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Abstract

Self-dual media (SDM) have been shown to enable the
design of inherently reflection-less radiating elements for
phased array applications with extreme scanning demands.
As a natural continuation to this work, we lay here the foun-
dations for a complete SDM-based feeding and beamform-
ing network system in the form of SDM-based power split-
ters. The scope of this work includes simulations and opti-
mization of the splitters in several forms, as well as a tran-
sition from a conventional microstrip to SDM.

1 Introduction

Recently, we have applied the remarkable property of non-
reflection from self-dual media (SDM) [1] to the design of
inherently matched phased arrays over large scan range and
bandwidth [2]. We have shown the mechanism by which
self-duality is helpful in producing slowly-varying element
pattern that translates to very low active reflection coeffi-
cient over wide scan and frequency ranges [3]. As a nat-
ural continuation to this work, we proceed to the design
of SDM-based power splitters in several configurations, in-
cluding transitions from conventional microstrip lines, with
an eye for future design of beam forming networks as part
of comprehensive phased array systems. In general, SDM
are slab-like materials with the following property (1), and
will exhibit inherently zero backscatter when subject to a
normally incident plane wave:

εr(x,y) = µr(−y,x), (1)

at any cross-sectional plane z = const. within the slab. Con-
dition(1) merely defines a class of planar unit cells that re-
main unchanged if 1) the structure is rotated 900 about the
z-axis, and 2) any electric material with relative permittiv-
ity εr is replaced by a magnetic material with the relative
permeability µr = εr, and vice versa. An SDM-based radi-
ating element [3] is shown in Fig. 1. In this element, most
of the energy is funneled through the central bore with no
reflections. The bore can be deeply sub-wavelength. The
materials of choice are near-PECs and near-PMCs, assum-
ing that their properties obey (1) across the entire operating
frequency range. The outer dimensions can also be very
small compared with the wavelength. This element is to be
fed by a conventional microstrip line and incorporated into
a power dividing configuration.

Figure 1. . SDM radiating element. The top and bottom
(blue) prism-like regions are near-PEC with ε ′r = 1 and σe =
107 S/m and the complementary side (green) regions are
near-PMC with µ ′r = 1 and σh = 1.42 ·1012 Ω/m, such that
ε ′′r = µ ′′r � 1. As seen in the Figure, the size of the bore is
one-fifth of the side of the element,

2 SDM Power Splitters

Radiating elements of the type in Fig. 1, when incorporated
into a phased array system, would be fed by a power divid-
ing network. Rather than building a conventional splitter
and add transitions into individual elements, we propose
new types of splitters in the SDM environment. Out of sev-
eral possible structures, we present two options as follows.

2.1 Option I: Direct-Aperture-Feed Splitter

The Direct-Aperture-Feed (DAF) splitter is capable of split-
ting the energy in uniformly in a 1 : 16 ratio. It comprises
three main levels, all SDM, as seen in Fig. 2(a):

1. The “entrance level” is a section of the SDM element
of the type in Fig. 1, serves as the feed that includes
the input port plane;

2. The “tapering level”, that matches gradually the en-
trance level to the splitting aperture via a TEM mode;

3. The splitting aperture, made of a 2N × 2M array of
SDM elements that may have different external dimen-
sions than the feeder, seen also in Fig. 2(b). In the
following examples, all the central bores share equal
dimensions to maintain uniform amplitude distribu-
tion on the splitting aperture. We have also chosen
N = M = 2 as in this figure.



(a) Side view

(b) Front view

Figure 2. (a) DAF levels; (b) DAF splitting aperture. Elec-
trical and magnetic parameters of each of the 16 elements
are the same as in Fig. 1, however external dimensions may
be different.

The DAF splitter achieves a 1 : 2N+M power division (1 : 16
in Fig. 2(b)) in one stage, making it relatively compact and
easy to design and model. Moreover, theoretically, there
is no limitation on the operational bandwidth, thus a single
splitting network may become useful for several applica-
tions.

Figure 3. Representative example of splitter model involv-
ing bends and tapers to reduce the overall tapering length.

Total dimensions of the tapering level can be further re-
duced using E/H-plane bends. Also, although not strictly
SDM, 450 corners have shown good results. Example of
such a splitter model mixing bends and tapering level horn
are shown in Fig. 3. The effect of linear tapering length on
power-division performance has been investigated in two
aspects, viz. S-parameter performance and radiation effi-
ciency of the aperture when all aperture elements are open
ended and radiate. As a rule-of-thumb, for linear tapering,
reasonable performance will be achieved when the taper
length is twice the aperture size. S-parameter performance
of both 1 : 16 (N = M = 2) and 1 : 64 (N = M = 3) splitters
with taper length as per the above mentioned rule-of-thumb
are shown in Fig. 4. As expected, inherently good match-
ing is achieved all over the operational bandwidth. For ex-
ample, for the 1 : 64 splitter with the 100 mm taper length

(Figs 4(c) and 4(d)), the peak-to-peak deviations is 1.6 dB
and 480. In other words, the average difference between ad-
jacent elements is about 0.2 dB and 60. / Performance for

(a) S-parameter anplitudes, 1 : 16 splitter.

(b) S-parameter phase, 1 : 16 splitter.

Max Amp.Taper[Peak to Peak]:1.6dB

(c) S-parameter anplitudes, 1 : 64 splitter.

