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ABSTRACT In this paper, an angular symmetric, common radiator coplanar waveguide (CPW) fed four-
port multiple-input-multiple-output (MIMO) antenna is designed on a 0.129λ2

L RT Duroid (εr = 3.0,

tanδ = 0.001) substrate where λL is the free space wavelength at the lowest operating frequency (f L) of
0.6 GHz. The antenna has a −6 dB impedance bandwidth from 0.6-1.09 GHz, 2.6-3.4 GHz and 4.2-7.0 GHz
to cover the emerging wireless communication bands. At the same time, it also has a −10 dB impedance
bandwidth extending from 0.7-1.01 GHz, 2.6-3.18 GHz, 5.3-6.06 GHz, and 6.7-6.94 GHz. Design steps to
enhance the operating bandwidth and the isolation in the sub-1GHz bands are presented. The antenna has
a reasonable realized gain at the simulated and measured frequencies. It exhibits the pattern diversity
which is useful for the MIMO implementation. The envelope correlation coefficient (ECC), Mean effective
gain (MEG), and the channel capacity of the antenna have been computed from the measured results.
In spite of the small circuit size at f L, the ECC ≤ 0.50 over the entire band is observed. In addition
to the existing communication applications, this antenna can find newer applications in the emerging
0.6-1.09 GHz band, sub-6GHz 5G near radio (NR), and Wi-Fi 6 communications.

INDEX TERMS 0.6 GHz, 4G, 5G, integrated antenna, pattern diversity, sub-7GHz.

I. INTRODUCTION

TO ENHANCE the wireless data transfer rate to meet
the emerging requirements, the multiple-input-multiple-

output (MIMO) system has been proved to be the backbone
of the 4th generation (G) and beyond wireless communica-
tion systems [1]. A number of MIMO antennas have been
developed for the high data rate transmission where com-
pact printed circuit board (PCB) antennas are commonly
designed [2]. To meet the space constraints in the sub-1 GHz
communication bands, two antenna elements have widely
been used to enhance the channel capacity [3]–[4]. Since, the
channel capacity can be significantly improved by increasing
the number of antenna elements; a four port antenna designed
using multi-object optimization technique to operate in
2.5-2.75 GHz and 3.35-3.85-GHz band is reported in [5].

Similarly, a quad-element antenna by replicating the individ-
ual element, with a separated ground plane for each element
operating above 2.6 GHz with the isolation (I) ≥ 14 dB is
reported in [6]. Using the self-curing decoupling technique,
four port narrow band monopole MIMO antenna with the
improved isolation but only in a very narrow band around
2.14 GHz is presented in [7]. A compact four element MIMO
antenna designed using inverted L-shaped monopole operat-
ing in 2.7-4.94 GHz range with I ≥ 10 dB between collinear
ports is reported in [8]. It is worthy to mention that the
isolation improvement between the collinear ports is chal-
lenging and the problem aggravates with the reduction in
operating frequency. Using the lumped elements, the isola-
tion can be improved and a four port antenna to operate
in 3.4-3.6 GHz band is reported in [9]. However, at such
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a high frequency, isolation is only 11.6 dB. The electromag-
netic bandgap (EBG) structure has been placed in the middle
of the four widely separated monopole antennas to reduce
the mutual coupling to 17 dB operating above 3 GHz in [10].
A four-element half–circle shaped printed MIMO antenna to
operate above 2.4 GHz with the envelope correlation coef-
ficient (ECC) = 0.3 is reported in [11]. The pre-matched
Eigen mode antenna with polarization and pattern diversity
to operate in 2-6 GHz range is reported in [12]. It uses
the hybrid couplers to change the phase which increases
the design complexity and the profile. Using the split-ring
resonator (SRR), a four-element antenna operating in 1.95-
2.5 GHz band with an I ≥ 17 dB is reported in [13].
However, the antenna uses four separate ground planes. For
the access point applications, with four squinted beams, an
antenna operating in 1.8-2.9 GHz band is reported in [14].
In another approach, the multi-port 4G MIMO system oper-
ating above 2.4 GHz has been integrated to a 28.0 GHz 5G
band antenna [15]. Authors integrated the 4-port 4G MIMO
antenna operating above 1.9 GHz with impedance bandwidth
(IBW) = −6 dB and I ≥ 12 dB to 5G antenna systems
in [16]. The defected ground structure has also been used to
increase I ≥ 17 dB of a four port antenna operating above
3.5 GHz in [17].
To simplify the fabrication, in place of multiple radiat-

