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Introduction

Substrate-integrated waveguide (SIW) integrates the characteristics of the uniplanar rectangu-
lar waveguide (RWG) and planar transmission lines, which establish an attractive trade-off
between them [1]. During the past few years, a lot of microwave components and circuits
have been realized in SIW technology, among which SIW power dividers with high isolation
and broad bandwidth have attracted unique attention since they are highly desired in power-
combining amplifiers and phased array antennas [2-6]. In [2], a half-mode SIW (HMSIW)
power divider with transverse electric - 20 (TE,;) mode suppression achieved isolation over
10 dB with an operation frequency range of 18-35 GHz. However, its isolation is still not
good enough and will be limited by the strong parasitic effect of the lumped resistor at a higher
frequency. To overcome these drawbacks, another HMSIW power divider soldered the isolated
resistor on the spacing slot between the two HMSIW branches [3]. It achieves isolation over
15 dB from 9.5 to 13.5 GHz, corresponding to fractional bandwidth (FBW) of 35%. However,
its isolation and output return loss swings with the value and location variations of the isolated
resistor, which causes extra complexity. In [4], an eight-way power splitter with over 65% FBW
is implemented by utilizing the ridge SIW. However, its T-junction building block has no
isolation inherently. A six-port power-dividing network shows the isolation of 20 dB over
12-16 GHz [5]. Unfortunately, its phase imbalance can exceed 10° in several frequency ranges,
and insertion loss at edges of its pass-band rolls off rapidly. Recently, a multilayer STW power
divider with embedded thick film resistive septum exhibits over 22 dB isolation over 18.5-
22 GHz [6]. Another SIW power divider integrated with thick film resistive layer even
shows 40% FBW with 20 dB isolation [7]. Nevertheless, their realization requires a costly
and complex thick film fabrication process.
On the other hand, based on the similarity of their structures, the classical RWG works can
provide promising ideas for the investigation of SIW technology. For instance, a six-port build-
ing block for power distribution and combination is proposed based on the Riblet coupler [8,
9]. Moreover, a modified five-port two-way RWG power divider with equal-ratio in in-phase
power distribution operation has been developed in [10]. Its SIW version incorporating
absorbing material for impedance matching has even been briefly reported in [11].
However, both [10, 11] just shortly present their corresponding works, whereas none of
© Cambridge University Press and the them focused on the detailed theoretical analyses of this five-port power dividing/combining
European Microwave Association 2018 unit cell, which is inconvenient and incomprehensive for its further applications to other
microwave components and circuits. In this paper, two wideband well-balanced SIW power
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numerical simulations. Subsequently, the design procedures of the
prototypes and discussions on the experimental results are succes-
sively shown in Section “Experimental results”. Finally, a conclu-
sion is given.

SIW power dividing/combining unit cell

Figure 1 sketches signal flows in the conventional Y-junction and
the five-port power dividing/combining unit cell, in which the
solid arrows denote power dividing operation and the dash
arrows denote power combining operation. For the conventional
Y-junction, the power dividing operation can achieve small
reflection but bad isolation, while the power combining oper-
ation exhibits large reflection inherently, resulting in its unavail-
ability for practical applications. However, for the five-port
power dividing/combining unit cell, its operation principles
will be much different owing to the influence from the two
newly-added ports.

First of all, the basic properties of the five-port power dividing/
combining unit cell are investigated on the basis of the microwave
network theory. As is known, the scattering matrix of an arbitrary
five-port unit cell can be expressed as
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If the five-port unit cell is passive and contains no anisotropic
material, then it must be reciprocal and its scattering matrix
will be symmetrical. In other words, S;;=S;, and i#j. And, if
all the five ports are matched, then S;; = 0. So the scattering matrix
will be as follows:

0 Sa Si3 Su Sis
Sz 0 S Sy S5
[SI= S5 S 0 S S5 |. )
Sia Saa S 0 Sys
Si5° S5 S35 Sas O

Subsequently, as shown in Fig. 1, the five-port power dividing/
combining unit cell is longitudinally axisymmetric along the
center-line of port P1. That is, ports P2 and P4 are, respectively,
symmetrical with P3 and P5. Then, S;, =S;3, S14=S15, S24= S35,
S34= S35, and Sy4 # Sz, S34 # S35. Hence, the scattering matrix is
simplified as follows:

