Kent Academic Repository
Full text document (pdf)

Citation for published version

Jun, Sung Yun and Shastri, Anshuman and Sanz-lzquierdo, Benito and Bird, David and McClellal
Alan (2019) Investigation of Antennas Integrated Into Disposable Unmanned Aerial Vehicles.
IEEE Transactions on Vehicular Technology, 68 (1). pp. 604-612. ISSN 0018-9545.

DOI
https://doi.org/10.1109/TVT.2018.2882791

Link torecord in KAR
https://kar.kent.ac.uk/72472/

Document Version

Author's Accepted Manuscript

Copyright & reuse

Content in the Kent Academic Repository is made available for research purposes. Unless otherwise stated all
content is protected by copyright and in the absence of an open licence (eg Creative Commons), permissions
for further reuse of content should be sought from the publisher, author or other copyright holder.

Versions of research

The version in the Kent Academic Repository may differ from the final published version.

Users are advised to check http://kar.kent.ac.uk for the status of the paper. Users should always cite the
published version of record.

Enquiries
For any further enquiries regarding the licence status of this document, please contact:
researchsupport@kent.ac.uk

If you believe this document infringes copyright then please contact the KAR admin team with the take-down
information provided at http://kar.kent.ac.uk/contact.html

KAR =

Kent Academic Repository



> REPLACE THIS LINE WITH YOUR PAPERDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 1

Investigation of Antennas integrated into
Disposable Unmanned Aerial Vehicles

S. Jun, A. Shastri, B. Sanz-1zquierdo, D. Bird, and A. McClelland

Abstract—The integration of antennas into disposable paper
dronesusing inkjet printing technology is presented. Thesedrones
or unmanned aerial vehicles (UAVS) are developed using origami
folding structures. Two vertical monopole antennas based on the
same design concept are proposed and their perfor mance assessed
for two different conditions. The conditions relate to the
placement of the other electronic components and circuits on the
origami drones asreported in theliterature. Thefirst iswhen the
electromechanical components and corresponding metallic layers
are located in the wings. In this case, the effect of the possible
location of the antenna aswell as the defor mation of the wings on
Su isdiscussed. The second is a more general case scenario which
includes when the components and motors are placed at the tail
and lower part of the body of thedrone. Theantenna elementsare
directly printed onto a photo paper substrate using silver
nanoparticle conductive ink. Subsequently, the substrateisfolded
to create a paper drone. Low-cost desktop inkjet printing
equipment is used to deposit the metallic tracks of the antenna.
The designs target the current frequency bands employed in the
control and wireless communication of commercial drones (2.4
GHz and 5 GHz bands). The purpose of thiswork isto investigate
potential antenna scenarios for disposable drones which may one
day be fully fabricated using inkjet printing technology. All
antenna designs and studies have been simulated using CST
Microwave Studio™ and compared well with experimental
results.

Index Terms—Antennas, Origami, UAVs, Inkjet printing
technology.

I. INTRODUCTION

more elements are typically used to cover technologies such as
Bluetooth, GPS, WIFI and LTE [9]. In [13for example,a
conformal antenna is installed on the shell structure of a drone
made of carbon fiber materials. In [14], a dipole structure with a
radiator, feeding strips and a reflector, is arranged soitthat
offers horizontal polarization. A planar segmented loop patch
antenna that offers omnidirectional and quasi-omnidirectional
radiation patterns and operates over the wide bandwidth, is
presented in [15]A lightweight blade antennia proposed and
discussed in [16]. In [17], a triple band patch antenna is
fabricated on a Duriod substrate and then connected to the other
components inside the drone. In all these cases, the antenna and
drone structure are fabricated wusing conventional
manufacturing methods

With the increasing use of additive manufacturing (AM) in
the aerospace sector, it makes sense for UAVs [18] and
corresponding antennas to be fabricated using AM techniques.
Inkjet printing is a potential AM technology to apply. It allows
the easy fabrication and prototyping of antennas on various
substrates. The inkjet printing of antennas has been proposed
for a variety of applications. For example, a flexible
inkjet-printed broadband UHF Radio Frequency Identification
(RFID) on liquid crystal polymer (LCP) substrate is developed
for sensing applications in [19]. A multilayer millimeter-wave
yagi-uda antenna and proximity-fed patch arrays on flexible
substrates using purely additive inkjet printing technolsgy
proposed in20], [21]. A compact inkjet-printed ultrawideband
antenna on a Kapton polyimide substrate is used for flexible

