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Abstract— Dual operations of AC current sensing and Bluetooth 
transmission using a reconfigurable slot antenna are described here. The 
novel current sensing setup comprises of a tunable antenna connected to a 
current transformer and AC/DC converter to create a smart AC current sensing 
mechanism. The tunable antenna consists of a double-layer slot antenna on a 
thin, flexible substrate with a tuning circuit consisting of capacitive-coupled 
biasing tracks on the backside. Capacitive coupling isolates circuits at DC 
while providing connectivity at radio frequency (RF). Tracks act as the 
capacitors for the tuning biasing circuit. A double-sided copper clad Mylar 
substrate is etched to produce the slot antenna on one side and the biasing 
circuit using inexpensive Varactor diodes on the other side. The antenna tunes over a wide frequency range of 
approximately 2:1. The antenna is able to sense currents by providing a frequency response when connected to the 
sensing system. The current sensing antenna can also detect the operational or non-operational states of the 
appliances and devices. This low-cost setup of antenna on a flexible substrate can assist in detecting the power and 
current monitoring in household electrical devices providing an energy-efficient solution while also operating as a 
transmitter via Bluetooth. The measured reflection coefficients and radiation patterns are in a good agreement with 
the simulated results and noticeably clear sensing of current is achieved. 

 
Index Terms— Tuning, Current Sensing, Sensing Antenna, Diodes, Smart Sensing System 

 

 

I. Introduction 

NTENNA designs that can accommodate several adjoining 

frequency bands are of great interest for current and future 

indoor and outdoor applications [1]. There are readily available 

means by which antennas accommodate multiple frequency 

bands such as multiband antennas and reconfigurable antennas. 

Multiband antennas operate at many bands simultaneously 

whereas reconfigurable antennas work by dynamically 

selecting the frequency operation [2]. Active alterations to the 

frequency of operation makes the reconfigurable antennas 

appropriate for multiple applications at the same time. A variety 

of methods have been implemented to realise the concept of 

frequency reconfigurability for instance: Micro-

Electromechanical Systems (MEMS) [3], [4] liquid crystals [5], 

mechanical means [6], changing substrate characteristics [7], 

[8], using switching diodes [9] – [14] and varactor diodes [15] 

– [20]. Their versatile range and broad prospects of 

implementation, reconfigurable antennas can be particularly 

useful in radar, communication, shielding and security systems, 

smart surfaces and they can also be implemented in smart 

domestic appliance systems. 

With the ever-expanding numbers of inhabitants across the 

planet, the demand for energy has witnessed a rapid rise. The 

gap between the excessive demands and inadequate supplies 

has caused plenty of excessive workload on the existing power 

plants resulting in significantly higher carbon emissions.  Smart 

energy sensors and meters can be one of the potential solutions 
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in developing energy efficient appliances [21], and intelligent 

networks [22]. RFID based sensors for domestic electronic 

appliances have been frequently reported as a likely solution for 

smart sensing [23] – [27]. Some of the proposed solution 

possess the need for expensive external input of power supply 

to become operational [23] – [25] and thereby, increasing the 

system cost and reducing the energy efficiency. Some RFID 

solutions deploy high-priced microcontrollers and Analog-to-

Digital (A2D) converters [26], [27] which bypass the necessity 

for external inputs of power supply but increase the expenses 

by the means of expensive components and microcontrollers. 

Analysis of the energy usage behaviour through the usage of 

smart plugs in combination with home energy management 

systems (HEMS) is presented in [28]. An example of a smart 

plug (Monjolo) where the energy for the sensor is harvested 

from the mains is described in [29]. Similarly, a battery-free, 

non-intrusive power meter for inexpensive energy monitoring 

with transmissions based on a LoRa system is proposed in [30]. 

Reconfigurable antennas have also been presented for sensing 

applications and tend to deploy extensive options ranging from 

no diodes [31] to two PIN diodes [32] to three diodes [33] 

however, all these sensing antennas tend to primarily offer the 

ON and OFF states of the sensing features of their respective 

designs.  

