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Abstract— As the Internet of Things (IoT) and sensing 

technologies are spreading out, modern systems require wireless 

and real-time data transfer between devices. RFID technology is 

one of the most used technologies for this information exchange. 

For compact devices, antenna in package (AiP) concept presents 

an advantage in this scenario because the antenna does not need 

any additional space while the package protects the electronic 

components and sensors from the environment. In this paper, 

an AiP is designed and miniaturized by employing volumetric 

folding and dielectric loading techniques. Firstly, a dipole in free 

space is analyzed by folding it into a cuboid shape. Later, a free 

space is replaced with the dielectric as AiP body material to 

achieve the required miniaturization for the RFID band. The 

proposed AiP resonates at 891 MHz with a 𝒌𝒂 of 0.27 and 

exhibits a decent efficiency of 34%. 

Keywords—Antenna in package; antenna miniaturization; 

RFID tag. 

I. INTRODUCTION 

Radiofrequency identification (RFID) technology is an 
attractive and inexpensive alternative for enabling wireless 
systems owing to the rising demand for Internet of Things 
(IoT) systems. Moreover, modern RFID-based systems are 
not only used for tracking in the conventional supply chain 
management but also in sensing environmental conditions in 
real-time [1]. For such tracking and sensing applications, 
RFID tags must be integrated with the necessary modules for 
sensing capability. The antenna in package (AiP) concept 
covers this requirement since the package serves as the 
antenna substrate and protects the electronic modules from the 
environment. 

For large-scale deployment, such smart wireless 
systems/packages must be compact and low in cost. In the 
same context, antenna miniaturization becomes relevant since 
the antenna is one of the largest radio-frequency components 
at the RFID ultra-high frequency (UHF) band. It is established 
in the literature that the radiation performance of the antennas 
degrades when the physical size (fractions of operating 
wavelengths) is made smaller [2]. The key challenge in such 
a small antenna design lies in the trade-off between physical 
size and its radiation performance. This challenge becomes 
more critical while realizing a smaller package at low-
frequency, such as for the UHF RFID band since the 
wavelength is around 300 mm. 

In literature, several papers dealt with antenna 
miniaturization for RFID applications [3]–[6]. The most 
common technique is meandering because of its easy and 

cheap manufacturing. However, most of the reported designs 
are planar. Only [6] explores the AiP concept, though its 𝑘𝑎 is 
0.5, which almost doubles the 𝑘𝑎 of the antenna presented in 
this work. [7]–[9] present some 3D antennas realized through 
additive manufacturing, but all of them work at higher 
frequencies than the UHF RFID band. 

We have designed a small RFID tag by implementing 
volumetric folding and dielectric loading. Shaping is a 
common miniaturization technique in which the antenna 
geometry is arranged to lengthen the current path within a 
limited area or volume [10]. On the other hand, a material with 
high permittivity contributes to reducing the physical size by 
reducing the phase velocity of the wave. The issue with this 
technique is that the overall radiation efficiency gets affected 
due to the excitation of undesired surface waves, and the 
dielectric losses of the material [10].  

Full-wave simulations are carried out using Ansys HFSS 
EM software and conductor strips are modeled as annealed 
copper. AiP design starts with a conventional half-wave 
straight dipole. It is then folded over a cuboid shape and 
loaded with a substrate of high permittivity. The antenna is fed 
with a lumped port with a reference impedance 𝑍𝑐 = 4.9 −
𝑗 70 Ω, which is the input impedance of the Monza® 4 UHF 
RFID chip. The proposed tag antenna exhibits a gain of -2.9 
dB at 891 MHz and its 𝑘𝑎 is 0.27. 

II. ANTENNA-IN-PACKAGE DESIGN 

This section describes the miniaturization process of the 

antenna. Table-I summarizes the antenna performance at each 

stage along with its physical size represented by the aspect 

ratio 𝑘𝑎.  

A. Volumetric Folding 

A half-wave dipole is folded over a 20 x 18 x 10 mm air-

box. For a conventional straight dipole, the current is 

maximum close to the feeding point, therefore no meandering 

should be introduced nearby, so the currents do not cancel 

each other. The proposed antenna is deformed into a sinusoid 

shape near the feeding point to reduce the cancelation of 

currents, while the edges of the dipole arms are meandered. 

The current intensity at these sections is relatively low, hence 

the efficiency is not highly affected. At this stage, the 

resonance frequency is 1100 MHz with a gain of 0.2 dB. 

Since additional miniaturization is required to tune the 

antenna within the UHF RFID band, a dielectric package is 



 

 

introduced in the simulation model to shift down the 

antenna’s resonance frequency.  

TABLE I.  ANTENNA PERFORMANCE AT EACH STAGE OF 

MINIATURIZATION 

Stage 
Resonance 

(MHz) 
Gain 
(dB) 

Efficiency 𝑘𝑎 

Volumetric folding 1100 0.2 60% 0.33 

Dielectric loading 894 -2.8 36% 0.27 

Dielectric loading + 
matching network 

891 -2.9 34% 0.27 

B. Dielectric Loading 

A hollow cuboidal substrate is included in the simulation. 
The relative permittivity and thickness of the material are 
parameterized to choose the best combination, so the antenna 
resonance reaches the range of interest while the efficiency is 
as high as possible. To illustrate this concept, Fig. 2 displays 
the return loss of the antenna whose substrate’s thickness is 
varying from 0.25 to 1 mm. The relative permittivity is 5 and 
the loss tangent is fixed to 0.004 for all the cases. The 
efficiency is stated under each curve. It is seen that a thick 
substrate helps in higher miniaturization, but it also increases 
the substrate’s capability of exciting surface wave modes, and 
therefore the efficiency decreases. 

 

Fig. 1. Geometry of the proposed antenna in package. (C= 3 pF, L=4 nH) 

The final design has a substrate with relative permittivity 
of 𝜀𝑟 = 5, and thickness of 0.5 mm. As it is shown in Table I, 
a shifting of 206 MHz is achieved with the introduction of the 
package. However, the efficiency decreases by 24% and the 
gain decreases by 3 dB because of the lossy  substrate and 
the size vs. performance tradeoff that is inherent to small 
antennas.  

At this stage, the antenna input impedance is  1.95 +
𝑗 69 Ω, which means that the antenna is not well matched to 
the impedance of the RFID chip. Therefore, an LC matching 
network is added to the structure. Fig. 1 displays the final 
structure, the black rectangle is the RFID chip, and the orange 
and blue rectangles represent the matching inductor and 
capacitors respectively. 

 

Fig 2.     Return loss for packages of different thickness (𝜀𝑟=5) 

 

   

                       (a) Return loss               (b) Radiation pattern at 891 MHz 

Fig 3. Simulated antenna performance (a) return loss and (b) 3D 
radiation pattern  

The return loss of the antenna is plotted in Fig. 3(a). The 
narrow bandwidth is also an intrinsic feature of small 
antennas. As shown in Fig. 3(b), the radiation pattern of the 
antenna is omnidirectional; therefore, the communication with 
the reader will not depend on its relative orientation. 

III. CONCLUSION 

This paper presents a highly miniaturized AiP operating 
within the UHF RFID band with a 𝑘𝑎 of 0.27. The 
miniaturization has been realized by combining volumetric 
folding and dielectric loading. The antenna achieves a 
maximum gain of -2.9 dB and the efficiency is 34% at 891 
MHz. 
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