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1.0 Executive summary 
 
RFID systems with passive or batteryless tag have been available for many 
years.  But the performance was quite limited in the past due to the state of the 
technology especially for the silicon chips, with which the operating frequencies 
for single chip transponders was restricted to less than 30MHz. For such low 
operating frequencies, the magnetic coupling methods were applied with 
expensive coil systems for antennas, and thus ranges from a couple of 
centimeters to one meter were achievable, depending on the operating frequency 
used. 

 
In recent years, the technology for UHF transponder systems operating at 
frequencies above 300MHz has been greatly improved. The electric coupling 
methods can be used so that coil antenna can be replaced with thin wires, foils or 
printed ink tracks. With the latest chip design technology, increasing dramatically 
the efficiency of power conversion, fairly good operating ranges can be achieved 
despite only having a single electronic chip and a simple antenna as a passive 
transponder. 

 
The RFID antenna investigation in ITM is mainly aimed at the antenna design for 
UHF transponder system, especially at the EU 869MHz, the US 905-928MHz and 
the common ISM 2.45GHz frequency band. The EU 869MHz and US 905-
928MHz are considered because they have been proved to give quite good 
working ranges with properly designed RFID ASIC, and the 2.45GHz RFID is 
expected to find a significant increase of the market size in the future due to a 
global harmonization. The passive tags with antenna printed on flexible substrate 
are also highly desired in the market, our antenna design are thus devoted to this 
effort as well. 
 
Performance analysis and antenna design come into this first report was based 
on theoretical analysis and numerical simulations using the commercial NEC-WIN 
Pro and the Agilent HFSS Designer software. Antenna measurements and 
prototype tests will be provided in the future report.    
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2.0 General Considerations for RFID System 
 
 
RFID technology makes use of two components, namely a reader and a 
transponder (also called a tag). The transponder is attached to the item to 
be identified and is programmed with a number to be broadcast when it is 
read by the reader. In the case of the type of transponders known as 
passive transponders, they have no on-board battery and receive their 
energy to operate from the energizing field of a reader. 
 
The reader energizes the tags within its operating range at the allocated 
frequency and reads the identity and data of the transponders in the 
reading zone using a special protocol, converting the identity numbers to a 
computer format and providing that data to a computer network. 
 
The general considerations for constructing an RFID system are as 
follows: 
 
1. RFID Tag Considerations: 

1) Use the tag once or many times? 
2) How much raw data must the tag store? 
3) How will the tag’s data be used? (Read only, Programmable, 

Read/Write) 
4) Tag with unique ID number? 

 
2. RFID Reader/Writer Considerations: 

1) A handheld Reader/Writer with antenna? 
2) From how far away must the tag be accessed? (For read and 

write mode) 
3) The maximum speed of tag to pass a reader/writer? (For 

read and write mode) 
4) Data rate for work? (For read and write mode, 

maximum/typical rate) 
5) The minimum separation distance from tag to tag? 
6) Control of the orientation of the tag to the reader/writer 

antenna? 
7) Must more than one tag be read simultaneously? 

 
Above factors could be crucial for system design. For example,  

• Multiple tags in reading zone is highly likely if transponders are 
desired to operate in meters other than in centimeters, hence a 
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protocol with anti-collision algorithm is needed if there is no other 
onboard receiver to detect traffic management instruction. 

• The radiation pattern for tag antenna should be omnidirectional if 
the tag orientation can not be controlled and just with fixed reader. 

• There should be special bandwidth requirement for different tag 
moving speed and data rate for work. 
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3.0 The Choice of Frequency for our RFID 
 

RFID systems operate on frequencies and powers allocated by the 
governments of the countries where they are in use. It should be noted 
that the frequency and power allocation for RFID is somewhat different in 
EU countries and the US.  
 
The frequency and power allocations for EU and the US are as follows: 
 
1. RFID Frequency Allocation: 

 
1) 125KHz frequency band:  

The 125KHz frequency is not in the FCC frequency planning, 
thus no license needed both in EU and US. 

2) 13.56MHz frequency band: 
The 13.56MHz has allocation unification in EU and in US.  

3) Frequency at lower UHF band: 
In EU: Band 420--460MHz is generally allowed, 

In part of EU, 869MHz is another frequency allocation. 
In US: 888-889MHz and 902--928MHz are available and 
encouraged for RFID development. 

4) Frequency at upper UHF band: 
The ISM 2.45GHz band is another allocation unification both 
in EU and in US. 

5) Other frequency range 
Other ISM frequency range such as 5.725--5.875GHz can 
also be considered for RFID application. 

 
It should be noted that: 
• In the lower UHF band, there is a frequency difference some 

60MHz between the market requirements for EU and US;  
• Higher UHF operating frequency generally leads to more 

expensive RFID components. 
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2. Power Allowance: 
  
The RFID power allowance for the above UHF RFID frequencies is also 
quite different in EU and in the US: 

• the power allowance in US is 30W EIRP;  
• the power allowance in EU is 0.5W EIRP (according to Standard 

EN 300220 and Standard EN 300440). 
 
