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A novel compact multiband diversity antenna system appropriate for integration onto space-limited devices is presented. It com-
prises three pairs of printed fractal Minkowski and Koch monopole antennas which resonate in the 1.67–2, 2.3–2.56 and 4.55–
5.55 GHz bands, respectively, supporting thus a large variety of wireless technologies for mobile and wireless local area networks
(WLANs) applications. The operational characteristics of the antenna system were extracted by simulation using a method-of-
moment- (MoM-) based electromagnetic field solver. The diversity performance in a uniform multipath environment under the
maximal-ratio combining (MRC) scheme is also evaluated for the two extreme modes of operation, that is, when all three antenna
pairs operate simultaneously (worst case) and when only one pair is active while the others being open-circuited (best case). The
calculated effective diversity gain (EDG) for the worst/best case is 5.8/6.4, 5.8/7.2 and 7.1/7.5 dB for the 1.8, 2.4 and 5.2 GHz fre-
quencies, respectively.
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1. INTRODUCTION

Multiradio antenna systems which support multiple wireless
standards are the trend for future communication systems.
The performance of these systems can be significantly en-
hanced using antenna diversity, which combats efficiently the
multipath fading. Dual-band diversity antennas which op-
erate in 2.4 and 5.2 GHz industrial, scientific, and medical
(ISM) frequency bands have been extensively reported in lit-
erature (e.g., [1–4]). The attention to multiband diversity an-
tenna systems, on the other hand, is currently very limited
[5, 6].

In [5], two planar inverted-F antenna (IFA) arrays, which
cover the 2.4 and 5.25/5.8 GHz ISM bands, are proposed
for WLAN applications. In [6], the proposed multiband di-
versity antenna is very compact and covers in addition the
1.8 GHz band, which supports digital wireless protocols and
thus can be used for mobile applications as well. However,
in both [5, 6] the performance evaluation of the investi-
gated multiband diversity antenna systems, when operating
in multipath fading environments, is not presented.

In this study, a novel compact multiband diversity an-
tenna system suitable for integration on space-limited mo-
bile/wireless devices is presented along with its diversity per-
formance evaluation. The antenna system is formulated us-
ing printed Koch and Minkowski fractal monopoles which
were selected due to their extremely compact dimensions [7–
9] and can be integrated onto a device almost at no cost.
The modeling of the proposed antenna structure was per-
formed using a method-of-moment- (MoM-) based com-
mercial electromagnetic software [10]. This multielement
antenna (MEA) system covers a wide range of frequencies
(1.67–2, 2.3–2.56, and 4.55–5.55 GHz) which can support
the following wireless technologies: GSM and DCS (1.67–
2 GHz), 802.11 b/g/n, Wi-Fi and Bluetooth (2.3–2.55 GHz),
and 802.11a/j and HIPERLAN/2 (4.55–5.55 GHz) [11, Chap-
ter 2]. During its operation in these bands, two extreme
modes are investigated in detail: in the first mode, the anten-
nas operate simultaneously in the three bands (worst case);
while in the second mode only one band is active (best case).

The paper is organized as follows. In Section 2, the
methodology for evaluating the diversity performance under
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the maximal-ratio combining (MRC) scheme is described.
Specifically, the effective diversity gain (EDG) [12] is evalu-
ated through the signals covariance matrix, which is formu-
lated by means of the complex correlation coefficient (ρc) of
the received signals [13] and the mean effective gain (MEG)
[14] of the antenna elements. Section 3 presents the design of
the proposed antenna system along with its operational char-
acteristics. Section 4 presents the simulated diversity perfor-
mance in a uniform propagation environment for the two
extreme modes of operation. The study is summarized in
Section 5.

2. TWO-BRANCH MAXIMAL-RATIO
COMBINING DIVERSITY PERFORMANCE
EVALUATION METHODOLOGY

In this section, the metrics for the diversity performance
evaluation are presented. These metrics are the envelope cor-
relation coefficient (ρe) of the received signals, the mean ef-
fective gain(MEG) of the antenna elements, and the achieved
effective diversity gain (EDG) under the MRC scheme, which
as well known provides the upper bound on diversity perfor-
mance.

The envelope correlation coefficient between the two an-
tenna branches can be calculated through the complex cor-
relation coefficient by [13].

