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and 8. The maximum simulated gain of the antenna was found to
be �6 dBi in both the lower and upper frequency bands, and the
measured gain was slightly lower. The irregularities in the E-plane
measured results around � � 90° for both the co- and cross-
polarization patterns are because of the feed cable, which was
connected in the measurement plane.

4. CONCLUSIONS

In this article, a simple impedance matching design approach to
obtain dual-band performance from a single CPW-fed slot was
described. Although the upper and lower bandwidths were only 8
and 6%, respectively, the antenna is ideal for dual-band WLAN
applications in the 2.4 and 5.2 GHz bands. The same design
approach can also be followed to design dual-band antennas with
different f2/f1 ratios. The two elements (slot and terminated stub)
forming the antenna can be designed separately and then com-
bined—final tuning of the stub parameters can then be done to
satisfy the design requirements. The radiation patterns at both the
upper and lower band were well-formed, had similar gain in both
frequency bands, and good cross-polarization characteristics.
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ABSTRACT: In this study, expressions for the radiation quality factor
Q and the input impedance seen at any terminal of a multiport antenna
are derived. It is shown computationally that because of the possibility
to adjust the antenna current distribution through suitable feeding/load-
ing a multiport antenna can perform lower Qs than a similar single-port
antenna. © 2008 Wiley Periodicals, Inc. Microwave Opt Technol Lett
50: 2034–2039, 2008; Published online in Wiley InterScience (www.
interscience.wiley.com). DOI 10.1002/mop.23564
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1. INTRODUCTION

With the exception of large arrays, antennas are traditionally
conceived as single-port devices. This is because mutual coupling,
which is often very strong in small and compact antennas, is
regarded as an unwanted nonideality to be eliminated or compen-
sated to achieve a desired radiation characteristic [1]. In this
article, a different viewpoint is taken, namely to look for the
advantages of the mutual coupling for improving the antenna
performance, in particular the radiation quality factor Q, which is
an important design parameter for small antennas.

Previously, the Q of antennas with multiple ports have been
studied in the case of totally isolated ports, which was observed to
lead to an increasing Q [2]. However, in [2], only the energy
involved in the reactive part of the spherical multipole fields was
taken into account, whereas the interior stored energy due to the
fields inside the smallest sphere that can be drawn around the
antenna was assumed to be zero. Our case is more realistic as it
takes into consideration the total stored energy and the mutual
coupling. In this article, we show by means of computational
examples that by providing an antenna—in our case a short wire
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Figure 8 Simulated and measured E-plane radiation patterns at 5.2 GHz
for the dual-band CPW-fed slot antenna [� � 180°, with reference to Fig.
1(a)]
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Figure 9 Simulated and measured H-plane radiation patterns at 5.2 GHz
for the dual-band CPW-fed slot antenna [� � 90°, with reference to Fig.
1(a)]
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antenna near a ground plane—with several mutually coupled in-
put/output ports and choosing their feed point amplitudes suitably,
a lower Q (and, implicitly, a potentially broader bandwidth) can
actually be achieved than by feeding only one port at a time.
Furthermore, we compare the tuning using a single reactive ele-
ment at the feed point with tuning by means of a set of distributed
reactive load impedances embedded inside the antenna. For this
purpose, a formula for the input impedance viewed from one of the
ports of a general N-port antenna is derived and given in the
Appendix.

As a preliminary, we first establish the circuit equations gov-
erning the antenna system modeled as a lossy linear network [3].
Enumerating the input/output ports of the N-port antenna i � 1, 2,
. . . , N, the current intensities Ii and the voltages Vi at the ports (the
dimensions of which are assumed to be sufficiently small in terms
of the wavelength) are interrelated by Kirchhoff’s network equa-
tions, which can be condensed as an N � N impedance matrix (see,
e.g., [3, 4]) viz,

�
V1

V2···
VN

� � �
z11 z12 · · · z1N

z21
· · · z2N···

· · ·
zN1 · · · zNN

��
I1

I2···
IN

� (1)

abbreviated V� � ZI� (or equivalently I� � YV� in terms of the

admittance matrix Y � Z�1).

