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Abstract—Closed form expressions are provided for 

currents induced in small loop antennas and the magnetic 
fields created (e.g., scattered) by those induced currents.  
The accuracy of the expressions has been verified with 
MININEC, a commonly-used electromagnetics software 
code.  Applications of this work are noted, one of which is a 
new way of thinking about the operation of inductively-
coupled RFID (radio frequency identification) systems.  As 
an alternative to viewing such systems in terms of the 
coupling coefficient (as commonly done with transformer-
type systems) we view it from an induced-current/scattered-
field perspective. The closed-form expressions developed 
here can be used as tools for EMC and RFID personnel to 
estimate the fields scattered from RFID loop.  The results 
can also be used to improve general understanding of 
inductively-coupled noise, and provide estimates of the 
voltage and current induced in small “sniffer” probes. 

Keywords-component; RFID systems, loops; induced 
currents; scattered fields; incident plane wave, sniffer 
probes. 

I.  INTRODUCTION  
Loop antennas have been used for years to transmit and 

receive electromagnetic energy.  Information on the 
performance of loop antennas is available from a variety of 
sources, including text books on antennas [1-3], general texts 
on high-frequency communication [4], specialized books on 
loops or a wide variety of articles.  One of the reasons that loop 
antennas are widely used is that they do not have to be unduly 
large.  Loops are used as receiving antennas (or pick-up coils) 
because the output of the loop is proportional to the number of 
turns and the permeability of the material the loop is wound on.  
As such, weak signals can be detected by using a loop with a 
large number of turns and/or wound on a material with 
significant permeability.  One of the relatively new uses of loop 
antennas is to inductively couple energy between an implanted 
medical device and circuitry external to the body [5-9].  Such 
coupling has been used to provide power to the implanted 
device as well as to form the communications channel between 
the implanted and external devices. 

One particular application of loop antennas lies in the area 
of  RFID (Radio Frequency Identification) systems.  These 
systems are relatively new and are of interest to EMC 

engineers.  Such systems use a reader (or interrogator) which 
communicates with a transponder (or tag) via electromagnetic 
energy. In particular, electromagnetic energy created by the 
reader impinges on the tag, which is typically comprised of an 
antenna and special circuitry. The tag typically uses the energy 
in some fashion to identify itself and communicate with the 
reader. Since the communication between the reader and the 
tag is of paramount importance for successful operation of 
RFID systems, effective coupling between the reader and the 
tag is crucial.  A variety of antennas are used to enhance this 
coupling, one of which is a loop antenna.  Loop antennas are 
the antenna of choice whenever inductive coupling is the 
preferred coupling mechanism (as opposed to capacitive or far-
field coupling).  This is a common choice for implanted RFID 
tags [8-9] as well as many low-frequency RFID systems [10].  
When loops are used for the coupling transducers the operation 
is typically described in terms of the coupling coefficient, as is 
commonly done for transformers [10].  However, as described 
in this paper there are other ways of viewing this interaction.  

In this paper we look carefully at two aspects of small loop 
antennas.  We investigate the current induced in a small loop as 
well as the magnetic field created by that induced current (i.e., 
the scattered field).  We particularly note how the load 
impedance (i.e., impedance of the load connected to the loop) 
influences the current and resulting scattered field.  This is 
done when the loop is far from the signal source (e.g., when the 
incident field is a plane wave) as well as when the signal source 
is a near-by loop.  Closed form expressions are derived for the 
induced current and scattered field for these cases, which are 
verified using the computational package MININEC Broadcast 
Professional.  (MININEC [11] is a program based on the 
method of moments [1-2,12], which is often used to analyze 
wire structures.) 

