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Abstract: A double-stub matching technique is used to design a dual-band monopole antenna at 28
and 38 GHz. The transmission line stubs represent the matching elements. The first matching network
comprises series capacitive and inductive stubs, causing impedance matching at the 28 GHz band
with a wide bandwidth. On the other hand, the second matching network has two shunt inductive
stubs, generating resonance at 38 GHz. A Smith chart is utilized to predict the stub lengths. While
incorporating their dimensions physically, some of the stub lengths are fine-tuned. The proposed
antenna is compact with a profile of 0.75λ1 × 0.66λ1 (where λ1 is the free-space wavelength at
28 GHz). The measured bandwidths are 27–28.75 GHz and 36.20–42.43 GHz. Although the physical
series capacitance of the first matching network is a slot in the ground plane, the antenna is able
to achieve a good gain of 7 dBi in both bands. The proposed antenna has a compact design, good
bandwidth and gain, making it a candidate for 5G wireless applications.

Keywords: 5G; double-stub matching; impedance matching; matching network; millimeter wave
antenna; Smith chart

1. Introduction

Spectrum congestion in wireless applications is addressed by choosing higher carrier
frequency or spectral efficiency (modulation) techniques. From the perspective of higher
carriers, the millimeter wave (mmWave) spectrum (30–300 GHz) is trending in almost all
communication fields to fulfill the demand for broadband support with low latency. At
such bands, the antenna profile decreases, consequently accommodating multiple antennas
through which spatial multiplexing can also be achieved. However, some of these bands,
on the other hand, experience increased atmospheric attenuation and path loss. The path
loss at mmWave is extremely high, being on the order of 100 dB for a distance of 50 m. Also,
path loss depends on the surrounding environmental objects [1,2]. The mmWave frequency
spectrum (24–100 GHz) was brought under the fifth generation (5G) category by the World
Radiocommunication Conference (WRC) in 2019. The applications utilizing this spectrum
expect a minimum bandwidth support of 400 to 800 MHz with a data rate of 1–20 Gbps
through various modulation techniques [3,4]. In this spectrum, the 28 and 38 GHz bands
are licensed for mobile and satellite applications as they are more suitable for long-range
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communication. Thus, the antenna must have good sensitivity and selectivity to work
efficiently in these bands.

Various antenna structures designed for mmWave operations exist, such as pillbox-
distributed [5], substrate-integrated-waveguide [6], magnetoelectric dipole [7], ridge-
waveguide [8], and leaky-wave antennas [9]. These antenna structures are complex, and
they are challenging to embed in compact handheld wireless devices due to large antenna
profiles. The solution is a planar microstrip antenna that is easy to embed and cost-efficient.

Therefore, our article focuses on designing and developing a planar antenna to cover 28
and 38 GHz bands with adequate bandwidth. The major limitation of a planar or microstrip
antenna is its narrow bandwidth. The bandwidth has a direct relationship with the substrate
thickness (t) and an inverse relationship with the square root of the relative permittivity
(
√

εr) [10]. It can be improved by introducing slots in the radiator [11], adding parasitic
elements near the radiator [12,13], metamaterial structures [14], and a defected ground [15].
Any modification to the radiator through slots, slits, or the addition of parasitic elements
perturbs the current flow, causing good impedance matching at the adjacent frequencies
to that of the resonance band, thus enhancing the bandwidth. For example, in [12], a
monopole antenna with circular patch termination generates multiple resonances with
narrow bandwidth. Adding stub and parasitic elements near the radiator caused good
impedance matching at the adjacent frequencies. As a result, a bandwidth ranging from
24 GHz to 40 GHz occurred. However, such wideband antennas are susceptible to noise
interference in specific applications when the spectrum is shared. The solution is to have
an antenna with high selectivity that serves at both the 28 and 38 GHz frequencies.

Impedance matching at these high frequencies is crucial to maximizing antenna
radiation efficiency. Matching networks, such as a π-structure with tunable components [16],
capacitance matrix representation in series/parallel [17], and L-type networks [18], are used
in high-frequency RF applications. Stub loading is another impedance-matching technique
that can be used in antennas to generate multi-band resonances [19].

