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ABSTRACT: In this paper, a miniaturized 4-port (4 × 4) multiple-input multiple-output (MIMO) antenna is presented in the Ku band
with operating frequency range of 16.9GHz to 17.9GHz. The presented antenna incorporates Substrate Integrated Waveguide (SIW)
Technology with each element of MIMO in Quarter Mode Substrate Integrated Waveguide (QMSIW). The radiating features of the
antenna are incorporated by inserting periodic slots in the patches as well as defective ground plane (DGS) technology in lower ground.
For achieving good impedance matching and isolation, DGS and SIW technologies are incorporated in the design. An isolation greater
than 30 dB is achieved in the complete operating range (16.9GHz–17.9GHz). The MIMO antenna is realized physically in Rogers 5880
with dimensions of 36× 36mm2. The MIMO antenna properties like Envelope Correlation Coefficient (ECC), Channel Capacity Loss
(CCL), Total Effective Reflection Coefficient (TARC), Mean Effective Gain (MEG), and Diversity Gain (DG) are analysed to validate
good agreement with the standard values.

1. INTRODUCTION

In present day scenario, the trans-receiving channels of wire-less communication are highly occupied, and the co-channel
interference is very much prominent. Therefore, this area is
of keen interest among present day researchers to design an an-
tenna system which will be less susceptible to co-channel inter-
ference [5, 7] as well as fading and have high spectral density
[1–8]. Also this era is the age of miniaturization, where things
are getting more compact day by day. Antennas are getting
miniaturized, and MIMO antenna is increasing its impact on
market. MIMO antenna increases the channel capacity which
in turn increases the data rate, which are two most important
parameters of wireless communication [15]. Therefore, MIMO
antenna is also a reliable alternative for reducing the co-channel
interference. From past few decades when SIW came into exis-
tence and when it is further condensed in Half-Mode Substrate
Integrated Waveguides (HMSIW) and Quarter-Mode QMSIW,
MIMO antenna can be combined with the properties of SIWs
and shows very good radiation results [9–11].
The MIMO antenna performance is calculated based on en-

velope correlation coefficient (ECC), diversity gain (DG), to-
tal active reflection coefficient (TARC), channel capacity loss
(CCL), and mean effective gain (MEG) [19, 20]. Isolation
among the elements of MIMO antenna comes to be approxi-
mately below 20 dB as shown in Fig. 5 just by changing the
spacing between the elements of quarter mode SIW, inserting
vias at left out corner of the quarter mode SIW, and making
changes in the ground plane as shown in Fig. 4. The MIMO an-
tenna that has been designed operates in the range of 16.9GHz
and 17.9GHz as shown in Fig. 6.
The novelty attained by the MIMO antenna is listed as
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1. The antenna is designed in a compact size of 36mm ×
36mm, without compromise on frequency of operation
and gain.

2. The antenna with the use of SIW was able to achieve iso-
lation up to 35 dB in such a compact size.

3. In this paper, maximum MIMO parameters are discussed
and all are in good agreement with the standard value.

MIMO
Parameters

Standard
Value

Proposed
antenna value

ECC below 0.5 Below 0.004
DG 10 in ratio ≈ 10 in ratio

TARC < 0 dB < −5 dB

CCL
less than

0.4 bits/sec/Hz
less than

0.2 bits/sec/Hz
MEG −3 dB to −12 dB −3 dB to −4 dB

2. DESIGN PROCESS
The structure shown in Fig. 1 shows the design process of the
proposed Quarter Mode Substrate Integrated leaky wave an-
tenna with its design basic as well as sub stage. The antenna is
modelled with the help of High Frequency Structure Simulator
(HFSS). The first stage of design involves calculating the de-
sign parameters of Substrate Integrated Waveguide (SIW) and
simultaneously calculating the dominant mode resonant fre-
quency using Equation (1) [12].
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FIGURE 1. Design flow of 4 port MIMO antenna from 4 port FMSIW. (a) Full mode SIW. (b) Half Mode SIW. (c) Quarter Mode SIW. (d) MIMO
antenna on Quarter mode SIW.

FIGURE 2. Comparison of S11 of 4 stages of development of MIMO
antenna.

