRE-
WOUND FERRITE

Figure 1 shows the impedance curves of the three inductor
types:

= WE - CBF: SMT ferrite

= WE - KI: SMT inductor with ceramic core (‘air coil’)

= WE - RFI: Wire windings on a ferrite core (‘wire-wound

ferrite’)

The components were selected such that, below their
respective maximum impedance, they have a similar
impedance curve. The differences in impedances are

WE

The SMT ferrite attains its maximum at the lowest frequency,
while the wire-wound ferrite attains its maximum at the
highest frequency. The ceramic inductor has the steepest rise
and fall around the impedance maximum and therefore the
highest Q factor and narrower bandwidth.

2.1 Comparison of electrical parameters
Figure 2 compares the electrical parameters of the inductors.

For inductors without a ferrite core (WE - Kl), the inductance is
specified as a value in data sheets, in this case 560 nH.
Although the inductance value is a function of the measuring
frequency, below the resonant frequency the value is almost
constant against frequency (see data sheet).

Taking a closer look, the reactance of the inductor does not
increase linearly with frequency. There are two effects that
raise the impedance of the air coil: The increase in reactance
described by Lenz's law and the increase in resistance from
the skin effect.

In the purely inductive circuit, the coil is connected directly to
the AC supply voltage. As the voltage rises and falls with
frequency, the self-induced counter-electromotive force
(counter EMF) in the coil also rises and falls dependent on this

significant in the frequency region at which the maximum is change.
achieved.
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Figure 1: Comparison of SMT ferrite, ceramic/air inductor and wire-wound ferrite.
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WE-KI ceramic SMT inductor 744762256GA

WE-CBF SMT ferrite 742792653

WE-RFI ferrite SMT inductor 744760256A

Properties Test conditions Value Unit | Tol.
Inductance L |25MHz 560 nH | +2%
Q-Factor Q | 100 MHz 45 min.
DC Resistance Rpg | @20°C 15 0 | max.
Rated Current lr |AT=15K 310 mA | max.
Self Resonant Frequency fres 430 MHz | min.
Properties Test conditions Value Unit | Tol.
Impedance @ 100 MHz Z (100 MHz 600 0 | £25%
Maximum Impedance Znax | 200 MHz 4500 Q typ.
Rated Current 1 lhi | AT=20K 300 mA | max.
Rated Current 2 ko [AT=40K 500 mA | max.
DC Resistance Rpc | @20 °C 0.65 Q | max.
Type High Speed

Properties Test conditions Value Unit | Tol.
Inductance L |252MHz 0.56 pH | +5%
Q-Factor Q | 100 MHz 45 min.
Impedance @ 100 MHz Z | 100 MHz 350 Q | +£25%
Maximum Impedance Ziax | 600 MHz 5570 Q typ.
Rated Current 1 k1 |AT=15K 450 mA | max.
Rated Current 2 lho | AT=40K 620 mA | max.
DC Resistance Roc |@20°C 0.55 Q | max
Self Resonant Frequency e 340 MHz | min.

Figure 2: Comparison of parameters according to Figure 1.

It is known that this self-induced counter-EMF is directly
proportional to the rate of change of the current through the
coil (Lenz's law) and therefore increases with frequency. This
means that the reactance of the inductor also increases with
frequency; this relationship is proportional.

A further increase in impedance comes from the skin effect.
At low frequencies, a conductor uses almost its entire cross-
sectional area as a medium to transport charge carriers. If the
frequency is increased, an increased magnetic field along the
center of the conductor represents an impedance for the
charge carriers, which causes the current density in the center
of the conductor to decrease and the current density around
the edge of the conductor to increase. This increased current
density near the edge of the conductor is known as the skin
effect. The effect increases with frequency and also occurs in
all other inductors (with ferrite core).

Without a ferrite core, the resonant frequency of the inductor
is primarily caused by the parasitic capacitance between the
individual winding. Whenever two conductors are in close
proximity, but separated by a dielectric material, and there is a
voltage difference between them, a capacitor is formed.
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The chain of these winding capacitances is connected in
parallel with the winding inductance thus forming a parallel
resonant circuit. There is also a parasitic capacitance between
the connectors (solder pads) in parallel with the winding
capacitance. The resulting equivalent circuit is a parasitic total
capacitance in parallel with the winding. The equivalent circuit
in this case is shown in Figure 3 on the left.

Cd cd
[ [
Rs L Rs L(f)
o— O— —O
Rotn
—_—
Air core Magnetic core

Figure 3: Equivalent circuit for an inductor without magnetic core (left)

and with magnetic core (right).

In case of inductors with a ferrite core (WE - RFI) and

SMT ferrites (WE - CBF), the data sheet does not specify an
inductance value, but rather the impedance at a measuring
frequency.
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Itis also apparent that the SMT ferrite has the highest
tolerance, while the inductor without ferrite has the lowest
tolerance.

