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ABSTRACT 

3D Near Isotropic Antenna in Package for IoT Applications 

Zhen SU 

Internet of Things (IoT) is an emerging paradigm about building a massive internet to 

link billions of non-living things to make smart decisions for humans and improve their 

quality of life. For many of IoT devices, such as wireless sensor nodes dispersed in the 

environment, there is not much control over their placements or orientations. Thus, 

there is a need to develop orientation insensitive antennas that ensure reliable data 

transmission irrespective of devices’ positions or orientations.  

As billions of such IoT devices required in the future, a low-cost fabrication process 

suitable for mass manufacturing must be adapted. Antenna in package (AiP) concept is 

beneficial that the package is utilized to realize the antennas, not only saving space but 

also reducing the overall cost. For orientation insensitivity, antennas must be near 

isotropic and even have to maintain their radiation pattern for multi-bands or wide 

bandwidths in most applications. However, there is a dearth in the literature about 

design methodologies for near isotropic antennas, particularly for multi-bands near 

isotropic AiP designs. In addition, a near isotropic behavior is also important for 

polarization, particularly for CP antennas. To have simultaneous isotropy in radiation 

pattern and circular polarization is challenging.  
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In the nut shell, this thesis presents theoretical models and derives conditions for wire 

AiP design for different specifications, single-band and dual-band near isotropic 

antennas, null free near isotropic antenna with wide CP coverage, and a full CP antenna 

with decent near isotropy (with very narrow null beam). The single-band AiP has only 

5.05 dB gain variation at WiFi/BLE band and the dual-band AiP has a decent near 

isotropic radiation property and covers both GSM900 and GSM1800 bands. The 

theoretical model for null-free near isotropic antenna with wide CP coverage is 

presented with particle swarm optimization (PSO). The full CP antenna has a measured 

CP coverage of 70% with a small null in the radiation pattern. The results are promising 

and indicate that the conditions and methods proposed are useful for the future near 

isotropic AiP design. Also, this work provides designers flexibility to adjust the AiP design 

according to their own applications.  
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Chapter 1: Introduction 

1.1 Motivation 

Internet of Things (IoT) is an emerging paradigm in which billions of non-living things are 

expected to be connected to make smart decisions for humans [1–3]. Two important 

aspects of IoT devices are “sensing” and “communication” [3]. Many IoT devices 

function as wireless sensing nodes that need to communicate the sensed data to a 

central location for a collective action [5]. Such devices include gas-sensing devices near 

an industry or laboratory environment for the early detection of a gas leak or moisture 

and temperature-sensing devices that can inform of a forest fire [6]. Reliable wireless 

communication of these randomly placed or dispersed devices is of utmost importance 

to save lives in emergency situations [7]. An antenna, one of the most important 

component within the wireless communication chain, plays a large role in this reliable 

communication. It is well known that the radiation pattern of an antenna is affected by 

the way it is placed on a surface or, in general, by the nearby environment [8]. For the 

IoT devices mentioned above, there is little control over their placement or orientation 

while being deployed in the field; thus, the need exists to design antennas with all-

direction coverage to yield an orientation-insensitive performance from these futuristic 

IoT devices. 

For the orientation-insensitive performance of antennas, one of the best approaches is 

to design an isotropic or near isotropic antenna. An isotropic antenna, in principle, 

radiates an equal amount of energy in all directions. However, for practical antennas, 
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this is difficult to achieve; hence, near isotropic antennas are preferred. According to 

IEEE, an isotropic radiator is defined as “a hypothetical antenna having equal radiation 

intensity in all directions” [9] © [1969] IEEE. Similar to radiation pattern isotropy, circular 

polarization (CP) coverage is another important requirement for many antennas, such as 

for a global positioning system (GPS) [10]. Typically, CP coverage is limited to a small 

portion of the radiation pattern, such as in the bore-sight direction only. For IoT 

applications, an isotropic radiation pattern and a wide CP coverage are desirable; 

however, optimizing both the radiation pattern isotropy and wide CP coverage is 

challenging. This has been a topic of interest for many decades [11]-[19], but achieving a 

perfect isotropic radiation pattern is difficult to achieve in practical antenna design. 

Similarly, large CP coverage can be obtained, though at the cost of deep nulls in the 

radiation pattern [20]-[22]. This becomes increasingly challenging if isotropic radiation 

performance is required at multiple frequency bands. A balanced approach, bearing the 

tradeoffs in mind, is to optimize for both the radiation pattern and the wide CP 

coverage. 

In addition to the radiation pattern, other important aspects for such antennas are a 

lower cost and small form factor. This is because billions of such IoT devices must be 

equipped with these antennas; therefore, it is desirable to manufacture them at low 

cost and with a lightweight and small size. These lower cost and small form factor goals 

can be achieved through the antenna-in package (AiP) concept, in which the antenna is 

realized on the package of the device [6],[11]. Generally, the package is only a physical 
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cover used to protect the integrated circuits (ICs) or the driving electronics from the 

environment. However, it has recently been demonstrated that the functional packages 

can house many passive components (such as an antenna), and thus, packages provide 

additional functionality and become part of the electronic system rather than only a 

physical protective cover [23]-[27].  Thus, the cost and space savings result from the fact 

that the antenna, which is typically realized on a separate printed circuit board (PCB) 

and then integrated into the circuits through the bond wires or flip-chip method, can 

directly be realized on the package and connected to the driving circuits through 

interconnects within the package. The package acts as a substrate of the antenna, so no 

additional PCB materials, fabrication, or integration costs are required. Moreover, in 

typical PCB subtractive fabrication methods, the substrate is coated with the material in 

a blanket fashion, and then the pattern is realized by removing or etching the material 

through expensive masks [28]. As these processes are not completely digital and much 

material is wasted during the process, most of the subtractive methods are relatively 

expensive. Moreover, subtractive methods require multiple fabrication steps—for 

instance, sometimes in expensive cleanroom environments [28]-[29]. Therefore, further 

cost savings can be achieved through the use of additive manufacturing, such as inkjet, 

screen, and 3D printing, in which materials can be digitally deposited based on 

structural requirements, thus leading to less material wastage [30]-[32]. In this thesis, 

we have focused on innovative AiP designs that can provide orientation-insensitive 

radiation performance and large CP coverage realizable through additive manufacturing 

processes. 
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In addition to the isotropic radiation pattern and large CP coverage, the other goals are 

to reduce the cost, size, and weight of the antenna to make it suitable for IoT 

applications.  

1.2 Objectives  

This thesis aims to develop design strategies for wire antennas implemented on 3D 

packages with an isotropic radiation pattern and large CP coverage using additive 

manufacturing processes. The detailed objectives of this dissertation are as follows.  

1. To derive necessary conditions for achieving a near isotropic radiation pattern 

for 3D wire AiP designs through three infinitesimal dipole models (suitable for 

wire antenna designs).  

2. To utilize the theoretical conditions derived in the first stage for designing a 

single-band 3D AiP with a near isotropic radiation pattern.  

3. To extend the validity of the proposed approach for dual-band operation with 

the appropriate bandwidths for both the GSM bands (i.e., 900 MHz and 1800 

MHz). 

4. To develop an optimization strategy by employing the derived theoretical 

conditions for maximizing the CP coverage of an AiP with a near isotropic 

radiation pattern without any nulls in the radiation pattern.  

5. To design and implement a 3D AiP with a decent tradeoff between near-isotropy 

and a wide CP coverage without nulls in the radiation pattern.  
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6. To design and implement a 3D AiP with maximum CP coverage and isotropy and 

with nominal nulls coverage in the radiation pattern.  

1.3 Challenges and Research Gaps  

There are many research gaps and associated challenges that must be addressed to 

achieve the aforementioned objectives, presented as follows:  

1. The need exists for an extensive theoretical model that can be explicitly 

employed to satisfy the 3D AiP design requirement.  

2. Accomplishing the bandwidth requirement at multiple bands with an isotropic 

radiation pattern is quite challenging. 

3. Design strategies must be formulated based on the derived theoretical 

conditions to reduce the antenna footprint over the package while fulfilling the 

key design necessities (i.e., isotropy and CP coverage).  

4. Pushing the requirement of simultaneous CP coverage and antenna isotropy, as 

it is not well addressed in the literature.  

5. Undesired nulls must be eliminated from the radiation pattern for a near 

isotropic antenna with CP coverage. Currently, no antenna design over a package 

has been presented in the literature, containing features such as a near isotropic 

pattern with no nulls and a wide CP coverage. 
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1.4 Organization of Thesis 

This thesis is divided into seven chapters, with Chapter 1 serving as the introduction, in 

which the motivation and objectives of the proposed work and its associated challenges 

and research gaps are highlighted.  

In Chapter 2, an extensive literature review is provided that focuses primarily on 

existing near isotropic antennas and antenna design with wide circular polarization 

coverage, independently.  

Chapter 3 is devoted to deriving the theoretical condition for achieving a near isotropic 

radiation pattern with a two and three infinitesimal dipoles model. Several near 

isotropic antennas on the package are designed with the help of derived theoretical 

conditions, and their radiation pattern is presented in this chapter.  

An additively manufactured dual-band GSM antenna for IoT application is discussed in 

Chapter 4, in which a comparison of the measured and estimated performances is 

included to determine the validity of the proposed theoretical model. 

In Chapter 5, the theoretical model of three infinitesimal dipoles presented in Chapter 3 

is further extended to achieve polarization insensitivity. The required phase conditions 

were employed to optimize a wide CP coverage with near isotropy using PSO 

algorithms. Later, a practical near isotropic antenna was designed, and the obtained 

measured performance is presented in this chapter.  
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Chapter 6 addresses the design of a fully circular polarized AiP for some special wireless 

sensor networks that could tolerate the nulls in the radiation pattern. Using the additive 

manufacturing process, with the conditions from the theoretical model analysis, the AiP 

design is simulated, fabricated, and measured.  

Chapter 7 provides some concluding remarks and the future scope of the proposed 

research.  
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Chapter 2: Background and Literature Review 

As mentioned in Chapter 1, this thesis aims to develop design strategies for the wire 

antennas on 3D packages with an isotropic radiation pattern and a large CP coverage 

using additive manufacturing processes. This includes deriving the necessary 

mathematical conditions to achieve a near isotropic radiation pattern, followed by its 

design, simulation, fabrication, and characterization. To provide vital insights, a 

summary of the state-of-the-art developments for near isotropic antennas and wider CP 

coverage for the Internet of Things (IoT) applications is presented in this chapter. A brief 

discussion on antenna fundamentals, such as radiation pattern, polarization, mutual 

coupling and manufacturing techniques, are included here, followed by a 

comprehensive literature review of the concerned research domain. The overall 

discussion focuses on the design considerations for achieving a near isotropic pattern 

and circular polarization and their characterization schemes. The research gaps for 

highlighting the possible research directions with the framework of the proposed thesis 

are well identified later in this chapter.  

2.1 Antenna Basics: Definition and Parameters [33] 

2.1.1 Antenna Radiation Pattern: Isotropy  

An antenna is defined as a metallic device that can transmit or receive electromagnetic 

waves. This transmission/reception capability of an antenna is typically expressed in 

terms of space coordinates. For instance, a graphical representation of the radiated 
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electromagnetic energy by an antenna over the constant radius surface is defined as its 

radiation pattern. One important figure-of-merit that describes the radiation pattern is 

directivity (D), which is defined as “the ratio of the radiation intensity (U) in a given 

direction from the antenna to the radiation intensity averaged over all directions (U0 

)”[33]. It is inscribed in a mathematical form as follows:  

                                                                                𝐷 =
𝑈

𝑈𝑜
=

4𝜋𝑈

𝑃𝑟𝑎𝑑
                                            (2.1.1.1) 

  

where Prad is the average power radiated by an antenna (radiated power), which can be 

written as 

𝑃𝑟𝑎𝑑 = 𝑃𝑎𝑣 = ∯ 𝑾𝑟𝑎𝑑 ∙ 𝑑𝒔
 

𝑆
                                  (2.1.1.2) 

   

The average power density is written as  

                                                                       𝑊𝑟𝑎𝑑 =
1

2
𝑅𝑒(𝑬 × 𝑯∗)                                       (2.1.1.3) 

Similarly, another useful measure describing antenna performance is the gain (G), which 

is closely related to the directivity and is defined in the literature as follows: 

                                                                 𝐺 = 𝑒𝑐𝑑𝐷                                                   (2.1.1.4) 

where 𝑒𝑐𝑑 = 𝑒𝑐𝑒𝑑 is the total antenna radiation efficiency.  

As discussed earlier, IoT applications require all-direction coverage from the devices, in 

which the antenna’s isotropic radiation pattern is critical. It is well known that the 

isotropic radiator/antenna is a theoretical source of electromagnetic waves that 

radiates the same intensity of radiation in all directions. Though the concept is useful for 
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theoretical analysis, it is difficult to achieve perfect isotropy in the radiation pattern 

using a practical antenna. As an alternative, near isotropic antennas are utilized that do 

not have perfect isotropic radiation patterns but almost radiate in all directions with 

some gain variation in the radiation pattern. Two parameters are often used to describe 

the performance of the near isotropic antenna, namely the antenna gain variation (GV) 

and isotropy integral factor (IF). The gain variation is a qualitative measure of the 

antenna’s isotropy, and an antenna is considered to be isotropic when its gain variation 

is approaching zero [9]. For gain variation in a near isotropic antenna, different values 

are used in literature, varying from 3 to 10.8 dBs [34]-[37]. In this work, we consider a 

threshold 𝑇𝐻𝑖𝑠𝑜 = 7𝑑𝐵, as a gain variation to be the limit for near isotropy, following 

the published work in [37]. It is relatively easier to satisfy the GV limit for a single or 

narrow frequency band of operation. However, for some cutting-edge antenna 

applications, such as wideband, multi-band, or wideband circular polarized (CP) 

antennas, the criterion of the gain variation (i.e., GV < 𝑇𝐻𝑖𝑠𝑜) is rather difficult to 

achieve. Similarly, another way to classify the antenna near isotropy property presented 

in the literature is based on the gain level coverage. In [16], the antenna near isotropy is 

defined as a gain margin that exceeds a specified gain level. 

To best utilize the effective gain margin, the near isotropic definition is modified as 

presented in Eq. (2.1.1.5) by defining an integral parameter 𝐼𝑡ℎ−𝑖𝑠𝑜 for the sum of the 

radiation pattern beam solid angles whose gain is between the peak gain (PG) and 

𝑃𝐺 − 𝑇𝐻𝑖𝑠𝑜 (for example, 𝑇𝐻𝑖𝑠𝑜 is set to be 7 dB), below the PG relative to the closed 
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spherical surface surrounding the antenna. This is a quantitative measure of antenna 

isotropy and can be represented mathematically as Eq. (2.1.1.5) below:       

𝐼𝑡ℎ−𝑖𝑠𝑜 = 100% × ∯
𝑠𝑖𝑛𝜃𝑑𝜃𝑑𝜑

4𝜋

 

𝑆1
 (2.1.1.5) 

The surface S1 is determined by  

S1 such that  𝑃𝐺 − 𝑇ℎ𝑖𝑠𝑜 ≤ 𝐺𝑎𝑖𝑛(𝜃, 𝜑) ≤ 𝑃𝐺. 

Both of these definitions are used in the literature; however, it may be better to use 

both methods in conjunction, as it is somewhat difficult to assess the true nature of the 

isotropy of the radiation pattern through only one method alone. For example, in the 

first method, if one antenna has a 3 dB PG in a certain direction and most of the 

radiation pattern is well below the 7 dB limit, but at a single point in the radiation 

pattern, the minimum gain exceeds -4 dB, this means that the isotropy condition is 

violated. However, based on the overall picture, the radiation pattern has good isotropy, 

and this type of radiation pattern is desirable for IoT applications. In the second 

definition, the antenna might have a deep null for even a 5% coverage over the entire 

sphere, but this will not be well revealed, and it will tell you that 95% of the radiation 

pattern is isotropic. However, this 5% of the null area can be very risky in real 

communication; thus, it is better to describe the isotropy performance by the 

combination of both definitions. For near isotropic antennas, particularly for IoT 

application, two criteria are important: 1) There should be no nulls (the gain should not 

be below -10 dB), and 2) the 𝑇𝐻𝑖𝑠𝑜 GV coverage must be larger than 90%. 



27 
 

2.1.2 Antenna Polarization  

The polarization of an antenna in a given direction is defined as the “direction of the 

electric field vector of the radiating electromagnetic wave.” Precisely, the polarization of 

a wave is comprehensively defined by the trace of the electric field vector locus as a 

function of time. There are three types of wave polarizations: linear, circular, and 

elliptical. If the trace of the electric field vector in the space is always directed along a 

line, it is linearly polarized. Similarly, if the electric field traces an ellipse, then the 

antenna polarization is elliptical in that observation direction. Similarly, if the trace 

draws a circle then it is known as a circularly polarized wave. 

The axial ratio (AR) is a term defined as the ratio of the major axis to its minor axis of a 

trace drawn by the radiated electric field vector. The expression of AR, which takes 

values in the range of 1 ≤ AR ≤ ∞, is given by formula (2.1.2.1) [33]:  

AR = √
|𝐸

𝜃
∑
|
2
+|𝐸𝜑

∑
|
2
+𝐸𝜃,𝜑

√

|𝐸
𝜃
∑
|
2
+|𝐸𝜑

∑
|
2
−𝐸𝜃,𝜑

√
                                                (2.1.2.1.a) 

𝐸𝜃,𝜑
√ = √|𝐸𝜃
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|
4
+ |𝐸𝜑

∑
|
4
+ 2|𝐸𝜃

∑
|
2
|𝐸𝜑

∑
|
2
COS(2∆𝜑)                              (2.1.2.1.b) 

∆𝜑 = arg(𝐸𝜃
∑
) − arg (𝐸𝜑

∑
)                                           (2.1.2.1.c) 

If the AR is smaller than √2  in the linear scale or 3 dB in the dB scale, the wave is 

considered to be circularly polarized. However, we use the reverse of the normal AR 
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(Eq.2.1.2.2) as a label mark for circular polarization, which is more convenient for 

visualizing the circular polarization 3D pattern.  

AR = √
|𝐸𝜃

∑
|
2
+|𝐸𝜑

∑
|
2
−𝐸𝜃,𝜑

√

|𝐸𝜃
∑
|
2
+|𝐸𝜑

∑
|
2
+𝐸𝜃,𝜑

√
                                                   (2.1.2.2) 

The definition could state that the AR value within 1 to 0.707 has 3 dB circular 

polarization for the power condition. For linear polarization, the AR is 0. The value in 

between stands for elliptical polarization. It is noted that the circular polarization can be 

achieved only when the electric field components have the same magnitude, and the 

time-phase difference between them is odd multiples of /2.  

For IoT applications, such as randomly oriented wireless sensor nodes for environmental 

monitoring [6] or localization/tracking modules on the randomly oriented shipment 

boxes, there may be a large polarization mismatch between these randomly oriented 

antennas and the existing infrastructure antennas, such as for GSM or WiFi networks 

(which typically have linearly polarized antennas). Such linearly polarized antennas have 

a high risk of suffering from polarization mismatches if their orientations are random or 

changing. In this case, even if one of the antennas is circularly polarized, the overall 

polarization mismatch loss in the communication link can be reduced. Thus, a CP 

antenna can be useful for a linearly polarized multi-reflection communication link, since 

the CP antenna can help to reduce the polarization losses. 
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In a nutshell, for IoT applications, it is desirable to have orientation-insensitive radiation 

performance by having a near isotropic radiation pattern, and to reduce the polarization 

mismatch, it should have a wide CP coverage. 

Therefore, we have discussed the antenna radiation pattern and antenna polarization 

requirements for IoT devices. Such requirements pose various constraints on a single 

antenna element that is linearly polarized, as it is difficult to obtain a near isotropic 

radiation pattern. As explained, assume that one antenna is purely linearly polarized; 

then, its electric field could be assumed to be a linear vector along any arbitrary 

direction. To simplify the discussion, the vector is considered to be along the X-direction, 

so the electric field will have only an X-direction, with no component in the Y- or Z-

direction.  

                                                                       𝑬 = 𝑎𝑥⃗⃗⃗⃗ 𝐸𝑜                                                     (2.1.2.3) 

Using the spherical coordinate system to present the electric field is achieved as follows: 

          𝐸𝑟 = sin𝜃cos𝜑𝐸𝑜                                            (2.1.2.4.a) 

𝐸𝜃 = cos𝜃cos𝜑𝐸𝑜                                            (2.1.2.4.b) 

𝐸𝜑 = −sin𝜑𝐸𝑜                                                 (2.1.2.4.c) 

Therefore, for the electric field in any direction (,𝜑), the meridional Eθ and azimuthal Eφ 

appearing in Eq.(2.1.2.4) have multiple  time-phase differences. Thus, the wave is 

linearly polarized.  
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The magnetic field for this wave is  

                                                                       𝑯 = 𝑎𝑦⃗⃗⃗⃗ 𝐻𝑜                                                       (2.1.2.5)  

                                                           𝐻𝑟 = sin𝜃sin𝜑𝐻𝑜                                            (2.1.2.6.a) 

𝐻𝜃 = cos𝜃sin𝜑𝐻𝑜                                            (2.1.2.6.b) 

𝐻𝜑 = −cos𝜑𝐻𝑜                                                (2.1.2.6.c) 

Then, the power density of the antenna radiation could be written as  

                             𝑊𝑟𝑎𝑑 =
1

2
𝑅𝑒(𝑬 × 𝑯∗) = 𝑎𝑧⃗⃗  ⃗𝑊𝑜                                        (2.1.2.7) 

The antenna power is not near isotropic, since there is no power density component 

radiated for the X- and Y-directions, only the Z-direction. 

Another example is an infinitesimal dipole, such as a Z-oriented dipole,  

                                 𝑱𝑧(𝑋, 𝑌, 𝑍) = 𝑚𝑧𝛿(𝑋 − 𝑋𝑧)𝛿(𝑌 − 𝑌𝑧)𝛿(𝑍 − 𝑍𝑧)𝒛𝑜               (2.1.2.8) 

where mz is the dipole moment along the Z-axis, respectively, δ(.) is the Dirac delta-

function, and z0 is the unit vectors along the Z-axis. Its radiation pattern has only a 

meridional component Eθ and zero azimuthal Eφ: 

     𝐸𝜃(𝜃, 𝜑) =
𝑖𝜂𝑘𝑚𝑧

4𝜋
sin𝜃𝑒𝑖𝑘𝑟𝑧

′cos (𝛼𝑧(𝜃,𝜑))                        (2.1.2.9) 
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Thus, in every direction (,𝜑), it is linearly polarized and has a power null at 𝜃 = 0 or . 

