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Abstract
In this paper, a new design approach for the six-port (SP) junction is introduced. The pro-
posed design includes a generalized broadbandmatching and smooth miniaturization scheme
and is extendable for any passivemultiport structure. Amultilayer technology and amicrostrip
to slot coupling operation are employed for the designed SP, which comprises power divider
and three hybrid couplers. The conducted measurements of the constructed SP junctions vali-
dates the design approach.Optimal performance of the SPnetwork in terms ofminiaturization,
bandwidth, and response accuracy were obtained for the 5G low band.

Introduction

Six-port (SP) networks have gained much popularity over the past decades due to its usabil-
ity in many areas, including reflectometers, transceivers, and radio-source localization systems.
Being a passive structure, it may offer ultra-wideband (UWB) characteristics, low complexity,
and cost. In the field ofmicrowavemeasurement systems, SPhas been classically used as an alter-
native reflectometer or network analyzer for measuring the reflection coefficient amplitude and
phase of a device under test [1–3]. In the area of microwave transceivers, SP-based technolo-
gies include direct conversion receivers for implementing software-defined radios (SDR) [4, 5],
a direct conversion sensors for millimeter wave sensing applications [6, 7], Internet of Things
applications [8], direct modulator for high data rate modulation schemes such as Quadrature
Phase Shift Keying (QPSK) and Quadrature Amplitude Modulation (QAM) [9, 10], and high
precision interferometer for radio frequency (RF) source localization and range calculation RF
front end [11–13]. Beyond the UWB operation, the key characteristics that make SP junctions
attractive for the aforementioned applications is its multiband and multimode functionalities,
low power consumption, and compatibility in digital domain [14].

The prevailing challenges that arise in designing and developing SP junctions are to achieve
compact size, UWB operation, and response accuracy. Indeed, the compact size eases the inte-
gration with other devices and systems (e.g Butler Matrix), a critical characteristic especially
for 5G wireless communication where flexibility and space are important factors. UWB opera-
tion is also critical since the designed SP should maintain the desired response for a wide range
of frequencies, augmenting and in many cases even enabling the needed functionality over the
overlayed system. Response accuracy is also important inmany cases as, for example, the ampli-
tude accuracy in the q-points when SPs are operated as receivers or reflectometers. To answer
those challenges, a huge research effort is devoted to the development of SP networks during
the last decade. The most indicative attempts are summarized in Table 1 and reviewed next.
Therein various characteristics including technology, size, BW, amplitude and phase response,
accuracy of q-points, and theminiaturization technique are listed in comparisonwith the herein
proposed technique.

In [15–19], SP networks implemented in planar technology are presented. Aiming at
minimum size and maximum BW, 50% to 100% fractional bandwidth (FBW) is achieved in
[15–17], but the designs suffer from poor performance in outputs, (S-parameters) amplitude
(up to±3 dB), and phase (10∘ to 25∘) variation. Fang et al. [18] attempted size reduction replac-
ing 𝜆/4-lines using equivalent lines loaded by open stubs. Indeed, they achieved a reduction
to 20% and 0.22𝜆2 footprint area, as compared to the conventional SP junction. However, this
considerable size reduction came at the expense of FBW reduction to 25% and an amplitude
deviation of ±3.5 dB from the theoretical value of −6 dB. In [19], modified series diamond
stubs were used along with power divider (PD) and branch line couplers, achieving 75% FBW
and a size of about 0.34𝜆2. Multilayer technology is employed in [20–22], utilizing the multi-
sectional approach for hybrid coupler (HC) and PD. Therein, an improvement in FBW from
120% to 150% is reported, but the compactness is partly sacrificed as the size is increased to
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Table 1. Multilayer SP networks comparison

Work OB (GHz) I/MT S (mm2)/R (%) NS (𝜆) FA (𝜆2)/(%) FBW (%) ILAv ± ΔA (dB) PA q−A

[20] 0.7–5.8 Stripline 130 × 150 1.4𝜆 × 1.62𝜆 2.29/63 150 −7.5 ± 2 10∘ −

[21] 2–8 Microstrip to
stripline

128 × 98 2.13𝜆 × 1.63𝜆 3.48/43 120 −7.2 ± 1.7 10∘ −

[22] 2–8 Stripline 128 × 98 2.13𝜆 × 1.63𝜆 3.48/43 120 −6.75 ± 1 − −

[23] 3.6–10.4 Microstrip to slot 43 × 43 1𝜆 × 1𝜆 1/83.5 94 –6.5 ± 2 – –

[24] 3–5 Microstrip to
stripline

12.7 × 13.2 0.17𝜆 × 0.18𝜆 0.03/99.5 50 –6 ± 2 ±45∘ –

[25] 1–3 Microstrip/ML 32 × 34/79 0.21𝜆 × 0.23𝜆 0.05/99.2 100 –10 ± 2 – –

[26] 1–6 Microstrip to
stripline /LTCC

30 × 30/63 0.35𝜆 × 0.35𝜆 0.12/98 140 –7 ± 3 – 0.5–1.8/20∘

[27] 22–28 SIW/Stacked SP –/40 – 5.1/– 0.28 –7.5 ± 1.5 ±12 –

This work 0.8–2.5 Microstrip to
slot/EBM–ML

68 × 63/63 0.37𝜆 × 0.34𝜆 0.13/98 103 –7 ± 1.9 18∘ 0.75–1.38/4∘

Note: The acronyms are denoted as follow: OB, operating band; I, implementation; MT, miniaturization technique; S, size; R, reduction; NS, normalized size; FA, footprint area; ILAv ± ΔA,
average insertion loss with amplitude deviation; PA, phase accuracy; q-A, q-point accuracy.