As the WE - Kl inductor does not have a ferrite core, it
requires more turns of wire for the same impedance than
components with ferrite. This is why the WE - Kl has the
highest wire resistance Roc for the same inductance. A Q-
factor (quality factor) is specified for both the WE - Kl and the
WE - RFI, but not for the WE - CBF. The Q-factor (Q) is a
measure of the dissipative property of an inductor. Inductors
with a high Q-factor have lower losses and a narrower-band
impedance curve. Chokes with a low Q-factor, however, have
higher losses and a broader-band impedance curve. The level
of the maximum impedance of the inductor is related to the
quality factor Q. Low-loss inductors with a high Q-factor have
a very high maximum impedance, while inductors with high
loss have a lower maximum impedance. Changing the way a
coil is wound or the core materials used can align the
maximum impedance and the frequency range of that
impedance maximum. What role does the impedance
maximum play?

3. MAGNETIC CORE MATERIALS

Figure 4 shows the impedance curves against frequency for
the WE - RFl inductor and WE - CBF SMT ferrite. Both
components have ferrites as their core material. The graphs
show three different curves respectively, R — as resistive
(ohmic) resistance, XL — as reactance (inductive) and Z — as
the component's impedance. In order to be able to
successfully use inductors with ferrite material, it is important
to understand these graphs.

In many high-frequency applications in which high inductance
values are required in a small space, ‘air core' inductors
cannot be used on account of their size.
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The package of the inductor becomes smaller if the air core is
replaced by a core material with higher magnetic permeability
(br> ).

For components of the same size but with a ferrite core, the
same inductance value is achieved at a certain frequency with
a smaller number of turns.This can carry out several
advantages.

= Smaller size — from the lower number of turns required
for a certain inductance.
= Increased quality Q — fewer windings mean lower wire
resistance.
= Influencing the impedance of the inductance against
frequency — through specific selection/mixing of the core
material.
However, the use of magnetic cores presents some big
problems and attention must be paid to ensure that the core
material chosen is the right one for the job. Some of these
problems:

= Every core material is highly lossy above a certain
frequency range. Adding a magnetic core to an air-core
coil for example can reduce the quality Q of the inductor,
depending on the material used and the operating
frequency.

The permeability of all magnetic cores changes with
frequency and usually drops to a very low value at the
upper end of the operating range. It eventually
approaches the permeability of air (ur = 1) and becomes
‘invisible’ for the circuit.

The higher the permeability of the core, the more
sensitive it is to temperature fluctuations.

So the inductance of the coil can fluctuate considerably
across a broad temperature range.

Figure 4: Typical impedance curves for the WE - RFl inductor and the WE - CBF SMT ferrite.
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= The permeability of the magnetic core changes with the
applied signal level. If there is excessive current through
the inductor and the magnetic flux density through the
core becomes too high, this leads to saturation of the
core.

These problems can be overcome if care is taken during
development to ensure that the inductors are selected
correctly according to their application and this requires the
impedance graphs with the three different impedance curves
R, XLand Z. The progression of the curves against frequency
depends strongly on the magnetic properties of the core
material.

The equivalent circuit of an inductor without a magnetic core
is shown in Figure 3 on the left.

The Q value of this inductor with ‘air core' is

XL
Q= R_S (1)
where
X|_=(.0' L (2)

Rs is the resistance of the winding.

If we add a magnetic core to the inductor, the result is the
equivalent circuit shown in Figure 3 on the right. We added
the resistance Ry to represent the losses occurring in the
core itself. These frequency-dependent losses occur in the
form of magnetic hysteresis. Hysteresis is power loss in the
core that occurs due to eddy currents and by energy
consumed during realignment of the magnetic particles in the
material with change in magnetization. Eddy currents flow in
the core caused by the currents induced in it. We also
assigned frequency dependence Ly to the inductor L, since, as
previously mentioned, the magnetic permeability of the
material is non-linear against frequency f. The quality Q of an
inductor with ferrite core is therefore a variable parameter
that depends on the current flowing through the inductor and
its frequency, and hence has to be determined individually.

Ferrite is @ material that mainly contains iron. It is
manufactured from a mixture of iron oxide and other trace
metal oxides. As the material has low electrical conductivity, it
keeps eddy currents and their associated losses low. A special
property of these materials is their strong dependence on
frequency, magnetic flux density and temperature.
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3.1 Complex permeability

The magnetic property of materials can be described by their
‘magnetic permeability’ p. Permeability p describes a property
that quantifies the magnetic response of the flux density B
when the material is exposed to a magnetic field strength H.
The magnetic permeability is proportional to the ratio of the
changes in B and H:

AB

The value of the absolute permeability p expresses the direct
ratio of B (T) to H (A / m), so the resulting Sl unitis (H/ m). The
relative permeability has no units and relates to the
permeability of vacuum (po) and is usually specified in inductor
data sheets. The relative values are an easily comprehensible
indicator that describes the extent to which the material
‘concentrates’ the magnetic field ‘better’ than a vacuum.

This results in the following relationship

H=H "Ho (4)

with po: magnetic permeability of vacuum:
1.26 x 108 (H / m).
Most of the ferrite materials used are iron oxide mixtures with
manganese-zinc (MnZn) and nickel-zinc (NiZn); pr is typically
in the range of 600 to 15,000 for MnZn and 10 to 1,500 for
NizZn. It should be noted that the relative permeability
depends strongly on the frequency of the magnetic field.
Furthermore, the curves in Figure 4 already indicate that the
relative magnetic permeability has two parts, a real part p:'
and an imaginary part . This complex permeability takes
effect with high-frequency magnetic field interaction in which
a phase shift occurs between H and B.
This results in:
Bo : ej(“’t'a) BO
H=——""""—=—F "¢
HO - glwt HO
(5)

Bo - By
= H_o - cos(8) - j- H_o -sin(8)

If we apply the above result to the inductance with ferrite
core, we obtain two important formulas for the series

equivalent circuit:
Ls=p"Lo (6)
Rs=p"w Lo (7)

where Lo is the inductance of the wire winding without ferrite.

