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ABSTRACT: This paper presents a multifunctional antenna with high isolation for interweave and underlay cognitive radio (CR) applica-
tions. The proposed antenna consists of an ultra-wideband (UWB) antenna (ANT1) for sensing and communication in UWB spectrum
range and a frequency reconfigurable antenna (ANT2) for communication over frequency ranges from 3 to 3.7GHz and 3.8 to 5.6GHz.
The proposed antenna is designed on an FR-4 substrate 50× 65× 1.6mm3 with a shared ground plane. A square slot and a rectangular
stub is introduced in the ground plane to achieve−10 dB wide impedance bandwidth and good isolation over the frequency range of 1.8
to 12GHz. An underlay CR operation is attained with a UWB ANT1 with reconfigurable band notch of 2.76 to 3.7GHz by introducing
a U-shaped slot. The interweave operation is obtained by incorporating ANT1 and ANT2 in the same substrate. ANT1 without notch
band is used for sensing spectrum, and ANT2 with reconfigurable frequency is used for communication. The proposed antenna attains
interweave and underlay operations with inter-port isolation greater than 17 dB all over the proposed UWB and communication band.

1. INTRODUCTION

Federal Communication Commission (FCC) authorized the
frequency band of 3.1 to 10.6GHz for ultra-wideband

(UWB) applications [1]. This spectrum is a limited resource,
and managing this spectrum effectively is essential to meeting
the growing wireless communication needs. Cognitive radio
(CR) effectively uses the spectrum and reduces the spectrum
congestion. CR systems can adjust and optimize their commu-
nication parameters based on user requirements, environment
awareness, and real-time spectrum sensing. Two types of users
are present in cognitive radio. The primary users can access
the spectrum at any moment, while the spectrum is accessible
to the secondary users whenever the band is idle. Based on
spectrum sharing between primary and secondary users, the CR
system is classified as interweave CR and underlay CR [2–4].
Two different types of antennas are needed for interweave CR.
The communication is done with a frequency reconfigurable
antenna, and for spectrum sensing, a UWB antenna is used.
An antenna with dual ports in the same volume for narrow

and wideband operation was reported in [5] for interweave ap-
plications. It exhibits one wideband omnidirectional antenna
for scanning the spectrum and one narrowband antenna for
communication. The interweave CR senses the entire spectrum
to identify the underutilized spectrum by using spectrum sens-
ing, and it uses the most appropriate channel from the unused
part of the spectrum and permits secondary users to communi-
cate without interfering with primary users. Since two antennas
are used in interweave cognitive radio, isolation between ports
is required for these antennas.
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Underlay CR consists of one antenna, and it allows sec-
ondary users to utilize the spectrum concurrently with primary
users, as long as their interference level is less than the maxi-
mum tolerated. In this case, the secondary users should be re-
stricted transmitted power [6, 7], and a tunable notched wide-
band antenna is required [8]. The primary and secondary user
interference was reduced with the notches in the UWB antenna
within its operational frequency range [9].
In the literature, various articles on cognitive radio antennas

have been reported [10–19]. A single port CR antenna system
was reported in [10, 11]. In [10], a selective frequency reconfig-
urable antenna was proposed in which the same antenna acted
as a sensing and communicating antenna. In [11], the under-
lay CR with three independently controllable band notches was
discussed. In [12], a reconfigurable operating band multiple-
input multiple-output (MIMO) antenna within the UWB range
was achieved, and a high isolation MIMO antenna with recon-
figurable single band elimination was discussed in [13]. A dual
port CR antenna system with a wideband sensing antenna and
a narrowband communication antenna was reported in [14].
However, the narrowband antenna was limited to the single
band of operation. In [15], integrated two-port compact CR
with high isolation has been discussed, and the narrowband
antenna had two frequency bands of operation. The antenna
system reported in [10, 11, 14, 15] is applicable to either under-
lay CR or the interweave CR. In [16], separate antenna sys-
tems have been designed to achieve underlay and interweave
CRs. MIMO and CR technologies were combined in [17], and
the underlay and interweave CR was achieved using a single
antenna system. In [18], an 8-port MIMO antenna has been
reported for integrated interweave-underlay operations. How-
ever, the frequency of operation for scanning was limited to
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sub-6GHz 5G. In [19], a multi-radio antenna system with in-
tegrated UWBMIMO, narrowband MIMO and cognitive radio
(CR) was reported. Achieving good isolation while integrating
multiple antenna elements on a single substrate is challenging.
Various isolation enhancement techniques have been reported
in the literature, including defected ground structures, com-
plementary split-ring resonator (CSRR), parasitic stubs, elec-
tromagnetic band gap structures (EBG), and extended ground
stubs [15, 26, 30–32]. While combining multiple methods can
improve isolation, it also increases design complexity. The ex-
tended ground stub is less complex and can achieve good iso-
lation [15].
While integrating the two antennas on a single substrate for