ρe12 ≈
∣
∣ρc12

∣
∣

2
,

ρc12 =
�
Z(Ω)dΩ

√�
Q1(Ω)dΩ

�
Q2(Ω)dΩ

,

Z(Ω) = Γ·Eθ1(Ω)·E∗θ2(Ω)·Pθ(Ω) + Eϕ1(Ω)·E∗ϕ2(Ω)·Pϕ(Ω),

Q1(Ω) = Γ·Gθ1(Ω)·Pθ(Ω) +Gϕ1(Ω)·Pϕ(Ω),

Q2(Ω) = Γ·Gθ2(Ω)·Pθ(Ω) +Gϕ2(Ω)·Pϕ(Ω),
(1)

where Eθ and Eϕ are the θ and ϕ polarized, realized (i.e.,
mismatch included), active [15] (i.e., mutual coupling in-
cluded) electric field patterns of the antennas; Γ is the cross-
polarization power ratio (XPR) ofthe incident waves; Pθ and
Pϕ are the θ and ϕ components of the angular density func-
tions of the incoming plane waves;Gθ and Gϕ are the θ and ϕ
polarized components of the antennas realized active power
gain patterns; and Ω is the solid angle. The asterisk denotes
the complex conjugate.

The MEG of an antenna element, which is defined as the
ratio of the mean received (Prec) to the mean incident power
at element (Pinc), can be calculated from [14]

MEG1,2 = Prec1,2

Pinc

=
∮ [

Γ

1+Γ
Pθ(Ω)Gθ1,2(Ω)+

1
1+Γ

Pϕ(Ω)Gϕ1,2(Ω)
]

dΩ.

(2)

In the case of a uniform propagation environment where Γ =
1 and Pθ = Pϕ = 1/4π, (2) simplifies to

MEG1,2 = etot1,2

2
, (3)

with etot1,2 being the total efficiency of the respective antenna
element. In turn, etot1,2 is defined as the product of the an-
tenna mismatch efficiency; emis1,2 times the radiation effi-
ciency erad1,2 (which incorporates the conduction and dielec-
tric losses):

etot1,2 = emis1,2·erad1,2. (4)

Diversity performance, which is the ability of a multi-
element antenna system to mitigate fading, can be achieved
when the following two criteria are met [16]:

ρe12 < 0.5,
MEG1

MEG2

∼= 1. (5)

A widely used measure of the diversity performance of dif-
ferent antenna systems is the effective diversity gain (EDG)
which is defined mathematically as [12].

EDG =
Pdiv

Pideal

∣
∣
∣

p%
, (6)

where Pdiv is the received power of the combined signal, and
Pideal is the power received by an ideal antenna operating in
the same environment. In this paper, the ideal antenna is
a dual-polarized isotropic radiator with unit radiation effi-
ciency [14]. Pdiv and Pideal are calculated at the same proba-
bility level (p%) in a cumulative probability density versus
relative power-level plot. The cumulative density function
(CDF) of Pideal follows the Rayleigh distribution while the
CDF of Pdiv follows the distribution of MRC signals which
is given by [17, pages 364–366], [18] as follows:

P(γ ≤ x) = 1
λ1 − λ2

[

λ1
{

1− e−x/λ1
}− λ2

{

1− e−x/λ2
}]

.

(7)

In (7), λ1,2 are the eigenvalues of the signals covariance ma-
trix Λ which is formulated using the calculated values ρcof
and MEGs,

Λ= Pinc

[
MEG1 ρc12

√

MEG1MEG2

ρ∗c12

√

MEG1MEG2 MEG2

]

. (8)

For the M-branch MRC case, the covariance matrix-based
methodology for evaluating EDG can be found in [19, 20].

3. COMPACT PRINTED MULTIELEMENT
ANTENNA SYSTEM DESIGN

The geometry and dimensions of the investigated configura-
tion are depicted in Figure 1. It has the typical dimensions
of a PC card, whereas the dimensions of the ground plane
are 46 mm × 89 mm. The system consists of two 35 μm thick
copper layers with the antennas placed at the upper one and
the ground plane at the bottom. The antennas are printed at
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Figure 1: Geometry and dimensions of the multiband antenna di-
versity system.

the edge of the device’s ground plane on an 8-mil-thick sub-
strate with εr = 3.38 and tan δ = 0.0027.

