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Abstract: A one-dimensional mono-pulse microstrip antenna plays an important role in target
detection, tracking, recognition and imaging. However, feeding and coupling are the main reasons for
the large size of the mono-pulse antenna, which is not conducive to miniaturization and integration.
A miniaturized mono-pulse antenna is proposed to reduce the size and improve the integration in
antenna design. The proposed antenna has a more compact size and good isolation, with a well-
maintained radiation pattern and zero depth. The antenna unit size is 0.19 λ0 × 0.19 λ0 × 0.006 λ0.
The overall antenna size is 78 mm × 78 mm × 1.48 mm (0.63 λ0 × 0.63 λ0 × 0.0012 λ0). In this
communication, a general decoupling feeding network for two-element microstrip array antennas is
also designed. Experiment validations confirm that the operating frequency of the designed antenna
system is at 2.45 GHz with a gain of 5.54 dBi. The return loss of the sum and difference ports is
16.14 dB and 15.2 dB, respectively. The isolation of the ports is 36.6 dB. The proposed miniaturized
mono-pulse antenna is approximately 64% smaller in size compared to previous versions.

Keywords: array antenna; miniaturization; decoupling network; microstrip antenna

1. Introduction

With the rapid advancement of wireless communication systems and radar technolo-
gies [1], the demand for compact and high-performance antennas has grown exponentially.
Conventional antennas have become impractical due to their size, weight, power consump-
tion, and limited flexibility. In response to this need, miniaturized mono-pulse antennas
have emerged as a great solution, offering a compact dimension factor while maintaining
excellent performance.

A one-dimensional miniaturized mono-pulse antenna is suggested in this research.
It is smaller than typical designs but still retains good radiation patterns. By minimizing
the antenna’s physical dimensions and array spacing, the proposed antenna achieves
miniaturization. However, coupling is inevitable as antenna spacing is shrunk. As a result,
the antenna’s performance degrades and its radiation efficiency decreases. Therefore, to
achieve the decoupling function, the feed network needs to be upgraded.

Researchers have focused on various decoupling methods to reduce antenna coupling.
In [2], a technique of decoupling dielectric stubs (DDS) [3] was applied to a 4 × 4 dual-
polarized and wideband antenna array. The DDS can achieve all port-to-port isolations
over 25 dB from 4.4 to 5.0 GHz for all the coupling paths, which are 7 dB higher than
their counterparts without the DDS. In [4], the neutralization line [5] is used to design a
UWB MIMO antenna that covers the 3.1–5 GHz band with isolation greater than 22 dB.
In [6], a tunable decoupling and matching network [7,8] (DMN) for a two-element closely
spaced antenna array is presented. It uses only one varactor to achieve a tuning range
of 18.8% with both return loss and isolation better than 10 dB. In [9], a self-decoupling
structure was designed to present a new decoupling concept for dual-band shared-aperture
base station antenna arrays. This approach provides the antenna array with both in-band
and in-band decoupling capabilities. The co-polarized in-band coupling between the
designed high-band antennas is reduced by about 9 dB to 26.9 dB. In [10], a new decoupling
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method for phased array antenna units is proposed. The decoupling of the antenna units
is achieved by embedding non-radiating coupled resonators between the antenna units.
A mutual coupling reduction of more than 10 dB is achieved over the entire operating
bandwidth. A decoupling method for slit antenna arrays is proposed in [11]. The array
antenna decoupling surface consists of partially reflective metal patches. In [12], a quadratic
slit antenna array based on ADS is simulated, and the mutual coupling is less than −15 dB
over the impedance bandwidth of 2.35–2.545 GHz.

Microstrip antennas can be miniaturized by slotting the antenna surface or ground
plane or by loading shorting probes. In [13], Jianxing Li et al. proposed a compact circularly
polarized microstrip antenna with square-ring slots and loaded shorting probes [14]. The
overall size is 0.33 λ × 0.33 λ × 0.04 λ with a 3 dB measured gain. In [15], the antenna
achieved high gain by incorporating a shorted probe loaded with a strip line. The antenna
has dimensions of 0.57 λ × 0.57 λ × 0.09 λ and achieves a high gain of 8.5 dBi. In [16], a
defected ground structure (DGS) [17] was used to design a small decoupled MIMO antenna
array. It etches cross slots on a metal ground plane to alter the distributed capacitance and
inductance of the transmission lines, achieving decoupling. The dimensions of the designed
antenna unit are 0.23 λ× 0.27 λ× 0.0058λ, and the isolation at 5.8 GHz is greater than 20 dB.
In [18], a compact CPMA was designed with the use of an artificial magneto-dielectric
material [19]. The antenna has an overall size of 0.303 λ × 0.303 λ × 0.01 λ with a measured
peak gain of −3.75 dBic over the frequency band [20]. These methods generally result in a
size reduction of about 30–50%.

