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Part 2: Emerging materials and solutions.

History and Latest 
Progress in Antenna 
Packaging Technology

Seung Yoon Lee , Dongseop Lee , Yueping Zhang ,  
Wonbin Hong , and Nima Ghalichechian

In Part 2 of this review article, we discuss antenna-on-chip 
(AoC) solutions for highly integrated millimeter-wave (mm-
wave) devices in wireless communications. We also analyze 
multiple solutions to address the low antenna efficiency of Si 

substrates, one of the key limitations of AoCs. This is followed 
by entirely new antenna-in-package (AiP) configurations using 
glass core substrates for fifth generation (5G) or beyond 5G 
communications and the unique antenna-on-display (AoD) 
concept for mobile devices. Finally, we conclude with emerging 
materials and packaging techniques for future mm-wave appli-
cations. In Part 1 of this review article, we discussed multilayer 
organic and inorganic materials for antenna packaging and its 
applications. We also introduced AiP-based phased-array sys-
tems integrated with radio frequency (RF) transceiver dies.

INTRODUCTION
To enable millimeter-wave (mm-wave) wireless systems, anten-
na-in-package (AiP) and antenna-on-chip (AoC) technologies 
have emerged as a key evolution, allowing the integration of 
antennas with radio-frequency (RF) and digital circuitry in a 
compact form factor [1], [2], [3], [4], [5]. The AiP solutions for 
mm-wave communications were discussed in detail in part 1 
of this review article [1]. Recently, AoC solutions have gained 
popularity in Si technologies, such as CMOS or Si-germanium 
bipolar CMOS (SiGe BiCMOS), by integrating antennas with 
front-end circuitry on the same die, as illustrated in Figure 1(a).  
AoC eliminates the need for lossy flip-chip interconnects and 
wire bonds. Common AoC designs include dipole [6], [7], 
monopole [8], [9], inverted-F [10], Yagi–Uda [11], slot [12], [13], 
[14], [15], and patch antennas [16], [17]. Dipole and Yagi–Uda 
antennas are preferred for their differential characteristics, 
enabling direct connection to RF front-end differential circuits Digital Object Identifier 10.1109/MAP.2025.3570830
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without lossy baluns [18]. Semiconductor technologies such 
as CMOS [12], [19], SiGe BiCMOS [6], [11], SiC [20], [21], 
and III-V compounds like GaAs [22] and InP [23], [24] can be 
accessed through collaborations with foundry companies. In-
house microfabrication can also be employed for the implemen-
tation of AoCs.

In addition, antenna packaging that uses a glass-core inter-
poser is becoming attractive in the design and utilization of 
mm-wave 5G and terahertz (THz) 6G modules due to its abil-
ity to form fine pitch lines and spaces close to Si with low cost, 
as illustrated in Figure 1(c) and (d). Figure 1(c) shows an AiP 
using glass as the dielectric, while Figure 1(d) illustrates a 2.5D 
AiP structure with interposers. The 2.5D architecture uses glass 
or Si interposers to enhance lateral interconnect density, over-
coming the limitations of 2D packaging. Glass-core substrate 
technology offers a coefficient of thermal expansion (CTE) 
closely matched to the Si die, along with excellent electrical 
resistivity, low dielectric loss, and high thermal stability [25], 
[26]. Meanwhile, as mobile displays increase and human body 
parts affect the performance of antennas, placing antenna arrays 
in mobile phone bezels has become challenging. As future 5G 
smartphones that demand more antenna modules, AiP or AoC 
solutions may face spatial limitations. Alternatively, embedding 
optically invisible antennas into a display has become a valid 
option, referred to as antenna on display (AoD) [Figure 1(e)] 
[27], [28]. The advantage of AoD is that display-integrated anten-
nas experience less electromagnetic attenuation because they are 
less affected by the metal frames and chassis of mobile devices.

Advances in antenna systems, including organic and inor-
ganic AiP, Si-based phased arrays, AoC, and AoD, are closely 
linked to progress in heterogeneous and monolithic packaging 
technology. A good understanding of next-generation packaging 
methods is necessary, including novel materials, 2.5D packag-
ing, fan-out wafer-level packaging (FOWLP) [Figure 1(b)], 
interposers, and through-Si vias (TSVs) for the future integra-
tion of antennas.

