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Abstract                                 

 
This thesis presents a study on built-in type low profile and low volume mobile phone antennas. In a 

coupling element based antenna, the chassis is the main radiator and the antenna elements are the exciters 

for the wave modes at low frequency. The main work of this thesis is to demonstrate and investigate the 

performance of the coupling element based antenna and study a variety of cases with different physical 

lengths and different physical heights. The investigation is done by using simulators. The performance is 

evaluated by analyzing the impedance bandwidth and the efficiency. For the study, antenna prototypes 

integrating miniaturized matching circuits were modeled. Two antenna structure prototypes covering five 

frequency bands were manufactured and measured. The Measured results are presented and compared 

with simulations. Finally, the performance of the coupling element based antenna is compared with planar 

inverter-F antenna (PIFA) and discussed.  

 

Key Words: compact antenna, chassis, coupling elements, matching circuit, multi-bands system 
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Chapter 1:  Introduction 

1.1 Background   
In recent years, the mobile phone manufacturers have increasingly focused on thinner and  more 

mechanically mixed products [1]. These devices need to be able to be operating with several different 

mobile phone systems and in different frequency bands. Based on the evolution in the wireless industry, 

the handsets needs also to be equipped with other wireless functionality such as WLAN (Wireless Local 

Access Network), Bluetooth and GPS (Global Position System).  

 

In order to work in multiband wireless systems, the design of the mobile phone antenna is a key issue. 

Generally, the antennas are electrically small and in-built, like the PIFA (Planar Inverted-F Antenna), 

which has the capability of operating in several bands [2]. The PIFA is a self-resonated antenna with 

parasitic resonators. The antenna element typically occupies a volume from about 4.6 cm3 up to 9.3 cm3 

and the height varies from 7mm up to 8.5 mm [2-7], when being designed for operating in the bands of 

E-GSM900, GSM1800, PCS1900, and UMTS systems [8,9]. 

 

In antenna design, the size of an antenna can not be arbitrarily decreased without its fundamental 

properties being affected. When the electrical size of the antenna is reduced, the bandwidth also decreases 

coinciding with the radiated quality factor. This is well known as a “fundamental limitation” of electrically 

small antennas [10-12]. Because of the fundamental limitations on the relationships between size, 

impedance and bandwidth, the PIFA is not the solution for the future even more miniaturized handsets 

with even wider bandwidth requirements.  

 

The normal chassis length of a mobile phone is less than half of a wavelength at 900 MHz. The antenna 

structure is, hence, capable of supporting only few resonant modes [13]. The relative bandwidth is affected 

by the unloaded quality factor of the antenna element, the level of coupled wave mode between the 

antenna element and the chassis, and the resonant frequencies [13]. It is reported in [14] that by using a 

PIFA or other self-resonant antennas, the coupling to the wave modes of the chassis is hard to achieve 

because the occupied volume of antenna element affects the coupling. In [14], the authors recommended a 

non-resonant elements, i.e. a coupling element based structure. The elements can strongly couple to the 

dominant wave mode of the chassis. 

 

Based on the research of the chassis and coupling element relationship in [13], a type of coupling element 

based mobile antenna structure is introduced and studied in [1], [15], and [16]. The antenna in [17], [18] 
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are operating in four mobile phone bands: GSM850/900/1800/PCS1900, and the coupling elements have 

extremely low volume of 0.7 cm3, and low profile of 4 mm. In these structures, the coupling element(s) 

which are non-resonance at 900 MHz, are used to couple to the chassis for exciting its wave modes. In 

other words, the antenna element(s) are the exciter of the current and the chassis is the real radiator of the 

power, especially at low frequency [1, 15-18]. From the results of above mentioned papers, the coupling 

element-chassis structure becomes a novel solution to improve the limitation between the size and 

bandwidth of the antenna.   

 

1.2 Objectives  
The coupling element is supposed to be a promising solution to the low profile and low volume antenna, 

and the previous works of [1, 14-18] have shown its feasibility. The purpose of this thesis is to 

demonstrate and study the behavior and performance of the coupling element based antenna structure. 

  

The main objective is to design a coupling element based antenna structure with 100 mm length and 11 

mm height as reference, and study the effect of the chassis length variations from 80 mm to 120 mm, with 

a fixed height of 11 mm. Three different antennas of 11 mm 7mm and 5 mm height with a fixed 100 mm 

long chassis are also modeled and simulated. Two antenna prototypes (11 mm and 7 mm height, 100 mm 

length) are manufactured and measured.  

 

The prototypes are designed and constructed to reach the following specifications: impedance bandwidth 

is from 824 MHz to 960 MHz at low band, and 1710 MHz to 2170 MHz at high band, with the return loss 

criterion of 5 dB, hence five mobile system frequency bands of GSM800/900/1800/PCS1900 and UMTS 

are covered. Besides, the efficiency is specified to be greater than -3 dB (50%). 
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Chapter 2:  Theory 

2.1 Fundamental Parameters 
2.1.1 Quality Factor  

The general definition of quality factor, or Q, at any resonant system is [19] 

 

                              
loss

em

P
WWQ +

= 0ω                               (2.1)  

 

where 0ω  is the resonant frequency in angular, lossP is the total dissipated power in the system, mW and 

eW  are stored energies in the system of magnetic and electric respectively. At resonant frequency, 

mW and eW  will be equal, then the formula can be rewrite as  

 

                               
lossP

WQ 0ω=                               (2.2) 

 

where W = em WW + ，is the total energy stored in the system. 

 

The Q represents a measure of loss in a system. If the internal power loss is an only parameter being 

considered in an antenna, then the Q factor is regarded as unloaded Q, denoted as 0Q . Practically, the 

internal loss of an antenna is divided into radiation, dielectric, and conductor losses. The Q factors of them 

are expressed respectively as rQ , dQ  and cQ . 

 

2.1.2 Return Loss 

When an antenna is mismatched in a system, the power from the source is not fully delivered to the 

antenna, and the loss is called return loss (RL) which is defined in dB as: 

 

                             dBRL Γ−= log20                           (2.3) 

 

where Γ  is the reflection coefficient which could be obtained from: 
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and LZ  is the impedance toward the load; 0Z  is the impedance toward the source. In a one-port system, 

the reflection coefficient refers to the scattering parameter S11. 

 

The return loss is a quantity of the reflected power in a mismatched system and the value of return loss 

normally will be negative because it describes the reduction in amplitude of reflected power contrasting to 

incident power. 