The concomitant scattering matrix S describing the interaction
of the antenna with external sources and load impedances is
defined by means of the incoming and the reflected wave vectors,
w� � and w� �, respectively, as

w� � � V� � ZLI� and w� � � V� � ZLI� (2)

where ZL signifies an N � N diagonal matrix having as its diagonal
entries the load-impedances zL1, zL2, . . . , zLN connected to the
respective terminal. Combining (1) and (2) yields

w� � � �Z � ZL��ZL � Z��1w� � (3)

where S � �Z � ZL��ZL � Z��1.

2. ANTENNA QUALITY FACTOR

It is a well-known fact that the bandwidth of a resonant device
(such as an antenna) is closely related to the quality factor Q [5–8].
The Q is generally defined as 2� times the ratio of the energy
stored by the device per cycle and the energy lost during the same
time interval, i.e.,

Q � �
WE,stored � WM,stored

Ploss (4)

where WE,stored and WM,stored are, respectively, the time average
electric and magnetic energy stored, and Ploss is the average
dissipated power, which is equal to the power radiated Prad when
the antenna is lossless, as will be the case in the following.

However, when applying this definition to antennas, a problem
arises as follows: as the electromagnetic energy of an antenna is
dispersed all around the surrounding space, it is not immediately
clear how the stored energy should be defined and measured. In
particular, since a part of the energy is associated with the prop-
agating fields, it is evident that this part of the energy should be
extracted from the total energy. Because energy as a global quan-

tity can be only indirectly estimated, we must find a way to relate
it to the response of the device to the excitation by a time-harmonic
signal (through the complex voltages and currents at the input/
output ports).

To tackle the problem, we start from the identity (which Papas
[9] termed as the “energy theorem”)

� � ��E
��

	 H* �
�H
��

	 E*� � � j����
�

��
E � E* �

�����

��
H � H*�

�
�E
��

� J* � E* �
�J
��

(5)

derivable from the time harmonic Maxwell equations by �-differ-
entiation [7, 9]. In deriving (5), a time dependence of ej�t has been
assumed, since this will lead to a circuit description where positive
reactances are interpreted as inductive and negative reactances as
capacitive (the standard engineering convention). In the sequel, the
last two terms involving conduction currents (J) will be ignored as
our primary interest at this point is the ideal case without (signif-
icant) losses. For a treatment of the more general case involving
losses and material dispersion, we refer to [7, 10].

Let us next apply the theorem to a volume � bounded from the
inside by the antenna occupying the volume �0 and from the
outside by a sphere �r3	, whose radius goes to infinity. Applica-
tion of Gauss’ divergence theorem gives

�
��
��E

��
	 H* �

�H
��

	 E*� � dS � � 4j��
�

1

4

���
�

�� 	E	2d�

��
�

1

4

�����

�� 	H	2d�
, (6)

where dS is a differential surface element and �� is the bounding
surface of the considered volume � . The two volume integrals can
be interpreted as generalizations (for dispersive materials) of the
familiar energy integrals

WE ��
�




4
�E(r)�2d�, (7)

WM ��
�

�

4
�H(r)�2d�, (8)

into which they reduce in the case that the medium is not disper-
sive (�
/�� � 0 and ��/�� � 0). On the surface of the antenna
��0, which we assume to be a perfectly conducting boundary, the
integral vanishes everywhere except for the terminals, where it
yields

�
��0

��E
��

	 H* �
�H

��
	 E*� � dS � � �

i�1

N ��Vi

��
I*i �

�Ii

��
V*i� �

�
�V� T

��
I�* �

�I�T

��
V� * (9)
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whereas on the radiation surface ��r3 	, the integrand can be
developed by using the long distance asymptotic expressions for
the field vectors, viz,

E(r)3
r3	

E	�ur�
exp� � jkr�

r
(10)

for the electric field, where k � ��0
0 and

E	�ur� � lim
r3	

rE�r�

exp� � jkr�
(11)

An exactly similar asymptotic relation applies to the magnetic field
H(r). Thus, at ��r3	

�
�Vr3	

��E
��

	 H* �
�H
��

	 E*� � dS � �
�Vr3	

��E	

��
	 H*	 �

�H	

��
	 E*	

� 2jr�0
0�
E	 	 H*	�� �
dS

r2 (12)

Identifying the radiated power with the expression

Prad � �
�Vr3	

1

2
�
E � H*� � dS (13)

and using ur � E	 (ur) � �0/
	H	 (ur) and ur�E	 (ur) � 0 the
“energy theorem” (5) yields

�V� T

��
I�* �

�I�T

��
V� * � 2
0

�0
�
4�

�E	

��
� E*	d�

� 4j�WE � WM � r�0
0P
rad) (14)

denoting d� � sin�d�d�. . The last term in the expression can be
seen to involve three quantities having the quality of energy; WE,
WM, and r�0
0P

rad, each of which grow separately without a
bound as r3 	. However, it can be shown that the quantities are
interrelated and that the whole expression remains finite.

