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Abstract: A novel loop-loaded printed dipole (LLPD) antenna array is introduced for a dual-band operation at 3.0/5.5 GHz
bands. As the loop elements placed on the dipole aperture provide the dual-band operation, a new corporate balun/feed
structure is employed to achieve balanced and matched excitation for the array. The simulation and measurement results for
1 × 1, 2 × 2 and 4 × 4 LLPD array designs are presented, demonstrating quite well agreement. In particular, the 4 × 4
design offers better than 17% impedance bandwidth and a realised gain of at least 15 dBi with tolerable side-lobe levels at
the designated frequency bands.
1 Introduction

Multi-function antennas play a key role in today’s
communication systems where size, weight, power
consumption and cost are the main limiting factors in
designing integrated transmitter/receiver circuitry. Modern
communication and radar applications particularly require
the development of multiband or wideband arrays where
those constraints become more critical. In this view,
microstrip or printed antennas were previously employed in
such applications because of their low-profile and rather
manageable structures [1–8].

In this paper, we introduce a novel loop-loaded printed
dipole (LLPD) array design for a dual-band operation at
3.0/5.5-GHz bands, which are designated for a specific
radar application. Although the loop elements placed on the
dipole aperture provide the dual-band operation, a new
corporate balun/feed structure is employed for the array
excitation. Parasitic or loading elements have been
considered in recent dipole studies to obtain multiband or
broadband operation [9–13]. In particular, a dual-band
printed dipole antenna with a multi-arm parasitic element is
introduced in [10] for WiMAX applications covering the
bands 2.5–3.8 and 5.15–5.85 GHz where an average
directivity of 2 dBi is realised. In [12], an antipodal printed
dipole loaded with circular split-ring resonator (SRR)
elements has been introduced for a dual-frequency
operation. In that study, eight SRR elements consisting of
two concentric split-rings each are placed along the length
of the dipole to achieve a dual-band operation at 1.2 and
2 GHz bands. The SRR elements there play a key role in
occurrence of the higher-band where a rather low gain
(�1 dBi) with a moderate efficiency (�70%) is obtained. In
another study reported in [13], a double-sided crossed
dipole with four parasitic square split-ring elements is
proposed for a broadband circularly polarised array
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application. The 2 × 2 crossed-dipole array design, in
particular, provides 3-dB axial-ratio over 1.95–3.45 GHz
band where two split VSWR , 2 bandwidths (�41 and
5.9%, �2.4 and at 3.2 GHz, respectively) are realised with
the directivity levels of 5–15 dBi.

In this research, we propose a novel printed dipole antenna
loaded with two rectangular loop elements (without splits)
asymmetrically placed along the dipole length to achieve
the dual-band array operation around the centre frequencies
of 3 and 5.5 GHz. As compared to its counterparts
mentioned above, the proposed LLPD configuration is
rather simple in structure, yet offers more flexibility in
designing for different operational frequencies while
maintaining the desired antenna operation. It is also
important to point out that in achieving the optimum
antenna performance, a wideband balanced and matched
excitation is particularly essential, and this can be achieved
by means of an appropriate balun/feed structure compatible
with the dipole configuration [14–16]. We have preferred to
employ a balun/feed design similar to that of [15] because of
its low profile and its easy integration with the array antenna.
In addition, a new corporate feed network integrated with the
wideband balun/feed structure is employed for the LLPD
array excitation, which is also a key contribution of this
research. The obtained results show that the type of balun
along with the feed network used here meets the
requirements quite well for the array application at hand. In
particular, the 4 × 4 LLPD array offers a minimum of 17%
impedance bandwidth with a realised gain of at least 15 dBi
at the designated frequency bands. We remark that the
proposed low-profile LLPD design along with the corporate
balun/feed network can easily be adapted for different
operational frequencies to be considered in various
communications applications.

In the paper, the simulation (input reflection coefficient, i.e.
S11, gain, pattern) and measurement (S11, pattern) results for
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Fig. 1 LLPD antenna configuration: W1 ¼ 36, L1 ¼ 66, W2 ¼ 3.5, L2 ¼ 20.6, W3 ¼ 2.4, L3 ¼ 32.6, K1 ¼ 16.25, K2 ¼ 12.4, W0 ¼ 2.1,
h ¼ 9.2, t ¼ 0.79 (all in mm), 1r ¼ 2.2
Fig. 2 Balun configuration: the front side (left) and the back side
(right)

