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Antenna-on-Package Design: Achieving
Near-Isotropic Radiation Pattern and
Wide CP Coverage Simultaneously

Zhen Su , Member, IEEE, Kirill Klionovski , Hanguang Liao , Member, IEEE, Yiming Chen,

Atef Z. Elsherbeni , Life Fellow, IEEE, and Atif Shamim , Senior Member, IEEE

Abstract— Internet of Things (IoT) applications require

AQ:1

1

orientation insensitive wireless devices to maintain stable and2

reliable communication as well as the localization capability3

using the global positioning system (GPS). For those reasons,4

antennas providing near-isotropic radiation pattern with wide5

circular polarization (CP) coverage are high in demand for IoTAQ:2 6

applications. In this work, we derive conditions for 3-D antenna7

on package (AoP), through a combination of three orthogonal8

dipoles model and particle swarm optimization (PSO) technique9

to achieve near-isotropic radiation pattern and wide CP coverage10

simultaneously. Design guidelines have been provided, and a11

practical AoP has been designed on a 3-D cube package by12

following this guideline. A prototype has been fabricated and13

the measured results demonstrate an isotropy of ∼93% and14

CP coverage of ∼18%, which matches well with the predicted15

results from the theoretical analysis as well as the full-wave16

electromagnetic simulations.17

Index Terms— Circularly polarized antenna, near-isotropic18

radiation pattern, orientation insensitive antenna.19

I. INTRODUCTION20

INTERNET of Things (IoT) will bring connectivity to the21

next level, where billions of smart devices to be designed22

for making decisions for a large number of applications in an23

automated fashion. These huge numbers of IoT devices will24

depend on high speed and uninterrupted wireless communica-25

tion for their smooth functioning. Thus, a new generation of26

antennas is required which are space-efficient, low cost, and27

orientation insensitive in terms of stable performance. Low28

cost and efficient space can be achieved through the antenna-29

on-package (AoP) concept. The package of the sensors or30

circuits is used to realize the antennas in addition to providing31

the required protection from the environment [1]–[5]. Since32

the package accommodates the circuits, the battery, and so33
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on, typically, it is in the shape of a rectangular box, which 34

facilitates the realization of 3-D antennas. As the IoT devices 35

can be placed or dispersed arbitrarily, the antenna performance 36

must not degrade due to the orientation or position of the 37

package. Thus, it is important to design antennas with near- 38

isotropic radiation patterns. Furthermore, for circularly polar- 39

ized (CP) antennas, the CP coverage must be enhanced as 40

much as possible. 41

In literature, many papers report antenna designs with near- 42

isotropic radiation pattern [1]–[18]. Near-isotropic radiation 43

pattern is achieved based on various mechanisms, such as 44

folded dipoles [1]–[9], split-ring resonators [10], folded slots 45

[11], [12], and a combination of electric dipoles with slots 46

or loops [13]–[16]. However, these papers only focus on 47

optimizing the radiation pattern coverage and not CP cover- 48

age. On the other hand, there are papers focusing only on 49

enhancing the CP coverage, by bending the dipoles [17], [18], 50

double-layer circular patch [19] or with hybrid perturbation 51

method [20], through dielectric resonance [21], by cavity- 52

backed reflector [22], or through conical log spiral [23], [24]. 53

Although some of them have very large CP coverage [25], 54

[26], their radiation patterns have deep nulls and are thus not 55

suitable for isotropic coverage. There are a handful of papers 56

that have attempted to achieve isotropy in radiation pattern and 57

CP at the same time. However, their goals for CP are limited 58

to one direction only, such as boresight, and not for wide-angle 59

coverage [27]–[29]. Also, these figures of merit are not well 60

discussed in the articles, for example, papers [27]–[29] do not 61

have the CP coverage information, and papers [28], [29] do 62

not have isotropy integral information. Moreover, the reported 63

antennas are planar structures and are thus not suitable for 64

AoP applications. It is worth mentioning here, to the best 65

of our knowledge, that there is no report which investigates 66

conditions for simultaneous isotropy and wide CP coverage in 67

radiation pattern for 3-D AoP designs. 68

In this article, we present a three-dipole model, in which 69

the dipoles are orthogonally placed on a 3-D package. The 70

excitation phases of the dipoles are optimized through the 71

particle swarm optimization (PSO) algorithm to obtain near- 72

isotropic radiation pattern as well as simultaneous enhanced 73

CP coverage. Design guidelines have been provided, and a 74

design example has been shown based on the guidelines. The 75

prototype has been fabricated and measured to verify the 76
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proposed concept. There is a decent agreement between the77

measured and the predicted results from the derived theoretical78

model as well as the EM simulations.79

II. THEORETICAL MODEL80

A. Isotropy Definitions81

Isotropy in the radiation pattern is defined differently in82

the literature. The smaller gain variation is, the more near-83

isotropic antenna is. The antenna can be considered to be84

isotropic or near-isotropic when the gain variation is smaller85

than 7 dB [3]. Sometimes a major issue with this method is86

that the feeding cable can cause a minimum which can affect87

the overall gain variation and thus foul the value of isotropy,88

while, in most practical antenna designs, the minimum gain is89

set as the bottom limit Gmin to support reliable communication.90

An alternate way is to calculate the integral isotropy factor91

by finding the ratio of the surface where the gain deviation92

exceeds the threshold gain level, T H iso, over a complete93

sphere surrounding the antenna [30]. The sum of the radiation94

pattern beams solid angles whose gain between the peak gain95

(PG) and T H iso below the PG relative to the closed spherical96

surface surrounding the antenna is a measure of the radiation97

pattern isotropy. This is reflected mathematically by an integral98

parameter I th−iso as follows:99

I th−iso = 100% ×
∫∫

S1

sin θdθdϕ

4π
. (1.a)100

The surface S1 is determined by101

S1 such that PG − T H iso ≤ Gain(θ, ϕ) ≤ PG.102

Similarly, the sum of the radiation pattern beam solid angles103

that satisfies axial ratio (AR) in the range of 1 ≤ AR(θ, ϕ) ≤104 √
2 [31], [32] relative to closed spherical surface surrounding105

the antenna is a measure of the radiation pattern CP. A CP106

coverage factor is introduced as in a normalized integral form107

I C P , to estimate the CP pattern isotropy. This is reflected108

mathematically by the following equation:109

I C P = 100% ×
∫∫

S2

sin θdθdϕ

4π
. (1.b)110

The surface S2 is determined by111

S2 such that 1 ≤ AR(θ, ϕ) ≤ √
2.112

B. Model of Three Infinitesimal Electric Dipoles113

We have previously shown how to achieve near-isotropic114

AoP design with the help of three orthogonally placed infin-115

itesimal electric dipoles model [5]. Some preliminary work116

about achieving CP coverage has also been shown in [31]117

and [33]. In this work, we present the three printed electric118

dipoles model to achieve simultaneous near isotropy and wide119

CP coverage by finding the right phase conditions through120

PSO. Based on the calculated conditions, a practical antenna121

design with an appropriate feed network is also conducted in122

this work (shown in Section III).123

Fig. 1 shows the three orthogonally placed infinitesimal124

electric dipoles located arbitrarily in the Cartesian coordinate125

Fig. 1. Configuration of X-, Y-, and Z-oriented electrical dipoles.

system (X, Y, and Z). The current densities Jx, Jy, and Jz of 126

the electrical dipoles oriented along the X, Y, and Z axes and 127

located at points Px (Xx , Yx , and Zx), Py(Xy, Yy, and Zy), 128

and Pz(Xz, Yz, and Zz), respectively, are given as follows: 129

Jx(X,Y,Z) = mxδ(X − Xx)δ(Y − Yx)δ(Z − Zx)x0 (2.a) 130

Jy(X,Y,Z) = m yδ
(
X − Xy

)
δ
(
Y − Yy

)
δ
(
Z − Zy

)
y0 (2.b) 131

Jz(X,Y,Z) = mzδ(X − Xz)δ(Y − Yz)δ(Z − Zz)z0 (2.c) 132

where mx, my, and mz are the moments of the dipoles along 133

X, Y, and Z axes, respectively, δ(.) is the Dirac delta-function, 134

x0, y0, and z0 are the unit vectors along the X, Y, and Z axes. 135

The X-oriented dipole has the elevational Eθ and azimuthal Eϕ 136

components of the radiation pattern, as shown in the following 137

equations: 138

Eθ (θ, ϕ) = − iηkmx

4π
cos θ cosϕeikr �

x cos(αx (θ,ϕ)) (3.a) 139

Eϕ(θ, ϕ) = iηkmx

4π
sin ϕeikr �

x cos(αx (θ,ϕ)). (3.b) 140

The components of the radiation pattern of the Y-oriented 141

dipole are given in the following equations: 142

Eθ (θ, ϕ) = − iηkm y

4π
cos θ sin ϕeikr �

y cos(αy (θ,ϕ)) (4.a) 143

Eϕ(θ, ϕ) = − iηkm y

4π
cosϕeikr �

y cos(αy(θ,ϕ)). (4.b) 144

The radiation pattern of the Z-oriented dipole has only a 145

meridional component as in the following equation: 146

Eθ (θ, ϕ) = iηkmz

4π
sin θeikr �

z cos(αz(θ,ϕ)) (4.e) 147

where the phase error coming from the j -oriented dipole 148

positions in spherical coordinates is expressed in [31] through 149

spherical components as follows: 150

r �
j =

√
X2

j + Y 2
j + Z 2

j (6.a) 151

cos
(
α j (θ, ϕ)

) = sin θ sin θ �
j cos

(
ϕ − ϕ �

j

) + cos θ cos θ �
j (6.b) 152

θ �
j = arccos

(
Z j

r �
j

)
, ϕ �

j = arctan

(
Y j

X j

)
. (6.c) 153

We assume that the three orthogonal dipoles have equal 154

moments and choose the moment in such a way to normalize 155

the elevational and azimuthal components, i.e., mx = m y = 156

mz = i4π /(ηk). The X- and Y-oriented dipoles have a phase 157

shift ψ1 between them, while the X- and Z-oriented dipoles 158
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Fig. 2. RHCP far-field zone sphere coverage for the model of three dipoles.

