
TYPE Original Research
PUBLISHED 18 June 2025
DOI 10.3389/fphy.2025.1555410

OPEN ACCESS

EDITED BY

Liu Qianwen,
Nanjing University of Posts and
Telecommunications, China

REVIEWED BY

Zhipeng Xia,
Nanjing University of Science and
Technology, China
Yunpeng Lyu,
Nanjing University of Posts and
Telecommunications, China

*CORRESPONDENCE

Tianye Ma,
tianye.ma@foxmail.com

RECEIVED 04 January 2025
ACCEPTED 29 May 2025
PUBLISHED 18 June 2025

CITATION

Li Y, Ni J, Li S, Han Q, Tian J, Li N and Ma T
(2025) Design of a millimeter-wave wideband
filtering balun in GaAs IPD technology.
Front. Phys. 13:1555410.
doi: 10.3389/fphy.2025.1555410

COPYRIGHT

© 2025 Li, Ni, Li, Han, Tian, Li and Ma. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with
these terms.

Design of a millimeter-wave
wideband filtering balun in GaAs
IPD technology

Yijun Li, Jinxuan Ni, Siyu Li, Qian Han, Jie Tian, Na Li and
Tianye Ma*

School of Electrical and Automation Engineering, Nanjing Normal University and Jiangsu Key
Laboratory of 3D Printing Equipment and Manufacturing, Nanjing, China

This article introduces a novel microstrip filtering balun designed using GaAs
Integrated-Passive-Device (IPD) technology, aimed at addressing the needs
of millimeter-wave communication applications such as Wireless Personal
Area Networks (WPAN) and Wireless Local Area Networks (WLAN). The design
leverages a wavelength transmission line for phase inversion and coupling
structures to enhance frequency selectivity. A prototype was fabricated and
tested, demonstrating a center frequency of 45.6 GHz, a relative bandwidth
of 59.2%, and a phase difference of 180° (±7.0°) between the output ports.
Simulations and measurements confirm the design’s excellent bandwidth
and selectivity, showcasing its potential for integration into compact, high-
performance communication systems.
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1 Introduction

System-level integration and packaging represent some of the most promising
technologies due to their potential to enhance performance, reduce size, and reduce costs
[1, 2]. The IPD technology is essential for achieving system-level integration [3, 4], offering
enhancedmanufacturing precision compared to technologies such as LowTemperature Co-
fired Ceramic (LTCC) [5], Printed Circuit Boards (PCB) [6]. Numerous IPD designs have
been published and integrated into various integrated circuit systems [3–8].

Baluns, which transform electromagnetic waves from balanced to unbalanced
transmission lines, or vice versa, are widely utilized in wireless systems. Typically, a balun
comprises a power divider and a phase shifter. For example, in [9], a balun based on
Marchand structure was introduced in recent study, albeit relatively larger in size. Another
study [10] explored an out-of-phase filtering power divider, incorporating a balunfilter and a
four-port network, achieving a relative bandwidth of 58%. However, its bandwidth and size
could be further improved. Additionally, a significant design utilized a multi-layer LTCC
structure to achieve good isolation and frequency selectivity while maintaining a relatively
small size [11]. Nonetheless, its complex and large structure increased integration costs with
semiconductor chips.

This paper presents a novel design of a microstrip filtering balun in GaAs IPD
technology, targeting the 50 GHz center frequency to meet the demands of millimeter-
wave high-speed communication applications, such as WPAN and WLAN. The proposed
design features a unique circuit topology that achieves high integration through IPD
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FIGURE 1
Layout of the proposed filtering balun.

technology, realizes phase inversion using a one-wavelength
transmission line, and utilizes a U-shaped resonator combined
with short-circuited lines to not only expand bandwidth but
also introduce two transmission zeros, enhancing frequency
selectivity. Simulations and measurements verify the effectiveness
of this approach. This new balun design exhibits strengths in
size, bandwidth and frequency selectivity, while maintaining a
simple structure, thus presenting potential advantages for numerous
miniaturized communication systems.

2 Configuration of the proposed
microwave filtering balun

Figure 1 illustrates the layout of the proposed microstrip
filtering balun, which consists of a feeding microstrip line, two
U-shaped microstrip resonators, and an output microstrip line
connecting two output ports. The input electromagnetic wave,
fed in from Port 1, propagates through the feeding microstrip
line with a length of approximately one wavelength. Due to the
opposite electric field directions on each half of the transmission
line, two U-shaped resonators are excited with opposite phases. A
portion of the input signal travels through the wavelength-long
microstrip, and then continues to propagate along a quarter-
wavelength short-ended line, introducing a transmission zero (TZ)
point to improve selectivity. The two U-shaped resonators, excited
in opposite phases through coupling, enhance the bandwidth
by resonating in multiple modes and transmit signal to the
output ports through a coupling microstrip line. Consequently,
the device gets filtering, power dividing and phase inversion

functions, forming a broadband balun. Figure 2 shows the
equivalent circuit of the proposed design, corresponding to the
layout in Figure 1.