The following relationship applies:
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Z=jrw L (W) ) =R+jX 8)

Lo: inductor without ferrite.

It is easy to see from the formulas that high permeability
leads to high inductance, but high permeability is usually
associated with higher core losses at high frequencies.

The individual components of the impedance, i.e., Zsn, Xunand
R, are depicted in the data sheets for ferrite inductors.
Figure 5 now shows again the impedance curves for the

WE - RFlinductor 744760256A.
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Figure 5: Impedance curves of the WE - RFl inductor 744760256A.

This also makes it clear why the impedance curves are of such
importance for a functioning circuit using inductors with a
ferrite core. The impedance (2) is a vector combination of
resistance and phase. The ohmic resistance R has a
dissipative property, energy is consumed and not returned.
The reactance X. is the part of the impedance generated by
inductance. The phase is the delay between a voltage applied
to the component and the current flowing through it. Both the
resistive losses and the reactance vary with frequency, and
therefore also with phase.

But that's not all. Magnetic materials show saturation effects
against frequency, primarily depend on the magnetic flux
density, i.e., the current flowing through the ferrite inductor.
This is referred to as core saturation, an effect that ‘air
inductors’ do not have. Figure 6 shows the impedance of the
two inductors WE - RFI 744760256A and WE - CBF
742792653 having different DC bias magnetization (DC bias)
against frequency. The difference is clearly apparent.
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Figure 6: Impedance of the two inductors WE - RFI 7447602564 and
WE - CBF 742792653 having different DC bias magnetization against

frequency.

Wire-wound inductors are less sensitive to DC pre-saturation
(current bias) than SMT ferrites for the same rated current.

The influence of bias magnetization of different levels on the
impedance curves can be simulated with the help of
Redexpert for all article numbers.

How is it with "HF performance'? Figure 7 shows the electrical
performance of WE - RFI 744762415A.

What is the meaning of the different impedance performance
curves according to Figure 77 To illustrate the impedance
behavior of the inductor, a setup described by Tektronix!™ was
selected. Figure 8 shows a photo of the measuring adapter in
the lab setup.
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100ka 4 typical measuring frequencies. In the left image, the
10ka 4 component (inductor) behaves inductively, the phase angle is
positive, in the middle image the phase offsetis 0°, i.e,, the
% Tk 4 component is resistive, and in the right image the phase
g 1000 4 offset is negative; here the component behaves capacitively.
100 - 3.2 Simple impedance measurement method
10 | | | The curve on the leftin the lower section of Figure 9 shows
1 MHz 10 MHz 100 MHz 1 GHz the voltage Us against frequency. The voltage is a relative
Frequency measure for the magnitude of impedance of the component
—z —X —R or inductor. The curve on the right shows the phase offset
Figure 7: Typical impedance curve of an ‘RFl inductor’ between voltage Up and voltage Ua and thus the ‘behavior’ of

o the component under test. Up to a frequency of 26 MHz, the
The measurement results are shown in Figure 9. The three ) ) o
. ) component behaves inductively, the phase progression is
images below show the oscillograms of the voltages Ua o i i i
) , positive and extends from approx. 85° to Q°, i.e., the inductive
(vellow) and Us (blue) in phase relation to each other at three ,
impedance part falls

Signal

Generator

penerator .
Probe (U.) Oscilloscope

””””” CH1

Ly Inductor under Test
o Rief: 1kQ
I — Probe: Active probe (Cin < 1 pF)

Figure 8: Left: schematic setup for measuring the phase progression of the inductors; Right: Lab setup of the measuring adapter.

Ua Ua( and Us (blue) at 26 MH

P — 1

vellow)

z —resistive

Ua(vellow) and Us (blue) at 100 MHz —capacitive

(vellow) and Us (blue) at 1 MHz — inductive

U, over Frequenc Phase over Frequenc
6V - b quency 100° quency
26 MHz 80°
5V +
60°
4\ A 40°
20°
3V 4 26 MHz
0°
2V 4 -20°
-40°
W 4 1 MHz .
b -60
ov T 1 -80 ° T T 1
0 MHz 250 MHz 500 MHz 0 MHz 250 MHz 500 MHz

Figure 9: Measurement results for the two voltages Us and U, for WE - RFI 7447624 154 according to Figure 8.
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and the resistive impedance part rises due to the ferrite
material. At 0°, the inductor reaches its resonant frequency of
26 MHz. Here is the maximum (curve on the left). Above

26 MHz the impedance falls off sharply. The component is
capacitive, with a resistive impedance part of it from the
ferrite material.

The phase, from 0° at 26 MHz drops to - 60° and then rises
with increasing frequency to - 40° at 500 MHz.

