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ABSTRACT: This article introduces a compact design for a four-element MIMO antenna for millimeter-wave (mmWave) communications
for specifically n261 band having range from 27.5 GHz to 28.35 GHz with a bandwidth of 850 MHz. The single antenna structure uses a
rectangular patch having four diamond-shaped slots in the feed-plane. On the ground plane, a dumbbell-shaped slot is positioned below
the rectangular patch. A Rogers RT/Duroid 5880 substrate with ultra-thin thickness is used in this design. The optimized design for
four-port MIMO antenna has small size with dimensions of 20 mm x 19 mm x 0.254 mm. The MIMO parameters such ECC is less than
0.011, and DG is greater than 9.90 dB in the mentioned bands, which are within tolerance limits. The isolation between neighbouring

MIMO elements is also less than —19.5 dB.

1. INTRODUCTION

In microstrip antennas, defected ground surface (DGS) is a
popular technique which refers to slots or defects etched out
in ground plane. With the placement of a simple structural
DGS design in ground plane, performance characteristics like
gain, bandwidth, and cross-polarisation can be enhanced [1]. In
multiple-input multiple-output (MIMO), DGS can also be uti-
lized for reducing coupling of antenna elements with each other.
In [2], a trimmed ground plane is used to enhance the band-
width with one-element antenna resonating in range 26—-30 GHz
with 4 GHz bandwidth, and in MIMO setup with four elements,
24 dB isolation was achieved. Similarly, in [3], DGS imple-
mentation generates a wideband output of 4.1 GHz in range
25.5-29.6 GHz with isolation below 10 dB between radiating
elements. In another design, authors in [4] attain an isolation of
> 25 dB between MIMO elements by utilizing a zig-zag shaped
slot to enhance mutual isolation. DGS can also be used to intro-
duce notch-band characteristics; for example in [5], a simplified
composite right/left-handed (SCRLH) resonator has been used
to introduce notch-bands in an ultra-wide bandpass filter. Sim-
ilarly, in [6], notch-band has been introduced by introducing a
folded stepped impedance resonator (SIR).

Among various DGS designs available in literature, “dumb-
bell” shaped DGS (DB-DGS) has attracted lot of interest [7—
9]. DB-DGS can also be used as stopband filters [10], sen-
sors [11], common-mode noise suppression [12], etc. In this
paper, we have utilized dumbbell shaped resonator which is
placed in ground plane to improve characteristics of the antenna
radiating in n261 band.

Similar to other mmWave bands, n261 is also considered for
short range, low latency, and high data rate applications. n261
which is the subset 0of n257 ranges from 27.5 GHz to 28.35 GHz
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with a bandwidth of 850 MHz. In [13], a Vivaldi slot antenna
for mmWave Ka band suitable for n257 and n261 band appli-
cations and centered at 28 GHz is proposed. For human body-
centric networks applications, another 8-element MIMO an-
tenna [14] radiating in n261 band which is centered at 27 GHz
and has bandwidth of 2 GHz is proposed. To achieve adequate
isolation between adjacent radiating elements, ground plane is
etched with a wall of slots. In[15], a4-port MIMO antenna sup-
porting multiple-bands for on-body is proposed having wide-
band characteristics in range 8.31-36.14 GHz.

A 1 X 4 array patch antenna with coplanar feed covering
n257/n258/m261 band (24.25-29.5 GHz) is proposed in [16]
for 5G NR radio. Antenna array elements are separated by
6 mm (~ 0.5 lambda at 25 GHz), giving a small antenna size of
26 mm x 5mm for 1 x 4 array. In another design, a 2-element
MIMO antenna using rectangular slot for creating defect in both
the feed-patch and ground is proposed in [17] for 28 GHz ap-
plications. The design provides good isolation and gain.

The proposed antenna design is narrowband which is
specifically designed for n261 band applications. The n261
band ranges from 27.5 GHz to 28.35 GHz with a bandwidth
of 850 MHz. The overall structural dimensions achieved for
the proposed 4-port MIMO antenna are 20 x 19 x 0.254 mm?
which to the best of the authors’ knowledge is smaller than
other structures proposed in literature for this band. Addition-
ally, the proposed antenna is narrowband typically covering
only n261 band meant for applications requiring the use of this
specific band. Table 1 shows a comparison with some of the
recent papers meant for n261 band applications.

