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"Communicate, and Violence Disappears"
This chapter is discussing many aspects of core materials for inductors (ferrite, ironpowder) for HF purposes
Select your area of interest:
o

Introduction and overview

o

Materials and properties

o

Core materials for inductors and transformers

o

Transmission line transformers, introduction

o

Transmission line transformers, examples

o

Ferrites in EMC applications

o

Baluns

http://sharon.esrac.ele.tue.nl/~on9cvd/E-Ferriet.html (1 of 2)8/14/2008 8:50:56 PM

on9cvd

o

Iron powder materials for inductors

o

Measurements to core materials

o

Some practical formulas

Some manufacturers maintain interesting web-sites on core materials for inductors and applications:
Ferroxcube, Micrometals,
and Fair Rite (supplier to Amidon). I'm very interested in your remarks on this subject, you may send
to on9cvd@amsat.org
Bob J. van Donselaar
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Introduction
In general ferrites are being applied because of magnetic-field concentrating qualities. As a consequence, inductors of
comparable value will consist of much less turns when ferrite cores are applied, therefore acquire much less parasitic capacitance
and may be applied as an inductor over a much higher frequency range than without this core material. Application as in wideband transformers, baluns and EMC chokes may be familiar.
Ferrite is a ceramic product, consisting of a composite of iron-oxide with a different metal such as manganese (Mn), zinc (Zn),
nickel (Ni), cobalt (Co), copper (Cu), iron (Fe) or magnesium (Mn). Powdered materials are mixed and molded in an initial form
and thereafter heated up to 1300 •C (sintered).
Specific (electro-magnetic) qualities are being obtained from a specific mixture and the heating and cooling process. At the end
of the manufacturing process, a very hard, brittle and chemically inert component has been obtained with a more or less uniform
dark grey or black color. After this manufacturing process, the type of processing or materials composition may not be
recognised any more from the looks of the component.

Global material qualities
In electro-magnetic applications usually compositions MnZn and NiZn are being selected with high 'field concentrating'
properties (permeability, µ > 1000) for a lower frequency range (< 3 MHz; Ferroxcube code 3xx) and lower permeability (100 <
µ < 1000) for the higher frequency range (> 1 MHz; Ferroxcube code 4xx). Later we will discuss this in more detail. Ferroxcube
being the name of the company after this department became independent of the Philips group of companies.
At first sight one would prefer high permeability materials together with a high frequency applicability but unfortunately these
two are to some extend mutually exclusive. At the ferrimagnetic resonance frequency, where permeability and material loss are
equal, the product of this frequency and initial permeability appear to be more or less constant for all ferrite materials; when the
application call for a maximum frequency, the materials permeability more or less follows.
Depending on manufacturer, ferrite materials may be color coded to distinguish various types. Unfortunately such color coding
schemes are not standardized and even within one manufacturing process the same product may vary color from batch to batch.
On top of this the same manufacturer may decide to completely change (or do away) color coding so the specific material has to
be guaranteed by the reseller or will have to be established locally.
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Core materials exhibit a range of specific electrical resistances, changing from less than a few Ω.m (iron powder, MnZn ferrite)
to (much) more than 100 kΩ.m (NiZn ferrite). The color coding layer (parylene-C nylon by Ferroxcube) therefore is also to
ensure good electrical isolation to prevent the often sharp core edges of low-ohmic materials to shorten the windings. In case of
uncoated materials, the user will have to isolate low-ohmic cores first before winding.
An other effect of low-ohmic materials may be found in increased parasitic capacitance, lowering the maximum usable frequency
of an inductor on such core.
Core materials are selected because of permeability. This property however is temperature dependent up to
10+ 'permeability
units' per •C for some ferrites. This effect may be beneficial in case of a choking application but is less desirable when operating
in a (resonant) inductor. Above a certain maximum temperature, permeability will drop sharply (Curie temperature) and this
should be avoided, unless specifically requested as an indicator (effect is reversible). Almost all ferrites exhibit a Curie
temperature above 100 •C, many even above 200 •C. In 'normal' situations this will not be a problem, as other components
usually give up before.
Barely distinguishable from ferrites are powder-iron cores. Permeability is lower than ferrites (2 < µ < 100) but these materials
tend to be more tolerant to induced flux. For this group, flakes or powdered iron is mixed with a binder material and cured at
comparatively low temperatures. Therefore core temperatures may not exceed about 70 •C to prevent permanent deformation of
shape. In contrast to ferrites, powder-iron cores exhibit a negative temperature coefficient, making these materials prone to
thermal run-away under high load conditions.
Formerly, and older materials around still do, powder-iron cores exhibit a low qualify factor (Q < 20); this type is applied in LF
chokes, transformers and power supplies especially because of the high flux tolerance and not so good HF qualities. More
specialized powder-iron cores (Carbonyl type) also exhibit a low permeability (µ < 15) but a much higher Q - factors, up to high
(er) frequencies than other powder-iron materials. This is making carbonyl cores very suitable for higher HF to VHF
applications. Color coatings usually are of a darker hue, this time also applied for rust prevention. More on powder-iron cores in
a different chapter.

Global groups
In table 0 we may find an overview of some regularly applied materials and their general properties.
The Manganese-Zinc (MnZn) ferrite group typically exhibits (very) high permeability (µ ) and low ferrimagnetic resonance
i

frequency (fr), and is regularly applied in LF systems (formerly in telephony) and for wide band EMC purposes.
The Nickel-Zinc (NiZn) ferrite group exhibits a high µ and high(er) fr and is applied in inductors and transformers in HF
i

frequencies, where these materials are performing best of class.
Powder-Iron group exhibits a moderate µ and low maximum application frequency. Relatively high saturation flux tolerance
i
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makes these materials suitable for low frequency applications like (mains) transformers.
Carbonyl powder-iron group exhibits lowest temperature coefficient (Tco) for permeability and also lowest permeability of all
(µ < 15) but with highest frequency applications. Applications will be found in (resonant) inductors in the HF range and
i

transformers up to and over 100 MHz.
type

µ

MnZn
ferrite

3E8
3E1
3F4

18.000
3.800
900

.4
.6
4.5

+ 3850
+ 4620
+ 4130

100
125
220

350
400
450

NiZn
ferrite

4A11
4B1
4C65

700
250
125

5.5
25
45

+ 7950
+ 2920
+ 1650

125
250
350

350
310
400

Electrolytic
powder-iron

2P90
2P65
2P40

90
65
40

ca .5
ca .7
ca 1

- Laag
- Laag
- Laag

140
140
140

1600
1150
950

Grade 3
Grade 1
Grade 2

35
20
10

ca 50
ca 100
ca 150

- 370
- 280
- 95

75
75
75

Medium
Medium
Medium

Carbonyl
(powder-iron)

i

fr (MHz) Tco (ppm/K) Tmax (ºC)
0 – 50 ºC

Bsat (mT)

Table 0: Global groups of inductor core materials
In the picture below an impression may be found of shapes and sizes of ferrite core materials. This is by no means an extensive
overview of all possibilities. Furthermore, dedicated shapes are being manufactured to customer specification, e.g. deflection
yokes, accelerator tiles, cable sleeves etc.
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Ferrite toroides and inductance factors
In table 1 below one may find an impression of some well known toroide coil forms and inductance factors. The table again is by
no means an extensive overview. Colors as mentions have been used for some time by Ferroxcube, but this manufacturer is
applying a uniform beige color now more frequently. Right below the table an example may be found on how to apply the
numbers.
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Size

3E25 P 3C11 P

3C81 P

3C90 P

3F3 P

outside diameter
inside diameter
height (mm)

orange

white

brown

blue

T35 S

N30 S

N41 S

ultra
marine
N68 S

3S4 P 3F4 P 4A11 P 4C65 P
blank

beige

rose

violet

31 F

N47 S

43 F

61 F

6/4/2.

890*

325*

275*

114*

20*

4/2.2/1.6

1050*

380*

325*

134*

24*

10/05/04

2250

1750

940

740

286

52

13/7/5.4

2810

2200

1170

900

360

64

16.7/8.7/6.8

3540

2700

1480

1160

450

29.7/18.2/8.1

3550

2700

1460

23.7/13/7.5

3820

3000

1600

1250

485

20.6/9.2/7.5

5340

4150

2230

25.8/14/10.6

5620

4400

2350

42.1/25.9/12.8

6425

5000

2690

58.7/40.5/17.9

6900

5400

2890

32.2/18.1/13

6950

5450

2910

2270

36.9/22.9/15.7

7390

5800

3090

2420

140/106/25

7700

102.4/65.5/15.3

7900

73.9/38.6/13

8060

4350

3620

2900

51/31.5/19.3

8890

4800

3980

3200

107/64.7/18.3

9900

1650

22.4/13.5/6.6

55.8/32.1/18.3

10620

63.4/37.7/25.3

13900

460

1400

75
121
1840
820

2285*

940*

5300

1354
1350
4550

Table 1: Toroides and inductance factors
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170
165

* This size blank material
P = Ferroxcube, S = Siemens, F = Fair Rite
Al in nH/n2 at DC: multiply by n2 and mind frequency dependences

Applying table 1

87
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The inductance factor AL usually is defined as nanoHenry per turns squared. Imagine we need an inductance of 10 mH for a filter
and in the junk-box we find an orange toroide with dimensions 25,8 x 14 x 10,6 mm (outside-, inside-diameter height). In the
table we find AL = 5620 nH. On this core we need:
_____
_________________
n = \/ L / AL = \/ 10 .10 -3 / 5620 .10 -9 = 42 turns for 10 mH

formula 7

With this comparably low number the wire does not have to be too thin to fit, making this inductor capable of carrying a practical
amount of current.
Not all manufacturers handle the same definition for AL. Outside main stream we may also find AL defined as micro-Henry per
100 turns since this makes bigger numbers by a factor of 10 and is making powder-iron cores look better! Better first recalculate
to the basic definition to avoid confusion.
The inductance factor AL may be applied roughly up to a frequency 1 / 10 the ferrimagnetic resonance frequency. At higher
frequencies we best read on about loss factors as in the next chapter. For LF applications only, a number of orange toroides
(3E25, highest AL factor from the table) in various sizes will suffice for most applications.

High(er) frequency application
At frequencies above 1 / 10 ferrimagnetic resonance, table 2 is insufficient for a reliable design. Not only is permeability (•')
frequency dependent but also a ferrite 'loss factor (•") ' has to be taken into account which is frequency dependent again, but in a
different way. Table 2 is giving an impression of these factors and frequency dependencies. Background to these factors and how
to apply these may be found in "Ferrite materials and qualities"

Ferrite materials, some parameters and frequency dependencies
µ

1.5

4

7

10

15

20

30

40

50

MHz
µ' 420
µ" 2500
2535
µ
C

MHz

MHz

MHz

MHz

MHz

MHz

MHz

MHz

40

10

4

1

1

1

1

1

600

320

240

160

130

90

75

60

601

320

240

160

130

90

75

60

µ'
µ"

45
420

10

3

1

1

1

1

1

350

250

180

140

100

80

60

i

3E25
=
T35 S

6000

3C11
=

4300

380
2100
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µ

N30 S

2134

422

350

250

µ' 2200
µ" 1800
2843
µ
C

160
1300
1310

30
600
601

10

3

2

1

1

1

350

170

100

60

40

25

350

170

100

60

40

25

µ' 1500
µ" 1500
2121
µ
C

190
1700
1711

65
800
803

31
500
501

15

8

1

1

1

280

200

120

80

60

280

200

120

80

60

µ' 1700
µ" 1700
2404
µ
C

290
1500
1528

75
450
456

35
260
262

13

8

3

2

1

150

90

45

30

20

151

90

45

30

20

µ' 2600
µ" 1100
2823
µ
C

250
1800
1817

48
450
453

30
220
222

25

20

17

15

12

150

130

90

70

60

152

132

92

72

61

95
200
221

85
160
181

75
140
159

C

3C81
=
N41 S

2700

3B7
=
N22 S

2300

3C90
=
N68 S

2300

3F3

2000

180

140

100

80

60

3S4
=
31 F

1700

µ' 1600
µ" 800
1789
µ
C

650
700
955

330
500
599

210
500
542

150
300
335

120
280
305

3F4
=
N47 S

900

µ' 1100
20
µ"
1100
µ
C

1000
350
1059

360
800
877

100
750
757

20
400
400

12

4

1

1

300

120

70

45

300

120

70

45

3B1

900

µ' 1100
µ'' 180
1115
µ
C

650
580
871

350
590
686

210
500
542

120
380
398

75
300
309

40
200
204

27
160
162

20

120

µ'
µ"
µ
C

800
25
800

900
250
934

550
700
890

200
600
632

50
300
304

30
200
202

12

5

1

110

80

60

111

80

60

µ'
µ"
µ
C

900
170
916

690
490
846

400
490
633

280
450
530

150
390
418

110
320
338

65
250
258

50
200
206

170
175

3D3

4A11

750

700

122

40

43 F

850

µ'
µ"
µ
C

600
170
624

400
280
488

310
270
411

270
250
368

200
210
290

140
200
244

95
170
195

65
140
154

48
120
129

4B1

250

µ'

260

280

290

280

220

200

120

100

75

http://sharon.esrac.ele.tue.nl/~on9cvd/E-Inleiding%20en%20overzicht%20ferrieten.htm (7 of 10)8/14/2008 8:51:07 PM

FERRIETEN IN HOOGFREQUENT TOEPASSINGEN

µ"
µ
C

3
260

10
280

42
293

95
296

150
266

170
262

180
216

170
197

150
168

4C65
=
61 F

125

µ'
µ"
µ
C

125
0
125

125
0
125

125
1
125

130
2
130

150
5
150

160
10
160

150
45
157

120
95
153

100
120
156

65 F

100

µ'
µ"
µ
C

100
0.5
100

100
1
100

100
1
100

100
1
100

120
4
120

140
9
140

160
31
163

160
64
172

140
88
165

Italic extrapolated
µ' , µ'' series permeability
S

Siemens type

µ

C

F

vectorsum of µ' and µ''
Fair Rite type

Table 2: Ferrite materials and parameters

Different forms
In table 3 a small overview is presented of different ferrite forms as being applied in HF systems. Again this table is by far
not comprehensive and is only to serve as an example, based on Ferroxcube components.

Different forms of HF-ferrites
form
rod
tube
bead
multi hole
multi hole
binocular
6 hole bead
6 hole bead
cable sleeve
cable sleeve
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shape

material

round
rectangular
rounded
round
rectangular
flat cable
round cable

3B1, 4B1
3B1, 4B1, 3C90
3S1, 4S2
4B1
3C90, 4A11
4B1, 3C90
3B1, 4B1
3B1
3S4
4S2 (=4A11)

FERRIETEN IN HOOGFREQUENT TOEPASSINGEN

Table 3: A few different shapes
Color coding
Since ferrite materials do not easily 'wear out', some of the older color coding schemes will be around for quite some time to
come. In table 4 an overview is presented of most colors and materials by Ferroxcube. Be careful when applying this table as
the same ferrite type may look differently from one color batch to the next.

Material

color

3C81
3C90
3E1
3E5
3E6
3E25
3E27
3F3
3F4
3S4
4A11
4C65

brown/white
ultra-marine
green
white / yellow
purple / white
orange
green/white
blue
brown-beige
uncoated
uncoated or pink
violet

Table 4: Color coding scheme of Ferroxcube ferrite toroides
Next to Ferroxcube other manufacturers use propriety color schemes or deliver as blank material. The reseller therefore has
to guarantee a specific material or we have to measure locally, for instance by means of one of the techniques as in
"Measurements to core materials".

Bob J. van Donselaar
mailto:on9cvd@amsat.org
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Iron-powder materials in HF applications
(published in Electron #1, 2006)

Introduction
This chapter on iron-powder materials is an extension to the article-series on Ferrites in HF applications. Next to ferrites ironpowder cores are regularly applied in comparable conditions and often regarded as just an other HF core material. Qualities of
iron powder-cores however are different enough to dedicate an additional chapter, especially since these materials are
sometimes applied when ferrite-cores where intended, which may lead to undesired and often dangerous situations, either to
the equipment or to the operator.

Iron-powder materials
Two main groups of iron-powder materials may be distinguished for application 'around' HF circuits, identified by the
manufacturing process:
1. Electrolytic iron powder
Flake-like iron particles are formed by an electrolytic process and cut to microscopic size. This 'flake powder' is mixed with an
isolating binder material and pressed / cured to a high-density material of the desired shape. Permeability up to 100 may be
obtained by this type of processing. Electrical losses usually will be high since the iron flakes are sharing mutual contact points
that allow relatively large Eddy-currents. Magnetic domains are somewhat larger than in ferrite materials allowing for higher
flux density before saturation will cut in. Application of electrolytic iron-powder materials therefore may be found at high(er)
DC / low(er) AC current applications, e.g. chokes in switched-mode power supplies (SMPS).
Ferroxcube is manufacturing electrolytic iron-powder toroides, intended for application below one megahertz. Material 2P40
for instance is characterized by permeability µ = 40 and Q = 16.7, always measured and specified at 10 kHz. and intended for
i

low-frequency applications. These materials may also be found in ignition coils for fluorescent lamps.
MicoMetals and Amidon also are well known sources for this material e.g. 'mix-26' type, color-coded yellow-white, and again
intended for SMPS applications.

2. Carbonyl-iron powder
Iron particles are formed in a chemical vapor deposition process from iron-tetra-carbonyl and are much smaller that in the
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above process. Again iron particles are mixed and processed with an isolating binder material but to a lower density. This
process yields a lower permeability material but with very low loss (high Q) since iron particles are not in mutual contact.
Saturation qualities are lower than in electrolytic iron powder and are comparable or lower than those for ferrites. Ferroxcube
used to apply these materials in tuning rods for filters in telephony applications, especially because of the low temperature
coefficients as compared to ferrite materials. Other Ferroxcube applications may be found in HF inductors, usually in rod-type
shapes. For this type of application permeability does not need to be too high and saturation may not quickly be a problem in
these rod-shapes. Materials Q-factor usually will be high to over 10 MHz., allowing for inductor applications for a large
portion of the HF range.
Low permeability values in general are related to the small grain size in the carbonyl process. At higher field strength the
magnetic domain borders (Bloch walls) will be displaced. When these displacements are crossing the magnetic domain
borders, additional energy will be lost. Therefore low permeability iron powder will saturate earlier than higher permeability
materials and certainly earlier than ferrites.

