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ABSTRACT: In this paper, a broadband bowtie-based log-periodic array antenna is proposed and investigated for 5G millimeter wave (mm-
wave) applications. Using a Glass Integrated Passive Device (GIPD) process the proposed antenna is implemented on a high dielectric
constant glass substrate. To address the directional radiation issues associated with the traditional straight connection, the proposed
antenna uses a crisscross connection effect with carefully spaced three dipole elements. Furthermore, the use of bowtie-based dipole
offers a wide bandwidth advantage. The study also examines the effects of changes in key parameters on critical antenna features. The
feeding structure uses a combination of coplanar waveguide (CPW) and microstrip line to strip line. For demonstration, a prototype
antenna is optimized, fabricated, and measured. The measurement results show that the 10 dB impedance bandwidth of the proposed

antenna is from 21.5 to 36.1 GHz, and the gain is higher than 5.63 dBi.

1. INTRODUCTION

ue to its natural characteristics, such as wide bandwidth,

high data rates, and strong directional characteristics,
millimeter-wave (mm-wave) technology has significantly
contributed to the advancement of fifth-generation (5G)
mobile communication technology [1,2]. The 3GPP Release
15 standard has defined the n257, n258, and n261 5G-NR
FR2 bands for 5G mm-wave communication applications [3].
These frequency bands offer advantages such as high-speed
data transfer, low-latency communication, and coverage in
densely populated urban areas. They are suitable for various
applications, including data centers, cloud computing, the
Internet of Things (IoT), the Internet of Vehicles, remote
healthcare, and industrial automation [4—7].

The dielectric properties have a significant impact on the per-
formance of millimeter-wave antennas. With its stable dielec-
tric constant and low loss, glass serves as an ideal substrate due
to its advantages in integration, accuracy, stability, and surface
finish [8]. It is well suited for the use in portable and mobile de-
vices and can withstand harsh weather conditions during oper-
ation. When being seamlessly integrated into structures such as
windows and displays, the glass antennas enhance millimeter-
wave signal transmission without altering the appearance, thus
overcoming the challenges of signal loss and obstruction. In
addition, glass is a cost-effective and widely used material that
shows promise for achieving efficient and cost-effective mm-
wave communication in 5G networks.

Recently, several 28 GHz antennas utilizing a glass substrate
have been demonstrated to enhance reliability and decrease fab-
rication complexity and cost [9-15]. In [9], a 28 GHz Yagi-
Uda antenna is designed, achieving a measured gain exceed-
ing 3.44 dBi with a relative bandwidth of over 28.2%. In [10],
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a broadband 28 GHz on-glass end-fire array for 5G handsets
is proposed, demonstrating a simulated relative bandwidth of
11.3% and a gain ranging from 7.08 to 8.36 dBi across the op-
erating band. In [11], a planar quasi Yagi-Uda antenna utiliz-
ing liquid crystal (LC) technology is presented. The antenna
is constructed on the inner surfaces of two parallel glass sub-
strates with a thin LC layer filled in the feed section, demon-
strating a measured bandwidth of 31%, a front-to-back ratio
exceeding 15dB, and a gain of 9.0 dBi at 28 GHz. Using the
resin fan-out package process, a slot-coupled antenna is de-
signed on a glass wafer for 5G IoT communication. The sim-
ulated bandwidth ranges from 27.8 to 28.7 GHz with a gain of
5.91dB at28 GHz[12]. In[13], a printed 5G monopole antenna
with a periodic patch director on the laminated window glass is
proposed for autonomous vehicle applications. The monopole
antenna features a wide impedance bandwidth that covers the
n257 band with a maximum gain of 1 dBi at 28.75 GHz. In [14],
a square loop right hand circularly polarized (RHCP) antenna is
designed by adopting a multi-layer glass wafer. The antenna is
fed by two T-shaped patches through adjacent coupling, result-
ing in a fabricated 4 x 4 antenna array with a wide impedance
bandwidth of 23-28 GHz and an RHCP gain of 5 dBi. In [15],
a 1 x 4 series-coupled patch array antenna is implemented
on a low-loss glass substrate using a single through glass via
(TGV) for 28 GHz mm-wave wireless communication applica-
tions. The proposed antenna displays a considerable impedance
bandwidth from 27.8 GHz to 28.9 GHz, featuring a realized
peak gain of 10 dBi. Unfortunately, these existing glass anten-
nas exhibit insufficient performance to wholly support n257,
n258, and n261 band applications.

