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ABSTRACT

Wireless communication demands better channel capacity with a high data rate in the
modern era. To fulfill these demands, the MIMO-communication systems are developed
that use manifold antennas for transmitter and receiver end. MIMO is a state-of-art
technology that improves the reliability of the communication systems by utilizing the
diversity technique to mitigate the multi-path fading issues, where signals may come
together belligerently at the receiver. Improve spectral efficiency is achieved by the total
transmitted power spreading over the antennas. Thus, MIMO can increase channel
capacities as well as the reliability of the communication system without sacrificing extra
transmitted power or power spectrum. Several MIMO antennas have been designed in the
literature to improve their characteristics in terms of impedance bandwidth;
miniaturization & isolation improvement. The MIMO-communication systems with THz
range are required for high data speed in Terabit/sec (Tbps). Also, it is providing very high
throughput per device (from multiple Gbps to several Tera-bps) including per area
efficiency (bps/km?). It is also predicted that the world monthly traffic in smartphones will
be about 40 Peta-bytes in 2021, so the demand for MIMO antennas will be increased in the
future. In this thesis, various microwave components for the MIMO wireless
communication system has been analyzed and designed. Three major components
designed and analyzed in this thesis are

1. MIMO Antennas

2. Metamaterial Absorber

3. UWB Microwave Filter

MIMQO Antennas: In this thesis, various MIMO antennas for UWB, SWB, and

Multiband applications have been designed. Various decoupling techniques to avoid the



interference between antenna elements are designed which enhancing the diversity
parameters with improved channel capacity for modern wireless applications. To mitigate
the interference between bands and to improve the reliability of the signals, a notch
characteristic has been introduced. SAR analysis also discusses in this thesis with the
human head and confirms that proposed MIMO antennas are in the acceptable range with
1g and 10g of bio tissues given by FCC and EU for mobile and other near field
applications. All the MIMO antennas with different frequency characteristics are discussed

in Chapter-2 to Chapter-6.

Metamaterial Absorber: To improve the isolation level in MIMO antennas as well

as to minimize the Radar Cross Section (RCS) and Electromagnetic Interference (EMI), a
design of multiband metamaterial absorber (MMA) for X-band applications has been
suggested. This MMA provides three high absorbance bands at 8.2GHz, 9.45GHz, and
12.45GHz with 99.4%, 96.4%, and 91.25% absorbance respectively. Proposed MMA is
polarization insensitive in all three bands with minimum RCS -33.2dBm? This absorber
structure has designed on FR-4 (4.4) substrate having tand = 0.02 with unit cell
dimension 20x20x1mm?®. So the proposed absorber is found appropriate for stealth
aircraft, RCS and EMC reduction, isolation in MIMO antenna, imaging, and sensing in the

X-band applications, discussed in Chapter-7.

UWB Microwave Filter: In this research work, the design of the UWB filter with

extended stopband characteristics by using a parallel-coupled line, open-ended line, multi-
mode resonator (MMR), and defected ground structure (DGS) has been presented. This
filter provides good return and insertion loss in the passband (3.1-10.6GHz) as well as
stopband (10.8-18GHz). The group delay of the filter is almost constant throughout the

passband. Detailed analysis of supportive coupled, feeding, and the open-ended line is



verified with equivalent circuits. The prototype of the filter is compact as 22x20mm? with
a 109% fractional bandwidth. The proposed filter is suited for recent weather reporting
Radar, Imaging, and Satellite receiver systems because simulated results have good

agreement with measured results as discussed in the Chapter-8.

RESEARCH OBJECTIVES:

The major objectives of the research work are listed below:

1. To enhance the impedance bandwidth of the MIMO antenna and microstrip filter for
various wireless applications.

2. To design and analyze the circularly polarized MIMO antenna for GPS, vehicular and
5G applications.

3. To enhance the isolation between the various elements of the MIMO antenna, to
improve the various diversity parameters.

4. To enhance the specific absorption ratio (SAR) performance of the MIMO antenna for
a handhold and mobile applications.

5. To design a Metasurface for stealth and isolation improvement in MIMO antenna

applications.
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CHAPTER-1

INTRODUCTION AND REVIEW OF THE STATE-OF-ART

1.1 INTRODUCTION:

The modern era of wireless communication demands a high data rate and better channel
capacity. This drives the development of multiple-input-multiple-output (MIMO)
communication systems that use multiple antennas on transmitter and receiver sides. MIMO is
an up-coming technology that utilizes the diversity technique to improve the communication
system’s reliability by justifying the exposed multi-path fading problem, where signals may
combine destructively at the receiver. This goal is achieved by spreading the total transmitted
power over the antennas to improve spectral efficiency. Thus, MIMO can increase the data rate
and the communication system's reliability without sacrificing extra transmitted power or power
spectrum. Several MIMO antennas have been designed in the literature to improve their
characteristics in terms of impedance bandwidth, miniaturization, and isolation improvement.
MIMO antenna is extensively utilized in the modern wireless RF communication system to
improve the diversity problem in a single input single output (SISO) antenna. Wireless
communication demands better channel capacity with a high data rate. To fulfill these demands,
the MIMO antenna is being used in GHz and THz range with high data speed in Giga-bits/sec to
Tera-bit/sec (Thps). MIMO antenna provides very high throughput per device (from multiple

Ghps to several Tera-bps), including per area efficiency (bps/km?).

The performance of a MIMO antenna is evaluated by basic parameters such as impedance
bandwidth, Gain, Radiation efficiency, and axial ratio apart from the diversity parameters which

have been discussing in the next section-1.2.
1.2 DIVERSITY PARAMETERS OF MIMO ANTENNA:

The following terms evaluate the diversity performance of the MIMO antenna-



1. Envelope Correlation Coefficient (ECC):

ECC calculates the mutual coupling between two radiators and the amount of correlation
between them. It is calculated through using S-parameters by following Equation (1.1) and this
Equation is valid for measuring ECC when the antenna is lossless and radiated power is

uniformly distributed along with the antennas.
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But lossless is a hypothetical result that varies from empirical result so, computation of the ECC

of a MIMO antenna can be obtained by Equation (1.2) in terms of radiated fields.
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where E; & E; are the radiated electric fields vector of the i and j™ elements of the MIMO
antenna system. The ideal value of ECC is zero for uncorrelated MIMO antenna, but their

acceptable value for practical MIMO antenna is less than 0.5.
2. Diversity Gain (DG):

MIMO channel fading performance is to be judge by DG. The ideal value of DG (at ECC = 0) of
any MIMO antenna is 10dB and the practical value of DG is greater than 9.5dB and it is
expressed in terms of ECC byDG = 10 x /(1 — ECC2). If the value of DG closes to 10dB (i.e.

less fading signals) reliability of received signals should be high.

3. Total Active Reflection Coefficient (TARC): TARC is the square root of the ratio of total

reflected power to the total incident power. Hence, it gives information about the apparent return



loss of the MIMO antenna system. For side by side two-port radiated antenna system, it can be

evaluated by Equation (1.3).
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Its acceptable value for the MIMO antenna is greater than 0dB.
4. Multiplexing Efficiency (mmux):

Multiplexing efficiency (n,,, ) is the ratio of the power requirement for the test antenna to the
reference antenna. The main feature of multiplexing efficiency is to shows the correlation and

efficiency imbalance between MIMO antennas used in the wireless system. Multiplexing

efficiency of the MIMO antenna and nmux is calculated byn,,, = (1 - |pC|2)r|11"|2, where p¢ IS a

complex correlation between two side by side antennas i.e. ECC = p¢? and 11, 12 is the total
antenna efficiency of MIMO antenna elements. The practical value of multiplexing efficiency is

greater than 0.5.
5. Mean Effective Gain (MEG):

Another parameter for evaluation of MIMO antenna performance is MEG, the mean effective
gain (MEG) is the ratio of the mean received power (Prc) by the i antenna to the mean incident
power (Pinc) of the jth antenna with the same route, MEG; = Etqta/2, where Erota 1S IMmplying total
effective efficiency of the i" antenna, i.e. € = by X Eg, Where € = 13N |s;|* €, =

2}“:1|sij|2 where €}, and €.,, are mismatch efficiency and radiation efficiency of the i antenna.

The MEG ratio for the MIMO antenna is to be extracted by Equation (1.4).

MEG; - Prec :¢ XPRxGi (Q)+G ;i (Q)xPy (Q) o s
P 1+XPR (1.4)
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Where, XPR is the cross-polarization ratio, Gg; (Q2), Goi (Q2) and P(Q2) are the gain and power
density function of the incident wave, Q = beam area. The MEG of any practical MIMO antenna

falls within the permissible limit (< + 3dB) for all bands.

6. Channel Capacity:

Channel capacity is an important parameter to judge the data speed of the MIMO communication
system. It is expressed by Equation (1.5), where k denotes the no. of antenna elements proposed
in the MIMO system and [H][H*] denotes the fading matrix. For a non-fading environment, the
fading matrix is converted into an identity matrix [I]. If channel capacity increases then data

speed also increases.

Cmimo = k{logz {det([l]+ SNkR [H][H*]H} (1.5)

7. Channel Capacity Loss (CCL):

Channel capacity is dependent on the number of antenna elements used as well as on the
correlation between two antenna elements. More the MIMO antennas are uncorrelated, the more
the channel capacity i.e. the more correlation the more channel capacity loss (CCL); the diversity
performance of MIMO antenna pretentious and channel capacity losses are calculated by the

following Equation (1.6)-(1.8).

CCL =-log, (yP) (1.6)
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sf"nsnjD Where i, j, n=1, 2, 3... (1.8)

N

The element matrix properly characterizes the performance of a MIMO system as it provides

information about the phase and gain characteristic of the transmitting and receiving elements.
However, in the presence of the correlation factor in MIMO antennas, the channel capacity
losses are also increased. The ideal value of CCL should be zero and for satisfactory operation,

CCL should be <0.35bps/Hz for the MIMO antenna.

In the next section, the literature review has been given where review has been divided into the
following sections: UWB MIMO antenna, Super Wideband MIMO antenna, Multiband MIMO
antenna, Metasurface for low RCS and high isolation MIMO antenna, THz MIMO Antenna and
UWB bandpass filter. The literature review concerned with the above sections is discussed in the

next sections 1.3.

1.3 LITERATURE REVIEW:

1.3.1 Ultra-Wideband (UWB) and Super-Wideband (SWB) MIMO Antennas:

FCC has introduced commercial communication applications like video imaging, ground-
penetrating RADAR system, medical, and vehicular communication systems. According to FCC,
revision of part 15 of the Commission's rules regarding Ultra-Wideband transmission, UWB
frequency lies between 3.1-10.6GHz with 109% fractional bandwidth without licensing, the
Effective Isotropic Radiated Power (EIRP) < -41.3dBm/MHz for indoor and outdoor operations.
The most prominent advantage of UWB communication is the high data rate (>100Mbps) with
low power consumption [1]. A complete UWB spectrum with other radio systems, according to
FCC, is depicted in Fig.1.1. UWB antennas have many advantages, such as high data
transmission rate, low power, and compact dimension. UWB MIMO antenna is used to improve
diversity gain and reduce the multipath fading effect. Narrowband system like WLAN (5.15-

5.185GHz) wireless local area network operates in UWB bandwidth and causes interference with



the UWB band. So designing of UWB MIMO antenna with the WLAN notch band characteristic
Is a very challenging task to avoid the interference WLAN band with the UWB spectrum. UWB
MIMO antennas with band notch characteristics are discussed in the literature [2-24]. Two
circular monopoles are placed orthogonally to achieve better isolation and ECC. Monopoles and
fractal slots are used to achieve UWB bandwidth because they reduce the plate capacitance and

decrease the Q factor, which provides UWB bandwidth.
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Fig. 1.1: UWB and other radio systems according to FCC

ESRR (Elliptical Split Ring Resonator) cuts on the patch provide the WLAN notch
characteristics which mitigate the interference with UWB. Orthogonally placed MIMO antenna
achieved good isolation because the electric field component from the radiated antenna to
another antenna is zero [2-3] depicted in Fig.1.2 (a-b). U-shaped MIMO antenna with WLAN
band-notched characteristics are achieved by using a circular slot on the patch which behaves
like a band stop filter in 5.15-5.85GHz. A T and L-shaped decoupling structure is introduced
between two radiators on the ground plane; accumulate the migrated current from the excited
antenna to other antenna elements that provide high isolation in the UWB range [4-10].UWB

6



with reconfigurable notch characteristics MIMO antenna has been presented; reconfigurability is
achieved by introducing the R.F. choke circuit with PIN diode [11-12] shown in Fig.1.2(c-d). A
simple LC stub is designed on the ground plane to achieve the WLAN band’s band-notched
characteristics [13], shown in Fig.1.2 (e). Using line and rectangular slots on the ground
decouple the radiated antenna’s power to another antenna, which improves the isolation in the

UWB band [14].

() (@)

Fig.1.2: Structures offering UWB MIMO Antenna with Notch characteristics.



Monopole antenna with three modified rectangular slots provides the UWB bandwidth with high
isolation, and G-shaped slots on the patch provide the WLAN notch band characteristics [15].
Four antennas are placed orthogonally, which provides enhanced isolation and 45% size
reduction, in-ground LC (Hi-Low) based band stop filter characteristics is introduced to achieve
WLAN notch characteristics [16-17]. An adaptive neuro-fuzzy interference system is applied to
improve the isolation between two radiators [18] depicted in Fig.1.2 (g). EBG structure is also
useful to enhance the MIMO system's isolation, which grounded the current to migrate from the
radiated antenna to the rest of the antenna [19]. Triangular shaped radiators with tapered feed
microstrip line produce UWB bandwidth. To enhance the isolation between two radiators, a
funnel-shaped decoupling structure is introduced on the ground plane. A J-shaped slit cut on the
patch provides band notch characteristics. The length of the slit is calculated by the formula,

c
2x I—notch X Eqff.

(Notch frequency) f, = where ¢ = speed of light, Lnoch = notch length and & =

relative dielectric constant [20]. Fractal UWB MIMO antenna with modified DGS produces high
isolation, and Split Ring Resonator (SRR) etched on the patch produces band notch
characteristics [21]. A combination of modified T-shaped stub and complementary split-ring
resonator (CSRR) is used to enhance the isolation and diversity parameters in the UWB range.
This decoupling structure accumulates the radiated energy that is migrated from one antenna
element to other elements [22]. I-shaped decoupling structure with orthogonally placed antenna
elements is used to achieve good isolation and better diversity performance in the UWB range. A
rectangular slot is cut on the patch for achieving notch band characteristics, which is helpful to

avoid interference with indoor wireless electronic gadgets that have been reported in [23-24].

Microstrip antennas are narrowband antennas, but we enhance the antenna's impedance
bandwidth without compromising antenna parameters by using some useful technique. The
benefits of the SWB antenna is as a single antenna work in the entire bandwidth, so size and cost
reduction point of view SWB antennas are popular in the communication market. If the

fractional impedance bandwidth of any antenna is >150% or the antenna having a bandwidth
8



ratio 10:1, maintaining the return loss 10dB and VSWR is less than two over the entire range of
frequency [25], then we say that the antenna works in an SWB frequency range. Prabhu
Palanisamy et al. [26] provide the eight elements UWB/SWB MIMO antenna with WLAN notch
characteristics by using parasitic notch structure on the patch. For isolation improvement, a
hexagonal-ring type fencing decoupling structure is deployed between the two antenna radiators.
This decoupling structure accumulates the electric field that migrated from one antenna element
to the rest of the antenna shown in Fig.1.3 (a). Murli Manohar et al. [27] Design an SWB (0.9-
100GHZz) single notch antenna for multi wireless applications. A tapered feed microstrip feeding
line is introduced for 111.1:1 bandwidth achievement. The maximum gain of this antenna is
7dBi. Inverted L-shaped slit cut on the ground plane for notching purpose, which stops the
radiated power in the WLAN band, depicted in Fig.1.3 (b). A noble U-shaped with CRR
(complementary Ring Resonator) based SWB antenna is described in Fig.1.3(c). Modified
ground plane and U-shaped structure provide better resonance entire SWB with maximum gain

6dBi [28].

(@) (b) (©)

(d) (€)

Fig.1.3: Structures offering SWB MIMO Antenna with and without Notch characteristics
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Dinesh Kumar Raheja et.al. [29] Presents a compact coplanar waveguide (CPW)-fed quasi-
elliptical-self complementary antenna (QESCA) exhibiting super-wideband (SWB)
characteristics with dual-band notches for four-port multiple-input-multiple-output (MIMO)
systems. Two slits are etched on the antenna radiators, provides the band stop characteristics in
Wi-Max (3.5GHz) and WLAN (5.5GHz) band. Habib Ullah et al. [30] provide SWB bandwidth
with a percent bandwidth of 187% and a 30.76:1 bandwidth ratio. The tapered feed line achieved
this SWB bandwidth. The mutual coupling and diversity performance of antennas are improved
by corrugated T-shape structure between two radiators in Fig.1.3 (d). In [31-33], the SWB
MIMO antenna is discussed with notch band characteristics using an appropriate decoupling
structure, which helps mitigate the interference and improved the quality of services with high

SNR and low power requirements.

1.3.2 Multiband MIMO Antennas:

In [37-59] multiband MIMO antenna is discussed which is useful for WLAN, GSMB850,
GSM900, WiMAX, Bluetooth, WLAN, etc. wireless applications according to FCC. Jianfeng
Zhu et al. design printed inverted F antenna (PIFA) is used to generate an additional band for
GSM850 and GSM900 mobile application. To reduce the mutual coupling two “n” shaped strips
are introduced between the antenna elements. Parallel folded strips placed at adjacent edges of
the PIFA antenna provides the additional mode in a lower band (824-960MHz) used for mobile
application [37]. Yaohui Yang et al. [38] design a multiband MIMO antenna for low-band (880
960 MHz), the middle-band (1800-2500 MHz), and the high-band (3400 MHz-5850 MHz) with
6dB return loss. This antenna is half surrounded by a long folded strip, provides low coupled
power between two antenna elements. Naser Ojaroudi Parchin et al. and Ke Li, Yan Shi et al.
design a multiband MIMO antenna for mobile phone 4G LTE, 5G applications [39-40] depicted
in Fig.1.4 (a-b). In [39] two rectangle etched on the ground which provides better diversity
performance and very less mutual coupling between two antenna radiators. K. Sumathi et al. [41]

built a hexagonal-shaped fractal MIMO antenna with inset feed for GSM, PCS, WLAN, and Wi-

10



MAX for multiband operation. Hexagonal shaped dumbbell structure slits is etched on the
ground plane to enhance the performance like isolation and diversity parameters. Four different
fractal structures provide four different resonating bandwidth for multiband operations, depicted

in Fig.1.4 (c).

(@) (b) (€)

(d) (e) ()

Fig.1.4: Structures offering Multiband MIMO antennas

Jeet Banerjee et al., Negin POUYANFAR et al., and Pasumarthi S. Rao et al.[42-43] design a
multiband MIMO antenna for C and X band applications. In [42], a star-shaped monopole
antenna is designed with a modified ground plane for achieving multiband operation. These
monopoles antenna is placed orthogonally for improving the isolation between two radiators as
shown in Fig.1.4 (d). In [43] trapezoidal-shaped MIMO antenna is introduced, to improve the
isolation between them a meander line-shaped DGS structure is deployed wisely which prevents
the migrated current from excited antenna radiator to another antenna, depicted in Fig.1.4 (e). In

[44], a Multiband MIMO antenna is designed, a DGS structure is deployed for avoiding the
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mutual coupling between two closely spaced MIMO antennas. In [45] frequency selective
surface (FSS) multiband MIMO antenna is designed for Wi-MAX, WLAN, 5G Cellular, and 5G
Wi-Fi applications. A grid of frequency selective surface provides the >30dB isolation between
antenna elements. Four resonance bands were achieved by a combination of T-shaped and
rectangular slots, meander-line, and folded armatures. Loghman Asadpor et al. [46] offers CSRR
based multiband MIMO antenna for global system for mobile (GSM) and 4G Long term
evaluation (LTE) applications. CSRR does not allow the currents transfer from the radiated
antenna to the rest of the antennas. In [47], Minkowski-shaped MIMO is discussed for multiband
operation resonates at 2.5, 3.5, and 5.5GHz frequency with acceptable isolation in the working
band. Jing Bai et al. [48], presents a multiband MIMO antenna for Time division (TD) LTE
(2555-2575MHz, 2575-2635MHz and 2635-2655MHz) and WLAN 802.11a/blg (2.4-
2.4835GHz and 5.15-5.875GHz) applications. Tzu-Ling Chiu et al. [49], design a DRA based
multiband MIMO antenna for automotive LTE application. Two improve the quality and
reliability of the link two DRA’s is placed upon the roof of the car. In [50-51], the Multiband
MIMO antenna is discussed for mobile applications. For achieving good isolation and diversity
performance parasitic elements are deployed. Amit Kumar et al.[52] designed CSRR based
multiband MIMO antenna with isolation >17dB.In [53], a dual-polarized multiband MIMO
antenna has been designed for near field LTE and Internet of Things (loT) applications. This
antenna provides high Q factor and narrowband matching in 1.9 and 2.4GHz frequency and for
high isolation, two antennas are placed orthogonally that’s why no components of the electric
field are transferred to radiated antenna to 50ohm matched load termination antennas. Xin-Shuai
Luo et al. [54], designed a multiband MIMO antenna by using the right/left-hand transmission
line. Size Miniaturization is possible by using Zero-order theory for mobile application. D.
Sarkar et al.[55], Ziyu Xu et al. [56] and Yingying Yang et al. [57], formed a multiband MIMO
antenna loaded with SRR and decoupling structure for GSM900, PCS, LTE2300, and 5G bands
with acceptable isolation and ECC. In [58], the Heptaband swastika arm shaped MIMO antenna

is designed and discuss. The self-isolated structure is designed for better isolation in the
12



proposed band. This antenna offers stable radiation pattern and circular polarization at 3.66—
3.7GHz and 5.93-6.13GHz and linear polarization at 0.95-1.02 GHz, 1.73-1.79 GHz, 2.68-2.85
GHz, 4.20-4.40 GHz, and 5.50-5.65 GHz bands. Gourab das et al. [59], presents a novel partial
reflecting surface to improve the isolation and ECC between CDRA antennas.FSS is designed at
5.2GHz, 5.5GHz, and 5.8GHz bands to achieve multiband operations. This phase gradient FSS is
utilized as a superstrate above each group of DR elements which provides different far-field

pattern each group of antenna elements and achieve good diversity performance.

1.3.3 High Isolation and Low RCS MIMO Antennas:

MIMO (Multiple inputs multiple outputs) antennas play a vital role in modern wireless
communication in enhancing the reliability and capacity of the network and become a major part
of communications paradigms, such as LTE (long-term- evolution) future 5th-generation mobile
communication network. Since mutual coupling between the MIMO antenna elements is an
imperative metric when investigating the antenna's performance. In recent years, various
isolation improvement techniques for multiple inputs and multiple outputs antennas have been
reported as de-coupling networks, neutralization network technique, parasitic monopole
elements, artificial magnetic conductor (AMC) reflector, negative group delay lines, ground
plane modification method, or a combination of the above-mentioned methods but these
techniques are tedious, occupied more space over the antenna, difficult to fabricate, and
incomprehensible as six metallic pins near the two adjacent patches have engraved which
provides orthogonal polarization to improve the isolation of the different antennas more than
20dB [60]. L and T-shaped decoupling structures on the ground plane are used to improve
isolation by more than 30dB because the electric field doesn’t migrate from one element to other
elements [61-62]. A defected ground structure, substrate integrated waveguide (SIW), and fence
type decoupling structures are better for enhancing isolation [63-64].In other words, the isolation
of adjacent antennas has been improved without any external decoupling structure by reducing

ground current effects using a balanced open-slot mechanism in future smartphones. E-shaped

13



Unequal stubs and mushroom-shaped EBG structures are used to improve mutual decoupling of
more than 20dB and front to back ratio (FBR) in super-wideband antenna [65-66] to minimize
cross-polarization of the radiation pattern. E-shaped slot over a patch creating discontinuity is
applied to improve isolation in ultra-wideband antenna. Modified array antenna decoupling
surface (MAADS) reduces the migration of current density from one antenna to the rest of the
antenna [67-68]. Elements of an antenna are positioned orthogonally to each other, and proper
decoupling structure is introduced for isolation improvement [69-70]. Parasitic inverted
neutralization line and two coupled feed loop antenna with conjoined capacitor embedded
sections are provided high isolation [71-72]. Meanwhile, Radar cross-section (RCS) reduction is
a severe problem in defense applications as detection, and stealth technology have currently
gotten prominent attention. However, many more mechanisms have been proposed for RCS
reduction in literature such as frequency selective surface, metamaterial absorber, and

Electromagnetic Band Gap, etc. [73-86].

