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A B S T R A C T

A unique split ring resonator magnetic-dipole (SRR-MD) patch antenna is proposed in this paper. The dual 
differential-fed SRR-MD antenna boasts a high gain of 8 dB and, in contrast to comparable designs, provides a 
more compact and low-profile structure. Compared to other designs, this design obtains superior port isolation 
(>90 dB) and improved isolation between co-polarization and cross-polarization radiation patterns. Further
more, the antenna provides a broad circularly polarized scanning angle (θ = ±80◦), with a half-power beam
width and efficiency above 90 degrees and 95%, respectively. The suggested antenna enables ultrawide- 
frequency tuning, achieving a 67% tuning range, the most among comparable designs which encompasses the 
whole K/Ka band from 20 GHz to 40 GHz by adjustments to the capacitances of the structure. It has been 
analyzed, designed, simulated, fabricated, and tested for applications in LEO SatCom mobile terminals, and its 
circuit model has been presented. The empirical data validate the simulations. The antenna features a compact 
and low-profile configuration (0.27λ0 × 0.27λ0 × 0.02λ0) characterized by broadside radiation and dual dif
ferential feeding, which enhances its compatibility with power amplifiers (PAs), low-noise amplifiers (LNAs), and 
transceiver integrated circuits (ICs). This design renders it particularly appropriate for glass-based antenna-in- 
package (AiP) applications that necessitate the use of thin substrates measuring 300 μm.

1. Introduction

The Internet of Things/Vehicles (IoT/IoV), smart factories, and cities 
are just a few of the new applications that are causing wireless networks 
to grow significantly and new generations of communication technolo
gies, like 6 G and beyond, to emerge [1,2]. Satellite mobile communi
cation and new phased array systems for moving objects involves the use 
of satellite technology to provide connectivity to cars, vessels, aircraft, 
and other mobile platforms and systems such as navigation, telematics, 
and infotainment. This type of communication is essential especially in 
areas where traditional terrestrial networks are unavailable or imprac
tical, for instance, in remote regions, over oceans or in the air. LEO 
satellites are usually used for internet because they offer lower latency 
and faster data rates but require a constellation of satellites for global 
coverage (e.g., Starlink, OneWeb) [3–5]. To achieve ultra-fast data rate, 

increased connection density and extremely low latency, UWB systems 
and millimeter-wave (mmWave) technology, new beamforming inte
grated circuits (ICs), active phased array antenna systems, base stations 
and user terminal antennas are needed [6–8].

Antenna design is typically conducted independently for 50Ω input 
and single-ended feeding. In contemporary communication systems, 
tunable or ultra-wideband scanning antenna arrays in specific frequency 
bands (K/Ka) and active radio frequency (RF) front-end ICs with dif
ferential feeding represent notable advancements. The performance of 
the system is enhanced, complexity is diminished, energy is conserved, 
spatial requirements, interconnect paths, and latency are minimized, 
and the need for multiple narrowband antennas and systems is obviated 
through co-design techniques such as AiP and system on package (SoP), 
which are currently under development [8–12]. They will allow the 
construction of next-generation efficient phased array antennas with 
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any preferred array configuration wherein the antenna is directly 
incorporated into the system-level package. Unfortunately, isolation and 
electromagnetic interference (EMI) are generated. Even though there 
are methods to enhance the isolation between ports and radiation pat
terns in certain references [13–15], differential feeding ensures reducing 
surface waves and the highest level of isolation. This is due to the fact 
that the midpoint between the two anti-phase signals functions as a 
virtual ground plane. A small, low-profile antenna featuring minimal 
volume and broadside radiation, comparable in size to an IC and 
featuring (dual) differential feeding, is suitable for AiP glass-based 
packaging. According to Fig. 1, the packaging process for AiP applica
tions is disclosed [16–20]: 

i) The antenna substrate is placed onto the substrate holder of the 
flip chip bonder (a),

ii) The monolithic microwave integrated circuit (MMIC) is flip 
chipped onto the antenna substrate using a thermosonic (thermo- 
compression and ultrasonic welding) process (b),

iii) Thermal conductive adhesive is dispensed onto the back of the 
MMIC (c),

iv) The anisotropic conductive film (ACF) is laminated onto the bond 
pads of the low-temperature co-fired ceramic (LTCC) package,

v) The LTCC package is flip chipped onto the antenna substrate 
using thermocompression (d),

vi) The applied heat cures the thermal epoxy at the same time,
vii) The entire package is turned around and the cap is attached to it.

The MMIC is situated within the cavity, and a thermally conductive 
epoxy is utilized between the MMIC and the package base to facilitate 
heat transfer from the chip to the exterior of the package. This config
uration is influenced by the solder ball structures and the thickness 
determined by the air gap and Glass thickness, thereby enhancing heat 
dissipation and cooling efficiency.

In AiP, the chip can be connected to the antenna through a grounded 
coplanar waveguide (GCPW) using flip-chip technology. Conventional 
packaging procedures and manufacturing technologies can be utilized to 
offer designers enhanced flexibility. The deployment of AiP necessitates 
specialized technologies, including LTCC, high-density interconnect 
technology (HDI), or fan-out wafer-level packaging (FOWLP). None
theless, they lead to the creation of multilayered, complex, and expen
sive antennas that are predominantly suitable for THz frequencies 
[21–24]. Thinner structures are preferred in AiP for a final merged 
multilayered stacked module that can simultaneously perform multiple 
functions, including filtering, amplifying, receiving, and transmitting RF 
signals. In fact, low-profile structures facilitate improved thermal 
management by optimizing heat dissipation across multiple layers, 

resulting in shorter interconnect paths, higher integration density, lower 
losses at high frequencies, and enhanced electromagnetic compatibility 
(EMC) through precise layer stacking.

