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Abstract— In this paper, a novel reconfigurable open slot 

antenna has been proposed for LTE smartphone applications to 
cover a wide bandwidth of 698-960 MHz and 1710-2690 MHz. The 
antenna is located at the bottom portion of the mobile phone and 
is integrated with metal rim, thereby occupying a small space and 
providing mechanical stability to the mobile phone. Varactor 
diode is used to cover the lower band frequencies, so as to achieve 
a good frequency coverage and antenna miniaturization. The 
operational principles of the antenna are studied and the final 
design is optimized, fabricated and tested. It has achieved the 
desired impedance bandwidth and the total efficiency of minimum 
50% in free space throughout the required bands. The antenna 
performance with mobile phone components and human hand is 
also been studied. Furthermore, the SAR in a human head is 
investigated and is found to be within allowable SAR limits. 
Finally a Multiple Input-Multiple-Output antenna configuration 
with high isolation is proposed; it has an identical reconfigurable 
open slot antenna integrated at the top edge of the mobile phone 
acting as the secondary antenna for 698-960 MHz and 1710-2690 
MHz. Thus the proposed antenna is an excellent candidate for 
LTE smart phones and mobile devices. 
 

Index Terms— LTE/WWAN antenna, metal rim, MIMO, open 
slot antenna, reconfigurable antenna, SAR, total efficiency. 

I. INTRODUCTION 
N recent years, many wireless communication systems for 
different working frequencies and communication protocols 

have been developed and deployed worldwide. To provide all 
these services, the antenna in mobile phones should cover 
multiple frequency bands. In addition, since a large display with 
a narrow frame has become the mainstream of the modern 
mobile phones, the space for antennas is very limited. So, 
designing a multiband/wideband mobile antenna with a small 
size is not only an essential requirement but also a major 
technological challenge. The antenna must be capable of 
covering 698-960 MHz and 1710-2690 MHz which covers the 
LTE700, GSM850, GSM900, GSM1800, GSM1900, UMTS,  
 

 
LTE2300, and LTE2500 bands. Also the antenna must achieve 
minimum 50% total efficiency throughout these bands. Many 
interesting designs have been developed by researchers using 
different design principles. In the past two decades, there has 
been a wealth of publications on internal antenna innovations 
for mobile handset antennas, e.g. single-band PIFAs [1], [2], 
dual-band PIFAs [3], capacitive loading [4], shorting 
techniques [5], capacitive feeding [6], parasitic elements [7], 
combinations of different loading techniques [8], resonant slots 
[9], [10], loop antennas[11] and active antennas [14].  

A smartphone with a metal rim has also become attractive 
since the metal rim increase the mechanical strength of the 
mobile phone and enhances its aesthetic appearance. The 
performance of the traditional internal antennas such as PIFA, 
monopole, loop, etc. will be adversely affected, if the metal rim 
is not modified accordingly, making it difficult to achieve 
wideband performance [15], [16]. Many approaches have been 
tried before to integrate metal rim in mobile phones. In one of 
the approaches, multiple gaps and grounded patches were 
inserted to minimize metal rim effect [16]. The position of the 
gaps and the patches were carefully chosen. The disadvantage 
of this approach is that by creating multiple gaps in the metal 
frame, the mechanical stability is compromised. Also internal 
antenna used in this approach, at the bottom side of the mobile 
phone consumes a lot of space. Two slots were introduced in 
the metal rim in [12] and [13] to create resonances to cover the 
lower band. The presence of the slots compromise the 
performance in the presence of the user’s hand.  In another 
approach, a slot antenna of 15.5 × 56.5 mm2 was introduced in 
the bottom of the system ground [17]. The slot was fed by a 
feeding strip and the antenna could cover 
GSM850/900/DCS/PCS/UMTS2100 operation. This was not a 
wide band solution and was not capable of covering the entire 
698-960 MHz and 1710-2690 MHz. In another design, IFA 
structure together with slot in the ground plane was used to 
cover GSM850/900/DCS/PCS/UMTS2100/LTE2300/2500 
operating bands [18]. The bandwidth of the lower band was not 
wide enough to cover LTE700 and multi-antenna configuration 
is not possible for the low band. In another open slot design for 
laptop applications, two separate feeds were used to excite the 
antenna [19]. Open-slot antennas that have been reported for 
tablet computers [20], [21] have a large ground clearance which 
is not suitable for modern mobile phones. In another recently 
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published design, a PIN diode was used to perform 
reconfiguration by switching states [22]. This is a very 
promising design, but covers only a part of the lower band. 

