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Abstract—A wideband antenna with a reconfigurable coplanar
waveguide (CPW)-to-slotline transition feed is proposed for
pattern diversity applications. The feed provides three modes
—CPW feed, left slotline (LS) feed and right slotline (RS) feed—
without extra matching structures. Changes between modes are
controlled by only two p-i-n diodes. Features of the proposed
switchable feed include compact size and simple bias circuit. The
equivalent transmission line model is used in the analysis of the
proposed design. A prototype of the proposed antenna is
fabricated, tested, and the obtained results including reflection
coefficient, radiation patterns and gains, are present. A
measurement of channel capacity is carried out to prove the
benefit of pattern diversity when using the proposed antenna in
both line-of-sight (LOS) and non-line-of-sight (NLOS)
communication scenarios.

Index Terms—Reconfigurable antennas, antenna feed, pattern
diversity, wideband antennas, channel capacity.

I. INTRODUCTION

ITH the rapid progress in developing advanced

wireless communication systems, the advantages of

using reconfigurable antenna patterns have been recognized and
widely adopted in many designs. Reconfigurable antenna
patterns provide pattern diversity that could be used to provide
dynamic radiation coverage and mitigate multi-path fading. The
diversity and increased directional gains of pattern
reconfigurable antennas also improves coverage and increase the
channel capacity, especially in the multiple antennas system
[1-3]. Among the recent designs of such antenna systems is the
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research work published in [4-13]. One method to achieve
reconfigurable pattern is to adjust the structure of the radiating
element, including the antenna shape [4-5], shorting sections [6]
and parasitic elements [7-8], dynamically. Another
reconfigurable pattern solution may be achieved through the
selection of the radiating elements [9-13]. In this case, radiating
elements in different directions are electronically selected by
switchable mechanism to achieve the desired directive beams
[9-11].

In [12-13], a reconfigurable CPW-to-slotline transition is
proposed and a compact antenna feed, supporting both the CPW
and slotline feed is described. Such a transition presents an
effective solution to the feeding of different radiating elements
in a relatively compact dimension. Such a feed approach has
been widely studied and applied in different configurations
[12-16]. For example, in the design described in [14], the CPW
feed was converted to slotline feed by adding a 180° phase
shifter. Another method to design CPW-to-slotline transition is
to short circuit one of the two slots of the CPW, and add a A/4
transformer structure to avoid reflections from the shorted end
and provide good impedance matching [12-13, 15]. In [13], the
matching slot was used as a radiating element, while a function
similar to a transformer was realized in [16] by using a CPW
series stub printed at the center conductor of the CPW. All the
designs reported in [12-16] required extra structures for mode
convergence, including A/2 phase shifter [14] and A/4 matching
structures [12-13, 15], which occupy considerable space in the
feed network.

In this paper, a compact switchable CPW-to-slotline
transition without any extra structures is proposed and can be
treated as an improvement from the design reported in [17]. The
proposed CPW-to-slotline transition provides three feed modes:
CPW feed, LS feed and RS feed, and is utilized to feed a
wideband Vivaldi notched monopole, which is studied in [12].
In this case, the reconfigurable pattern is realized by switching
the feed modes in the working frequency range from 4-6 GHz.
Compared to the antenna discussed in [12], smaller dimensions
of feed structure are realized. Only 2 p-i-n diodes are used in the
proposed design, which is less than the 4 p-i-n diodes used in
[12]. As a result, the bias circuit is simpler and the parasitic
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parameters as well as the insertion loss introduced by p-i-n
diodes are all reduced in the proposed design. A prototype of the
proposed antenna is simulated and fabricated. The reflection
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Fig. 1. Geometry and configuration of the proposed antenna. (a) Front view; (b)
Detailed view of feed structure.

