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ABSTRACT: This paper proposes a reconfigurable 3-dB coupler with tunable phase and frequency characteristics based on triple-line
loaded varactor diodes. The core structure employs a four-line coupling configuration to ensure strong coupling characteristics and
stability. Through integrated theoretical analysis and experimental verification, the coupler demonstrates a center frequency tuning range
of 1.8-2.4 GHz with continuous phase difference adjustment from 40° to 140°. Measured results indicate that high isolation (> 20 dB)

and low return loss (< —20 dB) can be obtained.

1. INTRODUCTION

he rapid advancement of wireless communication tech-
Tnologies has imposed stringent requirements on microwave
components and radio frequency (RF) circuits. Conventional
devices such as couplers [1], power dividers [2], and filters [3]
increasingly fail to meet modern communication systems’ de-
mands for multiband and multimode operations [4]. Further-
more, wireless power transfer (WPT) systems also impose cor-
responding requirements on frequency and phase reconfigura-
bility. For example, efficient WPT systems rely on real-time
frequency and phase adjustment to avoid energy loss [5]. The
industry now prioritizes environmental adaptability, requiring
components to dynamically adjust operating frequency, power
division ratio, and phase difference for optimal performance
across diverse scenarios. Consequently, reconfigurable de-
vices [6-9] have emerged as a critical research focus.

As pivotal components in multiband wireless systems, hy-
brid couplers [10-13] require tunable parameters including
power division ratio, phase difference, and center frequency,
or even multifunctional adjustability [14]. The primary design
challenge lies in expanding the tuning ranges of these param-
eters while preserving essential performance metrics such as
isolation and amplitude balance.

Recent advancements in tunable coupler design have seen
several innovative approaches. As documented in [15], re-
searchers developed a novel vertically installed planar (VIP)
structure that significantly expands frequency tuning ranges.
Building upon the foundational research on frequency adap-
tivity, Ref. [16] significantly enhanced phase control capabili-
ties by proposing a tunable directional coupler structure capa-
ble of achieving continuous phase adjustment from 45° to 135°
while maintaining constant amplitude characteristics. Ref. [17]
realized frequency-reconfigurable operation through the im-
plementation of a frequency-reconfigurable matching network
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(MN). Structural innovations are exemplified by [18], where re-
configurable units replace conventional \/4 or 3\ /4 transmis-
sion lines, thereby enabling switchable coupling paths and con-
current tuning of both frequency and power ratios. Multiband
operation has been effectively addressed by the tri-band cou-
pler proposed in [19], which achieves three independently tun-
able frequencies. Such advancements collectively demonstrate
the field’s progress toward multifunctional adaptability, while
revealing ongoing challenges in maintaining balanced perfor-
mance metrics.

This work presents an improved tunable coupler design. De-
parting from the dual-line configuration in [20], our design em-
ploys a triple-line structure to replace conventional dual-line
tuning sections. Quadrilateral closed-loop configurations at
both ends ensure 3-dB strong coupling. Through optimized
electrical length ratios and impedance matching between tuning
and main coupling sections, this design significantly enhances
key performance metrics while retaining tunability. This work
offers novel insights for tunable coupler design and lays a tech-
nical foundation for future RF front-end integration.

2. THEORY AND DESIGN

The proposed phase- and frequency-tunable coupler is illus-
trated in Figure 1. This configuration fundamentally comprises
two quad-line coupled-line sections and two varactor-loaded
tri-line tuning sections. Since the triple-line varactor-loaded
structure is a multi-conductor coupled asymmetric system, con-
ventional odd-even mode analysis is inapplicable to this struc-
ture. Consequently, independent analyses are first performed
on the triple-line varactor-loaded tuning section and quad-line
coupled-line section. Subsequently, for the convenience of the-
oretical analysis, this research investigates the frequency and
phase tunability based on a simplified ideal structure.

