
 Subscribe to mICROWAVES & RF  |  Go To MWRF.coM     Copyright ©2012 by Penton Media, Inc. All rights reserved

E
fficient communications design can take ad-
vantage of a single component for multiple uses, such 
as an antenna capable of operating across several dif-
ferent communications bands. such an antenna is a 

triple-band printed slot design which can be used for mul-
tiple-input, multiple-output (mimo) and diversity applica-
tions. the fork-shaped antenna operates within the ultra-
wideband (uWB) frequency range and uses two protruding 
stubs in the ground plane to add two more-narrow frequency 
bands below the uWB range. 

the triple band antenna is suitable for uWB (3.1-to-10.6-
GHz) frequencies as well as for 1.8-GHz Gsm and 2.4-GHz 
Bluetooth systems. Different array designs of the antenna, 
including orthogonal and parallel configurations, have been 
studied and show good promise. the orthogonal array con-
figuration of the proposed triple-band antenna was fabricat-
ed and provided low mutual coupling (better than −16 dB), 
low envelope correlation, and stable omnidirectional radia-
tion patterns across all relevant bands.

mimo techniques have been used in wireless systems and 
have shown the capability to increase channel capacity and 
decrease fading effects.1 the antenna, of course, is an impor-
tant component in these systems, and a mimo antenna must 
have high isolation and radiation efficiency; stable radiation 
patterns; and low envelope correlation for array elements.2 
multiple-band antennas designed for mimo applications 
are attractive for their efficiency, including an e-shaped tri-
ple-band design.1 and a quad-band (Pifa) antenna.2 mimo 
antennas with generous gain and wide lobe patterns can im-
prove the channel capacity of most systems.3

some short-range, high-data-rate communications sys-
tems can benefit from multiple-band mimo antennas, help-
ing to increase the channel capacity of those systems.4 some 
techniques have been reported to reduce the mutual cou-
pling between the uWB mimo/diversity antenna elements, 
such as the use of additional strips in the ground plane. Vari-
ous approaches to improve performance include the use of 

tree-like structures,5 extending a narrow vertical strip in the 
antenna’s ground plane,6 and the use of a t-shaped ground 
plane.7 unfortunately, these additional elements add size to 
the antenna and may detune it, due to the presence of metal-
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1.  The triple-band printed slot antenna is shown (a) in layout  

form and fabricated top (b) and bottom (c) views.
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lic parts close to the antenna structure.2 
a multiple-band antenna capable of 

covering uWB frequencies—as well as 
additional narrow bands—is useful for 
systems employing extensive frequency 

coverage or operating across multiple 
communications bands. Previous work 
has addressed adding Bluetooth cov-
erage to an uWB antenna.8-10 in one 
instance, a narrow L-shaped strip was 

added to the corner of the base of an 
uWB printed antenna to add Bluetooth 
coverage.8 Bluetooth was also added to 
uWB antennas by attaching a quarter-
wavelength strip to the high concentrat-
ed current area in the antenna’s ground 
plane.9 and by using a forked-shaped 
monopole antenna design.10 Howev-
er, in all of these previous works, only  
one band was added to the existing 
uWB antenna coverage. the challenge 
is to add more than one band to an 
existing uWB antenna design, ideally 
with low mutual coupling between the  
antenna arrays. 

to meet that challenge, a printed 
slot antenna was designed for use 
across the uWB frequency range, as 
well as in Gsm and Bluetooth bands—
an antenna suitable for mimo/diversity 
applications. the antenna design was 
evaluated in different array configura-
tions, using the commercial software 
package Hfss from ansys (www.ansys.
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2. The different versions of the triple-band antenna include (a) parallel configuration,  

(b) mirrored parallel configuration, (c) orthogonal configuration, and (d) the orthogonal 

array configuration that was fabricated.
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com) for computer-aided-engineering 
(cae) simulations. the measured re-
sults for the antenna agreed well with 
these simulations. 

