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couplers. The presented couplers are designed based on composite right/
left-handed (CRLH) transmission lines and in the planar Structures
made of ferrite substrates. The CRLH transmission lines have many
attractive features of nonlinearity operation with the frequency that
can help the designers to present a compact and different frequency
functionality of the presented devices. Moreover, the ferrite substrates
are anisotropic media that help the designer to introduce nonreciprocal
devices. Mixing the design aspects from CRLH transmission lines and
the ferrite substrates can lead to novel properties. According to this
approach, we present a collecting review for many microwave couplers
with small size/ different frequency functionalities and different tunable/
non-reciprocity properties. The reviewed designs are implemented in
coplanar waveguides hosting planar structures that help for reducing the
needed DC magnetic bias for the ferrite substrates for its operation. All
the reviewed couplers are presented in a detailed explanation of theory
parts and complete circuit model and electromagnetic simulations and
finally experimental measurements.

I. INTRODUCTION

inductor or meandered line inductor. Based on these novel
transmission lines, several microwave components have

The great interest in using composite right/left-handed
metamaterials-based microwave circuit applications
encourages the use of planar composite right/left-handed
(CRLH) transmission lines (TLs) versions. CRLH TLs
have been realized using transmission lines loaded
with either SRR/wire pairt', CSRR/capacitive gap
pairs®3], or series capacitive load and shunt inductive
load periodically™®]. The versions making use of SRR are
sometimes called resonant configurations while the others
are called non-resonant configurations. The realization
of planar non-resonant CRLH TLs is possible in either
1-D TL structure in which the propagation is only along
the structure principle’s axis®”*!% or 2-D TL structure
which represents all directions of propagations in the 2-D
structure? 12151 Different configurations of non-resonant
1-D CRLH TLs in either microstrip®!®!7 or CPWU823]
configurations have been proposed using different types
of loading capacitors and inductors. These studies have
included the implementation of series capacitive load
through the use of either lumped element capacitor, air
gap capacitor, or interdigital capacitor. The shunt inductive
load is implemented through the use of a shunt stub

been reported in the literature such as couplers, power
dividers, filters, and antennas?+2,

Planar ferrite TL has a dispersive permeability
whose value can be negative or positive. It demonstrates
evanescent propagation within the frequency band of
negative permeability. Also, such propagation can be
nonreciprocal depending on the applied DC magnetic bias
direction. Therefore, a tunable and nonreciprocal CRLH
TL can be expected by using ferrite substrates. However,
the ferrite coplanar waveguide (CPW) transmission line
has many advantages such as it compatible with MMIC
circuits and it needs a small DC biasing magnetic field as a
consequence of its small demagnetization factor. Examples
of many non-reciprocal CPW couplers, isolators, and
circulators are presented in*-#%,

Mixing the features of CRLH TLs and the ferrite
substrates have encouraged researchers over years
to contribute novel microwave components. Such
features have been demonstrated by Tsutsumil**4” using
microstrip TLs over mixed ferrite and dielectric substrate
and by Abdalla**! by using CPW ferrite substrates.
Applying these TL configurations, many other reviewers
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have presented tunable microwave devices such as
resonators®®!,  impedance transformerst®>>3,  phase
shifters™>31, diplexers, isolators®”), circulators™, leaky
wave antennas™-% and couplers!®®! were suggested.

Coupler is a main microwave component that is can
be utilized in many microwave -circuit applications.
Development of microwave communication systems
requires enhancement of coupler performances along with
a broad bandwidth and compact size. The conventional
coupled line coupler consists of two-quarter wave parallel
lines, mainly on microstrip. The design of different types of
conventional microwave couplers has a trade-off between
bandwidth, coupling level, and structure implementation
constraints. A coupled line coupler (CLC) has broad
bandwidth, of more than 25%, but its coupling level is
relatively low. Branch line or rat-race couplers are a 3 dB
coupling level, but it has a narrow bandwidth, of less than
10%. The Lange coupler can provide both broad bandwidth
and high coupling level, but it has the disadvantage of
being limited in operations at lower frequencies due to the
introduced parasitic effects at high frequencies due to its
bonding wires structure!’*7,

Conventional CLC can be considered a simple coupler
type. Its two main disadvantages can be explained as
follow. First, it requires very narrow spacing between the
parallel lines to achieve a high coupling level of up to 3 dB;
otherwise, its coupling level is very low. Second, increasing
its forward coupling level requires increasing the electrical
length of the two individual TLs". In conventional RH
TL, the propagation constant is directly proportional to the
frequency and hence the guided wavelength is inversely
proportional to the frequency. Thus, with frequency
increase, the electric length increases increasing the
forward coupling level. Thus, the conventional CLC has a
low forward coupling level at a lower frequency at a fixed
physical length. In other words, conventional forward CLC
needs a very long physical length to achieve a high forward
coupling level®.