0 S Sz Siu Su

Sia S S5 0 Sys
Sua S5 Sy S5 O

Moreover, if the five-port unit cell is lossless, then ten independ-
ent equations can be obtained under the unitarity condition as
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Fig. 1. Signal flows in the five-port power dividing/combining unit cell.

below [12, 13]:

5125;2 + 5125;2 + 3143’;4 + 514314 =1,
8128, + 823853 + $24S,, + 258, = 1,
514514 + 324524 + 3255;5 + 545315 =1,
812853 + 81485, + S14S55 = 0,
3125;4 + SIZS;_r, + 8143215 =0,
1281, + 824855 + 2585, = 0,
S12814 + $238)5 + 81585 = 0,
12814 + $2385 + $248;5 = 0,
S12814 + 2385, + 3243215 =0,
814814 + $24855 + $258,4 = 0.

4)

Then, by using the similar calculation processes introduced in
[13], the ideal unitary scattering matrix of the five-port power div-
iding/combining unit cell is given as

0 0 0 V2 V2
0 0 V2

0 V2 o0
V21
V2o

[S]= ©)

N | =
O O -

1
J
0
0

According to (5), as the signal inputs the five-port unit cell from
port P1, ports P4 and P5 will receive equal power while no output
can be received at ports P2 and P3. Meanwhile, ports P4 and P4
are isolated. Therefore, the five-port unit cell can be utilized to
develop a highly isolated two-way power divider/combiner.

Meanwhile, it has been well known that the physical sizes of
SIW components and circuits are much more compact than
their corresponding RWG counterparts, which are mainly due
to the planarization of their structure and the increasing permit-
tivity of their substrates. Hence, to extend the availability and
practicability of the five-port unit cell in microwave systems, espe-
cially in the system integration and packaging, the SIW technol-
ogy is selected as the implementation platform.

Figure 2 shows the geometry and equivalent-circuit models of
the five-port SIW dividing/combining unit cell, which can be fur-
ther studied by using the even-odd mode analysis method. In
Fig. 2(a), the area between cross-sections XX’ and YY' denotes
the coupling region, with width wc and length Ic, respectively.
According to Fig. 2(b), once Ports P4 and P5 are driven by
in-phase signals, the five-port SIW unit cell is under even-
mode operation and its longitudinal symmetrical line can be
equivalent as the magnetic wall. With the structure symmetry,
as the in-phase waves of the TE;; mode in P4 and P5 propagate
in the coupling region, only the even-distributed modes such as
TE, 0, TE3¢, and TE5, modes can be excited. And after propagating
through XX”, the higher-order TE3, and TEs, modes will be
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Fig. 2. (a) Geometry, (b) even-mode equivalent-circuit model, and (c) odd-mode equivalent-circuit model of the five-port SIW power dividing/combining unit cell.
cutoff whereas only the TE;, mode can be supported. Meanwhile,  region, it can be obtained that
the remained signals will remain in-phase so that to add up
with each other at P1 but are out-of-phase and consequently sub- Aeso < Ay < Ao = L5A; < agw < 2.5A,. 8)

tracted at P2 and P3. On the other hand, for the odd-mode case in
Fig. 2(c), as two out-of-phase signals input the unit cell from P4
and P5 separately, the longitudinal symmetrical line will perform
like the electrical wall. Therefore, as the out-of-phase waves of
TE;p mode propagate in the coupling region, they will excite
the odd-distributed TE,, and TE,, modes, which will be cut-off
after crossing over XX'. Due to the influence of the electrical
wall, port P1 will be cut into two narrower waveguides so that
all modes will be cutoff. Hence, no output can be captured at
P1. On the contrary, signals coming from P4 and P5 will be fed
into P2 and P3. Additionally, as a signal inputs the five-port
SIW unit cell from P1, only the even-distributed TE;o, TEs
and TEsy modes can be excited in the coupling region, which
can be deduced from the reciprocity of the unit cell, or inferred
from its structure symmetry. In a word, the five-port SIW unit
cell can act as a two-way in-phase power divider/combiner.
Meanwhile, it will also be useful in the separation of the
differential- and common-mode coefficients of signals.

