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Planar rat-race couplers and Wilkinson power dividers for quad-band
applications using extended Pi-shaped impedance transformers

Nguyen Minh Giang"", Le Dang Manh!, Dang Hong Hanh?

This paper presents a novel design for planar quad-band rat-race couplers (RRCs) and Wilkinson power dividers (WPDs).
To achieve quad-band operation, a quad-band impedance transformer circuit is proposed in the form of an extended Pi-shaped
structure. For demonstration purposes, prototypes of an RRC operating at 0.8/1.6/2.484/3.284 GHz and a WPD operating at
0.7/1.21/1.792/2.303 GHz were designed, fabricated, and measured. Good agreement between simulations and measurements
was achieved. The measured results indicate that the RRC exhibits an insertion loss of less than 1.48 dB, isolation better than
23 dB, and input return loss exceeding 19.87 dB at four operating frequencies. Meanwhile, the quad-band WPD achieves an
insertion loss of less than 0.69 dB and isolation better than 21.25 dB.
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1 Introduction

Rat-race couplers (RRCs) and Wilkinson power divi-
ders (WPDs) are essential passive components used in
many RF systems such as multiplier circuits, balanced
antenna systems, balanced amplifiers, and mixers.
WPDs and RRCs have the same functionality of dividing
the input power into component powers at the output
ports with either balanced or unbalanced ratios. Com-
pared to WPD, RRC offers certain advantages, such as
the ability to handle higher input power and generate two
output signals that are either in-phase or out-of-phase.
However, they have the drawbacks of larger size and
more ports compared to Wilkinson power dividers. Over
the decades, numerous types of RRC and WPD have
been proposed with enhanced features such as band-
width expansion [1-2], size reduction [3-4], improved
power division ratio [5-6], and frequency reconfi-
gurability [7-9]. Notably, with the advancement of
multi-band applications, various designs for multi-band
RRC and WPD circuits have been proposed. A common
method for designing multi-band RRC/WPD circuits is
to utilize equivalent multi-band structures as replace-
ments for the quarter-wavelength transmission lines in
the conventional single-band RRC/WPD. In [10-11],
dual-band RRC/WPD are designed based on dual-band
Pl-shaped and T-shaped structures. Work [12] presents
a method for designing dual-band and multi-band RRCs
utilizing multi-band notch filters. The main dis-
advantage of the method [12] is the narrow stopband
between adjacent passbands. Another approach to
designing dual-band and tri-band RRC/WPD is based on
composite right/left-handed (CRLH) transmission lines
[13-14]. However, this method requires the use of
lumped elements L and C, which can lead to increased

losses and parasitic effects when operating at high
frequencies. A tri-band RRC and WPD are reported in
[15-16] utilizing an extended T-shaped microstrip line.
In[17], a tri-band WPD is designed using a three-section
transmission line transformer. This method requires the
use of optimization algorithms to calculate the circuit
parameters.

Although there have been many publications on dual-
band and tri-band RRC/WPD circuits, there are currently
few publications on quad-band RRCs and WPDs.
Designing these quad-band circuits requires the deve-
lopment of quad-band impedance transformer. When the
number of frequency bands increases to four, the number
of variables and equations also increases, leading to
a more complex design compared to the dual-band and
tri-band cases. In [18], a quad-band RRC is designed
based on a developed quad-band impedance trans-
formation structure. Then, by utilizing this quad-band
structure, a quad-band WPD is designed in [19].
A compact quad-band RRC and WPD, based on the
negative refractive index, were designed in [20-21].
However, these circuits utilize lumped elements and
exhibit poor insertion loss and isolation. In [22], an RRC
operating at four bands with suppression of spurious
passbands is reported. The circuit in [22] features a two-
layer structure based on a laterally offset dual ring
resonator backed by concentric dual split ring slots.
In [23], a quad-band WPD is designed using two
cascaded sections of dual-band transformers. Another
approach to designing quad-band WPD is based on SIW
technologies [24], offering a compact size, good return
loss. However, the main drawback of the circuit is its
high insertion loss.
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In this paper, a novel approach for designing planar
quad-band RRCs and WPDs is proposed. The circuits
are based on a novel quad-band impedance trans-
formation structure. Unlike previously reported quad-
band impedance transformers that utilize two coupled
lines [18, 25], the proposed structure relies on only one
coupled line, resulting in a simpler design process.
Moreover, the configuration introduced in [25], which
employs a coupled line short-circuited at both ends,
poses greater challenges in layout design and fabrication
due to the need for precise grounding and via placement,
thereby increasing structural complexity and sensitivity
to fabrication tolerances. The proposed circuits are
designed based on the exactly developed analytical
equations. To verify the effectiveness of the proposed
design method, both an RRC and a WPD were designed,
fabricated, and tested. The agreement between the
measured and simulated results confirms the validity of
the proposed method. The measurement results show
that the RRC/WPD circuits exhibit low insertion losses,
high isolation with good performance in terms of and
return loss and phase imbalance.

