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Abstract—Radio-frequency identification (RFID) is becoming 

important with emerging applications for smart cities.  RFID 

Tags are required to be small in size, low in cost and must exhibit 

as long read range as possible. There is a direct tradeoff between 

Tag antenna size and its read range. In this work, we study this 

tradeoff through the use of a relatively higher dielectric constant 

substrate, volumetric folding, and slow-wave structures (SWS). A 

3D antenna design is chosen due to two reasons, 1) it can be 

folded on a 3D structure, 2), the 3D structure can be used as a 

package for electronics (in case of active RFID implementation). 

To enable a low-cost realization, the antenna substrate (package) 

has been 3D printed with filaments of       . A dipole antenna 

has been folded on this 3D substrate, in a way that the 

electromagnetic fields radiating from various segments of the 

antenna do not cancel with each other. Finally, the antenna is 

loaded with specially designed SWS, whose values have been 

estimated using artificial transmission line theory. The final 

antenna design, operating at 866.9 MHz, has a    of 0.26 and 

demonstrates a radiation efficiency of 32%. The antenna is 

integrated with a commercial RFID chip (Monza R6) through a 

silver paste and the measured read range is 2.73 m, while the 

corrected read range is 4.05 m when the impedance mismatch is 

considered. Despite being one of the smallest and the lowest cost 

design (involving 3D printing), the Tag demonstrates one of the 

highest read range.  

Index Terms—Additive manufactured antenna, miniaturized 

RFID tag, slow-wave structures.   

I. INTRODUCTION 

ITH the widespread growth of internet of things (IoT) 

applications, the uses of RFID are no longer limited to 

identification, rather they are being used now for tracking, 

wireless sensing, etc. [1]. In the future, thousands of objects 

will be able to monitor their surroundings, exchange data, and 

make decisions accordingly. RFID technology will be one of 

the enablers of the wireless communication between such 

objects; therefore, bulk production of RFID tags will be on 

high demand. For these scenarios, the manufacturing cost is 

crucial. Other than reducing the cost of the RFID tag, its 

miniaturization is also important so that it can become suitable 

for a wide range of applications. One of the main constraints 

in this respect is the miniaturization of the antenna, since it is 
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the largest component and its radiation performance degrades 

when the size becomes small in terms of operating wavelength 

[2]. So, finding a good balance between small size and 

performance is the key to further miniaturization of RFID 

tags. 

As far as mass manufacturing and lowering the cost of 

RFIDs is concerned, additive manufacturing (AM), such as 3D 

printing, is attractive because of completely digital processing, 

lower material wastage, ease of use, and having more degrees 

of freedom in the design  [3], [4]. Though 3D printed materials 

and printers are not there yet in terms of low-loss performance 

(especially at higher frequencies) as well as fine finishing of 

the surfaces (low surface roughness), the field is growing at a 

fast pace [5]. In terms of antenna design, the degree of 

freedom offered by AM simplifies the fabrication of 3D 

antennas. This is particularly beneficial for antenna 

miniaturization since 3D designs effectively use the available 

volume by folding the radiating structure on the substrate, and 

provide a good tradeoff between size and performance [6]. In 

addition, many applications demand RFID systems with 

sensing capabilities. RFID tags for such applications require 

integrated sensors to sense and transmit the environmental 

parameters to other modules [7]. In order to realize a compact 

RFID tag, significant miniaturization of the antenna is 

required. For such instances, antenna-in-package (AiP) 

concept is attractive, as compared to conventional microstrip 

and planar antennas, because the package goes beyond its 

typical job of protecting the circuitry, and acts as the substrate 

for antenna. Therefore, 3D designs are promising for active 

RFID applications because the antenna’s 3D substrate can 

accomplish the function of packaging by holding the battery, 

circuitry and electronic components inside it [8].  

3D printing is relatively new for the realization of RFID 

tags, hence, only a handful of papers have been reported in 

literature [8-13]. Table I summarizes the state-of-the-art 3D 

printed RFID tags in the literature. As can be seen, most of the 

substrates for these RFID antennas have been 3D printed 

through fused deposition modeling (FDM) of thermoplastic 

materials, whereas the metallization has been realized mostly 

by either electroplating or micro-dispensed silver. M. Rizwan 

et al. [9] demonstrates a planar and flexible RFID tag, where 

the substrate (Ninjaflex) has been 3D printed through FDM, 

whereas the metallization has been done through embroidery 

of a multifilament silver plated thread. However, this 

metallization method neither has a high resolution nor it is 
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very repeatable.  In [10], Catarinucci et al. presented a 3D 

printed RFID tag where the metallization has also been done 

through 3D printing of  a plastic-based filament with copper 

inclusions (Electrifi). However, the Electrifi has lower 

conductivity and thus a lower read range is measured despite 

the large size of the tag antenna.  S. Karuppuswami et al. [11] 

presented a plastic-based RFID tag fabricated with 3D printing 

(stereolithography), however, the metallization is done 

through blanket electroplating of copper, where the final 

pattern is realized through mechanical removal of the copper, 

thus resulting in material wastage and additional steps. 

