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Mode-Based Estimation of 3 dB Bandwidth for Near-Field
Communication Systems

Youndo Tak, Jongmin Park, and Sangwook Nam

Abstract—A new method for estimating the 3 dB bandwidth of near-field
communication (NFC) systems using identical electrically small antennas
is proposed. The method is based on equivalent circuit representation using
the addition theorem, an approach used in the analysis of coupled antennas,
and the correction factor derived from antenna impedance characteristics.
In addition, variation in the 3 dB bandwidth with respect to the relative po-
sition and orientation of the NFC system is investigated using the proposed
method.

Index Terms—Addition theorem, antenna equivalent circuit, bandwidth
estimation, capacity, electrically small antenna, near-field communication
(NFC), near-field coupling.

I. INTRODUCTION

It is well-known that the space around an antenna can be classified
into the far-field region and near-field region. In the near-field region,
reactive energy, which is stored and oscillated in space, is dominant
[1]. The near field of an antenna possesses greater available power and
faster power roll-off than the far field of the antenna, so it is suitable
for constructing efficient body area communication systems [2], [3].

The capacity of a communication system is the maximum data rate
that can be achieved by the system, and this is strongly related to the 3

Manuscript received August 15, 2010; revised November 18, 2010; accepted
January 15, 2011. Date of publication June 09, 2011; date of current version
August 03, 2011. This work was supported by the National Research Foundation
of Korea (NRF) grant funded by the Korean government (MEST) (No.2010-
0018879).

The authors are with the School of Electrical Engineering and INMC, Seoul
National University, Seoul 151-742, Korea (e-mail: ydtak76@snu.ac.kr).

Color versions of one or more of the figures in this communication are avail-
able online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TAP.2011.2158960

Fig. 1. Two coupled short dipoles with arbitrary orientation [11].

dB bandwidth of the system according to the Shannon-Hartley theorem
[4]. Recently, a study on the bandwidth and the capacity of a near-field
communication (NFC) system was reported using the equivalent circuit
model that is used for conventional RF-ID in [5]. However, this does
not consider the intrinsic impedance characteristics of the solenoidal
loop antenna. In this communication, we attempt to determine the 3 dB
bandwidth of an NFC system using identical antennas that are coupled
for transmitting and receiving information.

II. EQUIVALENT CIRCUIT REPRESENTATION OF AN NFC SYSTEM

BASED ON THE ADDITION THEOREM

The impedance characteristics of an antenna can be equivalently ap-
proximated as an RLC resonator. Therefore, the equivalent circuit of
the coupled antennas can be expressed based on the equivalent circuit
of the coupled resonator [6]. However, in contrast to conventional cou-
pled resonators, whose coupling network is composed of only imagi-
nary elements, the coupling network of antennas needs to be comprised
of a real element as well as imaginary elements due to the different ra-
diation resistances of the even mode and odd mode [7], [8].

When electrically small antennas (ESAs) are coupled to each other
in an NFC system, their mutual impedance can be expressed by the
mode-based approach using the addition theorem because ESAs pre-
dominantly generate a ���� or ���� mode [9], [10]. If two short
dipoles that generate���� modes are coupled to each other, as shown
in Fig. 1, the mutual impedance is given as (1), shown at the bottom
of the next page, where � is the free space impedance, �� � ���� �
��������� is a unit vector representing the orientation of the second
antenna, �� is the radiation resistance of the antenna, �� is the elec-
trical distance between the coupled antennas, and �����

� 	�
 is the spher-

ical Hankel function whose derivative is given as ���
���

� 	�
 [11]. In addi-
tion, in terms of the small loops (or the magnetic dipoles) that generate
the ���� modes, the mutual impedance is the same as in (1) due to the
duality of the electric dipole and the magnetic dipole.

As shown in Fig. 2, the equivalent circuit for coupled antennas can be
expressed by the conventional T-equivalent circuit of a 2-port network.
In the equivalent circuit, the tuned antenna is represented as the series
resonant circuit by �� and ��, which are the resistance and the reac-
tance of the antenna itself, respectively, with the tuning capacitor �� .
In addition, the mutual inductance, ���, and mutual resistance, ���,
can be defined as real and imaginary elements of mutual impedance;
this is obtained from (1). The source and the load impedances are given
as �� and ��.
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Fig. 2. Proposed equivalent circuit of two coupled small antennas.

III. BANDWIDTH CALCULATION BASED ON THE EQUIVALENT CIRCUIT

According to the conventional network analysis method for symmet-
rical 2-port networks, the transmission parameter of the coupled net-
work can be expressed using the reflection parameters of the network
for odd-mode and even-mode resonances [12]:

��� �
�

�
������������� �

�

�
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����� ���

�
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����� ���

� (2)

For the proposed circuit, which is shown in Fig. 2, the input
impedance of the coupled antenna for the odd-mode and even-mode
can be given as:
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with the resonant frequency of the antenna, given as:

�� � ������
��	� (5)

and the operating frequency, given by:

� � �� ���� (6)

Therefore, the transmission parameter of the circuit is shown in (7),
as the bottom of the page, when additional parameters are defined as
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TABLE I
PARAMETERS FOR PROPOSED CHARACTERISTIC EQUATION

According to (7), the 3 dB fractional bandwidth can be evaluated by
characteristic (10) using parameters represented in Table I:
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IV. EXAMPLES

A. Dominant Mode

The method is demonstrated by investigating the 3 dB bandwidth
characteristics of 10-turn solenoidal small loop antennas, which are
made of copper wire. According to the ratio of the radius to the height of
the antenna, the antennas are classified as wide case and narrow case,
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Fig. 3. Two coupled solenoidal small antennas: (a) wide solenoidal small loop,
(b) narrow solenoidal small loop

Fig. 4. The power ratio between the �� and �� modes: (a) wide
solenoidal small loop, (b) narrow solenoidal small loop.

