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Abstract

This paper describes an in-depth methodical approach to the development of efficient
high frequency (HF) antennas for usage in radio frequency identification (RFID)
systems operating at 13.56MHz. It presents brief theory relevant to RFID communi-
cation and sets up a framework within which features and requirements of antennas
are linked to key design parameters such as antenna form-factor and size; RF power
level, materials and communication protocol. Tuning circuits necessary to adjust the
resonance and power matching characteristics of antennas for good transponder inter-
rogation and response recovery are discussed. To validate the approaches outlined, a
complete step-wise antenna design and measurement described. Common practical
problems that are often encountered in such design processes are also commented on.
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1 INTRODUCTION

According to many manufacturing, energy, and service industry experts, radio frequency identification has become arguably the
most ubiquitous element for automatic identification and second only to the use of bar-coded labels, in the view of others1,2.
Although the bar-code reading and other methods are still popular due to their low prices and/or longer market existence, the
RFID technology has garnered a lot of interest since the turn of the millennium and its usage has been projected to see mas-
sive growth towards becoming the foremost identification method in this decade3. The widespread use of the RFID technology
and its projected growth burst is mainly attributed to the technical optimally solutions it offers to the low data storage capacity
and non-reprogrammability problems associated with the other identification methods4. The technology’s popularity is also on
account of its faster, more secure and hardier means of power and data transfer between a reader/interrogator and a tag located
on/in a remote object of interest by the means of magnetic or electromagnetic (EM) waves. Owing to this principle of operation,
RFID possesses the capability for non-line of sight and multiple object identification: two very important features required in
applications like inventory control and automation.
RFID systems exist in many variants and can be differentiated by certain fundamental features. These include operation type,
operating principle of data carrier, power supply, operating frequency range, and mode of data transfer. Based on the reader trans-
mission frequency, RFID devices may be considered low frequency (LF): 30-300kHz, high frequency (HF): 3-30MHz, ultra-high
frequency (UHF): 0.3-3GHz or microwave: >3GHz systems. The HF class of RFID devices operate generally at 𝑓𝑜𝑝 =13.56
MHz (wavelength, 𝜆𝑜𝑝 ≈ 22m) in the ISM band and are able to achieve a read ranges up to 1m. Like most mainstream technolo-
gies, the operation of HF devices are regulated by various standards. These include the ISO 18000 set of general standards for
RFID, ISO 144435,6,7, ISO 156938,9,10, and the EPCglobal Class 1 Gen 2. The standards define key radio interface parameters
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FIGURE 1 Operation of an HF-RFID system

such as modulation, subcarrier frequencies, bandwidth, and coding11. ISO 14443 compliant tags and readers are referred to as
proximity integrated circuit cards (PICCs) and proximity coupling devices (PCDs) respectively. Similarly, vicinity integrated
circuit cards (VICCs) and vicinity coupling devices (VCD) are nomenclature for devices based on the ISO 15693 standard.
In this paper, we present a methodical approach to designing efficient HF RFID interrogator antennas which guarantees good
read ranges and sensitivity to tags. Several design considerations are outlined and practical implementations options are dis-
cussed. The paper extends this discussion and applies the techniques to an ISO 15693 system where an antenna is designed and
prototyped for an industry standard reader as a means of validation.
This paper is organized as follows: Section 2 reviews some theory relevant to HF RFID communication. Next, key parame-
ters and considerations for the design of an HF antenna are outlined in a comprehensive design flow in Section 3. The paper
concludes with a validation in Section 4.

2 HF RFID READER-TAG COMMUNICATION

HF RFID systems, like their LF counterparts, operate based on inductive magnetic coupling, as illustrated in Figure 15,8. This sets
up a two-way communication link between a reader and a passive tag and allows for power transfer to the tag in the interrogation
zone of the reader which is the overlapped reactive near-fields of the two devices’ antennas. Here, the readers antenna coil
transmits a query by generating a strong amplitude modulated magnetic field. The time-varying field flux crosses the cross-
section of the nearby tag antenna coil thereby inducing a voltage at the tag’s antenna ports. This voltage is stepped-up in a
resonant circuitry, rectified and serves as power supply for the tag chip. The draw on magnetic energy by the resonant tag creates
feedback on the readers antenna which is often represented as a complex transformed impedance, 𝑍𝐹 at the reader’s antenna
coil given by Equation 1. Provided the mean dimensions of the antennas are small compared to 𝜆𝑜𝑝, the reader-tag system could
be represented by the equivalent lumped element model in Figure 2.