The results presented in this paper have particular 
application to both EMC engineers and personnel working with 
RFID systems.  Since RFID systems will soon become 
ubiquitous, understanding how such systems work is important 
to EMC engineers, as is knowing what to expect for fields 
scattered from RFID systems.  This work also provides another 
way of viewing the operation of inductively coupled, passive 
RFID systems.  As an alternative to thinking in terms of a 
tightly coupled transformer-type system we examine the 
operation in terms of induced currents and the resultant 
scattered fields.  Application of this work is not limited to 
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RFID-type systems, however.  The same equations can be used 
to estimate currents induced in any small loop (and the 
resultant scattered fields).  These expressions may prove useful 
to EMC engineers in understanding inductively-coupled noise, 
and may also be used to estimate the voltage and current 
induced in small “sniffer” probes. 

II. ANALYTICAL EXPRESSIONS FOR INDUCED 
CURRENT AND SCATTERED MAGNETIC FIELD 

A. Induced Currrent 
A convenient way of analyzing any receiving antenna 

system is to use the equivalent circuit shown in Figure 1 [1-2] 
consisting of an open-circuit voltage Voc in series with a load 
impedance ZL and the input impedance of the antenna, Za .  The 
induced current I flowing in such a loop is thus related to the 
open-circuit phasor-domain voltage Voc.  In addition, the 
voltage developed across the load can easily be determined 
from Voc using voltage division.  In this work we assume that 
the loop is small enough so that the current around the loop is 
constant. Note that various guidelines are given in the literature 
of when this is valid.  If b is the mean radius of the loop, one 
guideline is that λ03.0b <  [2].  When this assumption is valid 
the equivalent circuit described above can be used to express 
the current through the loop as 

La

oc

ZZ
VI
+

= .    (1) 

 

Figure 1.  Equivalent cirucit of antenna used as receiving loop. 

The voltage developed across the open circuit terminals of a 
loop antenna is related via Faraday’s law to the time-varying 
magnetic flux cutting through the loop [1-2, 13-14].  For an N-
turn loop Faraday’s law yields the phasor-domain voltage 

∫∫ •−= sdBNjVoc ω    (2) 

where f2πω =  is the radian frequency of operation, B  is the 
magnetic flux density passing through the loop, and sd  is the 
incremental surface area of the loop (with the vector direction 
normal to the loop).  The assumption on loop size (i.e., small 
loop) is used again to approximate the magnetic flux crossing 
the loop as ( )∫∫ ≈• 2bBsdB π , where BB = .  Noting that the 

magnetic flux density is related to the magnetic field intensity 
via HB µ= , where roµµµ =  is the permeability of the 

material in the loop, 7
o 104 −×= πµ H/m is the permeability of 

free space, and rµ is the relative permeability of the material in 
the loop, the magnitude of the open-circuit voltage of a small, 
N-turn loop can be related to the magnitude of the magnetic 
field crossing (perpendicularly) through the loop as 

HbNjV 2
oc µπω−= .   (3) 

If desired, the voltage across the load ZL can be obtained from 

Voc  as 
aL

L
ocL ZZ

ZVV
+

= . 

To determine the current induced in the loop one needs to 
know the input impedance of the loop antenna.  In general this 
impedance is expressed as aaa jXRZ +=  where aR  and aX  
are the input resistance and reactance of the antenna, 
respectively.  The input resistance is typically modeled as 
having two components, ΩRRR ra +=  where rR is the 
radiation resistance of the antenna and ΩR  is the ohmic (or 
loss) resistance of the antenna.  The radiation resistance of a 
small, N-turn loop is approximately [1] 

2

2

2

r
bN200,31R 










=

λ
π .   (4) 

The ohmic resistance of the loop accounts for the power lost 
(through heat) by the current flowing through the wire.  
Assuming that σ  is the conductivity of the wire, it is typically 
approximated using the surface resistance of the wire as 

σ
ωµ

Ω 





=

a
bR    (5) 

for each turn, where b is the radius of the loop, and a is the 
radius of the wire.  Small loops tend to be very inductive, with 
inductance of an N-turn loop typically approximated as [15] 









−






= 2

a
b8lnbNL 2µ .       (6) 

