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Design of a High-Gain Patch Antenna Integrated with a 3D Printed Inverted
Pyramidal GRIN Lens for mmWave Communications
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Abstract

This paper presents the design and fabrication of an inverted pyramidal graded index (GRIN) lens made from polylactic acid (PLA)
material using three-dimensional (3D) printing technology that was integrated with an mmWave-band planar patch antenna. To design
a lens structure suitable for the characteristics of the 3D printing process, the lens was divided into 3D cubic voxels. Each voxel utilized
the volume ratio of PLA to air to achieve the required effective permittivity, and the lens was designed using refractive index changes
according to the effective permittivity. The designed lens had an inverted pyramidal structure and consisted of five vertical layers. The
low-cost inverted pyramidal GRIN lens increased the gain of the planar patch antenna operating in the 24 ~25 GHz band by 3.8 dBi.
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Fig. 1. Multi-layer patch antenna structure.
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Table 1. Antenna design parameters in mm.
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Fig. 2. Antenna and lens: structure and geometry.
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Table 2. Characteristic of voxels of the lens.

Effective .

Cell Permittivity Density Inner width
( erw) (p) (Winer)

w 1.990 0.58 2.260
wy 1.972 0.57 2295
w, 1.889 0.52 2425
Wy 1.750 0.44 2.619
w, 1.556 032 2.886

% Hkeg & er 60% A% Vo
Hnul)o] FAEHA = Feirt Aok AA AHS-
] s

A
)\;(H 0:],\] PLAZ _g'_

=9 FAE Blaste] AL
B £, 0|2 Q18 Ante] 31d SHAA JIFS F A
2 ot
M. eHEILt 5%
B Ao Ak 57} S8 FAE Ayein sy
GRIN #=E %] <telte} éﬁlo}oq ‘?}"_’o“a'(anechoic

chamber)ell X WAL Al(]5,, ), SFEIY ©] S(gain), 12
. WA} o El(radiation pattern)S SA3IH T SAE —10
dB &2 &2 11 49 7ho] 244~255 GHzol ™, <F

S parameter

5 ——meausrement |
- ——simulation
)
2 10
=~
20 T
-20 [ { { .
23 24 25 26

Frequency (GHz)

8 4. Q] FRAF Al SA(Su)
Fig. 4. Measured reflection coefficients (|Si]).

291



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 35, no. 4, April. 2024.

By o] 52 F2F g ZoA 7.18~8.6 dBiZE SHE U
o} & Aol Al At ﬂa}ﬂlﬁfﬂ GRIN @27} %
252 B%S wf o] FHY o] 52 T G FelA 33
~48 dBiSE =4 F T @ME}E]E% GRIN A=E
FalAM 71ES ey o] 5E <F 341 dBi MAHATS
solgt &= on;}

|

o] 25 GHzol A SA4H WAL 8

14 5914 Eoﬁl ATt Al sk | ¥letu] = GRIN
A= 43 ojRo] webA Agkak ) el 3-B
B Z2 6600 A 45°2 FOlEE AL FBY 4 9om,
o= B AT Algkeks diehv=g GRIN W27}

A7) A&

AFANE 482 g AL HolF

s (Co-pol measurement = (ross-pol measurement

sames Co-pol simulation  ===== Cross-pol simulation

Normalized magnitude (dB)

40 20 0
(@) =7t gle A

(a) Patch antenna without lens

= (C0-pol measurement === ('ross-pol measurement

----- Co-pol simulation ~ ==#=== Cross-pol simulation

Normalized magnitude (dB)

90°

-40 20 0

(b) =7} A= A5

(b) Patch antenna with lens

ol w2 Qrelu A E

Fig. 5. Antenna radiation pattern depending on lens attach-
ment.

