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a b s t r a c t 

We propose a concept using a frequency-dependent property (dielectric relaxation) of dielectric materials to 

enhance the bandwidth of the antenna widely used in wireless communications. The bandwidth enhancement 

can be achieved when a loading dielectric material with a relative permittivity that is inversely proportional to 

the frequency by the power of n . The bandwidth for a selected antenna example could be increased by 135% 

when the power n = 2. A solid material, composed of plasticized PVDF containing nano-sized silica particles, 

exhibiting dielectric relaxation of n = 0.52, is developed in order to prove the theoretical concept and used to 

test the performance of an example mobile phone antenna. The influence of hydrogen bonding on tuning the 

frequency-dependent power n in the developed composite material is verified. The bandwidth of the antenna was 

increased by 18% over the operating frequency band using a newly developed dielectrically relaxing material, 

n = 0.52 compared to the conventional non-relaxing material, n = 0. 
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. Introduction 

Wideband and compact antennas are needed in modern wireless

ommunication systems for high performance and integration. Owing

o the recent developments in the field of wireless communications, the

emand for simple, reliable, economical, low profile, and light-weight

roadband antennas has increased. Antennas allow the transmission

nd reception of radio waves as information signals and are essential

lectronic components widely used in mobile phones and base stations,

hich profoundly transform human lifestyles [1–3] . As multiple anten-

as for different bands make the system bulky and complicated, a sin-

le antenna covering a wider band becomes one of the most effective

ptions. Therefore, researchers are focusing on developing better an-

enna designs with a wider bandwidth and smaller dimensions. Several

echniques including the use of split-ring resonators [4] , electromag-

etic band-gap structures [5] , slots in the ground plane [6] , L-shaped

eeding method [7] , T-shaped slot patch antenna [8] , loading the an-

enna with dielectric or magnetic material [9] , and mushroom-shaped

ielectric resonator antenna [10] etc. are employed for improving the

andwidth and/or gain of antennas. Nevertheless, these methods are

ot ideal for wireless communication systems due to their complex-

ty. 

In addition to good conductors, dielectric materials can also be

sed to make antennas. The selected dielectric materials are frequency-
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ndependent, temperature-stable and low-loss [ 1 , 11 ]. Therefore, the an-

enna development to enhance the bandwidth has relied on the creativ-

ty and tools used in the design process. On the material development

ide for wireless communications, the focus is mainly to obtain the high

ielectric permittivity in order to reduce the antenna size [12] , temper-

ture stable microwave dielectric in order to be used in extreme/harsh

nvironments [11] , and low dielectric loss material (highest Q factor)

11] to maximize the radiation efficiency of the device. Metamaterials

re the most recent materials used to improve the bandwidth [13] or

educe size [14] . However, they are normally of limited bandwidth and

ith increased complexity of the antenna; in many cases they actually

ncrease the size of the antenna. Although a lot of progress has been

ade, the demand for wideband microwave devices and antennas is

till not well met. 

A common method to downsize an antenna is to enhance the

ielectric permittivity of material via doping or a composite ap-

roach, namely combining various materials such as polymers, ce-

amics and metals. Currently, dispersing a high dielectric constant ce-

amic powder, e.g ., lead-containing compounds (PbTiO 3 , Pb(Zr,Ti)O 3 ,

r Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 ) or lead-free compounds (CaCu 3 Ti 4 O 12 ,

aTiO 3 ) into the polymers to form 0-3 type composites is a proven

ethod to enhance the dielectric permittivity [15] . Incorporation of

etal particles such as Ni [16] and Ag [12] in various sizes/shapes into

he polymer matrix is also found to greatly increase the dielectric permit-
ang) . 
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ivity and resulting composites are suggested to be promising candidates

n antenna miniaturization. 