To solve this problem, based on the GIPD process, this work
proposes a 28 GHz broadband bowtie-based log-periodic array
antenna for SG mm-wave applications. To overcome the chal-

Published by THE ELECTROMAGNETIC ACADEMY


https://doi.org/10.2528/PIERL23121402

rPlER Letters

Lietal.

«— PI
(@ —— M1
Glass substrate TGV
«— M2
“— Pl
oy Lz Ls
(b) /
-
¥ Impedarnce
Transitionf matching
structure structure
-
(x\: W, \ AN
by 2l \ 4
tac I
1 ot W R;
W. | /‘ e R> P
i S A
PR

CPW ; Microstrip
-~ Line

e — — — —

|
Feed line section

M1

M2

r
Bow-lie based log-periodic antenna

Glass substrate

FIGURE 1. (a) Stack-up of the antenna substrate. (b) Top view of the proposed antenna.

lenges associated with conventional straight connections and
their effects on radiation direction, the proposed antenna strate-
gically arranges three dipole elements. This arrangement cre-
ates a cross-connection effect. In addition, to achieve wide
bandwidth, the bowtie-based dipole is adopted and optimized
for wide bandwidth performance. In addition, the CPW to mi-
crostrip line structure and microstrip line to strip line structure
are introduced to feed the antenna. The overall size of the pro-
posed antenna is 1.12 x 0.65\? (where A is the free-space wave-
length at 28 GHz). Measurement results show that the antenna
has excellent performance, which will meet the requirements of
5G mm-wave applications.

This paper is organized as follows. Section 2 shows the ge-
ometry of the proposed antenna. In Section 3, the operating
principle and parametric analysis of the antenna are discussed.
Section 4 presents simulation and measurement results of the
proposed antenna. Finally, a conclusion is given in Section 5.

2. GEOMETRY OF THE PROPOSED ANTENNA

Figure 1(a) presents a simplified cross-section view of the pro-
posed antenna layers. The main substrate utilized in this design
is the alkali-free AF32 glass produced by SCHOOT technology,
which offers tight geometric tolerances and a low Coefficient of
Thermal Expansion (CTE) of 3.2. According to [16], the sub-
strate possesses a relative dielectric constant and loss tangent
of 5.1 and 0.0069 at 24 GHz, respectively. A trade-off is ob-
served between performances in terms of radiation efficiency
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and bandwidth, determined by a thickness of h; = 300 um,
corresponding to 0.028\g (where )\ is the wavelength in free
space at 28 GHz). The radiation element and its feeding net-
work are formed by two conductive layers, M1 and M2, uti-
lizing electroplated copper of 5 um thickness on the substrate
surfaces. Through glass via (TGV) technique is employed, uti-
lizing a via/land size of 50/110 um. To prevent oxidation of
the metal, both the M1 and M2 layers are coated with a poly-
imide (PI) layer with a dielectric constant of 3.2, a loss tangent
0f 0.001, and a 10 um thickness.

Figure 1(b) shows the top view of the proposed log-periodic
antenna based on a bowtie design. The antenna comprises two
sections: 1) middle bowtie-based log-periodic antenna and 2)
feed line structure. The middle bowtie-based log-periodic an-
tenna in this design includes three circular bowtie elements with
an equal flare angle v and parallel-coupled lines with a width
Wp. The dipoles are symmetrically printed on the M1 and M2
layers. As shown in Fig. 1 (b), each arm of the dipoles on one
side is connected to the parallel-coupled lines with a spacing of
Ly and L3, and Lo/ L3 is set to u. The radii of the three elements
are Ry, Ro, and R3, and R1/Ry = Rs/R3 = v. For wide-
band impedance matching, a transition structure from parallel-
coupled lines to microstrip lines is designed. The width of the
ground plane is symmetrically tapered by quarter circles of ra-
dius R between the parallel-coupled lines and the microstrip
line to achieve the transition. Furthermore, the microstrip line
ground functions as a reflector. A transition structure from a
microstrip line to CPW line is introduced in the feed line section
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FIGURE 2. Basic connection types. (a) Straight connection. (b) Crisscross connection.

to facilitate testing or packaging of the antenna with Ground-
Signal-Ground (GSG) probes.

