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Abstract – This paper presents a semi-lumped balun transformer using conventional PCB process and 
its design theory and geometry for the maximally flat response and wide bandwidth using magnetically 
coupled LC resonators. The proposed balun is comprised of two pairs of coupled resonators which 
share one among three LC resonators. It provides an identical magnitude and phase difference of 180° 
between two balanced ports with DC isolation and an impedance transformation characteristic. 
Theoretical design and analysis were performed to optimize the inductance and capacitance values of 
proposed balun device for obtaining the wide bandwidth and maximally flat response in its pass-band. 
Three balun transformers with a center frequency of 500 MHz were demonstrated for proving the 
concept of design proposed. They were fabricated by using lumped chip capacitors and planar 
inductors embedded into a conventional 4-layered PCB substrate. They exhibited a maximum 
magnitude difference of 0.8 dB and phase difference within 2.4 degrees. 
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1. Introduction 
 
A balun (balanced-to-unbalanced) transformer is a 

transformer which converts balanced signals to unbalanced 
signals and vice versa. Many RF circuit modules and 
systems adopt a balanced input and output in order to 
improve the dynamic range by reducing the noise and even 
order harmonics [1-6]. As these RF modules and systems 
advance to be become smaller, lighter, and multi-functional 
with better performance, they generate a strong need for 
compact sized wideband balun devices [3-5, 7-17]. 

A large number of baluns devices have been reported 
to meet these requirements. The distributed-type balun 
device, especially the Marchand balun design [1], is the 
most popular one. It is applied to low temperature co-
fired ceramics, multi-layered ceramics, and microwave 
integrated circuit chips and modules because it has a simple 
structure, sufficiently large bandwidth, and a reasonable 
phase difference and power distribution [7-9, 11, 13, 14, 
16-18]. These modified Marchand balun consists of four 
quarter-wave length coupled lines which are implemented 
as a meander-shaped line [8, 14] or spiral-shaped line for 
miniaturization [7, 9, 16]. The LC resonance and stepped 
impedance methods were also proposed to reduce the 
physical length of the utilized coupled line [11, 13]. 
Moreover, a novel approach for miniaturization of the 
distributed-type balun was also introduced by using three 
quarter-wave length coupled lines [17, 18]. Whilst these 
various distributed-type baluns have been studied intensively 
for miniaturization, they still have some limitations because 

they consist of several quarter-wave length coupled lines 
which occupy a large area at low frequency bands. 

Thus, lumped-type baluns such as planar transformers, 
lumped 180˚ hybrid couplers, 180˚ power splitters, and a 
lattice-type balun, have been widely applied to the 
production narrow band microwave integrated circuits 
because they require smaller areas than the distributed-type 
ones in low frequency regimes [2-4, 10, 12, 15]. In order to 
improve their bandwidth and the phase error characteristics, 
the fifth order low pass filter and high pass filter were 
utilized by using their compensating structures [3, 4]. Also 
the second-order lattice-type LC balun was investigated for 
its wideband operation [15]. 

However, it is not easy to maintain both a 180˚ phase 
difference and an identical magnitude of two balanced 
ports. These methods require an increase in the number 
of lumped elements which cause an increase in insertion 
loss and device size. Furthermore, they do not provide DC 
isolation characteristics between the unbalanced and 
balanced ports from the driving power of the RF integrated 
circuits. In order to reduce the number of lumped elements 
and enhance the performance of the balun, a coupling 
method was applied [19]. The micro balun transformer 
reported here was designed with coupled LC resonators 
and embedded into a multi-layered PCB (printed circuit 
board) with a high dielectric BrTiO3 composite film. The 
coupling method between the adjacent resonators is 
considered to be a powerful one in the design of RF 
devices, especially in respect of bandpass filters [20, 21]. It 
is comprised two pairs of coupled LC resonators which 
shared one resonator for magnetic coupling. The proposed 
design obviously provided an identical magnitude and 
phase difference of 180° between two balanced ports. 
Furthermore, it also exhibited DC isolation and an 
impedance transformation characteristic between the un-
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balanced and balanced ports. 
This paper presented a semi-lumped balun using 

conventional PCB process and detailed numerical and 
theoretical analysis of the lumped balun transformer with 
three pairs of coupled LC resonators. The circuit design and 
analysis was first performed by transforming the proposed 
three resonators circuit into an equivalent two resonators 
circuit by the use of a balanced mode analysis. Through 
these theoretical analyses, crucial design considerations and 
parameters were investigated for obtaining a maximally 
flat response in the pass-band, good phase / magnitude 
imbalances, and large bandwidth. Finally, the proposed 
balun circuit was fabricated by using conventional 4-
layered PCB process and numerically calculated, EM 
simulated, and measured performance characteristics were 
compared and discussed. 