It is definitely challenging to design a multiband/wideband 
antenna for a metal-rim integrated smartphone, due to the 
complicated frame structure. To alleviate these problems, a 
reconfigurable open slot antenna fed by an L-shaped micro-
strip feed line capable of supporting octa-band operations is 
proposed. The open slot antenna can achieve miniaturization by 
exciting its fundamental mode. Furthermore, the slot can be 
easily integrated with the metal rim. The greatest achievement 
is that the proposed antenna can be used for multi-antenna 
implementation to cover both the lower band and higher band 
with a very low correlation between the antennas. The proposed 
antenna has a clearance size of 11 mm, which is favorable for 
modern smartphones. A varactor diode is used for 
reconfiguration, resulting in multiple states. As a result, the 
reconfigurable open slot antenna covers the entire 698-960 
MHz and 1710-2690 MHz. 

In Section II, the proposed antenna configuration and 
operation principle are explained. Some important design 
parameters are investigated in detail in Section III. The total 
efficiency, reflection coefficient are shown in Section IV. The 
effect of user’s hand, effect of mobile phone components and 
the SAR values are also studied. Performance of the proposed 
antenna with recent antenna designs is also investigated. In 
Section V, the implementation of multi-antenna configuration 
with high isolation is proposed. Some conclusions are given in 
Section VI indicating the achievements of this research. 

II. ANTENNA CONFIGURATION AND PRINCIPLE OF 
OPERATION 

A. Antenna Configuration 
In this section, the reconfigurable open slot antenna design is 

introduced.  Fig. 1(a) shows the geometry of the proposed 
antenna for LTE/WWAN metal-rimmed smartphones, whose 
detailed structure and optimized dimensions are shown in Fig. 
1(b). As illustrated in Fig. 1(a), a 0.8-mm thick FR4 substrate 
of relative permittivity 4.4 and loss tangent 0.02 is used as the 
system circuit board of size 150 × 74 mm2. It is surrounded by 
a metal rim of height 7 mm and thickness of 1 mm. There is no 
gap between the PCB and the metal rim, which in turn increases 
the mechanical strength of the system. A ground plane of size 
130 × 74 mm2 serves as the smartphone's ground plane. The 
design shown in Fig. 1(a) has an inverted unsymmetrical T- 
shaped wide slot cut on the system circuit board. The slot also 
opens the metal rim which is connected to the ground plane.  

As shown in Fig. 1(b), the proposed reconfigurable open slot 
antenna mainly contains an L-shaped feed strip at the opposite 
side of the FR4 substrate, a varactor diode branch and a gap at 
the top portion of the metal rim. A 50-Ω SMA connector is 
soldered to feed the antenna (point F). A branch with a variable 
capacitor/varactor diode added to the back side of the feed strip 
can be used to tune the entire lower band. Varactor diode needs 
appropriate biasing for its operation. The PCB is positioned at 
the center of metal rim as shown in Fig. 1(c). 