The novel properties of the CRLH TL can lead to the
novel performance of CRLH CLCP. CRLH CLC has
overcome the disadvantages of the conventional CLC as
follows. First, due to its backward wave propagation, it can
demonstrate an arbitrarily high backward coupling level,
even 0 dB, over a broad bandwidth, more than 35%, with
relatively wide line separation. Second, its two parallel
lines have propagation constants inversely proportional
to the frequency, and hence guided wavelength is directly
proportional to the frequency. Thus, with the frequency
decrease, the electric length increases increasing the
forward coupling. Therefore, CRLH CLC can demonstrate
a high forward coupling level at a lower frequency
with shorter lengths compared to conventional ones!!.
Different CRLH CLCs types have been introduced in
microstrip”>™, and CPW!™! configurations.

Tunability and nonreciprocity are unique properties
of ferrite medium. It can demonstrate dispersive nature

according to the applied DC magnetic bias. In addition to
these novel properties, all these microwave components
have the advantage of their compact size, being CRLH
elements. Also, they require low DC magnetic bias since
they have been realized in horizontally magnetization
ferrite CPW configuration. Accordingly, by combining
the tunable and nonreciprocal characteristics of CRLH
TL implemented using ferrite substrate along with the
advantages of designing CLCs in CRLH configuration,
novel CRLH ferrite CLCs can be introduced. These new
couplers will have novel circuit performance which cannot
be achieved using either conventional dielectric CRLH
CLC or conventional RH ferrite couplers. Promising
examples of such ferrite CRLH CLC have been introduced
in microstrip configuration(’¢7#],

In this paper, we review different ferrite CRLH CLC
types. These types comprise a tunable almost 0 dB backward
CLC with nonreciprocal dual-model®], a tunable power
division backward CLC**™], and a nonreciprocal forward
CLC¥7, All of the proposed types were designed in CPW
configuration and using different CRLH loading elements
configurations. Through our review in this paper, we
explain the CRLH CLC operation using the generalized
coupled mode approach®. Then, we explain the
performance of the ferrite CRLH CLC by modifying the
aforementioned approach, employing ferrite as a substrate.
We proceed forward to introduce the different reported
couplers starting with ferrite CRLH backward CLCs and
following with ferrite CRLH forward CLC. The generalized
coupled mode of a general CRLH forward CLC has been
developed here for the first time. The performances of
each reported coupler type are explained theoretically,
verified numerically, and confirmed by experimental
measurements. The theoretical analytical studies for the
different proposed coupler types are based on the modified
generalized ferrite CRLH coupled mode concepts. The
numerical studies for all the coupler's performance were
done using full-wave electromagnetic simulations. The
commercial software HFSS was employed. For simplicity,
the applied DC magnetic field was assumed to be uniform
in all studied cases. The measurement process with some
experimental restrictions was done for different DC
magnetic bias values.

Throughout the whole study, we spotted the tunability
and nonreciprocity of the reported ferrite CRLH couplers.
The introduced results show that the different coupler
types illustrate different new coupling propagation
mechanisms with different propagation levels. Novel
CRLH backward CLC performance has been explored.
Also, a novel compact and nonreciprocal forward CLC
is introduced here for the first time. As novel applications
of the reported couplers types, it has been explained that
such couplers can function as a novel microwave power
switch with different possible designed power switching
mechanisms®Y. Furthermore, the proposed horizontally
magnetized CPW couplers require lower DC magnetic bias
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compared to ferrite microstrip configurations.

II- LH Symmetrical Coupled Line Coupler Theory

The performance of the symmetrical CRLH CLC can
be explained using the coupled mode approach®™. The
coupled mode equations for the forward and backward
modes along the two identical CRLH coupled lines can be
given as:
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Where a + and a -, with subscript n = 1,2 referring to
the parallel lines 1 and 2 respectively, are the forward
propagation and backward coupled mode waves, fLH the
propagation constant of the individual CRLH lines, CBW
the backward coupling coefficient, and CFW the forward
coupling coefficient defined as:
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According to the value and sign of the previous
magnetic coupling coefficient, the mechanism of the
CRLH CLC is established. Consequently, the CLCs are
classified into either:

1- A typical backward coupler that has positive km equal
to ke, requiring a positive mutual inductance described as:

L
Ky =K. =L, :C_RCQ ©)
"R

Also, the backward coupling coefficient is described as:

L
Cap == Pag (10)
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In general, the size of a coupled line coupler depends
on the operation frequency. The lower the frequency,
the larger the size. This is because the length of the two
coupled lines of the coupler must have an electrical length
of 90°, i.e., A4 physical lengths. If the two coupled lines
are made of left-handed transmission lines, the physical
length of the lines can be much smaller than A/4, hence
much smaller coupler can be realized®. As will be spotted
later, the analysis of the backward CRLH coupled line
coupler has revealed that the backward coupling lies within
the stopband coupled mode propagation constants®,
Consequently, the backward coupling will not be related
to the electrical length, but to the attenuation length of
the coupled lines. Therefore, CRLH backward CLC can
achieve arbitrary coupling levels up to 0 dB.

2- A typical forward coupler that has negative km equal
to -ke requiring a negative mutual inductance described as:

L
Km = —Kg :;’I'm Z_C_RCF (11)
R

It has been understood that CRLH forward CLC can
introduce higher electrical lengths at lower frequencies!”!.

3- A general coupler with no constraints on either km
or Ke.

III- Ferrite CRLH Coupled Line Coupler Concepts

Ferrite substrate has a dispersive relative permeability
which can be either positive or negative quantity according
to the ferrite magnetization and the applied DC magnetic
bias. The negative permeability of a ferrite planar TL
can represent a negative series parasitic inductive load,
numerically, within its frequency bandwidth®’.. Therefore,
the magnetic coupling coefficient, km, between two planar
parallel coupled TLs will change in sign and magnitude
within this frequency bandwidth. As a result, the coupling
mechanism of a planar CRLH CLC designed on a ferrite
substrate will be frequency dependent according to the
applied DC magnetic bias. In other words, it will vary
according to the hosting ferrite TL permeability value.

Within the frequency band characterized by a positive
permeability of the individual hosting ferrite TL (u,),
the parasitic inductance of individual CRLH TLs is
positive, like conventional TLs, and hence the coupler
can demonstrate a positive magnetic coupling coefficient
(xm). Then the CLC can be designed as a typical backward
coupler by the proper design of the individual TL elements,
the mutual inductance, and capacitance. But, within the
frequency band characterized by a negative permeability
of the individual hosting ferrite TL (u,), the parasitic
inductance of individual CRLH TLs becomes negative,
and hence the coupler can demonstrate a negative magnetic
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coupling coefficient, km. As a result, the coupler can no
longer demonstrate a backward coupling mechanism within
the negative ferrite permeability frequency band. Instead,
the coupler is suitable to be designed as a typical forward
CLC. On the other hand, the through propagation of a ferrite
CLC is possible without any frequency band restriction,
depending on the design requirements. Moreover, it has
nonreciprocity propagation characteristics within the
negative permeability frequency band of the hosting ferrite
individual TLs depending on the propagation direction and
the applied DC magnetic bias direction.

These previous notes can lead to introducing new
properties of novel couplers having novel coupling and
propagation properties. First, the cut-off frequencies
of the negative ferrite permeability bandwidth can be
used to determine the operational cut-off frequencies of
a compact CRLH backward CLC. Second, a compact
CRLH forward CLC can be designed within the negative

Y

permeability bandwidth of the individual hosting coupled
TLs which can not be obtained using either an RH ferrite
coupler or a CRLH dielectric coupler. Also, the concept
of no backward coupling power within the negative
permeability bandwidth can be utilized to switch power
from the backward output port to either the through or
forward coupling ports, according to the design objective.
Hence, a novel power switch can be designed, which has
not been proposed before. Finally, by controlling the DC
magnetic bias direction and value, these proposed ferrite
CLCs can also demonstrate tunable and nonreciprocity
characteristics. All the proposed CLCs in this paper
were implemented using CPW configuration over ferrite
substrate. The vertical cross-section for all cases is shown
in Fig. 1. The used ferrite substrate in the design is Trans
Tech G-113* with substrate thickness (h) = 1 mm. The
electrical and magnetic parameters of this ferrite substrate
material were introduced in chapter 4.
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Fig. 1: The vertical cross-section of all CRLH CPW CLCs.