Afterwards, it is important to discuss the size determination of
the five-port SIW unit cell. Firstly, widths of the five ports are
mainly determined by the operation frequency range. Generally,
the cutoff frequency of the dominant mode determined by the
SIW width is supposed to be lower than the lowest operation fre-
quency. Based on the operation frequency range, widths of the
five SIW ports can be selected rapidly. Secondly, the width of
the coupling region, wec, is mainly determined by the number of
transmissible modes in the coupling region. Typically, only the
single TE;o mode or TE,o/TE3, modes are suitable for low-loss
transmission. Based on the SIW theory, the cut-off wavelengths
of TE;o, TE3p and TEs, modes are as follows:

Ao =27/ke1o = 2asw,
Ae30 =27/ ke3o = 2asiw /3, (6)
Acso =27/ ke.so = 2asiw /5.

where agpy is the equivalent width of SIW and can be calculated
by as;w = a-4.32R?/p + 0.4R*/a, in which R is the radius of metal-
lic vias and p is the center-to-center spacing of adjacent vias.

If only TE;(, mode is transmissible in the coupling region, the
guided wavelength 4, should satisfy:

Az < /\g <Aoo = 05/\g < agsmw < 15)\g (7)

If both TE10 and TE30 modes are supported in the coupling
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Therefore, once the permitted modes in the coupling region are
selected, a can be determined.

Thirdly, length of the coupling region, Ic, is also mainly deter-
mined by the number of permitted modes in it. If only the TE;,
mode is permitted in the coupling region, its electric (E)-field
magnitude in the middle is much stronger than that at both
edges. After propagating from XX” to YY”, the E-field magnitude
of the TE,;, mode around the metallic vias in the middle of YY" is
still much stronger than that at both edges, which consequently
causes strong input reflection. Hence, only supporting the TE;,
mode in the coupling region can achieve short Ic, but also result
in bad input return loss. On the other hand, if both TE;, and
TE3o modes are transmissible, the situation will be much different.
As depicted in [10, 11], after propagating through the same length
Ie, TE o and TE;, modes are with electrical lengths of 8,4 and 65,
which are given as

b0 = By - le, B30 = By - lc, ()
where 1o and 5 are the phase constants of TE;, and TEsq
modes, respectively.

As TE, and TE;, modes arrive at YY’, they are supposed to be
out-of-phase in the middle but in-phase at both edges. Being
out-of-phase in the middle means the two modes will subtract,
thus decreasing the strength of the E-field near the metallic vias
in the middle and ultimately decreasing the input reflection.
Meanwhile, being in-phase at both edges will make the TE,
and TE;y, modes add up together so that more electromagnetic
(EM) energy can be fed into the dividing ports. Hence, transmis-
sion with both TE;y and TE;y modes in the coupling region is bet-
ter than that with the single TE;y mode. To perform such an
operation, 6;0—65, should satisfy

b0 — 630 = 2(n — D, (10)
where 7 is a positive integer. Then, Ic is calculated as

le = (2n — D)@/(B1o — Bso) = 7/(B1o — Bso)- (11)

Here n is set as 1 for size reduction.

Furthermore, it is necessary to realize that the above calcula-
tions are in allusion to single frequency operation. In order to
avoid the steep and acute change of wave propagation caused
by the discontinuities in the five-port SIW unit cell, some match-
ing structures and transitions are essential to be employed to
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Fig. 3. Geometry of the five-port SIW power dividing/combining unit cell with taper-
shaped transition structure.

improve the impedance matching performance, so that to
broaden the operation bandwidth. Therefore, the taper-shaped
SIW structure is introduced into the five-port SIW power divid-
ing/combining unit cell, and the modified geometry is illustrated
in Fig. 3.