The European community has allocated a common operating frequency, 
but have set the power level to be used so low (only 1.6% of the power 
level allowed in the US) that it could be very difficult for passive 
transponders to operate on this frequency with good ranges. Low power 
allowance will significantly limit the RFID operating range. 
 
For our RFID investigation, we will make the transponder ideally suitable 
for international trade where different operating frequencies are used in 
the different regions. Therefore, the transponders should not contain any 
high-Q tuned circuits to allow the same transponder to be read by different 
readers operating at different frequencies. With this consideration, we try 
to: 
 

1) design tag that operate at both the EU 869MHz and US 915MHz 
band; 

2) design tag that operate at the common 2.45GHz band; 
3) design tag that can be operated at both the 869-928MHz and 

the 2.45GHz band with dual-frequency tag design; 
 

In case that the EU 0.5W EIRP power allowance has not been improved, 
we have to design our RFID system under this allowance, though it would 
greatly restrict the operating range. 
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4.0 Antenna Problems in Microwave RFID System 
 

As RFID frequency raises into microwave region, antenna must be 
carefully designed to maximize the transfer of power into and out of the 
tag. 
 
Major considerations in choosing an antenna are: 

1. Type of antenna: 
1) Reader Antenna:   

Portable reader: microstrip, or other small/ low 
profile antenna (light, effective 
and low cost) 

Fixed-point reader: microstrip /other low cost antenna 
phased array: beam scanning; 

Bandwidth:  dual-band/broad-band 
Polarization: circular polarization or linear 

polarization if the orientation of 
tag can be controlled; 

2) Tag antenna:   
Ordinary dipole and its likes; 
New structure for specific purpose: 
• wide-band antenna to satisfy the frequency agility 

tuned in reader  
• circularly polarized antenna  
• new structure for specific objects to be attached 
• robust antenna to be insensitive to the bending or  
      the surrounding objects 

 
2. Impedance of antenna: 

The impedance of tag antenna should be carefully designed 
to match to  

• the free space (to achieve higher radiation 
efficiency); 

• the following ASIC (to achieve higher transmission 
efficiency). 

Special impedance matching techniques have to be used for 
dual band and broadband case. 
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3. RF performance when applied to the object: 
Different objects for the tag to be attached: 

• Metallic objects 
• Dielectric objects: different permittivity, 

permeability and conductivity; 
• Plane and curved surface for the tag to be 

attached to. 
More than one tag: 

• Close or proximate arrangement of many objects 
with RFID tags on will also change the RF 
performance of RFID tag antenna. 

 
4. RF performance when with other structures near it: 

Other structures nearby such as: 
• metallic materials close to the tag; 
• dielectric structures;  
• the ground and human body (hand, for the 

handheld reader). 
 

5. Other considerations: 
• The cost for the production of antenna. 

• Different antenna packaging: the transponder will 
work with a number of different antenna 
configurations and shapes for specific 
applications.  
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5.0 Challenges and Considerations in RFID 
Antenna Design 
 

RFID systems use radio propagation methods to convey energy and data. 
This limits their operation to situations where the energy can be 
transferred and where communication between the reader and the 
transponder can be achieved. 
 
So far, the best operating range for different passive RFID are listed in the 
following table: 
Frequency Range Comments 

 
125KHz 0.15meters Multiturn coil needed for transponder 
13.56MHz 1 meter Simple coil antenna 
433MHz 10 meters Simple dipole antenna (Trolleyponder reported) 
840-930MHz 4-6 meters Preferred antenna size/performance  

(Trolleyponder reported) 
2.45GHz 1 meter High technology 

(Trolleyponder achieves their best performance by using their own low power RFID ASIC: 
EcoTagTM, a so-called revolutionary in RFID ASIC design.) 
 
Following sections will show the challenges in RFID design. 
 
   
5.1 Performance Analysis of RFID 
 
Power RXP  received at the tag antenna can be calculated using the well-
known Friis-transmission formula  

( )
( )

∗⋅⋅⋅
= RXTX

RXTXTX
RX R

GGPP ρρ
π

λ ˆ.ˆ
4 2

2

,     (5.1.1) 

where λ is the wavelength, RXG  is the tag (receiver) antenna gain, TXG  is 
the reader (transmitter) antenna gain, R  is the distance between tag and 
interrogator, TXTX GP ⋅ is the effective radiated power (ERP) transmitted by 
the interrogator (in EU, the transmitted power allowance is 0.5W ERP), 

RXG  is the gain of tag antenna, ∗
RXTX ρρ ˆ.ˆ  is the polarization loss factor 

(PLF). 
 
Generally, there is a threshold for the power RXP  received at the tag 
antenna to operate the following RFID ASIC on the tag. Strictly speaking, 
there should also be a threshold at the reader when the reader is 
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recollecting the data from the tag. The threshold at the reader is not as 
crucial as the threshold to operate the tag since the reader is with a battery 
in it. Therefore, the received RF power and the threshold at the tag are 
more important to the system performance such as the operating range. 
 