Fig. 3 2 × 2 LLPD array configuration: L1 ¼ 116, W1 ¼ 66,
K1 ¼ 15.75, K2 ¼ 12.4, W0 ¼ 2.1, L2 ¼ 20.6, W2 ¼ 3.5, h ¼ 9.2,
L3 ¼ 25.8, L4 ¼ 6, L5 ¼ 15.4, L6 ¼ 7.6, L7 ¼ 11.4, W3 ¼ 2.4,
W4 ¼ 4.8 (all in mm), 1r ¼ 2.2
1110
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1 × 1, 2 × 2 and 4 × 4 LLPD array designs are presented.
We note that the full-wave analysis of the proposed designs
has been carried out using CST Microwave Studio, which is
a well-known electromagnetic (EM) simulator utilising the
finite-integration technique in time domain. Also note that
this paper is the comprehensive version of the study
reported in [17], that is, here we additionally present the
4 × 4 array design along with the corresponding
measurements for all the designs considered.

2 LLPD array designs

The single-element (1 × 1) LLPD configuration is depicted in
Fig. 1 along with the corresponding physical parameters. As
seen, the antenna aperture consists of a printed dipole and a
pair of loop elements asymmetrically located (at a distance

Fig. 4 4 × 4 LLPD array configuration: L1 ¼ 216, W1 ¼ 126,
K1 ¼ 15.25, L3 ¼ 46.8, L4 ¼ 15, L5 ¼ 10, L6 ¼ 8, L7 ¼ 6 (all in
mm); all other parameters are same as those of the 2 × 2 LLPD
array
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Fig. 5 Effects of

a Dipole length (2L2)
b Loop dimensions K1 and
c K2 on the S11 performance
of 0.5 mm) at each side of the dipole feed-gap, which is
0.89 mm. All these elements are supported by a thin
substrate with t ¼ 0.79 mm and 1r ¼ 2.2 (Arlon DiClad
880) and placed over an air layer of height h ¼ 9.2 mm. We
note that the critical parameters to achieve the desired dual
band performance at the designated frequency bands (3/
5.5 GHz) are the cavity height, the dipole size, the loop
dimensions and their location with respect to the dipole
element. As the dipole length mainly determines the lower-
band, the loop elements play a crucial role in occurrence of
the higher-band. The loop elements provide not only
inherent inductive but also capacitive loading, which is
because of proximity of each loop to the dipole. Hence,
these parasitic ring elements help in impedance matching as
well.

As shown in Fig. 1, the LLPD antenna is excited by a
microstrip balun-feed structure placed vertically just
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Fig. 6 Simulated VSWR characteristics of the back-to-back balun
structure
Fig. 7 Fabricated LLPD arrays

a 1 × 1
b 2 × 2
c 4 × 4
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Fig. 8 S11 characteristics of LLPD designs: measurements against CST simulations

a 1 × 1
b 2 × 2
c 4 × 4
underneath the dipole-gap. We remark that the dipoles cannot
perform in the way as predicted when they are excited directly
by a coaxial feed [18], which is because of inherit unbalanced
current excitation by the coax. To overcome this undesired
phenomenon, a balun (balanced-to-unbalanced) structure is
required in the coax-fed dipole applications in order to
match the unbalanced coaxial transmission line to the
balanced two-wire line, that is, the dipole in our case.
Hence, a new balun structure having compatible
conjunction with the dipole has been designed. The balun
structure has a tapered microstripline and is supported by a
thin substrate (t ¼ 0.79 mm, 1r ¼ 2.2) placed on a
triangular-shaped ground plane (GP) as depicted in detail in
Fig. 2. The triangular shape is chosen to accommodate the
balun structure underneath the dipole gap appropriately
[15]. As also seen from Fig. 2, the width of the balun’s
microstripline widens linearly from the lower-end to
the aperture level, where the corresponding
characteristic impedance of the line varies from 50 to 40 V,
respectively. In addition, the balun’s microstripline at the
lower-end is connected to a 50-V microstrip feedline
extending along the dipole length to the coax-end. This
feeding line is also supported by a similar substrate backed
by the GP.
1112
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In light of the single-element LLPD design described
above, 2 × 2 and 4 × 4 LLPD arrays have been designed
as shown in Figs. 3 and 4, respectively. Although
extending the 1 × 1 array to its 2 × 2 and then 4 × 4
counterparts, the dipole and loop dimensions have been
slightly changed during optimisation process to achieve the
desired dual-band performance. Note that there has been no
change in the balun parameters, which are kept the same
as of the single-element LLPD. Also note that in the 4 × 4
array, each group of four balun elements in the H-plane
share the same substrate for a rather sturdy integration of
the baluns within the cavity. It is important to note that a
new corporate feed structure has been designed to excite
the array elements appropriately. As can be seen from
Figs. 3 and 4, the feed structure has only one coax input
which is distributed to the balun structures via microstrip
feeding lines, each of which has the same length to
achieve in-phase excitation for the array elements. The
feeding lines, on the other hand, have different widths
(realising �30 V characteristic impedance) at the junctions
for a better matching to 50-V system. We remark that the
proposed corporate-feed configuration is simple in structure
and can easily be adaptable to arrays with 2n × 2n