 
 

2. Design and Fabrication 
 

2.1 Balun transformer circuits 
 
The proposed balun circuit was designed by combining 

two pairs of magnetically coupled resonators with mutual 
inductances (M21, M31), as shown in Fig. 1. The left and 
right side resonators are denoted as the primary and 
secondary ones, respectively. The inductors (Ls1 and Ls2) of 
the secondary resonators can be expressed by the 
impedance transfer ratio (2N=RL/Rs) and the primary 
inductor (Lp) is given by Ls=NLp. The phase delay of the 
magnetically coupled LC resonator is strongly dependent 
on the geometrical configuration of the inductor which is 
divided by its winding direction such as the same and 
opposite ones. When the two balanced ports have the same 
secondary inductances, their voltage and current magnitude 
can be given as Ls1=Ls2, vs1=-vs2, and is1=is2. Although they 
obviously have the same magnitude characteristics, their 
phase delays are opposite to each other. Therefore, the 
proposed balun circuit was designed to have an identical 
magnitude and 180 degree phase difference between the 
two balanced ports. The output voltage between the 

balanced ports is given as vs=vs1-vs2. Since the currents, ip 
and is flow in opposite directions, M=M21=M31 is always 
positive. The mutual inductance, M between the primary 
and secondary inductors can be derived from their self-
inductances and coupling coefficient of k. 

 
 2 p sM k L L=   (1) 

 
The mutual inductance in the proposed balun with three 

LC resonators has a square root twice as large as that of 
two port coupled LC resonators. In order to perform extra 
analysis of the transmission characteristic of the proposed 
balun circuit, it is simplified as a two ports circuit by 
connecting two balanced ports and modes as shown in Fig. 
2. Fig. 2 (a) shows a two port transformed circuit and an 
equivalent circuit model of the proposed balun transformer. 
From (1), the equivalent secondary inductance, L’s, 
capacitance, C’s, effective coupling coefficient, k’, can be 
obtained as L’s=2Ls, C’s=Cs/2, and ' 2k k= , respectively. 

The lumped element equivalent circuit of the two port 
transformed balun circuit can be expressed as shown in Fig. 
2 (b) [22]. It is assumed that a two LC resonator has the 
same resonant frequency, ω0. As shown in Fig. 2 (b), it has 
the reference plane of T-T’. Therefore, the input impedance 
of the even mode, Zine and odd mode, Zino at a single-ended 
port is given as 
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Fig. 1. Schematic diagram of proposed balun transformer 

with two pairs of coupled LC resonators. 

(a) 

(b) 

Fig. 2. Equivalent circuit of proposed balun transformer 
with two pairs of coupled LC resonators: (a) Two 
port circuit for balanced mode of proposed balun
transformer and (b) Equivalent circuit model of 
transformed two port circuit. 
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Hence, the input impedance can be described as 
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where Zin is the input impedance which is derived from 

in ine inoZ Z Z= . 
In the same manner, the output impedance at the 

balanced port is given by the equation 
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Therefore, the relationship between input and output 

impedance is described as 
 

 2out inZ NZ=  (5) 
 
As shown in the above results, the proposed balun 

circuit behaves as an impedance transformer with a ratio 
1:2N. From (3) and (4), the resonant frequency separated 
by the magnetic coupling is given by the equation 
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where ωh and ωl are the resonant frequencies in the higher 
and lower frequency region, respectively. 

From (2), (3), and (4), the transmission and reflection 

characteristics shown in Fig. 3 can be explained by the 
input impedance of proposed balun circuit as shown in Fig. 
4. As shown in Figs. 3 and 4, the insertion loss and ripple 
in the passband are strongly dependent on the input 
impedance of the balun circuit which is a function of the 
coupling coefficient. Furthermore, the real part of the input 
impedance is predominant when the frequencies are around 
the natural frequency of LC resonator, ω0. The reduced 
coupling serves to increase the insertion loss wheras over 
coupling causes a large ripple in the passband. As shown in 
Fig. 4, a large insertion loss and ripple are observed when 
the input impedance is larger or smaller than the source 
impedance, respectively. 

 
2.2 Synthesization for maximally flat response in 

passband 
 
The transmission characteristic is discussed here in order 

to determine the condition for a maximally flat response 
in the passband. As shown in Fig. 3 and 4, the maximally 
flat response is observed when the input impedance, Zin, is 
matched with the source impedance, Rs. From (3), the 
input impedance at the natural frequency (ω=ω0) can be 
expressed as 
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In order to obtain the maximally flat response in the 

passband, the maximum power transfer condition between 
the source and input of the balun circuit is applied at the 
natural frequency of the LC resonator(ω0) as given by 
Rs=Zin. 