8 5. A= B3 #

292

o A= § ”Oﬂ webd At s)4 Aot =3 L_% )
2 Sl A FAREIE A2 Qe

o F4 2A7F EAFT. ol A EA i

FA 3 3D-ZHE 9| A2 Lap A )Rl

T ok A B A 29 H4(SLA)Y 3D-
SHE Azegd, AA Al g d S 238
_/,:

o

9

At

A

2
o
9
=
.O_
o
o,

» 12 oﬁ
(o
ftl

iin)
o, Jg
L
o "
R
o [ mg 2 PN E

Ié
S/

A& At JAETh B3 PLA AA4)7F 7FAE mmWave
o] 147]x4 E/Ho] é E 7]u]-o§ x%il—o}yﬂ 24
A &Y 4 Utk T3, AR Az
&
-

Z QlajA A # a7k 2A B

7 AgA, 42}
2~

g Ee o C&Eﬂb} = 1 489 + 98, 72 30 =

3 3ol B =l A Asl= 3D 4 71eE Al

% Luneburg A= QFEIUE F Lo B H mmWave T S
erelue} v ate] AN 23 28 [11]0014
= 73 Luneburg %ﬂig ot U E F43ke] 28 GHzel
A 19 dBi9] o]5& Bogom, FyEd [1294E ¢
23 A5 Azl &3 FElUE S8kl 26 GHzol A
157 dBi¢] o|5< FETh FIE3 [13]& ME-tho] &
T4 F2E &85l 33 GHzolA 20 dBig] SHHIU o] &
S Atk F RyE A= Qs Fy7t ujg- A

H 3. Alotshe= gtV 45 Bl
Table 3. Antenna performance comparison.

Freq. Antenna | Gain .
Ref. (GHCL) feeding | (dBi) Size in 4
[11] 28 Hom | 19.0 | 12.66x12.66x12.66
[12] 26 St | 157 | 7.65x7.65%1.74
[13] 33 | ME-Dipole | 200 |  495x4.95%4.95
This work | 25 | Patch | 86 | 2.63x2.63x1.46




Ho
:|0L_',
>
i
rlo
o,
Byt
o
N
)
D)
ot
o
i)

A
0,
il
-1 e
N
i
Al
r>~l
2
>,
ofo
¥
O,
2=
2
o
_O‘L
[

ol

g .

o
o) 2 orlr
Z

=

Buig
33
=
2
>
fd
=N
o
o [
12
(e}

_‘>:l‘
lo
-z
&
s
N
N
)
=

o X2

(US)
S
0,
2
i
i,
o
(e}
o
T
s
:
N
o,
a~]
—
>

g ¢
o

2

HiC
rlo

N.4d4 =2

= —

Az 71eZ A4d qygr e §
23t mmWave thelollA F2sle
1jr. 2] Qrevtell A ge F3A
o, 043% Fej o] <Y
&7 l:‘i% 2 Fzol7] Wil =

? =o]7]

Q ry
S e

lo
RN
N O

e N

ol

o it l')‘l
A
o,
e o
o
1:o r
X, ¥

g

lo

"

LN o N2 1o e
2
1
o
o
o
)
o
2
ol-_l
oX

:?l:,‘
M T oy o

ok o rlo o [ & 5
12 ot
o
o P [N

B ome w
[
2
o

do et &
ol
xR
ko
ofd
g
to
w2
o
ro,
_ir.=
B IN
e
e
-
>
lo

8 ol 22 o}oq GRIN &
52 E8 GRIN d2E 7129 3 i]
1 dBi S7HA1Z 2L, mmWave tﬂﬂoﬂ 1
1%l h54E Gdth 4ug 3D o
D Q13 &4l & ARSI, 1:1; H*d
A Az 7|t At AlQke Q

A7) Atole] A7 ko, 34H W
i}*ﬂﬂ] mmWave 541 7] 484
71w EYLCE QA wE A7
opmg E=o 71&4 . 7:];-]];541 @ZHQ

o
mlo
r_BL

Aok A=
Hu o] 5
3D 914
719 A

wLJ}E
L@

|

W

O:

wo rfr 2 o oL
2,
olr

e 1= W o .
N

o

i N »

=

RE

—Erﬂié-:

rir N
N
>

o)}
3

mlo
¥y [o

ro I

[o of

S
o 1
;z
2

=Ty
°

30,

b

ot
4>

References

[1] C. Yeh, G. D. Jo, Y. J. Ko, and H. K. Chung, "Perspec-
tives on 6G wireless communications,” ICT Express, vol.
9, no. 1, pp. 82-91, Feb. 2023.

[2] E. Park, S. Kim, "Design and analysis of a TEM mode
rectangular coaxial waveguide for mobile 5G millimeter

wave antenna module applications," Journal of Electro-

g 93eirl=d GRIN A= B8 LoS A e} A

magnetic Engineering and Science, vol. 20, no. 3, pp.
169-175, Jul. 2020.