The antenna can be manufactured directly on the same silicon sub
strate as the integrated circuit (IC). Nonetheless, in AiP and system 
integration applications, silicon utilized in IC fabrication procedures 
results in significant losses and exceedingly weak antenna gains 
(~-8dBi) due to its low resistivity (~10Ω.cm). Consequently, low-loss 
substrates such as Glass, which offer a range of dielectric permittivity 
values, are viable choices [25–26]. Glass-based structures and antennas 
have several merits: they can be applied on moving items, are inex
pensive and useful in satellite technology and have incredibly smooth 
surfaces and good dimensional stability [27]. A Glass substrate would 
facilitate the integration of optical interconnects directly into the device, 
eliminating the need for alternative attachment methods. For example, 
an innovative X-band dual-polarized conformal transparent antenna 
array with a hemispherical shape and beam coverage, was designed in 
[28] but is roomy. Notwithstanding the deployment of ultrathin an
tennas on Glass substrates, along with their miniaturization and 
low-profile design, as indicated in references [29–37], they fail to 
encompass (ultra)wide frequency bands and facilitating large scanning 
angles. Furthermore, end-fire radiation and the single-port-fed mecha
nism render them inappropriate for large, broad scanning array an
tennas and AiP applications.

Depending on the application, pitch, diameter, and wafer thickness, 
two different Glass processing flows are feasible in terms of the limita
tions of Glass fabrication methods. One process is good for thin wafers 
(300 μm), while the other is more complicated to construct (double- 
sided via filling) but enables for processing thicker wafers with greater 
aspect ratios (by diameter/wafer thickness). The design and imple
mentation of thin, cost-effective Glass substrates with backend pack
aging technology necessitate low-profile antenna designs. However, 
they will result in considerable performance deterioration and a 
decrease in frequency bandwidth of antennas. In this article, the antenna 
is designed to meet the parameters and constraints for AiP glass-based 
packaging, encompassing both electrical and geometrical criteria. New 
features, including a dual-polarized differentially-fed mechanism, UWB- 
tuning capability, and wide-angle circularly polarized radiation, are 
introduced by the novel SRR-MD antenna presented here. It is cost- 
effective, has filtering capability, is smaller and more low-profile than 
similar designs, and has broadside radiation, in contrast to other mag
netic dipoles. Additionally, it accommodates any polarization and the 
feeding mechanism is differentially designed, with the ability to be 
directly connected to differential-fed beamformer ICs, differential low- 
noise amplifiers (LNAs) or power amplifiers (PAs). The theoretical 
analysis of the suggested high-performance antenna is presented, along 

Fig. 1. A sample method of antenna packaging (a-d) and mmWave Glass packaging processes (e) [17–19].
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with its corresponding circuit model. It is analyzed, simulated, fabri
cated, and measured mainly for use in AiP applications and satellite 
mobile communications. The analysis of active parameters indicates its 
superior performance inside the array as well.

2. Proposed dual differential-fed compact split ring resonator 
magnetic dipole antenna design (SRR-MD)

This section prepares a comprehensive explanation of the design of 
the proposed SRR-MD antenna. In antenna array design, magnetic di
poles are favored over several other antennas because they generate 
relatively strong magnetic fields while exhibiting reduced coupling with 
nearby objects. To avert polarization loss, the suggested antenna must 
additionally support circular polarization.

2.1. Differential-fed structure and active impedance

The transformation of a differential-fed Hertzian electric dipole into 
a loop that generates a Hertzian magnetic dipole is a practical and useful 
technique for our purpose. The differential-fed method reduces distorted 
emissions and eliminate imbalanced currents on the outside of feed 
cables effectively. As a result, impedance matching baluns in the 
external feed cables are no longer necessary. A differential-fed antenna 
often exhibits symmetric radiation patterns, which is advantageous in 
phased arrays. Furthermore, differential feeding rejects common-mode 
noise, has odd linearity if it is matched, and prepares the lowest con
nections and losses and better impedance matching between IC and the 
antenna (especially by transformers) [38–39]. The frequency bandwidth 
and efficiency of the proposed antenna in this work can be further 
increased by utilizing transformers. A differentially driven antenna can 
be analyzed of as a two-port network with impedance ratios of two or 
four. This issue facilitates the process of matching especially for wide
band and UWB structures [40–41].

2.2. Limitations of designing low-profile small antennas

Electromagnetic properties and physical limitations and efficiencies 
of Electrically Small Antennas (ESAs) have been investigated by several 
authors [42–47]. Chu in [42], calculated and defined quality factor 
which determines the amount of reactive electric (magnetic) energy 
stored entirely outside a minimum sphere of radius for an electrically 
small antenna. Based on Chu theory, we have (s or VSWR = 2): 

Qchu =
1

(ka)3 +
1
ka

; BWchu =
s − 1

̅̅
s

√

(
1

(ka)3 +
1
ka

)− 1

(1) 

Therefore, for a typical small antenna with the dimension of ka =
0.5: Qchu ≈ 10; BW≈7%. Harrington in reference [44], concluded that 
for having an antenna with high efficiency: ka > 0.5 or a > λ /4π which 

‘a’ is the maximum radius of the antenna (k = 2π/λ). Recent research 
[47] investigates the constraints of ESAs concerning certain antennas. 
These assessments have not been conducted for microstrip antennas or 
other structures. The area/ surface (S) of a spherical antenna has to be: 
(
k2)S =

(
k2)4π(a2) > 0.1, or: a > λ/

(
4π

̅̅̅̅̅̅̅̅
10π

√ )
. For a conventional 

microstrip circular patch antenna, h = (4/3) a ≈ 0.021λ are derived, 
assuming identical volume. The analysis using ka = 0.2 aligns more 
closely with the practical values and analyses presented in the refer
enced materials, yielding: h ≈ 0.044λ (if a= λ/10: h≈0.005λ). Various 
compact spherical magnetic dipole antennas, including multi-arm 
spherical helix antennas and spherical SRR antennas, have been devel
oped in several publications [46–50]. Nevertheless, they have been 
developed for frequencies below 1 GHz, are not differentially fed, 
exhibit low realized gains and end-fire radiation, and possess dense, 
heavy, and highly intricate spherical (wire) configurations that make 
them inappropriate for higher frequency bands. Fortunately, there are 
certain techniques for antenna miniaturization, such as metamaterial 
structures [53–55]. However, all of them operate at significantly lower 
frequencies, lack (dual) differential feeding and wideband capabilities, 
are bulky and thick, and challenging to manufacture. Moreover, they 
lack sufficient or high isolation [56–57].