NMANNED aerial vehicles (UAVSs), otherwise known as@nd wearable electronics in [22]. A monopole antenna on a
Udrones, have become very popular in fields such as foB@P€r substrate for wireless communication is discussed in
and agricultural sector, industry electronics, intelligeri?3]; @and a phased-array antenna implemented by inkjet-printed
transportation systems and safety and security [1]-[8]. OR&rium strontium titanate (BST) thick-films in [24].
critical factor in UAVs is the wireless communication system Disposable drones are currently attracting significant

where coverage and capacisycrucial [7] [8] for the reliable

research interest [25], [26These drones should be made of

operation of a drone. For large coverage capabilities, drori@§XPensive and degradable materials such as papeliulose

sometimes require omnidirectional antennas where sig

rRased materialsComponents such as inertial sensors and

levels are mostly equal in all directions. Antennas are select&$€vVons can be integrated into such drones using AM

designed and developed to meet these specifications in bitRhniques26]. Furthermore, actuators and potential motors

commercial and defense applications. The antennas can g€ been developed for this applicatia][ .

located either inside or outside of the drone structure. One or! NiS Paper presents a study on the integration of antennas

This work was supported in part by the UK EPSRC HVMiokwship
(REF: EP/LO17121/1), in part by the CHIST ERfder EPSRC grant
(EP/P015840/1) and in part by the Royal Academy of Eeging Industrial
Secondment scheme (REF: ISS1617/48).

S. Jun, B. Sanz-lzquierdo, and E. A. Parker are with School of
Engineering and Digital Arts, University of Kent, Catery CT2 7NT, U.K.
(e-mail: sj329@kent.ac.uk; b.sanz@kent.ac.uk; e.a.p@kent.ac.uk).

into origami disposable drones. Two antennas based on a
similar design concept are assessed for two conditions. The first
is when all electronic components and the ground plane are
located on the wings. The second is a when the electronic
components are at the bottom of the drone and the antenna
needs to bded from bottom up. The latter uses a coplanar
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waveguide fed line which is used for the analysis of the x| X2 X3 S
deposited metallic layers. Inexpensive fabrication equipment, K e
and silver nanoparticle ink has been employed for the 4 T

fabrication of the antennas. The antennas are designed to cover v2 /—q:,;;,.a,mm;
the 2.4 GHz and 5 GHz bands currently specified in the y3 gttt

communication of droned7], [28]. This includes transmission
of a large amount of data for potential video recording
applications at 5.8GHz. This is the first time that antennas are (@

yvé

studied for integration with disposable origami drones,
. . . . . . . . . . Metal layer Wi
particularly involving inkjet printing and realistic scenarios for done’selctranis "

with vertically polarized antennas. The antennas have been
designed taking into account the limitations of inkjet printing

technologies such as the potential damage and cracks of
conducting tracks when folding the printing layers. Thus, any T
folding of the antennas has been avoided. Actuator positions

This paper is organized as follows. Section Il describes the i g ’(,
foldable paper drone and proposes a suitable antenna structure (b)

for a first case scenario. Section Il presents an optimized )

antenna design for a more general case and discusses prinfjfigt: Realized paper drone geometry of (a) theldatl planar photo paper
. . . . . . sheet and (b) perspective view of paper drone.

issues. A conclusion and final discussion are included in
section IV. All simulations in this paper have been carried out TABLE |

using the finite integration technique (FIT) included in CST UNFOLDED PLANAR SHEE [mm]