𝑍𝐹 =
(𝜔𝑜𝑝𝛾(𝑑))2𝐿𝑡𝐿𝑑

𝑍𝑡 +𝑍𝑐ℎ𝑖𝑝
, 𝛾(𝑑) ∈ [0, 1] (1)

where 𝜔𝑜𝑝 = 2𝜋𝑓𝑜𝑝 whiles 𝑍𝑡 and 𝑍𝑐ℎ𝑖𝑝 are the tag antenna, and chip input impedances respectively. 𝛾(𝑑) is the coupling
coefficient which depends on the distance between the two antennas, 𝑑 and their (equivalent) radii, 𝑟𝑡 and 𝑟𝑑 as stated in Equation
2, assuming that the two antenna coils are positioned parallel to each other and aligned on a common central axis; and provided
𝑟𝑑 ≥ 𝑟𝑡. Furthermore, it could be shown that 𝛾(𝑑) is qualitatively related to the self inductances of the antennas, 𝐿𝑡 and 𝐿𝑑 ; and
their mutual inductance, 𝑀 (Equation 2)4,12.

𝛾(𝑑) ≈

(
𝑟𝑡𝑟𝑑

𝑑2 + 𝑟2𝑑

) 3
2

= 𝑀√
𝐿𝑡𝐿𝑑

(2)

In the tag, by switching a load (ohmic or capacitive) using data pulses in the tags circuitry, 𝑍𝐹 varies and voltage at the
readers antenna output changes accordingly. This is called load modulation and it is used as a means by the remote tag to signal
its unique identification or any other data to the reader as an answer to its query. In practical systems, this signaling isn’t strong
enough and hence not very distinguishable from the reader’s significantly stronger signal. A more robust technique known as
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FIGURE 2 Near-field equivalent lumped element model showing the introduction of 𝑍𝐹 at the reader
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FIGURE 3 Load modulation of the baseband tag response with a subcarrier

load modulation with a subcarrier is often employed where the switching of additional load creates a new high elementary
carrier at frequency, 𝑓𝑠𝑢𝑏 called a subcarrier. In 13.56 MHz systems, typical 𝑓𝑠𝑢𝑏 values include 𝑓𝑜𝑝 × 2−𝑛 where 𝑛 = 4, 5, and
6. The subcarrier is first amplitude modulated in time with the data to be transmitted, creating two spectral lines at ±𝑓𝑠𝑢𝑏. The
modulated subcarrier is then used to modulate the carrier 𝑓𝑜𝑝. This shifts the two sidebands to frequencies 𝑓𝑜𝑝 ± 𝑓𝑠𝑢𝑏. The data
flow rides on these modulated sidebands which upon transfer, could be easily extracted, conditioned and demodulated at the
reader’s receiver front-end.

3 ANTENNA DESIGN

3.1 Design Considerations
Based on their operational principle, HF RFID antennas are typically designed as electrically small loops. Designing reader
antennas for optimum performance requires knowledge of the complete RFID system’s specifications such as reader front-end,
antenna RF feed and possible tag characteristics. Since most systems operate at 13.56MHz, antennas are to be tuned to that
frequency and have an impedance that matches the reader feed with a minimal reflection loss. Furthermore, when connected
to the antenna, the reader must exhibit a very good frequency selectivity in order to capture tag responses. Another important
design goal is the maximum read distance of tags, 𝑑𝑚𝑎𝑥. Since passive tag hardware depends on field launched by the reader for
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FIGURE 4 Loop antenna geometry and path of magnetic flux lines

power, the reader antenna must be designed such that the magnetic field (𝐻𝑚𝑖𝑛) it produces at 𝑑𝑚𝑎𝑥 is sufficient for both tag chip
operation and RF communication. The transformer-type magnetic nature of the reader-tag coupling implies that 𝑑𝑚𝑎𝑥 cannot
be very large and that the read distance must be confined to the reactive near field of the antenna i.e. 𝑑𝑚𝑎𝑥 << 𝜆𝑜𝑝

2𝜋
. Indeed, the

interrogation magnetic field 𝐻 can be shown to attenuate rapidly beyond a certain distance with a decay of about 60dB per
decade in free space4. Moreover, if the tag is located in the Fresnel or Fraunhofer region, it will receive a traveling wave instead
of a quasi-static 𝐻 field and the modifications to the field due to the presence of the tag will never be sensed by the reader. Such
a quasi-static 𝐻 field is guaranteed in the near field if the coil is supplied with a constant current.

