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Abstract 

Antennas are one of the most sensitive elements in any wireless communication equipment. Designing 

small-profile, multiband and wideband internal antennas with a simple structure has become a necessary 

challenge. In this thesis, two planar antennas are designed, simulated and implemented on an effort to 

cover the LTE-M1 and NB-IoT radio frequencies. The cellular antenna is designed to receive and transmit 

data over the eight-band LTE700/GSM/UMTS, and the GNSS antenna is designed to receive signal from 

the global positioning system and global navigation systems, GPS (USA) and GLONASS. The antennas are 

suitable for direct print on the system circuit board of a device. Related theory and research work are 

discussed and referenced, providing a strong configuration for future use. Recommendations and 

suggestions on future work are also discussed. The proposed antenna system is more than promising and 

with further adjustments and refinement can lead to a fully working solution. 
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1. Introduction 
 

The Internet of Things, also known as IoT, is the latest trend in the Information and Communications 

Technology (ICT) industry and seeks to connect virtually anything with everything. As estimated by Cisco, 

12 billion devices will be connected by 2020. Ericsson pushes further to 18 billion connected devices by 

2022 [1]. 

This technological trend is of high interest, as it is better defined from what it empowers than the 

technology itself. Intrinsically, new utilities are offered in plethora which in turn open new business 

opportunities and provoke predefined ones [2]. 

The term IoT is very general and appoints to linked devices. It includes many objects, many utilities, many 

circumstances and so on [3]. It is still mainly a vision and only part reality - distinctive IoT technologies and 

systems are found, but no consistent worldwide IoT is found at the current time [4]. Obviously, to come 

to a fully connected cyber-physical world many quests must be answered [2].  

Technological advances have a direct impact on society, and IoT is promised to contribute in living, still it 

carries concerns about security and privacy [4]. Data distribution between networks can grant IoT as the 

one with the greatest effects on data security amongst ICTs [5]. On the ethical and legal side, the use of 

algorithms in IoT is complex. Data harvesting can aid government agencies to solve crimes for instance 

but, could also be exploited by malicious attackers [4]. The effects that IoT will have on society are very 

complicated and unlikely to predict [5]. 

However, these dilemmas can be refrained with analysis, supervision and regulations on big data and 

analytics. Technical societies like the IEEE Society on Social Implications of Technology (IEEE SSIT) are 

present to aid administrators comprehend the positives and negatives consequences of various 

technologies [4]. 

With the arrival of Machine-to-Machine (M2M), Machine-Type Communications (MTC), and IoT 

applications and services, demands made on the mobile communication technologies altered. As 

expected, the number of M2M and IoT devices will finally outrun the smartphone population and thus 

effectively place additional needs on system capacity and network availability. 

The goals that Long-Term Evolution for Machine-Type Communications (LTE-M) is expected to fulfill is:  

• low device cost  

• deep coverage and long battery lifetime 

• capacity for a great number of devices per cell 

• performance and functionality suitable for both low-end and mid-range applications for the IoT 

 

Narrow Band Internet of Things (NB-IoT) is a radio access technology that uses technical components from 

LTE to facilitate operation within an LTE carrier. Stand-alone operation is also supported. As the name 

points out, the whole system operates in a narrow spectrum, empowering deployment flexibility due to 

the small spectrum needs. LTE-M relies on LTE, the top fast advancing cellular technology. 
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Narrow Band Internet of Things is devised for ultra-low-cost massive MTC, intended to tolerate a huge 

number of devices in a cell. On the Radio Frequency (RF) side, all the goals of NB-IoT can be fulfilled with 

one transmit-and receive antenna in the terminal. There is no need for Down Load (DL)receiver diversity 

or Up Load (UP) transmit diversity in the device. Due to the terminals independence from simultaneous 

transmit and receive mode, the RF front end of the device does not need a duplexer [1]. 

Being one of the most sensitive elements in any wireless communication equipment, antennas play a 

critical role. A large factor in a device’s ability to provide the freedom to communicate is still its antenna. 

Designing small-profile, multiband and wideband internal antennas with a simple structure has become a 

necessary challenge. Manufacturers need to keep production costs low while continuing to produce 

devices with more options. All these varied capabilities affect one another, increasing the inherent 

challenges in antenna design. Therefore, a good antenna design is an attractive candidate to serve the 

emerging requirements of current mobile terminals. 

1.1 Project Overview 
HMS develops and manufactures software and hardware for industrial communication. The products 

connect automation devices such as robots, sensors, control systems and motors to different industrial 

networks and control systems. 

The Anybus® Wireless Bolt™ is a wireless connector giving access via Bluetooth® or Wireless LAN (WLAN). 

It is an all-in-one package featuring connector, communication processor and integrated antenna in the 

same unit, allowing direct access to configure or troubleshoot machinery [6].  

The objective in this thesis work is to present a realizable antenna system that will extend and upgrade 

the Anybus® Wireless Bolt™ and introduce it to the LTE-M1 network.  

In specific, two planar antennas incorporated on the same Printed Circuit Board (PCB), will be designed, 

simulated and implemented on an effort to cover LTE-M1 and NB-IoT radio frequencies. The cellular 

antenna should be able to receive and transmit data over the eight-band LTE700/GSM/UMTS, and the 

GNSS antenna should receive signal from the global positioning system and global navigation systems, 

such as GPS (USA), GLONASS. 

The antennas will be suitable for direct print on the system circuit board of a device, making it easy to 

fabricate at low cost.  

The PCB is to be fitted inside a plastic IoT Bolt (fig.1), that in turn will be mounted on the top of a metal 

switch cabinet(fig.2). For best performance our antennas are placed within the PCB area normally located 

outside of the switch cabinet, which limits our antennas design space (fig.3).   
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figure.1 IoT Bolt 

 

 

figure.2 IoT Bolt mounted on cabinet 

 

 

figure.3 Bolt Dimensions 
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1.2 Specifications 
- The antenna system must be of the planar printed type and implemented on one uniform PCB. 

- The Cellular Antenna must have an impedance bandwidth that can support frequency bands 699 MHz – 

960 MHz as well as 1700 MHz – 2170 MHz. It should radiate most of its energy in the horizontal direction. 

The maximum antenna gain must be 3 dBi. 