The antenna unit designed in this paper was miniaturized using the surface slotting
technique. The size of the antenna unit is greatly reduced by combining slots from different
structures. By means of formula derivation, the suggested decoupling network for a two-
element array is generalized, and any two-element antenna array can be decoupled. The
miniaturization of the decoupling network is realized using the equivalent circuit. The
final-designed mono-pulse antenna is compact while maintaining the shape of the radiation
pattern and maximizing the gain.

2. Materials and Methods
2.1. Antenna Configuration

Two aspects are considered in the miniaturization design of a two-element microstrip
patch array. The patch can be miniaturized by means of the slotting method, and the
antenna size can be significantly reduced by decreasing the element spacing. However,
reducing the element spacing will lead to an impedance mismatch between ports, which
can be solved by changing the structure of the feed network and correctly using matching
branches. The overall size change is shown in Figure 1.
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The final antenna configuration comprises two slotted patches and a decoupled feed
network, both of which are miniaturized, as shown in Figure 2. Its substrate is pressed
using two layers of F4B (εr = 2.65, tanδ = 0.002) substrate, with a grounding layer between
the two layers. The antenna unit is located on the top layer of the substrate, and U- and
rectangular slots are added to it. The decoupling feed network is printed on the bottom
layer of the substrate and is miniaturized by adding 12 branches. A matching branch is
added to the external port to realize impedance matching with the external ports. A ground
plane exists between the two substrates, and the feed network is fed to the two-element
antenna array through the bottom feed. Two holes with a radius slightly larger than the
coaxial line are introduced on the ground plane. The SMA connector is used as the feed
launcher. All parameters of the antenna system are listed in Table 1.

Electronics 2023, 12, x FOR PEER REVIEW 3 of 14 
 

 

The final antenna configuration comprises two slotted patches and a decoupled feed 

network, both of which are miniaturized, as shown in Figure 2. Its substrate is pressed 

using two layers of F4B ( r  = 2.65, tan  = 0.002) substrate, with a grounding layer be-

tween the two layers. The antenna unit is located on the top layer of the substrate, and U- 

and rectangular slots are added to it. The decoupling feed network is printed on the bot-

tom layer of the substrate and is miniaturized by adding 12 branches. A matching branch 

is added to the external port to realize impedance matching with the external ports. A 

ground plane exists between the two substrates, and the feed network is fed to the two-

element antenna array through the bottom feed. Two holes with a radius slightly larger 

than the coaxial line are introduced on the ground plane. The SMA connector is used as 

the feed launcher. All parameters of the antenna system are listed in Table 1. 

 

Figure 2. The designed mono-pulse antenna. 

Table 1. Antenna parameters (unit: mm). 

Para Ws d W v v1 R k1 k2 u 

Value 78 32 23.4 17.1 16.5 3.8 6.1 8.4 0.3 

Para P L1 L2 W1 W1s R R1 Wm H 

Value 11.2 23.15 11 2 1.5 4.3 11.1 0.3 1.48 

2.2. Miniaturization Antenna 

The relationship between microstrip antenna size and frequency is inversely propor-

tional (here, the equation does not take into account the edge shortening effect), where W 

and L are the antenna length and width dimensions. The designed microstrip antenna 

operates in TM10 mode, and the antenna current path is shown in Figure 3. The equivalent 

current length of the slot is codirectional in the L direction and inverse in the W direction. 

The slot changes the direction of the current and lengthens the effective current path, 

thereby reducing the resonant frequency and miniaturizing the antenna. 

1

2
1

( )
2 2

rc
W

f

 −+
=  (1) 

2 e

c
L

f 
=  (2) 

Figure 2. The designed mono-pulse antenna.

Table 1. Antenna parameters (unit: mm).

