4. CONCLUSIONS

Slot-type SRR as a new perturbation element in dual-mode square
patch filter is introduced for the first time. Dual-mode filter using
square patch resonator embedded slot-type SRR is presented and an-
alyzed. Then, an improved dual-mode filter using square patch with
two notches and slot-type SRR is designed and fabricated. Measured
results show that the designed structure exhibits the insertion loss of
less than 1 dB, 3-dB bandwidth of 7.9%, and two transmission zero
near the passband. Because of its advantages of low loss, compact
size, high selectivity, and no high degenerate mode near the pass-
band, it has great applications in RF circuits and system.
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ABSTRACT: Microwave filters based on the concept of Epsilon Near
Zero (ENZ) tunneling effect are presented. ENZ metamaterials provide
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interesting phenomena such as anomalous tunneling and energy
squeezing through ultra narrow waveguide channels. Using this concept
two filters are demonstrated with Chebyshev response and one with a
quasi-elliptic response by adding transmission zeroes with hairpin
resonators. Experimental and simulated responses are presented with
good agreement. © 2011 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 53:1706-1710, 2011; View this article online at
wileyonlinelibrary.com. DOI 10.1002/mop.26147

Key words: epsilon near zero; metamaterials; microwave filters

1. INTRODUCTION

In this article, the use of Epsilon Near Zero (ENZ) waveguide
tunnels for narrow-band filter applications is proposed. ENZ
metamaterials at microwave frequencies consist of metalo-
dielectric structures in which the phase constant f§ of the propa-
gating wave becomes zero at a particular frequency [1, 2]. This
phenomenon, also known as supercoupling or tunneling, has
caught much attention for microwave circuits due to the unique
properties it provides [1-6]. Several ways have been previously
proposed to achieve =0 behavior. One of them is by using
composite right left handed lines (CRLH) operated between
their left and right hand propagation [7-9]. However, for filter
applications, these structures have large radiation losses due to
their fast-wave characteristic [9].

Another alternative to achieve =0 is to use rectangular
waveguides operated at the cutoff frequency of the TE;, mode
[1]. Moreover, in [10], this phenomenon is achieved by loading
a rectangular waveguide with complementary split ring resona-
tors (CSRR).

As it has been shown in [11], the effective permittivity &z of
a rectangular waveguide operated at the TE;, mode can be
described by Eq. (1)

o O (1)
£oby 4e,f2W?

where ¢, is the relative permittivity of the filling material, 7 is
the refractive index of the filling material, ¢ is the speed of light
in vacuum, W, is the waveguide width, and f is the operating
frequency. From this equation, it is observed that the effective
permittivity is zero at cutoff. Therefore, the propagation constant
is also zero (f=0) leading to infinite wavelength and infinite
phase velocity. Furthermore, when é.~0 the wave follows a
static-like behavior that allows reflection-less propagation [3-5].

In this work, this phenomenon is exploited to make miniatur-
ized tunnels for filter applications in which the tunnel length can
be made arbitrarily small as f=0. Also, since the tunnels are
implemented on waveguide, there are no radiation losses as
opposed to CRLH zeroth order resonators. Additionally, by
using rectangular waveguide structures operated at their cutoff
frequency, no extra CSRR loading is necessary.

In this article, two and three pole filters are designed with
Chebyshev characteristic. Moreover, by adding two transmission
zeros by means of hairpin resonators, a quasi-elliptic response is
achieved. Simulated and experimental results are presented with
good agreement.

2. EPSILON NEAR ZERO TUNNEL
As discussed in the previous section, an ENZ tunnel can be
made as a conventional waveguide operated at the cutoff fre-

quency of the TE;y mode. Therefore, its width W, can be
obtained from Eq. (2)
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where fj is the tunneling frequency, c¢ is the speed of light, and
¢, is the relative permittivity. Figure 1(a) shows an ENZ tunnel,
where the feeding lines consist of a top signal line and a ground
plane (such as microstrip or parallel plate). If a large step exists
between the feeding line and the narrow tunnel, such that
hy,>>h,, then the circuit can be modeled as shown in Figure
1(b) [12], where the narrow waveguide region can be replaced
by a region having an effective length d and an impedance
Z>=(h,/h,,)Z; [10]. Here, Z, is the impedance of the feeding
lines. In addition, there is a shunt admittance Y=jB between the
mismatched waveguides that accounts for the step discontinuity.
To calculate the reflection coefficient, Eq. (3) may be used as
shown in [10]

(1 — Bl
r-l--e") 3)
1— r2612ﬁ/L/

where rz = (Zzl|Y — Z])/(Zqu + Z]) and ZZHY = (*‘]B Zz)/
(—jB + Z,). Since h,, >> h; then Z, << Z,. Therefore, the
reflection coefficient is very large, except for the case when
=0, which corresponds to the tunneling effect, when the reflec-
tion coefficient disappears.