 

2.1.3 Impedance Bandwidth 

The term of bandwidth is corresponding to impedance bandwidth in mobile antennas. Generally, the 

impedance bandwidth is a range of frequency span, from 1ω  to 2ω . During this range, a certain criterion 

as reflection coefficient (S11) or return loss is defined for that the reflection coefficient should stay below 

this level, e.g. |S11|≤  -6 dB (RL≥ 6 dB) is a common criterion for modern low volume internal mobile 

antennas. Moreover, the definition of relative bandwidth is: 

 

                             
C

rB
ω

ωω 12 −=                                   (2.5) 

where Cω  is the central frequency which can be obtained from: 

 

                             21ωωω =C                                    (2.6)           

The relative bandwidth of a resonant circuit describing an antenna is inversely proportional to its unloaded 

Q [14]. 

 

2.1.4 Efficiency 

The losses of an antenna can be expressed by radiation and total efficiencies. The term of radiation 

efficiency, denoted as radη , is the ratio of the power radiated by the antenna ( rP ) to the input power 

accepted by the antenna ( inP ), and it could be expressed as well by unloaded and radiation Q of the 

antenna. The following equation gives the definition: 

 

                                
rin

r
rad Q

Q
P
P 0==η                               (2.7) 
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Radiation efficiency is usually diminished in some portions by other components absorbing the input 

power such as battery, speakers, display, etc, in the mobile phones. The input reflection losses of an 

antenna are not considered in radiation efficiency. The total efficiency whereas includes reflection losses, 

thus it tells the degree of the input power from feed being transmitted to radiate successfully and it takes 

the parts of losses into account: reflection loss due to mismatch, conduction and dielectric loss, and the 

conduction and dielectric loss cannot be eliminated [20].The radiation efficiency and total efficiency 

normally are quantified in percentage or dB.  

 

2.2 Fundamental Limitation in Electrically Small Antenna 
2.2.1 Electrically Small Antenna 

It is defined in [21], an electrically small antenna is the one having overall dimensions with any ground 

plane image less than one-quarter wavelength ( 4/λ ), one-eighth wavelength  ( 8/λ ), or one-tenth 

wavelength  ( 10/λ ). Meanwhile, an electrically small antenna with maximum dimension can be 

enclosed by an imaginary sphere which mainly covers the stored or reactive energy of its near fields. 

 

2.2.2 Fundamental Limitation on Size Reduction 

It is known as a fact that the radiation quality factor ( rQ ) and the bandwidth of an antenna are ultimately 

limited by the electrical size of itself [8-10]. In [11], it reported that the lowest possible rQ  is achievable 

when only the lowest order TM or TE mode is excited by the ideal antenna. Following expression from 

[14] gives theoretical fundamental minimum rQ  for this kind of antenna:  

                            
krkr

Q r
1

)(
1

3 +=                                   (2.8) 

                                         

 

where k  is the wave number ( 0/2 λπ=k , 0λ  is wavelength in free space) and r is the radius of 

smallest sphere enclosing the antenna. From (2.8), rQ of an electrically small linearly polarized antenna is 

approximately inversely proportional to the volume V of the antenna in wavelengths ( 3
0/λV ) [14]. 

Accordingly, the bandwidth of the antenna decreases rapidly when its electrical size is decreased. 

 

2.3 The “Chassis mode” 
2.3.1 The Chassis of a mobile phone 

In a typical mobile phone, there are several modules which principally affect the radiation properties 

inside the device. Generally, those are PCB, EMC-shields, antenna element, screen, battery, earphone, 

camera etc. The PCB is usually grounded for one or both sides and the metallic slabs are setting atop it, 

which are the EMC-shields. The antenna element locates above the battery normally. For the other 
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aforementioned modules, mostly contain metal structures and their RF relation with ground plane are still 

unexplored. With respect to this reason, the mobile phone is conventionally regarded as an antenna 

module so called “chassis”. The PCB is the only component taken account as chassis in this thesis. 

 

2.3.2 The “Chassis mode” Radiation 

From the researches of [13], [15], [16], the radiated power by a common self-resonant PIFA at GSM900 is 

only less than 10% out of total radiated power, and the 90% left power is radiated by the mobile phone 

chassis with a half-wave dipole type current distribution. The radiated power contributed by current from 

the antenna element at 1800 MHz is larger than at 900 MHz, i.e. roughly 50% [13]. 

 

The term of “chassis mode” indicates that at 900 MHz the antenna element works practically like a 

coupling and matching unit for the chassis wave modes, whereas the mobile phone chassis is the true 

antenna, as explained above. At high frequency band as 1800 MHz, the antenna element can radiate more 

power depending on its compact size, e.g., ≤ 50% [15]. The relationship between the chassis and the 

coupling elements will be further discussed in the coming chapter. 
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Chapter 3:  Design  

3.1 General 
The antenna structure studied in this thesis consists of three parts. The first part is the chassis, or the PCB 

in this thesis, which is functioned as main radiator of the structure when combining with the coupling 

elements at low frequency band. Because the maximum length of the chassis is generally less than half a 

wavelength at 900MHz, the whole antenna structure can only be excited in few wave modes. For 

achieving large bandwidth, the second part called coupling elements is introduced to excite the dominant 

wave mode of the chassis. Matching circuit as the third part is integrated on 2D planar board, for tuning 

the antenna structure into objective resonances. According to [18], Figure 1 describes the antenna 

structure. 

 

 
Figure 1 The schema of antenna structure in this thesis for specific frequency range 

 

In order to design a low-volume and low-profile antenna structure with large bandwidth, the Q value 

needs to be considered. As the volume of the antenna decreases, the unloaded factor ( 0Q ) is 

correspondingly increased. Based on the study from [13], the affection from increased 0Q  can be 

compensated by intensifying the coupling between the wave modes of antenna elements and chassis. 

When the coupling to the dominant wave mode of the chassis is strong enough, non-resonant coupling 

elements were suggested in [13] for enlarging the bandwidth. The chassis can be considered as a 

single-conductor transmission line having high radiation losses, and if the antenna elements could couple 

power into it, it is able to work as an antenna with large bandwidth [15].  

 

Because the non-resonant coupling elements are employed, only the chassis has resonances and the 

strongest power is radiated at its resonant frequencies. As is shown in Figure 1, the matching circuit is 
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divided into paralleled two sub circuits connecting with one feed, and each one produces dual-band 

frequency responses. 