Part 2 of this two-part article is organized as follows. The 
“Silicon-Based Antennas” section discusses the virtue of Si, AoC 
architectures, and methods for improving AoC efficiency. The 
“Glass-Based Antenna Solutions” section explores glass-core AiP 
and the AoD concept. The “Future Research Thrusts” section 
addresses future research directions, including FOWLP-based 
AiP, chiplet integration, interposers, and new materials. The 
“Mm-Wave 5G and Beyond: Key Takeaways” section provides a 
summary of the key points from parts 1 and 2, and the “Conclu-
sions” section concludes the article.

Si-BASED ANTENNAS
Si is abundant, making up 27.7% of Earth’s crust. Si can be eas-
ily purified to have extremely low impurity concentrations (<1010 
impurities/cm3). It can be doped with both n- and p-type impu-
rities, offering a high dynamic range (less than 1014–1021 cm−3). 
Additionally, Si can be easily grown or deposited in three mate-
rial forms: crystalline, polycrystalline, and amorphous, each 
with various applications [29]. These advantages have made Si 
widely used in semiconductor integrated circuit (IC) chips.

ON-CHIP ANTENNAS
AoCs extend Si substrates into the antenna region, providing 
advantages over other material-based approaches [18]. AoC 
eliminates the need for heterogeneous integration, allowing 
antenna arrays to integrate monolithically with RFICs without 
high-loss flip-chip interconnects or wire bonds in the mm-wave 
band. AoCs provide superior fabrication precision, enabling 
more accurate prediction of antenna characteristics in the 
mm-wave band using commercial CMOS, SiGe BiCMOS, and 
III-V semiconductor processes, or microfabrication techniques. 
Implementing the AoC simplifies the impedance matching 
problem because the IC components, including a low-noise 
amplifier and a power amplifier, don’t necessarily need to be 
matched to 50 X. Instead, the antenna and circuit can be co-
designed to conjugate match each other, avoiding the need for 
a complex matching network. Finally, AoCs can potentially be 
integrated with advanced materials that are not traditionally 
used in antenna structures but can provide multifunctionality. 
Examples include electrical [30], [31], [32], [33] and mechanical 
[34], [35] phase-change materials (PCMs), which are discussed 
in the “Future Research Thrusts” section.

Studies have been conducted to improve the gain and effi-
ciency of AoCs due to Si’s lossy characteristics and high permit-
tivity. One approach involves creating an air cavity in Si through 
postprocessing. Lee et al. [13] achieved a high-efficiency 1 × 8 
array using a deep reactive ion-etching process on a 60-GHz 
coplanar folded slot antenna array, as shown in Figure 2(a). 
The single-element efficiency was 93%, with the array showing 
67% total efficiency and an 11.3-dBi gain. The technique of 
forming an air cavity at the bottom has been applied in various 
antenna topologies, including patch [16], [36], dipole [6], and 
Yagi [11] antennas, to achieve high efficiency by leveraging air 

Antenna

Antenna

Antenna

RFIC

RFICRFIC

EMC
RFICSilicon

Carrier Board Carrier Board

Carrier Board Carrier Board

Carrier Board

AiPs
(b)(a)

(d)

(e)

(c)

Glass
Glass
Interposer

Transparent Electrodes
Flexible Printed
Circuit Board Glass

OLED Display Panel

FIGURE 1. Stack-up of a novel antenna packaging 
architecture. (a) AoC stack-up. (b) Fan-out wafer-level 
packaging AiP. (c) Glass-core AiP. (d) 2.5D AiP with glass 
interposer. (e) Stack-up of AoD technology. RFIC: RF 
integrated circuit; EMC: epoxy mold compound. 

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on September 08,2025 at 17:42:49 UTC from IEEE Xplore.  Restrictions apply. 



4 IEEE ANTENNAS & PROPAGATION MAGAZINE

as a dielectric. Reducing the cavity footprint or filling it with 
other dielectrics [16] is also of interest, as the air cavity com-
promises mechanical robustness. Additionally, studies have 
used superstrates [37], [38] or dielectric resonator antennas 
(DRAs) [19], [21], [39], [40] to enhance radiation efficiency. Li 
et al. [37] introduced a patch-array structure that achieved a 
high measured efficiency of 83% at 60 GHz by incorporating 
a fused silica superstrate through a microelectromechanical 
systems SU-8 suspension [Figure 2(b)]. Zihir et al. [38] imple-
mented phased arrays on an Si substrate packaged with a quartz 
superstrate, achieving radiation efficiencies of 50% at 60 GHz. 
However, superstrates or DRA technologies require additional 
heterogeneous integration in monolithically integrated phased-
array systems. 