about 3.48𝜆2. A compromise between bandwidth (BW) and size
is reported in [23], regarding a multilayer SP junction based on
a microstrip to slot coupling. The achieved footprint area is 1𝜆2,
while the FBW reaches about 94%. Reasonable size reduction of
two multilayer SP structures is reported in [24, 25]. Specifically,
in [24], the authors were able to greatly reduce the size to 0.03𝜆2

retaining a 50% FBW but with large phase error (±45∘). In [25],
a 0.05𝜆2 footprint area and a 79% reduction in size compared to
a planar design is achieved, while the FBW is retained to 100%.
However, the right angles of the utilized rectangular meander lines
in [25] cause significant loss in the outputs’ amplitudes (10±2 dB)
and unknown phase deviations. The best performed SP compared
to the SPs reported so far is found in [26] byMorena et al.Therein, a
low temperature co-fired ceramic (LTCC) SP network was imple-
mented using eight DuPont-943 substrate layers, achieving a size
reduction of 63% with respect to the ordinary planar topology
and a 140% FWB. A drawback of the approach in [26] is the high
cost and complexity involved due to the implementation of LTCC
technology. Recently, in [27], a multilayered substrate integrated
waveguide SP junction with stacked SP components is introduced,
achieving a size reduction of 40% but with limited FBW of 0.28.

In the work at hand, aiming to develop a compact plus wide-
band SPnetwork covering the sub-6GHzband of 5G (fromUHF to
6GHz as required by the usual SDR applications), multilayer tech-
nology is employed. In order for the compactness and wide BW to
be accompanied with compliant S-parameters (accurate amplitude
and phase response), we focus our attention on the transmission
lines interconnecting the component devices (PD and HCs) con-
stituting the SP. The required geometrical characteristics of those
lines are properly calculated utilizing a broadband matching tech-
nique, which, in general, is applied to diode mixer design [28–30].
This technique is adopted and extended herein in order to for-
mulate a generalized approach for matching passive components.
Indeed, we contribute a new step-by-step design approach, which
is carried out in two stages. At the first stage, the extended broad-
band matching (EBM) technique is used to match PD and HCs by
estimating efficiently the geometrical characteristics of the inter-
connecting lines. Wide BW response and response accuracy is
delivered by treating the interconnecting lines not as mere 50
Ω guides but as wideband, complex-to-complex, interconnecting,

distributed, two-port matching networks. At the second stage,
compactness as well as wide BWresults by appropriate reformation
(smooth meandering) of the interconnecting transmission lines
to properly fill a lot of the empty (unfunctional) spaces. Thus, a
new SP network, with matched components and optimized inter-
connections, is delivered just combining the EBM and the smooth
meandered line (ML) techniques. As a result, our effort compares
favorable (with respect to miniaturization, the retaining of ampli-
tude and phase accuracy, and low losses) with the state of the art
(again summarized in Table 1). As shown in Table 1, the overall
achieved size reduction for the designed SP junction is of the order
of 63% for the 0.8 to 2.5 GHz band. Advantages of the proposed
design approach is the reduced complexity compared to previous
works, especially with respect to LTCC technology, the preserva-
tion of the UWB characteristics, and flexibility since it is easily
applicable in multilayer as well as in planar configuration, and it
is extendable to any multiport network. Summarizing, as depicted
in Table 1, the technique elaborated herein exhibits optimal perfor-
mance regarding size reduction, overall bandwidth, and response
accuracy.

The rest of the paper is organized as follows. In section “UWB
multilayer power divider and 3 dB hybrid coupler,” the initial
design of HCs and PD is introduced, while in section “Extended
broadband matching methodology of the hybrid coupler and
power divider and footprint reduction,” the extended wideband
matchingmethodology is presented alongwith the advantages pro-
vided by the use of MLs. Section “Design and implementation of
six-port networks” presents the implemented SP networks, while
their validation is given in section “Validation results.” Finally, in
section “Conclusion,” conclusions are deduced.

UWB multilayer power divider and 3 dB hybrid coupler

Figure 1(a) depicts the SP network topology, which is used to per-
form vector measurements of two input RF signals (a1, a2). For
receiver applications, one of them is an unknown signal containing
the desired information in both its phase and its amplitude, while
the other one is a local oscillator signal. Conversely, for a source
localization problem, the two signals could be the outputs of two
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Figure 1. (a) Six port network topology. (b) Elliptically shaped multilayer 3 dB HC (b1-top) and multilayer PD (b2-bottom). SP denotes symmetry plane.

antenna elements. In both cases, the aim is to yield baseband volt-
ages proportional to their amplitude ratio, a1/a2, and their phase
difference a1 − a2. As shown in Fig. 1(a), the SP topology com-
prises a PD and three HC. The components’ multilayer structure
is shown in Fig. 1(b). A microstrip to slot coupling is employed to
equally divide incoming signals, with 0∘ phase shift for the case of
PD and 90∘ for the HC. Since the overall performance of the SP
junction depends on the performance of each of the PD and HC
components, the first critical stage is to define their geometrical
characteristics (Fig. 1(b)). Explicitly for the 90∘ HC based on [31],
the multilayer topology as modified in our previous work [32] is
considered. For the UWB-PD, the topology employed in [33–35]
is adopted and modified in the present work.

