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Abstract—In this paper, a compact ultra-wideband (UWB)
antenna is designed for communication and sensing applica-
tions based on the defected ground structure (DGS) method.
Compared to traditional UWB antennas using a thick substrate
and circular/elliptical patch, this paper utilises an alternative
approach by using a rectangular patch with the finite slotted
ground on a 0.508 mm thick RO4003 substrate. A systematic
approach is presented for the determination of the slot’s position
in each step of the DGS method to increase the bandwidth of
the narrowband rectangular patch antenna. An equivalent circuit
model is also characterized based on the Foster canonical form
theorem for the UWB antenna. The fabricated antenna (31.5mm
x 33.5 mm) has a bandwidth of 7.9 GHz (3.8-11.7 GHz) with a
peak gain of 6 dBi and 90% efficiency in the operating frequency
range. Additionally, communication and range measurements
are performed to show the future application scenarios like
joint communication and sensing (JC&S). Easy identification
of the slot position using current distribution for bandwidth
enhancement, an equivalent circuit model for simpler theoretical
analysis, and experimental system validation of the developed
UWRB antenna are the highlights of this paper.

Index Terms—DGS, Wideband/UWB, Equivalent Circuit
Model, Experimental Validation, JC&S

I. INTRODUCTION

Bandwidth scarcity in wireless communication and radio
sensing drew researchers’ attention towards new technologies
and consumer products utilising them. New research fields like
UWRB localization/identification, Wi-Fi sensing and upcoming
JC&S in 6G could provide solutions to tackle the spectrum
scarcity. This way, the currently established communication
technology can be used with sensing (e.g. radars) or vice versa
to reduce the use of different devices for different applications.
UWRB technology has the advantages of a high data rate, less
interference and greater resistance to multipath fading [1]].
For localization, automobile industries are utilizing this large
bandwidth (BW) spectrum for precise distance measurement
[2]. Therefore, UWB has potential for JC&S applications [3]].
In addition, space constraints in battery-driven mobile devices
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require compact design as most handheld devices are becom-
ing more compact. A wideband compact antenna for UWB
applications can address these constraints for such devices.
The challenges of achieving large fractional bandwidth and
compactness for wideband antenna include the performance
parameter trade-offs such as impedance matching bandwidth,
maintaining high gain over the frequency span and omnidirec-
tional radiation pattern.

In the literature review, several methods like thick substrate
usage, stacked patches, shorting pins, and defected ground
structure (DGS) are used to increase the bandwidth (BW)
of the planar narrowband microstrip patch antenna [4]]-[6].
Defected ground structure method for increasing the BW and
impedance matching is more appealing than others due to the
compactness of the design. In DGS, defects or slots of different
shapes are introduced intentionally in the ground plane. This
method reduces size with desired radiation performance [7].
But, this popular technique lacks proper visualization of where
to cut the slots. In literature [8|]-[11], slots are cut one after an-
other to achieve UWB, and then comparison of S1; parameters
as well as the current distribution plot of the proposed antenna
are shown. But there is no reported information on how the
slot’s position is determined in each step. Additionally, most
of the literature uses one of the below options to design the
UWB antenna from a narrowband antenna -

o Using circular or elliptical patches, that provide wider
and symmetric modes than rectangular patches due to
their resonant behaviour [12], [13].

o Using lossy dielectric material like FR4 and thick sub-
strate for bandwidth enhancement.

Therefore, in this paper, step-wise techniques are given in Sec-
tion [II| based on the current distribution analysis to determine
the slot position for achieving UWB (3.8-11.7 GHz) from a
narrow band patch antenna. Standard RO 4003 (e, = 3.55)
substrate with a moderate thickness of 0.508 mm is used due
to its low cost and low losses at high frequencies compared to
other cheaper options like FR4. Additionally, an equivalent
circuit model is derived for the designed UWB monopole
antenna in Section which provides useful insights into the
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TABLE I: Narrowband Patch Antenna Dimensions

Param | SubL | SubW| Lp | Wp| Lf 50| W 50| Lf qw| Wf_qw
eters
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Fig. 1: (a) Narrowband MPA (b) Antenna-1 W/O slot.

design and performance of the antenna. Section presents
the communication and sensing experiments to show that
the developed antenna can be a good candidate for future
joint communication and sensing applications. At the end,
a comparison table between the references and the proposed
antenna is shown.

