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Abstract—In this paper, a stage wise realization of compact
Bluetooth — UWB dual-band diversity antenna with WiMAX and
WLAN band-notch characteristics is presented. The proposed
structure consists of two co-planar semicircular dual band-notch
monopole antennas, mounted with planar spiral. Individual antenna
configuration provides an impedance bandwidth (VSWR < 2) for dual-
band i.e., both Bluetooth and UWB bands. For dual band-notch
characteristic, two sets of spirals are capacitively coupled with the feed
line of antenna. This configuration provides band-notch (VSWR < 2)
for WiIMAX i.e., (3.3-3.6 GHz) and WLAN (5.13-5.85 GHz) bands.
For enhancing reception capabilities of the proposed structure, twin
coplanar antennas are used to fulfill diversity requirements. However,
due to coplanar and close proximity to each other, there is high
possibility of mutual coupling between coplanar antenna elements. To
address the mutual coupling between elements, cross-strip variable-
sized frequency selective structures are used. Antenna diversity of
the proposed structure is validated by measuring radiation pattern
characteristic and envelop co-relation factor (ECC). A good agreement
between measured and simulated responses ensures that the proposed
diversity antenna can be used for interference free Bluetooth/UWB
dual-band applications.
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1. INTRODUCTION

With declaration of 3.1 to 10.6 GHz as an unlicensed band
by Federal communication commission (FCC) [1], a tremendous
amount of research interest is focused in the area of Ultra
wideband (UWB) technology.  However, even with tremendous
advantages and possibilities, UWB systems faces many implementation
challenges. Apart from compactness, other major challenges related to
implementation of UWB systems are co-channel interference and multi-
path fading. Co-channel interference in UWB system is due to co-
existing narrow frequency bands, such as WiMAX (3.3-3.6 GHz) and
WLAN (5.12-5.3 GHz and 5.75-5.83 GHz). Seeking these issues it is
desirable that antenna integrated in UWB systems should be compact
and exhibit multi band-notch characteristic with pattern diversity.

Recently, many multi band-notch antenna configurations have
been proposed [2-9]. Most common techniques for attaining multi
band-notch characteristic are slot techniques and open or close ended
loop resonator techniques. Slot technique involves etching of quarter
or half wave length slots on antenna or ground plane [2-6]. Though
effective, slot techniques are limited to single or dual band-notch only.
For multi band-notch, multiple slots can be utilized [4-6], but it will
affect antenna’s performance in terms of decrement in antenna’s gain
and efficiency. On the other hand, open or close loop techniques
involve capacitive or inductive coupling of quarter or half wavelength
open or closed planar loops resonators with antenna feed line, with
radiator [7, 8] or with the ground plan [9]. These techniques brilliantly
exhibit multi band-notch characteristics without affecting antenna
performance. These loop structures are self resonant structures and
provide sharp resonance at the frequency for which they are designed.
Due to their out-of-phase resonant behaviour they cancel out the
surface currents at ground plane and feed line, which provides sharp
band-notch characteristics.

For addressing multipath fading issue it is desirable that
antennas for short range communication should possesses diversity
characteristic.  Antenna diversity involves coplanar twin antenna
system with separate feeds [10—-14], this enhances reception capability
of antenna and increases antenna gain. Since it has coplanar-
twin antennas, it is important that there should be minimum
mutual coupling between them. Mutual coupling can be reduced by
maintaining specific distance between coplanar antennas, but for UWB
systems where compactness is a requirement, other methodologies
have to be adopted. In [12,15,16] reported structures involve slots,
Electromagnetic Band Gap structures (EBG), and parasitic strips for
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reduction in mutual coupling. However these techniques are confined
to narrow or broad band only.

In this paper, realization of the proposed antenna is done in
two stages. First stage involves designing of Bluetooth/UWB dual-
band antenna using semicircular monopole with planar spiral mounted
on it and dual-band notch characteristics using a set of capacitively
coupled spiral. In second stage pattern diversity antenna configuration
is realized by using twin coplanar antennas (of stage one) separated
by cross-striped variable sized frequency selective structure (VFSS).
This configuration provides high isolation of |Se;| < —25dB with good
pattern diversity. This paper is organized in four sections. Section 2
explains stage 1 i.e., realization of dual-band antenna with dual band-
notch characteristic. Section 3 explains stage 2 i.e., realization of
twin coplanar dual-band antenna with diversity and reduced mutual
coupling. Finally Section 4 gives the conclusions. Experimental
and theoretical verifications were carried out in every section. For
optimisation and theoretical analysis, finite integral transform (FIT)
based CST Microwave studio simulation software is used.