For a typical passive microwave RFID tag, there should be an RF 
matching network between the tag antenna and the rectifier. A detailed 
performance analysis relating to the threshold can be discussed with the 
diagram Fig. 5.1.1 as follows: 

 
A dipole antenna with gain, RXG , collects RF power and delivers it into a 
matching circuit to maximize the RF power into and AC voltage, acV , 
across a rectification circuit. The maximum voltage occurs when the drive 
impedance, sZ , of the matching circuit is the complex conjugate of the 

rectifier input impedance, *
Ls ZZ = . An RF capacitor and two RF diodes 

form the rectification circuit converts the AC voltage, acV , into a DC 

voltage, dcV , that energizes the tag’s DC circuit load. The tag ceases to 
operate when the DC voltage falls below the threshold of operation, 

thdc VV < . 
 
Assuming the tag antenna is optimally aligned with the reader antenna, 
(5.1.1) yields: 

2

4






=

R
GPGP TXTXRXRX π

λ      (5.1.2) 

The matching circuit matches the antenna impedance to the impedance of 
the voltage doubler rectification circuit. The maximum voltage across the 
input, LZ , to the voltage doubler occurs when the matching circuit delivers 
a source impedance that is a conjugate match and the available received 
power, RXP , is dissipated in the real part of the voltage doubler load. In this 
maximized case, the current becomes: 

                                Drive impedance for
   rectifier, Zs 
  
 
 
                                                 Vac                                Vdc    
 
 
                                Input impedance for                
                                rectifier , ZL 

 
Dipole GRX 

 

Fig 5.1.1  Diagram of RFID system for collecting an RF field and developing a DC voltage.  

RF 
matching 
circuit 

DC circuit 
load 
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L

RX
L R

P
I =       (5.1.3) 

where LR  is the real part of the input impedance of the voltage doubler. 
The magnitude of the voltage across the load ACRMSV  (viz. the rms AC 
voltage applied to the rectification circuit) is the current times the doubler 
impedance: 

L

RX
LACRMS R
PZV =      (5.1.4) 

The amplitude of the AC voltage is related to its rms value: 

L

RX
LACRMSACAMP R
PZVV ==      (5.1.5) 

The DC voltage output from a two-diode voltage ‘doubler’ circuit for a 
given input voltage is: 

)(2 ONACAMPDC VVV −= ,     (5.1.6) 

where ONV   is the turn-on voltage of the diode. The equation above states 
that the final DC voltage depends on the amplitude of the RF voltage and 
the “turn-on” voltage of the rectifier diodes. The RF voltage implicitly 
depends on the range, and if the minimum DC threshold voltage is known, 
equations (5.1.4), (5.1.5) and (5.1.6) can be rewritten to determine the 
maximum distance for the tag: 

)(2 ONACAMPTH VVV −=  

and thus           ON
TH

ACAMP VVV −=
2

     (5.1.7) 

The AC amplitude implicitly depends on range, and equations (5.1.2) and 
(5.1.5) can replace the AC amplitude to make the range dependence 
explicit: 

ON
TH

L

TXTXRX
L V

V
RR

GPG
Z +=








24
2

π
λ    (5.1.8) 

The equation can be solved for required reader radiated power (EIRP): 
22 4

22 















 +=

L
ON

TH

RX

L
RXTX Z

RV
V

G
R

PG
λ

π    (5.1.9) 

and for the operating range: 

L

RXTXRX

ONTH

L

R
PGG

VV
Z

R
2

2
1

2 +
=

π
λ

   (5.1.10) 

 
The performance of the system can be evaluated using (5.1.9) or (5.1.10).  
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For example, for a passive RFID system at 2.45GHz with a reader power 
5W EIRP with the following typical applicable values: 

≈λ 12.2 cm; 

RXG  =1.6 for a dipole; 

TXG  =5 or 7dB; 
Ω+Ω= 18020 jZ s ; 

Ω−Ω= 18020 jZ L ; 
 Ω= 20LR ; 
 ONV =0.49 V; 

 THV =2.2 V, 
and employing equation (5.1.10), we find that a 1m tag operating range 
will be achieved, almost the same as that found for practical available 
tags. 
 
 
5.2 Possible Maximum Gain, Directivity and Q 
 
It seems a natural result from (5.1.1) or (5.1.10), that for definite EIRP, 

TXTX GP ⋅ , at the reader, larger tag antenna gain RXG  will yield higher 
received power at the tag, and thus enlarge the operating range with the 
same tag threshold. Thus higher tag antenna gain seems to be an urgent 
desire. 
 
In fact, there are limits to the possible maximum gain for a tag antenna 
with definite size, either from the theory or from the practice.  
 
Theoretically, it has been known for quite a long time that the maximum 
gain maxG  achievable, without incurring a high quality factor, Q , by an 
antenna enclosed within an imaginary sphere of radius a  is [Harrington, 
1958] 

kakaG 2)( 2
max +=      (5.2.1) 

where k  is the wave number ( λπ2=k ). 
 
It should be noted that (5.2.1) was obtained using only the spherical 
modes contributing to the radiation. If structures with high Q  are 
considered as in the so-called supergain antenna, the possible maximum 
gain will exceed the value as described in (5.2.1). Recently, further 
investigation shows that the maximum possible gain for an arbitrary ideal 
antenna with specified quality factor Q  can be given by [Fante, 1992] 
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(for detailed derivation and numerical evaluation of (5.2.2), see: IEEE Trans. AP, 40(12), 1992) .  
 
