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Abstract—Koch-shaped dipoles are introduced for the first time
in a wideband antenna design and evolve the traditional Euclidean
log-periodic dipole array into the log-periodic Koch-dipole array
(LPKDA). Antenna size can be reduced while maintaining its
overall performance characteristics. Observations and character-
istics of both antennas are discussed. Advantages and disadvan-
tages of the proposed LPKDA are validated through a fabricated
proof-of-concept prototype that exhibited approximately 12%
size reduction with minimal degradation in the impedance and
pattern bandwidths. This is the first application of Koch prefractal
elements in a miniaturized wideband antenna design.

Index Terms—XKoch, log-periodic dipole antenna array, log-pe-
riodic dipole array (LPDA), log-periodic Koch-dipole array
(LPKDA), miniaturized antenna.

I. INTRODUCTION

OG-periodic dipole array (LPDA) antennas used in radio
L signal detection applications can achieve high directivity
and low cross-polarization ratio over a very large frequency
range. Such wideband antennas have typically been constructed
using Euclidean radiating elements [1], [2]. In applications
where space and weight is restricted, antennas need to be light-
weight and to have small physical size. Miniaturized concepts
are often utilized.

Until today, Koch curves have been extensively and exclu-
sively used with narrow-band antenna miniaturization schemes
[3]-[6]. In the past, genetic algorithms were used as well, in
order to reduce the spacing between antenna elements and, thus,
the boom length [2]. In this letter, Koch-shaped dipoles [3]-[5]
are introduced as the basic structural elements of a wideband
log-periodic Koch-dipole array (LPKDA) for the first time,
thus replacing the full-length Euclidean elements, to reduce the
antenna width. The Koch prefractal shape is selected due to its
wide applicability in miniaturized antennas, described exten-
sively in [3]-[6]. The shortening scheme does not necessarily
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TABLE 1
SINGLE ELEMENT MINIATURIZATION (EUCLIDEAN VERSUS KOCH)

Resonant  Total Vertical BW Length

Antenna Type Freq. Length  Length %) Reduction
(GHz) (mm) (mm) (7o)

Euclidean 1.82 284 28.4 13
Koch 1.82 30.3 25.6 12.6
Vertical Length % Reduction of K1 Koch vs. Euclidean: 9.86%
Vertical Length % Reduction of K2 Koch vs. Euclidean: 15.07%
Vertical Length % Reduction of K3 Koch vs. Euclidean: 17.15%

need to be based on prefractal shapes. However, due to the
nonopposing directions of the current on each dipole, the Koch
shape is expected to have one of the least deteriorating effects
on both the co-polarized and the cross-polarized patterns.

The main goals of this letter are: @) to apply a prefractal curve
in a wideband antenna design, and b) to develop and charac-
terize a proof-of-concept prototype that validates the proposed
concept. Design considerations are presented and the antenna
performance is discussed. Once the concept is shown, other
miniaturization schemes mentioned in [5] for narrowband an-
tennas may also be used, giving more potential value to this
letter.

II. LPKDA ANTENNA DESIGN

An LPKDA design is created by substituting all Euclidean
dipoles of a conventional (Euclidean) LPDA, with Koch
dipoles. Euclidean elements are straight wires or planar strips,
often noted in literature as “K0” (Koch curves of Oth iteration).
Koch wire shapes are obtained by dividing a wire of length
[ into three segments of length [/3 and replacing the middle
segment by two segments of length /3 intersecting at a 60°
angle. This way a first iteration (K1) Koch curve is obtained.
By repeating this procedure for each segment more iterations
(K2, K3, and so on) can be obtained. In this letter, K1 curves
were used to replace the straight wires of an LPDA. The angle
of intersection was modified to 45° in order to maintain low
levels of cross-polarized radiation.

This antenna is designed to cover the 2-3 GHz frequency
range. It is milled on a ¢ = 1.588 mm thick FR-4 laminate
with relative permittivity e, = 4. The length of the largest el-
ement is determined by the lowest frequency of operation. Ini-
tially, single-element Euclidean and Koch-shaped monopoles at
2 GHz were simulated. As shown in Table I, a Euclidean ele-
ment with length Ly, = 28.4 mm, resonates at 1.82 GHz.
The vertical length (assuming the orientation of Fig. 1) of a
Koch element to resonate at the same frequency was found to
be L,, = 25.6 mm. This indicates that a vertical-size reduction:
((LEuel — Ln)/Lgua) - 100% = 9.86% can be obtained using
the first-iteration Koch shape.
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Fig. 1. Design parameters of the LPKDA antenna. The bottom right inset shows
a Euclidean LPDA to illustrate the differences between the two designs. The top
right inset shows a 2-iteration LPKDA (LPK”DA).