Let a be the radius of the smallest sphere that circumscribes the
antenna. The total electromagnetic energy of the propagating field
confined between the two concentric spheres of radii a and r must
obviously be

WE,rad � WM,rad �
�r � a�

c0
Prad (15)

where c0 � �0
0 is the speed of light. Within the sphere of radius
a (the “antenna region”) the energy is to be taken as completely
stored, because the field in this region has strictly not been
launched off the antenna, and thus it can in principle be decom-
posed in spherical waves propagating inward and outward. There
is also some stored energy outside the sphere, which stems from
the reactive part of the spherical multipole fields. Thus, in general,
the total electromagnetic energy consists of a stored part and a
radiated part, viz.,

WE � WM � WE,stored � WM,stored �
�r � a�

c0
Prad (16)

Invoking this relationship in (14) yields an expression for the
requested quantity WE,stored � WM,stored, which inserted in (4)
gives the result

Q �
�

4Prad���V� T

��
I�* �

�I�T

��
V� *� �

�

2Prad
0

�0
���

4�

�E	

��
� E*	d�� � ka

(17)

In practice, either the voltages or the currents at the terminals are
kept constant and independent of � (meaning that either �Vi/�� or
�Ii/�� vanish for every i and for all considered frequencies).
Whichever condition one chooses, the same condition must also
apply when the relevant field integral is computed from the fields.
For instance, if �Ii/�� � 0 for all frequencies,

Q �
�

4Prad���i�1

N
�Vi

��
I*i� �

�

2Prad
0

�0
���

4�

�E	

��
� E*	d��

�Ii/���0

� ka

(18)

Prad �
1

2
�
�

i�1

N

ViI*i� (19)

In the case of a single feed point, (18) and (19) reduce to the
classical formula in terms of the radiation resistance Rrad and
reactance X [5, 6]

Q �
�

2 Rrad

�X

��
(20)

when the frequency dispersion of the far-field radiation [the inte-
gral quantity in (18)] is not evaluated due to its negligible (or zero)
influence on the Q of small antennas [5]. The term ka has been
dropped as well, as it is in most circumstances practically insig-
nificant.

3. APPLICATIONS

As an application, we next present a number of simple computa-
tional examples to illustrate the use of multiple ports in connection
with antennas that are small in terms of wavelength.

3.1. Optimizing Q Using Distributed Sources
First, let us consider the case of multiple feeds at different loca-
tions. For a given geometrical distribution of feed points, our aim
is to find the combination of excitation current amplitudes that
gives the best (lowest) antenna Q. As is well-known, the location
of the feed point affects the current distribution on the antenna and
the resulting radiation field pattern. In fact, even for negligible
changes in the radiation pattern, the reactive near field and power
may change significantly [11]. Thus, one can also expect to find
clear differences between the cases in terms of antenna Q.

The antenna considered is a lossless horizontal wire tangential
to a perfectly conducting ground plane. The ports are oriented
horizontally and distributed evenly along the wire (see Fig. 1). The
antenna Q-factor may now be calculated numerically using (18)
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and the simulated Z-matrix data by computing the port voltages Vi

from the impressed excitation currents Ii. In the calculations, the
second term (the far-field dispersion integral) in (18) has been
neglected, since (as already mentioned) the field variations as a
function � are negligible in the case of radiation of low frequen-
cies. In the field simulations (using HFSS by Ansoft Corp.), at the
lowest considered frequency f0 the wire has the length of 0/4 and
the width of 0.00350. The distance to the ground plane is k0b �
0.1.

