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Abstract: This study presents a novel compact design of the Gysel topology and a filtering power
divider (FPD) that utilizes a coupling structure. The proposed design replaces the traditional four-
quarter wavelength transmission lines of the Gysel power divider with transmission lines and
lumped components, resulting in a significantly reduced circuit size. Furthermore, the introduction
of this coupling structure ensures the integration of the filtering and power division functions. Two
transmission zeros are created near the passband to enhance the frequency selectivity of the responses.
Theoretical analysis is carried out, and closed-form equations are derived based on the even—odd-
mode method. To validate the theory, a three-port equal Gysel FPD operating at 2 GHz was designed
and fabricated. The simulated and measured results demonstrate that this FPD has good power
splitting and filtering capability with the size of 0.15 Ag x 0.25 A4 (A is the medium wavelength of
the central frequency), which is a significant reduction compared to the existing Gysel FPDs. The
simulated and measured results are presented to verify the theoretical derivation, demonstrating
good features, such as a return loss greater than 15 dB, isolation greater than 15 dB, and an insertion
loss of about 4.02 dB (3 + 1.02 dB) in the passband.

Keywords: compact size; filtering power divider (FPD); high power-handling capability; Gysel
power divider

1. Introduction

Power dividers play a crucial role in wireless communication systems. Two well-
known and widely used power divider designs are the Wilkinson power divider [1-3] and
Gysel power divider [4,5]. While the Wilkinson power divider is commonly employed,
the Gysel power divider offers distinct advantages for high-power applications due to its
grounded isolation resistor design, which facilitates efficient heat dissipation. However, the
Gysel power divider is larger in size compared to the Wilkinson power divider because of
the inclusion of four additional quarter-wavelength transmission lines. Therefore, reducing
the size of the Gysel power divider while maintaining its advantages is an important
research objective.

Modern wireless communication systems demand high integration and performance
while minimizing losses and costs. To address these requirements, the integration de-
sign of filters and power dividers, which occupy a large area in wireless communication
systems, has attracted the attention of many researchers. Various approaches have been
proposed to integrate filter and power dividers [6-19]. In [6,7], the method of cascading
the filtering circuit with the power divider is used; this method has system size reduction
limitations. In [8-17], different filtering structures, which exhibit 90° phase shift char-
acteristics, are utilized as substitutes for the quarter-wavelength transmission line, such
as stepped-impedance resonators (SIRs) [8,9], three-line coupled structures [10,11], cou-
pled resonators [12,13], and multimode resonators [14-17]. This method can effectively
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achieve functional integration and significantly reduce the size. However, it imposes
stricter requirements on the phase of the filtering structure. Also, the filtering circuit and
power-splitting circuit can be merged together to obtain dual functions [18,19]. Although
these methods achieve smaller sizes, they pose challenges when combined with the Gysel
topology. In fact, there is still much potential for the miniaturization of the Gysel filtering
power divider (FPD).

In this study, a novel compact Gysel FPD is proposed, where the four-quarter wave-
length microstrip lines in the Gysel topology are replaced by two transmission lines, two
inductors, and two capacitors. This modification significantly reduces the overall size of
the power divider while ensuring the ideal matching and isolation of the three ports. To
verify the design, theoretical derivation, simulated and measured results are given and
compared with existing studies. The structure has the following characteristics: (1) compact
size; (2) dual filtering and power division functions; (3) two transmission zeros near the
passband; and (4) high power-handling capacity.

2. Design of the Proposed Compact Gysel FPD

Figure 1 shows the configuration of the compact Gysel FPD proposed in this study.
In contrast to the conventional Gysel power divider, this design replaces the four-quarter
wavelength transmission lines with two transmission lines, two inductors, and two ca-
pacitors. Additionally, two filtering structures that exhibit 90° phase shift characteristics
are incorporated to replace the quarter-wavelength transmission lines in the power di-
vider, enabling the power divider to perform filtering functions [12]. The grounding
resistor design retains the advantages of the Gysel power divider, making it suitable for
high-power applications.