Dispersive materials are defined as the material whose permittivity

hanges as a function of frequency, thus the velocity of a radio wave

n the material is also a function of frequency. It was theoretically pre-

icted that the bandwidth of a small antenna could be increased by using

ispersive materials [ 17 , 18 ]. Herein we propose a new concept that uti-

izes a material whose relative permittivity is inversely proportional to

he frequency by the power of n so as to improve the antenna band-

idth. According to this concept, the relative permittivity 𝜀 r ( f ) can then

e expressed as, 

 𝑟 ( 𝑓 ) = 

𝑘 

𝑓 𝑛 
(1)

here 𝑘 is a material-specific coefficient, and 𝑓 is the frequency. This

oncept requires a dielectric material possessing high dielectric relax-

tion behaviour. To our knowledge, this is the first time materials with

ielectric relaxation have been taken advantage of for wireless mi-

rowave devices, where such nonlinearity in permittivity/capacitance

s a function of frequency (within the operating frequency range) is

ften not desired. Antenna miniaturization is conceivable using the pro-

osed concept, as the higher permittivity of a material with high power

 , the smaller antenna size and wider bandwidth can be achieved. 

To materialize this concept, a material with dielectric relaxation in

he microwave region is required. Therefore, we focused on materials

ith high polarity. Typically, all polar materials are expected to show di-

lectric relaxation (also referred to as microwave dielectric dispersion)

n the microwave region since they are comprised of dipoles and the

rientation of dipoles is sensitive to the alternating electric field. Elec-

roactive polymers such as poly(vinylidene fluoride) (PVDF) are there-

ore good candidates owing to the high electronegativity of fluorine

hat makes the C ‒F bond highly polar. They are utilized in many elec-

ronic applications since they exhibit good piezoelectric/pyroelectric re-

ponses and low acoustic impedance, which matches water and human

kin, and additionally, their properties can be tailored to meet various

equirements [ 15 , 19 ]. 

In this communication, we report a novel kind of ferroelectric

olymer-based composite with high dielectric relaxation and good flex-

bility, prepared using a simple blending procedure. Our composites are

ased on the combination of PVDF ferroelectric polymer plasticized with

ropylene carbonate (PC), and filler particles. Cheap and readily avail-

ble silica gel was selected as an inorganic filler due to the presence

f hydroxyl groups on the surface which can interact with the polymer

atrix through hydrogen bonding and can strengthen the dielectric re-

axation of the system. The enhancement observed in the dielectric re-

axation of the composites is elucidated by the increased concentration

f hydrogen bonding in the system [20–22] . The newly developed ma-

erial is then fabricated into a real device prototype in order to test the

mprovement of the antenna performance within the investigated fre-

uency band. This new concept and the relevant theoretical background

re presented in the following section. 

. Concept and theoretical background 

Generally, the relative permittivity of traditional materials used in

ireless devices is frequency-independent in the microwave region.

hus, the electrical length is frequency-dependent for a determined

hysical structure which leads to the intrinsic narrow-band character-

stic. Therefore, a new material that is frequency-dependent can be ex-

lored to obtain bandwidth enhancement, which has been particularly

ound to be an effective tool after our investigation for improving the

perating bandwidth of wireless communication systems. 

To begin with, a simple example of a slot antenna is illustrated in

ig. 1 a. The antenna is constructed with a slot of length l and width w

n a big conducting ground plane. Usually, the slot perimeter is around

ne wavelength of the operating frequency. To downsize the slot, the di-

lectric material can be loaded on one side of the slot. Normally a larger
2 
ize dielectric material is needed for resonating at a lower frequency,

hile a smaller size is required for a higher frequency when using tra-

itional frequency-independent materials, as illustrated in Fig. 1 b and

. Thus, different antennas must be used to cover different frequency

ands which makes the system complicated and bulky. On the other

and, it is feasible to use a simple antenna with a determined size to

over a large band utilizing the new material with varying power n , as

hown in Fig. 1 d. 

The relationship between the wavelength and power n is given in

ig. 1 e within the frequency range of 0.6 to 1.0 GHz. It can be seen that

he slope of the wavelength curve becomes smaller when the power n

ncreases and is almost constant when n = 2, which indicates that the

andwidth of the slot antenna can be improved with increasing n ( n

 2). Thus, this inverse relationship between the wavelength slope and

he power n can be now explored to obtain greater antenna performance

ith a larger bandwidth. It should be noted that when the power n is

igher than 2, the slope becomes larger in the opposite direction, and

his case is not considered in this paper since the bandwidth enhance-

ent is reversed. In our recent simulation work [23] , a mobile phone

ntenna was designed using the new material with n = 2. Using the new

elation expressed in Eq. 1 , the new simulated results of the bandwidth

nhancement based on the mobile phone antenna loaded with materials

xhibiting different power n are shown in Fig. 1 f. It can be seen that the

reater the power n , the larger the bandwidth increase, which demon-

trates the improvements from this new type of material and further

erifies the proposed concept which is applicable to wideband wireless

ommunication systems. 