ing elements, a single radiating element with the multiple
ports has also been developed [18]–[19]. Although simple
in design, they operate above 2.0 GHz.
Interestingly, with a thrust to miniaturize the profile and

improve the isolation, the majority of the 04 port antennas
have been designed to operate above 2.0 GHz only. With the
decrease in the operating frequency, the coupling between
the ports increases and it becomes a challenging task to
maintain a decent isolation [18]–[19]. Similarly, using the
common ground and the coplanar waveguide (CPW) feeding,
the MIMO antennas for the wireless communications are
reported in [20]. Although, the antenna has the advantage
of series integration and the fabrication simplicity, operates
above 3.0 GHz, only.
Based on these criteria, a distinction between sub 1-GHz

and above 1-GHz antennas can be inferred from [21]. Owing
to the ground plane size with respect to the operating
frequencies, for the sub-1GHz antennas, IBW = −6 dB
and I ≥ 10 dB have been used in [21]–[22]. Seldom,
a multiport antenna to operate below 1.0 GHz has been
designed [23]. However, for the 4G and beyond, the sub-
1GHz communication bands are important [2]–[3] which
requires attention.
In the recent years, the sub-1GHz long term evolu-

tion (LTE) is considered to be the potential candidate for
high data rate communication and its application scenarios
are described in [24]–[28]. However, the MIMO implemen-
tation which is the key technological advancement of the
LTE band communication is challenging in sub-1GHz [29].
To meet the exponentially growing data rate requirements

for the Internet of Things (IoT), the use of the mid-band

frequency spectrum, sub-6GHz 5G near radio (NR), and the
IEEE 802.11ax or Wi-Fi 6 standard for the next generation
communication systems is proposed [30]–[34]. The Wi-Fi
6 band is to be available in four sub bands 5.925-6.425GHz,
6.425-6.525GHz, 6.525-6.875 GHz and 6.875-7.125 GHz
extending over 5.925-7.1725 GHz frequencies [33]. Further,
for the high data rate transmission using multiple standards,
the co-existence of the LTE band with the Wi-Fi bands is
suggested in [35]. It indicates that in MIMO implementation,
the sub-1GHz LTE band should be integrated to the 5G NR
and Wi-Fi-6 standard for the future high speed IoT and Wi-Fi
applications.
Thus, to meet the sub-1GHz LTE band, sub-6GHz 5G NR,

and the Wi-Fi 6 wireless communication requirements, the
CPW fed a 04 port common radiating element antenna in
MIMO implementation is presented here. The paper has the
following new antenna contributions with unique features:
1) The antenna operates over the upcoming communica-

tion bands in 0.6-1 GHz, sub-6GHz 5G NR, and Wi-Fi
6 communication bands in addition to the mid band
(∼ 3GHz).

2) The multi-band circular printed monopole antenna is
designed using the characteristic mode analysis (CMA)
and a design curve to find the suitable dimensions, is
presented.

3) Steps to enhance the operating bandwidth of this
antenna using stubs in the sub-1GHz band are
presented.

4) The stub loaded antenna has the omnidirectional radi-
ation pattern and it offers the pattern diversity suitable
for the MIMO implementation.

5) It is a 4-port antenna topology with the co-surfaced
ground plane which may lead to the design of the
conformal and 3-D MIMO antennas in the future.

Section II discusses the design of a circular printed
monopole antenna using the characteristic mode analy-
sis (CMA). Section III discusses the bandwidth enhancement
steps. In Section IV, a 04-port CPW fed common radiator
antenna is proposed. In Section V the isolation improvement
mechanism is shown. In Section VI, the radiation charac-
teristics of the antenna are shown. Section VII shows the
measured results. In Section VIII, the MIMO characteristic
is verified. In Section IX, the state- of- the-art comparison
is made. Section X concludes the work.