FIGURE 3. Comparison of S12 of 4 stages of development of MIMO
antenna.

where leff or Weff = W or L − 1.08d2

p , Weff = W and leff are
the effective width and length of the full cavity SIW; d is the
diameter of the vias; and p is the space between two adjacent
vias.
The quarter mode SIW based MIMO antenna is obtained

from full mode SIW as shown in Fig. 1 by bisecting it along
its magnetic walls and then using its quarter mode for the de-
sign of leaky wave antenna [13, 14]. The dimensions of full
mode SIW along with dimension of proposed MIMO antenna
are as below:
The S-parameters of different stages of MIMO antenna de-

velopment are shown in Fig. 2 and Fig. 3. In Fig. 2, S11 of
all stages of development is shown, and in Fig. 3, S12 of all
stages of development is shown which clearly interprets that
S11 which is a reflection coefficient of MIMO antenna gets
drastically improved in the 4th stage which is proposed MIMO
as compared to its previous stage. Similarly, isolation also gets
improved in the 4th stage as shown in Fig. 3.
The QMSIW is constructed with the common ground plane.

In each quarter mode, slots are constructed in periodic manner
as shown in Fig. 4 so that it starts working as a leaky wave
antenna. Since there are four quarter modes created from one

full mode SIW, four antennas are created by a common ground
plane which make them operate as a MIMO antenna [13, 14].
The 4 antennas operate at approximately same frequency be-
tween 16.9GHz and 17.9GHz since dimensions of the anten-
nas are also same. For the reduction of inter elemental mutual
coupling, the spacing between antenna elements is increased
from its previous one as achieved in quarter mode as shown in
Fig. 1. As we know, the SIW is the planar replica of dielectric
filled rectangular waveguide, and microstrip feed line is incor-
porated in this to achieve the impedance matching. For further
improving the impedancematching, the optimization of feeding
location is also done.
The isolation obtained in MIMO antenna is below 30 dB be-

tween elements as shown in Fig. 5, and the reflection coeffi-
cient which is achieved is below 15 dB in each case as shown
in Fig. 6.

3. MIMO ANTENNA

Fig. 4 shows the front and back views of proposed QMSIW
leaky wave antenna. The dimensions of antenna are shown in
Table 1 and symbolized in Figs. 1 and 4.
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FIGURE 4. MIMO antenna. (a) Top view. (b) Bottom view.

FIGURE 5. Isolation of MIMO antenna (simulated). FIGURE 6. Reflection Coefficient of MIMO antenna (simulated).

TABLE 1. Dimensions.

S. No Dimensions Value (in mm)
1. leff 36
2. Weff 36
3. h 1.57
4. d 0.5
5. p 2
6. l1 11
7. l2 5

For achieving a complete planar configuration, for feeding
the antenna, a 50Ω microstrip line is used. The 4 elements of
the MIMO antenna show the isolation of 20 dB, as shown in
Fig. 5.

To maintain the simplicity and integrity of the proposed
MIMO antenna, the four different elements of antenna are
placed on the upper plane, and all elements share common
ground plane. The reflection coefficient of each element of
MIMO is shown in Fig. 6. The interpretation which can be
achieved from Fig. 6 is that the complete operating range of
the proposed antenna is 16.9 dB to 17.9 dB which lies in the
Ku band for satellite applications. The bandwidth of each el-
ement of the MIMO is 1GHz (approximately) which help in
increasing its channel capacity.

4. MIMO PROPERTIES
The performance of the proposed MIMO antenna are justified
in terms of various parameters:
1. Envelope correlation coefficient (ECC): — ECC tells us

about the correlation between different elements of the MIMO
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FIGURE 7. ECC of MIMO antenna. FIGURE 8. DG of MIMO antenna.

antenna and how different elements of MIMO antenna are op-
erating independently. For good MIMO performance its value
should be < 0.5. It can be derived from the formula shown
below (2) [19, 20]

ECC =
|S11 ∗ S13 + S13S33|2

(1− (|S11|2 + |S31|2)))(1− (|S31|2 + |S13|2))

(2)
Formula (2) is used when ECC has to be calculated between

1st and 3rd elements and when we want to calculate ECC be-
tween the 1st and 2nd elements, subscript 3 of formula has to
be replaced with 2 and so on.
ECC which has been achieved in the proposed design has the

maximum of 0.0010 between the 1st and 2nd elements, 0.00040
between the 1st and 3rd elements, 0.0013 between the 1st and
4th elements in the operating range of the MIMO. For MIMO
antenna, ECC tells us how much the different elemental anten-
nas of MIMO are working independently. Its value should be
as low as possible, and themost accepted value for performance
of MIMO is below 0.5. So, we can interpret that the proposed
MIMO is in good agreement as its value is below 0.5 in all cases
as shown in Fig. 7.
2. Diversity Gain (DG): — Diversity Gain is also one of the

important performance characteristics of the MIMO antenna
which tells us the signal to interference ratio due to the applica-
tion of diversity scheme or rise in gain of MIMO antenna due
to multiple elements. Its ideal value is approximately 10 when
being expressed in ratio. It can be derived from the formula
shown below (3) [19, 20]