2.3. Antenna analysis and design

Typically, the optimum lengths and widths for a planar conductor of 
an antenna to resonate are between λ/2 and λ/4. As previously 
mentioned, the frequency bandwidth and efficiency of an antenna will 
be diminished as a result of the reduced antenna height and size. 
However, in applications such as AiP and glass-based packaging, thin or 
compact low-profile structures are preferred (h = 300 μm).

In order to guarantee a symmetric and stable boresight pointing ra
diation patterns and within the operating band, differential feeding is 
used to excite the perfectly symmetrical radiator. Also, circular polari
zation can be more effectively prepared by a circular antenna structure. 
Figure 2 depicts the geometry and dimensions of the designed antenna. 
The thin circular microstrip antenna can be analyzed by cavity model 
[58–59]. The principal excitation structures are formed by the current 
loops with shorting VIAs, which function as differential-fed magnetic 
dipoles. Each differential-fed antenna demonstrates nearly independent 
radiation characteristics as a consequence of the excitation mechanism, 
which leads to minimal and negligible mutual coupling and maximum 
isolation with another antenna. The differential-fed technique excites 
the TE11 mode (fundamental mode) within the antenna cavity, since the 
feeding points are positioned along the central axes of the structure, 
generating surface currents or electric fields along these lines (as will be 
demonstrated in the subsequent section). It also allows for the excitation 
of just half or fewer of the modes which are at least twice as high (odd 
linearity). The radiation of all modes reaches the peak in the broadside 

Fig. 2. The geometry of antenna A, dimensions and feeding lines of the proposed antenna and positions of MIM / gap capacitors and VIAs: a) 3D geometry; b, c) 
dimensions of top and middle layers (dimensions in mm: g=0.2, gd=0.1, a=1.5, b=1.5, c=1, feed offset = 0.15, substrate thickness h = 0.35, diameter of VIAs: 0.2 
and 0.14, distances of VIAs from the center point: 1.5 and 1.6, the gap of MIM capacitors: 0.02).
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direction and the radiations of all even modes are suppressed in all di
rections and the radiation patterns in the E- and H-planes are almost 
similar. In our design, assuming a = 0.15λ0, h = 0.02λ0 and εr = 2.5, the 
minimum resonant frequency for a circular patch antenna with a = 1.8 
mm will be: (fr)

TEz

110≈ 30GHz (a and ae are the values of actual radius and 
effective radius of a circular patch antenna). But due to the suggested 
antenna configuration discussed in the subsequent paragraphs, the an
tenna is capable of resonating at lower frequencies. In the designed 
circular differential-fed antenna, the feeds points are positioned at 
points (ρ1, ϕ1) and (ρ2, ϕ2), respectively (ρ1 = ρ2 and ϕ2 - ϕ1 = π). The 
differential input impedance for each port of the cavity is determined by 
employing cavity analysis at a single resonant frequency and dis
regarding any inductors and capacitors in the structure [39]: 

Zd = − 2jωμh
∑∞

m=1

×
∑∞

n=0

ϵ0n
π

{[

j0
(

nϕω
2

)]2J2
n(knmρ1)

J2
n(knmae)

×
k2

nmcos2(nϕ1)[1 − cos (nπ)]
[
k2

0ϵr(1 − jδe) − k2
nm
](

k2
nma2

e − n2
)

}

(2) 

where n is the mode index in the ϕ direction, ϕω is the effective width of 
the feed that needs to be chosen to obtain good agreement between the 
theoretical and experimental impedances, δe is the effective loss tangent 
and ϵ0n = 1 for n = 0, ϵ0n = 2 for n ∕= 0. At the resonance frequency of a 
differential circular patch antenna, the input impedance is approxi
mately 200Ω. Eq. (2) delineates the cancellation mechanism of the dif
ferential excitation, too (1 − cos (nπ) multiplier). Several parallel MD- 
SRRs, which are composed of magnetic dipoles, inductors, and capaci
tors, are simultaneously excited by the feeding structure to achieve 
wider impedance matching. The capacitances are formed by metal gaps 
and metal-insulator-metal (MIM) capacitors situated between the feed 
lines and the ground plane or radiating patches. Capacitances can also 
be generated using metal-oxide-semiconductor (MOS) or lumped ca
pacitors. The inductances are generated by VIAs and/or thin trans
mission lines.