To simulate the ENZ tunnel, two microstrip transmission
lines are selected to feed the waveguide. The substrate has a rel-
ative permittivity of &=2.2 with tand=0.001. The height of the
ENZ waveguide is chosen to be #,=0.5mm and the height of the
microstrip feed line 4,=3.2mm. The width of the tunnel is
W,=30mm, calculated for f,=3.5 GHz. As discussed earlier, the
tunnel length (L,) can be arbitrarily small; however, due to man-
ufacturing restrictions, we chose a length of 10 mm (equivalent
to about 4/6 in an ¢=2.2 medium at 3.5 GHz). Care should be
taken when choosing L, since when L, = /2, a conventional
resonance is excited which could interfere with our tunneling
frequency as explained in [5].

The width of the microstrip line is W, = 10 mm correspond-
ing to 50Q. A 17.5 um thick copper is used for all metalliza-
tions. To measure its unloaded quality factor (Qo), an eigenmode
simulation was performed in [13], giving a Qp = 195.

Moreover, the tunnel was fed by a capacitive gap with A =
2 mm as shown in Figure 2(a), and the simulation results shown
in Figure 2(b), where the resonant frequency is f, = 3.445 GHz.
The E-Field distribution is depicted in Figure 2, where it is
clearly seen that at the tunneling frequency, the field is constant
along the propagation direction x, proving the tunneling
behavior.

DOI' 10.1002/mop

3. CHEBYSHEYV FILTER DESIGN

To prove the concept of using ENZ tunnels for narrow band fil-
ters, two filters were designed with Chebyshev responses. In this
case, we consider narrow-band to be about 20% or less [14].
However, the bandwidth (BW) limitation is bound to manufac-
turing constraints, where wide-band filters require strong cou-
plings between resonators and low external Q values which are
difficult to achieve in planar photolithographic processes [15].
On the other hand, for filters with extremely narrow bands, tech-
nologies with higher unloaded Q values should be adopted [16].

The first circuit consists of a two pole Chebyshev filter with
a frequency of operation fy = 3.5 GHz and a fractional BW of
12%. From [17], the low pass element g parameters are obtained
for a 0.1 dB ripple as g, = g3 = 1 and g; = g> = 0.75. Then,
from Egs. (4) and (5), the required external coupling Q.,, and
the resonator coupling & are obtained.

Qo1 = 5250 = 63 = Quuz (4)
AFEB
k= =0.13 (&)
N

where 0FBW is the 3 dB frequency BW.

To calculate the external coupling (Qey,), full wave simula-
tions are carried out using the structure shown in Figure 3. In
the figure, it is seen that one ENZ resonator is placed between
two microstrip feed lines, where one of them is weakly coupled
by means of a capacitive coupling gap A = 1 mm and a micro-
strip line of W, = 0.5 mm. The external coupling depends on
the width of the microstrip line W,,, which was varied in a
range from 0.5 mm to 10 mm. The external coupling was
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Figure 2 (a) Weakly coupled ENZ tunnel with E-Field distribution,
(b) Response of weakly coupled ENZ tunnel
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obtained from Eq. (6) [14], where &Delta;FBW is the 3 dB fre-
quency BW and f; is the center frequency. Figure 4 plots the
different external quality factors versus the width of the micro-
strip line.

_
Qext 1= W (6)

To calculate the coupling between contiguous tunnels, the struc-
ture in Figure 5 is simulated in [13]. Two microstrip lines of
width W, = 6 mm weakly couple two ENZ resonators through
a capacitive gap A = 0.5 mm. The resonators are interconnected
with a microstrip line of dimensions W; and L. Two mechanisms
can alter the k parameter. The first one is the width W; and the
second is length L. In this case, the width was left constant (W;
= 10 mm), and the length L was varied from 4 mm to 12 mm.
The k value was extracted from Eq. (7) [14].

R

k=
LIHA?

(M

where f; and f, are the corresponding resonant frequencies seen
from the simulated results. Figure 4 plots the k values vs. differ-
ent line lengths.

The filter was modeled in a full wave simulator with the
dimensions calculated from Figure 4. Then it was fine-tuned and
the final dimensions are: W,, = 6 mm, W; = 10 mm, h,, = 3.2
mm, 4, = 0.5 mm, L = 9 mm.

The second Chebyshev filter consists of a three-pole filter at
the same center frequency and a fractional BW of 13%.

From [17], the low pass element g parameters are obtained
as go = g4 = 1, g1 =g3 = 0.6291, and g, = 0.9702. Then, from
Eqgs. (4) and (5), the required external coupling Q. and the res-
onator coupling k are obtained as Q. = 4.8 and k£ = 0.166.
From Figure 4, the dimensions of the filter can be calculated.
Finally, the filter was fined tuned in the full wave simulator.
The final dimensions are: W, = 10 mm, W; = 10 mm, L = 8
mm.

