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Abstract: This paper provides a clear demonstration that a coplanar stripline (CPS) as a balanced
line can act to re-establish the phase balance in the presence of phase deviation from a 180° distance
between two input signal lines connected to the CPS. A half-wave delay line splitter connected to a
CPS works as a balun to feed a balanced antenna, such as a quasi-Yagi antenna. This type of balun
structure has been widely used to feed balanced antennas with a frequency bandwidth of up to
60%. Nevertheless, no clear explanation has been given regarding how the broadband antennas
could be implemented with this type of balun structure. In this paper, through 3D EM simulations
and measurements, it is shown that the half-wave delay line splitter indeed only results in the
180° phase balance at one frequency, but the subsequently connected CPS acts to recover the phase
balance between the signal lines. The CPS can recover the phase balance within a phase imbalance of
~7t/3, which determines the usable bandwidth of this structure. For a demonstration, with a center
frequency of 10 GHz, samples of the half-wave delay line splitter connected to a CPS are fabricated
and measured.

Keywords: autonomous phase balancing; coplanar stripline; half-wavelength delay line; quasi-Yagi;
wideband antenna balun

1. Introduction

A quasi-Yagi antenna is a planar version of a famous Yagi-antenna, presented by
Kaneda et al. [1], and it is practical with multiple advantages, such as easy fabrication, good
radiation patterns, compact size, and ease of array formation. Numerous studies have been
reported on various designs and properties of the antenna [2-14].

An example of the typical quasi-Yagi antenna is shown in Figure 1. This structure
consists of a microstrip line (MSL), a half-wave delay line splitter (AA” to BB'), a coplanar
stripline (CPS; CC'-DD’), and quasi-Yagi antenna strips (DD'-EE’). The structure of the
half-wave delay line splitter connected to the CPS (AA’-DD’) works a balun to feed the
balanced quasi-Yagi antenna strips. An RF signal incoming through a microstrip line (MSL)
is split into two signal paths at AA". The half-wavelength difference between paths () and
(@) is set to produce a 180° phase difference at BB’ at the design frequency. The section from
BB’ to CC’ consists of two microstrip lines, laid in parallel with a separation gap. This setup
is equivalent to a differential line (DL) on a PCB, typically used for transmitting high-speed
digital signals [15]. At CC’, the DL is connected to a coplanar stripline (CPS) and then
connected to the quasi-Yagi antenna strips at DD’
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Figure 1. Configuration of a quasi-Yagi antenna with a half-wave delay line splitter connected to a
coplanar stripline.

Theoretically, between the two lines of DL at BB/, a balanced signal with a 180° phase
difference is only obtained at the design frequency, probably at the center of the operating
frequency. The two lines of the DL are not completely independent and may affect the
phase balance of the two lines as a function of the DL gap width, but the interaction can
be nonlinear [16]. However, the reported bandwidths of the quasi-Yagi antennas were not
narrow but rather wide: the bandwidth was 3.4-6.3 GHz (60%) in [2], 8.9-14.8 GHz (50%)
in [3], and 23.3-30.3 GHz (26%) in [4]. When the phase is not perfectly balanced at the
antenna feed location, the radiated beam from the quasi-Yagi antenna will be steered at
different oblique angles as a function of frequency.

A coplanar stripline (CPS) is attached at CC’, and a CPS is a balanced transmission line
consisting of two uniplanar parallel lines [17,18]. The CPS is widely used in microwave
circuits and often used as a balanced antenna feedline with a transition connected to an
MSL. Various wideband MSL-to-CPS transition designs have been reported, including the
smooth tapered lines or the resonant structures [19-24]. An improved performance of the
quasi-Yagi antenna was reported using an ultra-wideband microstrip-to-CPS transition by
the authors’ group [12].

Up to now, to the best of the authors” knowledge, no clear description has been
reported regarding how a half-wave delay line splitter connected to a CPS works as a
wideband balun to feed a balanced antenna. In [12], the autonomous phase balancing effect
of the CPS was briefly described, but the description was not in detail, i.e., a qualitative
discussion without measurements. Recently, it has been reported by the authors” group
that the balanced lines have the ability of self-balancing the phase of differential signals in
transmitting high-speed digital signals [16].