Thereafter, to demonstrate the aforementioned theoretical
analyses, some full wave EM simulations are carried out on the
five-port SIW power dividing/combining unit cell by using the
commercial finite-element-method-based simulator. In all simu-
lations, the substrate is set with a thickness of 0.508 mm, relative
permittivity of 2.94, and dielectric loss tangent of 0.0012. The
copper metal is selected as the surface conductor, with a thickness
of 0.035 mm. Moreover, geometrical parameters corresponding to
Fig. 3 are 1=12=13 10, wl=w2=w3=38, Ic=6, wc=18, s=2,
p=0.8, R=0.2 (unit: mm). Figure 4 shows the simulated E-field
distributions of the five-port SIW unit cell at 16 GHz under vari-
ous excitations. According to Fig. 4(a), as the five-port SIW unit
cell is excited from P1, most of the EM energy will propagate
through the coupling region and into P4 and P5 eventually,
whereas only little EM energy propagates to P2 and P3. So the
unit cell can be utilized as a two-way power divider, and P1
and P2/P3 are well-isolated as well. Subsequently, as shown in
Fig. 4(b), once a signal inputs the unit cell from P5, ports PI,
P2, and P3 will receive signal with various strengths.
Meanwhile, seldom signal energy can be captured at P4, which
means good isolation between P4 and P5. Thirdly, as the unit
cell is simultaneously excited with in-phase signals at P4 and
P5, P1 will get much stronger EM energy, while little EM energy
can be obtained at P2 and P3, as depicted in Fig. 4(c). That is to
say, the unit cell can act as an in-phase power combiner. Finally,
from Fig. 4(d), with simultaneously out-of-phase inputs from P4
and P5, almost all of the EM energy propagates through P2 and
P3, whereas nearly no signal can be detected at P1. Hence, it
can be predicted from Figs 4(c) and 4(d) that the five-port SIW
unit cell can be utilized to separate the differential- and common-
mode coefficients of signals.

Particularly, as sketched in Figs 4(a) and 4(c), there is still
some leakage at P2 and P3, which can cause extra insertion loss
in even mode. Hence, the total insertion loss of the five-port
SIW power dividing/combining unit cell will consequently
increase. To verify this prediction, powers of the output, the
loss and leakage are investigated. Here, the output means the
sum value of P4 and P5. The loss contains the dielectric loss, con-
ductivity loss, and radiation loss, while the leakage only means
output power obtained at the two isolated ports. Consider the ori-
ginal input power at P1 is 1, then it can be further captured from
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the full-wave simulation that the power relationship at 16 GHz

P;:Py:Poss:Piear = 1:0.91:0.055:0.035, (12)
where P;, P, Pjyss, and Pj,,x denote input, output, loss and leakage
powers, respectively.

It can be obtained from (12) that Py, is comparable with Py,
which means the leakage at isolated ports P2 and P3 can intro-
duce extra loss to the whole unit cell. To overcome this issue,
the size of the coupling region should be tuned carefully for the
specific frequency. The taper transition can be modified slightly
to keep low leakage and broadband simultaneously as well.

Finally, to illustrate the contribution from the newly-added
ports visually, Fig. 5 shows the simulated isolations and output
return losses of the Y-junction and the five-port SIW power div-
iding/combining unit cell. As shown in Fig. 5, both isolation and
output return loss of the five-port SIW unit cell have been
improved a lot as compared with the Y-junction. Obviously, by
introducing the two isolated ports into the Y-junction, both the
isolation and output return loss are enhanced effectively with
the utilization of the two extra isolated ports.

In addition, it is worth mentioning that design processes of the
five-port SIW power dividing/combining unit cell is simpler than
those of the corresponding RWG counterpart. As depicted in [1,
2], SIW only supports TE,,, modes, for instance, the TE;,, TE,
and TE;, modes. Based on equations (6)-(11) listed above, it is
quite easy to control the existence of these three modes in prac-
tical designs. However, in RWG, both TE and transverse magnetic
(TM) modes can be supported. Obviously, controlling the exist-
ence of TE and TM modes in RWG is much more complex
and difficult than controlling the TE,,, modes in SIW.
Therefore, as the five-port power dividing/combining unit cell is
implemented in SIW, its design processes can be much simpler
and more efficient. Furthermore, for an SIW with an equivalent
width of agy, cutoff frequencies of the TE,q and TE,, modes
in it are

fro= L (1>2+(O>2_1 13)
1 2 /e asw h 2as1w /I [o€r80

fozo = (14)

7 (o) *+ () -~
2, /1 asw h asiw /M, Ro&r€0
where 1o and g, are the permeability and permittivity in free
space, 4, and &, are the relative permeability and permittivity of
the substrate in SIW, and h represents the substrate thickness.