A major portion of the metal rim is shorted to the ground 
plane, thereby increasing the mechanical stability. The open 
slot in the metal rim is filled with FR4 to enhance structural 
rigidity. The slot enclosed by the metal rim with a gap of 6 mm 
is excited by the L-shaped strip. There is only one resonant 
mode in the lower band. There are two resonances in the higher 
band. The feeding strip introduces a capacitive loading. All 
three resonances can be controlled by changing the length of the 
feeding strip. The resonant frequency in the lower band is 
decided by the slot length of LSLOT1+LSLOT2 which is 50 mm, as 
shown in Fig. 1(d) thereby, creating an open slot antenna 
resonating at about 0.92 GHz in free space (0.16λ). There are 
two resonant frequencies in the higher band. One is around 1.54 
GHz due to the LIFA which is 42 mm, thereby, creating an IFA 
mode around 0.25λ. The other resonance around 2.5 GHz is due 

 

 

 

 
Fig. 1 Proposed reconfigurable narrow-frame antenna configuration (Unit: 

mm): (a) Geometry of the metal-rimmed antenna; (b) Detailed dimensions of 
the pro-posed antenna and micro-strip feed (c) Position of PCB.  (d) Zoomed 
antenna portion with annotation. 
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to LSLOT2+LSLOT3 which is around 28 mm, creating an open slot 
antenna resonating at 0.25λ.  

The proposed reconfigurable open slot antenna was 
fabricated and tested to prove the operation. The fabricated 
antenna with biasing topology for varactor diode is shown in 
Fig. 2. The slot is filled with FR4 in the mockup, but not shown 
in Fig. 2. Two varactor diodes are arranged in series in back to 
back configuration. The back-to-back configuration overcomes 
the problem of the RF modulating the tuning voltage as the 
effect is cancelled out. As the RF voltage rises, the capacitance 
on one diode will increase and the other diode will decrease. 
The back-to-back configuration also halves the capacitance of 
the single diode as the capacitances from the two diodes are 
placed in series with each other. Hence the equivalent varactor 
diode capacitance of this configuration is Cd/2. The varactor 

diode used for fabrication is Infineon BB857-02V H7902. The 
DC voltage is fed directly to the varactor diode and varied from 
1-30V. The minimum achievable equivalent varactor diode 
capacitance is 0.4 pF and maximum achievable equivalent 
varactor diode capacitance is 3 pF. These values are not 
sufficient to cover the required tuning range, but enough to 
prove the working principle. The principle of using a variable 
capacitor has been demonstrated using a varactor diode in this 
work. There are other solutions such as a digitally tuned 
capacitor (DTC), which uses a lower supply voltage and can be 
programmed. Another option is to use switching of set of fixed 
capacitors to achieve reconfiguration which is employed in 
several adaptive matching circuits in commercial devices. 

 

B. Principle of Operation  
The working principle can be clearly understood by using 

four reference antenna designs. A simple version of the 
proposed antenna without the varactor diode branch is initially 
considered. It is well known that closed slot antenna resonates 
at 0.5λ. But if the same slot is opened, the antenna resonates at 
0.25λ instead of 0.5λ, which leads in size reduction. The loading 
effect due to FR4 substrate has reduced the slot antenna 
resonance to 0.16λ. 

As seen in Fig. 3, Ref 1 shows a closed slot antenna with 
perimeter of 84 mm cut in the system ground plane and excited 
using a direct feed. The antenna is expected to resonate at a 
frequency around 3.5 GHz owing to 0.5λ slot mode which is 
verified by simulation. In Ref 2 the closed slot antenna is fed by 
an L-shaped feeding strip. A resonance is observed around 1.5 
GHz due to the introduction of a capacitive feeding strip. 
However the impedance matching of this resonance is poor.  
Now a slot is introduced in the metal frame with the slot 
perimeter almost kept the same as shown in Ref 3 in Fig. 3. 
There are two resonant frequencies at 0.92 GHz and 1.8 GHz as 

 

 
 