In one of the recent designs in [20], the conventional circular patch is modified to
generate dual resonances. The dual resonances are obtained by loading a pair of stubs and
a pair of slots into the crescent-shaped radiator. However, the stubs and slots are arbitrary
and are tuned from the parametric method. In [21], an inverted U-shaped slot is introduced
in the conventional patch, causing dual-band resonance at 28 and 38 GHz.

Another design in [22] has quad slits (in the corner) and slots in the rectangular patch,
achieving dual-resonance. However, the bandwidth at the first band (28 GHz) is narrow,
and the antenna profile is large at 1.95λ0 × 2.47λ0 (at 28 GHz). Likewise, in [23] as well,
a combination of slits and slots are curved on the radiator to obtain dual resonance. This
structure also results in a narrow bandwidth. Since the ground plane in these designs is
not disturbed, the radiation is mostly in the broadside, with good gain; however, it suffers
from a narrow bandwidth.

The above limitation of narrow bandwidth is addressed in [24] by adopting a partial
ground technique. The partial ground at the bottom and stub loading on the radiator gen-
erates a dual-band resonance with decent bandwidth. Similar to the previous design, [25]
also incorporates a partial ground for bandwidth enhancement. The radiator combines
a T-shaped monopole with an arc structure, leading to dual-band generation. In [26],
a combined technique of a partial ground and slotted radiator is employed to achieve
dual-band resonances. A similar concept is applied in [27] with a change in the structural
design. In [28], a combination of a partial ground and a double-stub matching technique is
used to achieve dual-band resonance. However, these resonances are separated by a large
frequency gap.

An oval-shaped structure naturally has dual-resonance [29]. A defected ground can
be used to tune the desired resonance. Although the above designs improved bandwidth
through the partial ground technique, the antenna gain is reduced.

Therefore, from such a literature study, it is evident that numerous planar antennas
have incorporated arbitrary stubs and slots through parametric analysis to generate dual-
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resonance. However, a proof of concept of these stubs and slots behavior is unclear in the
literature. Thus, here, we emphasize the characterization of the stubs and slots behavior
with the matching network, through which dual-resonances at 28 and 38 GHz are achieved.

This article demonstrates the implications of the double-stub matching technique in
antenna design by incorporating dual matching networks. The theoretical interpretation of
the matching network is presented by the transmission line concept and the aid of the Smith
chart. The embedded slots and stubs for matching are theoretically analyzed, providing
dimensions in close agreement with the physical dimensions of the proposed antenna
structure. However, these analytical results are further fine-tuned to achieve the desired
performance. The realized antenna is compact, with a dimension of 0.75λ1 × 0.66λ1 (where
λ1 is wavelength at 28 GHz), achieving dualband at 27–28.75 GHz and 36.20–42.43 GHz.
The antenna has maximum radiation on the broadside, with a realized gain of 7.2 dBi and a
90/95% total efficiency in the respective bands.

2. Design Methodology

A monopole antenna is etched on the Rogers 5880 substrate, which has a thickness
of 0.254 mm. The monopole’s circumference length is close to one wavelength (ML1) at
28 GHz but curved to reduce the overall antenna size, as shown in Figure 1. At the feed
point, the antenna impedance is 2.1− 4.21 j and 12+ 23.97 j Ω at 28 and 38 GHz, respectively.
Thus, it is fully mismatched with the 50 Ω feeding line. A double-stub matching is proposed
based on the transmission line theory.

Figure 1. Bent monopole antenna. The dimensions in mm are as follows: FL = 2.9, FW = 1, R1 = 2.4,
R2 = 2.

2.1. Matching Network (MN1) at 28 GHz (f1)

At 28 GHz ( λ1), the designed matching network (MN1) utilizes a series of capacitive
and inductive stubs to cancel the load reactance and match to the 50 Ω impedance port, as
displayed in Figure 2. The computation of these distributed elements through transmission
line theory is calculated using a Smith chart [30]. A Smith chart is a convenient tool that
efficiently computes the matching network elements. The double-stub matching network
method using the Smith chart is explained in detail in [31].
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Figure 2. Equivalent circuit of distributed elements implementing double-stub matching technique
at 28 GHz.