This paper adopts the following assumptions and symbol def-
initions. Assumptions: Transmission lines are lossless; varac-
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FIGURE 1. The proposed tunable hybrid coupler model based on a

triple-line loaded diode configuration.
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FIGURE 2. Triple-coupled line loaded with varactor diodes.

tor diodes are treated as pure capacitors; and the port character-
istic impedance Zy = 502. Symbols: Z,./Z,, denotes the
even-mode/odd-mode characteristic impedance of the three-
line coupled section; Z.1/Z,5 denotes the even-mode/odd-
mode characteristic impedance of the four-line coupled section;
61/0 denotes the electrical length; Zr = 1/(jwC) is the var-
actor diode impedance, where C; /C5 is regulated by the bias
voltage.

2.1. Analysis of Diode-Loaded Triple-Coupled Lines

The impedance matrix (Z-parameter matrix) of a conventional
triple-line coupled six-port network is given in [21,22]. Equa-
tion (1) is the Z-parameter matrix of the three-line coupled six-
port network, describing the mutual impedance between lines.
Its elements consist of trigonometric terms of odd-even mode
impedance and electrical length, reflecting the coupling phase
characteristics. Symbol: k.. denotes the ratio of coupling coef-
ficients between non-adjacent and adjacent lines in the triple-
line coupled structure.

%] Ea Fa Ga GB FB EB I,
Va Fa FEa Fa FB EB Fp I
Vs | _| Ga Fa Ea EB FB Gp Is W
Vi GBS FB EB Ea Fa Ga Iy
Vs Fg EB FB Fa FEa Fa I
Vs EB FB GB Ga Fa Ea) \Is
where
Ea = [=j (Zoe + Zoo) cot ] /2
Fa = [=j(Zoe — Zoo) cot ] /2
Eﬁ = [_.] (Zoe + Zoo) CSC 0] /2 (2)
FB=[=j(Zoe — Zoo) csc 8] /2
Ga = [—jkec (Zoe — Zoo) cotf] /2
GB = [—jkec (Zoe — Zoo) c5c ] /2
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The analysis of the varactor-loaded triple-coupled line in Fig-
ure 2 is as follows: The resultant port matrix is derived by
solving port conditions and the six-port impedance matrix (Z-
matrix) simultaneously. Equation (3) is the port constraint con-
dition for varactor loading. V; = —ZpI; describes the voltage-
current relationship of the varactor, and I7 = I, + I is derived
from Kirchhoff’s Current Law (KCL).

Vi=—-2Zrl;
Va=—Zrl3
Vs = —Zrls
(3)
V=V =15
I = Iy + Ig
Zr = 1/(jwC)

The varactor-loaded three-line coupled structure is analyzed
as follows: the port constraint conditions are restated in
Equation (3). Substituting these constraint conditions into
the six-port Z-parameter matrix and eliminating irrelevant
port currents/voltages yields the two-port Z-parameter matrix
Zywi (Equations (4)/(4a)), from which the three-line coupled
structure’s Z-parameters Zyi; (Equation (5)) are derived.
Subsequently, the new ABCD matrix M; is derived from
Zil -

“)

,](Zoe + Zoo)

2(=2j(Zoe+ Zoo) Zr+Numl ) csc 26
Denl

cot9(1+

4 Zoe — Zoo)*Num3
(Zoe + Zoo)Den2 )’

1.
Z12 - _§J(Zoe - Zoo)

(Zoe +Zoo)(kcc(Zoe -
Denl

Z o) +Num3)

csc@<1+

2 cot 0(2jNum2Zy — Numl)
+ ;
Den2
1.
Zo1 = _§J(Zoe - ZOO)

cot8 (—2j(Zoe+Zoo) Zr+Numl)
Denl

csc@<1+

2Num2Num3
Den2

1
Z22 = — ZJNum2

2(Zoe _Zoo)2(kcc(Zoe -

Num2Denl

Z0)+Num3)

cotf <1+
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Den2

Denl = —4Z7+2j((2+kee) Zoe = (—2+kee) Zoo) Zr cotf
+(Zoe+Zoo)(Zoe+kce Zoe+ Zoo— ke Zoo) cot® 0
—2(Zoe — Zpo)* csc? 6,

Den2 =827 —4j((2+kee) Zoe — (—2+ kice) Zoo) Z cot 0
~2(Zoe+ Zoo)(Zoe+kec Zoe + Zoo—kice Zoo) cot® O