(d) (€) (f)
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Fig.1.5: Structures offering high isolation and low RCS antennas

Low RCS is minimized the reflection coefficient of the sampling antenna [73]. Modified
frequency selective surface (FSS) and EBG with choke absorber wall are designed and mounted
between two antenna elements that provide good isolation as well as low RCS [74-75], depicted
in Fig.1.5(a-b). A hexagonal polarization rotation surface has been fabricated for RCS reduction
[76]. Modes cancellation method (MCM) is a popular technique that is used for RCS reduction
in broadband [77]. Moreover, the fractal model [78] and hasted hexagonal-shaped metamaterial
super-state [79], a flower-shaped metamaterial absorber [80], and AMC [81] are provided
reduced RCS in specific bands shown in Fig.1.5(c-f). Polarization insensitive frequency selective
surface, EBG, and MAAD techniques are also useful for the reduction of RCS along with high
mutual decoupling [82-86]. Recently, the conventional microwave absorbers are to be replaced
by low profile planar metasurface which is used in 5"-generation applications as an absorber.
Planar metasurface (MS) is simpler in design and easily manufacturable by photolithography on
printed circuit board (PCB) and has ample opportunity in state-of-art technology.
Simultaneously, planar metasurface is also played a pivotal role to improve the de-coupling of

MIMO antenna over and above RCS reduction in indispensable bands of frequency.
1.3.4 Multiband Metasurface Absorber:

A metamaterial absorber manipulates the loss components of metamaterial permittivity and
permeability, to absorb a large amount of electromagnetic radiation. This is a useful feature for
radar cross-section reduction, photo-detection, and solar photovoltaic applications. When a wave
strikes on the surface of the absorber, it may be reflected, transmitted, scattered, or absorbed. If
we assume negligible scattering due to roughness, then the absorbance A () relationship can be

given in Equation 1.8.
2 2
A(w) :1_‘811(0))‘ _‘521((’3)‘ (1.8)
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Si1 and Sy; are return loss and insertion loss; respectively, a recent conventional microwave
absorber is being replaced by low profile microstrip metamaterial absorber. These absorbers are
used in the Stealth technology fifth-generation fighter plane to improve MIMO antenna's
isolation, imaging, sensing, and RCS reduction. In a recent conventional microwave absorber to
be replaced by low profile microstrip metamaterial absorber, which is used Stealth technology
fifth-generation fighter plane, to improve the isolation in MIMO antenna, imaging, sensing, and
RCS and EMC reduction. In [87-88] depicted in Fig.1.6 (a), ultra-thin CRR based wide-angle
polarization-insensitive dual-band metamaterial absorber in C and X band is proposed with 90%
absorbance is achieved in broadband. Mender line inspired seven-band Metamaterial absorber

depicts in [89] with above 90% absorbance shown in Fig.1.6 (b).
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Fig. 1.6: Various UWB and Multiband Band Absorber

Symmetrical flower-shaped [90-91] structure with a wide incident angle polarization-insensitive
structure is proposed in S and C band. Kong et al [92] show quad-band hexagonal-shaped MMA

with above 90% absorbance is proposed. Somak et al. [93] proposed wideband MMA with high
16



absorbance at a very thin layer microstrip depicted in Fig.1.6 (c). Multilayer triple wide-angle
polarization-independent Metamaterial absorber is discussed in Fig.1.6 (d) with >90%
absorbance [94]. Ghosh, Saptarshi et al, design and demonstrate circular split ring based ultrathin

UWB metamaterial absorber for stealth application depicted in Fig.1.6 (e) [95].
1.3.5 THz Antennas and Applications:

Wireless communication is demanded better channel capacity with a high data rate in the modern
era. To fulfill these demands, the MIMO-communication systems with THz range are required
for high data speed in Tera-bit/sec (Tbhps). Also, it is providing very high throughput per device
(from multiple Gbps to several Tera-bps) including per area efficiency (bps/km?). It is also
predicted that the world monthly traffic in smartphones will be about 40 Peta-bytes in 2021 [96].
Gaurav Varshney et al. [97], Design a Graphene-based pattern diversity MIMO antenna with
good diversity performance from 1.76THz to 1.87THz for Terahertz short-range communication
depicted in Fig.1.7 (a). A Graphene-based MIMO antenna is also designed for reconfigurable
applications by using a PIN diode [98]. Miao, Zhuo-Wei et al. [99], Design and simulate THz
(400GHz) high-speed folded reflect-array antenna for high-density wireless communication and
this is also useful to THz time-domain spectrometry to determine EM properties of dielectric

materials [100] depicted in Fig.1.7 (b).

(@) (b)

Fig.1.7: Structures offering THz MIMO antennas
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For long and short distance communication, imaging, and screening of weapons an Elliptical-
shaped THz microstrip ultra-wideband antenna with omnidirectional radiation pattern is
designed with 12dB peak realized gain [101]. With the increasing demand for high bandwidth &
speed, a plasmonic nano reconfigurable UM-MIMO antenna with beamforming capabilities is
proposed which influences the properties of nano-materials and meta-materials [102]. Massive
MIMO for beyond 5G (B5G) applications and 3D imaging RADAR is developed for THz range
[103]. Antenna dispersion and distance problems and solution discussed [104-105] at THz
frequency. Sub THz high gain DRA with integrated CMOS imager is demonstrated [106] for
THz imaging. Graphene-based beam reconfigurable MIMO antenna for short-range
communication with high isolation is developed in [107-108]. Antenna efficiency is an important
parameter in THz frequency for astronomical radiometric applications; antenna radiation

improvement technique is explained in [109].

1.3.6 UWB Band Pass Filters:

In the current scenario, the UWB communication system offers numerous wideband applications
such as microwave medical imaging, ground-penetrating radar (GPR), and radio frequency
identification devices (RFID) tag for inventory control and asset management. A major
advantage of a UWB system is transmitted a high transmission data rate, resist to jamming, low
energy density, low transmission power requirement, and easy to retrieve error control coding. A
UWB transceiver, where the information is first encoded, digitally modulated, and then
converted into pulse using a pulse generator [110]. Impulse data is transmitted using the UWB
antenna, and noise should be removed before transmission using the UWB bandpass filter. UWB
bandpass filter is an essential component of the transceiver section. Compact bandpass filter
design is extensively growing very fast from 2002 while the U.S. Federal Communication
Commission (FCC) allowed commercial use of frequency with the range of 3.1-10.6GHz [111].
Compact and inexpensive UWB transceivers are always required for such wireless applications;

therefore, UWB transceivers should be compact and affordable. Hence, UWB bandpass filter
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with short-circuited meandered coupled line with rectangular shaped DGS on the ground plane,
which improves the spurious response in stopband has been designed [112] depicted in Fig.1.8
(a). Besides, the UWB filter has been achieved by combining the spur line, DGS & SRR, and
used to reduce the size and radiation loss of the Filter [113]. Moreover, the compactness of the
Filter is achieved by using an arrowhead defected ground structure [114]. In continuation with a
UWB bandpass filter by coupling two-stepped impedance resonator to the Filter with primary
resonator and four short-circuited folded stubs are used to enhance the performance of selectivity
of the Filter at lower and higher side cut-off frequency is reported [115]. Meanwhile, some
techniques are discussed for enhancement of bandwidth of UWB filters as substrate integrated
waveguide (SIW) technique with loading short and open-ended stubs at the middle then
bandwidth to be improved [116]. Introducing a broadside coupled microstrip line/CPW structure

that provides better bandwidth enhancement is also presented [117].

Similarly, the UWB bandpass filter is designed using the wave cancellation method, which first
splitting then combining the signal, which provides signal zero characteristics at lower and

higher cut-off frequency [118] shown in Fig.1.8(b).

Furthermore, to achieve a UWB-BPF, a three-mode resonator with one open stub is designed
[119-120] including four folded shunt short circuit stubs separated from each other by quarter
wavelength and used semicircle DGS structure to achieve good filter performance is presented

[121] presented in Fig.1.8(c).
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(@) (b) (©)

(d) (e)
Figure 1.8: Various UWB bandpass filter with an extended notch

Another BPF is constructed by step impedance lowpass filter optimum distributed high pass
filter with four rectangular shaped DGS slots in the ground plane and wire bounding inter-
digitized capacitance for obtaining strong wideband coupling and a UWB bandpass filter is also
developed by using microstrip loaded stubs in which insertion loss of 0.02dB [122]. A DGS
based UWB filter using DGS, including triple T-shaped slots and a pair of protruded T-shaped
strips inside the triple rectangular slot, which present better bandwidth and good return loss in
the UWB range is designed [123] depicted in Fig.1.8(d). Another novel microstrip line UWB
bandpass filter has been reported using multiple-mode resonator (MMR) with an insertion loss of
2dB, and group delay varies from 0.28 to 0.43ns [124] shown in Fig.1.8(e). Introducing the DGS
structure on the ground to enhance the performance of a filter in terms of selectivity and
sharpness is designed [125]. The harmonic suppression technique is achieved in the same
sequence by introducing a parallel-coupled stepped impedance resonator with a varactor load
[126]. A hairpin structure is designed to achieve high fractional bandwidth, low Q to achieve
UWB bandwidth [127]. Finally, a half-mode substrate integrated waveguide using a dumbbell-

shaped DGS structure is proposed to improve filter performances [128-131].

In Table-1.1 we discuss various techniques to enhance the performance of the MIMO antennas.

Table 1.1: MIMO antenna and filter performance enhancement techniques
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Parameters

Techniques

1. Bandwidth

Step Impedance feeding line
Monopole antenna
Multimode resonator(In Filter)

Metamaterial

2. Size

Complementary Split Ring Resonator(CSRR)
Split Ring Resonator (SRR)

Electromagnetic Band Gap(EBG)

3. Isolation

Decoupling Structure

Neutralization Line

EBG

SIW(Substrate Integrated Waveguide)
Metamaterial absorber

Orthogonally placed antenna

CSRR and SRR

Defected Ground Structure

5.ECC

Decoupling Structure

Neutralization Line

EBG

SIW(Substrate Integrated Waveguide)
Metamaterial absorber

Orthogonally placed antenna

CSRR and SRR Loaded

Defected Ground Structure

Avoid charge accumulation on the patch

Proper feeding
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6. Channel Capacity Loss Increase the number of antenna elements

Reduce Mutual Coupling

Some of the MIMO components (antenna, Filter, Meta absorber) are discussed in different

Chapters, shown in my thesis.
1.4 THESIS ORGANIZATION:

The thesis involves the various types of MIMO antennas for microwave and THz applications,
which provide high channel capacity and high data rate without extra bandwidth and power. This

thesis consists of nine Chapters, and Chapter wise summary is as follows:
Chapter -1: Introduction and Review States of Art:

This Chapter introduces MIMO antennas, Filters, and Meta absorbers with a detailed literature
review of the critical manuscript used as references to this thesis. Mainly work has been
focused on Gain, bandwidth, FBR, radiation efficiency, isolation, and diversity parameter
improvement technique associated with MIMO antenna. We have also analyzed S11, S21,
bandwidth, sharpness, and group delay enhancement technique for designing a suitable
bandpass filter used in the MIMO communication system. Some Meta absorbers are also

reviewed and discussed which is useful for enhancing antenna performance.
Chapter -2: UWB MIMO Antenna with WLAN Notch Band Characteristics:

In Chapter 2, an Ultra Wide Band (UWB) MIMO antenna with the wireless local area network
(WLAN) band-notch (5.1-5.85 GHz) characteristic is offered. This antenna consists of two
radiated patch. These radiating patches are fabricated on abundantly available FR-4 substrate
with 36 x 22 x 1.6 mm?>. Results illustrate that the designed antenna produces an impedance
bandwidth from 3.1 to 11.2 GHz and good isolation and diversity performance in the UWB

range. Proposed antenna characteristics have the advantage of low-cost and more accessible

22




fabrication and are also found suitable for a human interface device. Simulated results of the
proposed antenna are tested and verified by the experimental results.

Chapter-3: Super Wideband (1.575-40GHz) Single Band Notched MIMO Antenna for
Multiple Wireless Applications:

Chapter-3 gives the details of the design and analysis of SWB (1.5-40GHz) MIMO antenna
with single notch characteristics. This MIMO antenna is circularly polarized at 1.575GHz and
26.0GHz for GPS and mm 5G applications. The proposed MIMO antenna features SWB (Super
Wide Band) bandwidth and compact size (55.6x50.5x1.6mm3) on the FR-4 substrate. This
MIMO antenna is suitable for defense and handheld devices covering
GPS/DCS/PCS/UMTS/WI-BRO/ISM/IRNSS/LTE (M/HB) /BLUETOOTH/IOT/SUB5G/WI-
MAX / mm range 5G/X/Ku/K/Ka-band applications. Finally, this antenna is tested in a realistic

application environment suitable for a human head interface device with acceptable SAR value.

Chapter-4: High Isolation MIMO Antenna for C, X, and Multiband Applications:

In Chapter-4, an EBG based circular MIMO antenna is presented for C-band (4.0-8.0GHz)
applications with greater than 20dB isolation. The return loss of antenna, designed on the FR-4
substrate, is greater than 10dB by the size of 55x45x1.6mma3. The antenna's diversity
performance is also permissible through ECC, and diversity gain is 0.0015 and 9.99dB,
respectively. The proposed MIMO antenna is appropriate for wind profiler RADAR and

weapon investing RADAR system.

In this Chapter, a high isolation electromagnetic bandgap (EBG) based MIMO antenna is also
designed for X band (8-12GHz) applications. The proposed antenna is tailored on the FR-4
substrate with a size of 55x49x1.6mma3. This antenna has circular patches with extruded
triangular and circular shapes, which provide better radiation efficiency (>0.45) in the X-band
(8.0 to 12GHz). High isolation (22dB) is achieved in the entire bandwidth by using a

mushroom-shaped EBG structure near the microstrip feeding line.
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In this Chapter, meander line-shaped pentaband (2.165-2.48, 2.59-2.72, 2.89-2.97, 3.10-3.32,
3.38-3.46GHz) 4-elements multiple-input-multiple-output (MIMO) antenna is also presented.
These frequency ranges are widely used for Microwave Service Switch (MSS) and Internet of
things (1oT) applications. This antenna is designed on the FR-4 substrate with a compact size of
50x70x1.6mm?. Simulated results show excellent diversity performance in pentaband, which is
in the acceptable range. This antenna is appropriate for use in Mobile satellite services (MSS),
ISM, Broadband Radio Services (BRS) and Educational Broadband Services (EBS), WiMAX

Radio Location Services, and Amateur Radio Services respectively.

Chapter-5: Design of Metasurface Absorber for Low RCS and High Isolation

MIMO Antenna for Radio Location and Navigation:

In this Chapter, a 4-elements MIMO antenna is designed using a novel metasurface absorber for
isolation as well as RCS reduction. A unit cell of metasurface absorber is amalgamated by
concentric circular and elliptical-shaped rings with four 300ohms lumped resistances. This
MIMO antenna with an absorbing structure is fabricated on an existing FR4 substrate with
dimensions of 55x40x1mm?®. The performance of the designed MIMO antenna is also judged
by diversity parameters such as Envelope correlation coefficient (ECC), Directive gain (DG),
Mean effective gain (MEG), Channel capacity loss (CCL), Total Active Reflection Coefficient
(TARC), and channel capacity, etc. in the proposed frequency band. Simulated and measured
ECC (calculate with the radiated field) of the proposed MIMO is less than 0.073 which exhibits

that this antenna is suitable for military application in radiolocation and navigation.

In this Chapter, a triple-band polarization-insensitive metamaterial absorber (MMA) is also
designed. MMA unit cell is proposed with a circular and oval ring-shaped structure. This
absorber structure is designed on FR-4 substrate having tand = 0.02 with unit cell dimension
20x20x1mm?. The absorbance of proposed triple-band MMA is 99.4%, 96.2%, and 91.25% at
8.2, 9.45, and 12.45GHz frequencies respectively. On the other hand, reflectivity is almost zero

at the above-mentioned frequencies. Changing the incident and polarization angles of an
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absorber, the absorbing characteristics are almost the same. So the proposed absorber is found
appropriate for stealth aircraft, Radar Cross Section (RCS) and Electromagnetic Compatibility
(EMC) reduction, and isolation in MIMO antenna, imaging, and sensing in the X-band

applications.

Chapter-6: High Isolation and High Gain Super-Wideband (0.33-10THz) MIMO
Antenna for THz Applications:

In this Chapter, an elliptical-shaped microstrip feed super-wideband (SWB) 2-elements MIMO
antenna is proposed for high-speed terahertz (THz) applications. It has 2:1 VSWR operating
bandwidth from 0.33-10THz (187%) with 19dBi peak gain. Radiation Efficiency is greater than
70% is achieved throughout the SWB bandwidth. The 2-element MIMO antenna is designed
with a compact size of 1000x1400x101.29um*® on the RT5880 substrate having a relative
permittivity of 2.2. Simulated results of antenna-like return loss, isolation, gain, efficiency, and
diversity performance parameters (ECC, DG, and TARC) are in an acceptable range. Therefore,
this antenna is useful for Sub 5G, vehicular communications, Imaging, 3D printing, Terahertz

wave Radar, Health care, and Astronomical radiometric applications.

Chapter-7: Design and Analysis of Planar UWB Bandpass Filter with Stopband
Characteristic:
In Chapter-7, a UWB bandpass with an extended stopband filter is also presented. Multi-Mode

Resonator (MMR) techniques have been used for designing the filter. The proposed filter
exhibits passband characteristics for the UWB range i.e. 3.1-10.6GHz with a return loss of
20dB and stopband range from 10.8-20GHz with 0.4dB return loss. The group delay and
sharpness of the designed filter are <0.30ns and 16dB/GHz at lower and higher cut-off
frequency respectively in the passband. The dimension of the filter fabricated on the cost-
effective substrate (FR-4) is 22x20 mm? and the simulated frequency response is finally

verified by the experimental results.

Chapter-8: Conclusion and Future Scope:
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In Chapter-8, the main results of the thesis have been summarized and a critical review of the
research work presented. The scope of further work and some of the specific problems that can

be investigated in the area of MIMO antenna, Filters, and Metamaterial absorbers have also been

identified.

*kkhk*k
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CHAPTER-2
UWB MIMO ANTENNA WITH WLAN NOTCH BAND
CHARACTERISTICS

2.1. INTRODUCTION

UWB wireless communications have various benefits such as highly secured communication,
none interference with other communication systems, used for both LOS as well as non-LOS
operation, high multipath immunity (If used as MIMO antenna), low cost, and low power
requirement.

Numerous wideband applications such as microwave medical imaging, ground-penetrating radar
(GPR), a RFID tag for inventory control, compact asset management, and inexpensive UWB-
MIMO wireless transceivers. UWB-MIMO base station receiver architecture with different

blocks is shown in Fig.2.1.

S & H with Proper
BPF sampling offset

Base Band

RF under Signal

Sampling

LNA BPF S & H with Proper
sampling offset

TN

Fig.2.1. A generic block diagram of a two-element UWB-MIMO antenna-based receiver station

Impulse data is transmitted using the UWB-MIMO antenna and after that UWB-MIMO receiver
antenna receives the data in a different path and produces the base-band signal, where the

information is first encoded, digitally modulated, and then converted into pulse using a pulse

Saxena, Gaurav, Priyanka Jain, and Y K Awasthi. "High Diversity Gain MIMO-Antenna for UWB Application with WLAN Notch Band
Characteristic Including Human Interface Devices." Wireless Personal Communications (2020): 1-17.
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generator. Narrowband system like WLAN (5.15-5.85GHz) operates in UWB bandwidth and
causes interference with the UWB band. So designing of UWB MIMO antenna with the WLAN
notch band characteristic is a very challenging task to avoid interference.

In this Chapter, the MIMO antenna with a band notch characteristic at WLAN (5.1-5.85GHz)
from UWB (3.1-10.6GHz) band is presented. Band notch characteristic is obtained through two
open-ended stubs on the ground. Furthermore, the performance of the designed antenna has been
studied in terms of the diversity characteristic of ECC, DG, TARC, “mean effective gain”
MEGI/MEG;j ratio, and channel capacity loss (CCL). Section-2.2 presents the proposed antenna
design procedure. Section-2.3 shows the proposed antenna results and discussion, Section-2.4
proposed the diversity performance of the proposed antenna and, section-2.5 presents a summary
of this Chapter.

2.2 DESIGNING OF UWB MIMO ANTENNA

This UWB-MIMO antenna has shown in Fig. 2.2 (a)-(b) with WLAN notch is fabricated on FR-
4 substrate of height (h) 1.6mm with relative permittivity () of 4.4, loss tangent (tand) of 0.02
by the dimension of 36mmx22mm. The antenna is designed by a circular with triangular notched
patches and to enhance the isolation between two radiated patches, a T-1 shaped slot in the
ground is groomed, which improves the isolation better than 30dB in wished-for UWB
bandwidth. The resonant frequency of a circular patch for TM;; mode is 7.15GHz which is used

to calculate the patch radius to achieve the desired bandwidth (3.1-11.2GHz).

€)] A, Area (b)
Fig.2.2. Two-element UWB planar monopole MIMO antenna (a) Front view (b) Bottom view
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UWB bandwidth in MIMO antenna including notch band characteristic is achieved by using a
tapered feed line together with the partially tailored ground plane. The fundamental resonance
frequency of the monopole antenna is prearranged by Equation (2.1).

fr = 144 =7.1GHz (le)

|, +d; +h+ A

A
27:«/61r +1 ’ 27:«/; +1

Where A; = 87.87mm?, A, = 370mm? are the area of anticipated radiation patches and ground

plane, I; = 36mm length of the ground plane, d; = 10.6mm diameter of circular radiated patches.
Step by step procedure of the proposed UWB-MIMO antenna design is shown in Fig.2.3 and
corresponding return loss and isolation are presented in Fig.2.4 (a)-(b) respectively. Antenna-1
provides unsatisfactory return loss 5 to 8dB in lower frequency range 3 to 4 GHz and isolation
<10dB in 3.1-10.6GHz frequency range depicted in Fig.2.4 (a) and (b) respectively with black
line. By changing the feeding line width of antenna-1, isolation is improved by 2dB in antenna-2

and the graph is showing in Fig.2.4 (b) with gray colour.

?r200 000

Antenna-1 Antenna-2 Antenna-3 Antenna-4 Antenna-5

Fig.2.3. Geometrical design steps of a designed antenna with WLAN band-notch characteristic

In antenna-3, a triangular shape etched from patches which provide 4-12GHz bandwidth with
>10dB return loss and >12dB isolation loss depicted in Fig.2.4 (a)-(b) with green colour. To
mitigate the interference between WLAN band with UWB band, in an antenna-4, impart vertical
stubs on the ground plane to get better return loss (>10dB) from 3.1 to 10.6GHz but poor
isolation (>13dB) in UWB range and it also provides a notch band characteristics for WLAN
(5.1-5.9GHz) shown in Fig.2.4 (a)-(b) with blue colour. Therefore, to improve isolation (>15dB)
in Fig.2.4 (b) with saffron colour in 3.1-10.6GHz, engraved | and T-slot in the ground plane

same shown in antenna-5in Fig. 2.3. The notched band can be achieved by varying the ground
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C
stubs length (Ls) at the notch frequency T :m, where c is the speed of the signal in a

vacuum (3x10°m/sec), eer is the effective relative permittivity [36] of the substrate and

approximated length of L is 6.3mm at notched frequency.
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Fig.2.4. Simulated (using CST MWS) results of (a) Return loss (b) Isolation of the antennas shown

inFig.2.3
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Fig.2.5. Simulated results of (a) Return loss and (b) Isolation of antenna with a variation of length

of stubs (L) in the ground plane

Frequency selectivity of the rejection band is an important parameter to design a UWB antenna
with a notched band. For selectivity of the notched band of the UWB-MIMO antenna, another
ubiquitous parameter is ‘roll-off rate' i.e. control required bandwidth of the WLAN band.

