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Design of Aircraft On-Glass Antennas Using a Coupled
Feed Structure

Gangil Byun, Chulhun Seo, Byung-Jun Jang, and Hosung Choo

Abstract—This communication proposes a glass-integrated antenna
using a coupled feed structure for military FM radio communications on
aircraft. The proposed antenna consists of a feed strip and two radiators,
printed on the left-side window of the cockpit. The proposed antenna
structure is optimized with the genetic algorithm in conjunction with the
FEKO EM simulator. The optimized antenna is built and installed on
a 1/10-sized KUH-Surion mock-up and antenna performance, such as
reflection coefficient and bore-sight gain, is measured in a semi-anechoic
chamber. The optimized antenna shows a half-power matching bandwidth
of 28% at the center frequency of the military FM radio band and an
average bore-sight gain of about —2.60 dBi. The results show that the
proposed antenna is suitable for use as a military FM antenna for aircraft
applications.

Index Terms—Aircraft antenna, coupled feed structure, FM antenna,
glass-integrated antenna.

I. INTRODUCTION

Military FM radio (30 MHz—88 MHz) is generally used for aircraft
voice or data communications by employing quarter-wavelength
monopole antennas protruding from the aircraft’s surface. These
antennas, with their low frequency operations (A = 10 m at 30 MHz),
usually have a large and heavy profile, which causes considerable drag,
wind noise, and increased oil consumption during the flight operations
[11, [2]. Thus, the aerospace industry has made efforts to integrate the
antenna structure into the aircraft skin by using conformal antennas.
The conformal antenna is one of the most common antenna integration
technologies used to maximize the aerodynamic performance and
minimize the wind noise and weight [3]. However, it requires a struc-
tural change to insert the antenna underneath the aircraft’s surface,
causing increased cost and difficulty in fabrication due to the structural
complexity of the aircraft. In contrast, the automobile industry has
made efforts to integrate the antenna onto the window surface for
FM radio reception [4]-[6]. Glass-integrated antennas show better
aerodynamic characteristics, allowing for improved durability, light
weight, and low wind noise characteristics [7]. Furthermore, because
no structural alterations are required, the glass-integrated antennas
cost much less than the conformal antennas. Although there are many
advantages of the glass-integrated antennas, not enough research has
been conducted to apply glass-integrated antennas to military aircrafts
because of their drawbacks such as low radiation gain and narrow
matching bandwidth [8].
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Fig. 1. Proposed antenna structure.

In this communication, we propose a glass-integrated antenna that
can achieve a broader matching bandwidth and higher radiation gain
compared to other electrically small antennas using two radiators with
an inductively coupled feed structure. The two radiators consist of a
shorted strip and a parasitic loop strip, which is employed to achieve
dual-resonance. They are connected electromagnetically with the feed
strip, and the coupling strength is adjusted by the distance between
the radiators and the feed structure. In addition, antenna strips are de-
signed to be placed at the outer perimeter of the window for a superior
field of view by imitating the shape of the window frame. To improve
the antenna’s matching bandwidth and radiation gain, detailed param-
eters are optimized by using the genetic algorithm (GA) in conjunc-
tion with the FEKO EM simulator [9], [10]. The optimized antenna
is built and installed on the left-side window of a 1/10-sized Korean
Utility Helicopter (KUH-Surion) mock-up and antenna performances
such as a reflection coefficient and radiation gain are measured in the
10-times higher frequency band of the military FM band (30 MHz-88
MHz). In addition, the minimum received power level of a transmitted
signal from a base station is simulated according to a flight scenario to
evaluate the antenna performance in a real situation. The results prove
that the proposed antenna is suitable to use as a replacement for the
quarter-wavelength monopole antennas for military FM radio commu-
nications.

II. ANTENNA STRUCTURE AND OPTIMIZATION

Fig. 1 shows the proposed glass antenna structure having two ra-
diators integrated into the left-side window of the KUH-Surion. The
proposed antenna has an inductively coupled feed structure which is a
well-known technology providing broad matching characteristics com-
pared to the direct feed structure [11]. The two radiators are linked
electromagnetically with the feed strip and the coupling strength is
controlled by the distance between the strips (D2) and the feed strip
length (L ). The radiation gain is improved by achieving dual-reso-
nance using two radiators consisting of a shorted strip and a parasitic
loop strip. The shorted strip is grounded at the top right corner of the
window frame and the length (L») is designed to be approximately
A/4 at the center frequency (1.25 m at 60 MHz). The total length of
the parasitic loop strip (L3, L4) is designed to be approximately /2
at a lower frequency by connecting the loop strips selectively at the four
corners. Antenna strips mimic the shape of the window frame so as to
be fit at the outer perimeter of the window, which allows the pilot’s
field of view (FOV) to be located at the center of the antenna structure.
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Fig. 2. EM simulation condition. (a) Geometry of the KUH-Surion, (b) coated
wire method.