The antennas used are the folded Koch monopole [7] and
the modified Minkowski monopole of the second iteration

[8, 9]. Both monopoles were chosen primarily due to their
extremely compact size (Minkowski: (λ0/10) × (λ0/18); and
Koch: (λ0/10)× (λ0/12)), given the restricted space available
on the mobile/wireless terminal devices. These fractal anten-
nas provide in addition wide bandwidth, omnidirectional ra-
diation patterns, and ease of fabrication with no additional
cost.

The configuration depicted in Figure 1 was simulated us-
ing IE3D, a commercial method-of-moment-based electro-
magnetic field solver [10]. The pairs A, B, and C are well
tuned at the 1.67–2 GHz, 2.3–2.56 GHz, and 4.55–5.55 GHz
frequency bands, respectively, as derived from the computed
Sii parameters of Figure 2. Apart from the Sii parameters,
the mutual coupling (Sij parameters) between the elements
comprising each antenna pair (interpair coupling) is also de-
picted in Figure 2. It can be observed that despite the fact
that the physical distance between the antenna elements from
pair A to C decreases, the interpair coupling also decreases.
This is attributed to the increase of the electrical distance be-
tween the elements of the antenna pairs as the frequency in-
creases. Table 1 depicts the radiation efficiency of the antenna
elements proving that these antennas are excellent radiators
despite their miniature size. Due to the symmetrical place-
ment of the antennas, the presented results are valid for both
elements that comprise each antenna pair.

Aside from the interpair coupling, the mutual coupling
between neighboring elements which resonate in different
frequency bands, hereafter called interband coupling, is also
present and affects the antennas operation. As depicted in
Figure 3, in the frequencies where neither of any two antenna
pairs resonate, the interband coupling among them is negli-
gible3. Pairs A and C exhibit also negligible interband cou-
pling at both 1.8 and 5.2 GHz frequencies due to the fact that
their “frequency distance” is the largest (3.4 GHz). The in-
creased interband coupling between pairs A and C for fre-
quencies below 5 GHz is attributed to a higher-order reso-
nance of pair A that occurs at 4.5 GHz. From Figures 3(a) and
3(b), it can be concluded that pairs A and B exhibit the high-
est values (∼−8dB) of interband coupling at 1.8 and 2.4 GHz
which is caused by their relatively small “frequency distance”
(∼600 MHz). The interband coupling between pairs C and B
is also negligible at both 2.4 and 5.2 GHz due to their large
“frequency distance” (2.8 GHz).

4. DIVERSITY PERFORMANCE IN
A UNIFORM ENVIRONMENT

In this section, the performance of the configuration pre-
sented in Figure 1 when operating in a receive diversity sys-
tem is evaluated for two extreme operation modes. In the
first mode, the device is assumed to operate simultaneously
in three representative frequencies (1.8, 2.4, and 5.2 GHz),
and thus all antenna elements are terminated to 50Ω loads.
In the second mode of operation, on the other hand, only
one pair is active whiles the remaining two antenna pairs are
open-circuited. The first mode is characterized as the worst
case of operation, since a great amount of power is lost on
the termination loads of the antenna pairs that operate at the
other frequencies, whereas the second one as the best case via
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Figure 2: Simulated Sii and Sij (interpair coupling) parameters of
the three antenna pairs.
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Figure 3: Simulated Sij parameters (interband coupling) between
any two antenna pairs in the three frequency bands.



M. Karaboikis et al. 5

Table 1: Radiation efficiency of the multiband diversity system’s an-
tennas.

Frequency (GHz) Pair erad(%)

1.8 A 91.7

2.4 B 91.4

5.2 C 91.5

Table 2: Total efficiency, correlation coefficient, mean effective
gains, and effective diversity gain of the multiband diversity system
for the worst case.

Pair Frequency (GHz) etot(%) ρe MEG EDG (dB)

A 1.8 52 0.042 −5.6 5.8

B 2.4 52 2.2×10−3 −5.6 5.8

C 5.2 73 0.012 −4.4 7.1

the reverse reasoning. The MRC performance is investigated
using the metrics presented in Section 2 in a uniform prop-
agation environment, which has been proved to be a fair ap-
proximation for many indoor and outdoor propagation sce-
narios [20].

