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Abstract  

This paper proposes an additive manufacturing compact (30×36×0.125 mm3), flexible and reconfigurable antenna with the ability 

to switch between wideband and dual-band for wireless electronic devices used in the Fifth Generation (5G) systems and wireless 

local area network (WLAN) systems. The antenna consists of a folded branch line and an inverted L-shape branch as radiator, 

and a slot on the ground plane. A vanadium-dioxide (VO2) switch is screen-printed on the folded branch line to reconfigure the 

operation frequencies. The antenna is optimized to operate for a wide bandwidth between 2.46 to 4.3 GHz when the VO2 switch 

is in the “OFF” state. The antenna exhibits dual narrow-bands at frequencies of 2.4 GHz and 5.2 GHz when the VO2 switch is 

heated up to 85 °C or when a DC current of 50 mA is applied. Simulation and measurement show that the performance of the 

antenna remains relatively stable under different bending conditions in both the “ON” and “OFF” states of the switch. The 

operating frequencies can be independently controlled, and a guideline is discussed to design the antenna for other frequencies. 

 

Keywords: Screen printed antenna, Inkjet, 5G, Vanadium-dioxide VO2 switch, Reconfigurable antenna  

 

1. Introduction 

Applications in internet of things (IoT) and 5G systems require antennas to be small size, low fabrication cost, low profile, 

disposable, light-weight, easily capable of mass production, multipurpose, and mechanically flexible. Most of these requirements 

can be met through additive manufacturing technology, such as inkjet or screen printing, on flexible substrates.1-6 Flexible 

antennas have become a popular topic in recent years.1, 7-17 In the design of flexible antennas, the frequency bands must be 

carefully designed, as they are prone to shift due to the impedance mismatch and effective capacitance change in bending.8 

Typically, the smaller is the radius of curvature, the larger is the change.15, 16 A variety of antennas on different substrates have 

been investigated for flexible applications. For example, in,7-17 single- and multiple-band antennas were designed on papers, 

liquid crystal polymers, Kapton, Rogers, and PET films (see Table I). However, these antennas were designed for fixed (non-

reconfigurable) frequency bands, i.e., the operating frequency band could not be changed once designed.  

As a result, for multi systems operation, multiple antennas might be required in one device, which would not be favourable for 

small devices. One of the solutions to this is to employ reconfigurable antennas, which can reconfigure the operating frequency 

bands, radiation patterns, and/or polarization of the antennas18-19. Using reconfigurable antennas in a communication system 

helps to avoid the use of multiple antennas in one system. Frequency reconfigurable antennas have the capabilities of 

reconfiguring the operating frequency bands using different types of switches, such as micro-electro-mechanical systems 

(MEMS),20-21 varactor diodes,22, 23 and P-I-N diodes,24- 26 have been studied to achieve reconfigurability of antennas. However, 

these switches are considered to be expensive and complex for fabrication18-19. Moreover, they require soldering or an additional 

epoxy for attachment to the antennas, which could alter the radiation patterns or shift the operating frequency bands. Moreover, 

these reported designs are only suitable for reconfigurable non-flexible applications.  

Recently, RF switches based on thin film of vanadium dioxide (VO2) have been developed 27-28. Proof-of-concept of 

frequency-switchable antennas for applications between low GHz to millimetre wave frequencies have been reported.29-34 

However, these works do not report the measured results for important performance metrics such as the gain, radiation pattern, 

mailto:Hattan.Abutarboush@ieee.org


2 

 

and efficiency of the antenna. The measured results with radiation patterns and gains were reported in 35-36. These works use 

expensive and complex thin-film nanofabrication techniques to make the VO2 switches, making it less practical. Also, most of 

the work do not investigate the flexibility of the switches and the antennas (see table I), which is essential for new applications 

in wearable RF electronics. In 27-37-38, additively manufactured switches have been introduced which is a more practical and low 

cost solution. In these studies, the switches have been simply printed at specified locations without the need for soldering.  

Few works report flexible and reconfigurable antennas (see Table I)39-42. These designs are either large in size or cover single 

frequency-band only. Moreover, mechanical deformation to these flexible antennas under severe bending conditions could cause 

delamination or damages to the mounted switches, such as PIN and varactor diodes.  