In this work, we only need to consider the dipolar type of polarisation

n a dielectric material since it induces the dielectric relaxation in the

icrowave region, although there are other polarisation mechanisms

nvolved in relaxation as well as resonance in a different region of the

ielectric spectrum (Fig. S1 in the ESI). In detail, at frequencies below

ielectric relaxation, the rate of change of the alternating electric field

s slow enough to allow the dipole reorientations to keep up. As the

requency increases, a time-lag between the dipole alignment and the

scillating electric field begins to develop; as a result, the real part of the

ermittivity decreases rapidly. At frequencies well above the relaxation

requency, both real and imaginary parts of the permittivity decrease,

ince orientation polarizability ceases to be a predominant mechanism

ue to the dipole rotation effectively not in sync with higher frequency

n the electric field [24] . 

Broadband dielectric spectroscopy is a versatile technique that can

easure dielectric properties including dielectric relaxation. The com-

lex permittivity of dielectrics is a frequency-dependent property and it

an be mathematically expressed by Eq. 2 , known as the Debye model,

sing 𝜀 s (static permittivity), 𝜀 ∞ (infinite permittivity), 𝜏 (relaxation

ime) and 𝜔 (angular frequency). The parameters 𝜀 s , 𝜀 ∞ and 𝜏, in the

ebye equation are material-specific constants and intrinsic properties

f all dielectrics [24] . This equation can be further divided into real

 Eq. 3 ) and imaginary ( Eq. 4 ) terms, and mathematically allows us to

odel the dielectric relaxation of a material. 

 𝑟 = 𝜀 ∞ + 

𝜀 𝑠 − 𝜀 ∞
1 + 𝑗𝜔𝜏

(2)

 

∕ = 𝜀 ∞ + 

𝜀 𝑠 − 𝜀 ∞

1 + 𝜔 

2 𝜏2 
(3)

 

∕∕ = 𝜀 ∞ + 

( 𝜀 𝑠 − 𝜀 ∞) 𝜔𝜏
1 + 𝜔 

2 𝜏2 
(4)

The angular frequency is 𝜔 = 2 𝜋𝑓 and the dielectric relaxation

trength is defined as Δ𝜀 = 𝜀 𝑠 − 𝜀 ∞ and accounts for the orientational

olarizability of a dielectric. When these two terms are placed into the

ebye equations Eqs. 2 and (3) we can clearly see the power relation of

requency with respect to both real and imaginary parts of permittivity

s given in the rearranged Eq. 5 . This relation can, to a certain extent,

onfirm the feasibility of the proposed concept based on the equation of
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Fig. 1. Concept illustration using an example slot antenna for wideband wireless communication. a) Slot antenna with a slot in a big ground plane where dielectric 

material can be loaded on one side of the slot; b) a larger dielectric block is used for operating at a lower frequency band; c) a smaller dielectric block is used for 

operating at a higher frequency band; d) wider bandwidth is achieved by loading the new material. The colored shape around the slot and dielectric block denotes 

the radiation pattern of the antenna. The red area is shown as the strongest radiation direction originated from the antenna. Simulated results based on the power 

relation given in Eq. 1 : e) The relationship between the wavelength and operating frequency for the materials with various power n (0 ≤ n ≤ 3); f) Bandwidth (BW) 

enhancement of a mobile phone antenna as a function of the power of frequency, n . 

Fig. 2. Simulated dielectric profiles using Debye function as a function of 

various 𝜀 s and fixed 𝜀 ∞. Highlighted region from 0.4 to 2 GHz is fitted using 

the proposed power equation ( Eq. 1 ) and fitting parameters, n and k values 

are given in the inset. 
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 𝑟 ( 𝑓 ) = 

𝑘 

𝑓 𝑛 
. 