 

 
Fig. 3. Calculated transmission characteristics for the 

maximum flat response in pass band, large insertion 
loss caused by the large inductance and small 
coupling coefficient, and large ripple caused by the 
small inductance and large coupling. 

 
Fig. 4. Calculated input impedance normalized by source 

impedance of proposed balun circuit with various 
combination of coupling coefficient and component 
values for the maximum flat response in pass band, 
large insertion loss due to large inductance and 
small coupling coefficient, and large ripple due to 
small inductance and large coupling. 
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Fig. 5 shows the calculated input impedance which is 

normalized by the source impedance Rs from (3), (7), (8), 
and (9). As shown in Fig. 5, the input impedance is well 
matched to the source impedance across the passband. 
Hence, the s-parameter can be derived as a function of k’ 
and frequency, as shown by the equations 
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where a is the ratio of applied frequency and natural 
frequency of the LC resonator given by a=ω/ω0. 

From (10), the two resonance poles can be found when a 
is 1 and '21 1 k− , as shown in Fig. 6 (b). As the coupling 
coefficient, k increases, the center frequency also increases 
slightly as a function of k.  

 

 
2

0 2

1 ' 1

2 1 '
c

k

k
ω ω − +

=
−

  (12) 

 
The bandwidth was determined as the frequency range 

when the transmission coefficient is over 3 dB. It can be 
derived from (6) as 
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As shown in Fig. 6, the maximally flat response in the 

passband can be obtained from the desired center frequency, 
operating bandwidth, and impedance ratio by using the 
conditions given by (8) and (9). 

 
 

3. Experimental Results and Discussions 
 

3.1 Demonstration of the proposed balun transformer 
 
As shown in Fig. 2, there are several design parameters 

for the proposed balun device such as inductance, 
capacitance, coupling coefficient, and impedance ratio 
between the input and output ports. In order to design the 
device effectively, these parameters must be derived from 
the following key features: 

1) Center frequency (ωc) and operating bandwidth. 
2) Impedance ratio (N) between the source and load. 

 
From equation (12) and (13), the effective coupling 

 
Fig. 5. Calculated and normalized input impedances of 

proposed balun transformer with various coupling 
coefficients at the condition of maximally flat 
response in its passband. 

 
(a) 

 
(b) 

Fig. 6. Calculated s-parameter of proposed balun trans-
former with various coupling coefficients: (a)
Insertion loss and (b) Return loss. 
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coefficient (k’) can be defined from the above features such 
as center frequency and bandwidth. Furthermore, the 
values of lumped element for proposed balun transformer 
can be obtained from the effective coupling coefficient (k’), 
center frequency (ωc), impedance ratio (N), and designated 
source and load impedance by using equation (8) and (9). 
In order to validate the proposed concept of design, the 
balun circuit was demonstrated by using conventional 4-
layered PCB process as shown in Fig 7. Three balun 
transformers were designed with a center frequency of 500 
MHz and an impedance transfer ratio of 50Ω:100Ω. Each 
device has 3 dB bandwidth of 100 MHz, 210 MHz, and 
330 MHz and its corresponding coupling coefficient is 0.1, 
0.2 and 0.3, respectively. The desired values of the 
embedded inductors (LP=LS) were calculated from (8) as 
shown in Table 1. The designated length and gap of 
embedded inductor was calculated by considering as a 
conductor with rectangular crosssection [23, 24]. The 
calculated geometric parameters of embedded inductors 
were optimized by using 3D EM simulation based DOE 
(design of experiments) method to embed them into a 
conventional 4-layered 0.8T PCB substrate. As shown in 

Fig. 7 (a), the embedded inductors were configured by top 
and bottom conductor with through hole via and they have 
a width of 0.5 mm and 0.45 mm for primary (Lp) and 
secondary (Ls) inductors, respectively. Table 1 presents the 
geometric parameters and component values of proposed 
balun based on 0.8T PCB process. The optimized values of 
the embedded inductors and gap using 3D EM simulation 
were inductances of 2.6 nH, 5 nH, and 7.9 nH and distances 
of 0.325 mm, 0.2 mm, and 0.1 mm for the coupling 
coefficient of 0.1, 0.2, and 0.3, respectively. The standard 
0603 sized muRata chip lumped capacitors were employed 
to configure the LC resonator. Fig. 8 shows top views of 
the fabricated balun transformer using conventional 4-
layered 0.8T PCB and lumped chip capacitors. 