This also makes sense of the impedance curves shown in the
data sheets. These are the magnitudes of the impedances. In
Figure 7 this means: The black curve represents the
impedance, which, analogous to our measurement,
corresponds to the magnitude of Up. The red curve is the
impedance at which the phase is positive, i.e., here the
component predominantly behaves inductively in the lower
frequency range until the resistive impedance part steadily
increases. In the range of the highest impedance, i.e,, the
resonance range, the gray curve, which corresponds to the
resistive (‘'ohmic’) part of the impedance, has its maximum.
The resistive part is only found in inductors with a ferrite core
and represents the losses of the ferrite material against

4. PREFERRED APPLICATIONS FOR THE
INDUCTORS

The properties of the inductors described above explain why
each type of component has its own preferred applications.
The clearest way to demonstrate this is with specific
application examples, and so a complete circuit for generating
reference signals is presented below. Figure 10 shows the
block diagram for the signal generator. The inductive filter
components subject to the following measurements of
interference levels are also shown.

4.1 Signal section

A 20 MHz quartz oscillator generates a square-wave signal
that is divided into three square-wave signals of different
frequencies through frequency dividers:

= 100 kHz, duty cycle (DC): 40%

= 1 MHz, duty cycle (DC): 20%

= 5 MHz, duty cycle (DC): 50%
The 1 MHz signal (DC: 20%) is converted to a 50% duty cycle
with the positive edge of a monoflop. The monoflop is
followed by a fifth-order low-pass filter with a cut-off

frequency.
frequency of 1.1 MHz, which effectively attenuates the
harmonics of the square-wave signal.
+5V +5V
- L Ls
L J:_ J:_ Low Path Filter
+5V 1 - - Ls Le 500 oUT4
1 MHz
M I—”—o 1V
Oscillator 1MHz | Monoflo DC 50 % Buffer ? MHSZS sine
20 MHz > 120 O P Amplifier :
I I Q1 . DC20% I I Ic3
L 1 Divider 1
- IC1 - = =
+5V L 10 MHz - Ly
n-Filter ouT2 =
I I 5 SMHza AT JT__| +5V
= = . J_ _L 5 MHz square Lo
Divider o
DC50%
It I I T
= = Amplifier + Impulse 0uT3
100|100 kHz, DC 40 % > Sharpener ? 550";.2 .
| zsquare, tr=1.8ns
ouT ©s 500
+5V
IN
L
= LDO = +9..15V
Ic6 <100 mA
Figure 10: Block diagram of the signal generator.
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Alow-noise operational amplifier buffers the signal, which is
then available at output 4 with 3.1 Vss at 50 Q.

Harmonics, interference spectrum

The spectrum of the 1 MHz sine-wave output signal is shown

in Figure 11.
0.0 RefodBm Att 20 dB M1 1MHz -1695dBm
Log : M2 2MHz 7107 dBm
10d8 M3 3MHz -6855 dBm
-100 1 M4 4MHz  -B366 dBm
o >M5 5MHz -7827 dBm
Free -200
LgPwr
Cont 2300

FFT

-100.0

Center 525 MHz
Span 9.5 MHz

Start 500 kHz
RBW 100 Hz

Stop 10 MHz
SWT 131825

VBW 100 Hz
Ch1 Sp-Sp
3.13v

Ch1 Freq
1.000MH2

| @+v.0.00000 s

Figure 11: 1 MHz sinus signal at output 4. Above: in the frequency

domain, Below: in the time domain.

The second harmonic of the signal is 54 dB, the third is 52 dB
and the fourth 67 dB below the signal level; the fifth-order
filter and a low-distortion operational amplifier are at the
output. The filter (Ls, Ls with Cs, C7 and Cs from the circuit
diagram in Figure 13) is set up with WE - RFI wire-wound
ferrite inductors 744760410A and MLCC capacitors. The

10 pH inductor has its resonant frequency at 40 MHz, so
mainly the inductive range of the component's impedance is
used in this application. Although the resistive part of the
impedance reduces the quality Q of the filter, it also
effectively attenuates possible resonances, so a high overall
insertion loss is achieved.
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Signal matching, signal filtering

The 5 MHz square-wave signal is ‘freed’ of high-frequency
harmonics by the output filter with Ls and Ci3, Cis. The signal
relationships in the time and frequency domain are shown in
Figure 12.

The mt-filter is set up with a WE - CBF SMT ferrite 742792653.
The rise and fall times are slowed down by the filter from
approx. 7 ns to 13 ns. In the frequency domain (lower image in
Figure 12) it is clear that above approx. 20 MHz the filter has
an attenuation of 10 dB.

Ch1 Sp-Sp
408mv

Chi1 Freq
5.000MH2

Ref 0dBm Att 40 dB >M1 5MHz -0.9dBm
Log 0.0
548
5.0
Free -10.0
LgPwr
Cont 150

-300
-350
B View
P-PK 100
WM
I
-450 M M t
-500
Start 1 MHz
RBW 100 kHz

Center 1005 MHz
Span 199 MHz

Stop 200 MHz

VBW 100 kHz SWT 246.86 ms

Figure 12: 5 MHz square-wave signal at output 2. Above in the time
domain: 10 : 1 divider, blue: Before filter, yellow: After filter. Below:
Measurement in the frequency domain with HF probe.
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Figure 13: Circuit diagram of the signal generator.
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Of course, the cut-off frequency can be shifted up by using Pulse period, 2.5 Vs, 100 kHz, duty cycle 40%
smaller capacitance values for Ci3 and Cis, which shortens the - -
rise and fall times. The resistive component of the SMT ferrite
attenuates the harmonics in this filter. In the range above

80 MHz, the resistive component of the ferrite's impedance
rises sharply (data sheet), such that no overshoots and
resonances can occur through the ‘pulsating’ square-wave
signal.