2. COMPACT DUAL BAND ANTENNA WITHOUT AND
WITH DUAL-BAND NOTCH CHARACTERISTIC
(STAGE 1)

2.1. Integrated Bluetooth/UWB Dual-band Antenna

The proposed structure, as shown in Figure 1, consists of a simple
semicircular monopole with a regular planar spiral (Sp;) mounted on
it. Due to the addition of spiral shape, overall size of the proposed
antenna is less than other dual-band configurations reported in [17-
20]. The proposed structure is designed on RT Duriod 5880 substrate
with e, = 2.2, tand = 0.0009 and 0.787 mm thickness. The total
surface area of the proposed base antenna is (L gyp X Wiyp) 24 x 17 mm?.
Dimensional values of this semicircular monopole are calculated using
design considerations given in [21]. To achieve desired Bluetooth
bandwidth, a planar spiral (Sp1) is mounted on semicircular monopole
at a distance a’. For approximating the number of turns in Spi,
empirical equations given in [22] are used as:

Ly — ALowN = 2N (14 N) = 3] (s + ) )

N
(2)

Lout — (S + ’wl):|
2(s 4+ wn)
Here N is number of turns, L, the side length of outer turn, s the
gap between turns, w; the width of spiral strip, and L. the total

Nyormalizeqg = integer part of [
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Figure 1. The proposed dual-band base antenna, (a) front view, (b)
side view, (c¢) back view.

effective length i.e., L1 of Sp; which is approximated as:

c g
4fcw/5reﬂ 4
i.e., Quarter of guided wavelength (\;). Here c is the speed of light in
free space and e, the effective dielectric constant. Since for Bluetooth
application, resonating frequency (f.) is 2.45 GHz, the effective length
(Ltotal = Legr) according to Equation (3) should be 22.791 mm. Apart
from Liopq in Equation (1), Lgy, S and w; are also needed for
calculating number of turns (V) in spiral resonator. It can be seen in
Equation (1) or (2) that as Ly, increases so does the number of turns
(N). With approximations of S = w; = 1 mm, relation between L,
and N is derived using Equations (1), (2) and represented graphically
in Figure 2.

It can be seen that there is deviation between the curves, because
Equation (2) gives a normalized value for number of turns. The
graph in Figure 2 clearly depicts that as side length of outer turn
is increased, number of turns (N) will also increase, and according
to [22], inductance of a spiral reduces as the number of turns increases.
So according to Figure 2, if L,y < 7mm, N will be less than 1,
and it will be complicated to accommodate 22.8 mm to get desired
resonating frequency. Even with L, > 7mm, design complication
will arise. Therefore, theoretically taking L,,; = 7 mm, the number of
turns (V) is approximated as 1.38. Based on these theoretical results,
the dimensional values for the planar spiral are further optimized using
simulation software. After optimization, the exact dimensional values

Ltotal ~ Ll ~ Leﬁ‘ ~ (3)
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turns (N), here Liptq; = 22.8mm,  bandwidth) for different value of

S =w; = 1 mm. a.

Figure 4. Vectored and absolute current distribution at 2.45 GHz.

for Spy; are: L1 = 31.5mm, Ly, = 7mm, S = Ilmm, w; = 1 mm.
The deviations between theoretical and practical values (L.g and L)
are due to the fact that Sp; is attached to semicircular monopole
rather than theoretical consideration of independently resonating spiral
structure. Perfect impedance matching (VSWR < 2) for Bluetooth
bandwidth is achieved by optimizing the value of a’/, as shown in
Figure 3.

The current distribution shown in Figure 4 also validates the
resonant behavior of Sp;. After optimizing impedance bandwidth for
Bluetooth band, the proposed base antenna is fabricated and tested.
The optimized dimensions of the fabricated antenna are as: N = 1.38,
L1 =3156,=05S=1,Loy=T7,wi=1a=8,d =2, L =15,
W =22, Loy =24, Weyp, = 17, g1 = 0.2 (all dimensions are in mm).