This concept verifies that a linearly polarized antenna is not isotropic, since it has large 

nulls at  =
1

2
𝜋.  

2.1.3. Mutual coupling  

Antennas’ performance can be sensitive to the closely placed antennas, so that their 

impedance, radiation pattern and efficiency could be affected. This is termed as mutual 

coupling effect. In IEEE standards[38], the mutual coupling is defined as “Interactions of 

an antenna with one or more other antennas” and the mutual coupling effects are “the 

changes in the radiation pattern and impedance of an antenna due to mutual coupling”. 

Seen from the definition, the mutual coupling is worth discussing during the calculation 

of the total radiation field in the three-orthogonal-dipole model.  

There is a quantitative definition of the mutual coupling given in [39] and [40], 

discussing two situations: one is the emission case and another one is the reception case. 

Passive antennas are supposed to operate in both emission and reception modes, and 

the coupling effects in the two cases are discussed as below: 

For the emission case, antenna 1 is excited with power 𝑃1 and the coupling effect 

introduces a received power 𝑃2 on antenna 2 because of the presence of 𝑃1. The mutual 

coupling coefficient is the ratio of 𝑃2 over 𝑃1. 

𝐶𝑡 =
𝑃2

𝑃1
                                                      (2.1.3.1) 



32 
 

For the reception case, the power 𝑃1 is replaced by received power by antenna 1 from 

an incident field, instead of excitation source (where external field ≠ 0) and 𝑃2 is the 

power received by antenna 2, excluding the incident external field (where external field 

= 0).  

𝐶𝑟 =
𝑃2

𝑃1
                                                      (2.1.3.2) 

From [39], the coupling for emission and reception are given as, 

𝐶𝑡 =
|𝑆21|2

1−|𝑆11|2
                                                       (2.1.3.3) 

𝐶𝑟 =
|𝑆21|2

|1+𝑆11|2
                                                      (2.1.3.4) 

If 𝑆11 = 0 or close to 0, the two coupling coefficients can be considered as equal. For 

example, for well-matched half-wavelength dipoles, the 𝑆11 can be seen as close to 0. 

Thus, the coupling coefficient, in either case, shows no difference. While, for 

infinitesimal or short dipoles, the reflection coefficient of each radiating element is 

larger than 0. As seen from the expressions Eq.(2.1.3.3) and (2.1.3.4), the coupling effect 

is more significant in emission mode than the reception mode, as the denominator of 

the right side of (2.1.3.3) is smaller than the one of (2.1.3.4). So, for the reduction of 

coupling effect, more focus should be on the dominant one, namely the emission mode 

one.  

The effect of mutual coupling, especially for short dipoles (quarter wavelength), has 

been investigated by EM simulator.  
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Table 2.1 The mutual coupling coefficients of two short dipoles placed with different 

spacing: (a) two dipoles closely placed at the common center (b) two orthogonal dipoles 

placed adjacent at the edge (c) two orthogonal dipoles apart from each other along the 

edge 

 
 

 

(a) (b) (c) 

S11=0.990714 

S21=0.000354 

𝐶𝑡 = 6.779 × 10−6 

S11=0.988921 

S21=0.035555 

𝐶𝑡 = 0.0573698 

S11=0.991575 

S21=0.001649 

𝐶𝑡 = 0.000162062 

 

Seen from the Table 2.1, the coupling coefficients of the orthogonal dipoles are smaller 

than 10%. Thus, it is reasonable to ignore the mutual coupling effects to simplify the 

computation for our isotropy and CP estimation.  

2.1.4 System on Package and Antenna in Package Concept [41] 

The evolution of the radio frequency (RF) has changed our daily lives dramatically by 

providing time-efficient communication through multiple wireless products, such as 
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smart mobile phones, localization, navigation assisted by GPS, remote monitoring 

through wireless sensor networks, and so on.  

Furthermore, most electronic devices become space-efficient, benefiting from 

electronics miniaturization, especially integrated circuits (ICs), which have transitioned 

from being bulky in size with only a few discrete elements to the current tiny chip 

containing millions of devices. Two concepts are introduced to further integrate 

electronics functions in a small fashion. One is system on chip (SoP), as “an integrated 

multiple components of a system onto a single chip,” while the other is system in 

package (SiP), as “a functional package that integrates multiple functional chips, 

including processors and memory, into a single package that achieves a completely 

functional system unit” [42]. Previously, the package was a bulky and expensive 

structure that provided only mechanical support from the environment and thermal 

conductivity for cooling proposes. The SoP and SiP concepts make the package 

functional, save on cost, and achieve system-level miniaturization.  

The antenna in package (AiP), or antenna on package (AoP), concept emerges as a 

special part of SiP technology. It emphasizes embedding antennas with transceiver die 

(or dies) [43] and expends to embedding antennas with electronics [6],[37]. It is defined 

as “an antenna that is realized on the package of the driving circuit” [41]. A system on 

package is demonstrated through integration with an AiP on its top part in Figure 2.1. 

Most antennas in package become reliable due to the advanced package technologies. 

The multilayer packaging technologies, such as high-density interconnection (HDI) 



35 
 

packaging [44] and low-temperature cofired ceramic (LTCC) [41], make it possible to 

integrate the antenna inside the package with good performance. The AiP utilization of 

the package as a substrate saves on the cost of materials and the volume of the entire 

system. Another emerging low-cost multiple-layer manufacturing technology—additive 

manufacturing based on printing technologies—provides a good solution for the AiP 

concept. Additive manufacturing helps to customize the package in a shape to house the 

electronics and batteries together, while the latter ones typically have much larger 

dimensions compared with those of the electronics themselves. Moreover, the antenna 

gains flexibility to be designed in a 3D form, and it is easy to adjust based on the 

dimensions of the entire system.  

 

Figure 2.1 SiP with AiP on the top [41] 
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Since, in this thesis, additive manufacturing techniques have been used, in addition to 

the standard printed circuits board (PCB) method, for the fabrication of the antenna 

modules, it is appropriate to briefly introduce the relevant techniques here.  

Printed circuits board: The PCB has conductive traces etched from one or more sheet 

copper layers of a dielectric substrate, which are normally limited in several materials, 

such as FR4 and Rogers. In this method, the antennas are directly created on the PCB 

boards and connected to the circuits.  

Inkjet printing and screen printing: Inkjet printing is a digital image printing achieved by 

jetting the droplets of inks on the substrate in demand. This is an additive 

manufacturing technique for small-size and fine-featured antennas. Screen printing 

utilizes a squeegee to squeeze ink or paste over an open aperture mask to the pattern 

on a dielectric substrate. After the ink or paste dries, the pattern forms after the mask is 

removed. Screen printing is time-efficient for large antenna fabrication, which does not 

require very fine feature resolution.  

3D printing: 3D printing is another additive manufacturing technique that constructs 

three-dimensional structures directly from a 3D model under computer control. State-

of-the-art 3D printers could create a metalized antenna structure, or it could print 

dielectric substrate or dielectric resonator antenna directly.  
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After a summary of the antenna’s important characteristics, a comprehensive literature 

review is conducted on the near isotropic radiation pattern antennas and design 

strategies for obtaining circular polarization.  

2.2. Literature Review 

As discussed earlier, IoT applications require seamless wireless connectivity with 

maximum coverage and minimal antenna footprint [45]. Such stringent requirements 

pose various challenges on the antenna design, particularly when it must achieve 

radiation pattern isotropy at multiple frequency bands or circular polarization. For the 

IoT applications, an isotropic radiation pattern and polarization adaptability are the 

most crucial requirements. Thus, the literature review is performed independently here 

for the three critical aspects. The first concerns the recent developments in near 

isotropic radiation patterns for antennas. The second focuses on achieving wide circular 

polarization coverage. Finally, the third investigates the near isotropy with circular 

polarization, simultaneously. 

2.2.1 Antennas with Near Isotropic Radiation Patterns 

As discussed earlier, the linearly polarized antennas could not achieve a near isotropic 

radiation pattern without special design techniques. Therefore, researchers have 

developed various methods for achieving near isotropic patterns, which are widely 

discussed in the literature. The classical near isotropic models are divided into a few 
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categories: electric dipole and magnetic dipole pair, electric dipole group, and magnetic 

dipole group.  

This classification is based on the type of radiating elements used—electric or magnetic 

dipoles, or both. Although Babinet’s principle proves that an electric dipole and 

magnetic dipole exhibit similar behavior when being used as a radiator [33], the 

implementation of the radiating elements might not be the same for a variety of 

applications. For instance, the traditional electric dipole has a few variations, such as a 

monopole, dipole, or any piece of metal with current passing through it. Meanwhile, a 

magnetic dipole could be realized by using slots, a dielectric resonator, a loop, or a 

cavity. There are three categorizations for achieving a near isotropic radiation pattern. 

First is the combination of an electric dipole and a magnetic dipole with a 90 deg phase 

shift [46]. Some works reported emulating such conditions using a dielectric resonator 

[47], split-ring resonator [48]-[50], loop loaded dipole antenna [51], or a shorted patch 

[34]. The first category (i.e., the combination of an electric dipole and magnetic dipole) 

is verified through mathematical models in [36] and [46], and it is established that a 

near isotropic antenna can be designed using this method. Another categorization is 

based on two or multiple electric dipoles to achieve a near isotropic radiation pattern. 

There are a few papers that mention this method in conjunction with using four 

monopoles, two dipoles, or meandered wire antenna [52]-[54]. Similarly, some works 

have used two or multiple magnetic dipoles for near isotropic radiation pattern 

[55],[56].  
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In 1975, Dr. Long discussed a combination model for linear and slot antennas [46], as 

presented in Figure 2.2 (a). This vertical dipole and two horizontal slot system is referred 

to as a “monopole slot” and achieves 2.1 dB GV isotropy everywhere throughout the 

entire hemisphere. The critical condition for this model is that the phase between slots 

and dipoles should be 90, and in the paper, the author mentions that the dipoles were 

fed in the typical fashion and that their magnitude and phases could be well controlled. 

One limitation in this work is that the near isotropy is realized in only the hemisphere, 

not the entire sphere. Another limitation is that the monopole is placed perpendicular 

to the plane, which is not suitable for realization on a package. Furthermore, this work 

mentions another combination of dipoles and slots, but the dipoles and slots are parallel 

rather than perpendicular to each other. This provides circular polarization over a wide 

angle, but it has a deep null in the radiation pattern. This aspect is discussed in the 

following section. Yong-Mei’s work [36] on dielectric resonator antennas examines a 

configuration of orthogonal magnetic dipoles along the X-axis and electric dipoles along 

the Y-axis, as illustrated in Figure 2.2 (b). The sources for these units must ensure that 

the radiating fields have the same value for the combined meridional and azimuthal 

components, respectively, and have a  90 phase shift simultaneously, similar to the 

conditions of Long’s model.  
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(a) (b) 

Figure 2.2 Combination model for (a) slots and monopoles [46], © [1975]IEEE (b) 

magnetic and electric dipoles [36] © [2014]IEEE 

As mentioned previously, this common theoretical model could be realized through 

several designs. In Yong-Mei’s works, the dielectric resonator antenna can effectively 

provide current as a magnetic dipole through its specific modes, and the ground acts as 

an electric dipole [36]. Another cylinder resonator antenna [47] implements a similar 

concept, as displayed in Figure 2.3. (b). However, it is not clearly mentioned how the 90 

phase difference between those two radiators was achieved. 
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(a) (b) 

Figure 2.3 Two near isotropic antenna designs employing a dielectric resonator with the 

ground (a) rectangular DRA [36], © [2014]IEEE (b) circular DRA [47] © [2019]IEEE 

Another method to effectively create the magnetic dipoles is to use the loop current for 

such an electric-magnetic combination. The loop could be a classical loop or be realized 

through variations of bent metal traces. The former method is typically represented 

through a split-ring resonator as in [48]-[50], and the latter realization variation is 

demonstrated in [57]-[60]. The split-ring resonator could divide the loop current into 

two mechanisms, namely a magnetic dipole mode and an electric dipole mode, as 

displayed in Figure 2.4. The electric and magnetic mode dipoles can also be realized 

from a shorted patch cavity quasi-TEM mode as shown in Figure 2.5 [34]. Furthermore, 

some works demonstrate the possibility of creating electric dipoles using normal dipole 

main arms and magnetic dipoles through the creation of an inductive loop around the 

feed point or coupling with a defected feeding network, as presented in Figure 2.6 [57]-

[60].     
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(a) 

 

(b) 

Figure 2.4 (a) Split-ring resonator (b) Two types of current, equivalent to one magnetic 

dipole and electric dipole [49] © [2017]IEEE 

 

Figure 2.5 Shorted patch cavity current [34] © [2017]IEEE 

 

 



43 
 

 

 

(a) (b) 

 

 

(c) (d) 

Figure 2.6 Planar near isotropic antennas [57]-[60] © [2005，2008，2013，2014] IEEE 

The field from the patch cavity model can easily be disturbed by adding extra dielectrics 

inside the cavity; however, the inner short pin is difficult to realize in the package 

fabrication. Meanwhile, the other planar structure (i.e., [57]-[60]), including the feed or 
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the ground part, require a large planar space. Moreover, those planar structures are 

difficult to implement in the 3D antenna design. For some special situations, if the 

antenna is oriented on the bottom surface of the device, the radiation can be heavily 

affected by the electronics above it. Therefore, a planar structure is not recommended.  

The method for realizing an isotropic antenna design by using two or multiple magnetic 

dipoles is discussed previously. Qing et al. [55] presented a near isotropic antenna using 

the fractional-order circular sector cavity resonant mode as shown in [55] Figure 2.7. 

This method has a similar problem as that presented in the patch cavity model [34], and 

it is not suitable for implementation as an AiP.  

 

Figure 2.7 Fractional-order circular sector cavity resonant model [55] © [2017]IEEE 

Another near isotropic antenna design utilizes magnetic dipoles, which is effective and 

feasible for an AiP design. A near isotropic AiP design with magnetic dipoles [56] is 

illustrated in Figure 2.8. This mechanism is similar to the method that adapts two or 
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multiple electric dipoles. The slots are fed by a microstrip line under the substrate so 

that their radiating field is not affected by the feedline. However, the slot on the 

package has drawbacks. The large coverage of metallic ground reduces the exposed 

area for sensing, and it might not be preferred for some IoT applications. Another way 

to create magnetic dipoles is by using loops. However, the loop antenna has poor 

efficiency, and it is seldom used for transmitting applications. Therefore, the electric 

dipole approach is a better option.  

 

(a) 
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(b) 

Figure 2.8 Near isotropic slot antenna in package [56] © [2016]IEEE (a) field distribution, 

(b) real antenna model and its microstrip feed 

Several electric-dipole-based methods have been theoretically discussed before, and 

these emphasize that a 90 phase difference should be applied between the two dipoles 

to achieve near isotropy [61]. In [62], orthogonal turnstile dipoles realize a near 

isotropic pattern, presented in Figure 2.9(a), but these structures are not attached to a 

substrate and are fragile, so they are not practical for modern system applications. In 

modern antenna design, the dipoles are fabricated on a planar form [63] as shown in 

Figure 2.9(b), and by bending the dipole arm, a 90 phase difference is generated 

between two orthogonal dipoles. Some planar near isotropic antenna designs [52][53] 

are illustrated in Figure 2.10. Similar to the planar electric and magnetic dipoles 

mentioned previously, these occupy a larger planar area and thus require additional 

space on the PCB board.  
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(a)                                       (b) 

Figure 2.9 Near isotropic antenna using dipoles or monopoles (a) turnstile antenna [62], 

© [2010]IEEE (b) inductively coupled tag antenna [63] © [2007]IEEE 

 

  

(a) (b) 

Figure 2.10 (a) Planar antenna using two crossed dipoles [52], © [2012]IEEE and (b) 

planar antenna using sequential rotated L-shaped monopoles [53] © [2014]IEEE 

To solve the aforementioned problem, a 3D antenna concept can be effective, as it can 

enhance the isotropy in the radiation pattern and the robustness, and it can overcome 
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the problem of interference with the driving electronics and the radiation degradation 

caused by the orientation changes. Such antennas are displayed below in Figure 2.11. 

 

(a)                                                                         

 

(b) 
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(c) 

 

(d) 

Figure 2.11 3D wire antennas on package presented for near isotropy (a) 3D cubic 

antenna for WSNs and RFID applications [11] and its radiation pattern, © [2009]IEEE (b) 

an electrically small spherical tag antenna [54], © [2010]IEEE (c) an inkjet-printed 3D 

antenna [6], (d) an antenna for 3D-printed disposable wireless sensors [37] © [2014]IEEE 

These works [6][11][37][54] are AiP designs in which the antennas take the package as a 

substrate and print metal lines on the surface of the package. Compared with 

conventional PCB antennas, it requires better use of the package volume to obtain the 
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desired radiation pattern without additional PCB boards. These antennas have 

meandered on the package of the system, but they did not derive the conditions for 

wire antennas to achieve near isotropy; furthermore, they did not explain how to 

meander the wire antenna to achieve such conditions. The papers, particularly [37], only 

briefly state that by routing the line, their designs generate two equivalent current 

dipoles along two orthogonal directions to create near isotropy in the radiation pattern. 

However, many questions, such as how long the wire antenna is, which point of the wire 

must meander, how the spacing between the wire segments can be assigned, and how 

the near-isotropy conditions can be achieved, among others, have not been addressed 

in the literature. To summarize, such antennas are listed in Table 2.2 based on their 

performance. 

Table 2.2 Comparison of near isotropic antennas © [2018]IEEE 

#Paper 

Antenna type 

(isotropy 

strategy) 

AiP 

2D 

or 

3D 

Additive 

manufacturing 

Electrical 

length ()* 

Dual-

band 

Bandwidth 

(%) 

Gain 

(dBi) 

[58] 

Bended dipole 

with a double T-

matching 

network 

(electric with 

magnetic 

dipole) 

NO 2D NO 1.17 NO 8.5 NA 

[59] 

Bended dipole 

with inductively 

coupled feeding 

(electric with 

magnetic 

dipole) 

NO 2D NO 0.98 NO 1 -0.04 
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[60] 

Symmetric 

inverted-F 

structure with a 

bent section 

(electric with 

magnetic 

dipole) 

NO 2D NO 0.65 NO 3.2 NA 

[52] 

Two orthogonal 

electric dipoles 

(electric 

dipoles) 

NO 2D NO 0.7 NO 11 1.51 

[53] 

Four L-shaped 

monopoles fed 

by a sequential 

90 phase 

feeding 

network 

(electric 

dipoles) 

NO 2D NO 1 NO 20.82 2 

[36] 

Dielectric 

resonator 

antenna 

(electric with 

magnetic 

dipole) 

NO 3D NO NA NO 7.3 3.7 

[49] 

Folded split-ring 

resonators 

(electric with 

magnetic 

dipole) 

NO 3D NO 0.81 NO 1.8 2.12 

[54] 

Folded on the 

sphere (electric 

dipoles) 

NO 3D NO 0.65 NO 0.77 0.75 

[11] 

Meander wire 

dipole folded on 

the cube 

(electric dipole) 

YES 3D YES 1.36 NO 1.3 0.53 

[6] Meander wire 

dipole folded on 
YES 3D YES 1.5 NO NA -1 
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the cube 

(electric 

dipoles) 

[48] 

Special electric 

and  magnetic 

dipole pair; 

slots loading 

(electric with 

magnetic 

dipole) 

NO 3D NO 0.73 

792MHz 2.8 1.8 

1214MHz 1.8 2.33 

 

The aforementioned near isotropic antennas are designed for a single-band of 

operation, and their polarizations have not been discussed. In addition, the number of 

electric dipoles is limited to two orthogonal directions, which might not be sufficient for 

3D near isotropic antenna design. It has not been shown how to take advantage of the 

third axis by using a 3D structure. Furthermore, by adding the third dipole element, the 

condition for obtaining near isotropy can be relaxed. Most of these antennas have larger 

lengths [6](such as 1 or 1.5); however, these can be considerably shortened while 

maintaining near isotropy. Moreover, the possibility arises to design advanced near-

isotropy antennas, such as having a near isotropic radiation pattern at two different 

frequency bands. Though paper [51] has also presented an interesting design for a loop-

loaded-dipole-based near isotropic antenna, it did not report a fabricated prototype and 

the experimental results, so it has not been included in Table 2.2.  

To summarize, a systematic approach for designing a true 3D near isotropic antenna in a 

package with theoretically derived conditions has not been proposed in the published 
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literature. Moreover, little work has been conducted on dual-band near isotropic AiP 

designs; thus, there is room to provide contributions in this area. The modern AiP design 

must satisfy all the requirements for IoT devices, such as being space-efficient, low-cost, 

and orientation-insensitive.  

2.2.2. Wide Coverage of Circularly Polarized Antennas 

As discussed earlier, although an antenna with near isotropy and uniform polarization is 

desirable for IoT applications, it is theoretically proven that an antenna with radiation 

pattern isotropy and polarization isotropy is difficult to achieve, due to the physics laws 

limitation [18]-[21]. Additionally, in the published works, no antenna with an isotropic 

radiation pattern and full CP coverage has been reported. Most studies aim to achieve 

circular polarization in the boresight without worrying about polarization in other 

directions [64]. If the antenna has circular polarization in the full sphere, its radiation 

pattern is not isotropic and has deep nulls [21]. Some antennas demonstrate 

theoretically full CP coverage with an omnidirectional radiation pattern [22], as 

presented in Figure 2.12(a), or a cardioid radiation pattern [65], as presented in Figure 

2.12(b). In both of these examples, the antennas have deep nulls at certain angles. In 

addition, the turnstile dipoles and slots on the cylinder waveguide are difficult to 

implement on the package. Moreover, the effects of nearby electronics or metallic 

structures have not been discussed for these structures. Furthermore, the antenna 

polarization property is not well studied for times when the antenna obtains a radiation 

pattern near isotropy, and to the best of our knowledge, no AiP design has full CP 
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coverage. Therefore, research gaps continue to exist regarding the optimization of the 

circular polarization coverage of a near isotropic antenna; particularly for 3D AiP design, 

no work appears to be reported in this domain.  