Hybrid coupler

Referring to Fig. 1(b), the multilayer HC comprises three conduc-
tive layers interleaved with two dielectric layers. Elliptically shaped
patches are printed on the top and bottom layers, which are coupled
through an elliptical slot etched on the middle metallic (ground)
layer. Thus, as shown in Fig. 1(b)2, a signal applied to input port
is divided equally between output and coupled ports with a phase
shift of −90∘. Ideally there is no signal at the isolated port. Since
there is a symmetry, the operation of theHC supports even and odd
modes. Horizontal symmetry plane is applied with respect to ports
1 and 3 as shown in Fig. 1(b)1. In the oddmode, the currents on the
two patches are antisymmetric, and thus the slot acts as a perfect
electric conductor (PEC). Consequently, the HC geometry for the
odd mode is treated as a common microstrip line of width w and
characteristic impedance Z0o. Conversely, in the even mode, the
currents on the top and bottom patches are symmetric; hence, the
slot acts as a perfect magnetic conductor. In turn, theHC geometry
for the even mode is approximated by a slot line with characteris-
tic impedance Z0e and width ds. The coupling mechanism and the
operating BW are controlled by the widths dw, ds of the elliptical
patch and slot, respectively, and the coupler length dl. A detailed
design methodology and the calculation of dw, ds, and dl can be
found in our previous work [32].

Power divider

Regarding the UWB-PD designs, we extend the PDs proposed in
[33–35]. Herein, the output ports are rearranged in different lay-
ers in order to fit the multilayer structure and to achieve in-phase
operation. Similar to HC, PD consists of three conductive layers
interleavedwith two dielectric layers (Fig. 1(b)).The input port and
one output port are placed at the top layer and the second output
port is placed at the bottom layer. Coupling between input and out-
put ports is achieved in the middle layer via the slotline of length
ls and width s. The PD of Fig. 1(b)2 exhibits two transitions with
transformation ratio n, which depends on the substrate character-
istics (h, 𝜖r) and the frequency. The first transition occurs between
the input port and the slotline, while the second occurs between the
slotline and the output ports. A signal applied to port 1 is equally
divided and coupled through the slotline at the first transition.The
resulted signals, in turn, travel in opposite directions to the second
transition where they are coupled to the output microstrip ports.
Since the paths to the output ports are symmetric and in the same
direction, a zero-phase difference results between them. In order
to minimize reflections at input and output ports, throughout an
UWB frequency range, themicrostrip lines and the slotline are ter-
minated with circular stubs of radius rf, rm, and rs. Just as in [37],
themicrostrip and slot circular stubs act as capacitive and inductive
elements, respectively.

Similar to HC, the PD of Fig. 1(b)2 supports even and odd
mode operation. The output ports 2 and 3 are symmetrical, and
hence the even and odd mode analysis is applicable to them. The
related even–odd mode analysis follows [35], wherein a more gen-
eral topology is studied since it includes a resistance isolating the
two output ports.The isolation resistor is omitted herein in order to
make the PD integration to the SP architecture more convenient.
Hence, the even–odd mode analysis is quite similar, and the cor-
responding equivalent circuits and their mathematical expressions
are repeated herein in their simplified form.When the oddmode is
examined, the symmetry plane becomes a PEC and thus the voltage
is zero. Subsequently, the inputmicrostrip line is grounded through
the electrical wall, and the input port sees a line terminated at short
circuit (i.e., as a shortened stub).The equivalent circuit, as shown in
Fig. 2(b), becomes a one-port network since the impedance at the
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Figure 2. PD even and odd mode analysis: (a) equivalent circuit, (b) odd mode,
and (c) even mode [35] but without an isolation resistor.

symmetry plane is zero. Referring to the encircled part of Fig. 2(b),
the input impedance seen from the output port 2 is:

Zo
in,2 = Zos+jZm

0 tan 𝜃m (1)

Zm
0 is the characteristic impedance of the microstrip circular stub,

while Zos is the impedance as seen at the slotline (through the N:1
transformer). For the particular case when 𝜃m = 𝜃s = 𝜋/2, then
Zos results to [35]:

Zos = jn2Zs tan 𝜃d (2)

Zs and 𝜃d are the characteristic impedance and the electrical length
of the slotline, respectively. Notably, in Equation (2), the effect of
the stub (Zs, 𝜃s) disappears since its input impedance (jZs tan𝜃s)
tends to infinity for 𝜃s = 𝜋/2. For wideband response, the slot-
line length should be equal to 𝜆d/2 (𝜃d = 𝜋 and tan 𝜃d = 0) [36].
Hence, Zos can be omitted from Equation 1, yielding:

Zo
in,2= jZm

0 tan 𝜃m (3)

