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ABSTRACT

To address the problems of narrow impedance bandwidth in conventional microstrip patch
antennas at the 2.4 GHz Bluetooth band and the strong dependence of port matching and radiation
efficiency on structural dimensions, this paper investigates the structural design, equivalent-
circuit modeling, and test-result analysis of a wideband omnidirectional dual E-shaped microstrip
patch antenna based on a partial ground plane. The antenna is fabricated on an F4B dielectric
substrate with a relative permittivity of 2.2, a loss tangent of 0.0009, and overall dimensions of 30
mm x 22.5 mm x 1.575 mm. The radiating patch adopts a dual E-shaped slotted configuration,
and impedance tuning around 2.4 GHz is realized by combining the microstrip feed line with
the partial ground plane. On the basis of the existing parameter analysis, this paper supplements
formula-based analyses of the initial microstrip patch dimensions, effective dielectric constant,
fringing extension length, input impedance, reflection coefficient, voltage standing wave ratio,
equivalent RLC circuit, and efficiency. The antenna structure, equivalent circuit, prototype,
S-parameter test curve, radiation pattern, and efficiency curves are inserted into the corresponding
analysis positions. The results show that the antenna exhibits good impedance matching over
2.24-2.56 GHz. At the center frequency of 2.4 GHz, the measured reflection coefficient |S|
reaches approximately —43.5 dB, corresponding to a return loss of approximately 43.5 dB.
The impedance bandwidth is about 317 MHz, and the fractional bandwidth is about 13.19%.
Meanwhile, the gain at 2.4 GHz is approximately 2.41 dBi, the angular width is about 90°, the
side-lobe level is about —1.2 dB, and both the radiation efficiency and total efficiency can reach
approximately 81%. The study shows that the collaborative design of the dual E-shaped slot and
the partial ground plane can effectively broaden the operating bandwidth in the 2.4 GHz Bluetooth
band while maintaining a compact structure and convenient fabrication, thereby providing a basis
for subsequent performance comparison with a rectangular patch antenna.
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1. Introduction

With the widespread deployment of Bluetooth, Wi-Fi, ZigBee, and Internet-of-Things
terminals in the 2.4 GHz ISM band, terminal antenna designs featuring miniaturization,
low cost, and wideband operation have attracted continuous attention. As the key in-
terface between the RF front end and free-space electromagnetic waves, the antenna
directly affects wireless-link coverage capability and energy utilization efficiency through
its impedance matching, radiation efficiency, radiation-pattern stability, and structural
dimensions [1]. Microstrip patch antennas feature a low profile, simple fabrication, and
convenient integration with RF circuits, making them suitable for Bluetooth modules,
embedded sensor nodes, and compact wireless communication terminals [2].

However, conventional rectangular microstrip patch antennas usually suffer from narrow
impedance bandwidth, sensitivity to dielectric substrate and feed position, and insufficient
structural tuning freedom. Especially around 2.4 GHz, when the antenna size is constrained
by the terminal platform, merely adjusting the length and width of a rectangular patch
often makes it difficult to simultaneously satisfy the requirements of resonant frequency,
reflection coefficient |Sq;|, radiation efficiency, and radiation-pattern stability. Therefore,
improving antenna performance by means of slotted structures, partial ground planes,
feed-line dimension adjustment, and equivalent-circuit modeling is a common approach
in microstrip antenna optimization [3].

By introducing symmetrical slots into the radiating element, the dual E-shaped patch
structure can modify the surface-current path, enhance local electric-field coupling, and
introduce a more flexible equivalent inductance and capacitance tuning mechanism near
the target band [4]. Compared with an ordinary rectangular patch, the dual E-shaped struc-
ture does not simply change the outer contour; instead, it controls the input-impedance
trajectory through slot segmentation and path-length extension [5]. When further com-
bined with a partial ground plane, the edge current of the ground plane and the coupling
between the feed line and ground plane participate in the resonance formation, which
helps reduce the reflection coefficient |S;1| and broaden the effective operating bandwidth
[6].

Based on this background, this paper takes a wideband omnidirectional dual E-shaped
microstrip patch Bluetooth antenna based on a partial ground plane as the research
object. The paper is organized as follows. The design considerations are first described
with the antenna geometry and main structural parameters. Then, an equivalent RLC
model is established to explain the resonance and impedance-matching behavior [7].
Finally, the prototype, S-parameter response, radiation pattern, efficiency, and preliminary
comparison with related works are analyzed.

2. Design considerations

The proposed antenna is determined by the coupled effects of the dual E-shaped radiating
patch, microstrip feed line, and partial ground plane. Therefore, the design analysis focuses
on the substrate, patch dimensions, slot-induced current path, feed-line width, and ground-
plane length.