II. ANTENNA DESIGN AND RESULTS

Resonance frequency plays an essential role in calculating
the dimension of the antenna. The dimension of the antenna is
inversely proportional to the resonance frequency. Therefore,
obtaining an acceptable UWB frequency response from the
same narrowband dimension becomes a challenging task. In
this section, a narrowband patch antenna is designed first at
5.9 GHz. After that, the DGS method is followed to design
the UWB antenna from the same narrowband dimension with
the explanation of the slot position determination.

A. Narrowband Microstrip Patch Antenna (MPA)

The microstrip line feeding technique is considered for
designing the antenna rather than the inset feeding technique.
This causes the antenna to resonate at multiple resonant fre-
quencies for a wideband design. In [4]], formulas are given to
calculate the dimensions for the narrowband patch antenna. By
using these formulas, a narrowband patch antenna is designed
at 5.9 GHz, and then step-by-step techniques are employed
to increase BW from the same size. Table [I] and Fig. [Ia]
provide the dimension of the narrowband quarter-wavelength
impedance matching patch antenna. Fig. |2 shows the antenna
is matched to 5.9 GHz and the BW is 60 MHz.

B. Wideband Monopole Antenna

1) Partial ground and bending effect: The use of a ground
plane for the entire substrate below the patch causes the
antenna to radiate in the broadside region. To obtain an
omnidirectional radiation pattern, a finite ground plane must be
used [9]. Also, finite ground planes are capable of supporting

multiple resonant modes. Fig. [Tb|shows the finite ground plane
with the rectangular bending shape of the patch antenna-1.
Substrate and patch dimensions are kept similar to the pre-
vious narrowband design. The quarter-wavelength impedance
transformer is removed, and a direct edge feeding microstrip
line of 14 mm is used for feeding the antenna. The gap from
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Fig. 2: S1; of narrowband patch antenna and parametric
analysis of the finite ground length of antenna-1.

the top edge of the ground plane to the bottom edge of the
patch plays a significant role in matching the impedance and
widening of the antenna BW. The gap of 0.55 mm for the finite
ground (Rg=13.45mm) is selected after parametric analysis of
antenna-1. In Fig. 2] Rg=13.45mm shows better impedance
matching than the Rg=13.45mm without bending shape of the
antenna-1. A gap smaller than 0.55 mm starts degrading the
impedance matching. The bending shape in the patch tunes
the capacitive coupling by increasing the distance between the
patch and the ground, improving the impedance matching at
5.3 GHz and 7.1 GHz. The width of the transmission line is
kept constant at 1.14 mm for 50 2. SMA connector with wave
port excitation is used to get the antenna simulations as close
as possible to the realistic environment.

2) Different ground slots position effects: Slot addition
in the ground plane changes the current distribution, creates
additional resonance at a higher frequency and improves the
impedance matching [9]. Following that process, different
antenna types are designed, as shown in Fig. 3] From Fig.
[IB] antenna-1 (without slot) has resonances at 5.6 GHz and
7.1 GHz. Now, to add a new resonance at higher frequencies,
current distribution in the ground plane of antenna-1 is studied.
Fig. shows the current distribution on the ground plane
around the two resonances (5.6 and 7.1 GHz) as well as at
10.3 GHz. The bottom centre edge of the ground plane has
high current distribution at 10.3 GHz, 7.1 GHz and 5.6 GHz.
Therefore, cutting a slot at the bottom centre edge of the
ground will add a resonance at 10.3 GHz, as shown in Fig ]
(Antenna-2). There is a band notch from 7.5 GHz to 9.5 GHz
in antenna-2. Therefore, the current distribution is analyzed for
antenna-2 to improve the impedance matching, where there
is a band notch. Fig. shows that the top edge of the
antenna-2 ground plane has high current distribution near the
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Fig. 3: Steps in designing the proposed antenna.
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Fig. 4: Current distribution analysis at different frequencies on
the ground plane of (a) antenna-1 (b) antenna-2

patch bending. Therefore, cutting two slots at the top edge of
the ground plane of antenna-2 tunes the capacitive reactance.
Fig. [] (Antenna-3) shows that the band notch disappears for
antenna-3 from 7.5 GHz to 9.5 GHz. Since the reflection
coefficient of antenna-3 is still very close to -10 dB, the current
distribution is analyzed again for antenna-2. Fig. fib] shows
that the current distribution is also high in the middle of the
ground plane. Therefore, placing a slot in the middle of the
ground plane brings down the S7; significantly below -10 dB,
as shown in Fig. [5] (Proposed antenna-4). From Fig [3] the
total simulated BW of the proposed antenna-4 is observed
from 3.8 GHz to 11.7 GHz, and the measured BW is 3.85
GHz to 11 GHz. The fractional BW has increased to 101.9
% from the narrowband design’s 1.03 %. Fig. |§| shows the
fabricated proposed UWB antenna-4, and Table [[I] provides all
the physical dimensions of the necessary slots in the ground
plane. Parametric analysis is used to find the proper size of
slots used in the ground plane.

