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ABSTRACT: To enhance the transmission rate and bandwidth utilization of Multiple-Input Multiple-Output (MIMO) communication
systems, a dual-band MIMO antenna for millimeter waves is proposed, which is based on a substrate-integrated waveguide (SIW) and fed
by a 50 €2 microstrip line. To achieve the dual-band performance, it employs a modified dual P-shaped slot instead of the conventional
single P-shaped slot. The modified slot antenna generates dual-frequency radiation by exciting the primary and mixed modes in the
circular resonant cavity. To improve the channel capacity of the system, the antenna is formed into a 2-element antenna, and the isolation
of'the antenna is improved by pattern diversity and defected ground structure (DGS). The antenna’s prototype is fabricated using a standard
printed circuit board (PCB) process. The antenna’s dimension is 20 x 18.9 x 0.508 mm®. Measured results show that the impedance
bandwidth of the antenna is about 26.7 GHz—27.9 GHz and 37.95 GHz—40.92 GHz with peak gain of 5.63 dBi and 6.35 dBi, respectively.
In addition, the isolation degree is greater than 30 dB, the envelope correlation coefficient (ECC) less than 0.0002, and the diversity gain
(DQ) greater than 9.995. The antenna shows the advantages of low profile, dual-frequency radiation, and high isolation characteristics,
which are well suited for millimeter-wave wireless communication systems.

1. INTRODUCTION

ith the rapid advancement of communication technology
Wand the extensive deployment of millimeter-wave fre-
quency bands, an increasing number of frequency bands have
captured the attention of researchers. In contrast to microwave
bands, millimeter-wave bands offer richer spectral resources
and larger bandwidth, crucial for satisfying the increasing de-
mand for wireless communications [1,2]. To meet the require-
ments of multi-band communication systems and enhance data
throughput, dual-band Multiple-Input Multi-Output (MIMO)
antennas have garnered significant attention from researchers.
Millimeter-wave dual-frequency MIMO technology integrates
the high-speed, low-latency characteristics of millimeter-wave
communication with the advantages of large communication
capacity and high frequency utilization in MIMO multi-antenna
technology, making it a key technology for 5G communica-
tion [3].

In the realm of dual-band MIMO antennas, scholars have
conducted extensive research on methods to enhance isola-
tion. However, as the number of antennas in MIMO systems
increases, ensuring effective isolation between them becomes
more difficult. Furthermore, multi-band MIMO antennas ex-
hibit more bands decoupling and more intricate coupling rela-
tionships than their single-band counterparts. Commonly em-
ployed techniques to enhance isolation include etched defected
ground structures (DGSs), parasitic elements, electromagnetic
band gap (EBG) structures, and neutralization line techniques
[4-15]. An 8-element dual-band MIMO antenna operating in
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33004200 MHz and 4800-5000 MHz is proposed in [6]. Mu-
tual coupling is effectively reduced by a T-shaped decoupled
stub structure. Ref. [7] realizes dual-band function by etch-
ing L-shaped slots on the radiating patch and uses a decoupling
structure consisting of a cross-shaped metal strip to improve
isolation. Ref. [8] proposes a novel dual-band 4-shaped printed
MIMO antenna of two elements. The isolation between the two
elements is more than 17 dB in the low band after DGS is used.
A miniaturized 2 x 2 dual-band MIMO antenna operating in the
frequency bands from 2.408 to 2.776 GHz and 4.96 to 5.64 GHz
is proposed in [9]. The mutual coupling effect between the radi-
ating units is minimized by partial step grounding (PSG) and by
polarization diversity, and the measured isolation is greater than
21dB. A dual-band 2 x 2 MIMO antenna based on a half-mode
substrate-integrated waveguide (HMSIW) is proposed in [10].
A small neutralization line in the center of the antenna is used
to improve the isolation of the antenna, and the minimum isola-
tion of the two bands is greater than 35 dB. Cross-shaped strips
above the substrate are symmetrically added among the MIMO
elements to enhance the ports’ isolation in [12]. The metasur-
face with negative permeability is designed and achieves sig-
nificant mutual coupling reduction over the entire bandwidth
in [13].

Almost all of the antennas in the above literatures operate
in lower frequency bands. To address the need for high-speed
data transmission and low-latency communication in current
systems, [14] achieved resonance at 28 GHz and 38 GHz with
a minimum port isolation of 28 dB by employing polarization
diversity using an E-shaped patch featuring an H-shaped slot.
Ref. [15] presents a 2-element millimeter band MIMO antenna
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operating at 27 GHz and 39 GHz with more than 25 dB isola-
tion by using pattern diversity. However, the above literature
uses microstrip lines to design the cells of the dual-band MIMO
antenna, which has a high radiation loss compared to the SIW
technique and is not an ideal choice in millimeter-wave RF de-
vices [16,17]. And the commonly used decoupling methods
for millimeter wave multi-band or wide-band decoupling de-
sign will be more difficult, thus how to design a low-coupling,
multi-band MIMO antenna is a challenge.