3 Design and analysis of the proposed
microwave filtering balun

As shown in Figure 2, the balun design consists of two U-
shaped resonators arranged in a mirror-symmetric configuration.
Each resonator forms a section of microstrip coupler with the input
microstrip line and another section of microstrip coupler with the
outputmicrostrip line. Electromagnetic energy is transferred from the
input microstrip line to the output microstrip line via the U-shaped
resonators.Thedesign includesa totalof fourmicrostripcouplers, each
with identical line width, gap width, and length, ensuring complete
uniformity among the four couplers. Moreover, each coupler is a
symmetric structure, enabling even-/odd-mode analysis method to
be applied. Therefore, each coupler can be characterized by its odd-
mode impedance Zo, its even-mode impedance Ze, and its electrical
length θ. Based on previous studies [12], the relevant S-parameters
can be derived as follows:

S11 = 1−
2[A+B+ (C+D)(Zmm +Zmn)]

(A+B)(Zpp + 1) + (C+D)[(Zpp + 1)(Zmm +Zmn) − 2Z
2
pm]
(1)

S21 = −S31 =
2Zpm

(A+B)(Zpp + 1) + (C+D)[(Zpp + 1)(Zmm +Zmn) − 2Z2pm]
(2)

Frontiers in Physics 02 frontiersin.org

https://doi.org/10.3389/fphy.2025.1555410
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org


Li et al. 10.3389/fphy.2025.1555410

FIGURE 2
Schematic diagram of the proposed filtering balun.

Where the ABCD-matrix of a microstrip coupler can be
written as

[

[

A B

C D
]

]
=
[[[[

[

−
Ze +Zo

Ze −Zo
cos θ 2jZeZo

Ze −Zo
sin θ

−1
2
j[ 4

Ze −Zo
−
(Ze +Zo)

2 sin θ
ZeZo(Ze −Zo)

] Ze +Zo
Ze −Zo

cos θ

]]]]

]
(3)

The Z-matrix of the three-port network, represented as
Block 1 in Figure 2, can be expressed as follows:

[[

[

Zpp Zpm Zpn
Zpm Zmm Zmn
Zpn Zmn Znn

]]

]

= (−j 1
2
) 

[[[[[[[[

[

4ZeZo cot θ
Ze +Zo

− 1
K 

4ZeZo csc θ
Ze +Zo

2
− 1K  (

4ZeZo csc θ
Ze +Zo

)  (Ze −Zo)  tan θ M
K  (

4ZeZo csc θ
Ze +Zo

)

− 1
K
 (
4ZeZo csc θ
Ze +Zo

)  (Ze −Zo)  tan θ (Ze +Zo)  tan θ− Ze −Zo
2 tan2 θ
K

M
K  (Ze −Zo)  tan θ

M
K
 (
4ZeZo csc θ
Ze +Zo

) M
K  (Ze −Zo)  tan θ N− M

2
K

]]]]]]]]

]

(4)

Where

K = a+ ba
a(a+ 2Zs tan θs) − c2

 ( cd
a
− b)− cd

a(a+ 2Zs tan θs) − c2

 (
d(a+ 2Zs tan θs)

c
− b) (5)

M = c+ ba
a(a+ 2Zs tan θs) − c2

 ( cb
a
− d)− cd

a(a+ 2Zs tan θs) − c2

 (
b(a+ 2Zs tan θs)

c
− d) (6)

N = a+ ad
a(a+ 2Zs tan θs) − c2

 ( cb
a
− d)− bc

a(a+ 2Zs tan θs) − c2

 (
b(a+ 2Zs tan θs)

c
− d) (7)

{{{{{{{
{{{{{{{
{

a = (Ze +Zo)cot θ

b = (Ze +Zo)csc θ

c = (Ze −Zo)cot θ

d = (Ze −Zo)csc θ

(8)

Therefore, the theoretical response of the proposed structure can
be calculated by applying Equations 1–8. Then, the initial value of
the balun design can be obtained.

To better analyze the frequency response of the proposed
filtering balun, we draw an equivalent circuit diagram, displayed
as Figure 3, based on the schematic diagram in Figure 2.
Thus, the even-/odd-mode method can be applied to derive
the filtering and isolation functions of this out-of-phase
power divider [13]. The three-port network in Figure 3 has
parameters Za and Zb representing the equivalent impedances
on each side of the coupling line, while the k representing the
coupling ratio. The values of Za, Zb and k can be calculated as
Equations 9–11 [14]

Za =
2ZeZo

Ze +Zo
(9)
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FIGURE 3
The equivalent circuit diagram of the proposed filtering balun.

FIGURE 4
Bisected odd-mode equivalent circuit of the proposed filtering balun.

FIGURE 5
The simulated S parameters of the proposed filtering balun.

Zb =
(Ze −Zo)

2

2(Ze +Zo)
(10)

k =
Ze −Zo

Ze +Zo
(11)

Since the differential output of a balun is of interest, the
odd-mode equivalent circuit, shown in Figure 4, is analyzed to
determine the TZs. The odd-mode equivalent circuit consists
of two impedance-matching transmission lines, a short-circuited
impedance resonator, three shunt short-circuited stubs and two
transformers. In order to obtain the TZs, the input impedances of
the shunt stubs, written as follows, must be equal to zero [15, 16].

