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Equivalent-Circuit Analysis of a Broadband Printed Dipole
With Adjusted Integrated Balun and an Array for Base

Station Applications

RongLin Li, Terence Wu, Bo Pan, Kyutae Lim, Joy Laskar, and
Manos M. Tentzeris

Abstract—A printed dipole with an integrated balun features a broad op-
erating bandwidth. The feed point of conventional balun structures is fixed
at the top of the integrated balun, which makes it difficult to match to a
50-� feed. In this communication, we demonstrate that it is possible to di-
rectly match with the 50-� feed by adjusting the position of the feed point
of the integrated balun. The printed dipole with the hereby presented ad-
justable integrated balun maintains the broadband performance and ex-
hibits flexibility for the matching to different impedance values, which is
extremely important for the design of antenna arrays since the mutual cou-
pling between antenna elements commonly changes the input impedance of
each single element. An equivalent-circuit analysis is presented for the un-
derstanding of the mechanism of the impedance match. An eight-element
linear antenna array is designed as a benchmarking topology for broad-
band wireless base stations.

Index Terms—Antenna array, base station antenna, broadband antenna,
integrated balun, printed dipole, wireless communications.

I. INTRODUCTION

It is well known that a dipole needs a balanced feed, such as a ���
coaxial balun (see Fig. 1(a), � � the operating wavelength of the
dipole) [1]. The coaxial balun consists of a coaxial line and a ���
short-circuited wire. The outer conductor of the coaxial line and the
��� short-circuited wire form a ��� two-conductor shorted stub and
present infinite impedance at the feed point which is fixed at the top of
the balun, thus eliminating current flow on the outer surface of the outer
conductor of the coaxial line. For a printed dipole, the coaxial balun can
be replaced with an integrated balun (see Fig. 1(b) which is composed
of a microstrip line, a ����� open stub (��� � the guided wavelength
of the microstrip line) and a ����� short-circuited slot line (��� � the
guided wavelength of the slot line). The strip conductor and the ground
plane of the microstrip line are equivalent to the inner conductor and
the outer conductor of the coaxial line, respectively. The slot line is
equivalent to the two-conductor line in Fig. 1(a). The ����� open stub
acts as a shorting circuit at the feed point. The printed dipole with the
integrated balun features a broadband performance [2] �� ���� and
has found applications in wireless communications [3] and antenna ar-
rays [4]. However, the printed dipole with an integrated balun whose
feed point is fixed at its top (called the fixed integrated balun) has to
be designed at the dipole’s resonant resistance of � �� �, hence re-
quiring a 63-� quarter wavelength transformer to match with 50-�
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Fig. 1. Evolution of a printed dipole with integrated balun adjusted for match
to a 50-� feed. (a) Dipole with a ��� coaxial balun. (b) Printed dipole with
integrated balun. (c) Printed dipole with a modified integrated balun.

test equipment [2]. On the other hand, the bandwidth of the printed
dipole with fixed integrated balun may be reduced by 30%–50% if it
is directly connected to a 50-� feed [3], [5]. In order to avoid both
the use of a quarter wavelength transformer and the bandwidth reduc-
tion, the configuration of the printed dipole with fixed integrated balun
has to undergo a simple-to-implement modification. It has been found
that a printed Yagi-Uda dipole [6] or a T-dipole [7] can directly match
to a 50-� feed and achieve a broadband performance. But the printed
Yagi-Uda dipole with integrated balun needs a high dielectric constant
substrate for surface wave enhancement while the T-dipole has a high
profile �� ���	��.

In this communication, we will demonstrate that the printed dipole
with integrated balun can be matched to a 50-� feed simply through
an adjustment of the feed point of the integrated balun. By sliding
down the feed point, the ����� short-circuited slot line is divided
into a slot line and a shorted stub (see Fig. 1(c), which form a
single-stub tuning circuit with a shunt shorted stub and transform
a high impedance into a low impedance. Because the position of
the feed point is an adjustable parameter, the adjusted integrated
balun may match to different impedance values, which is useful for
antenna arrays because the mutual coupling between array elements
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Fig. 2. Geometry of a printed dipole with adjusted integrated balun.