The 100 kHz square-wave signal at output 3 (Figure 10) has a
level of 2.5 Vss, a DC of 40%, an output impedance of 50 Q and
a signal rise time t- of < 2 ns.

The signal decay time tris < 4 ns. Figure 14 shows the signal.

The signal is divided from 10 MHz to 100 kHz by the 100: 1
divider (Figure 10) and then goes to the output driver. The
component LMG1020 (Texas Instruments) is a ‘low-side
ultra-fast gate driver’ and with a suitably adapted layout, the
rise and fall times can be further reduced to below 1 ns.

The entire circuit diagram is shown in Figure 13. The signal
source and the three signal paths are apparent, analogous to
the block diagram in Figure 10.

= 20 MHz quartz oscillator Q1, WE-SPX0 830201878701

= Frequency divider IC1, 20:1 (1 MHz) — monoflop IC2 —
5th order filter — output buffer IC 3 — output 1 MHz
sine-wave signal.

= Frequency divider IC1, 2:1 (10 MHz) — Frequency divider
IC4a, 2 : 1 (5 MHz) — 3rd order filter —»[Joutput 5 MHz
square wave signal.

= Frequency divider IC4b, 10:1 (1 MHz from IC4a to
100 kHz) — gate driver IC5 — output 100 kHz square

Fall time 3.83 ns
5350 Aogs - 120281729
wave signal with short rising edge.

Alinear regulator (IC6) with steep input and output filters,
which are explained in the next section 4.2. The current

t-_H—H—»—H R R |

consumption of the entire circuit is less than 100 mA at 9 V.

All measurements at the 50 Q input:

Figure 14: 100 kHz signal at output 3, measured at the 50 (2

oscilloscope input.
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4.2 Decoupling the power supply at the ICs

The measures for supplying power to the ICs with the
relevant filters to reduce local emissions are shown as
follows. A mt-filter can generally be assumed, as can be seen
from Figure 10. The reason is that

= each IC requires a decoupling capacitor directly at the ICin
order to keep the differential mode interference loop
alongside the IC small and to provide a bypass capacitor
for the transient charging currents during the switching
process of the IC.

= bypass capacitors are also provided on the primary side of
the inductor, i.e., at the input of the filter on the power
supply side.

This filter topology is illustrated in Figure 15.
Decoupling capacitor in +5V
the power supply path

Ls

Decoupling capacitor
directly on the IC
between Vcc and GND
1 MHz
DC 50%

h
Nl

1 MHz Monoflop
DC 20% IC2

Figure 15: i-filter topology for attenuating the interference emission
from the ICs.

To show the filter efficiency and the associated inductive
components selected, a spectrum analyzer was used to
record the frequency spectrum before and after the filter, i.e.,
over the bandwidth of interest in each case. The graphs are
assigned as shown in Figure 18.

The individual measurement results:
PNG1:

The power supply to the quartz oscillator is decoupled by a
WE - RFlinductor 744760327A, Figure 16 shows the
emission spectrum before and after the choke.

ANP129a | 2024/06/03
WURTH ELEKTRONIK eiSos

L:: 744760327 A CZb

2.7 MHz 00n
(between Q1/Pin4-Pin2)

—

Oscillator 3 1
20 MHz

-@

Ref -20 dBm Att 10 dB

Log
5dB

Free -300 External

LgPwr interference
Cont 350

-70.0
Start 5 MHz
RBW 1 MHz

Center 502.5 MHz
Span 995 MHz

Stop 1 GHz

VBW 1 MHz SWT 195.02 ms

Ref -20 dBm Att 10 dB

-200

Log
5dB

-25.0

Free  -300
LgPwr
Cont -350

BView
P-PK

0.0
Start 5 MHz
RBW 1 MHz

Center 502.5 MHz
Span 995 MHz

Stop 1 GHz

VBW 1 MHz SWT 195.02 ms.

Figure 16: PNG1: 20 MHz oscillator — Vec —
the choke. Purple: before the choke.

decoupling. Yellow: after

The choke has an inductance of 2.7 pH, but a high impedance
of over 1.5 kQ in the frequency range above approx. 100 MHz
as a result of the ferrite core. The reduction of the emission
spectrum is up to 30 dB in the range from 100 to 400 MHz,
above 400 MHz the attenuation falls to 25 dB and drops to
approx. 10 dB up to 1 GHz.
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PNG2:

The frequency divider IC1 divides the 20 MHz signal by 20
reducing it to 1 MHz. 74HCT390 is a dual 4-bit decade ripple
counter that is divided into four separate function blocks. The
counters have two function blocks that divide by 2 and
another two that divide by 5. As two separate counters are
installed in one IC housing, frequency division applications
with division by 2, 4, 5, 10, 20, 25, 50 or 100 are possible.