[3] L. Zhang, H. Zhao, S. Hou, Z. Zhao, H. Xu, and X. Wu,
et al., "A survey on 5G millimeter wave communications
for UAV-assisted wireless networks," IEEE Access, vol.
7, pp. 117460-117504, Jul. 2019.

[4] S. W. Chi, C. H. Lee, and J. H. Lee, "Study on multi-
beam forming with improved accuracy of steering angle
and sidelobe control," The Journal of Korean Institute of
Electromagnetic Engineering and Science, vol. 29, no. 6,
pp. 449-456, Jun. 2018.

[5] T. Jeong, K. Oh, J. Y. Jung, and K. C. Hwang, "Design
of thinned phased array antenna with subarrays," The
Journal of Korean Institute of Electromagnetic Engineer-
ing and Science, vol. 33, no. 4, pp. 284-292, Apr. 2022.

[6] S. Kutty, D. Sen, "Beamforming for millimeter wave
communications: An inclusive survey," IEEE Communi-
cations Surveys & Tutorials, vol. 18, no. 2, pp. 949-973,
Dec. 2015.

[7] G. Kim, S. Kim, "Design and analysis of dual polarized
broadband microstrip patch antenna for 5G mmWave an-
tenna module on FR4 substrate," IEEE Access, vol. 9, pp.
64306-64316, May 2021.

[8] T. Li, Z. N. Chen, "Compact wideband wide-angle polar-
ization-free metasurface lens antenna array for multibeam
base stations," IEEE Tranmsactions on Antennas and
Propagation, vol. 68, no. 3, pp. 1378-1388, Oct. 2019.

[9] J. G. Hester, S. Kim, J. Bito, T. Le, J. Kimionis, and D.
Revier, et al., "Additively manufactured nanotechnology
and origami-enabled flexible microwave electronics,"
Proceedings of the IEEE, vol. 103, no. 4, pp. 583-606,
Apr. 2015.

[10] R. Chen, J. Zhou, W. X. Long, and W. Zhang, "Hybrid

circular array and Luneberg lens for long-distance OAM

IEEE  Transactions on

Communications, vol. 71, no. 1, pp. 485-497, Jan. 2023.

[11] Y. Guo, Y. Li, J. Wang, L. Ge, Z. Zhang, and M. Chen,

et al., "A 3D printed nearly isotropic Luneburg lens an-

wireless communications,"

293



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 35, no. 4, April. 2024.

tenna for millimeter-wave vehicular networks," IEEE
Transactions on Vehicular Technology, vol. 71, no. 2,
pp. 1145-1155, Feb. 2022.

[12] P. Liu, X. W. Zhu, Y. Zhang, J. Li, and Z. Jiang,
"3D-printed cylindrical Luneburg lens antenna for milli-
meterwave applications," International Journal of RF

and Microwave Computer-Aided Engineering, vol. 30,

2 A o [FFRIFNATFHANATY)
https://orcid.org/0009-0007-7039-9183
20044 22: Bk A7 39 (T 9}

/K})
= 2024 39~ &7 =P FARd T4
= AR T

st = A [Fab) g a/ErALA
https://orcid.org/0000-0003-4827-6877
20193 8Y: Ry etw Arlyeta} (28

/K]—)
20221 29: FAb et Ak (e
4Ah

2022 3L ~&A: ik AxlEEt
3} gAbg

[F za20] AW F

A, RF-

&

Photonics

294

no. 1, p. €21994, Jan. 2020.

[13] Y. Li, L. Ge, M. Chen, Z. Zhang, Z. Li, and J. Wang,
"Multibeam 3-D-printed Luneburg lens fed by magneto-
electric dipole antennas for millimeter-wave MIMO ap-

plications," IEEE Transactions on Antennas and Propa-
gation, vol. 67, no. 5, pp. 2923-2933, May 2019.

A A g/ R

https://orcid.org/0000-0003-1720-2410

20109 8€: AA U gt Mgk} (8}
/\]—)

2011 129: ZA kg A HA3 st
(F3HAAh

20149 129 Aoy 8 A zhg-5h3
(CREIA)

20153 1€ ~20189 2¥: Qualcomm Inc. USA

2018'd 38 ~AA: FAI St bk 2

[F ZMZ0H RFIE 9 A2", FAALE, o8




