Broadband Transformers

(excerpted from Chapter 14 of the ARRL Handbook, 2009 and previous editions)
Conventional Transformers

Fig 14.54A shows a push-pull amplifier that we will use to point out the main properties and
the problems of conventional transformers. The medium of signal transfer from primary to
secondary is magnetic flux in the core. If the core material is ferromagnetic then this is basically
a nonlinear process that becomes increasingly nonlinear if the flux becomes too large or if there
is a dc current through the winding that biases the core into a nonlinear region. Nonlinearity
causes harmonics and IMD.

Push-pull operation eliminates the dc biasing effect if the stage is symmetrical. The magnetic
circuit can be made more linear by adding more turns to the windings. This reduces the ac volts
per turn, increases the reactance of the windings and therefore reduces the flux. For a given
physical size, however, the wire resistance, distributed capacitance and leakage reactance all tend
to increase as turns are added. This reduces efficiency and bandwidth. Higher permeability core
materials and special winding techniques can improve things up to a point, but eventually
linearity becomes more difficult to maintain.

Fig 14.54B is an approximate equivalent circuit of a typical transformer. It shows the leakage
reactance and winding capacitance that affect the high-frequency response and the coil
inductance that affects the low-frequency response. Fig 14.54C shows how these elements
determine the frequency response, including a resonant peak at some high frequency.

The transformers in a system are correctly designed and properly coordinated when the total
distortion caused by them is at least 10 dB less than the total distortion due to all other
nonlinearities in the system. Do not over-design them in relation to the rest of the equipment.
During the design process, distortion measurements are made on the transformers to verify this.

The main advantage of the conventional transformer, aside from its ability to transform
between widely different impedances over a fairly wide frequency band, is the very high
resistance between the windings. This isolation is important in many applications and it also
eliminates coupling capacitors, which can sometimes be large and expensive.

In radio-circuit design, conventional transformers with magnetic cores are often used in high-

impedance RF/IF amplifiers, in high-power solid-state amplifiers and in tuning networks such as
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antenna couplers. They are seldom used any more in audio circuits. Hybrid transformers, such as
those in Fig 14.8, are often “conventional.”

Fig 14.54D considers a typical application of a conventional transformer in a linear Class-A
RF power amplifier. The load is 50 Q and the maximum allowable transistor collector voltage
and current excursions for linear operation are shown. The value of DC current and the sinewave
limits are determined by studying the collector voltage-current curves (or constant-current
curves) in the data manual to find the most linear region. To deliver this power to the 50 Q load,
the turns ratio is calculated from the equations. In an RF amplifier a ferrite or powdered-iron

core would be used. The efficiency in this example is 37%.
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Fig 14.54 — Conventional transformers in an RF power amplifier. Leakage reactances,
stray capacitances and core magnetizations limit the bandwidth and linearity, and also
create resonant peaks. D shows design example of transformer-coupled RF power

amplifier.
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Transmission Line Transformers

The basic transmission line transformer, from which other transformers are derived, is the 1:1
choke (or current) balun, shown in Fig 14.55A. We consider the following basic properties:

* A pair of close-spaced wires or a length of coax (ie, a transmission line) wraps around a
ferrite rod or toroid or through a number of beads. For the 3.5 to 29.7 MHz band, type 43 ferrite
(n = 850), or equivalent, is usually preferred. Other types such as 77 (at 1.8 MHz, p = 2000) or
61 (at VHF bands, p = 120) are used. The Z of the line should equal R.

* Because of the ferrite, a large impedance exists between points A and C and a virtually
identical impedance between B and D. This is true for parallel wires and it is also true for coax.
The ferrite affects the A to C impedance of the coax inner conductor and the B to D impedance
of the outer braid equally.

* The conductors (two wires or coax braid and center-wire) are tightly coupled by
electromagnetic fields and therefore constitute a good conventional transformer with a turns ratio
of 1:1. The voltage from A to C is equal to and in-phase with that from B to D. These are called
the common-mode voltages (CM).

* A common-mode (CM) current is one that has the same value and direction in both wires
(or braid and center wire). Because of the ferrite, the CM current encounters a high impedance
that acts to reduce (choke) the current. The normal differential-mode (DM) signal does not
encounter this CM impedance because the electromagnetic fields due to equal and opposite
currents in the two conductors cancel each other at the ferrite, so the magnetic flux in the ferrite
is virtually zero.

* The main idea of the transmission line transformer is that although the CM impedance may
be very large, the DM signal is virtually unopposed, especially if the line length is a small
fraction of a wavelength.