- The GNSS Antenna must support the frequency band 1575 MHz - 1610 MHz and should radiate most of 

its energy in the vertical direction. 

- The isolation between the cellular and GNSS antenna must be smaller than -10 dB. 

- The polarization of the antennas should match the polarization of the satellites and base stations. 

- The Cellular Antenna and GNSS Antenna total radiated efficiency must be larger than 50% on all 

supported frequencies. 

1.3 Design Problem 
Unfortunately, antennas, unlike other electronic components, do not follow Moore’s law for size 

reduction; instead the size and performance are limited more by the wavelength of the signal. 

To optimize the performance, an antenna must take full advantage of an irregular space. The cheapest, 

efficient and most common technology used to make an internal antenna is metal stamping. This 

technology utilizes usage of an available space and would deliver the desired outcomes; instead this thesis 

is only focused on printed PCB antennas with emphasis to take advantage of the metal cabinet under the 

antennas to act as a mirror plane. 

When co-locating multiple antennas in a confined volume, firstly reduces the available space for each 

element and so the bandwidth.  

Because the main antenna should operate at multi-band, its size is much larger than that of a subsystem 

antenna for single band such as Global Positioning System (GPS) and Industrial, Scientific, and Medical 

(ISM) bands. Increasing the number of antennas in a mobile handset makes antenna miniaturization an 

important issue. 

Furthermore, a higher design complexity is inevitable due to mutual coupling, or crosstalk, between the 

elements. Crosstalk becomes dominant in systems that are active simultaneously and harder to overcome 

the closer the systems are in frequency.  

• Transmit power signal from an adjacent antenna could saturate the GPS receiver and generate 

what is known as “blocking”; 

• High output noise levels from the transmitters could elevate the noise threshold of the GPS 

receiver. 

• Reduced antenna efficiency from direct leakage of received power into an adjacent system. 

• High surface currents can be excited by an internally mounted antenna on the surface of a 

metalized PCB ground plane that is also likely to be shared by several other antennas. 
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Selecting a high dielectric constant substrate can downsize the elements. However, the bandwidth will be 

narrower. Moreover, production cost becomes expensive. If the thickness increases, the bandwidth will 

increase accordingly, but may increase the weight and the surface wave excitation.  

The presence of the metallized chassis will however reduce the radiation resistance of the radiators, thus 

reducing the achievable bandwidth [7].  

1.4 Methodology 
Antenna theory will provide the foundations, research publications and former work done by field 

research engineers will be the footsteps to accomplishing this project. Almost all the papers and reviews 

presented mainly address mobile phones, but that is narrow interpreted since these solutions also apply 

to projects like this.  

Following RF community’s example, a simple FR4 PCB will be used for evaluating the designs. To simulate, 

optimize and maximize the results of only the radiators, the PCB will be naked-stripped from any other 

components [7]. 

The width of the PCB is fixed to 45 mm, and the available length extending top of the cabinet is 39.5 mm. 

Mutual coupling can be reduced by careful orientation of the radiating elements˙ upon that, the PCB will 

be divided in 3 areas: a 40 x 15 mm (fig.4 marked in red) area dedicated for the cellular antenna, a 5 x 24.5 

mm (fig.4 marked in blue) area dedicated for the GNSS antenna, and finally a 5 x 15 mm blank area (fig.4 

marked in black). Total length will be about 115 mm (see Chapter 2 – Chapter 3). 

The process will be iterative (trial and error): first design the cellular antenna, then design the GNSS 

antenna considering the presence of the cellular antenna, then both antennas are designed. At each phase 

return and make necessary adjustments. Finally, the impact of the metal cabinet under our antennas will 

be examined. 

For each antenna the basic steps that will be followed is: select antenna type, roughly calculate antenna 

dimensions based on formulas, set up simulation environment (ADS, FEKO), simulate and adjust designs 

to meet criteria. 

It is obvious that the results from simulated – fabricated and full-scale implementation will differ. Still, 

they will provide a strong base of understanding, feedback on what performance should be theoretically 

estimated-achieved and brings us one step closer to realizing an acceptable solution. 



15  
 

 

figure.4 PCB representation 
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2. Antenna Theory 
An antenna is basically a conductor exposed in space. If the length of the conductor is a certain ratio or 

multiple of the wavelength of the signal, it becomes an antenna. This condition is called ―resonance, as 

the electrical energy fed to antenna is radiated into free space. 

 

figure. 5 Antenna general representation 

The electrical energy input to the antenna is radiated in the form of electromagnetic radiation of that 

frequency to free space. The antenna is fed by an antenna feed that has an impedance of, say, 50 Ω, and 

transmits to the free space, which has an impendence of 377 Ω [8]. 

Thus, the antenna geometry has two most important considerations: 

1. Antenna length  

2. Antenna feed 

2.1 Antenna Electrical Size 
What institutes an electrically small antenna is set and fundamental contributions comprise Wheeler, Chu, 

and Collin and Rothschild. A radian sphere of radius 𝛼 is defined as: 

𝛼 =
𝜆

2𝜋
 

where 𝜆 is the free-space wavelength. When an antenna’s physical structure is within this sphere, then 

electrically small antenna behavior will be apparent.  

For a lossless antenna, the properties are: 

• High Q factor and hence small bandwidth 

• Small radiation resistance resulting in a low radiation efficiency 

• Greater antenna sensitivity to mechanical and electrical tolerances. When the antenna has 

intrinsic losses, the bandwidth is narrower.  

It is commonly accepted that for a decreasing 𝛼 

𝑄 ~ 1 (𝑘𝛼)3⁄  
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where 𝑘 = 2𝜋 𝜆⁄ . From an antenna engineering side, the concern is focused on implementing a small 

antenna that is within or exceeds the performance borders set by the Q formula [9].  

2.1.1 Fundamental Limits of Electrically Small Antennas 
How small the antenna elements can be constructed is fundamentally limited. The free-space wavelength, 

to which the antenna element couples to, imposes the basic limit. In conclusion, the bandwidth of an 

antenna is enhanced when the elements geometric configuration takes full advantage of the available 

space within the sphere [10]. 