For all types, an internal DC magnetic field (H) is
applied to the ferrite substrate in the shown direction in
Fig. 1 causing the ferrite substrate to have saturation
magnetization in the same direction. For the shown
direction of DC magnetic bias, the equivalent relative
ferrite permeability of the ferrite hosting CPW TL (p ) is
equal to (u, ) defined in (12). This equivalent permeability
is negative within the frequency range f < f <f where
f and f were calculated using equations (13) and (14),
respectively.

Mo =H (12)
1

Fai TR (13)
1
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IV- Nonreciprocal Dual Mode Backward CLC

In this section, we present a novel dual-mode and
nonreciprocal ferrite CRLH backward CPW CLC668:81,
The proposed coupler was designed using two identical
CRLH TLs formed using shunt planar strip inductors and
series interdigital capacitors over a ferrite substrate. The
coupler’s through output and the backward coupling output
are located in two separated bands. The first mode was
designed to demonstrate a reciprocal backward coupling
propagation with almost 0 dB coupling level in the first
band. On the other hand, the second band has nonreciprocal
through propagation. Moreover, the proposed coupler
performance can be tuned by changing the applied DC
magnetic bias. Hence a novel power switching between
the backward output port to the through output one can
be achieved. This novel microwave application can be
obtained by only changing the DC magnetic bias of the
dual-mode coupler.

Such a coupler with this high backward coupling level
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cannot be achieved using conventional ferrite CLC. Also,
nonreciprocal through propagation cannot be achieved
using dielectric CRLH CLC. Therefore, the proposed
coupler can be considered a unique coupler which cannot be
achieved using another coupler configuration. Through our
study of the CLC in this section, we start by summarizing
the generalized coupled mode approach explanation for
novel coupling properties of a CRLH backward CLCE,
Then, we modify this approach to be applied in case of
a ferrite CRLH backward CLC. Next, the performance of
the proposed coupler was explained theoretically, verified
numerically, and confirmed experimentally.

A- LH backward CLC concepts

The CRLH backward CLC performance can be
explained using the generalized coupled mode approach
assuming the forward coupling coefficient CFW = 0,
Therefore, the coupled mode equations for backward
modes along the two coupled lines can be simplified from
equations (1) to (4) as:

1
f;.i'.i'f = 2 L (15)
e T = e +
e e (16)

Through the coupled mode approach analysis, the
propagation constant along the coupled lines has been
derived, found to be identical to those of the even/odd
mode circuits as®”

Bra= 1}'185.5'2 _Ci’ﬁ" (17

The CRLH backward coupler scattering matrix
parameters have been proven in®” as:
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Where A and B are constants. From (17), it has been
explained that the coupled lines propagation constant may
be imaginary at some frequencies®. Hence, from (20),
it can be seen that a 0 dB backward coupling is possible
within these frequency bands.

B- Ferrite CRLH backward CLC theory

In our ferrite CRLH backward CLC works; the ferrite
was used as a substrate, and the left-handed propagation
constant is defined in terms of the ferrite medium as in (22).

_ ) (22)
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The mutual inductance, Lm, and the backward coupling
coefficient, CBW, can be defined in terms of the medium
parameters using (9) and (10), respectively, as follows;

Lm{” f c, (23)
0 &y
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From (22) and (23), it is clear that both the backward
coupling coefficient, CBW, and the propagation constant of
individual CRLH transmission lines, fLH, are dispersive
quantities due to the dispersive ferrite permeability. Thus,
using (17), the propagation constants of the propagating
waves along the coupler have a dispersive nature.
Due to these dispersive properties, in addition to the
nonreciprocal properties of hosting ferrite TL within its
negative permeability frequency band, a CRLH backward
CLC implemented on ferrite substrate is expected to have
a tunable and nonreciprocal performance by varying the
applied DC magnetic bias.

C- Nonreciprocal dual mode backward CLC theory

As explained before, a CRLH CLC is capable of
demonstrating a 0 dB backward coupling level. Also, it has
been understood that a ferrite CRLH backward CLC can not
support backward coupling within the frequency band of
negative permeability of individual hosting ferrite TLs[%6-8!),
Therefore, from these two conclusions, a ferrite CRLH
backward CLC can be designed such that it demonstrates
an almost 0 dB coupling level within a certain frequency
band characterized by positive ferrite permeability. For a
particular DC magnetic bias value, the onset of the negative
ferrite permeability can be used to determine the cut-off
of the desired backward coupler. For frequencies higher
than this cut-off frequency, the propagation mechanism
can be designed to have only through propagation. Also,
the through propagation direction of the coupler can
be selected to be in the direction of the non-evanescent
nonreciprocal through propagation within the frequency
band of negative ferrite permeability.