  

3.2 Coupling Element 
The coupling elements are designed compact, thus they have no resonance with input power, behaving 

like nonmetal type. The ways of coupling are optional via either the electric or the magnetic filed of the 

chassis wave modes [22]. However in [22], it indicated, a plate or probe can be set parallel to the electric 

field direction of the chassis wave mode. A loop can be arranged alternatively so coinciding with the 

magnetic field of the chassis wave mode. The coupling via electric field of the chassis is studied in this 

thesis and the magnetic coupling method is neglected for the future research. Two coupling elements are 

needed. One is designed for the low band and the other is for the high band. 

 

With the purpose of achieving strong coupling to the wave modes of chassis, the location and shape of 

coupling elements are optimized. It has been simulated and shown about the effect of coupling element 

location on the chassis in [13-16], in which the simulation was done by an x-axis directed probe with the 

shape of a circular cylinder placing at different locations on a 100*40*3 mm3 (Length*Width*Thickness) 

chassis. The height of probe was 3mm and its diameter was 2mm. An air gap of 0.03 mm was left between 

the lower end of probe and the surface of chassis. Figure 2, quoted from [16], presents a simulation of  

normalized (divided by minimum achieved quality factor Q= 195 at the chassis corner) radiation quality 

factors as a function of different probe locations at 920 MHz, and it also could be simulated at other 

frequencies e.g. 1800 MHz. It shows that the low values of normalized radiation quality factor imply the 

locations where strong coupling to the chassis wave mode has been obtained. This means that the lowest Q 

can be achieved by placing the coupling elements at the corner and shorter ends of the chassis, due to the 

behavior of the electric near fields of chassis wave modes. When the electrical length of the chassis is a 

multiple of half a wavelength ( 2/λ ) at operating frequency, its resonant wave modes are dipole- type 

[13].  

 

The method suggested by [13-17], for obtaining strong coupling, is to extend the coupling elements over 

the shorter end of the ground plane and bend them. The location and shape of the coupling elements will 

affect the design aspects. However, the authors did not find any scientific paper studying the shape for 

optimizing the coupling level.` 
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Figure 2 Normalized (Qmin=195) simulated radiation quality factors at 920 MHz obtained with a small probe ( height 

3mm, diameter 2mm) moved on top of a chassis with dimensions 100*40*3 mm3  (a) 3-D view of the 

whole chassis (b) Closer view on the shorter end of the chassis 

 

3.3 Matching Circuit 
The matching circuit is integrated on the lower plane of chassis (PCB), to tune the antenna structure into 

resonances. Note that, a complex load which including the matching circuit can only be perfectly matched 

at a few frequencies [23]. Besides, the theoretical maximum achievable bandwidth is limited by the 

unloaded quality factor of the complex load, the number of matching resonators in the circuit, and the 

applied impedance matching criterion, e.g. dBS 6|11| −≤ [23]. The lumped and distributed elements are 

commonly used in various kinds of matching circuit technologies. High-Q (low-loss) discrete inductors 

and capacitors can be implemented for a matching network with low occupied area. In [15] an advanced 

radio frequency component integration technology called low-temperature co-fired ceramic (LTCC) with 

extremely low-volume was mentioned. The LTCC is typically attached on top of the main PCB of 

commercial mobile terminals as an individual module. 

 

For optimum dual-resonant impedance matching with single coupling element, it presents a theoretical 

method in [24]. A matching circuit, consisting of two resonators with impedance inverter and transformer, 

is introduced. The impedance inverter and transformer can be realized with lumped inductors or capacitors 

by a T-junction configuration. The optimum circuit parameters of a resonator system can be determined by 

simple equations, and a combination of the chassis and a simple coupling element can be approximated by 

a series-RLC equivalent circuit with good enough accuracy [22]. If the matching circuit is only required 

for single band with single resonance, an alternative method which just simply change the feed location on 

a microstrip line to adjust the matching value can be found in [15, 16].  

 

The matching topology based on [24] is applied for the design in this thesis. Two dual-resonance circuits 

connecting with one feed are constructed in parallel for two coupling elements (the lower and higher 

frequency band). In order to avoid unexpected coupling between these two circuits, the distance between 

which should be considered. Meanwhile, by some values of the lumped components, the resonances of the 
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matching circuits are affected mutually during the process. When change the values of the lumped 

components in some degree, e.g. for the lower band, the resonances of the higher band are affected 

simultaneously. This is because the input impedance of the circuit for lower band matching is not high 

enough (close to open circuit) at the higher frequency band, and vice versa. The relations between the 

matching circuits for the lower and higher bands with two coupling elements are forwarded for future 

study. 

 

Because of publication restriction in the thesis, detailed descriptions of antenna matching layout and 

components values are not given. 
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Chapter 4:  Simulation                   

All the simulations in this thesis are accomplished by Ansoft HFSS (High Frequency Structure Simulator) 

V.11.2 for 3D modeling and Ansoft Designer V.3.5 for 2D matching design. The detailed configurations 

and procedures on how the simulations were carried out are attached in appendix. 

 

4.1 Reference Antenna Structure 
4.1.1 The Coupling Elements-Chassis Combination 

A reference antenna prototype is designed in priority with a normal size, i.e. 100*42*1 (L*W*T) mm3 for 

the PCB and 11*44*4 (H*W*L) mm3 for the coupling elements. As the optimum length of chassis 

considering the bandwidth is about 130 mm [13], the length of reference antenna structure is not 

optimized. Figure 3 gives an overview of the reference antenna structure in Ansoft HFSS. Roger32 (εr=4.5, 

tan loss=0.02) is filled in the substrate of the PCB, and the upper plane of the PCB is grounded. Two 

coupling elements of 1 mm thick copper (σ = 5.8×107 Siemens/m) are separated by 1 mm, and located at 

the short end. The antenna elements are placed for objective frequency bands and they connect to the 

matching circuit parallel through two bridges of 1 mm width, 8 mm length respectively. The matching 

circuit is “printed” on the lower plane of the PCB which is invisible in Figure 3. A blueprint for the 

prototype is presented in Figure 4 for explicit dimensions.  

 

Alternatively, the thickness of coupling elements and bridges can be decreased at lowest to 0.2 mm. 

According to the simulation test, it brings only small affects on the performance with the different 

thicknesses. In this thesis 1 mm thickness is adapted for available resources and convenient 

manufacturing. 