Therefore, this paper presents the design of a miniatur-
ized, low-profile, millimeter-wave dual-band MIMO antenna
with high isolation, employing a substrate integrated waveg-
uide (SIW) back-cavity structure. An improved dual P-shaped
slit is etched on the upper surface of the SIW circular back-
cavity to overcome the limitation of single-band operation, en-
abling dual-band radiation and enhancing antenna efficiency.
The method of DGS and pattern diversity is employed to ar-
range two antenna units in parallel, forming a high isolation
dual-band MIMO antenna. Experimental results demonstrate
that the antenna operates effectively at 26.7 GHz—27.9 GHz
and 37.95 GHz—40.92 GHz, with relative bandwidths of 4.4%
and 7.5%, respectively. The antenna achieves peak gains of
5.63 dBi and 6.35 dBi in the two bands and maintains an isola-
tion degree exceeding 30 dB.

The paper is organized as follows. Section 2 discusses the
structure of a dual-band MIMO antenna and analyzes the work-
ing principle of the antenna to achieve dual-band radiation and
high isolation. Section 3 discusses the results of the study and
compares them with the existing research results. Section 4 dis-
cusses the conclusions and future perspectives.

2. ANTENNA DESIGN AND ANALYSIS

2.1. Design of Dual-Band Antenna Units

The dual-band antenna unit is designed on a single-layer di-
electric substrate (Rogers 5880) with specific material charac-
teristics: a dielectric constant (¢,-) of 2.2, dielectric loss tangent
(tand) of 0.0009, and thickness of 0.508 mm. Within the diclec-
tric substrate, a SIW circular cavity is formed using metal vias
in Fig. 1.

FIGURE 1. SIW circular resonant cavity.

For the low-profile SIW circular resonant cavity, the elec-
tric field strength can be approximated as uniformly distributed
along the z-direction. Under this assumption, the resonant fre-
quency of its characteristic mode can be obtained from Equa-
tion (1) [18].
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where fj is the resonant frequency; ¢ is the speed of light in
vacuum; €, and p, are the relative permittivity and permeabil-
ity of the substrate, respectively; P,,, stands for the m-square
root of the first type of nth-order Bessel function; R’ is the
equivalent radius of the SIW circular resonant cavity, which
can be approximated by the following Equation (2):

d2
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where Ry is the radius of the SIW circular cavity, D, the equiv-
alent diameter of the SIW circular cavity, d the diameter of the
metal through-hole, and p the distance between the centers of
two adjacent through-holes. P and d should satisfy the two
conditions of p < 2d and d/Ag < 0.1 ()\g is the resonance
wavelength in the free space) in order to reduce the leakage
of electromagnetic energy and to maintain the stability of the
structure.

Inside the SIW circular resonant cavity, the gray shading sur-
rounded by the black solid line represents a modified dual P-
shaped slit radiating unit etched out by a PCB process on the
upper surface of the SIW cavity, which consists of a longitu-
dinal slit offset from the central axis and two portions of the
toroidal slits that are cropped by this longitudinal slit in Fig. 2,
wherein the inner and outer diameters of the portions of the cut
large toroidal slits are 72 and 71, respectively, and the inner and
outer diameters of the portions of the small toroidal slits are r5
and ry4, respectively. The longitudinal slit extends out of the
toroidal slit by a length of n;, and the distance of the longitu-
dinal slit away from the central axis of the SIW cavity is m;.
The radii of the toroidal slits follow the approximate formulas
described in Equation (3) [19]:

1.4¢
f —

=— 3

27T er/Ec (3)
where 7. = (11 + r2)/2 is the equivalent radius of the circle,
€e = (e, + 1)/2 the equivalent permittivity at the slit, and f
the operating frequency of the antenna.
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FIGURE 2. Configuration of the proposed antenna.
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FIGURE 3. SIW to microstrip conversion structure.
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FIGURE 4. The evolution of the proposed antenna from Antenna 1 to
Antenna 3.
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FIGURE 5. The energy distribution of the antenna electric field (a) 27.5 GHz; (b) 38.5 GHz; (c¢) 39.5 GHz.