3.1.1 Form Factor and Sizing
Loop antennas are inexpensive, versatile and can take the form of numerous easily constructable shapes. They are typically
poor radiators (see Equation 6) and are particularly suited for applications such as HF-RFID, where antenna radiation efficiency
is not as important as the signal-to-noise ratio 𝑆𝑁𝑅 and that systems do not depend on far-field radiation of EM waves for
communication13. For short-range inductive radio links, the circular loop is often preferred as the current on the entire antenna
is in phase and as such contribute constructively to the 𝐻 field at a given distance 𝑑 from the loop. Under the constant loop
current assumption, the 𝐻 field produced is found to achieve its largest strength at a certain ratio of the loop radius, 𝑟𝑑 to 𝑑
(𝜉 = 𝑟𝑑

𝑑
). That is, for every 𝑑𝑚𝑎𝑥 specification, there exists an optimal 𝑟𝑑 . Taking into account the phase difference along the

total loop length, a compact cylindrical/circular antenna coil of radius 𝑟𝑑 (i.e. total thickness, 𝑡 << 𝑟𝑑) produces a magnetic field
with component at an observation point 𝑋 along the center line perpendicular to the coil’s plane, �⃗�𝑥(𝑑) with magnitude given
by Equation 3 (refer to Figure 4).

|||�⃗�𝑥(𝑑)
||| =

|||||||
𝐷

∫
0

𝐼 cos 𝜃𝑒2𝜋𝑓𝑜𝑝𝑙

4𝜋(𝑑2 + 𝑟2𝑑)
𝑑𝑙

||||||| =
𝐼𝑟𝑑 sin(

2𝜋2𝑑
𝜆𝑜𝑝

)

4𝜋2
√

(𝑑2 + 𝑟2𝑑)3

||||||
𝑁−1∑
𝑛=0

𝑒
𝑗 4𝜋2𝑛𝑟𝑑

𝜆𝑜𝑝

|||||| (3)

where 𝐷 = 2𝜋𝑟𝑑𝑁 is the total length of the loop material, 𝑁 is the number of loop turns, 𝐼𝑙 is the loop current amplitude
and 𝜃 is the angle indicated in Figure 4. The optimal 𝜉 value can be found by computing the limiting case, 𝑑 → 0, of the null-

derivative condition for |||�⃗�𝑥(𝑑)
||| i.e.

𝜕|||𝐻𝑥(𝑑)
|||

𝜕𝜉
= 0. An elaborate derivation of the general 𝑁 case of this condition is performed

in14. A simplified approach for the case of a single turn loop is shown in Equation 4.

lim
𝑑→0

𝜆𝑜𝑝(2𝜉2 − 1)
𝜉

−
2𝜋2𝑑(1 + 𝜉2) sin( 4𝜋

2𝑟𝑑
𝜆𝑜𝑝

)

1 − cos( 4𝜋
2𝑟𝑑

𝜆𝑜𝑝
)

= 0 (4)
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The solution to Equation 4 shows that, for optimal performance, 𝑟𝑑 =
√
2𝑑 13,15. The result also holds for any given 𝑁 . It

should be noted that although a loop with radius 𝑟𝑑(𝑜𝑝𝑡) is required for optimal performance of tags, an accurate assessment of
a system’s 𝑑𝑚𝑎𝑥 requires knowledge of the minimum interrogation field strength, 𝐻𝑚𝑖𝑛 of the tag to be used. That is the tag can
still be sensed until a distance corresponding to the larger of the two intersection points root of the |||�⃗�𝑥

||| vs 𝑟𝑑 curve and the
line |||�⃗�𝑥

||| = 𝐻𝑚𝑖𝑛 for a given current and number of turns. The derived condition suggests that longer read distances can be
achieved by increasing the loop radius accordingly. However, this relationship is limited by the constant current precondition.
The alternating current fed from the reader front-end can be assumed to be constant if 𝐷 is small compared to 𝜆𝑜𝑝. As a rule of
thumb, the condition 𝐷 < 0.2𝜆𝑜𝑝 is often used. Under this assumption, the static field strength at point 𝑑 from Equation 3 can
be simplified as shown in Equation 5 using the Biot-Savart law16.

