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Abstract
A miniaturised integrated passive device (IPD) balun design with low insertion loss and
balanced amplitude and phase is proposed for Wi‐Fi/Bluetooth applications. In this
design, a novel topology based on the modified T‐type filter structure is introduced to
offset the parasitic and coupling effects that cause poor balance in IPD design. The
proposed balun design is fabricated on a GaAs substrate. The measured insertion loss is
lower than 0.9 dB and the measured return loss is >16 dB in the frequency range of
2.2–2.9 GHz. The measured results of amplitude and phase show rather minor imbal-
ances, which are lower than �0.67 dB and �1.8° respectively. The fabricated device size
is 0.9 mm � 0.6 mm only.
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1 | INTRODUCTION

With the rapid development of mobile communications, it
makes a strong requirement for electronic devices to be
compact, lightweight, multi‐functional, and high performance.
As a result, the system in package (SIP) technology, as an
important technical route beyondMoore's Law at the integrated
packaging level, has received more and more attention and ap-
plications. An integrated passive device (IPD) has recently been
widely used and became an important puzzle for implementing
SIP. In the literature, IPD has been used to realise microwave
components like bandpass filters [1, 2], power dividers [3, 4],
baluns [5–13] and etc.

Baluns are the key passive devices in balanced microwave
front‐end circuits such as balanced mixers, antenna feed net-
works and push‐pull amplifier [6, 14, 15]. Baluns convert signal
from unbalance to balance with half of the input signal ampli-
tude and the phase delay difference of 180° at two out terminals.
Usually, passive baluns are classified by lumped‐element baluns
[5–7], Marchand baluns [8, 9], and transformer baluns [10, 11,
13]. The widely used distributed structure is more suitable for

high frequency band (>4 GHz), such as Marchand baluns.
However, at low frequencies distributed structure consumes too
much of the expensive chip area and are therefore not suitable
for MMICs. In this case, lumped‐element baluns exampled by a
second‐order lattice type composed of T‐junction low/high‐
pass filters were candidates for IPD circuit [5–7]. But for chip‐
level design, the parasitic effects of lumped circuit devices and
the coupling effects between them had an influence on the
performance. Chen et al. [5] addressed on the theory of second‐
order lattice type balun by ABCD matrix arrangement results
for inductor and capacitor's value calculated accurately. Kumar
et al. [7] used the traditional T‐filter structure balun as an
example, the results of the parasitic effect calculation are
discussed.

In this letter, a miniaturised GaAs‐based IPD balun design
with low insertion loss and balanced amplitude and phase is
proposed. In this design, a novel topology based on the modi-
fied T‐type filter structure is introduced to offset the parasitic
and coupling effects that cause poor balance. In the following
sections, the proposed balun design using the modified T‐
junction network is analysed. The simulation results from the
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electromagnetic (EM) simulator UltraEM [16] as well as
the measured results are included to illustrate and validate the
effectiveness of the proposed design.

2 | DESIGN ANALYSIS

Traditional lumped‐element balun design is built upon a T‐
junction topology integrating the T‐type low/high‐pass filter
concept [5–7]. By combining the phase lag and advance
characteristics of low‐pass filter (LPF) and high‐pass filter
(HPF) respectively, a phase difference of 180° between two
outputs can be achieved.

But in the IPD design, the in‐band phase and amplitude
balance of the traditional circuit is not good in layout simula-
tion. In general, the inductors can greatly affect the actual
balun layout structure since the inductors occupy most of the
IPD layout area. A parallel inductor L4 is herein introduced at
the output of the HPF. A suitable parallel inductance can
improve the amplitude and phase balance within the operation
frequency.

To analyse the modified T‐type filter structure, the low/
high‐pass filters can be treated as lossless transmission lines
with phase delay of �90° respectively. Unfortunately, the
modified T‐junction network makes the absence of symmetry
on the circuit. Hence, two frequency transformation factors
and two impedance transformation factors are introduced to
low/high‐pass filter respectively. The proposed balun struc-
ture with the modified T‐junction network is illustrated in
Figure 1.

The ABCD matrix of a lossless transmission line can be
written as

A B
C D

� �

¼
cos γ jZ0 sin γ

jY0 sin γ cos γ

� �

ð1Þ

where Z0 is the characteristic impedance, Y0 is the character-
istic admittance, and γ is the phase shift of the lossless trans-
mission line.