Figure 1(a) shows the geometry of 
the slot antenna. it was fabricated on 
low-cost fR-4 circuit substrate mate-
rial using a substrate measuring 35 x 35 

x 1.6 mm; the substrate material has a 
relative dielectric constant of 4.4 in the 
z-axis with loss tangent of 0.02. the an-
tenna’s radiating patch is in the shape 
of a fork while the slot in the ground 
plane has an elliptical shape. Figures 
1(b) and (c) show different views of 
the fabricated antenna, which covers 
the full uWB frequency range from 3.1 
to 10.6 GHz with additional coverage of 
the Gsm and Bluetooth bands. 

the base uWB printed slot antenna 
has parameters that include R1 = 3.5 
mm, Ws = 35 mm, Wf = 2.5 mm, W1 = 0.3 
mm, W2 = 2.5 mm, W3 = 16.7 mm, Lf = 7 
mm, Ls = 35 mm, L1 = 3 mm, L2 = 7 mm, 
L3 = 10.6 mm, and L4 = 3.8 mm. By using 
an elliptic-shaped quarter-wavelength 
stub in the ground plane, additional 
frequency bands (such as Bluetooth 
and Gsm) can also be covered. the to-
tal length of the elliptic-shaped stub can 
be obtained approximately from eq. 1:

(1)

(2)

where εr, c, and f represent the relative 
dielectric constant of the substrate, the 
velocity of light in free space, and the 
center frequency of the added frequen-
cy band, respectively. By using two pro-
truding stubs in the ground plane, two 
additional tunable bands are created 
below the uWB band. through optimi-
zation, the dimensions of the stubs can 
be obtained as follows:

Ls1 = 22 mm (the stub length related 
to the Gsm band), and Ls2 = 17 mm 
(the stub length related to the Blue-
tooth band). the width of the stubs 
and the spacing between each stub 
and the ground plane are chosen as 
0.4 mm. Figures 1(a) and (c) show the 
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configuration of two stubs.
With its high gain, wide imped-

ance bandwidth, and omnidirec-
tional radiation pattern, the print-
ed slot antenna would appear to 
significantly increase the channel 
capacity for mimo/diversity appli-
cations. But due to the surround-

ing ground structure in the printed 
antenna structure, the mutual coupling 
between the array elements in the di-
versity configuration is reduced signifi-
cantly. unlike the antennas presented 
in refs. 5-7, in which some elements 
were used to reduce mutual coupling 
between antenna elements, the pro-
posed antenna design suffers minimal 
mutual coupling without any additional 
strips or stubs. Figure 2 shows different 
configurations of the antenna design, 
with the orthogonal array configuration 
fabricated and shown in Fig. 2(d).

Figure 3 shows the simulated and 
measured reflection coefficients for the 
printed slot antenna. for comparison, 
the simulated reflection coefficients 
for the original uWB antenna, without 
added bands, is also shown. Figure 4 
shows the current distributions for the 
antenna at 1.80, 2.45, and 8.00 GHz. for 
the frequencies related to the added 
bands (1.8 and 2.45 GHz), the current 
distribution is significantly high on the 
desired stubs. Figures 4(a) and (b) also 
show that the current distribution is 
at a maximum at one end of the stubs 
and at a minimum at the other, proving 
the stubs are quarter-wavelength and 
confirming the validity of eq. 1. When 
one stub is activated the other is inac-
tive, showing the independence of the 
added frequency bands from the basic 
uWB range. 

Figure 5 shows the simulated s-pa-
rameters for the different array configu-
rations (depicted in Fig. 2). the reflec-
tion coefficient and mutual coupling for 
these designs can be determined by the 
values of s11, s22, s12, and s21, respec-

Harsh Environment? 

