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Abstract— In this paper, various architectures of 3D compact
microwave balanced to unbalanced (balun) transformers for
Bluetooth/WiFi antenna applications are successfully designed
and optimized using the Design of Experiments (DOE) approach.
Two different multilayer topologies, one microstrip and one
stripline, are investigated on Low Temperature Co-fired
Ceramic (LTCC) substrate. The design goals for both baluns are
perfectly balanced outputs from 2 to 3 GHz and a resonant
frequency of exactly 2.4 GHz. It is demonstrated, using only eight
simulations, that perfectly balanced outputs are not possible
under the given conditions in the case of the microstrip balun.
Nevertheless, the stripline balun can be optimized due to its
almost symmetrical structure, and both simulations and
measurement results verify the conclusions. The DOE method is
very simple to implement and gives a clear understanding of the
system behavior at the beginning of the design process, reducing
the amount of work required for achieving the design goals by
orders of magnitude compared to the widely used trial-and-error
approach. The matching and unique measurement issues
regarding the calibration, placement of probes and the de-
embedding of the microstrip to coplanar waveguide (CPW)
transitions are discussed in detail for the optimized stripline
balun. This technique can be easily applied to the fast and
efficient optimization of complicated radiation structures, such as
reconfigurable or multilayer mutliband antenna arrays.

Index Terms—3D Balun, CPW Lines, Design of Experiments
(DOE), LTCC, Microstrip Lines, Multilayer Modules,
Optimization Algorithms, WiFi/Bluetooth Antennas.

I. INTRODUCTION

The objective of this paper is to explore the design,

optimization and implementation of 3D multilayer baluns for
antenna applications as a benchmark for the efficiency of this
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approach. Two 2.4 GHz multilayer baluns in microstrip and
stripline technologies are optimized using DOE and the
prototypes are built and tested in a 20 layer LTCC process.

In recent years it has become increasingly important to
find ways to move certain components off-chip, with the drive
towards System On Package (SOP) solutions that have
demonstrated tremendous potential in developing compact RF
modules [1], [2]. In these geometries, a significant portion of
the passive elements are located not on-chip (where possible),
but rather on-package thereby saving chip real estate,
improving performance, and reducing cost since the package
is inevitably cheaper than the corresponding semiconductor
material. The demands for compactness and functionality, as
well as the close proximity of these passives to the antenna
[3], especially for 802.11x/Bluetooth compact modules, make
the design and optimization processes of such systems more
and more challenging.

Il. DOE BACKGROUND

Existing optimization packages included in commercial
electromagnetic simulators, often do not take into account the
specific effect of each of the factors involved in the design
process and the degree of interaction between them, thus
leading to time-consuming “trial-and-error” approaches. For
the complicated 3D architectures of RF/microwave multilayer
modules, such as reconfigurable antenna arrays or mutiband
3D implemented planar radiating topologies, a comprehensive
and sophisticated tool is necessary to account for complex
phenomena such as coupling and fringing effects. Alternative
optimization methods suited to this kind of complexity are
Neural Networks [4] and Genetic Algorithms [5]. These are
very precise methods which unfortunately require a hefty
amount of prior knowledge and are computationally complex
and time consuming. Design of Experiments (DOE) [6], [7]
overcomes these disadvantages. It provides a thorough
understanding of all of the factors involved in the design
process, and identifies which are more significant, which are
not significant at all, how they interact with each other, and if
the goals are achievable in the given conditions. Most
importantly, the method is very easy to implement with
negligible computational overhead. This method is suited as a
first approach to understand the behavior of a system, to
decide whether an optimization is possible under certain
conditions and filter out all the insignificant factors from the



beginning of the process [8]. Also, in combination with
Response Surface Modeling (RSM), DOE is a successful
optimization technique [9]. If very accurate models and very
precise optimization are required, more sophisticated methods
like Neural Networks and Genetic Algorithms come into play.