The reactance aX  is typically much larger than aR  and tends 
to dominate the input impedance [16].  This assumption is 
made in this work, so that the input impedance of the small, N-
turn loop is approximated as 









−






= 2

a
b8lnbNjZ 2

a ωµ .  (7) 

Using (7) and (3) in (1) the current induced in a small, N-turn 
loop in the presence of a magnetic field with magnitude H is 
approximately 
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b8lnbNj

HbNjI
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−








−=
ωµ

µπω .     (8) 

We note that (8) clearly illustrates the effect of the load 
impedance on the induced current – which forms the basis for 
the successful operation of many RFID systems.  We also note 
that the input resistance of the small loop is generally 
negligible compared to the input reactance.  If one increases the 
loop response by “tuning” the receiving loop with a series 
capacitor, Cj/1Z C ω=  should be added to the denominator 
of (8).  If the capacitor value is selected to cancel the inductive 
reactance the induced current will increase.  In that case, the 
loop resistance formed by (4) and (5) should be included in the 
denominator of (8).  

Voc  
Za 

ZL 

I  
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B. Scattered Magnetic Field 
If the current I flowing in a small loop is known the electric 

and magnetic fields created by the current can be determined 
using expressions readily available [1-2,13-14].  In particular, 
the fields from a small loop of radius b centered at the origin 
lying in the x-y plane are 
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where η  is the intrinsic impedance of the medium through 
which the wave is propagating.  In this work, we assume 

propagation in free space, so 
o

o

ε
µ

η = .  The expressions for 

induced current and scattered fields provided in (8)-(11) will be 
applied to several situations in this paper. 

In particular, we will begin by investigating the situation 
when the loop antenna is far from the source of the incident 
field, so that the incident field is assumed to be a plane wave.  
In an effort to think of RFID systems from an induced-
current/scattered-field perspective we determine the induced 
current and scattered field for two different load impedances.  
It will be clearly shown that the “reader” can detect what 
happens at the “tag” when the load of the tag changes.  In RFID 
systems, the load (i.e., tag) circuitry carries out the function of 
changing the tag impedance by turning transistors on and off, 
according to the corresponding information stored in the tag 
circuitry.  This illustration will be followed by examining the 
situation when the source of the incident magnetic field is 
another loop lying in close proximity to the receiving loop.  
The induced currents and scattered fields will again be 
determined, and closed form expressions will be provided for 
the currents induced in the transmitting loop which are caused 
by the induced currents in the receiving loop.  This expression 
provides a helpful reference to those attempting to estimate the 
scattered fields created in an inductively-coupled RFID system. 

C. MININEC Verification of Input Impedance 
It is clear from the expressions provided above that the 

input impedance of the loop is a key parameter in the 
approximations.  Before determining the induced currents and 
scattered field, a verification check on the accuracy of using (7) 
was carried out with MININEC [11].  The particular example 
we used was a single-turn loop with a 1 mm radius.  This very 
small loop is approximately the size of an implanted RFID tag 
that could be injected under the skin [8].  This loop was 
modeled with MININEC using 50 segments, as shown in 
Figure 2.  For each segment, the radius of the wire was 0.1 mm.  
A 1-A current source was used in MININEC to simulate the 
input impedance. The simulation was carried out from 10 MHz 
to 1 GHz.  Values of the magnitude and phase of the input 

impedance determined from both MININEC and (7) are shown 
in Figure 3.  We note that the comparison is very favorable for 
this frequency range.  We also note that the “small loop” 
assumption is satisfied since λ003.0b =  at the highest 
frequency.  

 
Figure 2.  Loop antenna model used in MININEC. 
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Figure 3.  Input Impedance of 1-mm loop antenna. 