For a good impedance matching, the above input impedance
should be equal to the characteristic impedance of the microstrip
line, Zo

in,2 = Z0. For this purpose, Zm
0 and 𝜃m are tuned to secure

Zo
in,2 = Z0 = 50 Ω. An optimal length for the microstrip circular

stub of the proposed divider was found to be equal to lm=𝜆m/14.
When the even mode is enforced, two inphase signals are

applied to the output ports.The symmetry plane becomes a perfect
magnetic wall, and a virtual open circuit is placed at the symme-
try axis. Hence, each bisected part of the PD becomes the two-port
network shown in Fig. 2(c). The input impedance of the input port
1 is doubled (2Z0), while the output ports exhibit an impedance
equal to Z0. The absence of the isolation resistor does not change
the analysis of the even mode with respect to [35] since this resis-
tor is now terminated at open circuit. Thus, the input impedances
of port 1 and port 2 adopted from [35], for the particular case when
𝜃m = 𝜃s = 𝜋/2, read:

Ze
in1 =

n2Zs(Zes1 + jZs tan 𝜃d)
Zs + jZes1 tan 𝜃d

(4)

Ze
in2 =

n2Zs(Zes2 + jZs tan 𝜃d)
Zs + jZes2 tan 𝜃d

(5)

Zes1,Zes2 are the input impedances of the slotline at the two transi-
tions, which are given as:

Zes1 = 2Z0
n2 (6)

Zes2 = Z0
n2 (7)

Combining Equations (4)–(7), the appropriate characteristic
impedance Zs of the slotline is calculated.

The width and the length of the slotline are related to the trans-
formation ratio n, which is initially estimated using expressions
given in [33]. In turn, the slotline impedance is calculated as [37]:

Zs = Zm
n2 (8)

Zm = 50Ω is the characteristic impedance of the microstrip line.
With Zs known, the width of the slotline s is estimated using closed
form expressions given in [38]. After the estimation of the geomet-
rical characteristics, the PD of Fig. 1(b)2 is designed and simulated
using SIMULIA CST STUDIO. However, the initial design does
not offer optimum performance in terms of insertion loss for out-
put ports. The main reasons for this is the poor matching due to
the removal of the isolation resistor.Thus, an optimization scheme
is carried out, where the slot width is optimized to achieve the
required results. Optimal values for the slot width s are between 0.2
and 0.35 mm, resulting in characteristic impedance of the slotline
Zs between 82 and 88Ω and n between 0.75 and 0.78, which ful-
fills Equation (8).The above holds for the Rogers RO4003 substrate
with 𝜖r = 3.55 and thickness h equals to 0.508mm.

Figure 3 depicts the S-parameters (left) and the phase difference
of output ports (right) of the PD of Fig. 1(b)2. The insertion loss
for the output ports varies from −3 to −4 dB at 0.8 to 5GHz. As
expected, there is a good matching at the input port where S11 is
below −10 dB, but there is a mismatch regarding return loss and
isolation at the output ports (note that S22 = S33, due to symmetry).
This is due to the fact that herein, compared to [35], the use of iso-
lation resistor is avoided due to the placement of the microstrips at
different (top and bottom) layers, which makes soldering difficult.
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Figure 3. Simulated S-parameters (left) and the phase difference of output ports
(right) of the power divider of Fig. 1(b)2.

However, the return loss and isolation mismatch at the output will
not affect the overall performance of the SP network since output
ports of PD are matched to the HC utilizing the wideband match-
ing technique described in the next section. Explicitly, the adopted
MLs provide the required good wideband matching even without
the isolation resistor.

Extended broadband matching methodology of the hybrid
coupler and power divider and footprint reduction

In the current section, the improved matching methodology for
the HCs and PD and its interrelation with the miniaturization
approach are stated. Broadband matching, applied in general to
diode-mixers design [28–30], is adopted and extended herein for
matching passive devices. In mixer design, although a wideband
operation is sought, the diode impedance changes with time driven
by the local oscillator large signal as well as with frequency. Thus,
the diode impedance varies from a relatively low value Zlow = Zon
at the on condition to a high value Zhigh = Zoff at the off condi-
tion. Wideband matching is achieved by estimating a hyperbolic
mean value Zm between Zlow and Zhigh, which in turn is matched
to the characteristic impedance of the feeding line (Z0). In this
manner, the diode impedance under local oscillator drive moves
back and forth or around the center of the Smith chart (Zin =
Zm = Z0) versus time and frequency. Herein, the approach is car-
ried out in two steps as shown in Fig. 4, where the basic principles of

real-to-complex and complex-to-complex matching are revealed.
First, a length of series transmission line is added to the compo-
nent to make the conductance at band edges equal to the inverse
of the conductance at resonance.This is equivalent to matching (to
the center of the Smith Chart) the hyperbolic mean of the whole
band response using the same series transmission line. Second, the
other element in the matching circuit is a shunt resonant trans-
mission line shorted to ground to bring the band edge admittances
together.The first part of the aforementioned procedure is depicted
in Fig. 4(a) and is utilized to match PD or HCs to their respective
ports (real-to-complex matching). The hyperbolic mean of the
device’s response (using the Zmax(f ) = Zhigh and Zmin(f ) = Zlow
band-edge impedances) is computed and then matched using a
properly calculated (Z′