Meanwhile, addressing the antenna connection testing issue
necessitates designing a tapered transition structure to facili-
tate the conversion between SIW and 50 €2 microstrip in Fig. 3.
This structure offers advantages such as simplicity, ease of im-
plementation, low return loss, and broad bandwidth.

The equivalent impedance of the STWp g19 mode can be ob-
tained from Equation (4) [20].

_ mh o
Wer \/ar {1 - (212\/@,,) 2}

where Wy is the equivalent rectangular waveguide width. The
equivalent impedance 7. is substituted into the formula for
solving the width of the microstrip line, and the width W}, of the
microstrip line corresponding to Z, can be solved to be 1.4 mm.
The optimized 50 €2 microstrip line has a width W, of 1.5 mm,
and the length of L; is 1.9 mm approximating 1/4 wavelength
in vacuum at 39 GHz. Finally, it is optimized by HFSS simula-
tion to make the best match between microstrip and SIW.

“4)

2.2. Operating Principle of Antennas

Fig. 4 illustrates the design concept of the antenna unit, demon-
strating how the SIW circular resonant cavity evolves into a
dual-band radiating antenna. Initially, a closed semicircular
slit is etched inside the SIW resonant cavity, offset vertically
from the central axis by a certain distance to modify the an-
tenna’s radiation characteristics. Extending the longitudinal
slit allows the P-type configuration to excite the 7M1 mode
of the SIW resonant cavity, achieving effective radiation in
27 GHz. Simultaneously, to enable dual-band operation in the
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millimeter-wave frequency range, a smaller-radius semicircu-
lar slit is etched within the P-shaped configuration, facilitating
effective radiation in another higher frequency band. This de-
sign modification enables the antenna to transcend single-band
limitations and improves its overall efficiency.

Fig. 6 shows the simulation results of the reflection coeffi-
cients of Antennal, Antenna2, and Antenna3 during the evo-
lution of the antenna unit. It can be seen that Antennal is in
impedance mismatch and cannot effectively radiate outward.
By optimizing the design of the longitudinal slit and circular
slit, Antenna2 works in the main mode T Mo of the resonant
cavity with an operating bandwidth of 26.77 GHz-28.13 GHz
and a relative bandwidth of 5%. On the basis of Antenna2,
the improved dual P-shaped slit enables Antenna3 to excite a
mixed mode with two resonant frequency points of 38.5 GHz
and 39.5 GHz, realizing dual-frequency radiation, operating at
26.84-28.15 GHz with a relative bandwidth of 4.8% and 37.77—
39.98 GHz with a relative bandwidth of 5.7%.

To further analyze the principle of the designed dual-band
antenna, Fig. 5 shows the energy distribution of the antenna
electric field at 27.5 GHz, 38.5 GHz, and 39.5 GHz. It can be
seen that at 27.5 GHz, the energy mainly gathers around the
large semicircular ring slit and longitudinal slit. At 38.5 GHz
and 39.5 GHz, the energy is mainly gathered around the small
semicircular ring slit and longitudinal slit. It can be seen that
the surface currents are directly intercepted by the slot. The
large semi-circular gaps and longitudinal gaps produce strong
radiation at 27.5 GHz while the small semi-circular gaps and
longitudinal gaps produce strong radiation at higher frequen-
cies.

The semicircular slit significantly impacts the perturbation
of the electric field distribution and consequently influences the
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FIGURE 6. The simulation results of the reflection coefficients of An-
tennal, Antenna2 and Antenna3.

radiation performance of the antenna. An analysis of the signif-
icant parameters of the semicircular slit is conducted. During
the parametric analysis, one parameter is systematically varied
while keeping all other parameters fixed at the optimal values
outlined in Table 1. Fig. 7 illustrates the simulation results of
the reflection coefficient for the proposed antenna at various
radii (1, 72, 74, 75). The analysis of S1; curves reveals that
changes in 7; and 7o impact both operational bands; specifi-
cally, increasing r; from 2 mm to 2.1 mm shifts the resonance
point of the lower band leftwards and widens the operational
bandwidth of the higher band. r5 primarily influences the an-
tenna’s impedance matching in both bands. Conversely, alter-
ations in parameters 4 and 5 minimally impact the lower fre-
quency band while significantly affecting impedance matching
in the higher frequency band.

TABLE 1. Dimensions of the proposed antenna.