* A common experience is a CM current that flows on the outside of a coax braid due to
some external field, such as a nearby antenna or noise source. The balun reduces (chokes) the
CM current due to these sources. But it is very important to keep in mind that the common-mode
voltage across the ferrite winding that is due to this current is efficiently coupled to the center
wire by conventional transformer action, as mentioned before and easily verified. This equality

of CM voltages, and also CM impedances, reduces the conversion of a CM signal to an
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undesired DM signal that can interfere with the desired DM signal in both transmitters and
receivers.

* The CM current, multiplied by the CM impedance due to the ferrite, produces a CM
voltage. The CM impedance has L and C reactance and also R. So L, C and R cause a broad
parallel self-resonance at some frequency. The R component also produces some dissipation
(heat) in the ferrite. This dissipation is an excellent way to dispose of a small amount of
unwanted CM power.

» The main feature of the ferrite is that the choke is effective over a bandwidth of one,
possibly two decades of frequency. In addition to the ferrite choke balun, straight or coiled
lengths of coax (no core and almost no CM dissipation) are used within narrow frequency bands.
A one-quarter-wave length of transmission line is a good choke balun at a single frequency or
within a narrow band.

* The two output wires of the balun in Fig 14.55A have a high impedance with respect to,
and are therefore “isolated” from, the generator. This feature is very useful because now any
point of R at the output can be grounded. In a well-designed balun circuit a/most all of the
current in one conductor returns to the generator through the other conductor, despite this ground
connection. Note also that the ground connection introduces some CM voltage across the balun
cores and this has to be taken into account. This CM voltage is maximum if point C is grounded.
If point D is grounded and if all “ground” connections are at the same potential, which they often
are not, the CM voltage is zero and the balun may no longer be needed. In a coax balun the
return current flows on the inside surface of the braid.

We now look briefly at a transmission line transformer that is based on the choke balun. Fig
14.55B shows two identical choke baluns whose inputs are in parallel and whose outputs are in
series. The output voltage amplitude of each balun is identical to the common input, so the two
outputs add in-phase (equal time delay) to produce twice the input voltage. It is the high CM
impedance that makes this voltage addition possible. If the power remains constant the load
current must be one-half the generator current, and the load resistor is 2V/0.51 = 4V/I = 4R.

The CM voltage in each balun is V/2, so there is some flux in the cores. The right side floats.
This is named the Guanella transformer. If Z, of the lines equals 2R and if the load is pure
resistance 4R then the input resistance R is independent of line length. If the lines are exactly

one-quarter wavelength, then Zjy = (ZR)2 / Zy, an impedance inverter, where Zy and Z; are
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complex. The quality of balance can often be improved by inserting a 1:1 balun (Fig 14.55A) at
the left end so that both ends of the 1:4 transformer are floating and a ground is at the far left side
as shown. The Guanella can also be operated from a grounded right end to a floating left end.
The 1:1 balun at the left then allows a grounded far left end.

Fig 14.55C is a different kind, the Ruthroff transformer. The input voltage V is divided into
two equal in-phase voltages AC and BD (they are tightly coupled), so the output is V/2. And
because power is constant, [oyr = 2l and the load is R/4. There is a CM voltage V/2 between A
and C and between B and D, so in normal operation the core is not free of magnetic flux. The
input and output both return to ground so it can also be operated from right to left for a 1:4
impedance stepup. The Ruthroff is often used as an amplifier interstage transformer, for example
between 200 QQ and 50 Q. To maintain low attenuation the line length should be much less than
one-fourth wavelength at the highest frequency of operation, and its Z, should be R/2. A
balanced version is shown in Fig 14.55D, where the CM voltage is V, not V/2, and transmission
is from left-to-right only. Because of the greater flux in the cores, no different than a
conventional transformer, this is not a preferred approach, although it could be used with air
wound coils (for example in antenna tuner circuits) to couple 75 Q unbalanced to 300 QQ

balanced. The tuner circuit could then transform 75 Q to 50 Q.
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Fig 14.55 — At A, basic balun. At B, 1:4 Guanella transformer. At C, Ruthroff
transformer, 4:1 unbalanced. At D, Ruthroff 1:4 balanced transformer. At E, Ruthroff