 

 
Figure 3 Overview of the reference antenna. (XYZ coordinate system) 
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(a) 

 
(b) 

 
(c) 

Figure 4 The reference antenna from different views (a) Top-View (b) Side-View (c) Front-View 

 

 

Before applying the matching circuit, the frequency response of the coupling element-chassis combined 

structure is examined. 
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Figure 5 Simulated frequency response of the reflection coefficients for the antenna element-chassis structure, 

without matching circuit 

 

The electrical size of no matter the coupling elements or the chassis is less than half a wavelength at low 

frequency, e.g. 900 MHz, thus the structure is only supported by few wave modes, and the frequency 

response is characterized by the lowest order resonance [13]. The coupling element-chassis structure has 

the lowest order resonance at around 1100 MHz, and the second resonant mode occurs close to 1800 MHz, 

as shown in Figure 5. 

 

4.1.2 Effect by Matching Circuit 

 

  
              (a)                                             (b) 

Figure 6 Simulated matching circuit in (a) Topology (b) Ansoft HFSS connecting with antenna elements. 

 

Figure 6 (a) gives a topology of the matching network, and Figure 6 (b) presents the modeled matching 

circuit on the upper plain of the reference antenna structure with a partial bottom-view in Ansoft HFSS. 

The black blocks in Figure 6(b) represent lumped components joined with copper (yellow) stripes, and the 

red small lattice represents the 50 Ohm internal feed point grounded by the left large rectangular 

connecting to the upper ground plane through the via holes which were also taken into account with the 
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antenna structure during the matching. 

 

 
Figure 7 Simulated Frequency responses of the reflection coefficients. (Solid: With matching circuit Dot: Without 

matching circuit) 

 

After the simulation with the matching circuit, as presented in Figure 7, the antenna structure is tuned as 

dual-resonance at both the low band and high band, with the center frequencies of 890 MHz and 1940 

MHz, respectively. It also demonstrates that the impedance bandwidth is enhanced with the matching 

circuit by transforming the single resonance into the dual resonance at each frequency band. 

 

4.1.3 Simulation and Optimization 

The simulated frequency response of the reflection coefficients and the radiation efficiency for the 

coupling elements-chassis combined structure with the matching circuit are presented in Figure 8. The 

radiation efficiency is only simulated in free space. 

 

   
                         (a)                                        (b) 

Figure 8 Simulated (HFSS) (a) Frequency responses of the reflection coefficients and (b) radiation efficiency in free 

space for the reference antenna structure 
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As exhibited in Figure 8, the impedance bandwidth with -5 dB return loss criterion is from 819 MHz to 

989 MHz at low band and from 1716 MHz to 2158 MHz at high band. The relative bandwidths are 18.9% 

and 23% respectively. The radiation efficiencies in free space are ≥ 89% (-0.51 dB) and ≥ 88% (-0.56 dB) 

at the low band and high band, respectively. The main losses come from the conduction and the 

dielectric losses of the antenna structure, when the simulated radiation efficiencies are below 100%. 

The impedance bandwidth of high band, i.e. 1716~2158 MHz, is slightly smaller than the specification. 

An optimization for the lumped components in matching circuit therefore is needed.  

 

  
                      (a)                                   (b) 
Figure 9 Optimized (a) Frequency response of reflection coefficients and (b) radiation efficiency for the reference 

antenna structure 

 

After optimization, the impedance bandwidths are from 756 MHz to 1298 MHz with center frequency of 

900 MHz at low band and from 1647 MHz to 2382 MHz with center frequency of 1900 MHz at high band. 

The relative bandwidths are 54.7% and 37.1% respectively. The radiation efficiencies in free space are ≥ 

95% (-0.22 dB) and ≥ 93% (-0.32 dB) at the low band and high band, respectively. The simulated results 

fully meet and even beyond the given specifications. 

 

4.1.4 Current Distributions and Radiations 

In Figure 9, the antenna structure resonates at 780 MHz, 1100 MHz, 1640MHz, and 2160 MHz during the 

frequency span (3 GHz). It is possible to examine the current density distributions on the upper surface of 

the reference antenna, the four modes of which are plotted in Figure 10. 
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                     (a)                                      (b) 

  
                     (c)                                        (d) 
Figure 10 Simulated current distributions on the surface at (a) 780 MHz (b) 1100 MHz (c) 1640 MHz (d) 2160 MHz 

 

  
                      (a)                                      (b) 

  
(c) (d) 

Figure 11 Simulated 3-D Radiations at (a) 780 MHz (b) 1100 MHz (c) 1640 MHz (d) 2160 MHz 
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The strongest current is always detected at the shorter end (close to coupling elements) of the chassis due 

to the feed location. The minimum current of the four resonances is locate at the ends of the chassis to 

enhance the coupling by maximum electric field, and the chassis of the reference antenna structure 

supports dipole-type wave modes, like aforementioned in chapter 3. At 780 MHz and 1100 MHz, the 

chassis works as the dominant radiator and the coupling elements almost have no radiation due to their 

non-resonant size that cannot support any wave modes. At 1640 MHz and 2160 MHz, the coupling 

elements radiate more powers, and the wave modes of the chassis still resemble the dipole type. The 

radiations of the reference antenna structure at these four resonant frequencies are simulated with a 

vertical placement, i.e. the coupling elements are positioned on –Z axis, and plotted in Figure 11, which 

agree with the analysis above. 

 

According to the simulation of the reference antenna structure, it shows that the matching circuit is a 

critical part of the structure for enlarging the impedance bandwidth. The coupling element based antenna 

structure has much potential of operating with more mobile system frequency bands, by optimizing the 

matching circuit under the fundamental limitations. 

 

4.2 Cases Study 
4.2.1 Varying Lengths of the Chassis 

The chassis (PCB) length varies from 80 mm to 100 mm with 5 mm step, plus two more cases of 110 mm 

and120 mm. The frequency responses of impedance bandwidth and radiation efficiencies are studied. 

  
(a) 
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(b) 

  
(c) 

  
(d) 
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(e) 

  
(f) 

  
(g) 

Figure 11 Simulated (HFSS) frequency response and radiation efficiency in free space of different chassis lengths 

with  11 mm antenna height (a) 80 mm (b) 85 mm (c) 90 mm (d) 95 mm (e) 100 mm (f) 110 mm (g) 120 

mm 

 

The frequency response in Figure 11 illustrates an explicit trend of the lowest order resonance that is 

shifted to higher frequency and finally it overlaps the second order mode when the chassis is extended to 

120mm. Meanwhile, at the high band, the resonances are shifting to “left” vicinity frequencies step by step 

as the chassis elongating. The changes of radiation efficiency are unable to be observed directly from 
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Figure 11. 