It enables the antenna to attain high transparency and to maximize the
pilot’s FOV.

Fig. 2(a) shows the geometry of the KUH-Surion with the proposed
antenna located at the left-side window of the cockpit. We included
almost the entire geometry in our EM simulation for an accurate esti-
mation of antenna performance but eliminated some parts, such as pro-
pellers and the landing gears, which did not affect the antenna perfor-
mance in order to reduce the simulation time. Furthermore, we added
the interior components, such as floors and partitions, since the internal
resonance of the aircraft also strongly affects antenna performance. To
further reduce the simulation time while maintaining simulation accu-
racy, we applied rougher mesh triangles to the geometries where cur-
rent distributions appeared relatively weak compared to other parts.
As a result, the entire geometry was re-modeled to 3 300 piecewise
mesh triangles, and less than two-minute simulation time was achieved
for each frequency point. To estimate the antenna performance of the
printed strips (Width = 1 mm, ¢ = 5.8 x 107) on a glass mate-
rial (Thickness = 3 mm, £, = 4), we applied a coated wire method
having a radius of 0.02 mm for the inner conducting wire, and a ra-
dius of 0.03 mm for the outer coated material (¢, = 4), as shown in
Fig. 2(b). The proposed antenna structure was optimized by the GA in
conjunction with the FEKO EM simulator and cost functions were de-
fined as (1), (2), and (3)

BWaxr
Costl=1— ———— 1
BWpm W
LM
Cost 2 = ﬁZ'SHl 2
=1
if FOV=1- Sant < 0.6, exclude the design.
Swin
30 MHz < frequency < 88 MHz. 3)

Equation (1), defined to broaden a half-power matching bandwidth,
is determined by the ratio of the antenna’s bandwidth (BWax~t) to
the military FM radio band (BWrw, 30 MHz—88 MHz). Equation (2)
shows an average reflection coefficient over M frequency points, and
we used it to estimate how accurately the antenna matches to a 50 ohm
system. We excluded the design having less than 60% of the pilot’s
FOV to ensure the maximum visual area in the window, which was
considered by the ratio of the antenna area (Sa 1) to the entire window
area (Swin, 0.56 m?) as shown in (3).
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Fig. 3. Optimized antenna structure.

TABLE 1
PARAMETERS OF THE OPTIMIZED ANTENNA

Parameter Length
L, 683 mm
L 821 mm
L; 1972 mm
L, 1823 mm
D, 30 mm
D, 30 mm

Fig. 3 shows the optimized antenna structure, and the detailed op-
timum parameters are shown in Table I. The pilot’s FOV, specified in
the same figure, is 63% (0.35 m?), and the antenna strips are located
at the outer perimeter of the window. Therefore, the optimized antenna
has an added benefit of a superior FOV compared with other types of
glass antennas.

III. MEASUREMENT AND ANALYSIS

A. Experimental Results

To verify the antenna performance, we made a 1/10-sized KUH-Su-
rion mock-up having fourteen windows and the detailed inner struc-
tures such as partitions and floors. In our mock-up, the material of pol-
yarcrylate that has a similar electrical property (¢, = 3.5) to a real
aircraft window, was used for the downscaled window material, and a
conducting sheet was pasted on the inner surface of the mock-up to pro-
vide an electrical grounding. Measurements were conducted in the 300
MHz-880 MHz band since the downscaled antenna showed the same
characteristics in the 10-times higher frequency band of the original
frequency. The glass-integrated antenna was installed in the mock-up,
and the antenna performances, such as the reflection coefficient and
radiation patterns, were measured using a horn antenna (aperture of
60 cm x 20 cm) and a network analyzer HP 8753D in a semi-ane-
choic chamber. To carefully filter out the reflected wave from other sur-
rounding objects, we used a time-gating function of the network ana-
lyzer (time window of 6 ns—31 ns with the interval of 3 m). Fig. 4 shows
the measured and simulated reflection coefficients of the optimized an-
tenna. measured result shows a half-power matching bandwidth of 28%
(IT'| < 3 dB, 45 MHz-62 MHz), which agrees well with the simulated
result. Fig. 5 represents the radiation gain in two directions over the
frequency range, which shows a good agreement with each other. The
antenna maintains the minimum radiation gain of more than —10 dBi
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Fig. 5. Gain of the optimized antenna. (a) Front side gain, (b) back side gain.

in the entire military FM band, with average gains of —1.97 dBi and
—5.41 dBi in the front and rear directions, respectively.

