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Graphical design method for unequal power
dividers based on phase-balanced SIW

tee-junctions

SORAYA CONTRERAS AND ALAIN PEDEN

This paper presents a detailed procedure to design substrate integrated waveguide (SIW) Tee-junctions with wide-range split-
power ratio (from 1:1 to 1:8) and phase-balanced outputs. A set of curves was generated using an electromagnetic (EM) simu-
lator to graphically determine the required parameters for the desired junction. Since such curves are provided, no further
electromagnetic simulation is required when applying the proposed method. Input return loss at central frequency is guaran-
teed to be better than 18 dB. If an optimization procedure is required, the parameters obtained from this methodology may be
used as initial values for such a process. Moreover, design rules are given for implementing 1 — 2" unequal power dividers
with phase-balanced outputs. To demonstrate the accuracy of the proposed graphical method, three implementation examples

are provided: two Tee-junctions and a 1 — 4 power divider.
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. INTRODUCTION

Since early investigations of hybrid Tee-junctions [1], a great
deal of studies have been conducted aiming to analyze [2],
improve [3], and optimize [4, 5] this structure. The reason
for this constant interest is the wide range of applications of
this power divider. Indeed, the Tee-junction has become an
essential component in microwave and millimeter-wave
systems such as multiplexers, couplers, antenna feed net-
works, etc. [6, 7]. Traditionally, these components have been
based on rectangular waveguides, which prevent them from
being used in highly integrated and low-cost applications.
However, by using substrate integrated waveguides (SIWs),
it has been possible to construct such devices in planar sub-
strates by using PCB technology. SIWs, proposed in [8], are
waveguides that may be synthesized in planar substrates by
using metallic posts to construct lateral walls. An important
number of microwave and millimeter-wave components
have recently been developed based on this technology,
including Tee-junctions [9, 10].

SIWs are especially attractive for antenna feeding because
they make it possible to integrate the radiating elements and
circuits in the same substrate [11]. For such feeding systems,
unequal power dividers are essential to satisfy stringent
pattern characteristics, high directivity, and low side-lobes
required in radars and satellite communications.
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In this paper, a detailed procedure is proposed to design
SIW Tee-junctions with wide-range split-power ratio and
phase-balanced outputs. Furthermore, it is shown how these
junctions may be connected to obtain 1 — 2N unequal
power dividers. The proposed methodology is remarkably
convenient because it details how to set the junction par-
ameters for power split ratios varying from 1:1 to 1:8
without performing any simulations. The structure par-
ameters, as proposed in this paper, guarantee input matching
better than 18 dB; besides, they can be set as starting values for
eventual optimizations.

The SIW Tee-Junction structure used in this paper is
inspired by the one presented in [3]. This model was also
used in [10] to develop a graphical procedure for
Tee-junctions design with arbitrary power division ratio;
however, the maximum ratio achievable with such a method
is 1:2.8, which is excessively limiting for system designs
requiring unequal power division. To provide a solution to
this issue, the method proposed in this manuscript presents
several novelties: (a) the power division ratio range is signifi-
cantly wide, it goes from 1:1 to 1:8, (b) range extension of the
power division ratio is achieved by introducing a new par-
ameter with respect to [10], which is the central post diameter,
(c) in [10], no compensation of the output phase imbalance
generated by unequal power division was presented, (d) an
implementation example illustrates the process to build 1 — 2™
dividers to satisfy an arbitrary power division law by using
Tee-junctions as a fundamental block.

The rest of the document is organized as follows. Section II
presents the basic SIW structures making up the power
divider. Then, in Section III, the design methodology is
explained and detailed in several steps. Three implementation
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examples at different frequencies are presented in Section IV
to illustrate the design procedure and to demonstrate its accu-
racy through the obtained results.

. TEE-JUNCTIONSTRUCTURE

A) SIW Tee-junction

The SIW Tee-junction model is presented in Fig. 1. It is made
up of equal size rectangular waveguides, so that only the TE,,
mode is supported. The power split ratio is controlled by
placing a septum and an iris is used to minimize the return
loss. The SIW width is denoted by a and is measured
between the central points of two opposite side-wall posts.
The diameter and spacing between two consecutive posts
are denoted by d and s, respectively. Traditionally, in rec-
tangular waveguide Tee-junctions, the central post is used
for input matching [6]; however, in this case, it is used to
replace the septum. Hence, the central post diameter d¢ and
its position (I, h) modify the power split ratio.