For analysis purposes, the length of the monopole antenna is calculated by considering
the circumference of the outer ring (R1). Thus, the length of the monopole antenna (ML1)
is given by 3

4 (2× π× R1), which is approximately equal to λ1. The reason for choosing a
monopole length equal to λ1 because the monopole, in our case, behaves as a transmission
line for which the internal stubs are added at the distances of D1 and D2. The first stub of
MN1 is the series capacitance, with its impedance Z1A/B, directly connected to the load ZL.
The second stub is a series inductance, with its impedance Z2A/B, connected at a distance
D1 = 1

4 (2× π× R1) = 0.35λ1 from the capactive stub.
With these conditions, the matching network is computed at 28 GHz: First, the load

impedance ZL is normalized to the port impedance (Z0 = 50 Ω), resulting in 0.042−0.082 j,
marked as ZL| in Figure 3. As the Z1A/B (Stub-1) is at the load, the 1 + x j circle is
shifted towards the load by a distance of D1. Here, the Stub-1 is added, changing the
impedance reactance. Further, moving from ZL| on a circle of constant resistance, the line
intersects with the two points of the shifted unit circle, which are marked as Z1 and Z1|.
The impedance at these points are:

Z1 = 0.042− 1 j (1a)

Z1| = 0.042− 0.482 j (1b)

When comparing the above impedance with that of the ZL| impedance, a change is
observed in the reactance. Therefore, the location of Stub-1 is computed by subtracting the
impedance of ZL| from Z1 and Z1|. This leads to two solutions: Z1A and Z1B.

Z1A = Z1− ZL = −0.918 j (2a)

Z1B = Z1| − ZL = −0.4 j (2b)

The respective admittances are:

Y1A =
1

Z1A
= 1.089 j = bj (3a)

Y1B =
1

Z1B
= 2.5 j = bj (3b)
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Figure 3. Stub-1 length prediction at 28 GHz using a Smith chart.

The Stub-1 length is calculated from the short-circuit impedance (PSC) point to Z1A
and Z1B, which results in two stub lengths.

L1A = 0.382 λ1 at Z1A (4a)

L1B = 0.44 λ1 at Z1B (4b)

The equivalent capacitance for these stub lengths is computed using Equation (5):

C =
b

2× π× f1 × Z0
(5a)

C1A = 0.123 pF (5b)

C1B = 0.284 pF (5c)

We choose the solution of Z1B of length L1B. In our design, Stub-1 is achieved by
etching a circular slot in the ground plane with a radius of Gs, as shown in Figure 4a,b.
The circumference length of the slots is matched with the length of L1B. As a distributed
element, the stub impedance does not change when the length changes by multiples of half
of the wavelength (λ1).

As a result, the circumference of Stub-1 is tuned such that its length is twice the L1B.
The capacitance value of the designed slot is calculated from Equation (6) as defined in [32].
The slot capacitance is thrice the capacitance of the theoretical value.

Cc =

√
εreffL1B(Physical)

v0Z0
∼= 3(C1B) (6)

where εreff is the relative permittivity of the substrate and v0 is the wave velocity in free
space.
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Figure 4. Monopole antenna with Stub-1 as a slot in the ground plane. (a) Top view, and (b) Bottom
view. Dimensions in mm are: Gs = 1.6, Gd1 = 1.1, Gd2 = 1.9, Ws = 7, Ls = 8.

With Stub-1, the impedance is slightly improved, as shown in Figure 5. However, the
actual matching occurs when Stub-2 is added.

Figure 5. Comparison of the reflection coefficient of load ZL, with and without Stub-1.

For the Stub-2 (Z2A/B) calculation, the Z1 and Z1| are considered as new loads. First,
considering the Z1 as the load with its impedance of 0.042− 1 j, a reflection coefficient circle
(Γ1) is drawn. Moving from Z1 towards the generator on the Smith chart by a distance
D1, it reaches Z2 = 1 + 10 j, as displayed in Figure 6a. To cancel this reactance, the Stub-2
reactance must be −10 j = x j. Therefore, a new point is marked at −10 j as Z2A. The
Stub-2 length L2A, for the new load Z1 is calculated from the short-circuit impedance (PSC)
towards the generator till Z2A. It resulted in L2A = 0.276λ1. Another value of the Stub-2
length is obtained by following a similar process by considering Z1| as a new load, as
shown in Figure 6b. Moving a distance of D1 from Z1| towards the generator reaches point
Z2|, having an impedance of 1− 4.85 j. Thus, to cancel this capacitance, a series reactance
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of +4.85 j(Z2B) should be added. Thus, a length of L2B = 0.218λ1 from PSC is needed.
Further, from these theoretical values, the physical length of Stub-2 is calculated as:

L2A = 0.276λ1 (7a)

L2B = 0.218λ1 (7b)

Figure 6. Stub-2 length of MN1 at 28 GHz using the Smith chart with (a) Z1 as a load and (b) Z1| as
a load.