interweave CR systems, good isolation between antennas is es-
sential. The communication antenna, being reconfigurable an-
tenna, operates across multiple frequency bands, and its higher
harmonics are also present. This results in interference between
the sensing antenna and communicating antenna.
In an underlay CR system, the secondary users continuously

transmit at low power over short distances. A UWB antenna
with reconfigurable notches in its operating band is required for
this case. Additionally, these notches should be canceled when
spectrum sensing is necessary. Therefore, a multifunctional in-
terweave and underlay cognitive radio system with good isola-
tion provides an effective solution for improved spectrum uti-
lization and reduced interference challenges.
This paper proposes a multifunctional antenna for inter-

weave and underlay cognitive radio systemswith high isolation.
The design includes a UWB antenna (ANT1) for sensing the
UWB spectrum, with a reconfigurable single band notch and a
frequency reconfigurable antenna (ANT2) for communication
purposes. The UWB antenna with a reconfigurable notch band
enables underlay CR operation, and when the notch is deacti-
vated, it functions as a sensing antenna. ANT1 and ANT2 to-
gether support interweave CR operations. The scanning range
covers the entire UWB spectrum, while the notch band helps
reduce interference with a major portion of the WiMAX band.
The minimum isolation between ANT1 and ANT2 ports is
greater than 17 dB in all four operating cases in Table 2. The
proposed antenna is designed to achieve interweave and under-
lay CR operations with good isolation between antenna ports
and minimal design complexity. Section 2 discusses the de-
velopment of ANT1 and ANT2 designs. Antenna performance
and findings are presented in Section 3, along with a discussion.
This paper concludes in Section 4.
This paper’s contributions are as follows:

1. The proposed antenna is beneficial for both interweave
CR and underlay CR with a single system and exhibits an
ultra-wideband scanning range from 1.86GHz to 12GHz,
covering a broad spectrum, which is highly suitable for
UWB applications.

2. The proposed design employs fewer switching compo-
nents, reducing the complexity.

3. High port isolation is crucial when two antennas are
placed in a CR system. Including an extended stub
in the ground plane enhances the antenna’s bandwidth
(1.86GHz–12GHz) and improves the isolation between

ANT1 and ANT2 to−17 dB, ensuring better performance
and reduced interference.

2. ANTENNA DESIGN
The proposed antenna operates in two states namely state-A and
state-B. State-A corresponds to underlay CR. In state-A, ANT1
transmits in UWBwith reconfigurable band rejection. It will al-
low ANT1 to transmit in UWB and minimize the interference
with primary users. If the primary user is not able to tolerate the
interference level of secondary users, the reconfigurable notch
band is required as represented in ANT1. At the same time,
state-B corresponds to interweave CR. State-B requires two an-
tennas, ANT1 (without notch band) for constant scanning of the
wide spectrum and ANT2 (frequency reconfigurable) for com-
munication. These states are achieved by incorporating a re-
configurable notch band into the UWB antenna (ANT1) and a
reconfigurable frequency band in ANT2.