 

∕ − 𝜀 ∞ = 

Δ𝜀 
1 + 4 𝜋2 𝑓 2 𝜏2 

(5)

To gain further insight into the dielectric relaxation of a polar mate-

ial, a simple simulation using Debye equation ( Eq. 5 ) with the various

alues of 𝜀 s and a fixed 𝜀 ∞ was performed and the results are shown in

ig. 2 . The simulation yielded various relaxation curves and when the

urves within the targeted frequency band (0.4 GHz to 2.0 GHz) was fit-

ed using the Eq. 1 , it can be seen that the power n increases from 0.66

o 1.44 as the static permittivity ( 𝜀 s ) of a material increased in respect to

 𝜀 ∞) as illustrated within the inset of Fig. 2 . This provides an important

uide for the dielectric material selection/development in order to tune

he power n for a desired frequency range to be used in the proposed

oncept. 

Although the Debye relaxation model is proposed to describe the be-

avior of polar dielectrics at various frequencies, in reality, very few

aterials completely agree with Debye equations [24] . The discrepancy
3 
s attributed to what is generally referred to as the distribution of relax-

tion times . The Debye theory describes materials with a single relaxation

ime. The accuracy of the model is reduced when there is more than

ne relaxation time present, such as in mixtures or composite materials.

here are several modified dielectric models which better describe more

omplex materials and composites including Cole-Cole, Davidson-Cole

nd Havriliak-Negami [ 24 , 25 ]. 

A material was then designed and prepared to satisfy the relaxation

oncept outlined above. 

. Results and discussion 

Herein, PVDF polymer was used as a matrix material that exhibits

ielectric relaxation in the microwave region due to its ferroelectric (po-

ar) nature. However, the dielectric properties of pure PVDF, 𝜀 r = 3.5

t 0.2 GHz and relaxation strength Δ𝜀 = 0.53 (0.2 to 10 GHz) yielding

 power n = 0.06, are not sufficient for the proposed concept. There-

ore, its dielectric properties must be modified using either different
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Fig. 3. Dielectric spectra of a) x PVDF ‒( 100-x) PC (x in wt%) composite, b) (50PVDF/50PC) + x wt% silica, and c) Sketch of silica-filled PVDF/PC composite, 

illustrating hydrogen bonding between the hydroxyl donor groups on the surface of silica particle and acceptor groups of PVDF/PC molecules, shown as dashed lines. 
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rocessing techniques [19] or by adding other materials including or-

anic/inorganic additives [ 16 , 19 ]. 

A common plasticizer propylene carbonate (PC), which has a high

elative permittivity 𝜀 r = 64.5 at 0.2 GHz and high dielectric relaxation

trength Δ𝜀 = 50 over the frequency range 0.2 to 10 GHz, was selected.

he main role of the plasticizer PC in PVDF is to increase the dielec-

ric relaxation, however, it can also substantially improve the physical

roperties since it can soften the polymer backbone promoting higher

egmental motion of polymer chains. This softening behaviour is found

o be useful when ionic conductivity is highly desired, due to assisting

he transportation of ions through the polymer. Thus, a PC plasticized

olymer matrix is often preferred as a gel polymer electrolyte in Li-ion

atteries [26] . 

The permittivity of a modified PVDF matrix with various wt% of PC

s a function of frequency is shown in Fig. 3 a. It can be seen that di-

lectric relaxation was improved by incorporating PC up to 50 wt% into

VDF. At 50PVDF/50PC composition, the physical properties changed

ramatically and became softer and slightly tacky indicating excessive

ddition of PC. This physical state limited the processability of the ma-

erial and caused instability during dielectric measurements. This is-

ue is overcome by incorporating nano-sized silica particles as an in-

rganic filler. As received micron-sized silica gel particles (40-63 𝜇m)

ere milled using high-energy ball milling, nano-sized silica particles

ere achieved as can be seen in Fig. S2(ESI). The milled silica was

hen added to 50PVDF/50PC polymeric matrix in up to 40 wt%. The

ariations in the permittivity are shown in Fig. 3 b. The permittivity of

ano-sized silica particles is found to be 2.3 - 2.9 in the range of 0.2 -

0 GHz as given in Fig. S2a (ESI) which show an amorphous structure

onfirmed by XRD (Fig. S2b in the ESI). Therefore, a reduction in per-

ittivity is expected when increasing the silica concentration as seen in

ig. 3 b. However, the dielectric relaxation as quantified by the power

 in 10Silica is almost maintained, yielding a similar value to the poly-

eric matrix of 50PVDF/50PC, with the highest relaxation observed in
4 
he 20Silica composite. This enhancement is attributed to the increased

