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Abstract. In this paper, the design of 2-way power dividers based on a branch line
coupler with an unequal splitting ratio is designed and realized. A mathematical
formulation is elaborated to calculate the impedance of the transmission lines for such a
splitting ratio. Three coupler designs with different power splitting ratios are presented,
namely 1:4 (-6 dB), 2:1 (3 dB), and 4:1 (6 dB). The couplers are realized using
microstrip-based technology and simulated in the full-wave electromagnetic (EM)
simulator. The simulated and measured S-parameter results, magnitude and phase at the
frequency of 3 GHz indicate that all designed couplers meet the target requirements.
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1 Introduction

In a Radar with an array antenna, a low sidelobe level (SLL) is required to avoid missed target
detection. This is because the echo signal from the unwanted target is entering the Radar
through the high sidelobes. One of the effective solutions to lower the SLL is amplitude
tapering, i.e., Taylor amplitude distribution [1-3]. The tapered amplitudes can be realized by
using an attenuator located at the input of each element or by using a power divider network
that produces unequal output power. Attenuators can lower the power efficiency, so a power
divider network is preferred.

There are two types of power dividers, namely resistive and lossless designs. The most
commonly used resistive power divider is Wilkinson’s design [4-5], while for lossless power
dividers, branch-line coupler is the most famous due to its simplicity in planar circuit design
[6-7]. The branch-line coupler is then selected to obtain better power efficiency.

A branch-line coupler is a microwave component that distributes or combines microwave
signals passively [8]. It has four ports: port 1 is an input, ports 2 and 3 as output, and port 4 is
isolation. In the common design, the output power equals 90° phase difference between output
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ports 2 and 3. The phase difference is unavoidable due to using different line lengths between
those output ports.

A power divider with unequal power distribution is required to achieve this tapered amplitude
for SLL reduction. Therefore, this paper presents the mathematical formulation to obtain the
transmission line impedance for such a splitting ratio. Three coupler types with different
splitting ratios are analyzed. Microstrip-based coupler designs are then realized and validated
in simulation and measurement. The realization is considered to operate at S-band frequency,
especially at 3 GHz. The measured results show a similarity with the simulation. This
indicates that the branch-line coupler design can be used for realizing a power divider with an
unequal splitting ratio.

2 Unequal-Split Branchline Coupler

The general design of a branch-line coupler is presented in Fig. 1. It can be seen that it is the
input power, output power, and isolation. The horizontal and vertical branches are represented
by impedances of and, respectively. Both branches have electrical lengths.

P,

Output

P, g
Isolated Output
Zn

Fig. 1. Unequal-split branchline coupler design.

The mathematical formulations for obtaining the impedance of both branch lines are indicated
in Eq. (1) and (2), respectively. This formulation is based on the analysis in [9].
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where Z 0 is the characteristic impedance of the microstrip transmission line. The ratio between

P 5 and P 5 is called the splitting ratio and is indicated in Eq. (3) with dB scale.
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Splitting Ratio [dB] = 1Oxlog10(P—2) (3)
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Fig. 2 shows the impedance values of horizontal and vertical branches as a function of the
splitting ratio with Z 0= 50 Q. It can be seen that the blue line represents the Z o1 while the red

line represents the Zoz' The splitting ratio is analyzed in the range of -10 dB to 10 dB.

Designing an unequal-split coupler can be easily done by using this graphical plot because the
precise impedance values are obtained.

3 Microstrip-Based Coupler Design Analysis and Realization

In this section, the In this section, the microstrip-based coupler designs are realized and
analyzed. Rogers RO4003C with a dielectric constant (¢,) of 3.35 and thickness (%) of 1.524 is
used as the substrate material. The realized designs are then measured using Vector Network
Analyzer (VNA) to obtain the magnitude and phase of the S-parameters.
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Fig. 2. Characteristic impedance of Z o1 and Z 02 according to the splitting ratio.

Using the mathematical formulation presented in the previous section, the line impedance of
each branch of all couplers can be obtained. Then, the dimensions (length and width) of the
microstrip line can be obtained with the formulation in [10]. The general design of the
microstrip-based branchline coupler is shown in Fig. 3. It can be seen that Wzo’ WZ1’ and sz

represent the width of the lines with impedances of Z o Z o1 and Z 02’ respectively. Meanwhile,

the length of the lines with impedances of Z01 and Z02 are indicated with LZ1’ and Lzz’

respectively.