(5.2.2) indicates that the value of ( )maxQG  for an ideal antenna is a more 

complicated function of ka , and could be some higher than that calculated 
from (5.2.1). 
 
From (5.2.2) can we jump to a conclusion that for a specified dimension 
ka  of a structure, antennas with higher quality factor Q  will generally have 
larger possible gain. Moreover, the directive gain of the antenna is 
unbounded as long as an arbitrarily high Q  is possible and acceptable. It 
seems that, judging from this point of view, the operating range of RFID 
with small tag size can be extended unboundedly.  
 
Actually, there are many factors that will limit the value of Q , and thus 
practically restrict the gain of antenna.  
 
The first restriction comes from the bandwidth requirement in RFID 
application. For example, there should be special bandwidth requirement 
for different tag moving speed and data rate for work. This is especially the 
case when the tag moves at higher speed and works at high data rate. For 
our RFID design, the preserving of the frequency agile property of the tag 
should allow the same transponder to be read in different countries on 
different frequencies: the US region 902-928MHz and Europe 869.4 - 
869.65MHz. There should be a bandwidth of nearly 50MHz. This rule out 
thoroughly the use of high Q  resonant! 
 
The second restriction comes from the fact that high Q  structures will 
generally reduce the radiation efficiency of the antenna. More importantly, 
the high Q  structure is more sensitive to the environment nearby the 
structure: a minor change in resonant frequency due to the coupling 
between the structure and the different nearby objects will damage the 
designed match between antenna and following circuit, thus reduce the 
radiation efficiency as well. 
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Other restrictions may come from the special requirement for RFID 
application. It is well known that high gain means narrower beam width of 
the radiation. To keep the detectability of the tag, narrower beam is not a 
good thing. That’s partly the reason that antennas with omnidirectional 
pattern are so popular in microwave RFID tags. 
  
For our RFID design, such omnidirectional pattern will be a major 
consideration as well. 
 
 
5.3 The Orientation and Polarization 
 
One of the characteristics of radio propagation is that the polarization of 
the transponder and the reader must be compatible. A vertically polarized 
reader signal will transfer energy to a vertically polarized transponder, but 
a vertically polarized reader will not transfer energy to a horizontally 
polarized transponder. 
 
For a polarization mismatched RFID system, there will be a PLF in (5.1.1):  

1ˆ.ˆ <∗
RXTX ρρ ,      (5.3.1) 

While a perfect match between the polarization of the reader and tag will 
yield 

1ˆ.ˆ =∗
RXTX ρρ ,      (5.3.2) 

and thus benefit the operating range. 
 
Should the application have transponders of a known ordered polarization 
then it is possible to correctly orientate the reader to meet the needs of the 
application. However in situations where the transponders are randomly 
orientated some of the transponders are likely not to be orientated 
correctly for efficient energizing (e.g. supermarket trolley), a proper 
configure of the reader or special circuits to both the transponder and the 
reader to provide full 3 dimensional scanning will be desired.  
 
 
5.4 Lower Threshold ASIC or Higher Gain Antenna? 
 
As discussed above in section 5.2, the omnidirectional radiation pattern 
will be a major consideration for our possible RFID application, which 
means that the gain of antenna in tag could not be so high. This is also 
most the practical case for such microwave RFID tags. 
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Judging from (5.1.1), small RXG  means lower received power RXP  
available at the tag ASIC for specified EIRP at the reader.  (5.1.1) can be 
rearranged as: 

( ) ∗⋅





= RXTXTXTX

RX

RX GP
P
G

R ρρ
π
λ ˆ.ˆ

4
    (5.4.1) 

It can thus be observed that to increase tag antenna gain, RXG , and to 
lower the threshold RF power, minRXP , have the same efficiency in 
increasing the operating range maxR .  

( ) ∗⋅





= RXTXTXTX

RX

RX GP
P
G

R ρρ
π
λ ˆ.ˆ

4 min
max    (5.4.2) 

For example: 
• increasing 3dB in RXG  and lowering the threshold minRXP  for 3dB 

will both increase the operating range maxR  to R2 ;  

• Lowering the threshold minRXP  for 12dB will increase the range 

maxR  to R4 . 
 
It should be pointed out that it is the low power RFID ASIC design that 
significantly promotes the RFID progress and opens a new area for 
passive microwave RFID! 
 
Before 1994, state of the art for RFID was 5 volt electronic circuitry which 
using two Schottky diodes in a voltage doubler format attached to a dipole 
(72 ohm) required 55 MILLIWATTS (sensitivity) of RF power falling in its 
aperture to operate. Operating range is governed by how far the reader 
can deliver enough power that can be collected over the aperture of the 
antenna of the tag/transponder to make the transponder operate. 
 
Since 1994, operating voltages have dropped to 3 volts meaning that a 
modern transponder would still need 23 MILLIWATTS to operate when 
attached to a dipole. (Note that there has been a 3dB improve.) 
 