coefficients, radiation patterns and gains of three feed modes are
measured. In order to confirm the benefits of the pattern diversity
in multiple antennas systems, the channel capacity of a 2x2
antenna array is measured in a typical indoor environment.
Compared to the standard omni-directional dipoles, the
improvement of spectral efficiency is achieved by using the
proposed antenna in both LOS and NLOS communication

scenarios.
TABLE I
WORKING CONFIGURATION OF PIN 1 AND PIN 2
PIN 1 PIN 2 Feed
OFF OFF CPW
OFF ON LS
ON OFF RS

II. ANTENNA DESIGN PRINCIPLE

A. Antenna configuration

The configuration of the proposed antenna is shown in Fig. 1
(a). As it may be seen, it is composed of an elliptical topped
monopole, two Vivaldi notched slots and a typical CPW feed
with two p-i-n diodes. The antenna is printed on the both sides
of a 50 x 50 mm” Teflon substrate, whose relative permittivity is
2.65 and thickness is 1.5 mm. The CPW is connected to the
microstrip at the back side through vias. A 0.2 mm wide slit is
etched on the ground at the front side for DC isolation. Three
curves are used to define the shape of antenna, fitted to the
coordinates in Fig. 1 (a):

Curve 1:
( X )2+[y*(L4*a*W/2)]2:1 1)
w/2 axW)/2
where L, —a*W/2<y<[L,,and ax=04.
Curve 2 [18]:
y=Ce"+C, 2)

where C, =14,C, =0.26,¢ =0.16 . Values of these parameters

are chosen after optimization. Curve 3 and curve 2 are
symmetrical along X axis

B. Compact CPW-slot transition

In order to achieve reconfigurable patterns, a switchable
CPW-to-slotline transition with 2 p-i-n diodes is used as shown
in Fig. 1 (b). This feed structure is able to switch from CPW feed
to slotline feed by controlling the bias voltage of p-i-n diodes.
The working configurations of the two p-i-n diodes (PIN 1 and
PIN 2) are listed in TABLE 1. When both p-i-n diodes are in the
state of ‘OFF’, the elliptical topped monopole is fed through a
typical CPW and a nearly omni-directional radiation pattern is
achieved in XZ plane. When PIN 1 is ‘OFF’ and PIN 2 is ‘ON’,
the right slotline is shorted. The left Vivaldi notched slot is fed
through the left slotline of the CPW, and a unidirectional
radiation pattern is formed along the —X axis. In the same way,
when PIN 1 is ‘ON’ and PIN 2 is ‘OFF’, a unidirectional beam
along the +X axis is achieved in the right Vivaldi notched slot
through the Right Slot (RS) feed. As a result, the reconfigurable
patterns are realized by switching the modes in the CPW with
two p-i-n diodes.
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The proposed CPW-to-slotline transitions are designed in a
compact size to reduce the overall dimensions of the antenna. An
equivalent transmission line model is used to explain the
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Fig. 2. Feed diagram and equivalent transmission line model. (a) CPW feed; (b)

RS feed.

Rmonopole I

TABLE I
DETAILED DIMENSIONS OF THE PROPOSED ANTENNA
Parameter L, L, L; L, | Ls L¢
Value (imm) | 1.74 | 28.52 | 10.74 | 25 8 16.8
Parameter L, Lg L, W | W, S
Value (mm) | 10 10 2 50 | 4 0.3

feed transition and the p-i-n diode is expressed as perfect
conductor for ‘ON’ state and open circuit for the ‘OFF” state.
Fig. 2 (a) shows the typical CPW feed, the length of Ls is tuned
to match the radiation resistance R nonopole 0f monopole from 50Q2
at the feed port. When a slotline on either side of the CPW is
shorted by p-i-n diode, the feed diagram and equivalent
transmission line model of RS feed are depicted in Fig. 2 (b).
The right slotline is used to feed the Vivaldi notched slot, and
the shorted left slotline works as a matching branch. Some
related approaches are given in [13] but the proposed method is
significantly different as we don’t use any extra matching
structures. The shorted branch which is less than a quarter of
wavelength serves as a shunt inductance and its value is
determined by its length. As an improvement from the matching
discuss in [16], the locations of p-i-n diodes are not fixed, as
shown in Fig. 3. Therefore, the value of shunt inductance