The inductance is calculated with Equation (8) as:

L =
xZ0

2πf1/2
(8a)

L2AL = 2.84 nH (8b)

L2BL = 1.37 nH (8c)

The above analysis suggests that the Stub-2 length is either L2A = 2.995 mm or
L2B = 2.33 mm. Thus, the short stub is chosen and further tuned to achieve resonance at
28 GHz. Stub-2 is positioned at a distance of D1 with a tuned length of L2B. The antenna
with an impedance-matching network at 28 GHz is shown in Figure 7. Figure 8 illustrates
the improvement of the reflection coefficient due to the matching network at 28 GHz.
The results indicate that the matching network has performed good impedance matching
between the load impedance ZL and port impedance Z0 at 28 GHz.

2.2. Matching Network (MN2) at 38 GHz (f2)

After adding the first matching network (MN1), its impedance is Zin2 when looked
toward the load, as depicted in Figure 2. Ideally, it must have been purely resistance of
50 Ω. However, after tuning, it resulted in 50− 5.5 j Ω at 28 GHz. Whereas at 38 GHz, it
is 26.73 + 32.67 j Ω, as shown in Figure 9. The next task is to design the second matching
network (MN2) at 38 GHz. To begin with, again, a double-stub matching technique is



Technologies 2024, 12, 84 8 of 23

adopted. Nevertheless, in this case, the proposed matching network (MN2) is a pair of
stubs with a shunt inductance, as shown with an equivalent transmission line circuit in
Figure 10. The first shunt inductance is connected at the load (Zin2). The second shunt
inductance is at the distance of D2 = 0.95λ2 (where λ2 is the wavelength at 38 GHz) from
the Zin2 towards the generator. In this case, as the impedance is connected in a shunt,
working with admittance is more convenient mathematically. Therefore, a normalized load
admittance (Yin2

|) is used as:

Yin|2 =
1

Zin|2
= 0.76− 0.94 j (9)

Figure 7. Antenna with the matching network for 28 GHz. Stub-1 length L2B is tuned to 2.25 mm
with a thickness of 0.4 mm.

Figure 8. Reflection coefficient due to the first matching network (MN1).
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Figure 9. Impedance ZinL after adding the first matching network (MN1).

Figure 10. Equivalent circuit of distributed elements of the second matching network (MN2) applying
the double-stub matching technique at 38 GHz.

The Stub-3 (Z3A/B) analysis requires first reaching the unit circle 1 + x j. This is
achieved by a shift in distance of D2 = 0.95λ2, towards the generator, or 0.45λ2 on the
Smith chart. Moving from load admittance (Yin2

|) along the conductance path, the change
is observed only in the susceptance. Further, it intersects with two points of the shifted unit
circle, which are marked as Y3 and Y3|. The admittance at these points are 0.76− 0.36 j and
0.76− 8 j, as demonstrated in Figure 11. With the two intersection points, two solutions for
Stub-3 are possible by subtracting the load admittance from Y3 and Y3|.

Y3A = Y3− Yin2 = 0.58 j (10a)

Y3B = Y3| − Yin2 = −7.06 j (10b)
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Figure 11. Stub-3 admittance of MN2 at 38 GHz using Smith chart.