2.1. UWB Antenna (ANT1) Design
In this section, the UWB antenna (ANT1) is designed and dis-
cussed. Our main aim is to design an antenna that can sense and
communicate within the UWB frequency range. The UWB an-
tenna (ANT1) is designed with the proper substrate, patch, and
ground plane selections. The substrate is FR-4 epoxy with rel-
ative permittivity εr = 4.4, dielectric loss tangent (tan δ) of
0.02, and thickness of 1.6mm. The frequency reconfigurable
antenna (ANT2) is also incorporated within the same substrate.
The circular patch antenna (ANT1) with radius R1 = 12mm
and partial ground plane is similar to [20], except for extended
ground plane. The design steps for the UWB antenna (ANT1)
from Step 1 to Step 3 are shown in Fig. 1. The electromag-
netic (EM) full-wave simulator HFSS version 22.2 [28] is used
to simulate the proposed antenna. The ultra-wide bandwidth
is achieved by optimizing the partial ground plane, the gap be-
tween the circular patch and ground plane, slot on ground plane,
and the extended ground plane.
The reflection coefficient of ANT1 is shown in Fig. 2. In

Step 1, the circular patch with the ground plane (Lg×Wg)mm2

achieves the lower cutoff frequency of 2.24GHz. The partial
ground plane helps to achieve the wide bandwidth of (2.24–
6.34GHz). However, UWB (3.1–10.6GHz) is not achieved.

In Step 2, the impedance bandwidth is improved with a
square slot (L1×W1)mm2 in the partial ground plane to achieve
a bandwidth of 9.77GHz (2.23–12GHz). In Step 3, the ground
plane is extended with a rectangular stub (Lg1 × Wg1)mm2,
further enhancing the bandwidth to 10.14GHz (1.86–12GHz).
Moreover the extended ground plane also improves the isola-
tion between ANT1 and ANT2.

2.1.1. UWB Antenna (ANT1) with a Reconfigurable Single Band Notch
for Underlay CR

The UWB antenna (ANT1) allows the secondary user to trans-
mit over UWB. The interferences with primary users can be
minimized by introducing the notch band at specific frequen-
cies in communicating with a wideband antenna. To achieve
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(a) (b) (c)

FIGURE 1. Evolution of UWB antenna (ANT1). (a) Step 1, (b) Step 2, (c) Step 3.

FIGURE 2. Simulated S11 of the ANT1.

the reconfigurability of the notch bands, switching circuits with
a PIN diode are used. Fig. 3 depicts the reconfigurable single
notch band antenna (ANT1).
In the monopole antenna, a U-shaped slot achieves the notch

band for the Wi-MAX band. The resonant band notch fre-
quency is given by [21].

fnotch =
c

2Lslot ×
√
(εreff)

(1)

εreff =
εr + 1

2
(2)

where c is speed of light in vacuum; εr is the dielectric con-
stant of the substrate; εreff is the effective dielectric constant
calculated by Equation (2); Lslot = length of U-shaped slot
and fnotch = resonant frequency correspond to 3.5GHz for
whichLslot is approximately one-half wavelength of the desired
notched frequency at 3.5GHz [22]. The parametric analysis of

FIGURE 3. UWB antenna with reconfigurable single notch band
(ANT1).

slot length Lslot is shown in Fig. 4. It is observed that the notch
band center frequency decreases from 3.7GHz to 3.3GHz, with
the increase of the slot length from 24.5mm to 26.5mm. The
simulated voltage standing wave ratio (VSWR) of ANT1 for
different Lslot is depicted in Fig. 4.
The slot length (Lslot) controls the desired notched band fre-

quency. The effect of slot width (ws1) variation on VSWR
(keeping the Lslot constant at 25.5mm) is depicted in Fig. 5.
It is observed fromFig. 5 that slot width (ws1) has an insignif-

icant effect on the notch band. However, it is slightly shifted
towards lower frequencies with an increase in the width of the
slot. Hence, slot length Lslot and slot width (ws1) are the pa-
rameters that help to design the desired notch band. The shape
parameters of the U-shaped slot are analyzed and selected as
Lslot = 25.5mm and ws1 = 0.5mm.
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FIGURE 4. VSWR for different values of Lslot. FIGURE 5. VSWR for different values of ws1.

(a) (b) (c)

FIGURE 6. (a) Equivalent circuit of RF switch with biasing voltage, blocking capacitor and RF chokes, and PIN diode equivalent circuit, (b) ON
state (forward bias), (c) OFF state (reverse bias).