TABLE I
GEOMETRIC PARAMETERS OF THE PRINTED DIPOLE WITH ADJUSTED

INTEGRATED BALUN

may change the input impedance of each antenna element. An
equivalent-circuit analysis is presented in Section II to understand
the impedance matching procedure. An eight-element linear antenna
array is designed in Section III as a benchmarking topology for
wireless base station applications.

II. ANTENNA ELEMENT AND EQUIVALENT-CIRCUIT ANALYSIS

Consider a printed dipole with an adjusted integrated balun as illus-
trated in Fig. 2, which has been fabricated on a substrate of RO4230, a
Rogers Corporation’s high frequency circuit material with a dielectric
constant ���� of 3.0 and a loss tangent of 0.002. The thickness ��� of
the substrate is 1.0 mm. The integrated balun consists of a microstrip
line and a slot line which are printed on the front side and the back side
of the substrate, respectively; the dipole is printed on the backside as
well. This structure is designed for wireless base station applications at
the 2-GHz band, which covers the frequency range from 1.7–2.5 GHz
(its center frequency � ��� ���). The printed dipole with adjusted
integrated balun is mounted (at center) above a ground plane with di-
mensions of 200 mm (in the � direction) � 160 mm (in the y direc-
tion) and fed by an SMA connector underneath the ground plane. To
keep the antenna profile as low as possible, the slot line is short-cir-
cuited directly by the ground plane. As a result, the height of the an-
tenna (from the center of the printed dipole to the ground) is roughly
a quarter wavelength of the slotline. The geometric parameters of the
antenna are listed in Table I.

To understand the mechanism of impedance matching, the printed
dipole with adjusted integrated balun is analyzed using an equivalent-
circuit model shown in Fig. 3. The equivalent-circuit model has been
used to analyze various antenna structures, such as a tapered dipole [8]
or a bow-tie dipole [9]. Here the printed dipole can be considered to
be fed by a slot line which is coupled to a microstrip line on the one
hand and extended to a shorted stub on the other hand. The center-fed
input impedance of the printed dipole alone (without the integrated

Fig. 3. Equivalent circuit of the printed dipole with adjusted integrated balun
(� � � �� ��, � � � �� ���� , � � � �� ���� �

� ��, � � � � � ��).

Fig. 4. Impedances � and � for calculation of the impedance transformer
coefficient �� �. � is calculated using the S parameters of a two-port network
as illustrated in the inset. � is obtained by directly driving the printed dipole
at the adjusted feed point with a voltage source.

balun) is denoted by ��. The impedance looking into the slot line at
the feed point is ��, which can be obtained through the transmission
line impedance equation

�� � ���

�� 	 ���� 
������
��� 	 ��� 
������

(1)

where ���, ��, and �� are the characteristic impedance, phase constant,
and the length of the slot line, respectively. The slot line parameters,
��� and ��, can be calculated using the empirical formulas presented
in [10]. A parallel combination of the impedance �� with the shorted
stub leads to an impedance ��

�� �
������ 
������

�� 	 ���� 
������
(2)

where �� is the length of the shorted stub.
The coupling between the slot line and the microstrip line can be rep-

resented as an ideal transformer which has a turn ratio of 	. Following
the transformer, the impedance �� is transformed into ��

�� � 	
�
�� (3)
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Fig. 5. Impedance transformer coefficient �� � in the equivalent circuit calcu-
lated from � � � �� .

Fig. 6. Impedance matching procedure of the printed dipole with adjusted inte-
grated balun starting from � which is obtained by directly feeding the printed
dipole alone at its center with a voltage source. � , � , and � are calculated
by (1), (2), and (3), respectively.

where �� is called the impedance transformer coefficient. Finally, the
input impedance ����� looking from the microstrip line at the feed
point is obtained by taking into account the open stub, which gives

��� � �� � ���� ������� (4)

where ���, ��, and �� are the characteristic impedance, phase con-
stant, and the length of the open stub, respectively.