Accordingly, the principle of operation of our current
coupler is to utilize the onset of the negative permeability
to set up the upper cut-off frequency of backward coupling
propagation demonstrating almost 0 dB backward coupling
level, i.e., first mode. Also, this frequency can be designed
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as the lower cut-off frequency of the nonreciprocal
through propagation, i.e., the second mode. This is to say
in optimum design; theses two cut-off frequencies should
overlap with each other.

Moreover, since the negative permeability onset
frequency of the individual hosting ferrite TLs determines
the cut-off frequencies of the different modes, thus the
coupler can be tunable by varying the DC magnetic bias.
As a new application, a novel microwave output power
switch from the backward output port to the through one
within a specific frequency band can be achieved by using
two suitable DC magnetic bias values.

D- Nonreciprocal dual mode backward CLC structure

The detailed layout diagram of the proposed
nonreciprocal dual mode CRLH CPW CLC is shown in
Fig. 2 (a). The coupler was designed using two identical
CRLH TLs separated by a distance S . Each CRLH TL was

designed using a simple shunt straight strip inductor and
series interdigital capacitor whose detailed dimensions are
illustrated in Fig. 2 (b). The series load interdigital capacitor
has six fingers. Two identical interdigital capacitors are
used at both the input and the output of the coupler whereas
the one between the two periodic cells has double length,
ta, and double air gap between the capacitor fingers and
the periodic cell end, tac, compared to the dimensions of
the two capacitors at both ends. Otherwise, all interdigital
capacitors have the same finger width, W , and separation,
S, These different capacitor configurations were used for
matching purposes. Extension legs of the two coupled
lines are added at each line at each port for the proper
simulation of the real case of the fabricated circuit. The
dimensions of all CPW TL extension legs are identical
such that they represent a 50 Q TL. Finally, an internal
horizontal DC magnetic field (H)) is applied to the
ferrite substrate.

(a)

Fig. 2: (a) The layout geometry of the ferritt CRLH CPW CLC, a=19.8mm, L=10.2 mm, W = 6mm,
t =2.mm, t, =1.5mm, 1l =0.25mm, S =0.5mm, S=0.8mm, W =1.3mm, W = 0.25 mm, and 13:0.1 mm (b) The
interdigital capacitor geometry S =W =0.1mm and t_=0.2 mm'%.

E- Nonreciprocal dual mode backward CLC design

The design procedures of the proposed dual-mode ferrite
CRLH CPW CLC can be fulfilled in three main steps. The
first step is designing a wide band almost 0 dB backward
CLC. This step can be achieved using the general
principles of arbitrary coupling level of conventional
CRLH backward CLCs. The circuit design of the coupler
was fulfilled using comprehensive circuit optimization
of its equivalent circuit whose half-symmetric section is
shown in Fig. 3. Accordingly, the lumped elements of both
of loading elements and the parasitic ones were designed
such that the even and odd modes are not propagating
within the desired coupling bandwidth.

In the second step, the ferrite CPW CLC structure was

designed physically utilizing real loading elements. The
loading elements, whose values were obtained from the
above circuit simulation, were obtained analytically as a
start. The interdigital capacitors were calculated using!,
the inductors using!®, and the CPW parasitic elements
using!”). Such structure was optimized using HFSS
assuming a very high DC magnetic bias applied to the
hosting ferrite substrate.

Then, by further circuit optimization of the proposed
coupler equivalent circuit and comparing its response to
the optimized HFSS numerical results, an initially designed
isotropic CRLH CPW CLC can be obtained. At this stage,
the exact loading and parasitic elements were obtained by
curve fitting the aforementioned two simulation results.
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Fig. 3: The equivalent circuit of the dual mode ferrite CRLH CPW CLC.

The final step of the design of the dual mode
nonreciprocal ferrite CRLH CPW CLC was obtained
through further optimization of the initially designed
isotropic CLC assuming lower DC magnetic bias values
applied to the ferrite substrate. The basic concept of this
optimization is to make use of, first, the property of 0 dB
CRLH backward coupling to introduce the first operating
band demonstrating almost 0 dB backward coupling
level and, second, from the nonreciprocal propagation
properties of the hosting ferrite CPW TL to introduce
the second operating band having nonreciprocal through
propagation. Therefore, the applied DC magnetic bias
direction was selected such that the through propagation
direction, assuming excitation at port (1), is the non-
evanescent propagation direction within the negative
ferrite permeability frequency band. For optimum design,
the upper cut-off frequency of the 0 dB backward coupling
propagation and the lower one of the through propagation
coincide with the negative permeability onset frequency of
the hosting ferrite CPW TL. Since this cut-off frequency is
dependent on the applied DC magnetic bias, hence the bias
value can control the switching mechanism between the 0
dB backward propagation and the nonreciprocal through

propagation within a specific bandwidth. Accordingly, a
novel microwave power switch can be achieved.