In interweave CR, ANT1 is utilized for scanning the entire
UWB without notch band characteristics and a frequency re-
configurable antenna for communication. However, in the case
of underlay CR, the UWB antenna (ANT1) should transmit
over a UWB with a switchable notch frequency. Therefore,
the UWB antenna with or without a notch band is required to
utilize the overall UWB efficiently. To attain the notch band
for the Wi-MAX band, a PIN diode (SMP-1321-079LF) D1 is
used in a U-shaped slot as depicted in Fig. 6. The PIN diodeD1
can operate in a forward bias (ON state) or reverse bias (OFF
state). The PIN diode is modeled as lumped RLC with distinct
boundaries in ON and OFF states in fullwave simulations [15].
D1 in ON state is modeled as a resistor (Ron = 1.05Ω) in series
with an inductor (Lon = 0.7 nH). D1 in the OFF state is mod-
eled as a capacitor (Coff = 0.18 pF) in series with an inductor
(Loff = 0.7 nH) [23]. The two capacitors (Cb1) of values 10 pF
are connected to the biasing pad and a radiator to block the DC.
With the external DC biasing, when the PIN diodeD1 is ON, the
current can flow through the radiator patch. Therefore, UWB
is achieved. However, when the PIN diode D1 is OFF, the slot
length produces a band notch at 3.5GHz (2.8–3.7GHz) because
the surface current ismostly confined in aU-shaped slot. In fab-
rication, the diode D1 biasing is done by external DC voltage.
Diode D1 in the ON state exhibits 0.85Volt across it, and the
forward current is 10mA [23]. Radio frequency (RF) chokes

(Lb) block the RF current towards DC biasing voltage. The
equivalent circuit of the RF switch with biasing voltage is de-
picted in Fig. 6. The VSWR and S11 of UWB antenna (ANT1)
with a PIN diodeD1 in the ON state and OFF state are given in
Figs. 7(a) and (b).
It is evident from Fig. 7 that the notch band is achieved for the

Wi-MAX band when PIN diode D1 is in the OFF state. How-
ever, UWB is achieved while PIN diode D1 is in the ON state.

2.2. Frequency Reconfigurable Antenna (ANT2) Design

The frequency reconfigurable antenna (ANT2) is shown in
Fig. 8. It is printed on the same substrate material with relative
permittivity εr = 4.4, dielectric loss tangent (tan δ) of 0.02,
and thickness of 1.6mm. ANT2 is excited using a microstrip
feed line width (Wf2) of 3mm to match a 50Ω impedance. The
partial ground plane length isLg (mm), and width isWg2 (mm).
The partial ground plane is considered to obtain a nearly omni-
directional pattern [24].
PIN diode D2 is modeled similarly to the diode D1 in sim-

ulation. The capacitor Cb2 (100 pF) blocks the DC to Port 2.
RF chokes Lb (100 nH) obstruct the RF towards external DC
biasing voltage. By adjusting the length of ANT2, PIN diode
(D2) is utilized to accomplish frequency reconfigurability. PIN
diode (D2) has two states: ON state and OFF state. ANT2 is
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(a) (b)

FIGURE 7. (a) VSWR of ANT1 whenD1 ON and OFF, and (b) S-parameter (S11) of UWB antenna (ANT1) with PIN diodeD1 in ON state and OFF
state.

FIGURE 8. Frequency reconfigurable antenna (ANT2).

designed with a size of (Ls × Wg2)mm2 and length LR4 to
generate the resonance in a higher frequency band at 5GHz
with diode D2 in OFF state. ANT2 covers the frequency
of WLAN (5/5.2/5.8GHz) and ISM bands (5.2GHz/5.8GHz).
When diode D2 is in ON state, it resonates at 3.4GHz due to
an increase in the antenna length. To generate lower frequency
band resonance, the length of ANT2 is extended with a rectan-
gular shape stub of size (LR6×LR7). The operating lower band
of ANT2 is the same as the frequency band notched from the
UWB. Hence, ANT1 with notch band and ANT2 as secondary
user will provide this configuration to operate underlay CR.
The ANT2 performance with extended ground plane is also

studied. The extended ground plane is the total ground plane
of ANT1 and ANT2. Figs. 9(a) and (b) present ANT2 perfor-
mance with different ground planes in diode D2, ON and OFF
states. From Fig. 9(b), it is observed that the extended ground

plane has a slight effect on impedance bandwidth and the res-
onant frequency of ANT2. The resonant frequency shifted
slightly lower in both the cases for diodeD2 ON and OFF states
with the resonant frequency of 3.33GHz and 4.7GHz, respec-
tively [14, 25–27].