Fig. 3. LHCP far-field zone sphere coverage for the model of three dipoles.

have a phase shift of ψ2 between them. The normalized159

meridional and azimuthal components of radiation pattern then160

become161

E	
θ (θ, ϕ) = cos θ cosϕeikr �

x cos(αx (θ,ϕ))
162

+ cos θ sin ϕeikr �
y cos(αy(θ,ϕ))+iψ1

163

− sin θeikr �
z cos(αz(θ,ϕ))+iψ2 (7.a)164

E	
ϕ (θ, ϕ) = − sin ϕeikr �

x cos(αx (θ,ϕ)) + cosϕeikr �
y cos(αy (θ,ϕ))+iψ1 .165

(7.b)166

The CP coverage of the far-field zone, as defined previously167

in part A, and the power radiation pattern gain variations are168

calculated through MATLAB by manually sweeping the phase169

difference values ψ1 and ψ2. The RHCP and LHCP far-field170

zone sphere coverage and the gain deviation are illustrated in171

Figs. 2–4. To simplify the problem and reduce the calculation172

load, the three dipoles are located at the origin for various173

phase shifts ψ1 and ψ2. The three-dipole antenna’s polarization174

varies from fully linear to circular polarized. As shown in175

Fig. 2, the RHCP coverage shows a maximum when ψ2 is176

300◦ and ψ1 is equal to 60◦. Though other combinations are177

also possible such as. ψ2 = 280◦ and ψ1 = 45◦, however, the178

CP coverage percentage is slightly lower. Similarly, for LHCP,179

the maximum appears for ψ2 = 60◦ and ψ1 = 120◦, as shown180

in Fig. 3. From Figs. 2 and 3, we can see that a maximum181

Fig. 4. Isotropy of the model of three dipoles.

of 28.4% of CP coverage can be achieved for either RHCP or 182

LHCP. In Fig. 4, the gain variations for various combinations 183

of ψ2 and ψ1 are moderate (within ∼12 dBs), with the smallest 184

variation of 3 dBs for some combinations such as ψ2 = 60◦
185

and ψ1 = 120◦, or ψ2 = 240◦ and ψ1 = 120◦. A sharp 186

peak in gain variation is seen when ψ1 = 0◦ and ψ2 = 0◦, 187

180◦, or 360◦, as shown in Fig. 4. This happens because the 188

three dipoles are almost in phase. For the best CP coverage 189

cases (either RHCP or LHCP) and the minimum gain variation 190

of 3 dB, the level of cross-polarization is only 1%. This 191

analysis with the small electric dipoles is a good starting point. 192

However, these dipoles are not practically realizable antenna AQ:5193

combination due to the difficulty in developing a feeding 194

system that matches the transmission feed line as well as due 195

to dipoles’ low radiation efficiency. This means that the model 196

of the three small dipoles has to be extended to dipoles with 197

practically realizable lengths. Also, the manual sweep method 198

is not time efficient particularly for the dipoles which have 199

finite lengths and are placed in arbitrary locations. 200

C. Model of Three Half-Wavelength Dipoles 201

As mentioned in the previous section, dipoles with decent 202

finite lengths must be incorporated in the model for practical 203

antenna design. For this work, it is preferred that matching 204

network (stubs, etc.) is not employed, because the metallic 205

lines of the matching network may influence the radiated 206

fields. To simplify the matching problem, half-wavelength 207

dipoles can be utilized here, because theoretically, the real part 208

of the impedance for a half-wavelength dipole is 73 
 which 209

is relatively easy to match with the typical 50 
 transmission 210

systems. However, for a half-wavelength dipole, contrary to 211

the small dipole, uniform current distribution assumption can 212

no longer be used, rather a sinusoidal distribution must be 213

incorporated in the model. 214

Then, the current densities for the half-wavelength dipoles 215

along the X, Y, and Z axes are given by the following 216

equations: 217

Jx(X,Y,Z) = mx sin

[
k

(
L

2
− |Xx |

)]
δ(Y − Yx)δ(Z − Zx)x0 218

(8.a) 219
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Jy(X,Y,Z) = m yδ
(
X − Xy

)
sin

[
k

(
L

2
− |Yy |

)]
δ
(
Z − Zy

)
y0220

(8.b)221

Jz(X,Y,Z) = mzδ(X − Xz)δ(Y − Yz) sin

[
k

(
L

2
− |Zz|

)]
z0222

(8.c)223

where L is the total length of the half-wavelength dipole. For224

the half-wavelength dipoles placed along the three axes in the225

cartesian coordinate system, the normalized fields are given in226

the following equations:227

Exθ (θ, ϕ) = 2 cos
(

kL
2 sin θ cosφ

)
1 − sin2 θ cos2 φ

cos θ cosϕeikr �
x cos(αx (θ,ϕ))

228

(9.a)229

Exϕ(θ, ϕ) = −2 cos
(

kL
2 sin θ cosφ

)
1 − sin2 θ cos2 φ

sin ϕeikr �
x cos(αx (θ,ϕ)) (9.b)230

Eyθ(θ, ϕ) = 2 cos
(

kL
2 sin θ sin φ

)
1 − sin2 θ sin2 φ

cos θ sin ϕeikr �
y cos(αy (θ,ϕ))

231

(9.c)232

Eyϕ(θ, ϕ) = 2 cos
(

kL
2 sin θ sin φ

)
1 − sin2 θ sin2 φ

cosϕeikr �
y cos(αy(θ,ϕ)) (9.d)233

Ezθ (θ, ϕ) = −cos
[
π
2 cos θ

]
sin θ

eikr �
z cos(αz(θ,ϕ)). (9.e)234

Finding the right phase conditions for the half-wavelength235

dipoles is not easy by manually sweeping the phase differences236

between the dipoles; thus, an automated optimization routine237

is required for this purpose.238

D. Particle Swarm Optimization239

PSO is a population-based evolutionary optimization algo-240

rithm [34]. This optimization method employs a large number241

of swarm members to record, share, and compare the indi-242

vidual solutions and then iteratively improve the candidate243

solution. It can achieve the optimization target for a rela-244

tively smaller number of optimization parameters and avoids245

stagnation at the local optimum point without requiring an246

initial estimation at the start. The PSO flowchart, pertinent247

to this work, is shown in Fig. 5. The algorithm begins by248

defining the parameters, the cost function, and the optimization249

boundary. The three parameters, isotropy threshold THiso, its250

near isotropy coverage limit Ith−iso, and the minimum gain251

Gmin, are set by designers for their specific environments and252

requirements. Other than those three customized parameters,253

the excitation phases of the three dipoles are defined as254

the particle positions. Another two important vectors Pbest255

and Gbest are defined to store the intermediate information256

to generate the new velocity of the particles for the next257

movements. The former keeps the personal best position and258

lowest cost value of every single particle, and the latter259

stores the global best position and lowest cost among all the260

particles. The velocity of each particle movement is defined261

as the particle movement step, proportional to the difference262

between its position and the global best position. The objective263

cost function F is defined as the reverse function of the CP264

coverage determined by the antenna radiation model. Then,265

Fig. 5. PSO flowchart. ∗IPth−iso > Ith−iso, and GP > Gmin.

those parameters for a swarm of particles are initialized. The 266

initial positions of all the particles are randomly selected, and 267

the initial velocity is zero. The two vectors, Pbest and Gbest, 268

are set to have empty position values and infinite large cost 269

values. In the next step, a time-domain iteration nested with a 270

space domain iteration is performed. The first particle position 271

and cost function are filled into its Pbest as the space domain 272

iteration begins. The first stop criterion is checked whether 273

the antenna is near-isotropic or not, depending on the isotropy 274

requirement setup by the user. The near-isotropic antenna 275

standard is characterized by Gmin, Thiso, and Ith−iso. IPth−iso
276

is the temporary value that represents the particle isotropy 277

integral parameter Ith−iso, and similarly, GP is the temporary 278

vector that records the minimum gain across the whole sphere. 279

If IPth−iso > Ith−iso, and GP > Gmin, the radiation pattern 280

is near-isotropic. Otherwise, another space domain iteration 281

is triggered with Particle Index increasing by 1. Once the 282

condition of near isotropy is met, then it moves forward to 283

the next step where the antenna CP coverage is calculated. 284

After that Pbest and Gbest are updated accordingly. Once the 285

space domain iterations are completed, meaning that all the 286

particles’ current positions and cost values are calculated, the 287

program runs to the next time-domain iteration. When the 288

number of time-domain iterations reaches the set limit, the 289

required excitation phase conditions for 3 dipoles model and 290

the corresponding CP and isotropy coverage are obtained. In 291
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Fig. 6. Configuration of the three off-origin half-wavelength dipoles on the
package. The parameters L = W = H = 95 mm are the dimensions of the
cubic package for antenna at 1.57 GHz operating frequency.