The respective impedances are:

Z3A =
1

Y3A
= −1.72 j (11a)

Z3B =
1

Y3B
= +0.14 j (11b)

The first length of Stub-3 due to Y3A from the shorted admittance (POC) moving
towards the generator is L3A = 0.334λ2. The second possible Stub-3 length due to Y3B is
L3B = 0.022λ2. The physical lengths for Stub-3 are:

L3A = 0.334λ2 (12a)

L3B = 0.022λ2 (12b)

The respective inductance values of L3A and L3B are calculated using Equation (8),
considering Stub-3 reactances, that is Z3A and Z3B, resulting in:

L3AL = 3.6 nH (13a)

L3BL = 0.29 nH (13b)

L3A is quite long and overlaps with L1B. On the other hand, the L3B is too small,
which may cause fabrication errors. Thus, L3A is reduced by λ2/2, as shown in Figure 12.

As the double-stub matching technique is chosen for the second matching network
(MN2), with only Stub-3, the impedance matching cannot be achieved at 38 GHz. However,
a Stub-3 of MN2 generated multiple resonances at 34 and 40 GHz without disturbing the
resonance at 28 GHz, as shown in Figure 13. Though multiple resonances are generated,
the objective of the design is strictly to achieve dual resonance at 28 and 38 GHz. Therefore,
computational analysis for the fourth stub (Stub-4) continues.
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Figure 12. Antenna after adding Stub-3 to improve matching at 38 GHz. The actual length of L3A is
half of the calculated value, which is further tuned to 1.6 mm with a width of 0.2 mm.

Figure 13. Reflection coefficient after incorporating Stub-3 of MN2 along with MN1.

The Y3 and Y3| admittances are now considered as new individual loads, providing
two possible solutions. First, considering the Y3 admittance, a distance of 0.45λ2 is moved
along its reflection coefficient circle Γ2 in Figure 14, which intersects at point Y4. The Y4
has an admittance of 1− 5.2 j. Stub-4 must have a susceptance of +5.2 j to cancel the
susceptance of Y4. Therefore, a point Y4A is marked at +5.2j, and the Stub-4 (L4A) length
is estimated from the short-circuit admittance (Poc) to Y4A towards the generator. This
resulted in the first solution for Stub-4 with L4A of 0.45λ2.

Further, considering Y3| as the load, a similar procedure is followed by drawing the
reflection coefficient circle (Γ2|) and moving a distance of 0.45λ2 towards the generator in
Figure 15. It intersects at Y4|, resulting in an admittance of 1 + 6.8 j. The second possible
Stub-4 susceptance can be −6.8 j at Y4B. The second possible Stub-4 length (L4B) from Poc
to Y4B is 0.023λ2. Thus, the physical lengths of L4A and L4B are:

L4A = 0.47 λ2 (14a)

L4B = 0.023 λ2 (14b)
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Figure 14. First possible solution for Stub-4 of MN2 at 38 GHz using the Smith chart.

Figure 15. Second possible solution for Stub-4 in MN2 at 38 GHz using the Smith chart.

The Stub-4 impedances are:

Z4A =
1

Y4A
= −0.19 j (15a)
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Z4B =
1

Y4B
= 0.14 j (15b)

The inductance of L4A and L4B using Equation (8) are:

L4AL = 0.39 nH (16a)

L4BL = 0.29 nH (16b)

From the above physical dimensions of L4A and L4B, choosing L4A with a reduced
dimension by a half-wavelength for the design is appropriate. It is implemented at a
distance of D2, as displayed in Figure 16. With the combination of two matching networks,
that is MN1 and MN2, a dual-resonance is generated at 28 and 38 GHz with a decent
bandwidth ranging from 27–28.75 GHz and 36.20–42.43 GHz, as displayed in Figure 17.

Figure 16. Antenna with Stub-4 (L4A) at a distance of D2. The incorporated L4A is approximately
half of the calculated value; after tuning it, the final length is 1.5 mm.

Figure 17. Simulated reflection coefficient results of the proposed antenna with both the matching
networks.
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3. Parametric Analysis

In this section, the variation in the stub dimensions of L1B, L2B, L3A and L4A are
studied to establish its relationship with the impact on antenna impedance. L1B is the series
capacitance of the MN1. Its dimension is varied by changing the radius of the slot in the
ground plane. On the other hand, L2B is the series inductance of MN1, and L3A and L4A
are the shunt inductances of MN2, which are varied in length to study the effect on the
antenna impedance.