Max Phase.Taper[Peak to Peak]:48 Deg

(d) S-parameter phase, 1 : 64 splitter.

Figure 4. S-parameter performance for 1 : 16 and 1 : 64
DAF splitters. In (a) and (b), all ports are shown. In (c) and
(d), ports have been grouped, each group sharing the same
distance from the center of the aperture and the same am-
plitude and phase. Worst case for the 1 : 64 splitter occurs
at the highest frequency, marked with circles in (c) and (d).

two tapering lengths, 15 mm and 50 mm, are shown for the
1 : 16 splitter in Fig 5. As one may expect, results improve
with longer tapers.

2.2 Option II: Perturbed Splitter

Th perturbed splitter, proposed here, provides flexible geo-
metrical arrangement, as opposed to the DAF where all out-
puts are on the same plane. This splitter is composed of a
main SDM element of the type shown in Fig. 1, onto which
external SDM perturbations are drilled as in Fig. 6. The
perturbations are again SDM element of the same type, ex-
cept much narrower, and are referred herein as Secondary
SDM. Energy is coupled from the main bore to the sec-
ondary SDM. The output ports are located at the tip of
secondary-SDM. The basic structure is shown in Figs. 6(a)



(a) S parameters amplitude (dB) for a 50 mm taper.

(b) S-parameters phase (deg) for a 50 mm taper.

(c) S-parameters amplitude (dB) for a 15 mm taper.

(d) S-parameters phase (deg) for a 15 mm taper.

Figure 5. Blowups of S-parameter performance for two
lengths of taper in the 1 : 16 splitter.

and 6(b). The electric and magnetic fields are perturbted at
the intersection with the secondary-SDM, causing them to
couple into the drills, see Figs. 6(c) and 6(d) that show how
the entire power is essentially coupled into the secondary
SDM, with the two outputs being out of phase. This de-
vice also operates over a wide frequency band, as can be
seen in Fig. 7, showing a VSWR of approximately 2:1 over
the entire 3−10 GHz range. Simulation for the exact same
structure for the 3−20 GHz have shown similar results.

3 Microstrip to SDM Transition

To connect with conventional RF devices, a transition is
proposed as follows. We note that the bore within the radi-
ating element of Fig. 1 supports a TEM mode with a char-
acteristic impedance of Zc = 377 Ω. Since microstrip lines
with the same impedance are impractical we are propos-
ing a TEM horn [4] as a tapered transition between the two

(a) 3D configuration. (b) 3D model of the junction.

Output arm via Secondary-SDM

“PEC”

Output arm via Secondary-SDM

Input Port

(c) Side cross section.

(d) Blown up profile of the E-field in the main-to-secondary
SDM junction

Figure 6. perturbed splitter configuration.

Figure 7. S-parameters for the perturbed Splitter.

lines, see Fig. 8. The aperture of the TEM-horn that in-
terfaces directly with the SDM should support the funda-
mental TEM mode only. The cutoff wavelength of the next
higher order mode is given by λc = 2d, when d is the TEM-
horn height. In our operational bandwidth of 3− 10 GHz,
the dimensions of this output port are limited to 15 mm. As
the impedance at any point along the horn is given by

Zhorn = 120π
d(z)
W (z)

,

the requirement for 377 Ω line impedance at its output port
forces dout =Wout. The width and height at any other point
along the TEM-horn are governed by an exponential taper.
The TEM-horn may be fed in the standard way by using,
e.g., baluned-microstrip line. With the height and width at
the output already set, the sole unknown left to determine



is the input impedance which should fit the feeding waveg-
uide. In this proposed feeding method, the entrance level
for each SDM element is constructed of a standard waveg-
uide (such as baluned-microstrip). Other feeding methods
such as gap waveguides are under consideration.

The SDM itself, now uniformly illuminated by a normal in-
cident plane-wave, is transparent to this feeding structure.
Representative S-parameter results for the TEM-horn alone
is shown in Fig. 9(a) for an input impedance of 130 Ω,
while the SDM-to-TEM-horn level performance are shown
in Fig. 9(b). An example of feeding the TEM-horn-SDM
combination via a microstip line is shown in Fig. 9(c).
In this case, the performance is determined mostly by the
microstrip-TEM-horn interface.

(a)

(b)

Figure 8. (a) SDM fed with TEM-horn side profile. The
horn is wrapped with PMC walls at the sides; (b) feeding
via microstrip line.

4 Conclusions

With self-dual radiating elements posed to solve issues that
limit the scanning capabilities of phased arrays, the neces-
sary building blocks for the accompanying feeding network
have been introduced. The feasibility of new DAF and per-
turbed splitters and their feeding mechanism in SDM en-
vironment has been demonstrated. The results exhibit in-
herently good matching as expected. Our focus now is on
further optimization of the existing components as well as
investigating new potential components such as couplers.
Additionally, other mechanisms of feeding, and potential
usage of SDM as leaky-wave antenna elements and for
reflect-arrays are seen possible. The realization of near-
PMC media is also being investigated.
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(a) S-parameters of the TEM horn itself as input impedance is transformed
from 130 Ω to 377 Ω at the SDM interface.

(b) S-parameters of the TEM-horn-to-SDM transition

(c) Example of feeding via microstip line. S-paramteres for microstrip >
TEM-horn > SDM

Figure 9. S-parameter performance of the microstrip to
SDM transition of Fig. 8.
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