II. SINGLE ELEMENT RADIATING PATH DESIGN
A. HISTORICAL PERSPECTIVE OF CIRCULAR
MONOPOLE ANTENNA
The circular printed monopole antenna has extensively been
studied in the past [36]–[50]. In majority of cases, using the
parametric study, these antennas are designed for the ultra-
wideband (UWB) applications to operate above 2.0 GHz,
where wide bandwidth is obtained by controlling overall size
of the substrate, radius of the printed monopole, and feed
length reduction obtained by increasing the ground plane
size. The parametric study has extensively been used to
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FIGURE 1. CMA of a circular printed monople and its resoanting behavior.

lower the operating frequency (f L) which is sensitive to these
parameters. Nevertheless, it has also been used for the multi-
band applications where modification in the ground plane or
in the printed monopole itself, is inevitable [51]–[52]. The
ground plane size and the asymmetric modification made
in it, have the limited use in the flexible MIMO imple-
mentation. The larger ground plane can increase the mutual
coupling and reduce the isolation. Similarly, the asymmetric
modification in the ground plane can lead to the asym-
metric surface current distribution to affect the operating
bandwidth and the radiation characteristics when used in
MIMO implementation.
For the quest of larger operating bandwidth and to use it

in the MIMO implementation in sub-1GHz band, a single
circular printed monopole antenna as a basic building block
using CMA technique is analyzed in the next section. The
analysis reveals the effect of the feed length and monopole
antenna radius on the operating frequency and percentage
change in the frequency with respect to (w.r.t.) the change
in ratio of the feed length to radius.

B. CHARACTERISTIC MODE ANALYSIS OF CIRCULAR
PRINTED MONOPOLE
From the interpretation of the modal significance (MS),
CMA has widely been used in the antenna placement, the
bandwidth enhancement, and the decoupling [53]–[56]. Here,
it is used to design a multiband antenna to meet 0.6-1.0 GHz
and the higher band communication requirements. A planar
circular printed monopole with the feed-line (Lf) is shown
as the inset in Fig. 1. In general, the feed-line width (Wf)
is smaller than the wavelength corresponding to the first
modal resonance frequency (fM1) and thus the effect of Lf
on f M1 and the relative percentage change in the resonance
frequency (�f ) with respect to Lf for four different cases
are shown in Fig. 1. It shows that by suitably selecting the
Lf/R1 where R1 is the radius of the printed circular monopole,
fM1 and �f can be controlled to meet the intended design
requirements. With Lf = 0, the circular printed monopole
resonates in its fundamental mode. When keeping R1 fixed,

FIGURE 2. Modal significance of the antenna with meshing view.

Lf is increased, the fM1 is decreased. The same character-
istic is observed for the all four cases of the R1 under the
investigation as shown in Fig. 1. Thus, for the given R1, by
increasing Lf/R1, the fM1 can be reduced. Secondly, the effect
of Lf/R1 on the change in the �f is shown. For the larger
Lf/R1, �f converges around 10%. It is also noticed that to
operate at a specific fM1, for the larger circular monopole
radius, a smaller feed-length is required. Contrary to this,
when the monopole radius is reduced, the feed-length must
be increased. Thus, this figure gives an extra degree of free-
dom in selecting R1 and Lf to design a compact circular
printed monopole antenna.
Based on the above design guideline, a CPW fed

antenna with R1 = 30 mm is selected. Its fM1 (Lf/R1 = 0)
is close to 3 GHz which is lowered by using a feed with
Lf = 60 mm (Lf/R1 = 2). For Lf/R1 = 2, fM1 is close
to 1.01 GHz which can be further lowered by additional
metallic strip loading. As shown in Fig. 2, by adding the
metallic sheet (GL × GW), in addition to fM1, fMN where
N = 1, 2, 3 · · · can also be controlled to obtain the multi-
modal resonance frequencies and the bandwidth. In Fig. 2,
GL and GW are 45 mm, and 10 mm, respectively. Five modal
frequencies excluding Mode#4 are shown. Mode #4 has
MS lesser than 0.5 and thus can’t be considered for the
good resonating structure. From this figure, it is noticed
that these modes satisfied the MS ≥ 0.86 over the wide
frequency band where antenna can be designed with a
−6 dB impedance bandwidth criterion. Secondly, the fM1
is 0.643 GHz which can be exploited to achieve a large
bandwidth in the sub-1 GHz band.
After obtaining the lower band MS, the metallic strip

GW × 2GL is converted into the ground plane and is modi-
fied by cutting a slit (g) to accommodate the SMA connector.
Considering a practical antenna, it is placed on a 1.52mm
thick flexible Rogers RO3003 (εr = 3.0, tanδ = 0.001)
substrate. Since, the resonator and ground plane are co-
surfaced, the downward shift in the resonating frequency
is very less because the effective permittivity is close to
1.0 [57]. The antenna element, surface current density (Js)
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FIGURE 3. A simple antenna (a) topology (b) its characteristic mode Js
and (c) Reflec. Coeff. magnitude in dB response.