To calculate the input impedance ���, it first needs to determine
the impedance transformer coefficient �� which is difficult to obtain
through an analytical method. Therefore, we determined it by numer-
ical simulation which was carried out using CST MicroStripes 7.5. First
we obtained �� by directly feeding the dipole with the slot line (but
without the microstrip line) at the feed point with a voltage source.

Fig. 7. Comparison between calculated (by (4)) and simulated input imped-
ances of the printed dipole with adjusted integrated balun.

Fig. 8. Simulated and measured results for return loss of the printed dipole with
adjusted integrated balun and comparison with a T-dipole.

Then �� was determined from the S parameters of the two-port net-
work enclosed in Fig. 3, which can be expressed as [11]

�� � ���

�� � ������ � ����� ������

	���
� (5)

The simulated results for �� and �� are given in a Smith chart of
Fig. 4. Upon the determination of �� and ��, �� is calculated from (3).
The result for �� is plotted in Fig. 5, which shows a negative imaginary
part and a magnitude of less than one. This means that the coupling is
capacitive and the transformer steps down the impedance.

Now let’s examine the procedure of the impedance match. We
start with the input impedance ���� of the printed dipole without the
integrated balun (i.e., remove the slot line and the microstrip line).
�� was obtained by simulation with of a voltage source excitation
at its center. The result for �� is plotted in Fig. 6. We can see that
�� has a high impedance of ��

� ����� at the center frequency.
Note that printed dipole has an anti-resonant (i.e., parallel-resonant)
frequency of � ��� ��� and a anti-resonant resistance of � ���.
Following the slot line, we calculate �� using (1), which leads to a
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Fig. 9. Eight-element linear array of the printed dipole with adjusted integrated
balun. (a) Antenna elements. (b) Feed network. (c) Prototype.

Fig. 10. Simulated and measured results for return loss of the eight-element
linear array antenna.

lower impedance of ���� �����. This means that the slot line can
transform a high impedance into a low impedance. To transform
the high impedance �� into an impedance close to � �� � in
real part, the characteristic impedance of the slot line should be
� ��� �. The locus of �� is rotated clockwise in the Smith chart
to reach ��. After a parallel combination with a shorted stub, we
obtain �� from (2). Because the shorted stub is shorter �� ����
than a quarter guided wavelength, the resultant �� becomes more
inductive and an impedance loop appears. With the help of the
capacitive coupling (i.e., the transformer) between the slot line and

Fig. 11. Simulated and measured gains of the eight-element linear array an-
tenna.

Fig. 12. Radiation patterns of the eight-element linear array antenna simulated
and measured at 2.1 GHz.

the microstrip line, we get �� which shows a less inductive component
than ��. Note that the impedance loop of �� is not completely
enclosed by the 	
� �  � � circle. To move the impedance loop
of �� into the 	
� �  � � circle, an open stub is involved. The
open stub has a length of one quarter wavelength around the center
frequency. But it not only serves as a shorted circuit, but also acts
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as a varying reactance which cancels the inductive component of
�� in the lower frequency. We have calculated ��� using (4) and
compared with simulation results in Fig. 7. It can be seen that
the calculated and simulated results are in good agreement and the
impedance loops are located within the ��� � �:1 circle, which
means a good impedance match over a broad bandwidth. The good
agreement validates the equivalent-circuit analysis. A slight difference
is mainly due to three reasons: 1) we have neglected the equivalent
lengths associated with the nonzero inductance at the shorted stub
and the nonzero capacitance at the open stub; 2) the radiation from
the slot line and the microstrip line was not taken account; 3) the
attachment of the slot line to the printed dipole may change its
input impedance ����.