  

(a) (b) 

Figure 2.12 Near isotropic circular polarized antennas (a) circular polarized 

omnidirectional antenna [22], (b) near isotropic circularly polarized antenna for space 

vehicles [65] © [1965]IEEE 

Hence, for IoT antenna design, another integral variable ICP is introduced to quantify 

circular polarization pattern isotropy, similar to the integral factor for radiation pattern 

near isotropy. The sum of the radiation pattern beam solid angles that satisfy the axial 

ratio (AR) in the range of 1 ≤ 𝐴𝑅(𝜃, 𝜑) ≤ √2 relative to the closed spherical surface 

surrounding the antenna is a measure of the radiation pattern CP. This is reflected 

mathematically by the Eq. (2.2.2.1) presented below. 

     𝐼𝐶𝑃 = 100% × ∬
sin𝜃𝑑𝜃𝑑𝜑

4𝜋

 

𝑆2
                                  (2.2.2.1) 

The surface S2 is determined by  
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S2 such that 1 ≤ 𝐴𝑅(𝜃, 𝜑) ≤ √2 
 

Here, a brief literature review is conducted for the circularly polarized antennas.  

The design of circular polarization antennas is challenging, particularly if wider CP 

coverage is required [66]. The theory in [33] proves that an antenna having two 

orthogonal current components with a 90 phase difference could achieve circular 

polarization at the perpendicular direction of the plane parallel to the two current 

components. Additionally, most papers present circularly polarized antennas using such 

a simple model consisting of two orthogonal electric dipoles with a 90 deg phase 

difference [67]. At first glance, this model is a categorization of designing near isotropic 

antennas with two orthogonal electric dipoles. Some of the works support such 

arguments and demonstrate CP antennas formed by two dipoles [64][68] or inverted F 

antennas [69] as shown in Figure 2.13.  

 
 

 

(a) (b) (c) 

Figure 2.13 Circularly polarized antenna (a) crossed dipole antenna for RFID [64], © 

[2014]IEEE (b) W-shaped antenna [68], © [2018]IEEE (c) miniature antenna using an 

inverted F antenna [69] © [2007]IEEE 
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The antenna in [64] uses ellipse wire connections to create a 90-degree phase difference 

between two dipoles like [68], and in [69], it uses a specific feeding network to create 

the 90-degree phase shift between each successive radiating element. This concept is 

similar to the antennas with near isotropic radiation patterns [52][53]. Many papers 

have attempted to achieve isotropy in the radiation pattern and CP at the same time. 

However, their goal is limited to having circular polarization in only a single direction, 

such as boresight; they do not aim for wide-angle CP coverage. Nonetheless, the CP 

coverage performance of a near isotropic antenna has not been well studied.  

Moreover, these reported antennas are planar structures and thus are not suitable for 

AiP applications. It is worth mentioning that no report investigates the conditions for 

simultaneous isotropy in the radiation pattern and wide CP coverage for 3D AiP designs. 

Hence, there is plenty of space in antenna research regarding how to achieve both near 

isotropy in the radiation pattern and maximum CP coverage in the radiation sphere at 

the same time. Therefore, another aim of this thesis is to analyze the relationship 

between the antenna radiation pattern isotropy and CP coverage and provide such 

conditions for a 3D wire AiP.  

2.3 Statement on Contributions: Novelty Aspects  

The theoretical models for near isotropic radiation power patterns are discussed in the 

literature, and many near isotropic antennas have been presented. Most of the 

antennas are either single-band or near isotropic, and most are not suitable for AiP 

implementation. Furthermore, few papers discuss how to design 3D near isotropic wire 
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AiP or how to optimize the near isotropy and circular polarization coverage 

simultaneously. Thus, there is a gap in the literature pertaining to the following. 

1) Dual-band near isotropic antennas with wide impedance bandwidth through properly 

derived theoretical conditions and design strategies, particularly for 3D AiP 

2) Simultaneous optimization of near isotropy in the radiation pattern and wide CP 

coverage, particularly for 3D AiP designs. Therefore, this thesis aims to study the 

aforementioned aspects in detail, as described in the subsequent chapters. 
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Chapter 3: Near Isotropic Radiation Pattern in 3D Antenna 

In this chapter, near isotropy is discussed through the lens of gain variation as stated in 

Chapter 2. Chapter 2 also explained that the near isotropic radiation power pattern has 

a certain threshold gain variation (7dB was used as the threshold value in this thesis) 

and that the whole sphere of the radiation pattern has no nulls. The orthogonal dipoles 

based on theoretical models were employed here to achieve a near isotropic power 

radiation pattern. For theoretical purposes, infinitesimal electric dipoles were utilized on 

the surface of the package. The usage of both two orthogonal dipoles and three 

orthogonal dipoles based on models was investigated in this work. The two-orthogonal-

dipole model is analyzed only for planar structures. The three-dipole model, which is 

more suitable for the 3D architecture system, has more flexible phase conditions 

compared to its two-dipole counterpart. After deriving the phase conditions for the 

three-dipole arrangement, a simple wire antenna was designed on a 3D package to 

verify the theoretical phase conditions through an assessment of the near isotropy in 

the radiation pattern. As a proof of concept, two single-band near isotropic 3D AiP, at a 

900 MHz GSM band and a 2.4 GHz ISM band, are presented in this chapter. The 2.4 GHz 

antenna was prototyped, and the measured results follow the simulation results closely, 

confirming that the theoretical framework can be utilized to design near isotropic 

antennas.  
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3.1 Antenna Synthesis Methods  

There are several methods to synthesize antennas’ radiation patterns, such as the 

Schelkunoff polynomial method, the Fourier transform method, and the Woodward-

Lawson method. These methods depend on the derivations of each radiating unit’s 

radiation properties and on the space factors or array factors. For example, the Fourier 

transform method starts from the desired radiation pattern and uses inverse 

transformation to determine the distribution and phase information of the excitation 

source. In [70], the aperture antenna source could be determined using the inverse 

Hankel transform. This method is not convenient for wire antenna-on-package design 

because the aperture on the package surface is complicated and it is difficult to perform 

a three-dimensional Fourier transformation. 

Unlike the traditional synthesis methods discussed above, a more straightforward 

method can be employed to obtain near isotropic radiation patterns wherein a 

combination of simple radiating elements such as infinitesimal electric dipoles or 

magnetic dipoles. This approach is much easier than traditional methods, particularly for 

the 3D wire AiP designs that aim for near isotropic radiation patterns. Based on the field 

properties of these basic antenna elements, the summation of the fields from the 

individual elements is required to satisfy the radiation pattern requirements. The 

coefficient, or weight, and the relative phase of each radiating element are the 

conditions or the solutions for the synthesis problem. The proposed theoretical model 
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and the associated phase conditions required to obtain isotropy in radiation patterns 

are discussed in detail in the following section.  

3.1 Theoretical Model  

As discussed in Chapter 2, two basic radiating units, namely infinitesimal electric dipoles 

and magnetic dipoles, have been successfully used before to create near isotropic 

antennas. In general, antennas can be viewed as a combination of multiple current-

carrying segments, and the distinct radiation characteristics of such segments can be 

superposed to obtain the resultant radiated fields. It is a reasonable assumption to use 

infinitesimal electric dipoles to model the short segments of the wire antennas, and this 

method is suitable for the antenna-on-package design. The infinitesimal electric dipoles’ 

field expressions are derived, and a two-orthogonal-electric-dipole model is then 

analyzed, which normally fits for a planar distributed current in the literature. 

Subsequently, a theoretical model based on the three-orthogonal-electric-dipole units 

at the origin is presented.   

3.1.1 Infinitesimal Electric Dipoles  

To begin with the modeling of a current segment, as has been previously mentioned, an 

infinitesimal electric dipole is taken as a starting point, and the far-field expressions are 

then calculated through auxiliary functions. All the dipoles are placed at the origin along 

the three orthogonal axes. Because the far-zone magnetic field is orthogonal to the 

electric field and form TEM mode according to their fixed relation, the antenna 
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performance can be analyzed by the electric field expression. Hence, the infinitesimal 

dipole electric field results are derived as shown below. 

The current density Jx of the X-axis-oriented electric dipoles located at the point Px (Xx, 

Yx, Zx; in Figure 3.1) is given as follows: 

 

Figure 3.1 Electric dipole along the X-direction 

𝑱𝑥(𝑋, 𝑌, 𝑍) = 𝑚𝑥𝛿(𝑋 − 𝑋𝑥)𝛿(𝑌 − 𝑌𝑥)𝛿(𝑍 − 𝑍𝑥)𝒙𝑜          (3.1.1.1) 

Where mx is the moments of the dipoles along the X-axis, δ(x) is the Dirac delta-

function; x0 is the unit vector along the X-axis. 

The field of such a source could be solved using a two-step procedure. Since the source 

is only an electric current without magnetic current, the electric vector potential 

function F is zero. To find A, expression shown in Eq.(3.1.1.2) can be utilized.  

𝑨(𝑥, 𝑦, 𝑧) =
𝜂𝑘

4𝜋𝑟
∫ 𝑱(𝑥′, 𝑦′, 𝑧′)

𝑒−𝑖𝑘𝑅

𝑅
𝑑𝒍′

 

𝑐
                              (3.1.1.2) 
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Where (x,y,z) represents the observation point coordinates, (x’,y’,z’) represents the 

coordinates of the source, R is the distance from any point (x’,y’,z’) on the source to the 

observation point (x,y,z), and path C is along the length of the source.  

For infinitesimal dipole at origin,  

𝑥′ = 𝑦′ = 𝑧′ = 0                                                         (3.1.1.3.a) 

𝑅 = √(𝑥 − 𝑥′)2 + (𝑦 − 𝑦′)2 + (𝑧 − 𝑧′)2 = √𝑥2 + 𝑦2 + 𝑧2 = 𝑟 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡    (3.1.1.3.b) 

𝑑𝒍′ = 𝑑𝒛′
                                                               (3.1.1.3.c) 

𝑨(𝑥, 𝑦, 𝑧) = 𝑎𝑥⃗⃗⃗⃗ 
𝑘𝑚𝑥𝑒−𝑖𝑘𝑟

4𝜋𝑟
∫ 𝑑𝑙′

𝑙/2

−𝑙/2
    (3.1.1.4) 

Which only has X-axis direction:   

𝐴𝑥 =
𝑘𝑚𝑥𝑒−𝑖𝑘𝑟

4𝜋𝑟
                                                      (3.1.1.5.a) 

𝐴𝑧 = 𝐴𝑦 = 0                                                           (3.1.1.5.b) 

The Electric field E can be found by using  

�⃗� = −𝑖𝜔𝐴 − 𝑖
1

𝜔𝜇𝜖
∇(∇ ∙ 𝐴 )             (3.1.1.6) 

The E field is expressed in the far-field zone which is the main focus of our analysis. In 

the far-field zone, the field components are presented in the spherical coordinates 

system. So the magnetic vector potential is transformed from rectangular coordinates to 

spherical coordinates.  

𝐴𝑟 = 𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜑𝐴𝑥                                                      (3.1.1.7.a) 

𝐴𝜃 = 𝑐𝑜𝑠𝜃𝑐𝑜𝑠𝜑𝐴𝑥                                                     (3.1.1.7.b) 
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𝐴𝜑 = −𝑠𝑖𝑛𝜑𝐴𝑥                                                          (3.1.1.7.c) 

So the electric field E could be found with J=0, 

�⃗� = −𝑖𝜔𝐴 − 𝑖
1

𝜔𝜇𝜖
∇(∇ ∙ 𝐴 )                                              (3.1.1.8) 

�⃗� = 𝑎𝑟⃗⃗⃗⃗ 𝐸𝑟 + 𝑎𝜃⃗⃗ ⃗⃗ 𝐸𝜃 + 𝑎𝜑⃗⃗⃗⃗  ⃗𝐸𝜑                                             (3.1.1.9) 

Which give,  

𝐸𝑟 = 2𝜂𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜑
𝑚𝑥𝑒−𝑖𝑘𝑟

4𝜋𝑟2 (1 +
1

𝑖𝑘𝑟
)                                   (3.1.1.10.a) 

 𝐸𝜃 = −𝑖𝜂𝑐𝑜𝑠𝜃𝑐𝑜𝑠𝜑
𝑘𝑚𝑥𝑒−𝑖𝑘𝑟

4𝜋𝑟
(1 +

1

𝑖𝑘𝑟
−

1

(𝑘𝑟)2
)                       (3.1.1.10.b) 

𝐸𝜑 = 𝑖𝜂𝑠𝑖𝑛𝜑
𝑘𝑚𝑥𝑒−𝑖𝑘𝑟

4𝜋𝑟
(1 +

1

𝑖𝑘𝑟
−

1

(𝑘𝑟)2
)                              (3.1.1.10.c) 

In the far-field, 𝑟 ≫ 1. So that the higher order of 
1

𝑟
 components are neglected.  

The common factor 
𝑒−𝑗𝑘𝑟

𝑟
 is normalized as 1 for a constant observation sphere.  

If the dipole is not at the origin, the radiated field will have a phase difference 

introduced because of the displacement. Thus, the electric dipole along X-axis has the 

meridional Eθ and azimuthal Eφ components with some phase differences from the 

previous expressions in the spherical coordinate system (r, 𝜃, φ). 

 𝐸𝜃(𝜃, 𝜑) = −𝑖𝜂cos𝜃cos𝜑
𝑘𝑚𝑥

4𝜋
𝑒𝑖𝑘𝑟𝑥

′cos (𝛼𝑥(𝜃,𝜑))                   (3.1.1.11.a) 

𝐸𝜑(𝜃, 𝜑) = 𝑖𝜂sin𝜑
𝑘𝑚𝑥

4𝜋
𝑒𝑖𝑘𝑟𝑥

′cos (𝛼𝑥(𝜃,𝜑))                       (3.1.1.11.b) 

Here, the location point and the phase difference of j-oriented dipole in spherical 

coordinates are expressed through spherical components as follow  
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𝑟𝑗
′ = √𝑋𝑗

2 + 𝑌𝑗
2 + 𝑍𝑗

2                                            (3.1.1.12.a) 

cos (cos (𝛼𝑗(𝜃, 𝜑)) = sin𝜃sin𝜃𝑗
′cos (𝜑 − 𝜑𝑗

′) + cos𝜃cos𝜃𝑗
′          (3.1.1.12.b) 

𝜃𝑗
′ = arccos (

𝑍𝑗

𝑟𝑗
′) , 𝜑𝑗

′ = arctan (
𝑌𝑗

𝑋𝑗
)                            (3.1.1.12.c) 

Similarly, the current density Jy of the Y-axis-oriented electric dipoles located at the 

point Py (Xy, Yy, Zy) is shown in Figure 3.2.  

 

Figure 3.2 Electric dipole along the Y-direction 

It is expressed as follows:  

                                        𝑱𝑦(𝑋, 𝑌, 𝑍) = 𝑚𝑦𝛿(𝑋 − 𝑋𝑦)𝛿(𝑌 − 𝑌𝑦)𝛿(𝑍 − 𝑍𝑦)𝒚𝑜         (3.1.1.13) 

In Eq.(3.1.1.13), my represents the moments of the dipoles along the Y-axis, δ() is the 

Dirac delta function, and y0 represents the unit vectors along the Y-axis. The Y-oriented 

dipole has the meridional Eθ and azimuthal Eφ components of the radiation pattern in 

the following form: 

                                           𝐸𝜃(𝜃, 𝜑) = −𝑖𝜂cos𝜃sin𝜑
𝑘𝑚𝑦

4𝜋
𝑒𝑖𝑘𝑟𝑦

′cos (𝛼𝑦(𝜃,𝜑))                        (3.1.1.14.a) 
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𝐸𝜑(𝜃, 𝜑) = −𝑖𝜂cos𝜑
𝑘𝑚𝑦

4𝜋
𝑒𝑖𝑘𝑟𝑦

′cos (𝛼𝑦(𝜃,𝜑))                      (3.1.1.14.b) 

The phase created by the displacement of the Y-oriented dipole in spherical coordinates 

is similar to the Eq. (3.1.1.11) through spherical components by replacing the positioning 

information from point Px with that of point Py. 

The third orthogonal dipole Pz (Xz, Yz, Zz) is oriented along the Z-axis, as shown in Figure 

3.3. Although it is mentioned in Chapter 2, the same current density and field 

expressions for Z-direction dipole are presented here for easy references. 

 

Figure 3.3 Electric dipole along the Z-direction 

It has a current density as shown in the expression below. 

     𝑱𝑧(𝑋, 𝑌, 𝑍) = 𝑚𝑧𝛿(𝑋 − 𝑋𝑧)𝛿(𝑌 − 𝑌𝑧)𝛿(𝑍 − 𝑍𝑧)𝒛𝑜              (3.1.1.15) 

In the expression in Eq.(3.1.1.15), mz is the dipole moment, z0 is the unit vector along 

the Z-axis, and it has only the following meridional component:  

                                           𝐸𝜃(𝜃, 𝜑) =
𝑖𝜂𝑘𝑚𝑧

4𝜋
sin𝜃𝑒𝑖𝑘𝑟𝑧

′cos (𝛼𝑧(𝜃,𝜑))                             (3.1.1.16) 
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The Z-oriented dipole in spherical coordinates is similar to the Eq. (3.1.1.11) through 

spherical components by replacing the positioning information from point Px with that 

of point Pz. 

3.1.2 Two-Orthogonal-Dipole Model 

Once the field of infinitesimal dipoles along each axis is calculated, the total electric field 

is the sum of each segment’s individually radiated field. The first model discussed here is 

a composition of two orthogonal elements along the X- and Y-axes, as seen in Figure 3.4.  

 
Figure 3.4 X- and Y-oriented electric dipoles © [2018]IEEE 

Let us assume that the X- and Y-oriented dipoles have a phase shift  and that the 

meridional and azimuthal components of the radiation pattern are given as follows: 

 𝐸𝜃
∑(𝜃, 𝜑) = −𝑖𝜂cos𝜃cos𝜑

𝑘𝑚𝑥

4𝜋
𝑒𝑖𝑘𝑟𝑥

′cos (𝛼𝑥(𝜃,𝜑)) − 𝑖𝜂cos𝜃sin𝜑
𝑘𝑚𝑦

4𝜋
𝑒𝑖𝑘𝑟𝑦

′ cos(𝛼𝑦(𝜃,𝜑))+𝑖𝜓        (3.1.2.1.a) 

𝐸𝜑
∑(𝜃, 𝜑) = 𝑖𝜂sin𝜑

𝑘𝑚𝑥

4𝜋
𝑒𝑖𝑘𝑟𝑥

′cos (𝛼𝑥(𝜃,𝜑)) − 𝑖𝜂cos𝜑
𝑘𝑚𝑦

4𝜋
𝑒𝑖𝑘𝑟𝑦

′ cos(𝛼𝑦(𝜃,𝜑))+𝑖𝜓             (3.1.2.1.b) 
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Furthermore, let us assume that the dipoles’ moments are equal and that they are 

chosen as mx = my = i4π/(ηk) to normalize the meridional and azimuthal components in 

Eq. (3.1.2.1). As a result, Eq.(3.1.2.1) is simplified            

 𝐸𝜃
∑(𝜃, 𝜑) = cos𝜃cos𝜑𝑒𝑖𝑘𝑟𝑥

′cos (𝛼𝑥(𝜃,𝜑)) + cos𝜃sin𝜑𝑒𝑖𝑘𝑟𝑦
′ cos(𝛼𝑦(𝜃,𝜑))+𝑖𝜓        (3.1.2.2.a) 

𝐸𝜑
∑  (𝜃, 𝜑) = −sin𝜑𝑒𝑖𝑘𝑟𝑥

′ cos(𝛼𝑥(𝜃,𝜑)) + cos𝜑𝑒𝑖𝑘𝑟𝑦
′ cos(𝛼𝑦(𝜃,𝜑))+𝑖𝜓                 (3.1.2.2.b) 

To simplify the problem, and because the infinitesimal dipoles are very close for a wire 

AiP, they are assumed to be located at the origin. The phase difference ψ between the 

dipoles can be optimized as follows to determine the most isotropic total radiation 

pattern:     

|𝐸∑  (𝜃, 𝜑)|
2
= |𝐸𝜃

∑  (𝜃, 𝜑)|
2
+ |𝐸𝜑

∑  (𝜃, 𝜑)|
2
                        (3.1.2.3) 

Using Eq. (3.1.2.2) and Eq. (3.1.2.3), the expression for the total radiation pattern can be 

written as shown below. 

|𝐸∑  (𝜃, 𝜑)|
2
= (1 + cos2𝜃 − sin(2𝜑) cos𝜓 + cos2𝜃 sin(2𝜑) cos𝜓)      (3.1.2.4) 

Through careful observation, it is found that when ψ = π/2, Eq.(3.1.2.4) can be simplified 

as follows: 

                         |𝐸∑  (𝜃, 𝜑)|
2
= (1 + cos2𝜃)                                      (3.1.2.5) 
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From Eq. (3.1.2.5), it can be seen that the variation of the total radiation pattern from 

the maximum value to the minimum value is 3dB. At ψ = 0, Eq. (3.1.2.5) can be 

simplified as follows: 

          |𝐸∑  (𝜃, 𝜑)|
2
= (1 + cos2𝜃 − sin(2𝜑) + cos2𝜃 sin(2𝜑))           (3.1.2.6) 

As seen in Eq. (3.1.2.6), a null direction at 𝜃= /2 and   = /4, 5/4 appears in the total 

radiation pattern. Figure 3.5 shows the radiation pattern Eq. (3.1.2.6) for a different ψ at 

the plane  = /4. From this figure, it can be observed that the radiation pattern has 

gain variations of 11.7dB, 8.34dB, and 6.2dB respectively when ψ is 30˚, 45˚, and 60˚.  

 

Figure 3.5 Radiation patterns of two orthogonal electric dipoles © [2018]IEEE 

Thus, when the phase difference is 90˚, the two infinitesimal dipoles achieve a 3 dB gain 

variation in the radiation pattern, which qualifies it as a near- or quasi-isotropic 

radiation pattern. When the phase difference decreases, the gain variation in the 

radiation pattern increases. 
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3.1.3 Three-Orthogonal-Dipole Model 

The three-infinitesimal-dipole model is developed from the two-dipole model by adding 

one more dipole perpendicular to the plane of the two dipoles as shown in Figure 3.6.   