TABLE 1. Design parameters of the proposed antenna.

at fM1 = 0.643 GHz, and the reflection coefficient (Reflec.
Coeff.) of the antenna are shown in Fig. 3(a-c), respectively.
The final antenna design parameters (R1, GL, GW) are given
in Table 1.
Comparing Fig. 3(c) with Fig. 2, it can be observed that

the first resonance frequency (fM1 = 0.643 GHz, Fig. 2) is
shifted to 0.605 GHz [Fig. 3(c)], which is due to the substrate
effect and g. Secondly, corresponding to the Mode#2 and
Mode#3, as shown in Fig. 2, the antenna resonates near 2.0
and 2.5 GHz [Fig. 3(c)]. Further, there is wide impedance
bandwidth between 3.5-5.5 GHz [Fig. 3(c)] corresponding to
Mode #3 (Fig. 2). Additionally, it is noticed that Modes # 3,
#5, and #6 converges near 7.0 GHz in Fig. 2. Corresponding
to this, the antenna resonates near 7.0 GHz in Fig. 3(c). Thus,
a one to one correspondence between the CMA based modal
resonance frequencies and the achievable resonating bands
for a practical antenna can be established.

FIGURE 4. Stub loaded circular printed monopole (parameters in Table 1).

III. STEPS TO ENHANCE OPERATING BANDWIDTH
As shown in Fig. 3(c), the antenna resonates at a very
low frequency (0.605GHz) where it has a 33% fractional
bandwidth (FBW). The resonance frequency and operating
bandwidth can be modified by the stub loading [58]. A stub
loaded modified antenna is shown in Fig. 4. The band-
width enhancement method is discussed in the subsequent
paragraphs.

A. EFFECT OF GROUND PLANE STUBS
To enhance the operating bandwidth, the impedance match-
ing level of the antenna is enhanced by loading the ground
plane by stubs G1, G2, and G3 as shown in Fig. 4 whose
dimensions are given in Table 1. The position (distance
between G1 − G2 = 1.0mm, G2 − G3 = 24.1mm) and the
dimensions are parametrically studied. The effect of the stub
loading is shown in Fig. 5(a) where they impact on the real
(Z(Re)) and imaginary (Z(Im)) part of the impedance. By
adding G1 − G3 to the small ground plane (GW = 7.4mm),
the inductance is increased. Although, it does not signifi-
cantly contribute to the lower frequency (f ) band but in the
4.0 GHz ≤ f ≤ 6.5GHz range, it increases the Z(Im) to
improve the impedance matching by reducing the capacitive
effect of the printed monopole. Consequently, Z(Re) also
changes. Further, the comparison of the reflection coeffi-
cient (Reflec. Coeff.) magnitude with and without G1 −G3
is shown in Fig. 5(b). It shows that by increasing the Z(Im),
the −6 dB impedance matching level above 2.9 GHz has
been improved over the wide range.

B. EFFECT OF STUBS LOADING
Due to the inductive effect of G1 −G3, impedance matching
level at f ≥ 1.8 GHz has significantly improved. However,
it is not an attractive solution for the sub-1GHz band and
thus, the antenna is symmetrically loaded with S1 − S7. The
cause of stub loading can be interpreted from the surface
current density (Js) on the radiator at fM1 = 0.643GHz
which has been obtained using CMA [Fig. 3(b)]. At this
frequency, the feed-line has maximum Js which can be
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FIGURE 5. Effect of ground stubs on (a) impedance and (b) S11 magnitude.