General carbonyl properties
At the MicroMetals and Amidon website most carbonyl materials may be found. Higher permeability material (hydrogen
reduced iron powder says Amidon) in the range of 35 - 100 is recommended for low-frequency applications which is typical
for electrolytic iron powders. Carbonyl material permeability is ranging from 3 - 35, with highest application frequencies for
lowest permeability types.
In general carbonyl type materials will be priced in the ferrite range or somewhat lower since the first do not require the
expensive sintering process. Iron powder materials in general are mold-pressed after which a mild-temperature oven process
removes / hardens the binder material. This process may differ somewhat for each manufacturer as Ferroxcube guarantees its
materials up to 140 C while Amidon / MicoMetals write their materials 'will be permanently impaired when exposed to
temperatures over 75 C'; apparently a less robust process is used.
MicroMetals is currently one of the important iron-powder manufacturers with a wide range of materials including a 'high
performance' range, which is their indication of carbonyl types. This is not unrealistic since e.g. 'mix-2' type of material is
specified at an initial permeability tolerance of +/- 5 % and temperature stability of -95 ppm/C, which translates to high
precision and high stability when compared to equivalent ferrite parameters.
It should be noted though Eddy currents to increase at raised temperatures which means higher materials loss at high(er) power
applications. This may start an avalanche of increasing loss that eventually may destroy the component; 'thermal runaway'
according to MicroMetals.
When comparing above 'high performance' materials to widely applied ferrite types like 4C65 (61), permeability tolerance at
the latter is +/- 20% with a temperature coefficient between 0 and 100 C of around 2000 ppm. Since this coefficient is positive,
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permeability will rise at rising temperature making this material inherently safe at power applications. On top of this, Curie
temperature is 350 C as compared to 75 C for grade-2 cores which 'will permanently be damaged at higher temperatures'
according to the manufacturer.
As a first conclusion it may be decided carbonyl iron powder is the better material for HF resonant applications with
the lower permeability ferrites (4C65, 61) to excel in wide-band / high power circuits. This is in line with MicroMetals,
suggesting: " Broadband transformers with iron powder cores will not have the wide bandwidth attainable with high
permeability ferrite cores".
Also in the professional world, iron-powder materials will not be regarded as competitors to (NiZn) ferrites as permeability of
the first is rather low and materials loss at higher flux densities is higher than with ferrites. It should be noted that all
permeability measurements are performed at a very low measuring flux of 0,1 mT, to avoid hysteresis effects. This is a
generally accepted technique which also applies to ferrite materials. Q-factor will be defined as the 'bare-materials' properties
and defined as •' / •", disregarding other loss mechanisms e.g. copper loss. A practical inductor therefore will always exhibit a
somewhat lower quality factor.
When discussing these Q-factors it should be noted that some manufacturers may be using different definitions. Especially
when using the inverse Q as the materials 'Loss-factor', these manufacturers are defining this to the initial permeability in stead
of the permeability at frequency!

Materials overview
Most manufacturers are presenting materials overviews as a selection mechanism. MicroMetals is presenting a materials
overview that gives a fair impression of a large portion of the carbonyl iron powder field. Unfortunately US manufacturers do
not often specify permeability (•' ) and loss (•") curves over frequency as in Europe and as presented in Ferrites for HF
applcations. Instead Q-factors related to frequency are presented for a specific inductor at a specific core material and
frequency. This may be useful when constructing an exact copy at the exact operating frequency but will not be very helpful at
your specific design. In fact these inductor examples usually are presented at optimal Q-conditions so your practical design
will invariably show a lower figure making calculation of these components somewhat of a hit-and-miss game.
In impression of the materials application area may be obtained from the resonant range figures. This range represents the
higher Q-values, usually over 75.
MicroMetals Carbonyl iron powder materials
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materials
mix

color
coding

initial
permeability
µ

temperature
stability
(ppm/°C)

resonant
applications
(MHz)

i

1

blue/clear

20

-280

0.15 – 3

2

red/clear

10

-95

0.25 – 10

3

grey/clear

35

-370

0.02 - 1

4

blue/white

9

-280

3 – 40

6

yellow/clear

8.5

-35

3 – 40

7

white/clear

9

-30

1 – 25

8

orange/clear

35

-255

0.02 – 1

10

back/clear

6

-150

15 – 100

15

red/white

25

-190

0.15 – 3

17

blue/yellow

4

-50

20 - 200

Table 1: Carbonyl iron-powders by MicroMetals
A general trend to much lower permeabilities as compared to the ferrites table is evident as also the higher frequency range for
resonant applications. Consequence of the low permeability is the non direct relationship between the (square of the) number
of turns and final inductance. Because of this low permeability, some flux leakage may be expected so winding style will
influence final induction as may be appreciated from figure 1, also by MicroMetals.
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Figure 1. Winding style and inductance

This winding effect is not present at the (usually much) higher permeability ferrites. Since magnetic 'resistance' is much lower
in the latter, no flux will leak outside the core.
Manufacturers usually present a winding factor for a particular core shape and material type, usually expressed in nano-Henry
per turn squared (nH/n2). Some popular US distributors however like to use a different definition to boost figures and make
these look more like the ferrite numbers. Although the symbol is the same (AL), the number is to mean micro-Henry for a coil
with 100 turns (•H/100). As an example:
- T200-2 (2", mix-2 toroide)
is specified at AL = 120 •H/100 for this 51 mm. shape
- TN36/23/15-4C65 (36 mm. 4C65 ferrite toroide) is specified at AL = 170 nH/n2 for this 36 mm. shape
For a 10 turn inductor, the first will show an inductance of around 1,2 •H, depending on winding style (figure 1), while the
second will exhibit an inductance of 17 •H, independent of the winding style. With the AL numbers in the same ball-park, the
coil inductance will be different by a factor of 10.
To arrive at the more technical definition of nH/n2 , the •H/100 figure should be divided by a factor of 104. In this web-site, we
will always use the more technical nH/n2 definition.
In general a number of specific measures should be taken care of when constructing a high-Q inductor on low-permeability
materials:
- Make turns stay close and next to each other (avoid leakage inductance)
- Use the core efficiently (use full winding space). An inductor that is fully filling the winding space will have a
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higher Q at equal inductance as an inductor this will not fully occupied winding space (on a differently shaped
coil former)
- Mind the AL definition
For all inductor types one should note
- Apply 0,5 mm. wire diameter or more to keep skin effect (wire loss) low at HF frequencies.
- It is not useful (and should be avoided) to apply litze (multiple isolated strands) type of wire on HF frequencies
above 2 MHz. The gain of the higher surface area is more than lost by the increasing parasitic parallel capacitance
of this type of wire, which also will have a diminishing effect on system Q.
- Do not apply more than one layer of wire. Parasitic parallel capacitance will increase excessively with each new
layer.
Core resistivity
Resistivity for iron powder materials is in the order of 0,5 Ohm.m., as compared to at least 50 kOhm.m. at NiZn ferrite
materials, all measured at 1 MHz. This basic resistivity difference is showing in more than one way at practical inductors.
When making a coil on an iron powder coil-former, one should always start to apply an isolating layer before putting on turns.
Depending on the coil former finishing, edges could be sharp and may cut through the wire coating, shortening the inductor.
This additional isolating layer may will add to the leakage flux of these low permeability materials.
The highly conductive, iron-powder coil former will have an increasing effect on the parasitic capacitance of an inductor on
this material. Increased capacitance will lower maximum operational frequency.

Some practical measurements
Various inductors have been constructed and measured on popular iron-powder coil formers in the carbonyl range, especially
on T200-2, T68-2 and T50-2 toroides. In table 2 some of these measurements may be found as made on a 6 turns inductor on a
T200-2 toroide.

T200-2, 51 mm. toroide, 6 turns
f

r

XL

µ"

µ'

Q

0.23

22.4

98

0.21

22.3

108

L
MHz

Ohm

Ohm

1

0.06

6.2

2

0.12

12.4
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5

0.23

30.9

10

0.46

62.3

15

0.73

94.9

20

1.47

129.3

30

5.99

210.8

0.99
0.99
1.01
1.03
1.12

0.17

22.3

132

0.16

22.4

137

0.17

22.8

131

0.26

23.3

88

0.72

25.3

35

Table 2: Measurements to mix –2 carbonyl toroide inductor

Surprisingly the materials permeability (•') is higher than specified by the manufacturer. This permeability is nicely constant
over a wide frequency range which also shows at the inductance column. The second observation is the low value of the
equivalent series resistor (second column), that is related to the materials loss factor of •". Above 20 MHz. loss is increasing
and the effects of loss and series resistance are showing in the last column for the Q-values. For this inductor, highest quality
factors will be obtained around 10 MHz. to drop off rather sharply at higher frequencies. These measurements show this
material may be applied in resonating circuits up to 20 MHz.
A series of comparable measurements have been made at a 36 mm., 4C65 ferrite core, again with 6 turns, and may be found in
figure 3.
4C65, 36 mm. toroide, 6 turns

f

r

XL

µ"

µ'

Q

0.58

134.8

232

0.57

134.8

236

0.74

136.3

185

1.44

143.4

100

8.04

162.0

20

L
MHz

Ohm

Ohm

1

0.18

41.0

2

0.35

82.0

5

1.12

207.3

10

4.38

436.2

15

36.7

739.4
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20

203.56

1058.0

30

743.12

1540.0

8.42
8.17

33.46

173.9

5.2

81.42

168.7

2.1

Table 3: Measurements to a 4C65 (61) ferrite toroide

Again permeability is nicely constant across a wide range of frequencies. Up to 10 MHz. this material also is very suitable for
high-Q (low loss) applications. Above this frequency the quality factor is dropping-off sharply and this effect is starting at a
lower frequency when compared to mix-2 material.
Because of the much higher permeability, total impedance is seven times higher at all HF frequencies and will stay that way
for a long time thereafter in spite of the lowering Q-values. This effect allows a choke or a transformer at 4C65 material to
consist of less turns for a required impedance and therefore to also show a lower parasitic capacitance. Ferrite materials
therefore in general offer wider band-width for this type of application.

Power loss
In the article on Ferrites for HF applications we derived a formula for the maximum voltage across an inductor on ferrite core
materials, based on core loss mechanisms. This formula may also be re-written to
Umax = √(Pmax . XL . (Q + 1/Q))
with:
Umax

= maximum voltage across the inductor-on-core

Pmax

= maximum loss power in the core

Q

= quality factor (XL / r , also µ’ / µ”)

XL

= reactance of the inductor

(1)

After measuring a 36 mm. ferrite toroide it appears this core to exhibit a thermal resistance to free air of 7 K/W. This thermal
resistance is scaling with the root of core volume, which allows for thermal resistance calculation to other core shapes and
volumes. In ferrite applications, maximum core temperature-rise has been set to 28 K, mainly because of the final temperature
of around 80 °C when such a core is being applied in an antenna system on a hot summer day. This high temperature is also the
maximum temperature of many synthetic materials that ensure structural integrity in transmission-line cables, so should not be
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surpassed when this cable has been applied to construct the (transmission-line) transformer. The temperature may also be
somewhat too high to ensure mix-2 core integrity since this is guaranteed up to a maximum of 75 °C.
For the following calculation it has been assumed these thermal considerations also to apply to iron-powder materials. It should
be noted though, these materials to have been constructed differently (press-molded and dried at low(er) temperatures) and so
the thermal resistance may be different (too low).
In the chapters on ferrite materials we found that roughly above 1 MHz. maximum allowed voltage across an inductor is
determined by the material loss; at lower frequencies the maximum allowed voltage for linear application will determine the
limits.
While taking thermal conditions for mix 2 and 4C65 materials to be equal we have calculated maximum allowed system power
in a 50 Ohm system to be applied to a 36 mm. toroide with 6 turns for mix-2 iron-powder material and 4C65 (61) ferrite.
Results may be found in graph 1.

Graph 1: Maximum allowed system power in mix-2 en 4C65 (61)

In graph 1 it will be seen the 4C65 ferrite material may be applied at (much) higher system power below 15 MHz. than the ironpowder core. This is mainly due to the (much) higher impedance of the inductor with the same number of turns. Above 15
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MHz. the picture is changing drastically mainly because of the lowering Q of 4C65 ferrite, meaning loss factors are becoming
more important. This also applies to the mix-2 material. but to a lesser extend.
The graph is also showing that at a maximum system power of 250 Watt, the 4C65 component to be fit for a frequency range
below 1 MHz. to 30 MHz., with mix 2 to start at 4 MHz. to (over) 30 MHz. The calculation does not take into account the
higher parasitic capacitance at mix-2 material because of low resistivity. This will influence the high-frequency cut-off.

What if we were to apply the bigger T200 toroide (51 mm.) instead of the 36 mm. toroide?
To start off, the impedance would go down by around 7 % because of the less favorable relation between core-area versus
magnetic path length. The T220 core however has a bigger volume and since thermal resistance is scaling with the root of the
volume ratio, core dissipation will go up by 29 %. Taking both effects into account, maximum allowable system power would
go up by 20 %, which is low pay-off for this 40 % size increase.
Increasing the number of turns would be much more effective. The 36 mm. 4C65 toroide with 6 turns represents an inductance
of 6,53 µH at 1 MHz., while a mix-2 toroide of the same dimensions and turns would be 0,99 µH. To arrive at the same
impedance, the mix-2 core would need: 6 x √6.53 / 0.99 = 15.4 (16) turns, which would lift the mix-2 graph up to the 4C65
line at 1 MHz. The high number of turns however will bring the mix-2 graph down at 30 MHz. to around the 4C65 level again.

All in all graph 1 illustrates the effectiveness of high permeability materials (ferrites) in power applications. Even at low
quality factors, impedances are easily much higher than the same number of turns on a iron powder core and will allow higher
power / bandwidth ratio's.
In general one should be very much aware when designing baluns for non-resonating antenna systems and / or in high
impedance environments like symmetrical (300 - 600 Ohm) feed-lines. To still be effective, equivalent parallel inductances of
the particular balun should be very high indeed. To still be efficient over a wide band width, the number of turns of this balun
should be low enough to not have parasitic effects spoil the upper frequency limit, while still guarantee a high enough
impedance at the lowest operating frequency. Low permeability materials therefore are not very much suited for this kind of
applications with damaged components and / or transceiver as a result should this advice be neglected.

Application area
At the end of our discussion on iron power materials it may be useful to generate a global overview on the various core
materials, the specific application aria and the frequency range of choice. This may be found in table 4.
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µ

tuning (Q > 50)
choke (emc)

choke (power)

trafo (impedance)

trafo (power)

Q

Tco

Bsat

composition

+

++

++

~

< .5 MHz: MnZn
< 10 MHz: NiZn
> 10 MHz: Carbonyl

++

~

~

~

MnZn (+NiZn > 10 MHz)

++

+

+

+

+

+

~/+

~

~/+

+

< 0.5 MHz: electrolytic iron
< 2 MHz: MnZn
< 30 MHz: NiZn
> 30 MHz: Carbonyl

~

< 3 MHz: MnZn
< 20 MHz: NiZn
> 20 MHz: Carbonyl

+

< 0.2 MHz: electrolytic iron
< 1 MHz: MnZn
< 15 MHz: NiZn
> 15 MHz: Carbonyl

Figure 4: Application area's for inductor core materials

The table in figure 4 presents a global overview of application area's that should be regarded in an un-dogmatical way. The
columns for µ, Q, Tco and Bsat are indicating which parameter is the more important in that particular application area, with
'+' for 'important' and '~' for 'no dominant factor'. The composition column is showing MnZn for manganese / zinc ferrite
materials, the high permeability ferrites (•' > 1000), NiZn for nickel / zinc ferrite materials, the lower permeability ferrites (100
< µ' < 1000), electrolytic iron for high permeability iron-powder materials (35 < µ' < 100) and Carbonyl for low permeability
iron-powder materials (2 < µ' < 25).
It should be noted that each materials group represents a large 'community' with indicated frequency limits for the best
materials in that community.
In this overview the general tendency is clear for electrolytic iron-powder materials to be found in LF applications like switchmode power supplies, MnZn to be applied up to the lower HF area (and higher for choking purposes), NiZn for the greater part
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of the HF area (and up to 200 MHz in choking applications) and carbonyl for the higher HF area and above.
Although most important parameter have been showed in the table, for each application all parameters should be regarded to
prevent unpleasant surprises in the final system.

Bob J. van Donselaar,
mailto:on9cvd@amsat.org
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Ferrite in HF applications
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B/H curve
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AL factor
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Thermal R
Umax power
Udissp vs pwr

Materials and properties
(published in Electron # 9, 2001)

Introduction
In this article some properties will be discussed about ferrite cores for inductors in HF applications. Related to material properties, a few
formulas will be derived that will have interesting practical value when designing HF coils, transformers and baluns. For a more fundamental
discussion on these materials and properties, the book by E.C. Snelling: "Soft ferrites", Butterworths Publishing, Stoneham and the
Ferroxcube Data Handbook: "Soft Ferrites and Accessories" is especially recommended.
As a background and to appreciate the derived formulas in this chapter please also refer to the introductory chapter in "Ferrites in HF
applications".

