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A Planar Microstrip Crossover With Lumped
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Abstract—A planar microstrip crossover is proposed by using
a stub-loaded ring structure with lumped inductors to realize
good transmission and isolation performances for three inter-
secting channels. It can take the place of three conventional
dual-channel crossovers. Since the component is with a sixfold
rotational symmetric configuration, it can be analyzed by using its
eigen-admittances and the even-/odd-mode theory. The analytical
equations are derived to generate the design curves to determine
the circuit parameters, operating bandwidth and transmission
phase. The influence of the utilized lumped inductors on the
crossover performance is also considered. A prototype is devel-
oped at 1.0 GHz with an occupied area of 0.308 0.294 , where

is the guided wavelength of the central frequency. The per-
formances of diagonal transmission, port matching, and isolation
between different channels are achieved with a 6% operating
bandwidth, which has been demonstrated by the theoretical,
simulated, and measured results.

Index Terms—Eigen-admittance, lumped inductor, planar mi-
crostrip crossover, sixfold rotational symmetric structure, three in-
tersecting channels.

I. INTRODUCTION

C ROSSOVER has become an important type of passive
component in various microwave circuits due to the rapid

developmentof high-densitymicrowave integrated systems. 3-D
structures, such as an air-bridge, a via-hole, and a multilayer cir-
cuit [1], [2], can be used to separate two intersecting signal chan-
nels, but they also increase the fabrication cost and introduce par-
asitic effects, especially for high frequencies. A broadband via-
less crossover is proposed in [3] by using microstrip to coplanar
waveguide (CPW) transitions, where the CPW is realized on the
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groundplaneof themicrostrip line.Twoorthogonallyplacedcon-
ductor-backed CPWs are used to build up a compact crossover
[4],whereboth the topandbottommetalplanesofaprintedcircuit
board (PCB) are with traces and connected by via-holes. Com-
bining a pair of two-port microstrip-to-slotline transitions and
a pair of four-port ones, two crossing signal paths with low in-
sertion loss and high isolation are achieved [5]. Although all the
crossovers in [3]–[5] can operate with large bandwidths by using
both sides of one substrate simultaneously, their etched grounds
avoid the direct stackingonother circuits in an integrated system.
Therefore, fully planar crossovers with a complete ground plane
are in demand.
Two branch-line hybrid couplers are first combined for

crossover application [6]. The matched four-port ring-cross
structure [7] has been proven to be able to work as a planar
crossover [8]. It can also be realized with a symmetric four-port
annular ring [9]. Various branch-line structures are proposed to
provide 0-dB directional coupling for crossovers with different
bandwidths [10]–[12]. Stub-loaded multi-section branch-line
couplers are also attractive candidates [13], [14]. In [15]–[17],
double rings connected by four line sections are used to achieve
good crossover performance within an operating bandwidth of
about 20%, even for two intersecting signal channels with arbi-
trary characteristic impedances. A compact unit cell is proposed
with lumped elements in [18] to construct directional couplers
and crossovers, which are further applied into a 4 4 Bulter
matrix. In [19], a half-wavelength square patch and its fractal
counterparts are used in planar crossovers. In [20], a broadband
crossover is built up with the combination of a ring resonator
and circular patch. Recently, the design of a crossover operating
within dual bands has drawn much attention [21]–[25]. Two
dual-band crossovers have been successfully implemented by
using a trisection branch-line coupler and its stub-loaded mod-
ification [21], [22]. It is exactly validated in [23] and [24] that
two-section branch-line structures also provide enough design
freedom for dual-band crossover applications when loading
stubs are incorporated. By introducing open- and short-ended
stubs into the symmetric structure first proposed in [10], the
crossover performance is extended from a single band to dual
operating bands [25].
It is noticed that all the above-mentioned crossovers are for

two intersecting signal channels. When three channels cross
each other in the layout, three dual-channel crossovers can be
used, as shown in Fig. 1(a). However, the overall size of this
complicated crossover section may be large, especially for low
frequencies. Therefore, a compact component for a tri-channel
crossover, as shown in Fig. 1(b), is still desired.
On the other hand, the symmetric six-port coupler [26] is a

suitable multiport component for the application of a six-port
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Fig. 1. Diagrams of: (a) the combination of three dual-channel crossovers for
three intersecting channels and (b) a tri-channel crossover.