suitably coupled to stubs to increase the bandwidth. The
effect of the stub loading is shown in Fig. 6(a). To improve
the legibility, Reflec. Coeff. (dB) for the total stub length
(L) = S1, L = S1 + · · · + S5, and L = S1 + · · · + S7 when
stubs are cascaded, is shown. The symmetrically loaded stubs
form a dipole which possesses the omnidirectional radiation
characteristics in one of the radiation plane. As shown in
Fig. 4, they are coupled to the main feed-line via capacitances
(C1) = 100pF. The value of C1 is obtained by the parametric
study which is not shown here for the sake of brevity. The
effect of C1 = 100 pF on the operating bandwidth in three
cases, (i) C1 with S1 only, (ii) C1 with S1 +· · ·+S5, and (iii)
C1 with S1 + · · · + S7, are shown in Fig. 6(b). For the last
case, in sub-1GHz range, the antenna has a 0.71-1.03 GHz
wide −6dB impedance bandwidth. It also has a −6dB band-
width from 1.65-1.70 GHz, 2.5-3.6 GHz, 5.3-6.2 GHz and
6.63-6.98 GHz. When capacitive elements are connected
between the stubs and the feed-line, it lowers the quality
factor over the wide frequency range to improve the band-
width and thus the use of the stubs with capacitance in the
CPW fed antenna design is justified. The antenna also offers
a −10dB impedance bandwidth from 0.81GHz-0.97 GHz,
1.66-1.68 GHz, 2.67GHz-3.53 GHz, 5.4GHz-5.95 GHz, and
6.73-6.88 GHz. Thus, in this type of the antenna, the stub

FIGURE 6. Effect of the (a) stubs and (b) stubs with C1 on bandwidth.

loading along with the lumped capacitance can be used to
increase the operating bandwidth in sub-1GHz range.

IV. FOUR PORT MIMO ANTENNA DESIGN
In this section, using the single circular printed monopole
antenna as shown in Fig. 4, a 04 port antenna with the
common radiator has been designed. In Section II, the single
circular printed monopole has been exhaustively investigated
for its one to one correspondence to the MS of the CMA. In
Section III, the operating bandwidth has been increased in
sub-1GHz band. Thus, maintaining the approximately same
operating bandwidth as shown in Fig. 6, in this section,
a common radiator but rotationally symmetric, a 04 port
MIMO antenna which is rotated about the center of the
circular monopole, is presented.
Due to the rotational symmetry about the center of the

monopole, the antennas as shown in Fig. 4 can be converted
into a multi-port MIMO antenna system with the common
circular radiating monopole. A four-port antenna designed
using this method is shown in Fig. 7(a). The substrate side
lengths and the total area of the antenna are 2×Ws (180mm),
and 0.129λ2

L where λL is the lowest frequency wavelength
at 0.6GHz, respectively. The remaining design parameters
are same as given in Table 1. In this topology, port pairs
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FIGURE 7. Four port (a) Antenna and (b) S-parameter (magnitudes).

Port#1-2, Port#2-3, Port#3-4 and port#1-4 are the orthogo-
nal ports. Similarly, port pairs Port#1-3 and Port#2-4 are
the collinear ports. The S-parameter (dB) at these ports
in the intended frequency bands are shown in Fig. 7(b).
In this figure and hereafter in the paper, Sii, Sij, and Sik
represent the Reflec. Coeff. (dB) at ith ports, the transmis-
sion coefficient (Trans. Coeff.) between orthogonal ports,
and the Trans. Coeff. between collinear ports, respectively.
Even with the small ground plane width (GW = 7.4mm), the
structure shows a wide −6 dB bandwidth extending from
0.65-1.1 GHz, 2.50-3.78 GHz, and 4.2-7.2 GHz. The sec-
ond band has shifted from 1.65-1.70 GHz to 1.44-1.49 GHz
and the impedance matching level has reduced. The
antenna also has a −10dB bandwidth from 0.69-1.01 GHz,
2.64-3.17 GHz, 5.3-6.08 GHz, and 6.73-6.95 GHz, in the
simulated frequency range. In the sub-1GHz band, due to the
proximity of the ports in comparison to the operating wave-
length, the isolation deteriorates and I > 10dB among ports
is a reasonable choice [21]–[23]. However, in the present
case, it is 8.6dB between the two orthogonal ports. Similarly,
the isolation between two collinear ports is better than 7.5 dB
and its lowest value occurs at 1.1 GHz.

V. ISOLATION IMPROVEMENT
Isolation in the MIMO antennas depends on the port sep-
aration and it is challenging to improve with the decrease
in the operating frequency [29]. To meet this challenge and

FIGURE 8. Js on the antenna when Port#1 excited and others are terminated in
matched load (a) without slot and (b) with slot g1.