Fig. 2.  Fabricated reconfigurable open slot antenna.  
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Fig. 3.  Simulated reflection coefficients results for reference antennas.  
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Fig. 4.  Simulated reflection coefficients results of proposed antenna for 
different values of varactor diode capacitance.  
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seen in the reflection coefficient result in Fig. 3. These are due 
to 0.16λ slot mode and 0.25λ IFA mode respectively. Hence the 
introduction of the slot has created a resonant frequency in the 
low band of operation. In Ref 4 as shown in Fig. 3, we keep the 
slot in the metal rim and further increase the slot length in the 
ground plane. An additional resonance is created at 2.54 GHz 
due to 0.25λ slot mode. The resonance in the low band is 
unaffected as the extra slot length to the right of feed line adds 
no contribution to the 0.16λ slot mode. The design of Ref 4 is 
capable of covering six bands. Now the varactor diode branch 
is introduced in the design. The introduction of varactor diode 
branch will make it possible to tune the narrow bandwidth low 
band resonant frequency by varying the varactor diode 
capacitance. The varactor diode capacitance is varied by 
varying the bias voltage. This tuning capability makes the 
antenna reconfigurable and enables the proposed antenna to 
cover the eight bands frequency bands 
LTE700/GSM850/900/DCS/PCS/UMTS2100/LTE2300/2500. 
Simulated reflection coefficients results of proposed antenna 
for various values of varactor diode capacitance are shown in 
Fig. 4.   

 The current distribution of the antenna without varactor 
branch (Ref 3) at resonant frequencies is shown in Fig 5. The 
feed branch has strong currents in all the three resonant 
frequencies. At 0.92 GHz, currents are concentrated around the 
slot at the left. At 1.54 GHz, the currents are concentrated at the 
feed strip. At 2.5 GHz, currents are concentrated at the right end 
of the open slot.  

The proposed antenna has three forms of capacitive loading 
which are created by the capacitive feed, the varactor diode and 
the rim slot size. The location and length of capacitive feed 
decide the capacitive loading created by the feeding. As the 
length of the capacitive feed increases, the capacitance loading 
also increases which decreases the three resonant frequencies. 
The capacitive loading from varactor diode only affects the low 
band frequency as seen from the return loss plot in Fig.4. As the 
capacitance associated with the varactor diode increases, the 
resonant frequency decreases. By varying the rim-slot gap, the 
first and third resonant frequency can be fine-tuned. It also 
affects the impedance matching of the second resonant 
frequency as seen in Fig. 9. As the rim-slot gap increases, the 
capacitive loading associated with the rim-slot gap decreases 
and hence the first and third resonant frequencies increase. 

The design equations for antenna design have been 
formulated neglecting the capacitive loading to keep the 

understanding simple. The initial lengths could be set as per the 
given equations. The markings are shown in Fig. 1(d). 

                                                   (1) 
                                                                        (2)             

                                                    (3)         
where λ1, λ2 and λ3 are wavelengths corresponding to resonant 
frequencies 0.92 GHz, 1.54 GHz and 2.5 GHz respectively. 

This could be followed by a parametric based optimization 
to determine the precise final dimensions. 
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Fig. 6.  Effect of feeding strip location on antenna performance.  
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Fig. 7.  Effect of length of slot on antenna performance. 

 

Fig. 5.  Current distribution at frequencies: (a) 0.92 GHz; (b) 1.54 GHz; 
(c) 2.5 GHz  
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III. DESIGN PARAMETRIC STUDY 
It is necessary to understand how the design parameters affect 
antenna performance. To optimize the antenna performance, 
some important design parameters and their effects are to be 
studied. The analysis of these parameters is made without 
considering the varactor diode branch. 

A. Effect of feed position 
Fig. 6 shows the effect of varying feeding strip location. As 

seen from the current distribution at resonant frequencies, 
changing the feeding location affects the lower band resonant 
frequency due to capacitance loading. As the feed strip is 
shifted towards right, the resonant frequencies in the lower band 
decrease. The impedance matching of second resonant 

frequency due to IFA mode depends on the location of the feed 
strip. As the feed strip is shifted left towards the short, the 
impedance matching is improved. As the feed strip is shifted 
towards the open end, impedance matching is deteriorated. This 
is in accordance with the IFA principle.   