JZgotan[Bslot(L;-Lp)] can be tuned for a better matching. As a
result and by optimizing the length of Ls and L, the radiation
resistance Ryivaai Will be well matched to 50Q. What is more
important is the fact that we only use two p-i-n diodes to control

(a)
Shorted branch

Rvivaldi

wm

|
l

feed

(b)
Fig. 3. Matching strategy of RS feed. (a) Feed diagram; (b) Equivalent
transmission line model.

the transition instead of 4 as described in [12]. Therefore,
smaller dimension of antenna is realized by using compact feed
and simple bias circuit. To help evaluate the developed antenna
one may make parametric study such as those described in [19],
and conduct experimental validation as described in Section III
and IV of this paper. The values of parameters are optimized by
using the software Ansoft High Frequency Structure Simulator
(HFSS). The optimized values are listed in TABLE IL

III. ANTENNA FABRICATION AND EXPERIMENTAL RESULTS

In order to validate the design of the compact switchable
CPW-to-slotline transition, a prototype of the proposed antenna
with bias circuit is built and tested, as shown in Fig. 4. The
selected p-i-n diode is Agilent HPND-4038 beam lead PIN
diode, with acceptable performance in a wide 1-10 GHz
bandwidth. When the p-i-n diode is forward-biased, it can be
treated as a series resistance. The insertion loss introduced by
p-i-n diodes is approximately 0.3 dB at its typical bias current of
5-10mA. That is to say, the efficiency decreases 0.3 dB by using
p-i-n diodes. When the p-i-n diode is reverse-biased, on the
other hand, it is replaced by a series capacitance of
approximately 0.06 pF, which will shift the working frequency
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of the antenna but with less insertion loss. As a result, the
insertion loss mainly comes from the p-i-n diodes at ‘ON’ state
for CPW mode. Clearly, a reduced number of p-i-n diodes will
reduce the insertion loss and improve the performance of the
systems. The detailed bias configuration of p-i-n diodes is
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Fig. 5. Bias configuration of p-i-n diodes. (a) 3-D view, (b) back view.

shown in Fig. 5. Specifically, Fig. 5 (a) shows the 3-D view of
bias circuit. The slit is etched on the front side to isolate the bias
voltage of two p-i-n diodes. Several capacitances (C,) are
soldered over the slit for RF short. The radius of the vias,
connecting the front and back sides, is 0.3 mm. In Fig. 5 (b), the
complete circuit diagram is illustrated. Vcontr.1, Vcontr.2 and
Vcontr.3 use 3.3 V bias voltages to control the states of the two
p-i-n diodes. Another capacitance is used between Vcontr.1 and
the ground, in order to short the RF signal leaked from the
choking inductance (L). Therefore, the cable of Vcontr.1 has
little effect to the antenna performance. The bias circuit of p-i-n
diodes is on the back side. The bias resistance (Ry) is 430 Q;

with the bias current is 7.7 mA. The RF choking inductance (L)
is 10 nH. The RF signal shorting capacitances (Cs) are all 470
pF, and the DC block capacitances (Cy; and Cy;,) are 20 pF each.
All the measurements were taken using an Agilent ES071B
network analyzer. The simulated and measured reflection
coefficients of CPW feed, LS and RS feeds are shown in Fig. 6
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Fig. 6. Simulated and measured reflection coefficients of CPW feed
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Fig. 7. Simulated and measured reflection coefficients of slotline feed.

and Fig. 7. The difference between simulated and measured
results is introduced by the parasitic parameter and loss of the
p-i-n diodes bias circuit. The measured -10dB bandwidths are
2.02-6.49 GHz, 3.47-8.03 GHz and 3.53-8.05 GHz for CPW
feed, LS feed and RS feed, respectively. The overlap band from
3.53 GHz to 6.49 GHz is treated as the operation frequency for
reconfigurable patterns.

