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Abstract—Two CPW-fed elliptical monopoles were fabricated
on liquid crystal polymer (LCP) with reconfigurable rejection
band (band-notch) characteristics in the frequency range between
5 and 6 GHz. The first antenna uses a A/ long, U-shaped slot
and the second antenna uses two symmetrically placed A/
long, inverted L-shaped stubs as resonating elements. Microelec-
tromechanical system (MEMS) switches are used to activate and
deactivate the resonating elements without the need of dc bias
lines due to a novel design of the switch geometry. Transmission
line models and surface current distributions are used to explain
the effect of the added resonating elements. Reflection coefficient
radiation pattern and gain measurements are presented to verify
the design concepts featuring a very satisfactory performance.

Index Terms—Band-notch, microelectromechanical
(MEMS), reconfigurable, ultrawideband (UWB) .

system

1. INTRODUCTION

HE rapidly increasing number of wireless applications has
led to a very heavy congestion in the available RF and
wireless spectrum, causing significant interference among the
different users and degrading the performance of the affected
radios. To overcome this problem in an opportunistic way, agile
radios are required [1] that demand the use of “smart,” reconfig-
urable antennas capable of canceling in-band interference. Since
the ultrawideband (UWB) radios share part of the spectrum with
the HIPERLANY/2 applications (5.15-5.35 GHz, 5.470-5.725
GHz) and the wireless local area network (WLAN) applications
using the IEEE 802.11a (5.15-5.35 GHz, 5.725-5.825 GHz)
protocol, an UWB antenna with reconfigurable band-rejection
characteristic at the WLAN frequencies is highly desirable.
Several designs of UWB antennas with band rejection char-
acteristics have been investigated and successfully implemented
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in the past. Two parasitic patches were used in [2], two linear
slots were used for the Vivaldi antenna presented in [3] and
the printed log-periodic antenna presented in [4], while a split
ring resonator (SRR) was added on the microstrip-fed monopole
suggested in [5]. However none of those antennas had reconfig-
urable band-notch characteristics. Some antennas with endoge-
nous band-notch characteristics were also introduced, like the
combined \/4 monopoles [6], the monopole with the integrated
filter [7], the sail-boat antenna presented in [8] and the fractal
antenna proposed in [9]. Two open-circuit stubs were used in
[10], in an approach similar to one of the two solutions sug-
gested in the present paper. However, the technique that was
adopted by most researchers was the integration of a U-shaped
slot on a monopole [11]-[14] or the integration of stubs with
the monopole [15]. Numerous researchers have integrated mi-
croelectromechanical system (MEMS) switches and antennas to
develop frequency [16], [17] or radiation pattern [18] reconfig-
urable antennas. In all those cases, the MEMS switches were
actuated using dc bias lines.

In this paper, two UWB monopole antennas with an inte-
grated MEMS switch that can be actuated to place a stopband
at the HIPERLAN/2 and WLAN frequencies are demonstrated
for the first time. The MEMS switches are designed so that they
do not require extra bias lines; the bias is applied to the RF
signal line. The lack of bias lines for the MEMS switches in
the proposed topologies makes the fabrication easier and im-
proves the radiation performance of the antenna since there is
no coupling or leakage from the bias lines. For the first antenna,
a U-shaped slot is placed within the monopole and a MEMS
switch is used to short the resonant slot when the band rejection
is not required. For the second antenna, two inverted L-shaped
open circuit stubs are symmetrically placed near the elliptical
radiator and MEMS switches connect them to the radiator when
the band rejection is required. In the following sections, the an-
tennas design is given first, then their operation and design are
confirmed through simulations and experimental characteriza-
tion.

II. ANTENNA DESIGN

The UWB antenna used for the integration of the reconfig-
urable “band-notch rejecting” elements is a CPW-fed elliptical
monopole fabricated on 100 pm thick liquid crystal polymer
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(LCP) (e, = 3, tand = 0.002). The LCP samples were pol-
ished to reduce the surface roughness and allow for the MEMS
switch fabrication.