As illustrated in Figure 2(c), researchers have introduced 
metasurfaces, specifically, on-chip electromagnetic bandgaps 
[14] and high impedance surfaces [41], which have demon-
strated a realized gain of −0.6 and −2.5 dBi, respectively. How-
ever, unlike replacing Si with air cavity or DRA techniques, the 
integration of metasurfaces into AoC is generally challenging to 
achieve efficiencies higher than 50% due to the inherent high 
permittivity and loss of doped Si. In recent years, research on 

AoCs in the THz band has increased, indicating continuous 
fabrication improvements and potentially promising applications 
in THz bands [42], [43], [44]. The use of bumping technology in 
fabricating AoCs is novel, which can be viewed as an important 
paradigm shift from planar to nonplanar AoC fabrication. More 
importantly, the microbump structure creates new operating 
mechanisms and retains the advantages of planar antennas for 
integrability, manufacturability, and cost, thereby making them 
particularly suitable for THz AoC solutions. For example, Deng 
et al. [43] developed a 300-GHz high-efficiency AoC using 
microbumps [Figure 2(d)]. Radiation efficiency, peak realized 
gain, and impedance bandwidth were improved dramatically 
from 15.9% to 41.1%, 1.91 to 8.67 dBi, and 15.6 to 39.6 GHz, 
respectively.

With the rapid growth of high data rate applications, there 
has been a paradigm shift for the integration of antennas with 
RFICs using CMOS, SiGe BiCMOS, and compound semi-
conductor technologies. Given the limited transmit power, 
high propagation losses, and the need for high data rate in the 
mm-wave band, highly efficient phased arrays are critical. AoC 
solutions integrate antennas on the same die as other circuits 
using semiconductor technology, while AiP solutions implement 
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antennas within a package that contains highly integrated mm-
wave radios. In later sections, we discuss emerging technologies 
for high-speed mm-wave applications such as glass and fan-out 
processes that go beyond Si and multilayer printed circuit board 
(PCB) approaches.

GLASS-BASED ANTENNA SOLUTIONS

MM-WAVE ANTENNAS USING A GLASS INTERPOSER
In 2023, Intel announced glass substrates for next-generation 
advanced packaging. Other companies, such as Absolics, LG 
Innotek, and Samsung Electro-mechanics in Korea and Dai 
Nippon Printing and Ibiden in Japan, have all entered the glass 
substrate market. SKC subsidiary Absolics completed its first 
glass substrate plant in Covington, GA, USA. The interest in 
glass substrates is driven by the growing demand for high-per-
formance artificial intelligence (AI) and server semiconductors. 
As listed in Table 1, glass offers advantages in surface roughness 
and CTE over organic-core substrates and is more cost-effective 
with lower capital investment risk than Si substrates. It also 
reduces packaging height when used as a glass-core substrate. 
These benefits make glass substrates a promising option for AiP 
solutions in 5G mm-wave or 6G THz communications.

A research group at the Georgia Institute of Technology 
(Georgia Tech) has been pioneering the development of mm-
wave technology on glass-core substrates [25], [45], [46], [47], 
[48], [49], [50], [51]. Rehman et al. [25] conducted the first 
broadband characterization of the electrical properties of Aji-
nomoto build-up films (ABFs) laminated on glass substrates, 
characterizing the ABF/glass/ABF stack-up from 20 to 170 GHz 
[Figure 3(a)]. The authors measured the average insertion loss 
(IL) of the microstrips to be between 0.12 and 0.62 dB/mm. Lin 
et al. [45] proposed an endfire antenna based on a monopole 
tapered radiator using a glass packaging fabrication process, 
operating from 24 to 40 GHz [Figure 3(b)]. The proposed 

antenna’s single element achieved a measured gain of more than 
4 dBi, while the 2 × 1 array demonstrated a gain of more than 
6.2 dBi across the entire band.

Erdogan et al. [47] presented a miniaturized D-band quasi-
Yagi antenna integrated on a glass interposer. Single-element,  
1 × 2, and 1 × 4 arrays were fabricated on 100-µm glass sub-
strates with low-loss polymer films [Figure 3(c)]. The antennas 
spanned 110–170 GHz and achieved gains of 4.8, 8.4, and 11 
dBi for the single-element, 1 × 2, and 1 × 4 arrays, respectively. 
Jia et al. [48] presented an antenna-integrated glass interposer 
for D-band 6G wireless applications using die embedding 
technology [Figure 3(d)]. The authors characterized micro 
via interconnects in D-band frequencies for chip-to-package 
interconnects in glass-panel-embedded packages, achieving 
an average chip-to-package loss of 0.146 dB in the D band and 
a maximum loss of 0.177 dB at 170 GHz, which is lower than 
the loss observed in current flip-chip methods. The authors 
achieved low-loss die-to-package transitions with staggered 
dielectric vias, showing less than a 0.2-dB IL per transition at 
140 GHz. The antenna without the embedded die has an 11.6-
dBi broadside gain, while with the embedded die, it has a 10.7-
dBi gain at 138 GHz.