Similarly, the iris used for insertion loss improvement in
[3] is constructed by shifting the last posts of the input port
by t. Unequal power division leads to phase-unbalanced
outputs, which may be compensated for by shifting the
input port by p from the central line o, as illustrated in Fig. 2.

B) Microstrip-SIW transition

In order to integrate the SIW power dividers with packaged
circuits, microstrip lines, or coplanar components, appropri-
ate transitions are required. For the implementations pre-
sented in this paper, microstrip transitions were needed to
measure their performances.

Recently, microstrip to SIW transitions have been the
subject of a significant number of studies [12-14]. The struc-
ture proposed in [15] was chosen for this application because
of its low insertion losses, wide bandwidth and implemen-
tation simplicity.

C) SIW 90° bend

To implement 1 — N power dividers, corporate architecture
is preferred over serial architecture because of its wider

d L

Fig. 1. Unequal power Tee-junction with phase-unbalanced outputs.
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Fig. 2. Tee-junction of Fig. 1 with phase compensation.

bandwidth. In consequence, the type of dividers for which
this methodology applies is 1 — 2. To build such dividers,
Tee-junctions are assembled and the use of SIW bends is
essential. The 90° bend used in this implementation includes
an inductive post to reduce the bend’s reflection. The post size
is the same as the posts used to construct the waveguide walls;
its position with respect to the 9o0° angle was optimized
through 3D electromagnetic simulations.

. DESIGN METHODOLOGY

This section describes the proposed procedure for SIW
Tee-junction design. It is the result of a study developed on
three SIW Tee-junctions designed to operate at different fre-
quency bands: X, Ku, and K. When compared to the guided
wavelength, the via size used to build lateral walls of the
Tee-junctions is different for each implementation; however,
they respect all the conditions described in [16] for SIW
design. This proves the applicability of the procedure to any
via size in agreement with the general SIW design procedures.

The methodology exposed in this section is split into
several steps. First, the basic SIW parameters (a, d, and s in
Figs 1 and 2) are determined. Then, the second step dis-
tinguishes among two different cases of power division to
determine the central via diameter. Similarly, the position of
the vias making up the input iris, and then the central via
offset h (see Fig. 2), are determined in order to guarantee
input matching. In step three, the central via parameter [ is
extracted from the set of curves generated through parametric
simulation studies (Figs 5 and 6). Finally, the output phase
imbalance is compensated for by shifting the input port.

Hereafter, the magnitude of the power difference between
the output ports of the Tee-junction is expressed by AOut.
Since this procedure is scalable, all of the parameters are
referred to the STW guided wavelength A, = 27/, where 8
represents the propagation constant of the guided wave in
the SIW.

A) SIW design

Let f be the central frequency of the design and f, denote the
waveguide cut-off frequency. The proximity between
the cut-off frequency and the central frequency determines
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the operation bandwidth. For the designs presented in this
paper, the ratio f/f.= 1.5 is used; however, this criterion
may be modified as required by the application without affect-
ing the rest of the design procedure.

Dimensioning the waveguide is straightforward through
the relation agwg = Ao/2, where agyy is the width of the rec-
tangular waveguide with the required cutoff wavelength Ac.

In [17], it was demonstrated that equivalent width a of a
SIW may be determined by using:

2

(1)

a=arwe +——>
0.95-b

where b denotes the substrate thickness and d is the via diam-
eter as defined in Fig. 2. In [16], the authors study the leakage
losses and dispersion characteristics of SIWs and provide
design rules for appropriately choosing the via size and
spacing or pitch.

B) Determining ¢, h, and d¢

In order to set the parameters ¢ and & so that input matching
is guaranteed for different diameters of the central post, para-
metric studies were carried out on the electromagnetic (EM)
full-wave simulator ANSOFT HFSS. Regarding t, it was
observed that the value set for equal power division did
not require significant modifications when varying the
central via position or size; it is then recommended to set ¢
as approximately A,/60. On the other hand, the distance h
to assure appropriate input matching was observed to be
dependent on the central post diameter dc. For this reason,
h and dc have to be set according to the desired power
split ratio.

The central post diameter impacts both, the input match-
ing and the maximum power split ratio achievable for the
unequal power division case. A small central post improves
input matching but hampers achievement of high power
split ratios. As this study aims to cover a large power split
ratio range, the design procedure distinguishes two cases:
high and low power split ratios.