2 The proposed quad-band impedance transformer

The proposed quad-band impedance transformer
(QBIT) is illustrated in Fig. 1(a).

7,,7,,20
Port1  Zy.0 — Zx.0 Port 2
o—L_L 1 { 1+—-o0
ZL,G ZL79
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Port 1 Ze Port 2
o—— 10O
A4
(b)

Fig. 1. (a) Proposed quad-band impedance transfor-
mer, and (b) its equivalent quarter-wavelength trans-
mission line with characteristics impedance Z¢

The circuit has an extended Pi-shaped structure,
consisting of a coupled line with an electrical length of
20 and even- and odd-mode characteristic impedances
Z, and Z,, two series transmission lines (Zg, #), and two
short stubs (Z;, #). Parameters of the QBIT are
calculated to ensure that it is equivalent to a quarter-
wavelength transmission line with a characteristic impe-
dance Z (Fig. 1b) at four frequency bands, the proposed

impedance transformer circuit, the approach from [18]
was used.

The ABCD matrix of the QBIT is determined as
follows:

MQBIT = MgM; My M Mg €Y)
in which

cos@ jZgsin®

My = |.sin6
cos 6
1 0
= cotf
Zy
Zysin20
cos20 jM—
Mo = 2
M| 2sin26 28
j cos
V2, |

where Zy = Z, + Z,,.

Meanwhile, the ABCD matrix of a quarter-wave-
length transmission line with characteristic impedance
Z is determined as follows

0 jZc
MC = ]
Zc 0

To make the QBIT equivalent to a transmission line,
the following conditions must be satisfied:

MM My M My = M (2)
From (2) we derive
M MyM), = iM§1MCME1 3)
From (3), the following conditions are derived:
Zg + 7% Z
tan291<u>tan9—(1+—M)=O 4)
ZgZc Zy,
ZuZ Z¢
tan? 0 + Mzctané?——g=0 (5)
Zi Zic

For the QBIT and transmission line Z, to be
equivalent at four frequency bands, Eqns. (4) and (5)
must be identical and have four solutions, namely 6, 6,
63, and 6,. These are electrical lengths corresponding to
four operating frequencies f1, f> ,f3, and f;. From this,
we have:

_ Zg(Zk + Z2)

= 6

M Zg ( )
73 (72 + 7%

L =? Zz_Zz (7)
c \4c K
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(ZE+2)?* Zk+Z¢
4z} 272

(8)

Z
0, =tan~1|=5| [1+
Zg

The remaining electrical lengths are determined as
follows:

Z ZR+70)?  Zg+Z¢
0, =tan"1[=£| |1 +( K 4C) K > SINC)
Zy 4Z; 2Z;
93 =T — 92 (10)
94 =1 — 91 (11)

Since frequency is proportional to electrical length,
we have the following relationships
0 0 s 0 T
éz_z, é=_3=__ ) Ez_‘*:__l(lz)
fi 60 f 6 6 fi 61 64
Using the derived equations, the QBIT can be de-
signed. Suppose we need to design QBIT to match Z4 to
Zg at four frequency bands. The design procedure for the
QBIT circuit is summarized as follows:

Step 1. Calculate characteristic impedance Z of the
quarter-wavelength transmission line to match impe-
dance Z, to Zp according to equation [26]:

Ze = JZ,Z5 (13)

Step 2. Replace the quarter-wavelength transmission
lines Zowith an equivalent QBIT. Parameters of the
QBIT are calculated as follows:

2.1. Select the frequencies f; and f,

2.2. Using (12) to define 6,

2.3. By substituting 8, and Zc¢ into (8), Zg is deter-
mined

2.4. Substituting Zgand Z. into (9) allows 6, to be
calculated

2.5. Determine operating frequencies f, and f; from
(12)

2.6. From (6)-(7), determine the values of Z,, and Z;

The following sections will present the design

method for quad-band RRCs and quad-band WPDs
based on the proposed QBIT.

3 Design method of quad-band RRC based on QBIT
3.1 The proposed quad-band RRC
The conventional RRC is presented in Fig. 2 [26].

Port 1 Zes Port 3
FHw————1 1 W H
Zy A4 Zy
Ze I:I A4 ZC3|:| A4
Port 2 Zcy Port 4
Hw 1 PwH
Zy 31/4 Zy

Fig. 2. Conventional single-band RRC [26]

It consists of four transmission lines Zqq, Z¢2, Z¢3,
and Z;, with the same characteristic impedance
70.71 Q. Except for the transmission line Z,, which has
an electrical length of 31/4, the other three transmission
lines all have the same electrical length of A/4.

To enable the conventional RRC to operate at four
frequency bands, three quarter-wavelength transmission
lines Zgq, Zcy, andZ-3 are replaced with their cor-
responding QBIT structures. As for the transmission line
Zcq, due to its electrical length of 3A\4, it is divided into
three transmission lines Z¢41, Zca2, and Zgy3, each with
an electrical length of A/4. These transmission lines will
also be replaced with their corresponding QBIT
structures. Thus, the proposed quad-band RRC confi-
guration is shown in Fig. 3. Parameters of the QBIT are
calculated based on the procedure outlined in Section 2
so that the QBIT is equivalent to a quarter-wavelength
transmission line with a characteristic impedance of
Zc=70.71 Q.

Port 4

Port 3

Pot 2
Fig. 3. The proposed quad-band RRC based on QBIT

Port 1
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Next, we will examine the fabrication limitation of
the quad-band RRC. For the circuit to be manufacturable
using normal printed circuit board (PCB) technology,
the characteristic impedances Zx and Z; must fall within
the range 15 Q < Zx, Z; < 120 Q. From (7), we have:

1593?—%(%) <120Q (14)
c \4c — 4k
Substituting Zc=70.71 into Eqn. (14), we obtain:

35.514 0 < Zyx <£54.026 Q (15)
Substituting Zx into (6), we derive:

44474 O\ < Zyy < 85.564 Q (16)
Substituting Zx into (8), we obtain:

323°< 6, < 47.8° a7
Using (11), we derive:

132.2° <6, < 147.7° (18)
From (12), it follows that:

fa (19)

2.765 < — < 4.566
fi
Similarly, by determining the electrical length 6, from
(9) and substituting it into (12), we obtain:

1418 < % < 1.581

2

(20)

Thus, equations (19) and (20) define the frequency
ratio constraints of the proposed quad-band RRC circuit.