elements (n ≥ 1).
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Fig. 9 Computed E- and H-plane radiation patterns of LLPD designs at 3 and 5.5 GHz

a 1 × 1
b 2 × 2
c 4 × 4
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3 Results and discussions

In this section, we will present the simulated and measured
results for the proposed LLPD arrays. Prior to that we first
present several parametric studies carried out during the
design process which led to the optimum LLPD design. As
representative examples, here we demonstrate the effects of
the dipole length (2L2) and the loop dimensions (K1 and K2)
on the S11 performance. As can be seen from Fig. 5, the
dipole length mainly determines the lower-band, while
the loop dimensions play a major role in occurrence of the
higher-band. Of importance is that when the dipole length is
fixed, by varying the loop size one can shift the higher-band
upwards or downwards with an insignificant effect on the
lower-band. Similarly, by varying the dipole length with the
loop size fixed, one can shift the lower-band accordingly.
These studies prove the flexibility of the proposed design.

In another study, by varying the distance between the rings
along the dipole length (i.e. the loops become closer to the
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dipole ends or the dipole centre), it has been observed that
both frequency bands slightly shift (at most 5%)
downwards or upwards, respectively. Also, as the gap
between each loop and the dipole is increased, the S11

levels increase, that is, the impedance matching worsens. In
light of those parametric studies, the optimum design
parameters were finally obtained as given in Fig. 1.

Before presenting the performance of the optimum LLPD
designs, we first consider the simulated balun performance
as displayed in Fig. 6. As seen, the back-to-back balun
structure provides VSWR , 2.5 over the band of interest
(2–7 GHz). Despite those slightly high VSWR levels (as
compared with the standard criteria of VSWR , 2), the
proposed balun design is rather low-profile and meets the
requirement of matched and balanced excitation for
the LLPD arrays quite well. This balun design has been
realised underneath the 1 × 1, 2 × 2 and 4 × 4 LLPD
arrays as displayed in Figs. 1, 3 and 4 along with their
fabricated prototypes as depicted in Fig. 7.
1113
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Fig. 10 Normalised E-plane (top) and H-plane (bottom) patterns for the 4 × 4 LLPD array at 3 GHz (left) and 5.5 GHz (right):
measurements against CST simulations
The input reflection coefficients of the simulated and
fabricated 1 × 1, 2 × 2, 4 × 4 LLPD arrays are displayed in
Fig. 8. As shown in Fig. 8a, the single-element LLPD design
offers a dual-band operation at the designated frequency
bands around 3 and 5.5 GHz with a 9% impedance
bandwidth each. In the same figure is also displayed the
simulated design without loop elements for comparison
purposes. As seen, the ring elements allow for the occurrence
of the higher-band, while the dipole by itself is responsible
for the lower-band. The projected dual-band performance is
also observed for the 2 × 2 and 4 × 4 LLPD designs with
improved S11 bandwidth performance, which is mainly
owing to the proposed corporate feed structure as well as
coupling between the array elements. In particular, each of
those designs offers at least 24 and 16% S11 bandwidths for 3
and 5.5 GHz bands, respectively, as shown in Figs. 8b and c.
Note that the bandwidth performance stated here is based on
the criterion |S11| , 210 dB (equivalently VSWR , 2)
where a 50-V system is considered. We remark that the
agreement between the measured and simulated S11

characteristics is quite good except insignificant differences
in S11 levels and slight frequency shifts, which are probably
because of material and fabrication tolerances. Of
importance, here is that the realised LLPD arrays result in the
expected dual-band operation at the designated frequency
bands. Also note that the input reflection coefficient
measurements were carried out using Rohde and Schwarz
ZVB8 Vector Network Analyser.

