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1. Introduction

This final report documents the research work conducted in the previous one year for the
project “Design of Tunable, Thin and Wide-band Microwave Absorbers”. It consists of
two major parts: the first part (Section 2) is the theoretical analysis of scattering by a two-
dimensional periodic array of vertical microstrip lines; the other (Section 3) is the design
of a tunable microwave absorber. Simulated results are also provided to demonstrate the
two operating states of the designed tunable absorber. The final section summarizes the
further work to be conducted in the next one year.

2. Scattering by a 2D Periodic Array of Vertical
Microstrip Lines

This section provides a theoretical analysis of scattering by a two-dimensional (2D)
periodic array of vertical microstrip lines. Section 2.1 studies the propagation
characteristics of a 2D array of vertically placed microstrip lines. Section 2.2 solves the
air-to-microstrip line discontinuity using Floquet modes in the air region. Numerical
results for the scattering characteristics of the air-to-array discontinuity are also presented.

2.1 Propagation Characteristics

Figure 1 shows a 2-D periodic array of vertically placed microstrip lines. It is seen that
the unit-cell of this array is basically a microstrip line sandwiched between two periodic
boundaries. Under an oblique incidence, the periodic boundary can be characterized by a
phase shift @,, which is a function of the angle of incidence. The top and bottom PEC
planes refer to the ground of a printed circuit board. Since the problem of a 2-D array can
be reduced to that of a unit-cell based on Floquet theorem [1], we can therefore study the
propagation characteristics of the unit-cell using an efficient full-wave mode-matching
method.

The unit-cell can be divided into three distinct regions, as shown in Fig. 1(c). Region I
consists of an inhomogeneous waveguide that supports LSE and LSM modes [1]. This
inhomogeneous region is further divided into two sub-regions (i), (ii)). We use the
following y-directed Hertzian potentials:
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Fig. 1. Geometry of a 2-D periodic array of vertically placed microstrip lines, (a)
perspective view, (b) top view, (c) cross-sectional view of a unit-cell.
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Fields in Region II are also derived from their y-directed potentials:
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Expressions for Region III potentials can be obtained from (2) by replacing ‘y-d’ and
‘h-d’ with y and d, respectively. The following boundary conditions are enforced on the
tangential field components at the regional interface and the periodic boundaries.
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where £f and #/ denote the tangential electric and magnetic fields in region p. o is the
phase shift between two adjacent periodic boundaries, which can be related to the
incident angle. Solving these boundary conditions through suitable orthogonal relations
leads to a system of linear equations. It is then transformed to a matrix equation whose
non-trivial solution yields the propagation constant /.
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Fig. 2. Dispersion diagram of the first six modes of a periodic array of microstrip lines (¢
=2mm,b=5mm,h=5mm,d=1.524 mm, ¢, =3.38, &,=0).

Fig. 2 shows a comparison of the dispersion diagram generated by our method with the
one obtained from CST Microwave Studio (MWS). An excellent agreement can be
observed. Considering a small phase shift, we can observe the existence of two quasi-
TEM modes. When @, = 0, these two modes are similar to those of a microstrip line
shielded with PMC side walls. Fig. 3 illustrates the field patterns of these two quasi-TEM
modes. Most of the power carried by the first mode is concentrated in the substrate region,
while the second propagates dominantly in the air region above the substrate [2].

Fig. 4 shows the variation of propagation constants of the first three modes when @, is

varied from 0 to 120°. In the region of lower frequencies, propagation constants of these

modes decrease with an increase in the periodic phase shift. The substrate mode remains
almost stable while the air-mode becomes evanescent at lower frequencies when the



periodic phase shift is increased, as shown in Fig. 4. Basically, when the periodic phase
shift is @, = 0°, virtual magnetic walls may be considered between the strips of the
periodic array of microstrip lines. Hence, the existence of two quasi-TEM modes can be
attributed to the presence of three isolated conductors in this case. On the other extreme,
when @, = 180°, a virtual PEC wall may be considered between the strips. Since this
geometry is known to support the propagation of single quasi-TEM mode, it may explain
the variation of the air-mode in Fig. 4, which becomes evanescent with an increase of the
periodic boundary phase shift.

