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Abstract—In this article, a compact dual-band antenna system for LTE-M (700–900 MHz) and LTE2500 dedicated to mobile handsets is presented. The system consists of a dual-band Planar Inverted-F
Antenna (PIFA) for LTE-M and LTE-2500 bands where this designed PIFA is frequency reconﬁgurable
in the LTE-M band. Additionally, another PIFA is designed to cover the LTE-2500 band to enable
Multiple-Input-Multiple-Output (MIMO) communication for this band. Frequency reconﬁguration
between 700 MHz and 900 MHz is performed by a varactor diode biased from the RF port using a
decoupling circuit to separate DC and RF signals. The compactness of the system and the good
isolation between the two antennas were obtained thanks to the study of the characteristic modes of the
mobile phone chassis, where the ideal positions of the antennas can be easily obtained. A prototype of
our system was fabricated where good frequency reconﬁguration and good MIMO performance (TARC
and envelope correlation) were achieved.

1. INTRODUCTION
Since the advent of the internet-of-things (IoT) around 2009 [1], this Machine-to-Machine technology
which operates in sub-1 GHz frequency bands [2] and using Low-Power Wide-Area (LPWA) networks
has become an essential part of our daily lives and will occupy a very important place in the 5G
communication. Thus, in the 3GPP (3rd Generation Partnership Project) release’s 13, LTE-M (LTEfor-Machines) and NB-LTE (Narrow-Band LTE) are standardized in frequency between 700 MHz and
900 MHz [3–5] and will have to cohabit with the MIMO 4G’s current broadband mode standard.
Therefore, many multi-band and frequency reconﬁgurable antennas for telecommunications have been
proposed in recent years.
Multi-band or tunable Inverted-F Antennas (IFA) using varactor or Pins diode for LTE-M and other
high bands mobile terminal applications were proposed in [6–11]. But the use of IFA antennas forces to
leave non-metalized parts on the ground plane, which makes it more sensitive to the environment and
to the user’s hand than the PIFA antenna. In addition, the use of pin diodes often allows switching only
between two bands, unless using multiple pin diodes, which will increase losses and decrease eﬃciency.
The use of varactor diodes on PIFA antennas remains the best option, because with a single active
element, we can cover more bands by varying only the DC voltage, while being less sensitive to the
environment.
Several authors have proposed frequency tunable PIFA using varactor diode to operate at low
frequencies [12–14], but the diﬃculties usually appear in the biasing method, the simplicity and the
compactness of the system. Similarly, in the case of MIMO systems, researchers either propose several
isolation techniques between antennas [15] that may increase congestion or insert losses or simply
enhance the antennas spacing between each other that seems to be very diﬃcult using the compact
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available space. Indeed, studying the characteristic modes of the ground plane may solve the problem
of spacing between antennas making the isolation very aﬀordable.
In this paper, we propose a compact dual-band frequency tunable antenna system for mobile
handsets. The system consists of an active dual-band (LTE-M/LTE-2500) PIFA antenna associated
with a parasitic element, whose ﬁrst resonance frequency is tunable between 700 MHz and 900 MHz by
using varactor diode and another single PIFA antenna operating in LTE-2500 band in order to enable
the 2 × 2 MIMO communication mode at this speciﬁed frequency band. The position and orientation
of each of the two designed PIFAs were carefully chosen after studying the characteristic modes of the
mobile phone chassis [16]. An overall view of the structure is shown in Figure 1 below.
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27 mm
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Figure 1. Overall view of the proposed antenna system.

2. STUDY OF THE CHARACTERISTICS MODES OF THE MOBILE PHONE
CHASSIS
In MIMO systems, isolation between antenna ports is a very important feature that must be taken into
consideration during the antenna system design. The study of the characteristic modes of the ground
plane is a method that can be used to attain better isolation between the two antennas. Indeed, good
port isolation can be obtained when these two antennas excite two isolated modes, separately. This
method allows port isolation in MIMO systems without the use of any isolation technique. The theory
of characteristic modes (TCM) was ﬁrst introduced by Garbacz in 1965 [17] and can be deﬁned as the
orthogonal current modes laying over the surface of a conducting body, which depends on its shape and
size. TCM is used for designing multi-mode antennas [18], widening antenna bandwidths, increasing
the isolation between the antennas [19], etc.
Each characteristic mode is associated with a corresponding eigenvalue (λn ) that provides
information about its behavior at a given frequency. Resonant modes are modes that have their
eigenvalues close to zero. Modes with positive eigenvalues are called inductive modes while those
with negative eigenvalues are called capacitive modes. This information can also be obtained from the
module and the argument of Modal Signiﬁcance linked to the eigenvalue by Equation (1). The MS also
determines the bandwidth of the mode.