2.3. Design of Proposed Multifunctional Antenna for Underlay
CR and Interweave CR

The multifunctional antenna in Fig. 10 consists of an ultra-
wideband antenna (ANT1) with a reconfigurable single band
notch and an ANT2 with frequency reconfigurability. Both
antennas are adjacent on one substrate board to make it com-
pact. The resultant multifunctional antenna does not use any
additional decoupling network/elements. Two PIN diodes D1
and D2 operate in ON and OFF states, and its four combina-
tion states are listed in Table 2. The S-parameters for all four
states are depicted in Figs. 11(a), (b), (c), and (d). It is evi-
dent that more than 17 dB isolation between antenna elements
is achieved across the entire UWB frequency range in all four
states. ANT1 covers the frequency band of 1.87 to 12GHz
in each of these states, and when D1 is in the OFF state, the
notch band of 2.76 to 3.7GHz is achieved. ANT2 covers the
frequency band of 3.02 to 3.7GHz and 3.83 to 5.65GHz for
D2, ON and OFF states, respectively.
The optimized antenna design parameters are listed in Ta-

ble 1.
Table 2 depicts the conditions of PIN diode states. Here

State_1, State_2 is utilized for underlay CR and State_3,
State_4 works for interweave CR.

3. RESULTS AND DISCUSSION
The antenna prototype shown in Fig. 12 is made with an MITS-
eleven lab prototyping machine. A biasing pad is used to apply
DC biasing voltage for the biasing of PIN diode D1. Measure-
ment and validation of the simulated findings from the proposed
antenna are done by VNA Master MS2038C.
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TABLE 1. Design parameter of the proposed antenna.

Design
parameter

Value
(mm)

Design
parameter

Value
(mm)

Design
parameter

Value
(mm)

Design
parameter

Value
(mm)

Ls 50 a 3 Wf1 3 LR3 8.4
Lg 20 b 3.5 Wg 35 LR4 8.25
Lg1 30 g1 0.47 Wg1 5 LR5 1
Ls1 4.5 L1 3.5 Wg2 30 LR6 7
Ls2 16 W1 3.5 Wf2 3 LR7 4
Ls3 4.5 Ws 65 LR1 10.9
Ls4 9 Ws1 0.5 LR2 0.7

TABLE 2. PIN diode states, ANT1 with notch band and ANT2 band of operations.

State PIN Diode (D1) PIN Diode (D2)
Frequency Band
ANT1 (GHz)

Notch band
in ANT1 (GHz)

Frequency Band
ANT2 (GHz)

State_1 OFF OFF 1.86–12 2.76–3.72 3.83–5.65
State_2 OFF ON 1.87–12 2.76–3.79 3.02–3.70
State_3 ON OFF 1.8–12 - 3.82–5.66
State_4 ON ON 1.8–12 - 3–3.71

(a)

(b)

Step A Step B

FIGURE 9. (a) ANT2 with different ground planes: Step A and Step B, (b) S22 (dB) with different ground planes in diodeD2 ON and OFF states.
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FIGURE 10. Proposed antenna schematic diagram.

(a) (b)

(c) (d)

FIGURE 11. Simulated S-parameters for all four states: (a) S11, (b) S21, (c) S12, (d) S22.
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(a) (b)

FIGURE 12. Fabricated prototype of proposed antenna. (a) Top view. (b) Bottom view.