Microwave Studié“ [29]. x x2 x83 x4 x5yl y2 y3 4

40 60 50 90 50 70 35 35 70

Il.  ANTENNA DESIGN AND ANALYSIS

A Antenna design and integration wattrone's electronics A guideline on the design process is illustrated in Fig. 3. This
One of the simplest forms of disposable drone can includes graphs showing the corresponding reflection
developed using origami techniques where a piece of paper coefficient(S.1). The final dimensions are shown in Table II.
illustrated in Fig. 1(a) can be folded to produce the drone in FThe -10dB & bandwidths are from 1.9GHz to 2.7 GHz and
1(b). The dash lines in Fig. 1(a) indicate where the drone from about 5.1GHz to 5.9GHz. There is a linear relationship
folded and the corresponding dimensions are given in Tabl¢between the operating waveléngand the main parameters
The paper is an A4 paper sheét210 mm x 290 mm. The w andL2. This can be expressed by the equations:
dielectric constant and thickness of the paper were
according the manufacturer datasheetat 3 and 0.18mm A1 =18w +0.0724 1)
respectively. This type of paper airplane is able to provic A2 =4.7L2 +0.0048 2)
stable gliding flight even when loaded with additional avioni
control systems [25]. These control systems can consist whiereA1and A2 are the lower and higher wavelength band
small elevon tabs to steer the wings. Additional components figspectively. The unit in these equations is meters. The
the propelling such as actuators could also be adé@dAs R-squared are 96% and 99% at the lower and higher
described in 27], [31], a large part of the electronics, wavelength band respectively.
subsystems and components for UAMspositioned on the Fig.4 shows the:swhen the radiating element is placed at 3
body and wings of the paper airplane. In Fig. 1(b), the top of thiéferent positions (Fig.2): centered, at the back and at the front
wings are made conductive to simulate this condition. of the metallic ground plane. In all conditions, the antenna
A vertically polarized monopole is ideal for this applicatiorcovers the intended frequency bands withl&ss than -10dB.
as illustrated in Fig. 2. In this figure, the wings have been madée depth of § and the bandwidth varies slightly for the three
transparent to show the antenna. The anteanheconnead locations. The variations are due to the different coupling and
to the other RF components in the winisough a 50Q impedances created between the radiating element and the area
transmission line or a dedicated matching network. The targ#tthe ground plane in close proximityito
frequencies are 2.4 GHz, 5.2 GHz and 5.8 GHz wireless bangs . . :
[17], [28], which means a multiband antenna is desirable. TL'% Simplified (-jesgn and eﬁgct O_f smaller ground
aimed frequency bands are 2.4 GHz to 2.5 GHz and 5.15 GHZN order to simplify the fabrlcatlon process and to analyze the
to 5.9 GHz. The first antenna design capable of achieving th&gse Where the electronics components occupy a smaller area
specifications (Fig. 2) is based on a modified semicircle with@) the wing of the plane, the size of the metallic ground plane
rectangular shape and a resonant element added at the top.WWagdecreased as shown in Fig. 5. The antenna is the same as in
semicircle (L) provides matching for the large bandwidthFig. 2 but the the radiating element has been optimized for the
necessary at the higher band, and the additional T-shagmsaller ground (20mm x 50mmYhe new dimensions are
element with the matching gap &re used to provide the lower given in Table Ill. L1, L, and L are the parameters optimized.
band while not significantly increasing the size of the antenna.
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Metallic ground plane

Fig. 2. Antenna dimensions and potential positionaroorigami drone witta Gmundp,a,,e/ ‘/; ]
large metallic ground plane covering the top ofuii@gs. «— Antenna e
TABLE Il e L
DIMENSION OF THE INITIAL ANTENNA WITH LARGE GROUND PLANE[mMm] (b)
L L. Ls La g w
95 95 > > 1 24 Fig. 5. Antenna optimized for a small ground planddp)view (b) back view.
TABLE 11l
DIMENSION OF THEANTENNA OPTIMIZED FOR SMALL GROUND PLANE[mm]
() L> Ls Ls g w a b
8.5 12 2 35 1 24 20 60

S11,dB

plane. By contrast, the surface current distribution concentrates
around the feed of the radiating element and the bottom of the
115 2 25 3 35 4 45 5 55 6 65 7 resonant element at 5.2 GHz and 5.8 GHz, as shown in Fig. 7(b)