Since the circuit is symmetrical, the even—odd-mode method is introduced to analyze
the parameters of this design. The port impedance is set to be Z; and each parameter is
normalized, using it as the reference impedance. The transmission lines, inductance, and
capacitors are assumed to be ideal.
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Figure 1. The equivalent circuit of the proposed Gysel FPD.
2.1. Analysis of the K-Inverter

Figure 2 shows the equivalent circuit of the K-inverter based on the coupling structure.
There are two paths for power transmission between the input and output of the structure;
each path consists of two transmission lines with electrical lengths of 6; and 60,, respectively.
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Where 0; = 27t fl;\/e./c,i=1,2, &, denotes the effective dielectric constant, f denotes the
operating frequency, | denotes the length of the transmission line, ¢ denotes the speed
of light in the free space, and the coupling strength between the two transmission lines
is represented by a capacitance C with a very small value. Specifically, the K value of
the K-inverter and the positions of the two transmission zeros can be obtained from the
following equations [12]:

cos 01 cos 0,

K= 2wC (1a)
c

le = m (1b)

fa= = (1¢)

(412 /2e)

where [; and [, are the lengths of lines 0; and 6,; they should satisfy at the operating
frequency fo:

c

for W (2a)
91 + 92 ~ 7T (2b)

Thus, two transmission zeros can be generated at frequencies f,; and f,p. If [} < I, it
can be found from Equations (1) and (2b) that f,1 < fy < f,2. The two transmission zeros
are located at the lower and higher sides of fy.

— — —
Zline, 6] C Zline, 6)2

Poort_] Port2

Zinee Zine(g
B fine. 22 — fine, 2! —

Figure 2. The equivalent circuit of the K-inverter.

Based on the above analysis, a filtering circuit model is simulated. Rogers 4003 with
a dielectric constant of 3.38 and a thickness of 0.81 mm is chosen as the substrate. The
simulation results of the equivalent structure are shown in Figure 3, with parameters of
61 = 103.5°, 6, = 73.4°, and C = 0.036 pF. The results show that the structure can operate
as a high-selectivity filter. Moreover, the bandwidth of the structure can be flexibly adjusted
by adjusting the values of 6; and 6,. When the difference between 6; and 6, becomes lower,
the bandwidth also becomes narrower. The simulated bandwidth variations are shown in
Figure 4.
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Figure 3. Simulated response of the K-inverter.
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Figure 4. Simulated response of the K-inverter with different bandwidths.

2.2. Analysis of the Even Mode
Figure 5a shows the equivalent circuit of the even mode, with the equivalent impedance

divided into two parts: Z;,,1 and Z;,,.». Considering that the K-inverter has a phase shift
characteristic of 90°, the following expression can be obtained:

K

2
(R1 + jwL) +jZtan®
Z 4+ j(Rq + jwL) tan @

Ziner = (3a)

Ziney = (3b)
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Figure 5. (a) Even-mode circuit and (b) odd-mode circuit of the proposed FPD.

In order to obtain the desired port characteristics of the device, it is necessary to match
the impedance to Z; :
Zr = Ziner/ / Zine 4)

Therefore, it is divided into a real part and an imaginary part:

R1Z2%(1 + tan20)
Re(Zine2) = (5a)
" [(Z — wLtan6)? + R12tan29}
Z[(wL + Ztan0)(Z — wLtanf) — Ry>tan @
Im(Zia) = 21 ) )= R tand (5b)

[(Z — wLtan6)? + R12tan29}

To reduce the computational effort, the equation itself is processed before the parame-
ters are substituted into Equation (4). When the device is in the even-mode excitation, it is
crucial to ensure that all the energy is directed toward the two ports of the power divider
rather than being dissipated on the isolation resistors. To simplify the calculation, it is
assumed that the real part of the input impedance Z;,,.» approaches infinite; when the path
can be approximated as an open circuit, then there will be no current passing through the
resistors. In order to minimize the impact of Z;,,,; on the power division, it is desirable to
maximize the value of Z;,,; in Equation (5), requiring a smaller denominator. Thus, it is
necessary to satisfy the following condition. In order to achieve this goal, the most direct
approach is to set the denominators in Equations (5a) and (5b) to zero. As the denominator
is in the form of a sum of squares, the only way to obtain equivalent conditions is to make
both factors equal to zero:

Z —wLtanf ~ 0 6)
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Based on Equation (6), the first parameter equation can be obtained as follows:

. Z
~ wtan®

@)

Therefore, when the impedance Z of the microstrip line is maximized and the isolation
resistance R is minimized, the equivalent impedance can be increased to the greatest extent
possible, reducing the impact of the isolation network on power distribution.