Substrate mode A mode

Figure 3: Field patterns of the two dominant modes in a shielded microstrip line with
periodic boundaries at two side walls.
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Fig. 4. Variation of the propagartion constant § as a function of periodic phase shift @,
for first three modes of a periodic array of microstrip lines, (t =2 mm, b =5 mm, h =5
mm,d = 1.524 mm, &, = 3.38).

2.2 Air-to-Array Discontinuity

Fig. 5 shows a unit-cell of the proposed array of thickness L, which is illuminated by a
plane wave incident from air. Regions 1 and 2 denote the air region and the microstrip



line region, respectively. Based on Floquet’s theorem, the problem of air-to-array
discontinuity is also reduced to that of an air-to-microstrip line discontinuity.
Tangential field components in Region 1 can be written as:
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denotes the propagation constant of a mode. Expressions for transverse modal field

pq), and admittance Yl(,q), are given in [3]. Region 2 supports hybrid modes as follows,
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where D) and D, are the coefficients of the forward and backward waves, respectively.

Expressions of the transverse modal fields E,(lz) , E,(lz) are derived from the previous

section. Modal fields in the two regions are normalized according to the following
orthogonality relations [3]:

J. J. e dxdy 0, J. J. dxdy 0, r=#s.

Enforcing the continuity of tangential field components at the air-to-microstrip line
interface z = () results in two sets of equations:
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where s’ is a unified index for ‘pgr’ modes in Region 1, and
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The generalized scattering matrix of the air-to-array discontinuity is calculated as:
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where 110 and 1? are the identity matrices of sizes S x S and N x N, respectively.
An array of finite thickness can be modeled as a cascaded junction of two air-to-array
discontinuities, and its S-parameters can be easily calculated [3].
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Fig. 5. Cross-sectional view of the unit-cell of a finite length array illustrating a cascaded
junction of two air-to-microstrip line discontinuities.

For the given angles of incidence € and ¢, we first express the periodic boundary shift
as @, =—(kysinfcosp)b , calculate the modes of Region 2, and then apply the above
procedure to obtain scattering parameters.
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Fig. 6. S-parameters of a cascaded junction of two air-to-array discontinuities under TE
incidence (¢ = 0.2 mm, b =5 mm, h = 3.124 mm, d = 1.524 mm, ¢, =3, L = 9.5 mm, ¢ =
0, 6 = 40°).



Fig. 6 compares our results with those obtained from CST MWS, whereby a very good
agreement is noted. Fig. 7 shows the reflection coefficient of a single air-to-array
discontinuity for TEy and TMyy Floquet modes. It also presents the transmission
coefficients of the first two modes of the microstrip line region, where S>;(1) and S»1(2)
refer to the substrate-mode and the air-mode, respectively. It may be noted that most of
the incident energy carried by TEy Floquet mode is coupled to the air-mode (second
mode) of microstrip lines. This is understandable from the field distribution of the air-
mode shown in Fig. 3. On the other hand, the first two modes of the array are not excited
by the TMyo Floquet mode. Therefore, it results in strong reflection, as seen in Fig. 7 (b).
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Fig. 7. Reflection coefficient of air-to-microstrip line discontinuity, and transmission
coefficients of the first two propagating modes under TE and TM indidence (¢ = 2 mm, b
=S5mm,h=5mm,d=1.524 mm,¢e, =3.38,¢0p=0,60=0).



3. Design of Tunable Absorber

After a careful study of the scattering characteristics of a two-dimensional periodic
array of vertically placed microstrip lines described in the previous section, we designed
a wide-band circuit analog absorber [4] based on the broad-band matching of free space
to a short-circuited transmission line [5]. During the past one year, researchers at
Nanyang Technological University (NTU), Singapore, together with Prof. Raj Mittra of
Penn State University, have conducted the following work for the project (AOARD-10-1-
4061) to design a tunable, thin and wide-band microwave absorber.

(1) A new study of the absorption by employing lumped circuit elements in the
printed transmission lines has been conducted to achieve a thin and wide-band
absorbing structure. It is found that for a unit cell, a series connection of
lumped resistor R and capacitance C together with a parasitic inductance in
the connecting line can produce an improved wide absorption bandwidth, as
shown in Fig. 8 [6].
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Fig. 8. Equivalent circuit model and simulated results of a broad-band matching to a
short-circuited transmission using shunt RLC .