 

figure. 6 [10] Antenna within a sphere 

 

2.2 Bandwidth 
The bandwidth of an antenna is defined as “the range of frequencies within which the performance of the 

antenna, with respect to some characteristic, conforms to a specified standard.” The range of frequencies, 

on either side of a center frequency, where the antenna characteristics are within an adequate value of 

those at the center frequency [10]. 

2.2.1 Bandwidth Limitations 
Principally, frequency-independent resistances can be matched over an arbitrarily wide frequency band, 

but it is not possible to match a frequency-dependent impedance at all frequencies. Minimizing the 

reflection coefficient, will minimize the bandwidth over which this condition can be applied [9]. 

The challenge in terminal antenna design is to attain a sufficient impedance bandwidth without losing 

efficiency. Standard requirement is a return loss smaller than −6 dB within the frequency band. To 

counterbalance manufacturing tolerances, an extra margin is typically required in the design phase (e.g. 

−7 dB RL at the band edges) [7].  

For handset antennas, it is the lower bands (LTE 700, GSM 850/900) that enforce antenna electrical size 

constraints. An unknown factor is the extent to which a given handset antenna couples to the circuit 

components, as for this will in effect increase the electrical size of the antenna [9]. 
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2.3 Impedance Matching 
The maximum achievable bandwidth, for a given antenna Q value and a certain acceptable reflection 

coefficient Γ, using an infinite number of tuned circuits (i.e. series LC and/or parallel LC circuits) was 

presented by Bode in [11]. 

𝐵𝑚𝑎𝑥_∞ =
1

𝑄

𝜋

ln (
1
Γ

)
 

Fano in [12] presented the achievable bandwidth for a given number n of tuned circuits, expressed as a 

set of coupled trigonometric equations. Lopez developed more accessible equations in [13] for the case 

of n tuned circuits, where for the typical case of Γ> 1/3 

𝐵𝑚𝑎𝑥_𝑛 =
1

𝑄

𝑎𝑛 

ln (
1
Γ

)
 

The coefficients 𝑎𝑛 are provided from numerical solutions of the Fano equations [13], as tabulated below 

together with the bandwidth enlargement factor ∆B=Bn/Bn−1.  

n 1 2 3 4 5 6 7 8 … ∞ 

𝑎𝑛 1 2 2.41 2.63 2.76 2.84 2.90 2.94 … π 

∆Β 

(%) 

 100 20 9.1 4.6 3.3 1.8 1.7 … 0 

 

As can be seen, one extra resonator (the antenna is the first (n=1)) doubles the bandwidth while the next 

one provides 20% extra bandwidth. Further resonators are probably not motivated in practice. For the 

case of coupled resonators in mobile phones, the bandwidth enlargement factor was thoroughly 

investigated in [14]. 

2.4 Microstrip Antennas 
Microstrip antennas occupy less volume compared to other antenna types, this reduction in thickness that 

a microstrip antenna offers, can only be obtained at the expense of smaller performance results. As 

concluded, thinner antennas have less bandwidth. 

 Advantages Disadvantages 

Microstrip antennas 1.Thin profile 
2.Light weight 
3.Simple manufacture 
4.Can be made conformal 
5.Low cost 
6.Integration with circuits 

1. Extraneous radiation from 
feeds, junctions and surface 
waves 
2. Low efficiency 
3. Smaller bandwidth 
4. Additional tolerance 
problems 

 

Comparison of flat-profile antenna types [15]. 
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In addition, the feeder lines introduce losses and power can be coupled between feeders by surface wave 

action in the dielectric substrate. Furthermore, the feeders can directly radiate and further contribute to 

the radiation pattern degradation. 

Mechanical tolerances are also a key factor in these assemblies. Limit is imposed on the precision at which 

the aperture phase and amplitude distribution can be processed in manufacture and moreover the 

mechanical characteristics in temperature, aging effects etc. of the substrate [15]. 

2.5 Monopole Antennas 
Most PCB antennas can achieve good performance by having a 𝜆/4-length conductor in a certain way. By 

having a ground plane at some distance below the conductor, an image is created of the same length. 

When combined, these legs behave like a dipole antenna. This type of antenna is called the quarter-wave 

monopole antenna. Most antennas on the PCBs are implemented as quarter-wave monopole antennas 

on a copper ground plane. The signal is fed single-ended and the ground plane acts as the return path. 

 

 

figure. 7 Monopole antenna 

For a quarter-wave antenna, the important considerations are:  

1. Antenna length 

2. Antenna feed 

3. Shape and size of the ground plane and the return path 

The antenna must have a ground plane to be efficient, and ideally the ground plane should spread out at 

least a quarter wavelength, or more, around the feed-point of the antenna. The size of the ground plane 

influences the gain, resonance frequency and impedance of the antenna [16]. 
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2.5.1 Ground Plane as an Electrical Mirror 
Since the electrical field must be perpendicular to the plane of a perfect conductor, if one places an 

electrical charge above the conductor plane, an equal virtual mirror charge with opposite sign appears on 

the other side of the conductor. So, above the perfect conductor, the electric field distribution is the same 

as it would be between two equal charges of opposite sign (figure. 8). 

 

 

 

figure. 8 Image Plane 

If a current exists between two non-equipotential charges above the conductor, the image charges and 

thus, the image current vector appears as well.  

When the wire is parallel with the ground surface, the image antenna current and field adds in a 

destructive manner to the real antenna. In contrast, the image antenna current and field adds in a positive 

manner to the real antenna when the antenna wire is perpendicular to the ground.  

Since a large ground plane behaves like an electromagnetic mirror, a simple monopole behaves like a half 

dipole with identical generated electric field above the ground conductor. 

As the input voltage swing is half that of the dipole, the input impedance of the monopole is also half that 

of the dipole. However, the monopole gain is double (or 3 dB higher) that of the dipole. This is because in 

the case of the monopole, all the RF energy is radiated above the ground plane, i.e., to the upper half 

hemisphere [17]. 

2.5.2 Properties of Small Monopoles 
The main effects that degrade the properties of a real dipole or monopole from an ideal one are: 

• Dissipative losses: dielectric loss, ohmic, and skin effect loss. 

• Proximity of conductors or human hands. 

• Non-ideal differential excitation or asymmetrical antenna. 

• Matching network loss. 