The antenna uses an F4B substrate with dimensions of 30 mm x 22.5 mm x 1.575 mm,
relative permittivity e, = 2.2, and loss tangent tané =0.0009. The radiating patch is printed
on the top layer, and the lower layer is a partial ground plane with Lg = 5 mm. The main
parameters are L = 30 mm, W = 22.5 mm, Lp = 20 mm, Wp = 10 mm, Lf = 10 mm, Wf
= 3.15 mm, Lg = 5 mm, and d = 2.22 mm.
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The initial patch dimensions are estimated from the dominant-mode microstrip-patch
relations. For a center frequency fy, the patch width is given by:

o 2
T 2fo\ e +1

Wp 1

where c is the speed of light in free space, fj is the center frequency, and ¢, is the substrate
permittivity. The effective dielectric constant is expressed as [8]:

1

eg+1 & -1 h\ 2

Eeff = rz + rz <1+12W> 2)
p

where h is the substrate thickness and Wp is the patch width. The fringing-field extension
can be calculated by:

AL (e +0.3) (£ +0.264)
— = 0412 - 3)
(eett — 0.258) (TP n 0.8)

The effective length and resonant frequency are then approximated by:

c
Lt =Ly +2AL, i~ — (4
¢ P fr 2Lefr/Eett

These formulas provide initial values only, because the slots and partial ground plane
further change the current path and edge-field distribution [9]. Fig. 1 shows the final
three-dimensional structure, top layer, and bottom partial ground plane.

Length-related parameters, including Lp, Lf, Lg, and the slot-induced current path,
mainly determine the resonant frequency. Increasing the equivalent electrical length shifts
the resonance downward, while decreasing it shifts the resonance upward [10]. The dual
E-shaped slots force current to detour along the slot edges, allowing 2.4 GHz resonance
within a compact outline [11]. The 5 mm partial ground plane is selected to balance feed
return current, impedance matching, and edge radiation [12]. In this configuration, the
shortened ground plane modifies the return-current path beneath the microstrip feed and
reduces the strong shielding effect of a full ground plane. The truncated ground edge
enhances the fringing field around the feed region and introduces additional coupling
among the feed line, the dual E-shaped patch, and the ground plane. As a result, the
real part of the input impedance can be adjusted toward the 50 © condition, while the
slot-loaded patch provides the required reactive tuning near 2.4 GHz. If the ground plane
is too long, the edge coupling becomes weak and the bandwidth is reduced; if it is too short,
excessive radiation from the feed region may deteriorate impedance stability. Therefore,
Lg = 5 mm is used as a compromise among impedance matching, bandwidth enhancement,
and stable radiation performance.

Width-related parameters, including Wp, Wf, d, and W, mainly affect input impedance,
radiation conductance, and local electric-field coupling. A small Wp reduces the effective
radiating area, whereas an excessive Wp weakens slot modulation. The slot spacing d
controls capacitive coupling between the E-shaped branches, and Wf = 3.15 mm is chosen
for approximate 50 2 feed matching [13].
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Fig. 1. The proposed antenna structure: (a) 3D view, (b) Top view, and (c) Bottom view, L = 30, W = 22.5, Lp =
20, Wp = 10, Lf = 10, Wf = 3.15, Lg = 5, d = 2.22 (units: mm).

The impedance bandwidth is evaluated from the low- and high-frequency cutoff points
as [14]:

FBW = % x 100% (5

0

According to the measured response, the antenna maintains good matching over ap-
proximately 2.24-2.56 GHz, corresponding to 317 MHz bandwidth and 13.19% fractional
bandwidth [15]. This operating band covers the Bluetooth 2.4 GHz ISM band from 2.400
to 2.4835 GHz, which is used by both Bluetooth Classic and Bluetooth Low Energy systems
according to the Bluetooth specification. Therefore, the proposed antenna is suitable for
current 2.4 GHz Bluetooth applications rather than being limited to an older Bluetooth
version. This verifies the combined tuning effect of the slots, feed line, and partial ground
plane.

The microstrip feed line directly excites the dual E-shaped patch and also participates in
local electric-field coupling near the input port. If Lf is too short, coupling is insufficient; if
it is too long, additional transmission-line effects may appear. In this design, Lf = 10 mm
and Wf = 3.15 mm provide a stable feed condition near 2.4 GHz.

3. Antenna equivalent circuit analysis

To explain the 2.4 GHz resonance mechanism, the antenna is modeled as a parallel RLC
resonator. In Fig. 2, Rr denotes radiation and loss resistance, Lr represents the magnetic
energy associated with the bent current path and feed coupling, and Cr represents the
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Fig. 2. (a) The proposed antenna’s equivalent circuit, and (b) the equivalent-circuit simulated reflection coefficient
|S11 |'in dB.

electric energy associated with the slots and patch-edge field. Fig. 2 gives the equivalent-
circuit simulated reflection coefficient |S11| response in dB.
For the equivalent parallel RLC resonator, the input impedance is:

7 _ 1+1+'C_1 6)
n=A\R " Jer, I

where w = 27f. The equivalent parameters are Rr = 50 Q, Lr = 25.5 nH, and Cr~0.172
pF. The corresponding resonant frequency is:

1
27 A/L;C;

Substituting Lr and Cr into equation (7) gives a resonant frequency close to 2.4 GHz,
which agrees with the measured and simulated reflection coefficient |S;;| results. This
confirms that the slot-induced capacitance and current-path inductance form the dominant
resonance.

