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Electromagnetic Crystal (EMXT) Waveguide
Band-Stop Filter

Hao Xin, Aiden Higgins, Jonathan Hacker, Moonil Kim, and Mark Rosker

Abstract—An electromagnetic crystal (EM XT) with a bandgap
around 35 GHz is used as the top and/or bottom walls of a rect-
angular waveguide. Because of its bandgap, such an EMXT wave-
guide is a very effective band-stop filter with the regection band
centered at 35 GHz. More than 70 dB of isolation for the rejec-
tion band and lessthan 2 dB of insertion lossfor the passband are
measured. Finite element simulation of the EMXT band-stop filter
agrees very well with measurements. Using tunable EMXT walls,
aband-stop filter with adjustable center frequency and bandwidth
can also be realized.

Index Terms—Band-stop filter, electromagnetic band gap, elec-
tromagnetic crystal, waveguides.

|. INTRODUCTION

LECTROMAGNETIC crystals (EMXT), aso known

as photonic bandgap crystals when used in optical ap-
plications, are periodic electromagnetic structures. The term
“bandgap” has its origin in the “band-stop” characteristic of
transmission through or along these surfaces. EMXTs exhibit
this rgjection band at a “resonant frequency.” The type of
EMXT discussed here provides a high impedance surface at
the resonant frequency; such surfaces are very useful in many
microwave and millimeter wave components and systems, such
asantennaground planes[1], [2], TEM waveguides[3]-{5], and
bandpass filters [6]-{8]. The high surface impedance EMXT
with tunabl e resonant frequency has also been realized recently
for both microwave [9] and millimeter wave applications [10].
Tunable surface EMXTs may be very attractive for many
EM applications since they can provide controllable arbitrary
surface boundary conditions. A Kaband waveguide phase
shifter with tunable EMXT surface replacing metal sidewalls of
arectangular waveguide has been built [11]. A 4 x 4 Ka-Band
phased array using the EMXT waveguide phase shifter as
both the phase-shifting and radiating elements has also been
demonstrated [12].

In this letter, we will present a novel waveguide band-stop
filter using the high surface impedance EMXT as the top
and bottom walls of a rectangular waveguide. A prototype
band-stop filter made using a surface EMXT with a fixed high
surface impedance “bandgap” around 35 GHz is demonstrated.
The EMXT wall resonant frequency and bandwidth determine
the center frequency and bandwidth of the filter. We will also
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Fig. 1. Geometry of the striped-electromagnetic crystal (EMXT).
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Fig. 2. (8 EMXT characterization by reflection measurement. (b) Measured
reflection phase as a function of frequency for the EMXT used in this work.
This EMXT has aresonant frequency around 35 GHz.

discuss band-stop filters of electronically adjustable center
frequency and bandwidth using tunable EMXT surfaces.

II. EMXT WAVEGUIDE BAND-STOP FILTER
A. EMXT Surface

The EMXT used in this paper is composed of athin dielec-
tric substrate that is metalized completely on the backside asthe
ground plane and has stripes of metal separated by narrow gaps
on thefront side (Fig. 1). Rogers Duroid RO6003 of relative di-
electric constant 6.15 and losstangent 0.013 at 35 GHz was used
as the EMXT substrate. Gap “g,” substrate thickness “4,” and
stripe width “w” determine the bandgap, or, resonant frequency
F,.., of the EMXT. The through substrate vias are included to
suppress the undesirable surface modes [11]. In this work, the
metal strips have awidth of 14 mil and are separated by agap of
6 mil. The substrate has a thickness of 25 mil and the substrate
vias have a checker board distribution.

AnEMXT surface can be characterized by thereflection mea-
surement depicted in Fig. 2(a). The reflection coefficient of a
waveguide terminated by the EMXT surface under test is mea-
sured; and from the measured reflection coefficient, #..,, the
bandwidth and the loss of the EMXT can all be determined.
Fig. 2(b) shows the measured reflection phase as a function of
frequency for the EMXT used in thiswork. At the resonant fre-
quency F.., of 35 GHz, thereflection phaseis zero degrees. In
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Fig. 3. Picture of the waveguide band-stop filter with its top and bottom walls
replaced by striped-EMXT surfaces.

other words, 35 GHz is the center of the EMXT bandgap. The
bandwidth (defined to be from —90 to 90 degrees) of the EMXT
ranges from 31 GHz to about 40 GHz. The step in the reflection
phase is due to undesirable substrate modes.

