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Abstract: In this paper, a balanced-to-balanced filtering directional coupler (FDC) that can realize
a 3 dB coupling degree directional coupler with high isolation and directivity is proposed. The
design of the proposed FDC is primarily based on microstrip/slotline transition structures, resonance
structures, and odd–even mode phase velocity compensation structures. A U-type microstrip feed
line integrated with a stepped-impedance slotline resonator is adopted at the input and output ports,
which makes the differential-mode (DM) responses independent of the common-mode (CM) ones,
and brings superior DM transmission and CM suppression. In addition, by loading the microstrip
stub-loaded resonators (SLRs), a DM passband with sharp filtering performance is realized, and
transmission zeros (TZs) can be added into the design, which makes it more selective. Moreover,
phase compensating slotlines are added into the coupling structure to enhance the isolation. In
order to verify the feasibility of the proposed design method, an FDC prototype circuit was made
and tested. The simulation results are in good agreement with the measured results. The designed
coupler’s DM operating band covers 2.65 GHz to 3 GHz (FBW = 12.4%), and the insertion and return
losses are 4.6 dB and 20 dB, respectively. The isolation degree is better than 15 dB, and the CM
suppression is more than 55 dB. The total coupler size is about 67.7 mm × 63.8 mm. The designed
balanced-to-balanced FDC can be widely used in S-band wireless communication systems.

Keywords: balanced-to-balanced; filtering directional coupler (FDC); microstrip/slotline transition
structure; stub load resonator (SLR); CM suppression; high selectivity

1. Introduction

In recent years, with the development of small-scale integration, RF and microwave
systems require more integrated circuits and devices. Directional couplers, as an indis-
pensable part of RF circuits, have been paid more and more attention because of their
unique performance of high directivity and power distribution of microwave signals in a
certain proportion. In [1], the short-circuit coupling line was placed in the conventional
coupler to strengthen the coupling, but this reduced the bandwidth. Inserting left/right
composite elements [2] into the directional coupler could improve the coupling degree, but
the directivity will worsen. A fragment compensation structure was used in [3] to improve
the directivity of the coupler, but at the expense of bandwidth. In [4], a directional coupler
was designed using slotlines, but the CM suppression was poor.

Balanced/differential structures were widely used in RF passive devices because they
can effectively suppress CM impedance [5–8]. In [9], a broadband CM suppression filter
was added at the excitation end to suppress the common mode. In [10], by introducing
a multilayer dielectric structure and placing the sections on different metallized layers,
different coupling coefficients required for each coupling line section were realized. The
model works in the differential mode, and the common mode rejection is high.
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Filters were widely used in RF circuits and have been paid much attention in recent
years [11–13]. Ref. [14] presents a balanced passband filter (BPF) with independently
tunable/controllable dual passbands, using element-loaded, stepped-impedance resonators
(SIRs). Ref. [15] designed a DM wideband BPF with enhanced CM suppression by using a
slotline resonator.

Device miniaturization can be realized by combining the coupler with the filter. By
combining the power directional coupler in the reflection mode, a filter with a wide band
width was proposed by [16]. In [17], the aperture was set on the ground plane by using
slotline technology, and the filter structure was optimized using the coupling line; this
greatly improves the filtering characteristics, but the selectivity is low. Ref. [18] used
the branch line coupler as the transverse filtering part; the out-of-band response was
synthesized by loading the coupling port of the coupler and taking the isolation port as
the output node. As far as the current research shows, there are few reports of differential
filtering directional couplers.

In this paper, a novel balanced-to-balanced FDC is proposed and analyzed. The
couplers operate at a frequency of 2.3–3.3 GHz, and can be widely used in microwave sys-
tems such as radio frequency identification (RFID), wireless local area networks (WLAN),
and global interoperability of microwave access (WiMAX). The coupler adopts a U-type
microstrip feed line integrated with a stepped-impedance slotline resonator, as shown in
Figure 1a (1), which can separate CM and DM, and effectively improve CM suppression.
Two SLRs are introduced to increase the selectivity in the bandwidth, as shown in Figure 1a
(2). An L-junction slotline for impedance matching has been designed. Under the condition
that the power distribution is equal, the introduction of zeros is added to further improve
the selectivity. In addition, in the structure of the coupler, the slotline is used to separate
the even mode from the odd mode, as shown in Figure 1a (3). Since the phase velocity of
the even mode and the odd mode are different, increasing the size length of the slotline can
effectively compensate the phase velocity, thus enhancing the isolation and directivity.