3.1. S-Parameters Measurement
The simulated and measured reflection coefficients (S11, S22)
and coupling coefficients (S12, S21) for ANT1 and ANT2 with
four states are shown in Figs. 13(a), (b), (c), and (d). While
S11 is measured, Port 1 (ANT1) is excited, and Port 2 (ANT2)
is matched terminated. The measured impedance bandwidth
for ANT1 in the D1 OFF state is 10.1GHz (1.9–12GHz) with
a notch band of 2.7GHz to 3.7GHz. ANT1 has a measured
bandwidth of 10.2GHz (1.8–12GHz) without any notch band
in diodeD1 ON state. While S22 is measured, Port 2 is excited,
and Port 1 is matched terminated. The measured impedance
bandwidth for ANT2 is 3.03–4.29GHz and 3.73–5.55GHz
for D2 ON and OFF states, respectively, and it is shown in
Figs. 13(a) and (b). The measured isolations S12 and S21 are
less than −17 dB in most of the operating frequencies as de-
picted in Figs. 13(c) and (d). The measured −10 dB reflection
and transmission coefficient performance of the prototype have
good agreements with the simulated ones. Minor inconsistency
is observed due to fabrication errors.

3.2. Radiation Patterns and Gain
The radiation patterns and gain measurements are carried out.
The performance characteristics of the designed antenna are
verified by the fabricated prototype, as shown in Fig. 14. A
broadband horn antenna (1–18GHz) is employed at the trans-
mitting end, and at the receiving end, the proposed antenna is in
far-field distance. When Port 1 (ANT1) is excited, and Port 2
(ANT2) is matched terminated, the radiation patterns are mea-
sured at 2.4GHz, 3.9GHz, and 6.8GHz for both the (D1) ON
and OFF cases. Similarly, the radiation patterns of ANT2 are
measured at frequencies 3.3GHz (D2 is ON state) and 4.7GHz
(D2 OFF state) while keeping Port 2 excited and Port 1 matched
terminated with 50Ω.
Figures 15(a), (b), (c), (d) depict the measured and simu-

lated 2D radiation patterns of ANT1 at frequencies 2.4, 3.9, and
6.8GHz in xz and yz-planes, with acceptable agreement. It is
noted that in E-plane (xz) at lower frequencies, the radiation
pattern is directional; however, at higher frequencies, the an-
tenna exhibits a slightly skewed radiation pattern because of the
current distribution in the extended stub [15, 25]. Same as the
H-plane (yz) radiation pattern is also slightly directional at fre-

quencies 2.4GHz, 3.9GHz, and 6.8GHz. Cross-polarization is
observed to be more than 12 dB in all four cases.
The measured radiation patterns of ANT2 inE- andH-plane

are shown in Figs. 16(a) and 16(b).
The E-plane (xz) and H-plane (yz) radiation patterns are

directional in diode D2 ON and OFF cases, caused by the ex-
tended stub. The pattern asymmetry is due to the extended stub.
The cross-polarization is more than 12 dB in diodeD2 ON and
OFF cases.
ANT1 has a positive gain across the UWB frequency range

(1.8–12GHz) except the notched frequency band. The U-
shaped slot gives the desired band notch characteristics, and
ANT1 has a very good impedance matching at other UWB fre-
quencies. ANT2 exhibits a positive gain throughout the com-
munication frequency range when diode D2 is in both ON and
OFF states. Figs. 17(a) and (b) show a good agreement between
measured and simulated realized gains for ANT1 and ANT2.

3.3. Surface Current Distribution
The inter-port isolation can be explained by the surface current
distribution [15]. The surface current distributions on ANT1
and ANT2 are plotted for four different states of PIN diodesD1
and D2 as depicted in Figs. 18(a), (b), (c), and (d). In State_1,
Fig. 18(a), diode D1 and D2 are in OFF states. While Port 1
is excited and Port 2 terminated with 50Ωmatched impedance,
the current is plotted at a frequency of 3.54GHz. The surface
current is mainly confined to the U-shaped slot, which veri-
fies the band notch response. Similarly, when Port 2 is excited
and Port 1 terminated with 50Ω matched impedance, the sur-
face current distribution is plotted for ANT2 at the resonant fre-
quency of 4.59GHz. In State_2, Fig. 18(b), PIN diodeD1 is in
OFF state, and D2 is in ON state. A similar notch band can be
observed in ANT1, but ANT2 resonates at a low frequency of
3.3GHz due to increased path length. In State_3 and State_4,
diodeD1 is ON in both cases, and diodeD2 is OFF and ON, re-
spectively. When Port 1 is excited, ANT1 operates in the UWB
frequency range without any notch band. The surface current
distribution in Figs. 18(c) and (d) shows that the current is not
confined near the U-shaped slot, and it confirms the UWB radi-
ation of ANT1, whereas ANT2 operates in State_3 and State_4
at 4.7GHz and 3.3GHz, respectively. In addition, the isolation
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(a) (b)