Induction, permeability and flux density
Magnetic field
When an electrical current is fed through a number of turns of electrical wire, an electro-magnetic field will be generated with a field strength
of: H (A/m), which is related to the current strengths, the number of turns and the magnetic path length:
H=n.I/l

(1)

of which:
H = magnetic field strength (A/m)
n = number of turns
I = electrical current (A)
l = magnetic path' length:
in case of a toroide: l = π . (D + d) / 2, with
D = outside diameter (m)
d = inside diameter (m)
This formula for the magnetic path length is an approximation that is fully adequate for 'run-of-the-mill' toroides in everyday applications. A
more precise formula will take into account magnetic induction is increasing towards the inner diameter and will correct for this different
path length accordingly.
Magnetic induction
The generated magnetic field will induce a magnetic induction: B in (ferrite) core material that may (and in case of ferrite will) be much
larger than the initiating magnetic field:
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B=µ.H

(2)

of which:
B = magnetic induction (Tesla, T, of V.s/m2)
µ = permeability in H/m
Since permeability in ferrite materials is (much) larger than 1, almost all of the magnetic field will be inside the core material (low magnetic
resistance) with a negligible amount outside (high magnetic resistance). Therefore just leading a wire through the center of a ferrite toroide
already acts as a full turn.
Permeability is related to the type of core material and the magnetic field (current and number of turns); in alternating electrical fields also
frequency is a parameter.
B-H curve
Let's look a bit closer at the relation between the magnetic induction: B and initiating magnetic field: H in figure 1. This figure is sub-divided
into four quadrants, with positive values in the upper right hand quadrant and negative values in the lower left hand quadrant. Looking at the
rising dashed line, we observe B to rise at rising H up to a certain level, after which this linear relation will flatten out and stay at a constant
value at and after the induction saturation point, Bsat
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From Bsat on, the magnetic induction does not change any more, so only permeability of free space is left:

•0 = 4 .π .10-7 H/m. Even

some time before Bsat , the linear relationship between B and H is already lost and one may observe current distortions and hence distortion
of the voltage across the inductor on this core. These distortions will produce harmonics we usually like to avoid in HF applications.
Energy and core loss
At a certain amount of magnetic field and induced magnetic induction, an amount of energy is stored in the inductor core. When still at a
linear relationship, the energy density is equal to:
E = B . H / 2 (J / m3)

(3)

Up to now we have been looking at the dashed line, starting at the origin. When the magnetic field is reduced from Bsat however, the induced
field does not follow the dashed line any more but will follow the drawn line: a loop-type of figure will be followed from hereon. With the
magnetic field H reduced to zero, a certain amount of induced field will remain inside the core (residual magnetism) , that may only be
reduced to zero when the magnetic field H has been reversed and has reached a certain negative value. By further increasing the magnetic
field, the induced field will increase as well (negatively), until saturation has been reached again, this time at the negative side. This behavior
is repeated by reversing the magnetic field again. The specific loop form (hysteresis) strongly depend on the type of ferrite material and may
vary from an almost perfect rectangle to an evenly almost perfect ellipsoid.
The reason for this behavior may be found at the microscopic material level, where small crystals reside. Inside these crystals magnetic
domains exist (Weiss domains) with already aligned magnetic properties, this is known as ferrimagnetism. The external magnetic field H,
will re-align these internal magnets, more so with increasing field strength. In this process, internal magnetic domain barriers have to be
overcome, where energy will be lost. The shape of the hysteresis loop therefore has a profound relation with the amount of energy lost.

A better look to permeability
Looking at the 'standard' formula for inductance, we find the significance of permeability: µ, as in:
L = n² .µ .A / l

(4)

L = inductance (Henry)
n = number of wire turns
A = core area (m2)
l = magnetic path length (m)
Permeability: µ, may be subdivided into a general part, describing the 'space constant' µ = 4 . π . 10 –7 H/m, and the relative permeability:
0
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µ , describing specific core material, according to: µ = µ
r

µ.

0. r

For an air core, µ = 1, while for a some ferrite cores this specific permeability may go up to thousands and more. Therefore, a coil on a
r

ferrite core may be have a very much higher inductance within the same volume than without this core. Vice versa, for the same inductance a
coil on ferrite will have much less turns and so much less parasitic capacitance and therefore a higher application bandwidth. Especially with
specific transmission-line transformers, that require as short a transmission line as possible, new applications become possible because of
these ferrite materials. We will discuss these in one of the next chapters.
Maximum induction in the core
We have shown a relation between core induction and the electrical current in the inductor. This current will flow in relation to the voltage
across the inductor: (UL) and its impedance (ZL), as in:
B = µ .H
H = n .I / l
I = U L / Z L,
so we may write:
B = µ .n .UL / ( l .ZL)
Voltage across the inductor is expressed as an effective value. For maximum inductance we need the maximum value of this (sinusoidal)
voltage, that will be undistorted when no further saturated than about 20 % of the saturation inductance Bsat as specified by the manufacturer.
We therefore may write:
Bmax = µ .n .UL .√ 2 / (l .ZL) = 0,2 .Bsat
and from this:
UL (inductie) = 0,14 .Bsat .l .ZL / (µ .n)
Since:
ZL = 2 .π .f .L, and also:
L = n2.µ .A / l

http://sharon.esrac.ele.tue.nl/~on9cvd/E-Achtergronden%20en%20materiaal%20eigenschappen.htm (4 of 14)8/14/2008 8:51:36 PM

FERRIETEN IN HOOGFREQUENT TOEPASSINGEN

the formula for the maximum allowable voltage across an inductor on a ferrite core for linear behavior:
UL (inductie) = 0,89 .Bsat .f .n .A

(5)

We will find this formula again at various places in this and other chapters.
From the formula we find that maximum voltage across the inductance is a (proportional) function of frequency. This is one of the reasons
switch-mode power supplies operate at an elevated frequency since transformers may be much smaller, especially if high Bsat material is
selected.

Inductance factor AL
As we have seen in the inductance formula, various parameters are related to the core form and type of material. To help our calculations,
many manufacturers make our life easy by presenting type and form related values: µ µ en A / l in formula 4 in a single inductance
0, r,

factor: AL, expressed in nH/n2 (nano-Henry per turn squared):
AL = µ

µ

0. r.

A/l

(nH/n2)

(6)

Attention: Some manufacturers prefer their own definition that may lead to confusion. Especially some iron-powder suppliers prefer AL:
micro-Henry per 100 windingen (•H/100 turns) as this will produce bigger numbers by a factor of 10! Better recalculate to the mainstream
definition as in (6) when in a design process.
In our inductance calculations we now only have to multiply AL by the number of turns squared, to directly find coil inductance:
L = n² . AL

(nH)

(7)

Table 1 (first chapter) presents a short impression of these factors as derived from toroide manufacturers specification: Ferroxcube, Siemens,
Fair-Rite and Micrometals (Amidon supplier).
The shape factor F
The inductance factor is a very practical unit when calculating inductors and transformers. Results are reliable as long as application
frequency is not too high, specifically not above 1 / 10 ferrimagnetic resonance frequency for that particular material. We will come back to
this later.
At higher frequencies, we would like to know the explicit coil shape factor to allow for losses to be brought into the calculations. This shape
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factor is easily derived from the inductance factor when dividing AL by the initial permeability: µ , usually also specified by the manufacturer.
i

F = AL / µi = µ0 . A / l

(8)

This shape form factor F comes in handy.
As may be appreciated from formula 8, this form factor is related to the core area A and inversely related to the magnetic path length. This
translates to higher inductance values on long tube-like coil formers as compared to more flattened toroides; hence the binocular and bead
(tube) shapes we sometimes come across in HF applications.
Inductance tolerance
Most of the above information may also be found in (manufacturers) data books. It should be noted that most manufacturers specify
permeability to rather wide tolerances and +/- 25 % is no exception. Although smaller tolerances may be found as well, we should be aware
that often permeability is rather sensitive to temperature variation, which sensitivity again to depend on the absolute temperature. This leads
to property tolerances in the final application which should be taken into account when designing these components.

Complex permeability
When designing at HF frequencies we usually are forced to apply ferrite materials up to, or over ferrimagnetic resonance frequencies. As we
have seen, the inductance factor AL has been determined for low frequencies only so we better have a good look again at parameters outside
this area.
Up to this moment we have been looking at inductance as a pure reactance. This may not be entirely true any more when moving to higher
frequencies. Complex inductor impedance is usually described as a series circuit:
ZL = r + jωL, with "r" representing copper loss.
At higher frequencies Eddy-currents and hysteresis in the core material may no longer be neglected so we better incorporate these into our
calculations. As may be appreciated from the impedance formula, reactance and loss come with a different phase relationship, which we may
incorporate when changing specific permeability in formula 4 into:
µr = µ’ - j.µ”
with:
’

µ = pure inductivity
”

µ = all core loss factors combined
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Total complex impedance of our inductor on a ferrite core may now be described:
’

”

ZL = r + j.ω.L = r + j.ω.(n2 . µ 0 .(µ - j.µ ) . A / l)
”

’

= r + ω.n2.µ 0 .µ . A / l + j.ω. n2 . µ 0 .µ . A / l

(10)

and we once more find
’

j .ω . n ². µ . µ 0 . A / l ,

an imaginary part:
and a real part:

r +

(11)

”

ω . n ². µ . µ 0 . A / l

At HF frequencies, copper loss "r" usually is (much) smaller than loss in the core material, so total inductor loss may be described as:
”

rF = ω . n ². µ . µ 0 . A / l

(12)
”

We find that inductor loss "rF" is now also related to the operating frequency, next to the number of turns and the imaginary permeability, µ .
Different frequency relationships
”

The loss factor: µ is related to frequency, but to a different extend as the permeability factor: µ'. Most manufacturers present these different
dependencies in a useful graph as in figure 2. Unfortunately not all suppliers are presenting this type of information and one may wonder
why some designers like to go along such trial and error road especially those designing for reproduction by others?
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Figure 2: Complex permeability related to frequency

”

'

In figure 2 we find the frequency dependencies for µ and µ . At the frequency where both are equal (here at about 5,5 MHz.) we find the
ferrimagnetic resonance frequency, already mentioned before. At this frequency and even before this particular material may not be used in
resonant circuits any more because of high loss. Up to and a little beyond this frequency the material may still be applied in (impedance)
transformers and is still useful a long way beyond this resonant frequency when applied as a choke. In this last application, phase is not
important as long as total impedance remains high, by whatever mechanism.

The inductance factor AL at higher frequencies
The inductance factor is very practical when calculating impedances at low frequencies and when the inductor may be regarded as lossless.
At higher frequencies core loss has to be incorporated, but since the out-of-phase relationship will have to be handled as a complex quantitie.
We therefore calculate total inductor impedance:
__________
|Zt| = \/ rF² + (XL)²

__________________________________
”

’

= \/ (ω.n ².µ . µ .A / l)² + (ω.n ².µ .µ 0 .A / l )²
0

__________
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= ω . n ². µ 0 . (A / l) . \/ (µ” )² + (µ’)²

(13)

The part under the 'root' we call ‘µ ‘ and we may use this number directly when calculating choke impedance.
C

Analogue to AL we determine different 'inductance' factors after finding the shape factor 'F' (formula 8):
ARF(f) = F . µ”(f), for calculating inductor loss,
AL

(f)

= F . µ' (f) , for calculating inductance, and

AZ(f) = F . µ

C(f)

, for total coil impedance

(14)

Above factors have been calculated as a design aid in table 2 in the previous chapter for a number of popular ferrite toroides for the
frequency range 1,5 - 50 MHz. In this table, italic values are extrapolated from the graphs and should therefore be used with some care, more
so for every next extrapolation step.

Quality factor Q
For inductors in resonant circuits, inductor quality is important as this is determining selectivity and power loss. This quality factor is
specified as:
Q= ω.L/r

(15)

We will take a closer look at the Q factor in conjunction with ferrite materials, with inductance and loss factors as in formula 11. We may
now write:
’

”

’

Q = (ω . n². µ . µ . A / l ) / (ω . n². µ . µ . A / l ) = µ / µ
0

0

”

(16)

Formula 16 is showing that for most ferrite materials, inductor quality is almost entirely determined by the ferrite material properties. At real
high quality factor (Q > 100) as with some ferrites or at very low frequencies copper loss should be taken in account as well.
Using manufacturers specifications we may now directly determine ferrite type for resonant application at a certain (HF) frequency from the
’

”

inductance (µ ) and loss figures (µ ).
Let's look at table 2 again, with this little tool as a pointer. We will find that hardly any ferrite type qualifies as a core for high quality
resonant circuits at HF frequencies, except 4C65 material for up to just under 10 MHz. This is showing that ferrites are not the material of
choice for high quality resonant circuits at HF. Usually carbonyl powder iron cores are the better choice here, also because of better basic
temperature coefficients.
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Power loss in ferrite cores
Before we have determined maximum voltage across an inductor on a ferrite core for linear application. Above we also found material loss
mechanisms that will absorb part of the signal power. Especially in high power application this lost power will make the core heat up and this
is when we should be cautious not to approach high (Curie) temperatures, where ferrite material looses all permeability and only free-space
inductance will determine inductance. Therefore we should take a closer look at this heat mechanism and governing factors.
Thermal resistance
Since most ferrite materials exhibit a positive temperature coefficient for permeability, inductance will rise with temperature which usually is
a positive factor in transformer and choke applications. Relation between internal power dissipation and generated temperature is:
∆T = P * Rth
We did some test to determine Rth. in toroide core shapes. From these tests we found the well known 36 mm. toroide to exhibit a thermal
resistance of 7 K/W. For a temperature rise of 28 K, this core should not dissipate more than 4 Watt, provided this core may freely exchange
heat with the environment. This temperature rise of 28 K is usually sufficient to keep almost all ferrite materials below Curie temperature, up
to an environmental temperature of 65 C., which is usually quite satisfactory.
Thermal resistance in ferrites is related a materials constant and the amount of material involved. From more tests and factory information it
was found that this Rth is related to the square root of material volume as in:

with 'a' a scaling factor.
For a toroide, volume may be expressed as in:
V = π . h .(D2 – d2) / 4
with 'h', 'D' and 'd' as in formula 1.
For the specific 36 mm. toroide in most of our thermal tests, we found V = 10,32 cm3. We may now generalize our formula for the
temperature rise of ferrite materials:
P = •T / Rth = •T * a *√ (V)
and, after entering the values from the thermal tests:
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4 = 28 * a * √ (10,32)
out of which: a = 0,044.
We may now determine maximum allowable power dissipation for any toroide shape and size and allowable temperature rise. As an example
we would like to know maximum power dissipation in a 55,8 mm ferrite toroide (V = 29,9 cm3) at an allowable temperature rise of 40 K.:
Pmax = •T * 0,044 * √ V = 40 * 0,044 * √ (29,9) = 9,5 watt.
For the maximum temperature rise as in above derivation the following conditions are relevant:
When an antenna transformer is heating up on a sunny day, core temperature may easily go up to over 60 °C even without any additional
power applied. An additional temperature rise of 30 K because of internal power dissipation may then bring total core temperature close to
boiling water, when most other (plastic) materials already are giving in (isolation material, transmission-line coating / internal support
materials).
We have been looking at Curie temperatures as an upper limit. With 4C65 ('61') type of ferrite this point is reached at 350 °C, but 4A11
('43') type already is limited at 125 °C. With the latter material when applied in the above example with an antenna transformer on a hot
summer day, not much margin is left.
- A ferrite toroidal shape is often applied as a core material to transformers and chokes. Wire materials are usually coated with insulating
and support materials also to ensure electrical characteristics (characteristic impedance). Since these wires and 'lines' are applied with some
mechanical tension, deformation due to temperature rise may take place long before these materials are giving in, causing electrical
characteristics to change beyond a desirable level.
For above reasons, maximum temperature rise due to internal power dissipation should be limited to 30 - 40 K. at all times.
Power dissipation
After calculating loss resistance as in formula 12, we now also have a means of determining total power dissipated in these losses. Inductor
current will follow from:
I = U L / Z C,
with total internal power dissipation in the impedance series circuit:
P = ( UL/ ZC )2 . rF
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where
ZC = ω . n2 . µ . µ . A / l (formula 13, using µ i.s.o. the root)
0

c

c

As we have seen, internal power dissipation is limited to a maximum value Pmax. We now may derive a maximum value for the voltage
across the inductor, limited by internal power dissipation:
(19)
In many applications, voltage across the inductor is easily derived from other system quantities, e.g. total system power in a particular system
impedance, usually 50 Ohm in power applications. The maximum voltage across the inductor / transformer on a ferrite core is a practical tool
for determining 'fitness' of this component for such applications. We will find this formula again at various places in this and other chapters.
Addition factors to internal power limits
All above calculations apply to continuous power dissipation in a ferrite core. In radio-ham applications this is not very often the case.
Usually we are listening for much longer periods than we transmit, although exceptions have been spotted. When limiting our transmissions
to 5 minutes maximum and listening for the same period of time, maximum internal power dissipation of our ferrite core materials may
easily be enhanced by a factor of 2.
When operating in SSB mode, a large margin is noticeable between effective and peak power; a factor of 5 and more may easily be
measured, depending on type of speech, signal quality and type of speech-processing. Also when operating in CW mode an enhancement
factor of 3 is applicable. Operating in frequency and phase modulation, carrier is maximum during the entire transmission period and
switched of during listening.
Enhancement factors may also be taken into account for the voltage across the inductor / transformer according to formula 19, when the
square root is taken of above factors (presented for power).

modulation type

enhancement factor

continuous carrier
FM, 50 % Tx
CW, idem
SSB with processor, idem
SSB, idem

1
1,4
2,4
2,4
3,2

Table 4: Enhancement factors for UL-power

Enhancement factors should be regarded with some care. In some applications the inductor / transformer is not free to radiate heat to the
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environment and some transformer manufacturers even apply molding raisin in antenna matching units with high isolation properties,
trapping internally generated heat inside the cabinet. Therefore each specific application should be checked under worst case conditions
before applying enhancement factors. In general it is prudent to measure internal temperatures first under controlled and worst case
conditions before practically applying the component.
Also one should take care when applying impedance transformers in aerial systems. Although tuned antenna systems usually are design to
operate around 50 Ohm, these easily may exhibit a much higher impedance when operated outside resonance. The antenna tuner at the
transceiver side may match whatever impedance to the transceiver requirements, but the antenna transformer may be left to operate under a
much different impedance regime (higher), hence much higher voltages than being designed for.

Maximum induction or dissipation?
In this chapter we derived a formula for maximum voltage across the inductor / transformer for maximum, distortion-free operation. Next a
different formula has been derived for the maximum voltage related to internal power dissipation. It may be clear that at all operating
frequencies the lowest of these values should apply. It may be instructive to find out how these maximum allowable values turn out in
practice. Therefore I calculated in table 5 a choke with five turns on two different materials (4A11 and 4C65) at two toroide sizes. Although
these calculations show high precision, it should be noted that inductance factor are specified with a tolerance of 25 %.
4A11 material
55 mm. toroide

36 mm. toroide

4C65 material
36 mm. toroide

f

Zc

UL

UL

Zc

UL

UL

Zc

UL

UL

MHz

Ω

(dissip.)