A design of experiments (DOE) is a series of tests in
which a set of input variables or factors is purposely changed
so that the experimenter can observe and identify the reasons
for changes in the output response. Previous work has
demonstrated the advantages of the use of design of
experiments in the modeling and optimization of
RF/microwave circuits [10]. A very important result of a DOE
analysis of a system is the explicit effect of each of the factors
involved in the design process, as well as all the interactions
between them.

The most popular designs for achieving this goal are the
factorial experiments, which involve several factors and
whose goal is the study of the joint effects of the factors on a
response. Prior knowledge of the analyzed system and of the
fabrication process is required for choosing the factors and
their studied ranges. The 2% factorial design is the simplest
one, with k factors at 2 levels each. The two levels of each of
the k variables, “-*“ and “+”, represent the lower and the upper
limits of the interval in which the variable is analyzed and
they are determined by the variations/tolerances of the
fabrication process, as well as by the space and material
limitations of the multilayer module. The 2* factorial designs
are useful in the preliminary analysis of the system, when
there are many factors that might affect the system. They
provide the smallest number of runs for studying k factors and
are widely used in factor screening experiments [6].

This paper shows the first use of the DOE in a feasibility
study of the optimization of a circuit. In other words, for the
two balun topologies presented in the previous section, it will
be demonstrated that, under the given design conditions, the
microstrip balun cannot completely satisfy the balance design
requirements for any frequency between 2-3 GHz that is
different than the design frequency within the specified degree
of tolerance. This is a very important “a-priori” conclusion, in
any case a designer tries to achieve the unachievable. When
confronted with such challenges, the designers often spend a
lot of time trying to get results rather than just do a systematic
factor screening at the beginning of the design process.

The DOE approach steps are as follows: first,
electromagnetic analysis of the system helps identify the
important factors to be considered. Then these factors are
included in a factorial experiment and the outputs are obtained
and recorded using a full-wave time-domain simulator. The
preliminary DOE analysis gives a general understanding of
how factors affect performance and how they interact with
each other, and quantifies the significance of all the factors, to
be able to eliminate from the analysis the ones that are not
significant and keep only the most significant ones when the
design resources are limited. Explicit statistical models are
developed for each of the outputs as a function of the inputs,
the optimization constraints are afterwards applied to these
models and the values of the input variables that best satisfy
all of them are calculated.

11l. BALUN BACKGROUND

Baluns - from BALanced to UNbalanced transformer -
are required in a wide variety of microwave components, such
as balanced mixers, push-pull amplifiers, multipliers, phase
shifters and antennas [11] [12], [13], [14],. A balun basically
transforms a single-ended network to a differential one or
vice-versa. Baluns have been actively studied since the work
done in the area by Marchand [15]. Active baluns have been
reported [16] but are plagued by the problem of high DC
power consumption, noise figure and limited power handling
capability. MMIC baluns of different forms have also been
reported in the literature but implementing relatively sizeable
structures on chip rather than on package (where possible)
increases the cost of the final product substantially. Lumped
element implementation of MMIC baluns (on chip) [17] have
likewise been studied but suffer from the same problems as
any of the on chip baluns reported — lumped or distributed.

Other methods that have been examined for baluns are
suspended substrate techniques, [18] which were impossible
to fabricate in monolithic form, and other topologies [19], that
required inhomogeneous dielectric layers and thus could only
be implemented in non-standard processes.

3D approaches have the advantage of saving substrate
space by using the third dimension. SOP multilayer
implementations [2] have demonstrated very good
performance with a higher level of integration on multilayer
substrates such as LTCC.

In order to save space on the substrate, one alternative is
to implement the lines as spirals. This way, the size of the
overall structure is reduced. The disadvantage of such
structures is the unwanted couplings between the spiral turns.
In this case, the parasitic capacitance resulting from the spiral
turn coupling compensates for part of the quarter or half
wavelength long straight lines. Therefore, further size
reduction is achieved with the spiral implementation.

Apart from the use of spiral lines for space reduction,
baluns can also be implemented using different technologies.
This work specifically focuses on microstrip and stripline
balun development using a 20-layer LTCC substrate with the
following characteristics: ¢ = 7.8, tan &=0.005, layer
thickness = 3.7 mil.