In Figure 2, the Q-factors of the 1-port and 3-port cases are
illustrated. In the 1-port case, the feed current I0 � 1. In the 3-port
case, the feed currents leading to minimum and maximum Q are
sought numerically with a Matlab routine by letting the currents I2

and I3, which are assumed equal, to vary between 0 to 1, while
keeping I0 � 1. As can be seen from Figure 2, with a certain 3-port
excitation of the wire, a remarkably lower Q when compared with
the 1-port case can be achieved especially at lower frequencies
(where the antenna is notably below resonance length). Near
resonance f/f0  1.9, however, the difference becomes less
marked. The excitation currents leading to minimum and maxi-
mum Q values are shown in Figure 3. Evidently, the best result is
obtained when the currents I2 and I3, appropriately weighted,
reinforce the current I1 at the middle, whereas the worst case is
when I2 � I3 are both forced to zero (meaning that the antenna is
made effectively shorter than its actual length). However, the Qs
would be even larger if I2 and I3 were allowed to receive values
more freely, that is, outside the range [0, 1] now considered. In
Figure 3, one also notices that the values of I2, I3 giving optimal Q

differ only slightly from the strength of the current at the respec-
tive location of a centre-fed 1-port antenna.

Similarly, a 7-port case was calculated. The Q and the excita-
tion currents corresponding to minimum and maximum Q-values
are shown in Figures 4 and 5. As can be seen by comparing Figure
4 with Figure 2, by appropriate excitation of a 7-port antenna
Q-factors slightly lower can be achieved than what is possible with
a similar 3-port antenna.

3.2. Optimizing Q Using Distributed Reactive Loads
Next, let us search for the optimum (minimum) antenna Q by
loading a 1-port, 3-port, and 7-port antenna, respectively, with
appropriate reactive elements. In every case, the antenna structure
is the same except for the varying number of ports.

Again, the antenna considered is a horizontal wire-dipole above
a perfectly conducting ground plane. It is assumed to be fed
horizontally at the mid-point, whereas the other ports are imposed
vertically between the wire and the corresponding point on the
ground plane below (see Fig. 6). For convenience, the structure is

Figure 1 Horizontal dipole with multiple feed ports

Figure 2 Minimum and maximum Q values obtained with excitation of
three ports, assuming I2 � I3 � [0, 1]

Figure 3 Excitation currents leading to minimum (top) and maximum
(bottom) Q values, corresponding to Figure 2. For comparison, the current
distribution along the wire in the 1-port case is depicted with a dashed line

Figure 4 Minimum and maximum Q values obtained with 7-port exci-
tation, assuming I2 � I3, I4 � I7, and I5 � I6 to vary in the range [0, 1]
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considered mirror symmetric, i.e., the same component values
appear symmetrically on both sides of the wire. Now, by using the
relationships of the Z-matrix of Section 2, the input impedance and
Q of the antenna may be computed from the simulation data using
(20). The loading is adjusted such that the antenna becomes
resonant at f0.

In Figure 7 the Q factors of the impedance loaded multiport
antenna are shown. In the 1-port case the antenna is loaded with an
inductor (whose reactance at �0 � 2�f0 is �0L � 327�) at the
feed point. In the 3-port case, the antenna is loaded with capacitors
at ports 2 and 3, and in the 7-port case at ports 2–7. In the 7-port
case, the capacitance values leading to minimum and maximum Q
factors were sought with a Matlab routine when the reactances
1/�0C varied between 80 and 1600�. The reactances correspond-
ing to the Q curves presented in Figure 7 are given in Table 1. As
is seen in Figure 7, loading the antenna with an inductor at the feed
port increases notably the Q factor of the antenna system compared
to the unloaded 1-port element (see Figure 2). On the contrary, the
capacitor loading in the 3-port case leads to remarkably smaller
Qs, and with a certain 7-port capacitance loading yet smaller Q
factors are possible.

4. CONCLUSIONS

In this article, we have derived an expression for the Q of a
multiport antenna based on the total field energy stored by the
antenna system. Some fundamental relationships derived from the
basic electric network equations have also been presented that
enable the design and control of the impedance properties of

multiport antennas using the impedance (or admittance) matrix
obtained, for instance, from electromagnetic simulations or real
antenna measurements (by way of the relevant scattering matrix).
The derived formulae were subsequently applied numerically in
the search for optimal (in terms of smallest Q) loading and exci-
tation of a multiport antenna. The example structure considered by
means of HFSS simulations was an electrically short wire. The
results confirm that a set of suitably chosen load impedances
distributed within the antenna structure may indeed improve the Q
as compared to the case where the antenna is conjugate matched at
the feed point. It was also found that an appropriately chosen set
of excitation currents may lead to a better Q than that obtained by
feeding the antenna from a single point.