(induction)

Ω

(dissip.)

(induction)

Ω

(dissip.)

(induction)

0.2
0.5
1
1.5
4
7
10
15
20
30
40
50

35
98
215
346
1087
1116
1336
1580
1708
1953
2079
2210

99
105
96
86
98
75
79
82
85
89
92
95

34
86
171
257
685
1199
1713
2570
3427
5140
6853
8567

43
121
265
426
1338
1374
1645
1945
2101
2405
2560
2710

168
179
163
146
167
128
134
140
145
151
157
162

63
158
315
473
1260
2206
3151
4726
6302
9453
12603
15754

32
47
126
221
328
567
808
1184
1543
1969

396
383
354
331
291
260
226
127
99
100

197
296
789
1381
1973
2959
3946
5919
7892
9865

Table 5: Maximum inductor voltages based on n=5, •T=28 K en Bmax = 0,2 Bsat.
Lower voltage applies

In table 5 we find that the maximum voltages for this 5-turn inductor on a 36 mm., 4A11 toroide over most of HF frequencies is limited to 90
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V on average, which translates to around 160 Watt system power in a 50 Ohm environment.
When we need higher system power, we may apply a bigger toroide e.g. as we may find in column 6, where a 58 mm. 4A11 toroide
(allowing maximum internal dissipation of 6,8 Watt) will allow on average 153 V. across the inductor, which is translated into around 470
Watt of system power in a 50 Ohm environment.
Instead of this bigger core, one might also decide to apply more turns to enhance impedance, lowering internal power dissipation. Taking 6 i.
s.o.5 turns, will enlarge average inductor voltage to 108 V. and this translates to around 235 Watt in a 50 Ohm environment.
We may further notice that maximum voltage for internal power dissipation is not varying too much above
1 MHz. This is because of
the opposite effects of increasing frequency and increasing loss (decreasing Q).
In column 9 we find 4C65 material to be more suitable for high voltages, so higher system power up to at least 30 MHz. This is a result of
lower material loss and allows this 5 turns inductor to withstand easily 250 V between 4 and 20 MHz., to be applied in 1,25 kW systems in a
50 Ohm environment. At frequencies above 40 MHz. not much difference exists any more for comparable core size between 4A11 and 4C65
material. This latter ferrite now also becomes lossy since we are approaching ferrimagnetic resonance for this material. In choke applications
however both inductors will still do a very good job as may be seen in the impedance columns (2nd and 8th).
When comparing 3rd and 4th column, it may be noticed maximum inductance voltage is only important at lower frequencies (lower of the
two voltages). For 4A11 material cross-over frequency is around 0,5 MHz., and for 4C65 MHz. around 1,5 MHz. Above these frequencies it
is the internal power dissipation that will determine maximum allowable voltage across the inductor.
We noted before that transformer impedance should be at least four times system impedance to have negligible effect on signal. In a 50 Ohm
system, the 5-turns inductor on 4A11 material will be 'invisible' at just over 1 MHz. with increasing impedance all the (frequency) way up.
For 4C65 material, the 5-turn inductor may be applied starting from 7 MHz. (8th column). We see the effect of a much lower initial
permeability when compared to 4A11.
When designing an inductor / transformer on ferrite in wide frequency applications, it is good practice to determine maximum voltage for
linearity as well for internal power dissipation. This is especially true when applying enhancement factors for different operation modes.

Bob J. van Donselaar
mailto:ON9CVD@AMSAT.org
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Ferrites in HF-applications
inductors and transformers
(published in Electron #11, 2001)

General
This chapter is the third in a series of articles on ferrite materials in HF-applications. The first article is an introduction to
this field with an overview of some widely applied materials and most important properties. The second article is on
materials back-ground and most important HF-application formulas. It is advisable to read the articles in the above order
especially since each next chapter is building on information and formula's already explained earlier and referencing to this.

Ferrites in HF-inductors
In a first approximation inductors in electronic circuits are considered as purely inductive components. Next it appears these
inductors are far from ideal and losses have to be taken into account, in general to be expressed as a ratio of reactance to
(copper) loss in the quality factor: Q, as in formula 15.
Q = XL / rs = ω.L / rs.
When applying (ferrite) core materials, most losses stem from the core material, especially when applied at HF frequencies.
In formula 16 we showed the inductor quality could be expressed as a ratio of the inductance factor, µ’ and core-loss factor,
µ” of ferrite materials as specified by the manufacturer.
Q = µ’ / µ”.
with materials data as in table 2.
Antenna-trap inductors
Core properties will influence the type of application. HF- amateur and author, Moxon writes in his book: "HF antenna's for
all locations", `...we should be careful at applying core materials in antenna trap inductors as these should exhibit a quality
factor of over 200, which makes ferrites in general unfit for these applications...`.
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With the 'tools' from chapter 2, we may examine Moxon's remarks. As an example we will investigate a few properties of the
antenna trap inductor of 5,4 µH as being applied in Multiband trap antenna. In this design an inductor without core materials
has been applied, for reasons that will become obvious later on.
We may consider to design a very compact trap by applying a small 23/14/7 toroide of 4C65 material exhibiting a core factor
AL = 87 nH. (table 1). The number of turns for our 5,4 µH will be calculated with formula 7:
L = n2 . AL (nH). out of which: n = 7,87 , we take n = 8 (only integer values).
When calculating the antenna with EZNEC, we find largest voltage across the trap to appear around 7 MHz, at an antenna
input power of 100 Watt to rise to 450 volt.
Induction
As we may find in table 2 and formula 16, 4C65 material is exhibiting a high quality factor of 125 at 7 MHz. To avoid nonlinear behavior, voltage across an inductor on ferrite material should be limited. Using formula 5 we calculate maximum
voltage across this inductor.
UL (induction)

= 0,89 . Bsat . f . n . A

With Bsat = 380 mT for 4C65, n = 8 turns, f = 7 MHz. and the area for this core size A = 31 mm2, we find a maximum
voltage: UL (induction) = 590 volt. Since maximum voltage for 100 Watt is 450 volt, no non-linear behavior will occur up to
this input power.
Permeability
A different problem however is popping up. At 7 MHz. inductor reactance is XL = ωL = 248 Ω. With 450 volt across,
effective current is 1,8 A, maximum 2,6 A. Magnetic field strength we may calculate with formula 1:
H=n.I/l
With l = 56 mm, we will find H = 8 . 2,6 / 0,056 = 370 A/m.
Manufacturers specification (data books) is showing that permeability µ’ is diminishing form 125 to 70 under this magnetic
field strength. Since we started our calculations from µ = 125 (AL = 87 nH.), inductance has changed considerably, detuning
the antenna trap and therefore shifting the antenna system outside resonation and outside specification for low SWR at the
antenna input. One could consider a larger core e.g. 36 mm. type. Field strength with this core H = 168 A/m but only at H <
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100 A/m will permeability not be affected too much anymore. This is showing ferrite cores for antenna trap applications to
not be the material of choice.
Power dissipation
Because permeability is down to 70 with loss unchanged, quality factor for this material has changed as well:
Q = µ’ / µ” = 70/1 = 70.
Parallel loss resistance may be calculated from:
RFp = Q . XL = 70 . 248 = 17360 Ω.
Since we found 450 volt across the inductor, this amounts to 4502 / 17360 = 11,7 watt per trap, so 23,4 Watt in total. Not
only will this amount of power be lost to our transmission, but it will probably also destroy the toroide since maximum
internal dissipation for this core volume is 4 Watt for a maximum temperature rise of 30 K.
The origin of the Moxon remark as above is now complete clear.
Conclusion
In general ferrite materials are not recommended for very precise HF tuning inductors in general (permeability vs
temperature characteristic) and in power tuning applications in particular (internal loss).

Ferrites in HF chokes
Why ferrites
The impedance between inductor terminals is the most important parameter in choke application, much more so than the
precise phase relation between current and voltage; as long as this is impedance is high (usually at low DC resistance), the
application will function well.
As an example we perform some calculations around the 10 mH inductor we designed on a 3E25 ferrite toroide in the first
chapter. In this design we started from table 1, where we found winding factor AL = 7390 nH/n2 (based on •i = 6000) for this
material and size. Since the winding factor has been determined at very low frequency and no loss, we have to recalculate for
this choke application and for other operating frequencies e.g. 4 MHz., using formula 14.
AZ(4 MHz) = AL . µC(4 MHz) / µi
Table 2 is presenting permeability (•') and loss factor (•") for a number of well known ferrite materials, including the
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complex assembly (•c ). Recalculating the winding factor for our choke at an operating frequency of 4 MHz., we start from
the complex permeability factor, •c , as in table 2 (•c = 601), so
AZ(4 MHz) = AL(DC) . 601 / 6000 = 0,1 . AL (DC)

(nH)

Impedance at our operating frequency of 4 MHz. will follow from:
|Zt| = ω . n² . (0,1 . AL (DC))
At still higher frequencies, the complex permeability, •c will be still lower, at 30 MHz. only 90. So between 4 and 30 MHz.
(factor of 7,5 in frequency), Az has changed by a factor of 90 / 601 = 0,15. Taking both into account, we find total
impedance will change between 4 and 30 MHz. by a factor of 7,5 x 0,15 = 1,125. This is showing that despite diminishing
(complex) permeability, choke impedance is hardly changed.
This is clearly demonstrating the importance of (even relatively low frequency) ferrite materials in wide band applications.
What ferrites for HF chokes?
A HF choke will perform well up to the moment of (parallel) resonance of the inductance with its parasitic parallel capacity.
Past this resonance frequency, this parasitic capacitance is becoming the dominating impedance and this will fall with
frequency up to the moment total impedance is too low for the designed choking action. It follows, that for wide band use,
this parasitic capacitance should be as low as possible, which usually translates into designing a choke with as low a number
of turns as possible. This in turn translates into selecting a ferrite material with as high a (complex) permeability (µ ) as
C

possible over the operational frequency range.
In table 2 one may find various materials exhibiting such high permeability over the HF range of frequencies, e.g. 3S4, 3F4,
4A11, 33, 43 4B1. The widely applied 4C65 (61) type is not in this list since it is much easier to reach high impedance with
less turns over this frequency range with the lower frequency materials. In high(er) power systems though, one has to
compare maximal band-width performance (high µ, less turns, low parasitics) to maximum core load (high Q, lower internal
core dissipation, lower temperature rise). We will come back to this in the next chapter.
For HF choke applications, ferrite type 4A11 (43) in general is the material of choice. Therefore one may also find this
material applied in the transformer in the Multiband trap antenna.
From table 2 it may also be appreciated the higher frequency materials 4C65, 61, and 68 to be more suitable for choke
applications above 30 MHz. because only here the complex permeability tends to rise above the other materials. At these
frequencies however maximum load is also diminishing since materials loss factor is becoming dominant above the
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ferrimagnetic resonance frequency.
How ferrites in HF chokes?
We already noticed for high permeability materials, every time a wire passes through the center hole in the toroide coil
former will account for a complete turn. Therefore, it is possible to stack ferrites of different (ferrite) materials to design ultra
wide bandwidth chokes. The low frequency, high permeability material is dominant at lower frequencies while the high
frequency, lower permeability type takes over at the high frequency side. This can have chokes perform at high and constant
impedance over very wide band width; this idea is taken somewhat further in Ferrites in EMC applications.
Sometimes one may come across a stack of an orange core (3E25) and a purple core (4C65) for the purpose of achieving
wide band-width. In table 2 we find at 4 MHz., 4A11 (43) type of ferrite to already exhibit a higher (complex) permeability
than 3E25 type while this first material is also superior to 4C65 (61) at 30 MHz. It follows that a single 4A11 toroide choke
with the same number of turns is superior to the stack of the other two materials for all of the HF amateur frequency bands.
Stacking therefore usually only makes sense for very wide bandwidth, including LF, MF and HF frequencies.
It should be noted that stacking ferrite toroides is superior to constructing two chokes, each with the same number of turns
but on separate toroides. At low frequencies no difference will be measured, but a high(er) frequencies one may be in for a
surprise. Inductance of one choke may resonate with the parasitic capacitance of the other, creating a low impedance path
across this combination instead of the high impedance this system was designed for in the first place!

Ferrites in HF transformers
Ferrites may be successfully employed in various types of transformers, usually at higher that mains frequency. Ferrite cores
may also be found in pulse transformers (1- 100 kHz.), switch mode power supplies (20 - 1000 kHz.) and HF voltage or
impedance transformers in small- or wide-band applications (1 - 50 MHz.)
In this chapter we will only discuss linear wide band HF-transformers for small and medium size power applications. By
wide band we mean at least a few octaves in frequency and medium power up to around 2 kW. More power is quite possible,
but this will be outside this story. For this chapter we will distinguish two main categories, based on different principles:
• Induction type of transformers based on magnetic field coupling for energy transport. Core material is employed to
concentrate the electromagnetic field. This is the conventional type of transformer
• Transmission-line transformers with energy transported by transmission lines. Core material is employed for better
input to output separation.
Latter type will be discussed in two separate chapters: Transmission-line transformers, introduction and Transmission-line
transformers, examples and analysis.
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Induction transformers
Basic induction type of transformer consists of a primary and a secondary winding, usually around a magnetic core. This
core will concentrate magnetic field-lines to ensure both windings sharing the same flux and so optimize transformer
coupling. In this chapter transformers will be constructed on ferrite type core material that mainly determines transformer
properties and application area.
Next to inter-winding coupling, core material will also enhance transformer inductance. Induction transformers are mainly
applied in parallel to the signal path and since the inductor current is out of phase to the (resistive) load current, a phase shift
will be introduced in the signal path. We prefer this disturbance to be as small as possible so the transformer inductance
should be high compared to the system impedance.
To create a high impedance, we need a number of turns around some ferrite material. This will inevitably create a parasitic
parallel capacitance across this transformer, that will further increase with each next turn. Again, this capacitance will be
parallel to the transformer and so parallel to the signal path. To keep this influence small, the number of turns should be kept
small.
To balance these contradicting effects we like to apply high permeability material to keep inductance high while at the same
time keeping the number of turns low; this is where ferrite core materials come in.

Wide-band transformers
In figure 5 one will find the general lay-out of a basic transformer, with turns ratio t = n2 / n1, which is also the ratio of the
voltages, or the reverse ratio of the currents. The impedance ratio follows from t2.
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An example of such voltage transformer for wide-band HF frequencies is known as the 'Magnetic Longwire Balun', MLB,
that according to the commercials is recommended to match the receiver to any long-wire antenna.
This MLB actually is a 3 : 1 voltage transformer, usually constructed as an autotransformer for LW, MW and SW
frequencies.
Looking into a few examples I found most transformers to consist of a ferrite toroide 14 x 9 x 5 mm. with 10 turns on the
primary winding and 30 turns on the secondary winding. Measurements expose the ferrite type to be 3S4 (Ferroxcube) or
type 31 (FairRite). In table 2 we find initial permeability to be 1700, while ferrimagnetic resonance frequency is ca 1,5 MHz.
(manufacturer specification).
The MLB is not constructed as a balun (balance to unbalance transformer) but as an unun, and not very 'friendly' to real longwire impedances. This may not be a problem since a long-wire antenna is at least one wavelength long with means at least
200 m. at 1,5 MHz (midpoint of 3S4 application area).
Stories may be told about all fantastic performance claims around this component and also about precisely the opposite.
Whether friend or foe, all agree that this is a receiving-only component, which makes us curious as to the performance in a
transmitter environment.
As an example we will look at the performance of the transformer in a 50 to 450 Ohm system as may be found at a Windomtype of antenna at various HF bands. From the core dimensions we calculate core volume (0,63 cm3) and from this
maximum internal dissipation at 1 Watt (see Materials and properties, Maximum core temperatures).
In table 7 we calculated primary impedance (Zp @ 10 turns) at various HF frequencies, maximum allowable voltage for 1

http://sharon.esrac.ele.tue.nl/~on9cvd/E-Spoelen%20en%20transformatoren.htm (7 of 14)8/14/2008 8:52:56 PM

FERRIET IN LINEAIRE SPOELEN EN TRANSFORMATOREN

Watt loss in the core (Udiss., formula 19) and maximum voltage for linear performance (Uinduction, formula 5).

frequency

Zp

Udiss.

Uinduction

MHz.
1,5
7
15
30

Ω
1036
1622
1944
2565

Volt
48
44
46
54

Volt
70
329
705
1410

Table 7. MLB, maximum voltages at 50 Ohm side
We find the transformer already to exhibit high impedance at the lowest HF frequency. In chapter 2 we found this parallel
impedance should be at least four times system impedance (200 Ohm in a 50 Ohm environment) which will make this
component's lower cut-off frequency (200 / 1036) x 1,5 MHz.) = 290 kHz, which is somewhere in the LW broadcast band.
Third columns is showing that the transformer may be applied at up to 44 volt across, which allows this component to be
applied at up to 38 Watt system power in a 50 Ohm system, or even at over 100 Watt PEP when only SSB type of
modulation is employed. This ensures the MLB may be safely employed at a small transmitter to well over QRP levels,
especially since maximum voltage for non-linear behavior is much higher at minimum 70 volt (last column). We should
keep in mind though that the maximum voltage for internal dissipation is based on a component that is free to radiate. Some
of the MLB's however have been encapsulated in (isolating) compound, lowering the internal dissipation.
Please note since the MLB is no balun we will have to add a good balun when applying this transformer at a Windom
antenna as in our example.
The high impedance as in column two has been obtained by the high permeability type of ferrite together with the high
number of turns (30 turns at the secondary side). At this small core, so many turn will be very close together and even
overlap, making parasitic parallel capacity relatively high. Transformer behavior will therefore drop-off quickly at higher HF
frequencies. Since this HF behavior is very much depending on the exact way these 30 turns are being applied, each device
has to be assessed separately.

Wide-band transformers, a closer look
When designing wide-band transformers it often is more convenient to operate with parallel circuits. Therefore we may
recalculate series values we were discussing up to now into parallel values:
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•p'= •s' (1 + 1/Q2) en •p'' = •s'' (1 + Q2)

(27)

From these formula's we may quickly appreciate that for Q > 3, parallel induction (•p') is roughly equal to series induction,
while the parallel loss (resistor, •p'') quickly rises to high values. As an example we will calculate a simplified model of a 1 :
1 transformer and its effects on circuit parameters. The model may be found in figure 6, after applying formula 27 to the
series values.