The elliptical radiator has a major axis A = 18 mm and a
secondary axis B = 15.30 mm. Fig. 1 presents the details of
the schematic design and its dimensions are summarized in
Table 1. The overall width of the antenna, W1, is 26.88 mm
and the ground length is Ly = 20.7 mm. A CPW feed line with
central conductor width W, = 3.89 mm and ground-signal gap
Go = 100 pm is used, resulting in a characteristic impedance
(Zo) of 50 Ohms. In order to use 850 pm pitch probes for
measurements, the CPW line is linearly tapered down to a
narrower CPW line with 50 Ohm characteristic impedance
(W = 1.28 mm and G; = 50 pm) that had length only
L; =1 mm. A customized transition from the standard CPW
line (Wyo, Go) to the ellipse was used to improve the matching.
The matching improvement can be seen in Fig. 2 where the input
impedance of two antennas, one referred to as “Standard CPW”
and one referred to as “Reference” are presented on a Smith
chart. The “Standard CPW” does not use any CPW-radiator
transition; a standard, uniform width CPW line with the above
mentioned geometrical characteristics (Wi, Go) is terminated
with the elliptical radiator. The “Reference” is identical with the
antenna presented in Fig. 1 without the slot or the two open stubs.
It is referred to as “Reference” because it will be compared to
the antennas with the reconfigurable resonating elements. Fig. 2
shows that a uniform CPW line cannot establish good matching
for this elliptical monopole, but the use of an appropriate CPW Fig. 1. Antenna schematic (a) U-shaped slot and (b) L-shaped stubs.
to radiator transition can achieve a SWR less than 2 across
the whole UWB range. The two lines represent measurements
taken between 2—-12 GHz. The segment of the “Reference” TABLE I
line that falls outside the SWR = 2 circle corresponds to ANTENNA SCHEMATIC DIMENSIONS
the frequency range from 2-3 GHz, which is not part of the

UWB frequency range. L; 1.00 mm Wso 3.41 mm Wis 0.85 mm
. ~ . L, 10.00 mm Ggo 0.20 mm N 0.70 mm

Two different approaches (a U-shaped slot a.nd two inverted Ls 6.00 mm Le» 6.80 mm G 0.05 mm
L-shaped open stubs) are demonstrated to achieve a reconfig- [, 1.93 mm D, 1.80 mm G, 0.10 mm
urable band notch between 5.2 and 6 GHz. The U-shaped slot ~ Ls 3.70 mm Wei 26.88 mm G; 0.11 mm
is presented in Fig. 1(a). It consists of two parallel segments of ~ Ws1 5.60 mm W 12.25mm L 20.70 mm
Gs 0.20 mm Wp 1.28 mm A 18.00 mm

length Lg; = 8.8 mm and a third segment with length Wg; = Lo 3.8 mm Wi 297 mm B 15.30 mm
5.6 mm that is positioned D; = 2.6 mm from the nearest D 2.60 mm

ground edge. In the middle of this third edge and along the
symmetry plane of the antenna, a MEMS switch is integrated

to selectively short the 0.2 mm wide slot. Another very thin slot 10 — Bhafiddni P
(only 3 pm wide) is created parallel to the third segment at a
distance S1 = 0.7 mm from it. Therefore an isolated rectan-
gular segment is defined which serves as the floating dc ground,
which is necessary for the MEMS switch actuation. For the de-
sign shown in Fig. 1(b), two inverted L open stubs with width
Ggs2 = 200 pm and total length 10.41 mm (Lgs + Wga + Ggo)
cause the band notch. Both stubs are placed at a distance D2 =
1.8 mm from the top point of the ellipse. Two MEMS switches
are used to electrically connect and disconnect the two stubs to
the elliptical radiator. The switches are positioned 0.4 mm from e
the ellipse. Bias lines are not needed in neither the slot nor the -1.0)
stubs case for the MEMS switch actuation because of the switch Fig. 2. Input impedance for “Standard CPW” and “Reference” antennas on
topology [21]. Smith chart.
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Fig. 3. Field distribution (a) open slot at 5.8 GHz, (b) shorted slot at 5.8 GHz, (c) open slot at 8 GHz, (d) shorted stubs at 5.8 GHz, (e) open stubs at 5.8 GHz, (f)

shorted stubs at 8 GHz.