3.2 Design and implementation of quad-band RRC

To wvalidate the proposed design methodology,
a quad-band RRC operating at 0.8/1.6/2.484/3.284 GHz
has been designed, fabricated, and tested on a Rogers
RO4003C substrate, which features relative permittivity
3.55 and a thickness of 0.813 mm. By applying the de-
sign procedure of QBIT outlined in Section 2, para-
meters of the scheme are calculated as follows. Initially,
the frequencies f;=800 MHz and f,=3.284 GHz are se-
lected. These frequencies are then substituted into Eqn.
(13), resulting in the electrical length 8;=35.26°. Using
Eqns. (9) and (10), the values of Z; and 6, are deter-
mined as Zx=50.2Q and 6,=70.52° respectively.
Furthermore, from (13), the remaining operating
frequencies f, and f; are calculated as f,=1.6 GHz and
f3=2.484 GHz. Finally, substituting Zy and Z,=70.71 Q
into Eqns. (6) and (7) yields Zy,=75.05 Q and Z;=75.17
Q. From the value of Zy, we can select any values of Z,
and Z, such that Z.+Z,= Zy; and Z. >Z,. Note that a large
difference between Z. and Z, will result in a very small
spacing between the two transmission lines of the
coupled line, making fabrication difficult. In this case,
we choose Z=40 Q, Z,=35.05 Q. Based on the calcu-

lated results, the circuit layout was designed. Figure 4
illustrates the physical layout diagram of the designed

Fig. 4. Physical layout diagram of the designed
quad-band RRC

Dimensions of the RRC circuit sections are shown in
Table 1.

Table. 1. Detail design parameters

of the quad-band RRC
. . Value , . Value
Dimension Dimension
(mm) (mm)
Lg 9 Wy 1.78
Ly 21.99 1A 1.78
L, 46.11 W, 2.74
Ly 42.96 Wy 2.74
Ly 22.63 W, 0.84
S, 1.41

Figure 5 illustrates the fabricated quad-band RRC
and experimental setup.

Fig. 5. The fabricated quad-band RRC
and experimental setup

Figure 6 shows the measured and simulated |S21], |S31],
and |S11| parameters of the fabricated quad-band RRC
when the input signal is applied to port 1, output signals
are obtained from ports 2 and 3, and port 4 functions as
the isolation port.
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Fig. 6. Simulated and measured parameters S>1, Ssi,
and S11 of the proposed quad-band RRC

From Fig.6, it can be observed that the measured
results align well with the simulated ones, and the
fabricated RRC operates at four center frequencies: 0.8
GHz, 1.6 GHz, 2.46 GHz, and 3.23 GHz. The slight shift
in the center frequencies, which becomes especially
noticeable at higher frequencies, is primarily influenced
by transmission line discontinuities, including
T-junction and bend discontinuities. Additionally, the
difference in even- and odd-mode phase velocities due
to the non-ideal shape of the coupled line segments also
contributes to this deviation. To minimize the frequency
deviation, the layout was refined using smooth
transitions to suppress reflection and phase distortion.
Full-wave electromagnetic simulations, including
realistic discontinuities and substrate effects, were
employed. Slight tuning of stub lengths and coupling
gaps further improved the agreement between mea-
surements and simulations. Collectively, these measures
reduced the center-frequency error to a minimal level at
all bands, bringing measurements into close agreement
with simulations. From Fig. 6, it can be observed that at
the four center frequencies, the insertion losses at ports
2 and 3 are 3.23/3.11/3.32/3.73 dB and 3.44/3.77/3.82/
4.43 dB, respectively. Thus, compared to the ideal value
of 3 dB, the insertion losses at the ports do not exceed
1.43 dB. Moreover, Fig. 6 clearly shows that the input
return loss |S11]at the four operating frequencies is better
than 21.4 dB.

Figure 7 shows the measured and simulated results of
the phase difference £5,; — £531. When the input signal
is applied to port 1, the theoretical value of the phase
difference £S5, — £S5, is 0°.