Further, the chip is embedded in the plastic and connection 

with the antenna is made through a complicated process of 

vias. R. A. Ramirez  et al. have presented 3D tag designs 

manufactured with FDM and micro-dispensed silver [11]- 

[12], however, the cuboid structures have not been printed in a 

single step, rather, the rectangular sections have been printed 

individually, metallized, and then manually assembled which 

is time consuming and not practical for mass manufacturing. 

In [14], Vidal et al. proposed a 3D tag fabricated using a 

combination of 3D printing of liquid photo polymers and 

electroplating of copper. Again, the pattern is created by 

removing the unwanted copper.  According to the state-of-the-

art, generally there is not a lot of effort done on the 

miniaturization of the antennas. Even though, most of the 

above-mentioned RFID tags exhibit a decent read range, their 

electrical size (    is above 0.45. Therefore, there is a need of 

further miniaturization of the antennas while keeping a good 

radiation performance; this is an attractive area to explore for 

applications that demand ultra-small tags. 

In this work, we have proposed a low-cost, highly 

miniaturized 3D printed RFID tag with one of the best 

tradeoffs between read range and        . We have 

miniaturized the RFID antenna by two techniques, namely, 

volumetric folding and SWS loading. To the best of the 

author’s knowledge, this is one of the smallest reported 3D 

printed RFID tag with a decent read range.  

II. DESIGN OF THE PROPOSED RFID TAG 

To have a compact design and still achieve a decent radiation 

efficiency and read range, the goal for our final design is set to 

have an antenna size below             , and radiation 

efficiency       , operating at the European RFID band 

(865 – 868 MHz). With this goal, as shown in (1), the radius 

of the smallest sphere that encloses the antenna (a) must be 

smaller than 16.5 mm. 

 

  
   

 
 

    

  
 

             

  
           (1) 

  For miniaturization of the antenna and to be compatible 

with the Antenna-in-Package (AiP) concept [15], a 3D antenna 

design is chosen so that the antenna can be folded on the 3D 

structure/package. AiP approach not only helps with the 

miniaturization aspect (3D folding) but also with the cost and 

space savings (as no additional antenna substrate is required). 

Further miniaturization is done by employing a relatively high 

dielectric constant (r= 5.3) material as the antenna substrate. 

Finally, the antenna is loaded with carefully designed SWS to 

miniaturize it further. The antenna is integrated with Monza® 

R6 UHF RFID chip (                 ) to realize the 

complete tag. The details of the above-mentioned 

miniaturization schemes are given in the following sub-

sections.  

 
Table I. State-of-the-art of additively manufactured RFID tags  

Ref. 
Manufacturing 

technique 

3D 

structure 
   

Chip 

model 

and 

sensitivity 

Read 

range (m) 

[9] 

FDM Ninjaflex 

and embroidered 

multifilament 

silver thread 

NO 0.98 

NXP 

UCODE 

G2iL 

-18 dBm 

6 

[10] 
FDM PLA and 

FDM Electrifi 
NO 0.98 

Impinj 

Monza 3 

-15 dBm 

2 

[11] 

Plastic printed 

with 

stereolithography 

and 

electroplating 

NO 0.62 
Higgs 3 

-17 dBm 
6 

[12] 

FDM  ABS and 

microdispensed 

silver 

YES 0.59 

NXP 

UCODE 

G2i 

-18 dBm 

11.3 

[13] 

FDM  ABS and 

microdispensed 

silver 

YES 0.45 

NXP's 

UCODE 

G2iL 

-18 dBm 

6.37 

[14] 

Material-jetting 

3D printing and 

electroplating 

YES 0.45 
Higgs 3 

-17 dBm 
4.5 

This 

work 

FDM ABS and 

laser patterning 

technology 

YES 0.26 

Monza 

R6 

-20 dBm 

Measured: 

2.7 

Corrected: 

4.05 * 

The    factor is calculated as         , where   is the radius of the 
smallest sphere enclosing the RFID tag which is calculated from the antenna 

dimensions provided on each paper, and λ is the free space wavelength at their 

reported frequency of operation. 
* As explained later in this manuscript, through the impedance 

characterization of our antenna, we observed that there was an impedance 

mismatch between the antenna and the IC chip. Such mismatch would 
decrease the power transferred to the chip, and therefore the measured read 

range would decrease. Hence in order to estimate the true potential of the 

ultra-small antenna presented in this work and the read range that it could 
exhibit, we corrected for this mismatch, and the corrected read range turns out 

to be 4.05 m. 