 

Figure 12 presents a comparison between the shortest and longest cases with the reference antenna. Table 

3 concludes the simulated results of all the seven chassis cases with a fixed 11 mm antenna height.  

 

 
(a) 

 
(b) 

Figure 12 A simulated (HFSS) comparison of (a) Impedance BW with -5 dB return loss and (b) Radiation efficiency 

in free space, with 80 mm (dot line), 100 mm (solid line) and 120 mm (dot-dashed line). 
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Table 3 The Simulated Impedance Bandwidth (|S11|≤ -5 dB), Relative Bandwidth, Radiation Efficiency in free 

space of different Chassis lengths with 11 mm high antenna elements 

Cases Impedance BW (MHz) Br (%) ηrad (% / dB) 

  Low Band High Band Low Band High Band Low Band High Band 

80mm 815-975 1730-2180 17.9  23.2 ≥ 85 / -0.70 ≥ 89 / -0.51 

85mm 820-990 1735-2175 18.9  22.7 ≥ 86 / -0.66 ≥ 88 / -0.56 

90mm 815-990 1728-2172 19.5  22.9 ≥ 87 / -0.60 ≥ 87 / -0.60 

95mm 817-990 1722-2164 19.2 22.9 ≥ 88 / -0.56 ≥ 87 / -0.60 

100mm 819-989 1716-2158 18.9 23 ≥ 89 / -0.51 ≥ 88 / -0.56 

110mm 835-988 1700-2150 16.8 23.5 ≥ 90 / -0.46 ≥ 89 / -0.51 

120mm 850-988 1684-2150 15.1 24.5 ≥ 92 / -0.36 ≥ 91 / -0.41 

 

For purpose to compare the performance and avoid unnecessary iterations, the cases were simulated with 

same values of the matching components, i.e., the initial matching circuit of the reference antenna 

structure. The trend of variations can be found by observing the relative bandwidths in table 3, despite the 

center frequencies of those cases are slightly shifted.  

 

At the low frequency band, since only few wave modes can be supported, and the dominated and lowest 

order mode is resonating at around 850 MHz according to Figure 11, from transmission line theory, the 

amplitude of the quarter wavelength is about 90 mm at where the minimum power is radiated with the 

lowest quality factor, and the maximum bandwidth is achieved in consequence. At the high frequency 

band, the quality factor is inversely proportional to the length of PCB, which indicates that the relative 

bandwidth is increased as the chassis expand. In table 3, the relative bandwidth has the largest value at the 

90 mm-long case in the low band and it is increased progressively in the high band, as can be expected.  

 

All the radiation efficiencies are high due to the free space environment simulation. The longest case has 

highest value and this can be explained by equation (2.7). As the unloaded quality factor is constant, the 

radiation efficiency is inversely proportional to the radiated quality factor which is the minimum when the 

chassis reaches to the longest length. The 80 mm case is an irregularity. This affection is probably brought 

from the values of the same matching configuration.   

 

4.2.2 Variant Heights of Antenna Elements   

Three specified cases of 11 mm, 7 mm, and 5 mm heights are studied. The chassis lengths are 100 

mm as normal. The height of antenna elements affects the profile of the mobile phone, thus this is 

more interesting to be examined by authors.  

 

It should be noted that the results of 11 mm antenna in this section differ from the reference antenna 

and the preceding cases because the antennas in this study applied another matching configuration 
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which can provide their center frequency being at the same spot during the frequency span. In order 

to enlarge bandwidth, the 7 mm and 5 mm antenna structures are needed to enhance the coupling to 

the chassis wave mode by extending the lengths of the coupling elements from 4 mm to 5 mm as an 

option. 

 

  
(a) 

  
(b) 

  
(c) 

Figure 13 Simulated (HFSS) results of impedance bandwidth and radiation efficiency in free space of different 

antenna heights with 100 mm chassis length. (a) 11 mm (b) 7 mm (c) 5 mm 
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(a) 

  
(b) 

Figure 14 A simulated (HFSS) comparison of (a) Impedance BW with -5 dB return loss and (b) Radiation efficiency 

in free space, with 5 mm (dot line), 11 mm (solid line) and 7 mm (dot-dashed line). 

 

Table 4 The Simulated Impedance Bandwidth (|S11|≤ -5 dB), Relative Bandwidth, Radiation Efficiency in free 

space of different Chassis lengths with 100 mm long chassis 

Impedance BW (MHz) Br (%) ηrad (% / dB) 

Cases Low Band High Band 

Low 

Band 

High 

Band Low Band High Band 

11mm 800-1015 1660-2200 23.9 28.3 ≥ 89 / -0.51 ≥ 88 / -0.56 

7mm 807-1017 1709-2164 23.2 23.7 ≥ 86 / -0.66 ≥ 90 / -0.46 

5mm 801-979 1712-2163 20.1 23.4 ≥ 84 / -0.75 ≥ 89 / -0.51 

 

All of these three cases meet the specifications according to Figure 13. It can be seen from above results, 

the impedance bandwidth is being smaller when the coupling elements are becoming lower at both of the 

low band and high band and the relative bandwidth is decreasing at the same time. The average radiation 
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efficiencies at low band and high band follow the same manner.  

 

The coupling elements height affects the chassis wave modes,  and the lower elements contributes 

weaker coupling and excites less numbers of wave modes at both of the low and high frequency bands, so 

the bandwidths is smaller comparing with higher coupling elements. Meanwhile, the lower case is more 

difficult for matching 

. 

The simulation results show that the antenna height can be reduced to the lowest of 5 mm with the 

occupied volume of 1.76 cm3 in this thesis work. Regarding to the 5 mm antenna, the performance is 

pleasant and is competent for operating with the specified five frequency band. 

 

Based on the preceding simulated results of the reference antenna structure, variant chassis and height 

antenna structures, it demonstrated that the coupling element based antenna structure is a feasible solution 

for operating at multiband mobile system bands with large enough bandwidth. The performances are 

evaluated with constant matching component values, and they can not present full views of each case, so 

the bandwidth can be potentially enlarged beyond the five frequency bands by optimization of the 

matching for different cases. 