Fig. 1 presents the exploded view of the stripline balun.
Layers 0 and 4 represent the ground planes of the structure.
The half wavelength open line is on layer 2. A small portion
of this line is placed on layer 3 to avoid overlapping traces and
to take advantage of the multilayer configuration for overall
size reduction. One of the quarter wavelength coupling
sections is on layer 1 and the other on layer 3. Each of these
lines is shorted to the ground planes (through vias) above and
below it respectively. The top ground plane is patterned in
order to allow for signal lines from each of the input and
output ports (on the buried layers) to be connected to the top
of the structure through vias for probing by a coplanar probe.
Vias (not shown in figure) are used to connect the top ground
plane to the bottom, to keep both ground planes (upper and
lower) at the same potential.

A similar balun was designed in microstrip topology as
shown in Fig. 2. In this configuration, the ground plane is



buried in layer 3 (since there is no top ground plane). The half
wavelength section (open line) is now located on the top layer
(layer 0) as well as the co-planar waveguide probe pads,
which allow for probing with co-planar probes at each of the
ports. The remaining section of the spiral open line is now on
layer 2 and is connected as before through vias. Layer 1
contains both coupled quarter wavelength sections whose
outputs are connected to layer 0 and are terminated on the
ground plane on layer 3 (through vias).
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Fig. 1. Stripline implementation of spiral balun.
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Fig. 2. Microstrip implementation of spiral balun.

The layout of these structures is quite challenging since the
close proximity of the turns introduces parasitics and
sometimes destroys the symmetry of the topology.
Conventional optimization approaches would require the
variation of a large number of geometrical parameters and a
very large number of simulations. In this paper, the Design of
Experiments (DOE) technique was applied in the beginning of
the design process for a thorough understanding on how
various design parameters can be modified to achieve optimal
performance. The design goals were a resonant frequency of
2.4 GHz, as well as excellent amplitude balance (better than

+0.5dB) and a consistent phase imbalance (better than

15 deg) at the output from 2-3 GHz. It was expected that the

optimization of the stripline topology would be easier due to
its symmetry. Also, since the outputs are located on different
layers, good isolation characteristics between ports 2 and 3 are
expected. However, with the microstrip topology, the structure
is not symmetric and the port 3 line is slightly shortened
compared to the port 2 line. This is due to the fact that the via
that connects the portion of the open line on layer 2 to the rest
of the line on layer O restricts the length of the port 3 line, as it
can be seen in Fig. 2.

IV. MICROSTRIP BALUN OPTIMIZATION

The first case to be considered was the microstrip
topology, which is of great interest due to its wide use in RF
and microwave circuits. The preliminary simulations of the
structure in Fig. 2 showed poor amplitude balance between
ports 2 and 3, as shown in Fig. 3. detailed look at the field
distribution shows that there is a lot of coupling at the center
of the structure. This is due to the fact that the central part of
the open line on Layer 0 does not couple with the short lines
on Layer 1 (see Fig. 2) and causes parasitic coupling with the
neighboring lines on the open spiral line. Also, strong
coupling is present between the corners of the spiral open on
Layer 0 and the two lines connecting the shorts to the ports 2
and 3 on Layer 1. All of these coupling effects are illustrated
in Fig. 4 on a top view of the structure.
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Fig. 3. S-parameters of initial microstrip balun.
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Fig. 4. Top view emphasizing the coupling effects of microstrip balun and the
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Therefore, two factors were initially identified for the
experiment: Gg,, or the open-to-open gap, and G, or the
distance the output lines for ports 2 and 3 are moved from the
initial position for coupling reduction, as shown in Fig. 4. A
third factor L, representing the length by which the lines are
shrunk at one end, was added to the experiment for
compensating the imbalance between S,; and Sz. More
preliminary simulations showed that other possible factors,
like the number of turns and the distance between turns do not
change the results significantly. So a full factorial experiment
with three factors consisting of 2° = 8 treatment combinations
was run. The two levels chosen for each input variable were
controlled by the fabrication process and are presented in
Table I.

TABLE I.