The simulation result using the MicroStripes for return loss of the
printed dipole with adjusted integrated balun was crosschecked using
HFSS and is compared with experimental result in Fig. 8. Good
agreement is observed and the bandwidth for �� � 	
 �� is about
41%, covering the frequency band 1.7–2.5 GHz. To demonstrate
the advantage of the printed dipole with adjusted integrated balun,
we have also plotted the return loss in the figure for a T-dipole
which has the same overall dimensions (76 mm � 42 mm). It is seen
that the bandwidth of the T-dipole is � 
�, much less than the
bandwidth �� �
�� of the printed dipole with adjusted integrated
balun. To enhance the bandwidth of the T dipole, it would be needed
to increase the height of the T-dipole, which may lead to a reduced
gain and a dipped radiation pattern (the maximum radiation is no
longer at broadside) [12].

III. ANTENNA ARRAY FOR BASE STATION APPLICATIONS

To demonstrate the potential applications of the printed dipole
with adjusted integrated balun, we have designed an eight-element
linear array for wireless base station communications. The antenna
elements were slightly modified to take into account the mutual
coupling among these elements. It was found that the mutual coupling
tends to shift down the operating frequency of the printed dipole
from 1.7–2.5 GHz to 1.5–2.3 GHz and the impedance matching
became worse at the lower frequency. The operating frequency shift
down is reasonable because the neighboring elements of an antenna
tend to effectively increase the size of the antenna. We scaled down
the length and the overall height of the printed dipole from 76 mm
to 70 mm for the length and 42 mm to 40 mm for the overall height.
The position of the feed point was adjusted from �� � 	� ��
to �� � 	� �� and the length of the open stub was shortened
from �� � 	��� �� to �� � 	��� ��. The arrangement of the
antenna elements is shown in Fig. 9(a). The antenna array is fed
by a corporate feed network as depicted in Fig. 9(b). The 50-�
microstrip lines from neighboring elements are joined at a T-junction
and transformed through a 35-� quarter-wave transformer back to
a single 50-� line. The antenna array and the feed network were
fabricated on the same RO4230 board and cut out afterward. The
antenna array is mounted on the center of a reflector plate with
dimensions of 900 mm � 160 mm while the feed network is placed
on the plate and fed by an SMA connector from the backside of the
reflector. The reflector plate has a pair of side walls to reduce the
backside radiation. A prototype of the assembled antenna array is
displayed in Fig. 9(c). The measured and simulated results for return
loss of the antenna array are presented in Fig. 10 and shows reasonable
agreement. The measured bandwidth is about 40% and covers the
design frequency 1.7–2.5 GHz. Measured gain is compared with
simulated result in Fig. 11. It is interesting to note that the measured
gain has an almost constant value of 12 dBi over the design frequency,
useful for broadband wireless applications. The constant gain is due
to the fact that the array factor increases with frequency while the

gain of the antenna element decreases as frequency increases. The
discrepancy between the simulated and measured gains is due to the
calibration errors. (The gain and radiation pattern of the antenna array
were measured using Satimo’s Multiprobe Antenna Measurement
System.) The radiation pattern measured at 2.1 GHz is compared
with simulation result in Fig. 12 and good agreement is obtained.
The cross-polarized component is less than 20 dB. The sidelobe
level is less than 14 dB and the backside level is less than 35
dB due to the effect of the side walls. The antenna array should
be found applications in base stations for wireless communications
with the requirements for almost frequency-independent gain and
broadband matching �� �
��.

IV. CONCLUSION

A printed dipole with an adjusted integrated balun is investigated
with the help of an equivalent-circuit analysis. It is found that this
topology can directly match to a 50-� feed and has a bandwidth of more
than 40%. The broadband impedance matching can be achieved simply
by adjusting the position of the feed point of the integrated balun. With
the proposed adjustable integrated balun, an eight-element linear an-
tenna array has been developed, which has an almost constant gain of
� 	� ��� over the frequency range from 1.7 to 2.5 GHz and thus may
find applications in base stations for 2G, 3G, and 4G wireless commu-
nications.
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