Glass interposers are being investigated for AiP solutions, 
including glass embedding of RFIC chips or passive RLC 
devices. In addition, multidisciplinary studies are needed on the 
reliability of post through-glass via manufacturing and efficient 
heat dissipation in glass-embedded devices.

ANTENNA ON DISPLAY
AiP and AoC technologies have been resolving challenges 
related to bandwidth, gain, polarization, and beam direction 
by integrating various antenna types and technologies within 
their multilayered structure. However, the space constraints 
of today’s mobile devices still require a low-cost, multifunction 
antenna that maximizes coverage at acceptable power levels. 

TABLE 1. QUANTITATIVE AND QUALITATIVE COMPARISON OF GLASS VERSUS OTHER  
PRIMARY SUBSTRATE USED FOR MMWAVE APPLICATIONS.

Substrate Core Crystalline Si

Organic Inorganic

GlassLaminates Fan out (mold) Ceramic

Surface roughness (nm) <10 100–600 40–100 100–500 <10

CTE (ppm/K) 2.3 15–45 16–30 5–7 3–9

Young’s modulus (GPa) 130 (100)–169 (110) 10–40 15–25 120–150 45–95

Moisture absorption (%) 0 0.15 1–2.5 0.1 0

Thermal conductivity (W/m · K) 156 0.4 0.5–1 2–4 1.1

Line width/space (µm) 1/1 100/100 5/5 80/80 2/2

Via diameter/pitch (µm) TSV (10/20) 100/300 25/50 100/300 TGV* (150/300)

Number of layers 10** 30 8 40 4**

Cost High Low High High Moderate

Supply chain readiness Good Good Preliminary Moderate Moderate

*Laser via. **Number of dielectric layers on the substrate. TGV: through-glass via.
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Thus, the development of the AoD concept in mm-wave 5G 
technology is highly attractive for mm-wave applications.

Before the concept of AoD was introduced, in 2017, Hong et al.  
[52] first proposed using the transparent region of high-resolution 
organic light emitting diodes (OLEDs) touch displays to create 
antennas invisible to the human eye. The authors integrated 
a transverse magnetic resonant mode antenna within the dis-
play, utilizing conductive wire mesh polymer patterns that are 
composed of the antenna topology. This design maintained 
optical invisibility while achieving a remarkably high radiation 
efficiency of 40% and a 1.73-dBi gain. A research group from 
Pohang University of Science and Technology (POSTECH), 
led by Hong, was the first to propose [53] and demonstrate [27], 
[54] AoD technology for mm-wave applications. The AoD con-
cept offers front-side coverage using optically invisible antenna 
electrodes and packaging technology compatible with current 
OLED display panels. These approaches involve fabricating the 
antenna on a distinct transparent film and mounting it either on 
the uppermost cover window or between the cover window and 
the metallic display panel (OLED). AoD provides full front-side 
beam coverage using optically invisible antenna electrodes and 
packaging technology compatible with modern OLED displays. 
In addition, flexible PCBs are used in AoD configurations to 
connect the AoD to the carrier board, providing mechanical 
flexibility and electrical interconnection [55]. This enables the 
integration of RF circuits and components within compact 
designs by mounting the antenna on a transparent film, either 
on the uppermost cover window or between the cover window 
and the metallic OLED panel.

In Figure 4(a), the devised diamond-grid-shaped 200 nm-
thick Ag-alloy electrodes on glass substrates featured electrical 
loss characteristics of approximately 0.4 dB/mm at 28 GHz with 
88% optical transparency. The 1 × 8 optically invisible AoD 
exhibited 6.66-dBi boresight gain at 28 GHz while maintain-
ing 88% optical transparency [27]. It achieved a ±60° scanning 
angle in the H-plane, making it highly effective for mm-wave 
applications. The hybrid electromagnetic sensor (HEMS) was 
reported to serve both as an antenna and a high-resolution 
touchscreen display [54]. The fabricated HEMS prototype 
exhibited flexibility, optical invisibility with over 88% transmit-
tance, and multifunctionality, including an antenna gain of 2.48 
dBi (for a two-element array), a −10-dB impedance bandwidth 
of 1.53 GHz centered at 27.93 GHz, a beam scanning range 
of ±40°, and a mutual capacitance change ratio that exceeded 
4.42%.