The measured radiation pattern in XZ and XY planes for
CPW feed, LS feed and RS feed at 4, 5, 6 GHz are listed in
TABLE III and IV. The results are normalized by the maximum
value of each mode at each frequency point. For the CPW feed, a
nearly omni-directional radiation pattern is achieved in XZ
plane and a doughnut shape in XY plane. For the LS or RS feed,
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a unidirectional beam is achieved along —X or +X axis, with
acceptable front-to-back ratio better than 9.5dB. The different
patterns of radiation are able to be switched dynamically
according to the environment, proving the pattern diversity.

The measured gains of CPW, LS and RS feed are illustrated in
Fig. 8. The maximum value in the XY and XZ plane is selected
as the gain of each mode. For the CPW feed, an average

TABLE III
MEASURED NORMALISED RADIATION PATTERN IN XZ PLANE
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MEASURED NORMALISED RADIATION PATTERN IN XY PLANE
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gain in the desired frequency range is 2.92 dBi. For the LS and
RS feed, the average gains in the 4-6 GHz band are 4.29 dBi and
4.32 dBi. The improved gain is mainly contributed to the
directivity of the slotline feed mode, and the diversity gain is
achieved by switching the patterns.
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Fig. 8. Measured gains of antenna through different feed

IV. CHANNEL CAPACITY MEASUREMENT

A.  Measurement setup

In this section, we describe the experimental procedure we
used to test and validated advantages of using the developed
antenna system in improving channel capacity in an indoor
propagation environment. To this end, the channel capacity of a
2x2 multiple antenna system is measured. The antenna array
consists of two proposed reconfigurable antennas at receive end
and the reference two-dipole array at transmit end. The elements
of the reference two-dipole array are arranged perpendicular to
XZ plane along X axis. Each port of the two wire dipoles has a
bandwidth of 3.9-5.9 GHz with reflection coefficient better than
—6 dB, and mutual coupling between the two ports is lower than
—25 dB over the frequency band which is achieved by tuning the
distance between two elements. Also, the isolation between two
proposed antennas is lower than —25 dB.

The measurement system consists of an Agilent E5S071B
network analyzer, which has 4 ports for simultaneous
measurement, transmit antennas, receive antennas, RF switches,
acomputer and RF cables. The transmit antennas and the receive
antennas are connected to the ports of the network analyzer,
respectively. The computer controls the measurement procedure
and records the measured channel responses. The measurement
was carried out in a typical indoor environment in the Weiqing
building of Tsinghua University, shown in Fig. 9. The
framework of the room is reinforced concrete, the walls are
mainly built by brick and plaster, and the ceiling is made with
plaster plates with aluminium alloy framework. The heights of
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desk partition and wood cabinet are 1.4 m and 2.1 m. The
transmit antenna array is fixed in the middle of room (TX). The
receive antenna array is arranged in several typical locales which
are noted as RX1-4 in Fig. 9. Here, the scenarios when the
receive antenna array is arranged in RX2 and RX3 are LOS,
while that is NLOS when the receive antenna array is arranged in
RX1 and RX4. In the measured, the antennas used are fixed at

Z
—
Window
Desk
Wood
cabinet
Wood
door
Concrete
wall
Fig. 9. Indoor environment for channel capacity measurement.
TABLE V
AVERAGE AND 95% OUTAGE CHANNEL CAPACITY (BIT/S/HZ)
Channel | Measurement 1x1 2x2 2x2 Pattern
Capacity Scenario Dipole | Dipole | Reconfig.
A LOS 5 9.46 11.74
verage
NLOS 5 9.93 13.06
95% LOS 2.29 4.21 6.72
Outage NLOS 1.68 5.41 9.16
the height of 0.8 m.

