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Abstract—this paper describes a design approach for printed 

Baluns. One route to high efficiency amplifiers is to construct a 

balanced design where two transistors are driven 180° out of 

phase. Structures that can create these phase shifts are called 

Baluns, BALanced to UNbalanced. Commonly these are 

constructed from coaxial cables, often incorporating ferrites; 

an alternative approach using planar transmission lines has 

cost and assembly advantages but has suffered from being 

difficult to design, partly due to a lack of adequate linear 

models. Modern E-M simulations which can create an E-M 

simulation from a conventionally described microstrip circuit 

can be utilised to accurately analyse such structures. 

Keywords – Balun, balanced amplifiers, push-pull, VHF 
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I.  INTRODUCTION 

At microwave frequencies (>1GHz) the use of printed 
microstrip couplers has been well established and numerous 
papers have been written about the design of such structures. 
Thus it came as something of a surprise when asked to 
update the design of a VHF power amplifier that little had 
been written about the subject of printed Baluns. Perhaps 
even more surprising was that the predominant approach to 
power combining at these frequencies used coaxial cables 
with inherent assembly, cost and thermal issues, Figure 2. 
There is some debate as to which approach is better at power 
handling; a useful reference on the subject [1] states that 
“planar structures are not able to handle as much average 
power as broadband transmission line transformers…”. It is 
not entirely clear to the author why this should be the case, if 
good thermal design practice is followed and especially with 

the advent of higher thermal conductivity substrates. Indeed 
[1] itself demonstrates a planar combiner for a 1.1kW 
amplifier, Figure 1. 

The advantages from a high power amplifier point of 
view of a balanced (or push-pull) design are significant: 

• High efficiency 

• 4x increase in device impedance compared to a 
single ended circuit. 

• Excellent even harmonic rejection. 

• Impedance transformation. 

• Increased reproducibility and lower assembly 
costs. 

II. PLANAR COUPLER THEORY 

A common error is to forget that the planar balun is not 
dependent on fractions of a wavelength, but rather relies on 
inductive coupling. The theory of the coupling is complex 
and one approach to modelling it is to use superposition 
principles, as has been described in detail [2]. It is beneficial 
to recall the basics of the ideal transformer behaviour in 
order to start to formulate a design method for planar 
couplers. In the ideal transformer two separate wires are 
coiled around a former whereby the flow of current through 
the one wire (the primary) causes electric and magnetic 
fields which interact with the other wire (the secondary) to 
cause a current to flow in this wire. In the ideal transformer it 
is assumed that: 

a) The magnetic flux is the same for both coils (there is 
no flux leakage. 

Figure 2, Freescale 1100W FM Broadcast Reference Design 

Figure 1, NXP DVB-T amplifier using planar combiners [1]. 
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b) Faradays electro-motive law applies: the voltage 
induced is proportional to the rate of change of 
current times the number of turns. 

c) That there are no losses, i.e. the source and load 
power are the same. 

d) That the permeability of the ideal transformer is 
independent of flux density, i.e. it is a linear device. 

 
Further it can be shown, [3] that the ratio of the source and 
load impedance is proportional to the square of the turns 
ratio. This is important as it highlights the second function of 
the balun, that of an impedance transformer.  
 In practice however: 

i. There is flux leakage, which is represented by 
leakage inductance. 

ii. The magnetising inductance is finite. 
iii. There are copper and core (hysteresis and eddy 

currents) losses. 
iv. The relative permeability of magnetic materials 

does change with DC and RF currents (and 
frequency and temperature). 

v. There is parasitics capacitance between coil 
windings. 

 

The coupling between the two coils is described in terms of 

the mutual inductance, M, and this in turn can be used to 

calculated the coupling coefficient, K, as described in {1}, 

and the relationship between secondary inductance LS and 

the other key parameters are given in {3}, for a full 

derivation see [3]. The subscript “S” can be confusing for in 

the case of ZS and RS it refers to ‘source’ and LS it refers to 

secondary. These relationships can be modelled using a 

linear simulator as shown in Figure 3.  
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In order to match the inductance of the input of the 
transformer a shunt capacitor is added. This resonates with 
the inductance of the primary to give a good, if narrow band 
match, as shown in Figure 4. The phase difference between 
the output ports remains a constant 180° in both the matched 
and unmatched case although the actual phase trajectory 
changes, Figure 5. The anti-phase performance is intuitive, 
the current flowing in the two output ports being in opposite 
directions. The impact of the input resonating capacitor can 
probably best be seen by looking at the changes to the 
impedances on a Smith Chart, Figure 6. The dashed lines 
shows the impedances of the purely inductive coupled coils 
and for reference the solid red line along the perimeter of the 
chart is an inductor of the same value as the primary. 
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Figure 3, Circuit Model of Mutually Coupled Inductor Balun 

20 45 70 95 120 145 170 195 220

Frequency (MHz)

Insertion and Return IP Matched Coupler Coils

-10

-8

-6

-4

-2

0

In
s
e
rt

io
n
 L

o
s
s
 (

d
B

)

-30

-24

-18

-12

-6

0

R
e
tu

rn
 L

o
s
s
 (

d
B

)

m2

m1
DB(|S(2,1)|) (L)
Coupling Port 2

DB(|S(1,1)|) (R)
I/P Match

DB(|S(2,2)|) (R)
O/P Match

m1: 98 MHz
-3.01 dB

m2: 98 MHz
-6.03 dB

Figure 4, Narrow band response of capacitively tuned input. 