External Q
K parameter

Dimension (mm)

Figure 4 External quality factor Q. and k parameter vs. width of
microstrip line (W,,) and length of interconnecting line (L), respectively
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Both filters are shown in Figure 6.

4. QUASI ELLIPTIC FILTER DESIGN

To enhance the roll-off response of the filters, two transmission
zeroes were added at the edge of the passband of the 3-pole fil-
ter. This was done by means of hairpin resonators coupled to
the feeding transmission line [18]. If the resonators were
coupled to the tunnel interconnecting lines, the k values may be
affected. Each resonator is dedicated to add a transmission notch
at a particular frequency; hence for two notches at both ends of
the passband, two resonators are required. The hairpin structure
consists of a metallic inductive ring with a dielectric capacitive
gap (also called split ring resonator). With proper design of the
ring and gap, we can design an LC resonator at the required fre-
quency. The split ring resonators are designed to resonate at
3.05 GHz and 4.2 GHz to have transmission zeros at each side
of the band. The dimensions of the resonators are ¢ = 11.5 mm,
¢ = 85 mm with a gap ¢ = 1 mm as shown in Figure 6. The
electric response of the resonator can be controlled by adjusting
the orientation of its gap with respect to the applied electric E
field. The parameters that affect the resonator response are the
shape, orientation, and the arrangement. The position of the split
ring resonator is optimized by using [13]. Several simulations
have been performed at different positions i.e., at the input port,
output port, and between waveguides. The optimized positions
of the hairpin resonator are shown in Figure 7.

2pole Chebyshev

3pole Chebyshev

!

3pole Quasi-elliptic f

sJcleuocsal uidieH

¥ 100mm d

Figure 6 Final layout of 2-pole and 3-pole Chebyshev filters with
ENZ tunnels along with quasi-elliptic filter with hairpin resonators
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Figure 7 Simulated and experimental responses of (a) ENZ two-pole filter, (b) ENZ three-pole filter

5. SIMULATION AND EXPERIMENTAL RESULTS

All filters were implemented on a single piece of Rogers 5010
Duroid with ¢, = 2.2 and height 2 = 3.2 mm. To fabricate the
tunnels, a standard PCB milling machine was utilized to carve
down the substrate to the required tunnel height of 0.5 mm.
Then, all the tunnel walls were metallized using copper tape.
The input and output lines were connected to standard SMA
connectors. The final circuits are shown in Figure 6. All simula-
tions consider lossless materials and were performed using [13].

The final simulated and experimental results of the 2-pole fil-
ter are shown in Figure 7(a). The center frequency for the simu-
lation and experiment is 3.6 GHz. Moreover, the return losses
are better than 15 dB throughout the band for the experiment
and better than 20 dB for the simulation. The experimental
insertion losses are about 1 dB. The measured experimental BW
is about 13%. This small difference can be attributed to the
exclusion of losses in the simulation.

The final simulated and experimental results of the 3-pole fil-
ter are shown in Figure 7(b). The center frequency for the simu-
lation and experiment is about 3.5 GHz. Moreover, the return
losses are better than 14 dB throughout the band for the experi-
ment and better than 16 dB for the simulation. The experimental
insertion losses are about 1.3 dB. The experimental BW is about
14%, slightly wider than the simulation (13%).

The responses for the quasi elliptic filter are shown in Figure
8. Simulated and measured return losses are 15 dB and 13 dB,
respectively. The experimental insertion losses are about 2.3 dB.
From the figure, it is clear that the transmission zeroes are
formed at 3.05 GHz and 4.2GHz for the simulation. For the
experiment, they are located at 3.27 GHz and 3.99 GHz. The
experimental BW is 10% compared with 13% for the simula-
tion. This is attributed to the frequency shift of the hairpin reso-
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Figure 8 Simulated and measured reflection and transmission coeffi-
cients of quasi-elliptic filter
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nators due to which forces transmission zeroes to be closer to
the center frequency due to manufacturing tolerances.

The small variations between simulation and experiment are
due to fabrication errors, material tolerances, and material
losses. However, good agreement is observed between experi-
ment and simulation.