In the case of monopoles, there is another effect, which is the most frequent one. This is the effect of 

small (not very large compared to the wavelength) ground metal at the antenna feed point. 
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2.5.3 Effect of Nearby Metal on Monopole Type Antennas 
A large conductor in proximity to a monopole antenna has a strong effect on the antenna’s properties. 

The effect basically depends on the size, orientation, and distance of the metal. If the metal is at the 

antenna feeding point and perpendicular to the antenna axis, then it behaves as an electrical mirror and 

has a positive effect on the radiation. If the conductor overlaps the antenna and is parallel with the 

antenna axis, it degrades the antenna performance.  

2.5.4 Effect of Reduced Ground Size on Monopole Antennas 
The bad effects of a small ground plane are:  

• Degradation of the real antenna impedance i.e. increase of the antenna Q.  

• Detuning of the antenna first resonant frequency.  

• Degradation of the antenna gain, i.e., efficiency.  

• Deterioration of the antenna radiation pattern. 

If the ground plane size is considerably smaller than the ideal size and/or much of the antenna trace is 

routed close to the edge of the PCB, then the length of the antenna trace should be extended by about 

30%. 

2.6 Miniaturization Techniques 
Antenna miniaturization is a procedure that an antenna designer exerts in order to bate the dimensions 

of an antenna, while retaining the original antenna radiation characteristics [10]. 

Miniaturization results in reduced impedance bandwidth and efficiency of the antenna, since the total 

volume goes down. 

Small antennas are different to miniaturized antennas. For an antenna to be miniaturized, it must be: “An 

antenna from a well-established category that has been reduced in size while preserving the fidelity of at 

least one performance characteristic” [10]. 

Miniaturization is done by changing the geometrical structure, introducing components or integrating 

materials into the structure. Techniques for miniaturizing a monopole antenna are: 

A. Impedance Loading - add lumped impedance elements (chip inductors/capacitors) along the antenna’s 

length. 

B. Materials Loading - covering them with dielectric (high permittivity (𝜀𝑟 ) and/or permeability (𝜇𝑟 ) 

sleeves and spheres. 

Material loading is always evident, deliberately or not, as in carrier and cover plastics. Ferrites are 

practically never used because of great losses at frequencies over 100 MHz and due to cost and weight 

[7]. 

C. Folding - fold its arm and create a compact structure (figure 10). The radiation features (radiation 

resistance, bandwidth, efficiency) are likely to change. 
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figure. 9 [10] Folding Techniques 

D. Using Metamaterials - Artificial impedance surfaces, or engineered electromagnetic surfaces, are 

developed the last decades to change the impedance boundary terms of the surface and take control of 

the radiation features, like radiation efficiency and pattern, of antenna elements set on or close to them, 

or the scattering of impinging electromagnetic waves [10]. 

E. Fractal Antennas - Fractal antennas rely on the idea of a fractal, a recursive geometric pattern with 

fractional dimensions [10]. 

2.7 Multi-band/Broadband Antenna Design Techniques 
Multiple Radiating Resonators 

Multiple resonances can be achieved by simply connecting radiators of different size/length. For example, 

by galvanically joining two dipoles that vary in length at the feed points, resonances are provided at the 

equivalent λ/2 frequencies of each dipole. 

The coupling across the two resonators determines if two distinct resonances appear (with high VSWR in 

between), or one dual-resonance (wide-band instead of dual band) is produced (figure 10). High coupling 

can be obtained by galvanically joining the two resonators and/or by aligning them to have identical 

polarization. Loose coupling is obtained by EM coupling and/or perpendicular orientation. 

By lowering the coupling between the two dipoles, a wide-band feedback is received in contrast to the 

multi-band received from the strong coupling [7]. 
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figure. 10 [7] Galvanic & EM coupling results 

Parasitic Resonators 

A parasitic resonator/radiator (or “parasite”) is identified by it not being mechanically attached to the 

main antenna element (other than through a common or virtual ground). Rather, the element is EM 

coupled to the antenna [7]. 

The parasitic radiator is commonly λ/4 long and grounded at one end. The coupling to the main radiator 

is determined by the physical distance between them, which is easy to monitor by the designer. 

RF Chokes 

A patch or monopole branch can electrically be made shorter by integrating a “wavetrap” or “RF choke”, 

for example a structure or component that provides a high series impedance. A dual frequency response 

can be achieved by realizing a choke at λ/4 distance from the feed. The sector between the feed and the 

choke then gives a λ/4 resonance at the high frequency band, and the section from the feed to the open 
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end gives a λ/4 resonance at a lower frequency. Commonly, a choke is realized as a parallel LC circuit 

(using discrete or printed components) or as a λ/4 short-circuited transmission line stub [7]. 

Increased Coupling to the Chassis 

The terminal chassis is a low-Q resonator, the grade of radiator-chassis coupling therefore determines the 

feasible bandwidth of a terminal antenna. This coupling escalates when the chassis and the radiator are 

of equal resonant frequencies. The resonant frequency of the radiator is easily tuned by the antenna 

engineer, yet the chassis resonance is set by its physical size, and by the total dielectric loading (plastics, 

covers, metals etc.) [7]. 

2.8 Environmental Effects in ESAs 
The presence of materials proximate to the antenna affect its efficiency. For instance, when a monopole 

is set top of a GP then a virtual monopole is created, due to the image effect. When the GPs size is infinite 

than the antenna is equivalent to a dipole. But when the GP size is finite than the monopole excitation 

induces radiation current to the GP that now acts as a part of the antenna system. The system now 

performs different to a dipole. 

Related proximity effects are usually seen in an antenna system placed close to influential materials. The 

proximity effect is either constructive or destructive for an antenna system, relying on the size of the 

antenna element and the materials. Generally, the antenna efficiency varies or degrades due to the 

proximity effect [18]. 

2.9 Trade‐Offs in Antenna Design 
Bandwidth trade‐off. In a well-designed antenna, when the bandwidth of one band raises, the bandwidth 

of the other bands must decrease. 

Trade‐off between complexity and performance. Slight enhancement of every feature is repetitive. 