20 70 120 170 220 270 300

Frequency (MHz)

Output Phase Performance

-360

-270

-180

-90

0

90

P
h
a
s
e

 (
d
e
g
)

170

174

178

182

186

190

P
h
a
s
e
 D

if
fe

re
n
c
e
 (

d
e
g
)

Port 2 Phase Shift Matched (L, Deg)

Port 3 Phase Shift Matched (L, Deg)

Phase Difference Matched (R, Deg)

Port 2 Phase Shift UnMatched (L, Deg)

Port 3 Phase Shift UnMatched (L, Deg)

Phase Difference UnMatched (R, Deg)

Figure 5, 180° phase differential between Balun ports 



ARMMS Conference April 2013 Powerful Microwave Dominic FitzPatrick 

Modelling of a Printed VHF Balun Using E-M Simulation Techniques 3 

The mutual inductance, secondary and lower load 

impedances reduce the effective reactance of the primary 

coil. The effect of the resonating capacitor matches the 

primary at the fundamental frequency.  

The bandwidth can be improved by the addition of 

capacitance on the output ports; if this is tuned to a slightly 

different frequency to that at the input, then the effective 

bandwidth can be extended. However nothing in this life is 

free and the cost of this bandwidth is a reduction in input 

match. This second capacitor not only ‘tightens’ the 

resonance at the output ports, but also introduces an 

inflection in the input impedance trajectory, which broadens 

the input match, Figure 7. An attractive part of this approach 

is that the parasitic capacitance of an amplifier’s port 

impedance can be absorbed into this resonating capacitor. 

The next stage in the design process is to attempt to 

realise these coupled inductances in suspended stripline. 

The problem then comes translating these values into ‘real’ 

circuit values, i.e. the width and length of the tracks and the 

impact of the substrate thickness and dielectric. It is not 

clear what coupling factor, K, one will get in practice at the 

outset (it can be calculated retrospectively). The authors of 

[1] found the mathematical approaches impractical and so 

settled for an iterative approach using 3D E-M analysis 

approach. 
 

III. SUSPENDED STRIPLINE IMPLEMENTATION 

In its most basic implementation the printed balun 
consists of two tracks printed on opposite sides of a printed 

circuit board. This is easily and quickly analysed [4] in 
MWO using the circuit as shown in Figure 8. This model 
provides a quick and useful starting point, as it can be 
quickly optimised and gives values for the line widths as 
well as giving an assessment of the impact of different 
substrate materials and thicknesses. However there are 
drawbacks. The model assumes that the tracks follow the 
same paths on opposite sides of the board (although they can 
be offset), and there are no models for bends so the layout is 
not practical. If we look at the balun implemented in [1] we 
can see that the underside track is a spiral whilst that on the 
top is a dimple ‘C’ shape, Figure 9. In this case the 
unbalanced signal enters (or leaves) the spiral inductor on the 
lower out end and the grounded end is connected through via 
holes to the ‘virtual’ ground at the mid-point of the upper 
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trace. The space above and below the balun typically to >5x 
the substrate thickness, should be air of dielectrically filled, 
but a ground post could have been brought up into the centre. 
Alternatively the outer end could have been grounded and 
centre linked to the unbalanced port (e.g. via a jumper). 
From the designers perspective the problem we have is that 
for the layout of structures the microstrip/stripline models are 
the most convenient, whilst the accuracy comes from 
running an E-M simulation of a specifically defined 
structure. 

 Fortunately the Axiem simulator from AWR allows the 
best of both worlds, geometry can be defined using circuit 
models and the software uses these to create the shapes for a 
structure that can be analysed using the E-M engine. 

IV. DESIGNING A PLANAR BALUN USING AXIEM 

The first stage is to use the look at the impedance that 
you are trying to match to and separate the resistive and 
reactive components. It is not necessary to achieve the entire 
match with the balun, it may be advantageous to take it in 
stages, as the greater the impedance step the higher the Q and 
the narrower the bandwidth. For example with a balun 
centred at 98MHz, used to input match a very high power 
device such as the NXP BLF178, the resistive element is of 
the order of 2.5Ω and the reactive –j6.8Ω (equivalent to a 
240pF capacitor), Table 1 gives the possible balun inductor 
values.   

For a ZS of 50Ω and a LS of 11nH (to resonate with CL of 240pF) 

for a K=0.8 

ZL n LP M CP 

50 1 7.0 7.0 375.0 

25 2 14.1 9.9 187.5 

12.5 4 28.1 14.1 93.8 

10 5 35.2 15.7 75.0 

8.3 6.0 42.4 17.3 62.3 

4 12.5 87.9 24.9 30.0 

2 25 175.8 35.2 15.0 

Table 1, possible transformer parameters for different 

impedance ratios. 