0, 𝜃′ = 𝛽′l) transmission line (Fig.4(a)).
For the case of complex-to-complex matching, which is referred
to the matching of interstage components as shown in Fig. 4(b)
(for example, the PD with one of the HCs), we contribute here a
generalization of the procedure stated in [28–30]. Herein the two
hyperbolic means of the components named A and B are com-
puted and then are complex conjugate matched together via the
addition of a properly assessed interconnecting transmission line.
Let us now focus on the second part of thewidebandmatching pro-
cedure. Although the hyperbolic meanmay be driven to the center
of the Smith chart, the band edge impedances remain relatively
away. Ideally, the impedance locus versus frequency should run
around a circle with minimum radius. A component is needed in
order to bring the band edge admittances together. However, in the
related references, a radial stub is employed to accomplish this goal.
A stub operating as a series resonant circuit is best suited when the
one edge impedance is inductive (Im(Zlow > 0) and the other is
capacitive (Im(Zhigh < 0). In this case, the resonant stub offers the
opposite sign reactances, thus compensating the load imaginary
parts.This is not the choice that we have made in the work at hand.
Herein, the interconnecting transmission line is employed not only
to match the hyperbolic mean but also to bring together the edge
admittances. This is achieved by meandering the interconnecting
line. Indeed, when a transmission line ismeandered, it can bemod-
eled as a semi-lumped circuit [39], where each ML unit cell is
studied as transmission lines connected via shunt lossless compo-
nents (the coupling inductors and capacitors). Conceiving the ML
as inheriting shunt components opens the way to properly design

Figure 4. Wideband matching of passive devices. (a) Matching a component to Z0 (real-to-complex matching). (b) Interstage matching of two components
(complex-to-complex matching).
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Figure 5. Wideband matching of multilayered HC and PD. (a) Power divider (PD), (b) hybrid coupler (HC), and (c) meander line (ML) used for matching.

Figure 6. Input impedance versus frequency for HC ports and P-1 of the PD. The
low (Zlow) and high (Zhigh) impedances are denoted by arrows.

(and transform) a transmission line (to a Meander-one) to achieve
not only hyperbolic means conjugate matching but also, and at
the same time, band edge admittances compensation. Notably, the
meander line acts in the same way as the series resonator but in
a more compact form supporting miniaturization. In this way, it
is easily understood that intermediate transmission line mean-
dering results not only in the device’s miniaturization but also in
wide band matching and as expected in BW improvement. This is
the design approach that we contribute in the current work, and
the major goal is to determine the optimal geometrical charac-
teristics, width (W), and length (L) of the interconnecting lines
between PD and HC of the SP junction. The proposed design pro-
vides the optimal performance of SP in terms of BW and q-points
accuracy.

Having determined the core parameters of PD and HC as
described in section “UWB multilayer power divider and 3 dB
hybrid coupler,” the input impedance at the reference level

(shown in Fig. 5) of each port is provided (by simulation and
measurements). In Fig. 5, ZPD

in1 ,ZPD
in2 , and ZPD

in3 are the input
impedances of the PD at the reference level for ports P1, P2, and
P3, respectively. ZHC

in1 , ZHC
in2 , ZHC

in3 , and ZHC
in4 are the input impedances

of the HC at the reference level for ports P1, P2, P3, and P4, respec-
tively. ZA is the complex impedance of the source (understood to
provide power through the connectors), which is considered real,
ZA=Zo. Due to the symmetry of HC’s and PD’s ports as shown in
Fig. 5, it holds:

ZHC
in1 = ZHC

in2 = ZHC
in3 = ZHC

in4 (9)

ZPD
in2 = ZPD

in3 (10)

The input impedances of HC and PD ports at their reference level
are shown in Fig. 6. As expected, due to the topology of the cou-
pler similar to two parallel plates, its behavior is mostly capacitive.
Referring to theHC, a low-quality factor parallel resonance appears
at the high frequency band end (Fig. 6), but both the real and
imaginary parts of Zin present slow variations versus frequency.
For mixer design, an optimal combination is a series transmission
line section and a radial stub. The use of stub as mentioned ear-
lier is avoided herein to retain a minimal footprint. However, as
noted in [28], matching of a complex impedance to real Z0 can
be achieved utilizing a single transmission line by properly adjust-
ing both its characteristic impedance (defines the circular locus
radius) and its electrical length (𝜃 = 𝛽l), which defines the cir-
cular arc length. Notably, a quarter wave transmission line (𝜃 =
𝛽𝜆g/4 = 90o) could be approximately utilized to match only the
real part Rm = Re(Zm) to Z0 (where Zm denotes the hyperbolic
mean impedance), but this does not take full advantage. Moreover,
it is expected that the transmission line with smaller variation of
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Table 2. Estimated hyperbolic mean of HC and PD (Fig. 5) for each of their ports

Matching TL Width (W) and length (L) (mm)

Device P Zlow (Ω) Zhigh (Ω) Zm (Ω) Z′
0 (Ω) 𝜃′(deg) W initial Linitial W final Lfinal

HC #1–4 54.5 + j3.5 71 – j7.7 61 – j6.5 56.98 62.38 0.91 17.4 1.02 18.3

PD #1 29.7 – j0.8 38.4 – j4.8 33.8 – j2.5 41.00 79.3 1.4 21.7 1.37 20.9

#2,3 15.9 – j14.6 108.6 + j0.4 41.8 – j12.6 46.29 60.9 1.26 16.8 1.1 16.5

the characteristic impedance versus frequency will offer an almost
circular orbit with minimum radius on the smith chart, thus the
smallest possible Voltage StandingWave Ratio (VSWR). Following
the above described approach, the hyperbolic mean impedance for
the input port P1 of the PD is denoted as:

ZPD
m1 = RPD

m1 + jXPD
m1 (11)

while for the output ports P2 and P3 according to Equation (10) is:

ZPD
m2 = ZPD

m3 = RPD
m2 + jXPD

m2 (12)

For the HC, since all ports have similar behavior, the hyperbolic
mean impedance is identical at all ports:

ZHC
m1 = ZHC

m2 = ZHC
m3 = ZHC

m4 = ZHC
m = RHC

m + jXHC
m (13)

The real and the imaginary parts of the hyperbolic mean
impedance in Equations (11), (12), and (13) can be calculated from
the estimated (Fig. 6) Zlow = Rlow+ jXlow and Zhigh = Rhigh+ jXhigh
as [28]:

Rm = [RlowRhigh(1 +
(Xlow − Xhigh)

2

(Rlow + Rhigh)
2 )]

1/2

(14)

Xm =
XlowRhigh + XhighRlow

Rhigh + Rlow
(15)

Table 2 depicts the Zlow, Zhigh and the estimated Zm for each
port of the HC and PD. The appropriate matching transmission
line characteristic impedance and electrical length 𝜃 = 𝛽l are
extracted herein through an algebraic manipulation of those given
in [28–30]:

Z′
0 = √ real{(Z∗

AZ∗
B)(ZA − ZB)}

real{ZA − ZB} (16)

tan(𝛽′l) = Z′
0

|ZA − ZB|
|Z′2

0 − ZAZB|
(17)

Referring to Fig. 5, for the input port P1 of the PD, a complex-to-
real matching is applied since it is connected to 50Ω connector;
thus,ZA = R0 = 50 Ω andZB= ZPD

m1.The same approach is applied
to ports P2 and P3 of the HC ZB= ZHC

m . Output ports P2 and P3
of the PD are connected to HC ports, thus, a complex-to-complex
matching is applied and the resulting characteristics of matching
lines are given from Equations (16) and (17), with the correspond-
ing hyperbolic mean impedances as ZA = ZPD

m2 = ZPD
m3 and ZB =

ZHC
m .
The matching process described so far involves only two com-

ponents as shown in Fig. 5, yet the same process is followed for
more interconnected components. Generally when a components
is connected to a feeding port, a complex-to-real matching is
applied, while a complex-to-complex matching is applied at the
interstages when two components are connected to each other

Figure 7. Characteristic impedance Z′
0 of the three line sections when W is (a)

W = 0.91mm (initial) and (b) W = 1.01mm (fine-tuned in CST).

(e.g.) coupler-to-coupler or coupler-to-divider. After the calcula-
tion of the characteristic impedance Z′

0 and the electrical length
𝜃′ = 𝛽′l of the matched lines by Equations (16)–(17), the result-
ingW and L of the matching lines for each port of PD and HC are
calculated from the well-known equations found in [40] and are
depicted in Table 2.These lines are meandered in a smooth curved
way, as shown in Fig. 5c, forming a miniaturized transmission line
(ML). Also, for comparison, these are implemented by a straight
line (SL), along with the straight line of the same footprint (FL), as
the ML, also shown in Fig. 5c. The relation between the length of
the SL and ML is given as:

l = 6[
√
2(lt + wm)] + 4l1 + 2l2 + l3 (18)

A CST simulation is utilized to accurately adjust the characteristic
impedance and the electrical length of the three lines. Since CST
offers only the S-parameters, these are transformed to ABCD,
which reads as [40]:

[ A B
C D

] = [ cosh(𝛾′l) Z′
0 sinh(𝛾′l)

sinh (𝛾′l)/Z′
0 cosh(𝛾′l)

] (19)
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Figure 8. The Smith Chart locus for the input impedance of the three lines when
width is (a) W = 0.91mm and (b) W = 0.82–1.02mm.

where 𝛾′ = 𝛼′ + j𝛽′ and 𝛼′, 𝛽′ are the attenuation and phase
constant, respectively. Notably, the constants𝛼′ and𝛽′ are approxi-
mately used for curvedwaveguides as theMLherein. Based on that,
and after algebraic manipulation, the characteristic impedance can
be calculated from in any case as

Z′
0 = √B

C (20)

The electrical length can be directly estimated from the phase of its
transmission coefficient S21 = e−𝛾′l as 𝜃′ = 𝛽′l = Phase(S21).
Indicatively, for the coupler port-1, it is Zm = 61 − j6.5 and
Equations (16) and (17) yield Z′

0 = 56.9 Ω, 𝜃′ = 𝛽′l = 62.4∘.
For Rogers 4003 Substrate (𝜖r = 3.55, tan 𝛿 = 0.0027, and
thickness h = 0.508mm), the corresponding W at the center
frequency of 1.8GHz is w= 0.91mm and the required physical
length l = 17.4mm.Meandering this line, its footprint is reduced to
lm = 8.4mm. In turn, the three lines are simulated in CST, and the
resulting (by Equation 20) characteristic impedance is illustrated
in Fig. 7(a), while their input impedance is shown in Fig. 8(a). The
characteristic impedances (Fig. 7(a)) of SL and ML are different,
and the SL is close to the designed (Z′

0 = 56.9Ω) while that of
ML is about 2Ω lower. For the FL, Equation (20) depicts a wrong
high variation of Z′

0 in Fig. 7(a), while Fig. 8(a) shows that its input
impedance follows the correct track along to that of the SL. The
width W of the three lines is fine-tuned within CST to yield the
Z′
0 = 56.9 Ω at the center frequency as depicted in Figs. 7(b)

and 8(b). From these, in particular, Fig. 8(b), it is obvious that the
ML has the least variation in Z′

0 and the smaller diameter in its
locus on the smith chart (Fig. 8(b)), thus better VSWR. A simi-
lar approach is followed to match the PD ports. These are in turn

Figure 9. Input impedance locus on the Smith chart for the HC itself and the HC
when the three different matching lines are attached to its ports as shown in Fig. 5.