4.1. Worst case of operation

In this mode of operation, the three antenna pairs operate
simultaneously being all terminated to 50Ω loads. The sim-
ulated realized active power gain patterns of the antenna el-
ements on the azimuth (x-y) plane are shown in Figure 4.
The complementary performance of the antenna pairs due to
symmetry of the configuration is obvious, proving that it is
a hybrid space-pattern diversity system with omnidirectional
antennas. The total efficiencies of the elements, the envelope
correlation coefficients, as well as the mean effective gains of
the antennas are shown in Table 2. The MEG ratio in every
case is unity indicating that the mean power received by each
antenna branch is the same. This is attributed to the fact that
the elements of the antenna pairs have symmetrical radia-
tion patterns and operate in a uniform propagation environ-
ment. The calculated values of ρe indicate that all antenna
branches receive uncorrelated signals since ρe is far below
0.5, which is attributed to the inherent space-pattern diver-
sity (see Figure 4).

Regarding the effective diversity gain, the antenna pair
C exhibits the best performance with 7.1 dB of effective di-
versity gain at 5.2 GHz, whereas pairs A and B provide 5.8 dB
gains at 1.8 and 2.4 GHz, respectively, (see Table 2). This gain
reduction is attributed solely to the additive impact of the in-
terpair and interband mutual couplings, which lowers the to-
tal efficiencies of these pairs and thus their MEG values as in
(3). For pair C, however, both interpair and interband cou-
plings have less impact as presented in Section 3 which is re-
flected to the higher EDG value.

4.2. Best case of operation

In this mode of operation, only one antenna pair operates
with its elements being terminated to 50Ω loads whiles the

5

0

−5

−10

−15

−20

G
ai

n
(d

B
i)

0 30 60 90 120 150 180 210 240 270 300 330 360

Azimuth plane (degrees)

Element 1
Element 2

(a)

0

−5

−10

−15

−20

−25

−30

−35

G
ai

n
(d

B
i)

0 30 60 90 120 150 180 210 240 270 300 330 360

Azimuth plane (degrees)

Element 3
Element 4

(b)

−5

−10

−15

−20

−25

G
ai

n
(d

B
i)

0 30 60 90 120 150 180 210 240 270 300 330 360

Azimuth plane (degrees)

Element 5
Element 6

(c)

Figure 4: Simulated azimuth plane (x-y) realized active power gain
patterns for the three antenna pairs under the worst case of opera-
tion.
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Figure 5: Simulated azimuth plane (x-y) realized active power gain
patterns for the three antenna pairs under the best case of operation.

Table 3: Total efficiency, correlation coefficient, mean effective
gains, and effective diversity gain of the multiband diversity system
for the best case.

Pair Frequency (GHz) etot(%) ρe MEG EDG (dB)

A 1.8 61 0.011 −5.2 6.4

B 2.4 75 9.6×10−3 −4.3 7.2

C 5.2 78 2.9×10−3 −4.1 7.5

rest are retained, open-circuited. The realized active power
gain patterns for the best case of operation differ from those
of the worst case due to the fact that different termination
has been used. These antenna patterns on the azimuth (x-y)
plane are shown in Figure 5, where the complementary per-
formance due to symmetry is again obvious.

For this operation mode, the mean value of the gain pat-
terns is higher than before, which is caused by the absence
of the interband coupling. Table 3 lists the total efficiencies,
the envelope correlation coefficients, and the mean effective
gains of the antennas for the best case. The total efficiencies
and thus MEGs, according to (3), are also improved since no
extra power is consumed in the elements of the nonactive an-
tenna pairs. In every case, the calculated values of ρe are far
below 0.5 as in the previous mode.

Regarding the effective diversity gain, the antenna pair
C exhibits again the best performance with 7.5 dB of effec-
tive diversity gain at 5.2 GHz, whereas pairs A and B pro-
vide 6.4 and 7.2 dB gains at 1.8 and 2.4 GHz, respectively,
(see Table 3). The undesired impact of the interband mutual
coupling has been removed, causing an improved diversity
performance for the three investigated frequencies.

5. CONCLUSIONS

In this study, a novel compact multiband diversity antenna
system for mobile and WLAN applications has been pro-
posed. The simulated results indicate that the antenna struc-
ture is suitable for a variety of wireless technologies in the
1.8/2.4/5.2 GHz frequency bands. The diversity performance
in a uniform multipath environment was quantified through
the effective diversity gain calculated using the signals covari-
ance matrix for two extreme modes of operation. In any case,
the diversity criteria are fulfilled, and the calculated diversity
gain offered by the proposed system for the worst/best case
of operation is 5.8/6.4, 5.8/7.2, and 7.1/7.5 dB for the 1.8, 2.4,
and 5.2 GHz frequencies, respectively.
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