Furthermore, RoC-Roll off Criteria is the ratio of the bandwidth at -5dB and -10dB, i.e. RoC =
30



BW _s48/BW.10¢58 and the RoC of proposed antenna is 0.44, which is acceptable for practical

design.

579
758
5,306
5.15
394
273
152

(b)

Fig.2.6. Surface current distributions at (a) notch band frequency i.e. 5.6GHz and (b) 4.1, 6.6, and

9.6GHz when port-2 terminated with 5002 impedance and port-1 is excited

The bandwidth of the notched band is also controlled by the length of stubs (Ls) in-ground plane
and the results of return loss, centered at 5.6GHz as made known in Fig.2.5. (a) & (b) By varying
Ls from 5.8 to 6.8mm, the return loss curve shifts from higher to lower frequency, and the value
of return loss at the intended notch (6.3mm) is 2.0dB. Impedance bandwidth is also maintained
significantly, in the entire bandwidth throughout the optimization of Ls.

It is depicted from Fig.2.6 (a), where strong current accumulates around vertical stubs in the
ground plane, which produces a notched for WLAN band in UWB bandwidth to mitigate
interference. Fig.2.6 (b) shows the distribution of current on the antenna at various frequencies
like 4.1, 6.6, and 9.6GHz respectively. It is too observed that the flows of current on the tapered
feed line to circular element while a small current pours across the second element of MIMO.
The slot in the ground plane works as an isolator between the two elements and this is preventing
the coupling of electromagnetic energy.
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2.3 RESULTS AND DISCUSSION:

The scattering parameter results (measured & simulated) are shown in Fig.2.7(a). Eventually,
measured S;, shows better isolation than the simulation results, and isolation between two
antenna radiators is < 30dB for the entire UWB bandwidth. Results illustrate that the return loss
of the proposed MIMO antenna is < 10dB except for the notched band (WLAN) and the
bandwidth of the antenna is 8.1GHz (from 2.1 to 11.2GHz), that fulfills the FCC requirement for

UWSB applications without interference.
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Fig.2.7. Simulated and Measured (a) S-parameter (Return & Isolation) (b) Peak gain, radiation

efficiency & total radiation efficiency of UWB-MIMO antenna

The maximum peak gain of the antenna has revealed the better conformity between simulated
and measured results and the maximum value of gain is 4.85dBi. The radiation efficiency of
the antenna throughout the requisite band is higher than the permissible limit except for the
notched band, which is centered at 5.6GHz. Consequently, the proposed MIMO can

appropriate to work in the high interference surrounding as presented in Fig.2.7 (b).
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(@) (b) (©)

(d) ()
Fig.2.8. 3D radiation pattern of MIMO antenna at (a) 4.1GHz (b) 6.6GHz (c) 9.6GHz only port-1 is

excited and port-2 terminated by 50Q load (d) Fabricated prototype (e) Antenna under test in an

anechoic chamber for radiation pattern measurement

Fig.2.8 (a)-(c) shows the 3D radiation pattern of the proposed MIMO antenna at 4.1, 6.6, and
9.6GHz frequency correspondingly when port-1 is excited and port-2 is terminated with 50Q
or vice-versa. Radiation patterns are slightly directional because power radiated towards the
left of the yz-plane when port-1 is excited and when port-2 of the MIMO antenna is excited,
the power is radiating towards the right of the yz-plane to achieved pattern diversity
performance of an antenna. Co-polarization is the power level of an electromagnetic wave in
an intended direction whilst cross-polarization is the power level of an electromagnetic wave
in an un-intended direction due to interference at reception or transmission antenna. Co-
polarization and Cross-polarization at different frequencies are calculated by the simulator
(CST-Microwave studio) and validate these results by Vector Network Analyzer so we use
two terms simulated, by CST-Microwave studio and measured by VNA. The prototype of the
proposed MIMO antenna on the FR-4 substrate is fabricated by conventional printed circuit
board design procedure and antenna under test in an anechoic chamber associated with VNA
for measurement of radiation characteristics as shown in Fig.2.8 (d)-(e). Fig.2.9 shows the
simulated/measured yz-plane (left) and xz-plane (right) radiation pattern of antenna at three

different frequencies as 4.1, 6.5, and 9.6GHz respectively with an acceptable agreement.
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xz-plane at 4.1GHz 6.6GHz 9.6GHz

Co Polarization Simulated Cross Polarization Simulated

Co Polarization Measured —— Cross Polarization Measured

Fi0.2.9. Measured & simulated 2D radiation pattern of MIMO antenna at 4.1, 6.6, and 9.6GHz for

yz-plane and xz-plane

Whereas the UWB-MIMO antenna consists of two indistinguishable radiated antenna elements
and so the time of measurement of the 2D radiation pattern, port-1 is excited and port-2 is
terminated by the 50Q load. It is observed that at operating frequency band the radiation patterns
are omnidirectional in H (xz)-plane and dipole like in E (yz)-plane except for the WLAN band.
The splitting of the radiation lobes is also observed due to higher-order mode propagation at

higher frequencies.

Specific absorption rate: SAR is a vital parameter in the antenna at which the human body
is absorbed electromagnetic field energy when exposed, which means the power absorbed per
mass of body/head tissue as shown in Fig.2.10. It is typically averaged either over a small sample

volume (typically 1gm or 10gm of tissue) or over the entire body. The SAR value of any RF and
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microwave electronic devices is obtained by penetration of electric field intensity in the human
head tissue in a near field environment [34]. Furthermore, SAR estimation on the head at 4.1,
6.6, and 9.6GHz frequency, the skin radius, bone radius, and brain radius are 79.324mm, 75mm,
and 65mm respectively are used and other parameters are also listed in Table-2.1. The calculated
value of SAR is less than 1.6W/kg for the proposed antenna design as shown in table-2.2 but this
SAR performance investigates without any plastic jacket or cover, thus when we wrap the
proposed antenna into a plastic jacket or cover then SAR performance may be increased more.

SAR for electromagnet energy is calculated by Equation (2.2).

vV o(1) (2.2)

Where o = thermal conductivity of sample in S/m, E;ns = electric field in V/m, p = sample

density in kg/m?, V = volume of the sample in m*

Fig.2.10. Calculation of specific absorption rate near the human head in the presence of the

proposed MIMO antenna

Table 2.1.Parameters of the human head for calculation of specific absorption rate (SAR) by the

proposed antenna at constant permeability (i.e. p,=1).

Density The”‘?a.' Heat Blood Metabolism
conductivity .
Type (p) ©) capacity flow rate
kg/m® ° kJ/K/Kg W/K/m® wWim®

S/m
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.. . 1100 0.293 25 9100 1620
Bio-tissue skin

Bio-tissue 1850 0.41 1.3 3400 610
bone

Bio-tissue 1030 1.13 2.675 40000 7100
brain

Table 2.2. SAR values near the human head at different resonant frequencies when the distance

between the human head and MIMO antenna is 13mm.

Specific Absorption Rate (W/kg)

4.1GHz 6.6GHz 9.6GHz

1(gm) 10(gm) 1(gm) 10(gm) 1(gm) 10(gm)
1.28 0.86 1.39 0.93 1.49 1.04

2.4 MIMO DIVERSITY PERFORMANCE:

MIMO diversity performance of the proposed antenna is evaluated in terms of Envelope
Correlation Coefficient, Total Active Reflection Co-efficient, Diversity Gain, Multiplexing
Efficiency, and Group Delay. The mutual coupling between two radiation patches and the
amount of correlation between them is examined by ECC. It is calculated through using S-
parameters by following Equation 2.3 (a) and this Equation is valid for measuring ECC when the

antenna is lossless and radiated power is uniformly distributed along with the antennas.

. . 2
SiS, +5,.S
cCo 11912 T 92192 2.3(a)

(115l 8 {1l

But lossless is a hypothetical result which varies from empirical result so, the computation of the

ECC of the MIMO antenna by Equation 2.3 (b) in terms of radiated fields

2

H[[Ei (0.0)E; (o, ¢)} do
[k o oo [T]e; (o.0)

ECC =

: 2.3(b)
i

Where E; & E; are the radiated electric fields vector of the i and j" elements of the MIMO

antenna system and € denotes beam area.
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Fig.2.11. Simulated and measured results of the proposed antenna (a) envelope correlation

coefficient and diversity gain (b) Simulated result of multiplexing efficiency

The ideal value of ECC is zero for uncorrelated MIMO antenna but their acceptable value for
practical MIMO antenna is < 0.5 and as per Fig.2.11 (a) the value of ECC of designed MIMO
antenna is less than 0.01 in UWB bandwidth excluding notched band. Hence, the above result

specifies a pretty low correlation between the two antenna ports, which shows excellent diversity

performance. The diversity gain can be calculated by DG = 10 x /(1 — ECC2) and for
satisfactory operation of MIMO antenna diversity gain should be closed to 10dB and the value of
diversity gain of UWB-MIMO antenna is 9.95dB apart from the notched band as depicted in

Fig.2.11 (a).

Also, to optimize the antenna channel capacity, the multiplexing efficiency is a maneuver
parameter which is not only explored the total antenna efficiency, but also the co-relation and
efficiency disparity. Besides, multiplexing efficiency (nmux) is the ratio of the power

requirement of an antenna to the reference antenna. Fig.2.11 (b) shows the multiplexing

efficiency of the MIMO antenna and nwux is calculated by . = J(l - |pC|2) n,M,, Where pc

is a complex correlation between two side-by-side antennae i.e. ECC = p.2 and ng, n2 is the
antenna total efficiency of MIMO antenna elements. The result shows that the total efficiency
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(shown in Fig.2.7 (b)) and multiplexing efficiency are almost identical and its value goes
downward at the notched WLAN band.

In the two-port antenna system, contiguous antenna elements impinge on each other and when
working concurrently they influence the overall desirable gain, efficiency, and bandwidth. Actual
MIMO antenna system performance will not be predicted by S-parameters only; therefore TARC
has initiated this effect into account. It is the square root of the ratio of total reflected to total
incident power and hence, it gives the information about the apparent return loss of the MIMO
antenna system. For side by side two-port radiated antenna system, it can be evaluated by

Equation (2.4).

N7 77T T T T 1.03 1.5
—— Simulated TARC 4.0

.20 —— Measured TARC a5
—— Simulated CCL F3.
—— Measured CCL 1.02 10

-30 L
1.01 0.5
-40 4 I
1.00 i A 0.0
0.99 u 0.5
—— simulated MEG MEG,

I— Isotropic MEG‘IMEG‘

—— Group Delay
. —————¥F—1—+-15
3 4 5 6 7 8 9 10 1" 12

Frequency (GHz) Frequency (GHz)

=50 4

TARC (dB)

-60 4

CCL (Bits/sec/Hz)
MEG/MEG (dB)
Group Delay (nsec)

-70
--1.0

=80 4

(@) (b)

Fig.2.12. Simulated and measured results of (a) channel capacity loss (CCL) and total active
reflection coefficient (TARC) (b) Simulated results of the mean effective gain (MEG) and group

delay of proposed MIMO antenna

TARC — \/(Sll +SlZ )2 ;(822 +SZI)2 (24)

Ideally, the value of TARC should be less than 0dB for MIMO antenna-based system. Fig.2.12
(a) shows the simulated and measured TARC of the proposed MIMO antenna and it is observed
that the value of TARC is less than -28dB and -50dB correspondingly in the entire UWB range
except for the notched band, it shows the excellent diversity performance of the designed

antenna. With increasing the number of elements, the channel capacity of the MIMO system is
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linearly increased, so the element matrix properly characterizes the performance of a MIMO
system as it provides the information about the phase and gain characteristics of the transmitting
and receiving elements. However, in the presence of the correlation factor in MIMO antennas,
the channel capacity losses are also increased. Therefore, diversity performance of proposed

antenna pretentious and channel capacity losses are calculated by the following Equation (2.5)

CCL(dB) = —log, [det(d)R )} (2.5)

. . .. 2
Where ¢ is the 2x2 co-relation matrix in terms of S-parameter ¢, =1- S;i 1% — |Si]-| YOy =

—(Sii X §j + Sji X Sjj). Fig.2.12 (a) shows the CCL losses and it is less than 0.35bits/sec/Hz over
the entire bandwidth except for the notch band, which offers better diversity results of the
proposed MIMO antenna. Moreover, the mean effective gain (MEG) is the ratio of the mean
received power by the i antenna to the mean incident power of the j" antenna with the same

route, MEG; = €7owmf2, Where Ero is implying total effective efficiency of the i antenna, i.e.

i _ ¢l i ive | N 2iai  * SN 2 i ;
ETotal = Emis X Eraq, and where €y = 1= 30 (Sy|7, €4 = XiL4|S;| where€yys, and €4 are

mismatch efficiency and radiation efficiency of i antenna as shown in Fig. 2.12 (b). MEG ratio

for the proposed MIMO antenna is to be extracted by Equation (2.6)

MEG. — Prec :qg

i
Pinc

XPRxGp; (Q+Gy; (Q)xP,(Q)

I+XPR de (2.6)

Where, XPR is the cross-polarization ratio, Gg; (€2), Goi (€2) and Pe(€2) is the gain and power
density function of the incident wave, Q = beam width.

The acceptable ratio of mean effective gain of i and j™ antenna elements should be less than or
equal to £3dB and as from Fig.2.12 (b), the MEG ratio of the projected MIMO antenna found in
acceptable limit throughout the UWB range, which is a high-quality channel performance for
wireless communication. Finally, to verify the time domain analysis of the intended MIMO
antenna, two identical antennas have located in front of each other as a receiver and transmitter

at a distance of 100cm and group delay (ns) is calculated. Group delay is the rate of change of
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transmission phase angle with concerning frequency and it is almost constant in entire the
intended band. Group delay in terms of return loss (S;1) is defined by the EquationTy(w) =
—30¢/dw, where @ = phase of S;; and ® = angular frequency in rad/sec. The group delay
deviation of the proposed MIMO antenna is < 0.3ns entire the UWB frequency span excluding
the notched band as shown in Fig.2.12 (b).

Table 2.3. Simulated MEG results of proposed MIMO antenna at various frequencies

Frequency MEG(dB) MEG(dB)
(GHz2) Isotropic medium Gaussian medium
XPR =0dB XPR = 6dB XPR =0dB XPR = 6dB
4.1 -2.0 -4.4 -2.7 -6.1
6.6 -2.0 -4.5 -2.8 -4.9
9.6 -2.0 -5.1 -2.7 -5.6

The MEG is also represented in isotropic and Gaussian mediums, to investigate the diversity
performance at XPR = 0dB (outdoor) and 6dB (indoor) as shown in Fig.2.13 (a) and Table 2.3 of
the proposed antenna. The MEG for the isotropic medium at 0dB XPR is constant at -2.0dB and
6dB XPR is lies between -2.1 to -5.1dB for the entire UWB bandwidth. Similarly, the MEG for
Gaussian medium at 0dB XPR and 6dB XPR is lies among -2.7dB to -2.7dB, and -4.6 to -6.5dB
respectively for entire UWB bandwidth.

Fig.2.13 (b) shows the power loss, power accepted, power outgoing to all port, power radiated
and power stimulated of proposed MIMO antenna, which is used to calculate all parameters as
SAR, CCL, ECC, etc. Stimulated power is near 0.5W and diversity calculation associated with
this power. Power loss in metal is extremely low and most of the power is radiated. Power
accepted is all most same as stimulated power except notched band because in that region most
of the power return back to the same port and power radiated is also high in UWB range but
radiated power is always less than stimulated and accepted power due to dielectric, conductor,

and surface wave loss in microstrip line except the notched band. Power going to all ports is
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highly interfere with at the notched band (5.1-5.85GHz) so that the maximum power is

correlated between ports and not used for radiation.
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Fig.2.13. (a) A simulated mean effective gain in Isotropic and Gaussian medium at various XPR

values of proposed antenna applications (b) Power associated with proposed MIMO antenna for
various diversity performances

An evaluation of the proposed MIMO antenna with existing referred MIMO antennas is
represented in Table 2.4. It is observed that the designed antenna achieves better results in
comparison with most of the MIMO antennas at various specifications, which is highly
appreciable as small in size, low in cost, improved radiation efficiency (0.75-0.97) with

enhanced isolation, better ECC, and diversity gain (> 9.95dB).

Table 2.4. Comparison of proposed UWB-MIMO antenna including WLAN notched band with

existing references at various aspects

A e | i [ Feaie | eoc | oo | waerl | Doy
29%38 [2] 215 2.5-19.0 0.01 9.50 FR-4 0.63
50x25 [3] 17.0 2.0-12.0 0.45 9.65 FR-4 0.70
26x40 [5] 15.0 2.1-10.6 0.04 9.79 FR-4 0.6-0.85
33%26 [6] 15.0 2.0-11.0 0.03 9.90 FR-4 0.70
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22%29 [9] 15.0 2.5-12.0 0.003 9.95 Rogers RO4003 0.80
55x82 [10] 15.0 2.2-12.3 0.040 9.95 FR-4 0.60
40%20[12] 15.0 3.0-11.0 0.300 9.75 FR-4 0.85
50%50[13] 17.0 2.0-12.0 0.450 9.60 FR-4 0.73
50%39.8[14] 20.0 2.7-12.0 0.010 9.95 TMM4 0.82
36%22 [P] 30.0 3.1-11.2 0.008 9.95 FR-4 0.75-0.97
2.5 SUMMARY:

In this Chapter, a UWB-MIMO antenna with the WLAN band-notch (5.1GHz-5.85GHz)
characteristic is offered. Results illustrate that the designed antenna has an impedance bandwidth
from 2.1GHz to 11.2GHz as well as good isolation i.e. S;; < -15dB. Radiation efficiency is
greater than 0.85 except the notched band is < 0.5. Diversity performance is also set the new
paradigm in terms of ECC (<0.003), TARC (< -25dB), CCL (< 0.3bits/s/Hz), Mean effective
gain ratio (MEGI) = 1, and directive gain (> 9.95dB) except the notched band. Proposed antenna
characteristics are also found suitable with low SAR value at 1g and 10g of head bio tissue for a
human interface device, low-cost, easily fabricated, and easy to work. This prototype antenna
simulated results are tested and verified by the experimental results. The achieved results of
measurement & simulation are in better concurrence. Apart from the above-mentioned antenna
performance, the results of the antenna prototype are appropriate for UWB bandwidth at high

interference surroundings in indoor or outdoor applications.

*kkkk
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CHAPTER-3

SUPER-WIDEBAND (1.575-40GHz) MIMO ANTENNA FOR
WIRELESS APPLICATIONS

3.1 INTRODUCTION:

With the entrance of new wireless communication services in recent years, super-wideband

(SWB) MIMO antenna is highly demanded with small size, low cost, easy to fabrication, and

SWB Omnidirectional radiation characteristics. To achieve different services like Global

Position System (GPS), Industrial Science and Medical (ISM), WLAN, cognitive radio

Bluetooth, WI-Max, Ultra-Wideband (UWB), sub/mm 5G, and many more wireless services

SWB MIMO antenna will become more in demand. If the fractional impedance bandwidth of

any antenna is greater than 163.36% or the antenna having a bandwidth ratio of 10:1,

maintaining the 10dB return loss and VSWR is less than two over the entire range of frequency

[7], the antenna is known as a super-wideband antenna. The Microstrip antenna provides narrow

bandwidth but by using a monopole antenna and step impedance feeding line techniques

bandwidth of the narrowband antenna can be increased up to the SWB range. SWB MIMO

antenna has various advantages that are beneficial for a recent wireless system such as

1. SWB MIMO antenna provides high channel capacity, which is useful for transmitting and
receiving voice and video data at a higher data rate.

2. SWB antenna can be used for spectrum sensing in cognitive radio

3. SWB antenna is useful for both long-range and short-range communication.

4. This type of antenna is resisted for jamming, low transmission power requirements, and
multipath performance.

In this Chapter, the design, simulation, and fabrication of SWB two elements MIMO antenna is

discussed. SWB MIMO antenna is working 1.5-40GHz frequency and covers L to Ka-band and

! Saxena, Gaurav, Priyanka Jain, and Y K Awasthi. "High diversity gain super-wideband single band-notch MIMO antenna for multiple
wireless applications.” IET Microwaves, Antennas & Propagation 14, no. 1 (2020): 109-119.
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mitigates the frequency band 5.9-7.1GHz to avoid the interference with E-S satellite system. The
proposed designed SWB MIMO antenna is circularly polarized in dual-band (1.575-3.00GHz;
25.75-26.50GHz). In designing a MIMO antenna, polarization is an important parameter. For
GPS and vehicular communication and millimetre 5G applications, we required a circular
polarization antenna as at least half power in need in any plane. In the MIMO antenna, when we
transmitted power from an excited antenna at that time, no other antenna received that power at
the transmitter end, so good isolation is required between antenna elements.
The super-wideband (SWB) bandwidth of an antenna is attained by introducing a step impedance
microstrip line to feed the radiator. Furthermore, two rectangular-shaped slots are etched on the
ground plane to achieve band-notched characteristics. Unequal E-shaped stubs and mushroom-
shaped EBG structure is used for obtaining high isolation. Circular-shape (Closed Ring
Resonator-CRR) is etched on the patch to achieve circular polarization in two bands. Section 3.2
explains the SWB MIMO antenna design procedure. The proposed antenna is designed using a
computer simulation technology-CST microwave studio simulation tool. Section 3.3
demonstrates the simulated and measured results. In section 3.4 diversity performance of the
antenna, along with a comparison from literature has been discussed. Section 3.5 concludes the
proposed work.

3.2 MIMO ANTENNA DESIGN PROCEDURE

The designed 2-element MIMO antenna, including notched band (5.9-7.1GHz) characteristic, is
fabricated on the FR-4 substrate of height (h) 1.6mm with relative permittivity (g,) of 4.4 and
loss tangent (tand) of 0.02 having an overall dimension of 55.5mmx50.6mm as shown in Fig. 3.1
(@) - (b). All dimensions of the proposed antenna are given in Table 3.1 to achieve SWB
impedance bandwidth (1.5-40GHz). This antenna consists of a circular patch, and a circular slot
etched out of it to achieve circular polarization in dual-band. The current is accumulating along

the circular radiator's periphery, affecting the bandwidth in a low-frequency range, therefore for
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improving the low-frequency bandwidth, a "Closed Ring Resonator-CRR" of radius 5.3mm is

etched at a circular patch without affecting the remaining antenna performance.

@) (b)

L.

Fig.3.1. Two-element SWB planar monopole MIMO antenna (a) Front view (b) Bottom view

Table 3.1 Proposed SWB MIMO antenna dimensions in mm

R1 R> D, D, D3 D4 Ds E1 E Es
11 5.3 3.2 LY 1.2 6.85 11.7 5.8 5.5 10.6
E4 Es G; G, Ci C, Cs Cs Cs Cs
7.92 9.35 0.45 0.6 0.6 1.3 13.7 1.2 3.3 5.7
Cs Cs Co B1 B> Bs B Bs Bs B
8.7 24.3 55.6 5.5 1.5 1.5 1.5 1.5 24 26.5

The impedance feeding mechanism comprises of three feeding subsections having an impedance

of 50, 65, and 81Q respectively with different lengths. Further, E-shaped stubs of unequal arm

length are used to achieve the intended isolation between antennas as well as to extend

bandwidth. E-shaped stubs of equal length cause poor isolation at a lower frequency. The

number of stubs is optimized to provide maximum decoupling at a high frequency, so it cannot

be improved further by increasing the number of stubs. Now, super-wideband, including band-

notch characteristics, is obtained by using a stepped impedance feed line with a partially tailored

ground plane and rectangular slots. The diameter of the EBG slots (R3) is 1.2mm. The
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fundamental resonance frequency (f;) of the circular-shaped monopole antenna is calculated by

the Equation (3.1)

fr(GHz) = 1‘}&‘1 A, —20856H? 3.0)
Co+2R,+h+ +
9 1 2njer+1  2mfer +1

Where A; = 291.79mm? A, = 1408mm? is the area of anticipated radiation patch and ground
plane, Cg = 55.6mm is the length of a ground plane, 2R; = 2x11 = 22mm is a diameter of circular
radiated patch depicted in Fig. 3.1 (a) - (b). The step by step design procedure of the proposed
SWB-MIMO antenna is represented in Fig.3.2, and analogous return losses and isolations are
presented in Fig.3.3 (a) - (b). Ant-1 provides unsatisfactory return loss (<10dB) and isolation
(<15dB) in SWB bandwidth. By changing the feeding line width of Ant-1, return loss and
isolation are improved as depicted in Ant-2 but return loss is not acceptable in the lower
frequency range (1.5-6GHz). Since charges are accumulated on the etched portion of patches, the

discontinuity is added to improve the return loss with compromised isolation in the intended

band.