FIGURE 9. Effect of the slots in overlapping region on the Trans. Coeff. (magnitude)
in the intended bands (Sij = S21, S32, S43, S14 & Sik = S31, S42).

to maintain a decent isolation over a wide operating band
0.6-1GHz for a common radiator antenna, a new technique
is proposed.
Surface current density (Js) on surface of the metallic

radiator at 0.8 GHz of the four port antenna when Port
#1 is excited and other ports are matched terminated to 50�
is presented in Fig. 8(a). It shows majority of the leakage
current through the overlapping regions of the stubs. The
leakage through the common radiator is respectively low.
Thus, overlapping reasons of the different antennas are sep-
arated by slots (g1 as given in Table 1) of width 0.5mm each.
Now, Js is localized on the strips and makes the path from
one port to other through the common radiator as shown
in Fig. 8(b). The effect of these two cases on the Trans.
Coeff. (magnitude) is shown in Fig. 9. When these strips
are overlapping, in sub-1GHz band, the 4-port antenna has
a wide −6dB impedance bandwidth in 0.65-1.1 GHz range.
However, when slot is created, it reduces to 0.62-0.75 GHz
but the impedance matching level is improved. Further, the
isolation between orthogonal ports is reduced to 5dB. The
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FIGURE 10. Proposed four ports antenna in MIMO implementation.

collinear port isolation remains unaffected and its minimum
value is 10dB in the operating band.
It is important to note that when a narrow slot (g1 =

0.5mm, Fig. 8(b)) is created, although total length of stubs
L = S1 + · · · + S7 has insignificantly changed; the quality
factor has increased to reduce the operating bandwidth as
shown in Fig. 11(a) (dotted line). Thus, it is intuitive to
restively load the slot to lower the quality factor. Finally,
after the parametric study, resistances R2 = R3 = 60� are
placed across these slots. The proposed final antenna struc-
ture is shown in Fig. 10. The Reflec. Coeff. and Trans. Coeff.
(magnitude in dB) of the antennas are shown in Fig. 11(a-b),
respectively. Finally, due to the resistance loading, apart from
the isolation improvement in the lower band, the −6dB band-
width extends from 0.60-1.10 GHz which is higher than the
previous two cases. However, due to it, the second band near
1.5GHz has detuned and shifted upward which can be tuned
by improving the impedance matching level but it is not
addressed here as it falls outside the intended application in
the present paper. At high frequency, except a band notch
around 4.0 GHz; the band extends from 2.5-7.2 GHz. The
antenna also has a −10 dB bandwidth from 0.7-1.01 GHz,
2.6-3.16 GHz, 5.3-6.1 GHz, and 6.8-7.0 GHz. The isolation
improvement over the wideband in the sub-1 GHz range is
challenging which has been improved by the resistive load-
ing at least by 3.0 dB to raise the collinear and orthogonal
port isolation above 10 dB which is shown in Fig. 11(c).
From [36]–[51], it is understood that the bandwidth of the

wideband printed monopole antennas are greatly influenced
by the GW and the Lf.. To achieve the impedance match-
ing over the UWB, these two parameters are increased and
decreased, respectively. If we use the same conventional
UWB antenna with the large GW in the four-port MIMO
implementation, due to the overlapping of the ground plane
of the antenna elements, the isolation would be significantly
reduced.
The design challenge of maintaining very low f L =

0.6GHz and the decent I ≥ 10 dB can be addressed by
using the narrow stubs in conjunction with the capacitances
and the resistances. Thus, it justifies the design of the stub
loaded 4-port antenna.

FIGURE 11. Effect of slot and resistance on (a) Reflection Coefficient
and (b) Transmission Coefficient (Magnitude) in intended frequency bands (Sij = S21,
S32, S43, S14 & Sik = S31, S42) and (c) magnified view in sub-1.2GHz band.

VI. RADIATION CHARACTERISTICS
The simulated radiation and the antenna efficiency of two
antennas; a single element, and a 04-port are shown in
Fig. 12(a). The radiation efficiency of the single element
is better than 98%. However, the total efficiency of the
antenna depends on the impedance matching level. The
radiation efficiency of the 04 port antenna is better than
70% over the intended frequency bands. However, the
antenna efficiency drops to about 50% in sub-1GHz band.
To investigate its cause, the comparison of the antenna effi-

ciency without and with the resistances (R2&R3) is made in
Fig. 12 (b). It reveals a 5% drop in the antenna efficiency

VOLUME 2, 2021 695



JHA et al.: 4-PORT MIMO ANTENNA USING COMMON RADIATOR ON FLEXIBLE SUBSTRATE

FIGURE 12. Efficiency of (a) two antennas and (b) with resistive loading.