F4(Zpe — Zoo)* csc? 0,
Numl = (—(=1+kee) Z2 —6Zpe Zoo+(1+kee) Z2, )0t 0,
Num2 = (1 + kee) Zoe + (1 — kee) Zoos
Num3 = Z,e + Zoo — 2jZ7 cot 6 (4a)
Ztl‘i 0
il = 5
il ( 0 Ztri) ( )

To simplify the analysis, when analyzing the four-line cou-
pled structure in Figure 3, the coupling between the first line
and third/fourth lines is first neglected [11]. Consequently, the
first line is treated as part of a double-coupled line configura-
tion, simplifying the analysis.

Z,.72,,0,

el>ol>

FIGURE 3. Four-coupled lines are equivalent to two-coupled lines.

The Z-parameters of the coupled lines are given by Equa-
tion (6). Its elements reflect how the even-mode/odd-mode
impedance difference (Z.1 — Z,1) and sum (Z.1 + Z,1) affect
the coupling strength and phase [20].

Z1 = Zyp=1Zsz=Zy=[—j(Z 1+Zo1)00t91]/4

Z12 = 221—234—243:[—_]( el — )cot@l] /4 (6)
Zh3 = Za1=Zoa=Zaz=[—j (Z. 1) cscbq]/

Zvs = Iy =Zaz="Zzr=[—j(Zer + Zol) csctq]/

Using the equivalence of two coupled lines derived from the
four-line coupled structure, Equation (7) gives the general ex-
pression for converting the four-port Z-parameters to the four-
port ABC'D matrix [23]. The four-port network of the four-
line coupled section is converted to a two-port cascaded ma-
trix to facilitate subsequent cascading analysis. ZeeZi_el: cor-
responds to the A-parameter of the ABCD matrix, describing
the voltage transmission relationship between the external and
internal ports. ZeeZ[e1 corresponds to the ABC'D matrix’s
A-parameter, describing the voltage transmission relationship
between external and internal ports. ZeeZi_elZ,;i — Z,; corre-
sponds to the B-parameter (transfer impedance) of the ABC' D
matrix, describing the relationship between the external port
voltage and the internal port reverse current. Z[el corresponds
to the C-parameter (transfer admittance) of the ABC'D ma-
trix, describing the relationship between the external port cur-
rent and the internal port voltage. Zi_elZil- corresponds to the
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ABC D matrix’s D-parameter, describing the transmission re-
lationship between the external port current and the internal port
reverse current.

Zei )

-

2.2. Frequency and Phase Difference Adjustable Analysis

Ze 7!
zZ1

ZeeZ;) Zii —

For this coupler, the ABC' D matrices of the coupling section
and intermediate tunable section are cascaded, where M; de-
notes the ABC'D matrix of the two triple-coupled line struc-
tures (Figure 1). The coupler’s required S-parameters are then
derived via S-parameter transformation.

Equation (8), M3 = Ms - My - M,, describes the cas-
caded configuration: “four-line coupled section (Ms) — three-
line varactor-loaded section () — four-line coupled section
(Ms)”. Specifically, M, ensures the fundamental 3-dB cou-
pling and phase reference (90° phase difference at the center
frequency), while M; adjusts the equivalent electrical length
and impedance via varactors. These tuning parameters are cas-
caded to synergize with M7, enabling dual tuning of frequency

(1.8-2.4 GHz) and phase (40°—140°).
B\ (A2 B
D4 Cy Do

®)

Subsequently, the ABCD matrix is converted to S-
parameters (specifically Si1, So1, Ss1, and Sy1) using the
transformation method detailed in Chapter 2 of [23,24].
The derived S-parameters enabled establishing correlations
between operating frequency, phase difference, and varactor
diodes’ equivalent electrical length.

For a power division ratio of R = 3dB, the phase differ-
ence is adjusted by inversely varying bias voltages V; and V5
(with the center frequency kept constant), as per the phase tun-
ing mechanism in [20]. Specifically, this approach uses the
linear relationship 6, = 26, (f4: output phase difference; 6;:
electrical length of the tunable transmission line), ensuring that
the power division ratio remains unchanged during phase ad-
justment (since it is independent of 67).