1


(1)
MS = 
1 + jλn 
A mode can be excited by placing an antenna at the location where the electric ﬁeld is maximum
and oriented in the direction of the current ﬂow. The simulation of the eigenvalues of a ground plane
of dimension 60 × 120 mm2 by using HFSS Ansys software between 2.4 GHz and 2.8 GHz is shown in
Figure 2. It can be observed that the eigenvalues of the ﬁrst four modes are close to zero. Whereby,
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Figure 2. Simulation of the eigenvalues of the mobile phone chassis.

Figure 3. Electric ﬁeld and surface current vector over the chassis at 2.6 GHz.
these modes will radiate when they are excited. Figure 3 shows the surface current vector and the
electric ﬁeld distribution over the ground plane at 2.6 GHz for modes 1, 2, 3, and 4. We notice from
this ﬁgure two distinct behaviors of the pairs of mode (1, 2) and (3, 4). Modes 1 (odd mode) and 2
(even mode) present on the short edge of the ground plane have currents vector in opposition of phase;
modes 3 (odd mode) and 4 (even mode) present on the long edge of the ground plane have electric
ﬁelds in phase opposition (when one is maximum, the other is minimum). So if we ideally position and
orient a PIFA antenna (known to have a more localized current distribution than monopoles), we can
only excite in one instant t one of the modes. Thus, to design a MIMO system, we can place 2 PIFAs
antennas either on the long edge or the short edge of the ground plane to excite a couple of modes,
allowing us to obtain a good isolation. Therefore, to have a compact MIMO system, the two antennas
can be placed at the short edge of the ground plane and must be oriented in a way that one of the two
antennas excites mode 1, and the other excites mode 2, separately.
3. DESIGN OF FREQUENCY TUNABLE PIFA ANTENNA FOR LTE-M AND
NB-LTE
In 5G systems, the frequency bandwidth [700–900 MHz] will be used for IoT standards (LTE-M and
NB-IoT) for communications between connected devices. Thus, we propose a PIFA antenna which
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(a)
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Figure 4. (a) Initial meandered PIFA, (b) simulation of S11 of the meandered PIFA.
can be integrated into a mobile terminal and cover the entire frequency band between 700 MHz and
900 MHz. The initial antenna structure is a meandered PIFA placed on the short edge of the ground
(Figure 4(a)). Its dimensions are: Lpifa = 35.5 mm, Wpifa = 7 mm, and Hpifa = 5 mm. The simulated
reﬂection coeﬃcient (Figure 4(b)) shows that this structure resonates at a frequency greater than 1 GHz.
In addition, the bandwidth obtained is very low and will not cover the required 200 MHz.
To cover the entire 700 MHz–900 MHz band with this PIFA antenna without changing its
dimensions, we decide to use a varactor diode that is modeled by its equivalent circuit (Figure 5).
On the one hand, this varactor diode will add a capacitive load on the PIFA and thus lengthen its
electrical length. On the other hand, by varying this capacity, the entire 700 MHz–900 MHz band can
be covered.

Figure 5. The varactor diode equivalent circuit.
In order to know the ideal position for the diode, we tried to place it in three diﬀerent locations on
the PIFA. We placed it ﬁrst after the short circuit (position 1), then between the feeding strip and the
short circuit (position 2), and ﬁnally, before the feeding strip (position 3). These diﬀerent positions are
illustrated in Figure 6. For each position, we plotted S11 with two diode capacitance values (C = 0.5 pF
and C = 1.05 pF). The S11 curves are shown in Figure 7. As can be observed from this ﬁgure, the ideal
position for the varactor diode is position 1. Indeed, it is the position that gives a better frequency
reconﬁguration.

Figure 6. The PIFA antenna with diﬀerent positions of the varactor diode.

Progress In Electromagnetics Research M, Vol. 93, 2020

15

Figure 7. S11 for diﬀerent positions of the varactor diode.
For the varactor diode to be well biased by the feeding pin, a 10 nF DC link capacitor is used
on the PIFA to isolate the feeding strip from the short-circuit. Then, a parallel decoupling LC block
(L = 57 nH and C = 47 pF) is connected to the feeding line to isolate the DC signal from the RF
signal coming in the port input. The varactor diode and LC block are printed on a Duroid substrate
with 0.787 mm thickness and 2.2 dielectric constant. This substrate is chosen so as not to inﬂuence the
performance of the PIFA. Unlike the structures presented in [14], where the authors used two separate
RF signal and DC bias ports, only one port is used in this work for the antenna feeding and the varactor
diode bias thanks to the decoupling LC block. The structure of the reconﬁgurable PIFA is shown in
Figure 8(a).

