
cated bandpass filter is at 2.47 GHz and the fractional bandwidth
is 5%. The measured insertion loss and return loss of the filter is
�3.68 and �14.92 dB, respectively. The measured center fre-
quency, insertion loss and return loss of the fabricated filter are in
agreement with simulated results.
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ABSTRACT: Rapid prototyping by an extrusion freeforming technique,
of ceramic metamaterials based on a woodpile structure at millimeter-
wave frequencies has been performed. The finite difference time domain
technique is applied for the design and characterization of the proposed
metamaterials. The transmittance of the millimeterwave metamaterials is
measured in the range of 75–110 GHz. Both measurement and simula-
tion results are in good agreement. © 2007 Wiley Periodicals, Inc.
Microwave Opt Technol Lett 49: 2090–2093, 2007; Published online in
Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/mop.
22697
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1. INTRODUCTION

Millimeterwave systems are becoming increasingly important in
many scientific, civil, and military applications because they can
provide wider bandwidth for transmitting large amount of data and
better resolution in radar systems. In recent years, it has been
demonstrated by various groups that novel devices can be realized
using electromagnetic bandgap (EBG) structures, a class of meta-
materials. EBG structures, also known as photonic bandgap struc-
tures (PBG) [1, 2] in optics, are now finding numerous applications
at microwave and millimeterwave frequencies [3, 4]. In general,
EBG structures consist of periodic dielectric or metallic elements,
and exhibit forbidden frequency bands (bandgap). The full poten-
tial of EBG structures can be utilized with a full three-dimensional
(3D) bandgap. Thus, rapid and cost-effective fabrication tech-
niques for 3D EBG structures are of significant importance. The
woodpile structure shown in Figure 1, also called a layer-by-layer
structure, consists of stacked diffraction gratings, in which adja-
cent layers are perpendicular to each other. This structure pos-
sesses face-centered-tetragonal symmetries and provides a full 3D
bandgap. Such a periodic structure can be easily fabricated for
microwave applications using columns of individually machined
dielectric materials with preferable dimensions. However, at mil-
limeterwave frequencies, conventional machining would not be
convenient because of small dimensions (50–500 �m). Various
sophisticated microfabrication techniques such as silicon lithogra-
phy and wafer fusion are available for microstructures, but those
are more appropriate for terahertz and photonic wavelength appli-
cations, and would be costly to fabricate 3D structures with large
number of layers for applications at W-band (75–110 GHz). The
team at University of Michigan [5] has used indirect solid free-
forming to make alumina woodpile structures by casting ceramic
slurry into a solid freeformed mould. In this letter, we present a
direct rapid prototyping method for constructing 3D EBG materi-
als for millimeterwave applications, with a possible extension to
higher frequencies based on extrusion freeforming of ceramic
materials [6]. The proposed fabrication method can also be versa-
tile for constructing curved geometries and creating defects in
layered structures.

Figure 6 Simulated and measured frequency responses of the bandpass
filter
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2. WOODPILE EBG DESIGN

We choose to design EBG structures for around 95 GHz, at which
frequency security imaging radars widely operate. We first deter-
mine the rod width (w) and period (a) based on the bandgap
frequency found in the dispersion diagram. We use the finite
difference time domain (FDTD) method for the computation of the
dispersion diagram of the woodpile EBG structure [7, 8]. Other
methods are also available [9, 10]. A nominal permittivity value of
alumina material (�r � 9.6) at 95 GHz [11] was used throughout
the simulation. Figure 2 shows the computed dispersion diagram of
the woodpile structure with w/a � 0.25, where w is the width of
the dielectric rod, and a is the period of the square lattice. A
complete bandgap exists between the normalized frequencies of
0.45 and 0.51. The design parameters for the woodpile have been
found as w � 0.4 mm and a � 1.6 mm with �r � 9.6. To verify
the existence of the bandgap, the transmission property was char-
acterized along the vertical direction (�-Z direction) with horizon-
tally polarized electric field. Figure 3 shows the simulated trans-
mittance of the designed woodpile EBG structure with 1–3 periods
in vertical direction. In the vertical direction, bandgap exists be-
tween the normalized frequencies of 0.45 and 0.63, which corre-
spond to 84 and 118 GHz in actual frequency. The attenuation of
the electric field within the bandgap is clear, while at the frequen-
cies outside the bandgap, the wave is propagating with very little
attenuation.