In Section 2, we discuss the design aspect of the proposed
antenna. In Section 3, we describe the details of how the step-
wise development of antenna design was undertaken. Section 4
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TABLE 1. Comparison between our work and other related articles.

FIGURE 1. Design structure of single element. (a) Feed plane, (b) ground plane.

deals with how dimensional parameters of antenna are altered

to get optimized results.

2. ANTENNA DESIGN

The antenna design is compact, simple, and symmetrical but
requires precise alignment of ground and feed-plane. A Roger
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Centered Band Structure No. of DG Peak Min
Ref. |Year Frea/Band Width Shape Size (mm) MIMO (dB) Gain ECC | Isolation
4 (GHz) P Ant. (dBi) (dB)
Slotted vivaldi
[13] |2024| 28 GHz/n257,n261 4.87 d 50 x 20 x 1.6 1 na 6.65 NA na
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RTduroid 5880 substrate of 0.254 mm thickness is used in this
design.

2.1. Feed Plane

The design of the antenna, shown in Figure 1(a), consists of
a 6 mm x 5.5 mm rectangular patch which is fed by a 0.8 mm
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FIGURE 2. (a) Si:. (b) Radiation & total efficiency.

wide feed-line. Three types of slots are carved-out from the
rectangular patch. Firstly, a semicircular slot of 1 mm radius is
etched from the top middle part of the rectangular patch. Sec-
ond types of slots are four diamond shaped slots. Two diamond-
slots placed below are 1.27 mm x 1.27 mm, and those placed
above are smaller with dimensions 0.85mm x 0.85mm. The
third set of slots are 2.2 mm x 0.4 mm slots, each placed at both
sides of the feed line.

2.2. Ground Plane

The ground plane, shown in Figure 1(b), consists of two cir-
cular slots of 0.75 mm radius which are connected with each
other by using a 2.5 mm x 0.5 mm rectangular slot. With re-
spect to the centre line of rectangular slot, the centres of the
circles are displaced upwards by 0.6 mm to get the desired re-
sults. The combined shape of the slot looks like “dumbbell”.
To further improve the reflection coefficient, another circular
patch of 0.74 mm is placed within both the circular slots.

As given in Figure 2(a), the simulated result of reflection co-
efficient (S ) is depicted for a single element antenna. It can be
seen that as per the reference of —10 dB impedance bandwidth,
there is a good return loss from frequency 27.50 to 28.35 GHz
which yields a bandwidth of 850 MHz. This completely covers
n261 band frequency of FR2. Similarly, Figure 2(b) depicts the
response of simulated absolute values for total & radiation effi-
ciency. The achieved response of radiation efficiency is > 0.93
for the wanted frequency range. The value for total efficiency
varies within the range of 0.85-0.98.

3. EVOLUTION

Although the final structural design is achieved after numerous
iterations of optimization process, for an easy understanding,
we have summarized the evolution process in simple four steps.
To achieve the final design, in each step variations in dimension
size and shape of structural parts are carried out. The step-wise
summary of the activity is given below:

Step-1: Initially, as depicted in Figure 3(a), a simple struc-
ture is created with a rectangular patch which is fed by a feed
line. First, the width W and length L of the rectangular patch

are calculated by below mentioned standard equations [18, 19]

c 2 c
W 2f, Ve+1’ 2fr\/Er

where W is the width of the patch, and L is the length of the
patch.

€, 1s the relative dielectric constant of the substrate, and A
is the height of the substrate. The effective dielectric constant
erer and AL are calculated by following formula
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FIGURE 3. Step-wise antenna design.
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Subsequently, on the ground plane two circular shapes are
etched out which are joined by a horizontal bar. The structure
is optimized, but it resonates at around 29.43 GHz with narrow
bandwidth and poor return loss.

Step-2: Four diamond-shaped structures are etched out in
the feed plane as shown in Figure 3(b). The structure is seen
to resonate 27.64 GHz with much better bandwidth. However,
we require the antenna for n261 (27.5-28.35 GHz). So, further
fine-tuning is required.

Step-3: Two stubs are removed from both sides of the feed
line as shown in Figure 3(c), which substantially improves the
return loss.

Step-4: In this step, a circular patch is placed within the
etched-out circles in ground plane as shown in Figure 3(d). The
return loss is further improved, and antenna exactly resonates
with the bandwidth of 27.5-28.35 GHz.