For center frequency tunability, simultaneously increasing
V1 and V5 adjusts the frequency, consistent with the frequency
compensation strategy in [20]. This method dynamically tunes
0, to offset the frequency-dependent variation of the coupled-
line electrical length 6y, maintaining the core topological con-
straint 01 + 0> = 6y = 90° and ensuring stable quadrature
phase difference across the operating frequency range.

This approach is verified via simulations and experimental
measurements.

A, B A
My = My- My - My = (Cz DZ)(Ci

3. SIMULATION AND MEASUREMENT

To ensure the reliability of the theoretical results, we imple-
mented a tunable hybrid coupler by following the design the-
ory described herein and performed measurements to validate
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FIGURE 4. Simulation and measurement results of the designed tunable
hybrid coupler at the center frequency of 1.8 GHz.
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FIGURE 6. Simulation and measurement results of the designed tunable
hybrid coupler at the center frequency of 2.2 GHz.

its performance. Figure 9 presents a photograph of the fabri-
cated prototype, which was constructed on a RO4350B sub-
strate with a dielectric constant of 3.66, substrate thickness of
1.524 mm, loss tangent (Tand) of 0.0035, and copper thickness
(T) of 1.4 mil. The key parameters of the proposed coupler
are as follows: w; = 0.5mm, wy = 0.6mm, s; = 0.2mm,
so = 0.15mm, I; = 22mm, and l; = 22mm (w;, s; and
Iy represent the dimensions of the tripe-coupled lines, while
wa, S and Iy are used for the four-coupled lines). The varac-
tor diode Skyworks SMV1265-011LF was employed as a tun-
able capacitor in this design, offering a capacitance range from
22.47 pF to 0.71 pF under a DC bias voltage varying between
0 V and 30 V. A 47 nH inductor served as an RF choke to pre-
vent RF signal leakage into the DC path, while a 47 pF capac-
itor was utilized for DC blocking. The simulation of the pro-
posed structure was conducted using Advanced Design System
(ADS) 2023. A Rigol DP832A power supply was employed
to provide bias voltage. The frequency-domain performance
of the device was measured using a Rohde & Schwarz (R&S)
ZVAS8 vector network analyzer (VNA), with calibration imple-
mented via an electronic calibration kit. Calibration was con-
ducted over a frequency range of 1-3 GHz, with 201 frequency
points (frequency step: 10 MHz) employed to ensure measure-
ment accuracy across the target operating band.
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FIGURE 5. Simulation and measurement results of the designed tunable
hybrid coupler at the center frequency of 2.0 GHz.
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FIGURE 7. Simulation and measurement results of the designed tunable

hybrid coupler at the center frequency of 2.4 GHz.

Finally, Table 1 compares the performance metrics of re-
ported reconfigurable couplers with our proposed design, high-
lighting the advantages of our work. In terms of RF perfor-
mance, the return loss is < —20 dB and isolation > 20 dB, out-
performing [15] (return loss < —10dB, isolation > 10dB),
[19] (return loss < —12dB, isolation > 12.5dB), and [20]
(return loss < —10dB, isolation > 14 dB). Regarding tun-
ability and phase range, unlike most designs that only sup-
port frequency tuning or fixed phase ([15, 17, 19,25]), our de-
sign achieves dual frequency-phase tunability with a 40°—140°
range that meets communication system demands. For fre-
quency range applicability, its target band (1.8-2.4 GHz) cov-
ers mainstream applications and key WPT frequency bands.
Compared to the broadband designs in [15] (1.3-2.7 GHz),
[17] (1.0-2.96 GHz), and [20] (2.0-2.75 GHz, dual-coupled
line structure), our design not only offers stronger specificity
and higher practical value but also demonstrates superior RF
performance compared to [20], while maintaining a high level
of tunability.

3.1. Tunable Frequency

The simulated and experimental results of the proposed cou-
pler are as follows. In frequency-tuning mode, the power di-
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TABLE 1. Comparison with published couplers.