The antenna circuit model is depicted in Fig. 3, which elucidates the 
impact of the capacitors and inductors mentioned on ultimate resonant 
frequency and bandwidth of the antenna. It offers a clearer perspective 
for tuning and optimizing the antenna, leading to minimized or specified 
antenna dimensions with maximal efficiency and bandwidth. The 

antenna for each differential port includes a transformer and consists of 
two magnetic dipoles with equivalent coupling values and orientations. 
Due to the differential feeding of the antenna, the isolation values be
tween the two differential ports are expected to be perfect or infinite. 
Coupled lines have been employed for antenna feeding to enhance 
impedance matching and efficiency. MIM/gap capacitors can be calcu
lated by [60–61]: 

CMIM =
εrS

4πkhm
; CGAP =

πεrw
ln (g/t)

(3) 

where S is the area of the MIM capacitor, hm is the thickness of the 
dielectric between the plates of the MIM capacitor, l is the total length of 
each resonator, w is the width of the resonator/metallic sheet (here the 
average widths of the radiating patches), g is the gap distance of the Gap 
capacitor and t is the thickness of metal strip. MIM capacitors provide a 
higher capacitance value and a reduced size relative to interdigital ca
pacitors. VIAs facilitate the ingress of current and field into the cavity. 
The inductors formed by VIAs or thin transmission lines are computed 
using: 

L1 =
μ0

2π

[

hln
h +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2 + r2

√

r
−

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2 + r2

√
+

h
4
+ r

]

(4) 

where, L1 represents line inductors including VIAs and r is the radius of 
shorting VIAs. The values of inductors created only by VIAs and coupling 
effects between them can be calculated by [62]: 

L =
μ0h
2π

[
ln
(x1 + x2

4(r)

)
− 0.75

]
; M =

μd
2π

[

ln
(

x1 + x2

4(s1k + r)

)

− 0.75
]

(5) 

where xi are the geometrical dimensions of feed that excites the antenna 
or the distances among feed points (ports) and grounded VIAs (Fig. 2a), 
s1k are the distances between the signal VIAs and d is the distance among 
grounded VIAs. L is created by VIAs and affected by their dimensions 
and M is created by mutual coupling between VIAs. The mutual cou
plings between VIAs function as transformers, enhancing impedance 
matching, while their positions and dimensions influence the final 
scattering characteristics of the antenna. The overall inductance is 
determined by the sum of series and parallel inductances, with increased 
inductance arising from a diminished number of inductors conFig.d in 
parallel (Fig. 3 b, c). The incorporation of extra capacitors, along with 

Fig. 3. a) Modeling VIAs of the proposed antenna [59] (circuit model for two signal VIAs sharing ground VIAs) and CMIM positions, b) combination of ground VIAs 
and two differential signal VIAs into equivalent self-inductances and mutual inductance, and c) circuit model of the proposed antenna with SRRs for each port.

A.R. Dastkhosh et al.                                                                                                                                                                                                                           Results in Engineering 27 (2025) 106649 

4 



Table I 
Comparison Of Current Work With Previous Designs.

Ref. Type Bandwidth 
(GHz) / (%)

Element Size 
(λ0)3

Peak Gain; (dB) Efficiency (%) HPBW: H/E Pol.1 Process/ 
Feeding/ 
Suitable for AiP or GBP2

Isolation: Between Ports; 
R.P.3 (dB)

DF/ 
Tun.4 

(%)

R.P. S.A.5 NL6

[51] SIW-MD7 16-16.5 / (3) 0.72 × 0.72 × 0.08 2.7; 85 
(εr = 2.5)

80/80 LP/V. PCB / 
MS/ No

S.P.8 No/No E.F.9 NA 1

[52] MS-MD10 24-30 / (22) 0.7 × 0.45 × 0.07 6; 90 
(εr = 2.5)

100/NA LP/V. LTCC11/ 
MS/ No

S.P. No/No E.F. NA 1

[64] MS-MD 2.38-2.51 / (5) 2.9 × 1.17 × 0.025 13; 80 
(εr = 1 )

30/100 LP PCB / 
MS/ No

S.P. No/No B.S.11 NA 2

[80] SIW-SRR 24-28.6 / (17.5) 0.28 × 0.28 × 0.17 6.2; NA 
(εr = 6 )

80/90 LP PCB / 
SIW/ No

NA; 20 No/No B.S.
±55◦

3

[81] SRR 3.3-3.8 / (14) 0.23 × 0.23 × 0.04 4.7; 83 
(εr = 2.2 )

NA Dual PCB / 
Slot/ No

20 No/NA B.S. NA 3

[82] SRR 0.902-0.928 
/ (3)

0.21 × 0.21 × 0.03 5.7; 91 
(εr = 2.2)

NA LP/CP PCB / 
Coaxial/ No

SP No/(25) B.S.
±30◦

2

[83] SRR 3.3-3.8 / (14) 0.28 × 0.28 × 0.03 5.4; 77 
(εr = 2.2)

94/90 CP PCB / 
MS/ No

15 No/(10) B.S.
±30◦

3

[84] Patch 4.8-5 / (4) 1.3 × 1.3 × 0.05 9.6; NA 
(εr = 3.5)

80/40 Dual PCB / 
Coaxial/ No

60 Yes/No B.S. NA 1

[85] Patch 3.3-3.6 / (9) 0.29 × 0.29 × 0.06 8; NA 
(εr = 2.7 )

70/70 Dual PCB / 
MS/ No

35 Yes/NA B.S. NA 3

[86] MS-Slot 8.4-8.8 / (5) 0.9 × 0.9 × 0.023 3; NA 70/100 Lin. PCB / 
Slot/ No

SP No/No B.S. ±90◦ 2

[87] SIW-SRR 2.45-2.75 (12) 
3.5-3.8 (8)

0.48 × 0.4 × 0.02 3.6 
3.15

75/95 Dual Lin PCB / 
SIW/ No

20 No/(12) B.S. NA 1

[88] MED12 25-43 / (53) 0.4 × 0.4 × 0.12 5 70/80 Lin. FOWLP/ Coaxial/ Yes SP No/No B.S.
±55◦

5

This Work SRR- 
MD13

B: typ.: 27-30 
(20-40) / (10) 
A: typ.: 25-27 
(20-40) / (10) 
typ.: 28-28.5 
(24-34) / (2) 
typ.: 17.9-18.4 
(15-25) / (3)

0.27 × 0.27 × 0.02 
0.25 × 0.25 × 0.025 
0.2 × 0.2 × 0.022 
0.2 × 0.2 × 0.02

7; 96% 
(εr = 2.5 ) 
8; 94% 
(εr = 2.5 ) 
2.5; 85% 
(εr = 6 ) 
3; 80% 
(εr = 6)

80/90 
90/100 
110/120 
115/120

Dual PCB / GBP13 

Coaxial/ Yes
90; 80/30 (LP/CP) Yes/(67) B.S.