Ant-1 Ant-2 Ant-3 Ant-4 Ant-5 Ant-6

Fi0.3.2. Geometrical design steps of the proposed super-wideband MIMO antenna with band notch

characteristics

10\ 10 1,
20 TN
. 20 20 %o
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g M
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(a) (b)
Fig.3.3. Simulated (using CST MWS) results of (a) Return loss (b) Isolation of the antennas shown

in Fig.3.3

Therefore, in Ant-3, a mushroom-shaped EBG is introduced near the feed line which improves
the return loss in the SWB range (>10dB) and isolation but isolation is not much improved in the

frequency range (1.5-12GHz). Further, in Ant-4, an E-shaped decoupling structure is designed

on the ground plane, which improves the isolation (>15dB) in the intended bandwidth. Further,
in Ant-5 vertical slots are engraved in the ground plane to get better isolation in the frequency
range of 3.1 to 4.8GHz (>20dB). To design a dual-band circularly polarized antenna a close ring
resonator is etched on the patch in Ant-6. Ant-6 is finalized designed for giving 1.5-40GHz
impedance bandwidth with notched characteristics and dual circular band. It also creates a notch
band characteristic for avoiding interference from E-S satellite communication (5.9-7.1GHz), as
shown in Fig.3.3. The bandwidth of the notched band can be controlled by changing the ground
slot length (B;) at the notch frequency, f,= c/(2xBi X&), where c is the speed of the signal in a
vacuum (3x10%m/sec) and e is the effective relative permittivity [36] of a substrate. The Center
frequency of the intended notched-band is 6.5GHz at B;.

EBG structures, including a microstrip feed line and its equivalent circuit model with simulated
results represented in Fig.3.4 (a) - (d) and center frequency of the designed EBG is calculated by
Equation (3.2)

1
f = = 21.22GHz
EBG (3.2)
2"\/ Leq (Cgapeq * Cplateeq)

Cqyap Is the gap capacitance between step impedance feeding line and square mushroom-shaped
EBG structures having length E; & Es respectively and it is calculated by Equation 3.3(a)-(b).

E1eo0 (1+8r j

_ -1/ E1+Go | _ —-15
Cgapl— T Cosh GZ F=49.69x10 F 33(&)
E580(1+8rj 1/Ec+G
_ -1/ E5+Go | _ -15
CgapS_—TC Cosh G, F=143.74x10 F 3.3(b)
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Fo— _ -15
As Cgap1 & Cgapz are equal and parallel therefore the total Cggpy, 2 is = Comt + Coapz =99.38x10F

.. . _ -15 .
similarly Cgaps & Cyapa are also equal and parallel S0 Cgapz, 4 is~ Coas * Coaps =287:49x10F ¢\ is

the plate capacitance associated with EBG plate and ground plane, it is calculated by Equation

Port-2 D_O—O_Q
1 2 PORT-1 | - PORT-2
° L 500 s 500
Coopr.2=99.38 {F * Ciaps, 4= 287.49 fF
3 4 e
Lox 2=ﬂ<‘078 nH Lis 4= 02078 nH
Microstrip Cplate 1-2_=_lg33~_16.ff c ate 3.4 42:?7‘213 F
Feed Line e . -
Port-1 — —
(@) (b)
0
5
Feed Line

-&- DB(S[1,11)

—+ DB(IS[2,11)

21

215 22
Frequency (GHz)
(©

(d)

Fig.3.4. Circuit analysis of Electromagnetic Band Gap structures (a) Mushroom-shaped EBG
designs near to the microstrip stepped feed line (b) Equivalent circuit model of EBG (c¢) Front
cross-sectional view of EBG (d) Simulated results of the equivalent circuit model of EBG with its

resonance frequency

E,D
Cotater = 8°th1 4 F=819.08x10"° F 3.4(a)
€06, E2
Cplate3: s

F=2128606x10""° F

3.4(b)
Chiater & Cpiarez are equal and parallel, therefore, Cpiate12 IS =Cpjue + Cpiater =1638.1601F , Similarly

Chiate3s & Cpiates are equal and parallel so Cpates, 4 1S = Cpes + Cpes = 4257.213fF aNA Coplateeq= Coplate1-2+
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Cplate3-4 = 5895.37fF. Lo is the inductive loading of centrally located shorting pin in EBG structure and it

is calculated by Equation (3.5)

_ _7 2xh E 3 _ -9
LO—2><10 xh{ln(RS/Z}rO.S( P 0.75|H=0.4156x10""H (3.5)

Four equal and parallel shorting pins associated with four mushroom-shaped EBG structures, therefore
total equivalent inductance (Le, = Lo/4) is 0.1039x10° H. Hence, the calculated resonance frequency of

the EBG structure is 21.224GHz by Equation (3.2).

The proposed step quarter-wave impedance transformer technique without EBG is verified by a circuit
simulation tool “Microwave Office” as shown in Fig. 3.5(a) Stepped impedance feed line with EBG,
shown in Fig.3.4(a), provide permissible scattering results in the proposed antenna. The return
loss is less than 10dB throughout the SWB (1.5GHz-40GHz), which means that

maximum input power appears at port-2 as shown in Fig.3.5(b).
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25.0GHz

(d)

Fig.3.5. Electromagnetic field analysis of stepped impedance feeding line and EBG structures ()
Simulated scattering results of stepped impedance feeding line only (b) Simulated scattering results
of stepped impedance feeding line with EBG designs (¢) Simulated FBR of SWB-antenna with and

without EBG structures (d) Field distribution with and without EBG at 1.575, 3.4, 7.55, 15, 25,

35GHz frequency when port-1 excited and port-2 terminated with a matched load

FBR (Front to Back Ratio) is calculated with and without EBG to represent the existence of EBG
in the proposed antenna design, as shown in Fig.3.5(c). As EBG is used to prevent the surface
wave loss and direct the radiated power in the intended direction, therefore, the FBR of the
antenna with EBG is higher than that without EBG throughout the SWB bandwidth. Fig.3.5 (d)
represents the electric field distribution over the antenna with EBG and without EBG. It is shown

that more fields are confined around EBG, which improves the FBR in intended bandwidth.
3.3 RESULTS AND DISCUSSION

Measured and simulated return loss, isolation, constant group delay, and peak gain of the
designed antenna, as represented in Fig. 3.6 (a) — (b), are less than 10dB, 20dB, almost 1.0ns, and
7.6dBi respectively, throughout the SWB bandwidth except for the notched band. The return loss
begins to deteriorate at high frequencies, especially above 35GHz because, at high frequency, the
inductance effect starts to dominate in the proposed impedance matching mechanism. The
current is also confined on the surface of the conductor due to the skin effect, which creates
impedance mismatch and provides low return loss. But the simulated return loss is still less than
10dB. Mobile phone and other movable handheld device antennas require at least half power in
every plane for the effective communication link, so circular polarization of antenna for GPS and

mm-wave 5G applications is planned. The proposed antenna is circularly polarized in dual-band,
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which is achieved by etching a circular slot (Closed Ring Resonator: CRR) out of the radiating

patch.
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Fi0.3.6. Simulated and measured (a) S-parameters (return & isolation) (b) Group delay and Gain

All steps of the proposed antenna design from linear to circular polarization are given in Fig.3.3
and the corresponding its axial ratio are shown in Fig. 3.7 (a)-(b). It is observed from the results
of antennas (Ant-1 to Ant-5) that the axial ratio of antennas w.r.t. frequency is greater than 6dB
throughout the Super wideband. Hence, all antenna designs (Ant-1 to Ant-5) are linearly
polarized. The proposed Ant-6 with an etched CRR of the optimized radius produces circular

polarization at 1.575GHz and 26.0GHz with an axial ratio of less than 3dB.
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Fig.3.7. Simulated and measured (a) Parametric analysis of axial ratio in L;-band (b) Parametric

analysis of axial ratio in K-band of SWB-MIMO antenna

The optimized radius of the circular patch and etched CRR is 11.0mm (R;) and 5.3mm (R)),
respectively. The simulated current density of antenna at 1.575, 3.40, 3.45, 3.50, 5.50, 8.69, 15.0,
25.0, 35.0GHz frequencies is represented in Fig.3.8. The main cause behind the mutual coupling
between the adjacent antenna elements is the flow of surface current from the energized antenna-
1 to antenna-3. Extremely low surface current on antenna-2 is observed due to the excitation of
antenna-1, as shown in Fig.3.9. Hence, the level of mutual coupling between antenna-1 and
antenna-2 is reduced. This proposed decoupling mechanism is useful in various antenna
applications without affecting the adjacent antenna. In the present case, E-shaped stubs in a
ground plane are used for achieving reduced mutual coupling between antennas. Therefore,

better isolation is acquired in the intended frequency band.

1.575GHz 3.40GHz 3.45GHz 5.5GHz 7.55GHz 8.69GHz

asm ]

10
8.96
7oz
6.88
5.83
4.79
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1L.67

a

15.0GHz 25.0GHz 35.0GHz

Fig.3.8. Surface current density distribution at 1.575, 3.40, 3.45, 5.50, 7.55, 8.69, 15.0, 25.0, & 35.0

GHz when antenna 1 (left) is energized and antenna 2 (right) terminated with match load

3D radiation patterns for antenna-1(with antenna-2 is terminated with a matched load) are shown
in Fig. 3.9 (a), where the peak of an antenna's radiation patterns is in one direction at all
frequencies. When antenna-2 is excited, the power radiates towards the right of the yz- plane.

Thus, the proposed antenna gets pattern diversity, which contributes to better isolation between
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the two antennas. The designed MIMO antenna is fabricated on an FR4 substrate using a
photolithography technique, shown in Fig.3.9 (b). The antenna under test is placed in an
anechoic chamber associated with VNA (Vector Network Analyzer) to measure antenna

characteristics, represented in Fig. 3.9 (c).
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1.51
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Fi0.3.9. 3D radiation pattern of designed MIMO antenna at (a) 1.575, 3.45, 3.50, 8.50, 15.0, &

37.9GHz (b) Fabricated prototype top and bottom view (¢) Antenna under test in anechoic chamber
for radiation pattern measurement

Fig.3.10 presents the measured & simulated yz-plane (left) and xz-plane (right) 2D radiation

patterns of the designed antenna at 1.575, 3.40, and 28.0GHz frequencies an acceptable

agreement. It is noted that the patterns at the operating frequency band are omnidirectional at ®

= 0° (xz)-plane and dipole like at ® = 90° (yz)-plane except notched band (5.9-6.9GHz). At

higher frequency, the splitting of the radiation lobes is also noted due to higher-order mode

propagation.
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xz-plane at 1.575GHz, 3.45GHz, 28GHz
—Co- Polarization simulated —— Cross- Polarization simulated
—Co- Polarization measured —— Cross- Polarization measured
Fig.3.10. Measured & simulated 2D radiation patterns at 1.575, 3.45, and 28.0GHz when antenna-1

is energized and antenna-2 is terminated by a matched load

Specific Absorption Rate: SAR is a vital parameter in the antenna at which electromagnetic
energy is consumed by the human body when exposed, as shown in Fig 3.11. SAR is explained
as "the power absorbed per mass of tissue.” SAR is usually averaged either over a small sample

volume (typically 1g or 10g of tissue) or over the whole body.
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Fig.3.11. Calculation of specific absorption rate near the human head in the presence of the

designed MIMO antenna

The SAR value of any RF and microwave electronic devices is obtained by penetrating electric
field intensity in the human head tissue near the field environment [34]. Furthermore, the SAR
estimation of the proposed antenna on the head at 1.575, 3.40, and 5.50GHz frequencies are
listed in Table 3.3. For SAR analysis, the values used for the radius of skin, bone, and brain are

79.324, 75, and 65mm, respectively shown in Fig.3.11.

Table 3.2 Parameters of the human head used for calculation of specific absorption rate by the

proposed antenna at constant permeability

Thermal

Density conductivit Heat Blood Metabolism
Type (p) ©) y capacity flow rate
kg/m® kJ/IK/kg W/K/m?® wi/m®
S/m
Bio-tissue skin 1100 0.293 2.5 9100 1620
Blo-tissue 1850 0.41 13 3400 610
one
B'g'“.ssue 1030 1.13 2.675 40000 7100
rain

Table 3.3 SAR values near the human head at the different resonant frequencies when the distance

between the human head and MIMO antenna is 15mm

Specific Absorption Rate (W/kQ)

1.575GHz 3.4GHz 5.5GHz

1(9) 10(9) 1(9) 10(9) 1(9) 10(9)

0.041 0.021 0.048 0.026 0.053 0.032

The calculated value of SAR is less than 1.6W/kg for the proposed antenna as shown in Table
3.3, for all parameters listed in Table 3.2. This SAR performance is investigated without any

plastic jacket or cover. The SAR of electromagnetic energy is calculated by Equation (3.6)

2
. . _ 1 o(n|EW)
Specific Absorption Rate = vder (3.6)
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Where o(r) is the thermal conductivity of the model in S/m, E.ys (r) is the root mean square
electric field in V/m, p(r) is sample density in kg/m® and V is the volume of the sample in m®,

SAR is the function of the input power, and 100mW power is used for calculation.
3.4 MIMO DIVERSITY PERFORMANCE

MIMO diversity performance of the designed antenna is evaluated in terms of Envelope
Correlation Coefficient (ECC), Total Active Reflection Co-efficient (TARC), Diversity Gain
(DG), Channel capacity loss (CCL). ECC calculates the mutual coupling between two radiators
and the amount of correlation between them.

It is calculated through S-parameters by Equation 3.7 (a), and this Equation is only valid for

lossless uniformly distributed power through antenna.

. . 2
_ |S11512+521522)|
ECC= (1-151112+1S9112)X(1-1S5212+1S1212) 3.7(a)

ECC's ideal value is zero for uncorrelated MIMO antenna, but their acceptable value for practical
MIMO antenna is <0.5. In Fig.3.12 (a), ECC's value of designed MIMO antenna using s-
parameters and radiated fields in super-wideband is observed to be less than 0.005 and 0.03,
respectively, excluding the notched-band. Hence, the above results show a pretty low correlation

between the two antennas, indicating excellent diversity performance.
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Fig.3.12. Diversity performance of proposed SWB antenna (a) Measured and simulated results of

ECC (b) Simulated results of ECC and DG with and without EBG
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But it provides a hypothetical result which varies from empirical result so, the computation of

the ECC of the MIMO antenna by Equation 3.7 (b) in terms of radiated fields

J[Eie.8)xE;(04)]o0
‘2

‘2

ECC = 3.7 (b)

2
ﬂr‘Ei (e,q))‘ deAgc‘Ej(e,(p) do

Where E; & E; are the radiated electric fields vector of the i and " elements of the MIMO

antenna system. The MIMO antenna's diversity gain is calculated approximately by the formula
given by DG:leJl—(ECC)Z , and for satisfactory operation of MIMO antenna, diversity gain

should be close to 10dB. The value of diversity gain of the designed super-wideband antenna is
9.99dB apart from the notched band. The ECC and DG with and without EBG structures vary
from 0.0125 to 0.005 and 9.7dB to 9.99dB, respectively, as depicted in Fig.3.12 (b).

The designed two-element array SWB antenna channel capacity is verified by Ergodic MIMO
channel capacity, and it is calculated by Equation 3.8. From Fig.3.14, the minimum and
maximum channel capacity of the two-element array antenna system is 7.5bps/Hz and
11.34bps/Hz, respectively, through 20dB SNR in a uniform environment.

The correlation matrix of the MIMO system is Ry (o) = (a0) [1] + (1-a) [H][H*], where, 0< a <k
/ (k-1) and k is the number of antenna elements, For minimum channel Capacity, the value of
channel correlation coefficient (a) is zero, therefore, all channels are correlated to each other.
Furthermore, the value of a is one for maximum channel capacity, hence all channel has no
correlation and fading matrix [H][H*] is converted into an identity matrix. The maximum value

of the channel capacity of the 2x2 MIMO antenna system is calculated by the Equation 3.8

Cax2 MIMO Max- = k{|092 {det([l] + SNkR [H][H*]ﬂ} (3.8)

=4 x log2 (1+50) = 23.68 bits/sec/Hz
Where, SNR is 20dB for Rayleigh fading environment i.e. SNR = 100. As the permissible limit

of channel capacity of the 2x2 MIMO antenna system is 65% of its maximum value [35] (23.68
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bits/sec/Hz) = 23.68 x 0.65 = 14.74 bits/sec/Hz by using Monte Carlo simulation for correlated
Rayleigh channel.

The upper level of channel capacity of proposed 2 elements MIMO is calculated by Equation
(3.8) Ca-element MiMo = 2%l0g> (1+50) = 11.344bits/sec/Hz. Permissible level of channel capacity is
65% of its maximum value (11.344 bits/sec/Hz) = 11.344 x 0.65 = 7.38 bits/sec/Hz [35]. [I] is
the identity matrix, SNR is the ratio of signals of device terminal and distributed channels
(independent & identical) with Rayleigh fading environment i.e. SNR = 20dB. k is the number of
transmitting antenna elements. [H] is the fading matrix and [H'] is the Hermitian transpose of a

fading matrix.
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Fig.3.13. Comparison of channel capacity of 2 Fig.3.14. Simulated and measured results of
element antennas array with a maximum and channel capacity loss (CCL) and total active
permissible limit of a 2x2 MIMO antenna reflection coefficient (TARC) of proposed

system MIMO antenna

The channel capacity of the MIMO system is linearly increasing with increasing the number of
elements; the element matrix properly characterizes the performance of a MIMO system as it
provides the information about the phase and gain characteristic of the transmitting and receiving
elements. However, in the presence of the correlation factor in MIMO antennas, the channel
capacity losses are also increased. Therefore, the diversity performance of the proposed antenna

is affected due to channel capacity losses. It is calculated by the Equation (3.9)

CCL (dB) = -log, [det (¢°)] (3.9)
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Table3.4 Simulated MEG results of proposed MIMO antenna at various frequencies

Frequency MEG(dB) MEG(dB)
(GH2) Isotropic medium Gaussian medium
XPR =1dB XPR = 6dB XPR =1dB XPR = 6dB
1.575 -3.4 -4.7 -4.2 -6.6
15 -3.1 -3.4 -3.4 -4.5
30 -3.0 -3.5 -4.3 -3.9
39 -3.0 -3.3 -3.8 -3.8
Where ¢° is 2x2 S-parameter correlation matrix @; = 1 — |S;|? — |S; | @5 = —(Si x Sjj +

X S,-]-). Fig.3.15 shows the CCLs, and it is less than 0.35bps/Hz over the entire bandwidth
except for the notched band, which offers a better diversity result of the proposed MIMO
antenna. In the two-port antenna system, contiguous antenna elements impinge on each other
when they are working concurrently. This influences the overall desirable gain, efficiency, and
bandwidth. Hence, the actual MIMO antenna system performance cannot be predicted by s-
parameters only, so TARC is also calculated to account for this effect. For side by side two-port

radiated antenna system, it can be evaluated by Equation (3.10).

2 2
TARC = \/(S“*Sii) ;(S” +53) (3.10)

Ideally, TARC should be less than 0dB for the MIMO antenna system. The simulated and
measured TARC of the designed MIMO antenna is less than -15dB in the complete super-
wideband bandwidth except for the notched band, again it shows the excellent diversity
performance of a designed antenna shown in Fig.3.14.

The MEG ratio for the proposed MIMO antenna is extracted by Equation (3.11).

Prec | XPRXGyi(Q)+Gy;(Q)<Py ()
MEG; = A T dQ (3.11)
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Where XPR is the cross-polarization ratio and Gg; (Q2), Gai (2) & P (L) is the gain and power
density functions of the incident wave, Q is beam area. The acceptable ratio of mean effective
gain of i™ and " antenna elements should be less than or equal to +3dB. The MEG is also
represented in isotropic and Gaussian mediums to investigate the diversity performance at XPR

= 1.0dB (outdoor) and 6.0dB (indoor), as shown in Fig.3.15 and Table 3.4.
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Fig.3.15. Simulated results of mean effective Fig.3.16. Power level of 2 elements MIMO
gain in Isotropic and Gaussian medium at antenna in various states

different XPR values of the proposed antenna

The MEG for the isotropic medium at 1.0dB XPR varies in the span of -3.4dB to -3.0dB, and at
6.0dB XPR is lying between -4.7 to -3.3dB. Similarly, the MEG for Gaussian medium at 1.0dB
XPR and 6.0dB XPR is lying among -3.4dB to -4.2dB, and -6.6 to -3.8dB respectively for entire
super-wideband bandwidth. From Fig.3.15, the MEG ratio of the proposed antenna is found in
acceptable limits throughout the super-wideband bandwidth. Hence, it is as well a high-quality
channel performance of antenna for wireless communication.

Fig.3.17 shows the power loss, power accepted, power outgoing to all ports, power radiated, and
the proposed MIMO antenna for SAR calculations [34]. 0.5W stimulated power is used to
calculate the diversity performance parameters. Power loss in metal is very less in mW order, so
most of the power is radiated. Power accepted is almost the same as input power or stimulated
power except for the notched band because, in that band, maximum power returns to the same
ports. The radiated power is high in the super-wideband range except for the notch band. The

radiated power is always less than stimulated and accepted power because of dielectric,
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conductor, and surface wave loss in a microstrip line. Power going to all ports is highly interfere
at notched-band (5.9-6.9GHz) due to the correlation shown in Fig.3.16.

Table3.5 Comparison of designed SWB-MIMO antenna with existing references in various aspects

Antennasize | Impedance | iolation (@) | Ecc | MaxSan
54x54 [26] 3.1-40 20 0.5 7.5
27.4%x27.4 [29] 1.25-40 18 0.01 4
40x47[30] 1.3-40 20 0.02 3.6
58x58 [31] 2.9-40 17 0.04 13.5
33x%26 [32] 1.3-40 20 0.01 5.8
20x36 [33] 1.21-34 20 0.25 3.5
55.6x50.5[Proposed] 1.5-40 20 0.005 7.5

It is noted from Table 3.5 and 3.6 that the designed antenna achieves better results in comparison
with the referred MIMO antennas at various specifications, which is highly appreciable as the
designed antenna is small in size with super-wideband impedance bandwidth. Group delay (ns)
is also calculated to verify the time-domain characteristic of the MIMO antenna. The two
identical antennas are aligned in front of each other as a receiver and transmitter kept 100cm
apart to obtain group delay deviation. It is found to be almost constant in the super-wideband
bandwidth, excluding the notched band.