reflectometer in a network analyzer [27]. Some simple config-
urations are proposed for this purpose, such as a matched junc-
tion [28], a ring [29], and a ring-star structure [30]. In order
to increase the bandwidth of a six-port coupler, a complicated
topology of double rings with an inside star is presented in [31],
and it is further modified in [32]. A six-port symmetric decou-
pling network is presented for a circulant symmetric six-element
antenna array [33]. When the coupling between diagonal ports
is close to 0 dB, the symmetric six-port coupler can work as
a tri-channel crossover. However, no prototype has been devel-
oped until now that meets the requirement of 0-dB diagonal cou-
pling with a simple planar configuration.
In this paper, a planar crossover is proposed for three in-

tersecting signal channels, which is based on a six-port ring
connected with six lumped inductors through transmission
lines. The critical parameters of the compact component are
designed by using the eigen-admittances of the six-port net-
work, which are calculated with the even-/odd-mode theory.
The achievable fractional bandwidth is explored within the
selectable range of parameters. The influence of a -factor and
tolerance of lumped inductors is also discussed. A microstrip
prototype is designed to validate our method. Reasonable
agreement is obtained among the theoretical, simulated, and
measured responses.

II. SIXFOLD ROTATIONAL SYMMETRIC STRUCTURE
FOR TRI-CHANNEL CROSSOVER

A sixfold rotational symmetric reciprocal structure with six
ports is shown in Fig. 2. Its -matrix can be written as

(1)

where is the self-admittance of each port and and are
the mutual admittances between different ports. Since there are
only four independent elements in the -matrix, it can be diag-
onalized with eigenvalue decomposition as

(2)

Fig. 2. Diagram of a sixfold rotational symmetric structure with six ports.

where

(3)

(4)

The eigen-voltage and current are then given by

(5)

where the vectors and can be replaced by (or ) and
(or ), respectively, and the elements

can be replaced by or correspondingly.
The eigen-admittances are defined with the six-port network

excited by the eigen-voltages and currents. For the topology
shown in Fig. 2, if each sixth part of the network is symmetric
itself, the simplified circuits can be derived by the eigen-exci-
tations in (5). According to the symmetries of the network and
the combined excitations, electric and magnetic walls are intro-
duced into the network, as shown in Fig. 3. The six-port network
is then converted into several single- or two-port subnetworks.
The first two eigen-admittances and

are just equal to the input admittances and
of the single-port sixth subnetworks shown in Fig. 3(a) and (b)
with all the symmetric planes set to electric and magnetic walls,
respectively.
It is noticed that the two-port fourth subnetwork in Fig. 3(c)

has the same -matrix as the subnetwork in Fig. 3(d).
Therefore, they correspond to the same eigen-admittance

. According to the combined excitation of the left
upper fourth subnetwork in Fig. 3(c), we have

(6)
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Fig. 3. Subnetworks of the sixfold rotational symmetric network under the
eigen-excitations and with the symmetric planes, where the numbers near the
ports are the corresponding coefficients in (5), and the red solid and blue dashed
lines (in online version) correspond to electric and magnetic walls, respectively.

Note that the coefficients of the current and voltage correspond
to the eigen-excitation with electric and magnetic walls. It is
derived from (6) that

(7)

For the proposed symmetric structure, it is found that

(8)

Similarly, the two-port fourth subnetworks in Fig. 3(e) and
(f) correspond to the same -matrix and the same eigen-
admittance . According to the combined
excitation of the left upper fourth subnetwork in Fig. 3(e), we
have

(9)

The eigen-admittance is given by

(10)

where

(11)

Note that (8) and (11) are guaranteed by the symmetry of the six-
port structure. When the four eigen-admittances
and are calculated, the elements and can be solved.
The whole - and -matrices of the six-port symmetric network
are then determined.
If the sixfold rotational symmetric structure is applied to re-

alize a perfect crossover for three intersecting signal channels,
its -parameters should satisfy

(12)

where is the undetermined transmission phase of each
channel. The -matrix is obtained from the -matrix by

(13)

where is the port impedance, and is a unit matrix.
Combining (12) and (13) and then comparing with (1), we have

(14)

(15)

(16)

Substituting (14)–(16) into (3), the eigen-admittances are calcu-
lated to be

(17)

(18)

(19)

This means the following equations should be satisfied simulta-
neously for the tri-channel crossover:

(20)

(21)

(22)

If the network is lossless, all the eigen-admittances should be
purely imaginary numbers, infinities or zeros.
For the central frequency of a tri-channel crossover, there are

three independent equations described by (20)–(22). This means
at least three independent circuit parameters, such as character-
istic impedances and electrical lengths, should be synthesized
to achieve the perfect central performance of the tri-channel
crossover. If more than three independent variables are provided
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Fig. 4. Schematic of the proposed planar crossover for three channels.

by a certain configuration, other specifications can be consid-
ered in the circuit design, which are not limited at the central
frequency of the operating band.