MATLAB, the computation time could be further reduced by292

a parallel computation that realizes the space iteration through293

matrix operation.294

For practical antenna design, the three half-wavelength295

dipoles may be placed away from each other to minimize296

the coupling between them, as shown in Fig. 6. This is a297

complicated optimization problem as compared with the small298

dipoles at the origin because the antennas are electrically299

large and have been strategically placed on the package in an300

orthogonal fashion. As can be seen in Figs. 2 and 3, multiple301

local peaks may appear in the CP coverage optimization; thus,302

PSO is a good option for this problem because it can easily303

reach the global maximum to provide phase conditions for304

simultaneously achieving near isotropy and wide CP coverage.305

As shown in Fig. 6, the dipoles are placed on the three306

orthogonal edges of the cubic package with air as the medium.307

The parameters Wd and Ld represent the width and total length308

of the dipoles, respectively. The centers of the half-wavelength309

dipoles are located at (W/2,0,0), (W, L/2, H), and (0, L, H/2)310

along the X, Y, and Z, respectively. The target of the PSO311

algorithm is to figure out the phase conditions to maximize the312

CP coverage while maintaining the radiation pattern isotropy313

higher than the isotropy limit I th−iso , as defined in (1.a). The314

optimization procedure minimizes a defined cost function that315

is a reverse function of the CP coverage factor in (1.b) as given316

by the following equation:317

F = 1

I C P
. (10)318

The solution is searched within the search-space boundary319

for good near isotropy that satisfies I Pth−iso > I th−iso , and320

GP > Gmin. For example, we set T H iso = 7 dB, I th−iso =321

90%, and Gmin = −10 dBs. The optimized phase difference322

between the X and Y dipoles is 117◦, whereas the phase323

difference between the X and Z dipoles is 236◦, with all three324

ports fed with equal power level. The theoretical model in325

Section II-C calculated by MATLAB predicts a 98% isotropy326

and 21.8% CP coverage. For verification, the optimized phase327

difference values from the PSO have been applied to a model328

in Fig. 6 operating at 1.57 GHz utilized in the full-wave329

EM simulator, Ansys HFSS. The EM simulation results are330

Fig. 7. LHCP gain of (a) theoretical model with PSO optimization and
(b) HFSS simulation model. RHCP gain of (c) theoretical model with PSO
optimization and (d) HFSS simulation model.

close to the predicted values from the theoretical model as 331

can be seen from Figs. 7 and 8, except for some very minor 332

differences. In the example, the simulated LHCP gain and 333

RHCP radiation patterns of the HFSS model, fed with the 334

calculated phase conditions, are compared with the theoretical 335

model in Fig. 7. Both simulated RHCP and LHCP gains are 336

showing good consistent with the theoretically predicted ones. 337

Also, the simulated AR radiation pattern with the theoretically 338

calculated result is shown in Fig. 8. Note that for angles where 339

0 dB < AR < 3 dB, they will be accounted for CP coverage. 340

As seen from Fig. 8 that the simulated HFSS AR radiation 341

pattern is very similar to theoretical results, which means a 342

good consistency of CP coverage is also obtained between the 343

HFSS model and the theoretical model. This comparison is 344

a good validation of the theoretical model. The 3-D package 345

has been kept hollow from inside to accommodate the driving 346

electronics, which matches the concept of AoP. Though not 347

shown here, the antenna has been simulated with a metal cube 348

(representative of the driving electronics, for example, a PCB 349

with a typical dimension around (λ/8) ∗ (λ/8) ∗ (λ/8) placed 350

either at the corner or the center of the package, λ is the 351

wavelength of the operation frequency) and the performance 352

of the AoP remains almost stable (around 22% CP coverage). 353

Having said that, if a larger metallic structure such as a battery 354

needs to be placed inside the package, then the antenna may 355

need to be optimized a bit, as we have shown in our previous 356

works [3]–[5]. 357

E. Design Guidelines 358

To make the design process systematic, a design guideline 359

containing basic steps to design a near-isotropic antenna with 360

wide CP polarization simultaneously is given as follows. 361

First, get the total field expressions of the dipoles groups 362

following the steps. 363

1) Choose any corner of the package as the Cartesian coor- 364

dinate system origin. The choice of the origin position 365

does not make any difference to the final results. 366
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Fig. 8. CP coverage for three half-wavelength dipoles. (a) Theoretical model
with PSO optimization. (b) HFSS simulation model.

2) Locate the three half-wavelength dipoles along with the367

X, Y, and Z directions, respectively, on the surface of368

the package. Note down the center positions of the three369

dipoles referred to the origin as r �
j (j = x, y, or z) in (6.a).370

3) Use the dipole center positions in (6.a)–(6.c) to calculate371

the spatial phase errors (kr �
j cos(α j (θ, ϕ))).372

4) Derive the total E-field expressions for the three dipoles373

through (9.a)–(9.e) using the spatial phase errors calcu-374

lated in step 3.375

Second, derive the excitation phase conditions for each dipole376

with the PSO technique for the user’s requirements. There are377

four steps to accomplish this procedure as follows.378

1) The isotropy threshold THiso, its near isotropy coverage379

limit I th−iso , and the minimum gain Gmin can be defined380

by the readers for their requirements. In our example as381

mentioned, we choose THiso = 7 dB as isotropy thresh-382

old, coverage limit I th−iso = 90%, and Gmin = −10 dB.383

2) At this point, an optimization method can be used. We384

have used the PSO technique and the algorithm flow385

that has been provided in the flowchart (Fig. 5). Utilize386

the expressions derived in step 4, along with the reader-387

defined isotropy threshold THiso, near isotropy coverage388

limit I th−iso , and minimum gain Gmin from step 5 in the389

first decision box in Fig. 5.390

3) Run the PSO code to get the excitation phase conditions391

for three half-wavelength dipoles which lead to the392

maximum CP coverage under the condition defined by393

the readers.394

4) Set the excitation phases of the dipoles in the HFSS395

model using PSO optimization results. Verify the radi-396

ation property performance calculated in the PSO with397

HFSS simulation results.398

Third, use the phase conditions derived from the theoretical399

model to a practical design and the detailed steps are listed as400

follows.401

1) Design a feeding network that ensures the required402

phases (calculated in step 7) reach the dipoles with equal403

magnitudes.404

2) Final optimization can now be done for the complete405

AoP (dipoles with feeding network) in an EM simulator.406

Adjust the feeding network to optimize the complete407

system performance, if needed.408

A design example is shown by following these guidelines,409

and an AoP has been designed, simulated, fabricated, and410

measured in Section III.411

III. PRACTICAL ANTENNA DESIGN 412

In this section, a practical AoP design example is provided 413

based on the design guideline provided in Section II-E to prove 414

the feasibility of our design guidelines. 415

To simplify the design process and get a better match with 416

the previous simulation, the package dimensions are set to 417

be L = W = H = 95 mm, which is slightly longer than 418

a half-wavelength dipole. Low-loss Rogers laminates with a 419

dielectric constant εr = 3.3, loss tangent tanδ = 0.0015, and 420

thickness t = 0.762 mm have been used for the package 421

fabrications. Following the first step, the origin is selected 422

as the same as the one shown in the PSO example (Fig. 6). 423

This can be changed to another corner and it does not affect 424

the final results. Following step 2, the three half-wavelength 425

dipoles, X, Y, and Z, are located along the three edges of the 426

package, as shown in Fig. 6, and their centers are noted as 427

(47.5 mm, 0, 0), (95, 47.5, and 95 mm), and (0,95, 47.5 mm), 428

respectively. Then, following step 3, the spatial error of each 429

dipole is calculated by (6.a)–(6.c), and following step 4, the 430

total E-field is expressed using (9.a)–(9.e) with the spatial 431

errors calculated from step 3. 432

In step 5, the near isotropy requirements are set up by the 433

user for their requirements, and here in our design example, 434

we have set THiso = 7 dB and I th−iso = 90% to have a 435

better match with the example we showed in the last section. 436

Next, following step 6, the PSO codes are updated with the 437

parameters setup in steps 4 and 5. The readers can apply their 438

optimization programs for the calculation, and here we choose 439

the PSO algorithm shown in Fig. 5 for the phase conditions 440

calculations. Following step 7, the PSO code is executed to 441

get the excitation phase conditions for minimum cost function, 442

which means the optimized CP coverage is obtained. Here, 443

in our example, the phase conditions are ψ1 = 117◦ and 444

ψ2 = 236◦ with an overall CP coverage of 21.8%. In step 8, 445

the obtained phase conditions are implemented in the HFSS 446

model. For our example, the simulation results in HFSS match 447

the theoretical model prediction, as shown in Figs. 7 and 8. 448

After getting a good match between the theoretical model 449

and HFSS simulations, the next phase is to design a practical 450

AoP with the appropriate feeding network to feed the three 451

orthogonal dipoles. As shown in step 8, each dipole is fed 452

through an independent lumped port in HFSS simulation. In 453

step 9, a feeding network which provides the phase conditions 454

(ψ1 = 117◦ and ψ2 = 236◦) is required to realize the 455

final AoP. It is difficult to realize this feed arrangement for 456

practical antenna design as this requires either an individual 457

excitation cable or an individual driving circuit for each dipole. 458

Other than the practical use, for testability as well, three half- 459

wavelength dipoles fed by a single SMA connector are less 460

complex and more convenient than three coaxial lines with 461

three baluns to feed the dipoles individually. Thus, for practical 462

antenna design, it is better to utilize a single driving network. 463

A balun is also required to transit single-ended signal from 464

coaxial cable to differential mode to feed dipole antennas. 465

In step 9, to feed the three orthogonal dipoles on the cubic 466

package with the correct phases, a phase shifter with three 467

parallel output lines has been designed, as shown in Fig. 9. 468

Though the feed network has to be implemented on the 3-D 469
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Fig. 9. Planar phase shifter. (a) Top view, (b) Bottom view.