In addition, we present the computed radiation
characteristics of the proposed LLPD designs in Fig. 9
where the E-plane and H-plane broadside radiation patterns
1114
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are displayed for the LLPD arrays at 3 and 5.5 GHz. In
particular, the 1 × 1 design has almost dipole-like E-plane
patterns with a directivity of about 7.4 dBi at the respective
frequencies. As expected, the side lobes appear in the
patterns for the 2 × 2 and 4 × 4 arrays, particularly,
the maximum side-lobe level (SLL) occurs as 28 dB in the
H-plane for the former array, and 210 dB in the E-plane for
the latter array, both at 5.5 GHz. In addition, the computed
cross-polarisation levels at broadside are 220, 215 and
212 dB for the 1 × 1, 2 × 2 and 4 × 4 arrays, respectively,
at 3 and 5.5 GHz. Moreover, we carried out radiation pattern
measurements for the 4 × 4 LLPD array in an anechoic
chamber using ETS-Lindgren 3117 DRG horn antenna (1–
18 GHz). The corresponding measured patterns at 3 and
5.5 GHz along with the simulated data are displayed in
Fig. 10 where a reasonably well agreement is observed.

Furthermore, the computed realised gain (IEEE
gain × mismatch losses) characteristics of the arrays are
displayed in Fig. 11. As shown, the 2 × 2 array offers
around 10 and 14 dBi gain, whereas the 4 × 4 array results
in �15 and 19 dBi gain at 3.0 and 5.5 GHz bands,
respectively. As also observed from Fig. 11, each gain
profile has a gain-dip between the respective bands,
emphasising the dual-band operation. In addition, the
measured gains for the 4 × 4 array are �14.3 and 19 dBi at
3.0 and 5.5 GHz, respectively, which are almost the same
as the respective simulated gains. Also note that the
computed radiation efficiencies for all of the designs
considered is better than 90%.

Subsequently, the array’s radiation performance (SLL and
gain characteristics) against mutual coupling is discussed in a
IET Microw. Antennas Propag., 2012, Vol. 6, Iss. 10, pp. 1109–1116
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qualitative manner. The coupling is mainly controlled by the
separation between the array elements in both E- and H-plane.
The parametric studies reveal that as the H-plane separation
(i.e. the loop dimension K2; Fig. 3) is increased, the
corresponding SLL also tends to increase, particularly, in
the upper band (5.5 GHz). In addition, as can be seen from
Fig. 11, the gain levels in the upper-band are almost 3 dB
higher than those in the lower-band for the array designs
unlike the single element (1 × 1) design where the gain
levels are comparable over the bands of interest. This is
probably because of the fact that not only does the array
become electrically larger, but also the mutual coupling is
alleviated (possibly owing to the loop elements) at the
higher frequencies, thus enhancing the gain performance.
Also note that the gain is increased �6 dB in both
operational bands when the array is extended from 2 × 2 to
4 × 4, as expected, with noting that the respective array
parameters are slightly different. To demonstrate the effect
of loop elements on the radiation characteristics, we have
also simulated the 4 × 4 array (Fig. 4) in absence of loop
elements for comparison purposes. It has been observed
that the SLL in the H-plane patterns is improved by almost
3 dB (on the average) in the upper band by inclusion of the
loop elements as compared to the no-loop case. However,
there is no significant improvement or degradation observed
in the lower band (3 GHz) because of the loop elements.
Moreover, the presence of loop elements enhances the
directivity by almost 1 dB in the upper-band. Those
analyses demonstrate that the loop elements not only
improve the impedance matching in both bands (Fig. 8), but
also help in alleviating the mutual coupling between array
elements, thus improving the SLL as well as the gain,
particularly in the higher frequency-band.

4 Conclusion

In this paper, we have introduced a novel LLPD antenna for
dual-band array applications. The proposed design has two
key features: as the loop elements placed on the aperture
provides dual-band operation at the designated frequencies,
the corporate balun/feed structure allows for matched and
balanced excitation for the array. The 1 × 1, 2 × 2 and
4 × 4 LLPD arrays were designed via the CST simulator,
and the corresponding prototypes were fabricated. It has
been demonstrated that the simulations agree quite well
with the measurements. In particular, the 4 × 4 design

Fig. 11 Computed realised gain characteristics of the LLPD
arrays
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offers 24 and 17% S11 bandwidths at 3 and 5.5 GHz bands,
respectively, and demonstrates a dual-band gain profile with
the predicted gain values better than 15 dBi over the bands
of interest. In addition, the corresponding side-lobe levels,
cross-polarisation levels at broadside, and front-to-back
ratios are better than 210, 212 and 20 dB, respectively, at
those particular frequencies. We remark that the proposed
low-profile array antenna with the corporate balun/feed is
rather simple in structure and can easily be adapted for
different operational frequencies to be considered in diverse
communications applications.
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