Fieeney i and Fig. 7(c) respectively.
Fig. 3. Design procesd the antenna with corresponding S

- T A -'._‘ .I.-'l- /‘
25 g - - rectangular shape and the top resonant element) and the ground
30 4

40

C. Effect of Wing deformation on antenna performance

The wings of a drone are typically exposed to tensions and
deformations during flight operation. This can be significant in
the case of paper drones. In addition, paper drones are expected
to be folded by hand and therefore the wings may not be at
exactly 90 from the base after the plane has been folded. For

S11,dB
8

—— Back {-68 mm) [

0 Conter (0 mm) this reason, a study of the effect of changes in the gn@ia.

=== Front (+68 mm)

on $ and the radiation patterive been carried out.
5(b)) %1 and the radiati mave b ied
Fig. 8 presents the;®f the antenna for values gfof 60, 90
and 120. ¢ varies the angle of the metallic ground plane to the
radiating element of the antenfderefore, the matching of the
In most vehicles as well as large drones, the size of tgatenna changes fordiffe.rent angles qfthe folding_of theswing

ground plane is very large compared with the operatin-E;he frequency of operation and the input matching decrease
wavelength In our case, the size of the ground plase when¢ is decreased. The -10dB bandwidth narrows at lower
relatively small and its dimensions can change the impedarf@@d but becomes wider at higher band. Further analysis
match of the antenna. Fig. 6 shows thedbthe antenna with indicates that the antenna is able to cover the 2.4 GHG1522
dimensions in Table IIl for different sizes of the ground plan@nd 5-8GHz bands (g < -10dB) for angles of betweeri77
(Fig.5 (a)). The antenna optimized for the small ground planed8d D3. Thexz plane was used to analyze the effect on the
able to cover the lower and higher frequency bands witles radiation pattern at 2.4 GHz and $3Hz as shown in Fig. 9.
than -10dB. However, as the size of the ground plane All radiation patterns are very similar for the folding angles
increased, the gat the higher frequency increases to a pointiudied-
where the intended band is not fully covered. For this reasam, Fabrication and Measurement
two antenna dimensions are provided here. One for the smakt,o 3p model with the antenna elements and the ground
(Table 11l) and another for the larg@able Il) ground plane. 51500 \vere converteihto a 2D model and positioned on a

The surface current dlstrlbutlons_of the antenna, with Sm?”anar substrate as shown in Fig. 10(a). The 2D model, with the
ground at three resonant frequencies (2.4 GHz,GtZz and  5ntenna and the ground plane, was exported to ViewMate from

5.8 GHz) are depicted in Fig. 7. At 2@Hz, the current flows ¢ jicrowave StudiB' with Gerber file (single layer). It was
around the overall antenna (the modified semicircle with a a1 converted to a PDF file.

1 1.‘5 é 2‘.5 é 3.‘5 =‘t 4.‘5 I5 5‘.5 é 6.‘5 %
Frequency, GHz
Fig. 4. Effect of antenna location on S
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S11,dB
S11,dB

large ground plane
25 4 ==== Medium ground plane (69 mm x 80 mm)
....... Small ground plane (20 mm x 50 mm)

30 , , , . - . - - . . . . -40 T T T T T T T T T T T d
1 15 2 25 3 35 4 45 5 55 6 65 7 1 15 2 25 3 35 4 45 5 55 6 65 7
Frequency, GHz Frequency, GHz
Fig. 6. 9; of the antenna with dimensions as in Table Il fofedént ground  Fig. 8. Effect of changes in angleon Q..

plane dimensions. Large ground plane corresponds todymane as in Fig.1.

[ Fe=ter

(@)

Fig. 9. Effect of changes in anglen thexz plane of the radiation pattern (a) at
2.4 GHz and (b) at 5.2 GHz.

Similarly to the simulation model, the antenna was vertically
positioned on the drone. In order to kegpat 90 during the
(b) measurement, two rectangular blocks made of Styrofears
‘ 1) were attached at the back sides of the wings.