VARIABLES FOR THE 22 EXPERIMENT
Variable L (mll) Gy (mll) Goo (m||)
“ level 0 0 6
“+“ level 30 13 19

The output variables chosen were Ay, and Asgp,, Which
are the differences between S,; and S3; at 2GHz and 3GHz
respectively, as well as the resonant frequency f..s. The phase
imbalance is not recorded at the two frequencies since the
variation in the band is not monotonic and the results at the
edges of the bandwidth are not relevant. Instead, the worst
value of the phase imbalance in the frequency band, P, is
recorded. The optimization goal was: Aygn, = 0; Asgh, = 0; Py
=0; fres = 2.4 GHz.

The eight simulations were run in the MicroStripes TLM-
based Modeler and the results are presented in Table 1.

TABLE II.
23 EXPERIMENT

fres Az Asghz Pw
Run L Go Go g1y (dB)  (dB)
T - - 237 14 07 16
+ - - 242 11 08 21
- 4+ - 237 12 05 125
242 09 09 18
229 16 06 17
240 10 09 23
230 09 07 14
241 08 09 18

0O~ UAWN R
+
+

+
+ o4+ o+ o+

The Analysis of Variance (ANOVA) statistical analysis
[6] was performed using JMP statistical software [20].
ANOVA reveals the statistical significance of all the input
variables and of their interactions and generates regression
models of the outputs as a function of the inputs. In this case:

Ayey, =1.125-0.1625 L=15)_0.1605[ G =85 (D
15 6.5
Agspr, = 0.75+o.125[L1_515j @)

R, =17.4375+2.5625 =22 | 1 15[ G 0> 3)
15 6.5

The statistical analysis of the model shows which
parameters are significant for each of the three figures of merit
and the ones that are not significant are eliminated from
further analysis. The first order prediction models presented in
equations (1) - (3) were validated for model assumptions of
normality and equal variance of the residuals [6].

These models can be used to predict the performance of
the system for a specific configuration, or to optimize the
balun performance with respect to either figure of merit or
combinations of the three. The initial goal of this optimization
was to have Aygh, = 0 and Asgn, = 0 simultaneously. Since L
was a significant factor for all three prediction models, G,
was fixed at the most convenient levels for achieving the
optimal performance (13 mil), and the two derived values
needed for L to satisfy both Aygy, = 0 and Asgn, = 0 were Logh;
= 104 mils and Lsgn, = -75 mils. These two conditions could
not be satisfied at the same time, and this rendered the
optimization of the microstrip balun impossible under the
described ideal conditions. The two transmission coefficients
for ports 2 and 3 could not satisfy the balance requirements in
the studied bandwidth (2 - 3 GHz) because the two lines had
to be shrunk and elongated at the same time. On the other
side, the optimized solution for more relaxed specifications,
such as A,gn, and Asgh, <0.5 dB or <1dB could be easily
identified and are given in Table Il without the need for
additional simulations.

TABLE III.
VARIABLE VALUES TO SATISFY MORE RELAXED OPTIMIZATION
SPECIFICATIONS.

Specification 0.5dB 1dB
LaghHz 57.7 11.5
Lachz -15 45

The data in Table Ill shows that the length required to
satisfy the 2GHz condition is decreasing and the one required
to satisfy the 3GHz condition is increasing for more relaxed
specifications. The Lygy; = Lsgh; iS calculated from the
regression models to be satisfied for a 0.84 dB amplitude
imbalance condition. So this particular structure has been
optimized as follows: if an amplitude imbalance up to 0.84 dB
can be tolerated within the minimum and maximum
frequencies, the following are the optimized values for the
three variables: G,, = 6 mil, G, = 13 mil and L = 26 mil. The
phase imbalance for these factor values, calculated using
equation (3), is found to be 17.5 degrees, again not in the

widely accepted range of =5deg. L has a relatively larger

influence on the phase performance compared to G, and has
to be minimized for optimal phase imbalance. According to
equation (3), optimal phase is achieved for L = -76 mil, so L
has to be decreased to decrease the phase imbalance. Run
number 4 of Table Il does not ensure optimal phase
performance; rather run number 3, with the same values for
Gso and Gy, but minimum L, is the optimal for phase
performance, presenting a maximum phase imbalance of 12.5
degrees at 2.4 GHz, while maintaining the amplitude
imbalance below 1.2dB. One would have to pick the optimal
values for the three optimization parameters depending on the



design requirements and specifications (higher significance of
amplitude or phase balance).