This paper presents a reconfigurable slot antenna in a sensing 

system that can perform dual functions of sensing AC current 

levels as well as transmitting the data wirelessly over Bluetooth. 

This is a novel concept for potential sensing applications using 
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a standard reconfigurable antenna. The antenna is designed and 

fabricated on flexible substrate with the view of further 

integration within the cables and the rest of the sensing system. 

The antenna deploys capacitive coupling to simplify the biasing 

circuit and reduce the number of components on the flexible 

substrate. The reconfigurable antenna is able to tune over a wide 

range of frequencies which is ideal for current sensing 

applications. The AC current sensing antenna is used in the 

novel sensing setup comprising of a current transformer fitted 

with an AC/DC convertor to sense the AC current passing 

through the wire. The DC current is then converted to a DC 

voltage that is used to tune the frequency response of the 

reconfigurable antenna. This newly proposed sensing system 

provides a simple, cost-effective solution for a current sensing 

system for smart appliances for energy efficient homes.  

II. RECONFIGURABLE ANTENNA 

A. Antenna Design and Dimensions 

Slot antennas are well-known structures that are widely used 

in communication systems. The knowledge of these antennas is 

constantly expanding and has recently been analysed in terms 

of characteristics modes [34]. The wideband tuning 

characteristic responses of reconfigurable slot antennas [1] 

make them highly beneficial for a prospective use as sensors.   

Here, a slot antenna design with a capacitive-coupled biasing 

on a thin flexible substrate is used to simplify the tuning circuit 

and to adapt to the sensing applications. The initial design can 

be seen from Fig. 1. A broad view of this antenna and the layout 

of the biasing tracks for tunable antennas is presented here in 

Fig. 1 where Fig 1 (a) shows the cross-section view, Fig. 1 (b) 

the backside and Fig. 1 (c) the face of the antenna with 

dimensions shown in Table I. The slot is etched on the top layer 

while the biasing tracks with the diode (in purple) and square 

patches (in black) are developed on the back layer to attach the 

coaxial port (in orange).  

The antenna design was simulated using the time domain 

solver available in CST microwave studioTM. The diode was 

computed as a lumped element using an equivalent circuit model 

for the BB857 Varactor diode [35] in reverse bias. Varactor 

diodes are also referred to as varicap diodes that demonstrate 

variable capacitance with the variation in the reverse bias voltage.  

B. Close-Coupled Biasing Technique 

The capacitive-coupled biasing technique is attained by 

using two conductive tracks running along parallel to the slot. 

This biasing technique has previously been demonstrated in 

Frequency selective Surfaces in [36] and is implemented in 

switching antenna in [14] and is presented for tunable antennas 

for the first time here. Using extremely thin substrate in 

comparison to the wavelength allows the biasing tracks to be 

considered connected to the top metallic layer comprising of the 

slot at RF.  

At DC, however, the biasing circuitry is completely isolated 

from the circuitry on the top layer. That prevents any 

connection amongst the two layers which simplifies the biasing 

circuit. This avoids any sort of connection between the two 

layers which abridges the biasing circuit significantly. 

 

                (a)                                                     (b) 

 

 

(c) 
 

Fig. 1.    Switchable antenna design with side view (a) back view (b) 
and front view (c) 
 

TABLE I 

ANTENNA DIMENSIONS 

Length Ls Sw L W Px Dx Tl Tw 

Dimensions 

(mm) 
65.4 0.5 69.4 47 15.8 30.7 15 3.5 

 

The capacitance between each track and the ground plane 

containing the slot can be calculated using the Faraday’s 

equation for the capacitance for two parallel plates: 

  

C = (ε0 εr A) / d                                 (1) 

 