±80◦
2; 
314

Pol.1: Polarization; GBP2: Glass-based Packaging; R.P.3: Radiation Pattern; DF/Tun.4: Differential-Fed/Tunable; S.A.5: Scanning Angles; NL6: Number of Layers; SIW-MD7: Substrate Integrated Waveguide Magnetic Dipole; 
S.P.8: Single Port; E.F.9: End-Fire; MS-MD10 : Microstrip Magnetic Dipole; B.S.11: Broadside; SRR-MD12: Split Ring Resonator Magnetic Dipole;; MED13: Magneto-Electric Dipole; 314: Three Layers with MIM Capacitors.
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the correct quantity and dimensions of VIAs, attains the necessary 
reduction in resonance, hence minimizing the electrical size of the an
tenna. The ultimate resonant frequency of the SRRs is found by [63]: 

fr =
1

2π
̅̅̅̅̅̅̅̅̅
LtCt

√ (6) 

which Lt and Ct define the total capacitance and inductance of the 
structure. The designed antenna configuration comprises six parallel 
VIAs and two parallel MIM capacitances at each differential-fed port 
SRR-MD. Therefore: h = 0.3 mm, ravg = 0.1 mm (ravg is the average 
radius of the grounded VIAs of each loop); Lt ≈ L ≈ L1/6 ≈ 10pH, Ct ≈

2 × CMIM ≈ 7pF: (f ≈ 20 GHz). A dual differential-fed antenna structure 
with four current loops is developed to accomplish dual polarization. 
The design procedure of the proposed antenna can be outlined as 
follows: 

Fig. 4. A typical designed eight-port hybrid phase shifter and its specifications separately without connection lines (a, b, c, d); and based on PCB properties (e, f).

Fig. 5. A typical multilayered PCB with antenna D and test board or hybrids: a, b) PCB in Altium Designer; c) top layer and d) bottom layer of the fabricated PCB with 
2.92 connectors.

Fig. 6. a, b) antenna under test in antenna chamber for radiation pattern 
measurements by near-fields to far-fields transformations.

Fig. 7. Magnetic fields show the creations of the magnetic dipoles in the middle of each arm of the antenna B @ 28 GHz at: a) port 1, b) port 2.
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a) calculating the size of the circular patch antenna using an appro
priate feeding mechanism (coupling through feeding lines),

b) design a differential-fed port configuration,
c) incorporate inductors and capacitors in the MD loops,
d) adjustment of parameters/dimensions using CST Studio Suite to 

attain a high-performance antenna,
e) develop a dual-port differential-fed antenna and implement final 

improvements and adjustments.

Image theory suggests that the height of a printed electric dipole 
antenna should approximate one-quarter of the wavelength; yet, the 
designed antenna can produce omnidirectional radiation patterns in the 
top half-space when constructed on extremely thin substrates. In the 
proposed antenna, metallic shorting VIAs connect each patch arm to the 
ground, and in conjunction with the ground plane, they create a center- 
fed loop antenna. The capacitances of the MIM/gap capacitors and the 
inductances/mutual coupling of VIAs enhance the adaptability of the 
resonant frequency and improvement of impedance matching of the 
antenna. This horizontal SRR-MD antenna, as outlined in the subsequent 
section, delivers a broader impedance bandwidth as a result of its UWB- 
frequency-tuning capability, broadside and wide circularly-polarized 
radiation, more compact dimensions, and superior performance as a 
result of its unique design [64–66] (also Table I).

3. Simulations and measured results

This section clarifies the simulation and empirical findings. A hybrid 
8-port phase shifter has been developed for antenna evaluation. Fig. 4

illustrates the parameters of the hybrid. The antenna and hybrid are 
integrated to form multilayered PCBs. Ultimately, to improve isolation 
between two differential ports and their feeding, microstrip lines should 
be utilized alongside striplines. Despite the transmission line lengths 
from the hybrid outputs to the antenna input ports were precisely cali
brated using the "interactive length tuning" feature in Altium Designer 
and were identical, we observed discrepancies in the phases and am
plitudes at the antenna input terminals compared to the simulations. 
This was attributable to the differing configurations of the transmission 
or connection lines, leading to variations in inductances and capaci
tances of the transmission lines (Fig. 4 e, f). Several authors have 
developed hybrid phase shifters in the references [67–69]. However, 
they consist of intricate and expansive constructions with several 
transmission lines and stubs, requiring extended transmission lines for 
connection to antenna ports. Consequently, they generate increased 
losses and phase discrepancies or diminished accuracies. Utilizing 
highly accurate, calibrated, and optimized test boards or beamformer 
ICs capable of generating precise and/or adjustable phases and ampli
tudes with minimal lengths, will enable measurement results to align 
closely with simulation outcomes.

The test facilities and the fabricated multilayered antenna structure, 
which is combined with a hybrid phase shifter, are illustrated in Figs. 5- 
6. Glass substrate (loss tangent = 0.009, εr = 2.6) and Rogers RO4350 
substrate (loss tangent = 0.002, εr = 3.6) were utilized to design and 
fabricate four distinct antennas in alignment with the specified re
quirements, available substrates, and manufacturing technologies 
[25–26]. Antennas A and B possess SRRs with distinct optimum di
mensions and were designed on Glass substrate. Antenna A possesses 

Fig. 8. Surface current (a), and current density (b) at port 1 @ 28 GHz (antenna B).