The serial, asynchronous functionality results in different duty
cycles (DC) and thus also narrow-band interference spectra
distributed over a wide frequency range. The circuit diagram
extract with the associated interference spectra is shown in
Figure 17.

The WE - RFlinductor 744760327A is also used here. The
reduction of the interference spectrum is approx. 22 dB in the
100 MHz frequency range and decreases to approx. 10 dB at
1 GHz.

C3 +5V
220nF

i

L2: 744760327 A

10Q
_:'_1 74HCT390 16 E
2 15
e
8 IC1 1 3,3 kQI:I 14
14 g 1MHz 1 [
8 DC 50% 2
—_ 3,3kQ I:I
3
8
+
—C
1 pF
. 14,0 Ref 14 dBm Att 20 dB .
sodgs
T o J i s Sy S S -
Free -24.0
LgPwr
Cint -290 | 22 dB
il
-39.0 [ (AN I|‘ HTH11—T1— -
-44.0 m . ‘
B View w490 .‘ ‘l I ||‘ ‘. . ‘
P-PK 540 m' 1 ‘ l I | | |
590 lﬁ! ‘J “ “j H| '||IJH| ( I'I ”‘ .t.l‘.‘\‘ J,I i \‘,M‘ ol Ha e [ Ih ,.‘-I T
B Start 5 MHz Center 5025 MHz Stop 1 GHz
RBW 1 MHz VBW 1 MHz Span 995 MHz SWT 195.02 ms

Figure 17: PNG2: Ve — Decoupling at frequency divider ICT with the associated interference spectra. Purple: before the choke, Yellow: after

the choke.
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Figure 18: Circuit diagram with PNGxx’ measuring points that are associated with the measurements of the emission from the spectrum

analyzer.
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PNG3:

The 1 MHz signal from IC1 only has a duty cycle (DC) of 20%. It
is hard to generate a ‘clean’ sine-wave signal from this signal.
The monoflop IC2 therefore extends the short positive signal
of the 1 MHz square wave from 200 ns to 500 ns (Figure 19).

g: 1808m n: 1317
Pos Wd(G1) 200.7ne
: 200.78650n

Figure 19: Extension of the 200 ns pulse with monofilop to 500 ns.

By extending the pulse to 500 ns, the output signal now has a
duty cycle of 50%, i.e., the period duration is exactly 1 ps,
corresponding to the 1 MHz signal. The trim pot P1 can be
used to adjust the switch-on time to exactly 500 ns.

About EMC: Symmetrization to a square-wave signal
theoretically eliminates the even harmonics in the frequency
spectrum, leaving only the odd harmonics. In practice, the
even harmonics are approx. 20 — 30 dB below the level of the
odd harmonics, which contributes significantly to ‘'shaping’ a
clean sine-wave signal. Because of the different duty cycles
and the switching load on the filter (low-pass filter with
capacitor load Ce), the circuit generates a high interference
voltage in the frequency range between approx. 10 MHz and
250 MHz. To attenuate this spectrum at IC2, the WE - CBF
SMT ferrite 742792097 was selected as inductor Ls. This
broadband ferrite has an impedance above 500 Q in the
relevant frequency range. The resistive part of the impedance
is very high — see data sheet — which means that with the
appropriate filter capacitors, high interference signal
attenuation can be expected. The circuit diagram extract with
the signal spectra is shown in Figure 20.
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+5V

\L;i

220 nF
4,7 kQ =
Cs —:»—«i»—
100pF 11N 4148
I
4 15 2,2kQ

74HCT123 16

Ls: 742792097

IC2

El| Lowpass-
8 filter

2,2 kQ[

A B
1300_

Ref -3.5 dBm Att 20 dB

28dB

B View
P-PK _,

-1035 -
Start 500 kHz Center 250.25 MHz
RBW 100 kHz Span  499.5 MHz

Stop 500 MHz

VBW 100 kHz SWT619.43 ms

Figure 20: PNG3: Ve — decoupling at monofiop IC2 with the
associated interference spectra. Purple: before the ferrite, Yellow:

after the ferrite.

PNG4:

IC3 (output buffer) is the impedance converter downstream of
the low-pass filter. The converter essentially amplifies and
buffers the 1 MHz square-wave signal smoothed by the 5th
order filter into a 1 MHz sine-wave signal.

The selected operational amplifier TLV3541 has a unity gain
bandwidth of 200 MHz; the amplification factor of 2 in the
circuit reduces the bandwidth to 100 MHz. 'Residuals’ of the
harmonics that could not be sufficiently attenuated by the
filter are also amplified with the signal, which is slightly
noticeable in the spectrum (Figure 11).
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+5V

La Lu: 742792097
Free

LgPwr
Cont

150?1F ouT4
3.1 Vss
1 MHz sine.