ntermolecular hydrogen-bonding between the hydroxyl donor groups

n the surface of silica ( ‒OH) with the acceptor groups of PVDF (C ‒F)

nd PC (C = O) as illustrated in Fig. 3 c. The degree of hydrogen-bonding

etween them increases with an increasing amount of silica up to 20

t%. More silica addition resulted in an apparent decrease in the per-

ittivity as well as relaxation strength which might be due to exceeding

he threshold of effective interfacial hydrogen bonding formation, with

he excess low permittivity silica now reducing the overall permittivity.

he C ‒F bonds in PVDF are able to act as hydrogen bond acceptors,

orming hydrogen bonds with the silanol groups on the surface of sil-

ca (SiO 2 ) [27–29] . Therefore, silica can act as a dielectric relaxation

nhancer within PVDF and PC, up to a certain wt%. It is also reported

hat when silica is uniformly coated on PVDF particles in the form of

ore-shell, electroactive phases in PVDF, namely, 𝛽- and 𝛾-phases, and

ts polarity are suppressed due to the formation of vinyl groups on the

ilica shell [30] . Nonetheless, in our case, silica particles are not coated

n the PVDF particles, instead they are uniformly dispersed in the poly-

eric matrix; therefore the suppression of electroactive phases and po-

arity of PVDF is not expected. PVDF and PC can simultaneously interact

ith − OH groups on the surface of silica through hydrogen bonding. In

his context regarding hydrogen-bonding and induced polar phases in

VDF-based composites, both Fourier transform infrared spectroscopy

FT-IR) and X-ray diffraction (XRD) analyses were carried out and the

esults are discussed in the following part. 

Neat PVDF may contain various crystalline polar and nonpolar

hases depending on the processing methods [ 31 , 32 ]. XRD results (Fig.

3 in the ESI) show that the crystalline phases of neat PVDF powder

ssigned as 𝛼, 𝛽 and 𝛾 exhibit weak intensity, while upon addition of PC

p to 50 wt% (50PVDF/50PC), the peak intensities increase and charac-

eristic peaks of polar and nonpolar phases are detected. This indicates

hat PVDF/PC composites may contain both nonpolar and polar phases.

onetheless, adding 20 wt% milled silica to 50PVDF/50PC resulted in
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Fig. 4. a) Relative permittivity profiles of PVDF/PC (wt%) and b) (50PVDF/50PC) + x wt% silica composites from 0.6 to 1.0 GHz. c) SEM image of 

(50PVDF/50PC) + 20 wt% silica composite and d) photographic image of the flexible composite. 
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he disappearance of nonpolar 𝛼 phase and confirmed the presence of

olar 𝛽 and 𝛾 phases, which is also validated by FT-IR absorbance data

Fig. S4b in the ESI). The peaks of 𝛽 and 𝛾 phases in both XRD and FT-IR

ata are overlapped due to similar polymer chain conformation [31] and

herefore we treat them as one polar phase ( 𝛽 + 𝛾). On the other hand,

he nonpolar 𝛼 phase is clearly identified in both analyses. Upon 40 wt%

illed silica addition (40Silica), the peak intensities in the XRD profile

ere significantly dropped. The present phases could no longer be dis-

inguished since the increased amorphous silica addition broadened the

eaks. Having a higher concentration of polar phases in the PVDF com-

osite is found to be important for dielectric relaxation response, since

he higher the polarity, the larger relaxation response can be obtained

32] , as it is also shown in our result. 

The FT-IR spectra of PC and milled silica added PVDF composites

Fig. S4 in the ESI) in the regions of 2800 to 3100 and 3100 to 3700

m 

− 1 were analyzed in order to monitor CH 2 and –OH stretches, re-

pectively, which could be used as an indication of hydrogen bonding

etween each component of the composite [27] . A slight frequency shift

n CH 2 stretching was observed when PC and milled silica are added to

VDF, although the PC peak is overlapped and masks the accurate po-

ition of the peaks. In –OH stretching region, a broad absorption band

s attributed to the hydrogen-bonding hydroxy groups. With increasing

he milled silica content up to 40 wt%, the peak near 3300 cm 

− 1 slightly

roadened and became more pronounced when the milled silica addi-

ion is at 40 wt%. 