III. SIX-PORT RING CROSSOVER WITH LUMPED INDUCTORS

A. Configuration and Design Equations

Fig. 4 shows the proposed circuit configuration for the planar
tri-channel crossover. It is constructed with a six-port ring struc-
ture and six lumped inductors, which are connected through
six transmission lines. Obviously, it is a sixfold rotational sym-
metric structure and its sixth subnetwork is also symmetric to
the middle plane of itself. Therefore, the analysis method in
Section II can be applied for it. When the values of the char-
acteristic impedances the electrical lengths and
the inductance are selected properly, the performance of
tri-channel crossover will be achieved.
The partial equivalent circuits are shown in Fig. 5 for the

four eigen-admittances. According to Fig. 5(a) and (b), the input
admittances and are obtained by

(23)

(24)

The admittance matrix of is calculated for the two-port
subnetwork in Fig. 5(c), and then the eigen-admittance is
obtained with (7) to be

(25a)

(25b)

where is the reactance of the inductor. According
to Fig. 5(d) and (10), the eigen-admittance is derived by

(26a)

(26b)

Fig. 5. Partial equivalent circuits of the proposed planar crossover for the four
eigen-admittances: (a) , (b) , (c) , and (d) .

(26c)

Substituting (23)–(26) into (20)–(22), the design equations
are constructed for the ideal performances of the tri-channel
crossover at the central frequency, including perfect matching
for each port, perfect transmission between diagonal ports, and
perfect isolation between different signal channels.
Combining (18) and (23), it is found that

(27)

The transmission phase at the central frequency of the crossover
is determined by the characteristic impedance and electrical
length of the ring.

B. Design Curves and Operating Bandwidth

There are five independent variables and
(or ) in our proposed planar crossover to meet the require-
ment of three design equations (20)–(22). Thus, two of them,
i.e., and , can be predetermined and then the other three
parameters and are solved from (20)–(22).
The related design curves are plotted in Fig. 6, where the

values of and are selected within the ranges of 30 to
150 and 20 to 200 , respectively. The corresponding solved
values of and are almost within 36 to 56 , 100 to
155 , and 30 to 80 , respectively. The realizable region is
limited by the allowable characteristic impedances from 30 to
150 , which is marked with a gray line in Fig. 6(a) and (d).
A typical theoretical response of the proposed planar

tri-channel crossover is shown in Fig. 7 with
and . The trans-

mission phase at the central frequency is . All the
losses of transmission lines and inductors are not considered
here. It is seen that the ideal crossover characteristic is achieved
at the central frequency. The performances of port matching
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Fig. 6. Solved values with different combinations of and for: (a)
and , (b) and FBW, (c) and , and (d) the transmission
phase .

and isolation between adjacent ports degrade
quickly when away from the central frequency. Thus, only a
narrow operating band is obtained when the magnitude lower
than 15 dB is required for all the -parameters, except the

Fig. 7. Theoretical response of the proposed tri-channel crossover with
and .

diagonal transmissions, which is marked with gray color in
Fig. 7. The normalized frequency of the operating band is from
0.9644 to 1.0276, corresponding to the fractional operating
bandwidth (FBW) of 6.32%. The in-band insertion loss of the
diagonal transmission is lower than 0.43 dB.
The curves of FBW with the two predetermined parameters

of and are plotted in Fig. 6(b). Triangle contours are ob-
served in the plane. This is because the simultaneous limitation
of and under 15 dB. The curves of the corresponding
fractional bandwidths of and are plotted in
Fig. 6(c) for comparison. Note that the overall bandwidth FBW
of about 1%–6% is smaller than both and .
When is higher than 120 and is around 120 , the
preferred response with the FBWover 6% can be achieved, but a
small line width is required to realize a very high characteristic
impedance, which becomes lossy and sensitive to the fabrica-
tion tolerance. Therefore, is set around 130 in our design.
According to (27), the transmission phase at the central fre-

quency of the tri-channel crossover is calculated for each set of
and , as shown in Fig. 6(d). Small and correspond

to small . However, if the bandwidth over 6% is desired, the
transmission phase should be between 70 –90 . In a realized
tri-channel crossover, the additional phase shift introduced by
feeding lines should also be taken into account.