 
Figure 3.6 X-, Y-, and Z-oriented electric dipoles © [2018]IEEE 

After adding the Z-oriented dipole, the normalized electric field of the three-orthogonal-

electric-dipole model is updated as follows: 

 𝐸𝜃
∑  (𝜃, 𝜑) 

= cos𝜃cos𝜑𝑒𝑖𝑘𝑟𝑥
′cos (𝛼𝑥(𝜃,𝜑)) + cos𝜃sin𝜑𝑒𝑖𝑘𝑟𝑦

′ cos(𝛼𝑦(𝜃,𝜑))+𝑖𝜓 − sin𝜃𝑒𝑖𝑘𝑟𝑧
′ cos(𝛼𝑧(𝜃,𝜑))+𝑖𝜓2       (3.1.3.1.a) 

𝐸𝜑
∑  (𝜃, 𝜑) = −sin𝜑𝑒𝑖𝑘𝑟𝑥

′ cos(𝛼𝑥(𝜃,𝜑)) + cos𝜑𝑒𝑖𝑘𝑟𝑦
′ cos(𝛼𝑦(𝜃,𝜑))+𝑖𝜓                   (3.1.3.1.b) 

In Eq. (3.1.3.1), the phase shift between the X- and Y-oriented dipoles and the phase 

shift between the Z- and X-oriented dipoles are assigned as ψ and ψ2 respectively. The 

radiated power is then recalculated as shown in Eq. (3.1.3.2). 

|𝐸∑  (𝜃, 𝜑)|
2
= (2 − sin2𝜃 sin(2𝜑) cos𝜓 

−sin(2𝜃) cos𝜑 cos𝜓2 − sin(2𝜃) sin(𝜑) cos (𝜓 − 𝜓2)                                 (3.1.3.2) 
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It is observed that if ψ = π/2, Eq. (3.1.3.2) can be simplified as shown below in Eq. 

(3.1.3.3).    

|𝐸∑  (𝜃, 𝜑)|
2
= (2 − sin(2𝜃) cos (𝜑 − 𝜓2)                          (3.1.3.3) 

Using Eq.(3.1.3.3), it can be proven that the variation of gain in the total radiation 

pattern is 3 dB on a linear scale and 4.77dB for any phase shift ψ2. If ψ2 = π/2, Eq. 

(3.1.3.3) can be simplified as follows. 

|𝐸∑  (𝜃, 𝜑)|
2
= (2 − sin2𝜃 sin(2𝜑) cos𝜓 − sin(2𝜃) sin𝜑 sin(𝜓)        (3.1.3.4)                  

This is equivalent to the expression shown in Eq. (3.1.3.5). 

|𝐸∑  (𝜃, 𝜑)|
2
= (2 − 2 sin𝜃sin𝜑(sin 𝜃 cos𝜑cos𝜓 − cos 𝜃 sin𝜑 sin𝜓))   (3.1.3.5) 

The factor (sin 𝜃 cos𝜑cos𝜓 − cos 𝜃 sin𝜑 sin𝜓) ranges from (-1,1) so that the total value 

of Eq.(3.1.3.5) varies from 1 to 3, which means that from the maximum to the minimum, 

the variance value is still 4.77dB. 

Hence, if a phase difference between any two dipoles (X- and Y-oriented, Y- and Z-

oriented, or X- and Z-oriented) out of the three dipoles is 90˚, a 4.77 dB gain variation in 

the near isotropic radiation pattern is achieved regardless of the phase of the third 

dipole. The three-dipole model is suitable for a 3D wire antenna-on-package application, 

and it has more flexibility compared to the two-dipole model. Considering the 7dB limit 

for near isotropy in the radiation pattern, the 4.77 dB gain variation achieved from the 
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three-dipole model is well within the limits; thus, this technique can be utilized to design 

near isotropic 3D AiP.  

It must be stated here that the 4.77 dB gain variation achieved with the 3 dipole model 

is not the optimum but it is chosen due to two reasons, 1) the phase conditions are easy 

because we just need 90˚ between any two orthogonal dipoles irrespective of the phase 

for the third dipole so it is relatively easier to implement, and 2) considering the 7 dB 

limit for the near isotropy in radiation pattern, the 4.77 dB gain variation achieved from 

the 3 dipole is very much within the limits. Theoretical analysis has revealed that it is 

possible to achieve a 3 dB gain variation from the 3 dipole model, however this requires 

more complicated phase conditions between all three dipoles. For example, if we can 

have phase differences of 60˚ and 120˚ between X-Y and Y-Z oriented dipoles 

respectively, then a 3 dB gain variation can be achieved. However, as said above, 

realizing these phase conditions is practically more difficult in the feeding arrangement 

of the dipoles, so for this work we have chosen the first option of 90 ˚ phase difference 

between two orthogonal dipoles, irrespective of the phase of the third dipole. 

Nonetheless, this technique can be utilized to design 3D AiP with good near isotropic 

radiation patterns.  

3.1.4 Polarization discussion  

The radiation pattern of the three-infinitesimal-dipole antenna model is near isotropic 

as verified in HFSS under the condition of 90 phase difference.  The polarization for this 
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configuration is worth discussing. As noted, polarization is a function of angles which 

means that the polarization of radiated wave in a certain direction may not be constant.  

For two infinitesimal dipoles at the origin, the E field will be  

 𝐸𝜃
∑  (𝜃, 𝜑) = cos𝜃cos𝜑 + cos𝜃sin𝜑𝑒𝑖𝜓                              (3.1.4.1.a) 

𝐸𝜑
∑  (𝜃, 𝜑) = −sin𝜑 + cos𝜑𝑒𝑖𝜓                                (3.1.4.1.b) 

Where 𝜓=90, 𝑒𝑖𝜓 = 𝑖 

 𝐸𝜃
∑  (𝜃, 𝜑) = cos𝜃cos𝜑 + 𝑖cos𝜃sin𝜑                              (3.1.4.2.a) 

𝐸𝜑
∑  (𝜃, 𝜑) = −sin𝜑 + 𝑖cos𝜑                                (3.1.4.2.b) 

For two certain specific angles, 𝜃 = 0, 𝜃 = 180, the wave is circularly polarized.  

 𝐸𝜃
∑  (𝜃, 𝜑) = cos𝜑 + 𝑖sin𝜑                                         (3.1.4.3.a) 

𝐸𝜑
∑  (𝜃, 𝜑) = −sin𝜑 + 𝑖cos𝜑                                (3.1.4.3.b) 

For the azimuth plane, 𝜃 = 90, the wave is linear polarized.  

 𝐸𝜃
∑  (

𝜋

4
, 𝜑) = 0; 𝐸𝜑

∑  (
𝜋

4
, 𝜑) = −sin𝜑 + 𝑖cos𝜑                              (3.1.4.4) 

As shown in the two directions, the polarization of the two orthogonal electric dipoles is 

not pure over the whole sphere. Some directions are linear polarized and some 

directions are circular polarized.  

For three-infinitesimal-dipole model at the origin, the E field will be  
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 𝐸𝜃
∑  (𝜃, 𝜑) = cos𝜃cos𝜑 + cos𝜃sin𝜑𝑒𝑖𝜓1 − sin𝜃𝑒𝑖𝜓2                    (3.1.4.5.a) 

𝐸𝜑
∑  (𝜃, 𝜑) = −sin𝜑 + cos𝜑𝑒𝑖𝜓1                             (3.1.4.5.b) 

As discussed previously, if any of the phases, 𝜓 or 𝜓2  , equals to 90, the three 

orthogonal dipoles combinations will have near isotropic radiation performance. 

However, the polarization coverage will be affected and the detailed discussion of three 

orthogonal infinitesimal dipoles at origin is provided in Chapter 5. 

3.2 Wire Antenna in Package 

For simplicity, the formulation for the three-dipole model is derived in a vacuum. In the 

real application, there are three differences between the theoretical model discussed 

above and the wire AiP design. The first difference is in the current distribution between 

the ideal and the practical antenna. The dipoles in the theoretical model are ideal 

infinitesimal dipoles, while those in the real wire AiP design have finite lengths. 

However, this difference is not too alarming, as the segments of the wire antenna are 

also much smaller than the wavelength; as a result, the current distribution does not 

significantly vary from that of the infinitesimal dipoles. The second difference is related 

to the spatial phase errors. For the practical AiP design, the antenna segments are 

located away from the origin, while the phase conditions have been drawn as if the 

dipoles were at the origin. However, the differences in the distances between the origin 

and the centers of the short segments of the practical AiP are also small, and thus the 

spatial phase errors can also be neglected. The third variance is the antenna 



74 
 

surroundings. The wire antenna is attached to a dielectric package that has a relative 

permittivity and a loss tangent that are different from the theoretical model, which 

assumes a vacuum or air environment. This is also not a major issue provided that the 

package is thin and that both the phase of each segment and the antenna length could 

be adjusted to satisfy the near isotropic requirements. The following section validates 

whether or not this concept is applicable for designing a wire antenna attached to a thin 

dielectric package. 

3.2.1 Simulation Model of the Three Hertzian Dipoles in a Package 

To verify the wire 3D AiP concept, a model with three Hertzian dipoles in a dielectric 

package was created using Ansys HFSS simulation software, as shown in Figure 3.7.  

 

Figure 3.7 Geometry of three Hertzian dipoles in a package © [2018]IEEE 

The dielectric package dimensions have been arbitrarily selected to be L = 60 mm, W = 

43.6 mm, H = 36 mm, and thickness is 1.6 mm. The width “W” is approximately one 

eighth of the 900 MHz wavelength (333 mm). A 3D printable dielectric material (Vero, 
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relative permittivity εr = 2.8 and loss tangent tanδ = 0.02 at 1 GHz) was selected for the 

realization of the 3D package. The equal magnitude dipoles have a 0˚ phase shift 

between the X- and Z-oriented dipoles and a 90˚ phase shift between the Y- and Z-

oriented dipoles. The simulated results demonstrate a gain variation of 5 dB in the 

radiation pattern, as shown in Figure 3.8. This gain variation is very close to the 

calculated value from Eq. (3.1.3.1). Good agreement is thus achieved between the EM 

simulations and the theoretical calculation in Matlab. Therefore, the prediction from the 

theoretical model that the near isotropic radiation pattern with a 4.7 dB gain variation 

can be achieved if a 90˚ phase shift occurs between any two-axis dipoles (Y and Z, X and 

Y, or X and Z) was verified.  

      

Figure 3.8 Normalized radiation pattern of three Hertzian dipoles in a package 

3.2.2 Practical 3D Wire AiP Design  

Once the behavior of the ideal infinitesimal dipoles on the surface of the package was 

validated, a practical wire antenna was designed on a 3D package (relative permittivity 
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2.8r  and loss tangent tanδ= 0.02) as shown in Figure 3.9. The dielectric package was 

the same size as that mentioned in section 3.2.1. The antenna was designed for the 

GSM 900 band. It is important to note that in the case of infinitesimal dipoles, which 

constitute an ideal antenna, we had the flexibility to feed each dipole independently. 

However, for a practical antenna design with a finite length, there is only one feed 

(shown as point F in the Figure 3.9 and L1 = 44 mm, L2 = 36 mm, L3 = 22 mm, L4 = 27.5 

mm, H = 36 mm, G1 = 15.5 mm, G2 = 6.5 mm). In Figure 3.9, it can be observed that 

segments L1, L2, and L3 are orthogonal to one another and that they have areas with 

normalized current amplitudes of similar values. Each of these areas can be assumed to 

be an electric dipole similar to those explained in the previous sections. Thus, the wire 

antenna (shown in Figure 3.9) can approximately fit the description of the three 

orthogonally oriented dipoles with identical amplitudes. Furthermore, there is a 90˚ 

phase difference between points 1 and 2; therefore, the wire AiP must exhibit a near 

isotropic radiation pattern (as per the conditions derived before). The dimensions L1, L2, 

and L3 affect the antenna current distribution, while the bending of L3 and L4 aids with 

impedance matching as well as with achieving the 90˚ phase difference between points 

1 and 2. The simulated 3D radiation pattern of the wire AiP for the 900 MHz center 

frequency is shown in Figure 3.10.  

The maximum and minimum gain of the wire AiP are 0.4 dBi and -5.3 dBi respectively. 

The gain variation is 5.7 dB, which is 1dB greater than the predicted value of 4.77 dB 

from the three-orthogonal-electric-dipole theoretical model. However, it still qualifies as 
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a near isotropic antenna according to the definition based on the gain variation. The 

radiation pattern has no nulls, and there is 100% near isotropy as per the integral 

definition in Eq. (2.1.1.5) (see Chapter 2). The 1dB variation between the simulations 

and the theoretical model may be caused by the non-idealities introduced by folding the 

antenna segments as well as by the fact that the antenna segments are slightly shifted 

from the origin. The variation could be also attributed to the presence of the small 

ground plane used for feeding the antenna. All of the above factors are not included in 

the theoretical model. Nonetheless, the conditions presented in section 3.2.1 are 

suitable enough to design a 3D wire AiP with decent isotropic behavior.  

 

Figure 3.9 Geometry of a wire AiP and the normalized current distribution on the surface 

of the antenna at 900 MHz © [2018]IEEE 
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Figure 3.10 Radiation pattern of the wire AiP; the maximum and minimum gains are 0.4 

dBi and-5.3 dBi respectively © [2018]IEEE 

3.2.3 WiFi/Bluetooth Low Energy (BLE) AiP  

As demonstrated in the previous section, there is a decent match between the 

simulated and theoretical near isotropic performance of a half-wavelength GSM 

antenna. To have further confidence in the theoretical model, an AiP with a whole 

wavelength was designed in addition to that with a half-wavelength. This second wire 

AiP was designed for 2.4 GHz WiFi/BLE applications. To make it more realistic, a battery 

and PCB were placed inside the package.  

3.2.3.1 WiFi/BLE AiP Simulation Model  

For this antenna, the package had the dimensions (in mm) of L = 60, W = 43.6, and H = 

17. These dimensions were chosen because they are slightly larger than the size of the 

battery and the PCB. Package has the electrical properties to be, relative permittivity 

2.8r  and loss tangent tanδ= 0.02. An asymmetric dipole AiP was designed in Ansys 

HFSS software as shown in Figure 3.11. It was both convenient and effective to simulate 

the flexible customize-sized battery and the circuit’s module as perfect electric 
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conductors, as both of these components had metallic shields. Thus, a gray box inside 

the package models with the dimensions (in mm) L1 = 54mm, W1 = 34mm, and H1 = 

4mm was defined as a perfect conductor to model the electronics and battery as shown 

in Figure 3.11. The detailed dimensions of the antenna are (in mm) L2 = 15, L3 = 23, L4 = 

19, L5 = 18.1, L6 = 11.4, L7 = 10, and L8 = 9. 

 

 
Figure 3.11 WiFi/BLE AiP design © [2018]IEEE 

The length of the entire antenna can be calculated as 96.5 + 15 = 121.5 mm, which is 

almost one wavelength at BLE band (2.4 GHz band has a wavelength of 125 mm). As 

shown in Figure 3.12, the whole wavelength dipole has two current concentrate zones A 

and C, and its current has a phase revise at the minimum point B, which is also the 

center of the dipole. 
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Figure 3.12 Current distribution of an entire wavelength dipole 

It is possible to create a near isotropic antenna by routing the segments to construct 

two current dipoles following the theoretical model. The asymmetric antenna consists 

of two arms: the upward longer arm (bent along the greater vertical walls and the top 

surface of the package) and the shorter arm (planar on the bottom board surface, 

parallel to the battery and the Bluetooth module’s larger face). The length of the 

upward arm of the antenna is 90 mm, and the shorter arm has a length of 19 mm. The 

near isotropic radiation pattern of the asymmetric dipole is formed mainly by the 

segments that are curved upward. The slide arm has a 45˚ angle from the X-axis to 

adjust the distribution of the current segments so that the antenna could achieve a near 

isotropic radiation pattern. The antenna is bent along the end segments L7 and L8 Z-axis 

for matching. By meandering the antenna on the surface of the package—for instance, 

with the tuning at the end and the 45˚ slope—the current of the antenna (as shown in 

Figure 3.13) is maintained with a 72 phase shift between points 1 and 2 and a 60 

phase shift between points 3 and 4. 
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Figure 3.13 Current distribution of the WiFi/BLE AiP © [2018]IEEE 

 

In the two-dipole theoretical model, if two dipoles have a 72 phase shift between 

points 1 and 2, the radiation gain variation will be 4.6dB. If there is a 60 phase shift 

between these points, the radiation variation will be 6dB. Thus, the phase shifts from 

those two pairs out of four dipoles can contribute to a near isotropic radiation pattern. 

It was validated that the AiP obtains a near isotropic radiation pattern with a gain 

variation of 7dB in the simulation as shown in Figure 3.14. The AiP’s maximum and 

minimum gains are 1.90 dB and -5.10 dB respectively. 



82 
 

 

Figure 3.14 Radiation pattern of the WiFi/BLE AiP  

 

3.2.3.2 Additively Manufactured Prototype 

The package was fabricated using a Stratasys Objet260 Connex1 3D printer and a 

propriety “Vero Clear Plus” material (the relative permittivity of this material is 2.8, and 

the loss tangent is 0.02 at 1 GHz). The asymmetric dipole antenna was manually 

fabricated with the metallization component completed by the laser-cut tin and copper 

tape as shown in Figure 3.15. The SMA was connected to the AiP by soldering.  
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Figure 3.15 Fabricated WiFi/BLE antenna © [2018]IEEE 

  

3.2.2.3 Simulated and Measured Results 

The asymmetric AiP’s simulated and measured scattering parameters are shown in 

Figure 3.16. The simulated and measured 10dB impedance matching range from 2.42 – 

2.48 GHz (2.5%) and 2.37 – 2.52GHz (6.2%) respectively. The wide measured bands can 

be from the capacitive loading from the SMA connector. The two supporting metal pins 

are not presented in the HFSS simulation. Moreover, the extra loss bought from the 

connection of the soldering can reduce the scattering parameter level, and this effect is 

not modeled in the simulation.  
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Figure 3.16 S-parameter of the asymmetric dipole AiP © [2018]IEEE 

 

The measured radiation pattern of the AiP at the frequency of 2.45 GHz is shown in 

Figure 3.17. The measured maximum gain was 1.56dBi with a minimum gain of -3.49 dBi 

(gain deviation is 5.05 dB). The AiP had a better near isotropic power radiation pattern 

than the simulation did. A possible explanation for this finding could be the capacitive 

loading by the SMA metallic parts effects on the current distributions and phase on 

those antenna segments.   

 

Figure 3.17 Measured 2D radiation pattern of the AiP at the frequency of 2.45 GHz © 

[2018]IEEE 
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3.3 Conclusion 

The two- and three-infinitesimal-dipole theoretical models for near isotropic power 

radiation pattern antennas are proposed and validated numerically via Matlab; 

subsequently, a few single-band antenna-on-package designs were simulated in a 3D 

EM simulator (HFSS). One WiFi/BLE near isotropic antenna was fabricated and 

measured. The close match between the simulation and the measurements confirms 

the theoretical model’s applicability and verifies that this design practice could be 

utilized for more advanced near isotropic antenna prototyping. However, there is still an 

empty spot for a 3D wire antenna on the package to simultaneously achieve near 

isotropy at dual-bands or wide-circular polarization.   
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Chapter 4: Dual-band Near Isotropic Antenna Design 

In the last chapter, two single-band near isotropic wire AiP designs were presented that 

validated the orthogonal dipole theory. The predictions from the theoretical model 

were verified through EM simulations and through the measured results from the 

fabricated prototype. Keeping in mind modern applications wherein a single antenna is 

sometimes required to operate at dual bands, in this chapter, we extend our work from 

a single-band near isotropic antenna to a dual-band antenna. Maintaining near isotropy 

in a radiation pattern for two bands is much more challenging, and this issue is the focus 

of this chapter. Consistent with our previous work, this antenna is also designed on a 

package for the two GSM bands (i.e., 900 MHz and 1800 MHz). A detailed design 

strategy for achieving a dual-band operation with the required GSM bandwidth for 

practical applications is presented in this chapter. 

4.1. Dual-Band Near Isotropic AiP 

For a dipole antenna, the current on the wire is distributed uniquely according to the 

electromagnetic boundary conditions following the Maxwell equations. Therefore, for a 

wire antenna, current distribution varies as a function of the operational frequency. 

Although it is possible to achieve a near isotropic radiation pattern for dual bands 

simultaneously, it is quite challenging to maintain the desired radiation properties for 

the entire bandwidths of both bands. The design procedure starts with virtually dividing 

a current-carrying element into multiple parts or segments; these segments are then 

meandered in different directions on the package. The corners and the meandering 
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directions are selected so that a 90 phase difference can be achieved between the two 

orthogonal parts, or equivalent two parts out of the total number of segments, with 

significant current strength at one frequency. Simultaneously, at the other intended 

frequency, three orthogonal significant current parts out of the total number of 

segments could achieve a 90 phase difference between any of the two segments. With 

this arrangement, based on the theoretical model prediction, a near isotropic radiation 

pattern (without any nulls) can be achieved.  

From the IoT application perspective, it is preferred to utilize the well-established 

installed infrastructure, such as GSM, to reduce the cost. A GSM band is a good option 

from both a communication perspective and a localization perspective. The allocation of 

GSM bands varies in different regions of the world. In Saudi Arabia, the first GSM band 

operates at 900 MHz with the uplink from 880 MHz to 915 MHz and the downlink from 

925 MHz to 960 MHz. The second band operates at 1800 MHz with the uplink from 

1710.2 MHz to 1784.8 MHz and the downlink from 1805.2 MHz to 1879.8 MHz. Thus, 

the abovementioned bands as well as the associated bandwidths are the targets for the 

AiP design in this chapter. 

4.1.1 Narrowband Dual-band Near isotropic Antenna 

To wrap the wire antenna on the package, researchers typically use longer lengths of 

the antennas [6][11]; however, we have tried to maintain the total length of the 

antenna to be smaller than a wavelength at the higher frequency band. Therefore, when 

the antenna is divided into multiple segments, each segment can be smaller than a 
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quarter-wavelength at both the lower and the higher frequency bands. The current 

distribution is assumed to be almost uniform at the higher concentration part for both 

frequencies. For matching purposes, the antenna is not desired to be very small 

compared to the wavelength. Sufficient electrical length improves the radiation 

efficiency and eases the impedance matching. At a lower frequency (900 MHz), the 

same physical length corresponds to a half-wavelength. 