Zin1 =
jZa(Zs tan θs +Za tan θ)
2(Za −Zs tan θs tan θ)

(12)

Zin2 = Zin4 = jZb tan θ (13)

Zin3 = jZa tan θ (14)
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FIGURE 6
The (a) manufactured balun prototype and (b) the measuring setup picture.

FIGURE 7
The measured S parameters of the proposed balun.

In this design, the electric length is set to θs = θ. Therefore,
by applying Equations 12–14, the frequency points of TZs can be
expressed as Equation 15.

{{{{{{{{{
{{{{{{{{{
{

fTZ1 = 0

fTZ2 =
2 f0
π

arctan√
Za

Zs

fTZ3 = 2 f0 − fTZ2
fTZ4 = 2 f0

(15)

By intentionally positioning the TZs near the passband, the
filtering response of the balun can be further enhanced with
improved selectivity. Subsequently, the parameter values of the
balun design are slightly adjusted using numerical simulations, to
achieve better filtering performance and out-of-phase response.

This approach ensures the realization of the desired filtering
balun design.

4 Results and discussion

To validate the analysis, a prototype was designed and fabricated
on a compound semiconductor substrate. The structure consists
of four thin layers of SiN (with respective thicknesses of 3.6 μm,
2.19 μm, 0.83 μm, and 0.376 μm, from top to bottom) deposited
on a 100 μm-thick GaAs substrate, with a metal ground plane
on its underside. As we are targeting at a center frequency of
50 GHz, the optimized parameters of the balun are as follows (in
mm): L1 = 1.01089, L2 = 0.402, L3 = 0.2171, L4 = 0.3623, L5
= 0.6922, L6 = 0.317, L7 = 0.08, W1 = 0.0377, W2 = 0.0328,
W3 = 0.0377.

The balun prototype was simulated by Ansys HFSS. The
simulated S parameters are depicted in Figure 5, indicating a
bandpass center frequency of 50 GHz and a relative bandwidth
of 65%. Notably, the TZs are located at 25 GHz and 85 GHz.The
prototype and the test setup are shown in Figure 6. The VNA
(vector network analyzer) was extended to the desired frequency
range using a pair of frequency extension modules. The balun
prototype was placed on a probe station, connected to a metallic
waveguide via a CPW (coplanar waveguide) probe. The waveguide
was then connected to the frequency extension module of the
VNA through its waveguide port, enabling the measurement
of S parameters. The measured S parameters are shown as
Figure 7. Due to the limitation posed by the available measuring
equipment, only the S-parameters up to 67 GHz was tested.
Figure 7 shows that the measured passband spans from 32.1 GHz
to 59.1 GHz, with a relative bandwidth of 59.2%.These measured
results validate the filtering performance of this design and affirm
the effectiveness of the proposed analysis. Multiple factors may
contribute to the difference betweenmeasurements and simulations,
such as the substrate material, the measurement process and
the fabrication error. The measured minimum insertion loss is
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FIGURE 8
The simulated (a) amplitude and (b) phase difference between two output ports.

TABLE 1 Comparisons with previous works.

Reference f0 (GHz) Bandwidth Fabrication No. of TZs Phase imbalance Amplitude imbalance

This work 45.6 59.2% GaAs IPD 2 ±7.0° <1.06 dB

[10] 2.5 44% PCB 3 N.P. N.P.

[11] 5.5 10.5% LTCC 2 ±4° <0.2 dB

[14] 2 52% PCB 2 ±2.3° <0.3 dB

[17] 62 24% Si IPD 0 ±2° <0.8 dB

[18] 2.45 20.41% PCB 0 ±0.84° <0.2 dB

N.P.: not provided.

0.25 dB (excluding the theoretical 3 dB insertion loss due to
power dividing). Furthermore, Figure 8 shows the simulated and
measured amplitude imbalance and phase difference, indicating that
the measured phase difference between the two output ports is
180°(±7.0°), and the amplitude imbalance is lower than 1.06 dB.
Comparisons are made with several previous works in Table 1,
showing that our work achieves a broader bandwidth with a good
selectivity.

5 Conclusion

This article presents a novel design of a microstrip filtering
balun, introducing a new balun topology that utilizes a wavelength
transmission line and coupling structures to achieve phase
inversion property and frequency selectivity. The S-parameters
and frequency response of the balun were analyzed in detail, and
an IPD balun prototype was designed, fabricated and tested on
a GaAs substrate. The simulated and measured results confirm
that the proposed balun exhibits excellent bandwidth, strong phase
inversion properties, and high frequency selectivity. Moreover, the

proposed balun realized a higher level of integration by adopting
IPD technology, and a combination of wide bandwidth and high
selectivity, compared to previous works [10, 11, 15]. This balun,
characterized by its compactness, feasibility, ease of integration,
broadband performance, and good frequency selectivity,
demonstrates significant advantages for modern miniaturized
communication systems.
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