In March 2001, TrolleyScan have announced the availability of a 
Trolleyponder module transponder ( EcoTag ) made from commercial 
parts which requires only 1 MILLIWATT to operate and still uses a dipole.  
(If true, that means a 13.6dB improve compared to the 1994 level!)  
 
As reported by TrolleyScan, a version requiring only 270 MICROWATTS is 
under development. (That would be another 5.6dB improve to the 2001 
level!) 
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The major impact of low power is two fold, 
• Increased ranges for situations where local regulations require low 

power (such as in EU); 
• Smaller and simpler reader systems as much less energy is needed 

to be radiated by the reader, impacting portability of the reader. 
 
Below is a graph showing how sensitivity impacts range and energizing 
power. WERP (Watts) is the product of the power from the transmitter in 
the reader multiplied by the gain of the transmit antenna. A matched dipole 
has a gain of 1.6. 

 
 
It could be seen that the lower RF power threshold for RFID ASIC will also 
greatly improve the range. 
 
5.5 Other Problems with Flexible Tag 
 
For a flexible RFID tag, other special problems would arise in some 
applications. A common case is that the tag antenna will be affected by 
various distortions such as the bending if stuck onto goods with soft 
package (e.g. plastic bags and papers), and the bending due to damages 
caused by transportation and the use of the tag. 
 
Generally, the tag antenna is carefully designed to match the following 
RFID ASIC by using an RF matching circuit as shown in Fig. 5.1.1 
(nowadays, the RF matching circuit is generally included in the ASIC). A 
good match between the antenna and the following ASIC gives efficient 
power delivery, the received power RXP  will be efficiently used to drive the 
following ASIC. But any distortion in tag antenna will change the 
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impedance of antenna and the radiation pattern, and damage the perfect 
match thus cause performance degradation to the RFID system, especially 
when operating in microwave frequency. 
 
In many RFID systems, dipole antennas are still the first choice for RFID 
tags operating in the microwave frequency region. The performance 
degradation due to distortion to the tag can be illustrated by simulating 
several possible cases of distortion to the tag antenna: bending at different 
angles, at different positions on one arm of the dipole. 
 
5.5.1 Numerical simulation for an ordinary dipole 
For an ordinary dipole as used in RFID tag (2.45GHz frequency band, 

λ468.0=l , λ00049.0=w ), if bent at different angels α  and at different 
distances d  from the feedpoint as shown in Fig. 5.5.1. 

 
Fig. 5.5.1 A bent dipole. 

 
The input return loss increases as the antenna is bent at a point closer to 
the feedpoint (see Fig. 5.5.2) and the maximum Voltage Standing Wave 
Ratio (VSWR) obtained is 2.3 which occurs when 0=d  and °= 90α . 
 

 
Fig. 5.5.2 Input return loss of dipole bent with different α  at different positions. 
 

The bending will also introduce a change to the normalized radiation 
patterns for different angles of bending (see Fig. 5.5.3). 
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(a)      (b) 

Fig. 5.5.3 Normalized radiation patterns of printed ordinary dipole in the  
(a) °= 0φ  plane and the (b) °= 90φ  plane for different α at 8/l=d . 

 
We have the observation from Fig.5.5.3 that the angle of maximum 
directivity is tilted at a degree proportional to the bending angle. Also, the 
characteristic dipole end-side zero disappears with more bending, allowing 
a wider beam-width and no actual blind spot, thus lower directivity, 

dBi35.1  vs. dBi15.2  for the undistorted printed ordinary dipole. The same 
behavior in change of the radiation pattern has been observed for other 
values of d  as well. The smaller d  is the greater impact the bending has 
on the radiation pattern. 
 
5.5.2 Numerical simulation for a folded dipole 
For a folded dipole as used in RFID tag (see Fig.5.5.4, λ449.0=l , 

λ0082.0=s , λ0082.0=w ), 
  

 
Fig. 5.5.4 A bent folded dipole 

 
The input return loss (IRL) due to distortion to printed folded dipole is 
depicted in Fig. 5.5.5. Large IRL indicates serious mismatch.  
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Fig.5.5.5 Input return loss of printed folded dipole bent for different α and d . 

 
No doubt, the distortion will introduce change to the radiation pattern as 
well (see Fig. 5.5.6). 
 
 

     
 

Fig. 5.5.6 Normalized radiation patterns of printed folded dipole in the (a) 

°= 0φ  plane and (b) °= 90φ  plane for different α when 8/l=d . 

 
5.5.3 RFID performance degradation due to distortion 
The distortion to the carefully designed RFID tag antenna will no doubt 
result in performance degradation to the whole RFID system. This can be 
further illustrated by studying operating range of the RFID tag. In this 
analyze we define operating range as the passive tag’s maximum distance 
from the interrogator in order to satisfy the ASIC’s power consumption. 
 