DG = 10
√
1− 1− |0.99ECC|2 (3)

The DG i.e., the diversity gain, which shows the increase in
signal to interference ratio due to any diversity scheme is also
above 10 in all the elements of proposed MIMO as shown in
Fig. 8.
3. Total active reflection Coefficient (TARC):—Return loss

of the antenna is the most important parameter that signifies its
performance. TARC defines the return loss of MIMO antenna,

and mathematically it is the ratio of the square root of total re-
flected power by the square root of total incident power.
It is given by formula (4) [19, 20]

TARC =

√
(|Sii + Sijejθ|2 + |Sji + Sjjejθ|2)√

2
(4)

where Sii and Sjj are the reflection coefficient between ele-
ments of MIMO whose TARC has to be calculated. Similarly,
Sij and Sji are transmission coefficient. The desirable value of
TARC is < 0 dB.
As shown in Fig. 9, the TARC value between different ele-

ments of the proposed MIMO antenna is below 2 dB which is
in good agreement with the desirable standard value which is
below 0 dB.
4. Channel Capacity Loss (CCL): — CCL is another impor-

tant performance parameter of MIMO antenna which tells us
about the channel capacity loss, and it is calculated using for-
mula (5) [19, 20] given below:

CL = − log2 det(ψ
R) (5)

where ψR is the correlation matrix of receiving antenna, and it
is expressed by formula (6) given below:

ψR =

(
ψii ψij

ψji ψjj

)
(6)

where ψii, ψij , ψji and ψjj are shown by Equations (7), (8),
(9), and (10) respectively.

ψii = 1− (|Sii|2 + |Sij |2) (7)
ψij = −(Sii ∗ Sij + Sji ∗ Sii) (8)
ψji = −(Sjj ∗ Sji + Sij ∗ Sjj) (9)
ψjj = 1− (|Sjj |2 + |Sji|2) (10)

CCL less than 0.4 bits/sec/Hz is an acceptable value in the
case of MIMO antenna.
The CCL value between different elements of pro-

posed antenna in the operating frequency range is between
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FIGURE 9. TARC of MIMO antenna. FIGURE 10. CCL of MIMO antenna.

FIGURE 11. MEG of MIMO antenna.

(a) (b)

FIGURE 12. Fabricated antenna. (a) Top view. (b) Bottom View.

0.2 bits/sec/Hz and 0.0 bits/sec/Hz which agrees with the
acceptable value of MIMO antenna as shown in Fig. 10.
5. Mean Effective Gain (MEG): — MEG is another perfor-

mance parameter of MIMO antenna which tells the ratio of the
average power absorbed to the incident power of the antenna
and given by the formula (11) [19, 20].

MEGi = 0.5
(
1− ΣN

i |Sij |2
)

(11)

where i indicates the antenna which is active at particular mo-
ment whereasN indicates the total count of antenna element in
designed MIMO.
The MEG value of respective antenna element of the MIMO

can be calculated by Equations (12), (13), (14), and (15)
[19, 20].

MEG1 = 0.5(1− |S11|2 − |S12|2 − |S13|2 − |S14|2) (12)
MEG2 = 0.5(1− |S21|2 − |S22|2 − |S23|2 − |S24|2) (13)
MEG3 = 0.5(1− |S31|2 − |S32|2 − |S33|2 − |S34|2) (14)

MEG4 = 0.5(1− |S41|2 − |S42|2 − |S43|2 − |S44|2) (15)

The desirable value of MEG for MIMO antenna should be
between −3 dB and −12 dB. The obtained value of MEG for
different antenna elements of proposed MIMO is shown in
Fig. 11 which clearly shows that the proposed MIMO antenna
satisfies the criterion.