A. 3D Folding 

Folding comes naturally to a 3D design, thus a wire antenna 

can be miniaturized by wrapping it around the 3D structure. 

However, folding, if not done carefully, may degrade the 

antenna efficiency, because different segments of the antenna 

structure may have opposite current phases, leading to 

cancellation of radiated fields.  

There is evidence that as the dipole antenna is miniaturized, 

its input resistance decreases and hence ensuring matching to 

the source becomes challenging [16]. Initially, we started 

working with the fundamental mode (   ), but since our 

intended antenna design needs to match the RFID chip’s 

resistance (      ), we moved to a higher order mode (  )  

as its input resistance is higher [17]. Therefore, in the folding 

stage, the operation frequency is about 1.6 GHz. With the help 
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of other miniaturization techniques, we bring the resonance 

down to         , as well as the    below 0.3.  

 In the first stage of the design, the dipole is folded on a 

         cuboid-shape box, as shown in Fig. 1 (a). The 

folding is done in a manner that can achieve symmetric layout 

as well as maximum spacing between different segments of 

the folded dipole arms so that current cancellation can be 

minimized. For visual clarity, the two folded arms of the 

dipole are shown in two different colors. Both arms are 

divided into seven segments that are labeled with white circles 

in Fig. 1 (b), which shows different faces of the 3D package. 

We can express (1) in terms of the box dimensions as follows.  

 
  √                 (2) 

The conductor used in this work is copper with a thickness 

of      . The gap to place the RFID chip is           , 

and the gap between the conductor and the edges of the box is 

      . The optimum width is found through parametric 

analysis and it turns out that        is the best 

compromise between size and radiation efficiency. The 

expressions for calculating the lengths of the segments 1 to 6 

are given in the figure, whereas the length of segment 7, 

labeled as “ ”, is computed through (3), considering that the 

sum of the seven segments is fixed to be          . It 

must be noted that    should be smaller than    so that the 

conductor stays within the box dimensions.  

  

 
             

   

 
 

 

 
     

 
  

 

 
 (            

   

 
 

 

 
)     (3) 

Fig.  1. (a) Folded dipole geometry (right arm: green, left arm: orange)  

(b) Folded dipole geometry: planar view showing the six faces of the cuboid, 
and the labels of the seven segments (b=2 mm, g = 1 mm, gap=0.6 mm, w=2 

mm) 

  The left arm of the dipole is extended in an L shape 

(highlighted in blue in Fig. 1 (b)) for two reasons, 1) to realize 

the off-center dipole, and 2) to obtain a section of parallel 

conductors (segment 7 of the right arm and   of the additional 

length) for placement of the SWS.  Keeping in mind the 

footprint of the lumped components to be used as SWS,   has 
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to be at least 2 mm, as described in (4) (see Fig. 1 (b) - back 

face). 

 
    (                     (4) 

We have to find a combination of  ,   and   that provides a 

high radiation efficiency, while fulfilling the requirements in 

(2), (3) and (4). The lower limits of  ,   and   are determined 

with the help of Fig. 1 (b) as follows: 

1)                              since on 

the front face (z-axis) there should be enough room for 

the RFID chip (   ), the segment 2 of each dipole arm 

(  ), and two gaps (  ). 

2)             (        because on the right 

and left faces (x-axis) there should be enough room for 

segment 4 ( ) and one gap ( ). 

3)                 (            because on 

the back face (y-axis) there should be enough room for 

three conductor traces (  ), the distance   between the 

parallel conductors, and the minimum distance ( ) 

between the segment 7 of the left arm and the vertical 

segment of the additional length. 

Therefore, we calculate the lower limits as:          , 

          and          , whereas the upper limits are 

derived from (2) as follows (         ). 

1)      √       
      

          

2)      √       
      

          

3)      √       
      

          

As a result, the boundaries are:       ,        

and       . It is found out that there are 59 combinations 

of  ,   and   (with a step of 1 mm in the mentioned ranges) 

that fulfill the equations (2), (3) and (4). The antenna 

structures corresponding to these combinations have been 

simulated in the electromagnetic (EM) simulator Ansys HFSS. 

Then the simulation results are processed as follows: for each 

simulated case, the resonant frequency   (where   (     
       ) is identified, the efficiency and impedance values are 

extracted at  , while the    is calculated with        .  