FIGURE 13. 3-D radiation pattern at Port (a) #1, (b) #2, (c) #3, (d)#4 at 0.8 GHz.

in sub 1-GHz band. However, the loss in the efficiency is
less because it only perturbs the surface current near the
overlapping region of the stubs.

FIGURE 14. 3-D radiation pattern at Port (a)#1, (b)#2, (c)#3, (d)#4 at 5.8 GHz.

FIGURE 15. 3-D radiation pattern at Port (a) #1, (b) #2, (c) #3, (d)#4 at 7.0 GHz.

Due to the rotational symmetry of the stub loaded circular
printed monopole, all four such antenna elements radiating in
the orthogonal planes, are operating in the pattern diversity
mode. The 3-D radiation pattern of all the four ports at
0.8 GHz, 5.8 GHz and 7.0 GHz are shown in Fig. 13, Fig. 14,
and Fig. 15, respectively. Between two orthogonal planes, the
null position of the antennas interchanges. Between collinear
ports, the pattern shifts to left and right about the null-axis.
Secondly, at the 5.8 GHz, and 7.0 GHz, multiple lobes

in the radiation pattern are visible which are due to the
higher order mode generation. However, it can be observed
that at all the frequencies, it shows a reasonable coverage.

696 VOLUME 2, 2021



TABLE 2. Simulated realized gain and directivity in various bands.

FIGURE 16. Antenna (a) prototype and (b) in the anechoic chamber.

The electrical characteristics at different frequencies in the
various communication bands are given in Table 2.

VII. EXPERIMENTAL VERIFICATION
The proposed antenna was fabricated using PCB Prototyping
machine (EP42 Auto from EVERPRECESION) in Project
Laboratory Shri Mata Vaishno Devi University (SMVDU),
Katra, J&K, India and measured in the anechoic cham-
ber at Antenna and Microwave Design Laboratory (AMD),
SMVDU, Katra, J&K, India. The fabricated planar 4-port
antenna is shown in Fig. 16.
The Reflec. Coeff (dB) at all ports of the antenna were

measured. However, for the better view, along with the sim-
ulated results, the measured reflection coefficient at two
orthogonal ports Port#1 and Port#2 are shown in Fig. 17(a).
In sub-1GHz band, they are in good agreement with the sim-
ulated results. The band between 1.65-1.85 GHz is an artifact
of the fabrication precision. Similarly, the bands towards
higher end see differences compared to the simulated results
due to fabrication.
The measured Trans. Coeff. (magnitude) between the

orthogonal and collinear ports (S21 and S31) are shown
in Fig. 17(b). In sub-1GHz band, the measured transmis-
sion coefficient magnitudes are improved due to the cable
losses. In general, in this band, and above 1.75 GHz
bands, the measured isolation is better than 10dB and 20dB,
respectively.
Due to the frequency limitation of the standard horn, the

2-D radiation patterns at all four ports of the antenna at
0.8 GHz, and 5.8 GHz have only been measured.
The measured normalized 2-D radiation pattern in the

principle planes � = 0◦ and � = 90◦ at 0.8 GHz
and 5.8 GHz are shown in Fig. 18 and Fig. 19,
respectively.
The measured 2-D radiation pattern of the antennas shows

a reasonable coverage area. However, at 5.8 GHz, the cross
polarization level is relatively high due to the limited noise

FIGURE 17. Measured (a) Reflection coefficient and (b) Transmission Coefficient of
the planar antenna.

TABLE 3. Measured and simulated maximum realized gain in principle planes.

floor of the anechoic chamber. Additionally, due to sagging
of the substrate under the weight of the cable connectors,
and due to the low mechanical support of the CPW fed
SMA connectors in the chamber, some tolerable deviation
in the measured radiation patterns is noticed. Nevertheless,
it gives an insight that the antenna has a reasonable radiation
characteristic.
The simulated and measured broadside peak realized gain

in the principle planes (θ = 0◦, φ = 0◦ and θ = 0◦, φ =
90◦) at 0.8 GHz and 5.8 GHz are compared in Table 3
which shows a reasonable agreement. The small deviation
between the simulated and measured realized gain is due to
the change in the main beam directions. However, even with
the small ground plane size, the realized gain is reasonably
good.
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FIGURE 18. Measured 2-D radiation pattern (a) Port#1, (b) Port#2, (c) Port#3,
and (d) Port#4 at 0.8 GHz (Gain Theta: � = 0◦ � = 90◦ , Gain Phi: � = 0◦

, � = 90◦ ).