It is clear that there are a number of options that we could 
take depending on how great an impedance transform we 
would wish to achieve with the balun. Note that we have 
only assumed a single frequency in the calculation and that 
the wider the bandwidth the larger will be the variation in K. 
As a general rule, for wider bandwidths we would attempt a 
lower impedance transformation, in order to minimise ripple. 
High Z ratios ~10 can be achieved is loss is not a critical 
factor, however particularly in power amplifiers it is unlikely 
that one would try to achieve more than a 5:1 transformation. 
In this example therefore we might select a value for n of 4, 
which still makes the job of matching to 2.5Ω from 12.5Ω 
challenging, (but not nearly as difficult as from 50Ω). 

Table 1, provides starting values, which can be ‘plugged 
into the equivalent circuit model, Figure 3, and then 
optimised for the required bandwidth. This then provides the 
template for optimising the simple balun, Figure 8, against. It 
may be possible to include variables such as substrate 
thickness and dielectric constant, although these may be 
determined by other factors, for example the line widths for 
matching, cost and availability. Higher thermal conductivity 
RF substrates (flexible/soft) are becoming available, but with 
limited choice in dielectric constant. Also the load 
capacitance can be included as a variable, but the next stage 
of matching will be needed to compensate for any remaining 
reactance. 

From the simple model values, the more complicated 
shape desired can be created, again using the line widths and 
lengths of the simple circuit as a starting point. Typically the 
input line will have been optimised to a narrow width, whilst 
the output line will be much wider, as the inductance ratio 
will have been attempted to be achieved with the same 
length line. By making the two lengths different more 
practical line widths can be used. 

The shape and size of the single turn is easiest to define 
first. That of the spiral is more complicated and the line 
lengths are best described in relation to one side of a turn 
taken as a reference. In this way only one parameter need be 
changed to alter all the others. If the impedance ratio chosen 
is not too large a single turn may be sufficient. It is of course 
necessary to consider the current handling of the tracks when 
deciding on the line width to use, thus for higher currents 
wider lines will need to be longer to achieve the required 
inductance. 

Conventional microstrip models are used to define the 
geometry. The shapes that are associated with the E-M 
analysis are defined and an E-M extraction block is added to 
the schematic, as shown in Figure 11. Those elements such 
as the ports, ground connection and the MSUB not part of 
the E-M analysis are in blue. The “Extract” block contains 
the E-M analysis parameters such as the cell size, simulation 
engine and which block defines the materials used. The 
“Stackup” parameter refers to a multiple substrate definition 
element which allows different material layers to be used, 
thus giving the user control of the normal substrate 
parameters, conductor materials and also the air gaps. 

In the schematic both track patterns have been defined; 
one of the element parameters select which side of the board 
a particular section is on. It is essential to ensure that all of 

Figure 9, 3-D drawing of balun from [1]. 
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the sections are joined and for this reason it is useful to make 
sure that dimensions are multiples of the grid spacing. In this 
case a single turn of both primary and secondary are used, 
and the layout is shown in Figure 10. Note that this does not 
include the capacitors or grounding method, these must be 
added as in a normal layout. 

The E-M section of the circuit is separated out for speed 
of analysis; when this part of the circuit does not change it 
does not get re-examined, thus saving time. Instead it is 
included as a block and the other circuit elements included. 

In this case we have just shown the resonating capacitors, 
Figure 12, but other matching elements could also have been 
included. 

The results of optimising the capacitor values for a 3dB 
split are shown in Figure 13. As can be seen with this 
construction there is an imbalance of 0.5dB between the 
ports. There are a number of techniques that can be 
employed to correct for this and their effects can be quickly 
appreciated using this simulation. Care must be taken to 
maintain the 180° phase difference with any correction, as 
this is the fundamental requirement of the balun. The anti-
phase response required is met as shown in Figure 14. 
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Figure 11, Balun circuit schematic, with elements associated with E-M analysis highlighted. 

Figure 10, Layout of balun transformer. 
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contained in a sub circuit. 
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Simulation time for this structure is less than 1 minute on 
a fairly standard laptop and therefore tuning and optimisation 
of the design is practical. Automatic optimisation is feasible; 
however (as with most optimisation routines) a close eye 
needs to be kept on the design to ensure that the layout stays 
with realisable parameters. By setting the elements to “auto-
snap” and limiting the optimisation to varying dimensions by 
the grid layout size should restrict this problem. 

 

V. CONCLUSION 

An approach has been demonstrated to both enhance the 
understanding and to enable the design of a useful balun 
construction that is suitable for volume, high power, VHF-
UHF applications. The use of Axiem ™ E-M simulation 
engine from AWR has been found to be very useful in 
accurately creating suspended stripline layouts for which 
conventional linear circuit models do not exist. 
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