Figure 1. Configuration of: (a) The proposed FDC; (b) The top microstrip line structure; (c) The bottom slotline structure.

Compared with its predecessors, this paper has the following advantages: Firstly,
a U-type microstrip transition gap structure is proposed to enhance CM suppression.
Secondly, an SLR structure is added to enhance the selectivity of the model. Thirdly, two
TZs, low-frequency TZ and high-frequency TZ, are introduced to make the zeros appear
on both sides of the frequency band, effectively isolating the clutter outside the band, and
further strengthening the selectivity of the model. The CM rejection in the passband is
greater than 55 dB, and the DM isolation degree is greater than 20 dB. The rest of the paper
is organized as follows: In the second part, the performance of the designed directional
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coupler with filter structure is analyzed. In the third part, the simulation and test results of
the high-selectivity directional coupler with filter structure are analyzed. The fourth part is
a summary of the full text.

2. Balanced-to-Balanced Filtering Directional Coupler
2.1. Overall Design Principles and Ideas

Slotlines are a technique in which narrow slits are etched into one side of the grounding
metal layer of the dielectric substrate. Their geometry is flat, making them ideal for use
in microwave circuits. The structure diagram of the designed highly selective directional
coupler with filtering structure is shown in Figure 1, which consists of U-type microstrip-
to-slotline structures (described in Section 2.2), filtering resonance structures (described
in Section 2.3), L-type slotline structures (described in Section 2.4), and odd–even mode
phase speed compensation structures (described in Section 2.5). Figure 2 shows an internal
schematic of the designed coupler. As can be seen from the figure, the coupler designed in
this paper can be simply obtained, by cascading two SLRs and a coupler at the output port
and coupling port.

Figure 2. Internal schematic illustration of the proposed FDC.

The circuit schematic diagram of the designed FDC working in DM mode is shown
in Figure 3. Where Zn (n = 0, 1, 2, 3, 4, 5, 6, 7) represents the characteristic impedance of
the microstrip line, Zsn (n = 1, 2, 3, 4, 5, 6, 7, 8) represents the characteristic impedance
of the slotline, and Ze and Zo, respectively, represent the even-model impedance and
the odd-model impedance of the parallel coupling line. θn (n = 1, 2, 3, 4, 5, 6, 7) and
θsn (n = 1, 2, 3, 4, 5, 6, 7, 8) denote the electric length of microstrip line and slotline,
respectively, where θn = 2πln/λn, θsn = 2πlsn/λsn (n = 1, 2, 3, 4, 5, 6, 7, 8). (λn is the guided
wavelength of microstrip line at the center frequency of the proposed FDC, λsn is the
guided wavelength of slotline at the center frequency of the proposed FDC.)

Figure 3. Transmission-line equivalent circuit of the proposed FDC under DM operation.
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The scattering matrix of an ideal directional coupler is as follows:

[S] =


0 α jβ 0
α 0 0 jβ
jβ 0 0 α
0 jβ α 0

 (1)

An ideal directional coupler is characterized by matching at all ports, while a multi-
section stepped symmetrical directional coupler can be regarded as a quarter-wavelength
stepped impedance filter. The ABCD matrix of the prototype circuit of n section quarter-
wavelength stepped impedance filter is:[

An jBn
jCn Dn

]
=

n

∏
i=1

[
cos θ jZi sin θ

j sin θ
Zi

cos θ

]
(2)

according to the transformation relationship between S parameter matrix and ABCD matrix,
the attenuation coefficient of the circuit can be obtained as:

LA = 1 +
1
4
(An − Bn)

2 +
1
4
(Bn − Cn)

2 (3)

since An = Bn, the attenuation coefficient is:

LA = 1 + Pn
2(sin θ) (4)

For matches at each port, the odd–even mode impedance at each point of the coupling
line is as follows:

Z0eZ0o = Z2
o (5)

Therefore, the coupling line impedance can be obtained only by calculating the even-
mode impedance. The calculation impedance synthesis process is as follows [19]:

|Γ|2 =
P2

n(x)
1 + P2

n(x)
(6)

x =
s/j√

1 + (s/j)2
= sin θ (7)

where s/j = tanθ.
Therefore, the impedance function is:

Z(s) =
1 + Γ′

1− Γ′
(8)

If the ABCD matrix is left multiplied by a matrix and an expression, the new ABCD
matrix and the impedance of each coupling line can be obtained as follows:

1
1− s2

[
1 −Zns
− s

Zn
1

][
A B
C D

]
=

[
A B
C D

]
(9)

where Zn = As/Cs|s=n−1.
Repeat the above calculation formula to calculate the impedance of each coupling line.
Microstrip/slot transition structures can be represented by equivalent transformers.