B. Effect of slot length 
Fig. 7 shows the simulated reflection coefficient of the 

reference antenna as a function of the length of the slot in the 
ground plane which is present to the left of the metal rim slot. 
As the slot length is reduced, low band resonant frequency 
increases as expected due to reduction in LSLOT1. There is no 
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Fig. 8.  Effect of width of slot on ground plane on antenna performance.  
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Fig. 9.  Effect of size of slot on metal rim on antenna performance.  
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Fig. 10.  Effect of length of feeding strip on antenna performance.  
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Fig. 11. Modified design with additional slot and performance comparison 
when C=0.1 pF.  
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significant change in high band frequencies. 

C. Effect of slot width 
The variation in reflection coefficient of the reference 

antenna with the width of the slot is shown in Fig. 8. Slot width 
is an important parameter as this decides the required ground 
clearance area. As the width of the slot is increased, impedance 
matching improves in the higher band. In the low band, 
resonant frequency slightly lowers with increase in slot width. 
This is because section  increases slightly increasing the 
perimeter of the slot. In the high band, the resonance due to 
0.25λ IFA mode shifts downwards due to loading effect. The 
slot width should be a fraction of the wavelength at 1.54 GHz 
to maintain good impedance matching.  

D. Effect of rim cut size 
Another important parameter is the size of the slot cut on the 

metal rim. A capacitance exists in the metal rim gap. This 
capacitance will block the low frequencies. The size of the gap 
controls the capacitance which decreases as the gap size 
increases [20]. According to [19], the resonant frequency can 
be written as:  

                                  (4) 

where  is the resonant frequency of the antenna,  is the 
effective inductance and  is the effective capacitance 
associated with the antenna. 

Therefore, as the size of the rim slot increases, the lower band 
resonant frequency increases. Similarly, the resonance at the 
higher band due to 0.25λ IFA mode increases as the rim slot 
increases. Also, the bandwidth of the lower band is improved 
gradually as the size of the rim slot is increased. But for 
practical purpose, it is desired to keep the slot size as small as 
possible. 

E. Effect of length of feed strip 
  The effect of the length of the L-shaped feeding strip is also 

analyzed. As the length of the feeding strip   is increased, all 
the three resonant frequencies are lowered. This is due to the 
capacitive loading created by the feed. As the capacitance 
loading increases, the resonant frequency decreases. 

F. Effect of additional slot 
An additional slot as indicated by black dashed lines in Fig. 

11 has been added to the proposed design to improve the 
bandwidth in the lower band. The added slot operates in 0.5λ 
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Fig. 13.  Total efficiency of proposed antenna in free space for different values 
of varactor diode capacitance. 

Fig. 14.  3-D far field gain pattern when varactor diode capacitance, C=0.1 pF: 
(a) 0.925 GHz; (b) 1.8 GHz; (c) 2.1 GHz; (d) 2.5GHz. 

 
Fig. 15.  Component placement study arrangement: (a) Top view; (b) Bottom 
view; (c) Perspective view 
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Fig. 12.  Measured S-parameter of proposed antenna for different values of 
varactor diode capacitance. 
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slot mode in the low band and generate 1λ higher mode in the 
higher band. The bandwidth in the lower band is improved by 
merging the 0.5λ slot mode generated by the added slot with the 
0.16λ open slot mode. This modification also helps in reducing 
the rim cut size to 1 mm without compromising the antenna 
performance in the lower band as seen by the reflection 
coefficient result in Fig. 14. However, the ground clearance is 
increased to 13 mm in the modified design.   

IV.  PERFORMANCE EVALUATION 

A. Free Space 
  The measured reflection coefficient results are shown in Fig. 
12. There is coupling between the DC bias wires and the 
antenna resulting in additional resonances as seen in Fig. 12. It 
is possible to isolate the DC bias wires from RF signal by 
introducing DC blocking capacitance and RF choking inductor. 
However, the addition of two lumped components will further 
degrade the total efficiency. This also increases the cost of 
production. The varactor diode used for fabrication has possible 
values from 0.4 pF to 3 pF only. Hence the measured results 