|||�⃗�𝑥(𝑑)
||| =

||||||||
𝑁𝐼𝑟2𝑑

2
√

(𝑑2 + 𝑟2𝑑)3

|||||||| (5)

When considering small loops with optimal radius, Equation 5 gives a notion that for a given current source, by taking more
turns, the loop will produce a large 𝐻 field at the tag position 𝑋. However, this is not necessarily true and the use of more loop
turns becomes counter-productive even for moderately high 𝑁 . With high 𝑁 , the total loop length 𝐷 becomes considerable
with respect to 𝜆𝑜𝑝. In such a case, there exists more current carrying conductor parts which contribute to the 𝐻 field. These
contributions are weaker due to the increased distance from these current carrying parts to point 𝑋 hence the total field at the
tag is very weak. Additionally, due to the phase differences along the larger loop, the contributions of all loop parts will be out
of phase at 𝑋 resulting in partial destructive interference, exacerbating the dip in field strength14. Furthermore, for 𝐷 equal to
0.5𝜆𝑜𝑝, or a multiple, standing wave effects are noticed. The loop experiences self-resonance, affecting the usability of the loop
in the antenna set-up as the design of required current enhancing techniques (discussed in Section 3.2) is difficult and highly
constrained. In cases like this, the antenna system will resonate at multiple frequencies and the energy will be divided amongst
them14,17. It is noteworthy that if such enhancement techniques are employed, read distances 𝑑 can be achieved with smaller
radii 𝑟𝑑 i.e 𝑟𝑑 <

√
2𝑑 since the feed current is amplified. The value of 𝑟𝑑 would depend on the nature of the enhancement circuit

but a conservative choice in such a case is 𝑟𝑑 ≈ 0.5𝑑.
Power transferred in the antenna near-field region is predominantly inductive and tends to be more real as we move further away
from the antenna. Hence, the antenna’s reactive impedance of primary importance although its real part cannot be neglected.
Provided the 𝐷 < 𝜆𝑜𝑝 condition is met, a loop antenna can be modeled fairly accurately with lumped components as shown
in Figure 5. 𝑅𝑅𝐴𝐷 is the radiation resistance which represents power launched as far-field electromagnetic waves. The real
component of the loop conductor’s internal impedance, due to phenomena like skin and proximity effects, is represented by the
ohmic loss component 𝑅𝐿𝑂𝑆𝑆 . 𝐿 is the loop inductance whiles the parasitic per unit-length capacitance between each pair of
turns is quantified by 𝐶𝑝. For a loop made of solid wire with radius 𝑏, the radiation and ohmic resistances could be evaluated
using Eqs. 6 and 7. The reactive quantities, 𝐿 and 𝐶𝑝 of such a loop are given in Eqs. 8 and 918,19,20. 𝜎, 𝜇, and 𝜖 are respective
notations for the wire conductivity, magnetic permeability of medium and the electric permittivity of the wire insulation. In the
absence of insulation, 𝜖 → 𝜖𝑜 = 8.85 × 10−12F∕m. It should be noted that equations for evaluating the lumped quantities may
vary slightly depending on the shape of loop and the nature of materials used. As examples, expressions for square/rectangular
loops are discussed in13,18 and that for loops formed from hollow conductor tubes are given in21.

𝑅𝑅𝐴𝐷 = 320𝑁2
(

𝑟𝑑
𝜆𝑜𝑝

)4

𝜋6 (6)

𝑅𝐿𝑂𝑆𝑆 =
𝑁𝑟𝑑
𝑏

𝑅𝑠

(𝑅𝑝

𝑅𝑜
+ 1

)
(7)

𝐿 = 𝑁2𝜇𝑟𝑑

(
ln
[
8𝑟𝑑
𝑏

]
− 2

)
(8)