Para Ws d W v v1 R k1 k2 u

Value 78 32 23.4 17.1 16.5 3.8 6.1 8.4 0.3

Para P L1 L2 W1 W1s R R1 Wm H

Value 11.2 23.15 11 2 1.5 4.3 11.1 0.3 1.48

2.2. Miniaturization Antenna

The relationship between microstrip antenna size and frequency is inversely propor-
tional (here, the equation does not take into account the edge shortening effect), where
W and L are the antenna length and width dimensions. The designed microstrip antenna
operates in TM10 mode, and the antenna current path is shown in Figure 3. The equivalent
current length of the slot is codirectional in the L direction and inverse in the W direction.
The slot changes the direction of the current and lengthens the effective current path,
thereby reducing the resonant frequency and miniaturizing the antenna.
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Figure 3. The current path of the microstrip antenna in TM10 mode.

In order to ensure that the shape of the antenna radiation pattern is not distorted, it
is necessary to ensure that the slot is symmetrical along the L direction when the antenna
surface is slotted, and the antenna current is still reversed in the W direction, with only
the L direction component. The effect of slotting on the antenna path is shown in Figure 4.
Comparing the three current distribution diagrams in Figure 4, the location of the maximum
current is similar, but the path of the maximum current value in Figure 4b,c is longer, which
indicates that it has the most significant effect of reducing the resonant frequency and the
longest effective current path. The value of the current near the U-shaped slots is larger,
so it plays the main role in extending the current path. When a U-shaped slot is added to
the antenna, the resonant frequency is less than 8% of the bandwidth near the expected
resonance point, and the S parameter is shown in Figure 5. Comparing Figure 4b,c, it can
be seen that the function of the rectangular slot is to fine-tune the frequency to the resonant
frequency point. The resonant frequency changes caused by the length of the slot and the
size change of the microstrip antenna are shown in Figure 6. This is consistent with the
above analysis indicating that the longer the antenna slot, the lower the resonant frequency.
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The feed point location in the antenna design process has some influence on the
impedance matching. The input impedance of the microstrip antenna is affected by many
parameters. For any feed point, the radiation resistance of the microstrip antenna is
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where the length of the slot is v, the distance from the feed point to the center of the slit is d,
and p is a variable of the Fourier transform.

As shown in Figure 7, the position of the antenna feed point has a great influence on
the impedance matching at the resonant frequency point, and the impedance matching
can be better achieved by choosing the feed point position reasonably through formula
calculation and simulation. When the feed-point position P = 11.2 mm, the S parameters of
the antenna are optimized at the resonant frequency point.
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The antenna has a frequency of 2.45 GHz. The miniaturized antenna unit was designed
to be 23.4× 23.4 mm2 (0.19 λ× 0.19 λ), as shown in Figure 8. The S parameters and radiation
patterns are shown in Figure 9.
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The addition of slots greatly reduces the size of the antenna unit. The final parameters
were simulated and determined using ANSYS HFSS 2020R2 software. The simulation
results of the miniaturized microstrip antenna are shown in Figure 8a,b. The S11 of the
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antenna is greater than 21.6 dB, the antenna gain is 3.14 dBi, and the peak gain is at θ = 0◦.
The proposed antenna unit is approximately 59% smaller in size compared to previous
versions. Compared with the two-element microstrip antenna (130 mm × 130 mm), the
size of the designed antenna is reduced by 64%. The overall size change of the antenna is
shown in Figure 1.

2.3. Decoupling Feed Network

Considering that the proposed mono-pulse antenna has two units, the feed network
needs at least four ports, two for feeding the radiators and two for connecting the sum and
difference ports, as shown in Figure 10. The electromagnetic wave at the external port is
denoted by e, while i denotes the one at the internal port, and a and b denote the incident
wave and the reflected wave, respectively.
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The expression of the S parameter of the antenna feeding system is be = Saae. When
seen from the external port of the antenna feeding system, if the scattering matrix S is
diagonal, it indicates that the antenna has been decoupled completely.

The scattering matrix expression of the array antenna can be formulated as follows

ai = Sabi (5)

The scattering matrix expression of the feeding network is[
be
bi

]
=

[
See Sei
Sie Sii

][
ae
ai

]
(6)

where ai, bi, ae, and be are column vectors with two elements and See, Sei, Sie, and Sii are
2 × 2 matrices. For the ideal feed network, See = Sii = 0, Sei = Sie

T , then

be = SeiSaSieae = Scae (7)

Since the reflection coefficient of a mono-pulse antenna unit is small enough, it can be
assumed that there is only coupling but no reflection between elements of the antenna array:

Sa =

[
0 s12

s21 0

]
, and s12 = s21.