There are three microstrip couplers designed, and each design has its microstrip line
dimensions for each branch, except the characteristic impedance Z 0 of 50 Q, where the line

width is equal to 3.41 mm for all couplers. The detailed design and dimensions of all couplers
are discussed in the following subsections. All performance analyses are conducted at the
frequency of 3 GHz due to the design target.
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Fig. 3. General design of microstrip-based branchline coupler.

3.1-6 dB Coupler

A -6 dB splitting ratio means that the output power ratio between output ports P 5 and P 5 is Ya.
According to Eq. (1) and (2), Z o1 and Z 02 values are then equal to 22.36  and 25 (),

respectively. The detailed dimension (length and width) of this coupler design corresponds to
the impedance of the line is described in Table 1, while this design is realized and presented in
Fig. 4. It can be seen that all four ports are connected with SMA connectors.

Table 1. Microstrip line dimensions of coupler with -6 dB splitting ratio

Impedance Parameter Dimension

Z, w, 6 mm
(22.36 Q) L, 14.33 mm
zZ, w, 5.72 mm
(25 Q) L, 14.41 mm

Fig. 4. Realized microstrip branchline coupler with -6 dB splitting ratio.



The simulation and measurement results of magnitude of S-parameters are shown in Fig. 5a
and Fig. 5b, respectively. Meanwhile, the simulation and measurement results of phase of
S-parameters are shown in Fig. 6a and Fig. 6b, respectively. The exact value of these results is
presented in Table 4. It can be seen that this design is well matched at the frequency of 3 GHz,
indicated with S 1 value below -10 dB, -21.9 dB and -23.3 dB from simulation and

measurement, respectively.

The splitting ratio is obtained by differentiating between the value of S ” and S 31" A result of

-6 dB splitting ratio is obtained from both simulation and measurement results. In addition, the
obtained 541 indicates that the isolation of this design is good because the values are below -10

dB, -15.3 dB and -24.9 dB from simulation and measurement, respectively. The phase analysis
is focused on the output phase at ports 2 and 3, it can be seen that the phase difference
between these ports are 89.8° and 87.8°, from simulation and measurement results,
respectively. These results are the same with theoretical design, which is 90°. This phase
difference is unavoidable since there is a A/4 line length difference between P2 and P3. An

extra delay line at one of the outputs can be used to produce an equal phase.
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Fig. 5. Magnitude S-Parameters results of microstrip-based coupler with -6 dB splitting ratio. (a)
Simulation, (b) Measurement.
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Fig. 6. Phase S-Parameters results of microstrip-based coupler with -6 dB splitting ratio. (a) Simulation,
(b) Measurement.



3.2 3 dB Coupler

A 3 dB splitting ratio means that the power ratio between output ports P 5 and P 3 is 2. From
the formulation, Z 0= 40.82Q and Z 02 = 70.71 Q are obtained. Then the microstrip line
dimension can be calculated and the results are presented in Table 2. This design is realized
and presented in Fig. 7. It can be seen that all four ports are connected with SMA connectors.

Table 2. Microstrip line dimensions of coupler with 3 dB splitting ratio.

Impedance Parameter Dimension

o1 w, 4.5 mm
(40.82 Q) L, 14.81 mm
z, w,, 1.85 mm
(70.71 Q) L, 15.32 mm

Fig. 7. Realized microstrip branchline coupler with 3 dB splitting ratio.

The simulation and measurement results of magnitude of S-parameters are shown in Fig. 8a
and Fig. 8b, respectively. Meanwhile, the simulation and measurement results of phase of
S-parameters are shown in Fig. 9a and Fig. 9b, respectively. The exact value of these results
are presented in Table 4. This design also meets the design target. The design is worked well at
3 GHz, indicated with -18.7 dB and -22.2 dB values of S 1 magnitude from simulation and

measurement, respectively.

The obtained splitting ratio from both simulation and measurement are 3 dB, indicated by the
output power at P 5 is 3 dB higher than the output power at P 5 Good isolation is obtained at

port P4, where the magnitude value of 541 is below -10 dB. The phase analysis at Ports 2 and 3

indicates that the phase difference between these ports are 89.8° and 87.2°, from simulation
and measurement results, respectively. The use of a A/4 line length difference between P 5 and



P 5 produces a 90° phase difference. In case when equal output phase is needed, the use of a

delay line can be an effective solution.
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Fig. 9. Phase S-Parameters results of microstrip-based coupler with 3 dB splitting ratio. (a) Simulation,

(b) Measurement.

3.2 6 dB Coupler

A coupler design with 6 dB splitting ratio means that the power ratio between output ports P 5
and P3 is 4. The obtained ZO1 and Z02 for this design are 44.72 Q and 100 Q, respectively.