Fig. 5. Reactance of the single solenoidal antenna made of copper wire: (a)
wide solenoidal small loop, (b) narrow solenoidal small loop.

respectively, as shown in Fig. 3. By using EM simulation, the power
ratios of the ���� and the ���� modes in each case are evaluated, as
shown in Fig. 4. In both cases, the ���� mode is the dominant mode
at low frequencies, and then the ���� mode becomes dominant as the
operating frequency is increased.

Based on the dominant modes in each case, the operating frequency
is set at 11.5 MHz in the wide solenoidal antenna and 20 MHz in
the narrow solenoidal antenna. In the former, the ���� is dominant,
whereas the ���� mode is dominant in the latter.

B. Correction Factor

In [5], the small solenoidal antenna is simply approximated as the
combination of the resistor and the inductor, as shown in Fig. 2. Hence,
when the antenna is tuned using a series capacitor, the impedance varia-
tion of the antenna can be described using a simple RLC series network.

However, the reactance of the solenoidal antenna cannot be simply
approximated by a single inductor. According to the reactance charac-
teristics shown in Fig. 5, the solenoidal antenna can be approximated
by the parallel LC. The equivalent circuit of the solenoidal antenna is
shown in Fig. 6(a), with the self-resonant frequency defined as:

�� � ����������
����� (11)

Fig. 6. Equivalent circuit representation of solenoidal antenna: (a) using par-
allel resonator, (b) using a simplified single element.

If the parallel LC circuit is approximated to a single inductive element,
as shown in Fig. 6(b), the equivalent inductor is given as:
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(12)

and the derivative of the reactance is given as:
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Hence, when the solenoidal antenna is tuned with the series capacitor
at the resonant frequency ��, the input impedance of the single antenna
around the resonant frequency is given by:
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From (14), it can be shown that the correction factor defined as

�� �������
� (15)

has to be considered to simplify the series-tuned solenoidal loop as a
conventional series RLC resonant circuit. Therefore, the 3 dB fractional
bandwidth, which is evaluated by (10), also needs to be corrected using
the correction factor defined in (15).

C. Comparison

The values of the 3 dB fractional bandwidth, which are calculated
by the full EM simulation carried out by the commercial EM software,
FEKO, and the proposed method, with consideration of the correction
factors, are compared in Table II. In common with [10], the configura-
tions of coupled antennas are classified into four cases according to the
relative position and orientation of the antennas, as shown in Fig. 7.

Based on the results of comparison, the estimation of the 3 dB frac-
tional bandwidth using the proposed method with consideration of the
correction yields similar results to those based on full EM simulation.
The differences between the 3 dB fractional bandwidth evaluated by
full EM simulation versus the proposed method are attributed to the
deviation in the actual impedance characteristics in the simple model,
which uses a single parallel LC resonator.

The results using the method in [5] and the proposed method are
compared in Table III. The comparisons are carried out for the parallel
configuration that is given in [5]. From the table, it can be seen that the
relative errors are improved by using the proposed method.

From the results of Table II, it is clear that the relative error for
the diagonal case of the narrow type is relatively large compared to
the other cases. This deviation is due to the effect of the higher order
modes, which are not considered for the analysis of small antennas
[9], [10]. Although the magnitude of the higher order modes (������
and ������) is much smaller than the fundamental modes (���� and
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TABLE II
FRACTIONAL BANDWIDTH OF NEAR-FIELD COUPLED SMALL ANTENNAS

( means the results with the consideration of the cross coupling of the��
[or �� ] mode and the �� [or �� ] mode)

Fig. 7. Configurations of two coupled antennas: (a) parallel configuration,
(b) diagonal configuration, (c) collinear configuration, and (d) ���-tilted
collinear configuration.

����) as shown in Table IV, the cross coupling of the���� (or����)
mode and the ������ (or ������) mode can affect the total mutual
impedance under the condition that the electrical distance between the
coupled antennas is very small. From [9] and [13], the cross coupling
can be given as:

���������������� � ���������������� � ����	�
� (16)

TABLE III
FRACTIONAL BANDWIDTH OF NEAR-FIELD COUPLED SMALL ANTENNAS IN

PARALLEL CONFIGURATION

TABLE IV
SPHERICAL MODES OF THE SOLENOIDAL SMALL LOOP ANTENNAS

Hence, the cross coupling is maximized at the diagonal configuration.
Moreover, it can be seen from Table IV that the magnitude of the higher
order mode for the narrow solenoid is relatively large compared to the
wide solenoid. Hence, the relatively large deviation for the diagonal
case of the narrow solenoid can be explained. The calculated results for
the diagonal case, including the cross coupling between fundamental
and higher order modes, are compared in Table II.

V. CONCLUSION

In this communication, a new method of analysis is proposed for
estimating the 3 dB bandwidth of near-field coupled identical small
antennas for an NFC system. The proposed analysis is based on the
equivalent circuit representation of coupled antennas using a modified
coupled resonator circuit. The coupling of the antennas is determined
from the mutual impedance evaluated by the addition theorem. Fur-
thermore, a correction factor is proposed that takes into account the in-
trinsic characteristics of a solenoidal loop antenna. Using the proposed
method, the values of 3 dB bandwidth for the near-field coupled wide
and narrow solenoidal antennas, where the dominant modes are ����

and ����, respectively, are investigated. Based on our findings, our
proposed analysis yields data that are in good agreement with those of
EM simulation.
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