Last but not least, a successful weighted optimization for
the microstrip balun was performed for the three figures of
merit presented in equations (1) — (3), plus the resonant
frequency f.s with an optimization goal of 2.4 GHz. First, a
statistical model was developed for the resonant frequency.
The analysis revealed that all three main effects were
statistically significant as well as the two-factor interactions

L-G,,and G, - G,,. The first order model developed based
on the data presented in Table Il is:

f.. =23725+ 0.04(%} + 0.0025[630 . 6'5) -

6

5
G, -125 L-15)( G, -125 @
0.0225(%}0.015( — )6;}

15 5

00025 Geo =65 )( G 125
6.5 6.5

and was validated for model assumptions of normality
and equal variance of the residuals. The optimization tool used
is based on the maximum desirability method pioneered by
Derringer and Suich [21] and included all four variables in the
prediction models (1) — (4). For this particular optimization,
the importance was weighted as follows: resonant frequency
and the phase imbalance, which showed high values in the
previous analysis, were weighted with a factor of importance
of 5, and the two amplitude imbalances with a factor of
importance of 1. This is an abitrary choice and can be changed
according to specific design needs. The optimized values of
the four figures of merit, as well as the values of the three
factors, are presented in Table V.

TABLE IV.
OPTIMIZATION RESULTS
AZGHZ A3GHZ I:,w fres L Goo Gso
(dB) (dB) (deg)y  (GHz)  (mil)  (mil) (mil)
0.95 0.75 15.6 2.395 15 6 13

Fig. 5 shows the intersection of the surfaces represent the
possible values of L, G,, and G, that satisfy the optimization
conditions.
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Fig. 5. The intersection of the surfaces that represent the possible values of L,
Goo and G, that satisfy the optimization conditions.

Obviously, a trial-and-error approach where the designer
changes the factors in a random manner could not have given
the same insight after only eight simulations. Genetic
algorithms often require hundreds of simulations for
optimization, while the trial-and-error approach can not give
an understanding of the system after a very large number of
simulations, especially when interactions are involved.

V. STRIPLINE BALUN OPTIMIZATION

In the stripline case, the optimization included only two
factors of the three illustrated in

Fig. 4: Gg, or the open-to-open gap, and Gg, or the
distance the output lines for ports 2 and 3 are moved from the
initial position for coupling reduction, since there was no need
to compensate for any asymmetry in the geometry. A simple
22 experiment was run for the same values of the two variables
as the ones shown in Table I. The results of the experiment are
presented in Table V. It can be seen that there is very small
variation with these factors for the stripline configuration. The
structure is symmetric and there are not too many unwanted
couplings that affect the performance. The simulation results
of the initial design, with the two output lines for the balanced
ports not staggered (Gs, = 0), and the distance from the center
line to the first spiral turn equal to 6 mils (G4, = 6), are shown
in Fig. 6.

The balun was fabricated and the de-embedded
measurements demonstrated very good agreement with the
simulations for both the amplitude and phase imbalance, as
shown in Fig. 7 and Fig. 8. The amplitude imbalance is less
than 0.5 dB and the phase balance better than 5 degrees in the
frequency range of interest, so this stripline balun corresponds
to the design requirements mentioned earlier.

TABLE V.
22 EXPERIMENT

Run Gy Goo fres AoGHz AsGHz P2.4cHz
(GHz) (dB)  (dB) (deg)
1 - 242 0.05 0.15 0
2 + 242 0.2 0 12
3 + - 2.35 0 0.1 0
4 + + 2.42 0.18 0.13 2.2
0 T T T T
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Fig. 6. Simulation results for S21 and S31 of the stripline balun.
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Fig. 8 Phase imbalance measurement vs. simulation for the stripline balun.