To verify the dual-band near-isotropy concept, a GSM wire AiP was designed and 

simulated in Ansys HFSS as shown in Figure 4.1. This antenna is a monopole antenna 

with a small ground plane. The antenna is wrapped on the package surface in such a 

fashion that there are multiple orthogonal segments. The package houses the 

electronics as well as the battery. The PCB, which carries the driving IC, is located 

underneath a standard BL-5C Li-Ion battery. In this way, the connection between the 

electronics and the battery is short, which not only reduces the power consumption but 

also makes the package compact. The inclusion of the electronics and the battery in the 

simulation model at an early design stage helps in understanding their influence on the 

antenna radiation performance. This is important because when electronics and a 

battery are placed nearby an antenna, they can significantly influence its performance, 

especially in the case of a relatively small antenna on a compact package. The relatively 

large metallic components in the vicinity of the antenna in particular can disturb the 

antenna field distribution and subsequently disrupt the radiation pattern. For this 

reason, the antenna must be placed as far from the metallic parts as possible; however, 
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there is not much space in the compact package, so the antenna is placed on the outer 

surface of the package. Because the largest part is the battery, it is modeled as a perfect 

electric conductor box (shown in blue color) in the simulation, as shown in Figure 4.1.  

 
Figure 4.1 3D EM model of dual-band wire AiP with embedded battery © [2018]IEEE 

 

To understand the radiation mechanism of the dual-band near isotropic antenna, an 

illustration of the current distribution for both bands is shown in Figure 4.2. As 

previously mentioned, the length is equivalent to a half-wavelength for the lower band 

(900 MHz), so the current distribution maximum occurs at the center; in comparison, 

the antenna length is equivalent to approximately one wavelength at the higher band 

(1800 MHz), so a current reversal is seen in the center. As shown in the figure, the 

antenna is virtually segmented into five pieces, and each piece is smaller than a quarter-

wavelength at both frequencies. The GSM 900 MHz has a wavelength of approximately 

333 mm, and the 1800 MHz wavelength is approximately 167 mm; thus, each segment 
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is approximately one fifth of the wavelength at the higher frequency band and slightly 

smaller than 33 mm in length. The three central segments for the 900 MHz band can be 

considered as individual dipoles that can be orthogonally placed on the package. Here, 

the lengths of these segments are adjusted slightly to obtain the required phase 

conditions. The two segments at either edge of the antenna have lower currents, so 

they do not significantly affect the radiation pattern; however, they can be utilized to 

reach the optimized phase conditions or matching of the antenna. Similarly, the higher 

current segments can be utilized to optimize for a near isotropic pattern for the 1800 

MHz band.  

 

Figure 4.2 Segmentation of a dual-band wire antenna 
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At 900 MHz, a three-dipole model can be implemented for the three segments at the 

center, and for 1800 MHz, a two-dipole model can be utilized to explain the two parts 

aside from the middle point. The length of the antenna is 145 mm, with a ground of 18 

mm. As mentioned above, this length of 163 mm in total corresponds to a half-

wavelength at 900 MHz and one wavelength at 1800 MHz. The half-wavelength linear 

antenna at 900 MHz experiences the maximum distribution of the current at the center. 

It is better to segment the high-current concentration zone into an individual short 

portion and locate it as the middle dipole of the three-orthogonal-dipole model. 

Simultaneously, for one wavelength—namely at 1800 MHz—there is a minimum current 

point that appears at the same segment; here, the current distribution at 900 MHz is the 

maximum. The adjacent segments have three combinations of possibilities for the two 

orthogonal dipole pairs. Hence, achieving a phase shift of or close to 90 between any 

two orthogonal dipoles out of five segments is easier and more convenient compared to 

doing so with only two or three dipoles total. For that purpose, the dimensions of the 

antenna and the package were optimized to be as close as possible to the 90 phase 

difference on both bands. The package had the following dimensions: L = 65 mm, W = 

43.6 mm, and H = 20 mm. The antenna was fed by a lumped port on the inner surface of 

package board B, and the antenna extended to the edge of board A and B and folded to 

the outer side of package board A. After turning twice, the wire folded again at the edge 

of board A and B, and the remaining portion of the wire was located on the outer 

surface of board B. With this orientation, the dual-band wire AiP was optimized with the 

final dimensions L1 = 28 mm, L2 = 12 mm, L3 = 33.6 mm, L4 = 26.5 mm, and W1 = 10 
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mm as shown in Figure 4.1. The final simulated current distributions of the dual-band 

dipole model at 900 MHz and 1800 MHz are shown in Figure 4.3(a) and (b).  

  

(a) (b) 

Figure 4.3 The normalized current distribution on the GSM dual-band AiP (a) at 900 MHz, 

(b) at 1800MHz © [2018]IEEE 

It is important to note that for the dual-band design, reaching an exact 90 phase shift 

between the dipole elements simultaneously for both bands is extremely difficult; 

however, even with a minor deviation from the 90 condition, it is still possible to 

achieve a decent near isotropic pattern. For the present design, at 900 MHz, a phase 

difference of 118 was achieved between points 1 and 2. At the same time, the phase 

difference between points 1 and 3 was 125 at 1800 MHz. The simulated radiation 

patterns at 900 MHz and 1800 MHz are shown in Figure 4.4. The antenna has a 6dB gain 

variation (GV) at 900 MHz with a maximum gain of 0.2dBi, which is close to the 

predicted theoretical value of 5.8dB. However, at 1800 MHz, the simulated gain 

variation is 8.1dB with a maximum gain of 3.2dBi. Although this is slightly above the 

target value, it is still significantly closer than if there were nulls in the radiation pattern. 

The corresponding 7dB near-isotropy integral factor is 100% and 92% over the whole 

sphere at 900 MHz and 1800 MHz respectively.  
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(a) (b) 

Figure 4.4 3D radiation pattern of the dual-band wire AiP at (a) 900 MHz and (b) 1800 

MHz © [2018]IEEE 

The simulated reflection coefficient in Figure 4.5 shows a -10dB impedance bandwidth 

(BW) of 15 MHz and 50 MHz at GSM 900 and 1800 bands respectively. Although the 

antenna is matched at 900 MHz and 1800 MHz, the BW from 883–898 MHz and 1780–

1830 MHz is still not sufficient to cover the allocated GSM spectrum. Therefore, to fit 

the requirements, the narrow BW antenna must be optimized to cover the allocated 

GSM BW. 
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Figure 4.5 Simulated reflection coefficient (S11) of the dual-band wire antenna 

 

4.1.2 Wideband Dual-band Near isotropic Antenna  

As discussed in the previous section, the antenna shown in Figure 4.1 has narrow 

bandwidths at 900 MHz (1.7%) and 1800 MHz (2.8%). However, the bandwidths 

required are 8% at the GSM 900 MHz band (880–960 MHz) and 9.4% at the GSM 1800 

MHz band (1710–1880 MHz). The bandwidth of an antenna can be enhanced by utilizing 

techniques such as introducing slots on the antenna surface to increase the effective 

current path or adding parasitic elements next to the main radiating or fed structure. 

However, the slot technique is difficult to implement in this case, as these slots can act 

as magnetic dipoles that can deteriorate the radiation pattern.  Similarly, parasitic 

elements require additional space and are difficult to optimize for both bands, which is 

not convenient or suitable for our dual-band design on a compact package. To obtain 
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wider bandwidth, the width of the meander's main arm was increased and the ground 

was enlarged compared to the design shown in Figure 4.1. As a result, the package 

length and height were increased somewhat to accommodate these changes. 

Considering the antenna will be tested with coaxial cable, the AiP is termed as antenna 

part and ground part. The former component is connected with a signal from the cable 

and the latter component is connected with the ground cable. The wideband antenna 

has the same orientation as the narrowband antenna: it is also fed on the inner surface 

of package board B and meandered on the outer surface of boards A and B. The ground 

is enlarged to have a greater width, and it also uses the inner surface of board D to 

accommodate.  

This decreases the inductance of the line and increases the overlap between the 

antenna and the ground. Thus, additional capacitance is created, which reduces the 

quality factor Q and improves the impedance-matching bandwidth. Figure 4.6 illustrates 

the geometry of the wide BW dual-band antenna where the total size of the package is 

106.8 x 44 x 42 mm3 with a battery inside the package.  
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Figure 4.6 Different views for the wideband dual-band GSM AiP; A = the red surface, B = 

the yellow surface, C = the blue surface, D = the black surface opposite A, E = the purple 

surface opposite B, F = the green surface opposite C; the antenna length is Ra * pi + L4 - 

W1 + L2 * 2 + L1 + L3 + G1 + G2 – 2 * Rg + Rg * pi / 2 = 0.67λ. © [2018]IEEE 

The final optimized dimensions of the antenna are tabulated in Table 4.1. 

Table 4.1 Parameters of the antenna dimensions (unit: mm) 

L W H Ra Rg L1 L2 W1 L3 L4 G1 G2 

106.8 44 42 15 24 17.3 12 30 13.6 48.8 17 95 

 

The impedance of the narrow-band and wide-band antenna is plotted in Fig. 4.7. As 

seen from the Fig.4.7, the real part impedance is boosted when the antenna has 

expanded ground plane at both bands. Although the total length increases, it is still 

electrically shorter than the ones reported in [6] and [37]. For the wide dual-band 

antenna, the inductance of the wideband antenna is lower than the narrowband case at 

lower bands. It is because of the wider strip width and the parasitic capacitance 
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introduced by the overlapping between the antenna and the ground parts. Besides, the 

reactance part of the impedance at the higher band varies mildly around resonant point. 

With all the changes, the modified antenna can match to 50ohm for a wide bandwidth.   

 

Figure 4.7 Impedance of the dual band antennas 

The enhanced BW for the modified antenna design can be seen in Figure 4.. The BWs for 

the previous design are also depicted in the same plot for comparison. It can be 

observed that the S11 of the wideband antenna is less than -10dB for frequencies 880–

960 MHz (BW is 8%) and 1360–2250 MHz (BW is 48.8%). This enhancement in BWs at 

both GSM bands is sufficient to cover the entire allocated GSM spectrum. 
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Figure 4.8 Reflection coefficient (S11) of the dual-band antennas © [2018]IEEE 

Figure 4. portrays the normalized 2D contour radiation patterns of the wideband 

antenna at frequencies of 900 MHz and 1800 MHz. The simulated maximum and 

minimum gains of the antenna at the 900 MHz band are 1.75dBi and -7.05dBi 

respectively (the gain variation is 8.8dB). At the 1800 MHz band, the calculated 

maximum and minimum gains of the antenna are 3.28dBi and -6.52dBi respectively (the 

gain variation is 9.8dB). This near isotropy in the radiation pattern is somewhat 

deteriorated compared to that of the narrowband antenna design. The most likely 

reason for this is that the wideband antenna has wide segments that differ from both 

the narrow segments of the narrowband antenna design and the thin wire antenna 

concept introduced in the theoretical model. Simulations with various positions of the 

rectangular metallic box demonstrate that the position of the battery inside the package 

does not significantly affect the gain variation of the antenna. This is because the 
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current on the battery’s surfaces is very small. However, the positioning of the battery 

does strongly affect the S11 of the antenna. 

  

(a) (b) 

Figure 4.9 Simulated radiation patterns for the wideband antenna at (a) 900 MHz and 

(b) 1800 MHz © [2018]IEEE 

4.2 Fabrication and Measurements 

4.2.1 Fabrication  

Fabrication of AiP is challenging since it has antenna segments on multiple faces of the 

package and the ground plane is on the two inner faces of the 3D package. A 

combination of 3D printing of the dielectric material (for the package) and screen 

printing of the metal traces (for the antenna and ground) allowed this otherwise difficult 

fabrication to be completed fairly easily [11]. The package was 3D printed in two parts 

(the bottom base and the top box) to facilitate the embedding of the battery inside the 

package. This step was followed by screen printing the corresponding antenna segments 

on these package parts [37]. Finally, the package parts were joined using superglue and 

the conductive components were joined with conductive epoxy to connect the 3D-
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printed package with an integrated antenna. This work utilized the Stratasys Objet260 

Connex1 3D printer as shown in Figure 4.10(a) to create the 3D package structure in two 

pcs; the mask was laser cut using the Universal laser system as shown in Figure 4.10(b). 

This printer has a 30um vertical resolution for a single layer (thickness) and maximum 

print dimensions of 255 x 252 x 200 mm3. The material used in this printer was “Vero 

Black Plus” (a proprietary material from Stratasys). The measured relative permittivity of 

the Vero Black Plus by an impedance analyzer was found to be 2.8 with a loss tangent of 

0.02 at 1 GHz.  

 
 

(a) (b) 

Figure 4.10 (a) Stratasys Objet 260 Connex1 3D printer (b) Universal laser system 

The printing process began with the 3D printing of the package parts. The top box and 

bottom base were printed separately to easily accommodate the battery inside the 

package before they were joined together, as shown in Figure 4.(a). For alignment and 

assembly convenience, four pillars and two holes were created on the edge of the top 
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box. Correspondingly, there were four holes and two pillars created on the bottom base 

for attachment purposes. The 3D-printed package surface was cleaned with sodium 

hydroxide solution (5 g/L). The samples were exposed to UV ozone (360 nm) for 5 

minutes to increase the adhesion of the 3D-printed material surface.  

 

 

(a) (b) 

Figure 4.11 (a) 3D-printed top box and bottom base and (b) the AiP printed on the 

package surfaces © [2018]IEEE 

Next, the antenna segments were screen printed on the 3D-printed package (as shown 

in Figure 4.(b)) according to the steps listed in Figure 4.7. The metalized material is a 

propriety silver paste from LPKF with 0.0007Ω-cm resistivity. Typically, the silver paste 

takes 1 hour to cure at a temperature of 150˚C. To prevent the 3D structure printed 

with Vero Black Plus materials from deforming due to exposure to temperatures above 

80˚C, the screen-printed paste was cured at room temperature for 24 hours. To speed 

up future fabrication procedures, other sintering mechanisms can be explored—for 

instance, using localized curing methods such as photonic sintering, which does not 
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reach a high enough temperature to melt the 3D printing materials. Next, the two 

pieces of the package were assembled using the pillars and holes as well as superglue 

for a stronger connection. The fabricated antenna segments were then electrically 

joined with conductive epoxy (Circuit Works CW2460) at the edges as shown in Figure 4. 

(b). This epoxy has volume resistivity less than 0.001Ω-cm, and it was also cured at room 

temperature for at least 24 hours. 

 

Figure 4.7 Silver ink printed on the 3D-printed material casing board surfaces © [2018] 

IEEE 

It is worth noting that inkjet printing of the antenna segments was also attempted. 

Though it is possible to inkjet print conductive features at a much finer resolution, inkjet 

printing can be time-consuming depending upon the drop spacing, drop volume, and 

available nozzles. Furthermore, multiple trials are necessary to achieve the desired 

thickness of the printed layers. Comparatively, screen printing can achieve a few 

micrometers’ thickness in a single run, controlled by the thickness of the mask, and is 

much faster. 
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4.2.2 Measurements  

The simulated and measured S11 of the wideband dual-band antenna are shown in 

Figure 4.8. From this figure, it can be observed that the measured S11 of the wideband 

antenna is below -10dB for frequencies 886–975 MHz (bandwidth is 9.8%) and 1280–

1900 MHz (bandwidth is 34%). This fulfills the bandwidth requirement for both GSM 

bands. Overall, the simulation and measurements are in good agreement, especially at 

the lower bands.  

 

Figure 4.8 Simulated and measured reflection coefficient of the wideband dual-band 

antenna © [2018]IEEE 

The measured S-parameter is shifted downward compared to the simulation at the 

higher bands. However, slight differences could be attributed to the loading effect of 

the SMA connector and cable (which are not part of the simulation model). Moreover, 

the surface roughness caused by 3D printing techniques is not included in the 

simulation. Another possibility is that the 3D-printed package has slight differences in 
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relative permittivity that vary at different frequencies. All of these factors could lead to 

a significant difference at the higher bands. 

The radiation pattern of the fabricated antenna at frequencies of 900 and 1800 MHz 

were measured in a Satimo StarLab near-field measurement system as shown in Figure 

4.9(a), (b), and (c). The measured maximum gains are 0.90dBi and 1.71dBi at 

frequencies of 900 and 1800 MHz respectively. The gain variations are 8.92dB and 

9.99dB at frequencies of 900 and 1800 MHz respectively. 

 

 

(b) 

 

(a) (c) 

Figure 4.9 (a) Antenna inside the anechoic chamber, (b) measured 3D radiation at 

900MHz, (c) measured 3D radiation at 1800MHz © [2018]IEEE 
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Table 4.2 shows a comparison of the simulated and measured results. The simulated and 

measured results match satisfactorily, except that the measured gains of the antenna 

are 0.8dB and 1.5dB lower than the simulated gain values at the 900 MHz and 1800 MHz 

frequencies respectively. Most likely, there are two factors responsible for this 

difference. First, the corner connections of the conductive segments, formed using the 

conductive epoxy, did not have a good conductivity as was expected from the ideal case 

in simulations. Second, the roughness of the 3D-printed surface varies significantly due 

to the layer-by-layer printing techniques employed by the Stratasys 3D printer. Thus, the 

side wall of the fabricated package is rougher compared to the flat top and bottom 

surfaces. This creates a higher resistance on the antenna segment printed on the side 

wall. Accordingly, antenna gain decreases when the operating frequency increases.  

Table 4.2 Comparison of simulated and measured 3D radiation patterns © [2018]IEEE 

Gain (dB) 
GV 

(dB) 

Maximum 

(dBi) 

Minimum 

(dBi) 

900MHz 
Simulated 8.80 1.75 -7.05 

Measured 8.92 0.90 -7.99 

1800MHz 
Simulated 9.8 3.282 -6.52 

Measured 9.99 1.71 -8.28 

This means that the antenna has more losses at the frequency of 1800 MHz than at the 

frequency of 900 MHz because a higher resistance is experienced by the antenna 

segments printed on the side wall. As shown in Table 4.2, the antenna does have more 

losses at the frequency of 1800 MHz than at the frequency of 900 MHz, as the measured 
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gain at 1800 MHz has a larger difference from the simulated value than does the 900 

MHz gain.  

4.2.3. Discussion on Arbitrary Bands Near-Isotropic Antenna Design 

As shown in the design example, the near isotropic radiation pattern is achieved at dual 

GSM bands, both 900MHz and 1800MHz. These two bands have a harmonic 

relationship, and the folding points are approximately distributed as shown in Fig.4.2 to 

support the current magnitude conditions. The isotropy performance of each of the 

single band has been compromised as it is difficult to tune the phase conditions to exact 

value 90 as required for both the bands simultaneously. The harmonic relationship 

between those operation frequencies also benefits for antenna impedance to be easily 

matched to 50ohm RF circuitry system at both bands.  

 For two arbitrary bands, the near isotropy performance depends on those bands' 

operation frequency relations. Although such antenna has not been designed and 

verified for the near isotropic dual-band concept, it still can be achieved by adjusting the 

folding point positions in some cases. While, in this case, to satisfy the near isotropic 

radiation pattern conditions at both bands, an additional challenge is introduced that 

the current distribution may not be easily adjusted as was the case for the design 

example. For example, the operation frequencies at 900MHz GSM band and 1575MHz 

GPS band, the antenna can be designed at one wavelength of 1575MHz, which is a bit 

longer than half wavelength at 900MHz. According to the boundary conditions, the 

antenna can be designed by following the approximate division points as seen in Fig. 4.2 
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to get closely magnitude current segments. And by adjusting the length at the minimum 

current segments to satisfy the phase condition.  

In another situation, the antenna is set to operate at 900MHz and 1227MHz and it has 

dual-band near isotropy. A length close to the half wavelength of 900MHz can be 

selected and it will not have big difference from that of 1227MHz. There will be three 

dominant segments along with three orthogonal directions. By tuning the length at the 

edge a near isotropic radiation pattern can be achieved. While the performance of near 

isotropy will also be compromised, compared to a single band near-isotropic antenna.  

Besides, the impedance matching for such bands will be difficult and special techniques 

should be used for matching purposes.  

  

4.3 Conclusion 

A novel 3D wideband dual-band AiP fabricated using low-cost screen printing and 3D 

printing technology is presented for the IoT application in this chapter. The wire AiP is 

wrapped to form three dipoles at the lower band and two dipoles at the higher band 

with desired phase shifts. When the phase conditions were matched for near isotropy at 

dual bands, the AiP showed a near isotropic radiation pattern at both bands. The 

measured maximum antenna gains are 0.90dBi and 1.71dBi at frequencies of 900 and 

1800 MHz respectively, with corresponding gain variations of 8.92dB and 9.99dB at 900 

and 1800 MHz respectively. The 10dB impedance bandwidths of the additively 

manufactured antenna are 89 MHz and 620 MHz at the GSM 900 and GSM 1800 bands 
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respectively, which demonstrate good agreement with the simulated results. However, 

the gains at operation frequencies are lower than those in the simulation expectations. 

From a design perspective, the advanced method used to adjust the phase conditions of 

each current segment can be developed to achieve phase shift conditions closer to 

those required by the theoretical model. From the fabrication perspective, further 

improvements can be made by using higher conductive metallic epoxy to glue the 

connection components of the AiP together. In addition, prepare the 3D printed the 

package in sixes different boards horizontally other than vertically so that the surface 

will be flatter and smoother and the AiP will suffer less from the surface roughness.   
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Chapter 5: Near Isotropic Antenna with Wide CP Coverage 

In previous Chapters, 2 and 3 infinitesimal dipole models were employed to realize near 

isotropic antennas for single and dual-band operation. However, for IoT applications, 

the concurrent realization of isotropy with circular polarization can be beneficial. A 

number of emerging applications can benefit from an antenna which has a near istropic 

pattern as well as wide CP coverage. An example can be the environmental monitoring 

devices, like wireless sensor nodes, as these devices are intended to be randomly 

placed, for example through a UAV, and they need to communicate with each other as 

well as preinstalled infrastructure such as GSM/Zigbee base stations. An example of 

such IoT application is shown in the following paper [37]. Another application can be of 

wireless localization/tracking devices on shipment boxes, which are also randomly 

oriented and CP coverage can help reduce the polarization mismatch. In short, for 

communication between some well stablished infrastructure and severs, such as GSM 

base stations or RFID readers, which most likely have linear polarized antennas, and the 

IoT wireless sensor nodes that are randomly oriented, antennas with near isotropy and 

wide CP coverage in radiation pattern can be beneficial.  