The simulated input resistances versus    is plotted in Fig. 

2, where each data point corresponds to a simulated case, and 

the color represents the value of efficiency as shown in the 

color bar. It is seen that as the antenna becomes more 

compact, the performance in terms of radiation efficiency 

degrades. The reason of this behavior is a combination of the 

performance limitations for small antennas and the current 

cancelation when segments of the dipole (with opposite 

current directions) are close to each other.  

 

 

 
 

 
Fig.  2. Antenna’s input resistance and efficiency vs.    of an off-center fed 

folded dipole with       ,        and        mm (  (     
        for all the cases). 

 

Since, we are operating at a higher frequency (~1.6 GHz) 

because of the choice of the higher order mode, and also 

because this is an intermediate stage, we see ka values to be 

higher than 0.3 in this graph. We have chosen the design with 

  =0.48 (      ,        and           shown 

with black boundary in Fig. 2, since it has one of the highest 

radiation efficiency (96.7 %) and  input resistance (33.34 Ω) 

which is a bit higher than the chip’s resistance. It is expected 

that with further miniaturization, the input resistance value 

would drop, so a better match with the chip resistance can be 

obtained for the final optimized design. The resulting antenna 

has a size of 20 x 18 x 10 mm
3
. The current distribution in Fig. 

3 (a, b) shows that the currents add constructively along the 

antenna, except between the vertical sections on the front and 

right faces and the horizontal sections on the front and top 

faces of the box; however, such cancellations do not affect the 

efficiency much since the current is low in these sections. This 

folding strategy for miniaturization of the antenna is 

summarized in the flowchart (shown in Fig. 4) to make it easy 

for the readers to understand and replicate the process. Further 

antenna miniaturization is required to bring the frequency 

down to the range of interest, and achieve a conjugate match, 

while maintaining a decent radiation performance. 

 
Fig.  3. Current distribution of the off-center fed dipole at            

(     ,    ,     ,  =14.35 mm) 
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Fig.  4. Flowchart of the folding stage.  

 

B. Replacing Air Box with a High Dielectric Constant 

substrate 

In the previous section, the folding step was done on an 

ideal 3D box structure, which was assumed to be made of air. 

In this design stage, realistic material properties are assigned 

to the 3D package/antenna substrate. Keeping in mind the 

required antenna miniaturization, it is decided that a relatively 

high dielectric constant (  ) material will be used. It is well 

known that miniaturization can also be achieved by using a 

relatively high    material, since it slows down the wave 

propagation and thereby the guided wavelength decreases 

without changing the antenna’s physical size [18]. The phase 

velocity is inversely proportional to the substrate’s 

permittivity. Hence, the higher the permittivity, the lower the 

resonant frequency. However, this comes at the cost of 

reduced radiation efficiency as well as chances of excitation of 

surface waves (dependent on the    value and thickness of the 

substrate). In addition, the antenna performance is deteriorated 

because of the dielectric losses associated with the material 

[19]. 

In this section, a parametric study of the    and thickness of 

the antenna substrate is performed for the antenna design 

shown in the previous section (Fig. 3). We used the    values 

for some commercially available 3D printable materials 

ranging from 3 to 15. The tangent loss for all cases is 0.004, 

whereas the thickness varies from 0.25 to 1 mm. Fig. 5 shows 

the   , efficiency and gain versus dielectric thickness at the 

resonant frequency for each case. As expected, these 

simulation results show that both    and radiation efficiency 

decrease when the    or thickness increases. Among the 

simulated antennas, seven cases exhibit positive gain, so we 

concentrate on these cases (            =5.3) and do not 

consider the other options for further study (             

=15). Three of these cases have     0.25 mm, which in 

practice may be too fragile for a package, so they are also not 

considered further. Finally, the results of the remaining four 

cases are summarized in Table II.  

 

 
Fig.  5. Antenna performance for different values of permittivity vs. dielectric 
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thicknesses. (a) ka, (b) Efficiency, and (c) Gain. 

 

From Table II, we have selected the fourth case, which 

exhibits the lowest resonant frequency and    value, with 

decent gain and radiation efficiency values. Therefore, to 

continue with the next miniaturization stage, we selected the 

combination of        and           .  