 
Assuming the tag antenna is optimally aligned with the reader antenna, the 
power RXP  received at the tag antenna can be calculated using (5.1.2)  

( )
( )2

2

4 R
GGPP RXTXTX

RX π
λ⋅⋅⋅

= ,     (5.5.1) 
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For the non-distorted case(i.e. there is no distortion to the tag antenna), 
perfect match between the tag antenna and the following circuit and zero  
ohmic loss means that the tag antenna gain will be the same as the 
directivity 

RXRX DG = .      (5.5.2) 
 
For the distorted case, the tag antenna gain, denoted as RXG′ , will suffer 
both the impedance mismatching and directivity change (i.e. the maximum 
directivity tilt as shown in Fig. 5.5.3), which can be evaluated as 

( ) RXRX DG ′Γ−′ ⋅= 21 ,    (5.5.3) 
where RXD′  is the tilted directivity and Γ  is the reflection coefficient due to 
mismatch. 
 
As decided in equation (5.4.2), there is always a maximum maxR  for an RF 

threshold power minRXP  to drive the following ASIC in the tag. For the 
distorted tag, the corresponding maximum operating range maxR′  can be 
evaluated by 

( )TXTX
RX

RX GP
P
G

R ⋅
′







=′

min
max 4π

λ    (5.5.4) 

Therefore, the operating range must be reduced for the same ASIC minRXP  
and reader EIRP when the tag antenna is distorted.  
 
From (5.5.4) and (5.4.2), the ratio of operating range with and without 
distortion is calculated as 

( )
D
D

R
R ′

Γ−=
′ 2

max

max 1      (5.5.5) 

Equation (5.5.5) is also the formula for RFID with tags using other 
antennas. 
 
For the tag with ordinary or folded dipole antenna, the performance 
degradation evaluated from (5.5.5) with the above simulated results shown 
in Fig. (5.5.2)∼(5.5.6) can be calculated. Relative RFID performance 
degradation for a folded dipole tag antenna bent with different α at different 
d  is provided in Fig.5.5.7. 
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Fig. 5.5.7 Performance degradation of RFID system for  
a dipole tag antenna bent with different α  at different d . 

 
It can be observed that the operating range will reduce almost 40% if the 
dipole is bent 90° at the feed! Thus in flexible tag antenna design, further 
work should be done in developing antennas more suitable for RFID 
applications where such distortion is likely to appear. Maybe a robust 
structure will be highly desired. 
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6.0 Antenna Design 
 
With the considerations introduced in Part 3, 4 and 5, now can we start our 
antenna design for RFID tag. Here the structures considered are those 
suitable for printing on flexible substrate. 
 
Because of the lack of exact knowledge of the physical and electrical 
properties ( e.g., the dimensions, feed structure and input impedance) of 
RFID ASIC for the frequency band under our consideration (EU 869MHz, 
US 915MHz, and the common 2.45GHz), we have to design our structures 
according to the ASIC properties that can be evaluated from the 
fragmentary technical references. As a consequence, the input impedance 
we considered in our design will be 50Ω , 200 Ω  or 375Ω , and the 
dimension for the ASIC is 3x3mm or 6x6mm.  
 
As a common case, dipole structures that provide the omnidirectional 
radiation pattern as desired in many applications of tags with antenna 
printed on flexible substrates will be our major consideration for our 
microwave RFID prototype. In the future, we should try some potential 
RFID tag antenna structures, as will be outlined in Part 7 of this report. 
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6.1 Antenna (868-928MHz) for both EU and the US 
 
It is well known that for ordinary half-wavelength dipole antenna, 

input impedance:   )(5.4273 Ω+= jZin ; 

omnidirectional pattern:  2.16dBor  643.1=G ; 

 resonance length:   )08.271(
2. cres ZL −≈
λ ; 

 typical bandwidth:   6~10%  (Large dL / , VSWR<2); 
For a folded dipole, a higher resonance resistance Ω≈ 292R  can be 
obtained. 
 
Here we consider some other structures as candidates of our RFID tag 
antenna by replacing the arms of ordinary dipole with other structures. It is 
a simple way to achieve the required performance (omnidirectional pattern 
and working bandwidth with satisfactory VSWR for 50 Ω  input impedance).  
 
 
6.1.1 V-Dipole antenna 
 
To use V-shaped wires as the arms of the dipole, we have the V-dipole 
antenna (see Fig. 6.1.1).  

 
 
 

                                       z 
                                        
                                      D   
                                                                                            
                                        
                                                   
                                                  L 
                                         α  
                                                                          
 
 
                           ASIC          d                          x 
 
 
 
 
 
 
 
 
 
 
Fig. 6.1.1 Schematic of the V-dipole antenna  
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Typical parameters: 
 
  Wavelength at 900MHz: mm3.333=λ   
  ASIC dimensions (d×d): mm66 ×  
  V-dipole geometry: 
   arm length :  mmL 8.66=  

   half apex angle:  o8=α  
  Wire radius:   mma 5.0=  
  Antenna size:   mm6.183.138 ×  (Too large for a label) 
 
 
Simulation Results: 
 
1. VSWR 
 

 
 
2. Input Impedance 
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3. Radiation pattern 
 
1) For EU 869MHz 

 
  

2) For US 915MHz 

 
 
 3) Global view of the radiation pattern 
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6.2 Antennas for 2.45GHz 
 
The present market rate for RFID at 2.45GHz is 25%. It is expected to find 
a significant increase of the market size in the future due to a global 
harmonization. Thus more attention should be paid to the 2.45GHz RFID 
tag antenna design. 
 