P-PK

B View

Ls Le: 764760410 A
2-10 pH

Ls Ls

B

Cs C Ce
33nF 1|| 4.7 nF| 3.3nF
1MHz Lowpass-filter

Figure 27: PNG4: Ve —

However, an important aspect of the analog signal
components is the attenuation of interference from the
supply voltage, as decoupling of the IC from the output signal
is usually not high. The problem can be seen in Figure 21.In
the frequency range up to 150 MHz, the interference
spectrum directly at the supply pin of the op amp dominates.
Above this, the interference spectrum ‘upstream’ of Ls, i.e,, at
the supply voltage, is higher.

of 236Bm At 268

AView

P-PK _

W N ’

iy

91,0 Ref -26d8m oAtt 10dB
Decoupling of interference
-290 Interference level that would go from the V.
340 from ICat PNG4 network to tfwe OpAmp
AN
-390 External
interference

'|. ‘ |

Wi
il *rw‘wu At

it e i

740
Start SWe—"

RBW 1 MHz

decoupling at OpAmp IC3 with the associated interference spectra.

©Att 20dB

VBW 1 MHz

Center 502.5 MHz
Span 995 MHz

Stop 1 GHz
SWT 195.02 ms

The interference is reduced by the IC3 filter.

It is also interesting to compare the input signal (the signal on
the Ve pin of 1C3) with the output signal.

Figure 22 shows that the emission spectrum at the output of
the op amp is approx. 3 - 5 dB lower. This means that the
attenuation of the op amp is low and essentially depends on
the parasitic capacitance of the load at the output.

Lo -
= ) Output signal
EN
- |
1 P _ Ref -23 dBm
o \'\ il i " ;odgs 230
™ -280
- Rt 2368m " 2w . Free -33.0
*» .| Inputsignal capar 280
LgPwr
e -430
B ‘ -480
3t Ml T
|
- \W ir M Nw,, ‘H‘ MMJ L M ‘JL!M B‘\j’iepﬁ 80
P — bkt v Sy i -63.0
= . 1IC3V.-PIN DView -680
P-PK

Start 500 kHz
| ®RBW 100 kHz

A WWM"“‘ 4 M La\w

Start 500 kHz
RBW 100KHz  VBW 100 kiz

L S |

Genter 50.25 MHz
Span  00.5 MHz

Stop 100 MHz
SWT 123.43ms

Figure 22: Emission spectra of output signal, input signal and the IC3-Vec pin.
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PNG6:

The frequency divider IC4 divides the 10 MHz signal down to
5 MHz and 100 kHz. The functionality of the 74HCT390
module is described in section PNG2. Here, too, PNG6 shows
a very broad and dense interference spectrum (Figure 23) in
the frequency range up to 500 MHz.

74HCT390 IC4a
L
2 3 5 MHz, DC 50%
, :
+5V 4 s |
re :5 6 0 1MHz, DC 40%
7 0/
Cn — 11— 1MHz DC 201
470nF MLy
= [
16 2 Bl 6 500kHz
14
c12
4L70NF og JT—
12 11 1
= 10 100 kHz, DC 40%
Ly 764762447 A 5
£l 0 100 kHz, DC 20%
IC4b
Log 230 Ref -23d8m Att 10dB >M1 5MHz _ -54.15dBm
588 @0 -H--e—— -
-280
Free -33.0
tif\‘xw 20/d8 External
380 interference

B View
P-PK

-63.0 |

-68.0

/]

“ﬁ WWMM

3.0
Start 5 MHz

RBW 1 MHz VBW 1 MHz

Center 502.5 MHz
Span 995 MHz

Stop 1 GHz
SWT 195.02 ms

Figure 23: PNG6: Ve — Decoupling at IC4a/1C4y frequency divider with

the associated interference spectra. Purple: after the inductor, Yellow:

before the inductor.

The inductor selected was WE - RFI 744762447A. The
component has an inductance of 47 pH and an impedance
of > 600 Q in the frequency range between 2 and 500 MHz.

Due to the high inductance, the reactance part of the
impedance is high, but the resistive part and the high
capacitance values effectively prevent resonance effects.

PNG10:

The output driver for the 100 kHz signal is described in the
section 4.1. The driver is mounted on a separate circuit board
with decoupling directly on the chip (1.2 mm x 0.8 mm). The
WE - CBF SMT ferrite 742792097 was used for decoupling
toward the power supply (see “PNG3"). MLCC capacitors in
X7R and NPO ceramic are used for decoupling directly on the
chip. Figure 24 shows the circuit diagram extract and the
associated interference spectra.

Decoupling of the interference spectrum is highly effective up
to approx. 100 MHz, above which the capacitive and inductive
coupling in the immediate vicinity of the component
predominate as a result of the steep-edged switching
operations. By comparison, the spectrum of the output signal
shown in Figure 24 on the right is approx. 35 - 40 dB higher
up to the frequency range at approx. 500 MHz.

9 | 1l
el bt

. et ocim ax 2008
o
e Output signal

| i|{# seof 4
.
‘ | -400

0 T I A
S - s

i |
"JIHM‘J | " il
i o g st b Y

B 10 iz

Stop 500 MHz
SWT 1165 5

50 iz e
RBW 10Kz VBW 10Kz Span

Figure 24: PNG10: Ve — decoupling at the signal driver IC5 with the associated interference spectra. The light blue spectrum on the right of

the image shows the output signal at 50 12 (log. representation).
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PNG12:

At the power supply input, the Tt filter around L1 is used to
decouple or attenuate the interference spectrum of the entire
circuit to the power supply connection. Figure 25 shows the
circuit diagram extract with the associated interference
spectra.