show 6 dB return loss from 730 MHz-940 MHz in the lower 
band. The entire higher band has very good measured 
impedance matching.  
  Simulated and measured total efficiency for different values 
of varactor diode capacitance are shown in Fig. 13. In the 
simulation, the varactor diode is modelled as an ideal capacitor. 
But in reality there is an insertion loss in the varactor diode due 
to the non-ideal series resistance in the varactor diode. During 

fabrication the variable capacitor is realized using two varactor 
diodes in series. By connecting them in series, the effective 
capacitance is halved, thereby providing capacitance as low as 
0.4 pF. But the losses in the varactor diodes add up. Hence there 
is reduction in measured efficiency. Simulated 3D far field gain 
patterns are shown in Fig. 14 which are not symmetrical due to 
the asymmetrical antenna structure. 

B. Effect of Components 
Detailed analysis of effects of mobile phone components to 
antenna performance is shown in this section. To see the effect 
of components, a speaker of size 10 mm × 6 mm × 2.5 mm, 
standard 5 inch LCD screen and a USB connector of size 7 mm 
× 6.9 mm × 1.85 mm are placed in accordance with a standard 
mobile phone as shown in Fig. 15. A suitable position for USB 
connector is proposed so that the antenna performance is not 
affected. The USB connector is placed in the center of metal 
rim and connected to the ground plane and metal rim. Hence the 
USB connector is made as a part of the antenna. The speaker is 
placed in floating configuration and is not connected to the 
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Fig. 16.  Simulated total efficiency of the proposed antenna in the presence of 
components. 

 
Fig. 18.  Hand grip position: (a) One-hand talk mode; (b) Two-hand data 
mode. 
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Fig. 19.  Simulated total efficiency for hand grip position. 
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Fig. 17.  Simulated reflection coefficients of the proposed antenna in the 
presence of components. 



0018-926X (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2017.2700084, IEEE
Transactions on Antennas and Propagation

 

metal rim. Simulated total efficiency of proposed antenna in the 
presence of components is shown in Fig. 16 and the simulated 
reflection coefficients are shown in Fig. 17. The results are 
simulated for some values of capacitance only to be concise. It 
can be seen that there is a slight offset in efficiency performance 
in the lower band due to the presence of the dielectric due to the 
LCD screen. There is reduction in total efficiency in the higher 
band due to the USB connector. The higher band performance 
can be further optimized by shifting the feeding strip.  
C. Effects of Hand 

The effects of the user's hand on antenna performances have 
been studied in [11], [25] and [26]. Building on previous work, 
this section investigates the performance of antenna in various 
standard hand grips. Fig. 18 shows the two investigated grip 
positions: one-hand grip at the top position of the handset which 
is the talk mode and two-hand mode or the data mode. The hand 
models are very similar to CTIA models used by the industry 
for performance evaluation [33]. Generally, the user hand 
reduces the antenna total efficiency and often degrades the 
impedance matching. The simulated total efficiency of the open 
slot antenna for one-hand grip at top position and two-hand data 
mode are shown in Fig. 19. When the user hand is in proximity 
to the antenna, efficiency will be deteriorated as expected. 
However, in one-hand talk mode, the efficiency reduction is not 
very high. All of these results have close agreements with data 
obtained in [25], [26]. 

 The total efficiency reduction is significant in two-hand data 
mode which is as low as 18% in the low band. Also when the 
user hand covers the rim slot, the efficiency drops significantly 
to 6-10% in the low band and 6-18% in the high band. This 
issue can be solved by using diversity antennas and adaptive 
matching techniques. During such cases, a diversity antenna 
would prove to be very useful. Recent work is focused on 
developing adaptive impedance matching networks which 
could be another solution to reduce hand effects. 

D. SAR Performance 
 The human head model used for SAR calculation and the 
calculated SAR values for 1-g head tissue are shown in Fig. 20 
and Table I respectively, estimated using CST 2014. In the 
simulation, the gap between ear and the mobile is 1 mm and the 
gap between the mobile and cheek is around 8 mm which are 
quite close to practical scenarios. The input transmit power for 

SAR calculation is 24 dBm for lower band frequencies and 21 
dBm for higher band frequencies and the calculated 1-g SAR 
are all listed in Table I. The calculated SAR values are well 
within the industry specified SAR limit of 1.6 W/kg for 1-g 
tissue.  