All dipole elements are sized proportionally using the
method described by Campbell [7] for planar LPDA an-
tennas. The LPKDA is expected to perform very similarly
to the Euclidean LPDA, but to occupy a smaller area of the
circuit board. The area occupied by a planar LPKDA is:
Axoch = h(L1 4+ D + L), where L and Ly are the vertical
lengths of the smallest and largest monopoles respectively and
D is the width of the feedline. Assuming the boom length, h,
remains constant and D <« L,, for all elements, the area ratio
reduces to: R = Agocn/AEuc = 0.901.

Extending the concept to higher iterations, it can be found that
a 2-iteration (K2) monopole would need to have length L, =
24.12 mm, and would achieve 15.07% length reduction. Also, a
3rd iteration curve (K3) would need to be only L3 = 23.53 mm
long resulting in 17.15% reduction. As the iteration order in-
creases, the fractal feature length becomes smaller and the ef-
fect on antenna miniaturization becomes less significant. Thus,
applicability of this concept is limited to the first three or four
iterations, achieving a size reduction of up to ~18%. This is
expected for prefractal Koch-shaped miniaturized antennas [4],
[5], as well as other antennas with similar radiation and minia-
turization mechanisms.

III. SIMULATION RESULTS

A proof of concept LPKDA prototype was compared to
a Euclidean LPDA with directivity D = 6.5 dBi, based
on the corrected Carrel’s tables [8], [9]. The directivity
value determines the design parameters (spacing factor
o, and scaling factor 7). Using the notation of Fig. 1,
((1 = 7)/4tana) = (dn/4L,) = 0.076, where
7 = (Ln/Lpt+1) = (rn/rne1) = 0.85 and the antenna’s
half-angle is a = 26°.

The exact same values for o and 7 were used also in the
LPKDA design, in order to compare the performance of an-
tennas that: a) have been designed using the same methodology,
b) maintain their log-periodicity, ¢) are expected to have similar
performance, yet, should occupy different areas.
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Fig. 2. Comparison between the Euclidean and the Koch-element LPDA an-
tennas with respect to their a) VSWR (the 2-3 GHz band is shown) and b) ra-
diation pattern at 2.5 and 3 GHz.

Simulations were conducted using IE3D and the input
impedance of the zero, first and second iteration LPDAs is
shown in Fig. 2(a), and the VSWR < 2 frequency range is
from 1.9 to 3.2 GHz. The simulated gain patterns at 2.5 and
3 GHz [Fig. 2(b)] show that both antennas radiate in a directive
and similar to each other way. The relatively large beamwidth
is expected because of the small number of elements used to
achieve such large bandwidth.

The directivity of the LPKDA antennais Dy pxpa = 6.2 dBi,
only 0.3 dB lower than the theoretical value for LPDAs given
by Carrel’s tables [8], [9]. These results show that the LPDA
and LPKDA antennas have very similar performance and can
cover the same range of frequencies with directive patterns. In
addition, the total area of the LPDA is 1505 mm?, while the
LPKDA’s is 1323 mm?, miniaturized by 12.1%.

To investigate the effect of the second iteration Koch ele-
ments on the antenna’s miniaturization, additional simulations
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Fig. 3. Photo of the fabricated LPDA (left) and LPKDA (right) antennas. The
shadowed strips are printed in the backside of the substrate.

of the antenna shown on the top-right inset of Fig. 1, which is
a 2-iteration Koch element log periodic antenna (LPK?DA),
were performed. For a 2 GHz lowest frequency of operation, its
total surface was 1202 mm?2, which is 8.03% smaller than the
LPKDA, and 20.1% than the Euclidean LPDA. The miniaturiza-
tion trend of the log-periodic structure shows that Koch LPDAs
can achieve greater miniaturization than their single monopole
counterparts. This result is consistent with the fact that as the
fractal iteration increases, the effect on antenna size becomes
less significant (e.g., 12% from Euclidean to first iteration, but
only 8.03% from first to second iteration). A similar trend is ex-
pected for higher iteration antennas, which, however, required
more than 2 GB of computer memory, as they are complex, elec-
trically large structures with fine details, and were not simulated.