𝐶𝑝 =
2𝜋2𝑟𝑑𝜖

ln

[
𝑡

2𝑏𝑁
+
√(

𝑡
2𝑏𝑁

)2
− 1

] (9)
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FIGURE 5 Equivalent lumped parameter circuit model of multiturn loop antenna

where 𝑅𝑠 =
√

𝜔𝑜𝑝𝜇
2𝜎

is the surface impedance of the loop conductor, 𝑅𝑝 denotes the per-unit length proximity effect ohmic

resistance, and 𝑅𝑜 =
𝑁𝑅𝑠

2𝜋𝑏
is the per-unit length skin effect ohmic resistance. The ratio 𝑅𝑝

𝑅𝑜
is discussed in13 as a function of the

ratio 𝑐
𝑏

for loops with 2 ≤ 𝑁 ≤ 8 with 2𝑐 being the inter-turn spacing. In that analysis, it is shown that for close spacing ( 𝑐
𝑏
→ 1),

𝑅𝐿𝑂𝑆𝑆 is twice as large as that in the absence of proximity effect i.e. 𝑅𝑝

𝑅𝑜
= 0.

From Eqs. 6 and 7, it is easy to infer that loop antennas are mostly lossy than radiative. Together, the resistance 𝑅 = 𝑅𝑅𝐴𝐷 +
𝑅𝐿𝑂𝑆𝑆 is very small compared to the inductive impedance𝜔𝑜𝑝𝐿. To study the relation between loop’s inductance and the strength
of the 𝐻 field it generates, the antenna is considered to be fed by a voltage source 𝑉𝑑 in the reader front-end. From Equation 5,
the 𝐻 field generated is directly related to the magnetomotive force, 𝑀𝑀𝐹 in the reader equivalent magnetic circuit. Discarding
the small 𝑅 and high impedance shunt loading of 𝑉𝑑 by 𝐶𝑝; and employing Ampere’s circuital law:

𝑀𝑀𝐹 = 𝑁𝐼 = 𝑁
𝑉𝑑

𝜔𝑜𝑝𝐿
= 𝑁

𝑉𝑑

𝜔𝑜𝑝
× 𝑆
𝑁2

∝
𝑉𝑑𝑆
𝑁

(10)

where 𝑆 is the reluctance of the magnetic circuit and essentially represents the inverse of the inductance 𝐿′ of single turn loop
with the same cross sectional area. Therefore, affirming aforementioned sizing criteria to maximize |||�⃗�𝑥(𝑑)

|||, it is best to use an
optimally small size single turn loops made of large diameter wire i.e. 𝑁 = 1 and small 𝐿′. Furthermore, by using the single turn
loop, the problem of high 𝑅𝑙𝑜𝑠𝑠 due to proximity effect is eliminated. This is especially good for the communication properties
of the RFID system. This is because the larger loop resistance translates to higher antenna thermal noise whose voltage spectral
density is described by the Johnson-Nyquist formula (𝑣𝑛 =

√
4𝑘𝑇𝑅). Therefore in receive mode, though the signal level at the

antenna output may be large, the 𝑆𝑁𝑅 is poor and faint tag responses may be lost in the background noise. Additionally, with
large (multi-loop) antennas, it is often difficult to meet legal transmitted power guidelines from regulatory bodies. According
to the ETSI and FCC regulations, the maximum RF field generated by an antenna in Europe and the USA respectively must be
limited to 4W ERP. Usually, larger loops are barely able to comply with this regulation and require extra special shielding to
operate within this limit22. Other issues with large loops include the emergence of magnetic flux holes in the interrogation zone
resulting in insensitivity to some tags and the very high loop 𝐿 (Equation 8) which may make power matching very difficult to
achieve.

3.1.2 Construction Methods: Materials and Technologies
Each HF RFID application is unique and techniques used in realizing the reader antennas may vary from one use case to another.
Loops are usually made from copper or aluminum although any conductive material could be utilized. However, the use of
copper is often preferred due to its higher conductivity and availability. Moreover, aluminum poses challenges in construction
processes like soldering and may require some special care, tools, or materials. Available methods of constructing HF loop
antennas include wire (insulated or bare)14,22, hollow tubes14,23, conductor-backed adhesive tapes22, PCB etching23,24,25, and
conductive ink printing26,27. Although very robust, tube antennas are often bulky, tough to work with for neat appearance (unless
special material such as refrigeration tubing is employed) and may require complex and oft non-stable setups for tuning and
current enhancement. Tape antennas, on the other hand, are very simple and less bulky but are not hardy and require some
protection from environmental conditions. PCB antennas are neat and are mostly employed for miniature systems where the
loop is typically interfaced with onboard single-chip transceivers such as the TI TRF79xxA series. With fully onboard modules,
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the sizes of antennas must be controlled as a very large antenna may not be properly driven by the low output power reader
chip (∼200mW at 5V). Thickness of substrate and distance between trace windings are key additional factors affecting the
performance of PCB antennas. Very thin substrates could cause fluctuations in 𝜇 values and loose loop windings could decrease
𝐿24. However, it should be noted that how tight the windings can be is limited by the manufacturing process. Such antennas may
be etched by an average skilled person and do not necessarily require industry-grade processes or equipment. However, etching
PCB antennas involve the use of harmful materials such as ferric chloride acid, hence the manufacturing process should be
carried out meticulously and with safety equipment. A relatively new technique for realizing HF loop antennas is printing with
conductive inks like silver particle ink on paper or PET substrates. Despite the low cost and great design flexibility advantages
of this method, printed antennas are plagued with reduced read performance (poor frequency selectivity and low 𝑆𝑁𝑅) and
high Joule heating due to their commonly high DC resistance28,29,30. Wire antennas are typically preferred as they provide a
good balance of the pros and cons discussed above.