Both simulated and measured results shown in Figure 5 confirm
the desired dual-band characteristic of the proposed base antenna. The
radiation plot shown in Figure 6 depicts that the proposed dual-band
antenna exhibits a monopole like pattern for principle plans i.e., figure
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Figure 5. Simulated and measured VSWR characteristic of the
proposed dual-band antenna.

0

YZ PIane/ /l/,ﬁ-z\
o

Figure 6. Measured radiation pattern (dB).
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Figure 7. Measured gain response.

of eight pattern in Y Z and omnidirectional pattern in X Z.
Compared to [19,20], the proposed antenna posses a wide
bandwidth and stable radiation pattern, even with its compact size.
The measured gain response also validates the radiation stability of
the proposed dual-band antenna.
The gain response shown in Figure 7 depicts a stable gain response
with variations within 3 dBi for both the pass bands.
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2.2. Dual-band Antenna with WiMAX, WLAN Band-notch
Characteristic

In order to address interference issue, it is important that UWB
antenna should have band rejection characteristic intrinsically. For
achieving dual band-notch characteristics, a set of planar spirals Spa,
Sps are capacitively coupled with feed line, as shown in Figure 8.

Design procedure of Sps and Sps are similar to Spi, except the
effective lengths of Spy and Sps are chosen as \y/2 i.e.,

C A

~ ~
~

g
eﬁ Z . z ~ 5
(3.45 GHz,5.477 GHz) 2fc\/@ 9

The reason for choosing A,;/2 (instead of \;/4) as effective length
is to avoid fabrication difficulties especially for WLAN. As shown in
Figure 6, Sps is rectangular instead of square. This is because Spj is
designed to notch WLAN band, and since Ly is approximated 4 mm,
it is difficult to accommodate effective length of Sps, i.e., 20.41 mm
(Ag/2 for 5.477 GHz) using regular spiral structure. To achieve band
notch for WLAN, Sps is optimized with respect to its effective length
and other dimensional parameters. Optimized effective lengths of Spo
and Sps are 31 mm and 23 mm, respectively. Other optimized values
are Loutl = 67 wy = 17 Sl = 1; Lout2 = 47 Lout2 = 67 SQ = 057
w3 = 1 (all dimensions are in mm). For achieving sharp cutoff for
notch bandwidths, gaps between feed line and spirals (g1 and g3) are
also optimized.. Figure 9 shows the optimization of g; and g2 vs VSWR
characteristic.

L (4)

Figure 8. Configurations of dual-band antenna with WiMAX and
WLAN characteristic.
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Figure 9. Optimisation of notch-bandwidth with respect to gap gi
and go (all dimensions are in mm).

Figure 9 shows that a sharp cutoff for notch bandwidths is
achieved by adjusting the gaps between spirals and feed line. Due
to its self-resonating property, each spiral (Spy and Sps) provides an
out of phase resonating current which cancels current across feed line
and ground plane, resulting in sharp band-notch. This phenomenon
can be seen in surface distribution characteristic shown in Figure 10.

(b)

Figure 10. Current distribution at (a) 3.45 GHz, (b) 5.447 GHz.

Based on simulated results proposed dual-band antenna with
band-notch is fabricated and tested. It can be seen in Figure 11 that
both simulated and measured results are in good agreement.
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Figure 11. VSWR characteristics of Dual band Antenna with
WiMAX and WLAN band-notch.

After ensuring the bandwidth response and dual-band notch
characteristic of individual structure, proposed base antenna is
combined with similar antenna (coplanar) to address diversity issue.

3. REALIZATION OF DIVERSITY ANTENNA WITH
REDUCED MUTUAL COUPLING (STAGE 2)

For realizing antenna diversity aspect, the presented dual-band
antenna with band-notch is combined with a similar antenna as shown
in Figure 12. The distance between two antenna elements is optimized
to nearly quarter wavelength (A\,/4) of 2.45GHz to maintain dual
bandwidth. But due to this small distance, the mutual coupling
between antenna elements is high.

43mm

24 mm

m m _ v
Port 1 Port2

(a) (b)

Figure 12. Twin coplanar antenna, (a) front view, (b) back view.

As depicted in Figure 13, the mutual coupling between antenna
elements is high, and at certain frequencies it is beyond —15dB. The
mutual coupling between the elements can be reduced by increasing the
inter-element separation to half wavelength (\,/2 i.e., within limits
of avoiding grating lobe), but this will increase PCB size. In order
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Figure 13. S-parameter of the proposed antenna (Figure 11).