FIGURE 19. Measured 2-D radiation pattern (a) Port#1, (b) Port#2, (c) Port#3,
and (d) Port#4 at 5.8 GHz (Gain Theta: � = 0◦ � = 90◦ , Gain Phi: � = 0◦

, � = 90◦ ).

VIII. MIMO CHARACTERISTICS OF FOUR PORT
ANTENNA
A. ENVELOPE CORRELATION COEFFICIENT (ECC)
The envelope correlation coefficient of the antenna is an
important characteristic for the MIMO performance. The
far-field radiation pattern based ECC is generally preferred

TABLE 4. Measured ECC pattern at 800MHz.

FIGURE 20. ECC comparison of CST Microwave Studio and Ansys HFSS.

to characterize this property [4]. However, it is a time con-
suming measurement technique. Since, the correlation among
radiation patterns increases with the decrease in the cir-
cuit size with respect to the operating wavelength, hence to
demonstrate the performance, using (1), we have computed
the ECC from the measured 3-D radiation pattern at 0.8 GHz
which describes the MIMO behavior of the antenna in sub-
1GHz band [4]. In this equation,

→
Gi(θ, φ) and

→
Gj(θ, φ) are

the gain pattern of the ith and jth antennas, respectively.
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The simulated and measured ECC at all four ports are
summarized in Table 4. The ECC between orthogonal ports
are very less but between the collinear ports, it increases. To
understand the behavior of ECC over the entire frequency
bands, the simulated ECC using two commercially avail-
able software CST Microwave Studio and Ansys HFSS is
shown in Fig. 20. The comparison shows ECC ≤ 0.50 in
the useful bands obtained in sub-1 GHz and above 2.5 GHz
frequency range. The ECC between collinear ports are high
and decreases with increase in the operating frequency
because the electrical distances between ports increases with
the increase in the operating frequency.

B. MEAN EFFECTIVE GAIN (MEG)
The mean effective gain (MEG) is another important char-
acteristic of the antenna which shows its suitability in
multi-path environment. The MEG of the antenna has been
calculated using (2) where, 
, Gθ , and Gφ are the cross-
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TABLE 5. Computed MEG from measured results.

TABLE 6. State of the art comparison of 04 port MIMO antennas.

polarization discrimination ratio, the gain pattern in θ-, and
ϕ-planes, respectively [59]. The calculated value of MEG
from the measured pattern for the different 
 is given in
Table 5.

MEG = 1

2π

∫ 2π

0
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+ 1
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2
, φ
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The MEG for the outdoor and indoor environment (
 = 0 dB
and 6 dB) have been calculated. From literature, it is known
that for the satisfactory performance of the MIMO antenna,
the −12 dB ≤ MEG ≤ −3 dB is desired which has been
achieved in the present case. Secondly |MEGi /MEGj| where
i and j are the antenna numbers, is also less than 3 dB and
thus antenna gives the satisfactory performance for the indoor
as well as outdoor environment.
Although not shown here, to characterize the MIMO

performance, from the measured scattering parameters, the
channel capacity for a 30 dB signal to noise ratio (SNR)
has also been calculated by building the channel correlation
matrix elements from the S-parameters [60]–[62]. The chan-
nel capacity is 29.83 bits/sec/Hz against the ideal channel
capacity of 31.88 bits/sec/Hz [60].

IX. STATE OF THE ART COMPARISON
The state of the art comparison with some recently published
work is made in Table 6. At the lowest operating frequency,
the antenna size outnumbers the reported structures. Further,
none of the 04 port antenna dealt the sub-1GHz band,
before. Due to the co-existing ground and radiating struc-
tures on the same side of the substrate, it is adaptable
to the host platforms which can be advantageous for the
upcoming sub-1GHz, sub-6GHz 5G NR, and the Wi-Fi
6 communication bands.

X. CONCLUSION
A four port common radiator MIMO antenna is designed
to cover additional emerging communication bands above
0.6 GHz in sub-1GHz, sub-6GHz 5G NR, and the Wi-Fi
6 communication bands. A guideline to enhance the oper-
ating bandwidth and the isolation in the sub-1GHz band is
presented. The antenna exhibits the pattern diversity which
is useful for the MIMO applications. It can find a number of
applications including Wi-Fi 6 routers, Access points, and
LTE band user equipment’s (UEs).
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