Transformer turn ratio n represents the coupling amplitude between microstrip line and
slotline. When the RF signal is excited from the balanced input port, the DM signal is
transferred into the slotline through the U-type microstrip feeder, and reaches the filtering
part through the underlying L-junction gap structure. Since part of the energy is coupled
from the lower symmetric L-junction slotline, and the other part is coupled to the upper
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SLR, the two energy channels have the same amplitude and the phase difference is 180◦,
resulting in a sharp pass band, which enhances the out-of-band suppression effect and
greatly improves the model selectivity.

The length of the coupling part is selected as a quarter wavelength of the central
frequency. Because the phase velocities of odd mode and even mode are different, the
directivity of the coupler will be affected. By increasing the length of the slotline, the low
phase of the odd mode is compensated. After the signal enters the coupler part, the odd-
mode signal is separated and transmitted forward along the slotline, while the even-mode
signal remains unchanged. Then, the odd mode with compensated phase is coupled from
the slotline to the microstrip line, and energy is the output from the coupling end. The
following sections provide an introduction to each of these.

The frequency response coming from the equivalent circuits is calculated using the
Advanced Design System (ADS), as shown in Figure 4. Compared with the results of
HFSS, a good agreement is obtained to verify the equivalent circuit. It can be seen from
the figure that ADS corresponds well with HFSS simulation results: both frequency bands
are around 2.2 GHz − 3.3 GHz, and the transmission zeros’ positions are around 2.3 GHz
and 3.3 GHz, respectively. In the DM passband, the return loss is better than 13 dB, the
minimum coupling of DC is 4.69 dB, the maximum coupling is 5.20 dB, and the isolation
degree is better than 15 dB. The characteristics and selectivity of the coupler in ADS and
HFSS are consistent.

Figure 4. Simulation results of ADS about DM operation.

2.2. Balanced Microstrip/Slotline Transition Structure

The proposed FDC consists of four U-type microstrip/slotline feeders located at each
of its four port positions. Each balanced microstrip/slot structure consists of a U-type
stepped-impedance microstrip feedline and a stepped-impedance slot resonator. The
stepped-impedance slot resonator is etched on the bottom metal layer, and the U-type
microstrip is located on the upper layer of the dielectric plate, perpendicular to the step
impedance slot resonator. The slotline extends forward about a quarter wavelength size,
while the quarter wavelength microstrip line is also required for impedance matching
above. The U-type microstrip line is coupled with the slotline by a magnetic field.

Because of the symmetry of the circuit structure, the odd–even mode separation
method can be used to analyze the transition gap structure of the balanced microstrip.
Figure 5 shows the U-type balanced microstrip/slotline transition structure.
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Figure 5. U−type balanced microstrip/slotline transition structure.

When the DM signal enters, a virtual electric wall is generated at the center of slotline
A-A’, as shown in Figure 6a. The DM signal can pass through the virtual electric wall, so it
can be transmitted further. When the CM signal enters, a virtual magnetic wall is generated
at the center A-A’ of the slotline, as show in Figure 6b. As the magnetic wall perpendicular
to the electric field conflicts with the boundary conditions of the magnetic wall, the CM
signal cannot pass through. Therefore, the CM signal is inhibited without affecting the DM
signal. The balance microstrip transition gap structure can effectively save the size, under
the condition of ensuring the function.

Figure 6. Electric fields and magnetic fields in BFDC transition structure under: (a) DM operation; (b) CM operation.

2.3. Filter Resonant Structure

SLR consists of a half-wavelength microstrip resonator and an open-circuit sub-loaded
in the center. The resonant frequency can be changed by adjusting the resonant length of the
filter. SLR has a symmetrical structure, as shown in Figure 7a, so it can be analyzed using
the odd–even mode analysis method, where Y1, L1, Y2, and L2 represent the characteristic
admittance and length of the microstrip line and the open nipples, respectively. The open
nipples are shunt in the middle of the microstrip line. When odd-mode excitation enters,
a zero voltage value is generated in the middle of the resonator, so the circuit can be
equivalent to half of the microstrip resonator, as shown in Figure 7b. When the even-mode
excitation enters, no current flows through the middle of the resonator, so it can be regarded
as an open circuit. The equivalent circuit diagram is shown in Figure 7c.
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Figure 7. (a) Configuration of the SLR; (b) Odd-mode equivalent circuit; (c) Even-mode equivalent circuit of SLR.