From Fig.7, we can see that the measured results
agree well with the simulations. The detailed measured
data indicate that at the four operating frequencies of
0.8/1.6/2.46/3.23 GHz, the phase differences £5,1—2.853:

are 4°, 5.34°, 3.7°, and 2.2°, respectively. Thus, compa-
red to the theoretical value of 0°, the measured phase
differences exhibit relatively small deviations, all within
5.34°.
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Fig. 7. Simulated and measured phase difference
24821 — £8S3

Figure 8 illustrates the simulated and measured
scattering parameters |S4|, |S34|, and |Sas| of the designed
quad-band RRC when the input signal is applied to port
4. From Fig. 8, it can be observed that the measured
results agree well with the simulated ones. At the four
operating frequencies of 0.8/1.6/2.46/3.23 GHz, the
insertion losses at ports 2 and 3 are 3.47/3.72/3.78/4.48
dB and 3.4/3.3/3.56/4.44 dB, respectively. Meanwhile,
the return loss |Su4| at all four frequencies is better than
19.87 dB.
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Fig. 8. Simulated and measured parameters S»4, S34, and
Su4 of the proposed quad-band RRC
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From Figs. 6 and 8, it is clear that no significant un-
expected spurious passbands are observed beyond the
fourth band. In the out-of-band regions (above 3.7 GHz
and below 0.3 GHz), the transmission coefficient
remains well suppressed to nearly —20 dB, confirming
that the circuit provides strong rejection outside the
intended bands.

The measured isolation level between ports 1 and 4
is presented in Fig. 9. The measured results indicate that
the isolation S4; achieves good performance at the four
operating frequencies, with values all above 23 dB.

Magnitude (dB)

>

-60 -==-= S, Measured

—— Sy Simulated

&
[

0.2 0.7 1.2 1.7 2227 32 3.7
Frequency (GHz)

Fig. 9. Simulated and measured parameter S4;
of the proposed quad-band RRC

Next, the measured phase difference £5,, — £S53,4 is
presented in Fig.10.
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Fig. 10.  Simulated and measured phase difference

2824 — £834

The measured results in Fig. 10 show that the phase
deviation £Sy — £S34 at the 4 operating frequencies are
174.6°/187.3°/186.5°/172.33°. Thus, compared to the
theoretical value of 180°, the measured results exhibit
a relatively small phase deviation. Comparison between
the performance of the proposed quad-band RRC and
other works is presented in Table 2.

Tab. 2. Comparison between the measured performance of the proposed quad-band RRC and other works

Reference [14] [22] [20] [27] This work
Frequency 0.195/0.65/ 1.45/3.8/ 0.9/1.55/ 0.71/1.64/ 0.8/1.6/
1.415 4.3/6.3 2.017/2.55 4.09/5.03 2.46/3.23
Type Tri-band, BLC ng‘?nd’ Que;f}-{tgnd, Quagilll?nd, Qualléll-{l?nd,
IL (dB) <1.67 <33 <3.37 <1.83 <1.48
IRL (dB) >19.62 >18.2 >10 >18.18 >19.87
IS (dB) >18.24 > 30 >10 >17.92 >23
PD (°) <2 <8 NI <7 <77
Size (Ag%g) 0.045%0.045 0.5%0.7 NI 0.2x0.2 0.39x0.87
FBW (%) NI NI NI 28.6/5/1.6/2/1.96 11.3/7.7/6.7/3.6

In Table 2, IRL, IS, IL, and PD represent input return
loss, isolation, insertion loss, and phase difference,
respectively, measured at the operating frequencies; Az is
guided wavelength at frequency fi; BLC represents
branch-line coupler; NI means no information. FBW
denotes

the fractional bandwidth. The FBW is determined based
on the criterion that the amplitude differences between
the two output ports remain within 1 dB for the first and
second bands and within 1.5 dB for the third and fourth
bands.
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From the comparison table, it can be observed that
the proposed RRC circuit demonstrates superior iso-
lation and insertion loss, while maintaining good perfor-
mance in terms of return loss and phase difference.
Additionally, compared to the circuit in [22] with a two-
layer structure and the circuits in [14, 20] utilizing
lumped L and C elements, the proposed circuit features
a simpler design.

4 Design method of quad-band RRC based on QBIT
4.1 Proposed quad-band WPD

The traditional Wilkinson power divider is illustrated
in Fig.11[26].
Z11 =70.71Q
| I
A4

Rs

ZT2 =70.71Q
1
| I—

A4

Port 1 Zo

Z|S| Port 3

Fig. 11. Traditional single-band WPD

The circuit consists of two quarter-wavelength
branches Zr; and Z1,, each with the same characteristic
impedance Zri=Zr=50v2 Q. An isolation resistor
Rs=100 Q is connected between the two branches to
ensure isolation and impedance matching at the two
output ports, 2 and 3.