E. State-of-the-Art Comparison 
   In order to evaluate the achievements of the proposed antenna 
with respect to available designs, the proposed antenna is 
compared with recently published designs. The key parameters 
were possible integration with metal rim, slots in the metal rim, 
size of the ground clearance, bandwidth and the total efficiency. 
   The proposed antenna exhibits a very low ground clearance 
yet exhibit a high bandwidth as opposed to other metal rim 
integrated designs. The proposed antenna could also be 

TABLE I 
SIMULATED SAR VALUES FOR 1-G HEAD TISSUE 

Frequency 
(MHz) 

 
750 

 
825 

 
900 

 
1800 

 
2250 

 
2700 

Input power 
(Watt in dBm) 

24 24 24 21 21 21 

1-g 
SAR 

(W/kg) 

C=0.1 pF 0.23 0.34 0.51 0.36 0.33 0.65 

C=1.6 pF 0.23 0.54 0.27 0.42 0.39 0.64 

C=2.4 pF 0.46 0.58 0.10 0.41 0.38 0.64 

C=3 pF 0.59 0.14 0.04 0.41 0.37 0.64 

C=3.6 pF 0.34 0.05 0.01 0.41 0.37 0.64 

 

 
Fig. 21.  Proposed MIMO configuration. 

 
Fig. 20.  Simulation model of SAR. 

0.5 1.0 1.5 2.0 2.5 3.0
-30

-20

-10

0

R
ef

le
ct

io
n 

C
oe

ffi
ci

en
t(d

B
)

Frequency(GHz)

 S11=S22 C=0.1 pF
 S11=S22 C=1.6 pF
 S11=S22 C=2.4 pF
 S11=S22 C=3.0 pF
 S11=S22 C=3.6 pF
 S21 C=0.1 pF
 S21 C=1.6 pF
 S21 C=2.4 pF
 S21 C=3.0 pF
 S21 C=3.6 pF

 
Fig. 22.  Simulated reflection coefficients for the MIMO configuration. 
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implemented as a MIMO antenna for the lower band as well as 
the higher band which will be explained in the next section. This 
is a very good achievement for a metal rim integrated design. 
Therefore, the comparison indicates that the proposed antenna 
has very good performances with respect to bandwidth, 
miniaturization, total efficiency and possibility of MIMO. 
 

V. MIMO IMPLEMENTATION 
Multiple antennas help to multiply the capacity of a radio link 

and hence exploit multipath propagation [25]. It is very difficult 
to achieve high isolation between multiple antennas without 
properly designed and placed antennas. In [28], the frame was 
used as the antenna after adjusting the shorting pin location. But 
these structures will increase the complexity of the design and 
consume a lot of space. But the space inside a mobile phone is 
limited by the use of USB connectors, speaker, microphone, etc. 
A simple decoupling technique is to feed the secondary antenna 
in a suitable location on the ground plane using the diagonal 
modes. In [26], two collocated antennas were placed on the 
bottom edge of the PCB. But the bandwidth was very narrow. 
The design of multiple antennas can get very challenging at the 
lower bands as the chassis provides only single resonant mode 
at the lower frequencies. Hence additional resonant modes need 
to be created in order to design multiple antennas for the lower 
bands. 

A multi-antenna system is implemented by placing a copy of 
the antenna on the top side of the system circuit board. The 
antennas are arranged to the same side of the circuit board as 
shown in Fig. 21, similar to a technique described in [30]. 

The simulated and measured reflection coefficients are 
shown in Fig. 22 and Fig. 23 respectively. For conciseness, the 
corresponding results of S22 are not shown in Fig. 22 and Fig. 