Fig. 6(a) shows an azimuth radiation pattern in xy-plane at 60 MHz.
It reveals a good omni-directional property with a gain deviation of
less than 11 dB, and the maximum gain occurs at the left side of the
aircraft where the antenna is mounted. Fig. 6(b) and (c) are the radiation
patterns in yz-plane and xz-plane, respectively. They also show low
gain deviations of less than 10 dB; however, slight distortions appear
in some directions due to the wave blockage caused by the conducting
frame.
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Fig. 6. Radiation patterns of the optimized antenna. (a) y-plane (azimuth pat-
tern). (b) yz-plane. (c) xz-plane.

B. Operating Principles

To analyze the operating principles of the antenna and to demonstrate
its broad matching characteristics from the circuit point of view, we de-
veloped a circuit model having the same impedance response. Fig. 7(a)
shows the equivalent circuit model, which consists of three resonant
circuits representing the feed strip, the shorted strip, and the parasitic
loop strip. The feed strip and the shorted strip make resonances at 60
MHz and 48 MHz, respectively, and the parasitic loop strip connects
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Fig. 7. Equivalent circuit model. (a) RLC circuit model, (b) input impedance.

two resonances using mutual coupling at around 50 MHz. Each circuit
is inductively linked with coupling coefficients of Ky and K5, and the
values for the lumped elements are shown in the same figure. The input
impedance of the circuit model is shown in Fig. 7(b) and is compared to
the EM simulation, both of which agree well with each other. The real
and imaginary impedance values are separately indicated on both sides
of the figure; the real part values are on the left, and the other one is
shown on the right. The currents induced in the two radiators (isToRT
and ¢1.00p) are determined by the coupling strength in relation to the
feed current (irpED ). To verify the effect of the coupling strength, we
observed the coupling coefficients by varying the distance (D2) be-
tween the feed strip and each radiator. Then, 'y and I5 of the circuit
were computed by solving mesh equations from Kirchhoff’s voltage
law (KVL), as shown in (4), (5), and (6), in the frequency domain [12]

. [ . 1 .
Ve = |Rr +jw(Lpi 4+ Lr2) + - ] IFEED
I jwCr
— jwMiisnorr — jwMsiLoop 4)
0= |Rs+jwLs + —} iSHORT
| jwCs
— jwMiireED )]
[ . 1 .
0= |R.L+jwLly + - } 1LOOP
L jwCr,
— JwMsiygep. (6)

Two unknowns (M and M>) represent mutual inductances, which
are proportional to the coupling coefficient, as shown in (7) and (8)

A/[]
vVLriLs

K = ™)
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Fig. 8(a) and (b) show the simulated &'y and /> in relation to D3.
When D5 is denoted as 30 mm, then it shows strong coupling of /'y and
K, ataround 50 MHz, with a peak value of 0.32 and 0.05, respectively.
This means the shorted strip is more tightly coupled with the feed strip
compared to the parasitic loop strip. In addition, the peak value of Ky
and K, decreases and shifts toward higher frequency as D increases.
Fig. 8(c) shows the input impedance in relation to D». As expected, the
matching characteristic was highly dependent on the coupling strength,
and thus, the optimum distance D> can be found for the broadband
impedance matching.

To examine the antenna more closely from the EM field standpoint,
we observed the H-field distributions at 60 MHz, as shown in Fig. 9.
The inset of the figure indicates the cross section where the H-field was
observed, and the dotted circles indicate the positions of antenna strips
at the cross section. The positions of two parasitic loop strips and the
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feed strip are shown from the left, and the shorted strip is marked with
the far-right circle. Stronger H-field distributions were observed at the
feed strip and the shorted strip compared to the loop strip, and this re-
sult agreed to the ratio between /; and K. In Fig. 10, we plotted the
average current amplitude at each strip over the frequency range. As
in the H-field distributions, the shorted strip shows higher current am-
plitude compared to the loop strip at 50 MHz, and this, consequently,
verifies that the mutual coupling between the feed and each radiator
determines the important antenna characteristics, such as current dis-
tributions and near field distributions.