Fig. 11 shows the reflection coefficient;{Sof the antenna
with a small ground plane. The measuredvi&s obtained
using an Anritsu 37397C vector network analyzer. The
measured S is about 11 dB, 17 dB and 15 dB at 2.4 GHz,
5.2 GHz and 5.8 GHz respectively with bandwidtksl 0dB)

©) of 400 MHz at the lower band and 2200 MHz at the higher
Fig. 7. Surface currents for the antenna desigrign: (a) 2.4 GHz, (b) 5.2 bands. The small .dlfference between the SImUIaj[ed and the
GHz and (c) 5.8 GHz. measured resultsis probably due to fabrication and

measurement related errors. These include the non-uniform
The antenna and ground plane were printed directly onto theposited silver conductive ink of the printed antenna and
AgIC_CPO01A4 photo paper with AgIC-ANO1 Silver Nano Inkground plane, the bending of the thick photo paper substrate,
[32]. The Silver Nano Ink on the special coated paper providaad the SMA connector. An analysis of the printed conductive
conductivity of about 0.2Q/sq [32]. An MFC-J5910DW layersis included in section Ill.
desktop inkjet printer from Brother Industries Ltd, USA was The measured radiation patterns at 2.4 GHz, 5.2 GHz and 5.8
used. Conductive ink cartridges provided by Aglc Inc. replacg8Hz are shown in Fig. 12. The patterns are dipole-like and
the normal colour ink cartridges in the printer. Conductivitynostly omnidirectional at the 2.4 GHz band. At th&Bz
emerges after a few seconds when the patterns were printed8nds, the patterns become more monopole-like with mostly
the paper sheet. The antenna is expected to be functionaPB¥idirectional behavior in they plane but with a downward
long as the printed conductive layers are not damaged and tH&fection in theyz plane. The measured gains at 2.4 GHz, 5.2
is continuity throughout the metallic patterns that make tféHz and 5.8 GHz are 1.7 dB, 2.2 dB and 2.5 dB respectively.
resonant elementMechanical and thermal stability of the 1€ measured gains are betweendB2(2.4 GHz) to 0.6dB
printed layers were provided by the manufacturer of the ink. (§-8 GH2) higher than the simulations due to the effect of
terms of thermal stability, heat resistance is allowed up to $8nnectors and cables. The downward direction at the higher

minutes at 100 ° C. The mechanical stability achieved in Croégquency band may be useful in the cases where the controller

) L I the drone is positioned below the antenna. However, this
cut tests (ISO 2409) is between 0 to 1 (0 is highest and 5c'tfj:'uld reduce the range of the control or potential data

IOWGSD'. A photograph of the fabricated paper plane drone {5, \qission when flying at positions where the controller is at
shown in Fig. 10. A 50 ohm SMA connector was attached to the, s me height or higher than the drone. As indicated earlier,
cener of the ground plane using silver epoxy conductive glueys first antenna configuration is ideal for situations whestmo
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©

Fig. 10. Photograph of (a) printed planar photo paper sfigethe origami
paper drone and (c) front view of the drone

S11,dB

— — — - Meas Co-pol

- Meas Cro-pol
Sim Co-pol
— .~ SimCro-pol

— Simulation result
....... Measurement result

20 Fig. 12. Radiation patterns of the antenna on small grouaidep(a) akz plane

1 15 2 25 3 35 4 45 5 55 8 65 7 (b) atyz plane and (c) aty plane.
Frequency, GHz
Fig. 11. Reflection coefficient (§ of the optimized antenna with a small The dimensions of the ground plane were crucial for the
d plane. S - i . .
ground plane optimization for the radiation pattern. The final dimensions of
of the electronic components are located on the wing sectiontpé antenna are given in Table IV.

the drone which limits the possibility for improving the The surface current distribution at 2.4 GHz, 5.2 GHz and 5.8

radiation patterns at the higher frequency band. GHz are shown in Fig. 14. At 2.4 GHz, the surface current is
strong and evenly distributed through the feed line, the

1. SECONDANTENNA SOLUTION AND ANALYSIS OF THE semicircle and the top resonant element while it is small in the
PRINTED CONDUCTIVE LAYERS middle sections of the ground plane. At 5.2 GHz, the currents