D. MININEC Verification of Current Distribution 
The expressions shown above can be used for small loop 

antennas for which the assumption of constant current 
distribution are valid.   For the case described above, 
calculation of the input impedance with MININEC verified that 
the assumption of constant current distribution used in deriving 
(7) is fairly reasonable for the given simulation frequency 
range (10 MHz to 1 GHz).  One should be aware, however, that 
this assumption is no longer valid as the loop size and/or upper 
frequency increase.  To observe this effect, the current 
distribution on a 2.5-cm (radius) loop was determined with 
MININEC. The wire radius was 0.1 mm and the loop was 
driven with 1 A current source. The simulation was carried out 
for three frequencies (13 MHz, 300 MHz and 1 GHz).  The 
results are presented in Figure 4.  At 13 MHz λ001.0b =  and 
the current distribution is essentially constant around the loop.  
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At 300 MHz λ025.0b =  and the current varies slightly.  At 1 
GHz λ083.0b =  and significant variation is noted.  
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Figure 4.  Current distribution on a 2.5-cm (radius) loop antenna. 

III. APPLICATION RESULTS 

A. Induced Currrent and Scattered field Created by Incident 
Plane Wave  

As mentioned above, one way to view the operation of 
RFID systems is to note that the RFID tags generate different 
values of scattered fields at the reader by changing the 
impedance of the tag based on the information stored on the 
tag.  We use the same loop described above – i.e., a loop of 1 
mm radius made from 1 turn of 0.1 mm wire – to investigate 
this phenomena.  The intent of this work is to provide 
approximate closed-form expressions that can be used to 
describe the operation of inductive RFID systems from an 
induced-current/scatted-field perspective.  As a check on 
accuracy, the results of induced current determined from (8) are 
compared with those determined from MININEC when the 
incident magnetic field is 1 A/m.  The results are shown in 
Figure 5. 

Two striking conclusions are reached from the results 
provided in Figure 5.  We first note that the analytical results 
provided by (8) are in excellent agreement with those 
computed by MININEC.  As such, the expression for induced 
current given in (8) can be used with confidence for small 
loops.  Since the scattered fields are directly proportional to 
current, confidence in the results provided by (8) also lends 
confidence that (9)-(11) will provide accurate results. Figure 5 
also shows that there is a substantial change in induced current 
when the tag load changes.  In particular, two cases are shown 
– one for a short-circuit load, and one for a Ω−50  load.  The 
differences in current induced on the tag are very noticeable.  
As such, we expect the corresponding values of scattered field 
to reflect the effect of the load impedance.  We investigate this 
effect by determining the scattered field for two locations, as 
shown in Figure 6(a).  Position (1) in Figure 6(a) models what 
scattered field might be expected in a “reader loop” located in 
the same plane as the “tag loop”.  Alternately, position (2) in 
Figure 6(a) models what might be detected in a “reader loop” 

placed directly above or below the “tag loop”.  Using the 
expression for current given in (8) the scattered fields can be 
determined from (9)-(10). 
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Figure 5.  Comparison of analytical and MININEC results of current induced 
(magnitude and phase) in small loop antenna from incident plane wave. 
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Figure 6.  Simulation structures: (a) scattered field of single loop antenna  (b) 
dual loop antennas. 

To determine the scattered magnetic field at position (1) in 
Figure 6(a) we use (10) with o90=θ .  Alternately, to 
determine the field at position (2) we use (9), with o0=θ .  
When the distance is fixed the scattered fields at both positions 
are shown in Figure 7.  As indicated earlier, the effect of the 
load impedance is clearly observed in the scattered field.  As 
such, a “reader” is able to detect the difference between 
different tag loads.  The results in Figure 7 illustrate the effect 
of the scattered field as a function of frequency (as well as load 
impedance).  We are also interested in observing how the 
scattered field varies with distance from the loop.  This is 
illustrated in Figure 8, where the scattered field above the “tag 
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loop” is determined when the operating frequency is fixed at 
500 MHz.  Figure 8 provides the important result that the 
ability to remotely distinguish what happens at a “tag” from the 
magnitude of the scattered field may diminish as one moves 
away from the tag.  For large distances observation of the phase 
of the scattered field may prove more useful.  It may be helpful 
to note that 6.0=λ m at 500 MHz, so that λ0017.0b =  and 
the largest distance shown in Figure 8 (i.e., 1 m) is λ67.1  at 
that frequency.  We also note that the choice of load 
impedances (i.e., 0- and 50- Ω ) do not necessarily correspond 
to those used in typical RFID systems.  In addition, possible 
mutual coupling effects between a read and tag have been 
neglected up to this point. 