VI. BALUN DE-EMBEDDING AND MATCHING

The structures presented in the preceding section were all
simulated using EM software without considering the
transitions from the edge of the structure — usually in a buried
layer - to the top (layer 0) where they are probed. In most
modules, the edge of the geometry is connected to the top
layer (for probing with a co-planar probe) through a via and
some length of transmission line. Therefore, de-embedding
structures have to be designed and fabricated in order to have
an accurate experimental characterization.

Fig. 9 shows one de-embedding structure for the signal
line located on layer 3.

ground
o ;signal/ signal
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Fig. 9. De-embedding structure for signal line on layer 3.

First, the de-embedding structure is measured and its S-
parameters recorded. These S-parameters are used to model
the structure as a symmetric 2-port device in Advanced
Design System (ADS) [12]. Then the balun itself (which
contains the transition intrinsically) is measured. Finally, the
symmetric device is split into two and cascaded in ADS on
each side of the measured balun S-parameter block. All are
simulated using the de-embedding function of ADS, and then
the de-embedded balun S-parameters are obtained.

The deembedding structures were characterized and
modeled using various components including simple inductors
resistors and capacitors as well as ADS models of microstrip
and stripline transmission lines.

A simple equivalent-circuit model of the deembedding
structure used for the stripline balun is shown in Fig. 10.

L]

Fig. 10. Circuit model for the deembedding structure.

Another important issue in the optimization of 3D baluns
is the matching. A balun is basically a power divider that
performs the additional function of phase inversion at one of
its output ports. Another way of looking at it is that it provides
a constant 180° phase difference between the output ports.
From the theory of power dividers and three-port networks, it
is clear that it is impossible to construct a three-port network
that is matched at all ports, lossless, and reciprocal [22]. Since
all passive networks are reciprocal (including the baluns under
discussion) and can for the most part be treated for ease of
analysis as lossless networks, it is therefore clear that the
baluns in this study cannot be matched at all ports.

In fact since one of the design criteria used for the balun
was matching at the input port, and since the output ports are
designed for equal power split, one can expect a desired
output of =3dB. Of course this would be the ideal case, where
all losses were ignored. In reality, the data shows outputs on
the order of —3.5dB to —3.8dB, which corresponds to a worst
case loss of 0.8dB.

The ideal return loss for each of the output ports is —6dB
[23]. The impedance at port 1 is 50Q2, while the impedance at
each one of the two balanced ports each is 100Q. Thus, each
of the output ports sees 50Q2 (input) in parallel with 100Q2 (the
other output port), leading to a 33.33Q2 equivalent impedance.
The return loss is defined as:



Z,-7, 100-333
Z,+Z, 100+333

=0.5=-6dB

The actual measured value of the return loss is —5.7dB at
each of the output ports. The output port mismatch can be
solved by adding a resistive network between the output ports
[23].

VII. CONCLUSION

The Design of Experiments approach has been combined
with full wave EM simulations first for studying the feasibility
of the optimization of two multilayer baluns and then for
optimizing the feasible one for WiFi/Bluetooth frequency
ranges. Two spiral baluns have been designed in microstrip
and stripline topologies. For the microstrip topology, it was
found that it was not possible to obtain satisfactory amplitude
and phase balances for the entire frequency band, but the
resonant frequency can be optimized if no tough requirements
are imposed on the imbalances. For the stripline topology,
optimization was achieved and test structures were fabricated
to validate the simulations. It has to be noted that in both cases
the amount of required simulations was a very small fraction
(more than an order of magnitude) with respect to any other
optimization approaches.

By extending the Design of Experiment (DOE) approach
to the system-level modeling and optimization of complex
topologies, such as 3D multilayer modules or packaging-
adaptive antenna arrays, at the beginning of the design
process, the designer can save a lot of time, shorten the design
cycle of added functions and achieve the design goals in a
simple and elegant manner, while incorporating variations of
the fabrication/material processes and eliminating “trial-and-
error” deficiencies.
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