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Introduction

Wideband transformers are common el-
ements in analogue circuit design ranging from
audio frequencies to the UHF spectrum and
very often beyond. Although the construction
practices vary widely through this wide fre-
guency spectrum, certain aspects of modeling
are common throughout. The purpose of this
paper is to discuss these common model ele-
ments in the broadest possible generalities,
and from there discuss methods by which these
model elements may be obtained by way of
evaluations done at the transformer's input and
output ports and a subsequent series of sim-
ple calculations.

Wideband Transformer Models

Transformers appear in schematics as a
simple illustration of two or more windings on a
common core of magnetic material, shown in
the simplest form in Fig. 1. Here, a 2-winding
transformer having a windings ratio of n:1 con-
sists of a primary winding and a secondary
winding, having primary and secondary induct-
ances of L and Lg, respectively, as well as a
mutual inductance M, which is determined by
way of (1, 2, 3):

M =k,/L, Lg 1)
where the k is known as the coupling coefficient.

Neither the mutual inductance M nor the cou-
pling coefficient k can be measured directly, but

n:1
M

Fig. 1 - Circuit of 2-Winding Transformer
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are instead determined by way of further evalu-
ations of the transformer.

As shown in Fig. 2, each of the windings
of the transformer of Fig. 1 consists of a wind-
ing inductance and a leakage inductance. For
the primary winding, these individual induct-
ances are related by way of:

Lo=L,+L, @

where L, is the primary winding inductance and
L, is the primary leakage inductance. Simi-
larly, for the secondary winding the individual
inductances are related by way of:

Ls=L,+L, (3)

where L, is the primary winding inductance and
L, is the primary leakage inductance. The
mutual inductance M is related to the primary
and secondary winding inductances by way of:

M =L, L, (4)
From Eg. 1 and Eq. 4, the coupling coefficient
k can be determined by way of:

k= Ll L2 (5)

I-P LS

In a further development of the wideband
transformer model, parasitic capacitances are
added, as shown in the complete model of the
lossless wideband transformer of Fig. 3. Here,
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Fig. 2 - Circuit of 2-Winding Transformer
Showing Winding and Leakage Inductances
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Fig. 3 - Complete Model of Lossless
Wideband Transformer

C,, is the primary intrawinding capacitance,
C,, is the secondary intrawinding capacitance,
and C, is the interwinding capacitance. The
interwinding capacitance C,, serves to provide
a transmission zero which is the primary limit-
ing factor in the high frequency cutoff of the
wideband transformer.

In circuit modeling, it is common practice
to arrange the wideband transformer model so
that it is referenced to one side or the other, as
shown in Fig. 4 where the model of Fig. 3 has
be referred to the primary side. Here, the model
capacitances are (1, 4):

Cu=Cy+Cp (1_ %] (6)

, C
Cp= f (7)

, _C 1
Cn= n_222 + C12(H - j (8)
Additional relationships between the wideband

transformer model inductances are (8):

L, =L,+nM 9)
M = I—P I—Il (10)
n
Lo=L, + 2 (1)
n
M :n(Ls_le) (12)

More sophisticated models of wideband
transformers are commonly found, such as that
of Fig. 5 which includes the primary and sec-
ondary winding loss resistances R, and Rg, re-
spectively, as well as the core loss resistance
R (1,5). The winding loss resistances R, and
Rg are a result of the losses due to bulk resist-
ance as well as skin effect of the conductors,
the latter of which is frequency dependent (6).
The core loss resistance R is a result of hys-
teresis and eddy current losses in the core ma-
terial, which are both frequency and signal level
dependent (7), as well as the magnetic skin
effect of the core material, which is primarily
frequency dependent.

The topic of losses in transformers is a
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Fig. 4 - Complete Model of Lossless Wideband Transformer Referred to the Primary Side
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very advanced subject that is rarely dealt with
except in cases where such losses are signifi-
cant factors, such as in switch-mode power
supplies and electrical power distribution. For
most, but not all aspects of analogue and RF
circuit design, these losses are relatively insig-
nificant (6) and are rarely taken into considera-
tion and are beyond the scope of this discus-
sion.

Determining the Model Inductances

Determining the value of the inductances
of the wideband transformer model of Fig. 4
begins by choosing a suitable midband test fre-
guency where the effects of the capacitances
are rendered as being insignificant. Referring
then to the illustration of Fig. 4, the primary in-
ductance L is measured across the primary
terminals with the secondary terminals being
open. An additional primary inductance L', is
then measured with the secondary terminals
shorted, which results in the equivalent circuit
shown in Fig. 6.

Lo n"L,
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Fig. 6 - Equivalent Circuit for Measuring L',
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Referring yet again to the illustration of
Fig. 4, the secondary inductance Lg is meas-
ured across the secondary terminals with the
primary terminals being open. An additional
secondary inductance L'g is then measured with
the primary terminals shorted, which results in
the equivalent circuit shown in Fig. 7.