The transformer on the right hand side is considered to be 'perfect' in this model. Transformer inductance Lp and loss RFp are
in parallel to the input with the load resistor Rb at the secondary side, to be re-calculated to the input side (with the perfect 1 :
1 transformer, Rb = R'b). This simplified model is allowed at lower HF frequencies, with high-permeability (ferrite) core
material and not too many turns ( low parasitic capacitance).
Let's calculate this transformer when constructed with two times 6 turns on a 36 mm. toroide core of 4C65 (61) type of
material. Let's further take it this transformer is to be applied for DC separation purposes and is to operate in a 50 Ohm
system between 1,5 - 30 MHz.
Behavior at 1,5 MHz
In table 2 we will find for this material that µ” = 0, meaning no loss. Since 4C65 is a high frequency material, we may use
the factory value of AL at this relatively low frequency of 1,5 MHz. Applying formula 7 we calculate:
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XLp = XL = j ω L = j ω n ² AL = j.2 .π.1,5.106 .6².170.10-9 = j 57,7 Ω
This reactance is in parallel tot the load resistance Rb (50 Ohm), when transformed to the left-hand side (same value, 1 : 1
transformer). Total input impedance:
ZT = j.XL . Rb’ / (j.XL + Rb’) = 28,6 + j.24,7 (note: complex multiplication / division!)
This is different from system impedance without the transformer, when the 50 Ohm load was ensuring characteristic
termination and so SWR = 1. We have to re-calculate SWR with the new termination value of ZT while being aware this to
be a complex calculation instead of the simple and better known formula SWR = Z0 / R (or reverse).
SWR = ( |Z0 + ZT| + |Z0 - ZT| ) / ( |Z0+ ZT| - |Z0 - ZT|) = 2,32

(vertical bars express absolute values)

If this is not acceptable, we have to enhance the number of turns while keeping in mind that more turns also mean higher
parasitic capacitance so earlier fall-off at the high frequency side. With the transformer as is (6 turns), SWR will be 1,5 at 3,5
MHz., which usually will be considered as the lower application limit.
Behavior at 30 MHz.
In table 2 we will find µ’ = 150 and µ” = 45, which means Q = 3,33 (low) and we will have to re-calculate basic values. First
we calculate the shape factor F using formula 8:
F = µ . A / l = AL / µ ,
0

i

after which reactance and loss may be calculated according to formula 11 and 12:
XLs = j ω L = j.ω.n².µ’ .F = j.2.π.30.106. 6².150.1,36.10-9 = j.1020 Ω
RFs

”

= ω.n².µ .F =

2.π.30.106. 6². 45.1,36.10-9 =

305 Ω

Since these are series values, we recalculate to parallel with formula 27:
XLp = XLs (1 + 1/Q²) = j. 1380 (1 + 1/3,33²) = j.1110 Ω
RFp = RFs (1 + Q²) =

415 (1 + 3,33²) = 3700 Ω
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With Rb = 50 Ohm in parallel, total input impedance is 49,3 Ohm with negligible inductance in parallel. This will make
SWR = 1,05 which represents an almost ideal situation if not for the parasitic parallel capacitance, we will leave out for now.
We might have considered constructing this transformer on the same toroide size, but different ferrite material e.g. 4A11. At
a frequency of 1,5 MHz. we would have found parallel values XLp = j. 425 Ω and RFp = 2250 Ω., (calculation as above, try
for yourself). This will yield SWR=1,13, meaning this transformer is already much better at 1,5 MHz. than our earlier design
on 4C65 material at 4 MHz.
At a frequency of 30 MHz. we find parallel values for 4A11 material XLp = j. 9350 Ω and RFp = 2430 Ω., making SWR =
1,02, which makes this transformer as good as the 4C65 design.
This example is showing that different ferrite materials will really make a difference when designing transformers.
Depending on the particular application, other system parameters have to be taken into account as well. These basic
calculation have been showing how to start the design and how to apply table 2.

Model of an induction transformer
In figure 6 we saw a first order model that may be applied with satisfactory results at low(er) frequencies. For a better model,
also copper loss should be incorporated as a series resistance with the transformer. Since HF transformers usually employ a
limited number of turns, this copper loss may usually be left out of the model. Next non-ideal factor is the loss of magnetic
coupling. At higher frequencies and especially past the ferrimagnetic resonance frequency, permeability is going down
allowing flux-lines to escape from the core center. This coupling loss may be measured at the desired frequency by
determining input inductance while shortening the output. Coupling loss may be incorporated in the model as a series
inductance, known as leakage inductance. The effect of this series inductance may be measures as a high-frequency roll-off.
Various schemes are going around to reduce HF leakage: tight winding and / or twisting secondary and primary windings
before winding the transformer. All of these methods will indeed enhance inter-winding coupling but will also enhance
parasitic capacitance across the windings which has the same high-frequency roll-off effect.
A better way is to spread the primary winding across the entire circumference of the toroide and placing the secondary
winding in between the primary turns, like a screw within a screw. Best to start with the winding with the lowest number of
turns. When the transformer is ready, windings are spread-out evenly at the inside of the toroide tot minimize parasitic
capacitance. The effects of this winding technique will be already noticeable at 15 MHz. and more so at higher frequencies.
The better model should also contain a capacitance across both inductances. The effect of this parasitic capacitor is almost
negligible at lower frequencies (< 10 MHz, at Z < 100 Ω), but has to be taken into account at higher frequencies as this
usually is one of the important parameters for high-frequency roll-off. Capacitor values may be determined from parallel
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resonance of primary and secondary winding.
In figure 7, non-ideal effects as discussed have been incorporated in the transformer model.

Symbol table:
Rb: Load impedance, transform to primary by division by n2
Cs’: Transformed secondary winding parasitic capacity
Lp: Parallel inductance (from unloaded transformer measurement)
RFP: Total core loss
Ls:
Rw:
Cp:
Rs:
U:

Leakage inductance
Sum of primary and transformed secondary copper loss
Primary parasitic winding capacity
Generator output impedance
Generator

From this model it is obvious that a spread-sheet program should be applied when calculating transformer behavior over
frequency. Please keep in mind this model is no different from LF transformer models as applied to microphone
transformers, LF tube / transistor input- and output-transformers, modulation transformers etc.
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Current induction transformer
A special type of transformer arises when primary turns and currents are equal to secondary turns and currents. Principle is
modeled in figure 8.
.

In this induction transformer, currents i1 and i2 are equal and in opposite phase. With also the number of turns to be equal,
the magnetic fields in the transformer core will cancel. This effect will be found at bifilarly wound transformers and also at
transformers constructed around transmission-lines, either balanced or coaxial.
The current balancing effect is fully comparable to what is happening inside a transmission-line. This current transformer
therefore is also known as a transmission-line transformer. Basic principles are the currents to be equal and in opposite phase
and so the voltage of the generator at the input will also be found at the output of the transformer and across the load.
Voltage induction-transformer in general are lagging behind to current transformers as far as power transfer is concerned.
Since a voltage transformer is always in parallel to the signal path, a (small) portion of power is dissipated inside the
transformer. Furthermore, at un-equal turns ratio's, internal transformer fields do not cancel any more making this type of
transformer prone to non-linear effects at high voltage and power load.
In current transformers, parasitic core currents may only originate from un-balancing effects, which we try to make as small
as possible by design and / or by minimizing outside return currents by means of high common-mode impedance.
A more elaborate description will be found in the next chapter on Transmission-line transformers, introduction.
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Introduction
As usual the motive to this article was to found in my home environment. I like to be (radio-) active on the HF amateur bands and did
not very much appreciate a sudden and very high noise level of over 50 microvolt to appear at many frequencies below 10 MHz.
Such sudden bursts might be generated locally and since I have a back-up power facility for my radio-shack it was easy to throw the
main(s) switch of the house to get a simple picture about any in-house generators. Indeed the burst disappeared and by successive
switching-on of power groups the noisy system exposed itself rather quickly.
With the noise source localized, attacking this was the next assignment. As often is the case with EMC problems, packing the noise
source in metal was no option since this local noise generator happened to be the electronics in a lap-top docking station of one of the
housemates. Other measures had to be taken and if you regard some of the other articles on this web-site it is obvious that a solution
with ferrites was more appropriate.

Electro-Magnetic Compatibility
Some of the articles on this web-site are discussing general aspects on Ferrites in HF applications. For this particular issue some of
these general aspects had to be inspected more closely to attack this EMC problem.
Electro-magnetic compatibility (EMC) issues arise when (electronic) systems interact in an un-desired way. This always means that
at least two systems are involved, of which one is (undesirably) sensitive to the other, which is (undesirably) acting upon the first. A
number of measures can be taken to stop or diminish this unwanted interaction, depending on the nature of the active source and/or
passive receiver and the channel through which the interaction operates.
Best way is always to tackle the problem at the active source, since this usually is a well defined and spatially restricted emitter. Once
'out-of-the-box' there usually are many channels to broadcast the unwanted message whether through radiation or conduction. Also
more than one receiver may be sensitive to picking this up of which you probably only detected the first one with many more to
follow (neighboring equipment!).
Even if the disturbance arrives through electromagnetic radiation, there always is a generating source (transmitter) and a radiating
transducer (antenna) involved of which the transmitter usually is the spatially smaller 'component'. In many situations however the
transmitter signal may only be slightly diminished as the undesired transmission is a byproduct of a different and often powerful,
desired action. This is especially true in case of unwanted harmonics of a desired fundamental action. Diminishing these harmonics
may only be achieved up to a certain level.
When all measures to the source have been taken and the problem still has not been resolved, the transmission channel has to be
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attacked by blocking or at least heavily damping. At radio-active sources, cutting the 'antenna' usually is the first and best option
again, with screening-off (packing in metal) the entire transmitter plus antenna as a last resort.
The transmission channel may also consist of an unwanted conductor between the source and the receiver. Damping again is the best
way to shut-off this channel and this is what we will mainly focus on in this discussion.
A basic model of an EMC 'system' may be found in figure 1. To narrow the field of discussion somewhat, it is conceivable the EMC
source to consist of say a switched-mode power supply of which the internal switching action does not allow to extend rise and fall
times too much for reasons of switching efficiency. The powerful harmonic content of such a signal will extend over a large range of
frequencies, effecting all sorts of 'receivers' of which audio and video equipment are only a few that may not be too sensitive, but our
HF receiving equipment usually is.
Since this particular source may not be switched off, next action could be to keep all unwanted energy inside the box, for instance by
screening-off this power supply in a metal cage. In a fully enclosed box this might be a successful action, but usually such power
supplies are connected to the mains supply on one side and a DC-power outlet at the other, that have to leave the protecting
environment of the box. At this position an number of new channels are being created. The wiring may act as an antenna by which
the unwanted signals are radiated and reach the HF receiving antenna through the air. The wiring may also act as a conductor to bring
the noise signals directly to the receiver when both circuits are connected together through the mains supply or through the (DC)
output power. In practice both channels may act simultaneously making the picture somewhat more complicated.
In general it is clear that attacking the unwanted signals at the source is usually the best option and may simultaneously attack the
radiation as well as the conduction channel.

For the rest of this article the main focus will be on the damping action in the signal channel and especially the application of ferrite
materials to such actions. In this type of application, the signal channel usually is of the conduction type, either from the source to the
antenna or directly from the source tot the receiver.
We should be aware that at this type of damping the impedance of the damping device is important together with the impedances at
http://sharon.esrac.ele.tue.nl/~on9cvd/E-Ferriet%20in%20EMC%20toepassingen.htm (2 of 14)8/14/2008 8:53:11 PM

FERRIET IN EMC TOEPASSINGEN

the source and at the receiver. Together these impedances make up for a power divider that determine the amount of signal to reach
the receiver. The total amount of damping is more important than the exact phase of the interfering signal, so all type of impedances
may fulfill this damping function whether these are inductive, capacitive, resistive or anything in between. So long as total damping
is high the amount of interfering signal power may be effectively be diminished.

Ferrite qualities
Ferrite materials will be applied when a high impedance ('AC resistance') should be obtained at a simultaneously low DC resistance.
This high impedance is made up from a reactive and loss component and my be written as
ZL = 2 . π . f . n2 . •0 . (√(•'2 + •"2) . A / l

(1)

with:
f = frequency
n = number of turns
•0 = absolute permeability = 4 . π . 10-7
•' =
•" =
A=
l =

material permeability (ferrite material quality; numbers by manufacturer)
material loss (ferrite material quality; numbers by manufacturer)
magnetic area (core shape quality; numbers by manufacturer)
magnetic length (core shape quality; numbers by manufacturer)

More information on the particular ferrite qualities may be found in the series of articles on Ferrites for HF applications.
In this formula a number of parameters are changing with frequency, e.g. f (frequency itself), •' and •", the latter may be found in
figure 2.
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Figure 2: Ferrite type 4A11 qualities

At low frequencies (100 kHz.) this 4A11 (43) type of ferrite material starts-off at a permeability (•', purple curve) of around 700, to
rise to around 900 at 2 MHz. after which it will drop-off quickly to around 60 at 30 MHz. An inductor made on this material with an
inductance of e.g. L = 100 •H, would exhibit a reactance of 62,8 Ohm at 100 kHz., of 1621 Ohm at 2 MHz. (L = 129 •H.) and 1615
Ohm at 30 MHz. (L = 7 •H.) This however is only part of the story.
In figure we also find the loss curve (•", red curve), that is negligible at 0,1 MHz, to rise to maximum at around 5 MHz. and
dropping off at higher frequencies. The graph of figure 2 with •' and •" usually are provided by the manufacturer. For total impedance
as in formula 1, the values of •' and •" have to be added as vectors, the factor between the brackets. To determine total impedance this
vector summation has been applied in figure 2 as •c , the blue curve.
This blue curve is starting off almost equal to the purple curve, rising to a maximum value a little before the cross-over of the •' and •"
curves (ferrimagnetic resonance) after which it is dropping off to almost equal to the red curve.
Around this ferrimagnetic resonance frequency, reactance and loss are about equal which means this ferrite material is no longer
qualified for resonating circuits because of high loss (Q < 1) and around the same frequency it is also becoming less useful for
application in flux-transformers, for the same reason.
For choking applications the material still is very useful as may be appreciated from the green curve which depicts total impedance of
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a one turn inductor at 36 mm. toroide of this 4A11 (43) material; although the blue curve is falling-off at frequencies above 4 MHz.,
total impedance is still rising since the blue curve's falling-off is slower than the rising frequency effects.
Since impedance keeps on rising for a long time after the material is almost entirely lossy, this ferrite material is very much qualified
for choking applications, i.e. as a component to reduce EMC problems.

A simple calculation
Let's perform some calculations using the general EMC model. For this calculation we take 50 Ohm as the input impedance of the
disturbed system and a choke-on-ferrite as the damping actor. In the complete model the output impedance of the EMC source should
be taken into account as well. In practice this impedance is in series with the damping factor that usually is very much larger. For this
simple calculation the output impedance will therefore be left out of the equation. The picture of figure 1 now evolves into figure 3.

The voltage at the EMC source is Us and the voltage at the EMC receiver input to be Ui, the effective damping of the signal from the
source to the receiver input is:
Us / Ui = |50 + ZL| / 50

(damping is the reverse of the voltage division)

The section between vertical lines is to be taken as the absolute value (root of squares of factors) as this depicts a vector summation.
If one of the factors is more than three times the other, the last one is becoming insignificant and may be omitted. If we need for
example a damping factor of ten times, we find for the damping impedance:
10 = ZL / 50, from which ZL = 500
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The choke impedance may be calculated directly form the green curve in figure 2, that is depicting total impedance of a one turn
choke at a 36 mm. toroide of 4A11 (43) material. At 1 MHz. we find a value of 7 Ohm, at 10 MHz. of 40 Ohm and at 30 MHz. of 60
Ohm.
If we require a damping impedance ZL = 500 at a lowest frequency of 1 MHz., and we are aware this impedance is scaling with the
number of turns squared, we calculate the required number of turns from the graph of the one turn inductor according to:
n = √ (500 / 7) = 8,5 (9).
Effective impedance then becomes: ZL = (9 / 8,5) 500 Ohm = 532 Ohm, for a damping factor of 10,6 x., that we like to express in
deci-Bells according to 20 log <damping>, so 10,6 x at 1 MHz is equal to 20,5 dB
At a frequency of 10 MHz. we again may be using the values of the one turn coil:
ZL = (40 / 7) x 532 Ohm = 3043 Ohm, for a damping factor of 60,9 x, in dB: 35,7 dB and at 30 MHz.
ZL = (60 / 7) x 532 Ohm = 4560 Ohm, for a damping factor of 91,2 x, in dB: 39,2 dB.
If our receiver from the beginning of this story had been showing an S9 noise signal at the input (50 •V over 50 Ohm) at 10 MHz.,
and we would have applied the damping choke we just calculated, the new noise reading at the S-meter would have been S3 (0,82 •V
over 50 Ohm), which usually makes this noise disappear into the atmospheric back-ground noise.

Other types of ferrite
Now we found the powerful choking properties of this 4A11 (43) type of ferrite, we might be curious as to other ferrite types.
Therefore I measured the damping factor of different types of ferrite, all of the 36 mm. toroide type, all as a one turn choke.
Measurements have been performed using a HP network analyzer with 50 Ohm impedance at inputs and outputs. Results for
Ferroxcube type of ferrites may be found in figure 4.
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Figure 4: Damping at various ferrite materials

In figure 4 we may notice a number of interesting events.
Let's start-off by looking at the purple curve for 3E5 ferrite material. According to the manufacturer this material exhibits a very high
initial permeability (•i = 12000) and is meant for LF applications. The graph is showing this material to exhibit highest damping
around 700 kHz. to go down slowly at higher frequencies. Still at 20 MHz. we notice damping figures that are only half of the peak
value, meaning this still could be applied successfully for choking purposes. Also the older 3E1 type (green) may still be around at
many places and is a very good material for a wide range of frequencies.
In figure 4 we also find the better material for the lower HF frequencies is 3C11 with 3E25 as a good runner up. Best material for
middle and higher HF frequencies is 4A11 (43) type. It may come as a surprise that well known 4C65 (61) type is not so favorable at
HF frequencies for choking actions and is becoming interesting starting at 25 MHz. and above.