Table 3.6 Comparison of SAR and CCL of designed SWB-MIMO antenna with existing references

Specific Absorption Rate Channel Capacity Loss
Frequency (SAR) (CCL)
(GHz) 19 10g
(W/Kg) (W/Kg) Frequency (GHz) CCL (bps/Hz)
0.124,
3.45,5.8 0.246,0.122 0.045 [137] 8-18 0.35[135]
0.6,0.8,
3.1,3.4,4.0 0.8,0.9,1.2 0.8 [133] 0.95-6.13 0.50 [136]
3.4 0.0368 0.0138 [134] 3.08-10.98 0.35[133]
1.575,3.4, 0.041,0.048, 0.021,0.026,
5.5 0.053 0.032 [P] 1.5-40 0.35[P]

Table-3.7 shows the comparison of different decoupling techniques including the proposed one
and concludes that Mushroom-shaped EBG including E-shaped decoupling structures provides

greater than 20dB isolation in the SWB range (1.5-40GHz).
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Table 3.7 Performance comparison of the decoupling techniques over the proposed design

Isolation
Level Isolation Techniques Advantages Disadvantages
(dB)/Refs
Complex structure
16 [2] Fractal Slots Improved isolation and FBR with narrow
bandwidth
15 [4] T-shaped Improved isolation :;r']'r;'ted to UWB
15 [14] Rectangular slits Improved ECC, DG, MEG Up to 6GHz only
Poor isolation at low
. Good isolation for UWB frequency (>2GHz)
20 [18] F-shaped decoupling structure bandwidth
EBG WITH FSS, Double-layer Improved isolation, increased
20 [19] EBG, Mushroom-shaped EBG diversity gain Complex geometry
. Provided good isolation for .
24 [20] Funnel-shaped decoupling 173% bandwidth Large in size
20 [21] Improved isolation at a lower
Defected Ground Structure (DGS) frequency, compact structure Complex structure
15 [22] Complimentary Split-Ring Compact structure and high Limited to a
Resonator (CSRR) isolation bandwidth wideband bandwidth
Complex structure
20 [25] Flag-shaped stub on the g€und Good isolation for dual-band for
plane .
the wideband only
Mushroom-shaped EBG Improved isolation for 1-
20 [P] including E-shaped decoupling 40GHz bandwidth with Complex structure
structure reduced cross-polarization
3.5 SUMMARY:

In this Chapter, A step impedance microstrip feed line structure is introduced to achieve a super-
wideband impedance bandwidth (1.5-40GHz) of 185%. This antenna is designed to be circularly
polarized at 1.575GHz (L;-band) and 26.0GHz (K-band) by using a closed ring resonator on the
radiating patch. The EBG structures improve FBR in lower (1.5-5GHz) and higher band (25-
35GHz). The proposed antenna is designed with a compact size of 55.6x50.5x1.6mm?® on the
FR-4 substrate, including exotic diversity performance. This MIMO antenna is suitable for
defence and handheld devices covering GPS/ DCS/ PCS/ UMTS/ Wi-BRO/ ISM/ IRNSS/ LTE
(M/HB)/ BLUETOOTH/ 10T/ WiMAX/ X/ Ku/ K/ Ka-band and it is also suitable for 5G (sub-
6GHz/mm) applications with channel capacity of 11.34bps/Hz. Simulated results of MIMO
antenna like radiated power based ECC and diversity parameters are also verified experimentally,

which are in the acceptable range. Finally, this antenna is tested in a realistic environment for the
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SAR application. A dual-band circularly polarized two-element MIMO antenna with band-notch
characteristic has been evaluated for super-wideband applications having 20dB isolation. All
simulated results of antenna have been verified with measured results to the entire impedance
bandwidth, including the notched-band (5.9-7.1GHz), which mitigates the interference from E-S
satellite communication. The antenna achieved 7.6dBi peak gain, including stable
omnidirectional radiation patterns with excellent ECC, less than 0.005. The antenna's SAR
performance is also demonstrated under the permissible limits, and the average channel capacity
is 11.34bps/Hz. The performance of the proposed antenna proved that it is a good candidate in

various portable wireless applications.

*kkk*k
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CHAPTER-4

HIGH ISOLATION MIMO ANTENNA FOR MULTIBAND
APPLICATIONS

4.1 INTRODUCTION

Recently numerous wireless communication standards and protocols working at different
frequencies have been developed and deployed worldwide. To meet the needs of all these services
simultaneously, antennas in mobile phones and other wireless services that can cover multiple
frequency bands are in increasing demand. This requirement is fulfilled by multiband MIMO
antennas. The main advantage of multiband antennas is a small size, avoid interference from other
bands, simple to integrate, and low cost.

The MIMO-communication system that uses numerous antennas on the transmitter as well as
receiver ends, as shown in Fig. 4.1, fulfills the demand for enhanced channel capacity along with a
high data rate. MIMO antenna improves the reliability and multi-path fading issues of the wireless
communication systems, where signals may come together at the same time or different at the

receiver end.

Fig.4.1. A pictorial representation of the 4x4 MIMO antenna transceiver system

Saxena, Gaurav, Priyanka Jain, and Y K Awasthi. "Pentaband MIMO Antenna with Dual Polarization for Wireless Applications.” International
Journal of Microwave and Wireless Technologies (2020)
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In this Chapter, a compact multiband dual-polarized , meander line-shaped Penta-band (2.16-2.28,
2.38-2.42, 2.59-2.72, 3.10-3.32, 3.38-3.46 GHz) 4-elements multiple-input-multiple-output (MIMO)
antenna is presented. A multiband characteristic is attained by introducing a L-shaped mender line
as antenna radiators. Furthermore, four semi-circle-shaped slots and L-shaped stubs are introduced
in the ground plane to improve isolation which is required for improving diversity performance.
Radiation patterns of this antenna have shown the RHCP at port-1 & 3 and LHCP at port-2 & 4 at
frequencies 2.2, 2.4GHz, which is widely used for MSS and loT applications. This antenna is
designed and fabricated with a compact size of 50x70x1.6mm? on the FR-4 substrate with good
diversity performance in pentaband. Simulated results of antenna-like return loss, isolation, and
parameters related diversity have also tested experimentally in a controlled environment, which is
within the permissible limit. The designed antenna will be appropriate for Mobile satellite services
(MSS), ISM, Broadband Radio Services (BRS), Educational Broadband Services (EBS), WiMAX,
Radio Location Services, and Amateur Radio Services respectively. Meanwhile, SAR of the
designed antenna has been examined in an empirical environment for the Fresnel radiating near field
applications. In section 4.2, an antenna design procedure is explained step by step for multiband
characteristics with dual-band circular polarization. Section 4.3 demonstrates the antenna results like
impedance bandwidth, isolation, gain, antenna radiation efficiency, and axial ratio, etc. Section 4.4
shows the results of the diversity performance like ECC, DG, TARC, CCL, and channel capacity of
the antenna. The summary of this Chapter is discussed in section 4.5. This multi-band MIMO

antenna has been simulated using a CST-microwave studio.
4.2.Design Procedure OF Mimo Antenna :

The geometrical design steps of the proposed pentaband antenna are represented in Fig. 4.2(a) along
with its simulated return loss. Antenna-1 exhibits unacceptable return loss in intended bands,

therefore to achieve anticipated bands, a mender line of optimized length is introduced in Antenna-
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2. The results of Antenna-2 are somehow depicted pentaband characteristics with very poor return
loss as shown in Fig.4.2 (b). To improve the return loss in requisite bands, a semi-circular shaped-
slot is etched in a partial ground plane as shown in Antenna-3 and an L-shaped matching stub is also
attached to the feeding line to improve input impedance as given in antenna-4. Hence, the requisite
pentaband result is achieved by a very compact meandering antenna because the meander line is
used for antenna size reduction. This antenna is made from continuously folded planar wire intended
to reduce the resonant length. The meander line antenna tends to resonate at frequencies much lower

than an ordinary antenna of equal length.
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Fig.4.2. Proposed pentaband antenna (a) Step-by-step geometrical design procedure (b) Simulated

return loss

The fundamental resonance frequency (fres) of a mender-shaped monopole antenna is = c¢/(2xLxVe,)
where, L is the length of the meandering antenna, and c is the velocity of light (3x10®m/sec) in free
space. Therefore, the first, second, third, fourth and fifth resonating frequencies are 2.2, 2.4, 2.6, 3.2,
and 3.4GHz at corresponding meander length of antenna 32.50, 29.73, 27.5, 22.34, 21.03mm
respectively. Later on, the proposed antenna design is used for the 4-elements MIMO antenna with a
suitable isolation mechanism. The proposed pentaband MIMO-antenna is fabricated by

photolithography methods on the FR4 substrate with relative permittivity (g;) of 4.4 having loss
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tangent 0.002 and substrate height (h) of 1.6mm. The overall dimension of the MIMO antenna (front
and bottom) is 50mmx70mm as shown in Fig.4.3 (a)-(b). The proposed antenna has exhibited
circular polarization in two-bands (2.2GHz and 2.4GHz) due to a ramp-shaped cut at the end of a
meandering patch. This MIMO antenna also has dual-polarization (RH/LH) owing to the mirror
image of antennas- 1 & 2 and 3 & 4 respectively. Therefore, Antennas 1 or 3 shows right-handed
(RH) circular polarization, and antennas 2 or 4 shows left-handed (LH) circular polarization as

shown in Fig.4.3 (a).

7O0mm

(@) (b)
(b) Fig.4.3. The geometry of 4-element MIMO antenna including physical dimensions (a) Front view
(b) Bottom view

Mutual coupling happens due to the proximity of adjacent antenna elements with the energized
element because the surface current is captured by adjacent antennas. A new isolation mechanism is
proposed to encounter this problem in the proposed 4-elements antenna. It is found that low surface
current density distribution on antennas 2, 3, and 4 when antenna 1 is excited due to the inverted L-
shaped decoupling mechanism in the ground plane. Means, the migration of surface current between

4-elements is reduced.
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4.3DISCUSSION OF RESULTS

Results of the proposed pentaband antenna like return loss, isolation, peak gain, axial ratio, and
radiation efficiency are represented in Fig.4.4 (a) to 4.4(d). The values of return loss in requisite
bands are greater than 10dB and have a better agreement between simulated and measured results as
depicted in Fig.4.4 (a). From Fig.4.4 (b), Isolation between the antenna elements is greater
than permissible value, for this reason, the antenna exhibits a better diversity performance
and it is also observed that the isolation between antenna 1 and 2 is high at 2.25GHz;
because the inverted L-shaped stub structure in the ground plane is tuned at the same
frequency. The axial ratio of the proposed MIMO antenna at 2.2 and 2.4GHz frequencies are less
than 3dB which indicates that the antenna is circularly polarized at the above-mentioned frequencies
as shown in Fig.4.4(c). A circularly polarized antenna is essentially important for mobile and
vehicular devices to receive power in every orientation for establishing the desired communication
link. Hence, the dual-band circular polarization of this antenna is useful for MSS & IloT
applications. Gain and radiation efficiency of the antenna is depicted in Fig.4.4 (d) and radiation

efficiency is almost greater than 70% in all indispensable bands.
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Fig.4.4. Simulated and measured results of the proposed antenna in terms of (a) Si; (b) Sz1. Sa1, S41(c)
Axial ratio (d) Gain and radiation efficiency

The distribution of the current density (A/m) at 2.2 and 2.4GHz frequency is rotating clockwise
indicating by an arrow when at port 1 or 3 has excitation which indicates right-handed (RH) circular
polarization of antennas. Similarly, when port 2 or 4 has excitation, The distribution of the current
density is rotating anti-clockwise which indicates left-handed (LH) circular polarization of antennas
as shown in Fig.4.5 (a). The simulated electric fields (V/m) of an antenna at 2.2, 2.4, 2.6, 3.2,
3.4GHz frequencies are represented in Fig.4.5 (b). Electric-field distribution over the single
element provides better insight to understand which portion of the meandering line
contributes to the specific bands and it is observed that at a lower frequency (2.2GHz)

electric field cover the entire length of the meandering line.
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Fig.4.5. Current density and Electric field distribution at (a) 2.2, 2.4 GHz frequency for RHCP/LHCP
(b) 2.2, 2.4, 2.6, 3.2, 3.4GHz when antenna 1 is energized and remaining antennas are terminated with

matched 50Q load

Therefore, the first, second, third, fourth, and fifth resonating frequencies are 2.2, 2.4, 2.6, 3.2, and
3.4GHz at corresponding meander length of antenna 32.50, 29.73, 27.50, 22.34, 21.03mm
respectively. 3D radiation patterns are the spatial distribution of the electromagnetic field radiated
from the transmitting antennas in vertical and horizontal planes as shown in Fig.4.6 (a), where the

maximum radiation intensity of an antenna is observed in + z-direction at intended frequencies.
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Fig.4.6. 3D radiation pattern of designed MIMO antenna at (a) 2.2, 2.4, 2.6, 3.2, & 3.4GHz when

antenna-1 is excited only (b) Top and bottom view of a prototype (c) Antenna under test-AUT for

radiation pattern measurement in the anechoic chamber

This MIMO antenna is fabricated on the FR4 substrate using double-sided 35um copper peel by the
double beam photolithography technique as exhibited in Fig.4.6 (b). The radiation performance of
the antenna is also tested in an anechoic chamber associated with VVector Network Analyzer (VNA)
as depicted in Fig.4.6 (c).

The radiation pattern in E and H-plane of the MIMO antenna is presented for pentaband applications
in Fig.4.7. Co & cross-polarization of the antenna- 1 is simulated and measured when antennas- 2, 3,
and 4 are terminated with a 50Q matched load. Fig.4.7 represents the measured & simulated
radiation patterns of the proposed antenna at frequencies 2.2, 2.4, 2.6, 3.2, and 3.4GHz respectively

in E-plane (yz) and H-plane (xz) within the satisfactory range.
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Fig.4.7. Simulated & measured 2D radiation patterns at 2.2, 2.4, 2.6, 3.2, and 3.4GHz for E-plane and

H-plane, antenna-1 is energized and rests of antennas are terminated by a matched load

Here, authors have considered the right-hand polarization results at CST Microwave Studio as Co-
polarization and left-hand polarization as Cross-polarization for E/H plane radiation patterns, and
the same has been considered for measurement data also. It is noted that for the intended pentaband,
the patterns are partially Omni-directional at ® = 0° (H-plane) and monopole like at ® = 90° (E-
plane) and Co and Cross polarization level are well separated (i.e. 20dB) with each other.

Specific Absorption Rate: “the power absorbed per unit mass of tissue”, it is a vital component of
an antenna when the antenna is used in near field applications of wireless communication. Radiated
electromagnetic (EM) energy is absorbed by the human body as represented in Fig.4.8. SAR is
generally calculated on a small bio tissue (usually 1gm or 10gm) or the entire body [34].
Furthermore, SAR estimation on the head for the proposed antenna at 2.2, 2.4, 2.6, 3.2, and 3.4GHz
frequencies are represented in Table-4.1. For the assessment of SAR, the values of the thickness of

the brain, bone, and skin are 66, 76, and 79.32mm respectively.
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Fi0.4.8. Specific absorption rate calculation of the designed MIMO antenna near the human head at a

distance of 6mm

The simulated value of SAR for 1gm and 10gm of bio-tissue of the head is less than the permissible
limit (i.e. 1.6W/kg) for the designed MIMO antenna as exhibited in Table-4.1 corresponding to all
parameters scheduled in Table-4.2. The SAR results are calculated by CST microwave studio

without any plastic-jacket or dielectric cover.

Table 4.1 Simulated SAR at resonant frequencies for the human head at a 6mm distance

Specific Absorption Rate (W/kQ)

2.2GHz 2.4GHz 2.6GHz 3.2GHz 3.4GHz

1(9)  10(¢) U9) 10(® 1@  10(@ U9  10(e) 1@  10(9)

1.08 0.98 1.10 1.17 1.13 1.23 1.16 1.27 1.19 1.29

Table 4.2 Parameters of the bio tissues for skin, bone, and brain used for calculation of SAR of

MIMO antenna with constant permeability

Metabolism . Heat Thermal
Bi(-)r-)’giz gue Rate Delils;tmy3(p) B{/c\)/o/dK/FnI]%W Capacity Conductivity (o)
W/m? g kJ/K/kg S/im
Brain 7100 1030 40000 3.675 1.13
Bone 610 1850 3400 1.30 0.41
Skin 1620 1100 9100 3.50 0.293

4.4 MIMO ANTENNA DIVERSITY PERFORMANCE:

The designed MIMO antenna diversity performance is examined in terms of various parameters like

envelope correlation coefficient (ECC), multiplexing efficiency, channel capacity, channel capacity

loss (CCL), and mean effective gain (MEG).
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Envelope Correlation Coefficient: ECC is one of the diversity parameters to investigate the
performance of the MIMO antenna system for wireless applications which shows how much
antennas are correlated to each other.

The calculated and measured value of ECC between two antenna elements of a designed 4-elements
antenna by S-parameters and radiated fields in all prescribed bands are observed less than 0.1 as
exhibited in Fig.4.9 (a)-(b) respectively. Hence, This MIMO antenna shows less correlation between
the two antennas in the MIMO system and gets excellent diversity performance.
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Fi9.4.9. Measured and simulated results of the proposed MIMO antenna (a) Envelope correlation
coefficient from radiated fields (b) Envelope correlation coefficient from S-parameters (c) Multiplexing
efficiency
Directive gain: DG is also an important parameter of the MIMO antenna system. The diversity gain
(DG) is an increment of signal-to-interference ratio due to some diversity scheme or to reduce the
transmission power by using this scheme without compromising the performance of an antenna.
Directive gain is depending on cross-correlation between the transmitted signals from the adjacent
antennas and the relative mean power level. The calculated values of diversity gain in all intended

bands are more than 9.8dB.
Multiplexing Efficiency: The main feature of multiplexing efficiency is to shows the correlation

and efficiency imbalance between MIMO antennas used in a wireless system.
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Hence, the values of total and multiplexing efficiency are more than (50%) and the value of
efficiency goes down at the unintended bands as shown in Fig.4.9 (c).

Channel Capacity: Channel capacity of the MIMO antenna is investigate to know the data rate
which is dependent on bandwidth and SNR (signal-to-noise ratio). The channel capacity of the 4-
element pentaband MIMO antenna is verified with the average channel capacity of the standard
MIMO system. The minimum and maximum threshold level of channel capacity of the 4-element

antenna is varying between 14.85-22.68bps/Hz at 20dB SNR in a uniform environment as shown in

Fig.4.10 (a).
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Fi0.4.10. The proposed 4-element antenna (a) Calculated average channel capacity (b) Simulated and
measured results of channel capacity loss

The value of SNR for the calculation of channel capacity is 20dB. Maximum channel capacity of the
4-element MIMO antenna system is 22.68bits/sec/Hz but the permissible limit is 65-70% of its
maximum value (22.68x0.65 = 14.74 bits/sec/Hz) [35]. The main factor behind the use of the
MIMO antenna is to get an enhanced channel capacity at an appropriate level. However, the channel
capacity of a wireless communication system is also dependent on the number of antenna elements
used in the system and the correlation between antenna elements. Means, channel capacity will be

increased with an increase of un-correlation between antenna elements.
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Channel Capacity Loss: CCL is also related to the amount of correlation between antenna elements
used in the MIMO system. The value simulated and measured CCL are below the prescribed
(0.5bits/sec/Hz) limit for intended Penta-bands as shown in Fig.4.10 (b). CCL of the proposed
multiband MIMO antenna is less than 0.35bps/Hz over the intended bands, which indicate a good
diversity performance of the proposed pentaband MIMO antenna.

Total Active Reflection Coefficient: In a 4-port antenna system, adjacent antenna elements
interrupt each other when they are excited at the same instant. This type of interruption affects the
antenna performance parameters like overall gain, efficiency, and bandwidth of multi-band.
Therefore, the actual performance of the MIMO antenna system will not be extracted by scattering-
parameters only, it will also by the total active reflection coefficient (TARC). It is defined as “the
square root of the sum of all incident powers at the ports minus radiation power, divided by the sum
of all incident powers at the ports the TARC of the proposed 4-element MIMO system is calculated

by Equation (4.1)-(4.3).

N
> bl 2 2
(TARC)T, - ”El :_J(Sii +5;)” + (S +S;)

Z|""i|2
n=1

n

(4.2)
Where a; and b; is an incident and reflected electromagnetic wave respectively and n denotes the
number of antenna elements used in the MIMO system at transmitting or receiving ends.

[b]=[S][a] (4.2)
Where [S], [a] and [b] are scattering, incident, and reflected matrix of 4-port multiband MIMO

antenna, respectively.

b, S S, Sz Su||la

b, _ Sy Sy Sy Sy |la; (4.3)
by Ss1 Sz Sz Sy || a3

b, Syt Sap Syz Su | a4
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In general, TARC should be less than 0dB for better MIMO antenna performance, and TARC of the
fabricated and simulated proposed MIMO antenna is less than -40dB in the intended bands. Hence,
the designed antenna is depicted as the good diversity criteria for a MIMO wireless communication
system.

Mean Effective Gain: MEG is an important parameter to investigate the diversity performance of
the MIMO antenna it gives information about how much received mean power when input power is
fed along the same route. The acceptable mean effective gain of i" and j™ antenna elements is < -
3dB.

The mean effective gain is calculated for the proposed antenna based on three propagation models
where XPR has different values as 0dB, 1.0dB, and 6.0dB for isotropic, outdoor, and indoor with
different mediums like Isotropic, Gaussian, and Laplacian as shown in Table 4.3 and Fig.4.11. The
MEG of the proposed antenna is fall within the permissible limit (< + 3dB) for all bands. Hence, the
proposed antenna has high-quality channel performance which applies to wireless communication.
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Fig.4.11. Simulated results of mean effective Fig.4.12. Power levels of the designed MIMO
gain of the proposed antenna in Isotropic, antenna in various states as power loss, power

Laplacian, and Gaussian medium for indoor and  stimulated, power accepted, and power radiated,
outdoor values power absorbed, and power outgoing
Table 4.3 Simulated MEG results of pentaband MIMO antenna at various XPR and frequencies
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MEG (dB) MEG (dB)

Fr(egaezr)\cy Laplacian medium Gaussian medium
XPR = 1dB XPR = 6dB XPR =1dB XPR = 6dB
2.2 -6.9 -7.8 -4.5 -4.3
24 -5.5 -7.3 -4.8 -4.1
2.6 -6.2 -7.6 -4.9 -4.5
3.2 -6.4 -7.1 -5.1 -2.8
3.4 -5.9 -6.8 -5.0 -3.8

The various power levels in terms of power loss, power accepted, power outgoing to all ports, and
power radiated by the proposed antenna has been examined for SAR calculation as shown in
Fig.4.12. Here, 0.5W stimulated power is used for the calculation of all powers and diversity
parameters. In the proposed antenna, most of the power is radiated because this antenna has
minimum power loss in intended bands. Power accepted is almost equal to stimulated power
except unintended bands due to poor return loss means power returns back to the same ports. The
radiated power is less than stimulated power because dielectric, conductor, and surface wave
losses are associated with the proposed antenna. Powers going to all ports are highly interfere at
other than the intended bands because at unintended bands most of the power is correlated between
ports and power at the ports will not reach the antenna for radiation. Table-4.4 shows the
comparison of the performance of the pentaband MIMO antenna with existing multiband MIMO
antennas at diverse parameters. So, it is observed from Table-4.4 that the proposed antenna is
having good radiation efficiency, ECC, and CCL including dual-band circular polarization
characteristics. A lower value of ECC & CCL provides better channel capacity and less
outage probability and circular polarization in two-band is applicable to immune the noise,

produced due to Faraday rotation when the radiated field passes through the ionosphere
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layer. Hence, the proposed MIMO antenna provides better performance in comparison with the
existing references.
Table 4.4 Comparison of the performance of pentaband MIMO antenna with existing multiband

MIMO antennas at diverse parameters

. - No. of DG .
Size(m  Frequency . Max.Gain CCL CP Isolation(dB)/
m?) (GHz) Efficiency (dBi) ECC (bits/sec/Hz) Band Antenna  (dB) References
Elements
0.81-0.97,1.36-2.8,3.4- 0.15
90%60 3.75 0.5-0.75 - ' 0.5 - 2 9.75 13 [37]
(at 6dB)
0.75-0.96,1.7-3.60,
125x75 0.75 4 0.5 0.35 - 4 9.80 15 [40]
(at 6dB)
1.9,2.9,3.2,5.0,5.6,7.74
60x70 0.7 8.69 0.02 0.30 - 2 9.57 20 [41]
(at 10dB)
0.89-0.97,1.88-1.98,2.2-
60x70 24,2529 0.73 2.8 0.01 0.35 - 2 9.75 15 [46]
(at 10dB)
2.3-2.6,3.3-3.8,5.7-5.85
60x40 - 3.6 0.04 0.34 - 2 9.80 40 [47]
(at 10dB)

1.90-3.21,3.51-3.71,25.7-
115x65 0.7-0.8 9.9 0.16 0.35 2 6 9.85 15 [48]
30.5 (at 10dB)

2.18-2.24,2.38-2.46,2.65-
50x70 2.70,3.10-3.32,3.38-346  0.81-0.95 4.04 0.005 0.35 2 4 9.90 17 [P]
(at 10dB)

Different isolation improving technique is discussed in Table-4.5 with refereed literature and
discussed its limitations also which is useful to design a high isolation MIMO antenna.