The radiation pattern in E-plane (XZ direction) and H-plane
(YZ direction) in Fig. [7| shows that the antenna radiates om-
nidirectionally. Fig. [§] shows the gain and radiation efficiency,

TABLE II: Slots Dimensions

Parameters S1_L S1_W | S23_ L | S2,3_W| S4_L S4_W
Value (mm) 3.45 1.4 8 1 0.5 5
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Fig. 5: S11 parameters of antennas 2 to 4.
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Fig. 6: Fabricated UWB antenna-4 top and bottom view.
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Fig. 7: Normalized radiation pattern (Simulation vs Measure-
ment) (a) E-plane at 7.1 GHz (b) H-plane 7.1 GHz (c) E-plane
at 10 GHz (d) H-plane 10 GHz.
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Fig. 8: Simulated gain and radiation efficiency.

where the gain is 2-6 dBi in the operating range and efficiency
is above 90%.

III. EQUIVALENT CIRCUIT MODEL

An antenna can be represented by an equivalent circuit
model of lumped elements which carries both theoretical and
practical importance. It provides useful insights into the design
and performance of the antenna. This paper investigates the
equivalent circuit based on the Foster canonical form [[14].

1) Equivalent Circuit Based on Foster Canonical Forms:
The input impedance of an antenna can be represented by
Foster’s canonical form, assuming there are no Ohmic losses.
The first Foster canonical form in Fig [Pa] is suitable for
modelling “electric antennas”, which behaves as an open
circuit at DC input signal [15].

R1=39 Ohm R2=42 Ohm R3=49 Ohm R4=190 Ohm
L1=0.35nH L2=0.23nH L3=0.15nH L4=0.04nH
C1=3pF  C2=2.25pF C3=1.93pF C4=3.5pF

C1

Co=1.3pF
o o P Ls=1.43nH
Co C5=2.24pF
C1 Cn L0=0.65nH
Leo
PORT 1 =
Z=50 Ohm
() (b)

Fig. 9: (a) Foster first canonical form (b) Equivalent circuit
model of the UWB antenna-4.

According to the Foster reactance theorem, around reso-
nance frequency, the antenna behaves as a series RLC circuit
where the derivative of the antenna’s reactance with respect
to frequency is positive. At near anti-resonance ranges, the
antenna acts as parallel RLC circuits, and the frequency
derivative of the antenna’s reactance is negative [[15]. In a finite
frequency range, when the antenna reactance changes from
negative (capacitive) to positive (inductive), the frequency
derivative of the antenna reactance is positive and vice versa.
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Fig. 10: Input impedance comparison of the equivalent circuit

and HFSS simulation of antenna 4.

TABLE III: Element values of the equivalent circuit model of
UWB antenna-4.

Zn Zo VA Zs Z3 Z4 Zs
Ry, () 39 42 49 190

AWR Crn(pF) 1.3 3 2246 | 1.93 35 2.24
Ly (nH) 0.65 | 0352 | 0.226 | 0.146 | 0.0425 | 1.425
fn(GHz) 4.81 7.15 9.5 13.1
Rn () 50.82 | 51.7 63 185.3

HFSS Crn(pF) 1.425| 3.9 11.21 | 2.63 2.066 -
Ly (nH) 0.65 | 0.281 | 0.045 | 0.107 | 0.0715 | -
f»(GHz) 4.81 7.15 9.5 13.1

Fig. [10[ shows that the input impedance of the UWB antenna-
4 and the BW goes through 4 anti-resonances at 4.81 GHz,
7.15 GHz, 9.5 GHz and 13.1 GHz. The equivalent circuit
is then represented by four parallel RLC cells connected in
series as shown in Fig. [Ob| for these anti-resonances. C1 and
L1 represent the capacitance and inductance of the antenna
when operating at the lower resonance frequency. The parallel
LC cell is the combined effect of the slots in the antenna’s
ground. The values of the components in the circuit are tuned
to achieve proper matching. Table presents the element
values from the HFSS and achieved tuned values from the
AWR for designing the equivalent circuit of the proposed
UWB antenna-4.