Table II. Antenna performance of cases with      > 0 dB and             

Case    
    

(mm) 

Frequency 

(MHz) 
     (%) 

Gain 

(dB) 

1 3 0.5 1384 0.42 78.86 1.2 

2 3 0.75 1322 0.4 71.41 0.78 

3 3 1 1284 0.39 66.13 0.42 

4 5.3 0.5 1260 0.38 68.33 0.63 

 

C. Introduction of Slow-Wave Structures  

1) Theory  

For this miniaturization stage, we assume that an antenna 

whose radiating structure has two close conductors (separated 

by a distance much smaller than    ) can be modeled using 

the transmission line theory [20]. The phase velocity of the 

electromagnetic fields propagating along a transmission line 

(   √   ⁄ ) can be slowed down by modifying the 

transmission line parameters (i.e. inductance and capacitance). 

For this purpose, the transmission line can be loaded with 

SWS (slow-wave structures) in the form of lumped 

components, dielectric loading, slots, meandering segments, 

textured materials, among others [19]. Introducing SWS 

increases the transmission line electrical length (  

 √     , while its physical size    remains unchanged. In 

other words, the performance in terms of phase delay of an 

unloaded transmission line at a frequency        , is the 

same as that of a loaded transmission line at a lower frequency 

       (where   is the miniaturization factor). 

Fig. 6 displays three transmission lines with the same 

physical length and they are assumed to be matched at the 

terminations. Fig. 6 (a) shows a transmission line with an 

electrical length      √      . The ABCD parameters of 

the unloaded transmission line are given in (5) [21].  On the 

other hand, Fig. 6 (b) displays a transmission line loaded with 

an SWS cell composed of lumped components forming a T-

network (series inductors    are represented in purple color 

and a shunt capacitor    is represented in yellow color). The 

electrical length of the remaining transmission line section 

(highlighted with a blue dotted line in Fig. 6 (b)) is     

  √       (where         , and    is the length of the 

SWS cell). The ABCD parameters of the T-network are given 

by (6) [21], whereas the ABCD parameters of the transmission 

line section of length     are given by (7). Therefore, by 

multiplying (6) and (7), we obtain the ABCD parameters of 

the complete loaded transmission line of Fig. 6 (b) (8). We 

need to determine the values of the loading components    and 

   to miniaturize the transmission line for a required   
     . Hence, the ABCD parameters of the unloaded case (5) 

and the loaded case (8) are equated, and we solve the equation 

system for    and   , obtaining (9) and (10), respectively.  

The same procedure is generalized for loading the 

transmission line with a number   of SWS cells. In such case, 

the transmission line is divided into   segments, and we set 

the length of a segment as        so      √         . 

The values of    and    are calculated for one segment, and 

because the SWS cells are placed equidistantly, the values of 

the loading components are the same for all the SWS cells. 

For instance, Fig. 6 (c) illustrates the case when    . 

 
Fig.  6. (a) Lossless transmission line, (b) Loaded transmission line (N=1): 

one SWS cell connected to a lossless transmission line, (c) Loaded 

transmission line (N=2). 

 

 
*
  
  

+
 
 [

                 

                 
] (5) 

 

where    √    ⁄ ,        . 

 

 
*
  
  

+
  

 [
      ⁄             ⁄

   ⁄       ⁄
] (6) 

 

where            
  ,      (      ,        . 

 

 
*
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] (7) 
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  (   (          

      (       
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   (       

     

 (10) 

Where       √    (   . 
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In order to verify the theory, we have calculated the values 

of    and    required to miniaturize a transmission line from 

            to            (       ) using one 

SWS cell. The length of the line is         , the width of 

the traces is         , and the distance between the 

conductors is         . First, we simulate the unloaded 

transmission line in CST studio to obtain the distributed 

parameters using the TL Parameters Post-Processing tool, and 

we get that             ,             and    
        . Then, for N=1,           , and since        ,  

           . Plugging in these values in (9) and (10) results 

into           and          . We simulate the unloaded 

and loaded transmission lines in the EM simulator Ansys 

HFSS to confirm that the phase delay of the loaded 

transmission line at 867 MHz is almost the same as the phase 

delay of the unloaded line at 1260 MHz as shown in Fig. 7. 

 

 
Fig.  7. Simulated phase delay of an unloaded transmission line, and a loaded 

transmission line (N=1) 

 

2) Parametric Study for SWS on a 3D Antenna 

In this section, the SWS approach is implemented to 

miniaturize the antenna design shown in the previous section 

(Table II - case 4). It must be emphasized here that this 

antenna is a complex structure as compared to the ideal 

transmission line discussed before, since the conductor is 3D-

folded on a dielectric substrate. Hence, the proposed theory 

provides initial values of    and    only, and these initial 

values need to be further optimized through a parametric study 

with EM simulations to bring down the resonant frequency 

from             to            (       ).  