APPENDIX

In a typical multiport antenna application scenario, where one of
the ports is adopted as the input/output and the others are loaded
with suitable impedances zLi, we are required to find the imped-
ance seen at the input. In this case, the antenna (modeled by the

impedance matrix Z) is connected through its terminals to the

diagonal load impedance matrix ZL. Thus, combining (1) with V� �

� ZLI� renders (Z� � Z� L) I� � 0. To have an existing solution, apart
from the trivial I� � 0� , the determinant of this eigenvalue equation

must vanish, i.e., [12] det(Z � Z� L) � 0� , which leads to an
equation that can be solved analytically in the case of a small
number of ports and, more generally, numerically. Explicitly, we
have

	
z11 � zL1 z12 · · · z1N

z21
· · · z2N···

· · ·
zN1 · · · zNN � zLN

	 � 0 (21)

and, supposing that the port number 1 be the unknown element, we
obtain

Figure 5 Excitation currents leading to minimum (top) and maximum
(bottom) Q values corresponding to Figure 4. The dashed line marks the
current distribution in the 1-port case

Figure 6 Horizontal dipole with multiple loading ports

Figure 7 Q-values obtained with 1-port, 3-port, and 7-port loading

Table 1 Tuning Reactances

port no. 4 2 5 6 3 7
1/�0C [�](3-port) - 118 - - 118 -
1/�0C [�](7-port min) 200 1064 1590 1590 1064 200
1/�0C [�](7-port mx) 1590 357 82 82 357 1590
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zL1 � � z11 �
1

M11
�
j�2

N

� � 1�jz1jM1j (22)

where Mij is the minor (or secondary determinant, obtained by

deleting row i and column j) of the matrix Z � ZL. Requiring
equality of the input impedance and the load impedance, and
generalizing the result to the input impedance viewed at the kth
port yields

Zin,k � zkk �
1

Mkk
�

j�1, j�k

N

zkjCkj (23)

where Ckj � (�1)j�kMkj is the cofactor of the corresponding
minor Mkj. In particular, for the two port system (N � 2), we have
the well-known result [3, 12]

Zin � z11 �
z12z21

z22 � z2L
(24)

where z12 � z21 if the network is reciprocal, as is usually the case.
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ABSTRACT: This article presents low-profile configurations of the
Fresnel zone plate antenna at Ka-band. The investigation involved pro-
gressively reducing the focal distance of the antenna through simula-
tions and observing the effect on the directivity, radiation patterns, and
aperture efficiency. The number of metal zones was also varied in the
simulations. It was found that focal distances below 0.75 yielded little
more directivity than the feed itself. With a single zone, the 1.25 focal
distance achieved the highest overall aperture efficiency of 24%, which
was a significant improvement over the larger focal distance cases.
Measurements were performed to verify the simulated results. © 2008
Wiley Periodicals, Inc. Microwave Opt Technol Lett 50: 2039–2043,
2008; Published online in Wiley InterScience (www.interscience.wiley.
com). DOI 10.1002/mop.23593

Key words: Fresnel zone plate antenna; low-profile

1. INTRODUCTION

The Fresnel zone plate antenna (FZPA) is a type of microwave
lens, which originated from the work of Augustin Fresnel in the
early 19th century at optical frequencies [1]. In its standard con-
figuration, as shown in Figure 1, it is planar in the xy plane and has
a feed antenna situated at the focal point of the lens at a distance
F along the z-axis. The aperture of the FZPA consists of circular
zones that alternate between transparent and metal, which focus
the fields using the principle of diffraction [2].

FZPAs are very attractive for applications in the Ka-band
where they offer significant advantages over shaped lenses, para-
bolic reflectors, and planar arrays. The FZPA is much simpler to
fabricate, has a reduced aperture thickness, is lighter weight, and is
an overall lower cost antenna solution. Despite these tremendous
advantages, they have not been widely used in the past. This is
primarily because of their low aperture efficiency, which is due to
the blocking of a large percentage of EM waves by the metal

Figure 1 Fresnel zone plate antenna: (a) front view and (b) isometric
view

DOI 10.1002/mop MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 50, No. 8, August 2008 2039

I4/6