3.1. Series Capacitance L1B of MN1

From the theoretical analysis, the Stub-1 length L1B resulted in 4.71 mm. It is intro-
duced in the design as a slot in the ground plane. The circumference of the slot is matched
by tuning it with twice the calculated value of L1B. Therefore, the tuned value of L1B
is 10.05 mm, whereas in terms of radius (Gs), it is 1.6 mm. The change in L1B and its
corresponding effect is observed in the reflection coefficient |S11| curve and its respective
bandwidth. The change in the length of L1B is also related to the respective slot radius in
Table 1.

Table 1. Relation of Stub-1 length (L1B) to the radius of slot Gs in mm.

Stub-1 Length (L1B) Slot Radius (Gs)

6.28 1
7.54 1.2
8.79 1.4
10.05 1.6
11.3 1.8
12.56 2

From Figure 18a,b, it can be noticed that the change in the radius of the slot (Gs) or
in length L1B has a direct impact on the drift in resonance frequencies at both bands. It is
because the change in slot dimension (Gs) influences all other stubs. As a result, a change
in the resonance is observed. For a Gs of 1 mm or an L1B of 6.28 mm, both resonances
are shifted to close by at 31 and 33 GHz. Also, a third resonance at 40.5 GHz is observed;
however, it has a high impedance mismatch.

Figure 18. Variation in the |S11| in (a) and realized gain in (b) due to variations in Stub-1 length L1B.

A similar response with the realized gain is also seen in Figure 18b. As the radius of
Gs is increased, the resonances drift apart, and it can be seen that for a Gs of 2 mm, the
resonances are at 26 and 36 GHz.
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3.2. Series Inductance L2B of MN1

The change in length of Stub-2 (L2B) of MN1 has only a significant impact on the first
resonance, as shown in Figure 19a,b. For an L2B of 0.85 to 1.65 mm, it has no effect on
impedance matching in MN1. As a result, the first resonance is abstained. However, from
2.05 to 2.85 mm, the impedance matching at the first band shows improvement. Also, with
the increase in the Stub-2 length, a shift in resonance at a lower frequency is observed.
The bandwidth remains the same for 2.05 to 2.85 mm. However, the resonance can be
tuned with an increase or decrease between these dimensions. Figure 19b indicates that
the antenna behaves as a stop-band filter before the first resonance, consequently radiating
nothing. As a result, a negative gain is observed. It has a realized gain of 7 dBi at the first
and second resonances.

Figure 19. Variation in the |S11| in (a) and realized gain in (b) due to variation in Stub-2 length L2B.

3.3. Shunt Inductance L3A of MN2

The Stub-3 (L3A) is varied from 0.6 to 1.8 mm in steps of 0.2 mm. From Figure 20a, it is
evident that the variation in Stub-3 length directly impacts the second resonance impedance
with almost negligible drift. For 0.6 and 0.8 mm, it has resulted in high impedance matching
of 50 and 30 dB with a resonance at 37.7 GHz. For 1 mm and above, decent impedance
matching is achieved at 20 dB with a resonance at 38 GHz. At 1.8 mm, impedance further
improved; however, a drift in the resonance is observed at 39 GHz. Figure 20b illustrates
the realized gain plot for Stub-3 variations. As indicated, the gain at 28 GHz remains
the same at 7 dBi, whereas at 38 GHz, a slight change occurs due to antenna impedance
changes.

Figure 20. Variation in the |S11| in (a) and realized gain in (b) due to variations in Stub-3 length
L3A.
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3.4. Shunt Inductance L4A of MN2

In this case, the L4A is varied from 0.4 to 1.6 mm. For 0.4 to 0.8 mm, the second
resonance occurred at 33.5 GHz, as shown in Figure 21a. Further, from 1 to 1.6 mm, the
impedance matching is shifted to 38 GHz, increasing from 15 to 32.5 dB. The corresponding
shift in the realized gain from 33 GHz to 38 GHz is also observed in Figure 21b.

Figure 21. Variation in the |S11| in (a) and realized gain in (b) due to variations in Stub-4 length L4A.