Many antenna types such as quadrifilar helix antenna or similar can have a better CP 

coverage, but they do not have good isotropy in radiation pattern. There are antennas 

reported in the literature which have larger CP coverage [71]-[78]. However, all of them 

have deep nulls (Gain < -20dB) in the radiation patterns which can be undesirable for IoT 

applications. If only a CP antenna needs to be designed without the condition of 
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isotropic radiation pattern, ignoring the nulls in the radiation pattern, larger CP 

coverage can be obtained. It is well known that achieving isotropy and CP coverage in 

radiation pattern simultaneously is extremely difficult, as has been documented in 

classical papers [21]. Our major goal in this work is to optimize the near isotropy in 

radiation pattern (without any nulls) and CP coverage simultaneously for a 3D AiP. To 

the best of our knowledge, there is no work discussing simultaneous isotropy and wide 

CP coverage for 3D AiP. If we look at literature other than AiP concept, there are only 

three papers [64][68][69] that attempt to achieve near isotropic radiation pattern and 

CP simultaneously, but their goal for CP is for a particular direction only (not optimized 

for wide-angle CP coverage). They just show CP for several cuts, for example, =0 or so. 

So even if their CP performances (axial ratio) are good, they are not covering a wider 

angle and area, because single direction optimization of CP is much easier. Moreover, 

the designs reported are planar and thus are not very suitable for AiP concept.  

This chapter studies the polarization behavior of the near isotropic antenna with the 

help of a theoretical model. The half-wavelength dipoles are considered here as basic 

radiating elements as they provide a decent impedance match. Later, Particle Swarm 

Optimization (PSO) scheme has been used to obtain the optimized excitation conditions 

for the 3-dipole model followed by the manufacturing of AiP with simultaneous near-

isotropy and wide circular polarization coverage. We have shown “design guidelines” 

which will help researchers to utilize the theoretical analysis presented in this chapter to 

design a practical antenna which can have a tradeoff between near isotropy and CP 
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coverage. In this work, we have shown how to optimize the overall CP coverage, which 

can be useful for a linearly polarized multi-reflection communication link because the CP 

antenna can help in reducing the polarization losses. 

5.1 Theoretical Model   

In [21], it has been verified that achieving the isotropy in the radiation pattern as well as 

polarization simultaneously is practically impossible. If an antenna has an isotropic 

radiation pattern, then its polarization must be linear at least in one direction. Similarly, 

if an antenna has an isotropic circular polarization, then it will have a null in its radiation 

pattern. While, in [21], constraints were extremely stringent. For isotropy, the 

assumption is made as below,  

𝐸(𝜃, 𝜑) = 𝐸𝑜                                                           (5.1.1) 

where E(,) is the electric field of any (,) angle, and Eo is a constant value. And for 

circular polarization, the assumption is made as below, 

𝐸𝜃(𝜃, 𝜑) = 𝐸𝜑 (𝜃, 𝜑) and ∆𝜙(𝜃, 𝜑) =
𝜋

2
  (5.1.2) 

where E (,) and E (,) are the elevation and azimuthal component respectively at 

any angle(,), and the phase difference between these two is  
𝜋

2
 .  

According to [33], if the axial ratio (AR) is less than 3 dB, it is also termed as circular 

polarization. The relationship for AR has been given in Eq. (2.1.2.1) in Chapter 2. 
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The definition of near-isotropy is vague in the open literature as the ideal isotropy has 

not been achieved yet. In the literature, multiple papers have claimed their antennas as 

quasi/near isotropic based on their gain variation which is ranging from 3 dB in [34], 5 

dB in [36], 7dB in [6] and 10.8dB [35].   

For achieving near isotropic radiation pattern, orthogonal dipoles based models have 

been presented in chapter 2 and 3. It has been shown that whether a pair of orthogonal 

electric and magnetic dipoles is utilized or a pair of orthogonal electric dipoles is 

employed, a gain variation of 3 dB is obtained. Similarly, 3 orthogonal dipoles can also 

provide a gain variation of 3 dB, provided the right phase differences are applied 

between the dipoles, as has been shown in chapter 3.  

From the above, if we look at the conditions for achieving the near isotropic radiation 

pattern, they appear to be relatively easy to achieve and implement. For CP isotropy, 

the initial impression is that the conditions are much more challenging. For example, the 

radiation pattern isotropy cares only about the radiated power level and amplitude 

uniformity and it does not require the specific phase conditions for the meridional and 

azimuthal components at any angle in the far field. Furthermore, the radiation intensity 

is the sum of the square of these two field, so the difference between these two field 

strengths is not critically important. However, for CP, it is required that these two 

components should not have large differences otherwise it will exceed the CP axial ratio 

limit. 
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A simple model for fully circular polarized antenna design is discussed here which 

utilizes a pair of an electric and magnetic dipole in the same direction. For example, the 

electric and magnetic dipole are along Z-axis, then the radiation pattern of the Z-

oriented electric dipole has only a meridional component, as shown in Eq.(5.1.3).  

 , sin .
4

zi km
E


  


                                                        (5.1.3) 

And the radiation pattern of Z-oriented magnetic dipole has an azimuthal component, 

as shown in Eq.(5.1.4). 

 , sin .
4

zi km
E


  


                                                      (5.1.4) 

With proper excitation phase conditions of those two dipoles, perfect circular 

polarization can be achieved within the full sphere. As seen from the formulae, the fully 

circular polarized antenna has a deep null which also verifies the theory in [21]. The 

radiation pattern is shown in Figure 5.1. 
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(a) (b) 

Figure 5.1 Magnetic and electric dipole pair model and its (a) radiation pattern (b) CP 

coverage 

The next step is to see the tradeoff between achieving a near isotropic radiation pattern 

and wide CP coverage simultaneously. In other words, the next is to figure out the 

conditions which enable the best tradeoff between these two very important radiation 

performance parameters. 

The topic of optimization of CP coverage for a near isotropic antenna, (to quantify how 

much the maximum CP coverage can be for a decent near isotropic antenna) has not 

been researched well in the literature, as has been mentioned in the beginning of this 

chapter.  In this chapter, consistent with the previous chapters, we present a three-

dipole model, in which the dipoles are orthogonally placed on a 3D package. The 

excitation phases of the dipoles are optimized through the particle swarm optimization 

(PSO) algorithm to obtain near isotropic radiation pattern as well as wide CP coverage 

simultaneously. A design guideline has been provided, and a design example has been 

shown based on the guidelines. The prototype has been fabricated and measured to 

verify the proposed concept. We first start the theoretical part with two dipole model. 

5.1.1 CP Coverage from Two Infinitesimal Dipoles Model  

In Chapter 3, the far-field of infinitesimal dipoles along X, Y, and Z –axes are presented 

and discussed. It was shown that when the phase difference between them is 90, a 

near isotropic radiation pattern is achieved with 3 dB gain variation. Here, we look at 
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the same model but focus on the CP coverage. The same figures and field expressions 

are presented here for easy references. The two orthogonal dipoles are arbitrarily 

located along the X-axis and Y-axis at the locations, (xx,yx,zx) (xy,yy,zy). The normalized 

meridional Eθ and azimuthal Eφ components of radiation pattern can be written in the 

form Eq.(5.1.1.1), 

 𝐸𝜃
∑(𝜃, 𝜑) = cos𝜃cos𝜑𝑒𝑖𝑘𝑟𝑥

′ cos(𝛼𝑥(𝜃,𝜑)) + cos𝜃sin𝜑𝑒𝑖𝑘𝑟𝑦
′ cos(𝛼𝑦(𝜃,𝜑))+𝑖𝜓        (5.1.1.1.a) 

𝐸𝜑
∑  (𝜃, 𝜑) = −sin𝜑𝑒𝑖𝑘𝑟𝑥

′ cos(𝛼𝑥(𝜃,𝜑)) + cos𝜑𝑒𝑖𝑘𝑟𝑦
′ cos(𝛼𝑦(𝜃,𝜑))+𝑖𝜓             (5.1.1.1.b) 

Here,  is the phase shift between the X- and Y-oriented dipoles. And the location point 

of j-oriented, (j=x,y, or z) dipole in spherical coordinates has been expressed through 

spherical components in previous chapters. It has been copied below for easy reference 

in Eq. (5.1.1.2). 

𝑟𝑗
′ = √𝑋𝑗

2 + 𝑌𝑗
2 + 𝑍𝑗

2                                            (5.1.1.2.a) 

cos (cos (𝛼𝑗(𝜃, 𝜑)) = sin𝜃sin𝜃𝑗
′cos (𝜑 − 𝜑𝑗

′) + cos𝜃cos𝜃𝑗
′          (5.1.1.2.b) 

𝜃𝑗
′ = arccos (

𝑍𝑗

𝑟𝑗
′) , 𝜑𝑗

′ = arctan (
𝑌𝑗

𝑋𝑗
)                            (5.1.1.2.c) 

According to the definition of CP antenna, the antenna circular polarization, right-

handed, left-handed, and the total circular polarization coverage percentage are plotted 

in Figure 5.2. It is obvious that the two orthogonal identical dipoles with 90 phase shift 

perform a circular polarization in the far-field at the broadside, =0.  
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For the simplest scenario, two orthogonal dipoles at origin are considered. The 3 dB 

circular polarization coverage factor is not a monotonous function of the excitation 

phase conditions, as shown in Figure 5.2. The phase conditions have been plotted from 

0 to 180, because from 180 to 360, the trend should be the same but with the 

change in the sense of polarization. The total CP coverage is not significantly high, the 

value is far lower than that of the full CP coverage antenna model (with a pair of electric 

and magnetic dipole in the same direction, as has been mention before). The total 

polarization coverage factor reaches its unique peak to 29.4% when the phase shift is 

equal to 90. At that time, both polarization coverages, Right Hand Circular Polarization 

(RHCP) and Left Hand Circular Polarization (LHCP), are 14.3% each. The RHCP coverage 

curve climbs from zero at =0 to its maximum value of 15.6% at =82. It drops back 

to 0% with  going to 180. Similar behavior is observed for LHCP coverage.  When  

goes from 0 to 92, LHCP coverage also raises and reaches its maximum value of 15.6% 

at the phase shift =98. It vanishes when  reaches to 180. At either (RHCP or LHCP) 

peak case, the level of cross-polarization coverage is 12.3%.  The maximum coverage 

difference between the RHCP and LHCP can be seen at =75 and 105. For =75, the 

dominant polarization is LHCP since LHCP occupies 14% coverage and RHCP occupies 

7.5%. When =105, the RHCP coverage is dominant (14%), while LHCP occupies 7.5%. 

So it can be summarized that, 1) the overall CP coverage is not that great, and 2) it is 

difficult to optimize a particular sense of polarization coverage, either RHCP or LHCP. 
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Figure 5.2 RHCP, LHCP, and total CP far-field zone sphere coverage for the model of two 

orthogonal dipoles 

5.1.2 Three-Infinitesimal-Dipole Model   

It has been shown previously in Chapter 3 how to achieve near isotropic AiP design with 

the help of three orthogonally placed infinitesimal electric dipoles model. In this work, 

we present the three printed electric dipoles model to achieve simultaneous near 

isotropy and wide CP coverage by finding the right phase conditions through PSO. Based 

on the calculated conditions, a practical antenna design with an appropriate feed 

network is also conducted in this work (shown in section 5.2).  

Figure 5.3 shows the three orthogonally placed infinitesimal electric dipoles located 

arbitrarily in the Cartesian coordinate system (X, Y, Z). The current densities Jx, Jy and Jz 

of the electric dipoles oriented along the  X, Y, and Z axes and located at points Px(Xx, Yx, 

Zx), Py(Xy, Yy, Zy), and Pz(Xz, Yz, Zz), respectively are given before in Chapter 3. Their 

current and field expressions are copied here for easy references as follows.  
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𝑱𝑥(𝑋, 𝑌, 𝑍) = 𝑚𝑥𝛿(𝑋 − 𝑋𝑥)𝛿(𝑌 − 𝑌𝑥)𝛿(𝑍 − 𝑍𝑥)𝒙𝑜             (5.1.2.1.a) 

𝑱𝑦(𝑋, 𝑌, 𝑍) = 𝑚𝑦𝛿(𝑋 − 𝑋𝑦)𝛿(𝑌 − 𝑌𝑦)𝛿(𝑍 − 𝑍𝑦)𝒚𝑜            (5.1.2.1.b) 

     𝑱𝑧(𝑋, 𝑌, 𝑍) = 𝑚𝑧𝛿(𝑋 − 𝑋𝑧)𝛿(𝑌 − 𝑌𝑧)𝛿(𝑍 − 𝑍𝑧)𝒛𝑜            (5.1.2.1.c) 

where mx, my and mz are the moments of the dipoles along X-, Y-, and Z- axes, 

respectively, δ(.) is the Dirac delta-function, x0, y0 and z0 are the unit vectors along the 

X-, Y-, and Z- axes. The X- oriented dipole has the elevation Eθ and azimuthal Eφ 

components of the radiation pattern, as shown in Eq.(5.1.2.2).  

 

Figure 5.3 Configuration of X-, Y- and Z- oriented electric dipoles      

                                     

 𝐸𝜃(𝜃, 𝜑) = −𝑖𝜂cos𝜃cos𝜑
𝑘𝑚𝑥

4𝜋
𝑒𝑖𝑘𝑟𝑥

′cos (𝛼𝑥(𝜃,𝜑))                   (5.1.2.2.a) 

𝐸𝜑(𝜃, 𝜑) = 𝑖𝜂sin𝜑
𝑘𝑚𝑥

4𝜋
𝑒𝑖𝑘𝑟𝑥

′cos (𝛼𝑥(𝜃,𝜑))                       (5.1.2.2.b) 

The components of the radiation pattern of the Y- oriented dipole are given in 

Eq.(5.1.2.3).   

                                           𝐸𝜃(𝜃, 𝜑) = −𝑖𝜂cos𝜃sin𝜑
𝑘𝑚𝑦

4𝜋
𝑒𝑖𝑘𝑟𝑦

′cos (𝛼𝑦(𝜃,𝜑))                        (5.1.2.3.a) 

𝐸𝜑(𝜃, 𝜑) = −𝑖𝜂cos𝜑
𝑘𝑚𝑦

4𝜋
𝑒𝑖𝑘𝑟𝑦

′cos (𝛼𝑦(𝜃,𝜑))                      (5.1.2.3.b) 
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The radiation pattern of the Z- oriented dipole has only a meridional component as in 

Eq.(5.1.2.4).  

                            𝐸𝜃(𝜃, 𝜑) =
𝑖𝜂𝑘𝑚𝑧

4𝜋
sin𝜃𝑒𝑖𝑘𝑟𝑧

′cos (𝛼𝑧(𝜃,𝜑))                             (5.1.2.4) 

Where the phase error coming from the j-oriented dipole positions in spherical 

coordinates has been expressed through spherical components before. It has been 

copied below for easy reference. 

𝑟𝑗
′ = √𝑋𝑗

2 + 𝑌𝑗
2 + 𝑍𝑗

2                                            (5.1.2.5.a) 

cos (𝛼𝑗(𝜃, 𝜑)) = sin𝜃sin𝜃𝑗
′cos (𝜑 − 𝜑𝑗

′) + cos𝜃cos𝜃𝑗
′           (5.1.2.5.b) 

𝜃𝑗
′ = arccos (

𝑍𝑗

𝑟𝑗
′) , 𝜑𝑗

′ = arctan (
𝑌𝑗

𝑋𝑗
)                            (5.1.2.5.c) 

We assume that the three orthogonal dipoles have equal moments and choose the 

moment in such a way to normalize the elevation and azimuthal components, i.e.  

mx=my=mz=i4π/(ηk). The X and Y oriented dipoles have a phase shift 1 between them, 

while the X- and Z- oriented dipoles have a phase shift of 2 between them. The 

normalized meridional and azimuthal components of radiation pattern then becomes:  

 𝐸𝜃
∑  (𝜃, 𝜑) 

= cos𝜃cos𝜑𝑒𝑖𝑘𝑟𝑥
′cos (𝛼𝑥(𝜃,𝜑)) + cos𝜃sin𝜑𝑒𝑖𝑘𝑟𝑦

′ cos(𝛼𝑦(𝜃,𝜑))+𝑖𝜓1 − sin𝜃𝑒𝑖𝑘𝑟𝑧
′ cos(𝛼𝑧(𝜃,𝜑))+𝑖𝜓2       (5.1.2.6.a) 
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𝐸𝜑
∑  (𝜃, 𝜑) = −sin𝜑𝑒𝑖𝑘𝑟𝑥

′ cos(𝛼𝑥(𝜃,𝜑)) + cos𝜑𝑒𝑖𝑘𝑟𝑦
′ cos(𝛼𝑦(𝜃,𝜑))+𝑖𝜓1                   (5.1.2.6.b) 

The CP coverage of the far-field zone, as defined previously in part A, and the power 

radiation pattern gain variations are calculated through Matlab by manually sweeping 

the phase difference values 1 and 2. The RHCP and LHCP far-field zone sphere 

coverage and the gain deviation are illustrated in Figure 5.4 to Figure 5.6. To simplify the 

problem and reduce the calculation load, the three dipoles are located at the origin for 

various phase shifts 1 and 2. The three-dipole antenna’s polarization varies from fully 

linear to circular polarized. As shown in Figure 5.4, the RHCP coverage shows a 

maximum when 2 is 300 and 1 is equal to 60. Though, other combinations are also 

possible such as 2 =280 and 1 = 45, however the CP coverage percentage is slightly 

lower. Similarly, for LHCP, the maximum appears for 2 =60 and 1 = 120, as shown in 

Figure 5.5.  From Figure 5.4 and Figure 5.5 we can see that a maximum of 28.4% of CP 

coverage can be achieved for either RHCP or LHCP. In Figure 5.6, the gain variations for 

various combinations of 2 and 1 are moderate (within ~12 dBs), with the smallest 

variation of 3dBs for some combinations such as 2 =60 and 1 = 120, or 2 =240 and 

1 = 120. A Sharp peak in gain variation is seen when 1 =0 and 2=0,180, or 360, 

as shown in Figure 5.5. This happens because the three dipoles are almost in phase. For 

the best CP coverage cases (either RHCP or LHCP) and the minimum gain variation of 3 

dB, the level of cross-polarization is only 1%. This analysis with the small electric dipoles 

are a good starting point. However, these dipoles are not practically realizable antenna 

combination due to the difficulty developing a feeding system that matches the 
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transmission feed line as well as due to dipoles low radiation efficiency. This means that 

the model of the three small dipoles has to be extended to dipoles with practically 

realizable lengths. Also, the manual sweep method is not time efficient particularly for 

the dipoles which have finite lengths and are placed in arbitrary locations. 

 
Figure 5.4 RHCP far-field zone sphere coverage for the model of three dipoles 

 
Figure 5.5 LHCP far-field zone sphere coverage for the model of three dipoles 
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Figure 5.6 Isotropy of the model of three dipoles 

5.1.3 Three-Half-Wavelength-Dipole Model   

As mentioned in the previous section, dipoles with decent finite lengths must be 

incorporated in the model for practical antenna design. For this work, it is preferred that 

matching network (stubs, etc.) are not employed, because the metallic lines of the 

matching network may influence the radiated fields. To simplify the matching problem, 

half-wavelength dipoles can be utilized here, because theoretically, the real part of the 

impedance for a half-wavelength dipole is 73 Ohm which is relatively easy to match with 

the typical 50-Ohm transmission systems. However, for a half-wavelength dipole, 

contrary to the small dipole, uniform current distribution assumption can no longer be 

used, rather a sinusoidal distribution must be incorporated in the model.  

Then the current densities for the half-wavelength dipoles along  X-, Y-, and Z- axes are 

given by Eq.(5.1.3.1). 
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𝑱𝑥(𝑋, 𝑌, 𝑍) = 𝑚𝑥sin [𝑘(
𝐿

2
− |𝑋𝑥|)]𝛿(𝑌 − 𝑌𝑥)𝛿(𝑍 − 𝑍𝑥)𝒙𝑜             (5.1.3.1.a) 

𝑱𝑦(𝑋, 𝑌, 𝑍) = 𝑚𝑦𝛿(𝑋 − 𝑋𝑦)sin [𝑘(
𝐿

2
− |𝑌𝑦|)]𝛿(𝑍 − 𝑍𝑦)𝒚𝑜            (5.1.3.1.b) 

     𝑱𝑧(𝑋, 𝑌, 𝑍) = 𝑚𝑧𝛿(𝑋 − 𝑋𝑧)𝛿(𝑌 − 𝑌𝑧)sin [𝑘(
𝐿

2
− |𝑍𝑧|)]𝒛𝑜            (5.1.3.1.c) 

where L is the total length of the half-wavelength dipole. For the half-wavelength 

dipoles placed along the three axes in the Cartesian coordinate system, the normalized 

fields are given in Eq.(5.1.3.2).   

 𝐸𝜃(𝜃, 𝜑) =
2cos(

𝑘𝐿

2
sin𝜃cos𝜑)

1−sin2𝜃cos2𝜑
cos𝜃cos𝜑𝑒𝑖𝑘𝑟𝑥

′cos (𝛼𝑥(𝜃,𝜑))                   (5.1.3.2.a) 

𝐸𝜑(𝜃, 𝜑) = −
2cos(

𝑘𝐿

2
sin𝜃cos𝜑)

1−sin2𝜃cos2𝜑
sin𝜑𝑒𝑖𝑘𝑟𝑥

′cos (𝛼𝑥(𝜃,𝜑))                     (5.1.3.2.b) 

                          𝐸𝜃(𝜃, 𝜑) =
2cos(

𝑘𝐿

2
sin𝜃sin𝜑)

1−sin2𝜃sin2𝜑
cos𝜃sin𝜑𝑒𝑖𝑘𝑟𝑦

′cos (𝛼𝑦(𝜃,𝜑))                        (5.1.3.2.c) 

𝐸𝜑(𝜃, 𝜑) =
2cos(

𝑘𝐿

2
sin𝜃sin𝜑)

1−sin2𝜃sin2𝜑
cos𝜑𝑒𝑖𝑘𝑟𝑦

′cos (𝛼𝑦(𝜃,𝜑))                      (5.1.3.2.d) 

𝐸𝜃(𝜃, 𝜑) = −
cos(

𝑘𝐿

2
cos𝜃)

sin𝜃
sin𝜃𝑒𝑖𝑘𝑟𝑧

′cos (𝛼𝑧(𝜃,𝜑))                             (5.1.3.2.e) 

Finding the right phase conditions for the half-wavelength dipoles is not easy by 

manually sweeping the phase differences between the dipoles, thus an automated 

optimization routine is required for this purpose.  