3. OPERATING PRINCIPLE AND PARAMETRIC ANAL-
YSIS OF THE ANTENNA

Typically, there are two basic connection types for feeding the
elements of a log-periodic dipole array, as shown in Fig. 2 [17].
Fig. 2(a) illustrates the straight feed with close spacing and
phase alignment, which potentially reduces the difficulty of the
antenna design and fabrication. However, this configuration
can introduce detrimental interference effects due to phase pro-
gression, which can distort the radiation pattern. To address
this issue, as shown in Fig. 2(b), a 180-degree phase inversion
at the end of each element is employed, which is achieved by
mechanically alternating the feed between adjacent elements.
This strategy effectively reduces energy emission from short,
adjacent elements, thereby improving the radiation pattern clar-
ity and efficiency. However, it introduces design complexities
that require complicated feedline transpositions, potentially in-
creasing cost and maintenance. In addition, the specificity of
phase relationships and element spacing can limit flexibility in
array configuration.

In this work, a novel antenna design with a distinct current
distribution is realized using a straight connection configura-
tion. In order to mitigate the potential performance degradation
caused by same-phase currents within the elements, an opti-
mized element spacing strategy is introduced that deviates from
the traditional design rules of log-periodic dipole array anten-
nas. As shown in Fig. 3, by carefully adjusting the element
spacing to half the wavelength at different operating frequen-
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cies, the adjacent elements exhibit phase opposition. This phase
reversal between adjacent elements results in a phase progres-
sion that enables end-fire beamforming. Similar to the criss-
cross connection approach, this innovative approach improves
radiation performance while maintaining the versatility of the
array configuration.

To guide optimal antenna design, an analysis of how varia-
tions in major parameters affect important antenna characteris-
tics is conducted. Figs. 4(a) and (b) display the simulated re-
sults of |S71| and front-to-back ratio of the proposed antenna
with different o values. The chosen value of @ = 60° for the
proposed antenna demonstrates superior performance in terms
of return loss and front-to-back ratio. Figs. 5(a) and (b) demon-
strate that the distance L; between the ground plane and the
bowtie dipole impacts the antenna’s return loss and front-to-
backratio. L; = 3.0 mm is chosen for its superior front-to-back
ratio performance. As per the effects of L; and o parameters,
the antenna exhibits improved front-to-back ratio performance
when u = 1.2, observable in Figs. 6(a) and (b). Based on the
results shown in Fig. 7, it is evident that the return loss is signif-
icantly impacted by the value of v. In order to ensure adequate
impedance bandwidth and electrical dimensions, a v value of
1.5 is selected for this design.

Based on the above antenna structure and parameter analysis
results, a broadband bowtie-based log-periodic array antenna
is designed and optimized by the High Frequency Simulation
Software (HFSS). To improve the simulation accuracy, the dis-
crete sweep type settings with a maximum number of passes of
15 and a maximum delta s of 0.02 were applied. Table 1 lists
the final optimal parametric values for the proposed antenna.
Fig. 8(a) shows the simulated results of the proposed antenna,
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FIGURE 3. Electric field distribution of the proposed antenna at 28 GHz.
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FIGURE 5. Simulated results versus the L1. (a) |S11]. (b) front-to-back

ratio.

TABLE 1. Optimized dimensions of the proposed antenna.

Parameter  Value (mm) Parameter Value (mm)
We 0.06 mm Ry 1.58 mm
W 0.52mm R3 1.05mm
Wp 0.78 mm L, 3mm

d 0.025 mm Lo 2.6 mm
R 1.4 mm Ls 2.2mm
RI 2.4 mm 60 deg
U 1.2 v 1.5

which shows that the return loss is less than 10 dB from 22.1 to
40 GHz. In addition, the antenna gain in the boresight direction
is greater than 5 dBi from 24.1 to 34.8 GHz.

The microstrip line is used to feed the proposed antenna.
However, it is not conducive to testing or integration with the
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system, and a CPW line is also needed. At the same time, a tran-
sition structure is used to realize broadband impedance match-
ing between the microstrip line and CPW line. In this struc-
ture, the TGV is used to connect the ground plane between the
M1 and M2 layers. Fig. 8(b) shows the simulated results of
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FIGURE 9. Photograph of the proposed antenna.

FIGURE 10. Measurement and simulation |S11| and Gain results of the
proposed antenna.
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FIGURE 11. Measurement and simulation radiation patterns of the proposed antenna at 28 GHz. (a) F-plane. (b) H-plane.

TABLE 2. The performance comparison of the proposed 28 GHz glass antenna with the state-of-the-art results.