4. Results and Discussion
4.1. |S-Parameter| and Radiation Pattern

The proposed antenna with a dual-matching network has an antenna profile of
0.75λ1 × 0.66λ1. The focus of the article is to present the concept of dual-band gener-
ation with the aid of internal stubs and slots embedded in a monopole antenna. The
proposed antenna is highly compact and can be connected directly to an RF circuitry, as
demonstrated in [33], instead of a standalone antenna, thus avoiding the requirement
of SMA connectors. Further, in the future, the proposed antenna may be expanded to
a large array structure for beamforming applications; in such cases, it can operate as a
standalone antenna for which an SMA connector interface is used. However, to validate
the simulation results of the proposed antenna, the design is prototype fabricated and uses
a commercially available 2.92 mm end-launch SMA connector from Johnson (operating
range up to 40 GHz) to interface [31]. An alternative method, such as direct coaxial wire
feeding for a compact implantable antenna, as in [34,35], may not be effective at mmWave
frequencies; consequently, 2.92 mm SMAs are used.

Before performing the prototype antenna measurement, the effect of the SMA con-
nector on the proposed antenna is simulated, as shown in Figure 22. The 2.95 mm SMA
connector has a normalized impedance of 50 Ω, as a result, it has a negligible impact on
the antenna impedance and reflection coefficient. However, the inner core of the SMA
connector adds an additional length to the feed line, causing a slight drift of the resonances
to the lower frequency, as observed in Figure 23. As the dimension of the SMA connector
is comparable with the proposed antenna, the connector edges cover most of the antenna
area; consequently, a slight distortion in the radiation pattern is observed in Figure 22.

The Figure 24 shows the fabricated antenna. The reflection coefficient of the antenna
is measured with an Anritsu (S820E) two-port VNA and radiation pattern in an anechoic
chamber, as demonstrated in Figure 25. The simulated results indicate that the first match-
ing network comprising a series capacitive and inductive stub generates a resonance at
28 GHz with a bandwidth ranging from 27–28.68 GHz.
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Figure 22. Proposed MIMO antenna with and without SMA connector interface and its respective
radiation pattern at 28 and 38 GHz.

Figure 23. Simulated reflection coefficient of the proposed antenna with and without SMA connector.

Validating these results with measured results indicates the bandwidth occurred in
the 26.7–28.9 GHz range. On the other hand, the second matching network with two shunt
inductances generates resonance at 38 GHz with bandwidth ranging from 36.25–41.31 GHz.
Due to the limitation of the frequency range of the VNA and the connector, the second band
can only measure up to 40 GHz. As a result, the measured bandwidth for |S11| > 10 dB
begins at 36.1 GHz and continues up to 40 GHz. However, observing the trace in Figure 26,
it can be estimated that the upper cutoff frequency could reach up to 41.5 GHz. Therefore,
the second resonance bandwidth could be 5.4 GHz. The measured results are in good
agreement with the simulation.
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Figure 24. Prototype fabricated antenna with dual impedance matching networks.

Figure 25. Measurement setup of gain and radiation pattern of proposed antenna in an anechoic
chamber.
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Figure 26. Simulated and measured reflection coefficient curve of the proposed antenna.

The series capacitance of the first matching is a slot in the ground plane. Due to this, a
portion of radiation escapes through back radiation. Nevertheless, maximum radiation is
achieved in the broadside with a half-power-beamwidth (HPBW) of 60◦ in the XZ plane at
28 GHz, as displayed in Figure 27a. However, in the YZ plane, it results in omnidirectional
radiation, as shown in Figure 27b. In the case of 38 GHz, the XZ plane has omnidirectional
radiation, whereas the YZ plane has bidirectional radiation with HPBW in the broadside at
62◦, as shown in Figure 28a,b.

Figure 27. Normalized simulated and measured radiation pattern at 28 GHz in (a) XZ plane and
(b) YZ plane.

Figures 27b and 28b indicate high cross-polarization in the YZ plane at 28 and 38 GHz.
The reason is analyzed by comprehending the Poynting vector plot at both frequencies.
Figure 29a,b shows the movement of the electric field in the radiator is circular (indicated
with a black arrow). Also, in the ground plane around the slot, it moves circularly (marked
with a red arrow). However, in Stub-3 and Stub-4 of MN2, the E-field is along the horizontal
direction, which creates the high cross-polarization. Though the E-field is circular in the
radiator and ground, the orthogonal E-field magnitudes are not the same to cause circular
polarization. As a result, the proposed antenna has linear polarization. The antenna
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with maximum broadside radiation achieved a realized gain of 7.2 dBi at 28 and 38 GHz.
Also, the total efficiency of the antenna at these bands is 90% and 95%, respectively, as
demonstrated in Figure 30.