4. PARAMETRIC ANALYSIS

Optimization task is performed by altering the dimensions of
structures in the antenna design. Different dimensional param-
eters have different levels of impact on the radiation character-
istics. In this section, we will discuss those dimensional param-
eters of the design which have significant effect on the antenna
characteristics.

4.1. Radius of Feed-Plane Circle (Rs)

The change in the radius of the circular slot placed on upper
position of rectangular patch changes the radiating frequency.
As shown in Figure 4(a), with the increase in radius, the effec-
tive length is also increased which causes the frequency to shift
downwards. The structure can be made to resonate at other fre-
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quencies also by altering Rs. However, the return loss needs
to be optimized by other structural changes. For n261 band,
optimum results are generated at Rs = 1 mm.

4.2. Length of Slit along the Feed-Line (Ls)

The return loss is improved significantly with the change of
length of the slit placed on both sides of feed-line. As can be
seen from Figure 4(b), the return loss is better for Ls = 2.2 mm.

4.3. Radius of Circular Slots in Ground Plane (Rc)

By the variation of radius of two circular slots placed in ground
plane, resonant frequency can be altered as shown in Fig-
ure 5(a). Since in this paper we are interested in n261 band,
our requirement is satisfied by using Rc = 0.75 mm.

4.4. Width of Rectangular Slot in Ground Plane (Wid)

By altering the width of the rectangular slot, there is a sharp
change in the resonating frequency. In addition, the return loss
is also good for resonating frequencies. In this structure, the
resonant cavity is formed by combined slot formed by both the
circular slots and their inter-connecting rectangular slot making
a shape of dumbbell. The resonant frequency is determined by
the effective length created by the combined slot dimensions
in ground plane. Consequently, any change in radius (Rc) and
width (Wid) causes change in the effective length which leads to
sharp change in the frequency as shown in Figures 5(a) and (b).
This is further corroborated when the analysis of induced cur-
rent is done in Section 6.4, where large current gets induced
at resonant frequency at the inner edge of both the circles and
connecting rectangle (dumbbell).

Based on the above discussion, we can clearly infer that the
proposed structure can be made to resonate over wide range of
frequencies with minor alteration of dimensional parameters.
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5. MIMO ANTENNA DESIGN

The single-element antenna design described above is used to
develop a MIMO antenna with a four-element design so as to
attain both the high channel capacity and data rates in mmWave
frequency. As depicted in Figure 6(a), our proposed design
for MIMO antenna has four antennas placed in feed-plane in
polarization diversity configuration. The plane on the other
side, shown in Figure 6(b), has a common ground plane having
separate dumbbell shaped slots corresponding to each element.
The optimized size for the proposed MIMO antenna structure
is 20mm x 19 mm.

6. RESULTS AND DISCUSSION

The fabricated prototype of the proposed MIMO antenna is as
shown in Figure 7.
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6.1. S-Parameters

Simulated results with all four radiating MIMO antennas are
as shown in Figure 8. As can be seen from Figure 8(a),
there is a minor shift in the operating frequency as com-
pared to a single-element antenna. Antenna-1 radiates be-
tween 27.49-28.39 GHz, antenna-2 between 27.50-28.36 GHz,
antenna-3 between 27.50-28.37 GHz, and antenna-4 between
27.50-28.42 GHz. As seen from Figure 8(b), adjacent antennas
isolation for the desired bandwidth is achieved to be less than
—20 dB. In this design, the mutual isolation is achieved without
the use of any additional decoupling structure. Another method
which is generally used in increasing the mutual isolation is by
increasing the separation between the elements, but this method
increases the overall dimensions of the antenna. In our design,
the distance between the adjacent elements has been optimally
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(b)

FIGURE 7. Fabricated design of proposed MIMO antenna. (a) Feed plane, (b) ground plane.
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FIGURE 8. (a) Simulated reflection coefficient. (b) Simulated isolation. (¢) Measured reflection coefficient. (d) Measured isolation.

placed to achieve adequate mutual decoupling. Moreover, the
MIMO antennas are placed at orthogonal position with each
other so as to achieve low coupling between adjacent elements.

The measured results of the reflection coefficient, shown in
Figure 8(c), show a minor deviation from the simulated results.
Firstly, the return loss has increased from earlier —40 dB for
S33 to —27 dB. Similarly, the return loss for Sj;, S2; & S
has also increased although the values are still acceptable. Sec-
ondly, there is slight shift in resonant frequency range for all
four antennas. Antenna-1 now has —10dB bandwidth rang-
ing from 27.46 to 28.44 GHz, Antenna-2 ranging from 27.48 to
28.39 GHz, Antenna-3 ranging from 27.46 to 28.42 GHz, and
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Antenna-4 ranging from 27.46 to 28.44 GHz. Although we
can clearly see that in all four cases, the n261 range (27.5 to
28.35 GHz) gets completely covered.