3.1.3 Environmental Influences
The setting in which the antenna would be used, as well as its final mechanical casing, if any, are key to antenna performance
and hence should be considered carefully. The presence of any metal (including other antennas) in close proximity to the loop,
dampens and decreases the loop 𝐿 hence de-tuning the antenna. Additionally, eddy currents in the metal generates an opposing
𝐻 field and lower sensitivity to tag response signals31. These phenomena degrade the antenna’s read range performance and the
minimum separation from metal for noticeable de-tuning effects, grows with the loop size. For unavoidable exposure to metal,
ferrite backing could be employed. This is a technique where a ferrite sheet is introduced to screen the loop from metal thus
limiting de-tuning effects and improving antenna performance. Generally, it is advised that antennas always be tuned in their
final positions or enclosures to account for inductance changes caused by both the metal and ferrite sheet24.
Radio noise is another classical influence on antenna performance. Depending on the levels, radio noise can severely reduce
reader receiver performance and limits its read range. Thus, noise sources are to be identified by surveying the site, preferably
before starting the antenna design. Indoor electronic appliances, industrial equipment, and broadcasting radios are common
sources due to the unwanted radio emissions from their electrical oscillators employed32. Locating such interference at HF could
be done using the approach in explained in33. The antenna must also be sufficiently shielded to lessen the effect of such noise.

3.2 Tuning and Current Enhancement Network
Standards for HF RFID systems specify the minimum interrogation magnetic field strength, 𝐻𝑚𝑖𝑛 to be produced by reader
antennas for proper operation of tags i.e. to build up a high enough voltage to power up the tag hardware. The ISO-15693 specifies
𝐻𝑚𝑖𝑛 = 0.15A∕m (rms) whiles the ISO-14443 standard recommends 𝐻𝑚𝑖𝑛 = 1.5A∕m (rms). However, it should be noted that
there are tags from some manufacturers that are designed to operate very well with less (eg. for NXP cards, 𝐻𝑚𝑖𝑛 = 0.09A∕m).
Consider the design of a VCD for a read distance, 𝑑 = 0.6m. Using the optimal radius criterion with Equation 5 yields Equation
11. With 𝑅 < 𝜔𝑜𝑝𝐿, the voltage to be applied to the reader antenna to achieve 𝑑 is given in Equation 12 where 𝐼𝑚𝑖𝑛 is the
minimum rms current needed in the antenna for 𝐻𝑚𝑖𝑛. For a single turn loop with 𝐿 = 1.5𝜇H, ||𝑉𝑑

|| ≈ 60𝑉 . Feeding the loop
with such high voltage directly from the reader front-end is not practical, hence enhancement techniques are required. This can
be done either actively with the aid of an amplifier (eg. Class E) or passively by means of an 𝑅𝐿𝐶 circuit.

|||�⃗�𝑥
||| =

||||||||
𝑁𝐼𝑟2𝑑

2
√

(𝑑2 + 𝑟2𝑑)3

|||||||| =
|||||| 𝑁𝐼√

27𝑑

|||||| (11)

||𝑉𝑑
|| ≈ 𝐼𝑚𝑖𝑛 × 𝜔𝑜𝑝𝐿 =

||||||
√
27𝜔𝑜𝑝𝑑𝐻𝑚𝑖𝑛𝐿

𝑁

|||||| (12)