   Where A stands for the area of the biasing track and d refers 

to the distance between the tracks and the ground. ε0 and εr 

denote the permittivity of the free space and the relative 

permittivity of the material, respectively. Value for ε0 remains 

constant at 8.854 x 10-12 F. m−1 whereas the εr value for the 

Mylar substrate is 3.1. The Mylar substrate has a thickness of 

0.05 mm. The equation (1) gives a capacitance of 

approximately 10.3 pF for a track of dimensions of 15 mm by 

3.5 mm and the subsequently impedance value for the tracks as 

approximately 6.4 Ω at 2.4 GHz. Using a Mylar substrate which 

had a thickness of 0.05 mm (0.0004 λ) was a perfect solution 

for the choice of substrate to demonstrate close-coupled biasing 

technique for this application as the biasing between the layers 

was lost as the thickness was increased beyond 0.001 λ. The 
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extremely thin slot antenna design can also be made foldable or 

flexible in nature which can be utilized to mount the antenna 

around a wire or within an appliance.  
 

C. Simulation Results and Analysis 

The simulated S11 results can be seen in the Fig. 2. The 

resonant frequency of operation varies from 2.53 GHz for a 

capacitance value of 0.5 pF all the way to 1.4 GHz for a value 

of 6.6 pF. The value of the frequency gradually decreases with 

the increase in capacitance that can be tracked using the 

following fitting equation:  

 

f = -0.1895C + 2.5497                           (2) 

 

Where f stands for the frequency of operation whereas C 

represents the capacitance. In terms of bandwidth, higher 

capacitance value yields a lower -10 dB bandwidth up to 4pF 

mark after which the curve stabilizes. 

The simulated surface currents at three resonant frequencies 

for 0.5 pF, 4 pF and 6.6 pF can be seen in Fig. 3. Surface 

currents clearly denote the surface current intensity at its 

highest in the area around the diode and around the location of 

the port. The current density gradually reduces as the 

capacitance value is increased. The density of the surface 

currents is at its highest at 0.5 pF and at its lowest when the 

capacitance is at 6.6 pF.  
 

D. Antenna Fabrication 

The design was etched on a double-sided copper clad Mylar 

substrate of 0.05 mm thickness. This type of substrate is flexible 

and is ideal to shape and mount around surfaces if required. The 

coaxial cable along with the BB857 PIN diodes were added at 

the backside. The antenna design can be seen in Fig. 4. The 

etched antenna was mounted on a piece of Polystyrene foam for 

durability. 47 nH inductors are also mounted at the end of biasing 

tracks with the connecting wires for DC isolation, biasing circuit, 

and the wired connection necessary to for supply voltage. At the 

end of the inductors, two wires were extended for supply 

voltage and a 1 kΩ resistor was added to control the flow of 

current going into the diode. 

E. Reconfigurable Antenna Measurements  

The reflection coefficient (S11) of the frequency 

reconfigurable antenna was measured using an R&S® ZVL135 

Vector Network Analyzer by applying an external DC voltage 

supply which was varied manually to alter the effective 

capacitance of the Varactor. 

When the voltage supply was varied from 28 V to 0 V, the 

antenna was able to detect the variation in voltage by presenting 

a change in the frequency of operation by altering the effective 

capacitance of the diode, thereby tuning the antenna at the 

frequency corresponding to the voltage and capacitance. The 

corresponding S11 is shown in Fig. 5. The resonant tuning 

frequencies in first mode range from 1.4 GHz to 2.5 GHz with 

a tuning ratio of 1.8:1 for the specified range of voltages. 

Resonant frequencies in the second mode ranged from 2.5 GHz 

to 4.3 GHz with the same tuning ratio of 1.8:1. 

 

 
Fig. 2. Simulated reflection coefficient (S11) results for the 

capacitance range of 0.5 - 6.6 pF 

 

 
Fig. 3.  Simulated Surface currents for the first mode at 0.5 pF (top), 4 
pF (middle) and 6.6 pF (bottom) respectively 

 

The measurement results correspond comparatively well to the 

expected results for capacitance presented in Fig. 2. An overall 

shift range of 1-6% was observed. The shift was minimal at 2 

pF and 3 pF and more than 3% beyond 3 pF. 
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(a) 

 

(b) 

 
(c)       (d) 

 
Fig. 4. Etched antenna design showing the SMA connector and 
extension wire (a) front, (b) side, (c) back and (d) equivalent biasing 
network schematics 

 

Voltage versus capacitances relationship of the BB857 

diodes is presented in Fig. 6. The small differences in the results 

are caused by the physical characteristics (encapsulate) of the 

diode at RF, which were not included in simulations.  