Although the process is well developed and shows potential 
for enhancing the beam coverage of mm-wave devices, AoD 
technology still needs substantial advancements in bandwidth 
and polarization agility before it can be fully commercialized. 
A research group from Ulsan National Institute of Science 
and Technolog (UNIST) [56] explored an optically invisible 
artificial magnetic conductor subarray concept to enhance the 
bandwidth of display-integrated antennas in the mm-wave spec-
trum [Figure 4(b)]. The thin-metal mesh prototype achieved a 
10-dB matching bandwidth of 26% at 28 GHz with an average 
gain of 1.1 dBi, while maintaining 85% optical transparency, 
demonstrating its effectiveness in broadening the bandwidth of 
triband antennas. An interesting new AoD schematic achieved 
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dual-band operation using a dual-resonance mode (monopole 
and patch mode) [57] and parasitic structures [58]. Both anten-
na elements were connected to a differential feed line, ensuring 
efficient performance across the dual-resonance frequencies 
[Figure 4(c)]. Transparent electrodes should ensure high electri-
cal conductivity, with metal mesh structures that thus far exceed 
indium tin oxide, graphene, and polymers [28].

Recent research into glass-based liquid crystal (LC) tech-
nologies focuses on leveraging LC’s tunability for reconfigu-
rable devices in mm-wave bands [Figure 4(d)] [59], [60]. This 
approach, which builds on established LCD manufactur-
ing techniques, enables large-area, low-cost fabrication with 
low power consumption, making it particularly promising for 
advanced display systems and beam steering antennas. The 
POSTECH research team proposed the concept of a sustain-
able reconfigurable intelligent surface for a random wireless 
propagation channel in mm-wave bands [60].

FUTURE RESEARCH THRUSTS

EMBEDDED WAFER-LEVEL BALL AND FOWLP-BASED AiP
Recently, FOWLP technologies have emerged as promising 
solutions for small form factors, low-profile packages, higher 
input–output (I/O) nodes, and enhanced electrical perfor-
mance. The FOWLP process involves dicing chips from an Si 
wafer, placing the good die on a carrier wafer, and molding it. 
A redistribution layer is then created on top of the die and mold 
area, followed by connecting bumps. This redistributes I/Os to 
the molding compound outside the die, allowing for more I/O 
connections than the fan-in wafer-level package. Examples of 

FOWLP include Infineon’s embedded wafer-level ball (eWLB) 
grid array, Taiwan’s Semiconductor Manufacturing Company 
Limited integrated FOWLP, and Amkor’s Si wafer integrated 
fan-out technology. The FOWLP process first dices the chips, 
avoiding packaging rejections. The package size is adjustable, 
making it compatible with existing test infrastructure and flex-
ible solder ball arrangements. It also enables different chips to 
be mounted in a single package. As a result, several organiza-
tions have recently designed antenna systems using FOWLP 
technology [61] [62] [63].

Yu et al. [64] presented an AiP based on a magnetoelectric 
(ME) dipole antenna using the FOWLP process, operating at 
25–43 GHz [Figure 5(a)]. The authors used vertical Cu inter-
connects for the ME dipole to achieve dual polarization. The 
antenna gain was 5 dBi, with the array exceeding 10 dBi over 
25–43 GHz. The dipole array provided a scanning range of ±40° 
with less than 3-dB gain degradation and ±50° with less than 
4-dB degradation. This ME dipole antenna has the potential for  
5G mm-wave applications such as customer premise equipment 
and micro base stations. Fischer et al. [65] designed a folded 
dipole antenna integrated in an eWLB package for 77-GHz 
automotive radar applications [Figure 5(b)]. The monolithic 
microwave IC included a 77-GHz signal source and a trans-
ceiver with an amplifier and a mixer. The system featured four 
channels, with the one-channel folded dipole sensor having a 
maximum gain of 6.2 dBi and the full antenna array (channels 1, 
2, 3, and 4) achieving a maximum gain of 8.2 dBi. Lee et al. [66] 
proposed FOWLP-based AiPs with endfire radiation character-
istics at 60–90 GHz [Figure 5(c)]. The authors demonstrated a 1 
× 4 asymmetric-fed interdigital coupling antenna (AFICA) array 
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that achieved more than 80% efficiency with an extremely low 
profile of .0 044 0m  at 60 GHz. The proposed package with trans-
mitter module provides a wide scan angle of ±50°, low sidelobe 
level (≤−10 dB), and low cross-polarization level (≤−18 dB) in 
the operating band. The frequency quadrupler CMOS chip was 
integrated with the AFICA array to enable commercial radar 
and communications applications.