Figure 14. Proposed cross-strip VFSS structure for mutual coupling
reduction (all dimensions are in mm).

to reduce mutual coupling without increasing inter-element spacing,
EBG (Electromagnetic Band Gap) structures or Frequency selective
surfaces (FSS) can be used, but due to their narrow band nature, they
are not very effective for ultra wide bandwidth. To overcome this issue
Variable-sized frequency selective structures (VFSS) are designed to
overcome mutual coupling for ultra wide bandwidth.

As shown in Figure 14, VFSS structure consists of cross-strip
lines along with parallel strip line. The lengths of these cross-strip
lines (marked with yellow arrows) are optimized to nearly quarter
wave length (A\;/4) for 5GHz, 7GHz, and 10GHz. VFSS consists
of cross-strip lines with different resonant lengths, which are effective
for ultra-wide bandwidth. The gaps between the inductive strip lines
are optimised to generate surface current cancellation effect between
intermediate strips. Working of the cross-strip structure is analysed
through surface current distribution and S-parameter characteristics.

As depicted in Figure 15, with the introduction of cross-strip
VFSS, the magnitude of surface current is reduced in another antenna.
Transmission parameter (S21) shown in Figure 16 also validates the
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(d)

Figure 15. (Port 1) Surface current distribution of diversity antenna
with and without cross-strip: (a) 2.45 GHz, (b) 5 GHz, (c¢) 7 GHz and
(d) 10 GHz.



314 Reddy et al.

0 [--- Without cross-strips
3 !— - With cross-strips
100 R —
N <47 =TT el
z 20} :
7 7
a0l 4 - |
n vt Rl P Lo ™
7 Ts) I ! N ' >y
50

P2 3 4 5 6 7 8 9 10 11
Frequency (GHz)

Figure 16. Comparison of Figure 17. Fabricated antenna
transmission parameters (Sa1). with cross-strip VFSS.
— Simulated (S21)
O.. P - -~ Measured (S11) 0.5
AGH N Measured (S21) :
-20[\/ A S
Joe) A% A =
-0_30 X s 4 @) 0.1 -
AL .. A 4 A4 o I
ol U e S YN N s
VoW \ESIR | bt
2032 56 7 8 9 1011 23 4 5 6 7 8 9101l

Frequency (GHz) Frequency (GHz)

Figure 18. Measured S-  Figure 19. Envelop Correlation
parameter of antenna shown in  factor (ECC) of the proposed
Figure 17. antenna (Figure 17).

reduction in mutual coupling for antenna with cross-strip VFSS.

Based on simulation results, the proposed base antenna is
fabricated and tested for its S-parameter characteristic, antenna
gain, radiation pattern and envelop correlation factor for validating
pass/stop bandwidths and antenna diversity characteristics.

Figure 18 shows that with cross-strip VFSS, the mutual coupling
between antennas is very low. It also depicts that the dual pass-band
(Bluetooth/UWB) and dual band-notch characteristics of the proposed
antenna are unaffected. The isolation response i.e., S91 is measured in
an enclosed anechoic chamber (as used for measuring radiation pattern
and gain response), using low lossy high frequency cables. It can be
seen that measured and simulated S2; responses are in good agreement.

Isolation between antenna elements in the proposed structures is
also validated by evaluating Envelop Correlation coefficient (ECC (pe))
for complete bandwidth (2-11 GHz). ECC is the measure of correlation
factor between antennas. It measures the degree of similarity between
antenna radiation patterns. If ECC (p) = 1, it means that the radiation
pattern of two antennas are similar. For ECC calculation, a simple S-
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parameter based equation given in [23] is used:
_ |S71512 + 551 Sa|*
(s ][ (5 50

As depicted in Figure 19, the correlation factor [calculated using
Equation (5)] of the proposed structure is less than 0.5 for complete
Bluetooth/UWB bandwidths.