5. RESULTS --- VALIDATION AND DISCUSSION
The antenna is designed and simulated using HFSS, Version
2019. The dimensional statistics are already given in Fig. 4(a)
and Table 1. The boundary as per the lowest operating fre-
quency of 16.9GHz is λ/4, i.e., 4.44mm, which is rounded to
4.50mm on each side of the antenna to form a three-dimension
radiating boundary. The iterations are calculated at 0.01mm
with surface normal deviation of 22.5 degrees. The mesh anal-
ysis method is classic mesh. The antenna is fabricated using
printed circuit board (PCB) prototyping milling machine.
The proposed 4 × 4 antenna is fabricated on Rogers-5880,

having relative permittivity 2.33, permeability 1, dielectric loss
tangent 0.0012, thickness 1.57mm, and dielectric constant of
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(a) (b)

FIGURE 13. Fabricated antenna under testing. (a) VNA. (b) Anechoic chamber.

FIGURE 14. Comparison of Isolation coefficient of Simulated and Fab-
ricated antenna.

FIGURE 15. Comparison of Reflection Coefficient of Simulated and
Fabricated antenna.

2.2 as shown in Fig. 12. The lower value of dielectric con-
stant increases the antenna performance. Substrate material
with both low dielectric loss tangent and low permittivity is re-
quired to improve the dielectric loss.
After fabrication, the proposed antenna is tested for its practi-

cal realization usingVNAand an anechoic chamber as shown in
Fig. 13. The simulated S-parameter results are shown in Figs. 5
and 6. Comparison of simulated results with the measured re-
sults of fabricated one is shown in Figs. 14 and 15.
On analysing Fig. 14 which shows the isolation between dif-

ferent elements of antennas of fabricated and simulated ones,
it is clearly interpreted that a better isolation is achieved in the
case of fabricated one with the isolation parameter below 40 dB
within operating range which is 10–20 dB lower than the sim-
ulated one. Therefore, it can be easily said that a MIMO an-
tenna which is designed/fabricated is good for practical use.

The comparison between reflection coefficients of simulated
and fabricated ones, as shown in Fig. 15, can be interpreted
that they are approximately similar in the two cases with only a
reduction of 20% bandwidth in fabricated one as compared to
simulated one.
The measurements are conducted in an anechoic chamber of

dimensions 8 feet of length, 5 feet of breadth, and 6 feet of
height. Two horn antennas are taken with the range of 0.8GHz
to 18GHz with voltage standing wave ratio (VSWR) less than
1.1 for this range and 18GHz to 40GHz with VSWR less than
1.0 for this range. For gain and radiation pattern measurements,
the antenna is placed on an Automated Positioner System (Re-
ceiver) where the transmitter is kept fixed. All the parameters
weremeasured usingVector NetworkAnalyzer (Model-S820E)
of measurement range 1MHz to 30GHz. The VNA was cal-

118 www.jpier.org



Progress In Electromagnetics Research M, Vol. 127, 113-120, 2024

TABLE 2. Comparison of MIMO antenna with previous existing work.

Reference Size (mm3)

No. of
antenna
element

Frequency of
operation
(GHz)

Gain
(dB)

Isolation
(dB)

DG ECC CCL
(bit/s/Hz)

[15] 24× 24× 0.835 4 24.8–44.45 8.6 > −20 9.96 < 0.007 -
[16] 35× 30× 1.6 4 8.5–12.5GHz 6 dB > −22 > 9.96 < 0.005 < 0.4

[17] 20× 40× 1.6 4 28GHz 7.8 −29.34 9.96 0.05 -
[18] 24× 24× 0.254 4 25–39 7.1 −26 - < 0.05 -
[19] 30× 35× 0.76 28GHz 8.3 −10 9.96 0.05 0.4

Proposed
work

36× 36× 1.57 4 16.9–17.9 5.73 −35 10 0.00040 0.2–0.00

FIGURE 16. Peak Gain of MIMO antenna.

ibrated before all the measurements to nullify the impedance
added by the coaxial cable.
The maximum peak gain of MIMO antenna obtained in far-

field region in dB is 5.73 dB which is again a good value. Ta-
ble 2 tabulates the recently published papers compared to the
proposed paper and shows substantial improvement in isolation
and other MIMO properties.

6. CONCLUSION
In this paper, a detailed analysis of a QMSIW based MIMO
antenna has been presented with step by step evolution and im-
provement. It is presented that with reducing the structure from
full mode to quarter mode the operating frequency range does
not get disturbed. Then using quarter mode SIW for designing a
4×4MIMOantenna, the antenna property gets improvedwhich
is shown in Figs. 14–16. Also good MIMO antenna properties
are achieved which are shown in Figs. 7–11.
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