1) LOW POWER SPLIT RATIO

For the equal power division case, the central post diameter
dc~ Ag/25 allows us to ensure input matching better than
—20 dB over more than 35% bandwidth. Using this diameter,
parametric studies were run in order to establish the
maximum shifting (I) of the central post for which
the input matching level was still better than —18 dB at the
central frequency. It was found to be around A /10 for h =
dc. However, in order to have input matching over a signifi-
cant bandwidth, the central post shifting is limited to A/15.
When d¢ and h are fixed, shifting the central post towards
one of the output ports causes a linear variation on the differ-
ence between the amplitude of the output signals, when
plotted in dB. The range of [ from zero to Ag/14.7 covers the
cases of power differences within the range o dB < AOut <
3 dB.

2) HIGH POWER SPLIT RATIO

Similarly to the previous case, parametric studies were used to
find the Tee-junction configuration to achieve AOut higher
than 3 dB and guaranteeing input matching better than
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Fig. 3. S,, and power difference between the output ports (AOut) as functions
of the central post shifting (I).

—18 dB. It was found that, by setting dc = A /13 and h =
dcl2, it is possible to obtain differences between the output
ports within the range 3 dB < AOut < 9 dB. This corresponds
to the central post shifting from A,/18 to A,/6. When shifting
the central post beyond A//6, it considerably approaches to the
input port lateral wall axis, causing an important degradation
on the input matching.

Figure 3 is an example of the graphs generated during this
analysis. It presents the input matching and the power split
ratio as functions of the central post shifting I at the central
frequency. In this case, the substrate relative permittivity is
3.55, the central frequency is 14.25 GHz and the guided wave-
length is 14.83 mm.

These curves were generated for the three SIW T-junctions
designed to operate at different central frequencies: 8, 14.25
and 23 GHz. Then, the curves were normalized by the
guided wavelength; Fig. 4 illustrates how the three of them
perfectly fit. Equivalent results were obtained for the curves
relating the phase difference between the output signals and
the distance I. The same procedure was applied for the low
power split ratio case (o dB < AOut < 3 dB).

C) Determining the central post offset and the
output phase unbalance

The graphs generated in the previous section make it possible
to easily determine the post position for a desired power split
ratio. Figure 5 provides the required offset for the central post
to be shifted from the ox position (see Fig. 2) to get an arbi-
trary power split ratio within the range odB < AOut <
3 dB. The desired power difference, AOut, is represented on

10 : ; ; : :
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Fig. 4. Normalization of the three set of curves generated to determine the
central post shifting for 3 dB < AOut < 9 dB.
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Fig. 5. Required central post shifting [ and resulting phase difference for o dB
< AOQut < 3 dB.

the left ordinate and the required normalized offset (/) on the
abscissa. Besides, the right ordinate provides the phase differ-
ence between the output ports once the central post is shifted.
This value, represented by A#, allows calculation of the phase
compensation parameter p. Figure 6 provides equivalent
information to Fig. 5 for power split ratio within the range
3 dB < AOut < 9 dB.

Even if the case of SIW Tee-junctions with power split ratio
higher than 9 dB is not included in these curves, it is possible
to easily design them by using some principles derived from
this methodology; however, electromagnetic simulations are
required. An initial configuration is setting ¢ around A./60,
dc bigger than A,/13 and h close to dc/2. Then, to obtain
the desired AOut, the only parameter to modify during the
simulation is I. Then, the phase compensation is achieved as
explained in the next section.

D) Calculating the input port offset

The phase shift A6 is related to the distance x traveled by an
electromagnetic wave in a guided medium by

27X
A = —
0 A (2)

Using (2) and the A6 value obtained from the previous
step, it is simple to compute the required input port offset
p = A0-AJ4m. Such offset is measured from ox towards the
opposite direction to which the central post was shifted.
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Fig. 6. Required central post shifting / and resulting phase difference for 3 dB
< AOut < 9 dB.
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Iv. IMPLEMENTED POWER
DIVIDERS

In order to validate the proposed methodology, several
Tee-junctions and power dividers at different frequencies
were implemented. No optimization process was performed
to improve their performance; only the graphical method
described in the previous section was applied.

A) X band Tee-junction with AOut = 2 dB

The central frequency f is 8 GHz and the substrate used is
Rogers 4003 with thickness b = 508 pm. The available tech-
nology allowed us to easily fabricate 0.6 mm diameter vias;
the pitch s between them is 1.2 mm. For this central frequency,
an appropriate SIW width is found to be 15.25 mm. The
guided wavelength is 26.6 mm.