Combining materials
Since a wire through the hole in a toroide already accounts for a full turn, combining ferrites is effective in combining the qualities of
various types of materials to obtain overall properties as desired. I tested this idea by measuring various ferrite combinations, again as
one turn inductors. Most interesting combinations are depicted in figure 5.
http://sharon.esrac.ele.tue.nl/~on9cvd/E-Ferriet%20in%20EMC%20toepassingen.htm (7 of 14)8/14/2008 8:53:11 PM

FERRIET IN EMC TOEPASSINGEN

Figure 5. Combining ferrite materials

In figure 5 it may be found the well known 3E1 + 4C65 combination not to be the most optimum around and is even showing a
'valley' around 10 MHz. Even the purely LF combination of a double 3E25 toroide is performing better, almost up to 30 MHz.
Optimal combination appears to be 3C11 at the lower range plus midrange 4A11, with 3E25 plus 4A11 as a runner up. Where 4A11
type is not available a combination of 3C11 plus 3F4 or 3E25 plus 3F4 also will do a good job for the larger part of the HF range
between 1 and 30 MHz.
For still higher frequencies, 3E25 type is less than optimal since this is not performing satisfactory anymore around 100 MHz. and
up. Nevertheless this material is doing a great job for lower frequencies which is surprising considering this to be a presumably LF
type of frequency

Mains filtering
Next I constructed a common mode filter for EMC testing purposes.
Such a filter is a practical tool for quickly determining sources of radiation with the mains connection as an aerial or direct
conduction path. The filter is of the common mode type with differential currents at the mains frequency to pass undisturbed since
these cancel in the core and common mode currents to be blocked by the choking action.
As it happens, 'standard' three-conductor mains cord easily passes with seven turns through a 36 mm. combination of 3C11 plus
4A11. For this test tool we like the three conductor mains cord because of the third 'ground' wire for safety. Performance of this
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filtering choke may be found in figure 6.

Figure 6. Common-mode mains filters

In figure 6 it may be seen the 3C11 + 4A11 filter with 7 turns of mains wire to exhibit a nice and constant 25 dB of damping between
0,5 and 30 MHz. When comparing the damping over frequency behavior of this combination with the same combination at the one
turn 'choke' of figure 5, the difference shows at 30 MHz. and above where the 7 turns choke is degrading. Background to this
phenomenon is parasitic capacitance across the choke.
A quick calculation is showing the importance of this parasitic effect. For a damping of 25 dB (17,8 x re 50 Ohm), the impedance of
the choke should be: 17,8 x 50 Ohm = 889 Ohm and a parasitic capacitance of 7,2 pF at 25 MHz. already is equaling this. Of course
when the parallel capacitance resonates with the choke inductance , total impedance will go up although this is not a prominent effect
since the choke is very lossy at this frequency. After resonance, the capacitor is becoming the dominant parameter which takes total
impedance down at 6 dB / octave to end choke performance.
To compare I constructed the same choke, this time on the 3E1 + 4C65 combination, since this is still widely regarded as a winning
combination. In figure 6 it is obvious the latter combination is inferior by a factor two (6 dB) at 10 MHz. Above 20 MHz. the same
parasitic capacitance is ending the choke action which makes this combination overall a lesser performer.
Next I constructed the common-mode choke with the 3C11 + 4A11 combination, this time using ten turns of twin mains cord, with
the ground safety wire as a separate conductor. It is clear overall damping is increased by a factor of 2 (6 dB), but falling-off now
starts at 15 MHz. because of the somewhat larger parasitic capacitance and also because the same capacitance has an larger effect at
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this higher impedance (upper curve).
A well known suggestion is to diminish the parasitic effect by first winding half the number of turns and then crossing over to put the
next number of turns in the opposite direction. The idea is that input and output of the inductor are staying further apart, thereby
diminishing total parasitic capacitance. As it happens, total performance of this choke was somewhat worse, probably since the
crossing-over wire is 'seeing' more turns of increasing voltage before the next windings start at lowering this again. Cross-over
windings to diminish parasitic capacitance therefore appear to be not such a good idea.
The final twin-cord choke has been constructed making each next turn at the inside to partly overlap the previous; this will allow a
choke with a total of 10 turns with a relatively large distance between first and last turn which are carrying highest potential
difference (largest effect on parasitic capacitance). This 10 turns choke is trading 6 dB more damping over the largest part of HF
frequencies for 1,6 dB less performance at 30 MHz. when compared to the seven turn filter.
From above tests and measurements we may conclude best common-mode mains damping choke to consist of:
- combining 3C11 and 4A11 type of ferrite
- maximum 10 turns of twin mains cord with the safety wire as a separate conductor
- ensuring a relatively large distance between first and last turn, this not to spoil later-on by allowing input to cross output wires.
Such a common-mode test filter will ensure around 30 dB of damping over the entire HF frequency range. Picture 1 is showing this
EMC test tool.

Picture 1: Common-mode filter for EMC testing
To get an idea about the performance of a dedicated mains-filter, I measured an metal encapsulated filter of comparable volume and
quality ( 2A / 250 V). This filter, by the brand name of Corcom, was laying around in the junk-box for some time, so probably not the
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latest and best around. This type of filter usually consists of pi-type of configuration (C's to 'ground', choke in series) for each mains
conductor. Figure 7 is showing the performance of this filter with the EMC-testing tool as a reference.

Figure 7: Encapsulated mains filter versus common-mode 'EMC-tool'

From figure 7 it may be appreciated a dedicated mains filter to far outperform a simple EMC choke, although the latter may serve its
purpose quite well as a quick diagnostic tool and even final solution for various EMC problems (loudspeaker wiring).
Again the effect of the inevitable parasitic capacitance is obviously degrading filter performance starting at 5 MHz. and beyond. At
the extreme frequency of 50 MHz. performance of the Corcom filter is approaching the EMC tool as 'external factor's' (parasitic
capacitance) are determining filter behavior.
For this type of dedicated mains filter to reach maximum performance, better make sure the connection between the encapsulation
and the cabinet is as short as possible and also the mains wiring to reach the filter inside the cabinet, to avoid parasitic coupling.
Mains filters therefore often are constructed as an encapsulated box with the encapsulation directly connected to the cabinet and the
connection to the mains as socket on the outside of the cabinet.

Damping and transmission-line transformers
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At this stage it is instructive to make a link to transmission-line transformers, see also the dedicated chapters.
An important factor to the operation of this type of transformers is to isolate the input from the output at every transmission line. To
this extend, everything as discussed around choking performance is directly applicable to these transformers, including very wide
band performance using not-so-very wide band materials, as long as input to output damping remains high. This is the ultimate
reason why transmission-line transformers may operate over a wider bandwidth than flux transformers, that rely on the core magnetic
field to transfer energy. To the latter, core loss is a direct disadvantage, where this as at least insignificant and usually advantageous
to the performance of transmission-line transformers.

Maximum choke loading
Although chokes on ferrite core may be applied in a wide variety of systems, a few limiting factor still apply. These limiting factors
are discussed more extensively in the articles on Ferrites in HF applications. A few dedicated lines on maximum power loading
however may also be useful in this chapter.
Power loading should always be checked at chokes in transmitter output stages and all other positions with large HF voltages and
currents. Since chokes are being applied for a wide frequency range especially beyond ferrimagnetic resonance, high choke
impedance is maintained in particular because of the high loss factor into which power may be dissipated. Maximum choke voltage
for maximum allowable internal core dissipation of 4 Watt in a 36 mm. toroide may be calculated using:
UL(dissipation) = √(4 . total impedance)
This simple formula holds for all ferrite materials at HF frequencies, that are applied beyond their ferrimagnetic resonance frequency,
which means all materials with an initial permeability of 700 and higher and above 1 MHz. Below this resonance frequency,
materials may be loaded to a higher extend and the complete loading formula should be applied as derived in Ferrites in HF
applications. These higher loading factors explicitly apply to materials for higher HF frequencies e.g. 4C65 (61) type of material with
permeability of 150 and below.
As an example for 'standard' choke ferrite we may find damping is 31 dB at 3 MHz. (factor 35,5) relative to 50 Ohm, for the ten-turn
choke on a 36 mm. toroide in figure 6. From this we calculate choke impedance as 35,5 x 50 = 1800 Ohm, and maximum voltage
across this choke with:
UL(dissipation) = √(4 . 1800) = 84 volt.
This voltage would make this choke perfectly fit to be switched in parallel to the output of a 100 W. HF transceiver, that will generate
70 Volt across 50 Ohm in a continuous mode.
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Note 1: This maximum dissipation voltage is calculated in parallel to the choke as a common-mode voltage. In a mains choking
situation, the mains voltages appears between the conductors, so in a differential mode. This voltage is only limited by the isolation
strength of the (twin, mains) wires and does not influence choke limits.
Note 2: The common-mode filter as in our EMC tool is consisting of two different material toroides, each with its unique frequency
dependent qualities. These have been selected to each be optimal at a particular frequency range, with that particular ferrite material
taking most of the action. In between, where both materials are acting together, the total load 'burden' is shared between both
materials so total load may be higher than calculated (twice).

Color coding
Many ferrite manufacturers tend to drift away from color coding toroides, and so material distinction has to be guaranteed by the
reseller. Still many color coded materials are around in appliances and junk-boxes so a table listing the coding scheme as handled by
Ferroxcube may still be useful.
Material

color

3C81
3C90
3E1
3E5
3E6
3E25
3E27
3F3
3F4
3S4
4A11
4C65

brown/white
ultra-marine
green
white / yellow
purple/white
orange
green/white
blue
brown-beige
uncoated
uncoated / pink
violet

Since color coding is on its way out, it is always useful to determine material type and quality locally. At "Ferrites in HF
applications" methods have been described to this extend, that are simple and may easily be performed at home.
Finally
Thanks for asking. The the wide band noise problem that started-off this article indeed could be solved after applying the choke
techniques to the mains connection lead.

http://sharon.esrac.ele.tue.nl/~on9cvd/E-Ferriet%20in%20EMC%20toepassingen.htm (13 of 14)8/14/2008 8:53:11 PM

FERRIET IN EMC TOEPASSINGEN

Bob J. van Donselaar
mailto:on9cvd@amsat.org

http://sharon.esrac.ele.tue.nl/~on9cvd/E-Ferriet%20in%20EMC%20toepassingen.htm (14 of 14)8/14/2008 8:53:11 PM

Deel 4

Index
current trafo
TL-trafo types
TL-band width
max. load
basic rules
1 : 1 trafo
1 : 1 example
alternatives

Ferrites in HF-applications
Transmission-line transformers
Introductory
(published in Electron # 12, 2001)

General
This chapter is the fourth in a series of articles on ferrite materials in HF-applications. The first article is an introduction to this
field with an overview of some widely applied materials and most important properties. The second article is on materials
back-ground and most important HF-application formulas. The third article is on HF inductors and transformers. It is advisable
to read the articles in the above order especially since each next chapter is building on information and formula's already
explained earlier and referencing to this.

Introduction
Transmission-lines have been designed to transport energy from one position to the next under low-loss conditions. These line
are applied when other types of energy transport no longer fulfill this requirement because of loss or radiation mechanisms or
bandwidth reasons.
Since transmission-lines especially are applied at higher frequencies and wide bandwidth they may also be successfully
applied in impedance transformers when smartly combining inputs and outputs of these lines. Currents and / or voltages may
be added up to fulfill required impedance conditions which may be different from the input to the output of these transformers.
The upcoming paragraphs will discuss the design and construction parameters of transmission-line transformers, the
application area's and frequency limits and the requirements to the ferrite cores of these devices.

Current to transmission-line transformer
A transmission-line transformer usually consists of a (number of) basic element(s), build very much like the current
transformer in the previous chapter and is repeated in figure 9a.
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A transmission-line transformer consists of two, closely coupled conductors to keep the electro-magnetic field 'inside'. This
condition applies to coaxial transmission lines and nearly so to symmetrical lines. The basic transformer element therefore is
represented in figure 9a as a current transformer with equal number of turns. Since coupling is 'perfect', i1 is equal to i2, but of
opposite phase. Since this 'ideal transformer' is perfect (lossless), u2 is equal to u1.
Transmission-line transformers may be designed for various transformer ratio's. When connecting output terminal D to input
terminal A and the load resistor Rb between terminal C and ground, the output voltage u2 is added to the input voltage u1,
doubling the voltage across Rb. This will turn the 1 : 1 transformer of figure 9a into a 1 : 2 (auto, voltage-) transformer of
figure 9b, making up to a 1 : 4 impedance transformer.
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Since 'winding' BD in figure 9b is across the load, the generator will have to supply an additional current to the circuit, that is
not shared by the load. This additional current we like to make as small as practical.
To the differential electro-magnetic field between the conductors it makes no difference whether these are lay-out in a straight
line or being curved or even rolled up into a coil. The (transmission-) line is still determining the transmission characteristics.
The coiled-up transmission-line however is acting as an inductor, presenting a high(er) impedance with frequency for all
currents common to both inductors (common-mode). This is particularly the case for all currents in the BD winding, which we
now are free to suppress by making the common mode impedance high by adding a (ferrite) core to this common-mode
inductor. The common-mode impedance is represented in figure 10 as the parallel impedance Zsleeve.

Let's take a closer look at this sleeve impedance.
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When making the transmission-line very long, sleeve impedance will be high since impedance is scaling at about 1 •H /
meter with line length in a first order approximation.
Signals at the output of a transmission-line will be delayed with respect to the input, depending on the velocity factor and line
length (RG58; vf = 0,66). Therefore, a long transmission-line will exhibit a high sleeve impedance (which is nice) and also a
much delayed output signal, which is may be not so nice when adding input to output signals as in figure 9b. This effect would
make transmission-line transformer frequency-dependent, which we like to avoid in wide-band applications.
We may avoid signal delay by keeping the transmission-lines as short as practical. High sleeve impedance may be obtained by
making the line into a coil (inductance) and even shorter lines will become practical when constructing this inductor on a
ferrite core. Depending on type of ferrite and number of turns we may now make sleeve impedance high enough to choke
(outside) parasitic currents while at the same time keeping the lines as short as practical. Since the signal is 'locked-up' inside
the transmission-line, outside constructions do not influence this signal, whether this is a lossless inductor or a lossy choke; the
transmission-line is still fully in charge of transporting the signal from input to output.
So the transmission-lines of the transformer should be short. But just how short is reasonable? If we are to design the
transformer of figure 9b on a 36 mm. toroide of 4A11 type of ferrite for a lower operating frequency of 3,6 MHz., we only
need 3 turns of RG58-type of coax. Physical length of these three turns will turn out at 30 cm., which will make an electrical
length of about 50 cm. (vf = 0,66). This 50 cm. already represents a phase shift of 180 degree at 150 MHz. at the output of the
transformer, which would completely cancel the input signal when adding output to input as in figure 9b. This transformer will
therefore exhibit an upper frequency of far less than 150 MHz. and in fact stop at 75 MHz. if we consider - 3dB of signal
transfer as the limiting factor.
For some transmission-line transformer types it is possible to utilize one ferrite core for more than one transmission line. We
will signal at each design when this will be allowed without creating opposing magnetizing fields in the core that would
negatively influence choke action.
Jerry Sevick, W2FMI, made a collection of his professionally designed transmission-line transformers available to the public
in his book: 'Transmission Line Transformers', available from Amazon and ARRL. Next to many transformers Jerry explains
how to measure and construct these as well as how to obtain the odd transmission-line of non-standard characteristic
impedance.

A few basic transmission-line transformers
Transmission-line transformers have arrived not long after 'commercial' transmission-lines became available. Basic type for
matching un-balanced to balanced type of circuits may be the oldest of these transformers and is depicted in figure 11.
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The high sleeve impedance effectively decouples the transformer output from the input, making the output 'free-floating' and
disconnects the load from ground reference at the input: an effective un-balance to balance transformer.
In 1944 Guanella extended this basic transmission-line transformer in an article called 'Novel Matching Systems for High
Frequencies'. The Guanella type consists of one or more basic elements, connected in series or in parallel at the input and / or
output of the transformer of which an example may be seen in figure 12.
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At the input the two transmission-lines are in parallel to the generator U. The generator voltage is also present at the output of
each line, this time connected in series. Across the load Rb we therefore find a voltage of 2*U, making this circuit into a 1 : 2
voltage transformer or 1 : 4 impedance transformer.
Some time after Guanella, Ruthroff analyzed in 1959 a variation to this type of transmission-line transformers in a paper titled:
'Some Broadband Transformers’. Basic difference to Guanella is Ruthroff to add delayed voltages to un-delayed ones as may
be seen in figure 13.
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Since the output of the transmission-line is 'free-floating', it may be connected to any other point of the circuit, also to ground
or to the input terminal. By connecting to the input, the output voltage is effectively put in series with the input voltage, again
adding up to two times the input voltage across the load Rb. This simplified construction yields a 1 : 4 impedance transformer,
analogue to the double transmission-line Guanella-type. Because of the difference in circuit lay-out, differences will also be
found in behavior as to frequency, transformer loading, sensitivity to sleeve impedance and termination resistance etc. This
will be discussed in the upcoming chapters.