EXOTIC MATERIALS
Exotic materials that alternate between conductive and dielec-
tric states are being investigated for potential use in AiP or 
AoC technology in the mm-wave band. In particular, PCMs 
are used in mm-wave reconfigurable systems due to their 
tunable properties such as electrical resistance and optical 
transmittance. VO2 is unique among PCMs for its ability to 
undergo a reversible solid-to-solid phase transition at a low 
temperature of 68 °C [67]. Unlike other PCMs such as germa-
nium antimony telluride (GST) or germanium telluride (GeTe), 
which require high temperatures (618 °C or 725 °C) to switch 
between conductive and dielectric states, the low transition 
temperature of VO2 makes excitation easier to implement. 

VO2 functions as an insulator (1–10 MX/sq) below 68 °C, but 
transitions to a conductor (10–100 X/sq) above this threshold. 
This dramatic change in conductivity is due to the response 
of the VO2 crystal structure to temperature, strain, or electric 
field. Below 68 °C, VO2 has a monoclinic structure, which 
transitions to a rutile structure as the temperature rises [68]. 
In general, the insulator-metal transition of VO2 changes its 
resistivity by a factor of three to four. VO2 exhibits low-loss RF 
characteristics at mm-wave frequencies, unlike lossy semicon-
ductor-based transmission lines such as p-i-n diodes or CMOS 
switches [30]. In addition, VO2’s intrinsic transition time is in 
the order of nanoseconds or less [69].

A research team at Georgia Tech has developed VO2- 
integrated passive devices with low-loss reconfigurable RF 
characteristics. Chen et al. [33] investigated the perfor-
mance and reliability of VO2 thin-film shunt switches inte-
grated with coplanar waveguides (CPWs) in the 35–45-GHz 
range. The switch transitioned between the dielectric and 
conductive states of VO2 using two parallel Joule heat-
ers. After 100 million thermal cycles, the electrical prop-
erties of the VO2 switch remained stable. Moreover, West 
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et al. [30] proposed a photothermally excited VO2 RF 
switch operating from dc to 65 GHz [Figure 6(a)].  
The CPW switches exhibited low-loss, ultrawideband perfor-
mance with a <0.43-dB insertion loss (IL) and > 17.7-dB return 
loss in the ON state, and > 17.2-dB isolation in the OFF state 
from 10 MHz to 65 GHz.

Lust et al. [32] proposed a packaged reconfigurable dual-
sense linear-to-circular-polarization converter using a VO2-
based metasurface in the Ka-band (27.5–31 GHz). The device 
featured a four-layer metasurface 90° with rotational symme-
try for right-hand circular polarization and left-hand circular 
polarization (LHCP) conversion. The measured results for 
LHCP conversion showed an axial ratio ≤2.1 dB and IL ≤4 
dB, with a 1-dB axial ratio at 30.2–32.4 GHz. The polarizer 
was packaged on a PCB for dc biasing, with each VO2 meta-
surface placed on the PCB using a flip-chip bonder [Figure 
6(b)]. This entire packaging process for the VO2 polarizer 
highlights the potential of VO2 for future AiP applications. 
Yang et al. [70] proposed a frequency-reconfigurable filter 
that covers multiple bands, reducing cost and size at the 
system level. Notably, the VO2 in this study was not created 
through microfabrication but printed using custom inks. The 
authors demonstrated a fully printed, frequency-reconfigu-
rable bandpass filter on a flexible polyimide (PI) substrate that 
switches from 4 to 3.7 GHz using a dual-mode resonator, as 
illustrated in Figure 6(c). A flexible reconfigurable filter has 

the potential to be designed in the mm-wave band using a 
low-loss flexible substrate.

In summary, reconfigurable devices, including filters or 
switches, can be designed with low mm-wave losses. Such devic-
es can be fabricated through a microfabrication process or inkjet 
printing using novel PCMs such as VO2. VO2 can potentially be 
integrated into AoCs or multilayer AiPs, offering exciting future 
mm-wave applications depending on its fabrication method. 
Other exotic materials, for example, GeTe [71], SiC [21], gra-
phene [72], and paraffin [35], can alter or affect the conductive 
or dielectric properties of antennas.