It is well known that the values of    and    depend on the 

geometry of the conductors of a transmission line [21]. For an 

ideal transmission line (Fig. 6 (a)), the geometry is always 

symmetric; by contrast, for our 3D antenna, at different 

locations the geometry of the conductors change as well as the 

distance between them. Therefore, when loading the proposed 

antenna, the values of    and    vary on the location of the 

SWS cell. The influence of the SWS cell’s location on the 

miniaturization and antenna radiation performance must be 

studied. As shown in Fig. 8 (a, b, c, d), there are four locations 

on the antenna (P1, P2, P3 and P4) with close conductors that 

are long enough for placing the SWS. The available length at 

P4 allows only one SWS cell ( =1), while for the remaining 

cases     and     are considered. In addition, 

symmetrical loading is studied for P3 and P4 (Fig. 8 (e, f)) to 

further bring down the frequency. Fig. 8 (a, b) (P1, P2) show 

that the currents flow in the same direction on the two 

segments to be loaded. On the other hand, in Fig. 8 (c, d) (P3, 

P4), the currents flow in opposite directions, and the 

difference in current intensity is high between the two 

segments to be loaded. Cases P3 and P4 resemble the behavior 

of the current in a transmission line, so it is expected that the 

miniaturization due to the loading of the antenna on such 

locations will be better predicted by the proposed theory.  

 
Fig.  8. Locations to load the SWS. (a) P1, (b) P2, (c) P3, (d) P4, (e) P3’ 

symmetric, (f) P4’ symmetric. 

 

For each location,    and    are calculated using the TL 

Parameters Post-Processing tool of CST Studio, whereas    is 

calculated depending on   ,    and   , and the values of    and 

   are calculated using (9) and (10). In total, nine cases are 

studied and full-wave simulations have been performed for all 

of them as summarized in Table III. The data is extracted at 

the resonant frequency of each case (    (          ). As 

expected, when the SWS cells are introduced at P3 or P4 

(cases 5 to 9),    decreases more than when the SWS cells are 

introduced at P1 or P2 (cases 1 to 4), whereas the difference in 
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efficiency is not much. In addition, there is not a significant 

variation in the antenna performance when loading it with one 

or two parallel SWS cells (case 1 vs. 2, 3 vs. 4, and 5 vs. 7). 

However, so far these lumped components have been 

considered to be lossless, but when the losses are incorporated, 

the number of components also affect the efficiency.  

 
Table III. Cases of SWS loading under study. 

Case Description 
Loading 

values 

Real 

(Z11) 

Freq 

(MHz) 
     

1 

P1, N =1 

 

2.48 nH 

133.30 fF 

 

9.56 1166 0.38 58.8 

2 

P1, N=2 

 

1.72 nH 

95.79 fF 
9.27 1150 0.35 57.3 

3 

P2, N=1 

 

2.94 nH 

148.84 fF 
7.27 1148 0.35 55.8 

4 

P2, N=2 

 

2.04 nH 

103.66 fF 
7.36 1136 0.34 55.2 

5 

P3, N=1 

 

3.05 nH 

76.7 fF 
11.37 1098 0.34 55.5 

6 

P3, N=2 

 

2.31 nH 

58.19 fF 
10.75 1063 0.33 54.5 

7 

P3, N=1 

symmetric 

 

2.31 nH 

58.19 fF 
8.33 1060 0.32 53.2 

8 

P4, N=1 

 

4.26 nH 

77.75 fF 
10.28 1107 0.33 58.9 

9 

P4, N=1 

symmetric

 

4.26 nH 

77.75 fF 
14.34 1042 0.31 56.5 

 

We have chosen case 9 because, as shown in Table III, it 

exhibits the lowest        , while its efficiency is high 

(       ), and its input resistance is very close to the RFID 

chip´s resistance (Real(Z11)=14.34 Ω). Even though a good 

compromise between efficiency and    is achieved, the 

operation frequency is still above 867 MHz. As mentioned 

before, the model used to calculate    and    is for a simple 

transmission line and cannot accurately predict for a complex 

3D antenna structure, however, these    and    values can be 

treated as initial values which can be further optimized 

through full-wave simulations. Therefore, with the initial 

values of case 9, a parametric simulation of    and    is 

performed, and it can be seen in Fig. 9 that we were able to 

reduce the frequency to 870 MHz which is quite close to the 

intended frequency. However, it is not possible to fine tune the 

frequency with the practically available components. 

Therefore, the antenna is loaded with            and 

         , and the width of the conductor on the backside 

(  ) is varied to adjust the frequency. The reason for 

modifying this section is that since the current intensity is 

relatively low there, the overall current distribution of the 

antenna does not change significantly when    is modified. 

Through a parametric simulation, it is found out that with 

         , the antenna resonates within the UHF RFID 

band with a radiation efficiency of 43.9%. Fig. 10 displays all 

the antenna dimensions. 