Therefore, the odd-mode and even-mode resonant frequencies can easily be:

fodd =
(2n− 1)c
2L1
√

εe f f
(10)

feven =
nc

(L1 + 2L2)
√

εe f f
(11)

where n = 1, 2, 3, . . . , c is the speed of light in free space, and εeff denotes the effective
dielectric constant of the substrate.

It can be observed that the odd-mode resonant frequencies are not affected by the
open stub, and the center frequency fc can be roughly expressed as:

fc =
f1 + f2

2
(12)

Therefore, the center frequency and fractional bandwidth (FBW) of the proposed FDC
are controllable and can be adjusted easily.

2.4. L-Junction Slotlines and Transmission Zeros

Figure 8 shows the L-junction symmetric slot structure used. The symmetrical L-
junction slotlines can be coupled with energy. When the energy is excited from the input
port, part of the energy is transmitted from the microstrip line to the microstrip part at the
right end of the SLR structure. Another part of energy from the input port is transmitted
through the lower L-junction slotline, coupled to the symmetric L-junction slotline, and
then coupled to the upper microstrip line.

Figure 8. L-junction symmetric slot structure.

At this point, the energy of the two channels is of the same amplitude, and the
phase difference is 180◦, resulting in the low-frequency TZ. The reason for TZ is that
when the signal reaches the load through multiple transmission paths, the phase of each
transmission path is different, and the superposition of 180◦ opposite phases occurs at a
specific frequency point, resulting in TZ.

The change of TZ point position is affected by the spacing between the symmetric
L-junction slotline. The second reason for TZ is the inherent nature of SLR.
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The introduction of two TZs can effectively improve the passband selectivity. The
low-frequency TZs are affected by the symmetrical L-junction slotline distance, and the
TZ1 position can be controlled by changing the spacing between slotlines and the SLR
microstrip structure length, as shown in Figure 9a,b. The location of the TZ2 is determined
by the length of the SLR central opening short, as shown in Figure 9c. As can be seen, when
the length of L2 is changed, the position of TZ2 will change, while the position of TZ1 will
not be affected.

Figure 9. (a) Positions of TZ1 with different Ld4; (b) Positions of TZ1 with different gap; (c) Positions of TZ2 with different L2.

2.5. Odd–Even Mode Phase Velocity Compensation Structures

The phase velocity of odd and even modes is different because of the different dielectric
constant. The isolation of the coupler deteriorates due to the gap between the parity mode
phase velocity. In order to improve the performance of the coupler, the designed balanced-
to-balanced FDC proposes an odd–even mode phase velocity compensation structure
with multiple U-shaped bending slotlines. The compensation structure compensates the
odd-mode phase velocity by lengthening the slotline. In order to save size, the slotline
is designed as a U-shaped bending structure. By increasing the slotline of the U-shaped
bending structure, the odd–even mode phase velocity can be compensated effectively,
and the isolation degree of the coupler can be improved significantly. Figure 10a shows
the coupling part with no even-mode phase velocity compensation structure. Figure 10b
shows the coupling part of the single-phase velocity compensation structure. Figure 10c
shows the coupling part of the dual-phase velocity compensation structure. The simulation
results are compared as shown in Figure 11. It can be seen from the figure that after adding
the multi-U-type parity mode phase velocity compensation structure, the isolation of the
balanced-to-balanced FDC is significantly improved.

Figure 10. FDC odd–even mode compensation structure under: (a) Uncompensated structure;
(b) Single-compensated structure; (c) Double-compensated structure.
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Figure 11. Comparison of isolation degree under three compensation structures.

2.6. Design Procedure

Based on the above analysis and discussion, a simple design procedure of the proposed
balanced-to-balanced FDC can be summarized as follows:

Step 1: According to (1) and (5), realizable electrical lengths and characteristic impedances
of microstrip lines and slotlines can be chosen.

Step 2: According to (6) and (9), the ABCD parameter matrix of the coupler is defined,
and the performance of the coupler is further understood.

Step 3: According to (10) and (12), the center frequency and operating bandwidth of
the resonant structure can be defined.

Step 4: Further optimize all values to realize better DM and CM responses and
isolation performance of the proposed FDC. Full-wave electromagnetic simulation and
dimension optimization in the commercial software of HFSS can be conducted.