 
6.2.1 V-dipole antenna 
 
Same as the v-dipole for 869~915MHz, here we design the v-dipole for 
2.45GHz.  (see Fig. 6.2.1).  
 

 
Typical parameters: 
  Wavelength at 2450MHz: mm45.122=λ   
  ASIC dimensions (d×d): mm66 ×  
  V-dipole geometry: 
   arm length :  mmL 3.21=  

   half apex angle:  o10=α  
  Wire radius:   mma 5.0=  
  Antenna size:   mm40.794.47 ×  

                                                     
                                                          z 
 
  
 
 
 
 
                                                          α    L 
 
 
 
                                                                    d                          
                                          ASIC                                                     x 
 
 
 
 
 
 
 
 
 
 
 
 
                    Fig. 6.2.1  Schematic of V-dipole antenna 
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Simulation Results: 
 
1. VSWR 

 
 
2. Input Impedance 

 
 

3. Radiation Pattern 
 
1) At frequency 2400MHz 
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 2) At frequency 2483.5MHz 
 

 
 
 3) Global view of the radiation pattern 
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6.2.2 Tie-Dipole antenna  
 
Various other structures can be considered as arms of the dipole.   
 
Schematic in Fig. 6.2.2 shows the structure for our design, which can be 
viewed as a change of the well known Bow-tie antenna, thus here we call 
it Tie-dipole antenna.  
 

 
Typical parameters: 
  ASIC dimensions (d×d): mm66 ×  
  Tie-dipole geometry:  mmD 23=  
      mmD 5.191 =  

      mmD 8.42 =  

  Wire radius:   mma 5.0=  
  Antenna size:   mm6.946 ×  
 
 
 
 
 

                                                                   z   
                                                             D 
 
 
                                                             D1 
 
 
 
 
 
 
 
 
                                                ASIC                   d  D2                           x 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Fig. 6.2.2 Schematic of Tie-dipole antenna 
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Simulation Results: 
 
1. VSWR 

 
 
2. Input Impedance 

 
 

3. Radiation Pattern 
 
 1) Frequency 2400MHz 

  



RFID 31

 
 
 2) Frequency 2484MHz 
 

  
 
 3) Global view of the radiation pattern 
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6.2.3 Folded-Dipole Combination 
 
Above design is aimed at the 50 Ω  input impedance, sometimes high input 
impedance is also desired as introduced in some references. 
 

It is well known that the folded dipole antenna provides high input 
impedance (around Ω290 ), Fig. 6.2.3 shows a combination of two folded 
dipoles to provide a higher input impedance Ω375  with a perfect match for 
frequency band 2300MHz—2700MHz. 
 
Typical parameters: 
  ASIC dimensions (d×d): mm55×  
  Tie-dipole geometry:  mmD 7=  
      mmw 1=  
      mmL 6.51=  
  Wire radius:   mma 5.0=  
  Antenna size:   mm96.51 ×  
 
 
 
 
 
 
 

                                                                             z  
 
 
 
                                                
                                                
                                                w                                      D 
 
 
 
                                                                 d 
                                                                                  ASIC                 L                
                                                                                                                                        x 
                                                                          
 
 
 
 
 
 
 
 
 
 
 
 Fig. 6.2.3 Schematic of the combination of two folded-dipole 
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Simulation Results: 
 
1. VSWR 

 
 
 
2. Input Impedance 

 
 
3. Radiation Patterns 
 
 1) Frequency 2400MHz 
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 2) Frequency 2484MHz 
 
 

   
 
 

3) Global view of the radiation pattern 
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6.2.4 Bow-tie loop  
 
Basically, above structures are all dipole structures, here we consider 
some loop antennas.  

 
 
Fig. 6.2.4 shows a structure using two bow-tie shape loops. Ordinary Bow-
tie antenna is the dipole-based antenna with each bow-tie structure as 
arm. 
 
 
Typical parameters 
 

ASIC dimensions (d×d): mm66×  
  Tie-dipole geometry:  mmL 41=  

mmR 6.42=  

      o60=α  
  Wire radius:   mma 5.0=  
  Antenna size:   mm7147 ×  
  
 
 
 
 
 
 
 

 
 
 
                                                                               z 
 
 
                                                                                                  
                                                                                               L 
                                                                                    α  
 
                                                                                                           R 
                                                               ASIC           d                                                         x 
 
 
 
 
 
 
 
                          Fig. 6.2.4 Schematic of Bow-tie loop structure. 
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Simulation Results: 
 
1. VSWR 

 
 
2. Input Impedance 

 
 
3. Radiation Pattern 
 1)  Frequency 2400MHz 
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 2) Frequency 2484MHz 
 
 
 

 
 
 
 

3) Global view of the radiation pattern 
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6.3 Dual-band antenna for 868--928MHz and 2450MHz 
 
Dual band operation of RFID tag on flexible substrate is still under 
consideration. The question is that whether or not we can use only one 
chip for both the frequency bands, using two separate ASICs will increase 
the cost of tag. On the other hand, the size of such dual-band tag will be 
somewhat larger than the 2.45GHz tag as we show in section 6.2 and 6.3, 
this would be another problem when small tag size is desired.  
 