C. Influence of Lumped Inductors

Although some transmission-line-based planar structures
may be utilized to replace the lumped inductors, it is still quite
difficult to realize such a high reactance, as in Section III-B.
Thus, the lumped inductors are essential elements in our pro-
posed planar crossover. Their characteristics have significant
influence on the crossover performance.
First, the -factor of the lumped inductors are usually

lower than the -factor of transmission-line structures. The
lossy inductors will result in relatively high in-band insertion
loss in comparison with the circuits without lumped inductors.
The diagonal transmission coefficients with different values
of are shown in Fig. 8(a), where the design parameters
are the same as those in Fig. 7. The insertion loss increases
from 0 to 1.69 dB at the central frequency when is re-
duced from infinity to 10. Low- inductors will significantly
degrade the transmission performance. When , the
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Fig. 8. Influence of lumped inductors on the tri-channel crossover perfor-
mance, where the parameters are the same as those in Fig. 7. (a) Influence of
-factor on the transmission coefficient. (b) Influence of the inductance

tolerance on the frequency response.

central insertion loss is about 0.25 dB, which is still acceptable.
The fractional bandwidth is almost unchanged with different
-factors.
The inductance value of the lumped inductors is with a cer-

tain tolerance, usually 2% 5% or even 10%. The tolerance
will introduce frequency shift into the crossover when other pa-
rameters are fixed, as shown in Fig. 8(b), where is defined
by

dB dB dB dB (28)

The operating band will shift 1.3% to lower or higher frequen-
cies when the reactance of the inductors is 10% larger or smaller
than the nominal value, respectively. The fractional bandwidths
are 6.32%, 5.28%, and 6.18% with the inductor reactance equal
to, 10% larger than and 10% smaller than the nominal value,
respectively. In other words, although the inductance tolerance
has small influence on the central operating frequency, the
bandwidth will be reduced considerably when the inductance
is larger than its designed value.
Another limitation introduced by the lumped inductors is the

operating frequency, which cannot exceed the self-resonant fre-
quency (SRF) of the used inductors. For example, the 0302CS-
7N2XJL chip inductor [34] from Coilcraft Inc. has the nom-
inal inductance of 7.2 nH and the SRF of 9.12 GHz, which can
be used for the operating frequency around GHz. One

potential method to solve this problem is to add an additional
quarter-wavelength inverter at each port. In this case, the equiv-
alent port impedance is reduced, and the values of
and can be reduced accordingly. If is set to 35.6 when
the equivalent value of decreases to will de-
crease to about . The Coilcraft 0302CS-3N0XJL inductor
[34] with the nominal inductance of 3.0 nH and the SRF of
15.1 GHz can then be applied for the operating frequency up
to GHz, but the additional inverters will increase the
occupied area and losses. Further investigation should also be
carried out to extend the applicable frequency of the proposed
planar tri-channel crossover to beyond -band.
According to the above analysis, it can be concluded that the

lumped inductors with both high -factor and small tolerance
are desired in our design of tri-channel crossover. If a high oper-
ating frequency is demanded, the high SRF should also be pro-
vided.

D. Design Procedure

The proposed planar crossover for three intersecting signal
channels can be designed according to the following steps.
Step 1) Select the lumped inductors properly to make the

reactance within the range of
at the desired central frequency .

The characteristic impedance can be set around
130 for relatively large operating bandwidth.

Step 2) Find the values of the parameters and with
the design curves in Fig. 6, or solve them by using
(20)–(26).

Step 3) Obtain the initial values for the widths, and ,
and the lengths, and , of the transmission lines,
according to the substrate parameters and the values
of and .

Step 4) Construct the planar crossover structure. In order to
reduce the occupied area, the lines may be folded.
The pads are also designed for the surface mount of
the six lumped inductors with their package sizes.