In this paper, a flexible, compact, frequency-reconfigurable antenna is proposed that utilizes an in-house screen-printed VO2 

switch. The antenna is designed and optimized for WLAN and 5G flexible devices. By switching the printed VO2 switch between 

the “OFF” and “ON” states through heating or DC current, we demonstrate that the operation frequencies of the antenna can be 

reconfigured between wideband (2.46 to 4.3 GHz) and dual-band (2.4 and 5.2 GHz) operations. Results show that the antenna 

exhibits superior flexibility, and the RF performance (i.e., reflection coefficient, radiation patterns, peak gain, and efficiency) 

remains stable under extreme bending conditions. 

 

TABLE I: Some related works on reconfigurable and/or flexible antennas 

Ref. Function(s) 
No. of 

switch  
Switch type 

 Lowest 

Fre. (GHz) 
Size mm2 

Max Reported 

Gain (dB)  

[14] 

flexible 

 not reconfigurable  
NA 

2.3 60 x 80 6.2 

[15] 1.57 43 x 52 3.47 

[16] 2.38 20 x 32 2.61 

[17] 1.77 50 x 40  5.9 

[21] 

reconfigurable not 

flexible 

1 MEMS  4.57 55 x 55 5 

[22] 2 varactor 2.45 70 x 70 8.49 

[23] 4 varactor 0.9 50 x 50 1.98 

[24] 6 PIN 2.2 45 x 50 3.07 

[25] 4 PIN 2.45 100 x 100  6.8 

[26] 2 PIN 5 50 x 50 4.94 

[27] 2 VO2 4.75 not reported  not reported  

[28] 1 VO2 35 15 x 15 5.65 

[29] 1 VO2 2.7 50 x 36 2.14 

[39] 

flexible 

and reconfigurable 

 

2 varactor 2.4 59.8 x 51.8 3.3 

[40] 1 PIN 2.4 89 x 83 2.7 

[41] 1 PIN 2.4 59 x 31 2 

[42]  4 PIN 2.4 28 x 59 not reported  

This 

work 
1 VO2  2.4 30 x 36 3.6 
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2. Antenna Analysis and Fabrication 

2.1. Layout of the antenna  

The proposed antenna is designed and printed on a Kapton substrate with a total size of 30×36×0.125 mm3, a relative permittivity 

of εr = 3.5, and a loss tangent of 0.007. Kapton is used as the dielectric substrate because of its excellent mechanical and electrical 

properties. The geometry of the proposed 50Ω impedance coplanar waveguide-fed (CPW) antenna is presented in Fig. 1(a) with 

dimensions given in Table II. CPW feeding is used because of its much wider operation than microstrip feeding and it requires 

metallizing only on one layer. The radiator of the antenna has two branches, a folded-branch line and an inverted L-shaped 

branch (acting as monopole radiators). The branch line is folded to reduce the overall size of the antenna, and a slot is cut on the 

ground plane to help achieve dual-band operation at about 2.4 and 5.2 GHz. The simulation tool, Ansys, HFSS V.19, is used to 

design and optimise the antenna. 

 

 

 
 

(a)                          (b) 

Figure 1 (a) Geometry of proposed antenna and (b) fabricated antenna 

 

 

TABLE II: Optimized dimensions of antenna (mm). 

Lf 12 L7 13.5 W4 12 

L1 12 L8 2 W5 11.25 

L2 1 L9 15 W6 9.5 

L3 7 Wf 6 W7 0.5 

L4 1 W1 14.5 W8 16 

L5 0.5 W2 12 G 0.5 

L6 1 W3 1.5 h 0.125 

 

 

2.2. Antenna and VO2 switch fabrication  

Fabrication of the antenna has been done by depositing the commercial silver ink, PE819 from DuPont, on a Kapton substrate 

using a professional screen-printer system, AUREL screen printer 900PA. A Kapton mask of the antenna pattern presented in 

Fig. 1(a) is cut using a CO2 laser system and is attached to a blank screen mesh. A silver ink is applied on one side of the mask 

and squeezed by a rubber squeegee to be transferred onto the substrate at a speed of 150 mm/s. After printing, the printed silver 

traces are heated and annealed in an oven at 130°C for 10 min. The sheet resistance of the silver layer is about 0.12 ohm/sq, 

which has been measured using a four-probe resistance measurement system (CMT-SR2000N). A screen-printable VO2 ink 

has been prepared in-house by dispersing high-purity VO2 particles in a mixed solution of terpineol, ethanol, and ethyl 

cellulose. The components have been well-optimized to be suitable for screen printing process.  