Parameters | Values (mm) | Parameters | Values (mm)

P 0.5 1 2.05

d 0.3 T2 1.8

h 0.508 r3 2.75

s 7 T4 1.5

n1 1.4 5 1.3

mi 0.24 Wsiw 5

dg 4 L, 18.9

dl 6.15 W 20

2.3. Analysis of MIMO Antennas with High Isolation

To achieve MIMO transceiver integration, the previously de-
signed dual-band antennas are consolidated into a two-port
MIMO antenna with high isolation. This enhances system ca-
pacity by employing MIMO to achieve high-rate, high-quality
transmission. In practical implementation, the correlation be-
tween the antennas may be relatively large because of the close
proximity, and these factors will make the channel capacity
of the antenna system deviate from the ideal channel capacity.
Therefore, reducing the correlation between antennas is crucial
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to increasing channel capacity in practical MIMO antenna de-
sign.

The inherent structure of SIW provides excellent isolation
between antenna units owing to its enclosed metallization aper-
ture. Mutual coupling between MIMO antenna ports is reduced
by loading a rectangular slot in the middle of the ground plane
to form a DGS. The core principle of defective ground decou-
pling is to alter current distribution on the antenna surface, min-
imizing coupling between the antenna ports. Additionally, em-
ploying the pattern diversity reduces mutual coupling between
units by arranging antenna units relatively parallel, ensuring
that each element’s radiation direction map does not interfere
with others, thereby achieving high isolation between antenna
elements. In contrast to other intricate decoupling structures,
the proposed MIMO antenna employs solely rectangular slots
for the DGS and pattern diversity technique, simplifying the de-
sign significantly. The high isolation MIMO antenna structure
optimized by HFSS further simulation is shown in Fig. 2. The
related parameters are shown in Table 1.

Observing its So; curve in Fig. 8, it is evident that with-
out any decoupling method, the isolation at 38.4-40 GHz con-
sistently exceeds 30 dB, whereas at 26.6-28.2 GHz it is rela-
tively poor. Therefore, the decoupling method is primarily em-
ployed to mitigate antenna coupling at 26.6-28.2 GHz and en-
hance overall antenna’s isolation. Compared to the absence of
decoupling, the loaded DGS reduces antenna coupling mod-
estly at 26.6-28.2 GHz and significantly between 38.4 GHz and
39.6 GHz, with a slight increase observed from 39.6 GHz to
40.3 GHz. Subsequently, after loading the DGS, the antennas
are relatively positioned, resulting in an approximate 3 dB in-
crease in antenna isolation at 26.6-28.2 GHz, maintaining an
overall isolation greater than 33 dB. Although isolation slightly
decreases from 38.7 to 40.3 GHz, it remains above 33 dB over-
all. Finally, the combination of the DGS and pattern diver-
sity effectively enhances antenna’s isolation, achieving excel-
lent overall isolation.

3. MEASUREMENT RESULTS AND DISCUSSION

The antenna prototype was fabricated, and the sample is shown
in Fig. 9. The 2.4 mm coaxial connector has the model num-
ber NY24FMO0503F04. The antenna was tested using a vector
network analyzer from Agilent Technologies, model ES361A.
Due to the symmetric characteristic of the proposed MIMO an-
tenna, only 1-port test data is given. Fig. 10(a) presents the S11
curves for both simulation and measurement. The measured
results indicate that while the trends of the simulated and mea-
sured curves are generally consistent across the entire operating
frequency band, the measured bandwidth is slightly narrower
than the simulated results at lower frequencies (approximately
26.7 GHz to 27.9 GHz) and broader at higher frequencies (ap-
proximately 37.95 GHz to 40.92 GHz). The discrepancy be-
tween the simulated and measured results may be attributed
to the high Q factor of the resonator, minor fabrication devi-
ations, and metal surface roughness which may significantly
impact the antenna bandwidth. Additionally, the inclusion of
the coaxial connector introduces parasitic parameters, and the
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discontinuity between the coaxial and microstrip connections
may impact antenna performance.

Figure 11(b) shows the simulated and measured S5, and gain
curves. Within 26.7-27.9 GHz, the antenna has an isolation of
greater than 30 dB, which is approximately 3 dB less than the
simulation results. Within the 37.95-40.92 band, the antenna
has an excellent isolation of greater than 33 dB. The measured
gain is slightly less than the simulated one at 26.7-27.9 GHz,
with the peak gain of the antenna recorded at 5.63 dBi. The
difference between the simulated and measured gains of the an-
tenna is larger at 37.95-40.92 GHz, with the peak gain reaching
6.35 dBi, which is likely to be caused by the material loss and
the drift of the dielectric constant at higher frequencies. Addi-
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FIGURE 9. Antenna physical picture.

tionally, the coaxial connector may introduce extra losses that
could impact antenna performance.