A relationship between the simulated and measured voltage 

versus frequency and simulated and measured bandwidth is 

presented in Fig. 7.  The values for the simulated voltage versus 

frequency were obtained using the capacitance in Fig. 2 and 

converting to voltage through the relationship in the graph in 

Fig. 5. Measured frequency of operation drastically increases 

with the increase in supply voltage up to 10 V as the increase in 

voltage leads to a decrease in capacitance. From 10 V onwards, 

the increase in the frequency slows. 

 
Fig. 5.  Measured reflection coefficient at the corresponding Voltages 
 

 
Fig. 6.  Relationship between reverse biased voltage and capacitance 
of BB857 diode [35] 
 

 
Fig. 7. Voltage vs Frequency vs Bandwidth relationship for simulated 
and measured results  
 

The trend goes in coherence with the measured reflection 

coefficient (S11) results in which a small change between 28 V 

and 12 V was observed and a drastic shift was seen in the 

frequency of operation as the voltage varied between 12 V and 

1 V. The capacitance-voltage correlation here is coherent with 

the results expected from their relationship as seen in Fig. 6 as 

well as Fig. 7. The corresponding voltages for the capacitance 

values were 12 V for 1 pF, 6.4 V for 2 pF, 4 V for 3 pF, 2.1 V 

for 4 pF and 1 V for 6.6 pF, respectively. The bandwidth shows 

a consistent curve which progressively increase with an 

increase in supply voltage. 
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Fig. 8.  Equivalent circuit schematics of the CT connected to the reconfigurable antenna  

 

III. AC CURRENT SENSING AND RADIATION 

CHARACTERISTICS 

A.   Current Sensing System  

The current sensing setup incorporates the antenna with a 

current transformer (CT). An initial solution for UHF RFID 

sensors was proposed in [37]. The emphasis here is on 

implementing the setup using a reconfigurable antenna which 

can transmit at the Bluetooth band for smart phone 

communications. The schematic layout of the current sensing 

system is shown in Fig. 8 which encompasses three key 

elements: (I) Sensor transformer coil, (II) rectifier and filtering 

circuit, and (III) Reconfigurable antenna. Current transformer 

contains the elements I and II. It is employed to detect the AC 

current coming through a cable and convert it into DC voltage.  

This voltage is then used to control the reactance of the varactor 

diode in the tuning circuit of the antenna.  

The physical implementation of Fig. 8 can be seen in Fig. 9. 

CT is connected to the reconfigurable atnenna as well as an AC 

current wire. The biasing tracks of the antenna are not visible in 

the photo but were presented earlier in in Fig. 4 (b). The CT 

provides a linear correlation between the input current and DC 

output voltage under ideal conditions and by using those 

relations, a solution is proposed for AC current sensing 

applications that senses current over first band and transmits the 

recorded data over Bluetooth channel with the help of a voltage 

switch. The amphibious reconfigrable antenna operates as a part 

of the current sensing setup using the supply DC voltage 

converted from AC current from the appliance wire using CT 

or as a standalone sensing antenna using external DC voltage 

supply. A typical split-core CT with full bridge rectifiers senses 

the input current passing through an appliance wire and 

transforms the current value to a DC voltage output [38]. This 

readily available CT detects the input currents over the range of 

0 A to 10 A and converts that into a 0 V to 10 V DC output. The 

CT packaging also consists of a burden resistor, a Zener diode, 

and a low-pass filter. The Zener diode controls the DC voltage 

output to a safe limit of 15 V to prevent the sudden spikes of 

voltages across the output. Two M3 screw terminals are 

mounted in CT over the removable cover that act that as the 

voltage output points.  