Through simple calculation, the eigenvectors can be obtained as

e1 =
1√
2

[
1
1

]
, e2 =

1√
2

[
1
−1

]
.

The antenna array operates in the mode corresponding to the eigenvector e1 with the
feeds of both ports being of equal amplitude and in-phase and in the mode corresponding
to e2 with the feeds of both port being of equal amplitude and in-phase.

Therefore, Sie = [e1 e2] and Sei = Sie
T = S−1

ie . The scattering matrix of the antenna
feeding system is diagonal. The two-element microstrip array antennas are decoupled.
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The scattering matrix of the decoupled feeding network is

Sc =


s11 0 s13 s13
0 s22 s14 −s14

s13 s14 s33 s34
s13 −s14 s34 s44

. (8)

The decoupled network of the two-element microstrip array is obtained through
matrix calculation, and the decoupled network can be represented by Figure 11.
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Figure 11. The transmission line equivalent model.

θ1 and θ2 take on arbitrary values. Figure 11 shows a common decoupling network
for a two-element array of antennas.

In order to ensure that the decoupling network is better adapted to the miniaturized
antenna array, take θ1 = θ2 =

λg
8 . TL4 takes λg

4 + θ2, and at this time, the decoupling
network in the size of the ring is greatly reduced. However, changes in the size and
impedance of the ring cause the imaginary part to arise. On the other hand, the phase
at the difference port of the decoupling network cannot achieve reverse superposition.
Therefore, an equivalent circuit is used to add an open short branch on the torus, as shown
in Figure 12a,b. In this way, the impedance of the port can be matched. The phase-inverse
superposition of differential ports is realized by adjusting the equivalent length of TL4. The
equivalent circuit is designed by adding an open branch, and the total size of the equivalent
ring is 3λg

2 , and the corresponding transmission line impedance is
√

2Z0. At this time, the
impedance matching is realized at each port, and the phase inversion superposition is
realized at the differential port.
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The transmission (ABCD) matrix presented in Figure 11 is

T1 =

[
cos θ jZ sin θ

jY sin θ cos θ

]
(9)

T2 =

[
1 0

jYs tan θs 1

]
T1

[
1 0

jYs tan θs 1

]
T1

[
1 0

jYs tan θs 1

]
(10)

For T1 = T2, the impedance of the transmission line and the open branch can be
calculated as

Zm =
Z sin θ

sin θm
(11)

Zs =
Z sin θ tan θs

cos θm − cos θ
(12)

Considering the fabrication accuracy, the equivalent microstrip line cannot be fabri-
cated and used if its width is less than 0.2 mm. Fixing the θs to 20◦, the results of the final
optimization parameters are recorded in Table 2, and the final feeding network model is
shown in Figure 13.

Table 2. Equivalent model size.

Main Line Equivalent Unit

θm (◦) Zm (Ω) Wm (mm) Lm (mm) θs (◦) Zs/2 (Ω) Ws (mm) Ls (mm)

22.5 130.6 0.24 5.5 20 42 2.58 4.55
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Figure 13. The structure of the miniaturization feed network.

As shown in Figure 14, the power fed to the network at 2.45 GHz has equal error in
the two ports, at 0.1 dB, and the port isolation is greater than 25 dB.

We combine the two parts and match the external ports. The antenna model of the final
design is shown in Figure 2. Figure 15 shows the changes in the S parameters of the antenna
before and after decoupling. The reduction in S21 by about 30 dB after antenna decoupling
indicates that the designed decoupling network can isolate the two outer ports well.
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Figure 14. The feed network simulation results. (a) Sum port. (b) Difference port.
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Figure 15. The difference in S parameters of the mono-pulse antenna before and after adding the
decoupling network.

3. Result

The array antenna was connected to the feeding unit. The measured results are shown
in Figure 16a,b. The measurement environment is shown in Figure 17. The S parameter
test used Anritsu’s vector network analyzer, which measured 201 points in the band
2.4–2.6 GHz. LB-10180-SF wideband horn antennas with a frequency of 1–18 GHZ were
used for the measurement of antenna gain.
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The simulated S parameters are depicted in Figure 18, which shows a frequency
discrepancy of 3 MHz in the reflection coefficient between the sum and difference ports.
The simulation results show that the sum return loss is 16.14 dB, the difference return loss is
15.2 dB, and the isolation between ports is 36.6 dB. The measurement results show that the
sum return loss is 14.7 dB, the difference return loss is 16.7 dB, and the isolation between
ports is 28.3 dB.
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Figure 19. Simulation and measured gain results of the antenna. (a,b) are radiation patterns. 