These results indicate that hydrogen bonds are most likely to be

ormed between the surface of milled silica particles and PVDF-PC poly-

er matrix, and the polarity of the PVDF-based composites is increased

y the addition of solid silica particles. The hydrogen bonding at the in-

erfaces between silica surface and PVDF molecules together with dipo-

ar interactions between PVDF and PC tend to generate locally oriented
5 
ipoles which promote polarity, and dielectric relaxation accordingly.

his was confirmed electrically by dielectric spectrum given in Fig. 3 a-b

nd structurally by XRD and FT-IR data (Fig. S3 and S4 in the ESI). 

To gain further insight into the dielectric relaxation behaviour of

he composites, their power n was analysed from 0.2 to 10 GHz. After

nspection, it is found that highest powers of n can be obtained in the re-

ion of 0.6 to 1.0 GHz. The dependence of the power n and compositions

re shown in Fig. 4 a. The power n increased from 0.06 to 0.49 by adding

C up to 50 wt%, and then it further increased to 0.52 when 20 wt%

ilica was added to the 50PVDF/50PC matrix, as shown in Fig. 4 b. Such

nhancement was explained by the contribution of hydrogen-bonding

iscussed previously. Fig. 4 c shows a typical microstructure of the silica-

dded PVDF/PC composites, in which the polymer is self-connected into

 continuous network and the silica particles are randomly distributed

ithin the polymeric matrix. The flexibility of the obtained composite

s also illustrated in Fig. 4 d. 

As pointed out in Fig. 1 f, it is important to have a material with a

igh power of n to enhance the bandwidth up to 135%. The obtained

esults show that tuning the power of n through PC and silica addition

o PVDF is viable and a maximum value of n can be obtained in this

aterial system (0.52), which is expected to show an 18% bandwidth

ncrease based on the simulated results shown in Fig. 1 f. 

A mobile phone antenna prototype is illustrated in 3D with the di-

ensions shown in Fig. 5 a. Following the required material and sub-

trate dimensions, a prototype antenna was then fabricated as illustrated

n Fig. 5 b. A thin and flexible composite (2 mm x 2 mm x 80 mm), as

emonstrated in Fig. 5 c, was placed in the slot and the reflection coeffi-

ient is measured. Fig. 5 d shows the simulated and measured reflection

oefficients of the mobile phone antenna. The reflection coefficients are

 good measure of how much power is reflected back from the antenna

ystem, and a smaller reflection coefficient is usually required for the
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Fig. 5. a) 3D Illustration of mobile phone antenna configuration; b) photograph of fabricated mobile phone prototype with the material loaded; c) photographs of 

composite used in the device shown in b; d) The measured and simulated reflection coefficients result of the mobile phone antenna; e) Results of bandwidth of the 

antenna (%) and enhancement (%) as a function of frequency power n obtained from (d). Empty and filled data points represent the actual measured and simulated 

results, respectively. 
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ommunication system [33] . For the mobile phone antenna, -6 dB is

ormally the criterion for defining the effective operating band [33] . As

an be seen from Fig. 5 d, the measured bandwidth covers from 0.721

Hz to 1.366 GHz, which has a very good agreement with the simu-

ated results, covering from 0.720 GHz to 1.365 GHz. This verifies the

ccuracy of the simulation and design, as well as the feasibility of the

roposed concept and theory. Compared with the antennas loaded with

raditional materials ( n = 0), the bandwidth can be further improved

sing the materials with a larger power n . For example, a larger band-

idth is expected using the material with power, n = 2, which covers

early from 0.4 GHz to 2 GHz, meaning the bandwidth can be improved

y nearly 135% Fig. 5 e. 