Transformer bandwidth
The practical bandwidth of a transmission-line transformer is limited at the low-frequency side by the sleeve impedance, since
this impedance is situated in parallel tot the signal path either directly (Ruthroff) or indirectly depending on load conditions
(Guanella in an unbalanced situation). High frequency limit is determined by more than one parameter e.g. transmission-line
length and / or line-length differences, (characteristic) termination and /or parasitics in series (inductive) or in parallel
(capacitive) to the transformer. Well designed transmission-line transformers however may be applied for very wide
bandwidth, depending on the specific type of transformer. In general this type of transformers easily outperform fluxtransformers, as described in an earlier paragraph.
Bandwidth definition
Transformer 'bandwidth' is not strictly defined. For this discussion, bandwidth will be defined as the range of frequencies of a
terminated transformer that will exhibit at the input of the transformer SWR < 1,5. Different definitions are very well possible
as may be found in the earlier mentioned book on transmission-line transformers by Sevick, who prefers SWR < 2 frequencies.
Low frequency side
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Low frequency side is determined by the sleeve impedance, Zsleeve, that is found in parallel to the signal path or may be found
here at 'adverse' loading conditions. At the low frequency side, Zsleeve is a more or less 'pure' inductor, so Zsleeve = Xp. When
placed in parallel to the system impedance Zin, this reactance will make a non-characteristic input impedance, we may
calculate as:

(28)
Many systems will be designed around 50 Ohm. When requiring SWR< 1,5, we may calculate the lowest sleeve impedance as:
and from this: XP = 50 x 2,45 = 122,5 Ω.
At a lower operating frequency of 1,8 MHz. this translates to an inductance of 10,8 µH. When we decide to construct this
transformer around a 36 mm., 4C65 ferrite toroide, this will be accomplished by placing 8 turns of RG58 on this core.
If we would like to design a 'perfect' transformer, we may decide to use more turns to lower SWR. If it were possible to place
three times as much turns at this core, creating a nine times as high a parallel impedance, we still would find SWR = 1,11 at
the transformer input. As stated earlier, we will apply SWR < 1,5 as the limiting condition of our transformer designs, so for
all further transformer designs we will calculate sleeve impedance at the lowest operating frequency through: Xp = 2,5 •Zin
The number of turns for this type of transformers may be calculated using formula 13:
Xp = ω • n2 • µ • F
c

with F = µ . A/l = AL/ µ (formula 8)
0
i

With Xp = 2,5 • Zin , number of turn will follow from:
=

(29)

High frequency side
Transmission-lines will transform a terminating impedance at the output to a different impedance at the input. In a limiting
situation with the terminating impedance equal to the characteristic impedance of the transmission-line, we find the same
characteristic impedance also at the input of the line. The transforming characteristics of the transmission-line depend very
much on the specific, wavelength related length of this line. In a different limiting situation, a 'short' at one side of the line will
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translate into an 'open' at the other side, with electrical line length at exactly 1/4 wavelength, and vice versa. Any other
impedance may be found in between these limiting situations.
At higher frequencies, the transmission-line will be relatively longer with respect to the wavelength and so we may conclude
that mis-matching the output will be more important at the input at higher frequencies.
We noticed in the chapter on ferrite chokes that when parasitic parallel capacitance is becoming the dominant factor, choke
impedance will drop sharply with frequency. Transmission-line transformers rely on input to output isolation for operation, so
like chokes a transformer will be at its limiting frequency when the parasitic capacitance across the sleeve impedance no
longer isolates the output from the input of the transformer. A good design ensures low parasitic parallel capacitance by
avoiding input winding to be too close to the output winding and / or in- between windings to overlap.
Conclusions on bandwidth
In conclusion we may decide that a high band-width transmission-line transformer should be made with a low number of turns.
To still obtain high enough input to output isolation, a relatively high permeability ferrite should be selected, so rather 4A11
(43) than 4C65 (61) type of materials. A better low frequency response (more turns, better SWR) should be checked against
high frequency behavior with will require less turns for less delay (difference), and better tolerance against non characteristic
termination.

Transformer load
Transmission-line transformers often are applied in wide-band high(er) power application. Power requirements therefore
usually are an important factor and it pays to have a clear view on the power determining factors.
Since transmission-lines in these application usually are very short, transmission-line loss usually is insignificant to other
parameters. We will look at these other factors in the next paragraphs.
Maximum transmission-line power
Various parameters determine the maximum power load on a transmission line with maximum voltage as one of the more
important. As it happens, maximum allowed line voltage will not easily be exceeded in amateur transformers. For RG58
material, a maximum of 1000 volt is specified, which in theory will be reached at 10 kW. in a 50 Ohm system. Next parameter
is maximum power, which is to be de-rated with frequency and is specified for RG58 as 350 Watt at 30 MHz. It is therefore
usually maximum current that will set the power limit, at 30 MHz. not to exceed 2,6 A.
For many transmission-line constructions it is more convenient to apply small diameter miniature Teflon transmission-line,
since loss is not an important factor at short line length. Since center conductor is even smaller, maximum power (current)
should be checked even at medium power applications.
Maximum core induction load
In earlier chapters we found that for linear applications, maximum induction, Bmax = 0,2 Bsat should not be exceeded. With a
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certain selection of core type and size, maximum voltage for linear application is further determined by the number of turns
according to:
UL(induction) < 0,89 • Bsat • f • n • A
Maximum core power load
Usually the most important factor to determine maximum signal power in a transmission-line transformer is core temperature.
As stated before, it is advisable to keep maximum core temperature rise below 30 K, to remain below Curie temperature for
some ferrites but also to stay out of the temperature regime when transmission-line support materials start losing mechanical
integrity. In formula 19 we found a direct way to determine maximum voltage across an inductor as related to internal power
dissipation, to stay below this maximum core load:

UL(dissipatie) = 2,8

•10-3

______________
• n • µ • √Pmax • f • A / µ"• l
c

For transmission-line transformers, this maximum voltage is found across the sleeve choke, that ensures input to output
isolation. From this formula it may be decided that higher number of turns directly increases the maximum inductor voltage, as
will higher ferrite volume (related to Pmax and A) and lower ferrite loss (µ").
In general it is advisable to always check maximum voltage for core dissipation as well as for induction when designing these
transformers, especially when applying the enhancement factors of table 4 in the second chapter.

Guanella and Ruthroff transformers
Starting with this chapter a number of transmission-line transformers will be designed and analyzed, all adhering to a few very
simple and basic rules. These rules may seem all too obvious but show to be very powerful when analyzing complicated
designs.
° Currents in the coupled conductors of a transmission-line are equal in magnitude but opposite in phase
(total coupling rule).
° For every transmission-line the output voltage will be identical (magnitude and phase) to the input voltage
(no loss rule).
° There is no other connection between the transformer input and output than through the transmission-line
(total decoupling rule).
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Transmission-line transformer 1 : 1
The most basic transmission-line transformer is no more than the basic element, usually applied as a balance to unbalance
transformer, a balun, as in figure 14.

This basis element is consisting of a short stretch of transmission-line, usually coiled up around a (ferrite) core.
The generator voltage at the input is also present at the output (basic rule 32). The generator current is going through the
transmission-line, through the load and returns through the transmission-line in equal magnitude and opposite phase (basic rule
31) to the generator. This return current will flow through the inner side of the transmission-line, since the outside of the line is
coiled-up around a high permeability core and will present a high impedance; the output is well isolated from the input (basic
rule 33).
Because of this high isolation, the output is 'free-floating' with equal (infinite) impedance to ground for both output terminals,
a balanced situation. This effect turns this basic element into an effective balance to unbalance transformer, a balun.
The analysis of this basic element 'transformer' is trivial, but will be explicitly spelled out since this 'recipe' will be followed
throughout all further analysis and will turn out to be a very practical tool.
Since we find a current, 'i' through the load and a voltage 'u' across, we may write:
Rb = u / i
Every other impedance in this circuit will be expressed in this ratio of voltage and current and will therefore be referenced to
the output impedance. In figure 14 the generator is delivering a current 'i', at a voltage 'u', so will 'see' an input impedance:
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Zin = u / i which is equal to Rb
The transformer (impedance) ratio indeed is 1 : 1. The transmission-line is carrying a current 'i' and 'sees' a voltage 'u' across.
The characteristic impedance of this transmission-line therefore should be:
Z0 = u / i = Rb
The transmission-line also should have a characteristic impedance which is equal to the load resistor. This is obvious for the
above situation but will be different for other types of transmission-line transformers.

A 1 : 1 balun application example
The balun as analyzed above will be applied quite often when connecting a symmetrical antenna to an
asymmetrical transmission-line. Without a balun, the antenna is connected to the generator through the transmission line. At the
same time, one side of the symmetrical antenna is connected to the outside of the transmission line. This outside is also acting
as an additional, vertical antenna, that not only is sensitive to all vertically polarized 'electro-smog' around the house
(computer, TV, especially your neighbor's), but will also radiate in this direction causing unwanted EMC in your shack and
again at your neighbor's. Furthermore, the antenna will exhibit a different radiation pattern than you catered for. This antenna
situation is depicted in figure 15.
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The amount of energy the out-side feed-line will radiate is depending amongst other parameters on the line length. Some
length may represent a low impedance into which a major amount of current will flow, turning this line into the more
important radiator. To avoid this situation, the antenna should be decoupled from the (outside) line, for instance by means of a
sleeve choke, current balun or 1 : 1 transmission-line balun.
Antenna system analysis
For this analysis we will divide the antenna radiation resistance evenly over each dipole half and model the complete antenna
plus feed-line system as in figure 16.

In figure 16 we find the balun as part of the feed-line, directly connected to the antenna. For our model calculation, we
presume the feed-line to the transceiver to be short and the transceiver to be connected to ground, as a worst-case situation.
The antenna will exhibit a radiation resistance of 50 Ohm at an operating frequency of 1,5 MHz.
To render the sleeve current insignificant as compared to the antenna current, sleeve impedance (reactance plus loss) should be
at least four times as high (making power sixteen times as low). At the design frequency, sleeve impedance should therefore
be: 4 x 50 = 200 Ohm.
When selecting a 36 mm. toroide of 4A11 (= 43) type of ferrite material, we recalculate the winding-factor AL (presented in
table 1 as 940 nH/n2 at DC, with µ = 700) for our operating frequency of 1,5 MHz. by first determining the shape factor, using
i
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formula 8:
F = µ • A / l = AL / µ = 940 .10–7 / 700 = 1,34 .10-9
0
i
Using formula 8, and the complex permeability from table 2, the winding factor at our operating frequency is:
AZ(1,5MHz) = F • µ

C(1,5 MHz)

= 1,34 • 10-9 • 916 = 1227 •10-9

With 5 turns of RG58 transmission-line around this toroide we calculate sleeve impedance at:
Zsleeve = ω • n² • AZ(1,5MHz) = 289 Ω
which is more than eleven times as high as the impedance in parallel (half radiation resistance). This effectively stops any
significant current from flowing in the (outside) sleeve, and back to the shack to cause any type of interference.
Induction and power
We calculate maximum allowable field strength for linear operation inside the balun core using formula 5:
UL < 0,89 • Bsat • f • n • A = 0,89 • 0,33 • 1,5 • 106 • 5 • 1,18 • 10-4 = 257 V.
The maximum voltage is across half the radiation resistance in the model of figure 16, effectively doubling the allowable
transmitter voltage to 514 V.
The second limiting factor is the maximum allowable power-loss in the core, which we determined at 4 Watt for a temperature
rise of 30 K for this core size. Using formula 19, we may now calculate maximum voltage across this 36 mm., 4A11 ferrite
core at:

V
Since this again is halved at the antenna, the maximum allowable voltage at the antenna is 172 V., which translates into 592
Watt of system power in a 50 Ohm system. When this will not satisfy our requirements, we find in formula 19 that we may
improve by enlarging the number of turns, 'n' or the core size (factors 'A' and Pmax).
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Remember this calculation to be made for a continuous power situation, so enhancement factors may be applied according to
table 4 depending on the transmitting mode. When applying these factors, one should always re-check maximum voltage for
linear use with formula 5.
Alternatives to the 1 : 1 balun
For this particular functionality we may have decided to construct an 'air balun' type, by coiling the transmission-line into an
inductor without a ferrite core. If we would like the same type of performance at the design frequency, an air coil with a
diameter of about 10 cm. should need at least 14 turns. Not only will this balun be much larger than our ferrite balun, but will
also suffer from a much larger parasitic parallel capacity, lowering the high-frequency limit to one quarter or less.
A variation to winding the transmission-line around a ferrite core is to 'wind' a ferrite core around a transmission-line. In this
variation, a number of ferrite rings is slipped onto the line as beads on a string. Since these rings in effect are one-turn
inductors, a larger number is needed to obtain the desired impedance especially since these (usually small) ferrite rings exhibit
a much lower winding factor each. As an example for a comparable performance choke and using RG58 type of coax, we
would need 56 toroides of 4A11 type (43) ferrite, TN 10/6/4 size, adding up to a balun length of 25 cm. Since power rating is
scaling with volume and these rings are small, power dissipation per ring is also much smaller making total power rating of
this ring balun smaller than the single balun on a 36 mm. toroide, in spite of the large number of beads. The 56 bead sleeve
balun will handle maximum around 150 Watt in a 50 Ohm system, as compared to over 500 Watt of the 36 mm., 5 turn balun.
The parasitic parallel capacitor however is much smaller than in the 36 mm. toroide with the turns next to each other. The
latter however will easily be practical to over 100 MHz., making this balun very much suited for HF purposes. The ring balun
will easily handle be effective to over 250 MHz., making this type an excellent balun for measuring purposes.
More types of 1 : 1 balun are possible and practical and will be discussed in a dedicated article on these components in Balun.
For more information on transmission-line transformers, please look at the next chapter.
Bob J. van Donselaar
mailto:on9cvd@amsat.org
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General
This chapter is the fifth in a series of articles on ferrite materials in HF-applications. The first article is an introduction to this field
with an overview of some widely applied materials and most important properties. The second article is on materials back-ground
and most important HF-application formulas. The third article is on HF inductors and transformers. The fourth article is an
introductory to transmission-line transformers.
It is advisable to read the articles in the above order especially since each next chapter is building on information and formula's
already explained earlier and referencing to this.

Guanella and Ruthroff 1 : 4 unun
Guanella
A schematic diagram of a Guanella 1 : 4 unun may be found in figure 17. Two transmission-lines are connected in parallel at the
input, while the outputs are connected in series and in series with the load Rb.
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Transformer analysis
The voltages and currents have been drawn in figure 17 according to the principles 31 - 33. Each following analysis will start off
with this 'exercise' as this first step already completes half of the analysis.
At the generator side, transmission-lines are connected in parallel, so each is connected to a voltage 'u'. At the load side, the center
conductor of the bottom transmission line is connected to the outer conductor of the upper line, effectively putting the outputs of the
transformer in series, so the output voltages will add. With the inputs connected in parallel and each transmission-line is carrying a
voltage 'u', the load is connected across a voltage '2.u', making this construction a 1 : 2 voltage transformer.
At the input the transmission-lines each are carrying a current 'i'; the generator therefore carries a current '2 . i'.
With voltages and currents in position in figure 17, all impedances will be referenced to the load in the next step.
A voltage of '2.u' is found across the load with a current of 'i' flowing. Load resistance is characterized by:
Rb = 2.u / i.
The generator carriers a voltage 'u', with a current '2.i' flowing. This will make the generator 'see' an impedance:

Zin

(u / 2i)
= --------- * Rb = Rb / 4
(2u / i)

This indeed is a 1 : 4 impedance transformer.
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Each of the transmission-lines is carrying a current 'i' with a voltage 'u' across. Optimal characteristic impedance for these lines
follows from:
(u / i)
ZC = -------- * Rb = Rb / 2
(2u / i)
When this transformer is to operate in a 50 Ohm environment (Zin), optimal load resistance will be 4 x 50 = 200 Ohm while
transmission-lines should have a characteristic impedance of 100 Ohm, for which RG 62 comes close at 93 Ohm. This type of cable
still might be found in older data networks.
Sleeve impedance
No voltage is found across the outside of the bottom transmission-line, so no (parasitic, return) current will flow.
At the upper transmission-line, the outside is at ground potential at the generator and at a potential of 'u' at the load. The outside of
this line therefore is effective connected across the generator (same potential). This parallel reactance we like to be of 'negligible'
influence, for which we derived this to be at least 2,5 x the system impedance, so we calculate:
Zsleeve = 2,5 x Zin = 2,5 x Rb / 4 = 0,625 Rb
In our 50 Ohm example, Zsleeve will be 125 Ohm at the lowest design frequency, for this example 1,5 MHz. When selecting a 36
mm. toroide of 4A11 (43) ferrite material we calculate the number of turns (see previous chapters):
n = √(125 / ω . µ . F) = 3,3 (3)
C

Note that we calculated the upper transmission-line (length!); the bottom line will have the identical length (equal delay Guanella
principle).
Maximum core load
We calculate maximum voltage across the sleeve reactance for this core (A = 1,18 .10-4 m2 and Bsat = 0,33 T) for linear behavior at
1,5 MHz. according to:
UL (induction) < 0,89 .Bsat .f .n .A = 0,89 .0,33 .1,5 .106 .3 .1,18 .10-4 = 156 V.
As we expect core dissipation to set the application limit, we calculate maximum voltage across the sleeve reactance for maximum
4 Watts of core loss:
_____________
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UL(dissipation) < 2,8.10-3. n . µ \/ Pmax.f.A / (l. µ”)
C

= 2,8.

___________________________
9,24.10-2.170 = 52 V.

10-3.3.916.\/4.1,5.106.1,18.10-4/

As expected this lower value will set the application limit, in a 50 Ohm system to be reached at 53 Watt. Depending on modulation
we may go up to 3,2 x this voltage (SSB, see enhancement factors in the second chapter) but this value should be checked against
maximum voltage for linear application (UL(induction)). More turns and / or more ferrite (volume) will also allow higher voltages.
One or two cores?
This Guanella 1 : 4 transformer may be constructed on one ferrite toroide, when winding in the same direction. In the above
example, the transformer could be made by placing six turns on the core and cutting half way. At this position lines are to be
connected in parallel (effectively creating a parallel tap on the line) while at the other side the lines are connected in series.

Different characteristic impedance?
The characteristic impedance of the transmission-line is especially important at the high-frequency limit of the transformer. We
calculated transmission-line impedance to be 100 Ohm in our 50 to 200 Ohm example. Since 50 Ohm line is more common we may
want to construct the transformer with this type of line. As an example a transformer with this line impedance was exhibiting SWR
= 2 at 100 MHz. Measuring the same transformer when terminated into 100 Ohm, as required for a 25 to 100 ratio, SWR = 1,1 at
200 MHz.
In this last measurement set-up two effects are active at the same time. One effect points at the importance of the characteristic
impedance of the transmission-line in the transformer, the other points at the effect of the relative line length as related to
mismatching impedance.
To further investigate the effect of mismatching we calculated behavior over frequency of a Guanella 1 : 4 impedance transformer
with m = Rb / Z0 (or reversed!) as a parameter. The transformer has been constructed on a 36 mm. toroide with two times three
turns of transmission-line each with an electrical length of 50 cm. Figure 18 depicts high frequency cut-off related to mismatch
parameter 'm' for two SWR cut-off definitions. Calculations have been verified with measurements afterwards and appear to be
reliable.
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Figure 18: High-frequency cut-off of a 1 : 4 Guanella 1 : 4 transformer

In figure 18 high frequency cut-off is going down rapidly with rising mismatch. At a mismatching of 2 (red line) high frequency cutoff is down to 25 MHz. at the SWR = 1,5 definition and to 45 MHz. at SWR = 2.
When total line length was 70 cm. instead, frequencies in this graph should be multiplied by 50 / 70 (0,71) making this transformer
even more sensitive to mismatching.