Fig. 9. Active reflection coefficient and isolation (in dB), @ 28 GHz (a, b) and @ 29 GHz (c, d).
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larger MIM and Gap capacitors than antenna B. Antennas C and D do not 
incorporate SRRs and possess the fewest Blind VIAs. Antenna C was 
designed on Glass substrate, whereas antenna D was designed and 
fabricated using Rogers RO4350. The dimensions of the antennas are: A: 
3.2 × 3.2 × 0.35mm3; antenna B: 3.9 × 3.9 × 0.3mm3; C: 7 × 7 ×
0.35 mm3; D: 7 × 7 × 0.6 mm3.

The specifications of the antennas in the most compact and low- 
profile designs (antennas A, B), as will be demonstrated in the subse
quent paragraphs and Figs, are highly sensitive to the dimensions and 
substrate properties, or consequently, to the fabrication technology and 
the materials employed. The differential port centers are situated in 
close proximity (0.75 mm), complicating impedance matching and 
feeding, particularly for testing purposes. A mere 0.01 mm alteration in 
the size of MIM capacitors can result in an approximate 0.25 GHz fre
quency variation (at 30 GHz). Utilizing a substrate with εr = 3.6 instead 
of εr = 2.6 will result in an approximate frequency shift of 5 GHz, leading 
to a lower resonance at 25 GHz instead of 30 GHz. Furthermore, the 
diameters of some (Blind) VIAs in the intermediate layer fall within the 
range of 0.1 mm, rendering their implementation unfeasible due to 
constraints in available fabrication technology (the smallest achievable 
VIAs are 0.15 mm with 0.1 mm edge-to-edge spacing).

Detailed explanations of these issues are provided in the following 
sentences. On Glass substrates and available fabrication technology, 
additional constraints exist, including the use of Blind vias and multi
layered PCBs, when the Glass thickness is restricted to 0.3 mm. The 
implementation of MIM or lumped capacitors is another issue, as seen in 
Figs. 2 and 3. The antenna be constructed on alternative available sub
strates, including S1000H UL ANSI: FR-4.0 (high-performance FR-4.0). 
However, its permittivity is elevated at 1 GHz (4.6) and is inappro
priate for the intended mmWave applications due to its high loss 

tangent, which considerably impairs the efficiency of the antenna (0.011 
at 1 GHz and 0.025 at 10 GHz). In addition, the minimum thickness of 
0.05 mm is insufficient for the implementation of MIM capacitors (0.02 
mm is required). Rogers RO4350B substrate is capable of supporting 
multilayered PCBs with a minimum thickness of only 0.1 mm. Other 
fabrication technology limitations for Rogers RO4350B substrate 
included the following: a minimum hole size of 0.15 mm (0.1 mm is 
required), a minimum distance of 0.2 mm between the VIA hole and 
conductive pattern (0.1 mm is required), a minimum back drill layer 
thickness of greater than 0.15 mm (0.1 mm is required), a minimum 
back drill diameter of 0.3 mm (0.1~0.2 mm is required), and a minimum 
space of 0.2 mm between back drilling or Blind VIAs and transmission 
lines (back drilling is a technique used to implement Blind VIAs). 
Consequently, certain thicknesses and values were altered or increased, 
and some Blind VIAs were converted to Through VIAs due to these 
constraints [70]. Thus, a modified antenna D was implemented on the 
RO4350B Rogers substrate (Epoxy/Glass processes) for the fabrication 
and testing. This antenna is larger and simpler to fabricate, with larger 
VIAs and distances between ports, as well as wider connection lines and 
a wider frequency bandwidth. The accuracy of measurements was 
influenced by the further modification and tuning of the new structure. 
Epoxy/Glass processes were used to prepare the fabrication technology 
of Blind VIAs and the implementation of multilayered PCBs.

The Anhui Engineering Research Centre for Microwave and Com
munications, located at Hefei Normal University in Hefei, China, con
ducted the antenna testing. The network analyzer utilized was the 
Agilent PNA-X N5247A. The antenna was evaluated at certain fre
quencies according to the frequency bandwidth of the hybrids. Dis
crepancies between simulation results and fabrication outcomes are 
affected by fabrication accuracy, insufficient isolation among test board 

(a) (b) (c)

(d) (e) (f)

Fig. 10. Simulated scattering parameters of the antennas (a, b); measured results of reflection coefficients and isolations for antenna D (c); simulated linearly 
polarized realized gain and efficiency of the antennas (d, e); HPBW (f).
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ports (particularly the 90-degree hybrid phase shifter), connector radi
ation and placement effects, measurement inaccuracies of the testing 
apparatus (up to approximately 2 dB, according to the datasheet from 
NSI-MI Technologies and the test operator’s report), frequency de
viations and inaccuracies in the phase and amplitude of the hybrids. 

Antenna testing, specifically near-field to far-field transformation, 
evaluates far-field properties of an antenna by measuring its near-field 
patterns within a chamber. This obviates the requirement for an 
expansive, open-area testing location, thereby enhancing the efficiency 
of antenna evaluation. The capacity of the system to precisely convert 

Fig. 11. Simulated circularly-polarized realized gain/RG and efficiency (a), and HPBW (b) for antennas A, B, C; c) simulated and measured axial ratios, and d) 
measured linearly and circularly polarized realized gain of antenna D.

Fig. 12. Axial ratio beam patterns of the proposed antennas for antenna A (a, b), antenna B (c, d), antenna C, D (e, f).
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near-field data into far-field results depends on the calibration method. 
It commonly comprises three steps: a) probe calibration, b) system 
calibration, and c) post-processing calibration. Initially, the probe is 
calibrated in free space using a standard antenna, such as a reference 
dipole or horn antenna with a specified radiation pattern. The near field 
of the standard antenna is assessed to verify the precision of the probe. 
Subsequently, system calibration is performed. The complete measuring 
apparatus undergoes testing during system calibration utilizing a 
reference antenna with established far-field patterns. It also ensures 
scanner accuracy (e.g., robotic arm or planar scanner) with laser 
trackers or encoders. Finally, to post-process near-field sensor data, NF- 
FF transformation software is employed. This step verifies that the data 
aligns with the patterns of far-field radiation by comparing the NF–FF 
converted pattern with the known far-field results. Periodic calibration 
be required to account for shifts or environmental changes that might 
affect data, such as temperature or humidity [71–72]. The conversion of 
the rectified near-field data to the far-field is accomplished via tech
niques and algorithms implemented by NSI-MI Technologies.