IMS has developed the toughest resistor 
terminals out there. These rugged terminals 
have been proven to maintain integrity 
under the harshest solder environments, 
including high temperature and multiple 
reflows, withstanding up to 15 minutes at 
260°C. Available in sizes 0402 to 6227, 
values 1Ω to 1TΩ, operating frequency to 
40GHz and RoHS or lead content. You can be 
assured that these surprisingly affordable 
resistors will not only meet your perfor-
mance requirements but will withstand the 
most demanding solder profile.

IMS’ Non-Magnetic Resistor 
Terminals Stand-up to the 
Harshest Reflow Environments

Get Samples and See More at 
www.ims-resistors.com

Tin over Nickel
Terminal

NEW Leach-Resistant 
Terminal

15 Minutes in 
260˚C Solder!

PtAg Cu Barrier Ni Barrier

% of
Standard

Immersion 
to Failure

600%

500%

400%

300%

200%

100%

FAIL

ultimate
solder
leach

resistance

NEW Leach-Resistant 
Terminal

(a) (b) (c)

Js (A/m)
150
100
70
30
1

4. These are simulated current distribu-

tion plots for the triple-band printed slot 

antenna at (a) 1.8 GHz, (b) 2.45 GHz, and 
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tively. as Fig. 5 shows, good isolation is evident between the 
antenna ports in the different array configurations. 

the envelope correlation of the mimo array structure, ρe, 
can be determined by the use of s-parameters1 in eq. 2:

(1)

(2)

Figure 6 offers simulated envelope correlation of the dif-
ferent array structures of the proposed printed slot antenna. 

the envelope correlation of all array configurations is less 
than 0.25. the orthogonal array configuration has the best 
envelope correlation, at less than 0.004, which is much better 
than the generally accepted practical value of 0.3.1

as shown in Figs. 5 and 6, all of the array configurations 
present high isolation between the antenna elements. How-
ever, the configuration in which the slot antenna elements 
have been placed orthogonal to each other, as shown in Figs. 
2(c) and (d), has the best results in terms of low mutual cou-
pling and envelope correlation; high radiation efficiency; and 
good radiation patterns. this is because the pattern and po-
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5. These plots show simulated S-parameters for the different array configurations: (a) parallel, (b) mirrored parallel, and (c) orthogonal.
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larization of the orthogonal array antennas has a little effect 
on each other, resulting in less mutual coupling and envelope 
correlation. Because of the good results indicated by simula-
tions of the orthogonal array configuration, that configura-
tion was fabricated and then evaluated by means of measure-
ments. 

Figure 7 offers the measured s-parameters for the or-
thogonal array structure. High isolation of better than −16 dB 
(better than −20 dB in most of the passbands) was achieved 
between the array ports. the reflection coefficient of the 
proposed array was also well below the −10 dB level across 
the passband frequencies. Figure 8 provides the measured 
radiation patterns for the proposed antenna array in both e- 
and H-planes at 2.45, 4.50, and 6.00 GHz. as can be seen, the 
antenna has a stable omnidirectional radiation pattern in its 
H-plane (x-y plane), making it quite suitable for mimo/di-
versity applications. the simulated radiation efficiency of the 
proposed slot antenna is better than 88%. its peak gain varies 
from 0.5 to 6 dBi. all of these results confirm that the antenna 
design is a good candidate for mimo/diversity applications.

in summary, this triple-band antenna operates in the 
uWB frequency range and at two narrowband frequency 
spans, making it suitable for a variety of applications. the an-

tenna’s orthogonal array configuration provides stable omni-
directional radiation patterns, making the antenna a good fit 
for mimo and diversity uses. MWRF
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6. These plots show the simulated envelope correlation of the dif-

ferent array structures of the proposed printed slot antenna.
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7. These plots show the measured S-parameters for the  

orthogonal array configuration.

8. The plots are measured radiation patterns (in dB) for the proposed antenna design at (a) 2.45 GHz, (b) 4.5 GHz, and (c) 6 GHz.  

The solid line represents the H-plane (x-z plane) and the dashed line represents the E-plane (y-z plane).
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