 
3.2 Measured results and discussions 

 
The fabricated balun transformers have been charac-

terized by the use of an HP E5071C network analyzer after 
SOLT calibration. PICOPROBE coplanar ground-signal-
ground probes with 250 µm in pitch size were used. The 
measured frequencies were ranged from 0.2 GHz to 0.8 
GHz. Fig. 9 shows 3D EM simulated and measured results 
for the fabricated balun transformers using coupled LC 
resonator. The solid lines represent the measured results 
and the dashed lines denote the 3D-EM simulated ones 

As shown in Fig. 9, the fabricated balun transformer has 
slightly narrower bandwidth and larger insertion loss than 
the theoretically designed device (short dashed line) 
because it is not easy to control the dimensions required for 
designated inductances during PCB fabrication. The 
fabricated primary and secondary inductors on 1st and 4th 
layer for balun transformer have approximately 25μm and  

(a) 

 
(b) 

Fig. 7. Schematic drawing of proposed balun transformer
using coupled LC resonator: (a) Three-dimensional 
view of proposed balun transformer based on 4-
layered PCB with lumped chip capacitors and (b)
Geometrical parameter for PCB embedded inductors
and coupling coefficient. 

Table 1. Calculated geometric parameters for PCB embedded inductor and capacitance value of proposed balun transformer. 

Width (mm) Device Bandwidth 
(MHz) 

Coupling coefficient 
(k) 

Gap 
(mm) 

Lp 
(nH) 

IndL 
(mm) Lp Ls 

Cp 
(pF) Area (mm2) 

D01 100 0.1 0.325 2.25 2.4 0.5 0.45 44 4.2 ×3.1 
D02 210 0.2 0.200 4.7 6.1 0.5 0.45 22 7.9×2.9 
D03 330 0.3 0.100 7.5 10.5 0.5 0.45 13.6 12.3 ×2.7 

 
Fig. 8. Photograph of fabricated balun transformer using 

coupled LC resonator using embedded inductors and
lumped chip capacitors based on the conventional 
0.8 T 4-layered PCB process. 
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50μm smaller width than the designated ones, respectively. 
Furthermore, the total thickness of fabricated PCB has 
approximately 150μm thicker than the designated one. 

These resulted in the increase of inductance and the 
decrease of coupling coefficient. Therefore, the resonant 
frequency of fabricated balun transformer was slightly 
shifted to lower frequency as shown Fig. 9. The simulation 
results (dashed line) in Fig. 9 represent the 3D EM 
simulated ones of the fabricated balun device by using the 
measured geometrical parameters. They were well matched 
with the measured ones. Therefore, the proposed design 
theory and geometry of balun transformer is highly useful 
by keeping the fabrication tolerance of PCB. Table 2 
shows the summary of measured results of fabricated 
balun transformer. The fabricated balun device exhibited 
good phase and magnitude imbalance characteristics with 
sufficiently large bandwidth as shown in Fig. 10. Further-
more, it has DC isolation characteristics between the 
unbalanced and balanced ports. 

 
 

4. Conclusion 
 
A semi-lumped balun transformer based on coupled LC 

resonators has been designed, fabricated, and characterized 
by using conventional 4-layered PCB process. The 
theoretical analysis based on balanced mode was performed 
to find the optimal design parameters for wideband frequency 
responses with low insertion loss and ripple. The proposed 
balun transformer was synthesized and demonstrated by 
using planar inductors embedded into conventional 4-
layered 0.8T PCB substrate and standard 0604 sized chip 
capacitors to verify the derived theory. It showed a good 
phase and magnitude imbalance characteristic, and DC 

 
(a) 

 
(b) 

 
(c) 

Fig. 9. Measured and 3D EM simulated frequency responses
of three fabricated balun transformers based on 
conventional 0.8T 4-layered PCB process: (a) Balun 
transformer with bandwidth of 100 MHz (D01), (b)
Balun transformer with bandwidth of 210 MHz 
(D02), and (c) Balun transformer with bandwidth of 
330 MHz (D03). 

Table 2. Summary of measured results of fabricated three balun transformer to have bandwidth of 100 MHz (D01), 210 
MHz (D02), and 330 MHz (D03) and center frequency of 500 MHz. 

Insertion loss (dB) Device 3dB bandwidth 
(MHz) Frequency (MHz) Balance (Max) Common (Min)

Return loss 
(dB, Max) 

Magnitude difference 
(dB, Max) 

Phase difference 
(degree, Max) 

D01 414 ~ 525 435 ~ 467 3.15 28.7 7.6 0.36 0.65 
D02 378 ~ 569 419 ~ 534 1.48 27.7 10 0.78 2 
D03 336 ~ 632 414 ~ 579 1.64 28.9 10 0.8 2.4 
 

 
Fig. 10. Measured phase and magnitude imbalance charac-

teristic of three fabricated balun transformers to 
have bandwidth of 100 MHz (D01), 210 MHz 
(D02), and 330 MHz (D03) 
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isolation characteristics between the unbalanced and 
balanced ports with impedance trans-formation. 
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