On the other hand, the increased complexity of the structure
seems to cause a faster deterioration of the antenna performance.
The second iteration LPK?DA pattern is shown in Fig. 2(b). It
has smaller average gain (approximately 5.2 dBi) and smaller
front-to-back ratio, caused by the increased number of current
components with opposite directions on the structure. In addi-
tion, its bandwidth barely covers the 2-3 GHz range. The higher
Q of the Koch elements with iteration larger than one, becomes
a predominant limitation factor on the antenna’s bandwidth, and
overpowers the enhancement obtained by the log-periodicity of
the geometry.

IV. EXPERIMENTAL CHARACTERIZATION

To investigate the validity of the simulations, an LPDA and a
first iteration LPKDA prototype were milled and measured. The
second or higher iteration LPKDAs have some very fine feature
sizes and sharp angles and photolithography would be a more
suitable fabrication method. The concept principles though are
clearly illustrated from the measurements of the first iteration
prototype and the traditional LPDA.

The fabricated antennas are shown in Fig. 3. They are both fed
through their wider edge, using two coaxial cables that are man-
ually soldered along their feedline until their narrow end, which
is the feed connection point. This coaxial infinite balun provides
the necessary wideband matching and the appropriate current
phase to each dipole. At the same time, this feeding method is
easier to implement than previously published planar LPDAs
that used striplines [7].

Both antennas have approximately equal boom length, and
miniaturization is mainly achieved because of the reduced width
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LPKDA vs. LPDA Measurement
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Fig. 4. Measured VSWR of the LPDA and LPKDA antennas. Both have sim-
ilar response and covered the 2-3 GHz band with a VSWR < 3, and the
2.05-3.2 GHz range with a VSWR < 2.35.

of the structure measured along the y-axis (Fig. 3). The mea-
sured VSWR of both antennas is very similar (Fig. 4), and the
bandwidth from 2.05-3.2 GHz was realized with a VSWR <
2.35. Still, a perfect match was not achieved and the reasons for
that are analyzed below for the benefit of the antenna engineers.

There is a difference between the simulated and fabricated
excitation port. For simulation purposes, the most appropriate
feed is a differential port placed at the narrow (radiating) end
of the antenna [11]. This port provides the necessary wideband
matching but is also an “ideal” small port that does not incorpo-
rate the geometry of an SMA connector and also does not affect
the radiation patterns. In practice, wideband matching can be
achieved with an “infinite” balun. This is constructed by manu-
ally soldering two coaxial cables on the top and bottom of the
substrate. One cable (i.e., top) carries the RF signal while the
other (i.e., bottom) is a mirror cable used for symmetry. This
balun is extremely hard to model in simulations. However, both
cables load the feed line. In addition an SMA connector is con-
nected at the wider edge of the antenna for measurement pur-
poses. The soldering of the cables and SMA is critical, and any
imperfections affect the wideband matching performance of the
balun. By using automated soldering for the SMA and infinite
balun connections, the matching performance can be improved.

The small number of elements—used here as a proof of con-
cept also affect the matching. LPDAs typically have 6.5 dBi <
D < 11 dBi, and here a compact design with D = 6.5 dBi was
chosen. For compact LPDAs, larger values of « (smaller 7) are
used that result in designs with smaller number of dipole ele-
ments and, thus, fewer elements in the antenna’s active region.
This results in a less smooth transition between the elements
of the active and inactive regions, causing larger variations in
the input impedance [10], which is what can also be observed
in Fig. 4. By adding more elements to the LPDA (i.e., loading
the feedline), both the bandwidth and the matching can be im-
proved. Measurements of a 12-element planar LPDA [12] veri-
fied the above by exhibiting a VSWR < 2. In addition, if modi-
fied fractal shapes are considered, matching can be improved by
slightly rounding the sharp corners of the antenna, to smoothen
the current’s propagation from one bend to another.
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LPDA xz-plane measurement
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Fig. 5. Measured normalized radiation patterns of: a) LPDA antenna and
b) LPKDA antenna, in the & — z plane from 1.9 GHz to 4.0 GHz.

These log-periodic antenna designs are scalable, meaning that
different directivity and bandwidth can easily be obtained by
varying the ¢ and 7 [8], [9]. So, for larger bandwidth or higher
gain applications with space limitations, this antenna is a good
candidate.

The measured patterns of both antennas are very similar and
directive as shown in Fig. 5(a) and (b). The main beam is in the
endfire direction from 2 GHz up to more than 3 GHz. Sidelobe
levels range from —10 dBi to less than —30 dBi as expected
for this type of antennas. A better comparison of the measured
results is shown in Fig. 6(a) and (b), where patterns of both
antennas at different frequencies are superimposed. The x — y
plane pattern is symmetric and is shown only to illustrate that
all elements are fed appropriately and with equal current mag-
nitude.