Figure 28. Normalized simulated and measured radiation pattern at 38 GHz in (a) XZ plane and (b)
YZ plane.

Figure 29. Representation of the electric field of an antenna using Poynting vector at (a) 28 GHz and
(b) 38 GHz.

Figure 30. Realized gain and total efficiency of the proposed antenna.
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4.2. Comparative Analysis

The proposed antenna with dual matching networks is compared with the existing
state-of-the-art designs in Table 2. The major benefit of the proposed antenna over other
designs in Table 2 is its simplicity in design. With the aid of internal matching stubs and
slots, the monopole antenna could achieve decent bandwidth and gain. The proposed
antenna is compact compared to other designs except with [36]; however, the antenna
in [36] results in a very narrow bandwidth. Due to its compact nature, the proposed antenna
could be interfaced directly with the RF circuit for applications like implantable health
monitoring devices, mobile phones, smart watches, or any handheld wireless devices. The
proposed antenna delivers decent bandwidth and gain compared to its other competitive
designs. In all the existing designs, stub loading begins with an arbitrary dimension and is
then fine-tuned with a parametric analysis. However, in our case, we presented a proper
mathematical model using the double-stub technique to obtain the dimensions of the stubs
for impedance matching in the antenna, thus authenticating the approach and design.

Table 2. Comparison of the proposed antenna with the existing state-of-the-art designs.

Ref. Dimensions
in mm

Dimensions
in λ

Resonance Bandwidth (GHz)
at |S11| > 10 dB

Realized
Gain (dBi) Impedance Matching Technique

[37] 29× 70 2.52λ× 6.08λ 26 24–28.5 12 * Stub-loaded + linear Array

[36] 2.28× 3.06 0.25λ× 0.34λ 33.5/60.8 33–34.2/60–60.2 6.6/7.1 Arbitrary slot-loading

[38] 15× 13 1.5λ× 1.3λ 30/39 27.5–32/37–41.5 7/7.5 ** Arbitrary (parametric) slot +
stub loading

[39] 14× 11 1.31λ× 1.03λ 28/37 27–28.7/35–40 6.8/6.5 Parasitic element + L-stub

[40] 14.5× 13 1.35λ× 1.22λ 28/38 22–30/36.8–40 5.8 ** Arbitrary slots + stub

[41] 18× 10 1.5λ× 0.84λ 25/29 23–25.5/28.4–32 7 λ/4 transformer + SRRs

[42] 8.5× 8 0.8λ× 0.75λ 28 27.4–28.8 6.1 λ/4 transformer

[43] 9.2× 5 0.85λ× 0.46λ 27.5/38 25.2–29.4/36–40 6 Arbitrary slots + stub

Prop. 8× 7 0.75λ× 0.66λ 28/38 26.7–28.9/36.1–41.5 7.2 Double-stub matching with
dual-matching network

* series of four-stub element array, ** Simulated gain.

5. Conclusions

The article carefully presented the double-stub matching technique in the antenna
design, in which two such matching networks achieved dual resonance. The feed line
and the curved monopole antenna had an impedance of 2.1− 5.21 j and 12 + 23.97 j at
28 and 38 GHz due to the impedance mismatch. The first matching network, consisting
of a series capacitance and inductance, matched the impedance at 28 GHz, resulting in
50− 5.5 j. With the aid of the double-matching technique and a Smith chart, the computed
Stub-1 length, L1B, was 0.44λ1, which was later fine-tuned to twice the computed length
in the physical design. Likewise, the Stub-2 length, L2B, incorporated was 0.218λ1. The
approximated capacitance and inductance values of these stubs were 0.852 pF and 1.37 nH.
After accomplishing the impedance matching at the first resonance, the second matching
network was employed with two-shunt inductance. The length of these stubs was L3A and
L4A with half-wavelength at λ2. Notably, these matching networks are effective for the
desired band and cause no interference or impedance mismatching to other bands. Thus,
the proposed antenna achieved a decent bandwidth and gain at the respective frequency.
The results attained put the antenna at the forefront of performance for 5G communication
in the future.
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