Fig. 10. Three half-wavelength dipoles with feeding network. Antenna
width = Wd = 2 mm, antenna length = Ld = 82 mm, feeding lines
width = Wf = 1.2 mm, tapered section width = from 1.2 to 0.3 mm,
additional phase shift length for Z-axis dipole = Lf = 47 mm.

package, it is initially designed on a planar surface such that470

when folded, all the squares shown in Fig. 9 become various471

faces of the cubic package. Each square in Fig. 9 has the472

same dimensions 95 mm as that of an individual side of473

the package. To feed the differential antennas, parallel lines474

have been designed such that one part of the line is on the475

top side of the substrate, whereas the other part is on the476

bottom side, as shown in Fig. 9. This arrangement also helps477

in minimizing the effect of these lines on dipoles’ radiation.478

The parallel line is designed to be as short as possible to479

further reduce the effects on the radiating field. In Fig. 10, the480

red parallel line feeds the X-axis dipole, the green one feeds481

the Y-axis dipole, and the blue one feeds the Z-axis dipole.482

The width of the parallel lines determines their characteristic483

impedance and their lengths determine the output port phases.484

The difference in lengths between the parallel lines provides485

the phase differences between the output ports, which are the486

key factors affecting the antenna performance. The tapered487

part of the parallel lines helps in impedance matching with488

the dipoles. Once the right phases, according to the theoretical489

method, have been achieved, the individual substrates are490

folded to form the cubic package. Simulation results confirm491

that the folding of the feed network has a negligible effect492

on its planned performance. The feed network connects to a493

Bazooka balun at the intersection point of the three parallel494

lines to transform the differential signals to the single-ended495

mode for the coaxial cable, as shown in Fig. 10. The length496

of the Bazooka balun is designed to be a quarter wavelength497

long at 1.57 GHz, which is lb = 28.9 mm.498

After step 9, the three dipoles connected with the feed-499

ing network are shown in Fig. 10, where the two dipole’s500

Fig. 11. Simulated antenna radiation pattern in contour plot.

Fig. 12. Antenna CP coverage at target frequency.

arms are placed on either side of the substrate, consistent 501

with the parallel line layout mentioned above. Despite the 502

precautions are taken with the feed network, the finite width 503

and lines of the feedline do affect the antenna radiation 504

and thus the CP coverage of the antenna with the feeding 505

network is not as good as has been predicted from the 506

theoretical model and initial simulations (without the feed 507

network). Therefore, in step 10, the dimensions of the antennas 508

and phase shifters are optimized slightly to get good CP 509

coverage. The re-optimized phase difference between the X 510

and Y dipoles is 88◦, whereas the phase difference between 511

the X and Z dipoles is 276◦. The final dimensions for the 512

antenna and the feed network are given in the caption of 513

Fig. 10. 514

The simulated results for the radiation pattern as well as CP 515

coverage are shown in Figs. 11 and 12. It can be calculated 516

from the simulation result that a 7 dB near isotropy coverage 517

of 92% is achieved which is somewhat lower from the initial 518

prediction of 98% but still acceptable given that the initial 519

prediction did not include the effects of the feeding network. 520

Furthermore, a CP coverage of 21% is achieved which is 521

marginally below the initial prediction of 21.8%. The antenna 522

has a gain of 3 dBi at 1.575 GHz. 523

IV. FABRICATION AND MEASUREMENTS 524

The antenna prototype has been created by fabricating six 525

individual faces of the cube with the required metallization 526

and then assembling them in the form of a cube, as shown 527

in Fig. 13. Each board is fabricated individually by LPKF 528

using the low-loss Rogers boards, as shown in Fig. 13(a). The 529

metal traces on the boards are soldered at appropriate junction 530

points to strengthen the metal connection. The bazooka balun 531

is fabricated by realizing the sleeve through the copper tape 532

on the coaxial line. The balun is then soldered to the parallel 533

traces on the bottom plate. Finally, all the faces of the cube 534
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Fig. 13. (a) Fabricated six roger board with metallic patterns for antenna and
phase shifter. (b) Glued antenna on package. (c) Antenna on package with
bazooka balun.

Fig. 14. Measured and simulated S-parameters of the total antenna system.

are attached with the help of superglue to form the cube. The535

complete prototype is shown in Fig. 13(b) and (c).536

The input reflection coefficient of the antenna has been537

measured through Agilent VNA Keysight N9912A and the538

results are shown in Fig. 14. As can be seen from the mea-539

surement results, the antenna is matched to 50 
 from 1.34 to540

1.81 GHz, which is quite similar to the simulated bandwidth.541

Overall, there is a good match between the simulation and542

measurement results. However, there is a slight shift in the543

measured S11 curve (approximately 50 MHz) around the center544

frequency, which could be due to the fabrication tolerances.545

The other difference is that it is very well-matched resonance546

at 1.52 GHz, which does exist but is not that prominent in the547

simulations. It is worth mentioning here that the narrowest548

parts of the parallel strip line are 0.3 mm and they have been549

connected to the bazooka balun through soldering which may550

have introduced some additional differences. Moreover, the551

Fig. 15. (a) Radiation pattern measurement setup in Satimo Chamber.
(b) 3-D radiation pattern.

Fig. 16. Measured CP coverage.

TABLE I

COMPARISON BETWEEN SIMULATED AND MEASURED RESULTS

bazooka balun has been manually fabricated and it appears 552

that the shorted stub length is not as accurate as has been 553

simulated. 554

To obtain the radiation parameters, the proposed antenna is 555

measured in Satimo anechoic chamber, as shown in Fig. 15(a). 556

The best isotropy and CP coverage performance is observed at 557

1.52 GHz instead of the center frequency of 1.57 GHz. This 558

50 MHz shift is consistent with the impedance measurements, 559

as described above. The measured 3-D radiation pattern at 560

1.52 GHz is shown in Fig. 15(b). The measured 7 dB isotropy 561

at 1.52 GHz is 92.86%, which is quite close to the simulation 562

results, as can be seen in Table I. The antenna’s measured CP 563

coverage is shown in Fig. 16, with a CP coverage of 17.2% 564

at 1.52 GHz. This value is also quite close to the simulated 565

value at 1.52 GHz; however, it is somewhat lower than the 566

21% CP coverage predicted by simulations at 1.57 GHz. As 567

explained above, this may be due to the 50 MHz frequency 568

shift observed in measurements. Nonetheless, in simulations, 569

the performance is quite similar at 1.52 GHz, which validates 570

the proposed theory and design concept. 571

It is well known that antennas’ radiation performance gets 572

affected by nearby objects and the proposed antenna is not 573

exempted from that. However, if the antenna system is smart 574

enough to sense the environment, then the phases of the signals 575

fed to the individual elements can be adjusted to reconfigure 576

the radiation pattern accordingly. 577
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V. CONCLUSION578

A combination of three orthogonal dipoles’ model and579

PSO technique has been utilized in this work to design 3-D580

AoP with near-isotropic radiation pattern and wide circular581

polarization coverage. Appropriate phase conditions to achieve582

maximum CP coverage and decent isotropy from the the-583

oretical model are then utilized to demonstrate a practical584

AoP. A design guideline is provided for readers to design585

AoP which can achieve maximum CP and isotropy coverage586

simultaneously. A design example has been presented based587

on the design guidelines. The prototype shows a decent588

performance and matches well with the predicted performance589

from the theoretical analysis. The methodology presented in590

this work can be utilized to design and optimize antennas on591

3-D packages for future IoT applications. Also, the radiating592

structure can be replaced by other suitable antenna types and593

thus more advanced functions, such as different orbital angular594

momentum beams, can be realized [35].595
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Antenna-on-Package Design: Achieving
Near-Isotropic Radiation Pattern and
Wide CP Coverage Simultaneously

Zhen Su , Member, IEEE, Kirill Klionovski , Hanguang Liao , Member, IEEE, Yiming Chen,