One the other hand, the ABCD matrix can be applied to
the individual arm of the proposed balun circuit in Figure 1.
The ABCD matrix of the LPF consisting of two series in-
ductors and a shunt capacitor can be expressed as

A B
C D

� �

LPF
¼

1 jXL1

0 1

� �
1 0

jBC1 1

� �
1 jXL2

0 1

� �

¼
1 − XL1BC1 jXL2 1 − XL1BC1ð Þ þ jXL1

jBC1 1 − XL2BC1

� �

ð2Þ

By making the ABCD matrix of lossless transmission line
(γ = 90°) equal to that of the low‐pass prototype, one obtains

cos γ jZ0 sin γ
jY0 sin γ cos γ

� �

¼
1 − XL1BC1 jXL2 1 − XL1BC1ð Þ þ jXL1

jBC1 1 − XL2BC1

� � ð3Þ

where XLi = ωLPFLi, BCi = ωLPFCi (i = 1, 2), ωLPF = n1 ⋅ ω
(ω is centre frequency), and Z01 = m1 ⋅

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Zin ⋅ 2ZL
p

. The values
of L1, L2, and C1 are given as

L1 ¼ L2 ¼
Z01

ωLPF
¼

m1 ⋅
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Zin ⋅ 2ZL
p

n1 ⋅ ω0

C1 ¼
1

ωLPF ⋅ Z01
¼

1
n1 ⋅ ω0 ⋅

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Zin ⋅ 2ZL
p

8
>>><

>>>:

ð4Þ

Similarly, the ABCD matrix of the HPF consisting of two
series capacitors and two shunt inductors can be given as

A B
C D

� �

HPF
¼

1 −jXC2

0 1

� �
1 0

−jBL3 1

� �
1 −jXC3

0 1

� �
1 0

−jBL4 1

� �

¼
1 − XC2BL3ð Þ 1 − XC3BL4ð Þ − XC2BL4 −jXC3 1 − XC2BL3ð Þ − jXC2

−jBL4 1 − XC3BL3ð Þ − jBL4 1 − XC3BL3

� � ð5Þ

F I GURE 1 Schematic of the proposed balun with a parallel
inductor L4.
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By making the ABCD matrix of lossless transmission line
(γ = −90°) equal to that of the HPF, one obtains

cos γ jZ0 sin γ
jY0 sin γ cos γ

� �

¼

1 − XC2BL3ð Þ 1 − XC3BL4ð Þ − XC2BL4 −jXC3 1 − XC2BL3ð Þ − jXC2

−jBL4 1 − XC3BL3ð Þ − jBL3 1 − XC3BL3

� �

ð6Þ

where BLi = 1/ωHPFLi, XCi = 1/ωHPFCi (i = 2, 3, 4),
ωHPF = ω0/n2 and Z02 = m2 ⋅

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Zin ⋅ 2ZL
p

. The values of L3,
L4, C2, and C3 can be calculated as

C3 ¼
1

ωHPFZ02
¼

n2
ω0 ⋅ m2 ⋅

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Zin ⋅ 2ZL
p

L3 ¼
Z02

ωHPF
¼

n2 ⋅ m2 ⋅
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Zin ⋅ 2ZL
p

ω0

L4 ¼
Z02

2 ⋅ C2

ωHPF ⋅ Z02 ⋅ C2 − 1
¼

n2 ⋅ m2
2 ⋅ Zin ⋅ 2ZL ⋅ C2

ω0 ⋅ m2 ⋅
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Zin ⋅ 2ZL
p

⋅ C2 − n2

8
>>>>>>>><

>>>>>>>>:

ð7Þ

Figure 2a–h show the optimisation results of the phase and
amplitude imbalance affected by four transformation factors.
Assume that the design specifications are herein set as
Zin = ZL = 50 Ω, f0 = 2.45 GHz, n1 = 1.064, m1 = 0.903,
n2 = 0.94, m2 = 0.896. The theoretical inductors and capaci-
tors can be then evaluated from Equations (4) and (7), that is,
C1 = 0.96 pF, C2 = 5.22 pF, C3 = 0.96 pF, L1 = L2 = 3.9 nH,
L3 = 3.87 nH, and L4 = 4.75 nH.

3 | PROTOTYPE AND EXPERIMENTAL
RESULTS

3.1 | Fabrication process

The proposed IPD balun design is implemented by using the
thin‐film process technology on a GaAs substrate. The cross
section is illustrated in Figure 3. The GaAs substrate has
thickness of 100 μm. On top of the substrate, it provides two
metal layers (M1 and M2) and six dielectric layers composed
of three kinds of dielectric (Si3N4, SiCN, and BCB). This thin‐
film technology allows a high level of integration and real-
isation of passive elements, such as inductors, capacitors, and
resistors.