By following the guidelines presented in Section III(B), the
parameters t, h, and d¢ are set to 0.446, 1.064 and 1.064 mm,
respectively. Using the curves in Fig. 5, the distance [ and the
phase difference between the outputs are found to be
1.207 mm and 22.2°, respectively. The distance p is then cal-
culated as 0.823 mm.

Measurements are presented in Fig. 7; the bandwidth at
18 dB return losses is 17.8%. The measured power difference
between the output signals is 2.14 dB at the design frequency
and its variation is lower than 4+ 0.2 dB (4 10% AOut) over
9% bandwidth; the phase difference is less than 1.7° over the
same bandwidth. The isolation measured between the
output ports is roughly —7 dB.

B) K band Tee-junction with AOut = 6 dB

The same substrate as in the previous example was used. The
central frequency is 23 GHz; the via diameter is 0.305 mm and
the pitch s is 0.61 mm. Proceeding as in the previous case, the
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Fig. 7. Measured S-parameters for X band Tee-junction with AOut = 2 dB.
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Fig. 8. Measured S-parameters for K band Tee-junction with AOut = 6 dB.

parameters g, |, and p are found to be 5.36, 0.978 and
0.785 mm, respectively. The guided wavelength is 9.27 mm.

Measurements are plotted in Fig. 8. As in example A, the
minimum return losses are not at the design frequency,
which is not surprising since that is not the most important
design criterion. Instead, the methodology was designed to
achieve the required power split ratio with an input matching
level equal to or better than 18 dB. The measured power split
ratio is 5.92 dB at the design frequency and its variation is
lower than +0.6 dB (+10% AOut) over 10.3% bandwidth.
Within such bandwidth, the output phase difference is lower
than 1°.

C) Ku band 1 — 4 phase balanced unequal
power divider

In order to respect particular radiation pattern constraints
imposed for satellite communications, a SIW slot antenna
array is required to be fed according to the power law in
Table 1. The central frequency is 14.25 GHz with 500 MHz
bandwidth (3%). To fulfill the power law, three
Tee-junctions with AOut equal to 2, 7, and 5 dB are designed
by using the graphical method proposed in this paper. Then,
the Tee-junctions are connected in corporate architecture, as
illustrated in Fig. 9. The circuit parameters are listed in

Table 1. Power law for a 1— 4 divider.

Port Normalized output power
Required Simulated Measured
2 1 1 1
3 0.2 0.19 0.19
4 0.57 0.54 0.52
5 0.18 0.16 0.15

GRAPHICAL DESIGN METHOD FOR UNEQUAL POWER DIVIDERS

P,
A0ut =17 dB
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P1—| AOut =2 dB |
Py
AOut =5 dB
Py

Fig. 9. Unequal power divider 1 — 4 decomposed into three Tee-junctions.

Table 2, and a picture of the fabricated power divider is pre-
sented in Fig. 10.

It is important to keep in mind that there is no need for
simulation to design the power divider; it is included here
only to show the accuracy of the proposed method.
However, simulation is a powerful tool that may be used to
optimize its performance, e.g. bandwidth.

The measured and simulated power law is included in
Table 1. Such results fulfill the required power law fairly
well. A comparison between the measurements and the
results issued from the electromagnetic simulator Ansoft
HESS is presented in Fig. 11. Measured input return losses
are better than 15 dB over roughly 16% bandwidth. Despite
the differences when comparing the measured and simulated
S11 over the frequency band, the power divider is still
matched in the band of interest.

Regarding transmission characteristics, good agreement is
observed between the simulations and the whole measured
bandwidth. The difference between the simulated and
measured transmission coefficients is not the same for each
output port. The explanation for this is that the input port
shifting, performed for phase compensation, is different for
the three Tee-junctions. Such a procedure leads to different
path lengths from the input port P, to the output ports P,,
P,, P,, and P,. As the connector losses are only o.1 dB, the
remaining power level differences may be explained by two
different factors. First, the substrate tangent loss is not speci-
fied by the manufacturer for the frequency band of interest; it
was set to 3.35 x 10 °, which corresponds to 10 GHz. Second,
the through vias were simulated as if they were totally filled by
pure copper; however, they were actually metalized by a modi-
fied electrolytic copper deposition process.

The phase of the measured output signals are plotted at the
top of Fig. 12. The four signals are phase-balanced, which
demonstrates the accuracy of the proposed phase compen-
sation method.

The isolation between the output ports is also shown in
Fig. 12. The low isolation levels achieved were expected due

Table 2. 1 — 4 unequal power divider design parameters.