IV. COMMUNICATION AND SENSING EXPERIMENTS

This section shows communication and sensing experiments
as use cases for the developed UWB antenna.

A. Communication Experiment

The communication experiment setup is shown in Fig.
using Keysight Arbitrary Waveform Generator (AWG)
MS8195A to generate the modulated signal and Keysight
UXRO0254AP 25 GHz 256 Gsa/s 10 bit Real-Time Oscillo-
scope to perform the digital demodulation and performance
analysis. Measurement is performed in over-the-air (OTA)
and direct coaxial cable to compare the performance of 16
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QAM over the frequency span of 8.1 GHz. A wideband, high-
gain LNA (mini-circuits ZVA-203GX+) is connected after the
Rx antenna to facilitate the receiver measurement analysis,
as the UWB antenna does not have a very high gain. As
expected, the over-the-air SNR (Fig. is lower compared
to the direct cable measurements(Fig. [TTb). However,with this
measurement, the usability of this antenna across the 8+ GHz
frequency range is validated.
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Fig. 11: (a) Communication measurement setup; Constellation
and PSD plot of (b)16 QAM (direct cable) (c) 16 QAM (OTA).
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Fig. 12: Range measurement setup (a)LOS (b) NLOS with
metal object.

B. Range Measurement

In this section, the distance between two UWB antennas
(LOS) and distance measurement to the metal plate (NLOS)
as an object is performed in an anechoic chamber. The power
delay profile (PDP) method is used here as a tool to measure
the range [16]), [17].

1) LOS antenna range measurement: Fig. [12a] shows that
the fabricated UWB antennas in the line of sight (LOS)
configuration setup to measure the distance between the trans-
mitter and receiver. The distance between them is set to 1 m,
and height is maintained at 80 cm above the ground. The
measured frequency range is set from 3.5 GHz to 12.5 GHz,
corresponding to a delay resolution of 111 ps or 0.1 ns and the
transmit power is set to 0 dBm. The spectrum is divided into
201 points. Therefore, the maximum excess delay or maximum
measurable time-domain delay window is 2.22 ns. Inverse Fast
Fourier Transform (IFFT) is applied to the measured complex
So1 data to obtain the time-domain channel impulse response.
After that, a Hamming window reduces the side lobe level
in the delay domain. The PDP is calculated using equation
P(r) = E[|h(t,7)*] from channel impulse response [18].
Finally, the horizontal delay axis is converted to the distance
axis to show the LOS range between the transmitter and
receiver. Fig. [[3a]indicates that the peak received signal power
is at 1.07 m, which is the distance between the antennas.

2) Metal Plate Distance Measurement (NLOS Antenna): A
metal plate (200 cm x 100 cm x 2 mm) is used as an object,
where both UWB antennas are placed side by side in a sensing
experiment, as shown in Fig. [[2b] The distance between the
antennas is 48 cm, and from the antenna’s center point to
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In addition, communication and sensing experiments are per-
formed to show that this antenna can be a good candidate for
futuristic applications like joint communication and sensing.
A comparison between the proposed and reference UWB
antennas is given in Table [[V]
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TABLE IV: Comparison Between Proposed and Reference UWB Antennas.

Ref Patch Size Gain | 7 Fractional| Circuit| Advantages/Disadvantages
No. shape (mm) (dBi) BW(%) model
jS] Square 12x18x1.6 | - 86% | 126.1 - (a) FR4 substrate with 1.6 mm thickness (b) Compact but too many slots with
no explanation behind the slot’s position
j9] Elliptical 45x45x1.6 | 3.54 | - 135.2 - (a) FR4 substrate with 1.6 mm thickness (b) Large dimension (c) Lower gain
le] Circular 45x40x1.5 | 5.5 - 137.1 - (a) FR4 substrate with 1.5 mm thickness (b) Large dimension (c) Good gain
but no explanation behind the slot’s position
jl 1] Elliptical 35x32x1.5| 44 - 118.8 Yes (a) Elliptical shape with FR4 substrate and 1.5 mm thickness (b) No explanation
behind the slot’s position
Proposed| Rectangular| 31.5x33.5x| 6 90% | 101.9 Yes (a) Good gain and high efficiency (b) Easy slot position determination in each
design 0.508 step of BW enhancement (c) Eqv circuit model (d) Application use case studies
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