The measured results for mutual coupling also show slight
deviation. The mutual isolation which was less than —20 dB
in simulated results is now measured to be less than —18.5 dB.
The deviation in the measured and simulated results can be due
to the addition of connectors and cables losses and measuring
environment errors. Since the dimensions of the structure are
very small, slight variation can cause deviation in characteris-
tics. Additionally, the design required precise alignment of the
feed plane and ground plane. However, the measured results of
the prototype are still well within the acceptable values.
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6.2. Radiation Characteristics

The measured and simulated results of far-field radiation pat-
tern of the proposed 4-element MIMO antenna are as shown
in Figures 9(a)—(d). The radiation pattern is captured by keep-
ing the frequency at 28 GHz. The gain characteristics of each
antenna are presented for = 0° and = 90°. The radiation
patterns of antenna-1 & 3 and antenna-2 & 4 are seen as mirror
image with each other and their main lobe in reverse order as
compared with its corresponding antenna. This is because radi-
ating elements of MIMO antennas are placed perpendicular to
each other.

In addition, the radiation patterns of co-polarizations and
cross-polarizations are shown in Figure 10. The radiation pat-
terns have been taken at three frequencies for all four anten-
nas, respectively. One observation is taken approximately at
the middle of the bandwidth range, which is 28 GHz. Other
two observations are taken at the edge of the frequency range,
which are 27.7 GHz and 28.25 GHz.

6.3. MIMO Parameters

In MIMO antenna design, diversity parameters play a vital role
to determine MIMO performance. Among these parameters,
diversity gain (DG), envelop correlation coefficient (ECC), and
mean effective gain (MEG) are important. ECC is used to de-
termine the extent to which the MIMO antenna elements are
isolated. Ideally the value of ECC should be near zero, but in
practical applications values less than 0.5 are considered ac-
ceptable. The value of ECC for MIMO antenna can be calcu-
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lated from S-parameters using the formula below [23]

557 * Sji + Sij x Sii|?
(1= 1853 = Is7l*) (1= I8iP — |siil*)

ECC =

where Sii & Sjj are reflection coefficients, and Sji & Sij are
the transmission coefficients.

We can see from Figure 11(a) that the simulated ECC value
is less than 0.011 in the desired frequency band of n261.

The diversity gain (DQ) is calculated using the formula men-
tioned in [24] as stated below

DG = 104/ (1 — ECC?)

As shown in Figure 11(b), the value attained for DG is greater
than 9.90 dB.

6.4. Surface Current

Induced surface current at 28.8 GHz for one antenna (Antenna-
2) is shown in Figure 12. As can be seen, large current is in-
duced in dumbbell-shaped slot in ground plane. This is in line
with our earlier discussion in Section 4 where we notice signif-
icant change in resonant frequency when radius of the circular
slot of dumbbell is changed. Also, the width of the horizon-
tal rod of dumbbell was changed, and there was large varia-
tion in resonant frequency. So, we can clearly infer that the
dumbbell-shaped slot in ground plane has significant role to
play in achieving antenna response. Surface current for only
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one antenna is shown as other antennas also follow a similar
pattern.

Table 1 shows the comparison of earlier published articles
related to four port MIMO structures with the proposed struc-
tures.

7. CONCLUSION

In this paper, we have furnished a narrowband antenna cover-
ing specifically n261 band with range 27.5 GHz to 28.35 GHz
with a bandwidth of 850 MHz. Firstly, we have described the
characteristics of single element antenna, and later it has been
extended to a 4-port MIMO antenna. The overall structural
dimensions achieved for proposed 4-port MIMO antenna are
20 x 19 x 0.254mm? which to the best of the knowledge of
authors are smaller than other structures proposed in literature
for this band. Additionally, the proposed antenna is narrow-
band typically covering only n261 band meant for applications
requiring the use of this specific band. ECC is less than 0.011,
and DG is greater than 9.90 dB in the mentioned band, which
are within tolerance limits. The isolation between neighbouring
MIMO elements is also less than —19.5dB in n261 band.
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