(c) (d)

FIGURE 13. Simulated and measured S-parameters of proposed antenna. (a) S11, (b) S22, (c) S21, (d) S12.

FIGURE 14. Fabricated prototype antenna in an anechoic chamber.

between antennas can be observed because low surface current
is found near Port 1 and Port 2 when Port 2 and Port 1 are ex-
cited, respectively.

3.4. Diversity Performances
To analyze the inter-port isolation, the diversity performance
of the proposed antenna is calculated. The envelope cor-
relation coefficient (ECC) and diversity gain (DG) by using
S-parameters of the proposed antenna are computed and de-
picted in Figs. 19(a) and (b). The ECC and DG are calculated
by [15, 29].

ECC =
|S∗

11S12 + S∗
21S22|2(

1−
(
|S11|2 + |S21|2

))(
1−

(
|S22|2 + |S12|2

)) (3)

DG = 10

√
1− |ECC|2 (4)
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(a) (b)

(c) (d)

FIGURE 15. Radiation patterns for ANT1. (a) Radiation pattern for ANT1, E-plane (D1 ON). (b) Radiation pattern for ANT1, H-plane (D1 ON).
(c) Radiation pattern for ANT1, E-plane (D1 OFF). (d) Radiation pattern for ANT1,H-plane (D1 OFF).

A lower ECC (< 0.5) and (DG = 10) is required for the an-
tenna to perform better in terms of diversity. For all four states,
State_1, State_2, State_3, and State_4, the measured ECC is
less than 0.22 across the UWB. The measured DG is above 9.8
across the UWB. It shows a good diversity performance of the
proposed antenna.
Channel capacity loss (CCL) represents the maximum

achievable transmission rate at which a signal can be effi-
ciently transferred without experiencing significant loss, and it
should be less than 0.4 bits/s/Hz. The CCL affects the diversity
performance of the proposed antenna, and it is calculated

by [30]
CCL (dB) = − log2

[
det(φR)

]
(5)

where (φR) is a 2×2 S-parameter correlation matrix andφii =
1− |Sii|2 − |Sij |2, and

φij = −
(
S∗
ii × Sij + S∗

ji × Sjj

)
The measured and simulated CCLs, shown in Fig. 19(c), ex-
hibits values less than one bits/s/Hz within the operating range
of ANT2. The observed discrepancy is attributed to the differ-
ence between the simulated and measured S-parameters.
When two port antenna elements work simultaneously, the

system performance is evaluated using the total active reflec-
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(a)

(b)

FIGURE 16. Simulated and measured normalized radiation patterns for ANT2. (a) E- and H-plane at 3.3GHz, D2 ON. (b) E- and H-plane at
4.7GHz,D2 OFF.

(a) (b)

FIGURE 17. Realized gain. (a) ANT1, (b) ANT2.

tion coefficient (TARC). TARC is defined as the square root
of the ratio of total reflected power and total incident power.
Ideally, the TARC should be (< 0 dB). For two port radiating
antenna system, TARC is given by Equation (6) [30].√

(Sii + Sij)
2 + (Sjj + Sji)

2

2
(6)

The simulated and measured TARCs shown in Fig. 19(d) of the
designed antenna are less than−10 dB in the operating band of
ANT2 except for the notched band.
The mean effective gain (MEG) can be calculated by using

propagation statistics and radiation patterns. In the fading en-
vironment, MEG for the proposed antenna is extracted by the
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(a)

(b)

(c)

(d)

FIGURE 18. Surface current distribution in four different states: (a) State_1 (D1 OFF,D2 OFF), (b) State_2 (D1 OFF,D2 ON), (c) State_3 (D1 ON,
D2 OFF), (d) State_4 (D1 ON,D2 ON).

