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ideband transformers constructed
with high permeability ferrite and
powdered iron magnetic materials are
used extensively for impedance matching,
power combining and power splitting, as well as
other functions, for frequencies ranging from
VLF to VHF. Despite this broad range of uses, a
concise step-by-step procedure for characterizing wideband transformers and effecting a
design making full use of the parasitic reactances is lacking.
This article presents such a procedure as well
as discusses the development of the equivalent
circuit of the wideband transformer. The new
procedure aims to provide the designer with a
means for obtaining an intuitive understanding
of the limitations and compromises.
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where NP and NS are the number of turns for
the primary side and secondary side, respectively. The ideal transformer does not exist in the
real world, but is instead affected by a number
of parasitic elements.

Lossless transformer model

In an ideal transformer, as shown in Figure 1,
all the magnetic flux produced in one winding
links all the turns of the second winding. Thus,
the voltage and current ratios are [1]:

Actual transformers differ from the ideal
transformer in several ways. A schematic of the
equivalent model of a lossless transformer
model is shown in Figure 2. The low-frequency
performance is determined by the permeability
of the core material and the number of turns on
the windings [2]. The high-frequency performance is limited by the fact that not all of the

▲ Figure 1. Ideal transformer model.

▲ Figure 2. Lossless transformer model.

Ideal transformer model
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▲ Figure 3. Lossless transformer model referred to primary
side.

quency that is much lower than the first resonant frequency of the transformer [5]. The value of k is always
less than one, because perfect coupling between windings is unachievable. The coupling between windings
can be improved by such techniques as twisting the
wires together, which increases the interwinding capacitance, or the use of coaxial transmission line where the
coupling fields are completely contained within the
dielectric.
With the mutual inductance known, the leakage
inductances Ll1 and Ll2 can be determined by way of [4]:
Ll1 = LP – nM

(5)

(6)

It is often convenient to describe transformer models
from the viewpoint of the primary winding. The model
as such for the lossless transformer is described in
Figure 3.

Lossless wideband transformer model
The transformer model that has been described so far
is adequate for describing low-frequency transformers
such as those used at audio frequencies where any parasitic resonances are far outside the frequency range of
flux produced in one winding links to the second wind- interest. At higher frequencies, however, these resoing, a deficiency known as leakage [1].
nances, which are the result of stray capacitances, come
Since the leakage flux paths are primarily in air, the into play. The three principle capacitances that define
resultant primary and secondary leakage inductances the wideband transformer are shown in Figure 4.
Ll1 and Ll2 are practically constant [3, 4]. A mutual
It is generally understood that the capacitances assoinductance (M) between the two windings is a result of ciated with wideband transformers are distributed, but
the linked flux in the transformer core. The nonlineari- it is inconvenient to model transformers by way of disty of the magnetic characteristics of the core material is tributed capacitances per se; thus a single lumped capacgenerally assumed to affect only the relation between itance is used.
the mutual flux and the exciting current. The mutual
In Figure 4, capacitor C11 represents the distributed
inductance M is determined by way of:
primary capacitance, which is a result of the shunt
capacitance of the primary winding. Likewise, C22 rep(3) resents the shunt capacitance of the secondary winding.
Some models depict these shunt capacitances as a single
capacitor in parallel with the mutual inductance nM [6],
where LP and LS are the primary and secondary winding but such models do not fully describe the resonances
inductances, which are measured at low frequency with experienced in high-frequency transformers. Capacitor
an inductance bridge, leaving the opposite winding C12 is referred to as the interwinding capacitance [7],
open. The coupling coefficient k is then determined by:
and is also a distributed capacitance. In conjuction with
the distributed inductance of the windings, capacitor C12
can form a transmission line whose characteristic
(4) impedance can be controlled by way of the wire size,
insulation thickness, and degree of twisting [8].
As with the earlier model of the lossless transformer,
where v1 and v2 are easily measured across the primary it is convenient to describe the lossless wideband transand secondary terminals with a high impedance probe former model from the viewpoint of the primary windand a network analyzer, an RF sampling voltmeter, or an ing, as shown in Figure 5. Here, the three model capacioscilloscope with the secondary unloaded and at a fre- tances are transformed in the following manner [4]:
▲ Figure 4. Wideband transformer model.
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▲ Figure 5. Wideband transformer model referred to primary side.

▲ Figure 6. Equivalent circuit for determining C¢12 and C¢22.

(7)

frequency f12 is the point where the voltage across the
secondary winding reaches a null, or minimum.

(8)

(10)

(9)

where the equivalent transformer inductance LEQ2 is
determined by:

In some circumstances, the capacitance C¢11 may be
hypothetically negative [4]. Furthermore, the capacitance C¢11 is frequently ignored, since its effects are generally unimportant due to its position in the circuit [4].
However, at HF and higher frequencies it should be evaluated to determine its contribution to the high-frequency cutoff point.
Using the equivalent circuit shown in Figure 6, the
interwinding capacitance C¢12 can be determined by first
measuring the parallel resonant frequency f12 of the
unloaded transformer. Begin by connecting an appropriate signal generator to the primary winding of the transformer. Using a high impedance probe with a network
analyzer, an RF sampling voltmeter, or an oscilloscope,
observe the voltage at the secondary winding while
adjusting the frequency of the generator. The resonant

(11)

The output shunt capacitance C¢22 can now be determined by measuring the series resonant frequency f22 at
the input terminals of the transformer. With the generator still connected to the primary winding, adjust the
frequency while observing the voltage across the primary winding. The resonant frequency f22 is the point
where the voltage across the primary reaches a null, or
minimum.