16:1 unbalanced transformer.
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Fig 14.56 illustrates, in skeleton form, how transmission-line transformers can be used in a
push-pull solid state power amplifier. The idea is to maintain highly balanced stages so that each
transistor shares equally in the amplification in each stage. The balance also minimizes even-
order harmonics so that low-pass filtering of the output is made much easier. In the diagram, T1
and TS5 are current (choke) baluns that convert a grounded connection at one end to a balanced
(floating) connection at the other end, with a high impedance to ground at both wires. T2
transforms the 50 QQ generator to the 12.5 Q2 (4:1 impedance) input impedance of the first stage.
T3 performs a similar step-down transformation from the collectors of the first stage to the gates
of the second stage. The MOSFETSs require a low impedance from gate to ground. The drains of
the output stage require an impedance step up from 12.5 Q to 50 Q, performed by T4. Note how
the choke baluns and the transformers collaborate to maintain a high degree of balance
throughout the amplifier. Note also the various feedback and loading networks that help keep the

amplifier frequency response flat.
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Fig 14.56 — This illustrates how transmission-line transformers can be used in a push-pull

power amplifier.
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Tips on Toroids and Coils

Some notes about toroid coils: Toroids do have a small amount of leakage flux, despite
rumors to the contrary. Toroid coils are wound in the form of a helix (screw thread) around the
circular length of the core. This means that there is a small component of the flux from each turn
that is perpendicular to the circle of the toroid (parallel to the axis through the hole) and is
therefore not adequately linked to all the other turns. This effect is responsible for a small
leakage flux and the effect is called the “one-turn” effect, since the result is equivalent to one
turn that is wound around the outer edge of the core and not through the hole. Also, the
inductance of a toroid can be adjusted, also despite rumors to the contrary. If the turns can be
pressed closer together or separated a little, inductance variations of a few percent are possible.

A grounded aluminum shield between adjacent toroidal coils can eliminate any significant
capacitive or inductive (at high frequencies) coupling. These effects are most easily noticed if a
network analyzer is available during the checkout procedure, but how many of us are that lucky?
Spot checks with an attenuator ahead of a receiver that is tunable to the harmonics are also very
helpful.

There are many transformer schemes that use the basic ideas of Fig 14.55. Several of them,
with their toroid winding instructions, are shown in Fig 14.57. Because of space limitations, for a
comprehensive treatment we suggest Jerry Sevick’s books Transmission Line Transformers and
Building and Using Baluns and Ununs. For applications in solid-state RF power amplifiers, see

Sabin and Schoenike, HF Radio Systems and Circuits, Chapter 12.
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Modules in Combination

Quite often the performance of a single stage can be greatly improved by combining two
identical modules. Because the input power is split evenly between the two modules the drive
source power can be twice as great and the output power will also be twice as great. In
transmitters, especially, this often works better than a single transistor with twice the power
rating. Or, for the same drive and output power, each module need supply only one-half as much
power, which usually means better distortion performance. Often, the total number of stages can
be reduced in this manner, with resulting cost savings. If the combining is performed properly,
using hybrid transformers, the modules interact with each other much less, which can avoid
certain problems. These are the system-design implications of module combining.

Three methods are commonly used to combine modules: parallel (0°), push-pull (180°) and
quadrature (90°). In RF circuit design, the combining is often done with special types of “hybrid”
transformers called splitters and combiners. These are both the same type of transformer that can
perform either function. The splitter is at the input, the combiner at the output. We will only
touch very briefly on these topics in this chapter and suggest that the reader consult the RF
Power Amplifiers chapter and the very considerable literature for a deeper understanding and
for techniques used at different frequency ranges.

Fig 14.8 illustrates one example of each of the three basic types. In a 0° hybrid splitter at the
input the tight coupling between the two windings forces the voltages at A and B to be equal in
amplitude and also equal in phase if the two modules are identical. The 2R resistor between
points A and B greatly reduces the transfer of power between A and B via the transformer, but
only if the generator resistance is closely equal to R. The output combiner separates the two
outputs C and D from each other in the same manner, if the output load is equal to R, as shown.

No power is lost in the 2R resistor if the module output levels are identical.
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The 180° hybrid produces push-pull operation. The advantages of push pull were previously
discussed. The horizontal transformers, 1:1 balun transformers, allow one side of the input and
output to be grounded. The R/2 resistors improve isolation between the two modules if the 2R
resistors are accurate, and dissipate power if the two modules are not identical.

In a 90° hybrid splitter, if the two modules are identical but their identical input impedance
values may not be equal to R, the hybrid input impedance is nevertheless R €, a fact that is
sometimes very useful in system design. The power that is “reflected” from the mismatched
module input impedance is absorbed in RX, the “dump” resistor, thus creating a virtual input
impedance equal to R. The two module inputs are 90° apart. At the output, the two identical
signals, 90° apart, are combined as shown and the output resistance is also R. This basic hybrid
is a narrowband device, but methods for greatly extending the frequency range are in the
literature (W. Hennigan, W3CZ, “Broadband Hybrid Splitters and Summers,” Oct 1979 OST).
One advantage of the 90° hybrid is that catastrophic failure in one module causes a loss of only

one half of the power output.
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