TOWARD A 3D ANTENNA AND ITS PACKAGING STRUCTURE
AI solutions require rapid computation and storage of massive 
numbers of data. High-bandwidth memory (HBM), introduced 
in 2013, is a high-speed memory interface based on 3D stacked 
memory technology. It connects to CPUs or GPUs for fast data 
transfers, making it ideal for applications such as high-resolution 
graphics, data centers, AI, and machine learning. HBM has 
been the leading memory solution in the AI market, optimized 
for high performance with high speed and capacity via TSV-
based stacking. TSV technology is used to transfer data verti-
cally through memory layers, reducing interconnect distances 
and significantly increasing bandwidth.

3D stacking has been little explored from an anten-
na perspective [73], [74], [75]. Jin et al. [73] proposed an 
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FIGURE 6. (a) Micrographs of the VO2-based CPW switch [30]. (b) VO2-based polarizer and assembly process [32]. (c) Fabricated 
VO2 filter in flat and bent states [70]. 
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aperture-coupled AiP on high-resistance Si (HRSi) substrates 
using wafer-level packaging (WLP) technology with TSV inter-
connects [Figure 7(a)]. The designed antenna consisted of two 
stacked high-HRSi substrates: a 750-μm-thick lower substrate 
with a slot radiator and CPW feed, and a 200-μm-thick upper 
substrate with patches to enhance gain and efficiency. Vertical 
interconnects using TSVs were incorporated to carry RF signals 
up to the mm-wave band. The measured results showed broad-
band radiation with a gain of 2.4 dBi from 76 to 93 GHz. Inter-
estingly, this WLP platform can also support embedded passives, 
saving die area by moving on-chip passives into the package.

In addition to Si-to-Si vertical interconnections, Malta et al. 
[74] demonstrated that glass interposers can be stacked with 
SiGe beamformers [Figure 7(b)]. The authors presented a 3D 
heterogeneous integration of RF tiles for a multifunctional air-
borne sensor system, including a W-band active electronically 
scanned array radar. Each phased-array tile contained a high-
speed SiGe BiCMOS beamformer chip vertically integrated 
via TSVs on a glass substrate with an RF interposer and a patch 
antenna array. The integration concept is illustrated in Figure 
15(b). The tiles, each with multiple elements, were combined 
into subarrays on a single board, which were then assembled 
into larger arrays. The tile approach used TSVs to route dc 

power, ground, logic commands, and RF (intermediate fre-
quency/local oscillator) signals from the subarray board through 
the SiGe layer to the glass interposer. Tang et al. [24] proposed 
the use of TSVs in an on-chip antenna structure, specifically 
for a 300-GHz aperture antenna in InP technology for THz 
transceivers, as illustrated in Figure 7(c). The authors used TSVs 
to create quasi-substrate-integrated waveguide (SIW) cavities 
that ensure robust antenna performance despite varying chip 
sizes in ICs. In addition, a dual-mode aperture antenna was pro-
posed with quasi-SIW cavities that enable higher-order modes 
to increase impedance bandwidth. The radiation pattern of the 
even TM120 mode was reconstructed by the radiation aperture, 
achieving a gain of 8 dBi.

Studies of 3D antennas that use TSVs across different fre-
quencies and technologies, such as AiP and WLP, demonstrate 
their advantages in scalable arrays but at the cost of increased 
process complexity. For monolithically integrated AoCs in high 
data rate applications, TSVs can also reduce losses by eliminat-
ing the need for wire bonding [76]. In addition, research is 
ongoing to address the thermal reliability [77] and mechanical 
reliability [78] of TSVs. Dimensions of TSVs should also mini-
mize their impact on impedance matching. Organic materials 
can be used as interposers, in addition to Si interposers using 
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TSVs. Further research is needed to optimize vertical intercon-
nects for antennas and transmission lines [79], [80], [81].

MM-WAVE 5G AND BEYOND: KEY TAKEAWAYS
6G targets characteristics such as 10× faster data rates, 1/10th 
less latency, and 10× better connectivity than 5G. Although 
6G upper-middle and D-band research is ongoing, the 5G 
mm-wave market is still in its early stages, awaiting imple-
mentation across various applications such as virtual real-
ity, augmented reality, metaverse platforms, and biomedical 
devices. We summarize the two-part article and discuss how 
each applies to mm-wave antenna development, as illustrated 
in Figure 8.