Step 5) Optimize the layout to consider the influence of dis-
continuities, losses, and parasitic couplings. The de-
sign of the tri-channel crossover is then carried out
successfully.

IV. RESULTS AND DISCUSSION

A microstrip prototype is developed to validate our design
method, as shown in Fig. 9. The specific operating band is cen-
tered at GHz. The Rogers RO4003 substrate is used
with the relative permittivity of , the loss tangent of

, and the substrate thickness of mil.
The high-performance ceramic chip inductors with the

part number of 0603HP-51NXGLU [35] are selected. The
package size of the surface-mounted inductor is about
1.75 0.98 0.94 mm . The nominal value of the induc-
tance tested at 200 MHz is 51 nH with the -factor of
and the inductance tolerance of %. By using the measured
-parameters provided online [35], it is extracted that the
inductance around GHz is about nH with
its higher than 70. The reactance is then at

Authorized licensed use limited to: Shanghai Jiaotong University. Downloaded on April 07,2024 at 07:22:28 UTC from IEEE Xplore.  Restrictions apply. 



WU et al.: PLANAR MICROSTRIP CROSSOVER WITH LUMPED INDUCTORS FOR THREE INTERSECTING CHANNELS 857

Fig. 9. Photograph of the proposed planar tri-channel crossover prototype.

1.0 GHz, but the tolerance of the inductance value at 1.0 GHz
is not clear.
The characteristic impedance is set to 128.7 , which is

corresponding to the width mm of the microstrip
line. The values of and are synthesized to be 55.9 ,
53.2 , and 110.3 , respectively. The synthesized transmission
phase and bandwidth are and %, re-
spectively. The initial circuit geometry is then determined with

mm, mm, and mm. Both the ring
and loading stubs are implemented with meandering lines. The
layout is optimized with the full-wave simulator ANSYSHFSS.
The critical physical dimensions have been shown in Fig. 9. The
overall size of the planar tri-channel crossover, except for the
feeding lines, is 55.3 52.9 mm , i.e., , where
is the guided wavelength of 50- microstrip line at the cen-

tral frequency GHz.
The prototype is measured by a four-port vector network an-

alyzer, R&S ZVA50. The other two ports of the crossover is
matched with two broadband loads. The theoretical, full-wave
simulated, and measured results are given in Fig. 10. The the-
oretical responses are obtained for the ideal lossless case. Rea-
sonable agreement is observed between the theoretical and sim-
ulated results. The simulated central frequency of 0.99 GHz is
especially close to the designed value of 1.0 GHz in theory. The
difference between them is due to the discontinuities and para-
sitic couplings in the full-wave simulated model.
The measured results agree well with the simulated results,

except that the measured response shifts 37 MHz to higher fre-
quency. The frequency shift should be mainly due to the toler-
ance of layout fabrication and substrate parameters since even
the 10% inductance tolerance will only lead to a shift of 1.3%,
as indicated in Section III-C. Since the narrowest line width

Fig. 10. Theoretical (t.), simulated (s.), and measured (m.) results of the pro-
posed tri-channel crossover prototype. (a) Magnitudes of the reflection and
the diagonal transmission . (b) Magnitudes of the isolations and
between different signal channels. (c) Phase of . (d) Group delay of the di-
agonal transmission .

is only 0.2 mm, its tolerance may have the most obvious influ-
ence on the component performance. Fig. 11 shows the influ-
ence of on and by full-wave simulations, where
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Fig. 11. Simulated tolerance influence of the line width on and ,
where the fabrication tolerance is set to 0.025 and 0.05 mm.

the fabrication tolerance is set to 0.025 mm (1 mil) and 0.05
mm (2 mil), according to the standard PCB process. When
is accurately set to 0.2 mm, the 15-dB band is from 0.965
to 1.029 GHz, with the central frequency of 0.997 GHz and
the bandwidth of 64 MHz. For mm, the central
frequency is 1.012 GHz and the bandwidth is 56 MHz. For

mm, the central frequency becomes 0.984 GHz and
the bandwidth is 68 MHz. It can be concluded that smaller
will result in the operating band shifted to higher frequency with
a narrower bandwidth while larger will result in the oper-
ating band shifted to lower frequency with a little wider band-
width. The frequency shift and the change of bandwidth, due to
the fabrication tolerance 0.05 mm of the line width for the
standard PCB technology, are within 16 and 8 MHz, respec-
tively.
The measured central insertion loss is 1.0 dB, only 0.15 dB