 

Meanwhile, the antenna structure can be miniaturized to even more compact size, by reducing the 

thickness of the PCB, filling with suitable dielectric material into the substrate, etc. If the specified 

bandwidth is not wide, e.g. below quad bands, the matching work will be easier to be determined with 

very compact antenna structure.  
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Chapter 5:  Measurements and Results         

Two prototypes of the antenna structures from the design were manufactured with the dimensions of 100 

mm*44 mm*11 mm (L*W*H) (marked as prototype 1) and 100 mm*44 mm*7 mm (marked as prototype 

2). In this chapter, the frequency response of reflection coefficient, input impedance, and total efficiency 

were measured and presented. 

 

5.1Feed Method of the Prototypes 
In the simulation, the antenna is assumed to be fed from internal parts of the mobile phone, e.g. the battery, 

the feed is therefore represented by the small red lattice as lumped port, like Figure 6 exhibits. Because 

only the coupling elements-PCB structure is considered as the antenna prototype to be measured in this 

thesis, without other mobile phone components, the external feed is necessarily taken account of. Thus a 

3.5 mm diametrical connector is soldered on the left edge of the PCB’s lower plane for cable feeding. And 

two additional copper strips are glued on the same plane as conductor between the matching circuit and 

the diametrical connector, like the picture shown in Figure 15 (b). The dimensions of the two strips are 6 

mm*1 mm (L*W) and 10 mm* 1 mm (L*W). 

 

  

(a) (b) 

Figure 15 (a) The prototype antenna structures (b) The matching circuit with connector and conducting strips  
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5.2 Chambers for Measurement 
In order to minimize the environmental affections and perform the measurement accurately, the 

prototypes were placed inside an anechoic chamber to measure the reflection coefficients, and a 

reverberation chamber was used instead of anechoic chamber when measure the efficiencies.  

      

An anechoic chamber is internally surfaced with absorbing materials, for reducing the affections of 

reflected waves. 

         

It is introduced in [25] that a reverberation chamber can be a large metalized cavity for supporting modes 

which are stirred to generate the Rayleigh transfer function at the operating frequency between the 

measured antenna and the reference antenna. Inside the chamber, the losses are mainly from the wall and 

the objects. The losses and the leakage affect the Q factor which determines the average power during the 

transmitting. The different positions of stirred modes contribute the average power level. High Q factor is 

normally required for EMC measurements.”  

 

5.3 Results 
5.3.1 Reflection Coefficients  

The simulated and measured frequency responses of reflection coefficients for the two prototypes are 

presented in Figure 16 and Figure 17 respectively. The simulated and measured absolute (BW) and 

relative bandwidth in the lower band (GSM850/900) and higher band (GSM1800/PCS1900, UMTS) of 

prototype 1 and 2 are presented in Table 5, and the simulated results of 5 mm antenna structure is added in 

the table for comparison. According to the simulated and measured results, both of the two antenna 

prototypes have enough bandwidth to cover the five mobile frequency bands which are objective 

frequency bands, though the measured curves do not resemble the simulated ones. The feed method of 

prototypes in the measurement has significantly affected the results whose phases are shifted at the center 

frequencies by the additional strips. The strips have “changed” the matching component values according 

to the resonances. The bandwidths with -5 dB criterion of the measured results are somewhat narrower 

than simulated results. This is caused by the metal cylinder probe of the connector, which lain on the 

horizontal stripe generating some microstrip steps, as shown in Figure 15 (b). The steps can be from the 

joints between the bridges of coupling element and the matching circuit as well. Hence the bandwidths can 

be improved by clipping in manufacture.  
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(a) 

 

  

(b) (c) 

 

Figure 16 The simulated (solid, HFSS) and measured (dashed) reflection coefficient of the antenna   prototype 1 

on (a) Rectangular plot of S11 (b) 0.5 GHz-1.5 GHz Smith Chart (c) 1.5 GHz-2.5 GHz Smith Chart 
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(a) 

 

  

                   (b)                                              (c) 

Figure 17 The simulated (solid, HFSS) and measured (dashed) reflection coefficient of the antenna prototype 2 on (a) 

Rectangular plot of S11 (b) 0.5 GHz-1.5 GHz Smith Chart (c) 1.5 GHz-2.5 GHz Smith Chart 

 

Table 5 The Simulated and Measured Impedance Bandwidth (|S11|≤ -5 dB), Relative Bandwidth 

Simulated  
   (internal feed） 

Measured  
 (external feed) Antenna 

Structure Parameters 
Low Band High Band Low Band High Band 

BW [MHz] 756-1298 1647-2382 810-1350 1700-2380 11 mm Relative BW [%] 54.7 37.1 51.6 33.8 
BW [MHz] 815-1320 1692-2189 845-1370 1715-2140 7 mm Relative BW [%] 48.7 25.8 48.8 22.2 
BW [MHz] 801-979 1712-2163 – – 5 mm Relative BW [%] 20.1 23.4 – – 
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5.3.2 Input Impedances   

The measured input impedances of antenna prototype 1 and 2 are presented in Figure18 that shows the 

phase shifts of wave modes again. The antenna prototypes are supposed be matched in an appropriate 

degree at the center frequencies, i.e. 900 MHz and 1900 MHz, with the resistance of closer to 50 Ohm and 

lower reactance at the low band and high band 

 

  

(a) 

 

 (b) 

Figure 18 The measured resistance (solid) and reactance (dashed) of (a) Antenna prototype 1 (b) Antenna prototype 

2 
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5.3.3 Total Efficiencies 

The measured total efficiencies of the two prototypes are presented in Figure 19. Looking into the result of 

prototype 1, the efficiency in main objective frequency bands are varying between -3 dB (50%) and -0.5 

dB (89%). For the prototype 2, at the frequencies of around 824 MHz, and 1710 MHz, the measured 

values are below -3dB (50%) due to the shifts of resonating frequencies which generates high reflection 

loss. The centre frequencies of low band and high band have been shifted to around 950 MHz and 1950 

MHz respectively at where the efficiencies around the centre frequencies are close to maximum. The 

efficiencies of prototype 2 are lower than the prototype 1 due to the height difference. It was related to the 

material of elements and fabrication techniques. At the edges of below -5 dB criterion frequencies, the 

reflection loss is the main cause for the more than 30% reduction of efficiency.  