3.2 | Simulated and measured results

In Figure 4, a set of EM simulated results are depicted to
illustrate the effects of the proposed parallel inductor L4. As
can be seen, L4 can improve the amplitude and phase bal-
ance at the two output terminals. Therefore, it can be well
adjusted to correct the bad balance of the original circuit in

the layout by adjusting the value of L4. The detail dimensions
of spiral inductor and MIM capacitor in Figure 1 are listed in
Table 1.

F I GURE 2 (a–h) The optimisation results of the phase and amplitude
imbalance affected by four transformation factors.
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Based on the above‐mentioned analysis, the proposed
balun is simulated and its GDS layout is generated by EM
simulator UltraEM from Faraday Dynamics, Inc. [16]. Figure 5

shows the chip layout and the micrograph of the proposed
GaAs‐based balun design. The 3‐port balun is evaluated by
using the following equations:

IL¼ −10 log10 jS21j
2
þ jS31j

2� �
ð8Þ

Amplitude Imbalance¼ 20 ⋅ log10jS21=S31j ð9Þ

Phase Imbalance¼ 180° �
�
�
�
�tan

−1Im S21=S31ð Þ

Re S21=S31ð Þ

�
�
�
� ð10Þ

F I GURE 2 (Continued)

F I GURE 3 Cross‐sectional view of the GaAs‐based integrated passive
device.

F I GURE 4 Amplitude imbalance and phase imbalance with/without
L4.

TABLE 1 Fabricated dimensions of elements in the proposed balun.

Inductor L1 L2 L3 L4

Inner diameter (μm) 110.39 108.99 27.2 47.99

Width (μm) 8.27 9.37 6.25 7.44

Space (μm) 4 4 4 4

Number of turns 4.5 4.5 7.5 6.25

Q‐factor 18.87 19.72 12.51 11.51

Capacitor C1 C2 C3

Width (μm) 42.25 65.62 20.38

Length (μm) 21.94 73.35 57.67

Q‐factor 421.91 105.26 35.34

4 - REN ET AL.
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The fabricated balun is measured on‐chip using the Key-
sight N5244A PNA‐X vector network analyser and Cascade
summit‐11000 probe station. The simulated and measurement
results of the proposed balun are compared in Figure 6. It is
clear that the simulation results are in good agreement with the
measured ones. At the operating frequency band (2.2–2.9 GHz),
it achieves an insertion loss lower than 0.9 dB and a return loss
better than 16 dB, as shown in Figure 6a. There exists some
minor frequency shift between the simulated and measured
results. This is mainly attributed to the fabricated tolerance and
model inaccuracy. Figure 5b illustrates the measured amplitude
and phase imbalance, in which the imbalances within �0.67 dB
and�1.8° from 2.2 to 2.9 GHz have been obtained respectively.

Comparing to the previous designs as shown in Table 2,
the proposed balun design has the improved imbalance re-
sponses which can be attributed to the modified T‐type filter
structure. In addition, the proposed balun design achieve
miniaturisation due to compact on‐chip spiral inductor by
using the thin‐film process technology on a GaAs substrate.

4 | CONCLUSION

In this letter, a miniaturised balun design with low insertion
loss and balanced amplitude and phase has been presented.
One parallel inductor was introduced to offset the parasitic and
coupling effects that cause poor balance in the proposed balun
design. The proposed balun design was fabricated on a GaAs
substrate. The measured results are in good agreement with the
simulated results. The fabricated balun device has a size of
0.9 � 0.6 mm, which is used in various RF SIP modules for
Wi‐Fi mobile applications.
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TABLE 2 Comparison of the proposed balun with several reported
integrated passive device LC‐baluns.

Ref. [5] [6] [7] [13]
This
work

Substrate
technology

Silicon GaAs GaAs Silicon GaAs

Frequency
band
(GHz)

1.5–2.1 2.4–2.5 0.5–5 4.9–5.9 2.2–2.9

Amplitude
imbalance
(dB)

0.2 1 0.47
(min)

1.07 0.67

Phase
imbalance
(degrees)

2 3 3 2.6 1.8

Effective area
(mm2)

1.65 � 1.5 0.8 � 0.7 1.7 � 0.8 0.93 � 1.24 0.9 � 0.6

Abbreviation: LC, lumped circuit.
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