RO4003 &, = 3.55 b = 508 pm f = 14.25 GHz f/fc = 1.5a = 8.8 mm
d=o0.6 mms = 1.2 mm A, = 14.83 mm

AOut = 2 dB AOut = 7dB AOQOut = 5dB
t 0.25 mm 0.25 mm 0.25 mm
h 0.6 mm 0.57 mm 0.57 mm
de 0.6 mm 0.285 mm 0.285 mm
1 0.67 mm 1.37 mm 1.92 mm
P 0.48 mm 1.13 mm 1.5 mm
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Fig. 10. Unequal 1 — 4 power divider with phase-balanced outputs.

to the fact that no resistors were used between the
Tee-junctions output ports. If the targeted application requires
significant isolation levels, resistive elements have to be
included and the Tee-junctions are considerably modified. A
possible way to do this is by using Half Mode Substrate
Integrated waveguides (HMSIW) as presented in [18];
however, this technique has the disadvantage of non-negligible
radiation from the open ends of the HMSIW.

As previously explained, this methodology is scalable and
all the parameters are referred to the guided wavelength. In
consequence, it is applicable to any type of substrate. To vali-
date this, other Tee-junctions were successfully designed using
0.254 mm thick substrate RO5880 (&, = 2.2).

D) Discussion on the Tee-junction bandwidth

The Tee-junction bandwidth may be limited by two different
factors: input matching and AOut variations. Regarding the
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Fig. 11. Measured and simulated reflection (top) and transmission (bottom)
S-parameters of the power divider depicted in Fig. 10.
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Fig. 12. Measured phase of the transmission S-parameters (top) and isolation
coefficients between the output ports of the power divider depicted in Fig. 10.

first one, the structure is considered to be matched when the
reflection coefficient S,, is lower or equal to —18dB.
According to the simulations run during the curve generation
process, the minimum input matching bandwidth is 28 and
15% for the low and high power split ratio cases, respectively.
However, after measuring several implemented Tee-junctions,
the bandwidths for which the input matching is guaranteed
are 15% for o0dB < AOut <3dB and 12% for 3dB <
AOQOut < 9 dB.

The second factor that may limit the Tee-junction band-
width is the transmission coefficients variation. Such variation
affects the resulting AOut and the required power difference
between the output ports is not longer achieved. The band-
width evaluation is done by limiting the AOut variations to
+10% of its design value. Table 3 summarizes the simulated
and measured results for some implementations at three
different central frequencies and for three different power div-
ision ratios.

Table 3. Tee-junction bandwidth limited by the transmission coefficient

variations.
AOut (dB) f(GHz) Transmission bandwidth|dB (S,,) -
dB(S;,)| < AOut+10%
EM simulation (%) Measurement (%)
2 8 7.5 9
2 23 7.2 9.2
4 8 9.5 9.5
4 14.25 7.8 10.2
4 23 8.6 10
6 8 8.2 7.7
6 23 9.2 10.3
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The results provided in this section show that the actual
limiting factor when evaluating the bandwidth of the pro-
posed structure is the variation in the transmission coefficients
and not the input matching.

Finally, it is important to notice that the bandwidth results
provided in this section were evaluated by using a particular
criterion (AOut + 10%) and it is the final application which
really determines the required performance. In any case, the
parameters recommended by the proposed methodology are
a convenient starting point for the necessary optimization
procedures.

V. CONCLUSION

A simple procedure to implement unequal power division
through Tee-junctions in SIW technology has been presented.
A set of curves was generated to easily determine the junction
parameters to obtain the desired power ratio. A wide-range of
split-power ratios, going from 1:1 to 1:8 are achievable. The
phase-balance on the output signals is attained by shifting
the Tee-junction input port. The procedure was illustrated
by three examples at different frequency bands. One of such
implemented examples presents the guidelines for the design
of 1 — 2™ unequal power dividers using Tee-junctions as a
fundamental block. The measured results are in good agree-
ment with the design criteria.

For the Tee-junctions, the input matching is guaranteed to
be better than 18 dB over more than 12% bandwidth. The
variation of the power difference between the output ports
is lower than 10% over at least 7% bandwidth around the
central frequency. Since the recommended values for all of
the parameters are related to the guided wavelength, no simu-
lation is required to complete the design. However, simulation
is a powerful tool that may be used to optimize the design par-
ameters from the starting values deduced from the graphical
procedure for improving the performances e.g. bandwidth
and input matching.
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