 

 
Fig.  9. Resonant frequency for different loading combinations 

 

 
Fig.  10. Geometry of the proposed antenna (w = 2 mm, w1 = 1.1 mm) 
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3) Antenna Performance with Lossy Lumped Components 

In practice, the addition of lumped components introduces 

losses to the antenna. The equivalent series resistances that 

represent the losses of the inductors and capacitors are 

included in the simulation model as            and    
     , respectively. The comparison with and without losses is 

presented in Table IV. The tag performance is displayed in 

Fig. 11. The radiation pattern is exported from the simulation, 

whereas the read range is derived from the Friis transmission 

equation, and is given by (11) [17]. Fig. 11 (b) shows the 

evaluation of (11) using the simulation results and datasheet of 

the Monza® R6 UHF RFID tag chip. The maximum 

calculated read range, as marked in the plot, is 4.1 m. 

 
Table IV. Antenna performance upon considering the losses of the lumped 

components (w1 = 1.1 mm) 

Model Loading 
Frequency 

(MHz) 

Input antenna 

Impedance 
  

(%) 

Gain 

(dB) 

Without 

losses 

11.2 nH 

0.4 pF 
866 10.76 + j 121.69 43.9 -1.96 

With losses 
11.2 nH 
0.4 pF 

866 14.96 + j 121.20 31.4 -3.49 

 

 
Fig.  11. RFID tag simulated performance. (a) Radiation pattern, (b) read 

range 

 

 

   
 

  
√
                

   

 (11) 

 

Where: 

    Wavelength corresponding to the operating frequency. 

      Polarization mismatch factor (0.5) 

       Realized gain of the antenna,        (  | |   

     (where   is the reflection coefficient between the antenna 

and the RFID chip) 

      Regulated equivalent isotropically radiated power of 

the reader antenna (30 dBm) 

      Chip read sensitivity (-20 dBm) 

III. FABRICATION AND MEASUREMENTS 

This section describes the fabrication and characterization 

process of the proposed RFID tag. The fabrication involves 

3D printing of the cuboidal substrate, the realization of the 

metallic folded antenna on the package, and finally, the 

attachment of the RFID chip as well as the SWS on the 

antenna. Two antenna samples are required: one for the input 

impedance characterization and the other for the read range 

measurement. The impedance characterization of the antenna 

has been done through modified coaxial cables (described 

later in this section). For the read range testing with a 

commercial RFID reader, a complete tag is required, so the 

RFID chip is attached to the input terminals of the tag.  

A. Fabrication 

Step 1: The cuboidal shape substrate has been 3D printed 

with ABS550 filament using a Raise3D Pro2 printer. A brim 

support has been added to improve the adhesion of the 

substrate to the print bed, and the following printer settings 

have been utilized to obtain the correct wall thickness and a 

smooth surface: nozzle temperature = 250°, nozzle size = 0.4 

mm, infill density = 100%, infill speed = 60 mm/s. 

Afterwards, the dielectric properties of the substrate have been 

measured at 900 MHz with an Agilent E4991A RF 

Impedance/Material analyzer to be   =5.3 and tanδ=0.004. 

Note that the measured   =5.3 is lightly lower than the value 

reported by the manufacturer (  =5.5 ) for the ABS550 

filament, however this is expected for a 3D printed substrate 

with some air gaps.  As shown in Fig. 12 (a), the substrate can 

be printed either in one-step (hollow box), or in two steps 

(cavity and lid) to house the electronics in it. The two printed 

parts can then be glued together with a solution of the same 

filament to avoid variance in the substrate properties. 

Step 2: The antenna is fabricated on the surface of the 

substrate using copper tape. The tape is cut using laser 

patterning technology with the laser platform PLS6MW and 

the parameters such as height, power, and speed are optimized 

to obtain good quality edges and accurate width. Next, the 

copper tape patterns are attached to the substrate (Fig. 12 (b)). 

Step 3: Finally, the lumped components are carefully 

soldered to the antenna surface using a conventional soldering 

iron and a low-temperature solder wire to avoid melting of the 

substrate (Fig. 12 (c)). The RFID chip is attached to the 

antenna with silver conductive epoxy (8331S, MG 

Chemicals). 
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Fig.  12. RFID tag fabrication process 

B. Impedance Characterization 

The input impedance of the antenna is calculated by 

measuring the 2 port S-parameters and converting them into 

Z-parameters as described in [20]. The idea is to model the 

antenna as a two-port network and calculate the differential 

impedance from the measured 2 port S-parameters (see (12)). 