6. CONCLUSIONS

ENZ tunnels have been presented for their utilization in micro-
wave filters. Two filters with Chebyshev responses and one
quasi-elliptic response were successfully demonstrated in which
simulated and experimental responses have reasonable
agreement.
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ABSTRACT: A tunable up frequencies of microwave photonics based
on stimulated Brillouin scattering (SBS) for application in radio over
fiber is demonstrated. The experimental setup consists of 7.7 km
dispersion compensated fiber, which acts as the nonlinear medium for
generating the SBS and is pumped by a narrow linewidth (0.015 nm)
tunable laser operating in L-band region. The input-modulated RF at 2
GHz is upshifted to new frequencies of 7.71, 7.68, 7.65, 7.62, 7.58, and
7.56 GHz at Brillouin pump wavelengths of 1580, 1585, 1590, 1595,
1600, and 1605 nm, respectively. This system allows certain tunability in
the upshifted frequencies by using a tunable laser source. © 2011 Wiley
Periodicals, Inc. Microwave Opt Technol Lett 53:1710-1713, 2011; View
this article online at wileyonlinelibrary.com. DOI 10.1002/mop.26106

Key words: fiber laser; stimulated Brillouin scattering; L-band region;
microwave photonics

1. INTRODUCTION

For a wireless network system, there is a need to improve on
the transporting of the microwave frequency over a longer dis-
tance. One possible way is to transport the radio frequency (RF)
over an optical fiber (RoF). This is an effective solution,
because it provides low transmission losses that are achievable
in a single-mode optical fiber. In fact, RoF has initiated consid-
erable interests in recent years [1-3]. Generally, existing systems
consist of base antenna station, which is connected to the center
station through optical fibers. The signals are transmitted over
the optical fiber at high frequencies, which requires high-fre-
quency microwave generators, modulator, and high-speed photo-
detectors, which can be rather expensive. There are, however,
other techniques that are based on nonlinear phenomenon in
optoelectronics devices [4, 5]. There are also the optical meth-
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ods, which are based on phase to intensity conversion in chip
fiber gratings [6]. These methods are rather involved and an
approach based on all optical technique will be an interesting
option. There have been earlier reports using stimulated Bril-
louin scattering (SBS) in generating the up and down conversion
of the RF signals in an optical fiber [7, 8], where two lasers are
used with optical frequency locking system, which adds to the
complexity in implementing the technique.

An improvement to this is to use a single laser, using SBS to
up and down convert the RF signal and using fiber bandgap
(FBGs) to simplify the process [9, 10]. The demonstrations are
around the C-band region of the optical transmission spectrum
and are limited to single input wavelength of a distributed feed-
back laser (DFB).

In this article, we report for the first time using a tunable laser,
which is readily available at low cost, whereby the signal wave-
lengths in the L-band region be tuned to generate a tunable fre-
quency upshifted signals. This method is also applicable for down
conversion, which, due to limited facility, cannot be demonstrated
in this article. The current technique allows flexibility in a system,
and the L-band signals can be dedicated for the RF over fiber with-
out interfering with existing optical traffics in the C-band region.

2. EXPERIMENTAL SETUP

The experimental set-up for microwave photonics frequency
conversion utilizing the SBS in L-band region is shown in Fig-
ure 1. It consists of a Brillouin pump (BP), which is from a tun-
able laser source (Santec- MLS 2100) with the output power of
6 dBm and a linewidth of 0.015 nm, which is an important
requirement for generating the SBS in a dispersion compensated
fiber (DCF) of length 7.7 km and with effective core area of 15
pm>. As the BP signals need to be modulated at 2 GHz, a Mach
Zehnder modulator (MZM) is used. Normally, the insertion loss of
a modulator can be relatively high, and in this case is about 7 dB.
An optical amplifier is used to overcome this insertion loss. The op-
tical amplifier consists of a bismuth-based erbium-doped fiber
(Bi:EDF) with a length of 215 cm and a dopant concentration of
6300 ppm (Asahi Glass). It is set to provide a gain bandwidth of
50 nm centered on 1585 nm. The amplifier is bidirectionally
pumped using two 1480-nm laser diodes with pumped power set to
generate enough gain to compensate for the loss of power due to
the MZM. The amplifier is set to operate with a gain of 12 dB for
input signal of 0 dBm at a wavelength of 1560 nm. This Bi-EDF
amplifier will boost up the BP to 12 dBm at its output end. The
BP signal is connected to Port 1 of the optical circulator (OC) and
exits at Port 2, which then enters the DCF through a fused coupler
(1480/1550). The DCF is also pumped using another 1480-nm laser
diode at 350 mW, which acts as the Raman pump. This generates
a Raman fiber amplifier (RFA) with the DCF as the gain medium.
This RFA will then amplify the BP with a net gain of 5 dB provid-
ing a BP output power of 17 dBm. The interaction of the BP and
the DCF will create a backward Stokes labeled as first Stoke, which
is down shifted to a new frequency given by the equation below,

fs = 2nvp/ A (1)

where, n is the core refractive index of the DCF, v, is the
acoustic wave velocity generated in the fiber, and 4, is the BP
wavelength. There is a minimum power requirement to generate
the first Stoke and this is given by Eq. (2) [9] as,
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