However, considering the error and effect in practical applications, in addition to
ensuring that Equation (7) is satisfied, it should also make Z as large as possible and
the isolation resistance R; as small as possible. The larger the value of Z, the better the
actual circuit effect, and the impact of the isolation network on the power division will
be minimized. This circuit can be simplified into the structure shown in Figure 6; the
equivalent impedance of the K-inverter can then be obtained:

Zine1 =1 (8a)
Ki=+v2 (8b)

P Z
K-inverter
27Z;

K,

P[ Zine

Figure 6. The simplified even-mode circuit.

2.3. Analysis of the Odd Mode

In Figure 5b, the odd-mode equivalent circuit of the proposed design is depicted. For
ease of calculation, the conductance is used here. Additionally, considering the 90° phase
of the K-inverter, Figure 5b can be further simplified to the equivalent circuit in Figure 7.

Before performing the calculations, it is necessary to ensure that the imaginary part of
Yino1 is zero, and that R; is a value with a purely real part. To simplify the computation, the
inductors, capacitors, and transmission lines within the structure are denoted as Part-M.
In order to make the resistance, R; can change to a value with an imaginary part of 0
after Part-M; the phase characteristic of this impedance transformation structure should be
n x 90°, wheren = +1, +2...... ; the ABCD matrix (9) of this structure is shown as follows:

Apm  Bm cos® jZsin® 1—2w?CL jwL
{CM DM} - L’Ysin@ cos 6 ] [y’4wC(1 —w?CL) 1- ZwZCJ ©a)
A = cos b (1 - ZwZCL) — 4wCZsin (1 - wZCL) (9b)
By = j(wLcosf+ (1~ 2w?CL) Zsino) (9¢)
Cum = j[y sin (1 - Za)ZCL) + 4wC cos (1 - wQCLﬂ (9d)
Dy = cos@(l — 2a)2CL> — wLY sin6 (9e)
Where Y = %
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Figure 7. The simplified odd-mode circuit.

Theoretically, variable # can take an infinite number of values. In practical applications,
it is generally sufficient to consider only two cases: n = 1 or n = 2, which can cover the
remaining cases as well. For each of these two values, one of the following conditions
should be satisfied:

A M = D M = 0 (10a)
Byy=Cm=0 (10b)

When Equation (10a) is satisfied, determining the corresponding value of C results

in either 0 or co. As neither value is suitable for this structure, Equation (10a) cannot

be satisfied.
Case 2 Equation (10b) is analyzed next, where it should satisfy the following:

wLcosf + (1 - 2w2CL)Zsin9 =0 (11a)

Ysme(l - 2cu2CL> 1 4wC cose(1 ~ wZCL) =0 (11b)

After substituting Equation (7) into Equation (11a), we obtain:

1

- 2wZ sin 6 cos 0 (12)

Next, we replace L and C in Equation (11b) with Equations (7) and (12).

—cos26 1 1
Ysinf| ——— 2Y —(1——— ) =0 13
' < sin26 ) * sin@( 25in29> (13)

Since Y is not 0 and sin @ is also not 0, Equation (13) can be simplified into the following:
sin*0 +sin0 —1=0 (14)

By the above calculation, the values of capacitance C and the electrical length of the
microstrip line in the equivalent structure can be obtained. The characteristic impedance
of the microstrip line and the values of the resistors will be calculated in the following
sections. Until then, it is assumed that

Yino2 = G+jB (15)
-, (G+jB)+jYitand
Yinor =Yy +j(G +jB) tan® (16)

1
Where Y = =
ere 7
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To satisfy the matching condition, the following can be solved:
Y2(1 4+ tan?6
= Q (17a)
Y2 + tan?0
B Ytan6(1—Y?) (A7b)
Y24 tan?f

For the equivalent circuit, as shown in Figure 7, the Yj;,,1 expression is shown as follows:

1 . 1 .
Yino2 = [(Rl +]20JC> //]CUL] + j2wC (18)

Similar to the analysis above, Y, is split into real and imaginary parts:

G= Ry
R12(1-202CL)*+ w212 (19a)

(2wCR2~wL) (1-2w?CL) +2wCR;?(1-2w?CL)?