Trade‐off between manufacture consistency, tooling time, and cost. Higher manufacturing consistency 

means lower antenna variation and higher antenna performance. But higher consistency translates to 

longer tooling time and greater cost. There is no manufacturing solution that can satisfy all the benefits; 

if so, it would be included to the antenna’s manufacturing process. 

Trade‐off between total radiated power and radiation exposure. More total radiated power and less 

radiation to the human body is a point of contradiction [19]. 
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3. Cellular Antenna 
A great challenge in the terminal antenna area currently is the design of a passive “multi band” radiator, 

for example an antenna that simultaneously (i.e. no switches) covers the frequency bands and which 

consumes a reasonable volume. An antenna with such properties is always attractive for mobile 

applications, especially for LTE due to its broadband operation and multimedia services. 

Basically, the bands can be divided into two bands: “Low band” for LTE 700/ GSM 850 / GSM 900 service 

bands and “High band” for DCS1800 / PCS 1900 / WCDMA 2100 service bands. 

Low Band 

LTE 700 699 – 787 MHz 
GSM 850 824 – 894 MHz 
GSM 900 880 – 960 MHz 

 

High Band 

DCS 1800 1710 - 1880 MHz 

PCS 1900 1850 – 1990 MHz 
WCDMA 1880 – 1960 MHz 

UMTS 1920 - 2170 MHz 
  

Besides the requirement of multi band operation, the antennas also need to be compact with a low-profile in 

order that they can be easily fabricated on the system circuit board. Then, to ensure the mobile communication 

quality, good radiation characteristics, including radiation efficiency and isotropic radiation patterns, need to 

be provided. 

3.1 Basic Design Steps 
The length of the monopole PCB trace mainly determines the resonant frequency of the antenna. For an 

application operating both in the 699-960 MHz bands, the antenna can be tuned to a frequency in 

between the two bands. That is 𝑓𝑐 = 830 𝑀𝐻𝑧. 

The antenna is fabricated on a standard FR4 substrate material with: h=1.6 mm, a typical dielectric 

constant 𝜀𝑟 = 4.4, loss tangent tand=0.02, copper thickness t=0.035 mm. 

The wavelength in free air is: 

𝜆0 =
𝑐

𝑓𝑐
= 361𝑚𝑚 

Approximately the guided wavelength 𝜆𝑔 on the FR4 with ℎ = 1.6 𝑚𝑚 substrate is: 

𝜆𝑔 ~ 0.75 ∙ 𝜆𝑜 =  271 𝑚𝑚 

The approximate, physical length of a printed quarter wave monopole antenna is then: 

𝑙 =
𝜆𝑔

4
=  67.7 𝑚𝑚  

The width of the monopole trace for a characteristic impedance 𝑍0 = 50Ω, at f = 830 MHz on this 

substrate, according to ADS-LineCalc: 



26  
 

W ~ 1.5mm 

the ground plane length (as discussed thoroughly in C.2), should equal one wave length, which at 700 MHz 

is:  

LGP ~ 100mm. 

If the ground plane size is considerably smaller than the ideal size and/or much of the antenna trace is 

routed close to the edge of the PCB, then the length of the antenna trace should be extended by about 

30%. 

3.2 Operating Mechanism 
It is common to utilize the fact that many systems have a frequency spacing of approximately a factor 2 

(like GSM900/1800, WLAN 2.4/5.8) by connecting two radiators resonating at each frequency. The 

standard matching technique is to use a shunt inductance at the feed point, either using a discrete 

component or having it printed as part of the antenna pattern.  

Transmission-line metamaterials rely on loading a standard line with a series capacitor and a shunt 

inductor; the resulting structure possesses a “backward-wave” band where the direction of the wave 

fronts is reversed with respect to the power flow [20]. 

The interdigitated capacitor synthesizes the series capacitance while the shunt inductor is implemented 

by the meandered ground plane extension which is connected to the antenna by a via though the 

substrate [20]. 

Closing up on the designs in [21-25] they consist of a coupled loop with branch lines to cover the desired 

frequency spectrum. By this coupled-fed excitation, the proposed antennas can generate multiple 

resonant modes. The feeding strip can excite high frequency current distributions on the coupling strip by 

a coupling gap. Additionally, Stepped Impedance is employed to achieve better impedance matching. This 

design method satisfies broad bandwidth and multiband operation without the need of impedance 

matching circuits. 

To further enhance bandwidth, an additional two branch line (branch 1 and branch 2) is used, which are 

galvanically connected in the coupled shorting line (fig. 11). 

 

figure. 11 Cellular Antenna operating mechanism 
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Examining the design, the coupled lines/resonators can be considered as a two-finger interdigitated 

capacitor and the branch lines as a shunt inductor, it can be assumed as a metamaterial loaded antenna.  

3.3 Antenna Design 
The antenna under test is [22], and is simulated both in ADS Momentum and FEKO (figure 12a, 12b). 

Detailed configurations can be found at the aforementioned research paper. The dimensions and 

performance described there match the needs of this project. In both simulations the location and length 

of the feeding is different from the original. Furthermore, the substrate’s width has been increased to 45 

mm in the FEKO simulation. 

 

figure. 12a 

ADS Design 

 

figure. 12b 

FEKO Design 

3.3.1 Results from ADS Momentum 
Design parameters for the simulation in ADS Momentum: FR4 substrate with ℎ = 1.6 𝑚𝑚, tand = 0.02, 

copper trace t = 0.035 mm, 𝜎 = 5.8 ∙ 107 S/m. Via hole to the ground W = 0.5 mm, D = 0.5 mm, and T = 

0.0035mm. 

As seen in figure 13 the DUT exhibits good impedance matching over the LB in the range of 0.69 – 1.3 GHz 

with S11 smaller than -6 dB and a peak minimum in the LB of -12.5 at 724 MHz. Between 785 – 890 MHz 

the S11 is greater, insufficient, than -6 db. In the HB the reflection coefficient S11 is smaller than -6db over 

1.66 – 2.62 GHz with peaks of -13.4 dB at 1.75 GHz, -15.5 dB at 2 GHz, and -15.6dB at 2.47 GHz. Shown in 

figure 14 the impedance lies within the circle VSWR = 3 over the desired spectrums. 