It should be pointed out, that even though only one smartphone an-

enna was used as an example to demonstrate the usefulness of the pro-

osed new material for antenna bandwidth improvement, the approach

s general and suitable for most antennas. How much improvement can

e achieved is directly related to the power of n . The antenna efficiency

s another important aspect that must be taken account during antenna

evelopment. The efficiency is directly linked to the energy loss of the

oading material which is associated with the imaginary part of permit-

ivity ( 𝜀 ’’) where the stored energy corresponds to the real part of the

ermittivity ( 𝜀 ’), which is gradually or rapidly lost and dissipated as

eat as the frequency increases in the microwave region. Particularly,

he energy loss is maximum in the vicinity of the relaxation frequency,
6 
epending on the dominant polarisation mechanism of the used mate-

ial. Therefore, dielectric loss, tan 𝛿= 𝜀 ’’/ 𝜀 ’, is a good indicator for the

ntenna efficiency. Dielectric losses of the developed composites in this

ork are given in Table S1 and S2 in the ESI. The dielectric loss of pure

VDF in the investigated frequency range from 0.4 – 2.0 GHz is found

o be 0.08 – 0.09, whereas adding PC to PVDF as a plasticizer increases

ts dielectric loss to 0.75 in the trade-off to achieve higher power n.

ncreasing the wt% of nano-sized silica particles in the 50PVDF/50PC

omposite reduced its dielectric loss to between 0.36 – 0.52. Nonethe-

ess, the composite with the highest power ( n = 0.52) exhibited a di-

lectric loss of 0.47 – 0.73, between 0.4 – 2.0 GHz. This result is also

n agreement with existing dielectric relaxation models, which suggest

hat higher dielectric relaxation (power n ) results in higher dielectric

oss. The antenna efficiency is therefore expected to be low due to the

elatively high dielectric loss (tan 𝛿 > 0.1) obtained in the developed

omposites which is -14.7 dB at 0.8 GHz as given in the Fig. S5. This is

he most challenging issue and possible limitation of this concept for the

pplicability, not only for this type of antenna but also general classes

f antennas, and efforts to reduce the dielectric loss while increasing the

ower n is under development. 

Material development for this proposed concept is in its infancy.

specially, in solid materials, it may be challenging to achieve a high

ower of frequency n , since the dipolar/orientational polarisation could

e limited by intrinsic and extrinsic factors, including restricted or
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rientational-dependent polarisation by molecular and crystal struc-

ures, structural/charged defects, interfacial interactions in composites

nd processing methods. Nevertheless, it is reported that the relaxation

requency and the magnitude of permittivity can be tuned via doping

ethods in certain ferro (piezoelectric) ceramics such as BaTiO 3 [34] ,

aNbO 3 [35] , and Pb(Zr,Ti)O 3 [36] . Dispersing carbonaceous materials

ncluding activated carbon, carbon nanotubes, graphene into the poly-

er and/or ceramic matrix is also reported to improve the dielectric

elaxation behaviour of a composite [ 37 , 38 ]. However, this introduces

n additional conductivity term to the Debye model, resulting in an in-

rease in dielectric relaxation, but also in the conductivity which is not

esired in the required antenna specifications. Due to the strong inter-

olecular hydrogen bonding in many molecular liquids, high dielectric

elaxation is expected such as in alcohols [20] and amides [39] ; there-

ore the dielectric spectrum of polar liquids is closer to be fit to the Debye

odel, yielding sharper dielectric relaxation (higher power n as shown

n Fig. 2 ), as compared to solid polar type of polymers and ceramics, or

olymer-ceramic-metal composites. Thus, compositional trials based on

he current dielectric material literature (in solid or liquid form) sup-

orted by the dielectric relaxation models are crucial to find a material

xhibiting higher power n. 

Data-driven techniques have been recently found to be popular and

owerful alternatives to effectively bypass these exhausting experimen-

al trials, by building surrogate models for property prediction ( e.g. di-

lectric permittivity and loss) and material design, which can poten-

ially accelerate the discovery and application of new materials [ 40 , 41 ].

ecently, machine learning framework was explored in the area of

requency-dependent dielectric properties in polymers [42] , microwave

ielectric ceramics [43] , and polymer-based composites [44] . Since our

oncept can only work with a material with high dielectric relaxation

t the microwave region ( i.e having high power n ), a machine learning

ramework could be also utilized to design or discover a novel dielec-

ric to fit our purpose, by searching and correlating essential parameters

ncluding hydrogen bonding capability, molecular structure, static per-

ittivity, infinite permittivity, and relaxation time that are found to play

 key role in dielectric relaxation. 