B =
Ry2(1-2w2CL)* +w?L2

(19b)

By substituting Equations (7), (12), (17b), to (19b), and simplifying the equation, the
following can be obtained:

2 2(_1 1
2R (sin29 - cosze) B Z> -1 20)
Ry% + Z2tan?6 Z2tan?0 + 1
When Equation (14) holds, sin%e - ﬁ ~ —1. Obviously, it is possible to obtain:
Ri~1 (21)

The above analysis of the imaginary part of Yj,,; has obtained the value of the resistors,
and only the analysis of the characteristic impedance of Z is currently missing, substituting
Equations (7), (12), (21), into (19a) to obtain the following:

1 1+ tan26

= 22
1+ Z2tan?6 1+ Z2tan26 @2)

This is obviously not true from the exact numerical solution. However, if the value
of Z is large enough, it is always possible to make both the left and right sides of the
equation approximately equal to 0. In fact, even if the value of Z is only 50 (), it is still
possible to make the equation approximately valid. To test this hypothesis, simulations of
the odd-mode matching performance and the overall structural matching performance for
different values of Z are made.

Figure 8 demonstrates that different values of Z can achieve good matching for the
odd-mode equivalent circuit. However, for the overall structure, increasing the value of
Z results in better return-loss performance. When Z reaches 100 () or higher, the overall
performance is already quite good. To ensure reliable performance, the value of Z can be
selected based on the highest impedance of the corresponding substrate in the subsequent
design. It is also advisable to verify the assumptions made for Z in the even-mode analysis
in Section 2.2.
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Figure 8. Performance simulation diagrams for different Z. (a) The matching of the odd mode, (b) S1;
of the whole structure.

3. Simulation and Measurement of the Circuit
3.1. Design Procedure

Based on the above analysis, the whole design flow is as follows:

1.  Determine the required index and frequency of the device, adjust the length and cou-
pling strength of the two transmission lines in the filtering structure by
Equations (la) and (2), and match the equivalent impedance of the structure to
70.7 Q2 [12].

2. Take the equivalent impedance of the microstrip line to 150 () or other values.
Based on the existing frequency, use Equation (7) to calculate the inductance value,
Equation (12) to calculate the capacitance value, Equation (14) to calculate the electrical
length of the lines, and Equation (21) to calculate the resistance value.
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3. Substitute each part into the structure to complete the design.

To verify the above derivation, an equal Gysel FPD operating at 2.1 GHz is designed.
Rogers 4003 with a dielectric constant of 3.38 and a thickness of 0.81 mm was chosen as
the substrate for this filtering divider. Figure 9 shows the layout of the proposed compact
Gysel FPD, where [1 =31.5 mm, [ =20 mm, S =0.25mm, C=05pF L=10nH, R=50 (),
[ =13.8 mm, and w = 0.12 mm. The capacitor type is Murata GRM1555C2AR50WA01 and
the inductor type is Murata LOQG15HZ10NGO02, both in an 0402 package. A photo of the
power divider is shown in Figure 10, with a size of 0.15 A4 * 0.25 A.

l—__: — Z] S

~
g

]
aQ

P;

Figure 9. Layout of the Gysel power divider with the filtering response.