From (13) and (14), 2'f. 10 = f. 20, then the single mode oper-
ation bandwidth in SIW is

1

2as1w /Ty P €780

BWsrw = fe10 — fe20 = (15)

For an RWG with inter cross-section size of a x b (a > b), cutoff
frequencies of the TE;o, TE¢;, and TE,, modes in it are

1 1 [0\ 1 iy
== G) + )~z 09
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Fig. 4. E-field distribution of the unit cell in Fig. 3 at 16 GHz under various excitations. (a) Excitation from P1, (b) excitation from P5, (c) simultaneously in-phase
excitation from P4 and P5, and (d) simultaneously out-of-phase excitation from P4 and P5.
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According to (16)-(18), 2*f.s10 = fus-20, then the single mode oper-
ation bandwidth in RWG is

1
fe20 = fer0 = m,

1 1 1 (19)
—_ = -—- < .
Se01 — fe10 W (b a)’ a<2b

a>2b,
BWgrwe =

As SIW and RWG are with the same dominant cutoff frequency,
ie. fo10=fs10 then f.0=f20. Considering these conditions
with (15) and (19) together, it can be obtained that
BWgrwi < BWgw, so the single mode operation bandwidth of
RWG is no larger than that of SIW.
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Fig. 7. Detailed configuration and optimized dimensions of the SIW power divider/
combiner with lumped resistors.

Experimental results
SIW power divider/combiner with coaxial terminations

For an experimental proof of the aforementioned analysis, a 3 dB
power divider/combiner prototype is designed. A detailed config-
uration of the STW power combiner/divider is shown in Fig. 3. A
Rogers RT/duroid 6002 substrate with a dielectric constant of
2.94 +0.04, loss tangent of 0.0013, thickness of 0.508 mm, and
conductor thickness of 0.035 mm is used for design. Width and
length of the coupling region, as well as the width of the five
ports, are set up based on the conditions mentioned in Section
“SIW power dividing/combining unit cell”. Subsequently, five
taper transitions, with different widths and lengths, are also
added between the 50 Q microstrip lines and SIW ports to achieve
optimized standing-wave performance at each port, respectively.
Finally, the overall structure with SubMiniature version A
(SMA) connectors is modeled and simulated by using the same
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Fig. 8. Simulated and measured results of the fabricated SIW power divider/combiner with coaxial terminations. (a) Input and output return losses; (b) insertion
losses and isolation; (c) phase and amplitude imbalances; (d) photograph of the fabricated prototype.

commercial full-wave simulation software mentioned above. The
optimized dimensions are listed in Fig. 6 as well.

SIW power divider/combiner with lumped resistors

Thereafter, since the SIW power divider/combiner with coaxial
termination is inconvenient for the printed circuit board
(PCB)-level integration with other planar circuits, another experi-
ment is done to remove the coaxial terminations by the 50 Q
lumped resistors. Most of the design procedures are exactly
same as those in the coaxial one. Particularly, a 50 Q microstrip
line is connected between the isolated port and the lumped resis-
tor, with several vias placed at the other port of lumped resistors
for grounding. Afterwards, length of the microstrip line and size
of the grounded vias are both tuned to optimize the impedance
matching performance. Finally, this prototype is simulated by
using the same aforementioned simulator as well, with its opti-
mized dimensions given in Fig. 7.