BB857 Varactor diodes offer a wide range of variable 

capacitance across the voltage. Reverse biased voltage with 

diode capacitance is linear from 1 V to 7 V as seen in Fig. 6. 

 

 

 
 

Fig. 9. Reconfigurable antenna connected with split wires and CT 
 

B. Current Sensing Measurements  

The current sensing measurement system employed is shown 

in Fig. 10. It consisted of a switchable standard electric heater 

load, a variac to change the supply AC current, an ABS box 

[39] containing the CT and the reconfigurable antenna. The CT 

was enclosed in the ABS box on health and safety grounds. The 

two output wires from the CT were extended outside the box 

from the M3 screws to connect to the antenna. The antenna was 

connected to a VNA to measure the  reflection coefficient (S11).   

Due to the type of switchable electric load available within 

the health and safety concerns, only measurements from 1-8 A 

were possible. A range of up to 10 A can be achieved if higher 

powered loads can be deployed. A commercial Brennenstuhl 

PM 231 E current meter [40] was employed at the power supply 

to monitor the AC current going through in the system. 

Expected and measured input current and output voltage 

characteristics of the system through CT can be seen in Fig. 11. 

These results establish a relationship between the expected 

and actual V-I characteristics of the CT. The figure denotes that 

although the trend of the increasing output DC voltage maybe 

consistent with the expected trend in Fig. 11, a lower output DC 

voltage was delivered at the antenna. Lower voltage levels are 

observed due to the losses incurred across the switchable 

electric heater and due to the coupling with the antenna 

components such as wires, tracks and inductors. The AC current 

versus the resonant frequency of the antenna is illustrated in 

Fig. 12. Frequency and the AC current values demonstrate a 

linear relationship with a steady increase in the frequency of 

operation with an increase in AC current supply. 
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Fig. 10.  AC Current sensing measurement system set up 
 

 
Fig. 11.  Expected and measured AC current input and DC output 

voltage for CT  

 

The corresponding measured reflection coefficient response 

using the current sensing system is presented in Fig. 13. The 

results correspond to the results obtained in Fig. 12. A 

noteworthy shift towards the lower band was observed beyond 

1 A current due to the actual received voltage at the antenna 

being lower than expected as evident from Fig. 11. The relation 

between the shift in voltage was determined through the 

measured voltage at the specific current values. Whilst the 

frequency of the first mode varies as the supply current changes, 

the second mode is mostly stable and covered the below -10 dB 

bandwidth at or around 2.5 GHz frequency band for currents up 

to 6 A.  

C. Wireless Transmission at 2.5 GHz 

Transmission at the blutetooth band within the 2.4 GHz to 

2.5 GHz range can take place by switching from the sensing 

mode to transmission mode when supplied with an external 

supply of 28 V.  This 28 V input can also be delivered with the 

help of a separate transformer connected to the mains AC 

voltage. By doing that, sensing voltage fluctuations for power 

measurements are also possible within the same system. 

Extremely little current of 10 nA is required for the varactor 

diode to operate and therefore, the external supply requires very 

low power which can be integrated within the system. Radiation 

patterns at 2.5 GHz can be seen in Fig. 14.   

Radiation patterns at 2.5 GHz operational frequency were 

obtained by using an external DC voltage supply of 28 V. These 

radition patterns are useful for the transmission option where 

the reconfigurable antenna can be connected to a DC battery 

supplying 28 V.  

 
Fig. 12. Current Sensing Measurements 

 

 
Fig. 13. Sensing Reflection coefficient measurements using the 

current sensing setup measuring 1-8 A 

 
(a)                           (b)                              (c) 

Fig. 14. First band measured and simulated radiation patterns at 28 V 
for 2.5 GHz for the antenna in (a) XY-plane, (b) XZ-plane and (c) YZ-
plane 
 

Radiation Patterns are in coherence with the expected results 

of a complementary dipole which is fed by a coaxial cable from 

the rear. The patterns are mainly omnidirectional in the XZ-

plane with unequal lobes due to the presence of the coaxial 

cable and SMA connector at the rear of the antenna. 