The extent of enhancement is not unbounded. In a passive approach, this can quantified by the quality factor 𝑄 of the resonator.
In the tag-to-reader communication, the modulated tag response is captured by the reader antenna and relayed to the receiver
front-end for demodulation. The received signal is conditioned and the subcarrier signal in the spectrum sidebands are extracted.
Although guaranteeing larger RF power for the loop antenna, a large 𝑄 = 𝑓𝑜𝑝

𝐵𝑊
results in narrower bandwidth 𝐵𝑊 which con-

flicts with the reader band-pass characteristics resulting in poor carrier-subcarrier separation. Furthermore, the reader becomes
susceptible to ringing issues which could interfere with protocol parameters such as bit timing34. A good compromise is to
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FIGURE 6 Band-pass characteristics observed for readers with adequate and very high 𝑄 antennas.

design for sufficient bandwidth allowing the undistorted reception of a modulated carrier signal whiles having enough power to
meet the 𝐻𝑚𝑖𝑛 criterion. For ISO 14443 applications, the standards prescribes a 𝑄 ranging between 6 - 10 and for ISO 15693
systems, the loaded antenna’s 𝑄 must lie in the range of 15 - 20 for good performance (Figure 6)8,5. For an application that
uses both standards, 𝑄 = 7 is recommended24. To enhance the current, the antenna must be made to behave as a parallel 𝑅𝐿𝐶
circuit or slight variant of it. From Equation 9, it can be assumed that the impedance due to 𝐶𝑝 is high enough at 𝑓𝑜𝑝 hence the
antenna is approximately a single time constant system whose dynamics are described by a large time constant 𝜏 = 𝐿

𝑅
. There-

fore, the unloaded quality factor of the antenna, 𝑄𝑜 = 𝜔𝑜𝑝𝜏. The large 𝑄𝑜 could be reduced to an overall recommended value,
𝑄𝐿 by loading the antenna with a large shunt resistance 𝑅𝑝𝑎𝑟 to produce an effective antiresonance with a lower quality factor
𝑄𝑒𝑥𝑡 =

𝑅𝑝𝑎𝑟

𝜔𝑜𝑝𝐿
. Since 𝑅𝑝𝑎𝑟 >> 𝑅 , it can be to proven that 𝑄𝐿 = 𝑄𝑜||𝑄𝑒𝑥𝑡 ≈ 𝑄𝑒𝑥𝑡. Therefore, in designing damping network, a

desired 𝑄𝐿 is first selected and the appropriate shunt resistor value can be determined as 𝑅𝑝𝑎𝑟 ≈ 𝜔𝑜𝑝𝐿𝑄𝐿. This resistance value
could be fine-tuned for optimum performance. To achieve a parallel 𝑅𝐿𝐶 chain which resonates at 𝑓𝑜𝑝, a (tunable) capacitance
𝐶𝑝𝑎𝑟 =

1
𝜔2
𝑜𝑝𝐿

should be introduced into the network.
Lastly, the impedance of the loop antenna together with the enhancement and tuning networks should be matched to the
reader feed. Typically, 50Ω coaxial (or shielded) cables are used to feed antennas to prevent undesired effects such as parasitic
power emissions and power reflections which may arise due to the non-stationary nature of RF voltages at HF frequencies. To
achieve power matching between the antenna and the reader output module via the coax supply, the damped antenna impedance
𝑍𝑟𝑑 = (𝑅 + 𝑗𝜔𝑜𝑝𝐿)||𝑅𝑝𝑎𝑟 must be transformed to 𝑅𝑋 = 50Ω. There are numerous techniques for matching antennas, some
suitable for some construction technologies than others. Common methods include T-matching, gamma matching, and trans-
former matching. A technique which combines tuning, enhancement, and matching in a compact way is capacitance matching
with damping. This technique is essentially an all-capacitor L-section since 𝑍𝑑 falls outside both unit resistance and conduc-
tance circles on the Smith Chart. Here, 𝐶𝑝𝑎𝑟 is split into series and shunt elements 𝐶1 and 𝐶2 adding an extra degree of freedom
to the network design. 𝐶1 shifts 𝑍𝑟𝑑 in the direction of the 𝑗𝑋 axis shown in Figure 7 (i.e. unto the unit conductance circle),
while 𝐶2 shifts the impedance point away from the origin in a circular path in the 𝑧 plane (i.e. along the unit conductance circle
to 𝑅𝑋). A simplified dimensioning of the shunt and series capacitance elements from 𝐶𝑝𝑎𝑟, 𝑅𝑋 , and 𝑅𝑝𝑎𝑟 are approximated in
Eqs. 13 and 14 respectively. The values obtained for 𝐶2 and 𝐶1 are not exact and may need tuning. The circuit is then adapted to
function as a balun to eliminate common mode noise, ringing and other effects due to the large voltage difference between the
coax core and the outer grounded shield. Figure 8 shows the balanced version of the capacitance matching circuit.