Here we consider a possible structure for such dual-band operation. 
 
 
6.3.1 Dual-band V dipoles 
 
V dipoles as designed in section 6.1.1 and 6.2.1 are quite good structures  

 
for the designer to combine them to achieve dual-band operation (see 
Fig.6.3.1). 
 
 

                                                                                    z   
 
 
 
 
 
 
                                                                                           1α      L1  

                                                                                    1α  L2 

 
 
 
 
 
                                                                    ASIC                d                                     x  
 
 
 
 
 
 
 
 
 
 
 
 
                                               Fig. 6.3.1 Dual-band V dipoles 
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Typical parameters: 
  Wavelength:   mm86.3271 =λ  at 915MHz  

      mm45.1222 =λ  at 2450MHz 
  ASIC dimensions (d×d): mm66 ×  
  V-dipole geometry: 
   V1   arm length:  mmL 66=  
          half apex angle: o15=α  

V2   arm length:  mmL 65.36=  
          half apex angle: o10=α  
  Wire radius:   mma 5.0=  
  Antenna size:   mm2.345.133 ×  
 
Simulation Results: 
 
1. Input Impedance 

 
Obviously, we can find two matching points for low input impedance. 

 
2. For the 869—928MHz frequency band 
 1) Input impedance at 869—928MHz 
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     It can be observed that impedance is around 50 Ohms. 

 2) VSWR 

 
A good match can be achieved for 50 Ohms for the whole band. 

 
 3) Radiation patterns 

Patterns at 869MHz 
 

 
 

Patterns at 928MHz 
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Global view of the radiation pattern 

 

 
 
3. For the 2450—2483MHz frequency band 
 

1) Input impedance for the 2450-2483MHz 

 
It can be observed that the input resistance is around 20 Ohms (as desired in 
typical rectifier for 2.45GHz in section 5.1), and the input reactance changes 
 relatively fast. Thus narrower bandwidth will be founded as in the VSWR. 
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 2) VSWR 

 
  3) Radiation pattern 

a)  at 2450MHz 

 
   Obviously, higher gain (max G=4.92dB, ±90°; G=4.17dB,  ±36° and  

±144°) achieved but omnidirectional pattern disappeared. 
 

 
 
   b) at 2465MHz 
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Obviously, the beam power level changed: max G=4.88dB, at ±36°  
and ±144°; G=3.8dB, at  ±90°. 

  c) at 2480MHz 

 
   It can be observed that: max G=5.31dB, at ±38° and ±142°;  

G=2.04dB, at  ±90°. 
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We have the following observations: 
 

• For the lower UHF band 869-915MHz, the V-dipole has 
perfect matching for 50 Ohms and omnidirectional 
pattern; 

 
• For the 2.45GHz band, the dipole has good matching for 

20 Ohms within a narrow band. Though the gain has 
been improved by nearly 3dB compared to single V-
dipole (Fig. 6.2.1), the omnidirectional pattern 
disappeared and split lobes can be observed.  

 
If such structure will be considered for RFID application, the position of 
multiple readers should be carefully arranged for the 2.45GHz system. 
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7.0 Further Design Considerations 
 
For successful antenna design, theoretically analysis and numerical 
simulation are just part of the work. The test and measurement of the 
designed antenna are very important to modify and improve the antenna. 
 
Some further considerations for the RFID antenna design in the near 
future are suggested as follows: 
 
 

• Dipole and its likes: 
Try other possible planar structures of the dipole likes which 
generate the omnidirectional pattern desired in RFID 
applications. 

Such as: Bow-tie antenna;  
   Trapezoid toothed Log-period antenna; 

    Fractal dipoles; 
   …… 

 
   

• Performance degradation comparison: 
Distortion to different antennas will result in different 
performance degradation for the for various dipole-like RFID tag 
antennas. 

  
 

• RF performance in application surroundings 
It is well-known that the surroundings of the tag antenna will 
affect the performance of tag. There is still much challenge in 
analyzing such effects. 

 
 

• Dual-band and Broad-band design 
Dual-band antenna design for handheld reader (LP or CP) and 
dual-/broad-band antenna design for RFID tag will depend on 
application requirement. 

 
 

• Fractal antenna application in RFID tag:  
The benefit of the fractal is that it provides a very good use of 
the small space available on RFID tag, and thus allows the 
possibility of smaller and/or cheaper versions of the tags, and in 
some cases, better range of detection. Typical fractal structures 
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are known as Koch curves and the so-called Sierpinski triangles: 
the jagged shape generates electrical capacitance and 
inductance; it can thereby be used to eliminate the need for 
external components to tune the antenna or broaden the range 
of frequencies, if designed properly. A patented efficient fractal 
about 1/4 the size of the folded-dipole will provide virtually the 
same gain as the dipole. 

 
 

• Robust antenna design for RFID tag: 
Distortion to tag antenna and effects due to nearby objects 
generally means change of resonant (or operating) frequency for 
tag. Robust tag antenna design is to consider structure that is 
not highly frequency sensitive. 