Selecting the proper frequency is key to ensuring sufficient 
bandwidth and aligns closely with the needs of the applica-
tion, such as 28/39 GHz for 5G phased arrays, or 77 GHz for 
automotive radar systems. To reduce the risk of failure, one 
may periodically monitor the standards organizations’ (e.g., 
the International Telecommunication Union, 3rd Generation 
Partnership Project, and IEEE) documents on spectrum allo-
cation and conduct research aligned with intended spectrum 
use. In the 2G/3G/4G era, antennas were placed on PCBs, but 
now, antennas are increasingly being integrated into the same 
package with other microwave components. We have explored 
various mm-wave packaged antenna structures including AiPs, 
AoCs, glass-based AiPs, AoDs, FOWLP-based AiPs, and 3D 
AiPs. For multilayer AiP, an ME dipole antenna [82] with an 
identical 3-dB beamwidth in the E-/H-plane, or a patch antenna 
[83] with easy dual-polarization implementation is advanta-
geous. Dipoles or slots [17] can be used in AoC designs for RF 
front ends that require differential characteristics. Patch [37] or 
folded slots [13] are also promising antennas for AoCs that pro-
vide broadside radiation characteristics and a compact footprint. 
By calculating the link budget, effective 
isotropic radiated power and total radi-
ated power are determined in advance, 
allowing researchers to backtrack and 
identify the required antenna realized 
gain and efficiency for development. 
We have categorized multilayer organic 
laminates, low-temperature co-fired 
ceramic (LTCC), Si, and glass materials 
and highlighted their advantages and 
disadvantages. Electrical/mechanical/
thermal data should be carefully col-
lected, analyzed, and compared prior to 
design and integration. 

Choosing the r ight substrate 
involves factors like permittivity, 
loss tangent, CTE, Young’s modulus, 

,Tg  moisture absorption, and ther-
mal conductivity. In addition, flame 
retardant 4 (FR4) process compat-
ibility should also be evaluated for 
reduced cost manufacturing. Mate-
rial selection is tied to design rules 

and manufacturability, including the number of layers, line/
space features, and via radius/space. As permittivity and loss 
tangent are key factors that determine antenna footprint and 
radiation efficiency, thorough characterization is required at 
the frequency of interest using methods such as the ring reso-
nator method. If a complex, less-reliable process such as TSV 
is chosen, it should offer advantages over laminating processes, 
such as improved heat dissipation using Si’s high thermal con-
ductivity. 2.5D and 3D heterogeneous integration using TSV 
and hybrid bonding provide compact package sizes, making 
them attractive candidates for mobile devices. The works in 
[2] and [84] are valuable resources that provide guidelines for 
various antenna functionalities such as analog/digital/hybrid 
beamforming; multiple-input, multiple-output; multibeams; 
and reconfigurable antennas.

Cost-effectiveness is important to the development of mm-
wave antenna technology for high-performance communication 
systems. To be affordable, costs should be reduced through 
manufacturing optimization, supply chain improvement, lower 
material costs, increased die yield, and panel/wafer scaling. 
Reducing costs, especially by utilizing FR4-compatible or 
hybrid processes, will also need to be explored. This is a key area 
that requires continued attention from industry. We highlight 
general and novel packaging processes, from flip-chip to hybrid 
bonding, to achieve high gain and low-loss characteristics within 
the link budget. Smooth surface roughness is critical for low-loss 
interconnects. Addressing electromagnetic compatibility, signal 
integrity, and power integrity are needed to secure the perfor-
mance of surrounding analog, digital, and RF ICs. Ensuring 
reliability through efficient heat dissipation is important, but 
beyond the scope of this article. Efforts should focus on achiev-
ing both optimal thermal and electrical performance through 
integrated electrical and thermal co-design.
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CONCLUSION
This two-part article aimed to spark interest and provide in-
depth insights into the latest advancements in antennas, materi-
als, packaging, and integration technologies. We provided an 
overview of antennas using different packaging technologies 
in the mm-wave band. In part 1, we presented the latest AiP 
research, focusing on material and application aspects, with a 
discussion on Si-based phased-array systems and integration. 
Part 2 explored AoC solutions for highly integrated mm-wave 
devices, new AiP configurations with glass-core substrates for 
5G and beyond, and a unique AoD concept for mobile devices. 
Emerging technologies, including novel materials, FOWLP, 
and 3D packaging, were also covered. We hope that this article 
provides the reader with a pathway to explore antenna/package 
integration.
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