 

 
(a) (b) 

  
                      (c)                                         (d) 
  Figure 19 The measured total efficiencies of (a) Prototype 1 at 824 MHz-960 MHz (b) Prototype 1 at 1710 

MHz-2170 MHz (c) Prototype 2 at 824 MHz- 960 MHz (d) Prototype 1 at 1710 MHz-2170 MHz 
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Overall, the results from simulation and measurement can demonstrate that the coupling element based 

antenna structure is feasible for operating at the specified five mobile frequency bands, with the regardless 

of  the feed methods.  
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Chapter 6:  Discussions                      

6.1 Features  
According to the results presented from both simulation and measurement, the coupling element based 

antenna structure is able to achieve multiple large bandwidths and high efficiencies. It also establishes that 

the antenna has the capability of being applied in multi-system mobile terminal with very low profile and 

very small occupied volume. In this thesis, the antenna structure can be adjusted to a height as low as of 5 

mm and the volume of 1.76 cm3. If the concept of coupling element based antenna structured is 

implemented on the practical mobile phone, with e.g. multilayer LTCC substrates of matching circuits, the 

mobile phone will not be thicker than 10 mm with additional components such as the keyboard, battery, 

display, camera etc. Moreover, in a single resonant-band case, the coupling element is much easier to 

shape and locate, because only one element and single matching circuit for tuning is needed.  

 

For extended applications, the lower frequency band matching e.g. below 800 MHz, or the higher 

frequency band matching e.g. over 3 GHz, can be realized by the lower or higher resonant modes which 

can be achieved by adjusting the matching parameters and changing the dimension of the coupling 

elements and the chassis.  

 

6.2 Comparisons with previous work 
According to the studies of [1, 15, 16], the coupling element based antenna structure was studied and two 

prototypes with the coupling element occupying volume of 1.76 cm3 and 2.2 cm3 were constructed for 

E-GSM900 and GSM1800 systems. In [17, 18], dual-resonant coupling elements with recorded volume of 

0.7 cm3 and height of 4 mm were presented. The antenna structure was designed for covering GSM850, 

E-GSM900, GSM1800, and PCS1900 systems. All these works have studied the frequency responses of 

the reflection coefficients, efficiencies with free space, hand effect, head effect, and SAR (Specific 

Absorption Rate). 

 

In this thesis, the coupling element based antenna structure has been demonstrated by two prototypes 

with heights of 11 mm and 7 mm covering GSM850/900/1800/PCS1900/UMTS systems. The 

frequency responses of the reflection coefficients and efficiencies were measured. Besides, several 

cases with varied chassis lengths and coupling element heights were simulated and studied. A 

five-band design with minimum volume occupying 1.76 cm3 and 5 mm profile was achieved. 
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6.3 Comparisons with PIFA 
A traditional internal antenna for mobile phone handsets is the self-resonant PIFA, which is widely used 

since it is compact, light weighted, relatively low profiled and capable to meet the multiple frequency 

bands demand for modern communication systems. A wideband PIFA and its performance is shown in 

Figure 20 [2]. Typically the PIFA consists of a planar resonator located above the edge of the ground 

plane; a short pin and a feed pin. To increase the bandwidth or other special applications in different 

frequency bands, additional matching network and one or more parasitic resonators (strip or patch) with 

resonant lengths close to λ/4 are used. At the same time, extra expense of materials occurs while 

increasing the complexity of the antenna. With parasitic resonators, the antenna elements occupy volumes 

from 4.6 cm3 up to 9.3 cm3 and heighten from 7 mm up to 8.5 mm for covering the operating bands of 

E-GSM900, GSM1800, PCS1900, and UMTS systems [2-7].  

 

  
                       (a)                                              (b) 

Figure 20 (a) Geometry of a quad-band PIFA (b) Measured and simulated return loss for the antenna 

 

Comparing with the PIFA mentioned above, the coupling element based antenna has a simpler structure 

and lower volume. It is much easier to solder one or two metal plates together with the PCB instead of 

meandering configurations in PIFA. The antenna height and volume is significantly reduced without 

affecting its performance and properties. The coupling element based antenna achieved lowest volume 

with only 1.76 cm3 in this thesis, and the PIFA can only have the smallest volume of 4.6 cm3 to cover the 

same mobile system bandwidth. Moreover, it is difficult for a PIFA to obtain large bandwidth like a 

non-resonant antenna did, especially at the lower band, when the resonance frequency is specified at 

around 900MHz. While in the coupling element based antenna structure, the chassis works as the main 

resonator and the length of ground plane is near λ/4 at 900MHz, thus the antenna can obtain large 

bandwidth at objective frequency easily in broadband systems with minute matching network.  
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As a summary, the coupling element based antenna structure has notable advantages over traditional 

self-resonant PIFA antenna. Without the sacrifice of bandwidth, the volume of coupling elements can be 

minimized by optimal shaping and placement. For very low-profile mobile phone implement, it is a very 

considerable choice. The structure of internal antenna in some complex mobile terminal devices would be 

simple and explicit, especially in single tunable band case. In the antenna structure, the matching network 

is a critical part. However, in order to get strongest coupling between antenna elements and chassis, the 

matching sometimes is difficult to be optimized, and the lumped or distributed element cost is higher. Of 

course, the separated matching network takes a space more or less depending on the applied matching 

technology. Generally, the coupling element based antenna is a novel and promising application for 

modern low-profile multifunction mobile phones. 
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Chapter 7: Conclusions                      

In this thesis, five-band coupling element based antenna structures are presented. The coupling elements, 

the chassis, and the matching circuit were discussed. Cases with different chassis lengths and different 

heights were studied. Two prototypes were fabricated and measured. The simulated and measured results 

indicated that the coupling element based antenna structures is a feasible idea to be implemented in mobile 

phones due to its large bandwidth and high efficiency. 

 

For future work, the design with lower profile, e.g. 4mm, and smaller volume, e.g. < 1 cm3 is suggested. 
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Appendix                                       
 

Application of the Simulators  
Guidance of Ansoft HFSS v.11 collaborated with Ansoft Designer v.3.5  

A broadband ‘chassis mode’ antenna is modelled and simulated by Ansoft HFSS. The matching circuit is 

analyzed by Ansoft Designer. The following topics are covered: 

 Basic Setup 

 Model Setup 

 Air Box and Boundaries Setup 

 Excitation Setup 

 Analysis Setup 

 Return Loss and Radiation Efficiency Report Creation 

 Matching Network Optimization 

 

Basic Setup 

Driven Model is chosen as the solution type. The units are chosen as mm. 

Specify variables have benefits for optimization, and dimensions can be easily changed when doing cases 

study. 