To design a WPD operating at four frequency bands,
the quarter-wavelength transmission lines Zr; and Zr; of
the conventional single-band WPD are replaced with
their equivalent QBITs. The quad-band WPD circuit is
illustrated in Fig. 12.

20 2,0
Z,,0 Ze, Z,, 20 VAN
|—
—

Rs g

<

Port 2

Zy Port 2

Ze,Z,, 20

7,0 — 9 z.0
—
ZU
75,6 75,0

Fig. 12. Proposed quad-band WPD based on QBIT
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The QBIT are calculated based on the design pro-
cedure presented in Section 2 to ensure their equivalence
to quarter-wavelength transmission lines with an
impedance of Zr=70.71 Q at the four desired operating
frequencies.

Since the quad-band WPD and quad-band RRC cir-
cuits are both designed based on replacing the quarter-
wavelength transmission line with characteristics
impedance of 70.71 Q with a QBIT, the design limita-
tions (19) and (20) of the quad-band RRC circuit
presented in Section 3 also serve as the design con-
straints for the quad-band WPD.

4.2 Design and implementation of quad-band WPD

To confirm the validity of the design method, a quad-
band WPD with operating frequencies fi= 0.7 GHz,
f> =1.21 GHz, f; =1.792 GHz, and f; = 2.303 GHz has
been designed, fabricated, and measured. The circuit is
designed on Rogers RO4003C material with a relative
dielectric constant of 3.55 and a thickness of 0.813 mm.
By applying the design procedure presented in Section
2, the design parameters of the circuit are calculated as
follows: 6=0,=41.96°, 6,=72.56° Z,=41.79 Q, Z,=56.39
Q, and Z£,=30.27 Q. The values of Z, and Z, are selected
as Z,~29.39 Q, Z,=27 Q.

Based on the calculated parameters, the layout of the
quad-band WPD was designed (Fig. 13).

Lo, Port 2

i, -
Wy
1

T WZA. - [ LS
Wy
- L
511
Ly

Fig. 13. Physical layout diagram of the designed quad-
band WPD

|
o
0 Port3

Details design parameters of the WPD circuit are
provided in Table 3.
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Table 3. Detail design parameters
of the quad-band WPD

Dimension Value Dimension Value
(mm) (mm)
Lo 15 Wy 1.78
Ly 59.78 Wi 4.86
L, 29.26 W5 4.96
Ly 30.16 Ws 1.78
L, 31.08 W, 1.78
5 2.51

The fabricated quad-band WPD is shown in Fig. 14.
The fabricated quad-band WPD has a size of 77 mm x
94 mm.

Fig. 14. Fabricated quad-band WPD
and experimental set up

Figure 15 illustrates the measured and simulated re-
sults of the |S2i| and |S31| parameters of the designed
quad-band WPD.
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Fig. 15. (a) Measured and simulated parameters Sz1,
and (b) S31 of the proposed quad-band WPD

From Fig. 15, it is evident that the results show good
agreement between measurement and simulation, with
the four center operating frequencies identified as 0.7
GHz, 1.214 GHz, 1.801 GHz, and 2.285 GHz. The mea-
sured insertion losses at ports 2 and 3 for these
frequencies are 3.27/3.21 dB, 3.24/3.27 dB, 3.4/3.36 dB,
and 3.69/3.68 dB, respectively. These values agree well
with the theoretical insertion loss of 3 dB, with errors not
exceeding 0.69 dB. Besides, as illustrated in Fig. 15, the
transmission coefficients |[S21] and |S:i| remain well
suppressed outside the operating bands, particularly
below 0.4 GHz and beyond 2.5 GHz, with levels
typically below —15 dB. This demonstrates strong signal
rejection and the absence of undesired spurious
passbands below the first band and beyond the fourth
band. The lack of spurious transmission peaks confirms
that the proposed WPD offers high frequency selectivity
and effectively confines signal propagation within the
designated frequency bands.