Atef Z. Elsherbeni , Life Fellow, IEEE, and Atif Shamim , Senior Member, IEEE

Abstract— Internet of Things (IoT) applications require

AQ:1

1

orientation insensitive wireless devices to maintain stable and2

reliable communication as well as the localization capability3

using the global positioning system (GPS). For those reasons,4

antennas providing near-isotropic radiation pattern with wide5

circular polarization (CP) coverage are high in demand for IoTAQ:2 6

applications. In this work, we derive conditions for 3-D antenna7

on package (AoP), through a combination of three orthogonal8

dipoles model and particle swarm optimization (PSO) technique9

to achieve near-isotropic radiation pattern and wide CP coverage10

simultaneously. Design guidelines have been provided, and a11

practical AoP has been designed on a 3-D cube package by12

following this guideline. A prototype has been fabricated and13

the measured results demonstrate an isotropy of ∼93% and14

CP coverage of ∼18%, which matches well with the predicted15

results from the theoretical analysis as well as the full-wave16

electromagnetic simulations.17

Index Terms— Circularly polarized antenna, near-isotropic18

radiation pattern, orientation insensitive antenna.19

I. INTRODUCTION20

INTERNET of Things (IoT) will bring connectivity to the21

next level, where billions of smart devices to be designed22

for making decisions for a large number of applications in an23

automated fashion. These huge numbers of IoT devices will24

depend on high speed and uninterrupted wireless communica-25

tion for their smooth functioning. Thus, a new generation of26

antennas is required which are space-efficient, low cost, and27

orientation insensitive in terms of stable performance. Low28

cost and efficient space can be achieved through the antenna-29

on-package (AoP) concept. The package of the sensors or30

circuits is used to realize the antennas in addition to providing31

the required protection from the environment [1]–[5]. Since32

the package accommodates the circuits, the battery, and so33

AQ:3 Manuscript received March 30, 2020; revised November 7, 2020; accepted
November 17, 2020. (Corresponding author: Zhen Su.)

AQ:4 Zhen Su, Kirill Klionovski, Hanguang Liao, and Atif Shamim are
with the Department of Electrical Engineering, King Abdullah Uni-
versity of Science and Technology (KAUST), Thuwal 23955-6900,
Saudi Arabia (e-mail: su.zhen@kaust.edu.sa; kirill.klionovski@kaust.edu.sa;
hanguang.liao@kaust.edu.sa; atif.shamim@kaust.edu.sa).

Yiming Chen and Atef Z. Elsherbeni are with the Department of Electrical
Engineering and Computer Science, Colorado School of Mines, Golden, CO
80401 USA (email: yimingchen@mymail.mines.edu; aelsherb@mines.edu).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TAP.2020.3044134.

Digital Object Identifier 10.1109/TAP.2020.3044134

on, typically, it is in the shape of a rectangular box, which 34

facilitates the realization of 3-D antennas. As the IoT devices 35

can be placed or dispersed arbitrarily, the antenna performance 36

must not degrade due to the orientation or position of the 37

package. Thus, it is important to design antennas with near- 38

isotropic radiation patterns. Furthermore, for circularly polar- 39

ized (CP) antennas, the CP coverage must be enhanced as 40

much as possible. 41

In literature, many papers report antenna designs with near- 42

isotropic radiation pattern [1]–[18]. Near-isotropic radiation 43

pattern is achieved based on various mechanisms, such as 44

folded dipoles [1]–[9], split-ring resonators [10], folded slots 45

[11], [12], and a combination of electric dipoles with slots 46

or loops [13]–[16]. However, these papers only focus on 47

optimizing the radiation pattern coverage and not CP cover- 48

age. On the other hand, there are papers focusing only on 49

enhancing the CP coverage, by bending the dipoles [17], [18], 50

double-layer circular patch [19] or with hybrid perturbation 51

method [20], through dielectric resonance [21], by cavity- 52

backed reflector [22], or through conical log spiral [23], [24]. 53

Although some of them have very large CP coverage [25], 54

[26], their radiation patterns have deep nulls and are thus not 55

suitable for isotropic coverage. There are a handful of papers 56

that have attempted to achieve isotropy in radiation pattern and 57

CP at the same time. However, their goals for CP are limited 58

to one direction only, such as boresight, and not for wide-angle 59

coverage [27]–[29]. Also, these figures of merit are not well 60

discussed in the articles, for example, papers [27]–[29] do not 61

have the CP coverage information, and papers [28], [29] do 62

not have isotropy integral information. Moreover, the reported 63

antennas are planar structures and are thus not suitable for 64

AoP applications. It is worth mentioning here, to the best 65

of our knowledge, that there is no report which investigates 66

conditions for simultaneous isotropy and wide CP coverage in 67

radiation pattern for 3-D AoP designs. 68

In this article, we present a three-dipole model, in which 69

the dipoles are orthogonally placed on a 3-D package. The 70

excitation phases of the dipoles are optimized through the 71

particle swarm optimization (PSO) algorithm to obtain near- 72

isotropic radiation pattern as well as simultaneous enhanced 73

CP coverage. Design guidelines have been provided, and a 74

design example has been shown based on the guidelines. The 75

prototype has been fabricated and measured to verify the 76

0018-926X © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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proposed concept. There is a decent agreement between the77

measured and the predicted results from the derived theoretical78

model as well as the EM simulations.79

II. THEORETICAL MODEL80

A. Isotropy Definitions81

Isotropy in the radiation pattern is defined differently in82

the literature. The smaller gain variation is, the more near-83

isotropic antenna is. The antenna can be considered to be84

isotropic or near-isotropic when the gain variation is smaller85

than 7 dB [3]. Sometimes a major issue with this method is86

that the feeding cable can cause a minimum which can affect87

the overall gain variation and thus foul the value of isotropy,88

while, in most practical antenna designs, the minimum gain is89

set as the bottom limit Gmin to support reliable communication.90

An alternate way is to calculate the integral isotropy factor91

by finding the ratio of the surface where the gain deviation92

exceeds the threshold gain level, T H iso, over a complete93

sphere surrounding the antenna [30]. The sum of the radiation94

pattern beams solid angles whose gain between the peak gain95

(PG) and T H iso below the PG relative to the closed spherical96

surface surrounding the antenna is a measure of the radiation97

pattern isotropy. This is reflected mathematically by an integral98

parameter I th−iso as follows:99

I th−iso = 100% ×
∫∫

S1

sin θdθdϕ

4π
. (1.a)100

The surface S1 is determined by101

S1 such that PG − T H iso ≤ Gain(θ, ϕ) ≤ PG.102

Similarly, the sum of the radiation pattern beam solid angles103

that satisfies axial ratio (AR) in the range of 1 ≤ AR(θ, ϕ) ≤104 √
2 [31], [32] relative to closed spherical surface surrounding105

the antenna is a measure of the radiation pattern CP. A CP106

coverage factor is introduced as in a normalized integral form107

I C P , to estimate the CP pattern isotropy. This is reflected108

mathematically by the following equation:109

I C P = 100% ×
∫∫

S2

sin θdθdϕ

4π
. (1.b)110

The surface S2 is determined by111

S2 such that 1 ≤ AR(θ, ϕ) ≤ √
2.112

B. Model of Three Infinitesimal Electric Dipoles113

We have previously shown how to achieve near-isotropic114

AoP design with the help of three orthogonally placed infin-115

itesimal electric dipoles model [5]. Some preliminary work116

about achieving CP coverage has also been shown in [31]117

and [33]. In this work, we present the three printed electric118

dipoles model to achieve simultaneous near isotropy and wide119

CP coverage by finding the right phase conditions through120

PSO. Based on the calculated conditions, a practical antenna121

design with an appropriate feed network is also conducted in122

this work (shown in Section III).123

Fig. 1 shows the three orthogonally placed infinitesimal124

electric dipoles located arbitrarily in the Cartesian coordinate125

Fig. 1. Configuration of X-, Y-, and Z-oriented electrical dipoles.

system (X, Y, and Z). The current densities Jx, Jy, and Jz of 126

the electrical dipoles oriented along the X, Y, and Z axes and 127

located at points Px (Xx , Yx , and Zx), Py(Xy, Yy, and Zy), 128

and Pz(Xz, Yz, and Zz), respectively, are given as follows: 129

Jx(X,Y,Z) = mxδ(X − Xx)δ(Y − Yx)δ(Z − Zx)x0 (2.a) 130

Jy(X,Y,Z) = m yδ
(
X − Xy

)
δ
(
Y − Yy

)
δ
(
Z − Zy

)
y0 (2.b) 131

Jz(X,Y,Z) = mzδ(X − Xz)δ(Y − Yz)δ(Z − Zz)z0 (2.c) 132

where mx, my, and mz are the moments of the dipoles along 133

X, Y, and Z axes, respectively, δ(.) is the Dirac delta-function, 134

x0, y0, and z0 are the unit vectors along the X, Y, and Z axes. 135

The X-oriented dipole has the elevational Eθ and azimuthal Eϕ 136

components of the radiation pattern, as shown in the following 137

equations: 138

Eθ (θ, ϕ) = − iηkmx

4π
cos θ cosϕeikr ′

x cos(αx (θ,ϕ)) (3.a) 139

Eϕ(θ, ϕ) = iηkmx

4π
sin ϕeikr ′

x cos(αx (θ,ϕ)). (3.b) 140

The components of the radiation pattern of the Y-oriented 141

dipole are given in the following equations: 142

Eθ (θ, ϕ) = − iηkm y

4π
cos θ sin ϕeikr ′

y cos(αy (θ,ϕ)) (4.a) 143

Eϕ(θ, ϕ) = − iηkm y

4π
cosϕeikr ′

y cos(αy(θ,ϕ)). (4.b) 144

The radiation pattern of the Z-oriented dipole has only a 145

meridional component as in the following equation: 146

Eθ (θ, ϕ) = iηkmz

4π
sin θeikr ′

z cos(αz(θ,ϕ)) (4.e) 147

where the phase error coming from the j -oriented dipole 148

positions in spherical coordinates is expressed in [31] through 149

spherical components as follows: 150

r ′
j =

√
X2

j + Y 2
j + Z 2

j (6.a) 151

cos
(
α j (θ, ϕ)

) = sin θ sin θ ′
j cos

(
ϕ − ϕ ′

j

) + cos θ cos θ ′
j (6.b) 152

θ ′
j = arccos

(
Z j

r ′
j

)
, ϕ ′

j = arctan

(
Y j

X j

)
. (6.c) 153

We assume that the three orthogonal dipoles have equal 154

moments and choose the moment in such a way to normalize 155

the elevational and azimuthal components, i.e., mx = m y = 156

mz = i4π /(ηk). The X- and Y-oriented dipoles have a phase 157

shift ψ1 between them, while the X- and Z-oriented dipoles 158
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Fig. 2. RHCP far-field zone sphere coverage for the model of three dipoles.