III. OPERATION PRINCIPLES

For both antennas, the reconfigurability relies on the same
concept of adding or removing a resonating structure. For the
U-shaped slot antenna, the total length of the slot is approxi-
mately A/2 at the frequency at which the rejection band is de-
sired if the MEMS switch is up or open, and the MEMS switch
shorts the slot at the center, which eliminates the resonance
around 5 GHz. For the open stubs antenna, the two L-shaped,
open circuit terminated stubs have a length approximately \/4
at 5.8 GHz resulting in resonating elements that prevent radia-
tion if the MEMS switches are down or closed, which connects
the stub to the monopole.

A. Theory

The U-shaped slot resonates and therefore creates a band
notch at the frequency that is related to its geometry dimensions
as defined by: fu ~ (¢/4(Ls1+ (Ws1/2) — Gs1)) where ¢
is the speed of light [19]. The surface current distribution
presented in Fig. 3(a) shows how the U-shaped slot resonates
at 5.8 GHz and how this behavior is cancelled when the slot is
shorted [Fig. 3(b), or at a different frequency (8 GHz current
distribution is presented in Fig. 3(c)]. The directions of the
current in the inner and outer side of the slot are opposite and

they cancel each other as explained in detail in [14], [19].
As a result, the antenna does not radiate at that frequency
and a frequency notch is created around the frequency of
5.8 GHz. When the slot is shorted at its center point by the
MEMS switch, the total length of the slot is divided in two
and, consequently, it cannot support the resonating currents;
thus, radiation occurs as if the slot was not present. A simple
transmission line model, similar to the approach introduced
in [19], is presented in Fig. 4 that explains the slot effect. The
presence of the slot is modeled as a A/4 long, short circuit
terminated series stub, which is similar to a spurline filter.
The MEMS switch is across the input to the series stub. If
the switch is up, [Fig. 4(a)] the spurline filter is in the circuit,
and at the stub resonant frequency, there is an equivalent
series open circuit that reflects the signal. However, if the
switch is down, the spurline filter is shorted [Fig. 4(b)], or
not in the circuit. Thus, radiation occurs at all frequencies.

Similarly the inverted L-shaped, open circuit terminated stubs
resonate approximately at a frequency defined by: finverted_r ~
(¢/4(Wsa + Ls2)) where again c is the speed of light. Fig. 3(d)
shows how the two stubs resonate at 5.8 GHz. When the two
stubs are not connected to the elliptical radiator no currents flow
through the stubs [Fig. 3(e)] but even when they are connected
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Fig. 4. Transmission line model for (a) U-shaped slot with MEMS up, (b) U shaped slot with MEMS down, (c) inverted L stubs with MEMS up, (d) inverted L

stubs with MEMS down.

they do not resonate at a different frequency (8 GHz current dis-
tribution is presented in Fig. 3(f)). At the resonance frequency,
the direction of the currents on the inverted L stub and the cur-
rent along the nearby edge of the radiator are opposite to each
other as presented in [20]. Therefore they cancel and the antenna
does not radiate. Again a transmission line model is used to in-
terpret the inverted L stubs effect on the radiation mechanism,
where the presence of the two stubs is modeled as a A/4 long
stub. When the MEMS are in the “up” position, the stub is dis-
connected from the primary transmission line [Fig. 4(c)] and it
has no effect on the incident power, which is radiated from the
load (“antenna”). When the MEMS are in the “down” position
the open stub appears as ideal short on the transmission line and
the incident power is reflected as appears in Fig. 4(d).

B. Parametric Study

There is an inverse proportional relationship between the fre-
quency of the band notch and the total length of the resonating
elements as can be deduced from the approximate formulas pre-
sented in the previous section. This trend is verified numeri-
cally from the simulations presented in Fig. 5. Fig. 5(a) shows
the simulation results when Lg; varies for an antenna with a
U-shaped slot when the additional thin slot (3 pm wide) is not
present. This example is referred to as “Simple Slot”. When it
is compared with the antenna that uses the additional thin slot
(similar to the schematic in Fig. 1) to create the isolated floating
ground, which is referred to as “Thin Slot”, it can be seen that