This indicates the non-correlation behavior between the proposed
antenna elements. The channel capacity loss of the proposed antenna
is also analyzed using equations given in [24]:

(6)
P11

Closs = — logy det (C))
P12
P21 P22 > (7)

Were  pi = 1= (14> +155?) . pij = = (S5Si + 55:835) (8)

Correlation-matriz (C,) = <

Port1 Port 2 Port 1 Port 2
= XZ Plane eees X7 Plane —— XZ Plane 2 esse X7 Plane
—— XY Plane o ««+« XY Plane —— XY Plane 0 ===+ XY Plane
oty R
TSN SNy
VG2 Nt Heo
2707 ) ) )3}900 /3
R e d
Y / e b /4
(A 3
Sy L
Bl P SN o
¥ =
Port 1 Port 2 Port 1 Port 2
= XZ Plane eese XZ Plane| [——XZ Plane +sss XZ Plane
—— XY Plane o +*+XYPlane| |——XY Plane o s+« XY Plane

Figure 20.

Measured Radiation pattern (dB), (a) 2.45GHz,
(b) 5GHz, (c) 7GHz, (d) 10 GHz.



316 Reddy et al.

According to Equations (6), (7) and (8), the capacity loss (C;) is less
than 0.3 bps/Hz for both Bluetooth and UWB bandwidths, which also
makes the proposed antenna suitable for diversity application. For the
further analysis on diversity, the radiation patterns for both antennas
(Via port 1 and 2) are measured. The radiation patterns are measured
in two principle planes i.e., XY and X Z.

Patten measurements are carried out by making one port active
while the other is terminated to 50 Q2 matched impedance. As shown
in Figure 20, the proposed antenna holds a good diversity and less
correlation with a nearly directional pattern in two principle planes.
Due to this directive nature, gain and efficiency of the proposed
antenna are high as shown in Figure 21.
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Figure 21. Measured gain and Figure 22. Comparison of

efficiency of the proposed antenna  calculated ECC.
(antenna 1/port 1).

Here gain and efficiency are measured for antenna 1 (via port 1),
while antenna 2 (port 2) is terminated with 50 {2 matched impedance.
Since the two antennas are identical, similar gain and efficiency
characteristics are expected from antenna 2. It can be seen that for
Bluetooth and lower UWB bands, the gain of diversity antenna shown
in Figure 21 is similar to the gain of individual dual-band antenna
(Figure 7). This is because both Bluetooth and lower UWB band are
followed by sharp band-notches; this affects the gain of nearby pass
bands. For further validation of diversity characteristic, ECC is again
calculated using measured antenna radiation pattern. As given in [23],
radiation pattern via both the ports are considered as:

If |Fi (6.6)- F (6,6) d0] 2
Pe = 4 .
Jf [17{ (60, 9) dQH If [?’2 0, ¢) dQ]
4m 4

—
Here F} (0, ¢) is the field radiation pattern of the antenna when port
1 is excited and (-) is the hermetian product. Considerations for
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calculating ECC using Equation (9) are similar to those in [10, 11, 24].
According to [23], Equation (5) is the simplified form (with S-
parameter equivalent considerations) for Equation (9); therefore ECC
calculated using both the equations should be comparable.

As shown in Figure 22, the correlation factor calculated using both
the techniques is similar. It can be seen that ECC calculated using
radiation pattern parameters also indicates good diversity behavior
(ECC < 0.5) for complete dual bandwidth.

Compared to existing pattern diversity antenna [10-14], the
proposed structure provides compactness, wide dual-pass bandwidth,
sharp cutoff for dual band-notch characteristics and low mutual
coupling with high diversity. These intrinsic properties make the
proposed antenna highly suitable for dual-band diversity applications.

4. CONCLUSIONS

A stage-wise realization of compact Bluetooth/UWB dual-band
antenna with dual band-notch characteristic for antenna diversity
application is presented. The measured impedance bandwidth i.e.,
VSWR < 2 validates the dual-pass band with WiMAX and WLAN
band-notch nature of the proposed antenna. The gain and radiation
pattern of individual dual-band antenna are stable throughout the
impedance band width. The high isolation performance of So; <
—25dB between coplanar antenna elements is achieved by introducing
cross-strip VFSS structure. The diversity performance of the proposed
antenna is analyzed through ECC, channel capacity loss and antenna
radiation pattern. It is observed that with low return loss and high
isolation, ECC of p. < 0.5 and capacity loss, i.e., C; < 0.3bps/Hz,
is achieved for complete Bluetooth and UWB bandwidths. Even
with diversity configuration, the proposed antenna exhibits a stable
radiation pattern and high gain response throughout dual bandwidth.
A diverse radiation pattern with low mutual coupling and low ECC
ensures the suitability of proposed antenna for dual-band diversity
applications.
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