C. Evaluations

To evaluate the antenna performance, we compared the optimized
antenna with a quarter-wavelength monopole antenna that is commonly
used for military FM radio communications. As shown in Fig. 11(a)
and (b), we calculated the azimuth gain and gain deviation that are es-
pecially important for aircraft applications, since the most incoming
signals come from the horizontal direction [13]. The average gain of
the proposed antenna is —2.7 dBi at the lowest frequency of 30 MHz,
which is only 2.7 dB lower than that of a conventional quarter-wave-
length monopole having a resonance at 60 MHz. This gain character-
istic may satisfy engineering needs if the antenna is accompanied by
proper amplifiers. In addition, contrary to the fact that our antenna’s
deviation does not exceed 15 dB in the entire military FM band, the
quarter-wavelength monopole antenna shows a peak deviation value
of around 25 dB, which is caused by the pattern’s null point (at § =
90°, o = 0°,—22 dBi). This result possibly causes unexpected dis-
ruption in communication between the aircraft and the base station.
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Fig. 11. Comparison with a quarter-wavelength monopole antenna. (a) Av-
erage azimuth gain, (b) gain deviation.

IV. CONCLUSION

We have investigated the design of a glass-integrated antenna using a
coupled feed structure that has a high radiation gain and broad matching
characteristics for aircraft applications. The proposed antenna consists
of a feed strip and two radiators, and the antenna strips imitate the
shape of the window frame to ensure the pilot’s FOV as unobstructed
as possible. We placed the feed strip between the two radiators to con-
nect electromagnetically in relation to the feed current. The coupling
strength was controlled by varying the distance between strips, and the
detailed parameters were optimized by using the GA in conjunction
with the FEKO EM simulator. The optimized antenna was built and in-
stalled on a 1/10-sized mock-up and antenna performance, such as re-
flection coefficient and radiation patterns, was measured in a semi-ane-
choic chamber. The measurement was conducted in the frequency band
of 300 MHz-880 MHz, since the antenna showed the same charac-
teristics in the 10-times higher frequency band. The antenna showed
a half-power matching bandwidth of 28% and an average bore-sight
gain of —2.50 dBi in the military FM band. We then analyzed the op-
erating principles using the equivalent circuit model and field distribu-
tions. The results demonstrate the antenna’s suitability for use in air-
craft applications.

REFERENCES

[1] L. Low, R. Langley, R. Breden, and P. Callaghan, “Hidden automotive
antenna performance and simulation,” IEEE Trans. Antennas Propag.,
vol. 54, no. 12, pp. 3707-3712, Dec. 2006.

[2] C. Shimizu and Y. Kuwahara, “Analysis of a diversity antenna
mounted on the vehicle for FM radio,” in Proc. IEEE Int. Symp.
Antenna Propag., Honolulu, HI, Jun. 2007, vol. 1, pp. 1068-1071.

[3] L. Josefsson and P. Persson, Conformal Array Antenna Theory and
Design. New York: Wiley, 2006.



IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 60, NO. 4, APRIL 2012

[4] R. Abou-Jaoude and E. K. Walton, “Numerical modeling of on-glass
conformal automobile antennas,” IEEE Trans. Antennas Propag., vol.
46, no. 6, pp. 845-852, Jun. 1998.

[5] W.Kangand H. Choo, “Design of vertical lines for vehicle rear window
antennas,” Microw. Opt. Technol. Lett., vol. 52, no. 6, pp. 1445-1449,
Jun. 2010.

[6] Y.Noh, Y.Kim, and H. Ling, “Broadband on-glass antenna with mesh-
grid structure for automobiles,” Electron. Lett., vol. 41, no. 21, pp.
1148-1149, Oct. 2005.

[7]1 S. Ahn and H. Choo, “A systematic design method of on-glass antennas
using mesh-grid structures,” IEEE Trans. Veh. Technol., vol. 59, no. 7,
pp- 3286-3293, 2010.

[8] L. B. Felsen and N. Marcuvitz, Radiation and Scattering of Waves, 2nd
ed. New York: IEEE Press, 1994.

[9] Y. Rahmat-Samii and E. Michielssen, Electromagnetic Optimization
by Genetic Algorithms. New York: Wiley, 1999.