B. EMXT Waveguide Band-Sop Filter

In references [5], [10], the sidewalls of a rectangular wave-
guide are replaced by striped-EMXT surfaces oriented to in-
hibit transverse current in the waveguide walls and to achieve
a TEM waveguide and a phase shifter. In this work, the top
and bottom walls of a regular WR28 waveguide are replaced
by striped-EMXT surfaces, with the strips oriented perpendic-
ular to the wave travelling direction in the guide to inhibit lon-
gitudinal surface currents. Since no longitudinal rf current isal-
lowed to flow along the EMXT surface within its bandgap, all
modes are inhibited and an effective band-stop filter can be re-
dized inthisconfiguration. Fig. 3 showsapicture of the EMXT
waveguide band-stop filter. Thetop and bottom walls of aWR28
waveguide were cut, and two 800-mil-long EMXT described
above were flush mounted, with the striped surfaces facing in-
side of the waveguide. Thus, thisfilter is made of 800-mil long
EMXT guide with 500-mil long metal guide extension at both
the input and the output sides.

I11. RESULTS AND DISCUSSION

The EMXT waveguide filter response throughout the entire
Ka-band (26.540 GHz) is measured by using a vector network
analyzer. The EMXT waveguide has astopband centered around
35 GHz and spanning from about 31 to 40 GHz, just as the
reflection measurement of the EMXT would predict (seeFig. 2).
As shown in Fig. 4, up to 80 dB of isolation (limited by the
network analyzer sensitivity) is measured within the stopband.
From 31.2 to 32.2 GHz, the measured isolation increases from
6 dB to 35 dB. Outside of the stopband, less than 2 dB of loss
is measured, and it is mainly due to the dielectric loss of the
substrate (confirmed by finite-element simulations described in
the following section).

The three-dimensional (3-D) EM simulator Ansoft HFSS is
used to simulate the frequency response of the above EMXT
waveguide. Simulated and measured results are compared in
Fig. 4. Agreement between simulation and measurement is
quite good, except that the simulation predicts a stopband
center around 37 GHz rather than the measured 35 GHz. This
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Fig. 4. Measured and HFSS simulated frequency response (26.5-40 GHz) of
the waveguide band-stop filter with EMXT top and bottom walls. Notice the
correlation between the stopband and the bandgap in Fig. 2.
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Fig. 5. Measured insertion loss and return loss of the EMXT band-stop filter
with only one EMXT wall. Notice the change of the stopband center and the
bandwidth comparing to the two-wall EMXT guide.

5% discrepancy in frequency is probably due to manufacturing
imperfections (i.e., some of the substrate vias are not centered
perfectly in the metal strips) and uncertainty in the substrate
dielectric constant.

A waveguide with only one wall replaced by the EMXT sur-
face has also been investigated. Fig. 5 shows the measured re-
turn loss and insertion loss of the waveguide with only one
EMXT wall. The center frequency of the stopband islower and
the bandwidth is narrower compared to the waveguide with two
EMXT walls. Thereturnlossislow (averaging lower than 1 dB)
for the stopband. It isworth mentioning that aband select system
could be constructed by using this EMXT waveguide and acir-
culator.

Adgile band-stop filters could be realized by using tunable
EMXT surfaces. InP quantum-barrier varactor loaded EMXT
has been demonstrated to have a tunable resonant frequency
covering amost the entire Ka-band with less than 10 V of bias
voltage [11]. Fig. 6 shows the measured reflection phase of the
InP varactor EMXT as a function of frequency at various bias
voltages. The direct connection between the reflection charac-
teristics of the EMXT surface and the band-stop behavior of the
EMXT waveguide (Fig. 2 and Fig. 4) indicates that a tunable
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Fig. 6. Reflection phase results at various bias voltages of an InP
quantum-barrier varactor based tunable EMXT. The resonant frequency is
tuned from 31 to above 40 GHz.

band-stop waveguide filter could be achieved using the demon-
strated tunable EMXT asthe top and bottom walls. With the top
and bottom EMXT wallsindividually controlled, both the center
frequency and the bandwidth of the stopband could be poten-
tially tuned in the order of nanoseconds (only limited by the bi-
asing circuit). In addition, multiband rejection is also possible.
It is worth noting that in contrast of the EMXT phase shifter
described in reference [11], the loss associated with the series
resistance of the tuning devices of the EMXT near its resonant
frequency would not impact the performance of the band-stop
filter. Instead, the resonant loss would enhance the band rejec-
tion of the filter.

IV. CONCLUSION

A waveguide band-stop filter using EMXT walls with a
bandgap centered at 35 GHz has been demonstrated. The
rejection band is a direct reflection of the EMXT bandgap so
that the EMXT design determines the center frequency and

the bandwidth of the filter. High isolation (>70 dB) for the
stopband and low loss (<2 dB) outside of the stopband are
measured. High performance frequency and bandwidth agile
filters can be made using tunable EMXT walls.
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