longer length Lg; is required to have the frequency notch be-
tween 5 and 6 GHz [Fig. 5(b)] when the thin slot is present.
Specifically for the “Simple Slot,” Ls; = 8.5 mm is required
for a stopband at 5.8 GHz, whereas for the “Thin Slot,” a little
longer length of Lg; = 8.8 is needed to cause a band notch in
the same frequency range. Additionally, when the same length
Ls1 = 8.5 is used for “Thin Slot”, the band notch shifts higher
to approximately 6.0 GHz as can be seen in Fig. 5(b). Similar
behavior is observed for the length of the inverted L stubs, which
is presented in Fig. 5(c). The longer the length Lg; is, the lower
the frequency of the band notch shifts. In each of the above sim-
ulations, all of the other dimensions are kept constant.
Simulations show that another important parameter is the po-
sition of the resonating element, especially for the U-shaped
slot. Fig. 6 shows the simulated reflection coefficient for the
two antennas as a function of the resonating element location.
Fig. 6(a) shows that the stopband frequency varies by 1.5 GHz
if Dy is varied by 1 mm. Furthermore, the magnitude of the re-
flection coefficient is seen to be dependent on the slot position,
with a smaller reflection if D; is large. The large dependence
on slot position is due to the strong currents at the elliptical ra-
diator feed point, which couple strongly to the U-shaped slot.
On the contrary, a small variation on the distance D4 of the two
L-shaped stubs from the top point of the ellipse does not seem
to affect the band notch significantly. Fig. 6(b) shows that a 1
mm variation in stub location only causes a 750 MHz variation
in stopband frequency. It is also noted that the magnitude of the
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Fig. 5. Slot/stub length effect on return loss (a) simple slot, (b) thin slot, (c)
stubs.

reflection coefficient does not appear to be dependent on the stub
location.

IV. MEMS SWITCHES OPERATION AND INTEGRATION

A. MEMS Switch Operation

MEMS switches were chosen for this application because of
their low loss, excellent isolation, and wide-band response. The
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Fig. 6. (a) Slot position effect, (b) stub position effect.

challenge with any switch integration in an antenna system is
with biasing the switches without affecting the radiation char-
acteristics. To avoid this issue, the biasing technique recently
introduced in [21] was implemented. The major advantage of
the suggested MEMS switches is that they do not require dc
bias lines in order to be actuated. For this technique to work,
there must be a dc short between the signal line input (center
pin on the CPW antenna feed) and the posts of the MEMS
switches. This method also requires that the MEMS are Ohmic
and single-supported.

The dc actuation voltage is applied directly to the CPW center
pin through a dc bias on the vector network analyzer. When no
voltage is applied, the switches are in the up position and the
antenna exhibits one behavior. When a voltage is applied, an
electrostatic force pulls down the MEMS switches and since
they are Ohmic, they create a dc and RF short at the contact
point. The antenna now exhibits a different behavior.

Since there is a dc short between the signal line input and the
posts of the MEMS switches, no additional metal lines are re-
quired to apply the actuation voltage. To avoid the addition of dc
ground lines, a floating ground is used. In this method, a metal
pad beneath the switch is not shorted to anything. It does not rep-
resent a true ground, but it is sufficient to provide a foundation
for electrostatic force generation. The pad is isolated from di-
rect contact with the switch membrane by a thin layer of silicon
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400 1y

Fig.7. (a) The MEMS switch geometry and floating ground concept are shown.
(b) The fabricated MEMS switch is shown. The post is located on the left and
the ohmic contact is made on the right.

nitride. To avoid failures due to dielectric charging, this method
should only be used in systems that will be continuously recon-
figured. The details of this biasing method are described further
in [21]. The MEMS switch geometry is shown in Fig. 7(a). and
the fabricated switch is presented in Fig. 7(b).

V. MEASUREMENTS DISCUSSION

A. Return Loss Measurements

For the return loss measurements, an Agilent 8510 vector
network analyzer was used and the input signal was launched
through 850 pm pitch ground-signal-ground probes. The
probes were preferred over coaxial connectors because they
allow the direct application of the dc voltage. The dc voltage
for the MEMS actuation was applied through the RF cable that
connects to the network analyzer and it follows the same path
with the RF signal. An S;; measurement was taken when the
MEMS were “up” (OFF state) without applying any dc voltage
and another measurement was taken when 28 V dc voltage
was applied and the MEMS’ bridge went down, switching to
ON state. The return loss measurements are compared with
the “Reference” antenna, which is a sample without any res-
onating elements. The measured S11 plots [Fig. 8(a)] for the
“Reference” antenna and the U-shaped slot antenna when the
MEMS membrane is down (MEMS Down) are in very good
agreement; when the switch membrane is in “up” position
(MEMS Up) a frequency notch appears between 5 and 6 GHz.
In Fig. 8(b) the same results are presented for the antenna
with the inverted L stubs. The only difference is that the band
notch appears when the switch is in “down” position (MEMS
Down) and the “Reference” antenna has similar return loss
behavior with the antenna with the switch not actuated (MEMS
Up). The presented return loss measurements verify the good
performance of the MEMS switches and the effectiveness of
the suggested integration. The simulated radiation efficiency
was higher than 85% in all cases and it was not significantly
affected by the presence of neither the stubs nor the slot.