124 
 

5.1.4 Particle Swarm Optimization (PSO) 

Particle swarm optimization (PSO) is a population-based evolutionary optimization 

algorithm [79]. This optimization method employs a large number of swarm members to 

record, share, and compare the individual solutions and then iteratively improve the 

candidate solution. It can achieve the optimization target for a relatively smaller number 

of optimization parameters and avoids stagnation at the local optimum point without 

requiring an initial estimation at the start [80]. The PSO flowchart, pertinent to this work, 

is shown in Figure 5.7. The algorithm begins by defining the parameters, the cost 

function, and the optimization boundary. The three parameters, isotropy threshold THiso, 

its isotropy coverage limit Ith-iso, and the minimum gain Gmin, are set by designers for 

their specific environments and requirements. Other than those three customized 

parameters, the excitation phases of the three dipoles are defined as the particle 

positions. Another two important vectors Pbest and Gbest are defined to store the 

intermediate information to generate the new velocity of the particles for the next 

movements. The former keeps the personal best position and lowest cost value of every 

single particle, and the latter stores the global best position and lowest cost among all 

the particles. The velocity of each particle movement is defined as the particle 

movement step, proportional to the difference between its position and the global best 

position. The objective cost function F is defined as the reverse function of the CP 

coverage determined by the antenna radiation model. Then those parameters for a 

swarm of particles are initialized. The initial positions of all the particles are randomly 
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selected, and the initial velocity is zero. The two vectors, Pbest and Gbest, are set to 

have empty position values and infinite large cost values. In the next step, a time-

domain iteration nested with a space domain iteration is performed. The first particle 

position and cost function are filled into its Pbest as the space domain iteration begins. 

The first stop criterion is checked whether the antenna is near isotropic or not, 

depending on the isotropy requirement set up by the user. The near isotropic antenna 

standard is characterized by the Gmin, Thiso, and Ith-iso. IPth-iso is the temporary value that 

represents the particle isotropy integral parameter Ith-iso, and similarly, GP is the 

temporary vector which records the minimum gain across the whole sphere. If IPth-iso > 

Ith-iso, and GP > Gmin, the radiation pattern is near isotropic. Otherwise, another space 

domain iteration is triggered with Particle Index increasing by 1. Once the condition of 

near isotropy is met then it moves forwards to the next step where the antenna CP 

coverage is calculated. After that Pbest and Gbest are updated accordingly. Once the 

space domain iterations are completed, meaning that all the particles' current positions 

and cost values are calculated, the program runs to the next time-domain iteration. 

When the number of time-domain iterations reach the set limit, the required excitation 

phase conditions for 3 dipoles model and the corresponding CP and isotropy coverage 

are obtained. In Matlab, the computation time could be further reduced by a parallel 

computation that realizes the space iteration through matrix operation.   



126 
 

 

Figure 5.7 PSO flowchart  (* IPth-iso>Ith-iso, and GP > Gmin ) 

For practical antenna design, the three half-wavelength dipoles may be placed away 

from each other to minimize the coupling between them, as shown in Figure 5.8. This is 

a complicated optimization problem as compared to the small dipoles at the origin 

because the antennas are electrically large and have been strategically placed on the 

package in an orthogonal fashion. As can be seen in Figure 5.4 and Figure 5.5, multiple 

local peaks may appear in the CP coverage optimization, thus, PSO is a good option for 

this problem because it can easily reach the global maximum to provide phase 

conditions for simultaneously achieving near isotropy and wide CP coverage.  
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Figure 5.8 Configuration of the three off-origin half-wavelength dipoles in the package 

As shown in Figure 5.8, the dipoles are placed on the three orthogonal edges of the 

cubic package with air as the medium. The parameters L=W=H=95mm are the 

dimensions of the cubic package for antenna at 1.57GHz operating frequency. The 

parameters 𝑊𝑑 and 𝐿𝑑 represent the width and total length of the dipoles, respectively. 

The centers of the half-wavelength dipoles are located at (W/2,0,0), (W, L/2, H) and (0, L, 

H/2) along the X-, Y-, and Z- axis respectively. The target of the PSO algorithm is to figure 

out the phase conditions to maximize the CP coverage, while maintaining the radiation 

pattern isotropy higher than isotropy limit 𝐼𝑡ℎ−𝑖𝑠𝑜, as defined in Eq. (2.1.1.5). The 

optimization procedure minimizes a defined cost function that is a reverse function of 

the CP coverage factor in as given by Eq.(5.1.4.1).  

                                                   𝐹 =
1

𝐼𝑐𝑝
                                                        (5.1.4.1) 

The solution is searched within the search-space boundary for good near isotropy that 

satisfies 𝐼𝑃𝑡ℎ−𝑖𝑠𝑜>𝐼𝑡ℎ−𝑖𝑠𝑜, and GP >  Gmin. For example, we set 𝑇𝐻𝑖𝑠𝑜= 7dB and 𝐼𝑡ℎ−𝑖𝑠𝑜= 

90%, Gmin = -10dBs. The optimized phase difference between the X and Y dipoles is 117, 

whereas the phase difference between the X and Z dipoles is 236, with all 3 ports fed 
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with equal power level. The theoretical model in section C calculated by Matlab predicts 

a 98% isotropy and 21.8% CP coverage. For verification, the optimized phase difference 

values from the PSO have been applied to a model in Figure 5.8 operating at 1.57GHz 

utilized in the full-wave EM simulator, Ansys HFSS. The EM simulation results are close 

to the predicted values from the theoretical model as can be seen from Figure 5.9 and 

Figure 5.10, except for some very minor differences. This comparison is a good 

validation of the theoretical model. The 3D package has been kept hollow from inside to 

accommodate the driving electronics, which matches the concept of AiP.  Though not 

shown here, the antenna has been simulated with a metal cube (representative of the 

driving electronics, for example, a PCB with a typical dimension around  


8
∗


8
∗


8
 placed 

either at the corner or the center of the package) and the performance of the AiP 

remains almost stable (around 22% CP coverage). Having said that, if a larger metallic 

structure such as a battery, etc. needs to be placed inside the package then the antenna 

may need to be optimized a bit, as we have shown in the previous Chapter 3 and 4. 
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Figure 5.9 Radiation pattern for three half-wavelength dipoles (a) theoretical model with 

PSO optimization, and (b) HFSS simulation model 

 

Figure 5.10 CP coverage for three half-wavelength dipoles (a) theoretical model with PSO 

optimization (b) HFSS simulation model 

 

5.1.5 Design Guidelines 

To make the design process systematic, a design guideline containing basic steps to 

design near isotropic antenna with wide CP polarization simultaneously is given as 

follows:  
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1. Choose any corner of the package as the Cartesian coordinate system origin. The 

choice of the origin position does not make any difference to the final results. 

2. Locate the three half-wavelength dipoles along the X, Y and Z directions 

respectively on the surface of the package. Note down the center positions of 

the 3 dipoles referred to the origin as jr (j=x, y, or z) in Eq. (5.1.2.5.a).   

3. Use the dipole center positions in Eq. (5.1.2.5.a-5.1.2.5.c) to calculate the spatial 

phase errors (
 cos ,krj j

  
 

  
  ). 

4. Derive the total E-field expressions for the three dipoles through Eq. (5.1.3.2.a-

5.1.3.2.e) using the spatial phase errors calculated in step 3. 

5. The isotropy threshold THiso, its isotropy coverage limit Ith-iso, and the minimum 

gain Gmin can be defined by the readers for their own requirements. In our 

example, we choose THiso =7dB as isotropy threshold, coverage limit Ith-iso = 90%, 

and the Gmin=-10dB. 

6. At this point an optimization method can be used. We have used the PSO 

technique and the guidelines for that have been provided in the flow chart 

(Figure 5.7). Utilize the expressions derived in step 4, along with the reader-

defined isotropy threshold THiso, isotropy coverage limit Ith-iso, and minimum gain 

Gmin from step 5 in the first decision box in Figure 5.7. 
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7. Run the PSO code to get the excitation phase conditions for three half-

wavelength dipoles which leads to the maximum CP coverage under the 

condition defined by the readers. 

8. Design a feeding network that ensures the required phases (calculated in step 7) 

reach the dipoles with equal magnitudes.  

9. Final optimization can now be done for the complete AiP (dipoles with feeding 

network) in an EM simulator. Adjust the feeding network to optimize the 

complete system performance, if needed.  

A design example is shown by following these guidelines, an AiP has been designed, 

simulated, fabricated and measured in the following sections.  

5.2 Practical Antenna Design 

In this section, a practical AiP will be designed based on the design guideline provided in 

last section to verify the concept. Here in our design example, we have set 𝑇𝐻𝑖𝑠𝑜= 7dB 

and 𝐼𝑡ℎ−𝑖𝑠𝑜= 90% as has been discussed in previous sections. After seeing a good match 

between the theoretical model and HFSS simulations in the last section, the next step is 

to design a practical AiP with the appropriate feeding network as illustrated in step 8 

and 9 in the design guidelines to provide the right phases to the three orthogonal 

dipoles. In the previous example, each dipole was fed through an independent lumped 

port during the simulation. It is difficult to realize this feed arrangement for practical 

antenna design as this will either require an individual excitation cable or an individual 
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driving circuit for each dipole. For practical antenna design, it is better to utilize a single 

driving circuit or a feed cable at the antenna input. Other than the practical use, for 

testability as well, three half-wavelength dipoles fed by a single SMA connector is less 

complex and more convenient than three coaxial lines with three baluns to feed the 

dipoles individually. Thus, an appropriate and compact feeding network must be 

designed. Since we feed differential antennas with a single-ended coaxial cable, a balun 

is also required.  

For the final antenna design, a low-loss Rogers® board with a dielectric constant εr=3.3, 

loss tangent tanδ=0.0015 and thickness t=0.762 mm has been chosen as the substrate. 

To feed the three orthogonal dipoles on the cubic package with the correct phases, a 

phase shifter with three parallel output lines has been designed, as shown in Figure 

5.11. Though the feed network has to be implemented on the 3D package, it is initially 

designed on a planar surface such that when folded, all the squares shown in Figure 

5.11 become various faces of the cubic package. Each square in Figure 5.11 has the 

same dimensions as that of an individual side of the package, where L=W=H=95mm. To 

feed the differential antennas, parallel lines have been designed such that one part of 

the line is on the top side of the substrate, whereas the other part is on the bottom side 

shown. This arrangement also helps in minimizing the effect of these lines on dipoles’ 

radiation. The parallel line is designed to be as short as possible to further reduce the 

effects on the radiating field. In Figure 5.12, the red parallel line feeds the X-axis dipole, 

green one feeds the Y-axis dipole and the blue one feeds the Z-axis dipole. The width of 
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the parallel lines determines their characteristic impedance and their lengths determine 

the output port phases. The difference in lengths between the parallel lines provides the 

phase differences between the output ports, which are the key factors affecting the 

antenna performance. The tapered part of the parallel lines helps in impedance 

matching with the dipoles. Once the right phases, according to the theoretical method, 

have been achieved, the individual substrates are folded to form the cube package. 

Simulation results confirm that the folding of the feed network has a negligible effect on 

its planned performance. The feed network connects to a Bazooka balun at the 

intersection point of the three parallel lines to transform the differential signals to the 

single-ended mode for the coaxial cable, as shown in Figure 5.12. Length of the Bazooka 

balun is designed to be quarter wavelength long at 1.57GHz, which is  𝑙𝑏= 28.9 mm.  

 

Figure 5.11 Planar phase shifter (a) top view (b) bottom view 
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Figure 5.12 Three half-wavelength dipoles with feeding network. Antenna 

width=Wd=2mm, anetnna length= Ld=82mm, feeding lines width=Wf=1.2mm, tapered 

section width= from 1.2mm to 0.3 mm, additional phase shift length for Z-axis 

dipole=Lf=47mm 

The three dipoles connected with the feeding network are shown in Figure 5.12, where 

the two dipole’s arms are placed on either side of the substrate, consistent with the 

parallel line layout mentioned above. Despite the precautions taken with the feed 

network, the finite width and lines of the feedline do affect the antenna radiation and 

thus the CP coverage of the antenna with the feeding network is not as good as has 

been predicted from the theoretical model and initial simulations (without the feed 

network). Therefore, the dimensions of the antennas and phase shifters are optimized 

slightly to get good CP coverage. The reoptimized phase difference between the X- and 

Y- dipoles is 88, whereas the phase difference between the X- and Z- dipoles are 276. 

The final dimensions for the antenna and the feed network are given in the caption of 

Figure 5.12. 
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Figure 5.13 Simulated antenna radiation pattern in contour plot 

 

Figure 5.14 Antenna CP coverage at target frequency 

The simulated results for the radiation pattern as well as CP coverage are shown in 

Figure 5.13 and Figure 5.14. It can be calculated from the simulation result that a 7dB 

near isotropy coverage of 92% is achieved which is somewhat lower from the initial 

prediction of 98% but still acceptable given that the initial prediction did not include the 

effects of the feeding network. Further, a CP coverage of 21% is achieved which is 

marginally below the initial prediction of 21.8%. The antenna has a gain of 3 dBi at 1.575 

GHz.  

5.3 Fabrication and Measurements  

The antenna prototype has been created by fabricating six individual faces of the cube 

with the required metallization and then assembling them in the form of a cube, as 

shown in Figure 5.15. Each board is fabricated individually by LPKF using the low-loss 

Rogers® boards, as shown in Figure 5.15(a). The metal traces on the boards are soldered 
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at appropriate junction points to strengthen the metal connection. The bazooka balun is 

fabricated by realizing the sleeve through the copper tape on the coaxial line. The balun 

is then soldered to the parallel traces on the bottom plate. Finally, all the faces of the 

cube are attached with the help of super glue to form the cube. The complete prototype 

is shown in Figure 5.15(b) and (c). 

 

 

(a) (b) 
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(c) 

Figure 5.15 (a) Fabricated six roger boards with metallic patterns for antenna and phase 

shifter, (b) the glued AiP, (c) the AiP with bazooka balun 

The input reflection coefficient of the antenna has been measured through Agilent® 

VNA Keysight N9912A and the results are shown in Figure 5.16. As can be seen from the 

measurement results, the antenna is matched to 50 Ohms from 1.34GHz to 1.81GHz, 

which is quite similar to the simulated bandwidth. Overall, there is a good match 

between the simulation and measurement results. However, there is a slight shift in the 

measured S11 curve (approximately 50 MHz) around the center frequency, which could 

be due to the fabrication tolerances. The other difference is that it is very well-matched 

resonance at 1.52GHz, which does exist but is not that prominent in the simulations. It is 

worth mentioning here that the narrowest parts of the parallel strip line are 0.3mm and 

they have been connected to the bazooka balun through soldering which may have 
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introduced some additional differences. Moreover, the bazooka balun has been 

manually fabricated and it appears that the shorted stub length is not as accurate as has 

been simulated.   

 
Figure 5.16 Measured and simulated S-parameters of the total antenna system 

To obtain the radiation parameters, the proposed antenna is measured in Satimo® 

anechoic chamber, as shown in Figure 5.17 (a). The best isotropy and CP coverage 

performance is observed at 1.52 GHz instead of the center frequency of 1.57 GHz. This 

50 MHz of shift is consistent with the impedance measurements, as described above. 

The measured 3D radiation pattern at 1.52 GHz is shown in Figure 5.17. (b). The 

measured 7 dB isotropy at 1.52 GHz is 92.86%, which is quite close to the simulation 
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results, as can be seen in Table 5.1. The antenna’s measured CP coverage is shown in 

Figure 5.18, with a CP coverage of 17.2% at 1.52GHz. This value is also quite close to 

simulated value at 1.52 GHz, however, it is somewhat lower than the 21% CP coverage 

predicted by simulations at 1.57 GHz. As explained above, this may be due to the 50 

MHz frequency shift observed in measurements. Nonetheless, in simulations, the 

performance is quite similar at 1.52 GHz, which validates the proposed theory and 

design concept.   

It is well known that antennas’ radiation performance gets affected by nearby objects 

and the proposed antenna is not exempted from that. However, if the antenna system is 

smart enough to sense the environment, then the phases of the signals fed to the 

individual elements can be adjusted to reconfigure the radiation pattern accordingly. 

 

 

(a) (b) 

Figure 5.17 (a) Radiation pattern measurement setup in Satimo Chamber (b) the 3D 

radiation pattern 
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Figure 5.18 Measured CP coverage 

Table 5.1 Comparison between simulated and measured results 

 7dB isotropy CP coverage 

Simulation 94.01% 17.3% 

Measurement 92.86% 17.2% 

 

 

5.4 Conclusion 

A combination of three orthogonal dipoles’ model and PSO technique has been utilized 

in this work to design 3D AiP with near isotropic radiation pattern and wide circular 

polarization coverage. Appropriate phase conditions to achieve maximum CP coverage 

and decent isotropy from the theoretical model are then utilized to demonstrate a 

practical AiP. A design guideline is provided for readers to design AiP which can achieve 

maximum CP and isotropy coverage simultaneously. A design example has been 

presented based on the design guidelines. The prototype shows a decent performance 

and matches well with the predicted performance from the theoretical analysis. The 
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methodology presented in this work can be utilized to design and optimize antennas on 

3D packages for future IoT applications.  
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Chapter 6: Fully Circularly Polarized AiP 

In the previous Chapter, we stressed upon the benefits of having isotropy in radiation 

pattern and wide CP coverage for an antenna to be used in a variety of applications, 

where an orientation independent AiP based sensing node could be employed for 

environmental monitoring, or wireless localization/tracking devices on shipment boxes. 

For IoT applications, communication with well-established infrastructures such as GSM 

base stations or RFID readers is the necessity for an IoT device. In the present time, the 

antennas at wireless network infrastructure are most likely to have linear polarization, 

however, IoT wireless sensing nodes may be randomly placed. Antennas with near-

isotropy and wide CP coverage can be beneficial for communication between these 

randomly oriented sensing nodes and the fixed infrastructure. In the previous chapter, 

we have seen that the concurrent realization of isotropy in radiation pattern and wide 

CP coverage for an antenna is extremely difficult as wider CP coverage will lead to deep 

nulls in radiation pattern [71][78]. In the previous chapter, we focused on the tradeoff 

between optimum isotropy in the radiation pattern which is free from nulls and a wide 

CP coverage for a 3D AiP. Though, we got great near isotropy in the radiation pattern, 

the CP coverage achieved because of the tradeoff was not that great.  

In this chapter, we would like to improve the CP coverage along with near isotropy in 

radiation pattern but with more flexibility on the null in the radiation pattern. 

Consistent with the work in the earlier chapters, a theoretical model utilizing three 

dipoles has been used here, albeit with different orientations as compared to the 
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previous work shown in this thesis. The theoretical model is backed by an EM simulation 

model and measured results from a fabricated prototype. 

6.1 Theoretical Model  

6.1.1 Perfect CP Only Model (Electric and Magnetic Dipoles Pair) 

It has been found that a pair of electric and magnetic dipoles can be employed to realize 

an omnidirectional CP coverage antenna with a donut shaped radiation pattern [59]. It is 

assumed here that both the dipoles i.e. electric and magnetic are located at the origin 

and directed towards the Z-axis. The radiated field from electric dipole with electric 

dipole moment pe can be expressed as, 

 𝐸𝜑(𝜃) = −
𝑖𝜂𝑝𝑒𝑘

4𝜋𝑟
sin𝜃                                    (6.1.1.1) 

where  

𝑝𝑒 = 𝐼𝑒𝑙    (6.1.1.2) 
 

Similarly, the radiated field from magnetic dipole with magnetic dipole moment pm can 

be expressed as,  

 𝐸𝜑(𝜃) = −
𝑖𝑝𝑚𝑘

4𝜋𝑟
sin𝜃                                    (6.1.1.3) 

where 

𝑝𝑚 = 𝐼𝑚𝑙                                    (6.1.1.4) 
 

Here, =120π Ω; k=2π/λ; where λ represents the wavelength in free space, and i is the 

imaginary unit. If the electric and magnetic moments are satisfying the condition i.e. 

pe=±ipm/ then Eq.(6.1.1.1) and Eq.(6.1.1.3) can collectively represent a circularly 
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polarized radiated wave. As magnetic dipole doesn't exist in reality, a loop antenna with 

the principle of duality can be used to realize a magnetic dipole along its central axis. Let 

us consider a small loop antenna of radius “a” carrying a constant current Io located 

symmetrically on the XY-plane at Z=0. Such small loop antenna has only azimuth field in 

the far-field and can be expressed as  

    𝐸𝜑(𝜃, 𝜑) =
𝑘2𝑎2𝐼𝑜

4𝑟
sin𝜃                                           (6.1.1.5) 

By properly tuning the current strength and radius dimension of the loop, the 

configuration of an electric dipole and magnetic dipole realized with a loop could 

achieve an omnidirectional circular polarization pattern. To realize electric and magnetic 

dipoles pair, a simple configuration is considered as shown in Figure 6.1, where an 

imaginary loop carrying a constant current density Je in an arbitrary plane parallel to Z-

axis at an angle α is shown with its axial and normal component. Consider a situation 

when three of such current segments are realized appropriately, they can make a virtual 

loop in the horizontal plane i.e. XY-plane and an equivalent electric dipole with a 

superimposition of normal components along the Z-axis.  
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Figure 6.1 (a) A theoretical model of an infinitesimal dipole with a slope (b) The 

theoretical model of the 3-short dipoles 

This configuration of the virtual loop and superimposed electric dipole accomplish the 

necessary condition to generate the CP radiated fields. Let us replace the ideal electric 

and magnetic dipoles with the sloped dipoles, as shown in Figure 6.1(b), where the 

vertical components are along Z- axis and the horizontal components are in the 

azimuthal plane (along the  directions). The latter one is forming an electric current of 

radius a. Here, δ(z) is the Dirac delta function; φ0 and Z0 is the unit azimuthal and axial-



146 
 

vector in the cylindrical coordinates (ρ, φ, z), respectively. The radiation pattern of the 

axial and azimuthal ring current has the following component. 