Figs. 7-16 depict the simulated and measured results of the proposed 
antenna. Fig. 7 illustrates the formation of magnetic dipoles at the 
midpoints of the arms of each differentially-fed magnetic dipole (x = y =
a/2). For each differentially-fed SRR-MD, the total magnetic fields result 
from the amalgamation of the magnetic fields from both arms, which are 
oriented in the same direction. As explained in the previous section, the 
differential-fed mechanism excites TE11 mode. Fig. 8 shows the surface 

currents and current density at typical port 1 that proves the excitation 
of the fundamental TE11 mode. Mutual coupling and/or surface waves 
result in scan blindness [73]. A substrate characterized by low dielectric 
permittivity and reduced height is essential for the effective attenuation 
of surface waves. The differential-fed mechanism of the antenna mark
edly diminishes surface waves, particularly those produced by even 
modes, as demonstrated in Eq. (2). Therefore, active parameters are 
crucial in the antenna analysis and design. The active element param
eters are determined in an antenna array when all input voltages are set 
to zero and all ports are loaded and matched, with the exception of the 
nth port, which is set to unity [74–75]. Floquet’s method analysis was 
employed for the analyses and simulations of the antenna element in the 
array or achieving active parameters. Fig. 9 delineates that active 
impedance of the antenna is also acceptable and the performance of the 
antenna will not degrade even for large scanning angles. Thus, the an
tenna performance in the array is likewise commendable.

The simulated linearly polarized realized gains, efficiencies, and 
half-power beamwidth (HPBW) of the antennas are illustrated in Fig. 10. 
Furthermore, the simulated and measured scattering parameters are 
presented. This Fig. indicates that antenna D has a wider frequency 
bandwidth but demonstrates diminished efficiency at mid-range fre
quencies due to its thin and simplified design, along with direct feeding 
to the radiating patches for manufacturing convenience, without a 
coupled-line feeding mechanism. It also prepares an acceptable realized 
gain for the test and assessment. The simulation results of the isolation of 

Fig. 13. Simulated co and cross polarization radiation patterns at linearly-polarized mode for antennas B.

Fig. 14. Simulated and measured co-/cross-polarization realized gain radiation pattern for linearly-polarized mode at different frequencies for antenna D.
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the antenna differ from the measured values due to the fact that, as 
mentioned before, the isolation between the terminals of the hybrids is 
approximately 10 dB. Additionally, any connection lines from the output 
ports of the hybrids to the input ports of the antenna generate coupled 
signals that can transmit to all other ports.

Fig. 11 shows the simulated circularly-polarized realized gains and 
efficiencies and HPBW for antennas A, B, C; and simulated and measured 
axial ratios, and measured results of the linearly and circularly polarized 
realized gains for antenna D. Also, Fig. 12 illustrates the axial ratio beam 
patterns of the designed antennas and delineates that antennas A and B 
can cover the entire scanning angles without the degradations of axial 
ratios. Axial ratio values and radiation specifications of the antennas C, 
D are almost the same. Fig. 13 illustrates simulated isolation values 
between co-polarization and cross-polarization radiation patterns of 
antenna B, surpassing 80 dB. Figs. 14-15 depict the simulated and 
measured co/cross polarization radiation patterns of antenna D for lin
early and circularly polarized modes. The elevated cross polarization 
values seen in the measured findings are attributed to insufficient 
isolation between hybrid ports, particularly the 90-degree hybrid, which 
is about -10 dB, as well as the coupling among connecting lines from the 
output ports of the hybrids to the input ports of the antenna and other 
reasons that were discussed in this section related to test procedure and 
antenna chamber. As mentioned, in comparison to antenna B, antenna A 
has bigger capacitances and, as a result, can resonate in lower frequency 
but with a little lower gain. Utilizing SRRs in antenna structures leads to 
more than 70% compactness. The airgap can be implemented in pack
aging process or by ball grid arrays (BGAs) which can lead to higher 
frequency bandwidth. Little differences between simulation results of 
the two ports are because of a little asymmetrical geometry of the ports. 
In the Figs, Az.: Azimuth (or φ=0◦); El.: Elevation (or φ=90◦); CP: 
Circularly-Polarized; LP: Linearly-Polarized; RG: Realized Gain.

A notable and beneficial feature of the proposed antenna is its ability 
to tune the operating frequency using MIM and/or Gap capacitors 
(Fig. 16). The resonant frequency can be adjusted from 40 GHz to 22 
GHz by altering the diameter and/or spacing of the MIM capacitor 
connected to the VIAs adjacent to the edges of the antenna. It can attain 
20 GHz by employing more and larger MIM and Gap capacitors. The 
resonant frequency is 10 GHz lower than that of a standard circular 
patch antenna with identical dimensions. The lumped capacitors have 
been used to replace these capacitances, and the new structure has been 

simulated, yielding the same results (Eq. 3). In addition, they be 
substituted with other types of capacitors, such as MOS or varactor di
odes, or they be generated by (beamformer) ICs that incorporate vari
able capacitors. Their optimal values range from 0.1fF to 1pF. The 
simulation results are presented here due to the previously noted limi
tations of manufacturing technology. Fig. 16f incorporates the simula
tion results of the corresponding circuit model. The isolation between 
two differential ports is infinite in the circuit model due to the differ
ential feeding mechanism of the antenna.