In this paper, the autonomous phase balancing action of the CPS as a balanced line is
clearly demonstrated with the 3D EM simulations and measurements. For a demonstration,
with the center frequency at 10 GHz, phase differences between the two signal lines of
various half-wave delay line splitter structures connected to a CPS have been simulated
and measured.

2. Feed Structure for Balanced Signals

Figure 2 illustrates a model of a feed structure (BB’ to FF’) for a quasi-Yagi antenna
with a half-wave delay line splitter structure. An additional section from FF' to HH' is
added for the signal measurements with a 4-port network analyzer. The AA’-BB’ section is
a 50 Q) MSL with linewidth W, and length L;,. The MSL is split into two 50 (3 MSL paths,
and the BB'-CC’ section is a quarter-wave transformer with linewidth W, and length L,
for impedance matching between the input MSL and the two 50 Q MSLs (CC'-DD’). In
the CC'-DD’ section, the two MSLs are split in opposite directions, move away from each
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other, and then return to be located closely. The line section, L3, is longer than the other, Ly,
by a quarter wavelength at the selected frequency. Both MSLs have the linewidth of W,
and are curved with a radius of R to prevent EM coupling from the loops they create. In
the DD'-EE' section, the linewidth smoothly decreases while maintaining the differential
impedance of 100 (), considering the EM interaction between the two lines as the gap
distance becomes smaller.
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Figure 2. Configuration of a half-wave delay line splitter connected to a coplanar stripline (or a
differential line) with design parameters.

For the EE'-FF’ section, a CPS (or an extended DL), which feeds the quasi-Yagi antenna
radiator strips, is shown. In order to monitor the phase balancing action of the feed line,
this section has been configured with two types: (1) extending the 100 () DL with different
linewidths and gaps and (2) connecting CPS lines with different linewidths. For the CPS
lines, an aperture with width W, exists at the bottom layer, while the DLs do not have a
bottom aperture.

For the additional section from FF’ to HH', which is added for the signal measurements,
the two lines of the DL connected from the CPS (or the extended DL) move away from each
other to smoothly form two 50 (2 MSLs with linewidth W,. The design parameters of this
structure are listed in Table 1. The center frequency of the structure is selected as 10 GHz
for use as a balun structure for a quasi-Yagi antenna.

Table 1. Design parameters of a half-wave delay line splitter with a CPS (or a DL).

Dimension [mm] Dimension [mm] Dimension [mm]
Wi 0.68 Ly, 5 Ly 2.25
W, 1.14 L, 45 Ls 5.4
W, 56 Ly 223 Lg 5.3
R 9 L, 16.4 Ly 16.6
D, 22.4 Ls 6.75

3. Phase Balance of the Feed Structure

From the structure in Figure 2, the BB'-FF' section is supposed to work as a balun,
which transforms an unbalanced signal into a balanced one. For an ideal balun, the
magnitudes of the two lines should be the same, and the phase difference between the two
lines should be very close to 180° for the whole operating frequency range. For the EE'-FF’
section, two configurations are examined: (1) 100 () DLs with different linewidths and gaps
and (2) CPS lines with different linewidths (124 () and 110 Q).
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For the quasi-Yagi antennas in the cited studies, the feedline gap was narrow and
constant, and the feed linewidth was optimized for the antenna impedance matching [1-14].
In this paper, the gap between the two lines of a balanced antenna feed structure is set at
0.2 mm. On the Rogers RO4003C substrate (¢; = 3.38, tand = 0.0027, 0.305 mm thickness), a
100 2 DL can have a linewidth of 0.4 mm and a gap of 0.2 mm (DL0402). The connected
CPS, with the same gap and linewidth (CPS0402), but with the ground removed from DL,
has a characteristic impedance of 124 ). To lower the reflection level, the linewidth of
the other CPS is set at 1.2 mm, with the 0.2 mm gap (CPS1202) having the characteristic
impedance of 110 ). With the CPS, the lowest characteristic impedance is typically limited
by the PCB fabrication constraints. With the other DL having a linewidth of 0.6 mm and a
gap of 0.7 mm (DL0607), the two lines of the DL are sufficiently independent from the EM
interactions due to a widely separated gap width of 0.7 mm. The DL0607 is chosen to show
weak EM interactions between the two DL lines (as shown in Figure 3a). If a CPS with the
same gap and linewidth is connected to DL0607, the characteristic impedance becomes
170 3, which is not suitable for this phase balancing analysis. In this case study, the phase
balances and S-parameters are obtained via the 3D EM simulator (CST Microwave Studio).
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Figure 3. Simulated results of DL0402 and DL0607: (a) phase differences between the two signal lines;
(b) S-parameters of the back-to-back structures.