Finally, a table comparing existing smart sensors with 

proposed AC sensing antenna system is presented as Table II. 

A range of smart sensors are compared in terms of their types, 

frequencies of operation, direct tuning capabilities, antenna 

sensing, and their requirements for powering, referred as power 

style. The proposed antenna combined transmission and 

sensing within the same antenna and provided broadband 

sensing that offers superior sensitivity. Proposed antenna was 

the only one that provided a direct tuning across its entire wide 

frequency range while providing foldability and flexibility.  
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TABLE II 
COMPARISON OF SMART POWER SENSING SYSTEMS AND PROPOSED 

SENSING ANTENNA SYSTEM 
 

Ref. 
Sensor 

Type 

Frequencies 

of 
Operation 

Direct 
Antenna 

Tuning 

Range 

Sensing 

Antenna 

Power 

Style 

[29] 

Energy-

Harvesting 
Metering 

Sensor  

868 MHz No No 

 

Passive 

 

[25] 

Wireless, 

powerless 

RFID 

850 MHz –     
950 MHz 

No No Passive 

[30] 

Clamp-on 
Inductive 

current 

sensor 

Not 
available 

(LoRa 

Based) 

No No Passive 

[27] 
ZigBee 
based  

controller 

2.4 GHz No No Active 

[37] 

Sensor 

code-based 

RFID  

768 MHz – 
868 MHz  

1.1 

Sensor code 

 

Yes Passive 

This 

Slot 

Ant.   

Proposed 

AC sensing 

antenna 

system 

1.38 GHz – 

2 GHz 

sensing.  

2.45 GHz 

transmit 

2:1 Yes 

Active 

(Passive 

possible) 

IV. CONCLUSION 

A dual-operation concept for current sensing and transmission 

using a reconfigurable slot antenna has been demonstrated. The 

novel sensing setup can sense AC currents in an electric cable of 

a smart domestic appliance or other electrical device. The 

reconfigurable antenna is able to provide a wide frequency 

response as a function of voltage with a tuning ratio of 2:1. This 

wide frequency of operation can be split so that the lower 

frequencies can be utilised for sensing while the higher 

frequencies can be used for transmission at the 2.4 GHz 

Bluetooth band. The Bluetooth band was selected because it is 

used in smartphone technologies and for domestic applications, 

the level of interference stays relatively low. ZigBee is another 

technology that could be incorporated as it operates in the same 

band and it may perform well in terms of interference, 

particularly for smart home networks. 

 In order to sense current, an AC current transformer (CT) has 

been connected directly to the active circuit of the reconfigurable 

antenna. A linear and consistent relationship between the current 

sensing and frequency of operation has been obtained for the 

range of frequency allowed within the system setup. At the 

transmitting band at 2.4 GHz, the radiation patterns are the 

expected ones for a slot antenna and is mostly omnidirectional in 

the XZ-plane. The slight variations in simulation and 

measurement results were present owing to the use of the 

inexpensive components and unavoidable design features such as 

the effect of moving extension wires. The complete 

encapsulation aspects of the diodes and the moving extension 

wires considerations were not included in the simulation studies.  

In terms of the reconfigurable antenna, a further innovation by 

using a capacitive-coupling biasing technique to simplify the 

tuning is demonstrated. Low-cost flexible substrates and active 

components such as the ones employed are desirable for this 

application. The flexible nature of the antenna can allow the 

antenna to be compactly rolled around the wire or mounted over 

the appliance surface for better utilisation of space. The wideband 

sensing of the antenna provides a one-stop-shop solution for the 

smart domestic appliance network that can save energy 

significantly. The potential ability of the antenna to detect current 

in the first band and transmit results using the Bluetooth second 

band presents another exciting solution for smart domestic 

appliances. 
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