Compared to the referenced paper, results quite differ. Mostly the gap at 785 – 890 MHz shown here 

makes it insufficient to cover the GSM 850 band. 
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figure. 13 Cellular Antenna S11 results from ADS 

 

 

figure. 14 Cellular Antenna S11 Smith Chart results from ADS 

3.3.2 Results from FEKO 
Design parameters for the FEKO simulation: FR4 substrate with ℎ = 1.6 𝑚𝑚, tand = 0.02, trace set to PEC. 

Via hole to the ground W = 0.5 mm, r = 0.25 mm. 

Shown in figure 15 the antenna exhibits a reflection coefficient S11 smaller than -6db at 725MHz – 775 

MHz and between 908 – 1275 MHz with a peak minimum of -6.9 dB at 745 MHz. Between 775 – 907 MHz 

the S11 is insufficient, greater than -6db. At the HB the S11 is smaller than -6db between 1610 – 2020,  
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2215 – 2460 and 2735 – 2875 MHz with peaks of -8.2 dB at 1.68 GHz, and -11.5 dB at 1.94 GHz respectively. 

Compared to the referenced paper, results differ greatly. At the LB the LTE 700 and GSM 850 bands are 

not covered, and at the HB the UMTS band is also not covered. 

 

figure. 15 Cellular Antenna S11 results from FEKO 

3.4 Conclusion 
Simulation results presented from ADS Momentum are close to the ones in the referenced research paper, 

with small variations on the desired spectrums. The most important negative figure is not fully reaching 

the GSM 850 band. Overall, according to ADS Momentum the antenna is a good candidate for further 

examination. 

On the contrary, results from FEKO show big variations and drift in frequencies. The LB is almost entirely 

not operatable and the HB is missing out on the UMTS 1900 band. 
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4. GNSS Antenna 
 

When realizing mobile satellite system communication, a key factor is the vehicle antenna. An antenna 

system that is mounted on a mobile for satellite communications can be characterized as a vehicle 

antenna. 

Vehicle antennas are required to be compact, lightweight and additionally easy to install and have 

mechanical strength. In most of the systems using GEO satellites, the L-band (1.5/1.6 GHz) is used in 

communication links between the satellite and mobiles. The required frequency bandwidth in L-band 

communication systems is about 8% to cover transmitting and receiving channels. Most important 

parameters in these antennas are Polarization, Axial Ratio, and Sidelobes [26]. 

4.1 GNSS Radio Wave Propagation 
Satellite navigation relies on signals carried by electromagnetic (EM) waves (radio waves). A radio wave 

propagating over a long distance, as in a satellite navigation system, is always in the form of a plane wave. 

The polarization of a plane EM wave can be characterized as being linear (LP), circular (CP) or elliptical 

(EP), depending on the direction of its electric field vector E.  

Circular polarization can be classified into: Right Hand Circular Polarization (RHCP) and Left Hand Circular 

Polarization (LHCP).  

When a plane radio wave propagates in a homogeneous medium, it has a constant velocity and remains 

in its original polarization. However, the radio wave will experience many changes in its attributes when 

propagating through different media, as it does in the case of satellite navigation systems. 

Reasons CP Wave are used in GNSS communications are: 

1. Enhance the polarization efficiency of the receiving antenna. No polarization alignment is needed.  

2. Overcome Faraday rotation in the ionosphere.  

3. Reject multipath signals. An RHCP receiving antenna can reject reflected signals from a surface. 

The design of a CP antenna is more complicated and difficult compared with that of an LP antenna, 

especially in GNSS applications [27]. 

4.2 Omnidirectional Antennas for Mobile Satellite Communications 
Classification of antennas for mobile satellite communications is set to omnidirectional and directional 

antennas. In omnidirectional antennas for mobile satellite communications, three basic antenna elements 

are found: A quadrifilar helical, a crossed drooping dipole, and the microstrip patch antenna. 

Omnidirectional antennas become attractive, due to small size, light weight, and circular polarization 

properties. These basic antennas can also be used as elements of directional antennas [26]. 

4.3 CP Antenna Design 

Optimum reception of GNSS signals is achieved with CP antennas. In terms of structures, CP antennas can 

be classified into helical, spiral and microstrip patch types. For patch antennas there are two feeding 

methods to achieve CP:  

1. Dual-fed CP patch antenna. 
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2. Single-fed CP patch antenna. This type has several advantages over the dual-fed, like no need for 

an external feed network and its compact size. But the AR bandwidth is normally smaller [27]. 

4.4 GNSS Antenna Constraints 
For personal satellite terminal antennas, the design is complex due to miniaturization of user devices and 

performance degradations caused by the user and the local environment. Even a 1-dB loss or pattern 

distortion can render the system nonviable. The most important aspects are:  

• Electrically small antenna behavior is important for small-diameter radiators. 

• An antenna function independent of the phone body is preferred.  

• Requirements of input impedance matching over the prescribed bandwidth exist.  

• The radiation pattern polarization and beam shape characteristics need to be maintained over 

the required bandwidth and in proximity to user. 

• Noise temperature must be minimized to achieve the G/T specification [26]. 

4.5 Multipath Environment, Human Body and Platform Effects 
The efficiency of a GNSS antenna is affected heavily by its surroundings. The antenna receives multipath 

signals from reflections, refractions and scattering of incident radio waves in crowded environments, like 

city streets or indoors. These multipath signals with random polarization cause positioning errors. In 

addition, it is affected by the presence of the human body. Furthermore, nearby components can deform 

the radiation pattern, reduce gain and cause EM interference. An ideal GPS antenna should have good 

RHCP for best signal reception and LHCP rejection to avoid multipath. These goals are hard to achieve 

particularly in cases where the terminal is multifunctional [26]. 

4.6 Size and Shape of the Antennas 
A great technical task derives from the limits posed by the size and shape of resonators. To overcome this 

challenge, most GPS antennas on mobile terminals are of the space-saving LP type, like PIFAs (Planar 

Inverted-F Antennas) or IFAs (Inverted-F Antennas). The lower effective LP antennas’ gain is commonly 

counterbalanced with a low-noise amplifier (LNA).  

Wide-beam linear polarized GPS antennas can counter orientation needs, blockage of LOS signal, and 

losses due to the user’s body. Therefore, LP antennas are favorable for mobile terminal GPS as they have 

better performance, in comparison to the conventional RHCP antennas, and are able establish a quick GPS 

link [26]. 