Figure 10. VSWR of the HC connected with the three different matching lines
(Figure 5).

connected to the HC and PD (Fig. 5), and each structure is simu-
lated using the CST. The resulting input impedance locus for the
HC with the three different matching lines are shown in Fig. 9,
while Fig. 10 depicts the corresponding VSWR. Both figures reveal
the superior performance of the ML in term of both VSWR and
miniaturization.

Summarizing, the steps for the implementation of the EBM
approach combined with the new proposed smooth miniaturiza-
tion scheme are as follows:

1. From the simulated S-Parameters, the real and the imaginary
parts of Zin at the reference ports of HC and PD are determined.

2. From Zin, the hyperbolic mean impedances Zm are calculated
using Zlow and Zhigh.

3. From Zm, the characteristic impedance Z′
0 and the electrical

length 𝜃′ = 𝛽′l of matched lines are calculated and subse-
quently, width (W) and length (L) of them are determined.

4. The resulting matching lines are meandered, and the ratio B/C
is calculated and if necessary tuned tomatch Z′

0. Final values for
W and L are obtained.

5. The resulting MLs are connected to HC and PD ports to imple-
ment the SP junction.

Design and implementation of six-port networks

Following the design described in section “Extended broadband
matching methodology of the hybrid coupler and power divider
and footprint reduction,” two SP networks, covering the 0.6–3GHz
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(a)

(b)

Figure 11. Implemented (a) SL-SP and (b) ML-SP networks for the 0.6 to 3 GHz
band. Dimensions (in mm): lm1 = 11.6 (actual 20.9), lm2 = 8.6 (actual 16.5),
lm3 = 9.2 (actual 18.3), and ls = 19.1 (actual 22).

band were implemented, as shown in Fig. 11. An SP using straight-
lines (SL-SP) (Fig. 11(a)), with overall dimension 116 × 102mm2

and a miniaturized SP using meander lines (ML-SP) (Fig. 11(b)),
with overall dimensions of 68.2 × 63.8mm2. The achieved size
reduction is 63%, while the surface footprint of the layout is
reduced to 37%, compared to the size of the SL SP. Both com-
prised three conductive layer interleaved with two dielectric layers.

Table 3. Final values of the designed SP junctions.

Parameter (mm) Fig. 11(a) Fig. 11(b)

dl 32.028 31.832

dw 5.727 6.405

ds 8.5 8.699

rf 7 6.517

rp 7 5.863

rs 6 4.634

ls 22 19

s 0.339 0.242

lf 20.9 –

lp 16.5 –

lc 18.3 –

wf 1.37 1.37

wp 1.1 1.1

wm 1.02 1.02

rt 2.82 –

The top layer contains three conductive patches, connected to port
1 (feeding port) and to output ports 3 and 5.The bottom layer con-
tains two conductive patches connected to port 2 (second feeding
port) and to output ports 4 and 6. The middle layer contains the
coupling region for PD and HCs slots. As depicted in Fig. 11, the
SLs of the original SP (Fig. 11(a)) have been replaced by smoothed
meandered sections having footprint lengths lm1, lm2, lm3, and ls
(Fig. 11(b)). For a sufficient grounding of connectors and to min-
imize the parasitic effects, an extra 10mm line and a 0.5mm
diameter through plated hole vias have been placed at each port as
depicted in Fig. 11.The geometrical parameters relating the PD, rf,
rp, rs, s, and wf, and HC, dw, ds, dl, and wp, of the SL-SP andML-SP
are shown in the second and third column of Table 3, respec-
tively.The two fabricated SP prototypes operating in the 0.6–3GHz
band are shown in Fig. 12, with SLs (left) and with MLs (right).
Each prototype is printed in two separated boards, which are glued
back-to-back appropriately aligned and bonded together. For the
bonding of SPs, 0.2mm thickness (RO4450F) thin films have been
used for the adhesion of the two Rogers4003C core layers.

Validation Results

In this section, the numerical results for the implemented SP
networks are presented against the corresponding experimen-
tal results. The measurements have been done using HP8510C
Vector Network Analyzer. The simulated and measured transmis-
sion coefficients for the ML-SP prototype of Fig. 12 (right) is
presented in Fig. 13 when the excitation source is at port-1 (Si1, i =
3 − 6) and in Fig. 14 when port-2 is excited (Si2, i = 3 − 6). In
both cases, there is a very good agreement between simulated and
measured results. Since the input power is expected to be equally
divided between these four outputs ports, the theoretical magni-
tude of these |Si1|, |Si2| is expected at −6 dB. The observed values
are fluctuating around −7 dB, withmaximumdeviation of±1.9 dB,
over the range of 0.8–2.5GHz.The 1 dB decrease of themean value
is due to the material losses (𝜖r = 3.55, tan 𝛿 = 0.0027) and to the
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Figure 12. Constructed SL-SP (left) and ML-SP (right): (a) front view and (b) rear
view.