The measured data was taken in the frequency range of 4-6
GHz, with a step of 10 MHz. A total number of 201 data
points/results are obtained in a typical sampling. Three
configurations (CPW, LS and RS) of each element of the
receiver array were switched together manually and the strongest
receive signal was selected for statistics. Considering the
small-scale fading effect, 5x5 grid locations for each RX
position were arranged. As a result, a total number of 2x201x25
= 10050 results were measured for statistics in LOS and NLOS
scenario respectively. In a real scenario, the three modes of the
proposed antenna can be electrically controlled by a chip

depending on the strength of receiving signal.

In order to validate the effect of the proposed antennas for the
systems, the channel responses of the system with another two
reference dipoles used as the receive antennas instead of the
pattern reconfigurable antennas in the same measurement
arrangements are measured and recorded for comparison.

In the measurement, a 2x2 channel matrix H is obtained. The
channel 1coapacity is calculated by formula (3).
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Fig. 10. CCDFs of channel capacity. (a) LOS scenario; (b) NLOS scenario.

SNR
+ [
"N,

t

C =log,det[], H H'] 3)
where N, and N, are the numbers of receiver and transmitter
antennas. H, is the normalized H by the received power in the
reference dipole system, and ()" means the Hermitian transpose.
Iy; is an N, x N, identity matrix, and SNR is the signal-to-noise
ratio. We selected the SNR when the average channel capacity is
5 bit/s/Hz in a 1x1 reference dipole system in LOS or NLOS
scenario.

B. Channel capacity results

Fig.10 shows the measured Complementary Cumulative
Distribution Function (CCDF) of channel capacity in LOS and
NLOS scenarios. The results consist of the channel capacity
information of 2x2 multiple antenna system using the proposed
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pattern reconfigurable antennas, compared with 1x1 and 2x2
systems using reference dipoles. As listed in TABLE V, 2.28
bit/s/Hz and 4.13 bit/s/Hz of the average capacity improvement
are achieved in LOS and NLOS scenarios, and 2.51 bit/s/Hz and
3.75 bit/s/Hz improvement for 95% outage capacities. In the
NLOS scenario, the received signal is mainly contributed from
reflection and diffraction of the concrete walls and the desk
partitions, arriving at the direction of endfire. The diversity gain
in the endfire increases the channel capacity. However, the path
loss of NLOS is higher than that of LOS, and the transmitting
power should be enhanced to ensure the performance of the
system. Considering the insertion loss introduced from
non-ideal p-i-n diodes, better performance of the proposed
antenna can be achieved by using high quality switches, such as
micro-electro-mechanical systems (MEMS) type switches with
less insertion loss and smaller parasitic parameters.

V. CONCLUSION

A compact switchable CPW-to-slotline transition feed
without extra matching structures is proposed in this paper to
design a wideband reconfigurable system. CPW, LS and RS feed
modes are provided to feed an elliptical topped monopole with a
pair of Vivaldi notched slots for reconfigurable patterns. A
nearly omni-directional pattern is achieved by feeding the
monopole through CPW feed, and two endfire patterns are
achieved by feeding the Vivaldi notched slots through slotline
feed. An equivalent transmission line model is used to analyze
the feed structure. The feed modes are controlled by only two
p-i-n diodes. A prototype of the proposed antenna is fabricated
and tested to prove the adequacy of the feed design. Specifically,
a wide bandwidth of 3.53-6.49 GHz is achieved for
reconfigurable pattern with the reflection coefficient lower than
-10 dB. The radiation patterns of each feed mode are measured to
demonstrate the successful achievement of the pattern diversity.
The average gain improvement in the direction of endfire is
better than 1.37 dB in the operation band. To prove the benefit of
diversity gain, the channel capacity of a 2x2 multiple antenna
system using the proposed antennas is measured in an indoor
propagation environment. Compared with reference wire
dipoles in the same measurement, the average and 95% outage
capacities are both improved by using the proposed antennas,
especially in a NLOS scenario.
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