4.7 Basic Design Steps 
For an application operating at 1575 - 1610 MHz, the antenna can be tuned to a frequency: 

𝑓𝑐 = 1590 𝑀𝐻𝑧 

The wavelength in free air is: 

𝜆0 =
𝑐

𝑓𝑐
= 188 𝑚𝑚 

Approximately the guided wavelength 𝜆𝑔 on the FR4 with ℎ = 1.6 𝑚𝑚 substrate is: 

𝜆𝑔 ~ 0.75 ∙ 𝜆𝑜 =  141 𝑚𝑚 
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The approximate, physical length of a printed quarter wave monopole antenna is then: 

𝑙 =
𝜆𝑔

4
=  35.25 𝑚𝑚  

The width of the monopole trace for a characteristic impedance 𝑍0 = 50Ω, at f = 1590 MHz on this 

substrate, according to ADS-LineCalc: 

W ~ 1.5mm 

the ground plane length should equal at least one wave length, which at 1590 MHz is then:  

LGP ~ 40 mm 

As premised from the above on signal degradation, and as shown in [28-29] a LP signal is less susceptible 

to distortion caused by the environment and by the presence of the user. Thus, for inexpensive devices it 

could result more convenient and effective to design a simple LP antenna rather than a more complex and 

expensive CP. 

Following the example in papers [30-34] an IFA type antenna is sufficient enough to cover the GNSS band, 

with good performance. As depicted in [35] in order to reduce performance losses, placements 

considering the isolation between the LTE antenna and GPS antenna should be implemented. Results in 

[36-37] justify the GPS antenna placement in figure 1. 

4.8 Antenna Design 
In [38-40] good explanations that lead to strong designs for a MIFA type antenna are presented. 

Configurations for the DUT antenna are shown in figure 16, 17. Total length of the radiating element is ~ 

32.5 mm with a uniform width of 1 mm. The via hole to ground has a diameter of 0.5 mm and the distance 

between the feed and the shunt element is 0.5 mm. 

 

figure.16 GNSS Antenna configuration 
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figure.17 GNSS Antenna feed configuration 

4.8.1 Results from ADS Momentum 
Shown in figure 18 the simulation shows good impedance matching over the desired frequencies with an 

S11 = -18db at 1.575MHz, S11 = -21db at 1.61 GHz and peak minimum of -33db at 1592MHz. Shown in figure 

19 the impedance lies almost on the locus of the Smith Chart. 

 

figure. 18 GNSS Antenna S11 results from ADS 
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figure. 19 GNSS Antenna S11 Smith Chart results from ADS 

In order to feed both the antennas, changes (fig. 20) needed to be made to the feed line of the GNSS 

antenna. This change is also simulated, for to provide a better understanding of how close the results of 

simulations and fabrication are. 

 

figure. 20 GNSS Antenna with altered feeding configuration 

Results in figure 21 show that the center frequency has drifted to 1635 MHz, with an S11 = -12.4 dB. Still 

the antenna is inside the limits of operation with S11 = -7.5 dB at 1.575GHz and S11 = -11 dB at 1.61GHz. 
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figure. 21 GNSS Antenna S11 results from ADS 

 

 

figure. 22 GNSS Antenna S11 Smith Chart results from ADS 

4.8.2 Results from FEKO 
Configuration of the antenna for FEKO is seen in figure 23.  
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figure. 23 GNSS Antenna configuration in FEKO 

Results shown in figure 24 show an unexpected peak of -5.7db at 0.95GHz and resonance of -6db at the 

frequencies 1.615 – 1.752 GHz with a peak of -8.7db at 1.68GHz. Obviously according to this results the 

antenna is mismatched. 

 

figure. 24 GNSS Antenna S11 results from FEKO 
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4.9 Conclusion 
According to results from ADS Momentum the designed antenna seems to possess good impedance matching 

on the desired center frequency and edges. Even when the feeding is altered the antenna is still functionable. 

A minor negative figure is a small side lobe that expands the bandwidth. Overall, the antenna is suitable for 

further examination. 

On the other hand, results from FEKO show that the antenna is mismatched. An unexpected peak appears at 

0.95 GHz and the center resonating frequency is drifted higher at 1.68 GHz with poor impedance matching. 

From here it is shown that the design is off. 

5. Full Antenna System 
Presented in figure 25 are the configurations for ADS Momentum and FEKO on the full antenna system 

design. 

 
ADS Momentum 

 
FEKO 

figure. 25 Full Antenna System in ADS & FEKO 

5.1 Simulations Results 

5.1.1 Results from ADS Momentum 
In figure 26 results from Port 1 (cellular antenna) reflection coefficient S11 show improved impedance 

matching results compared to the standalone antenna, especially at the HB. Still the GSM 850 band is not 

fully reachable. 
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figure. 26 Full Antenna System S11 results from ADS 

 

figure. 27 Full Antenna System S11 Smith Chart results from ADS 

Results for Port 2 (GNSS antenna) in figure 28 show that the center frequency has slightly drifted down to 

1560 MHz with S11 = -16.55 dB, and a bigger bandwidth has been created from 1.5 – 2 GHz. The antenna 

lies still in acceptable limits of operation, with S11 = -14.9 dB at 1.575 GHz and S11 = -10.1 dB at 1.61 GHz. 

In figure 29 is shown that the behavior is now capacitive in contrast to figure 22 were it was inductive. 
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figure. 28 Full Antenna System S22 results from ADS 

 

 

figure. 29 Full Antenna System S22 Smith Chart results from ADS 

 

5.1.2 Results from FEKO 
Configuration for the FEKO simulation is shown in figure 25. S-Parameters is set to Port 1 (cellular antenna) 

active and Port 2 (GNSS antenna) not active. 

Results in figure 30 show a resonance of -6db between the frequencies 0.86 – 1.235 GHz with a peak of    

-12.12 dB at 1.08GHz, between 1.445 – 1.645 GHz with a peak of -9.8 dB at 1.55 GHz and between  
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1.91 – 2.07 GHz with a peak of -23.6 dB at 1.985 GHz. Obviously according to this results the antenna is 

mismatched. 