Figure 13. Transmission coefficients for the SP of Fig. 12 (right) when input port-1
is excited (Si1, i = 3 − 6); subscript m denotes measurements.

manufacturing of the proposed networks, which results in toler-
ances when the layers were stacked. Even though alignment points
were used, a tolerance of approximate 500 μm is expected.The sim-
ulated andmeasuredVSWRof input ports 1 and 2 and output ports
3, 4, 5, and 6 is shown in Fig. 15. The maximum value of VSWR is
3.2 for port 3. The small band exceeding the limit of VSWR ≤ 2 is
restricted to the output ports, and it can be considered marginally
acceptable. The relative phase shift at the output ports must be
multiple of 𝜋/2 for an improved accuracy of the SP junction. In

Figure 14. Transmission coefficients for the SP of Fig. 12 (right) when input port-2
is excited (Si2, i = 3 − 6); subscript m denotes measurements.

Figure 15. Simulated and measured VSWR of SP of Fig. 12 (right) for input ports 1
and 2 and output ports 3, 4, 5, and 6. Subscript m denotes the measurements.

Fig. 16, the phase response of the SP network is depicted when
the two input ports 1 and 2 are excited. The relative phase differ-
ences are obtained comparing the phase response of output ports
3, 4, 5, and 6. Port 3 is used as reference port, consequently, ph34i,
ph35i, and ph36i denote the phase difference between port 3 and
ports 4, 5, and 6, respectively. Subscript i denotes the excitation
port (i = 1, 2). Hence, when port i= 1 is excited, these relative
phase differences should be ideally Δ𝜙34,1 = 90∘, Δ𝜙35,1 = 0∘,
and Δ𝜙36,1 = 90∘. When port i= 2 is excited, these relative phase
differences should be ideally Δ𝜙34,2 = −90∘, Δ𝜙35,2 = 90∘, and
Δ𝜙36,2 = 0∘. Figure 16 depicts the phase deviation of these relative
phase differences from the ideal values. Indeed, these phase differ-
ences are close to the recommended, and there is a good agreement
between simulated and measured phase responses. For the 0.8 to
2.5GHz band, maximum phase deviation of 18∘ at 2.5GHz and an
average deviation of 7∘ is observed between ports 3 and 4 (Δ𝜙34,2),
while the average difference between the simulated and measured
phase response of Δ𝜙34,2 is 9.5∘.

The magnitude and phase of q-points are presented in Figs. 17
and 18, respectively. As shown in Fig. 17(a) for the frequency
band from 0.8 to 2.5GHz, the magnitudes of q-points are in the
range of 0.68–1.38 for the ML-SP and 0.75–1.38 for the SL-SP as
shown in Fig. 17(b). Moreover for the whole range of operation
(0.6–3 GHz), the magnitude of q-points varies from 0.5 to 3 for
the ML-SP as shown in Fig. 17(a). Concerning the SL-SP, there is
a significant deterioration beyond 2.7GHz as shown in Fig. 17(b).
Since ML provides hyperbolic mean conjugate matching and edge
admittance compensation as noted in section “Extended broad-
band matching methodology of the hybrid coupler and power
divider and footprint reduction,” as expected the ML-SP, as shown
in Fig. 17(a), exhibits better performance in terms of q-point accu-
racy compared to the SL-SP and consequently offers an improve-
ment of the operating BW. Regarding their phase separation, as
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Figure 16. Phase deviation of the relative phase differences of the SP of Fig. 12
(right), for output ports 3, 4, 5, and 6 when ports 1 and 2 are excited (ph3i1, ph3i1m,
ph3i2, ph3i2m). Subscripts i and m denote the excited and measurement’s port,
respectively. Ideal values for the phase differences are noted in the parentheses.

Figure 17. Simulated and measured magnitude of q-points for Fig. 17(a) ML-SP
and Fig. 17(b) SL-SP. Subscript m denotes measurements.

shown in Fig. 18(a), for the ML-SP, it is equal to 90∘ with max-
imum deviation of −4∘, where the ideal values is ≥90∘. For the
SL-SP (Fig. 18(b)), it is equal to 90∘ withmaximumdeviation of 15∘.
Additionally, a good agreement is observed between simulations
and measurements.

Considering q-points as a performance metric, the ML-SP in
Fig. 12 (right) according to the results presented so far is better in
both magnitude and phase, compared with the results of the SL-SP
in Fig. 12 (left). Although a reduction of dimensions to 63% and in
volumedown to 37% is achieved, the required performance and the
UWB characteristics were preserved for the ML-SP network. Both
structures exhibits sufficient performance over the 0.8–2.5GHz
frequency in terms of magnitude, phase response, and q-points
accuracy. Comparing the ML-SP with the SP implemented with
FL (not shown herein but available), again ML-SP exhibits better
q-point accuracy.

Figure 18. Simulated and measured Phase of q-points for (a) ML-SP and (b) SL-SP.
Subscript m denotes measurements.

Conclusion

A new design approach for multiport passive components is intro-
duced. An extended and generalized wideband matching tech-
nique, combined with the new proposed miniaturization scheme,
which employs a smooth curvedmeandering approach in both the
microstrip and slotlines, achieved a size reduction of 63% for the
ML-SP, compared to SL-SP, while retaining the same performance.
The constructed SL-SP and ML-SP prototype networks exhibit the
desired performance over the frequency range of 0.8 to 2.5GHz.
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