Figures 16 and 17 present the measured and simu-
lated return losses and isolation of the designed PD.

Magnitude (dB)

-40 —— Sy Simulated ==== S;i  Measured Sy Simulated
-45 -
----- S Measured Sy Simulated ====- S3 Measured
-50
0.3 0.8 1.3 1.8 2.3 2.8
Frequency (GHz)

Fig. 16. Measured and simulated parameters Si1, S22,
and S33 of the proposed quad-band WPD

-35 .
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L E—— S,;  Measured
45
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Fig. 17. Measured and simulated isolation parameters
S>3 of the proposed quad-band WPD
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It can be seen that the simulation results closely
match the measurements. Additionally, the isolation
between the two output ports exceeds 21.25 dB, while
the return losses are better than 20.6 dB at the four
operating bands.

Next, in Figs. 18 and 19, the measured results of
amplitude imbalance (Al) and phase imbalance (PI) of
the proposed quad-band WPD are presented.
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Fig. 18. Measured amplitude imbalance
of the proposed quad-band WPD
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Fig. 19. Measured phase imbalance of the proposed
quad-band WPD

It can be observed that over the wide frequency range
0of 0.3 GHz to 2.8 GHz, the Al and PI values remain very
low, with Al being less than 0.5 dB and PI less than 1.3°.
At the four operating frequencies of 0.7 GHz, 1.214
GHz, 1.801 GHz, and 2.285 GHz, the Al values are
below 0.06 dB, and the PI values are below 0.35°.

Table 4 presents a comparison of the measured para-
meters of the fabricated quad-band WPD with those of
other works.

Tab. 4. Comparison between the measured performance of the proposed quad-band WPD
and other reported works

Reference Frequency IL IS RL Size FBW
(GHz) (dB) (dB) (dB) (Ag X Ag) (%)
[19] o <075 | >2092 | >18.14 | 033x039 NI
[24] PRt <185 >107 >192 0.12x0.24 NI
[23] 2 <06 > 11 > 15 0.07%0.13 NI
28] 25‘;//3558/ <12 > 16 > 18 NI NI
[29] 0'25./21/'33/ <2 NI > 19 NI NI
[30] 351928//315788{ <0.95 >28.6 NI 0.163%0.167 ﬁggz
This work 1%/ ! /'22'12‘;/ s | <oeo | >2125 >20.6 0.34%0.41 7%}21"29 /

Here, FBW denotes the fractional bandwidth. The
FBW of the proposed PD circuit and the circuit in [30]
is determined based on the criterion that all return losses
and isolation are better than 15 dB.

From Tab. 4, it is clear that the major advantage of
the proposed circuit is its lower insertion loss compared
to previously published designs, with a value not ex-

ceeding 0.69 dB at the four operating frequencies. Addi-
tionally, other critical parameters, including isolation
and return loss, are well maintained at levels exceeding
20.6 dB and 21.25 dB, respectively. The circuit in [23],
although exhibiting low insertion loss, suffers from poor
isolation and return loss.
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5 Conclusions

This paper presents a novel approach to designing
quad-band RRCs and WPDs based on a proposed quad-
band impedance transformer. To validate the design
methodology, both RRC and WPD prototypes were
fabricated and experimentally tested. The measured
results show good agreement with simulations, exhi-
biting excellent transmission, matching, and isolation
performances, which confirm the reliability of the
proposed method. Specifically, the RRC demonstrates
an insertion loss of less than 1.48 dB, isolation better
than 23 dB, and return loss exceeding 19.87 dB at four
operating frequencies. Meanwhile, the WPD achieves
insertion loss below 0.69 dB and isolation better than
21.25dB. The amplitude imbalance and phase imba-
lance are less than 0.06 dB and 0.35°, respectively, at the
four operating frequencies These characteristics make
the proposed structures highly suitable for multi-band
microwave systems.
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