F FB i i Thickn
Ref Antenna Type requency AW Galfl Size ickness
(GHz) (%) (dBi) (o) (o)
[9] Ygai-Uda 21.9-29.8 28.2 4.6 0.34 x 0.40 0.28
[11] Ygai-Uda n.a. 31 9 n.a. 0.065
M le ant ith
[13] onopole amtenna wi 24307 >23.9 1 n.a. 0.42
periodic patch director
[14] Square loop antenna 23-28" > 17.8 5 n.a 0.084
1 x 4 series- ted
[15] * & series-eonnecte 27.8-28.9 3.9 10 na 0.033
patch array antenna
Bowtie-based log-
This work owtiebased fog 21.536.1 52.1 563 1.12x0.65 0.028
periodic array antenna
*Beyond this rang.

the proposed transition structure; the 10 dB return loss band-
width is from 20 to 38.5 GHz; and the insertion loss is less than
0.35 dB at 28 GHz. Since the operating bandwidth of the transi-
tion is smaller than that of the antenna, the achieved impedance
bandwidth of the proposed antenna would be affected by the
transition. However, the 28 GHz band (n257, n258, and n261
5G-NR FR2 bands) can still be covered.

4. MEASUREMENT RESULTS

To verify the performance, the proposed antenna is fabricated
by GIPD process. Fig. 9 shows a photograph of the sample,
and the total size of the proposed antenna is 12 x 7 mm?, about
1.12x0.65\% (where ) is the free-space wavelength at 28 GHz).
For accurate measurements, a probe-based antenna measure-
ment setup is used in an anechoic chamber. Specifically, a
250 um pitch air coplanar probe (ACP) is used to feed the an-
tenna sample. A Keysight N5247B vector network analyzer
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(VNA) is used to measure the gain, return loss performance,
and radiation pattern.

Figure 10 shows the simulated and measured |S11| and gains
of the proposed antenna. As shown, the 10 dB impedance band-
width is from 21.5 to 36.1 GHz. Notably, the measurement re-
sults agree well with the simulation. Using the gain compar-
ison method, the proposed antenna gain is measured showing
the gain higher than 4 dBi from 23 to 36 GHz, and its peak gain
is 5.63 dBi at 28 GHz.

Based on the probe-based antenna measurement setup in an
anechoic chamber, Fig. 11 shows FE-plane (XY -plane) and
H-plane (Y Z-plane) co-polarization (Co-Pol) and cross polar-
ization (Cross-Pol) radiation patterns at 28 GHz, respectively.
Blocked by some parts of the measurement assembly, the F-
plane cannot be measured within the whole angular range. The
measured 3-dB beam width of the proposed antenna is about
37° and 41° in E- and H-planes at 28 GHz, respectively. And
the cross polarization in both E- and H-planes is 20dB less
than the co-polarization.
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Table 2 shows a performance comparison between the pro-
posed antenna and the state-of-the-art results. The proposed
antenna offers a wider bandwidth than the previous works
in [9, 11, 13-15], covering the n257, n258, and n261 bands.
This feature ensures reliable communication across a wide
range of frequencies, making it highly suitable for 5G mm-
wave applications that require high data rates and low laten-
cies. Furthermore, the antenna maintains a stable gain, which
is essential for ensuring consistent signal quality during trans-
mission in mm-wave frequencies. Additionally, its low pro-
file enables easy integration into various devices and systems
to meet the varied communication requirements in mm-wave
frequencies, in comparison to the previous works in [11, 13—
15]. Therefore, the proposed antenna has a low profile, wide
bandwidth, and stable gain, making it an attractive candidate
for mass production of 5G mm-wave applications.

5. CONCLUSION

This paper presents a novel approach to meet the require-
ments of 5G mm-wave applications through the design and ex-
ploration of a broadband bowtie-based log-periodic array an-
tenna. The antenna, implemented on a high dielectric constant
glass substrate using the GIPD process, strategically arranges
bowtie-based dipole elements to overcome radiation direction
issues associated with conventional straight connections, pro-
viding a notable advantage in achieving a wide bandwidth.
The paper further analyzes the effects of key parameter varia-
tions on antenna characteristics and introduces a feeding struc-
ture combining CPW to microstrip line and microstrip line to
strip line. The optimized prototype antenna exhibits a 10 dB
impedance bandwidth from 21.5 to 36.1 GHz and a gain ex-
ceeding 5.63 dBi, showcasing its potential suitability for 5G
mm-wave applications.
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