L11: 744760339 A

The graph shows that the attenuation over the entire
frequency range from approx. 50 MHz to 1 GHzis 2 - 5 dB.
The attenuation of a filter to a cable is generally far lower
than in the circuit, as the insertion loss of the filter is low as a
result of the high base impedance of the cable. If a higher
insertion loss is required, a multi-stage filter is necessary.

L1o: 742798097

IN
L1 1N4001 7805 L1o
+9...15V N 1 2
° I — . : IC6 g [ o+ 5V
SRl il B I 1. L
+ "
Cio C2o C2 C2 3 Ca Ca
100 nF 100 nF 10 uF 220nF 220nF 220nF
Log -36.0 'Ref -36 dBm oAtt 5dB . >M1 500kHz -20.57 dBm
5dB
-41.0
Free -46.0
LgPwr
Cont 510
-56.0
-61.0 |
-66.0
e
-71.0 I
B View L ot
PPR 760 i
-81.0
-86.0
Start 10 kHz Center 500.005 MHz Stop 1GHz
©RBW 300 kHz VBW 300 kHz Span  999.99 MHz SWT 420 ms

Figure 25: PNG12: Ve — decoupling at the power supply input.
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5. SUMMARY

Figure 26 shows the hardware set-up. The circuit was not
built on a 'professional’ 4-layer PCB, but purposefully on a
breadboard in order to have degrees of freedom in the set-up
and to clearly show the functionality of the inductors. Of
course, SMT components and the layer structure can further
reduce interference, but that was not the objective here. The
results show how the components ‘ceramic inductor’,

Power Supply at
the input

Vaoltage controller

Crystal oscillator

0UT2 (5 MHz
Square)

Freq. divider

Freq. divider

'SMT ferrite’ and 'wire-wound ferrite inductor’ differ and how
they can be used in the best possible way to exploit their
strengths.

Overview of inductors and their most important
parameters

In Table 1 there follows an overview to compare the preferred
applications of the three inductors and their most important
parameters.

0oUT4 (1 MHz
Sinus)

Monoflop :

Figure 26: Hardware lab set-up for the signal generator.

Parameter SMT ferrite

Output
driver

Wire-wound ferrite inductor

Ceramic inductor

resonant frequency

Inductance range - low high
Impedance range high low high
Tolerance of the inductor high very low low
Rated current range high very high low
Loss resistance Roc low very low medium/high
Self-resonance frequency high very high low/medium
Shape of the resonant frequency ] ]
) wide narrow narrow, multiple
(bandwidth)
Quality Q in the range below the ) )
low very high medium

Preferred application
currents

Attenuation/reduction of HF

High-frequency decoupling,
HF filters and resonant steep filters,
circuits attenuation/reduction of HF

currents

Table 1: Overview, comparison of the most important parameters of SMT ferrite, ceramic inductor and wire-wound ferrite inductor
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IMPORTANT NOTICE
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typical requirements concerning these areas. It serves as general
guidance and should not be construed as a commitment for the
suitability for customer applications by W(irth Elektronik eiSos GmbH
& Co. KG. The information in the Application Note is subject to change
without notice. This document and parts thereof must not be
reproduced or copied without written permission, and contents
thereof must not be imparted to a third party nor be used for any
unauthorized purpose.

Wirth Elektronik eiSos GmbH & Co. KG and its subsidiaries and
affiliates (WE) are not liable for application assistance of any kind.
Customers may use WE's assistance and product recommendations
for their applications and design. The responsibility for the applicability
and use of WE Products in a particular customer design is always
solely within the authority of the customer. Due to this fact it is up to
the customer to evaluate and investigate, where appropriate, and
decide whether the device with the specific product characteristics
described in the product specification is valid and suitable for the
respective customer application or not.

The technical specifications are stated in the current data sheet of the
products. Therefore the customers shall use the data sheets and are
cautioned to verify that data sheets are current. The current data
sheets can be downloaded at www.we-online.com. Customers shall
strictly observe any product-specific notes, cautions and warnings.
WE reserves the right to make corrections, modifications,
enhancements, improvements, and other changes to its products and
services.

WE DOES NOT WARRANT OR REPRESENT THAT ANY LICENSE,
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PRODUCTS OR SERVICES DOES NOT CONSTITUTE A LICENSE FROM
WE TO USE SUCH PRODUCTS OR SERVICES OR A WARRANTY OR
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WE products are not authorized for use in safety-critical applications,
or where a failure of the product is reasonably expected to cause
severe personal injury or death. Moreover, WE products are neither
designed nor intended for use in areas such as military, aerospace,
aviation, nuclear control, submarine, transportation (automotive
control, train control, ship control), transportation signal, disaster
prevention, medical, public information network etc. Customers shall
inform WE about the intent of such usage before design-in stage. In
certain customer applications requiring a very high level of safety and
in which the malfunction or failure of an electronic component could
endanger human life or health, customers must ensure that they have
all necessary expertise in the safety and regulatory ramifications of
their applications. Customers acknowledge and agree that they are
solely responsible for all legal, regulatory and safety-related
requirements concerning their products and any use of WE products
in such safety-critical applications, notwithstanding any applications-
related information or support that may be provided by WE.
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