       𝐸(𝜃, 𝜑) = 𝑖
 𝑘𝑎

2
sin𝜃𝐽0(𝑘𝑎sin𝜃)                                 (6.1.1.6) 

and 

     𝐸𝜑(𝜃, 𝜑) = 
 𝑘𝑎

2
𝐽1(𝑘𝑎sin𝜃)                                  (6.1.1.7) 

respectively. Here, Jn(kasinθ) is the Bessel function of order n and argument kasinθ. Let 

us consider a ring of electric current cos sinz    j j j  , where the current density 

vector is oriented at the angle α to the ring’s plane (Figure 6.1 (a)). The radiation pattern 

of the current jα has the following components:  

                                 𝐸(𝜃, 𝜑) = 𝑖
 𝑘𝑎

2
sin𝜃sinα                             (6.1.1.8.a) 

𝐸𝜑(𝜃, 𝜑) = 
 𝑘𝑎

2
𝐽1(𝑘𝑎sin𝜃)cosα                             (6.1.1.8.b)   

Let us investigate AR for the current jα of radius a=λ/(2π). Figure 6.2 shows AR for 

different angles α. From this figure, we can see that AR > 0.707 for all observation angles 

and, thus, we get 100% of CP coverage when α to be in the range from 28° to 32°. 

Numerical analysis shows that 100% of CP coverage can also be obtained through an 

approximation of the ring current jα by 3 dipoles, which are located on a circle of radius 

a with the period of =120° along the φ-axis (Figure 6.1(b)). It is worth mentioning here 

that the developed theory is for a virtual continuous current loop, which has then been 
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approximated through the three sloped dipoles. The slope angle ‘α’ predicted by the 

theory assumes continuous current in the virtual loop which works well with the smaller 

values of the loop radii, however as the loop radii increases, the approximation of 

continuous current loop through the three sloped dipoles start to deviate somewhat 

and consequently, the ‘α’ values predicted by the theory may also deviate from the 

value that can provide the perfect CP coverage. However, these theoretical values of ‘α’ 

can still be a good starting point for further optimization in numerical simulations. 

 
Figure 6.2 AR for different α values 

 

6.1.2 Infinitesimal Dipoles Model: HFSS Model 

To verify the three sloped dipoles theory, three Hertzian dipoles are placed at (a, 0,0), (-

a/2,a/2*3,0), and (-a/2,-a/2*3,0) as shown in Figure 6.3(a). They have the same slope 

angle as 𝛼 = 30 off from the azimuth plane and the same excitation. 
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(a) (b) (c) 

Figure 6.3 Three-Hertzian-Dipole Model (a) HFSS simulation model (b) CP coverage (c) 

Radiation pattern 

The simulation results in HFSS are shown in Figure 6.3, which demonstrates that the 

three infinitesimal dipoles group has a CP coverage of 100% and the 7dB near isotropy 

integral factor is 92%, validating the theoretical prediction.  

6.1.3 Three-Short-Dipole AiP: HFSS Model  

In the previous section, the concept of the virtual loop has been confirmed with the help 

of EM simulations of the three Hertzian dipoles in Ansys HFSS. In this section, we extend 

this concept to short dipoles which have been realized on a package, as shown in Figure 

6.4. The package is of hexagonal shape and is made of a material with relative 

permittivity 3r  , loss tangent tan 0.005  , and thickness 1 mm. The dipoles are fed 

by lumped ports and the simulated CP coverage for the 3-short dipole model is shown in 

Figure 6.4(b). We have seen before if the slope and length of the dipoles are suitably 

adjusted, CP coverage of the antenna can be improved.  
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Figure 6.4 Three short dipoles in package (a) 3D EM simulation model, and (b) CP 

coverage 

 

Figure 6.5 (a) 3D radiation pattern of three short dipoles and (b) corresponding polar 

radiation plot 

By fine adjustments, the antenna achieves 97 % CP coverage and 92 % isotropy as per 7 

dB GV criteria, as shown in Figure 6.5. The radiation pattern also confirms the presence 

of two deep nulls.  

(a) (b) 

(a) (b) 
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6.2 Practical AiP Design  

6.2.1 Three-Half-Wavelength-Dipole AiP  

For a practical design, half wavelength dipoles are more suitable because of their good 

radiation efficiency and ease in impedance matching. Thus, like the work in Chapter 5, a 

similar study on the three sloped half-wavelength dipoles around the virtual circle is also 

performed in HFSS as shown in Figure 6.6.(a). Each dipole has a conductor width of W1 

=1 mm and the feeding gap of G1=1.414 mm. The simulated dimensions of the dipole 

segments are listed in the following table. 

Table 6.1 Dimensions of the half-wavelength dipoles in the package (unit:mm) 

L1 L2 L3 W1 tin G1 H 

37   21.6   20.3   1      1 1.414 37 
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Figure 6.6 (a) Three half-wavelength dipoles in the package (b) CP coverage, and (c) 

radiation pattern 

It can be seen in Figure 6.6(a) that the dipoles cannot be accommodated on a single face 

of the hexagon package, thus they are bent and extended to the adjacent surface. As 

can be seen from the results of radiation performance, 100% CP can be achieved with a 

near isotropy of 92% in the radiation pattern as shown in Figure 6.6(b) and (c). Both the 

short and half-wavelength dipoles are employing the simple excitation scheme, i.e., by a 

lumped port, however, in the practical scenario, a proper feeding network design should 

be employed to excite the individual dipoles through a common feed point. In the next 

section, the feeding network design is discussed.  

(a) 

(b) (c) 
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6.2.2 Practical AiP Design with Feeding Network  

Compared to the design shown in the previous chapter, the full CP coverage AiP has a 

simple feeding network as shown in Figure 6.7, because the phase conditions of each 

dipole are the same. The feeding network is similar to the one demonstrated in Chapter 

5 and it consists of a bazooka balun made with coaxial cable, a power divider, and three 

parallel feeding lines. As discussed before, the whole antenna structure is fed by a 50-

ohm coaxial cable. The single- ended 50-ohm impedance is transformed to a differential 

100-ohm through the bazooka balun. Thus, the one-to-three dividers will have 300-ohm 

impedance to each output. However, it is difficult to get 300-ohm impedance from a 

half-wavelength dipole, which ideally has an input impedance of 73+43j ohm. So, a 

proper parallel transmission line (Tr-line) should be selected to minimize the reflection 

from those impedance mismatches. A parametric simulation is conducted to investigate 

the relationship between the Tr-line width and its characteristic impedance as listed in 

Table 6.2 with different widths. As expected, the narrower width Tr-lines have higher 

characteristic impedances. Also, parametric simulations have been performed (shown in 

Figure 6.8) to see the effects of widths and lengths on antenna’s input impedance. It is 

seen that the dipole length determines the antenna’s operating frequency, resultantly, 

the length of the half-wavelength dipole is selected as 76 mm. As seen from Figure 6.8, 

the width of the dipole strip does not result in a change of its input impedance, 

therefore, it is selected as 1 mm for ease in printing.  
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Figure 6.7 Tr-line feeding network 

Table 6.2 Parallel Tr-line characteristic impedances vs widths 

Tr-line Width (mm) 0.4 0.7 0.8 1 1.2 1.6 2 

Characteristic 

Impedance (ohm) 
190.5 144.3 132 118.2 103.7 84.4 71.3 
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Figure 6.8 (a) Real part and (b) imagery part of antenna impedance varies with different 

width  

As mentioned before, the antenna length exceeds the maximum dimensions on a single 

side of the package. To fit it on the surface of the package, the dipole is bent at two 

diagonal corners of one single surface. Those two folding points are less than one-

quarter of the points near the edge of the dipoles, which does not change the dipole’s 

(b) 

(a) 
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dominant current density distribution much. After the folding points F1 and F2 as shown 

in Figure 6.9(a), the antenna segments could have different slope rate from the center 

part. By tuning this slope, a full CP coverage is achieved as well as 92% isotropy with 7dB 

GV as shown in Figure 6.9(b) and (c).  

 

Figure 6.9 (a) Three half-wavelength dipoles in the package with feeding network (b) the 

CP coverage (c) 3D radiation pattern 

(a) 

(b) (c) 
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6.3 Fabrication and Measurements 

6.3.1 Fabrication  

The antenna has been fabricated with similar additive manufacturing process which has 

been described in Chapter 4. The only difference is that the antenna has been 

assembled in a different way as shown in Figure 6.10. The package, which is also the 

antenna’s substrate, is divided into four pieces, top, bottom, middle, and sidewall board 

as shown in Figure 6.11 and Figure 6.12. These pieces of the package have been 3D 

printed by Raise 3D Pro2 printer. The metal traces on each piece have been screen 

printed with the help of conductive paste DuPond PE819. The only difference between 

the top and bottom boards is that the bottom part has a hole in the center to let the 

bazooka balun pass through it for accessing the feed network layer. The side walls are 

printed together as a single long rectangular board where multiple grooves have been 

left during the 3D printing process for ease in folding. 
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Figure 6.10 Antenna assembly configuration 

 

Figure 6.11 Three-helix boards (a) top board (b) middle board, and (c) bottom board 

 

Figure 6.12 Sidewall rectangular board 

(a) (b) (c) 
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Figure 6.13 Fabricated four 3D printed boards with metallic patterns for antenna and 

power divider. (a) The top, (b) middle, and (c) bottom boards (d) sidewall board 

The 3D printed prototype is shown in Figure 6.13. For ease of assembly, male-female 

fittings pair have been made on sidewall boards and middle board for ease in alignment 

and placement. The manually made bazooka balun (as shown in Figure 6.14(a)) is 

attached to the middle board (as shown in Figure 6.14(b)), and then the sidewall board 

Figure 6.14(c) are assembled. Finally, the package parts are combined by superglue and 

the conductive parts are joint by conductive epoxy to realize the 3D printed package 

with integrated antenna. The final photos are shown below in Figure 6.14(d). 

(a) (b) (c) 

(d) 
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Figure 6.14 (a) Manually made Bazooka balun (b) middle board connected with balun (c) 

package connected with sidewall (d) completely assembled antenna 

6.3.2 Measurements 

The performance of the prototyped antenna has been measured and its reflection 

coefficient is shown in Figure 6.15. The measured reflection coefficient shows better 

impedance matching performance at 1.5GHz other than the operating frequency 

predicted by the EM simulations (10 dB impedance bandwidth from 1.5 GHz to 1.59 

(b) (a) 

(c) (d) 
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GHz). This discrepancy will be discussed later in this chapter. 3D radiation performance 

of the antenna is measured with the help of the Satimo anechoic chamber and its CP 

coverage and 3D radiation are shown in Figure 6.16. 

 

Figure 6.15 Measured S-parameters of the total antenna system 

 

 

Figure 6.16 Measured far-field antenna results (a) CP coverage (b) radiation pattern 

(a) (b) 
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The measured CP coverage is found to be 70% and the near isotropy is around 92.8% at 

1.5 GHz, which is very close to the simulation results 74.8% CP coverage and 92% near 

isotropy as listed in Table 6.3. Also, the gain of the measurement is 1.5dBi, little lower 

than the simulation results 2dBi.  

Table 6.3 Comparison between simulation and measurements 

Model (1.5GHz) Isotropy CP coverage Gain (dB) 

Simulation 92% 74.8% 2 

Measurement 92.8% 70% 1.5 

 

6.3.3 Discussion  

The deviation between the simulation and measured performance of the antenna can 

be due to multiple reasons. Firstly, it is suspected that the effective relative permittivity 

of the 3D printed parts has varied from its original value, as air gaps have been formed 

while printing the sample. Secondly, it has been observed that printed traces, 

sometimes, do not have a very well defined boundary or a sharp edge, may be due to 

the expansion of metallic ink during the curing process. Especially, the dipoles length 

and width have expanded from the planned value of 16mm to 17mm and 1mm to 

1.1mm respectively. Besides, the manually fabricated bazooka balun has larger 

tolerance. Moreover, the width of the top and bottom feeding lines are slightly different 
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and misaligned. This can be a big issue, because it may be possible that the current is 

not in a differential mode when it reaches the dipoles. This can be the reason for the 

degradation of the CP performance. Last but not the least, the metal epoxy dots are 

quite prominent at the folding corners of each board which can also affect the radiation 

performance. The gain in the measurement is bit lower than the simulation and the 

reason can be the non-smooth connections between sidewall dipole, feeding line and 

balun. Nonetheless, the near isotropy in radiation pattern and the CP coverage is good 

in the measurements, despite these discrepancies. Further adjustments in the 

fabrication process can be made to realize a prototype which is closer to the simulated 

version.  

6.4 Conclusion 

This work derives theoretical conditions to design a full CP coverage antenna with 

optimized near isotropy. This method differs from the previous work by implementing 

three half-wavelength orthogonal electric dipoles to form an electric dipole and 

magnetic dipole pair. With a realistic feeding network, a 92 % 7dB near isotropic 

radiation and 70% CP coverage is achieved in the measurements. 
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Chapter 7: Conclusion and Future Works 

In the coming era, we will see many next-generation devices responsible for making 

smart decisions for humans and machines. Precisely, those devices would perform basic 

operations such as sensing and communication apart from their complex operations. 

There are plenty of industrial, medical, agricultural, and environmental applications be 

seen shortly employing such next-generation smart devices. Antenna, which is one of 

the most important components of the wireless communication chain, has a big role to 

play in this reliable communication. It is well known that the radiation pattern of an 

antenna is affected by the way it is placed on a surface or in general due to the nearby 

environment. Specifically, for IoT devices, there is not much control over their 

placement or orientation while deploying in the field, thus there is a need to design 

antennas with all direction coverage for obtaining orientation insensitive performance 

from these futuristic IoT devices. Similar to radiation pattern isotropy, circular 

polarization (CP) coverage is also an important requirement for many antennas. 

However, achieving both the radiation pattern isotropy and wide CP coverage is very 

challenging. In addition to the radiation pattern, other important aspects for such 

antennas are lower cost and small form factor. This is because billions of such IoT 

devices need to be equipped with these antennas, therefore, it is desirable to 

manufacture them at low cost, with light-weight and small size. Lower cost and small 

form factor goals can be achieved through the Antenna in Package (AiP) concept.  

However, recently it has been shown that the functional packages can house many 
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passive components (such as an antenna) in them and thus packages provide additional 

functionality and become the part of the electronic system instead of a physical 

protecting cover only.  

The thesis discusses some issues about the design of such a multifunctional antenna on 

the surface of the package to get near isotropic pattern, as well as how to optimize near 

isotropic radiation pattern and CP coverage simultaneously. The discussion is well 

supported by theoretical background models utilizing orthogonal dipoles excited with 

different phase conditions to achieve the desired radiation pattern by changing their 

dipoles positions and excitation phases. This thesis also employed additive 

manufacturing techniques to realize the antenna in the package  

7.1 Single-band Near Isotropic AiP  

Chapter 3 discusses the single-band near isotropic antenna by setting the target of the 

antenna near-isotropy based on power gain variation (GV). It covers the wire antenna 

model in theory with a two and three orthogonal electric small dipoles standing at the 

origin in the air. The conditions to achieve near isotropic radiation pattern are derived 

mathematically. The initial near isotropic antenna in package idea has been proven on a 

package that is modeled as a thin dielectric box to host electrics.  

Then, several single-band near isotropic antennas, one at 900 MHz GSM band and one 

at 2.45 GHz WiFi/BLE, are designed and optimized the length of the segment in the HFSS 

simulation. The WiFi/BLE near isotropic antenna has only 5.05 dB GV in the 
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measurements consistent with the simulation results (6.9 dB). These antennas are 

realized by laser-cut Ni tape and the conductive trace is wrapped around the 3D printed 

package. A good agreement has been achieved between the theory, simulation, and 

measurements. The proposed idea brings a brief impression on how to get a radiation 

pattern near isotropy by meandering the wire antenna and locating different segments 

current on three orthogonal directions. On the other hand, this idea is also beneficial for 

implementing short wire antenna and suitable for the AiP concept in IoT applications. 

7.2 Dual-Band Near Isotropic AiP  

In chapter 4, a narrow band dual-band GSM near isotropic wire antenna has been 

wrapped on the 3D package, which intends to adopt its current to fit the phase 

conditions given by chapter 3.  The antenna current could fit three orthogonal dipoles 

model at 900 MHz and two orthogonal dipoles model at 1800 MHz with compromised 

the theoretical conditions. It is the first time to use a single feed port to excite the wire 

antenna in the package and get near isotropic patterns for dual-band. Such an antenna 

is very flexible and easy to route on the package surface without adding extra materials 

on the structure. The GSM dual-band antenna is successfully fabricated additively with 

3D printing and screen printing technologies. Moreover, the antenna in the package has 

a very good tolerance for manufacturing. Although the 3D printed package has a little 

bit deformed, the simulation and measurements still show very good agreements. The 

wideband antenna impedance bandwidth has covered both the GSM bands and it has 

33% bandwidth at the second band. At both the bands, the 3D antenna demonstrates 
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near isotropic performance. This thesis has shown the possibility of multiple bands near 

isotropy.  

7.3 Near Isotropic Antenna with Wide CP Coverage 

Chapter 5 expands the discussion from dual-band power radiation near-isotropy to a 

single-band near isotropic with wide CP coverage. The theoretical model still starts from 

the three small electric dipoles perpendicular located and the optimal phase conditions 

are calculated by Matlab and PSO algorithm. Because the antenna polarization 

performance is very sensitive to the excitation phase condition, the feeding network has 

to been designed appropriately. Iteratively, the hard matching small dipoles in the 

theoretical model are replaced by easy matching half-wavelength dipoles. This change 

sacrifices the antenna system performance in terms of both circular polarization and 

isotropy. While to prove the concept, three half-wavelength dipoles are fed by a one-to-

three parallel line feeding network which provides the phase conditions got from the 

PSO algorithm. Such a practical design is fabricated into six small roger boards with 

copper traces and joint together in the end. For the impedance matching, a good match 

between the measured results and EM simulations was observed with a slight phase 

shift. Similarly, the antenna also has decent CP coverage agreements in both simulation 

and measurements. It is expected that in the future, the antenna in package could also 

perform a good CP performance by well design the phase condition for a wire antenna.  
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7.4 Full CP Coverage AiP  

Chapter 6 aims to design AiP for the specific IoT applications that prefer CP coverage 

and are more tolerant of the nulls in the radiation pattern. It starts from the theoretical 

model that has a full CP ideal electric and magnetic dipoles model and implements it 

into three half-wavelength dipoles sloped and bent on the surface of the package. 

Although two nulls are appearing, it has got a good 92% 7dB near isotropy radiation 

pattern by tuning the slope of dipoles arms and folding. It is also simulated with three 

metallic boxes presenting inside the package and validates that the antenna is robust 

and suitable for an antenna in package concept. The good match between the near 

isotropic in measurement (92%) and simulation is observed.  While the impedance is not 

well matched because of the feeding line width variation by the screen printing. Also, 

the connection non-idealities, between the feeding line and dipoles as well as the one 

between the feeding line and balun, cause the current less even distributed as the one 

in simulation as well as the 3D printed boards have some dimension variation. Thus, the 

antenna has less CP coverage ~70% other than the simulation results. Another 

prototype will be fabricated according to address those issues and a better result can be 

expected. Such full CP covered AiP shows decent CP coverage and good near isotropy 

coverage. It provides another good option for IoT applications.  

7.5 Future Works  

Although so many analyses on the AiP near isotropy design, there are still some 

questions left for the real design. The first one is the extension of this theoretical model. 
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For example, in this thesis, only electric dipoles are used as a radiation unit to model the 

current segments of the wire antenna. And there is some other theory model like the 

combination of the magnetic dipole and electric dipole. How to realize magnetic dipole 

efficiently on the package is an unsolved question. As seen that, the traditional magnetic 

dipole is realized by loop, slot, and patch antenna. Slot and patch antenna requires a 

large conductive ground plane that is not always available in the package surfaces. The 

Loop antenna in the 3D platform does need more investigation. Furthermore, the 

excitation of such magnetic dipole is another interesting topic. Adding a feeding 

network as well as other metallic objects, like electrics and batteries, without disturbing 

each element field radiation is another challenge.  

The second is that the non-contact feeding techniques. As seen that, the phase 

condition of each radiation unit is difficult to adjust for a single meandering line antenna 

with a single feed. Also, metallic traces to feed individual magnitude and phase and 

match to multiple radiating elements require lots of design efforts, which rises 

dramatically with the increasing number of elements. The method of adding lumped 

components, such as capacitor or inductors, to change the phase for each current 

segment is still not well developed. Although there are some techniques in the previous 

work, [69], segmented antenna, the phase of each segment turns to be in phase or 180 

phase reverse. However, the quantity value for each lumped component added 

between each segment is very tough to get by only using parametric sweeping in the EM 

simulator. To relieve the pain of the invalid simulation, the circuits modeling for such a 
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segment background are required. Otherwise, an arbitrary phase difference is hard 

(have not reported) to be created in the literature by the segment antenna method.  

One more interesting topic is to design reconfigurable antenna in the package by adding 

switches or tunable elements at the excitation paths. The previous phase analysis could 

be a good starting point so that the technique could be expanded to magnitude and 

phase optimization simultaneously. The 3D antenna array on the package could realize 

some beam steering function by changing the excitation. Combining with machine 

learning techniques, it is possible to realize automatic radiation pattern reconfigurable 

antenna in the future design.  

Another expansion of such topics for future work is the 3D antenna array on the 

package. A single antenna element has been fabricated on the surface of the package 

successfully. And some papers have proposed a three-dimensional antenna array and 

are also fabricated on the package [81] and it only implements antennas array at very 

small parts of a mobile phone package. There is a lot of opportunities to fully use the 

device package to have the near isotropic radiation pattern. Thus, the combination of 

the two concepts, 3D antenna in the package as well as an antenna array, are the 

potential radiation pattern reconfigurable option that for more advanced IoT 

application. And none of such work has not been reported. The planar antenna array 

could be implemented on a different surface of the package and the total antenna 

system could accomplish some high gain or beam steering functions.  
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