[10] EM Software & Systems, FEKO Suite 5.5 [Online]. Available: http://
www.feko.info

[11] D. M. Pozar, “Input impedance and mutual coupling of rectangular
microstrip antennas,,” I[EEE Trans. Antennas Propag., vol. AP-30, pp.
1191-1196, Nov. 1982.

[12] C. K. Alexander and M. N. O. Sadiku, Fundamentals of Electric Cir-
cuits, 2nd ed. New York: McGraw-Hill, 2004.

[13] A. S. Bajwa and J. D. Parsons, “Small-area characterization of UHF
urban and suburban mobile radio propagation,” Proc. Inst. Elec. Eng.,
vol. 129, no. 2, pp. 102-109, Apr. 1982.

[14] C. A. Balanis, Antenna Theory: Analysis and Design, 3rd ed. New
York: Wiley, 2005.

[15] M. E. Van Valkenburg, Reference Data for Engineers: Radio, Elec-
tronics, Computer and Communications, 9th ed. Oxford, UK.
Newnes, 2001.

Biconical Antenna Over Ground Plane

James L. McDonald and Dejan S. Filipovic

Abstract—A bicone over a finite ground plane is designed that has on av-
erage 2.8 dB more gain over a 10:1 band than its free-space counterpart.
Metrics are established that enable a better understanding of antenna per-
formance taking into account both the impedance and the radiation pat-
tern. The effects of a finite sized ground plane are explored. To improve
antenna performance over electrically small ground plane, a recessed ge-
ometry is proposed and studied. A recessed ground plane and bicone config-
urations are found that have better performance than the free-space bicone
over 70% of the 10:1 band. Theoretical results are well supported by the
measurements.

Index Terms—Antenna radiation patterns, broadband antennas, conical
antennas, dipole antennas, impedance matching.

1. INTRODUCTION

When a bicone [1] is placed above the ground plane, its performance
will differ from that in free-space. In [2] the effect of infinite ground
plane on antenna factor is studied for the purpose of radiated emission
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Fig. 1. The structural parameters of a modified bicone over a ground plane (a),
and its recess (b).

testing. It is seen that the effect is more pronounced on a horizontally
polarized bicone due to the stronger coupling to its image. However,
this study was specific to the application and the fundamental under-
standing off, and impact on the performance parameters of interest for
other applications (communications, electronic warfare, etc.) are diffi-
cult to assess. Finite size ground plane effects on asymmetrical bicone
and classical monocone are studied in [3] and [4], respectively. In the
former, the beam tilt is contributed to the bicone structure itself, rather
than to the combined effect with the close ground plane. In [5], the
lower cone of a bicone is directly integrated with a designed finite size
circular ground plane to reduce the turn-on frequency by about 40%.
A corrugated ground plane is proposed in [6] to improve the perfor-
mance of a conical monopole and obtain better stability of radiation
patterns. Finally, a theoretical metamaterial construct within the trans-
formational electromagnetic analysis is used in [7] to recover classical
monopole performance from a resonant monopole embedded in a deep
ground plane recess. This approach is interesting, however only a nar-
rowband effect is shown and the practical implementation has yet to be
demonstrated.

In this letter, we evaluate the impedance, beam efficiency, and min-
imum gain within application driven field of view of wideband bicones
over infinite and finite size ground planes and introduce a small recess
in the ground plane for further improvements. Specifically, the optimal
2 dBi monocone geometry from our earlier work (v = 80°,p/d =
52%) [8] is used as a baseline for the antenna geometry. In [8] the
monocone was optimized for its maximal bandwidth with minimum
realized gain of 2 dBi inside a 39° field of view. This monocone ge-
ometry is converted to that of a bicone followed by the optimization
of the feed region parameters for impedance match and pattern sta-
bility. It is found that the optimal feed dimensions are v = Ao /69,
and £ = Ao /300, where \o is the wavelength of the lowest frequency
modeled, 2 GHz. This bicone is placed over a ground plane, as shown in
Fig. 1(a), and it is studied here as an alternate geometry to a monocone
and free-space bicone. By exploring coupling effects generated when
the bicone is placed near a ground plane, its low-frequency resistance
is increased, allowing a reduction in electrical height of the antenna.
The effects of the separation from the ground plane are examined and
contrasted with a free-space bicone.

II. PERFORMANCE METRICS

For evaluation of the antenna performance three performance met-
rics are used. To characterize impedance match the optimized charac-
teristic impedance, %o, is chosen such that the reflection coefficient
over the desired bandwidth is minimized. This value is computed using

0018-926X/$31.00 © 2012 IEEE