Table 4.5 Comparison of the proposed isolation mechanism with the existing mechanism

Isolation
Level (in Isolation Techniques Advantages Disadvantages
dB)
10 [54] RH/LH Transmission Improved isolation, Complex structure and used for

Line increased diversity gain only mobile application
40 [56] Decoupling Structure Limited to wideband Not used in UWB and SWB

Good isolation for
30 [57]  Nutrilazation Line MB(Multiband) Complex structure
bandwidth
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Good isolation for
Multiband bandwidth
Improved isolation in
multiband for 4 Limited to wideband only
elements

12 [59] FSS Limited isolation and size is bulky
Inverted L-shaped

18[P] decoupling structure

4.5 SUMMARY

A dual-band circularly polarized 4-elements MIMO antenna has been proposed for pentaband
applications as MSM, 10T, ISM, BRS, EBS, WLAN, and WiMAX. All the simulated results of the
antenna had confirmed with measured results in the intended pentaband. The antenna has achieved
3.58dBi peak gain with stable omnidirectional radiation patterns with acceptable diversity
performance like ECC, TARC, CCL, DG have values 0.005, -40dB, 0.35bits/sec/Hz and 9.5dB
respectively as shown in Table 4.5. The SAR performance of the proposed four ports MIMO
antenna is calculated, it is also under the permissible limits for 1g and 10g of bio-tissue of the
head. The diversity and antenna performance of the proposed antenna is excellent in all respect for
wireless communications; this means this antenna is useful in various portable wireless
applications with an average channel capacity of 14.68bps/Hz. Finally, the performance of the

proposed antenna proved that it is a good candidate in multiple portable wireless applications.

*kkkk
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CHAPTER-5
DESIGN OF METASURFACE ABSORBER FOR LOW RCS AND
HIGH ISOLATION MIMO ANTENNA

5.1. INTRODUCTION:

MIMO (Multiple-input multiple-output) antennas are playing a vital role in modern wireless
communication in enhancing the capacity and reliability of the network and become a major part
of communications paradigms, such as LTE (long-term evolution) and forthcoming 5"-
generation mobile communication network. Since mutual coupling between different elements of
the MIMO antenna is an important metric when investigating the performance of the MIMO
antenna. In recent years, various isolation improvement techniques for multiple inputs and
multiple outputs antennas have been reported as decupling networks, neutralization network
technique, negative group delay lines, parasitic monopole elements, artificial magnetic conductor
(AMC) reflector, ground plane modification method, or a combination of the above-mentioned
methods but these techniques are tedious, occupied more space over the antenna and difficult to
fabricate to improve the isolation between the different antennas. In this Chapter, a technique of
improving isolation between MIMO antennas through Metasurface (MS) has been reported that
absorbs all the current which couples from the excited antenna to the rest of the antennas.

Radar cross-section (RCS) has become increasingly important with the rapid development of
stealth technology. RCS reduction can also be achieved by utilizing absorbing materials. RCS is
mainly depending upon how much power reflected per unit beam solid angle. So this MS
absorber can absorb incoming electromagnetic waves and convert the corresponding
electromagnetic energy into heat energy and provides low RCS. Coating with radar absorbing
materials (RAM), forming and using passive and active cancellation technology are normal

methods in RCS reduction. In this Chapter, a novel metasurface based highly decoupled 4-

! Saxena, Gaurav, Priyanka Jain, and Yogendra Kumar Awasthi. "Design of Metasurface Absorber for Low RCS and High Isolation MIMO
Antenna for Radiolocation and Aeronautical Radio Navigation. AEU Journal Elsevier (2020)
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element MIMO antenna is designed at 8.78GHz frequency with reduced RCS. Section-5.1.2
shows the proposed metasurface absorber analysis and results. Section-5.1.3 depicts the results
and analysis of the proposed antenna with and without metasurface. Section-5.1.4 is providing
the results of the diversity performance of the proposed antenna in terms of ECC, MEG, TARC,

and CCL. A summary of the proposed design work is summarized in section-5.1.5.

5.1.2 ABSORBER DESIGN ANALYSIS AND RESULTS

The top and bottom view of the proposed metasurface are presented in Fig.5.1.1 (a) and (b)
including all dimensions of the top of the metasurface as mentioned in Table-5.1.1. The
suggested metasurface can be viewed as an array which is shown in 5.1.1(c). The proposed
metasurface is designed on FR-4 substrate with permittivity 4.3 and loss tangent (tand) = 0.02 of
1.0mm substrate height (h), while the bottom side is completely laminated by a copper sheet.
The thickness of copper layers having conductivity () 5.1.8x10’S/m on both sides is 0.035mm.
The proposed unit cell of the metasurface is comprised of concentric circular and elliptical-
shaped rings with four 3000hms lumped resistances. The design is simulated on EM simulation

(CST Microwave Studio) using periodic boundary conditions and the Floquet ports excitation.

[

10mm H4k\E e
T

A
v

10mm

(@) (b) (c)
Fig.5.1.1. The proposed geometry of the unit cell of metasurface with structural dimensions (a)
Front view (b) Bottom view(c) 3x3 MS array at normal incidence
Fig.5.1.1(c) shows a 3x3 MS array at normal incidence and all the calculations for Floquet port

with this array.
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Table-5.1.1 Dimensions of designed metasurface shown in Fig 5.1.1 (a)

a b c d e f g R
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
0.25 2 3 0.3 0.95 0.25 0.5 0.25

Transmission line theory-based mathematical analysis of absorber is comprised of a dielectric
substrate with metasurface. Conforming to the response of metasurface in an external
electromagnetic field, a general equivalent circuit of the metasurface is given in Fig. 5.1.2. The

absorptivity A (f) of any absorber structure is calculated by Equation (5.1.1).
A(F) =1-R(F) = T(F) =1-[Su (1) ~[Su ()] (5.1.1)

Where, R(f) = |Sn(f)|2 is reflected power and T (f) = |821(f)|2 is transmitted power. Since the

bottom side of the metasurface is completely laminated by the copper, which prevents the

transmission of incident EM waves and it makes transmitted power almost zero. So the Equation
(5.1.1) becomes A (f) :1—|511(f)|2 . The absorption can be evaluated by Equation (5.1.2)

2
Zn=20| _1_ Reflected Power (5.1.2)

Af)=1-

in+ 0
Where Zy = 377Q is the characteristics impedance of free space and Zj, is the input impedance
of the proposed metasurface. Input Impedance (Z;) of a dielectric medium of the proposed

structure backed with a copper sheet is to be calculated by Equation (5.1.3) where c is the speed

of light in free space i.e. 3x10%m/sec.

' onf
z,=3%0 (g & ey (5.1.3)
£, c

NS

Meanwhile, the impedance (Z,) of the top layer of the proposed structure which is in contact

with free space is also calculated by Equation (5.1.4)

. 1
Z,=R+j| 2nfL- 5.14
2 J( n 27'ch) ( )
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Fig.5.1.2. A general equivalent circuit model of the proposed unit cell of metasurface structure

The total input impedance of the proposed metasurface is obtained by Equation (5.1.5)

B Z,xZ,

Z, =
Z,+7Z,

(5.1.5)

To match impedance with the free space means the total input impedance Z, of the proposed
metasurface is equal to the impedance of free space Z,. The value of R, L, and C are estimated

by using Equations (5.1.2)-(5.1.5) at the intended frequency 8.78GHz.
The theoretical value of equivalent resistance needed at intended frequency is given by

Equation (5.1.6) while quantitative relation between the equivalent inductance (L) and

equivalent capacitance (C) is suggested in Equation (5.1.7).

Z,tan’ (anc\/; hJ
R,.= (5.1.6)

eq
2nf |/
<°,r+t21112[7t & h}
C

(anL- jz- (5.1.7)
2nfC (2nf z, h]

Using Equations (5.1.6) and (5.1.7), the value of R = 13.76Q, L = 1.60nH, and C = 0.97pF for
satisfying 99.8% absorbance at 8.78GHz frequency. Simulated return loss Si1; of a unit cell of

the proposed metasurface at 8.78GHz frequency is 39dB as shown in Fig.5.1.3 and 10dB
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bandwidth of unit cell is 8.75-9.0GHz.

100 - ~100
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Frequency (GHz) Frequency (GHz)
Fig. 5.1.3. Simulated return loss of a Fig. 5.1.4. Simulated absorbance and
proposed unit cell of metasurface at the reflectivity of the proposed unit cell of
intended frequency metasurface at the intended frequency

Fig.5.1.4 shows the absorbance and reflectivity of the proposed unit cell at the frequency of
interest (8.78GHz) that are 99.8% and almost zero respectively and the same is also
comprehended by using Equations (5.1.1) and (5.1.2). Fig.5.1.5 shows the metamaterial
properties of the unit cell that signify by the phase of return loss which is varying from -90° to
+90° concerning 8.75-9.0GHz frequency band and concurrently normalized input impedance is
constant at the unity that means input impedance Z, of the proposed unit cell is matched with
the intrinsic impedance Z, (377Q) of free space in the same frequency band.

The parametric variation of return loss at the intended frequency of the proposed unit cell at
different values of loaded lumped resistance is shown in Fig.5.1.6 which shows the adaptability
of absorbance of the proposed design. At 300ohm lumped resistance, the return loss is 39dB
which shows the best absorbance and reflectivity in the proposed design. If we not connected
resistance at that instant proposed MS provides a minimum return loss of about 10dB and minim
-um absorbance. As the proposed unit cell is used to design a metasurface absorber which can be
used in various applications in defense antennas therefore the electromagnetic signal can be

analyzed for different incident angles (0). So, the Fig.5.1.7 (a)-(b) depicts the variation of return
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loss at different incidence angles and various polarization angles. It is also observed that the
return loss depends on the incidence angle, hence this structure is polarization-sensitive
metasurface for incidence angle but not change with various polarization angles (®) (0° to 60°)

so this MS is polarization insensitive for @ in TE mode.
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Fig. 5.1.5.Phase illustration of returnlossand a Fig.5.1.6. Parametric study of the return loss of

normalized input impedance of the proposed the proposed unit cell with different values of

unit cell used lumped resistance
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Fig.5.1.7. Parametric study of the return loss of proposed metasurface with a variation of various
incidence angles (b) various polarization angles (Phi) in TE-mode

Simulated current density, electric field, and RCS of the proposed unit cell of metasurface are shown in
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Fig.5.1.8 and it is also clear from Fig.5.1.8 (a) and (b) that the total power density (W/m?)

incident normally at the surface of a unit cell is completely absorbed in intended frequency.

1
-1
o

D D s LD s D s D e D s D D s

Fig.5.1.8. Simulated (a) Current density (b) Electric field (c) RCS of a proposed unit cell of
metasurface at 8.78GHz frequency
In defense application, radar cross-section of any material is a very important parameter that
needs to be maintaining as low as possible but the RCS antenna increased significantly as it is
mostly backed by a ground conductor. To solve this problem in the proposed MIMO antenna, a
metasurface is designed which has very low RCS as shown in Fig.5.1.8 (c). RCS is reduced up to
25dBsm by the proposed metasurface at the intended band of frequency as shown in Fig.5.1.9,
_—4—</‘“‘“4H‘d_‘_,4 -—4—d

Nt
'\—-— Simulated with MVA at ThetaPhi=o’0’ 4

1
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Fig.5.1.9. Simulated and measured RCS of proposed metasurface at various incident angle 6 and
polarization angle ¢
To understand RCS theoretically, the ray theory has been explained in the following literature.

The reflection coefficient (T, ) under zero incidence angle condition is defined by the Equation
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(5.1.8)

Za _ZO

=gy (5.1.8)

Z, is the intrinsic impedance of metasurface. The reflection coefficient of oblique incidence

a

angle (T, ) can be defined by Equation (5.1.9)

_ Z,c0s0; —Z, cos 6,

_ (5.1.9)
Z,c0s6; +Z, cos 0,

0

Where, 6,and o, denotes the oblique incident angle and transmission angle. From Snell’s Law

Z,  Sine,

Z, Sin6,

(5.1.10)

By Equations (5.1.9) and (5.1.10), calculate the condition for minimum reflection in TE-mode

which is responsible for low RCS is given by Equation (5.1.11).
Tmin_TE =Hafa —s%Sinzei ~uf cos? 0; =0 (5.1.11)

Where p,and ¢,are permeability and permittivity of the metasurface. At p, = €, a and normal

incidence 0; = 0° provides zero reflection and maximum absorbance for MS.

5.1.3. MIMO ANTENNA DESIGN ANALYSIS AND RESULTS:

Finally, the 4-elements MIMO antenna geometry is presented in Fig.5.1.10 with metasurface
including all dimensions. This MIMO antenna is fabricated on FR-4 substrate (g = 4.3 and tand =
0.02) with 1.0mm substrate height including 0.035mm thicken copper (conductivity ¢ =
5.1.8x10"S/m) clad on both side. Table-5.1.2 depicted the position of MS in microstrip.
Table-5.1.2 Meta surface position in MIMO antenna w.r.t (Xmin=-35, Xmax= 20) and (Y min = -15,

Y max = 25), all dimensions in mm

Pl(xvy) PZ(le) P3(X,y) P4(le) PS(le)
(-18.5,-9.5) (-7.6,-9.5) (2.4,-9.5) (-13.5,0) (-2.75,0)
Pe(x.y) P7(xy) Ps(x.y) Po(x,y) P1o(X,y)
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(-13.5,9.5) (-2.75,9.5) (-18.5,19.5) (-7.6,19.5) (2.4,19.5)

v

L.

TOP Fabricated MIMO antenna (Top view) and back view

Fig.5.1.10. Top view of the proposed four-element MIMO antenna with metasurface absorber

-10 -

0-
=20
o -30 1
z
g
8 40
Q@
£
// ;
— [ E
| Ay ; 01 . S,, Simulated —— S, Measured f
0l Simulated —— §,, Simulated S, Measured
—— Measured L [— S41 Simulated —— S41 Measured
T T T T T T v T T T T 1 T T T T T T
8.00 825 850 875 9.00 925 950 800 825 850 875 900 925 050
Frequency (GHz) (@) Frequency (GHz) (b)

Fig.5.1.11. S-parameter measurement results (a) Return Loss (b) Isolation of 4-elements MIMO
antenna with metasurface

Now from the simulated and fabricated MIMO antenna, various parameters have been measured.
Figs 5.1.11(a) and (b) represent return loss vs frequency plot and isolation plot for four elements
MIMO antenna respectively. Where it is observed that return loss is less than between 8.75-
9.0GHz frequency range and isolation level is greater than 20dB from 8.75-9.0GHz frequency
which is highly acceptable without any decoupling, DGS and neutralization line structure
introduce on it. Channel capacity also an important parameter for high-speed data transfer. Two

common methods for increasing the channel capacity in MIMO system first one is increasing the
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number of antenna elements and the second one to reduce the mutual coupling level, these two
terms we improve in my proposed high isolation 4-elements metasurface based MIMO
antenna.4-elements metasurface based MIMO antenna has good S-parameter listed in Table-
5.1.3. All S parameter is improved when MS is used with 4 element MIMO antenna as compared
to without MS and concludes that return loss and isolation are improved by 9dB and 12dB
respectively.

Table-5.1.3: Measured S-parameters of proposed 4-elements MIMO antenna with and without

metasurface at the 8.75-9.0GHz frequency band

Su(dB) Sx(dB) Sa(dB) Su(dB)
Without MS 9 22 21 11
With MS 18 43 33 23

Fig.5.1.12 (a) shows the measurement setup of Co- & Cross-polarization and 2D simulated and
measured radiation patterns of proposed antenna in E and H-plane at 8.78GHz frequency where
Rx MIMO antenna is placed at a far-field distance with Tx horn antenna. Tx horn antenna is
connected with a signal generator that transmits a microwave frequency and the Ry MIMO
antenna is connected with a spectrum analyzer that measures the received power for Co and
Cross power measurements with different theta. In co-polarization, the radiation pattern is almost
omnidirectional which radiates the power in all directions but in the cross-polarization which is
orthogonal to co-polarization provides the least radiated power which is depicted in Fig.5.1.12
(b) and the entire graph is stable for the best fit in the MIMO antenna. In the E-Plane, the Co-
polarization power level lies between 0 to -10dB and the Cross-polarization level lies between -
25dB to -35dB which shows a better separation between CO and Cross polarization level. In
Fig.5.1.12(c), H-plane, Co- and Cross-polarization separation is almost 20dB down and shows a

stable radiation pattern.

92



Anechoic Chamber

>

Horn Antenna Far-field Distance MIMO Antenna
(Tx) (Rx)

Antenna turn table
positioner system

= - o
s = |
-~
=
-y ’ -
: -

Spectrum Analyzer

Signal Generator

(@)

410 4
-20

=30 4

-40 |

(dB)

=30
-20

=10 4

(b) (©)

Fig.5.1.12. (a) Setup an arrangement for measurement Co-polarization and Cross-polarization (b)

E-plane simulated and measured (c) H-plane simulated and measured at 8.78GHz

Fig.5.1.13(a) gives the information about the 3D radiation pattern of the proposed MIMO

antenna and concludes that the maximum gain is 6.36dBi for the isotropic antenna (0dBi)

depicted as red on the image.
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measurement results of 4 elements MIMO antenna with MS (b) Simulated Current density (c)
Radiation efficiency and Gain

Fig.5.1.13 (b) we simulate a current density at 8.78GHz frequency and conclude that 99.58% of
the current migrated from the excited antenna to the rest of the antenna is absorbed by MS. So,
high isolation is achieved with MS. Antenna efficiency and gain with MS are shown in
Fig.5.1.13 (c) and conclude that using metasurface, maximum gain and radiation efficiency in
the intended band (8.75-9.0GHz) is 4.83dBi and 62% respectively.

5.1.4. DIVERSITY PERFORMANCE OF MIMO ANTENNA:

The diversity performance of the proposed MIMO antenna with metasurface is evaluated by
ECC, TARC, MEG, and CCL. MIMO antenna is used for multipath reflections so 3D radiation

pattern gives accurate results for judging diversity performance of MIMO antenna. So
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measurement of ECC is done using radiated fields (for better accuracy) and s-parameters. In
Fig.5.1.14 (a) we conclude that at 8.75-9.0GHz its value is less than 0.07(radiated fields) and
less than 0.002 (S-parameters) which is far below the 0.1 practical threshold value for MIMO

antenna designer point of view.
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Fig.5.1.14. Simulated and measured results (a) ECC from S parameter and radiated field (b)

MEG (c¢) TARC (d) CCL of proposed MIMO antenna with MS
Mean effective gain calculation for outdoor XPR = 0dB and indoor XPR = 6dB at isotropic
Laplacian and Gaussian medium to be calculated and shown in Fig.5.1.14 (b). The TARC value
of the proposed MIMO antenna is <-30dB in the prescribed band shown in Fig.5.1.14(c). The
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Fittest upper limit of information rate that can be broadcast in a wireless communication channel
is judged by CCL and it should be <0.5bits/sec/Hz for practical MIMO antenna but in the
proposed MIMO antenna its value <0.15 bits/sec/Hz depicted in Fig.5.1.14 (d). A comparative
study is performed in the following Table 5.1.4 and 5.1.5 which shows better performance of the
proposed MIMO antenna in terms of isolation, ECC, and RCS available in existing references.
The proposed comparison table shows that the proposed MIMO antenna provides compact size,
high isolation (>23dB), low ECC (<0.002), and low RCS (<20dBsm) provides good diversity
performance and better signal quality.

Table-5.1.4: Isolation and ECC Comparison table of the proposed antenna with existing

references

Size(mm®)/Ref. Isolation (dB) ECC
30x55 [60] 20 -

36x22 [62] 30 0.008
23x12.5 [63] 12 0.018
50x35 [64] 25 0.004
50x37.4 [65] 19.5 -

150x80 [66] 17.5 0.05
55.1.6x50.5[67] 20 0.005
60.6x48.5[68] 25.1.9 -

55x45[P] 23,35,55 0.002

Table-5.1.5: Isolation and RCS Comparison table of the proposed antenna with existing references

Size (mm?)/Ref. Isolation (dB) RCS reduction (dBsm)
48x48[75] 10 10
96x96(78] i 10
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90x90[82] - 10

58x50[84] 20 15
30x30]85] 20 30
40x26[86] 25 -
25x25[87] 15 6
55x45[P] 23,35,55 20

5.1.5. SUMMARY

In this Chapter, a 4-elements MIMO antenna is designed using a novel metasurface absorber for
isolation as well as RCS reduction. A unit cell of metasurface absorber is amalgamated by
concentric circular and elliptical-shaped rings with four 300ohms lumped resistances. This
MIMO antenna with an absorbing structure is fabricated on an abundantly available FR-4
substrate with dimensions of 55x40x1mm?. Absorbance at intended frequency i.e. 8.78GHz of
metasurface absorber is 99.8% and its reflectivity is almost zero. Therefore, the isolation
between antennas due to this absorbance is improved by 12dB at 8.78GHz and net isolation of
the proposed antenna is achieved greater than 23dB. Similarly, RCS is also reduced by 25dBsm.
The performance of the designed MIMO antenna is also judged by diversity parameters like
ECC, DG, TARC, MEG, CCL and channel capacity, etc. at the proposed frequency. Simulated
and fabricated results have good agreements at the intended frequency. The measured and
simulated ECC of the proposed MIMO is less than 0.002 which shows that this antenna is

suitable for radiolocation and aeronautical radio navigation applications.

TRIPLE BAND POLARIZATION INSENSITIVE ULTRATHIN
METASURFACE ABSORBER

5.2.1INTRODUCTION :

In this Chapter, A novel single layer triple-band MMA with polarization-insensitive has been
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presented with high absorbance 99.4%, 96.4%, and 91.25% at three distinct frequencies 5.2.2,
9.45, and 12.45GHz frequency. The proposed structure is good absorbance in X-band and ultra-
thin 0.013A thickness with existing literature used in table-5.2.2. So this MMA used in many
defense applications like stealth Fifth-generation stealth aircraft for RCS reduction, MIMO
antenna isolation improvement, EMC reduction, Microwave imaging, and sensing in the
intended band.

The whole of the Chapter is divided into three sections. Section-5.2.2 shows the design of the
proposed MMA structure. Section-5.2.3 depicts the simulated results of the proposed MMA in
terms of return loss, absorbance, reflectivity, current density, RCS, and electric field distribution.

A summary of the proposed designing work is summarized in section-5.2.4.

5.2.2 DESIGN OF PROPOSED MMA STRUCTURE:

The front view and bottom view of the proposed MMA structure are presented in Fig.5.2.1 (a)

and 5.2.1(b). 8 split ring and 1 oval ring is proposed for achieving triple-band absorbance.

Y

(@) (b)

Fig.5.2.1. Proposed Triple band meta-material absorber structure (a) Front view (b) Bottom view

Table-5.2.1 Dimensions of designed MMA shown in Fig 5.2.1 (a) and 5.2.1(b)

R1 R2 R3 R4 R5 R6 D1
(mm) (mm) (mm) (mm) (mm) (mm) (mm)
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1.65 2.75 2 3.25 3.5 1.5 0.5

D2 D3 D4 D5 D6 D7 D8 D9
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
0.5 0.25 0.35 0.25 10 10 20 20

The proposed MMA is designed on an FR-4 substrate with 1.0mm height (h) and 35um copper
conductor (o = 5.8x10'S/m) thickness. The backside is fully laminated with copper so that no
transmission of the incident wave and thus minimizing the reflected wave which produces high

absorbance. All dimensions of proposed MMA as mentioned in Table-5.2.1.