Fig. 3. LHCP far-field zone sphere coverage for the model of three dipoles.

have a phase shift of ψ2 between them. The normalized159

meridional and azimuthal components of radiation pattern then160

become161

E	
θ (θ, ϕ) = cos θ cosϕeikr ′

x cos(αx (θ,ϕ))
162

+ cos θ sin ϕeikr ′
y cos(αy(θ,ϕ))+iψ1

163

− sin θeikr ′
z cos(αz(θ,ϕ))+iψ2 (7.a)164

E	
ϕ (θ, ϕ) = − sin ϕeikr ′

x cos(αx (θ,ϕ)) + cosϕeikr ′
y cos(αy (θ,ϕ))+iψ1 .165

(7.b)166

The CP coverage of the far-field zone, as defined previously167

in part A, and the power radiation pattern gain variations are168

calculated through MATLAB by manually sweeping the phase169

difference values ψ1 and ψ2. The RHCP and LHCP far-field170

zone sphere coverage and the gain deviation are illustrated in171

Figs. 2–4. To simplify the problem and reduce the calculation172

load, the three dipoles are located at the origin for various173

phase shifts ψ1 and ψ2. The three-dipole antenna’s polarization174

varies from fully linear to circular polarized. As shown in175

Fig. 2, the RHCP coverage shows a maximum when ψ2 is176

300◦ and ψ1 is equal to 60◦. Though other combinations are177

also possible such as. ψ2 = 280◦ and ψ1 = 45◦, however, the178

CP coverage percentage is slightly lower. Similarly, for LHCP,179

the maximum appears for ψ2 = 60◦ and ψ1 = 120◦, as shown180

in Fig. 3. From Figs. 2 and 3, we can see that a maximum181

Fig. 4. Isotropy of the model of three dipoles.

of 28.4% of CP coverage can be achieved for either RHCP or 182

LHCP. In Fig. 4, the gain variations for various combinations 183

of ψ2 and ψ1 are moderate (within ∼12 dBs), with the smallest 184

variation of 3 dBs for some combinations such as ψ2 = 60◦
185

and ψ1 = 120◦, or ψ2 = 240◦ and ψ1 = 120◦. A sharp 186

peak in gain variation is seen when ψ1 = 0◦ and ψ2 = 0◦, 187

180◦, or 360◦, as shown in Fig. 4. This happens because the 188

three dipoles are almost in phase. For the best CP coverage 189

cases (either RHCP or LHCP) and the minimum gain variation 190

of 3 dB, the level of cross-polarization is only 1%. This 191

analysis with the small electric dipoles is a good starting point. 192

However, these dipoles are not practically realizable antenna AQ:5193

combination due to the difficulty in developing a feeding 194

system that matches the transmission feed line as well as due 195

to dipoles’ low radiation efficiency. This means that the model 196

of the three small dipoles has to be extended to dipoles with 197

practically realizable lengths. Also, the manual sweep method 198

is not time efficient particularly for the dipoles which have 199

finite lengths and are placed in arbitrary locations. 200

C. Model of Three Half-Wavelength Dipoles 201

As mentioned in the previous section, dipoles with decent 202

finite lengths must be incorporated in the model for practical 203

antenna design. For this work, it is preferred that matching 204

network (stubs, etc.) is not employed, because the metallic 205

lines of the matching network may influence the radiated 206

fields. To simplify the matching problem, half-wavelength 207

dipoles can be utilized here, because theoretically, the real part 208

of the impedance for a half-wavelength dipole is 73 
 which 209

is relatively easy to match with the typical 50 
 transmission 210

systems. However, for a half-wavelength dipole, contrary to 211

the small dipole, uniform current distribution assumption can 212

no longer be used, rather a sinusoidal distribution must be 213

incorporated in the model. 214

Then, the current densities for the half-wavelength dipoles 215

along the X, Y, and Z axes are given by the following 216

equations: 217

Jx(X,Y,Z) = mx sin

[
k

(
L

2
− |Xx |

)]
δ(Y − Yx)δ(Z − Zx)x0 218

(8.a) 219
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Jy(X,Y,Z) = m yδ
(
X − Xy

)
sin

[
k

(
L

2
− |Yy |

)]
δ
(
Z − Zy

)
y0220

(8.b)221

Jz(X,Y,Z) = mzδ(X − Xz)δ(Y − Yz) sin

[
k

(
L

2
− |Zz|

)]
z0222

(8.c)223

where L is the total length of the half-wavelength dipole. For224

the half-wavelength dipoles placed along the three axes in the225

cartesian coordinate system, the normalized fields are given in226

the following equations:227

Exθ (θ, ϕ) = 2 cos
(

kL
2 sin θ cosφ

)
1 − sin2 θ cos2 φ

cos θ cosϕeikr ′
x cos(αx (θ,ϕ))

228

(9.a)229

Exϕ(θ, ϕ) = −2 cos
(

kL
2 sin θ cosφ

)
1 − sin2 θ cos2 φ

sin ϕeikr ′
x cos(αx (θ,ϕ)) (9.b)230

Eyθ(θ, ϕ) = 2 cos
(

kL
2 sin θ sin φ

)
1 − sin2 θ sin2 φ

cos θ sin ϕeikr ′
y cos(αy (θ,ϕ))

231

(9.c)232

Eyϕ(θ, ϕ) = 2 cos
(

kL
2 sin θ sin φ

)
1 − sin2 θ sin2 φ

cosϕeikr ′
y cos(αy(θ,ϕ)) (9.d)233

Ezθ (θ, ϕ) = −cos
[
π
2 cos θ

]
sin θ

eikr ′
z cos(αz(θ,ϕ)). (9.e)234

Finding the right phase conditions for the half-wavelength235

dipoles is not easy by manually sweeping the phase differences236

between the dipoles; thus, an automated optimization routine237

is required for this purpose.238

D. Particle Swarm Optimization239

PSO is a population-based evolutionary optimization algo-240

rithm [34]. This optimization method employs a large number241

of swarm members to record, share, and compare the indi-242

vidual solutions and then iteratively improve the candidate243

solution. It can achieve the optimization target for a rela-244

tively smaller number of optimization parameters and avoids245

stagnation at the local optimum point without requiring an246

initial estimation at the start. The PSO flowchart, pertinent247

to this work, is shown in Fig. 5. The algorithm begins by248

defining the parameters, the cost function, and the optimization249

boundary. The three parameters, isotropy threshold THiso, its250

near isotropy coverage limit Ith−iso, and the minimum gain251

Gmin, are set by designers for their specific environments and252

requirements. Other than those three customized parameters,253

the excitation phases of the three dipoles are defined as254

the particle positions. Another two important vectors Pbest255

and Gbest are defined to store the intermediate information256

to generate the new velocity of the particles for the next257

movements. The former keeps the personal best position and258

lowest cost value of every single particle, and the latter259

stores the global best position and lowest cost among all the260

particles. The velocity of each particle movement is defined261

as the particle movement step, proportional to the difference262

between its position and the global best position. The objective263

cost function F is defined as the reverse function of the CP264

coverage determined by the antenna radiation model. Then,265

Fig. 5. PSO flowchart. ∗IPth−iso > Ith−iso, and GP > Gmin.

those parameters for a swarm of particles are initialized. The 266

initial positions of all the particles are randomly selected, and 267

the initial velocity is zero. The two vectors, Pbest and Gbest, 268

are set to have empty position values and infinite large cost 269

values. In the next step, a time-domain iteration nested with a 270

space domain iteration is performed. The first particle position 271

and cost function are filled into its Pbest as the space domain 272

iteration begins. The first stop criterion is checked whether 273

the antenna is near-isotropic or not, depending on the isotropy 274

requirement setup by the user. The near-isotropic antenna 275

standard is characterized by Gmin, Thiso, and Ith−iso. IPth−iso
276

is the temporary value that represents the particle isotropy 277

integral parameter Ith−iso, and similarly, GP is the temporary 278

vector that records the minimum gain across the whole sphere. 279

If IPth−iso > Ith−iso, and GP > Gmin, the radiation pattern 280

is near-isotropic. Otherwise, another space domain iteration 281

is triggered with Particle Index increasing by 1. Once the 282

condition of near isotropy is met, then it moves forward to 283

the next step where the antenna CP coverage is calculated. 284

After that Pbest and Gbest are updated accordingly. Once the 285

space domain iterations are completed, meaning that all the 286

particles’ current positions and cost values are calculated, the 287

program runs to the next time-domain iteration. When the 288

number of time-domain iterations reaches the set limit, the 289

required excitation phase conditions for 3 dipoles model and 290

the corresponding CP and isotropy coverage are obtained. In 291



IEE
E P

ro
of

SU et al.: AoP DESIGN: ACHIEVING NEAR-ISOTROPIC RADIATION PATTERN 5

Fig. 6. Configuration of the three off-origin half-wavelength dipoles on the
package. The parameters L = W = H = 95 mm are the dimensions of the
cubic package for antenna at 1.57 GHz operating frequency.