From this series of measurements, the in-
ductances of the wideband transformer model
may be determined. Referring first to Fig. 7,
we begin by recognizing that the value of L'
can be determined by way of:

ML,

L=, o
S 2 n’M+nlL,

(13)

Substituting Eq. 12 for M in Eq. 13, we obtain:

n (LP - L|1)"' n L|1
— L (LP LIl) LIl
o n? L
11
_L +i L%
? n? n’L, (14)
2 Ideal
Ly L ni1

Fig. 7 - Equivalent Circuit for Measuring L'
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Now, by way of Eqg. 10 and Eq. 12, we obtain
the following relationship for the secondary leak-
age inductance L,:

Le — Ly

2 (15)

L,=Ls~ n

Substituting Eq. 15 into Eq. 14, we now arrive

at: ( )
. Lo—- L L.- L,)L
L:LS_ P 2I1+ P2 11 I1:
n n°L,
2L, L%
=Lls-—+ 2Il_ 2
n n n°L;
L L2
=L 4+ 1
2 n? n’L, (16)

which can be arranged to form the following
guadratic equation:

o=(|_s—|_;—%j+

2 1
+ (Fj L|1 _(nZ—LPj |_2|1

which can be easily solved for determining the
value of the primary leakage inductance L; and
subsequently the primary winding inductance
L..

1

(17)

In a similar fashion, we now refer to Fig. 6
and recognize that the value of L';, can be de-
termined by way of:

n*M L,
M+nlL,

Substituting Eq. 10 for M in Eq. 18, we obtain:

Le =Ly, + (18)

n(l—s_ le)n2 I—|2 —
n(Ls_ L|2)+n|—|2
~ le)n2 L|2

Lo =L, +
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Rearranging Eq. 12, we obtain the following
relationship for the primary leakage inductance
L:

12

L,=Ls - n? (Ls - le) (20)

Substituting Eq. 20 into Eq. 19, we now arrive
at:
Lr =Lp -n’ (Ls - |-|2)+

n® L% _

+n’ L, -
S

n? L%,
=L, -n’Ls+2n°L,, -

(21)

S

which can be arranged to form the following
quadratic equation:

0=(L, -Lp -n2Lg)+

+(2n?)L, —(E—ZJ L2

S

(22)

which can be easily solved for determining the
value of the secondary leakage inductance L,
and subsequently the secondary winding induct-
ance L,.

Determining the Model Capacitances

With the transformer model inductances
taken care of, we can now turn to the model
capacitances, beginning with the interwinding
capacitance C,,. Referring to Fig. 8, this ca-

C12
O ° H °
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Fig. 8 - Circuit for Measuring C,,
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Fig. 9 - Circuit for Measuring C_,,

pacitance is very easily measured by way of
shorting the primary and secondary terminals
of the transformer and simply measuring the
capacitance (9). Make very careful note here
that there is no connection between the trans-
former terminals and ground.

Measurement of the winding self capaci-
tances C,; and C,, is a bit more demanding.
Referring to Fig. 9, the measurement of the pri-
mary intrawinding capacitance C,; begins by
shorting the secondary terminals of the trans-
former. Next, the cold end of the primary wind-
ing and the shorted secondary winding are con-
nected to a load resistance R, very likely the
input resistance of a scalar network analyzer.
A signal generator supplying a signal voltage
V, is then connected between the top end of
the primary winding and ground. The output volt-
age V, is then monitored as the frequency of
the generator is adjusted until a null is reached

Fig. 10 - Equivalent Circuit
for Measuring C_,
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Fig. 11 - Circuit for Measuring C_,

atafrequencyf,,.

Referring now to the equivalent circuit of
this measurementin Fig. 10, the null frequency
f,, is the parallel resonant frequency of the two
circuitelements Cr; and Lgy, ,

1
CEQl 7Y (23)
LEQl (2 4 f11)2
where
, n’M L
LEQl = LP = I-|1 + M +n LIZ (24)
12

The primary intrawinding capacitance C,, is

then determined by:
Cu= CEQl -Cp, (25)

Referring now to Fig. 11, the measure-

ment of the secondary intrawinding capaci-
tance C,, is identical, begining by shorting the

Fig. 12 - Equivalent Circuit
for Measuring C_,

10 October 2008



primary terminals of the transformer. Next, the
cold end of the secondary winding and the
shorted primary winding are connected to the
load resistance R, . The signal generator sup-
plies a signal voltage V, between the top end
of the secondary winding and ground. The out-
put voltage V, is then monitored as the fre-
guency of the generator is adjusted until a null
is reached at a frequency f.,,.

Referring now to the equivalent circuit of
this measurementin Fig. 12, the null frequency
f,, is the parallel resonant frequency of the two
circuitelements Cr, and Ly, ,

1

The secondary intrawinding capacitance C,,
is then determined by

sz = CEQZ - C12 (28)

Closing Remarks

The determination of the inductive and
capacitve elements of the lossless wideband
transformer model have been shown to be eas-
ily determined by way of a series of simple
measurements and calculations. This ap-
proach to evaluating wideband transformer
model elements has been found to yield satis-
factory results over a wide range of frequen-

Ceqe = L (2 f )2 (26) cies and has proven to be a highly usable tool
ez \“ /T T2 for high frequency circuit design and simulation.
where
. M L
ettt Eya, @D
11
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