5.2.3 SIMULATED RESULTS:

The proposed Triple band MMA is simulated by a CST Microwave studio simulator with proper

boundary condition and produces a return loss and absorptive curve depicted in Fig.5.2.2 (a) &

5.2.2(b).
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Fig.5.2. 2. Simulated Results of (a) Return loss of proposed triple-band absorber (b) Absorbance

and Reflectivity of proposed triple-band absorber at different frequencies

Return loss at the intended band is 26.32dB, 15.42dB, and 11dB which depict its absorbance
99.4%, 96.2%, and 91.25% respectively. The absorption of the proposed MMA is calculated by

Equation 5.2.1 [106-108] but the proposed MMA is fully ground conductor so no transmission

occurs so Soq is assumed to be zero.
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i (5.2.1)

A(@) =1-[, (o) -8 (o)
Return loss (phase) vs frequency plot is shown in Fig.5.2.3(a) Its phase swing negative to
positive in three different intended frequency bands which depicts metamaterial property. Fig.
5.2.3(b) depicts a parametric study of proposed MMA with and without oval strips. Black curve
proposed intended MMA structure and red curve shows without middle oval strips. The band is
shifted towards the left without oval strips and return loss also deteriorates. Fig.5.2.4 depicts the
return loss phase response of proposed MMA at different incidence angles and concludes that at

different incidence angles its return loss is not much affected so that proposed MMA shows the

polarization-insensitive behavior.
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Fig.5.2.3. Simulated results (a) Return loss (phase) vs Frequency plot of proposed triple-band
absorber (b) Parametric study of the return loss of proposed triple-band absorber with and without
middle oval strips.

The design MMA is used in fifth-generation aircraft for the RCS reduction share in Fig.5.2.5.
The radar cross-section (RCS) of an object involving in stealth technology should be as low as
possible. As a radar signature is proportional to the reflections from antenna surface, so
metamaterial absorber used in stealth aircraft produces a low RCS signature to RADAR beacons

in military applications as discussed in Ref [107-108].
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Fig.5.2.5 RCS vs Theta and Phi plot at (a) 5.2.2GHz (b) 9.45GHz (c) 12.45GHz

(a) (b) (©)

Fig.5.2.6. Simulated surface current density of proposed absorber at (a) 5.2.2GHz (b) 9.45GHz (c)
12.45 GHz frequency respectively.
Fig.5.2.6 shows the current density of proposed MMA at intended three different frequencies, It
depicts that at high absorbance peak frequency charge is confined two big circular slots and a
middle oval slot at 5.2.2GHz frequency Fig.5.2.6 (a), but in the case of a second resonant peak
which occurs at 9.45GHz frequency Fig.5.2.6 (b), the charge accumulated only two small
circular slot and middle oval slot. At 12.45GHz frequency Fig.5.2.6(c) charge is accumulated
only two big circular slots only. The guided wavelength for different structures i.e. big and small
circular slots and middle oval slots are different so they perform three different resonant

frequencies to provide better absorbance.

7500
6818
6136
5455
4773
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izl
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(@) (b) (©)
Fig.5.2.7. Simulated Electric field of proposed absorber at (a) 5.2.2GHz (b)9.45GHz (c) 12.45GHz
frequency respectively
Electric field intensity at three intended bands which provide high return loss shows in Fig. 5.2.7
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The electric field is confined in the big, small, and oval ring. At 5.2.2GHz frequency, big ring
and the small ring is the main contributor for almost perfect absorbance, at 9.45GHz two small
rings and the oval ring is responsible for high absorbance and two big slots are responsible at

12.45GHz shown in Fig.5.2.7 (a) (b) (c) respectively.

Table-5.2.2. Comparison table of proposed MMA with existing references

; Polarization
Un_|t C_:e_ll Absorbance Absorbance Unit Cell Thickness insensitivity/
Periodicity Band (%)
Reference
L2mm 2 >95.0 0.8mm (0.011 ) Yes [88]
(0.1692) ' ' '
0.37 A 3 >90.0 3.2mm (0.12 &) Yes[89]
15.6mm 1 >80.0 0.085 A Yes[94]
0.209% 3 >99.0 2.4mm (0.0292) Yes[95]
20 (0.27 1) 3 >91.2 1.0mm (0.013 1) Yes [P]

Above Table-5.2.2 shows that proposed MMA provides good absorbance and low profile with

above-referred articles.

5.2.4 SUMMARY

In this Chapter, a triple-band polarization-insensitive metamaterial absorber of fifth-generation is
designed. A unique circular and oval ring-shaped structure are proposed. This absorber structure
has designed on FR-4 (4.4) substrate having tan§=0.02 with unit cell dimension 20x20x1mm?®.
The absorbance of proposed triple-band MMA is 99.4%, 96.2%, and 91.25% at 5.2.2, 9.45, and
12.45GHz frequencies respectively. On the other hand, reflectivity is almost zero at the above
frequencies. Changing the incident and polarization angles of the absorber, the absorbing
characteristics are almost the same. So the proposed absorber is found appropriate for stealth
aircraft, RCS and EMC reduction, isolation in MIMO antenna, imaging, and sensing in the X-

band applications.

*kkk*k
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CHAPTER-6

SUPER-WIDEBAND (0.33-10THz) MIMO ANTENNA FOR THz
APPLICATIONS

6.1 INTRODUCTION

According to Edholm’s law [96], the demand for data rates is doubled every 18months and reached
Thps in the next few years. A terahertz frequency band is being applicable for state-of art-
communications because the requirement for higher data rates anytime anywhere is to be increased
soon with an increase in the number of mobile-connected devices that will be never-ending. This
spectrum provides numerous advantages like low interference probability, explosive and weapon
investigating, imaging, sensing, and high data rate up to 10Gbps and low power requirement. As of
now, research in millimeter-wave technology is reaching commercial deployments and is still
motivated by the inadequate bandwidth; therefore the terahertz (THz) band is envisioned as the
imminent frontier for wireless communication. THz Wireless communication is demanded better
channel capacity with a high data rate in the modern era shown in Fig.6.1. To fulfill these
demands, the MIMO-communication systems with THz range are required for high data speed in
Tera-bit/sec (Tbps).

In this Chapter, the elliptical-shaped 2-element THz MIMO antenna is demonstrated with an L-
shaped decoupling structure for achieving high isolation in SWB (0.33-10THz). It has 2:1 VSWR
operating bandwidth from 0.33-10THz (187%) with 19dBi peak gain. Radiation Efficiency is also
greater than 70% throughout SWB bandwidth. This 2-element MIMO antenna is designed with a
compact size of 1000x1400x101.29um> on the RT5880 substrate having a relative permittivity of

2.2. Simulated results of antenna-like return loss, isolation, gain, efficiency, and diversity

! Saxena, Gaurav, Priyanka Jain, and Yogendra Kumar Awasthi. "High Isolation and High Gain Super-Wideband (0.33-10THz) MIMO
Antenna for THz Applications.” Optik journal Elsevier (2020)
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performance parameters (ECC, DG, TARC, etc.) are in an acceptable range. Therefore this antenna

is useful for B5G, vehicular communications, Imaging, 3D printing, THz wave RADAR and Health

D20
services Communications

care applications.

- THZ
05 1 2 &5 10
3 20 T =0 300 10 " 400 8§00
HZ HZ GHZ "=~~~ - GHZ THZ THZ

THz band

=
waves waves

WL

Frequency

visible spectrum

Fig.6.1 Frequency spectrum with state-of-art THz communications

All the detailed analysis and results are concluded in the following sections. In section-6.2, the
THz MIMO antenna design procedure is discussed. In section-6.3 antenna results are discussed in
terms of return loss, isolation, gain, efficiency, and group delay of proposed THz MIMO antenna.
The THz channel model is discussed in section 6.4. The diversity performance parameters which
are essential for MIMO antenna satisfactory operation is discussed in section 6.5. Section-6.6

finalizes the conclusion of this Chapter in terms of different parameters.
6.2 DESIGN PROCEDURE OF MIMO ANTENNA

The MIMO antenna with SWB characteristics is designed on RT5880 substrate of height (h)
101.29um with relative permittivity (g;) of 2.5 and loss tangent (tand) of 0.0009 having a size of

1000umx=1400um as shown in Fig.6.2 (a) - (b). This antenna is made by an elliptical patch with L-
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shaped stubs in a ground plane to provide better isolation between two patches. The fundamental
resonance frequency (f;) of an elliptical-shaped monopole antenna is calculated by Equation 6.1

and its value approximate 4.9THz.

fr(THZ)= 144A B waireue BULLIL SR CE)
=u.obmm =0.38mm
400um +1400um +h =101.29um + —1 2

+
2m2.2+1 2n2.2+1

Equation 6.1 is valid if the entire dimension puts in mm. Area of the monopole elliptical patch
antenna to be calculated by A;= nx400pum=476um=0.56mm? and ground conductor area (A,)

=0.38mm>. The separation between the two antennas is less than A/2.

h

1400pwm

476pm

(@) (b)

Fig.6.2 Two-element THz planar monopole MIMO antenna (a) Front view (b) Bottom view

6.3 RESULTS AND DISCUSSION

The design procedure of the proposed SWB THz MIMO antenna is depicted with its return loss
and isolation as presented in Fig.6.3 (a). It is observed that the return loss is greater than 10dB and
isolation is greater than 25dB in SWB bandwidth. The radiation efficiency of the proposed MIMO

antenna is greater than 70% in intended bandwidth as depicted in Fig.6.3 (b). Group delay in terms
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of return loss (Si1) is also calculated as this a super wideband antenna so the group delay in this
bandwidth should be constant. Group delay is evaluated by Equation Ty (o) = —8¢/0w, where @ =
phase of S;; and ® = angular frequency in rad/sec. The group delay deviation of the proposed
MIMO antenna is less than 10ps in the SWB band. The average gain of the proposed antenna is
almost more than 12dBi throughout the THz band; therefore, an antenna has high directivity in a

particular direction as shown in Fig.6.3(c).
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Fig. 6.3 Simulated results of (a) Return loss and isolation (b) Radiation and total efficiency (c) Gain

and group delay of the antennas shown in Fig.6.2

The migration of surface current density from the energized antenna to the rest of the antennas is
calculated by ECC. So, the simulated current density of the proposed antenna at frequencies of
1THz, 2THz, 4THz, and 8THz is represented in Fig.6.4. The surface current on antenna-2 is noted
when antenna-1 is to be excited and vice-versa, as current density on antenna-2 is very less and
hence, the mutual coupling will be deserted. Various decoupling techniques have been used by
researchers to prevent the migration of surface current and here, a new approach is used to
improve isolation between antenna elements. It is comprised of a rectangular L-shaped structure
placed in a partial ground plane. Therefore, good isolation is achieved in the prescribed (0.33-
10THz) SWB as it is also clear from Fig.6.3 (a).
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4THz 8THz
Fig.6.4 Surface current density distribution at frequencies 1THz, 2THz, 4THz, and 8 THz when
antenna-1 (left) is energized and antenna-2 (right) is terminated by a matched load (50o0hm) and vice-
versa
For the radiation pattern measurement of antenna-1, the antenna-2 is loaded with a 50Q matched
load and vice-versa. 3D and 2D electric field radiation patterns at different frequencies at 1THz,
2THz, 4THz, and 8THz respectively are shown in Fig.6.5 (a)-(b) where the radiation peak of the
proposed antenna is in one direction at all intended frequencies means the antenna has highly

directive.

5 u/m

1THz 2THz 4THz 8THz
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Farfield E-Field(r=1m) Phi (Phi=20)
Farfield E-Fiski(r=1m) Theta (Phi=0) Farfield E-Field(r=1m) Phi (Phi=0) Farfield E-Febd(r=1m) Theta (Phi=90) reim,

Farfeld E-Fiekd(r=1m) Phi (Phi=0)

(b)
Fig.6.5 Simulated Far-Field patterns of designed MIMO antenna at frequencies 1THz, 2THz, 4THz,

and 8 THz (a) 3D radiation patterns (b) 2D field patterns at phi = 0°, and 90°
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xz- plane at 1THz, 4THz, 8THz

Co

Cross
Fig.6.6. Simulated 2D radiation patterns at 17 THz, 4THz, and 8 THz for xz- plane (right) and yz-

plane (left), when port-1 is energized and port-2 is terminated by a 502 matched the load

The co cross-polarized radiation pattern in the E-plane and H plane at 1m distance is depicted in
Fig.6.6. The simulated xz-plane (right) and yz-plane (left) 2D radiation patterns of the proposed
antenna at 1THz, 4THz, and 8THz frequencies are also presented respectively as shown in Fig.6.6.
It is noted that in an operating frequency band, the radiation patterns are highly directional at
azimuth angle (®) = 0° (xz)-plane and at azimuth angle (®) = 90° (yz)-plane. In the directive field,
Co and Cross polarization are more than 20dB separated with each other at 8THz in yz and xz

plane.
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6.4 THz CHANNEL MODEL

The THz signal is affected due to signal spreading loss and molecular absorption loss which is
dominant at THz rather than GHz frequency. The total path loss (L (f, d)) associated with THz

band is the addition of two losses and it is calculated by Equation (6.2) [102].
L (f, d) = LSpread (f, d) + Lmabs (f, d) (6.2)

Where Lspread (f, d) in dB is the spreading loss and Lmans (f, d) is the molecular absorption loss at a

frequency (f) and distance (d) from the source. The same losses will be calculated using Equation

6.3 (a)-(b)
I—Spread (f, d)= 20 10949 (47Zfd ) dB 6.3(a)
Limas (F, d) = k(F)xdx10xlogsee 6.3(b)

Where k (f) denotes the medium absorption coefficient and it is a sum of the weighted coefficient
of nitrogen, Oxygen, and water vapors. At THz frequency spreading Lspread (f, d) is dominant and
its value reaches more than 60dB so the THz devices can be suitably used for applications of short-
range communication. On the other hand, a surface that is considered smooth in GHz frequency,
will be treated as rough in THz frequency therefore, the multipath fading factor is dominant in THz
frequency, and multipath fading dependent upon the roughness factor which is calculated by
Equation (6.4).
P
2

R =(r0 +r1)e (6.4)

27r~A~(cosel+cosez)j2

Where p= ( .
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lo, I'1 denotes the scattering coefficient related to the specular reflection & scattered field and A
denotes the standard deviation of the surface roughness. A denotes the corresponding signal
wavelength.0; and 6, denote the angle of incidence & reflection and both will be almost equal for
the smooth surface. If the surface is rough (p >>1), 01, 0, have different values. Hence, the
receiving antenna gets the signal from a different position due to a rough surface, which produces
multiple reflections spot than a smooth surface. If Antenna pattern behavior is Omnidirectional
then only one path exists for a smooth surface while multiple paths exist for a rough surface.
Highly directive antenna transmit and receive a signal in only one direction for a smooth surface
and scattered a signal in multiple directions for rough surfaces as the non-specular reflection paths

are strong enough to established a stable link.

6.5 DIVERSITY PERFORMANCE OF THz MIMO:

Diversity performance of the designed MIMO antenna is judged in terms of Envelope Correlation
Coefficient (ECC), Diversity Gain (DG), Total Active Reflection Co-efficient (TARC), Channel

Capacity and Channel Capacity Loss (CCL).

Envelope Correlation Coefficient (p,,;): The ECC is one of the important parameters to judge

how much amount of electric field migrated from the excited antenna to the rest of the antenna in

the MIMO system. It is calculated through S-parameters using Equation 1.2.

For the uncorrelated MIMO antenna system, the value of ECC should be zero but their practical
value for satisfactory operation in the MIMO communication system is less than 0.1. The
numerical value of ECC of designed SWB THz MIMO antenna in SWB bandwidth is observed
less than 0.0015 as shown in Fig.6.7. Hence, the above results show a very low correlation
between the two adjacent antennae, which shows good diversity performance in the proposed L-

shaped decoupling structure designing.
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Diversity Gain: The diversity gain of the MIMO antenna is calculated by the given formula

DG = 10 x /(1 — ECC?) and the acceptable value should be greater than 9.5dB. The value of

diversity gain in SWB is 9.9999dB which is depicted in Fig.6.7.
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Fig.6.7. Simulated results of the envelope correlation coefficient and diversity gain
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Fig.6.8. Simulated results of (a) Maximum, threshold and proposed Average channel capacity (b)
CCL and TARC of the proposed MIMO antenna

Channel Capacity: The channel capacity is an important parameter to judge the data rate of the
MIMO system. MIMO system is used to enhance the channel capacity and the performance of

bandwidth and SNR (signal-to-noise) ratio compare with the SISO system. 2-element antenna
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system provides a maximum channel capacity is 11.68bps/Hz at 20dB SNR in a uniform
environment.

Where [I] denote the identity matrix and number of transmitting and receiving antennas
respectively, SNR is the ratio of signals feed at antenna port to the channels noise. For Rayleigh
fading environment i.e. SNR = 20dB. The number of transmitting antenna elements is denoted by
k. H & H" are the channel matrix and its Hermitian transposing of a matrix. The maximum channel
capacity of the proposed 2-elements MIMO is calculated.

Co-element Mivo = 2%log, (1+50) = 11.344bits/sec/Hz. Monte Carlo provides the permission level of
channel capacity for correlated Rayleigh channel. Permissible channel capacity is 65% of its
maximum value (11.344 bits/sec/Hz) = 11.344 x 0.65 = 7.38 bits/sec/Hz depicted in Fig.6.8 (a)
[35].

Channel Capacity Loss: The main objective of the MIMO antenna system is to enhance the
channel capacity as per the requirement. The channel capacity of the MIMO system is dependent
upon the number of antenna elements involved in the MIMO system and the amount of correlation
between antenna elements. If we increase the number of antenna elements then channel capacity
increases linearly. But, the correlation factor and number of antenna elements in the MIMO system
is increases then the channel capacity losses (CCL) is also increasing. The value of CCL for the
proposed MIMO system is less than 0.3bps/Hz over the intended SWB bandwidth, which offers a
better diversity result of the proposed MIMO antenna as shown in Fig.6.8 (b).

Total Active Reflection Co-efficient (TARC): In the 2-port antenna system, neighbouring
antenna elements interrupt each other when they are working concurrently. This interruption
influences the overall desirable gain, efficiency, and bandwidth of the proposed antenna. Hence,
the actual MIMO antenna system performance will not be predicted by s-parameters only, so

another important parameter (i.e. TARC) of the MIMO antenna system is explored to validate the
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diversity performance. Ideally, TARC should be less than 0dB for the MIMO wireless
communication system. The simulated TARC value of the designed THz MIMO antenna is less
than -30dB in the intended THz SWB as shown in Fig. 6.8 (b), again it depicts the good diversity
performance of a designed antenna. It is noted from Table-6.1 that the designed antenna achieves
better results in comparison with the referenced MIMO antennas at various specifications.
Proposed MIMO antenna having high bandwidth (0.33-10THz), high isolation (>25dB) with
maximum gain 19dBi, and diversity parameters like ECC and CCL are quite below with accepted
practical value which is suitable for less correlated and high data rate multiple THz applications.
Table 6.1 Comparison table of a designed THz MIMO antenna with existing references in various

aspects for antenna performance

Frequency . Max.Gain CCL Isolation (dB)/
Efficiency . ECC !
(TH2) (dBi) (bits/sec/Hz) References
1.76-1.87 - - 0.015 - - [97]
0.357-0.421 0.80 33.61 - - 25[98]
0.46-6.96 0.14 12 - - - [103]
0.327-0.341 0.79 6.7 - - - [106]
1.1-1.7 - 3.6 0.01 - - [108]
0.33-10 0.7 19 0.0015 0.25 25[P]
6.6 SUMMARY:

In this Chapter SWB THz, the MIMO antenna is designed with 187% fractional bandwidth and a
good isolation level (>25dB) between two antenna elements. Radiation efficiency is greater than
70% entire SWB which is useful for high gain. This antenna has achieved a very high peak gain of
19dBi including stable directive radiation patterns with acceptable antenna and diversity
performance. ECC of this antenna is very low 0.0015 that’s mean very small power is coupled
from the excited antenna to another antenna used in the MIMO system. CCL is also less than

0.35bps/Hz which provides high channel capacity for high-speed data transfer. The performances
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of the proposed antenna have been proved that it is a good prototype for THz wireless

communication and scanning networks.

%k % %k %k %k
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CHAPTER-7

DESIGN AND ANALYSIS OF PLANAR UWB BANDPASS FILTER
WITH EXTENDED STOPBAND CHARACTERISTIC

7.1 INTRODUCTION:

Modern wireless communication systems such as ultra-wideband (UWB) transceivers require
miniaturized, wide pass-band filters with extended stop-band characteristics. In the current scenario,
the UWB communication system offers numerous wideband applications such as microwave
medical imaging, ground-penetrating radar (GPR), and radio frequency identification devices
(RFID) tag for inventory control and asset management. The major advantages of a UWB system
are to transmit data with a high rate, low energy density, low transmission power requirement, resist
jamming, and easy to retrieve error control coding. A UWB transceiver with different blocks is
shown in Fig.7.1, where the information is encoded first, digitally modulated, and then converted
into pulse using a pulse generator and noise will be removed before transmission by using the UWB
BPF. Compact planar BPF designs are growing very fast since 2002 while the US Federal
Communication Commission (FCC) is allowed to commercial use of frequency range of 3.1GHz

t010.6GHz [1].

Figure 7.1. UWB Transmitter-Receiver block diagram with bandpass filters

! Saxena, Gaurav, Priyanka Jain, and Yogendra Kumar Awasthi. "Design Analysis of Compact Bandpass Filter with Stopband Characteristic for
UWB Application using MMR Technique." International Journal of Microwave and Wireless Technologies (2020)
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In this Chapter, a planer bandpass filter with extended stopband characteristics is achieved by using
four combinations of circular/Mickey-shaped stubs (MMR), open-ended transmission line, parallel
coupled-line sections, and DGS for UWB bandwidth. The designed filter is achieved better insertion
loss and group delay in passband with a minimum value of 0.5dB and 0.30ns respectively. The
proposed filter is fabricated over a cost-effective FR-4 substrate. In Section-7.2, the Filter design
procedure and detailed analysis of the filter are explained. Section-7.3 represents S parameter results
and current distribution analysis of MMR including group delay of the proposed Filter. The
summary of the proposed design is mentioned in Section-7.4, which explains the utility of the UWB

BPF in the empirical environment.
7.2 FILTER DESIGN PROCEDURE AND ANALYSIS:

The proposed UWB BPF is designed and fabricated over FR-4 substrate having a dielectric constant
of 4.4 (tand = 0.024) with a substrate height of 1.6mm. The overall size of the filter is 22x20 mm? as
depicted in Fig.7.2 after multiple iterations and has been simulated using Computer Simulation

Technology (CST) tool.

Open Ended Transmission Line

Multi-mode Resonators

(a) (b)

Fig. 7.2 Geometry of the proposed filter (a) Front view (b) Back view
The filter design has diversely shaped (arrow and circular head) DGS that enhance the pass
bandwidth as well as a roll-off rate. This filter also has a multi-mode resonator (MMR) mechanism

to enhance bandwidth in the passband, which includes two circular one Mickey-shaped stub
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resonators over an open-ended transmission line coupled with parallel microstrip lines at two feeding

ends of 50Q as shown in Fig. 7.2.
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Fig.7.3 Step-by-step geometrical analysis of the proposed UWB bandpass filter (a) Geometrical steps
(b) Return Loss (c) Insertion Loss

Fig. 7.3 (a) represents the step-by-step geometrical analysis of the proposed UWB BPF with its s-
parameters results as shown in Fig.7.3 (b). Filter-1 is designed with the combination of open-ended
transmission line coupled with parallel transmission lines at feeding ends which provide bandpass
characteristic in the range of 4 to 8GHz but it is not a good UWB bandpass filter in terms of S
parameters as per the results shown in Fig. 7.3(b) & (c) respectively. To further improve the
response in passband as well as in stopband, a periodic geometry of DGS is designed in the finite
ground plane as shown in Filter-2 and corresponding results are shown in Fig. 7.3(b) & (c) with red

colour. After the placement of the DGS, the results of Filter-2 are too far away from the intended

121



results, therefore, a Mickey-shaped open stub resonator is connected at the center of the open-ended
transmission line as shown in Filter-3 and corresponding results are near to the intended UWB BPF
with greater than 15dB return loss at 4-6GHz and 8-10GHz frequency band as shown in Fig. 7.3(b)
& (c) with green colour. To further improve the return loss response, two circular-shaped open stub
resonators are connected at an equal distance from port-1 and 2 over the open-ended transmission
line as shown in Filter-4. Hence, the corresponding 3dB intended UWB (3.1-10.6GHz) bandwidth is
achieved with greater than 20dB return loss and 0.5 dB insertion loss in passband as well as almost
18dB insertion loss and 0.4 dB return loss in stopband as shown in Fig. 7.3(b) & (c) with blue

colour.