The homemade VO2 ink has been directly used to print the VO2 switches on the desired area using the same printing process 

of printing Ag traces. What should be noted is that nine printing passes are required to obtain the desired electrical performance 
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of the VO2 switches. The thickness of the silver layer is about 6 µm, which has been measured using a surface profiler (Veeco 

Dektak 150). After screen-printing, the printed VO2 switches have been placed in a vacuum oven at 120°C for 1 hour to evaporate 

the residual solvents and sinter the printed switches. The printed VO2 switch has a typical resistance of 0.7 kΩ and 4.7 Ω in the 

“OFF” and “ON” states, respectively. Finally, Soldering is not suitable for the polymer substrate used in this work, as it may get 

damaged during the soldering process. In our experiment, the SMA connector can be strongly bonded to the antenna through a 

conductive epoxy (MG Chemicals 8331S) at 80 °C for 1h, as depicted in Fig 1(b). It should be noted that our antenna including 

the metallic part and the VO2 switch has been fabricated through screen printing process, which is a high-speed, additive process, 

and suitable for high-efficiency, large-area, and mass production. The VO2 ink has been optimized for the screen printing process 

and the printed VO2 switch demonstrates an ON/OFF ratio of about 150, which is sufficient for achieving the reconfigurability 

of the antenna.  

3. Simulated and Measured Results  

3.1. Frequency reconfigurable antenna  

In simulation, the VO2 switch is modelled using a lump-circuit model as follows. In the “ON” state, the switch is modelled as a 

resistor with a resistance of 4.7 Ω in the ON state, while in the “OFF” state, it is modelled as a resistor and a capacitor in series 

of 0.7 kΩ and 1 pF respectively as shown in Fig 2. The values are selected based on the measured resistance of the printed VO2 

switch. Note that at room temperature (about 25 °C), the switch is considered to be in the OFF state. While the switch will be 

activated (i.e., turned “ON”) at its metal-insulator-transition (MIT) temperature of 68 °C. It is well known that the conductivity 

of the VO2 will have a significant increase at the MIT temperature. However, the conductivity will keep increasing with higher 

temperature. Here, to achieve a better conductivity and a larger ON/OFF ratio, we have used a heater gun to heat the VO2 switch, 

which provides a temperature of about 85°C. 

For practical use, the switch can be thermally activated by a resistive heater, which is attached to the backside of the switch19. 

The heater can be a meandered line structure or a coil. In order to active the switch, a DC current or a DC voltage is applied to 

the heater to generate the required temperature. 

The simulated and measured S11 are presented in Fig. 3, which shows good agreements. Both results demonstrate dual-band and 

wide-band operations when the antenna is in the “ON” and “OFF” states, respectively. The measured results indicate that the 

antenna has a dual-band (S11 < -10 dB) of 2.31-2.52 GHz (8.7%) and 5-5.43 GHz (8.24%) in the “ON” state. This dual-band is 

wide enough to cover the WLAN 802.11b/g/a standards, which require the operating bandwidths of 2.4–2.484 GHz and 5.15–

5.35 GHz.  

In the “OFF” state, the antenna has an impedance bandwidth (S11 < -10 dB) of 2.46-4.31 GHz (54.65%), covering the N77 

(3.3~4.2 GHz), and N78 (3.3~3.8 GHz) bands in the 5G mobile system. 

 

 

 

Fig. 2 A simple lumped circuit model for the VO2 switch 
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Figure 3 Simulated and measured S11 of proposed antenna using TL and VO2 switch. 