The use of Koch elements prompts for higher levels of cross-
polarization, originating from the component of the electric cur-
rent density that is vertical to the Koch dipole axis (i.e., in the
z-direction). In addition, the planar nature of the antenna ele-
ments (and, thus, of their surface current density) shall excite
cross-polarized radiation. For characterization purposes, such
measurements at 2.5 GHz for both antennas were conducted and
the results are shown in Fig. 5(a) and (b). The Euclidean LPDA
has a maximum cross-polarization level lower than —24 dBi
[Fig. 5(a)]. The LPKDA has stronger cross-polarization with
maximum value approximately —19 dBi [Fig. 5(b)], matching
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LPDA vs LPKDA xz-plane pattern comparison
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Fig. 6. Measured normalized radiation patterns of both antennas in the a) x — z
plane and b) @ — y plane. The x — y plane pattern is symmetric, indicating that
all elements are fed with symmetric current amplitude.

well with the simulated result, which was below —22 dBi (not
shown here to maintain plot clarity).

The strongest cross-polarized field component of the LPKDA
is the H.,, which is more intense at nonendfire directions. The
measurement shows a cross-polarization discrimination level of
19 dB or lower at £45°, which is outside of the antenna’s half
power beamwidth. This angle is equal to the geometry’s ¢ angle,
chosen to be 45° instead of 60° to maintain any cross-polariza-
tion at low levels.

It is important to note that the radiation pattern maximum is at
boresight and cross-polarized radiation in that direction is min-
imal, if not null [Fig. 5(b)]. More precisely, the cross-polariza-
tion discrimination level increases to 30 dB or higher as one
approaches the boresight, which is the direction in which such
antennas are most often used as receivers.

Cross-polarization values lower than —40 dB for such an-
tennas might be unrealizable due to their planar structure. Yet,
their ease of fabrication makes them an appealing, lowcost and
easy to integrate antenna solution.

V. DISCUSSION AND CONCLUSIONS

Koch prefractal curves were used for the first time in the
miniaturization of wideband antennas, such as the log-periodic
Koch-dipole antenna (LPKDA) presented in this letter. Here, as
an example design, an antenna with the least number of elements
was used to cover the specified (and largest possible for this
number of elements) bandwidth, from 2-3 GHz. The antenna
performance is comparable to a traditional LPDA and covers
the design frequency range with similar and directive patterns
of constant gain, while occupying an area reduced by more than
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12%. This can also lead to reduced weight and materials used,
especially in mass production receiving antenna applications.

This size miniaturization was achieved with the use of the
simplest form (i.e., first iteration) of Koch curves. Extending a
previous letter by Best [5], an increased number of iterations of
the narrowband Koch monopoles shall lead to larger size reduc-
tions. This trend was affirmed here for wideband antennas as
well, through simulations of up to a second iteration LPKDA
that can result in approximately ~18%-20% size reduction.
Miniaturization is expected to progress until saturation, which
usually occurs after the third or fourth iteration. Additional iter-
ations provide little benefits when compared to the design effort
and to the printed circuit board fabrication accuracy.

As with most antennas, miniaturization comes at an ex-
pense. Here, this expense is reflected upon a) a slightly higher
cross-polarization field component, mostly at nonboresight
directions, b) a higher VSWR which is enhanced by the loading
of the feedline and the few elements in the antenna’s active
region, and c) a gain reduced by 0.3 dBi due to the slightly
larger beamwidth and the increased VSWR. The miniaturiza-
tion concept of such antennas, however, was shown and can
be extended to more wideband and/or directive designs using
more radiating elements. Such designs will have similar levels
of cross-polarization (i.e., around —20 dB or less) and always
very low at boresight (around —30 dB or less).

Even with these shortcomings, the miniaturized LPKDA per-
forms well and covers the entire frequency range with con-
stant gain, as expected from a conventional LPDA. This con-
cept enables investigations on more compact LPDAs. Meander
and “zig-zag” dipoles [5] that fill more efficiently the antenna
volume are candidate elements that give potential to this letter.

The structure of the LPKDA is planar and relatively simple
to fabricate using standard PCB fabrication techniques. It can
also be directly integrated with planar microwave circuits. The
design concept can easily be scaled for applications with dif-
ferent bandwidth and/or directivity requirements by adjusting
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the angle o and by adding more elements, which shall also im-
prove the VSWR.
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