7.2.1 Design Equation of Parallel and Open-Ended Coupled Microstrip Line:

A half wavelength coupled transmission line resonators are used for a BPF design. These resonators
are positioned parallel to each other to achieve maximum coupling by optimizing the space between
resonators as illustrated in Fig.7.4. This structure provides a wider bandwidth to end coupled
microstrip bandpass filter by suppression of harmonics. The proposed geometry of BPF is designed
over a FR-4 substrate with 1.6mm thickness (h), relative permittivity (/) = 4.4. The used substrate
may be suitable for the TE mode propagation up to 25.89GHz as per the given relation frg =
c/(4xhx[Veerr -1]) Where ¢ is the speed of light (3x10°m/s) and e is the effective relative
permittivity.

Open Z./0
Stub S/ s

Zoe/ee Balanced Coupled-Lines Zoe/ee

Port-1 Port-2

— | =

_|—>| L
Zoo/ 6o Zoe/ B Balanced Coupled-Lines Zoe/Be Zoo/ 0o
z./8, oo

Fig.7.4. Transmission line model of the proposed UWB bandpass filter
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Table -7.1 Elements value for optimum bandpass filter for ripple 0.5dB

FBW 91=0s g2 =04 gs J12=dus Jp3=Jas N (order)

109% 1.7058 1.2296 2.5408 1.0016 0.7390 5

The design Equations of the filter are given as follows. All the values regarding bandpass analysis

are shown in Table-7.1[137].

oy _ [r P

=50.08 (7.1)
Yo 2 9091
Ji T X .
b mEW T j=lton-1 (7.2)

SO, le 2/Yo: J4, 5/Yo=50.08§2, Jzy 3/Y0: J3, 4/Yo=39.6SQ

Inn+ n  FBW

= |—x

(7.3)

Y0 2 In9n+1

Where go, 01, 02..... ... gn are the elements of a prototype bandpass filter with normalized cut-off Q=
1 and FBW is a fractional bandwidth of the filter. J; j+1 is the characteristic admittance of J-inverter
and Yy is the characteristic admittance of the terminating transmission line. For the realization of J-
inverter, Equations (7.1)-(7.3) [137], are used and characteristics impedance of parallel-coupled

microstrip line resonators for even & odd-mode are obtained by Equations (7.4)-(7.5) as follows,

Yo Yo

2
1 J-Y- 1 J-’- 1 .
(Ze); Yolu‘“{”*j ]-m,J ~0ton (7.4)

2
J. . J. .
1 JvJ+1 JaJ+1 -
Z cea=— |1 =350, J=0ton 7.5
( OO)J,J+1 YO YO ( YO J ( )
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Where Yo = 1/Z,=1/50 mho

The dimension of the filter can be determined by even & odd-mode characteristic impedance. The

actual length of each coupled line can be determined by Equation (7.6).

A
L. = 0 — AL =15.48mm (7.6)

: 4( (Sre)jx(sro)j) J

Where, L is the equivalent length of open-ended microstrip line and, (gre) j = Ce/Ce* = 4.08, (1) j =
Co/Co* = 3.82, C. is the Even-mode capacitance of dielectric for parallel-coupled microstrip line. C¢®
is the Even-mode capacitance of air and C, is the Odd-mode capacitance of dielectric. C,* is the

Odd-mode capacitance in air, for coupled microstrip line.

7.2.2 Calculation of Microstrip Line Width (w):

Width of open-ended and parallel-coupled transmission lines by Equation (7.7) [137], as shown in

Fig. 7.2(a)
w ge*
—=4—5—,W/h<2 1.7
h {ezx_z} W ( )

The used width of the microstrip line (w) to design the proposed BPF is 1.89mm and the same is

calculated by the following Equation.

z 1 e -1 0.11
Where, x =0 [SF= ST 72903, =22 | 2139
60 2 €r +1 €r

Z, is the characteristic impedance of the microstrip transmission line i.e. 50Q.

7.2.3Calculation of Length of Parallel Microstrip Coupled Line (Lyq):

The length of the line is calculated by using Equation (7.8). Ly & L, is the length of open-ended
parallel transmission lines which is optimized by simulation where L, is equal to L, due to symmetry

as shown in Fig.7.2 (a).
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Linel = 2Lq + 2Ly =Agg = 21.78mm (7.8)

So individual length of a parallel-coupled line is Lyq/4=5.44mm

Where the effective wavelength is A ¢ = =21.78mm

C
Tnin \Seff
and c is the speed of the light in a vacuum and &5 can be calculated [36] by Equation (7.9)

& +1+er -1 1

€ e — ~
eff = 2 h
1+12 —

W

41 (7.9)

7.2.4Calculation & Analysis of MMR & DGS:

The multi-mode resonance techniques are offered low insertion loss as well as better matching with
the transmission line. The proposed filter has mixed-shape resonators (circular & Mickey) and

defected ground structures (arrowhead & circular) as shown in Fig. 7.5(a).

P —0.0209cm = 2.09mm (7.10)
=)
In| — [+1.7726
Bk
e
L 43 T 41
P - B
— ; (~)  Sl.  Wfla (~)
\__/ 3 T \__/
A L TT =
(a) (b) (©

Fig.7.5. Proposed DGS (a) Structure (b) Equivalent circuit (c) Equivalent circuit model of all DGS

structure

DGS provides a low profile and better degradation/sharpness (dB/GHz) in stopband to the filter. The
radius of circular stubs and slots (Rqgs) is calculated from Equation (7.10) and approx the same area

(A,) is optimized for the triangular shape to increase required corner discontinuity [127].
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8.791 x 109 1
X
fmin \)er

The equivalent circuit of the proposed DGS structure is given in Fig.7.5 and values of resistance R

Where, p = =14, fminis the lowest cut-off frequency of the proposed filter i.e. 3.1GHz.

(Q), capacitance C(pF), and inductance L(nH) can be calculated by Equation (7.11)-(7.13) [137],
respectively. The inductance and capacitance are mostly influenced by the width of the coupling gap
(9) and the neck length (L) of the DGS slot. The resistance R (Q) shows the loss in DGS structure
which can be computed by Equation (7.11). Plate capacitance (C,) is approximately 1835.68nF by

calculation.

2><ZO
2
PN [m C-l)} 1
ﬂsllz { " o

Where, og = design frequency of the filter i.e. 7.85GHz. The value of C(pF) and L(nH) can be

R(Q)= = 41.66Q (7.12)

computed by Equation (7.12) and (7.13).

C(pF) = 5(f—°j(fo )2 (fe )2 = 2225.90pF (7.12)
T
2
L(nH) =@{£} — 23.6nH (7.13)
c | fy

7.2.5 BAND- STOP Characteristic Analysis:

Open-ended microstrip lines that are quarter wavelength length provide bandstop characteristics.
Stopband filtering characteristic depends upon the characteristic impedance of the open-ended
transmission line. This type of bandstop filter provides wide bandstop characteristics. The design
procedure starts with a ladder-type bandpass prototype filter by using Equation (7.14) [137],

Q:QCqutan[nxszo.Sg (714)
2 f,
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Where o = cot B(l—FBZWH =1.63

Q and Q.are normalized frequency variable and cut-off frequency of prototype bandpass filter; fo

and f are the mid-band frequency and frequency variable of the bandstop filter. FBW of the

bandstop filter is defined by Equation (7.15)

f2—fl f1+f2
FBW = " 06, fy =152 =15.3GHz (7.15)

f1 and f, are the lower and higher cut-off frequency of the bandstop filter. These types of bandstop
characteristics periodically exist that’s an odd multiple of frequency fp. At this frequency, open
circuit stub length is an odd multiple of A¢/4 where Ay denotes the guided wavelength at frequency f,
so they shorted with 50Q line (port-land -2) provides bandstop characteristic. To design the n™
order optimum bandstop filter by using the optimum transfer function technique shown in Equation

(7.16) at design frequency (7.75GHz) [137].

2 1
- =0.25 7.16
ball = 2 2y (7.2

Where ¢ denotes the ripple constant in passband and F, is the filtering function which can be

calculated by Equation (7.17)

2 2
t tyl-te t t\flftc .
E(f)=T,| —|T._ —U,| — |u, . = 2.25 (At design frequency = 7.75GHz 7.17
n() n[tcj n1£tC '=1t2] n{tcj nl(?’:tc 1t2] ( g q y ) ( )

Where t is Richard’s transform variable

t= jtan (“ x fJ ~0.879j and t; = jtan (” x (2 - FBW)) ~ 0.86] (7.18)
2 f, 4

Tn(x) and Uy (x) are Chebyshev's functions of order n and it is calculated by Equation (7.19) & (7.20)

[137]

T, (x) = Cos (n x Cosilx) (7.19)
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Up, (x) = Sin (n x Cos_lx) (7.20)
The characteristic impedance of each open-ended section can be determined by Equation (7.21),
(7.22) & (7.23)

Zportt = Zport2 = Zo =500 (7.21)
z - Z? (7.22)
So that Z; = Z5=97.30Q, Z, = Z4=53.32Q and Z3 = 50.14Q

z
2,0 (7.23)
Jj 1

So that Zy, = Z4, 5= 67.66Q, Z5 3= Z3, 4= 69.95Q

For bandstop lower cut-off frequency f; = 10.6GHz and higher cut-off f, = 20GHz then fo = 15.4GHz
and FBW = 60%. By using Table-7.2 [137], value determines the characteristic impedance of the
open-ended line to produce bandstop characteristics from 10.6GHz to 20GHz.

Table -7.2 Elements value for optimum bandstop filter for ripple less than 0.5dB

FBW 0:1=0s 92=04 03 J12=d45 J23=d34 N (order)

60% 0.51385 0.93717 0.99711 0.75705 0.71472 5

7.3 UWB FILTER RESULTS AND DISCUSSION:

Simulated and measured results of the proposed filter have better agreement with the equivalent
circuit(Fig.7.6(b)) results as depicted in Fig.7.6 (a) 3dB bandwidth of the filter throughout the
passband is 3.1-10.6GHz and in stopband is 10.6-20GHz and the comparison of all requisite
parameters is given in Table-7.3.

Table-7.3 Results of the proposed UWB filter in the passband & stopband
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Si(Passband)  S,i(Passband)  Si;(Stopband)  S,;(Stopband) Group

Parameters (dB) (dB) (dB) (dB) Delay (ns)
Simulated -20 -0.5 -04 -17 0.30
Measured -19.5 -0.5 -0.5 -18 0.35

The group delay of S;; is defined by Equation T4 (w) = -d®/d , where ® = phase of Sy; and ® =

angular frequency in rad/sec. The group delay of the coupled-line bandpass filter can be calculated

directly from Equation (7.24) [137].

Ty (0) = 2022 (7.24)

os

Defected Ground Structure

e
M-

511 Simulated = 521 Simu labed

5 Parznetem ((B)

ission Line
A
[=¢
Lo
G078 pF
o .:Ij
igh pass Stu
w0
58
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o

-S0 1

511 Measured == 5.21 Measured
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11 24

r 4 4 & 10 1 14 164 18 20 22X
Frequency (GCHz)

(a) (b)

Fig.7.6 The proposed UWB BPF (a) Return (S;;) & Insertion loss (S,;) results- simulated, measured,

and equivalent circuit (b) Equivalent circuit model
Where, o angular frequency of bandpass prototype filter and lowpass to bandpass transformation is

given by Equation (7.25).

' (DO (O] (DO
o= — 7 (7.25)

(1)2 - (Dl (DO (O]
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Ideally at ® = wo = 7.75GHz © = 0 and group delay of coupled line Taept = 0 and calculated by

Equation (7.26)

T I:_—(DO i+m_g 59 (7.26)
> ((”2_‘”1) “0 0 )80
Now. S, . = Zn=20 \where Z:, = purely imaginary and Zo = purely real quantity. So, S, = Xi1=20 anq
111 T Zin+ZO ’ n p y g y 0 p y q y [ jxin+zo

X. X. X,
o=—tan "t [iJ _tan {iJ =—2tan L [iJ
ZO ZO ZO

The transfer function of UWB BPF is given in terms of Bessel polynomial in Equation (7.27) [137]

and group delay is extracted from s-parameters as follows

S, (jo)= (7.27)
21 (i) k:n{(Zn-k)!} (o

> n-k

k=0 2 (kx(n-k))!

Where By is Bessel polynomial, which provides maximum flat group delay response in the passband,
and “n” is several poles of the filter. Therefore, the calculated group delay at design frequency at
6.75GHz by Equation (7.27) is 0.278nsec in the passband which is near to the simulated group delay
(0.3nsec). The simulated & measured results of group delay are 0.30nsec & 0.35nsec in UWB
bandwidth respectively, which shows the permissible agreement as shown in Fig.7.7. The group
delay should be constant from its definition like “the rate of change of transmission phase angle for
frequency” and From Fig.7.7, it is obvious that group delay is almost constant in the entire passband

and stopband respectively.
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Fig.7.7. Measured & simulated group delay of a proposed UWB BPF with stopband characteristics
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Fig.7.7. Simulated current density of the designed filter at (a) 4.65GHz (b) 7.88GHz (c) 9.52GHz

respectively (d) Front and back view prototype of a filter

The simulated current density of the proposed filter is represented in Fig.7.8 including images of the
prototype filter which is indicating the performance of open-ended stub resonators at various
frequencies. Therefore, Fig. 7.8(a) shows that the filter is resonating at 4.65GHz due to the circular
resonator which is nearest to the port-2 similarly Fig. 7.8(b) shows the filter is resonating at
7.88GHz due to the Mickey-shaped resonator, and Fig. 7.8(c) shows the filter is resonating at
9.52GHz due to the circular-shaped resonator nearest to port-1. Hence, these multi-modes resonators
are playing a vital role to obtain UWB bandwidth. Table-7.4 shows a comparison of different UWB

BPFs with the proposed filter like permissible return loss, smooth group delay variation in the
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passband including stopband. The insertion loss of the proposed filter in the passband is 0.5dB i.e.
only 1.12% power is a loss in passband 3.1-10.6GHz.The front and back view of the proposed

fabricated prototype filter is shown in Fig.7.8(d).

Table 7.4 Comparison of various parameters of the proposed filter with published articles

Si1(Passband) Sy;(Passband) Group : ) . Cost of

(dB) (dB) Delay (ns) 528 () Material - \roterial
Carbon Tetra-
-20 1.1 0.30 0.741g%0.74%q High [110]
chloride
-18 -0.9 0.48 0.581%0.69 RT 5880 High [117]
-15 -1.0 0.50 0.694%0.32 RT 5880 High [121]
-20 -0.7 0.75 0.731¢<0.73 g RT 6010 High [122]
-20 -1.0 0.65 0.551g%0.64%, ~ ROGERS  High [130]
-20 -0.5 0.30 0.740%0.67) FR-4 Low [P]
7.4 SUMMARY:

In this Chapter, a UWB bandpass filter with stopband characteristics is presented via a multi-mode
resonator technique. MMR is formed by loading three dumbbell-shaped (Mickey & circular) shunt
stubs placed in the center and two symmetrical locations from ports respectively. Three circular and
arrowhead DGS structures on the ground plane are introduced to achieve UWB bandwidth including
a better roll-off rate. The proposed filter exhibits stopband characteristics from 10.8-20GHz with
0.4dB return loss. The group delay and roll-off rate of the designed filter are less than 0.30ns in the
passband and 16dB/GHz at lower and higher cut-off frequency respectively. The dimension of the
filter is 22x20mm? and fabricated on a cost-effective substrate. All simulated results are verified
through the experimental results. A bandpass filter with wide stopband characteristics has been

designed and analyzed for UWB application using the MMR technique. The designed filter has
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achieved good insertion loss less than 0.5dB and 0.3ns group delay in the intended passband. The
prototype of the filter is compact as 22x20mm? with a 109% fractional bandwidth. From Table-7.4,
it is observed that this filter has better responses although it is fabricated over FR-4 substrate than
referred filters. The proposed filter is suited for recent weather reporting Radar, Imaging, and
Satellite receiver systems because simulated results have good agreement with measured results.

*kkkk
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CHAPTER-8
CONCLUSION AND FUTURE SCOPE

8.1 CONCLUSION:

This thesis presents designing and analysis of microwave components i.e. antenna,
metasurface absorber, and filter which are used in MIMO wireless communication systems.
The proposed structures are low profile, high efficiency, super-wideband, and high gain with
acceptable diversity performance used in a microwave and THz communication system. It is
validated that each component (prototype) designs are suitable for microwave/THz

communication.
Following conclusions are derived from the research carried out in the thesis:

8.1.1. High Isolation Super Wideband WLAN Notched Dual Polarized

MIMO Antenna For Multiple Applications:

1. A super wideband microstrip MIMO antenna with mushroom type EBG with an E-shaped
decoupling structure on the ground is presented for high isolation and high front to back
ratio (FBR).

2. To achieve super wideband impedance bandwidth (185%), a step impedance microstrip
feeding structure is introduced.

3. This MIMO antenna is circularly polarized at 1.575GHz and 26.0GHz by using the
circular slot on the radiating patch.

4. The EBG structure reduces the back radiations and improves the FBR in lower (1.5-
5GHz) and higher band (25-40GHz).

5. The proposed MIMO antenna features SWB (Super Wide Band) bandwidth and compact
size (55.6x50.5x1.6mm®) on the FR-4 substrate.

6. This MIMO antenna is suitable for defense applications and handheld device covering
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7.

GPS/ DCS/ PCS/ UMTS/ WI-BRO/ ISM/ IRNSS/ LTE (M/HB)/ BLUETOOTH /
IOT/SUB 5G/WIMAX/mm range 5G/X/Ku/K/Ka-band.

The 3D radiation pattern based ECC and diversity parameters of the MIMO antenna is
also verified by simulation and experimental results in the prescribed range. Finally, this

antenna is tested in a realistic application environment.

8.1.2. High Diversity Gain MIMO Antenna for UWB Application With WLAN Notch

1.

3.

Band Characteristic Including Human Interface Devices:
A UWB-MIMO antenna with the WLAN band-notch (5.1-5.85 GHz) characteristic is

offered.

This antenna consists of two radiated patch feeding with a tapered line and fabricated on

FR-4 substrate having the size of 36 x 22 x 1.6 mm?®.

A notched-band response is achieved by introducing an open-ended stub on the ground
plane which mitigates the WLAN (5.1-5.85GHz) band to avoid interference from the

UWB band.

. Proposed antenna has an impedance bandwidth from 3.1 to 11.2GHz as well as high

isolation i.e. Sy is less than -30dB. Radiation efficiency is greater than 0.75 except for the

notched band (< 0.5).

Diversity performance are also set the new paradigm in terms of ECC (< 0.008), TARC
(£—25dB), CCL (< 0.3 bits/s/Hz), Mean effective gain ratio (MEGi) = 1, and Directive

gain (> 8.95 dB) except the notched band.

Simulated results of the proposed antenna are tested and verified by the experimental
results. Proposed antenna characteristics are also found suitable for a human interface

device, low-cost, and easily fabricated.
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8.1.3. Meander Line Inspired Penta-Band MIMO Antenna for Wireless Applications:

1. A meander line-shaped penta band (2.165-2.48, 2.59-2.72, 2.89-2.97, 3.10-3.32, 3.38-
3.46GHz) 4-elements multiple-input-multiple-output (MIMO) antenna is presented.

2. Radiation patterns of the antenna shows Right Handed Circular Polarization (RHCP) at
port-1 and 3 and Left Handed Circular Polarization LHCP at port-2 and 4 at frequencies
2.2, 2.4GHz. These frequency ranges are widely used for MSS and 10T applications.

3. This antenna is designed with compact size 50x70x1.6mm? on the FR-4 substrate with
excellent diversity performance in pentaband.

4. Simulated results of antenna-like return loss, isolation, and diversity parameters have also
been verified experimentally, which are in the acceptable range.

5. This antenna is tested in a realistic environment for the SAR application. This antenna is
appropriate for Mobile satellite services (MSS), ISM, Broadband Radio Services (BRS)
and Educational Broadband Services (EBS), WiMAX Radio Location Services, and
Amateur Radio Services respectively.

8.1.4 Design of Metasurface Absorber for Low RCS and High Isolation MIMO Antenna

for Radiolocation and Aeronautical Radio Navigation Applications:

1. This MIMO antenna and absorber structure design on FR-4 substrate with 55x40x1 and

10x10x1 mm?® respectively.

2. At 8.78GHz and 12.52GHz Metamaterial absorber absorbance is 98.89% and 98.16%

respectively and its reflectivity is almost zero.

3. The MIMO antenna performance is judged by antenna parameters and diversity
performance i.e. return loss, isolation, maximum gain, ECC, DG, TARC, MEG, CCL, and
Channel capacity. At 8.78GHz proposed MIMO antenna achieved isolation greater than
28dB and ECC is less than 0.002 which concludes that this MIMO antenna is suitable for

radiolocation and aeronautical radio navigation applications.
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8.1.5. High Isolation and High Gain Super-Wideband (0.33-10THz) MIMO Antenna for
THz Applications:

1. An elliptical-shaped microstrip feed super-wideband (SWB) 2-elements MIMO antenna

is proposed for high-speed terahertz (THz) applications. It has 2:1 VSWR operating

bandwidth from 0.33-10THz (187%) with 19dBi peak gain.

2. Radiation Efficiency is also greater than 70% throughout SWB bandwidth. The 2-element

3

MIMO antenna is designed with a compact size of 1000x1400x101.29um” on the

RT5880 substrate having a relative permittivity of 2.2.

3. Simulated results of antenna-like return loss, isolation, gain, efficiency, and diversity
performance parameters (ECC, DG, TARC, etc.) are in an acceptable range. Therefore,
this antenna is useful for Sub 5G, vehicular communications, Imaging, 3D printing,

Terahertz wave Radar, Health care, and Astronomical radiometric application.

8.1.6 Compact Bandpass Filter with Extended Stopband Characteristic for UWB

application using MMR Technique:

1. UWB bandpass with an extended stopband filter is presented by using multi-mode
resonator techniques. MMR is formed by loading three dumbbell-shaped (Micky &
circular) shunt stubs placed in the center and two symmetrical locations from ports,

respectively.

2. Filter performance is enhanced by introducing three circular and arrowhead, DGS
structures on the ground to achieved UWB bandwidth including better sharpness of the
filter. The proposed filter exhibits passband characteristics for the UWB range i.e. 3.1-
10.6GHz with a return loss of 20dB and stopband range from 10.8-20GHz with 0.4dB

return loss.
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3. The group delay and sharpness of the designed filter are <0.30ns in the passband and
16dB/GHz at lower and higher cut-off frequency respectively. The dimension of the filter
fabricated on the cost-effective substrate (FR-4) is 22x20mm? and the simulated

frequency response is finally verified by the experimental results.
8.2. FUTURE SCOPE OF WORK:

Based on the work done during the Ph.D., Some important research problem is identified

which can be investigated in the future:
8.2.1 MIMO Antennas:

1. Massive MIMO antenna can be designed by placing more antennas for attaining high

channel capacity and a high data rate for 5G communication.

2. Multiple user MIMO antenna and Smart antenna can be designed with high throughput,
better channel capacity, and high data rate. Beamforming and splitting will also be used

for designing Multiple Users (MU) MIMO antenna.

3. Quantum MIMO Antenna is a very emerging field for the future, so, Graphene-based THz

range quantum MIMO antenna for B5G wireless communication can also be designed.

4. AOC (Antenna on-chip) also plays a very important role in future 5G and B5G wireless

communication so in the future work can be extended in this emerging technology.

5. Reconfigurability (frequency, pattern, and polarization) to be added in the future for

MIMO and Massive MIMO antennas.

6. Massive MIMO antenna works as a wireless sensor for the biomedical field (detection of

the brain tumour and breast cancer tissue) can be designed.

8.2.2 Microwave and THz Filters:
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1. SIW based reconfigurable filter can be made for enhancing the performance.

2. Graphene and vanadium oxide-based THz filters can also be investigated in the future.

3. Active filters may also be explored.

8.2.3 Metamaterial Absorber (MMA):

1. UWB MMA can be investigated.

2. Vanadium oxide-based reconfigurable wideband THz MMA can be made in the future.

All the above-mentioned structures can be investigated in the real-world for wireless

communication systems.

*HXxIxk*Xx
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