3.1. Phase Balance Test with DLs

The phase balances with two types of 100 (2 DLs with different linewidths and gaps
(for the EE'-FF’ section in Figure 2) are compared, i.e., DL0402 and DL0607. The linewidth
is indicated by the first two digits of each type name, and the gap is expressed by the final
two digits, e.g., the DL0402 line has a linewidth of 0.4 mm and a gap of 0.2 mm. The rest of
the structure is the same as shown in Figure 2.

Figure 3a shows the phase differences between the two output signal lines with two
different DL types. Since the center frequency (fy) of the structure is set at 10 GHz, the phase
difference between the two output signal lines should be 180° at 10 GHz for the two types.
As the frequency moves away from 10 GHz, the phase difference becomes proportionally
deviated from the opposite polarity. Figure 3b shows the simulated S-parameters of the
back-to-back structures, which consist of the section from AA’ to FF’ and then the section
back to AA’, for both DL0402 and DL0607. From 5.6 to 15 GHz, the insertion loss per a
single structure is less than 1.1 dB, and the return loss is greater than 10 dB for both cases.
Of course, this structure cannot be used as a balun to feed a balanced antenna since the near
180° phase difference occurs at a very narrow frequency bandwidth around 10 GHz. In
the figure, it is observed that the phase difference is almost linear with frequency (~7 f/fy)
when the gap between the two lines of a DL is wide (DL0607), but some phase nonlinearities
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occur with a narrow gap (DL0402). These phase imbalances, significantly deviating from
the 180° phase difference, can cause the antenna beam to be incorrectly steered and may
increase side-lobe levels, thereby reducing the antenna efficiency and potentially causing
interference issues [25].

3.2. Phase Balance Test with CPS Lines

The phase balances with two types of CPS lines with different linewidths (for the
EE'-FF' section in Figure 2) are compared, i.e., CPS0402 and CPS1202. Once again, the
linewidth is indicated by the first two digits of each type name, and the gap is expressed
by the final two digits. The two signal lines of the CPS are subsequently connected to two
microstrip lines (FF' to HH' section in Figure 2) for the measurements.

Figure 4a shows the phase differences between two output lines of two CPS types. In
these cases, it can be observed that the phase difference values behave quite differently
from those of DLs placed in the EE'-FF’ section (Figure 3). For both CPS types, the phase
differences are maintained close to 180° within a range of £20° from 6.2 to 13.5 GHz, as
well as within a range of £10° from 6.8 to 12.7 GHz. Below 6.2 GHz and beyond 13.5 GHz,
the phase differences between incoming signals from the half-wave splitter are too big
(>m/3) for the CPS to recover the phase balance of the two lines to maintain the opposite
polarity. Additionally, Figure 4b shows the simulated S-parameters of the back-to-back
structures, which consist of the section from AA’ to FF’, and then the section back to AA’,
for both CPS0402 and CPS1202. From 5.6 to 14.5 GHz, the return loss is greater than 10 dB
in both cases. The insertion loss per a single structure is less than 1.9 dB in the frequency
range of 6.2 to 13.5 GHz and less than 1.3 dB in the frequency range of 6.8 to 12.7 GHz.
Consequently, this structure, comprising a half-wave split path and a CPS, can be used as a
balun with ~60% bandwidth (e.g., 6.8 to 12.7 GHz) to feed a wideband balanced antenna.
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Figure 4. Simulated results of CPS0402 and CPS1202: (a) phase differences between the two signal
lines; (b) S-parameters of the back-to-back structures.

Therefore, this type of balun structure can be conveniently utilized as a balanced
feedline for an antenna with less than ~60% bandwidth, but it cannot be used for antennas
with wider bandwidth. All of the reported quasi-Yagi antennas with this type of feeding
structure had a frequency bandwidth of less than ~60% [1-8].