(a)

(b)

Figure 8. (a) Structure of the active reconﬁgurable PIFA, (b) simulation of reﬂection coeﬃcient for C
varying from 0.35 pF to 1.05 pF.
When the values of varactor diode capacitance are varied from 0.35 pF to 1.05 pF, it can be observed
from Figure 8(b) that the PIFA resonance frequency is reconﬁgured from 700 MHz to 900 MHz.
4. DUAL-BAND FREQUENCY TUNABLE ANTENNA FOR LTE-M AND LTE-2500
APPLICATIONS
In order to know how the ﬁrst higher order mode resonance frequency of the active PIFA varies when
the diode capacitor changes, we have simulated the reﬂection coeﬃcient for the minimum and maximum
values of the diode capacitor (Figure 9). As can be seen, on the one hand, when the main resonance
frequency varies, the ﬁrst higher-order mode resonance frequency varies at the same time. On the other
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Figure 9. Variation of the ﬁrst and second resonance frequencies of the PIFA with the capacitor.
hand, the bandwidth of the ﬁrst higher order mode is not wide enough to cover the 200 MHz band
required for mobile communications in the LTE 2500 band.
To have a ﬁxed bandwidth of 200 MHz at high frequency, a parasitic PIFA is used. It is placed
at 1 mm from the main PIFA (Figure 10(a)). This parasitic PIFA allows to widen the main PIFA’s
ﬁrst higher order mode bandwidth. Thus, the whole structure forms a dual-band antenna whose low
frequency is tunable from 700 MHz to 900 MHz, and the high frequency is ﬁxed and covers the LTE band
[2500–2700 MHz]. The simulation of the reﬂection coeﬃcient of the dual-band antenna varying with
frequency for diﬀerent values of capacitor is shown in Figure 10(b). As shown, the resonant frequency
of the antenna is reconﬁgurable in the ﬁrst band, and at the same time a ﬁxed bandwidth of 200 MHz is
obtained in the second band. The high frequency bandwidth is given at −8 dB while the low frequency
bandwidth is given at −6 dB.

(a)

(b)

Figure 10. (a) Structure of the active dual-band reconﬁgurable PIFA, (b) simulation of S11 (dB) of
the dual-band antenna for C varying from 0.35 pF to 1.05 pF.

5. THE MIMO SYSTEM DESIGN
Normally in LTE-2500 band for mobile phone, a MIMO system is required to increase the data rate.
Thus, a single PIFA antenna of dimension 22.5 × 7 × 5 mm3 was added to the ground plane to obtain
multi-antenna system. It is optimized to operate only at the LTE-2500 band, unlike the ﬁrst PIFA
which has dual bands allowing working in LTE-700 and LTE-2500. The ﬁrst antenna’s position was
chosen on the ground plane in Section 2, to excite at each time one of the two orthogonal modes, 1 or
2, which have currents vectors in opposition of phase following the short edge of the chassis. Thus, to
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Figure 11. Structure of the MIMO system.

(a)

(b)
Figure 12. Visualization of the electric ﬁeld (E ﬁeld) and the surface current vector (Jsurf ) over the
MIMO structure at 2.6 GHz when exciting (a) antenna 1 and (b) antenna 2.
have a good ports isolation, the second PIFA is then placed right next to the ﬁrst PIFA in opposite
orientation so that it can excite just the corresponding orthogonal mode (Figure 11). Figure 12 shows
the distribution of the electric ﬁeld and the surface current vector at 2.6 GHz, when only antenna1 is
excited (a) and when only antenna 2 is excited (b).
Since the two antennas excite two orthogonal modes, good port isolation is achieved despite their
small separating distance. Indeed, |S21 | is better than −18 dB in the high band and falls below −27 dB
in the low band. The simulation results of the S parameters of the MIMO system are represented in
Figure 13 for diﬀerent values of capacitance of the varactor diode. We can see that the low-frequency
band (LTE-M) is tuned between 700 MHz and 900 MHz by changing the varactor value, while the
high desired band (LTE-2500) is always covered regardless of the value of the varactor, with minimum
isolation of 18 dB.
6. FABRICATION AND MEASUREMENT OF THE MIMO SYSTEM
A fabricated prototype of the MIMO system is presented in Figure 14. An SMV2020-079LF varactor
diode is used. The measurement of S-parameters is performed by using a tee adapter to combine RF
and DC signals into antenna 1 port. The curves of the measured S-parameters for diﬀerent values of
DC voltage, represented in Figure 15, show good agreement with the simulation ones for diﬀerent values
of capacitance which were shown before in Figure 13.
The measurement of the antenna total eﬃciency in the low band is performed using Wheeler
cap method [20]. The eﬃciency was measured at the frequencies 745 MHz, 867 MHz, and 960 MHz
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(a)