3. FABRICATION OF MILLIMETERWAVE EBG STRUCTURE

The designed woodpile structure has been fabricated using the
extrusion freeforming technique. The fabrication facility at Queen
Mary, University of London (QMUL) is currently capable of
making ceramic filament as thin as 80 �m with 20 �m spacing.
The high purity alumina powder (99.992%, d50 � 0.48 �m, ex
Condea Vista, Tucson, Arizona) was used as a dielectric material.
The poly vinyl butyral (PVB), grade BN18 (Whacker Chemicals,
UK) was used as the binder with addition of a grade of poly
ethylene glycol (PEG) that is liquid at ambient temperature,
(MWt � 600, VWR, UK). Mixtures of 75 wt% PVB and 25 wt%
PEG600 were fully dissolved in propan-2-ol (GPR, VWR, UK).
Independently, the alumina powder was dispersed in propan-2-ol
by an ultrasonic probe (IKA U200S, IKA Labortechnik Staufen,
Germany) for 15 min. These were mixed to provide a ceramic/
polymer mixture which has 60 vol% of ceramic powder based on
the dry mass. After partial drying to reach a solvent level suitable
for extrusion, the slurry became a paste with the final solvent
content of 15 wt%. The pastes were extruded from a metal tube
driven by a microextruder (micro-stepper motors (50,000 steps/

Figure 1 (a) Geometry of the woodpile structure, (b) Brillouin zone
defined for the unit cell. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com]

Figure 2 Computed dispersion diagram. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com]

Figure 3 Simulated transmittance of woodpile EBG structure. [Color
figure can be viewed in the online issue, which is available at www.
interscience.wiley.com]
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rev) supplied by ACP & D, Ashton-under-Lyne, UK, with a 64–1
reduction box driving 1-mm-pitch ball screws (Automation, Old-
ham, UK) positioned over a three axis high performance linear
motor table (MX80L Miniature Stage, Parker Hannifin Automa-
tion, Dorset, UK) capable of high acceleration (39.2 ms�2) and
speed (100 mms�1) [6]. The extrusion dies of 400 and 500 �m by
Quick-OHM (Sapphire waterjet cutting nozzle, model 1715) have
been used. The table was driven by Labview software. After
drying, the woodpile samples were heated at 2°C/min to 400°C
with a 1-h-dwell following 5°C/min to 1540°C with another 1-h-
dwell before furnace cooling to room temperature. The total linear
shrinkage (dry shrinkage and sintering shrinkage) of the woodpile
structure is 21%. Photos of the fabricated woodpile structure are
shown in Figure 4.

4. MEASUREMENT RESULTS

We characterized the fabricated woodpile structures by performing
transmission measurements using the millimeterwave transmitter
and receiver. The millimeterwave source used for the measurement
is capable of sweeping from 75 to 110 GHz. The fabricated
woodpile structure was placed between the two identical circular
horn antennas and a frequency sweep was performed to measure
the transmission characteristic of the sample. To avoid diffraction
from the edges of the sample, microwave absorbing materials were
applied on the edges of the sample. The photo of the actual
measurement setup is shown in Figure 5. We measured the wood-
pile samples in 30 � 30 mm2 size. The measured results are shown
in Figure 6. The simulated results are also plotted for comparison.
The simulated woodpile structure is assumed to be infinite. The
actual physical parameters of the measured samples were w � 0.41
mm, a � 1.67 mm. The measured results show a good agreement
with the simulated results, except slight offset in the transmittance
level. The discrepancies in the transmittance level is attributed to
the assumption (infinitely wide structure) made for the simulation
showing higher attenuation along the direction of propagation.