Figure 11 shows the far-field measurement diagram of the
antenna in a microwave darkroom. Fig. 12 presents the simu-
lated and measured results for the E-plane and H-plane radia-
tion patterns at three different frequencies. In the two orthogo-
nal planes, the measured and simulated directional maps exhibit
a generally consistent trend in the direction of maximum radia-
tion; however, the radiation maps of the antenna show varying
degrees of aberration, particularly at higher frequencies where
substantial deterioration is evident. Firstly, given the small size
of the antenna, the measured directivity maps are influenced
by the test conditions and surrounding environment (such as
coaxial connectors, cables, and mounting brackets), which con-
tributes to inaccuracies in the results. Secondly, the suboptimal
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TABLE 2. Comparison of the proposed antenna with previously reported antennas.
Reference | Port numbers | Frequency/GHz | Gain/dBi Decoupling method Isolation/dB | ECC Size/mm?
[8] 2 0.81/2.75 —4/2.4 DGS 17 0.21 50 x 100 x 1.56
[9] 4 2.6/5.3 3.98/4.13 | Polarization diversity and PSG 21 0.00434| 70 x 70 x 1.524
[10] 4 4.43/5.39 6/6.4 Neutralization line 35 0.005 82 x 82 x 1.57
[11] 2 2.4/5.5 3.2/5.8 Shorted edges 20 0.0002 | 41.9 x 32.3 x 3
[14] 2 28/38 7.1/7.9 Polarization diversity 28 0.0005 | 20 x 24 x 0.508
[15] 2 27/39 5/5.7 Pattern diversity 25 0.0001 -
This paper 2 27/39 5.63/6.35| Pattern diversity and DGS 30 0.0002 |20 x 18.9 x 0.508

Test antenna

Transmitting antenna

FIGURE 11. The picture of antenna far-field measurement.

radiation characteristics of the directional map at higher fre-
quencies arise because the wavelength decreases with increas-
ing frequency, causing the antenna’s physical size to exceed
half of the wavelength. Consequently, the antenna cannot retain
the characteristics of an electrically small antenna, resulting in
noticeable distortion in the directional map.

For MIMO antennas, ECC illustrates the degree of indepen-
dence of each antenna unit in signal reception; theoretically,

34

ECC should be equal to 0. Diversity gain (DG) indicates the
quality and reliability of a MIMO antenna, with an ideal value
of 10. For a MIMO antenna with two ports, ECC and DG can
be calculated by substituting the S-parameters into Equation (5)
and Equation (6) [21]. Fig. 13 shows that the simulated ECC
and DG values are less than 0.0002 and greater than 9.995, re-
spectively, over the entire frequency band. This indicates that
the antenna meets the MIMO requirements of an ECC value
less than 0.5 and a DG close to 10, with good correlation per-
formance and a high degree of independence.

|S11.575 + 52153,

ECC = 5
0150 — S0 B[Sl —[5P) )
DG =10 x \/1— |ECC/|? (6)

The dual-band MIMO antenna designed in this paper is com-
pared against key metrics of antennas in the referenced litera-
ture, with the results presented in Table 2. Refs. [8—11] imple-
ment dual-band MIMO designs below 6 GHz, but the antennas
are large and have high profiles, which are not easy to inte-
grate with planar circuits. Refs. [8,9, 11] also have relatively
low gain and isolation. Refs. [14, 15] realize the design of a
dual-band MIMO antenna at higher frequencies, but [15] has
relatively low gain and isolation. Compared to the proposed
antenna, [14] has higher gain but lower isolation and ECC and
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FIGURE 13. ECC and DG for the MIMO antenna.

larger size. In terms of metrics such as antenna size, gain and
isolation, the antenna designed in this study outperforms similar
models, achieving a compact, dual-band MIMO antenna with
high isolation in the millimeter wave band.

4. CONCLUSION

A dual-band MIMO antenna is proposed in this paper which
describes the design of the antenna in detail from SIW cir-
cular resonant cavity to the proposed antenna and analysis
of the operating principle. The improved dual P-shaped an-
tenna generates dual-band radiation at 26.7 GHz—27.9 GHz and
37.95 GHz-40.92 GHz by exciting different resonant modes in
the circular resonant cavity. Within the operating frequency
bands, peak gains of the antenna are measured at 5.63 dBi and
6.35 dBi, respectively. Pattern diversity and DGS are used to
make the isolation of the antenna greater than 30 dB. The ECC
is less than 0.0002, and the DG is greater than 9.995, which
is close to 10. The developed antenna is ideal for millimeter-
wave MIMO communication systems due to its features such
as simple structure, compactness, and high isolation.
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