The thickness of the metal also influences the operating frequency of 
the antenna, and the antenna will resonate at a lower frequency when 
equipped with thicker feeding lines. For example, an increase in metal 
thickness in feeding lines from 0.01 mm to 0.05 mm will lead to a 
reduction of 1 GHz in the resonant frequency of the proposed antenna, 
which has a center frequency of 25 GHz. This is due to the fact that 
increased metal thickness corresponds to elevated capacitances. The 
proposed antenna effectively suppresses out-of-band frequency signals, 
as indicated by the Figs (filtering capability). To decrease the antenna 
dimensions to below 75% of the current sizes (antennas A, B), alternate 
Glass substrates with εr: 5 ∼ 6 can also be utilized. Thus, the antennas 
will have dimensions of roughly 0.2λ0 × 0.2λ0 × 0.02λ0 albeit at the 
expense of less efficiencies and realized gains. The unique differential- 
fed mechanism and the design of the proposed low-profile SRR-MD 
antenna make it independent of electrical permittivity. In other types of 
antennas, by increasing εr, we expect much less efficiency and realized 
gain. An SRR-MD antenna, designed using the conventional dimensions 
of a circular patch antenna and employing these structures (εr = 6 ), has 
achieved an efficiency of 85% and a realized gain of 5.5 dB. Moreover, 
the geometrical dimensions of the suggested antenna are comparable to 
those of the typical ESAs that were investigated in Section 2.2. Table I
and Fig. 17 compare the current work with the previous designs in the 
references. Due to the SatCom applications of the antenna, its array 
analysis and temperature dependency are also investigated as well. 
Fig. 18 (a, b) depicts the elevation and azimuth radiation patterns of the 
1024-element rectangular array antenna, incorporating the suggested 
antenna elements and employing excitation tapering to get 20 dB side 
lobe levels (SLLs). The uniform radiation patterns and wide horizontal 
and vertical HPBW of the designed antenna prevent the creation of 
squint angles, except at exceptionally wide scanning angles (80◦), when 
the precise amplitudes and phases are applied. Also, temperature 

Fig. 15. Simulated and measured co-/cross-polarization realized gain radiation for circularly-polarized mode in different frequencies for antenna D.
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Fig. 16. a-e) Frequency sweep by changing the diameter of MIM capacitor(s) with center frequency of 30 GHz; f, g) frequency sweep by lumped element capacitors with simulation results of the equivalent circuit model.
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variations (-50◦C~160◦C) influence the dielectric constant and loss 
tangent of substrates, as indicated by references [76–79]. Substrates like 
Glass and Rogers exhibit negligible variations in loss tangent. A decrease 
in realized gain from 6 dB to 3 dB will occur due to a rise in the loss 
tangent of other common substrates, such as FR4 or those with εr = 2.6 
from 0.002 to 0.05.

The cited literature demonstrate that for Rogers and Glass substrates, 
variations in dielectric constant are approximately 1-2%, leading to an 
insignificant resonance shift of 0.2 GHz for the proposed antenna reso
nating at 30 GHz under ambient temperature conditions. However, 
variations in electrical permittivity must be taken into account for 
particular substrates that experience greater fluctuations with temper
ature changes. Fig. 18 (c, d) illustrates the variations in realized gain and 
reflection coefficient of the proposed antenna for a substrate exhibiting a 
30% alteration in electrical permittivity, resulting in a 4 GHz frequency 
shift (28GHz-32 GHz). The center frequency of the antenna varies lin
early with a slope of approximately − 5εr (f ≈ - − 5εr+43).

A compact, low-profile antenna with minimal volume and broadside 
radiation, with a size comparable to an IC and dual differential feeding, 
is appropriate for AiP glass-based packaging. The suggested antenna is 
the most compact and low-profile design, exhibiting broadside radiation 
and high gain. It encompasses the whole K/Ka frequency band with a 
maximum frequency tuning range of 67%, incorporates filtering capa
bilities, and is dual differential-fed to accommodate all polarizations. 
AiP solutions that are low-cost require the smallest antenna configura
tions; however, they have been implemented at frequencies exceeding 
60 GHz. The antenna demonstrated is compatible with lower fre
quencies due to its innovative design (0.3 mm). The proposed antenna 
offers excellent gain, efficiency, extensive circularly-polarized scanning 
capabilities, cost-effectiveness, robust shielding that prevents surface 
waves and superior isolation between ports and linearly polarized ra
diation patterns compared to similar designs.

4. Conclusion

This paper presents a new two-layer compact low-profile dual 
differential-fed K/Ka band SRR-MD antenna, which has been validated 
using simulations, comprehensive analysis, calculations, and measure
ments. The antenna structure has been specifically designed for inte
gration and stacking with ICs and is appropriate for low-profile 
configurations, such as glass-based packaging. It does not require con
ventional advanced packaging and fabrication techniques employed for 
AiP implementation, such as LTCC or wafer-level packaging and is 
suitable for the entire K/Ka frequency bands. It offers superior isolation, 
the broader frequency-tuning capabilities with minimal volume relative 
to alternative designs, and facilitates high-performance broadside radi
ation patterns. The antenna also facilitates the wider circularly- 
polarized scanning angles based on axial ratio beam patterns, active 
parameters and measurements. It also demonstrates filtering capability 
and resonates at a frequency that is 10 GHz lower than that of a con
ventional circular patch antenna. To our knowledge, it is the most 
compact and low-profile dual differential-fed antenna that accommo
dates UWB-frequency tuning and circularly polarized scanning 
capabilities.
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Sciences from the Faculté Polytechnique de Mons (FPMs), 
Belgium, in 1993 and 2002. Since 2013, she has been a Pro
fessor in Telecommunications at the Université de Mons 
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