TABLE 3. Comparison study with reported work.

Ref. Type
of CR

Size
(in terms
of ∗λg)

UWB
antenna

range (GHz)

Narrow
band antenna
range (GHz)

Notch band
(GHz)

Isolation
(dB)

Ports
Switch

(PIN diode/
Varactor diode)

[10] Underlay 0.97λg × 0.72λg × 0.02λg 2.63–3.7 2.63–3.7 2.63–3.7
(4 tuning bands)

- 1 12 PIN diodes

[11] Underlay
and Overlay

0.5λg × 0.38λg × 0.01λg 2–10 2–10 3 band notches
at 2.4, 3.5, 5.5

- 1 4 switches

[14] Interweave 0.54λg × 0.54λg × 0.01λg 2–11 4.63–6.42 - < −25 dB 2 -

[15] Interweave 0.36λg × 0.53λg × 0.02λg 2.7–10 4.3–5.5
5.1–6.8

- < −21 dB 2 1 PIN diode

[17] Interweave
and Underlay

1.64λg × 1.36λg × 0.02λg 2.5–4.2 2.8–3.65 2.15–3.3 < −15 dB 4 20 PIN diodes
4 Varactor diodes

[18] Interweave
and Underlay

1.5λg × 0.93λg × 0.02λg 2.5–4.2 2.5–4.2 3.1–3.85 < −18 dB 8 12 PIN diodes
16 Varactor diodes

This
work

Interweave
and Underlay

0.49λg × 0.64λg × 0.01λg 1.8–12 3–3.7
3.8–5.6

2.76–3.7 < −17 dB 2 2 PIN diodes

∗λg is the guided wavelength at the lowest operating frequency.

following equations [31]:

MEGi = 0.5

[
1−

∑N

j=1
| Sij |2

]
< −3 dB (7)

MEG1 = 0.5
[
1− | S11 |2 − | S12 |2

]
(8)

MEG2 = 0.5
[
1− | S21 |2 − | S22 |2

]
(9)

Also
| MEGi −MEGj |< 3 dB. (10)
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(a) (b)

(c) (d)

(e)

FIGURE 19. Simulated and measured: (a) Envelope correlation coefficient (ECC). (b) Diversity gain (DG). (c) Channel capacity loss (CCL). (d)
Total active reflection coefficient (TARC). (e) Mean effective gain (MEG1/MEG2).

The value of MEGi/MEGj should be close to the unity and
within the range of ±3 dB for satisfactory performance. The
ratio of MEGi/ MEGj is plotted in Fig. 19(e), for the different 4
states of the proposed antenna. It is observed that the measured
MEG ratio is in good agreement with the simulated results. The
MEG ratio is almost close to 1, excluding the notch band.

Table 3 presents a comparative analysis of the designed an-
tenna with previously reported works based on parameters such
as bandwidth, isolation between ports, antenna size, and type.
The isolation in [14, 15] is comparatively good, but both works
have only interweave operation. The underlay and interweave
CRs were achieved in [17, 18] with the frequency of operation
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limited up to 4.2GHz and with an increased number of switch-
ing elements. The proposed antenna works in interweave and
underlay operations with better than 17 dB isolation between
the ports and with only two PIN diodes.

4. CONCLUSION
A multifunctional antenna for interweave and underlay cog-
nitive radios has been investigated. The UWB antenna with
a reconfigurable notch band and a frequency reconfigurable
antenna provides underlay and interweave operations. The
isolation between antenna ports is less than −17 dB. This
system provides the sensing range and communicating range
of 1.8GHz to 12GHz with a reconfigurable notch band of
2.76GHz to 3.7GHz and a communicating range of 3GHz to
5.7GHz. The proposed antenna also exhibits a good diversity
performance and is a suitable candidate for cognitive radio ap-
plications.
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