 

 

3.2. VO2 and circuit model  

To study the effects of the stray capacitance and resistance of the VO2 switch on the S11 of the antenna, computer simulation is 

performed using ideal transmission lines (TLs) and an open circuit (OC) to represent the VO2 switch in the “ON” and “OFF” 

states, respectively. The simulated S11 are shown in Fig. 3 for comparison. It can be seen that similar results are obtained, 

indicating that the stray capacitance and resistance of the VO2 switch have insignificant effects on the S11 of the antenna. 

 

3.3. Mechanism, current distribution and independent control  

To understand the antenna behaviour, simulations have been performed for four different steps in antenna design, as shown in 

Fig 4.  

In step 1, only the inverted L-shape is used which results in a single weak resonance at 3.7 GHz. The length of the current path 

for this band corresponds to approximately /4, where  is the wavelength at the resonant frequency given by (1).  

 

                                             
(0 rλ= λ / +1) / 2

                                                                           (1) 

Where is the free space wavelength.  

 

In step 2, an inverted C-shape is presented which results in creating a new band at 5.8 GHz. The length of the current path for 

this band corresponds to approximately /4.  

In step 3, the L-shape and the C-shape elements are integrated in one step. In this configuration, the current path for the 5.8GHz 

become longer hence the band moved to the targeted 5.2 GHz.  

In step 4, the open loop shape is added to the previous configuration. The antenna in this case has wider bandwidth during the 

“OFF” state as shown in Fig. 4.  
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Figure 4 Simulated S11 of the antenna using different parts. 

 

 

The operating frequencies of the proposed antenna can be tuned independently without significant effect to the other frequencies. 

The independent control feature is explained using the vector-surface-current distribution to find out the radiation elements of 

the antenna responsible for specific bands 43.  

The current distributions plots shown in Fig. 5 (a) – (c) can be used to find the electrical lengths for the operating frequencies.  

From section 3.1, the antenna has a dual-band at 2.4 and 5.2 GHz in the “ON” state while in the “OFF” state, the antenna operates 

between 2.46-4.31 GHz.   

Fig. 5(a) shows the vector-surface-current distribution on the antenna at 2.4 GHz. It can be seen that the current is primarily 

formed around the slot on the ground plane, indicating that the slot dimension can be used to tune the centre frequency of the 2.4 

GHz band. As illustrated in Fig 6(a), the centre frequency shifts from 2.3 to 2.75 GHz when the slot length (W2) decreases from 

14 to 1 mm. At 5.2 GHz, an intensive vector-surface-current is concentrated on the inverted L-shape, as showed in Fig. 5(b). 

Thus, the 5.2 GHz band can be tuned by adjusting the length of the inverted L-shape (W6), as indicated in Fig. 6(b). With a 2-

mm change of W6, the resonant frequency at around 5.2 GHz is shifted by more than a 0.6GHz. It should be noted that L6 can 

also tune the 5.2GHz band without affecting the other band as shown in Fig. 6(c). Changing the size of L6 can move the 5.2GHz 

to another frequency bands.  

The current is also concentrated around length W5. However, the 5.2-GHz band will become mismatched by increasing the 

W5. Therefore, to help improve the impedance matching at 5.2- GHz band, the length W5 has been fixed and it is recommended 

W6 or L6 should be used to tune this band.  

Since the antenna operates in wideband between 2.46-4.31 GHz in the “OFF” state, therefore, we selected 3.5GHz for the 

analysis. The vector-surface-current distribution at 3.5 GHz in Fig. 5(c) shows that the current is primarily around the folded 

branch line, so the length W8 can be used to adjust the 3.5-GHz band. The results in Fig.6(d) show that both the centre frequency 

and bandwidth are affected by the values of W8. The optimized value for W8 is listed in Table II. 
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(a)  (b)   (c) 

 

Figure 5 Current distribution in (a) “ON” state at 2.4 GHz, (b) “ON” state at 5.2 GHz, and (c) “OFF” state at 3.5 GHz. 

 

 

 

 
(a)                                                                  (b) 

 

 

 

 

 

 

 
 

 

 

 

 

                                   

                                                (c)                                                                                    (d)  

Figure 6 Independent control of antenna in (a) “ON” state at 2.4 GHz, (b)-(c) “ON” state at 5.2 GHz, and (d) “OFF” state at 3.5 

GHz. 