B. Two Loops: Currrent Induced in a “Tag Loop” and 
Scattered Back to the “Reader Loop”  

In the previous section the “tag loop” was assumed to be far 
enough away from the source so that the field incident on the 
loop was a plane wave.  The currents induced in the “tag loop” 
were evaluated using (8) and then (9) and (10) were used to 
determine the fields created by these induced currents.  The 
effect of the load impedance of the tag was clearly observed as 
a function of frequency and distance from the tag.  Taking this 
one step farther, suppose one has a reader that is inductively 
coupled with the tag.  For a given source current in the reader 
(again assuming the loop is small enough so the current is 
constant around the loop) the magnetic field created by the 
reader can be determined using (9) and (10).  These fields can 
then be used to determine the current induced in the tag loop. 
Given the induced current in the tag loop the scattered field 
back at the reader (which is what one really observes) can be 
determined by again using (9) and (10).   

This method can be used for any loop position.  In this 
work we provide the results for one particular case. The 
scenario under investigation is shown in Figure 6(b).  
Assuming that the original current in the reader is I0 and the 
loops have center-to-center spacing distance d, following the 
steps outlined above will yield a scattered field back at the 
transmitter (i.e., reader) of 
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             (12) 
Again taking this one step further, the current induced in 

the transmitter loop can be determined by using (12) in (8) to 
yield (13).  To recap what is happening, a current I0 originally 
created in the transmitter loop causes an induced current in the 
receiver loop which then causes a scattered field back at the 
transmitting loop which results in 
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back at the transmitting (or reader) loop.  Note that Zreader is the 
input impedance of the RFID reader by itself (i.e., neglecting 
any mutual coupling effects with the tag). 
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Figure 7.  Scattered field 10-cm away from the loop antenna: (a) Hθ at point 
1, (b) Hr at point 2.  
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Figure 8.  Scattered field along z-axis at 500 MHz . 
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As a final numerical result, assume that 0Z reader = , 
1I o = A and d=10 mm, and the two loops are in the same 

plane.  Using (13) the current induced in the reader is shown in 
Figure 9 as a function of frequency for two different values of 
tag impedance.  The effect of the tag impedance is evident.  

0 1 2 3 4 5 6 7 8 9 10

x 10
8

0

0.01

0.02

0.03

|I re
ad

er
| (

pA
)

0 1 2 3 4 5 6 7 8 9 10

x 10
8

-100

0

100

Frequency (Hz)

P
ha

se
 (

D
eg

re
e)

Tag with 0-Ω  Load

Tag with 50-Ω  Load

Tag with 0-Ω  Load

Tag with 50-Ω  Load

 

Figure 9.  Induced curent in the RFID reader loop. 

IV. CONCLUSION 
In this paper we look carefully at two aspects of small loop 

antennas.  We investigate the current induced in a small loop as 
well as the magnetic field created by that induced current (i.e., 
the scattered field).  We particularly note how the load 
impedance (i.e., impedance of the load connected to the loop) 
influences the current and resulting scattered field.  Being able 
to remotely observe the effect of the changing load impedance 
is the basis for RFID systems.  As such, the results presented in 
this work present an alternative way (i.e., induced-
current/scattered field) of viewing the operation of RFID 
systems (rather than directly using the coupling coefficient).  
The result may be useful for both EMC engineers and 
personnel working with RFID systems in understanding system 
performance.  In addition, estimates are provided of the 
currents induced in small loops, along with the resultant 
scattered fields.  
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