. Conclusions 

A new concept to broaden the bandwidth of an antenna using a ma-

erial having a high degree of dielectric relaxation is proposed. This

oncept is constructed on a frequency-dependent material whose rela-

ive permittivity is inversely proportional to the frequency power of n ;

 𝑟 ( 𝑓 ) = 

𝑘 

𝑓 𝑛 
. Simulated results show this concept can potentially widen

he operating bandwidth up to 135% when the power n = 2, compared

o current traditional frequency-independent materials for which n = 0.

ased on this proposal, a new material guided by dielectric relaxation

heory is fabricated. The new material is a nano-sized silica-filled PVDF

lasticized with PC and its power n reached up to 0.52, yielding an 18%

mprovement in the investigated bandwidth, which was tested and sim-

lated in a prototype smartphone antenna. Thus, this proposed concept

ombined with theory and material development shows great potential

or antenna applications in telecommunications. 

. Experimental section 

All starting materials were purchased from Merck and Alfa Aesar and

sed without further purification unless otherwise stated. All manipu-

ations and formulations were performed under an inert nitrogen atmo-

phere. The host polymer, as-received poly(vinylidenefluoride) (PVDF)

nd plasticizer propylene carbonate (PC, MW = 102.09 g mol − 1 ) in vari-

us wt% ratios, were dissolved in the organic solvent dimethyl carbon-

te (DMC), 30 mL per 10 g of polymer composite, at 80°C until a clear

iscous solution was obtained. The solvent DMC was removed in vacuo

nd the PVDF/PC was obtained as a white translucent polymer. Silica

el (40-63 𝜇m) was milled in a high-energy planetary ball mill (Fritsch,
7 
ulverisette 6) with a speed of 400 rpm for 2 hours using 1 mm diameter

irconia balls. Nano-sized silica particles were obtained after the milling

rocedure as shown in Fig. S2d. Milled silica was then added to the com-

osite mixture before dissolution with DMC, and heated at 80°C under

ltrasonication for 1 hour. After the removal of the solvent in vacuo , the

btained dried composite material was cut into small pieces and ground

sing a mill (IKA A11) producing a fine powdered composite. The fine

owder was then hot-pressed in a stainless-steel die at 180°C for 20 min-

tes. Based on the required sample dimensions (2 mm x 2 mm x 80 mm)

or the device prototype, the samples were then sliced into bar-shapes. 

Hitachi S-4800 cold-field emission scanning electron microscopy

FE-SEM) was used for analysis of the samples’ morphology. Prior to

EM, the sample surfaces (fracture cross sections, particle surfaces, natu-

al surfaces) were coated with gold by Quorum S150T ES sputter coater.

-ray diffraction (XRD) results were obtained using a Bruker D8 Dis-

over X-ray diffractometer with Cu-K 𝛼 radiation. The samples were

canned in the 2 𝜃 range of 5° to 80° with a step interval of 0.01314°.

ourier-transform infrared (FT-IR) spectroscopy tests covering the range

f 550–4000 cm 

− 1 were carried out using Perkin Elmer Spectrum 100

tted with a universal attenuated total reflection (ATR) sampling acces-

ory. 

For dielectric measurements, the dielectric assessment kit for thin

ayers (DAK-TL2) from SPEAG (Schmid & Partner Engineering AG,

witzerland), which is based on the open coaxial probe method, was

sed to perform dielectric spectroscopy. The DAK3.5-TL2 probe (0.2

Hz - 20 GHz) was used in combination with a ZVL (Rohde & Schwarz,

unich, Germany) to perform measurements over the aforementioned

requency range. The measurement resolutions are set to 100 MHz cov-

ring the range from 0.2 GHz to 10 GHz. The DAK-TL2 system was cali-

rated using the standard 3-point calibration prior to each measurement

ession: open, short (copper strip), and de-ionized water as the load. A

orce of 500 N was applied during the short calibration to ensure a good

ontact between the probe and the copper strip. 

The reflection coefficient of the mobile phone antenna was evalu-

ted using a vector network analyzer (MS46322B Anritsu) covering the

perating frequency band of antenna (0.4 to 2.0 GHz). CST Microwave

tudio is employed here for the simulation and optimization which is

ased on the finite integration technique [45] . 
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