 

4.  Flexibility Analysis in the “OFF” and “ON” States 

In our earlier study,44 we reported that the mounted PIN diodes and chip resistors used for reconfiguration would be detached 

when bending was applied. To avoid this, we propose to use a printed VO2 thin film.  

Flexible devices can be bent under various bending conditions without affecting the performance. In this section, the 

deformation stability of the proposed antenna with the screen-printed VO2 switch under various bending conditions, such as 

shown in Figs. 7(a) and (b), is investigated using computer simulations and measurements. 

The simulated S11 of the proposed antenna with five curvature radii R, i.e., R = 50, 20, ∞, -50, and -20 mm, in the “OFF” 

and “ON” states are showed in Figs. 7 (a) and (b), respectively. Foam material with εr about 1 has been used to hold the 
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antenna in bending conditions during the measurements. Slight differences in the results are observed for all the bending radii in 

the wideband and dual-band operations, which can be attributed to the slot on the ground plane for impedance matching.  

The measured S11 of the antenna with the printed switch in the “OFF” and “ON” states and bending radii of ∞, 30, 

and -30 mm are showed in Figs. 8(c) and 7(d). We can see insignificant changes in both the resonant frequencies and bandwidth 

under all these bending conditions.  

Bending in X-axis with R= +30mm has also been studied in the “OFF” state as shown in Fig. 9(a) – (b) A minimal effect on 

the S11 has been observed in terms of bandwidth as shown in Fig.10. 

 

 

 
(a)       (b) 

Figure 7 Bending analysis: (a) antenna model used in simulation and (b) practical antenna used in measurement 
 

 
(a)        (b) 

 
 

(c)       (d) 

Figure 8 S11 of antenna with different curvature radii: (a)–(b) simulation and (c)–(d) measurement. 
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          (a)                                                       (b) 

Fig. 9 Bending analysis in X-axis direction (a) R= -30mm and (b) R= 30mm. 

 

 

 

Figure 10 Simulated S11 for the proposed antenna when the switch is OFF in X-axis direction 

 

5. Far-Field Radiation Characteristics 

The radiation patterns, gain, and efficiency of the proposed antenna are measured using the Satimo StarLab System at KAUST.44, 

47 It should be noted that it is not possible to use the gun heater inside the Satimo StarLab System for measurement. As a proof 

of concept, to carry out the measurements in the chamber, a simple biasing circuit is designed to supply DC current of 50 mA to 

activate the VO2 switch, as shown in Fig. 11. The corresponding power consumption of the VO2 switch is about 11.75 mW. 

Since the VO2 switch is printed on the radiating folded branch, the biasing circuit must be carefully designed to minimize its 

effect on the performance of the antenna. The biasing circuit, as shown in Fig. 11, is designed as follows: 

1) A DC pad and via are printed at the top end of the folded branch to provide connection between a DC line and the VO2 

switch.  

2) A 10-kΩ resistor is placed between the DC pad and the folded branch. As a result, a DC path is formed through the VO2 

switch. The resistor is used as an RF choke to block the RF signal to the DC path. 

3) The resistor is soldered using a cold adhesive to improve robustness. The DC bias current used to activate the switch is 

combined with the RF signal using a Bias-T with model no. K2525. The composite signal is then fed to the CPW feed line.  

The biasing circuit required only one wire and one resistor. The effects of the biasing circuit on the S11 of the antenna are 

investigated using measurement. For comparison, we measure the S11 of the antenna when applying heat or DC current to the 

switch. It can be seen in Fig. 12 that the bandwidths of the low-frequency band, with and without the biasing circuit, are almost 

the same. For the high-frequency band, the bandwidth slightly increases after the biasing circuit is introduced. Nevertheless, the 

biasing circuit has limited effects on the two frequency bands. With the biasing circuit on the antenna, we investigate the radiation 

patterns, gain, and efficiency of the antenna in both the “OFF” and “ON” states.  
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Figure 11 Proposed antenna with biasing circuit 
 

 

 
 

Figure 12 Effects of the biasing circuit on S11. 
 