TABLE II 
COMPARISON OF PROPOSED ANTENNA PERFORMANCE WITH RECENT ANTENNA DESIGNS 

Ref. Proposed 
Antenna [18] [11] [16] [17] [30] [28] 

Metal rim integration Yes Yes Yes Yes Yes No No 

Metal rim gaps Yes Yes No Yes No - - 

BWlow (MHz) 698-960 824-960 824-960 890-960 824-960 698-960 746-960 

BWhigh (MHz) 1710-2690 1710-2690 1710-2690 1710-2170 1710-2690 1630-2980 1700-2700 

Ground clearance (mm) 11 9 11 16 9 16 12 

Total efficiency in free 
space (%) 50-95 50-80 60-80 60-90 50-75 45-85 40-90 

Total efficiency in 
presence of hand (%) 30-60 20-45 20-35 18-40 - 30-50 - 

Possible MIMO 
configuration Yes No No No No Yes Yes 

 
BWlow  = bandwidth at lower-band 
BWhigh = bandwidth at higher-band 
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Fig. 23. Measured reflection coefficients for the proposed MIMO 
configuration. 
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Fig. 24. Total efficiency for the proposed MIMO configuration. 
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23, as S11=S22. The worst case isolation of 14 dB has been 
achieved for the lower band which is better than any of the 
existing designs. Simulated and measured total efficiencies of 
the MIMO configuration are shown in Fig. 24. 
    Simulated current distributions at 0.92 GHz and 2.5 GHz 
when the varactor diode capacitance is 0.1 pF are shown in 
Fig.25. It is noted that Fig. 25 is observed when port 1 is excited 
while port 2 is terminated to a 50-Ω match load and vice-versa. 
It can be clearly seen that the induced current in port 2 is weaker 
for the lower band and higher band when port 1 is excited and 
vice-versa. The currents are localised around the slot in the 
ground plane even at lower frequencies. Hence the contribution 
of the system ground plane is very limited for radiation even at 
the lower band, unlike other antenna designs, where the ground 
plane plays a significant role for radiation in the lower band. 
Hence there is little coupling between the two antennas even 
though both the antennas share the same system ground plane. 
The disadvantage, however, is the narrow bandwidth in the 
lower band. But this issue has been solved by introducing the 
varactor diode, thereby providing the ability to tune the entire 
lower band. 

The performance of multi-antennas has been examined using 
ECC (envelope correlation coefficient) which is considered as 
a suitable metric for evaluating MIMO antennas. The proposed 
MIMO configuration can satisfy required ECC. In the lower 

band, the simulated ECC in free space is less than 0.15 while in 
the higher band it is less than 0.05 as shown in Fig. 26. In the 
presence of hand, the ECC is further reduced as some of the 
transmitted power is lost in the hand. Hence the two antennas 
are less correlated in the real case scenario than in free space. 
The measured ECC in free space is higher than the simulated 
ECC. This is due to the addition of the DC bias wire resulting 
in the increase of coupling of RF signal and DC supply lines. 
As both antennas are provided with the same DC supply to bias 
the corresponding varactor diode, there will be a leakage of RF 
energy into one another. This leads to discrepancy in the 
measured ECC. 

VI. CONCLUSIONS  
A novel reconfigurable open slot antenna which supports 

octa-band communication for metal rim integrated smart-
phones has been proposed and studied in this paper. A varactor 
diode has been used to achieve multiple states with the return 
loss more than 6 dB and total efficiency greater than 50% in 
free space throughout the bands 698-960 MHz and 1710-2690 
MHz. The proposed antenna requires very small ground 
clearance, thereby achieving miniaturisation, making it suitable 
for modern smartphones. The proposed antenna has been 
designed, fabricated and measured. The important parameters 
of the proposed antenna has been studied thoroughly and also 
the performance of the antenna in the presence of mobile phone 
components and the human hand is investigated.  Furthermore, 
the calculated SAR values of this open slot antenna are in 
compliance with industry standards. In addition, it is possible 
to realize multiple antennas with high isolation by keeping a 
copy of the antenna at the upper portion of the system circuit 
board which is very suitable for MIMO applications for 698-
960 MHz and 1710-2690 MHz. 
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