𝐶2 ≈ 𝐶𝑝𝑎𝑟

√
𝑅𝑝𝑎𝑟

𝑅𝑋
(13)

𝐶1 =
𝐶2𝐶𝑝𝑎𝑟

𝐶2 − 𝐶𝑝𝑎𝑟
(14)
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FIGURE 8 Circuit representation of damped loop antenna with a capacitance matching network

4 VALIDATION AND CONCLUSION

A single turn circular loop HF antenna was designed, prototyped, and tested for read range 𝑑𝑚𝑎𝑥 = 0.6m to validate the dis-
cussed methods and formulas. The loop of radius 𝑟𝑑 = 0.3m was realized from a 1mm diameter copper wire (see Section 3.1.1).
Using Eqs. 6, 7 and 8, the impedance of the antenna computed at 𝑓𝑜𝑝 was 0.59+ 𝑗208.02Ω. The input impedance of the realized
antenna (Figure 9) was determined by measuring the complex power reflection coefficient at the antenna port using the Agilent
E5071c vector network analyzer. The measured input impedance of the antenna at 𝑓𝑜𝑝 was 2.25+ 𝑗211.48Ω. The calculated and
measured loop reactances bore close agreement. However, there was a discrepancy between the calculated and measured resis-
tances which may be attributed to error in loop sizing and other sources of ohmic losses such imperfect contacts. The unloaded
𝑄 of the antenna coil was 𝑄𝑜 ≈ 94, which was about five times the recommended limit. Designing for 𝑄𝐿 =18, a shunt resistor
𝑅𝑝𝑎𝑟 = 𝜔𝑜𝑝𝐿𝑄𝐿 ≈ 3.80kΩ was used as an initial design value. Capacitance matching was used to transform the damped antenna
impedance to 𝑅𝑋 . The resonance capacitance 𝐶𝑝𝑎𝑟 was determined to be 1

𝜔2
𝑜𝑝𝐿

= 55.5pF whiles 𝐶2 and 𝐶1 were 483.83pF and
60pF (Equation 13 and 14) respectively. The equivalent lumped element circuit of the antenna connected to a balanced capac-
itance matching network was simulated and tuned in the NI AWR Design Environment. The optimized damping and matching
circuit parameter values were 𝑅𝑝𝑎𝑟 = 3.76kΩ, 𝐶1 = 62.50pF, and 𝐶2 = 374.50pF. The optimized antenna assembly resonates at
13.86MHz and has an input impedance, 𝑍𝑖𝑛 = 50.34 − 𝑗0.0077Ω at 𝑓𝑜𝑝 achieving a simulated 50dB return loss at its input port
when fed with a 50Ω source. The tuning and enhancement network was fabricated on PCB, connected to the antenna and tested
as shown in Figure 10. It should be noted that in such a circuit, high rated components were used in order to withstand the high
voltage that is generated in the resonant circuit. Furthermore, to deal with parasitics and ensure accuracy of circuit, adjustable
components were introduced to allow the tuning of circuit after prototyping.
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FIGURE 9 Impedance measurement and tuning of antenna prototype

FIGURE 10 Read range test set-up

Using the OBID i-scan® ID ISC.2000-A as reader and NXP tags, read range measurements were performed to test the perfor-
mance of the antenna. The RF energy supply was activated and the noise floor was measured to ensure that the amplitude of
interference levels was low enough such that tag responses could easily be identified even at low signal levels. A low noise floor
was also an indication of a good antenna matching circuit and test environment setup. The largest recorded 𝑑𝑚𝑎𝑥 was 0.64m.
From these measurement results, it can be concluded that the considerations, methods, and formulas discussed in this paper for
the design of efficient loop antennas for HF RFID reader systems, are valid.
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