(b)

Figure 13. (a) Simulated reﬂection coeﬃcients of the MIMO system, (b) simulated mutual coupling
of the MIMO system.

Figure 14. The prototype of the MIMO system.

(a)

(b)

Figure 15. (a) Measured S11 and S22 of the MIMO system for diﬀerent DC values, (b) measured S21
of the MIMO system for diﬀerent DC values.
(Table 1). We have chosen to measure the eﬃciency in the low band up to a frequency higher than
900 MHz (960 MHz, corresponding to Vdc = 13.5 V) to show that the eﬃciency of our reconﬁgurable
PIFA antenna is improved when the frequency increases. Thus, despite the low values measured due to
the series resistance of the diode, these eﬃciencies remain acceptable compared to the state of the art.
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Table 1. Measured total eﬃciency in low band.
Vdc (V)

6.5

10.5

13.5

Frequency (MHz)

745

867

960

Eﬃciency (%)

17.4

31

46.7

Figure 16. Measurement of total eﬃciency of the MIMO system.
Figure 16 shows the measured total eﬃciency of the MIMO system in the LTE-2500 band, performed
in an anechoic chamber.
7. THE MIMO SYSTEM CHARACTERIZATION
7.1. Total Active Reﬂection Coeﬃcient (TARC)
The TARC is deﬁned as the ratio of the square root of the total reﬂected power divided by the square root
of the total incident power [21, 22]. This parameter is used to deﬁne the eﬀective operating bandwidth
of MIMO systems. Figure 17 shows the calculated TARC using Equation (2) for θ = 0◦ and θ = 180◦ ,
for the minimum and maximum values of the varactor diode.

2
2
|S11 + S12 ejθ | + |S21 + S22 ejθ |
t
√
(2)
Γa =
2
where θ is the phase of the incident power.
The curves of Figure 17 show that the bandwidth for MIMO applications is always covered in the
LTE-2500 band at −8 dB.
7.2. Envelope Correlation Coeﬃcient
The envelope correlation coeﬃcient (ρe ) is the parameter that provides information on the independence
of signals in MIMO systems, and it varies from 0 to 1. A ρe equal to 0 indicates that signals are totally
independent. The method of calculating envelope correlation (Equation (3)) requires 3D radiation
pattern consideration [22, 23]. However, when the total eﬃciency of the antennas is high (good radiation
eﬃciency, low isolation, and good matching) envelope correlation can be deﬁned by a simpler form as
in Equation (4). Equation (4) relates ρe to the S-parameters of the radiating elements [23]. Figure 18
shows the simulation of the envelope correlation coeﬃcient using S-parameters and far ﬁelds, while its
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Figure 17. Simulated and measured TARC for
Cmin and Cmax .

Figure 18. Simulation and measurement of the
envelope correlation coeﬃcient.

measurement results are done by just using S-parameters. Thus, we can see that in the high desired
operation band, good isolation is obtained, and the envelope correlation is very low.
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ρe =   
2
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F1 (θ, φ) dΩ
F2 (θ, φ) dΩ
4π

ρe =

4π

|S11 ∗ S12 + S21 ∗ S22 |2
(1 − |S11 |2 − |S21 |2 ) (1 − |S22 |2 − |S12 |2 )

(4)

8. CONCLUSION
A compact dual-band frequency reconﬁgurable antenna system is presented in this article. It consists
of one single LTE-2500 PIFA and an active reconﬁgurable dual-band PIFA associated with a parasitic
PIFA. The dual-band PIFA frequency is tunable between 700 MHz and 900 MHz by using a single
varactor diode simply biased from the RF port using a decoupling circuit to separate DC and RF
signals while covering the LTE-2500 band as well. To minimize the mutual coupling between the two
PIFAs and for the compactness of the system, TCM is used. The simulation and measurement of the
antenna system show good agreement in its two operating frequency bands.
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