Figure 10. Photographs of the proposed fabricated circuit.
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3.2. Simulated and Measured Results

Figure 11 shows the simulated and measured results of this component, which shows
the excellent performance of our designed compact FPD, whose actual operating frequency
is at 2.08 GHz and the 3 dB passband is from 1.85 to 2.33 GHz. The input return-loss S1; is
lower than —15 dB in the passband, with a minimum value of —16.75 dB. The insertion
loss curves (Sp1 and Ss;) overlap closely, with a value of —4.02 dB in the passband. The
corresponding curves exhibit an insertion loss of 4.02 (3 + 1.02) dB at an operating frequency
of around 2.08 GHz, which is relatively low compared to the cascaded structure because it
has both the power division and filtering response characteristics.

0 F = — -
Measure
- — -Simulate
-10 | \ -
\.S,.&S
V9219931
) N s
S-20p--="~2 3 =
0] @ /
3 b /
= N
S !
b -30 \ / .
s \
V!
N
-40 + ! -
' !
_50 L 1 " 1 " I "
1.0 1.5 2.0 25 3.0

Frequency(GHz)
(a)

Measure
- — -Simulate

Magnitude(dB)

Frequency(GHz)

(b)
Figure 11. Simulation and measurement results of the Gysel power divider with filtering responses.
(@) S11, 521, S31- (b) 522, 523, S33.



Electronics 2023, 12, 3578

12 of 14

There are two transmission zeros near the passband, enhancing the frequency selectiv-
ity of the filtered power divider. Its isolation is below 15 dB throughout the passband, and
the individual ports are well-matched. Finally, the structure can be implemented in other
filter forms by ensuring that the filter phase satisfies the special property of 90° & n x 180°.
The size of the proposed design approaches that of the Wilkinson power divider while
still retaining the excellent thermal capability of the Gysel power divider. This allows it to
operate effectively in high-power applications.

3.3. Comparison

Table 1 presents the comparisons between the compact Gysel FPD proposed in this
study and other existing designs. Most of the FPDs listed in the table are based on the
Wilkinson topology, which is simpler than Gysel and does not have heat dissipation
capabilities, rendering it unsuitable for high-power applications.

From this table, the circuit that we propose offers great performance and a well-
matched response. The structure proposed in this study has a significant size reduction over
currently existing FPDs. The size of this topology is primarily influenced by the filtering
circuit, which significantly reduces the size increase caused by the quarter-wavelength
microstrip lines in the Gysel power dividers. Compared to the design of the classic Gysel
FPD [12], the insertion loss of this circuit decreases by 0.1 dB, but the size is reduced by
approximately 37%, while good port-matching and isolation are achieved. The insertion
loss of this structure is 4.0 (3 + 1.0) dB, which is lower than the insertion loss caused
by cascading the filter and power divider. This value is good, even for the integrated
design. Furthermore, our design incorporates two transmission zeros near the passband,
significantly improving the frequency selectivity of the response. With these features, this
circuit is useful for size miniaturization and high-power applications.

Table 1. Comparisons between the proposed Gysel FPD and the previous works.

Circuit Freq IL ISO Size Type
(GH2) (dB) (dB) (Ag X Ag)

[11] 3.00 3.6 16.5 0.5 x 0.38 Wilkinson

[12] 1.96 3.9 19 0.21 x 0.28 Gysel
[14] 3.50 3.9 25 0.17 x 0.30 Wilkinson
[15] 241 42 17 0.45 x 0.45 Wilkinson
[20] 2.15 43 17 0.59 x 0.295 Wilkinson
[21] 2.25 43 / 0.38 x 0.21 Wilkinson
[22] 4 4.38 23 0.88 x 0.97 Wilkinson

This work 2.08 4.0 23 0.15 x 0.25 Gysel

4. Conclusions

This study presented compact designs of the Gysel topology and an FPD employing
a coupling structure. Leveraging the advantages of the lumped components, the circuit
size has been significantly reduced, which is much smaller than the existing Gysel FPD.
In addition, the theory and experiment show that this structure can effectively integrate
the functions of power division and filtering. To verify the calculated circuit parameters,
a three-port equal Gysel FPD operating at 2 GHz has been designed and fabricated. The
measured results show that the device realizes the integrated design of the filter and power
divider in the passband while ensuring good insertion loss and isolation. There are two
transmission zeros in addition to the passband, resulting in high selectivity. With these
features, this circuit is useful for size miniaturization and high-power applications.
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