The calculation results of the microstrip line dimensions, including the width and length, are
indicated in Table 3. Meanwhile, the realized design is shown in Fig. 10.

Fig. 11a and Fig. 12a show the simulation results of the S-parameters for magnitude and
phase, respectively. Meanwhile, Fig. 11b and Fig. 12b show the measurement results. These
results are summarized in Table 4. From the simulated and measured magnitude of S 1 At 3

GHz, values of -17.1 dB and -19.1 dB are obtained, respectively. It means that this design is
well-matched at the frequency of 3 GHz.

Table 3. Microstrip line dimensions of coupler with 6 dB splitting ratio

Impedance Parameter Dimension
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Fig. 10. Realized microstrip branchline coupler with 6 dB splitting ratio.

The obtained splitting ratio from simulation and measurement (difference between S ’ and S 31

) are 6 dB, respectively. It means that the output power at P2 is 6 dB higher than the output

power at P 5 This result meets the target splitting ratio. Moreover, the magnitude of S " gives a

good isolation condition with -23.2 dB and -23.7 dB from simulation and measurement,
respectively. Around 90° phase difference is obtained between 521 and 531. The use of a 1/4

line length difference between P 5 and P 5 is the cause of this phase difference. For realizing an

equal output phase, the use of an additional delay line is recommended.

Table 4. S-parameters results (magnitude and phase) for all couplers at 3 GHz.

-6 dB Coupler 3 dB Coupler 6 dB Coupler
Magnitude Phase Magnitude Phase Magnitude Phase
S-parameters
Sim. | Meas. | Sim. |Meas.| Sim. | Meas. | Sim. | Meas.| Sim. | Meas. | Sim. [Meas.
@B)(@B) [ [ ) (@B @B [ [@B)|@B)]|CE[|E)
511 -21.9| -23.3 |-103.3] -11.2|-18.7] -22.2 | 57.0 | 179.3 |-17.1 | -19.1 |-16.7]163.1
521 -7.20| -7.31 [163.7]-16.8|-1.90| -1.74 |142.7|-29.2 |-1.10 [ -0.91 | -1.1 |-24.1




531 -1.20 | -1.27 | 73.9 |-104.6]-4.90| -4.78 | 52.9 [-115.3]-7.10 | -6.91 | -7.3 |-111.7

541 -15.31-24.9 |1163.5|61.74]|-21.9| -21.6 |-45.7 | 122.4|-23.2 | -23.7 |-22.6]|148.7
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Fig. 11. Magnitude S-Parameters results of microstrip-based coupler with 6 dB splitting ratio. (a)
Simulation, (b) Measurement.
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Fig. 12. Phase S-Parameters results of microstrip-based coupler with 6 dB splitting ratio. (a) Simulation,
(b) Measurement. microstrip-based coupler designs are realized and analyzed. Rogers RO4003C with a
dielectric constant (g,) of 3.35 and thickness (%) of 1.524 is used as the substrate material. The realized
designs are then measured using Vector Network Analyzer (VNA) to obtain the magnitude and phase of

the S-parameters.
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Fig. 2. Characteristic impedance of Z o1 and Z 02 according to the splitting ratio.



Using the mathematical formulation presented in the previous section, the line impedance of
each branch of all couplers can be obtained. Then, the dimensions (length and width) of the
microstrip line can be obtained with the formulation in [10]. The general design of the
microstrip-based branchline coupler is shown in Fig. 3. It can be seen that Wzo’ WZ1’ and sz

represent the width of the lines with impedances of Z o Z o1 and Z 02’ respectively. Meanwhile,

the length of the lines with impedances of Z01 and Z02 are indicated with LZl, and Lzz’
respectively.

There are three microstrip couplers designed, and each design has its microstrip line
dimensions for each branch, except the characteristic impedance Z 0 of 50 Q, where the line

width is equal to 3.41 mm for all couplers. The detailed design and dimensions of all couplers
are discussed in the following subsections. All performance analyses are conducted at the
frequency of 3 GHz due to the design target.
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Fig. 3. General design of microstrip-based branchline coupler.

4 Conclusions

The microstrip-based unequal split power dividers based on the branch-line coupler were
designed and realized. The mathematical formulation was used to obtain the line impedance
value of each branch. There were three coupler designs with different splitting ratios,
simulated and realized in this paper, namely -6 dB, 3 dB, and 6 dB. The S-parameters
simulation results, magnitude and phase of all microstrip couplers indicate that the design
target is achieved at the frequency of 3 GHz. According to the results, it can be concluded that
the mathematical formulation is valid and can be used to realize the power divider with an
unequal splitting ratio.
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