B. Radiation Pattern Measurements

The radiation patterns are measured on an antenna probe
station measurement system that permits 360 degree of rotation
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Fig. 8. (a) Return loss for antenna with MEMS reconfigurable slot, (b) return
loss for antenna with MEMS reconfigurable stubs.

with 850 mm pitch probes. However, even with a specially
made probe with an extended microcoax section, the probe
positioner and probe itself cause interference with the radiated
fields. Therefore, only parts of the measured field patterns are
shown. Measurements at 5.8 and 8 GHz are presented in both
E (x-y) and H (x-z) planes. Fig. 9 shows the radiation patterns
for the U-shaped slot antenna and Fig. 10 demonstrates the ra-
diation patterns for the L-shaped stubs antenna. The two states
(shorted and open, which correspond to ON and OFF states of
a MEMS switch) of the reconfigurable antennas are compared
with the “Reference” antenna. It is seen (radiation patterns at
8 GHz) that the addition of the resonating elements does not
significantly affect the radiation performance of the antennas
in frequencies outside the 5-6 GHz range. On the other hand
within the band-notch range (radiation patterns at 5.8 GHz)
and with the appropriate MEMS switch state the radiated field
intensity is degraded [Fig. 9(a) and (c), Fig. 10(a) and (c)].
The radiated field degradation in the band-notch range is also
verified from the gain measurements shown in Fig. 11.

C. Gain Measurements

The antenna gain was measured by using the substitution
method. For the “known” antennas, open ended rectangular
waveguides are used with the gain of them determined by
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Fig. 9. U-shaped slot radiation pattern measurements and simulations, (a) E plane at 5.8 GHz (b) E plane at § GHz, (c) H plane at 5.8 GHz (d) H plane at 8 GHz.

[22]. The gain measurements shown in Fig. 11 were taken
in the directivity direction which coincides with the z axis
direction as it is defined in Fig. 1. As can be seen, the presence
of the resonating elements and the frequency mismatch cause
a significant degradation on the gain value at the frequency
band to be rejected in a reconfiguring way. The antenna gain is
suppressed by over 10 dB for the slot resonator and 6 dB for
the stub resonator. The gain behavior over the remainder of the
frequency band is similar for all three cases as can be verified
from Fig 11.

VI. CONCLUSION

The use of resonating elements integrated with MEMS
switches has been exploited to implement two UWB monopoles
with reconfigurable band notch in the wireless LAN frequency
range (5.150-5.825 GHz). The basic antenna design is an
elliptical radiator fed with CPW line, fabricated on thin organic
material. In the first case a U-shaped slot of approximate

length A/2 causes the frequency notch and its effect can be
dynamically cancelled by a MEMS switch that shorts the slot.
The antenna with the shorted slot has the same response with
an antenna without any slot, and consequently the state of
the single switch defines the presence or not of the rejection
band. In the second case, two inverted L-shaped open stubs
are used and two MEMS switches are used to connect and
disconnect the stubs with the elliptical radiator. The electrical
connection of the stubs with the radiator causes the creation
of the rejection band and, apparently, when the stubs are not
electrically connected, the antenna operates as a typical UWB
radiator with radiation band that covers the whole UWB range
(3.1-10.6 GHz). Reconfigurability is achieved with MEMS
switches that are actuated through the RF signal path, without
the need of dc bias lines, that could potentially complicate the
switch fabrication and integration process, while degrading
the radiation performance of any antenna and especially of
a broadband antenna because RF leakage through the bias
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Fig. 10. L-shaped stubs radiation pattern measurements and simulations (a) E plane at 5.8 GHz, (b) E plane at 8 GHz, (c) H plane at 5.8 GHz, (d) H plane at 8
GHz.
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