A Antenna design are spread more uniformly in the ground plane and towards the

This section proposes a vertically polarized antenna whefd9es Of the radiator. At 5.8 GHz, the currents tend to
the antenna connection is at the base of the paper drone. TAcentrate more towards the center of the antenna and the gap
antenna is also used to assess the metallic ink layers depos%wveen the radiator and the ground plane.
in the fabrication process. Fig. 13 shows the antenna design @81dFabrication and Measurements
its pI_acemgnt yvithin the d_rone. Th_e antenna is small en_ough 19 he antenna was realized using the same fabrication
be hidden inside the vertical section of the plane and 'S°|atﬁﬂ)cedure described in section Il B. A study of the printed
from the external environment that could damage the inkiglyers and, in particular, in the gaps of the transmission line
printed metallic tracks 30]. The radiator consists of a should provide a further insight of the fabrication process and
semicircle with an additional rectangular resonant elemef$ potential limitations. Fig. 15 shows a photograph of the
separated by a gap and connected by a small rectangular tragiductive layers in a sample taken of the CPW transmission
The radiating component is fed by a coplanar waveguidi@e of the antenna. As can be seen, there are many traces of
transmission line. The dielectric constant, tangent loss asilver ink in the channel and the edges of the tracks are
thickness of the substrate are the same as the earlier design.itheuniform. A surface profile measured using the Veeco
desired resonant frequency and bandwidth were obtained Bgktak Stylus Profileis shown in Fig. 16. The green area is the
adjusting the size and the length of the radiation elements da@ of the silver surface, the red area is the bottom of the

the gap between feed line and the ground p|ane surfaces. Chaﬂpel. The meaSUred- helght difference is 825.69 nm. The
additional texture to the right is likely to be caused by variation

in the substrate surface and the stray silver particles.
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z

PR | v
soon 1 ¥
Fig. 13. Configuration of the realized optimizegpaplane drone
TABLE IV

OPTIMIZES ANTENNA DIMENSION [mm]
L]_ Lz W]_ Wz W3 W4 O1 g2 r

2.5 13 30 14 5.2 14 1 0.2 11

@) (b)

Fig. 14. Surface currents for the antenna desifiginl3. (a) 2.4 GHz, (b) 5.2 . . )
GHz and (c) 5.8 GHz. Fig. 17. Photograph of (a) printed planar photo steewl (b) the folded origami
) ) paper plane drone and inside view.
Fig. 17 shows photographs of the printed antenna on the

planar substrate and the folded origami drone. The folding |ine>gpected to perform well in equivalent tests for this disposable
rone application. The only concerning issue is likely to be

are included. The antenna position on the paper substrate viuo def ion in the f desi hich
calculated considering the sections where the drone needed'tdY e;rmgﬂon_ |n”téa Irst antenna design, which was
be folded. The same origami airplane and folding method as fyﬁcusse In Section Il. C.

; ; : simulated and measureg; &re shown in Fig. 18. The
the previous design were used. The antenna was deSIgnedrrnge((?’:\sured resonant frequencies shifted slightly to the right. The

?Ea:r:te:ﬂt;?lztt\ﬁi?/g tT;yzlg I|2es§c;ch;§ g\l\//lo'&dlzgnpncgstnot :alvgzcﬁeasured first mo_de resonates at about 2.61 GHz with -10 dB

: impedance bandwidth of from 2.3 GHz to 2.9 GHz. The second
attached to the bottom of the body of the ‘?“’”e: Styrofo sonance can be found at approximately 5.57 GHz with -10 dB
blocks(e, ~ 1) were placed on the left and right sides of the ;qwidth of from 5.0 GHz to 6.5 GHz. The measurads
drone to hold the drone in shape during the measurements. e antenna covers the desired frequency of 2.4 GHz, 5.2 GHz
A basic thermal stability test on the antenna was carried out ffq 58 GHz bands for the drone communication. The
the maximum and minimum temperature intended fafiscrepancy between simulation and measureisgrbbably
operation. The structure was exposed to temperatur@? - due to the fabrication issues discussed earlier as well as
and 50C for 12 hours in separate experiments. In both casgsossible measurement errors. Table V gives the comparison of
the effect on § was insignificant and the 2.4 GHz and 5 GHzesonant frequency, gain, bandwidth, and size between the
bands were fully covered. Another potential mechanicalroposed antenna and the other previous antenna. The proposed
stability test in aerospace is through vibration te33k [As the antenna provides relatively wider bandwidth while keeging
antenna is fully attached to the origami drone structure, it is small size at the corresponding frequency bands.
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Paper plane
drone
RANNE