 

We select 3.5, 2.4, and 5.2 GHz to study the radiation patterns. The simulated and measured radiation patterns of the antenna, 

with the VO2 switch in the “OFF” and “ON” states and with R = 30, ∞, and -30 mm are shown in Figs. 13(a)–(f). 

Figs. 13(a)–(b) show that the measured radiation patterns of the antenna in the “OFF” state are similar to those of a monopole 

antenna, i.e., a roughly dumbbell shape at the E-plane and circular shape at the H-plane are observed. When the antenna is under 

the bending conditions, there are only slight changes in the radiation patterns, and there is no null in the broadside direction. 

When the antenna is in the “ON” state, the measured results at 2.4 and 5.2 GHz are showed in Figs. 13(c)–(f). It can be seen that 

the radiation patterns at the two frequencies are omni-directional at the H-plane and circular at the E-plane. It can be seen that 

the radiation pattern at 2.4 GHz is symmetrical, while the pattern at 3.5 and 5.2 GHz is asymmetrical. The reason is that, since 

the 2.4-GHz band has been created using the slot on the ground plane, only one parameter determines this band. Therefore, the 

radiation patterns become symmetrical. The 5.2- and 3.5-GHz bands are created by multiple parameters with different current 

paths, and thus, the radiation patterns are slightly asymmetrical.  

Bending in either direction has insignificant effects on the radiation patterns compared with the flat antenna, demonstrating 

stable RF performance under bending conditions.  

The simulated and measured peak gains and simulated efficiency of the proposed antenna in the flat and bending conditions 

with the printed switch in the “ON” and “OFF” states are shown in Fig. 14 (a) – (b). It can be seen that the maximum measured 
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gain in the “OFF” state is 3.6 dB. The difference between the simulated and measured results is less than 0.5 dB; however, the 

measured peak gains of the antenna in the “ON” state are much lower than in the simulations, and the maximum difference is 

approximately 1.9 dB, which can be attributed to the biasing circuits required to activate the VO2 switch. Nevertheless, the 

antenna still has a measured gain of about 2.94 dB in the “ON” state in the flat condition. The efficiency values are ranged 

between 85% to 92% in “ON” and “OFF” states as shown in Fig. 14 (a) and (b)  

It has also been noticed that the simulated gains in the upper bending case are lower than those in the downward bending 

case by a maximum of 0.22dB. This is due to the possible changes in the shape of the radiation patterns under the bending 

conditions. Please note that, in the “ON” state the resistance is 4.7 Ω and in the “OFF” state the resistance is 0.7 kΩ. These values 

have been used in the simulation.  

Different other flexible and reconfigurable antennas are compared with our proposed design in terms of the number of switches, 

lowest operating frequency, gain and size as shown in Table 1 which shows that the gain of the proposed antenna is slightly 

greater than antennas proposed in 39-41 

 

 

 
(a) (b) 

 
(c)    (d) 

 
(e)    (f) 

 

Figure 13 Simulated and measured radiation patterns of the antenna in (a) the “OFF” state at a 3.5 GHz E-

Plane, (b) the “OFF” state at a 3.5 GHz H-Plane, (c) the “ON” state at a 2.4 GHz E-Plane, (d) the ON 

state at a 2.4 GHz H-Plane, (e) the “ON” state at a 5.2 GHz E-Plane, and (f) the “ON” state at a 5.2 GHz 

H-Plane. 
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                                          (a)                                                                       (b) 

Figure 14 Simulated and measured peak gain and efficiency of the antenna in the (a) “ON” state and (b) 

“OFF” state with different bending condition 

 

 

6. Conclusion 

A fully screen-printed, flexible, compact, and reconfigurable antenna with the ability to switch between a wide band and a dual 

band has been proposed in this paper. A VO2 switch is screen printed on the antenna to reconfigure the operating frequency and 

bandwidth of the antenna from a wideband of 3.5 GHz to a dual band of 2.4 and 5.2 GHz for 5G and WLAN applications. 

Simulation and measurement have been used to study the performance of the antenna. Results have shown that the reconfigurable 

antenna is highly robust and can maintain its performance under various bending conditions.  
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