Ruthroff
Since the line output is completely decoupled from the input (basic rule 33), we may connect any of the output terminals to any
other point in the circuit or to ground, as depicted by the dashed ground symbol in figure 17. Note the lower terminal of the upper
transmission-line to be at a potential 'u', which is equal to the generator potential. Therefore we may directly connect this terminal
to the generator and leave out the bottom transmission-line. This situation is depicted in figure 19, the Ruthroff 1 : 4 unun.
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After applying basic rules 31 - 33, voltages and currents may be placed in the figure. As with the Guanella, the generator with a
voltage 'u' is supplying a current '2.i', the transmission-line is carrying a voltage 'u' with a current 'i' while the load is carrying a
current 'i' with a voltage '2.u' across. The Ruthroff will therefore exhibit the same characteristics as a 1 : 4 Guanella impedance
transformer, including the requirements as to the transmission-line.
For a 50 - 200 Ohm application, the transmission-line should have a characteristic impedance of 100 Ohm. When constructing this
transformer on a 36 mm. 4A11 (43) ferrite core, we again need three turns at a lower operational frequency of 1,5 MHz. Maximum
load is identical to the Guanella with the same possibilities to extend this.
Also with this transformer a few tests have been performed to determine sensitivity to the transmission-line characteristic
impedance. For these tests the transformer has been constructed using three turns 93 Ohm transmission - line on a 36 mm. 4A11
toroide.
With our SWR = 1,5 definition, frequency range is 0,5 - 120 MHz. The same transformer has been constructed on the same toroide,
this time using 50 Ohm transmission-line. This time the frequency range was 0,5 - 100 MHz.
We noticed before that the Ruthroff concepts adds direct voltages to delayed ones. This makes this transformer more sensitive to
the transmission-line length. For this reason designers sometimes prefer the somewhat 'larger' Guanella to the Ruthroff principle.

Guanella and Ruthroff 1:4 balun
Guanella
The Guanella balun in figure 20 is very much like the figure 17 design. Since all outputs are decoupled from the input any of the
output terminals may be connected to ground, also the center connection. In this latter situation the unun of figure 17 is transformed
into a the balun of figure 20.
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After we placed all currents and voltages into the figure according to the basic rules 31 - 33, an almost identical situation arises and
all impedances are the same as derived before. One of the differences is the voltage at the lower output terminal of the bottom
transmission-line, that is now at a voltage of '-u', while the voltage on the upper terminal of the top line is at 'u' voltage. Therefore it
is now the outside of the lower terminal that is carrying the voltage 'u', where we should ensure a low parasitic current in stead of
the outside of the upper line.
When constructing this transformer for an impedance ratio of 50 - 200 Ohm, we again should be using a 36 mm. toroide of 4A11
(43) ferrite material and when designing for a lower operating frequency of 1,5 MHz., we should again apply three turns of
transmission-line with 100 Ohm of characteristic impedance. Of cause both lines will be of equal length (equal delay). Again both
lines may be on the same toroide as above.

Ruthroff
In figure 20 we find a voltage of 'u' at the top of the load, that is equal to the generator voltage. Therefore we may connect this side
of the load directly to the generator and leave out the upper transmission-line. The circuit of figure 20 then resolves into figure 21,
the Ruthroff 1 : 4 balun.
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Identical to the Ruthroff unun, this circuit will function for short length of the transmission-line (low delay). The pattern of voltages
and currents according to the basic rules 31 - 33 is identical to the Guanella, so all impedance calculations apply including the
characteristic impedance of the transmission-line and the minimum impedance of the sleeve impedance (toroide size, ferrite type,
number of turns) at the lowest frequency of operation.

Guanella and Ruthroff 1 : 9 unun
Guanella
The Guanella 1 : 9 is build-up in an identical way as the Guanella 1 : 4 unun, using the same basic elements. Inputs are in parallel
and all outputs in series, putting a voltage of three times the input voltage across the load. This makes for an impedance ratio of 1 :
9 as may be appreciated from figure 22. Note the un-even number of lines will exclude a balancing output terminal to ground.

http://sharon.esrac.ele.tue.nl/~on9cvd/E-Transmissielijn%20trafo's,%20voorbeelden.htm (8 of 17)8/14/2008 8:54:08 PM

De Guanella en de Ruthroff 1:4 unun

Analysis
Applying the basic principles of 31 - 33 will complete the picture of voltages and currents in the figure. From this it follows that a
voltage of '3.u' is across the load with a current 'i' flowing. At the generator is a voltage 'u' with a current of '3.i' flowing. The
generator therefore 'sees' an impedance of:

Zin

(u / 3i)
= --------- * Rb = Rb / 9
(3u / i)

Each of the transmission-lines is carrying a voltage 'u' with a current 'i' flowing, requiring a characteristic impedance of:
(u / i)
Zc = -------- * Rb = Rb / 3
(3u / i)
Transmission-lines
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When we like to design a transformer for an impedance range 50 - 450 Ohm, the characteristic impedance of the transmission-lines
should be 450 / 3 = 150 Ohm. This is a value normally not available in coaxial lines. Twisting a pair of plastic isolated, mounting
wires (0,5 mm. single strand) makes up for a characteristic impedance in the range of 100 - 150 Ohm, that usually will do.
Experiment with wire diameter for the required application power and isolation for minimum loss (avoid pvc isolation as this is
very lossy at HF frequencies).
Sleeve impedance
As we derived before, total parallel reactance at the input should be higher than 2,5 x Zin = 2,5 x Rb /9 = 0,28 Rb.
In figure 22 we notice no voltage across the length of the lower transmission-line, a voltage of 'u' across the middle line and a
voltage of '2.u' across the upper line, translating into two times the impedance for the upper line to the middle line for equal
currents. These impedance are found in parallel at the input, so we may write:
2 x Zsleeve in parallel to Zsleeve = 0,28 Rb, from which we derive Zsleeve = 0,42 Rb en 2 Zsleeve = 0,84 Rb.
When designing a transformer for an impedance range 50 - 450 Ohm, the upper sleeve reactance at the lowest operating frequency
therefore should be 0,84 x 450 = 378 Ohm. When constructing this on a 36 mm. toroide of 4A11 (43) ferrite material, for a lower
operating frequency of 1,5 MHz., the number of turns follows from:
n = √(378 / ω . µ . F) = 5,7 (6)
C

Although the sleeve impedance of the middle line could be halved, the line should be of equal length according to the Guanella
principle of equal delay. This will improve the lower operating frequency.
When looking somewhat more in detail to figure 22, it appears the lower two transmission-line to represent a copy of the Guanella
1 : 4 unun transformer. We where allowed to construct this at a single toroide as described above. This also applies to Guanella 1 :
9, provided we apply the number of turns as dictated by the upper line (on a separate core). Since the number of turns is doubled for
this application, we better select the small diameter Teflon RG188 in stead of RG58 when constructing on a 36 mm. 4A11 (43) type
of ferrite toroide.
The transformer construction now consists of two cores, one with 12 turns cut halfway with one side in series and the other in
parallel plus a second core with 6 turns with one side connected in parallel tot the parallel side of the first transformer, the other
side in series with the series-side.
Maximum load
As usual we calculate maximum load for this transformer. The upper core is strained most since it is carrying a voltage of '2.u'.
Calculating maximum voltage across this inductor for linear application with 6 turns on a 36 mm., 4A11 (43) type of ferrite
material at a lower operating frequency of 1,5 MHz.
UL(inductie) = 0,89 .Bsat .f .n .A = 0,89 .0,33 .1,5 106 . 6.1,18 .10-4 = 312 V.

http://sharon.esrac.ele.tue.nl/~on9cvd/E-Transmissielijn%20trafo's,%20voorbeelden.htm (10 of 17)8/14/2008 8:54:08 PM

De Guanella en de Ruthroff 1:4 unun

Since this represents a voltage of '2.u', total input voltage is halved at 166 V.
Next we calculate maximum voltage for maximum core dissipation, which we found to be 4 Watt for this core size
______________
-3
UL(dissipatie) = 2,8 . 10 . n . µ \/ Pmax .f . A / µ“.l = 103 V.
C

Again half this voltage is at the input, allowing maximum 52 Volt at the generator which translates to 54 Watt of continuous power
in a 50 Ohm system. Higher power will be allowed at different modulation schemes as may be calculated form the 'enhancement'
table, even up to a couple of hundred Watt. In the latter situation, the maximum voltage for linear use should be checked again.
Application area.
The above type of transfer ratio usually will be applied at low impedance ranges, e.g. to transform to and from the in- and output
stages of power amplifiers. The transformer will then operate in a 5,6 - 50 Ohm environment, where the requirements to the sleeve
impedance will be lowered by the same amount.

Ruthroff
Identical to earlier designs, also the Guanella 1 : 9 transformer may be transformed into a Ruthroff variation. Since the outside of
the middle transmission-line is at a voltage of 'u', this may be directly connected to the generator to yield figure 23, the Ruthroff 1 :
9 unun.
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Analysis
As usual we start off by putting all voltages and currents into the figure according to basic principles of 31 - 33. This time the
exercise is somewhat more complicated, depending on the starting position. For this analysis it is best to start form the (single)
current through the load and the upper transmission-line. With all currents and voltages in position we calculates impedances as
related to the load:
(u / 3i)
Zin = --------- * Rb = Rb / 9
(3u / i)
For the upper transmission-line we find the familiar relation:
(u / i)
Zboven = -------- * Rb = Rb / 3. For a 50 op 450 Ω transformer, the characteristic impedance is 150 Ω
(3u / i)
The impedance of the lower transmission-line however has been changed:
(u / 2i)
Zonder = -------- * Rb = Rb / 6. In the above example: 75 Ω!
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(3u / i)
Note this transformer is requiring different transmission-lines for optimal performance.
Sleeve impedance
In figure 23 we notice the outer conductors of both transmission-lines to be in parallel. Since both are carrying the same voltage the
transformer may be constructed on the same core. Across this common line we find a voltage 'u', which makes the inductance
appear directly across the generator. Since we derived this parallel reactance to be minimum 2,5 x the parallel impedance at the
lowest operational frequency, we may calculate:
Zsleeve = 2,5 x Zin = 2,5 x Rb/9 = 0,28 Rb
When designing the transformer for an impedance range of 50 - 450 Ohm, sleeve impedance will be 125 Ohm. We next calculating
the number of turns for this transformer when constructed around a 36 mm., 4A11 (43) type of ferrite for a lower operating
frequency of 1,5 MHz.
n = √(125 / ω . µ . F) = 3,3 (3)
C

Maximum load
Calculating maximum voltage across the sleeve inductor for linear application:
UL(induction) = 0,89 .Bsat . f .n .A = 0,89 .0,33 .1,5 106 . 3.1,18 .10-4 = 156 V.
Next maximum voltage for maximum allowable core dissipation:
_____________
UL(dissipation) < 2,8.10-3. n . µ \/ Pmax.f.A / l. µ”
C

= 2,8.

__________________________
9,24.10-2.170 = 52 V.

10-3.5.916.\/4.1,8.106.1,18.10-4/

This is equal to the generator voltage, making this transformer applicable to a maximum and continuous system power of 54 Watt
in a 50 Ohm environment. For non-continuous loads, higher power may be possible, but voltages should be checked against
maximum voltage for linear use limits.
Different transformer ratio
In the above Ruthroff 1 : 9 transformer, a terminal may be found carrying a voltage of '2.u'. This will allow an impedance ratio of
1 : 4. Since both the 1 : 9 and 1 : 4 ratio's appear in the same design, it is possible to apply this transformer in the odd ratio of 9 : 4
( 1 : 2,25) as well.
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Ruthroff 1:2,25 unun
In figure 24 the Ruthroff 1 : 2,25 transformer may be found, as derived from the Ruthroff 1 : 9 design. The generator is now at the
'2.u' position, with the original generator terminal grounded. This transformer has been applied to the Multiband trap antenna.

Analysis
Again we apply the basic rules as in 31 - 33, and apply voltages and current to the design, which is again more complicated than
before. The load 'sees' a voltage of '3.u' across with a current '2.i' flowing. The generator is at a voltage of '2.u' with a current of '3.i'
flowing. This makes the input impedance equal to:
(2u / 3i)
Zin = ----------- * Rb = 4 Rb / 9 = 0.44 Rb (which is a ratio of 2.25!)
(3u / 2i)
Across the lower transmission-line is a voltage 'u' with a current 'i' flowing. Optimal characteristic impedance therefore will be:
(u / i)
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ZC lower = ---------- * Rb = 2 Rb / 3 = 0.66 Rb
(3u / 2i)
In an analogue way we calculate the upper transmission-line carrying a voltage 'u' with a current '2.i' flowing:
(u / 2i)
Zboven = ----------- * Rb = Rb / 3 = 0.33 Rb
(2i / 3u)
Again we discover different transmission lines for optimal performance.
For the multiband trap antenna as mentioned the transformer was designed for a 50 - 112,5 Ohm range and had been constructed
using two transmission-lines RG58 (50 Ohm). Performance of this transformer was within SWR < 1,5 over more than all HF bands
(see further on).
For this chapter we constructed the transformer again, this time using the calculated characteristic impedances of 37,5 and 75 Ohm.
Bandwidth indeed is larger as may be expected. From this and earlier experiments it is shown characteristic impedance to be an
important design parameter but sensitivity to this parameter is low enough to allow some constructional freedom.
Sleeve impedance
In figure 24 we find the outer conductors of both transmission-lines to be in parallel at the output and at the input. Since both lines
are carrying the same voltage, the transmission-lines may be constructed on the same core.
Across this common line we find a voltage 'u' , which is half the generator voltage. We derived earlier that the parallel reactance
should be 2,5 x the parallel impedance (0,44 Rb) at the lowest operational frequency. We may therefore write:
Zsleeve = 0,5 x 2,5 x 0,44 Rb = 0,55 Rb
When designing this transformer for an impedance range 50 - 112,5 Ohm, the sleeve inductance should be at least 0,55 x 112,5
Ohm = 61,9 Ohm. When constructing this transformer around a 36 mm. 4A11 (43) type of ferrite at a lowest operational frequency
of 1,5 MHz., the number of turns for the sleeve reactance follows from:
n = √(61,9 / ω . µC . F) = 2,3 (3)
Maximum load
We calculate the maximum allowable voltage across the core inductor for linear application:
UL(induction) = 0,89 .Bsat . f .n .A = 0,89 .0,33 .1,5 106 . 3.1,18 .10-4 = 156 V.
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which is half the voltage across the generator.
The maximum voltage for maximum core loss of 4 Watt for this size of core is:
____________
-3
UL(dissipation) < 2,8.10 . n . µ \/ Pmax.f.A / l. µ”
C

__________________________
= 2,8. 10-3.3.916.\/4.1,8.106.1,18.10-4/ 9,24.10-2.170 = 56,4 V.
again at half the generator voltage, allowing this transformer to be applied up to 112,8 volt or 255 Watt of system power in a 50
Ohm system under continuous load. Depending on the modulation scheme, maximum load may be much higher but maximum
voltage for linear use should be checked again.

Measurements to a 1:2,25 Ruthroff transformer
Input impedance
A practical 1 : 2,25 transmission-line transformer has been measured in a 50 - 112,5 Ohm environment. For this measurement, the
transformer was constructed using a 36 mm. toroide of 4A11 (43) ferrite type, with two times three turns of RG58 transmission-line
(not the optimum characteristic impedance). The transformer was terminated into a 112,5 Ohm resistor while input impedance
measurements have been performed on a HP Network analyzer. Results may be found in table 8
f (MHz)

RS (Ω)

XS (Ω)

RP (Ω )

XP (Ω)

SWR

0,5
1,0
1,8
3,6
7,0
14,2
21,3
29,0
50,0
70.0

45,6
48,4
48,7
48,9
48,9
48,0
46,4
43,7
38,6
34,8

9,97
5,29
3,31
3,12
4,07
6,25
7,60
9,73
11,91
13,60

47,8
49,0
48,9
49,1
49,2
48,8
47,6
45,9
42,3
40,1

218
448
720
769
520
375
291
206
137
103

1,26
1,12
1,07
1,07
1,10
1,14
1,19
1,28
1,45
1,62

Table 8: Measurements to a Ruthroff 1 : 2,25 impedance transformer
At the lower frequencies (up to about 5 MHz) , input impedance mainly consists of the sleeve inductance Xp, roughly equal to 2 x
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Zin as calculated. Up to 10 MHz. we first see permeability (µ’) drop with frequency, up to 30 MHz. followed by the increasing
value of core loss (µ”). Above 40 MHz. the influence of parasitic parallel capacitance is becoming visible, further enhanced by the
effects of transmission-line delay that also become noticeable above 50 MHz.
In the last column, the input SWR figures have been calculated, showing this transformer to be applicable from below 0,5 MHz. to
over 50 MHz.
Measuring harmonics
From our calculations we found this transformer to be applicable to a maximum of about 250 Watt of continuous loading. The
calculations for maximum allowable induction permitted even higher voltages so we do not expect linearity problems to occur with
this device.
To check, two identical Ruthroff 1 : 2,25 transformer have been connected back to back to a generator delivering 350 Watt of
continuous power at 3,6 MHz., 14,2 MHz. and 21,3 MHz., with the second transformer terminating into a high-power, 50 Ohm
'dummy-load' resistor with a - 46 dB output. Measurements have been performed using a HP Spectrum analyzer with an over 60
dBc measurement range. No (additional) harmonics could be measured which again ensures confidence to the calculations.
The last article in this series is on measurements to ferrite materials. This may be useful to determine type and quality of materials
already in your possession or to determine peculiarities in components in your system.
Bob J. van Donselaar,
mailto:on9cvd@amsat.org
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