The input impedance can also be derived from the reflection coefficient S;; in a 50 Q
system as:

fo= 7

1+ 811
1-5n

Zin = Zo ®

When the Smith-chart point approaches the center, the normalized impedance is close to
1+jo [13]. Thus, the equivalent circuit provides a compact interpretation of the antenna
matching behavior near the center frequency.

4. Results analysis
After the design and equivalent-circuit model are established, the fabricated prototype,

S-parameter response, far-field pattern, efficiency curves, and comparison table are used
to evaluate the antenna performance.
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Fig. 3. A prototype of the proposed antenna.

Fig. 3 shows the antenna prototype. The compact PCB structure and SMA connector
indicate that the design is compatible with conventional fabrication and measurement

procedures.
The reflection coefficient S;; is the key indicator of input matching. For antenna input

impedance Zin and system impedance Z0, the port reflection coefficient is:

Zin—2Z

r= in 0 (9)
Zin + ZO

The reflection coefficient magnitude expressed in dB is:

511 (dB) = 2010g10 |F| (10)

Fig. 4 shows the measured and simulated reflection coefficient |S;1| curves in dB.
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Fig. 4. The measured and simulated reflection coefficient 1S¢11 in dB.
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Fig. 5. The far-field patterns at 2.4 GHz; (a) 3D view, (b) E plane, and (c) H plane.
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Fig. 6. The measured and simulated efficiencies.

Table 1. Performance comparison between the proposed antenna and related works.

Center Reflection Realized
Ref Dimensions (mm) Frequency (GHz)  Coefficient |S11| (dB)  Gain (dBi)  Efficiency(%)
[16] 58 x 76.74 x 1.6 2.35/2.356 -50.04 3.54 Not reported
[17] 75.85 x 57.23 x 1.6  2.393 -38.86 3.121 Not reported
[18] 40 x 10 x 1.6 2.4 -19.11 1.347 79
[19] 60 x 60 x 1.6 2.4 -25.9 4.66 Not reported
This work 30 x 22.5 x 1.575 2.4 -43.5 2.41 81

As shown in Fig. 4, the antenna has a clear resonant dip near 2.4 GHz, and the measured
reflection coefficient |S;;| reaches approximately —43.5 dB, corresponding to a return loss
of approximately 43.5 dB. The measured —10 dB band is about 2.24-2.56 GHz, correspond-
ing to 317 MHz bandwidth and 13.19% fractional bandwidth. This range fully covers the
Bluetooth 2.4 GHz ISM band and provides tolerance for fabrication and installation effects.

The deep |S11]| dip results from the joint tuning of the dual E-shaped slots and the partial
ground plane. The slots extend the surface-current path and tune local capacitance, while
the shortened ground plane enhances feed-edge radiation and adjusts the real part of the
input impedance. The low |S;;| level also indicates a VSWR close to the matched state
around 2.4 GHz.

Gain, radiation pattern, and efficiency are used to evaluate the radiation performance.
Fig. 5 shows the far-field patterns at 2.4 GHz, including the 3D radiation pattern, E-plane
pattern, and H-plane pattern.

The measured and simulated results show that the antenna achieves a gain of approx-
imately 2.41 dBi at 2.4 GHz, an angular width of about 90°, and a side-lobe level of
about —-1.2 dB. The pattern exhibits an omnidirectional tendency, which is related to the
partial-ground structure and redistributed current on the dual E-shaped patch [6].

Fig. 6 shows the measured and simulated efficiency curves. At 2.4 GHz, both the radia-
tion efficiency and total efficiency are approximately 81%. The close agreement between
the two efficiency curves and the low |Sy;]| level indicate that mismatch loss is small and
that the F4B substrate, dual E-shaped patch, and partial ground plane form an effective
energy-conversion path.
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To provide a preliminary comparison with related 2.4 GHz microstrip antennas, Table 1
summarizes the antenna dimensions, center frequency, reflection coefficient |S1; |, realized
gain, and efficiency of the proposed antenna and selected reported designs. Some entries
will be further updated after additional literature retrieval.

5. Conclusion

This paper presents a wideband omnidirectional dual E-shaped microstrip patch antenna
based on a partial ground plane for 2.4 GHz Bluetooth applications. The dual E-shaped
slots, microstrip feed line, and 5 mm partial ground plane jointly control the effective cur-
rent path, local inductance-capacitance distribution, and input impedance. The equivalent
RLC model further explains the resonance and matching behavior near 2.4 GHz.

Measured results show that the antenna operates from approximately 2.24 to 2.56 GHz.
At 2.4 GHz, the measured reflection coefficient |S;1| is about —43.5 dB, corresponding to a
return loss of about 43.5 dB. The bandwidth is about 317 MHz, the fractional bandwidth
is 13.19%, the gain is about 2.41 dBi, and both radiation efficiency and total efficiency
are approximately 81%. These results demonstrate good impedance matching, acceptable
omnidirectional radiation, compact size, and convenient PCB implementation.
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