Click the HFSS heading and select Design Properties. Click Add to enter the variables: 

 

 
 

Model Setup 

The model can be constructed using the 3D modeller toolbar. 
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First, the PCB is built. Select Draw Box from the tool bar, and draw an arbitrary box. A box will display 

and change the properties as below: 

 

 
Click Attribute, Rename the Box and change the material, colour and transparent. 

 

 
 

When change the material, in this design, a special material for substrate is used, it needs to be defined. 

Click Add Material, and Edit Material: 
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Next, the coupling elements are built. The four coupling element segments are shown below: 
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Rename the four segments to coupling1_1, coupling1_2, coupling2_1 and coupling2_2, and change their 

materials to copper. 

The properties of the two feed lines are: 

 

 
 

 
 

Rename them to feed1, feed2 and change their materials to copper. 

 

The matching network is built as shown: 
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The matching network is built on the bottom side of the substrate, connected to the feed lines. The orange 

parts are transmission lines, with material of copper, 1mm width and 0.2mm thickness. The black parts are 

lumped elements and drawn as rectangular with 1.5mm length and 1mm width; the processes of definition 

of the lumped elements will be introduced. The red part is built as feed port; it is also drawn as rectangular 

with 1mm length and 1mm width. The purple part is built with 7mm length and 3mm width, using copper, 

and yellow parts are two short pins drawn as metal cylinders and used to short the feed port and two 

capacitors. The properties of two short pins are shown below: 

 

 
 

 
Air Box and Boundaries Setup 

Draw a box as follow 

The thickness of the Air Box is chosen to be 85mm, almost as same as the length of λ/4. 
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Select all faces, from the project manager; click Boundaries=> Assign=> Radiation 

\\ 
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Then, add far field radiation, choose Radiation in the project manager, Radiation=> insert a far field 

setup => infinite sphere 

 

 
 

And set Phi Step Size to 360 deg and Theta Step Size to 180 deg, for the antenna is isotropic. 

Hide the Air Box use the tool bar, 

 

 
 

 

Change the select mode, 
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And choose the top face of the Substrate, from the project manager 

 

 
 

From the project manager, click Boundaries=> Assign=> Perfect E  

 

 
 

Next Step is define the lumped components, select the lumped rectangular, from the project manager, click 

Boundaries=> Assign=> Lumped RLC, and set the lumped value from calculation. 
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Then define the Current Flow Line, choose New Line 

 

 

 

 

 

 
After all the lumped inductors and capacitors are defined, the feed port is defined. 

 

Excitation Setup 

Select the feed port rectangular, from the project manager; click Excitations=> Assign=> Lumped Port 
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Click Next and draw the Integration Line, select New Line and draw as follow 

 
Cline Next and Finish 

 

Analysis Setup 

Choose Analysis from the project tree, Analysis=> Add Solution Setup 

In this case, 3GHz is used for Solution Frequency, and Maximum Number of Passes is changed to 15. 
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From Analysis, right click Setup1, Add Frequency Setup and edit sweep as shown 

Taking account of the machine, Interpolating sweep type is chosen. If maximum accuracy is needed, 

discrete sweep type can be chosen, but the simulation time will be much longer.  

 

 
 

Return Loss and Radiation Efficiency Report Creation 
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After everything is defined, the model setup of ‘chassis mode’ antenna is done; the drawing area is shown 

as 

 

 
Before starting the Analysis, it is suggested to run the Validation Checker to verify that all options have 

been properly applied. Click Validate from toolbar. 

If everything is OK, select HFSS=> Analyze 

The simulation time is depending on the machine. 

After Analysis, a report can be created from the simulation. First, the Return Loss (S11) will be checked. 

From project manager, select 

Results=> Create Modal Solution Data Report=> Rectangular Plot 
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Click New Report 

If the appropriate lumped elements values are applied, the plot will be shown as 

 

 
 

The next step is to create the report of Radiation Efficiency. 

But, in HFSS, without enough accurate boundary setup, the radiation efficiency will probably displayed 

larger than 1, witch is obviously not a reasonable result. In order to solve this problem, the radiation 

boundary is replaced by Perfectly Matched Layers (PML) boundary to get more appropriate results. 

Firstly, delete the radiation boundary Rad1 

Select the Air Box, right click and choose All Object Faces. From project manager, click Boundaries=> 

PML Setup Wizard 
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The Uniform Layer Thickness is suggested to be as same as the thickness of the Air Box. Press Next and 

following will be displayed. 
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Press Next and Finish. 

The PML Air Box will shown as  

 
 

Rebuild the setup of Far Field Radiation and set the Phi step size to 360 deg and Theta step size to 180 

deg. 

After setup of PML boundary, Validate and simulate.  

After simulation, an output value can be defined. 

From project manager, click Results=> Create Far Fields Report=> Rectangular Plot 
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Press Output Variables on the left-bottom side of the chart. Enter the variable name and expression 

 
 

Next is to change the Analysis Setup. From the project manager, Analysis, double click the Setup1 and 

click Advanced on the top of the chart. 
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Select Variable to RadEfficiency and change the max delta to 0.01. Click Setup Context and press OK. 

The last step is to create the report of Radiation Efficiency. 

From project manager, click Results=> Create Far Fields Report=> Rectangular Plot 

Change solution to sweep1; change X axis to Freq; choose Antenna Parameters as Category, and 

Radiation Efficiency as Quantity. 

 
 

Click Families on the top side.  

Choose Available variations and using one group of values, or it will cost three times more for radiation 

efficiency calculation. 
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Click New Report, after several minutes’ calculation, the plot will be shown as  

 

 
 

Matching Network Optimization 

This step needs combination of HFSS and Ansoft Designer. The general processes are introduced briefly. 

Firstly, all of the lumped RLC boundaries are replaced with lumped ports. 
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Then, validate and simulation. 

After simulation, right click Results, select Solution Data 

 
 

Select All Freq and click Export Matrix Data and save it as touchstone file. 

The Second, start the Ansoft Designer and build a circuit as following 
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An N-port Data component is in the middle, double click the N-port Data component. Click NportData, 

choose Link to file, and import the touchstone file described above. 

 
 

After the calculation values of lumped inductors and capacitors are entered, the circuit in the Ansoft 

Designer is equivalent to the HFSS antenna model.  

Simulate the circuit in Ansoft Designer and making an optimization, the optimized lumped values are 

achieved. 

The Last Step is applied the optimized lumped values back to the original HFSS antenna matching 

network and simulation, the final results can be figured out.  

 

 

  