When the antenna spacing is greater than 0.5 λ, the antennas have good isolation. 

Compared with the previous work, the designed antenna unit size is smaller, and the 

isolation between the two ports is good. Table 3 shows a comparison between the pro-

posed work and previous research results. 

Table 3. The comparison between the proposed design of compact decoupled antenna and previous 

work. 

Ref. Antenna Unit Size Array Type Array Spacing 
10 dB Bandwidth 

(GHz) 
Gain (dBi) Isolation (dB) 

[21] 0.98 λ × 0.7 λ 2 × 2 0.48 λ 7.9–9.59 8.3 >18 

[22] 0.22 λ × 0.18 λ × 0.76 λ 5 × 6 0.22 λ 26.5–29.5 7 >23 

Figure 18. The antenna simulation and measurement results.

The proposed antenna is a one-dimensional sum and difference beamforming an-
tenna, and the observed principal plane is the radiation pattern on the y–z plane. From
Figure 19a,b, the measured and simulated results of the mono-pulse antenna fit well at the
center frequency of 2.45 GHz.
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Figure 19. Simulation and measured gain results of the antenna. (a,b) are radiation patterns. 
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Figure 19. Simulation and measured gain results of the antenna. (a,b) are radiation patterns.
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When the antenna spacing is greater than 0.5 λ, the antennas have good isolation.
Compared with the previous work, the designed antenna unit size is smaller, and the
isolation between the two ports is good. Table 3 shows a comparison between the proposed
work and previous research results.

Table 3. The comparison between the proposed design of compact decoupled antenna and previ-
ous work.

Ref. Antenna Unit Size Array Type Array Spacing 10 dB Bandwidth
(GHz) Gain (dBi) Isolation (dB)

[21] 0.98 λ × 0.7 λ 2 × 2 0.48 λ 7.9–9.59 8.3 >18

[22] 0.22 λ × 0.18 λ × 0.76 λ 5 × 6 0.22 λ 26.5–29.5 7 >23

[23] 1.03 λ × 0.59 λ × 0.05 λ 1 × 2 0.44 λ 5.12–6.32 5.8 ≥20

[24] 0.33 λ × 0.5 λ 1 × 2 0.42 λ 2.39–2.57, 3.82–6.95 2.65 >15

[25] 1.58 λ × 0.75 λ × 0.024 λ 2 × 4 0.12 λ 4–5.4 3.6 >27

[26] 0.19 λ × 0.21 λ 1 × 4 0.48 λ 5.49–6.024 5.34 >33

[27] 0.316 λ × 0.316 λ 4 × 4 0.5 λ 2.4–2.485 7 >25

Proposed 0.19 λ × 0.19 λ 1 × 2 0.27 λ 2.4453–2.4533 5.54 >36.6

4. Conclusions

The measured results are shown in Figure 18. The difference between the measured
value of the S parameter (2.52 GHz) and the simulation result (2.45 GHz) is 0.07 GHz.
There are two reasons for the discrepancy between the measured results and the simulated
results. One of these reasons is the imbalance in the power distribution of the feed network.
When measured, it is difficult to make the output current of the two ports exactly the same.
Another reason is the fluctuation of the relative permittivity of the fabricated substrate,
leading to a deviation in the measured and simulated center frequency. These factors can
contribute to the differences observed in the performance of the antenna. However, it is
worth noting that the miniaturization of the antenna did not hardly affect its radiation
patterns. The measured results are in good agreement with the simulated results in terms
of electrical performance.

The miniaturization of mono-pulse antennas through the design of miniaturized radi-
ating units and reduced spacing between dual-element antenna arrays exhibits promising
prospects for various applications. This approach enables the maintenance of unchanged
electrical characteristics after miniaturization by decoupling the operation. It effectively
reduces the size of sum and difference antennas while ensuring good electrical performance.
Moreover, this method can be extended to two-dimensional mono-pulse antennas and
miniaturized antenna arrays.
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