MATLAB, the computation time could be further reduced by292

a parallel computation that realizes the space iteration through293

matrix operation.294

For practical antenna design, the three half-wavelength295

dipoles may be placed away from each other to minimize296

the coupling between them, as shown in Fig. 6. This is a297

complicated optimization problem as compared with the small298

dipoles at the origin because the antennas are electrically299

large and have been strategically placed on the package in an300

orthogonal fashion. As can be seen in Figs. 2 and 3, multiple301

local peaks may appear in the CP coverage optimization; thus,302

PSO is a good option for this problem because it can easily303

reach the global maximum to provide phase conditions for304

simultaneously achieving near isotropy and wide CP coverage.305

As shown in Fig. 6, the dipoles are placed on the three306

orthogonal edges of the cubic package with air as the medium.307

The parameters Wd and Ld represent the width and total length308

of the dipoles, respectively. The centers of the half-wavelength309

dipoles are located at (W/2,0,0), (W, L/2, H), and (0, L, H/2)310

along the X, Y, and Z, respectively. The target of the PSO311

algorithm is to figure out the phase conditions to maximize the312

CP coverage while maintaining the radiation pattern isotropy313

higher than the isotropy limit I th−iso , as defined in (1.a). The314

optimization procedure minimizes a defined cost function that315

is a reverse function of the CP coverage factor in (1.b) as given316

by the following equation:317

F = 1

I C P
. (10)318

The solution is searched within the search-space boundary319

for good near isotropy that satisfies I Pth−iso > I th−iso , and320

GP > Gmin. For example, we set T H iso = 7 dB, I th−iso =321

90%, and Gmin = −10 dBs. The optimized phase difference322

between the X and Y dipoles is 117◦, whereas the phase323

difference between the X and Z dipoles is 236◦, with all three324

ports fed with equal power level. The theoretical model in325

Section II-C calculated by MATLAB predicts a 98% isotropy326

and 21.8% CP coverage. For verification, the optimized phase327

difference values from the PSO have been applied to a model328

in Fig. 6 operating at 1.57 GHz utilized in the full-wave329

EM simulator, Ansys HFSS. The EM simulation results are330

Fig. 7. LHCP gain of (a) theoretical model with PSO optimization and
(b) HFSS simulation model. RHCP gain of (c) theoretical model with PSO
optimization and (d) HFSS simulation model.

close to the predicted values from the theoretical model as 331

can be seen from Figs. 7 and 8, except for some very minor 332

differences. In the example, the simulated LHCP gain and 333

RHCP radiation patterns of the HFSS model, fed with the 334

calculated phase conditions, are compared with the theoretical 335

model in Fig. 7. Both simulated RHCP and LHCP gains are 336

showing good consistent with the theoretically predicted ones. 337

Also, the simulated AR radiation pattern with the theoretically 338

calculated result is shown in Fig. 8. Note that for angles where 339

0 dB < AR < 3 dB, they will be accounted for CP coverage. 340

As seen from Fig. 8 that the simulated HFSS AR radiation 341

pattern is very similar to theoretical results, which means a 342

good consistency of CP coverage is also obtained between the 343

HFSS model and the theoretical model. This comparison is 344

a good validation of the theoretical model. The 3-D package 345

has been kept hollow from inside to accommodate the driving 346

electronics, which matches the concept of AoP. Though not 347

shown here, the antenna has been simulated with a metal cube 348

(representative of the driving electronics, for example, a PCB 349

with a typical dimension around (λ/8) ∗ (λ/8) ∗ (λ/8) placed 350

either at the corner or the center of the package, λ is the 351

wavelength of the operation frequency) and the performance 352

of the AoP remains almost stable (around 22% CP coverage). 353

Having said that, if a larger metallic structure such as a battery 354

needs to be placed inside the package, then the antenna may 355

need to be optimized a bit, as we have shown in our previous 356

works [3]–[5]. 357

E. Design Guidelines 358

To make the design process systematic, a design guideline 359

containing basic steps to design a near-isotropic antenna with 360

wide CP polarization simultaneously is given as follows. 361

First, get the total field expressions of the dipoles groups 362

following the steps. 363

1) Choose any corner of the package as the Cartesian coor- 364

dinate system origin. The choice of the origin position 365

does not make any difference to the final results. 366
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Fig. 8. CP coverage for three half-wavelength dipoles. (a) Theoretical model
with PSO optimization. (b) HFSS simulation model.