 

figure. 30 Full Antenna System S11 results from FEKO 

In figure 31 the reflection coefficient S21, pointing out the isolation between the elements, shows that 

between 1.44 – 2.0 GHz the goal of at least -10 dB hasn’t been achieved. 

 

figure. 31 Full Antenna System S21 results from FEKO 
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5.1.3 PCB mounted in bolt and on cabinet 
 

 
 

figure. 32 Full project’s graphic in FEKO 

 

5.2 Fabrication 
Finally, the antennas are etched and fabricated (fig. 33) on an FR4 substrate with ℎ = 1.6 𝑚𝑚, tand = 0.02, 

copper trace t = 0.0035 mm, 𝜎 = 5.8 ∙ 107 S/m. They are then connected to a VNA and measured. 

 

figure. 33 Fabricated PCB 



42  
 

Results in figure 34 show that the fabricated antennas Port 1 (cellular antenna) reaches -6 dB in the range 

of 752 – 810 MHz, with a peak of -8 dB at 781 MHz, at the LB. On the HB it shows -6 dB bandwidth between 

1.53 – 2.1 GHz with a peak of -37 dB at 2.03 GHz. 

 

figure. 34 Measured S11 

For Port 2 (GNSS antenna) shown in figure 35 an S22 = -20 dB at 1.575 GHz and S22 = -50 dB at 1.61 GHz, 

with a bandwidth of at least -6 dB ranging from 1.5 GHz to 1.768 GHz. 

 

figure. 35 Measured S22 

In figures 36 and 37 the reflection coefficients S12 and S21 respectively show that isolation between the 

elements is smaller than -10 dB, out of limits, between 1.48 – 2.03 GHz with highest value of -5.5 dB at 

1.6 GHz. 
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figure. 36 Measured S12 

 

figure. 37 Measured S21 

5.3 Discussion 
Regarding the cellular antenna, minor differences are found from the referenced paper to simulations. 

The fabricated antenna’s LB has a similar S11 pattern to the referenced and simulated in ADS results but 

minimized (figure. 38). The HB seems bit improved but slightly out of full spectrum. 
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figure 38. Simulated S11 vs. Fabricated S11 

The fabricated GNSS antenna shows greatly improved results in matching than the simulated in ADS. Also, 

the undesired bandwidth has shrunk (figure 39). 

 

figure 39. Simulated S22 vs. Fabricated S22 

Isolation between the antennas exceeds the predefined limits. This can be easily explained as for both 

antennas share a common ground plane. Furthermore, the cellular antenna’s resonant frequency in the 

HB does not begin at the edge of 1.7 GHz but earlier at around 1.53 GHz, over the GNSS band. 

Results from ADS Momentum appear to be closer to the referenced paper and the fabricated than the 

results from FEKO. This can be due the simulation configurations and that the software tools are based 
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on different electromagnetic simulation techniques. An appropriate mesh generation a proper feeding 

model are two important issues determining the successful simulation in software packages [41]. 

Experimenting with a metal plate at various distances and locations to the PCB, it is noticed that the 

impedance can be improved. However, these are observations and further scientific research must be 

performed in order to come to conclusions. 

Finally, it must be taken into consideration that during the fabrication process, a poor etching technique, 

errors have been introduced to the system. The via hole was implemented by drilling the PCB and adapting 

a wire one end soldered to the GP and the other to the antenna. 

It can be considered as a sustainable design, focused on achieving a minimal negative economic and 

environmental impact from the module on people and the planet.  

Effort is made to keep in low levels the total “carbon foot-print” in manufacturing, including 

manufacturing energy requirements and processing waste, energy minimization during operation, and 

the energy requirements for recycling or reuse. 

The antenna system in all three life cycle stages of: raw materials preparation, production processing and 

end of life cycle. 

• It comprises of only passive, electronic distributed components such as plastics and copper strips. 

No Surface Mount Devices (SMD) are used. Moreover, the tapering method that is employed 

contributes to the reduction of conducting material requirements.  

• The energy associated with the production process is already included to that of the PCB, planar 

antennas require no extra process. 

• The module can be incinerated, send to land filling or recycled similarly to a plain PCB. 

5.4 Conclusion 
An antenna system that fits the desired specifications of the project has been presented. Studies of 

previous work and theory has led to a strong design configuration and can provide a solid base for future 

experimentation. Comparing between referenced work, simulation, and fabricated results it is pointed 

out that the use of multiple solvers is only of benefit to the designer. Special considerations should be 

given to the via hole and the method it is implemented for it is to have great impact on the performance. 

Overall the proposed antenna system is more than promising and with further adjustments and 

refinement can lead to a fully working solution. 

5.5 Future Work 
For the cellular antenna further research would be focused in modifications to the stepped impedance, 

length and coupling of the resonators. The use of metamaterials is of high interest since metamaterials 

have the capability to control the electromagnetic radiation and this property makes them highly 

attractive for antenna design, similar to the work done in [42-45]. 

On the GNSS side, research could be focused on GP structures that can achieve RHCP, following the 

examples in [46-48]. Impedance matching the antenna using a double stub would also result not only in 

better matching but would also operate as a filter, removing the undesired bandwidth thus improving the 

isolation between the elements. 
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The pending patent in [49] is anticipated for as it can reveal techniques to reduce the size of the GP while 

enhancing the performance. 

Disclaimer 
This thesis work is available to all readers and researchers for study without regard to race, color, religion, sex, 

sexual orientation, marital status, pregnancy, parental status, national origin, ethnic background, age, 

disability, political opinion, social status, veteran status, union membership or genetics. 

The contents of these pages are provided as an information guide only. They are intended to enrich information 

regarding the subject matter covered. The advice and strategies contained herein may not be suitable for your 

situation. You should consult with a professional where appropriate. The author shall not be liable for any loss 

of profit or any other commercial damages, including but not limited to special, incidental, consequential, or 

other damages. 

Reasonable efforts have been made to publish reliable data and information, but the author cannot assume 

responsibility for the validity of all materials or the consequences of their use. No responsibility is accepted by 

or on behalf of the author for any errors, omissions or misleading statements on these pages or any site to 

which these pages connect. 

If any copyright material has not been acknowledged please contact so it may be rectified in the future. 
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