Coupler e Frequency Phase Difference Return Isolation Circuit
References Tunabilities . 2
Structure Range (GHz) (Degree) Loss (dB) (dB) Size (A\g”)
[15] VIP Frequency 1.3-2.7 Fixed < -10 > 10 0.32 % 0.18
[17] MN Frequency 1.0-2.96 Fixed < =20 > 35 0.11 % 0.08
1.3-1.5
I 1
[19] | Branch line ndependently 23-3.0 Fixed <12 > 12,5 0.25%0.5
Frequencies*3
3.943
[20] Coupled line Frequency/Phase 2.0-2.75 30°-150° < -10 > 14 0.75%0.18
Fi k
[25] | Coupled line ixed (backward 0.7-0.85 NA NA NA | 12mm x 2.8mm
coupling functionality)
Thi
li Coupled line Frequency/Phase 1.8-2.4 40°-140° < =20 > 20 0.88 * 0.44
worl

Note: \g? denotes the squared guided wavelength; Reference [25] presents physical dimensions (12 mm x 12 mm) as its original
data did not provide A\g2-normalized values.
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FIGURE 8. Si; at varying voltage levels (center frequency-tunable).

FIGURE 9. Measured photograph of the fabricated tunable hybrid coupler.

vision is maintained at 3 dB and the phase difference at 90°.
Figures 4—7 show the simulated and measured frequency re-
sponses of the proposed coupler, with excellent agreement be-
tween simulation and measurement (phase difference refers to
the phase shift between S2; and Ss1). Figure 8 presents the
measured S7; variation curves under different bias voltages,
demonstrating the tunability of the center frequency. The de-
vice exhibits a return loss better than 20 dB, isolation greater
than 20 dB, with additional insertion loss of 2dB and output
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phase imbalance within 5°. The center frequency is adjustable
from 1.8 GHz to 2.4 GHz, maintaining a relative bandwidth of
approximately 30% throughout the tuning range. The observed
amplitude and phase imbalances are likely due to inaccuracies
in varactor diode modeling. Specifically, the consistency be-
tween simulation and measurement results is relatively poor at
2.4 GHz, which may be further exacerbated by layout parasitic
effects and environmental interference at the upper end of the
frequency band.
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FIGURE 10. The simulation and measurement results of the designed
tunable hybrid coupler with phase differences ranging from 40° to
140°.

3.2. Phase Difference Tuning

The simulated and experimental results of the phase difference
tuning performance of the coupler are presented as follows. Un-
der this tunable phase difference mode, the center frequency
remains stable at 2.1 GHz while maintaining a 3-dB power di-
vision ratio. Figure 10 illustrates the simulated and measured
phase difference responses of the proposed coupler. Excel-
lent agreement is observed between simulations and measure-
ments. The return loss better than 20 dB and isolation surpass-
ing 20 dB, with 2-dB additional insertion loss are obtained. The
phase difference can be continuously tuned from 40° to 140°
within the 1.8-2.4 GHz range. Throughout the entire tuning
range, the phase imbalance remains below 10° across the full
passband.

4. CONCLUSION

This study presents, designs, and actualizes a novel tunable hy-
brid coupler grounded on an enhanced coupled-line configura-
tion. By substituting the fixed dual-line structure in the middle
with a newly developed triple-line tunable design and employ-
ing a main coupling section featuring a four-line closed struc-
ture at both ends to attain strong coupling, the crucial perfor-
mance metrics are optimized while safeguarding the circuit’s
compactness.

Experimental findings demonstrate that the coupler can ac-
complish continuous frequency tuning within the 1.8-2.4 GHz
range. At a center frequency of 2.1 GHz, within a 20 % relative
bandwidth (roughly 1.8-2.4 GHz), the coupler enables continu-
ous tunability of the phase difference from 40° to 140°. More-
over, it sustains excellent return loss (< —20dB), isolation
(> 20dB) across the full tuning range.

The circuit structure is relatively uncomplicated and holds
great potential for extensive application in multi-mode mi-
crowave and RF circuits.
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