(i1) By inserting PIN diodes in the printed transmission lines a design of tunable
microwave absorber has been obtained. By changing the biasing voltage
across the PIN diode, it can serve either short-circuit (‘ON’ state) or open-
circuit (‘OFF’ state), which produces two states for the tunable absorber.
Simulated results show that the first state achieves a frequency range from
2GHz to 5.8GHz and the second state covers from 5.5GHz to 9GHz. Fig. 9
shows the geometry of the tunable microwave absorbing structure. Simulated
absorbing performance of the structure under two states for both normal and
oblique incidences is illustrated in Fig. 10 and Fig. 11. The design model has
been finalized and is currently under fabrication. Due to delays in shipping the
dielectric substrates and a mistake in fabricating one board, measured results
are not available at the moment. Measured results of its absorbing

10



performance and tuning range will be provided and compared with our
simulated results in the near future.

Plane YWave Incidence

Fig. 9. Geometry of the designed tunable microwave structure with lumped circuit
elements and DC biasing circuits.

Frequency (GHz)

Fig. 10. Simulated results of the absorbing structure under State 1 (pin diodes are reverse-
biased).
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Fig. 11. Simulated results of the absorbing structure under State 2 (pin diodes are
forward-biased).

4. Recommendations for Further Work

Based on the investigations conducted in the previous year, we envisage that there are
still a number of issues to be addressed for the proposed tunable absorber.

(a) The thickness of our designed tunable absorber may be improved. Although the
current thickness is already very thin (less than one-tenth free-space wavelength at
the lowest frequency), there is still room for improvement. It is known that one
effective way to substantially reduce the thickness of a microwave absorber is to
incorporate a very thin layer of magnetic material. A careful study may be carried
out to look into how to insert a very thin layer of magnetic material into our
structure to significantly reduce the absorber thickness.

(b) It is seen that the bandwidth of our designed absorber may also be improved,
especially for the second state (high frequency band). A new concept proposed by
Prof. Mittra during his recent visit to NTU is to employ wide-band array antenna
structures to broaden the bandwidth of microwave absorbers. Wide-band array
antennas are excellent wide-band transitions between free space and guided
transmission lines and they may effectively enhance the absorption bandwidth of
our absorbing structure. An investigation into the combination of wide-band
antenna structure and microwave absorber is worthwhile and may produce
unexpected results.
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(c) It is noted that our designed tunable absorber operates under a linear polarization
when the electric field is pointing in the direction normal to the microstrip line. It is
not an effective absorber under other polarizations. It would be much more useful
and practical if our absorber could operate under dual polarizations. A change in
the absorbing structure will be necessary to make the unit cell as symmetric along
both axes as possible, which will produce an absorber for incident waves of
arbitrary polarization.

In view of the mentioned issues associated with our proposed microwave absorber, we
intend to continue our investigations into the design of tunable, thin and wideband
microwave absorbers in the following one year. More specifically, we intend to address
the three key issues raised above.

(1) A careful study will be conducted to reduce the thickness of our absorbing
structure by inserting a very thin layer of magnetic material. Existing and
available magnetic materials will be studied for our purpose and a
demonstration will be provided to show the effect on the absorber thickness
by incorporating the thin layer of magnetic material.

(2) The concept of combining wide-band array antennas with our proposed
absorbing structure will be thoroughly investigated to potentially widen the
bandwidth of the designed absorber. With the wide-band array antenna, the
incident plane wave can be more smoothly and effectively coupled to the
guided mode traveling along the transmission line, which may significantly
widen the absorption bandwidth of our tunable absorber.

(3) If a square unit cell can be used, one may expect to achieve a dual-polarized
microwave absorber, which should be more useful in practice. It is hoped that
several possible structures can be investigated in the following one year to
identify one promising candidate for designing dual-polarized tunable
absorber.

Just like the previous one year, most of the research work will be conducted in Nanyang
Technological University, Singapore, with regular email exchanges between researchers
in NTU and Prof. Mittra of Penn State University. A couple of visits to NTU by Prof.
Mittra may also be planned so that extensive discussions about technical details can take
place. It is expected that the conducted research may result in a few journal or conference
publications in the next year.
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