2) Locate the three half-wavelength dipoles along with the367

X, Y, and Z directions, respectively, on the surface of368

the package. Note down the center positions of the three369

dipoles referred to the origin as r ′
j (j = x, y, or z) in (6.a).370

3) Use the dipole center positions in (6.a)–(6.c) to calculate371

the spatial phase errors (kr ′
j cos(α j (θ, ϕ))).372

4) Derive the total E-field expressions for the three dipoles373

through (9.a)–(9.e) using the spatial phase errors calcu-374

lated in step 3.375

Second, derive the excitation phase conditions for each dipole376

with the PSO technique for the user’s requirements. There are377

four steps to accomplish this procedure as follows.378

1) The isotropy threshold THiso, its near isotropy coverage379

limit I th−iso , and the minimum gain Gmin can be defined380

by the readers for their requirements. In our example as381

mentioned, we choose THiso = 7 dB as isotropy thresh-382

old, coverage limit I th−iso = 90%, and Gmin = −10 dB.383

2) At this point, an optimization method can be used. We384

have used the PSO technique and the algorithm flow385

that has been provided in the flowchart (Fig. 5). Utilize386

the expressions derived in step 4, along with the reader-387

defined isotropy threshold THiso, near isotropy coverage388

limit I th−iso , and minimum gain Gmin from step 5 in the389

first decision box in Fig. 5.390

3) Run the PSO code to get the excitation phase conditions391

for three half-wavelength dipoles which lead to the392

maximum CP coverage under the condition defined by393

the readers.394

4) Set the excitation phases of the dipoles in the HFSS395

model using PSO optimization results. Verify the radi-396

ation property performance calculated in the PSO with397

HFSS simulation results.398

Third, use the phase conditions derived from the theoretical399

model to a practical design and the detailed steps are listed as400

follows.401

1) Design a feeding network that ensures the required402

phases (calculated in step 7) reach the dipoles with equal403

magnitudes.404

2) Final optimization can now be done for the complete405

AoP (dipoles with feeding network) in an EM simulator.406

Adjust the feeding network to optimize the complete407

system performance, if needed.408

A design example is shown by following these guidelines,409

and an AoP has been designed, simulated, fabricated, and410

measured in Section III.411

III. PRACTICAL ANTENNA DESIGN 412

In this section, a practical AoP design example is provided 413

based on the design guideline provided in Section II-E to prove 414

the feasibility of our design guidelines. 415

To simplify the design process and get a better match with 416

the previous simulation, the package dimensions are set to 417

be L = W = H = 95 mm, which is slightly longer than 418

a half-wavelength dipole. Low-loss Rogers laminates with a 419

dielectric constant εr = 3.3, loss tangent tanδ = 0.0015, and 420

thickness t = 0.762 mm have been used for the package 421

fabrications. Following the first step, the origin is selected 422

as the same as the one shown in the PSO example (Fig. 6). 423

This can be changed to another corner and it does not affect 424

the final results. Following step 2, the three half-wavelength 425

dipoles, X, Y, and Z, are located along the three edges of the 426

package, as shown in Fig. 6, and their centers are noted as 427

(47.5 mm, 0, 0), (95, 47.5, and 95 mm), and (0,95, 47.5 mm), 428

respectively. Then, following step 3, the spatial error of each 429

dipole is calculated by (6.a)–(6.c), and following step 4, the 430

total E-field is expressed using (9.a)–(9.e) with the spatial 431

errors calculated from step 3. 432

In step 5, the near isotropy requirements are set up by the 433

user for their requirements, and here in our design example, 434

we have set THiso = 7 dB and I th−iso = 90% to have a 435

better match with the example we showed in the last section. 436

Next, following step 6, the PSO codes are updated with the 437

parameters setup in steps 4 and 5. The readers can apply their 438

optimization programs for the calculation, and here we choose 439

the PSO algorithm shown in Fig. 5 for the phase conditions 440

calculations. Following step 7, the PSO code is executed to 441

get the excitation phase conditions for minimum cost function, 442

which means the optimized CP coverage is obtained. Here, 443

in our example, the phase conditions are ψ1 = 117◦ and 444

ψ2 = 236◦ with an overall CP coverage of 21.8%. In step 8, 445

the obtained phase conditions are implemented in the HFSS 446

model. For our example, the simulation results in HFSS match 447

the theoretical model prediction, as shown in Figs. 7 and 8. 448

After getting a good match between the theoretical model 449

and HFSS simulations, the next phase is to design a practical 450

AoP with the appropriate feeding network to feed the three 451

orthogonal dipoles. As shown in step 8, each dipole is fed 452

through an independent lumped port in HFSS simulation. In 453

step 9, a feeding network which provides the phase conditions 454

(ψ1 = 117◦ and ψ2 = 236◦) is required to realize the 455

final AoP. It is difficult to realize this feed arrangement for 456

practical antenna design as this requires either an individual 457

excitation cable or an individual driving circuit for each dipole. 458

Other than the practical use, for testability as well, three half- 459

wavelength dipoles fed by a single SMA connector are less 460

complex and more convenient than three coaxial lines with 461

three baluns to feed the dipoles individually. Thus, for practical 462

antenna design, it is better to utilize a single driving network. 463

A balun is also required to transit single-ended signal from 464

coaxial cable to differential mode to feed dipole antennas. 465

In step 9, to feed the three orthogonal dipoles on the cubic 466

package with the correct phases, a phase shifter with three 467

parallel output lines has been designed, as shown in Fig. 9. 468

Though the feed network has to be implemented on the 3-D 469
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Fig. 9. Planar phase shifter. (a) Top view, (b) Bottom view.

Fig. 10. Three half-wavelength dipoles with feeding network. Antenna
width = Wd = 2 mm, antenna length = Ld = 82 mm, feeding lines
width = Wf = 1.2 mm, tapered section width = from 1.2 to 0.3 mm,
additional phase shift length for Z-axis dipole = Lf = 47 mm.

package, it is initially designed on a planar surface such that470

when folded, all the squares shown in Fig. 9 become various471

faces of the cubic package. Each square in Fig. 9 has the472

same dimensions 95 mm as that of an individual side of473

the package. To feed the differential antennas, parallel lines474

have been designed such that one part of the line is on the475

top side of the substrate, whereas the other part is on the476

bottom side, as shown in Fig. 9. This arrangement also helps477

in minimizing the effect of these lines on dipoles’ radiation.478

The parallel line is designed to be as short as possible to479

further reduce the effects on the radiating field. In Fig. 10, the480

red parallel line feeds the X-axis dipole, the green one feeds481

the Y-axis dipole, and the blue one feeds the Z-axis dipole.482

The width of the parallel lines determines their characteristic483

impedance and their lengths determine the output port phases.484

The difference in lengths between the parallel lines provides485

the phase differences between the output ports, which are the486

key factors affecting the antenna performance. The tapered487

part of the parallel lines helps in impedance matching with488

the dipoles. Once the right phases, according to the theoretical489

method, have been achieved, the individual substrates are490

folded to form the cubic package. Simulation results confirm491

that the folding of the feed network has a negligible effect492

on its planned performance. The feed network connects to a493

Bazooka balun at the intersection point of the three parallel494

lines to transform the differential signals to the single-ended495

mode for the coaxial cable, as shown in Fig. 10. The length496

of the Bazooka balun is designed to be a quarter wavelength497

long at 1.57 GHz, which is lb = 28.9 mm.498

After step 9, the three dipoles connected with the feed-499

ing network are shown in Fig. 10, where the two dipole’s500

Fig. 11. Simulated antenna radiation pattern in contour plot.

Fig. 12. Antenna CP coverage at target frequency.

arms are placed on either side of the substrate, consistent 501

with the parallel line layout mentioned above. Despite the 502

precautions are taken with the feed network, the finite width 503

and lines of the feedline do affect the antenna radiation 504

and thus the CP coverage of the antenna with the feeding 505

network is not as good as has been predicted from the 506

theoretical model and initial simulations (without the feed 507

network). Therefore, in step 10, the dimensions of the antennas 508

and phase shifters are optimized slightly to get good CP 509

coverage. The re-optimized phase difference between the X 510

and Y dipoles is 88◦, whereas the phase difference between 511

the X and Z dipoles is 276◦. The final dimensions for the 512

antenna and the feed network are given in the caption of 513

Fig. 10. 514

The simulated results for the radiation pattern as well as CP 515

coverage are shown in Figs. 11 and 12. It can be calculated 516

from the simulation result that a 7 dB near isotropy coverage 517

of 92% is achieved which is somewhat lower from the initial 518

prediction of 98% but still acceptable given that the initial 519

prediction did not include the effects of the feeding network. 520

Furthermore, a CP coverage of 21% is achieved which is 521

marginally below the initial prediction of 21.8%. The antenna 522

has a gain of 3 dBi at 1.575 GHz. 523

IV. FABRICATION AND MEASUREMENTS 524

The antenna prototype has been created by fabricating six 525

individual faces of the cube with the required metallization 526

and then assembling them in the form of a cube, as shown 527

in Fig. 13. Each board is fabricated individually by LPKF 528

using the low-loss Rogers boards, as shown in Fig. 13(a). The 529

metal traces on the boards are soldered at appropriate junction 530

points to strengthen the metal connection. The bazooka balun 531

is fabricated by realizing the sleeve through the copper tape 532

on the coaxial line. The balun is then soldered to the parallel 533

traces on the bottom plate. Finally, all the faces of the cube 534
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Fig. 13. (a) Fabricated six roger board with metallic patterns for antenna and
phase shifter. (b) Glued antenna on package. (c) Antenna on package with
bazooka balun.

Fig. 14. Measured and simulated S-parameters of the total antenna system.

are attached with the help of superglue to form the cube. The535

complete prototype is shown in Fig. 13(b) and (c).536

The input reflection coefficient of the antenna has been537

measured through Agilent VNA Keysight N9912A and the538

results are shown in Fig. 14. As can be seen from the mea-539

surement results, the antenna is matched to 50 
 from 1.34 to540

1.81 GHz, which is quite similar to the simulated bandwidth.541

Overall, there is a good match between the simulation and542

measurement results. However, there is a slight shift in the543

measured S11 curve (approximately 50 MHz) around the center544

frequency, which could be due to the fabrication tolerances.545

The other difference is that it is very well-matched resonance546

at 1.52 GHz, which does exist but is not that prominent in the547

simulations. It is worth mentioning here that the narrowest548

parts of the parallel strip line are 0.3 mm and they have been549

connected to the bazooka balun through soldering which may550

have introduced some additional differences. Moreover, the551

Fig. 15. (a) Radiation pattern measurement setup in Satimo Chamber.
(b) 3-D radiation pattern.

Fig. 16. Measured CP coverage.

TABLE I

COMPARISON BETWEEN SIMULATED AND MEASURED RESULTS

bazooka balun has been manually fabricated and it appears 552

that the shorted stub length is not as accurate as has been 553

simulated. 554

To obtain the radiation parameters, the proposed antenna is 555

measured in Satimo anechoic chamber, as shown in Fig. 15(a). 556

The best isotropy and CP coverage performance is observed at 557

1.52 GHz instead of the center frequency of 1.57 GHz. This 558

50 MHz shift is consistent with the impedance measurements, 559

as described above. The measured 3-D radiation pattern at 560

1.52 GHz is shown in Fig. 15(b). The measured 7 dB isotropy 561

at 1.52 GHz is 92.86%, which is quite close to the simulation 562

results, as can be seen in Table I. The antenna’s measured CP 563

coverage is shown in Fig. 16, with a CP coverage of 17.2% 564

at 1.52 GHz. This value is also quite close to the simulated 565

value at 1.52 GHz; however, it is somewhat lower than the 566

21% CP coverage predicted by simulations at 1.57 GHz. As 567

explained above, this may be due to the 50 MHz frequency 568

shift observed in measurements. Nonetheless, in simulations, 569

the performance is quite similar at 1.52 GHz, which validates 570

the proposed theory and design concept. 571

It is well known that antennas’ radiation performance gets 572

affected by nearby objects and the proposed antenna is not 573

exempted from that. However, if the antenna system is smart 574

enough to sense the environment, then the phases of the signals 575

fed to the individual elements can be adjusted to reconfigure 576

the radiation pattern accordingly. 577
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V. CONCLUSION578

A combination of three orthogonal dipoles’ model and579

PSO technique has been utilized in this work to design 3-D580

AoP with near-isotropic radiation pattern and wide circular581

polarization coverage. Appropriate phase conditions to achieve582

maximum CP coverage and decent isotropy from the the-583

oretical model are then utilized to demonstrate a practical584

AoP. A design guideline is provided for readers to design585

AoP which can achieve maximum CP and isotropy coverage586

simultaneously. A design example has been presented based587

on the design guidelines. The prototype shows a decent588

performance and matches well with the predicted performance589

from the theoretical analysis. The methodology presented in590

this work can be utilized to design and optimize antennas on591

3-D packages for future IoT applications. Also, the radiating592

structure can be replaced by other suitable antenna types and593

thus more advanced functions, such as different orbital angular594

momentum beams, can be realized [35].595
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