SMA connector

§11,dB

Coaxial cable

= Simulation resuit i -

------- Measurement resuit

1 15 2 25 3 35 4 45 5 55 6 65 7
Frequency, GHz

Fig. 18. Reflection coefficient (§ of the antenna for the optimized origami
paper plane drone.

TABLE V

chamber.
COMPARISON BETWEEN THE PROPOSED ANTENNA AND OTHER PREVIOUS o i o
ANTENNAS T % ) )
Ref. Freqg. Gain Bandwidth Size
(GHz) (dB) (GH2z) (mnm?)
[34] 2.45 1.3 0.1 50 x 50x 1.75
5.5 4.8 1
[35] 2.4 1.3 0.5 50x75x0.8
5.2 5.15 0.2
[36] 2.45 2.75 0.08 37.45x13x1.6
5.8 5.54 0.67
This 2.4 19 0.6 35.4x 30.8 x
work 5.2 2.6 15 0.18
5.8 3.1

— > il >
180 R 180 180

Fig. 19 shows the radiation pattern measurement set up. F.y.
20 shows a comparison between simulated and measured
radiation patterns at 2.4 GHz, 5.2 GHz and %81z
respectively. The patterns in tkeplane are similar to the ones
in yz plane with nulls along the z-axis. The patterns inxthe
plane are mostly omnidirectional. The measured gains are .| .
dB at 2.4 GHz, 2.6 dB at 5.2 GHz and 3.1 dB at 5.8 GHe. T
measured gains are between 0.1dB and 0.2dB higher than
simulations due to the effect of connectors and coaxial cabli
These differences can be clearly observed in the graphs.

3

5

25

W 5.8GHz

— — — - Meas Co-pol

IV. CONCLUSION AND DISCUSSION e Meas Cro-pal

Sim Co-pol
— . — .~ Sim Cro-pol

Antennas suitable for integration with low cost inkjefrig 20 Radiation patterns (a) st plane (b) ayz plane (c) aky plane.
printing electronics on disposable paper drones have been
demonstrated. The best antenna solution for droneThe fabricated antennas have acceptable performance for
communication tends to be when the antenna is verticalfficient communication between the plane and a remote
polarized and omnidirectional. Different antenna positions aggntroller.
possible when considering paper drones. One possible scenarigs a low-cost fabrication procedure, inkjet printing with off
is when the electronics are located on the wings. In this caseia@ shelf printers, with cartridges containing silver ink, may
antenna can be located facing downwards and using the wingsduce tracks with discontinuity at the edges and also
as a ground plane. A second case is when the electronics argrifvanted deposition of inks across any channel. However,
the lower section of the plane, in which case a CPW fed antenRase fabrication errors do not seem to significantly affect the
can be hidden inside the plane. A CPW fed antenna can alsoqegformance of the antennas at the frequency of operation of
consideed a more general solution as it can be rotated @gmmercial drones.
required by the other electrical components of the drone. In the future, disposable origami drones may include other
A commercial desktop inkjet printer replaced with silveilectronic components which are also inkjet printed along the
nanoparticle conductive ink cartridges can be used for tBgtenna. This will create a fully integrated disposable drone
antenna fabrication. It has been proven to be an inexpensive gBflition. There is enough evidence from ongoing work by
fast method with sufficient printed quality for this application.various research groups [25] - [27], ard][- [31] to support
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this vision. This paper has now contributed to this new field8] G. D. Goh, S. Agarwala, G. L. Goh, V. Dikshit, S.8ing, and W. Y.
from the antenna perspective.
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