higher than the simulated value, which is introduced by the
SMA connectors used in measurement. The relatively large in-
sertion loss is mainly resulted from the utilization of narrow mi-
crostrip line and lumped inductors. The magnitudes of and

are both lower than 30 dB at 1.03 GHz while the magni-
tude of is lower than 20 dB there. The measured operating
band of 61 MHz is limited within 1.0–1.06 GHz, mainly due to
the degeneration of the isolation performance between two ad-
jacent ports. The in-band insertion loss is better than 1.4 dB.
Fig. 12 shows the simulated electric field distribution of

the tri-channel crossover prototype at 1.0 GHz, where only
the signal channel between Ports 2 and 5 is on work. It is
seen that almost no power couples to the other ports, which
corresponds to the good channel isolations of and in
Fig. 10(b). The electric field shows the distribution of traveling
wave on the feeding lines, indicating that good port matching
is achieved.
From Fig. 10(c), it can be seen that the simulated and mea-

sured phases of agree well with each other around the
operating band. The deviation from the theoretical phase is
caused by the additional feeding lines. The group delay of the
diagonal transmission is also an important characteristic of the
planar crossover. The measured result from 0.9 to 1.1 GHz is
shown in Fig. 10(d), with the theoretical and simulated results
given for comparison. The simulated group delay is about 0.3 ns
larger than the theoretical one within the whole frequency range
of interest, which mainly comes from the feeding lines. The

Fig. 12. Simulated electric field distribution of the tri-channel crossover pro-
totype at 1.0 GHz where only the channel between Ports 2 and 5 is on work.

Fig. 13. Time-domain simulated voltages and their envelopes (Enve) with the
measured -parameters of the prototype. (a) and . (b) and .

frequency shift is also observed from the difference between
the simulated and measured group delays. In measurement,
the in-band group delay is from 2.5 to 3.2 ns. The variation of
0.7 ns is much smaller than the period of 16.4 ns corresponding
to the measured bandwidth of 61 MHz.
In order to show how the signal is transmitted in one

channel with efficiently suppressed leakage to the other two
channels, the time-domain simulation is carried out with the

Authorized licensed use limited to: Shanghai Jiaotong University. Downloaded on April 07,2024 at 07:22:28 UTC from IEEE Xplore.  Restrictions apply. 



WU et al.: PLANAR MICROSTRIP CROSSOVER WITH LUMPED INDUCTORS FOR THREE INTERSECTING CHANNELS 859

measured -parameters of the crossover prototype. As shown
in Fig. 13(a), an Gaussian-shaped step signal enters Port 1,
whose rise time, carrier frequency and envelope amplitude are
20 ns, 1.03 GHz, and 1 V, respectively. It is clearly seen that the
voltage envelope of the signal received at Port 6 is delayed
by about 3 ns, whose amplitude is 0.89 V. These agree well
with the measured in-band insertion loss and group delay of

in the frequency domain. The steady-state amplitudes of
and are lower than 40 and 100 mV, which correspond to the
suppressions of 30 and 20 dB at the central frequency 1.03 GHz
for and , respectively. However, there is an overshoot
in the time-domain response of before reaching the steady
state. This is because the rejection band of is limited, which
makes sensitive to the other frequency components in the
rising edge, but note that the peak amplitude of is still not
higher than 110 mV. Therefore, the channel transmission and
isolation have been successfully achieved with our proposed
tri-channel crossover.

V. CONCLUSION

A planar crossover is proposed in this paper for three inter-
secting channels. The component is a sixfold rotational sym-
metric structure based on a stub-loaded ring and six lumped
inductors. It is analyzed by using the eigen-admittances and
the even-/odd-mode theory. Design curves are plotted to de-
termine the critical parameters, including characteristic imped-
ances, electrical lengths, and inductance for the specific central
frequency and an operating bandwidth over 6%. The influence
of -factor and tolerance of lumped inductors on the crossover
performance is explored. In order to validate our idea, a mi-
crostrip prototype is developed at 1.0 GHz with the fractional
bandwidth of 6% and the occupied area of . The
performances of diagonal transmission, port matching, and iso-
lation between different channels are demonstrated by the the-
oretical, simulated, and measured results.
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