Experimental results and discussions

The two designed prototypes are fabricated by using the standard
PCB process. A Rogers RT/duroid 6002 substrate with the same
parameters in Section “SIW power dividing/combing unit cell”
is utilized for fabrication. After fabrication, all five ports of the
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prototype are soldered with SMA coaxial connectors. Two coaxial
terminations are connected to the isolated ports of the first proto-
type, and two 50 Q lumped resistors with 0603 assembly form are
silver soldered to the second prototype with the silver-copper-
zinc composite alloys. The measurement is carried out by using
an Agilent E8363C vector network analyzer, with the default
short-open-load-thru calibration is utilized to remove the influ-
ence from the coaxial cables. The thru-reflect-line (TRL) calibra-
tion is not used since the three-port TRL calibration is much
more complex than the two-port case, therefore, the influence
of the SMA connectors on the phase and amplitude balance
and insertion losses is unable to be removed. Figure 8 shows
the simulated and measured results of the prototype with coaxial
terminations, with the photograph shown in the inset. As shown
in Fig. 8(a), input and output return losses of the fabricated power
combiner/divider with coaxial terminations are both over 10.5 dB.
Meanwhile, its insertion losses are about 4.5 + 0.5 dB, and the iso-
lation is better than 17.5 dB from 13.8 to 19.5 GHz, correspond-
ing to FBW of 33%, as shown in Fig. 8(b). Moreover, it can also be
obtained from Fig. 8(c) that the measured amplitude imbalance is
less than +0.4 dB and the measured phase imbalance is less than
+2.5°

On the other hand, a comparison between the simulated and
measured results of the fabricated prototype with lumped resis-
tors is shown in Fig. 9, as well as its photograph. According to
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Fig. 9. Simulated and measured results of the fabricated SIW power divider/combiner with lumped resistors. (a) Input and output return losses; (b) insertion losses
and isolation; (c) phase and amplitude imbalances; (d) photograph of the fabricated prototype.

Table 1. Comparison between some reported similar SIW power dividers and the presented works

[3] 11.5, 30% 3.5-5.1 +0.5 +25
[5]2 14.5, 28% 6.4+0.45 +0.5 >10
6] 20.35, 16% 4.0+06 0.3-1 /

Ours-1 16.5, 35% 45+05 +0.4 425
Ours-2 16.0, 25% 48+05 +0.5 +3.0

“Results of the three-way power divider.

Fig. 9(a), the measured input return loss of the fabricated SIW
power divider/combiner with lumped resistors is better than
13 dB, and the output ones are over 10 dB. Moreover, from
Fig. 9(b), the measured isolation is over 16 dB from 14.5 to
19 GHz, and the insertion losses are about 4.8 +0.5 dB from
14 to 18 GHz, corresponding to an FBW of 25%. Meanwhile,
the measured amplitude and phase imbalances are about
+0.5dB and less than +3° respectively, which are given in
Fig. 9(c).

Table 1 summarizes the comparison between some reported
similar SIW power dividers and the presented ones. Compared
with the two-way power divider in [3], the presented ones are
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with lower amplitude imbalance, with similar insertion loss and
phase imbalance. Compared with the three-way power divider
in [5], the presented ones are with better amplitude and phase
balance performance. Even though the power divider in [6] is
with lower insertion loss and similar amplitude imbalance, its
FBW is much narrower, and its thick film fabrication is expensive
and complex. Based on all the comparison mentioned above, the
proposed SIW power dividers/combiners achieve a good trade-off
between bandwidth, isolation, insertion loss, phase, and ampli-
tude imbalances. Moreover, the five-port power dividing/combin-
ing unit cell has provided a new building-block to set up
waveguide power dividers.
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Conclusion

Two 3 dB H-plane wideband high-isolated SIW power combi-
ners/dividers with well-balanced performance are developed. A
17.5 dB-isolation FBW of 33% and a 16 dB-isolation FBW of
25% are achieved by the two prototypes, respectively, as well as
good phase and amplitude balances. Compared with some
reported works realized in the same technology, the proposed
one with coaxial termination exhibits a wider bandwidth for the
same isolation performance, as well as similar insertion loss,
phase, and amplitude balance. The proposed one with lumped
resistors also shows a similar performance as the references.
Therefore, the proposed SIW power dividers/combiners are
promising to be utilized in the wideband phased array antennas
and power-combining amplifiers applications in the future wire-
less communication and radar systems.
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