3. Simulation and Measurement Results

The configuration of the proposed FDC is shown in Figure 1a. Photographs of the
proposed FDC are shown in Figure 12. To verify the feasibility of this design method, Rogers
RT/Duroid5880 substrate was used with a dielectric constant of 2.2, a loss tangent of 0.0009,
and a thickness of 0.8 mm. The total size of the design is about 67.70 mm × 63.80 mm
(0.59λg × 0.63λg, where λg is the waveguide wavelength at 2.8 GHz), and its size is:
Wm = 1.1, Ws = 0.3, Wu = 0.5, Lst1o = 12.9, Lst2e = 14.7, Lc = 14.7, Lu = 1.7, a = 70, b = 73.7,
c = 0.2, d = 5, e = 1.6, l = 4, Wm2 = 1.6, W1 = 1.9, d1 = 5, d2 = 8.5, d3 = 7.4, d4 = 8.9, d5 = 5.8,
L1 = 42, L2 = 17, L3 = 10.7, L4 = 4.2, L5 = 8.5, Ls = 11.9, hl = 12, M = 3, N = 2.5, P = 14, g = 0.4,
Ld4 = 16, Wd4 = W2 = 0.5, W3 = 1.2, fz1 = 8, fz2 = 1.5, fz3 = 7.5, fz4 = 2, fz5 = 3, fz6 = 11,
gap = 0.5, f1 = 8, f2 = 5, f3 = 3, f4 = 0.6, f5 = 0.5, all are in millimeters. The S parameters of the
proposed and prepared FDC were measured by Agilent VNA (Vector Network Analyzer)
N5230. The comparison of simulated and measured DM responses is shown in the figure.
It can be seen that near the passband, the measured results are in good agreement with
the simulation results. A DM operating band covering 2.65 GHz to 3 GHz (FBW = 12.4%)
was obtained. Figure 13a depicts the performance when the input is port 1. In the DM
passband, the return loss is better than 13 dB, the minimum coupling of DC is 4.69 dB, the
maximum coupling is 5.20 dB, and the isolation degree is better than 15 dB. At the same
time, two TZs of 2.49 GHz and 3.07 GHz can be realized, respectively, located on both sides
of the pass band. As shown in Figure 13b, in the DM passband range, the CM rejection is
better than 55 dB, and the maximum CM rejection is better than 60 dB. CM return reflection
is close to 0 dB, which is equivalent to all CM signals being suppressed. At the same time,
a good impedance matching of the output ports is realized. It can be seen that high CM
suppression (more than 55 dB) was achieved in both simulation and measurement. It can
be seen that the CM response is independent of the DM response.



Electronics 2021, 10, 2254 10 of 12

Figure 12. Photographs of the proposed FDC: (a) Top; (b) Bottom.

Figure 13. Comparisons of the simulated and measured results: (a) DM operation; (b) CM suppression and CM
return reflection.

Comparison with some of the previously reported directional couplers is shown
in Table 1. It can be seen that the proposed balanced-to-balanced FDC has generally
superior performance in isolation, selectivity, and CM inhibition. Better performance
and a simpler structure make it an attractive and competitive FDC in balanced wireless
communication systems.

Table 1. Comparison with recently reported balanced-to-balanced FDC.

Ref. Freq (GHz) BW (RL > 10 dB) No. of TZs CM Absorption ISO (dB) CMS (dB) Size (λg
2)

[4] 1.87/3.18 52 2 NO 28 NO 0.40 × 0.55
[20] 1.30/2.25 53 1 NO 25 NO 0.26 × 0.26
[21] 1.75/2.25 19 2 YES 20 20 0.86 × 0.62
[22] 1.90/2.10 15 NO NO 25 40 0.88 × 0.21

This Work 2.30/3.30 12 2 YES 20 55 0.59 × 0.63

Iso = Isolation; CMS = Common-mode Suppression.
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4. Conclusions

In this paper, a balanced-to-balanced differential filtering directional coupler with
superior performance is designed and analyzed. The characteristics of this balanced-to-
balanced FDC are fabricated and measured. The simulated results and the measured
results agree very well. The simulated and measured results indicate that the proposed
balanced-to-balanced FDC has the advantages of obvious CM suppression effect, good
isolation of DM in the passband, and high selectivity. The designed coupler’s DM operating
band covers 2.65 GHz to 3 GHz (FBW = 12.4%), the insertion and return losses are 4.6 dB
and 20 dB, respectively, the CM suppression is better than 55 dB, and the CM return
reflection is close to 0 dB. The total coupler size is about 67.7 mm × 63.8 mm. Moreover,
the proposed balanced-to-balanced FDC can be used in a variety of balancing circuits, such
as radio frequency identification (RFID), wireless local area networks (WLAN), and global
interoperability of microwave access (WiMAX).
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