4. Fabrication and Measurement

To verify the phase balance of the antenna feed structures (shown in Figure 2) with
measurements, two types of the sample structures are fabricated: DL0402 and CPS0402.
These half-wave delay line splitter samples are fabricated on the Rogers RO4003C substrate
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(er =3.38, tand = 0.0027, 0.305 mm thickness), and their overall sizes are 64.1 mm x 60.0 mm,
as shown in Figure 5. Each structure, consisting of one MSL input and two MSL output
ports, is measured via a 4-port network analyzer (Rohde and Schwarz ZNB40, Germany).
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Figure 5. Fabricated half-wave delay line splitter samples: (a) DL0402; (b) CPS0402.

The measured phase differences of the two samples with simulated results are com-
pared in Figure 6a. With the half-wave delay line splitter connected to the DL line, the phase
imbalance occurs at up to +60° for the frequency range of 6.5 to 12.8 GHz. On the other
hand, with the half-wave delay line splitter connected to the CPS, the phase differences are
maintained close to 180° within a range of £20° from 6.6 to 13.5 GHz, as well as within a
range of £10° from 8.2 to 12.2 GHz. While the measured results agree with the simulated
ones on the whole, the measured phase difference values show some resonant fluctuations
over the frequencies, and the frequency range of £10° phase balance is somewhat reduced
compared to the simulated result. These resonances may have been caused by the loop
structure (specifically, the CC'-EE’ section in Figure 2), and similar (or deeper) resonant
behaviors were also observed in previous half-wave delay line splitter structures [5,12]. For
this study, the size of the loop consisting of the two split MSL paths is set to be relatively
large to mitigate the EM coupling and resonances.
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Figure 6. (a) Measured phase differences between the two output lines of the fabricated samples;
(b) Measured S-parameters of the fabricated CPS0402.
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These measurements clearly demonstrate that the CPS acts to regain the phase balance
between two signal lines. It can be noted that the CPS can recover the phase balance
between the signal lines if the phase difference is within ~7t/3. If the phase difference is
greater than ~71/3, the CPS may have a limitation to fully recover the phase balance.

Figure 6b shows amplitude balances (521 and S31) and return losses (15111) for
CPS0402. In the frequency range of 8.2 to 12.2 GHz, as a phase balance range of £10°, the
maximum amplitude difference between the output signals is 2.0 dB, while the average
amplitude difference is 0.5 dB. The return loss bandwidth (>10 dB) is very wide (from
6.6 to 13.5 GHz), but the amplitude difference can reach up to 5.3 dB. Therefore, it can be
noted that the frequency bandwidth based on the return loss alone may not be an accurate
indication of the phase balance bandwidth.

Figure 7a,b show electric field line distributions for a DL and a CPS. With the DL, most
of the field lines are concentrated between each signal line and the ground plane, and some
portion of the field lines is coupled between the lines. These coupled field lines may interact
to change the phase imbalance, but they mostly result in an incomplete and nonlinear
phase balance. With the CPS, most of the field lines are contained between the two signal
lines, and, thus, the two lines are strongly coupled. This strong EM interaction enables us
to recover the phase balance between the two signal lines of CPS when a differential signal
with a phase imbalance propagates into the CPS.
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Figure 7. Electric field line distributions: (a) DL; (b) CPS.

Therefore, by utilizing this autonomous phase balancing action of the balanced lines
(e.g., a CPS and a parallel stripline), a simple balun structure can be formed with a half-
wave delay line splitter connected to a balanced line. This type of balun structure can be
very useful for frequency bandwidths within ~60%.

5. Conclusions

In this paper, an autonomous phase balancing action of a CPS in the presence of a
phase imbalance between two input signal lines to the CPS has been clearly described via
3D EM simulations and measurements. This experiment explains how a half-wave delay
line splitter connected to a CPS works as a broadband balun to feed balanced antennas,
such as a quasi-Yagi antenna. The half-wave delay line splitter alone provides a 180°
phase difference at only one frequency, but the connected CPS acts to restore the phase
balance between the two signal lines if the input phase difference is within ~£7/3, which
determines the bandwidth of the structure as a balun. For a demonstration, two samples
of the half-wave delay line splitter, connected to a DL or a CPS at the design frequency
of 10 GHz, were designed and fabricated. The phase and amplitude differences of the
samples were measured as a function of frequency and compared to the 3D EM simulations.
These results justify using the half-wave delay line splitter connected to a balanced line as
a broadband balun to feed balanced antennas or components.
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