5. CONCLUSIONS

In this letter, we have presented a woodpile EBG structure for
millimeterwave applications fabricated by using a rapid prototyp-
ing technique based on extrusion freeforming. Numerical simula-
tions have been performed for the design of millimeterwave wood-
pile structures. The fabricated woodpile structures have been
measured. Experimental results showed a good agreement with the
simulated results. The extrusion freeforming technique could be
more flexible and versatile in realizing various microwave and
millimeterwave structures.
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ABSTRACT: A geometrically base single bounce power azimuth spec-
trum model for mobile communication systems is proposed in this arti-
cle. The scatterers are assumed to distribute around the transmitting
antenna within a circular region. The distribution of the scatterers
can be arbitrary, e.g., Rayleigh, exponential etc. Power azimuth
spectrums are derived for these propagation environments. Compari-
sons between our theoretical calculations and the empirical results
as well as the measurement data reported in the literature show that
the Rayleigh distribution scatterer models is applicable for the out-
door microcell propagation environment, while the exponential dis-
tribution scatterer model is accurate for the indoor office/laboratory
propagation environment. © 2007 Wiley Periodicals, Inc. Microwave
Opt Technol Lett 49: 2093–2097, 2007; Published online in Wiley
InterScience (www.interscience.wiley.com). DOI 10.1002/mop.22686
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1. INTRODUCTION

With the advent of smart antenna systems for both interference
cancellation and position location applications, in addition to sig-
nal power level, the spatial and temporal properties of the channel
have an enormous impact on the performance of the system. Hence
the propagation channel models providing the information about
the spatial and temporal properties are needed. Geometrically
based single bounce models [1-8] have been shown to be an

effective way to investigate these statistical characteristics. Liberti
and Rappaport [1] developed a statistical model for microcell
communication system assuming that the scatterers are uniformly
distributed inside an ellipse with foci at the base station and the
mobile receiver. The circular scattering macrocell channel model
[2] assumes that the scatterers are uniformly distributed within a
circle around the mobile receiver, and the base station is outside
this area [3] proposed a more general approach that the probability
density functions (pdf) for both elliptical [1] and circular [2]
scattering models can be derived using a common approach [4]
described an analytical channel model based on the assumption
that omnidirectional scatterers are distributed uniformly on a two-
dimensional hollow-disc centered upon the mobile. By varying the
hollow disc’s thickness, this spatial density degenerates to the
well-know uniform-ring or uniform-disc density [2, 3]. However,
all these models focus on the pdfs of the angle of arrival (AOA)
and time of arrival (TOA), no power spectrum has been analyzed.
In our previous papers [9, 10], a geometrically based single bounce
model was proposed, which assumes that the scatterers are uni-
formly distributed around the base station within a circular region
of radius R, where R can be determined by the coverage area of the
base station. In [11], the uniform distribution scatterer model is
extended to a more general case, where the scatterers can be of any
distribution. Rayleigh distribution and exponential distribution are
used to model the outdoor microcellular and indoor office/labora-
tory propagation environment. In this article, the power azimuth
spectrum (PAS) for these models will be investigated.

The article is organized as follows. In Section 2, a general
formulation of the model is given, and the derivation of the power
azimuth spectrum is outlined. The PASs for the Rayleigh distri-
bution scatterer model and the exponential distribution scatterer
model are analyzed in Section 3. Section 4 is the conclusion of our
work.

2. THEORY AND FORMULATION

2.1. The Geometrically Based Channel Models
Figure 1 shows the geometry of the scatterers around the base
station B. The mobile receiver is marked as M (without loss of

Figure 1 Scatterer geometry
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