This method allows to avoid the use of a balun for differential 

antenna measurements. 

 

    
   (                        

(      (             
 (12) 

The measurement setup is shown in Fig. 13. The 

measurements are performed with a Network Analyzer (NA) 

(E8363C). The antenna is placed over a polystyrene box and is 

connected to the NA through two semi-rigid coaxial cables 

that have been connected with each other through the 

soldering of their outer conductors.  

 
Fig.  13. Measurement setup for impedance characterization (a) Schematic, (b) 

Experimental 

 

In order to obtain the S-parameters of the antenna only, the 

NA is calibrated till the SMA connectors, and the effect of the 

additional semi-rigid coaxial cable section is de-embedded 

using the port extension tool of the NA. Then, the S-

parameters are exported and post-processed according to (12). 

Fig. 14 shows the comparison between the measurement and 

simulation results for the antenna input impedance. Both 

results generally follow the same trends, however, there are 

some discrepancies. The most important is the upward shift in 

the frequency in measurements, due to which the measured 

resistance and reactance is higher in the band of interest. This 

discrepancy can be because the 3D printed substrate is 

modeled as a uniform solid structure in simulations (without 

any defects), however, in reality, the 3D printed substrate is 

imperfect because of airgaps, non-uniformity of layer 

thickness and surface roughness. Other reasons could be the 

effect of the soldering joints as well as the tolerance in the 

lumped component values.  
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Fig.  14. Measured and simulated impedance of the antenna. (a) Resistance, 

(b) Reactance. 

 

C. Read range 

The read range measurements are performed with a CS101 

EPC Class 1 Gen 2 RFID handheld reader manufactured by 

Convergence Systems Limited. The power level is set to 30 

dBm; and the frequency is varied between a set of given 

values: 865.7 MHz, 866.3 MHz, 866.9 MHz, and 867.5 MHz. 

The measurement setup is shown in Fig. 15. The RFID tag is 

placed at the center of a polystyrene cylinder. The bottom of 

the polystyrene cylinder is marked with the angles, and it is 

rotated every 10°. To obtain a complete 3D read range, two 

starting positions are considered for the tag: 1) the bottom face 

of the tag is facing the reader to measure the read range on the 

plane θ=90°, 2) the front face of the tag is facing the reader to 

measure the read range on the plane ϕ=90°. For both cases, at 

every angle the distance is measured with a measuring tape 

from the edge of the antenna to the edge of the RFID reader.  

The RFID reader is mounted on a tripod that is gradually 

moved towards the antenna and the distance is measured once 

the reader is able to identify the tag. 

 

 
Fig.  15. Measurement setup for the read range testing 

 

As shown in Fig. 16, the measurements indicate that the 

radiation pattern of the antenna is omnidirectional in the plane 

ϕ = 90°, and doughnut-shaped in the plane θ = 90°, which is 

what is expected from a dipole antenna. The variations in the 

radiation pattern are due to the manual movement of the 

reader and due to the reflections from the enviornment, as the 

measurements are not performed in an anechoic chamber. The 

maximum read range is 2.73 m, which is below the expected 

value. However, this is expected because of the impedance 

mismatch between the antenna and the chip (as mentioned in 

the impedance characterization section). 

 
Fig.  16. Read range measurement (a) ϕ = 90°, (b) θ = 90° 
 

In order to estimate the true potential of this ultra-small 

antenna and the read range that it could exhibit, we corrected 

for the impedance mismatch effect. We utilize (13) where 

      is the measured read range,      is the simulated 

reflection coefficient, and       is the reflection coefficient 

calculated from the impedance measurements. This calculation 

is done for the values at 866.9 MHz. It is seen that the read 

range is 4.05 m which is quite close to the simulated read 

range of 4.1 m as  shown in Fig. 11 (b). 

 

           √
  |    | 

  |     |
 
 (13) 

                  √
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IV. CONCLUSION 

A 3D printed UHF RFID tag is designed, fabricated, 

and characterized for the European RFID band. An off-

center fed dipole is folded over a cuboidal box smartly 

to achieve constructive addition of the currents. The 3D-

printed substrate of relatively high permittivity (   
   ) served the purpose of antenna miniaturization and 

robust packaging. Finally, slow-wave structures 

consisting of lumped inductors and capacitors are 

loaded at various locations for further antenna 

miniaturization. The final optimized antenna exhibits 

one of the highest efficiency (~32 %) despite being the 

smallest in size (  =0.26). The tags performance during 

the active RFID measurement at 866.9 MHz shows a 

decent measured read range of 2.73 m and 4.05 m is the 

corrected read range when the impedance mismatch is 

considered. 
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