(12)

In a similar manner, the input shunt capacitance C¢11
can be determined by measuring the series resonant frequency f11 at the output terminals of the transformer.
Begin by connecting the signal generator across the seconday winding, leaving the primary winding open. The
resonant frequency f11 is the point where the voltage
across the secondary reaches a null, or minimum.

(13)

where the equivalent transformer inductance LEQ1 is
determined by:
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Generally, the factors which affect the
insertion losses of the wideband transformer at lower frequencies, attributed to
the permeability of the core material and
the amount of wire in the windings [2],
have a negligible effect in the higher frequency regions [9]. At the same time, the
factors associated with losses at higher frequencies, attributed to the skin effect of the
wire and the ferroresonance of the core
material, have a negligible effect at the
lower frequencies [9]. At midband frequencies, losses are more likely to be a result of
impedance mismatches.

▲ Figure 8. Complete wideband transformer model.

(14)

Wideband transformer as a matching network
component
Complete equivalent wideband transformer model
No discussion about transformer models is complete
without some mention of losses. Two principle loss
mechanisms are involved in the wideband transformer:
the resistive loss in the copper wires and the hysteresis
loss in the ferromagnetic core material. Figure 8 depicts
the complete model of the wideband transformer, which
has been referred to the primary side earlier. The series
resistance R1 represents the loss associated with the
wire in the primary winding. This resistance is nonlinear, increasing with frequency according to ÷w because
of the skin effect of the wire itself [5]. Similarly, the
series resistance R2 represents the loss associated with
the wire in the secondary winding. Due to the short wire
length used in wideband transformers having ferromagnetic cores, the contribution of the resistive loss to the
total loss is small and is therefore generally omitted [5].
The shunt resistance RC represents the hysteresis
loss due to the ferromagnetic core [9], which increases
with w2 or even w3, and is significant in transformers
that are operated near the ferroresonance of the core
material [5]. In general, this is not a problem provided
that proper consideration is given to the selection of the
core material.

Using a wideband transformer at HF and especially
VHF frequencies without compensation is poor design
practice. The series inductance alone is sufficient to
reduce the high-end performance, and the capacitances
do not make things much better. Therefore, we consider
the equivalent series inductance of the transformer as
being the series inductor of a 3-pole lowpass filter. We
then add appropriate capacitors to the input and output
and possibly one from the input to the output to complete a wideband matching network with minimal loss.
For the purpose of including the transformer inductance as an element in a wideband matching network,
we first recognize that this equivalent inductance determines the maximum usable frequency wmax for the
matching network. Therefore, we begin by determining
wmax by:
(15)

where RS is the source impedance of the generator and
Lnorm is the normalized inductance of the lowpass filter
section that will be used. A fairly complete listing of the
protoype values for a wide range of filter approximations
is shown in Table 1 [10, 11]. The added input and output capacitances C1 and C2 are determined by:
(16)

(17)

▲ Figure 9. Matching network components.
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where C1norm and C2norm are the normalized input and
output capacitances of the lowpass filter section, also
listed in Table 1. Except for Bessel and Gaussian filter

sections, which are time delay filters [12], the prototype
values for C1norm and C2norm are identical.
In some cases, it may be desireable to make an
Inverse Tchebychev or elliptical filter section, such as in
the case where additional close-in harmonic energy
needs additional suppression, keeping in mind that the
group delay variations in the vicinity of the cutoff frequency are more severe than for other filter types. In
such a situation, an additional capacitance can be
included from the input to the output of the transformer:

(18)

Note that the transformer must be symmetrical, i.e.,
either noninverting unbalanced to un-balanced or balanced to balanced.

Design procedure summary
• Using an inductance bridge, measure the primary and
secondary winding inductances LP and LS.
• Using a signal generator, and a high impedance probe
with a network analyzer, a sampling RF voltmeter, or
an oscilloscope, measure the input and output voltages
v1 and v2 at an approriate midband frequency.
• Calculate the coupling coefficient k using Equation (4)
and the mutual inductance M using Equation (3).
• Calculate the primary and secondary leakage inductances Ll1 and Ll2 using Equations (5) and (6), respectively.
• Calculate the equivalent inductances LEQ1 and LEQ2
using Equations (14) and (11), respectively.
• Continuing with the test setup described in (2), measure the transmission parallel resonant frequency f12,
the input series resonant frequency f11, and the output
series resonant frequency f22.
• Calculate C¢12, C¢22 and C¢11 using Equations (10), (12)
and (13), respectively.
• Calculate C12, C11 and C22 using Equations (8), (7) and
(9), respectively.
• Select a filter prototype from Table 1.
• Calculate the maximum usable frequency wmax using
Equation (15).
• Calculate the values for the input and output matching capacitors C1 and C2 using Equation (16) and (17),
respectively.
• If required, calculate the value for the capacitor C3
using Equation (18).

Conclusion
Many considerations influence the design of circuits
employing wideband transformers. It is not sufficient to
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▲ Table 1. Matching section prototype values.

conclude the design by simply choosing the wire and the
core material to be used. The parasitic inductive and
capacitive reactances that accompany the transformer
must be considered in the overall circuit design in order
to realize the best possible performance. The transformer models and equivalent circuits presented here
should help the designer gain an intuitive understanding of the nature of these reactances and their impact on
the circuits in which they are to be used. The procedure
shown should give the designer a brief but thorough
methodology for analyzing the transformers at hand and
then completing the circuit design with the transformer
parasitics incorporated in a broadband matching circuit
with minimal losses.
■
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