F-Nonreciprocal dual mode backward CLC numerical
results

The simulated scattering parameters of the initial
design of the proposed coupler using HFSS for H0=50,000
Oe, which represents a very high DC magnetic bias value
as explained earlier in the design procedures, are shown
in Fig. 4. Simultaneously, its optimized equivalent circuit
simulation results are illustrated in the same figure for
comparison purposes. The initial coupler structure has the
same dimensions as those in Fig. 2 except t,=1.1 mm, t =1.8
mm, and L=9 mm. The figure shows a reasonably good
agreement between the two simulated results, especially
for the backward coupling level. The backward coupling
level is approximately -1 dB, within the frequency band
from 5 GHz to 9 GHz. Considering the HFSS results, we
can conclude within that frequency bandwidth, the coupler
has approximately better than -10 dB reflection coefficient,
through propagation level below -12 dB, and better than 20
dB forward coupling isolation difference.

Magnitude (dB)

Circuit

821 | —m
$3 | —
S| —

&
S

7 8 9 10

Frequency (GHz)

Fig. 4: HFSS and equivalent circuit modeling simulated scattering parameter magnitudes
of the initial proposed dual-mode CPW CLC, HFSS for H =50,000 Oe (solid line) and

circuit model (dotted line), C, =1.6 pF, C =12 p,, L

C=0.4 pF, C,=0.1 pF, C

rout

=0.45nH, K_=0.5, C=1.4 pF,

L

=0.4 pF,L=0.7nH, L =0.4nH, and L _ =0.25 nH.
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Fig. 5: HFSS simulation and circuit modeling simulation for the scattering parameter
magnitudes of the dual mode ferrite CRLH CPW CLC, HFSS for H;=50,000 Oe (solid line)
and circuit model (dotted line) (a) Even lines (b) Odd lines.

The design of the coupler was assured by achieving
non-propagation for both the even and odd modes along
the coupler. The simulated even and odd mode magnitudes
using both HFSS and circuit simulations are shown in
Fig. 5 (a) and (b), respectively. It can be confirmed that
both simulations demonstrate almost 0 dB even and odd
mode return loss within the frequency bandwidth from 3.5
GHz to 8 GHz which is overlapped with the full backward
coupling propagation bandwidth shown in Fig. 4. This
frequency band extends to more than 9 GHz for the odd
mode. However, there is a significant difference between
the two simulated transmission coefficient levels (S21)
for both even/odd modes. Such levels can reflect a very
small transmission power as both are less than -10 dB
over most of the coupled bandwidth. In other words, these
differences do not affect the desired almost 0 dB return
loss. These results confirm the validity of that equivalent
circuit representing the proposed 0 dB CRLH CLC within
this frequency bandwidth.

The second step explained in the design procedures
is to optimize the coupler structure for the proper design
objectives under lower DC magnetic bias values. The
optimization study has been done for different geometry
parameters of loading elements and parasitic elements to
achieve approximately 0 dB backward coupling with high
nonreciprocity and forward coupling isolations for the

two propagating modes around H=2000 Oe. The HFSS
simulated scattering parameters of the optimized dual mode
coupler for H= 2000 Oe are shown in Fig. 6. The results
show a backward propagation with a very close to 0 dB level
over a frequency bandwidth that extends from 3.4 GHz to
6 GHz. Then it decreases from approximately -3 dB at 6
GHz with a very high slope to reach approximately -15 dB
at 6.5 GHz. Following the backward propagation passband,
the coupler has through propagation, no stopband separates
them. On contract to the backward coupling performance,
the through level increases from approximately -13 dB at 6
GHzup to -5 dB at 6.5 GHz with nonreciprocal propagation
with a nonreciprocity isolation level that extends up to 30
dB at 7.5 GHz. However, the through propagation level
is some how lossy compared to the backward coupling
in the first band due to the lossy nature of the ferrite
substrate within the negative permeability frequency band.
Finally, the coupler has a low forward coupling
signal (S41) whose isolation level is better than
20 dB over most of the operating bandwidths. It can
be observed that the cut-off of the backward coupling
propagation is the onset frequency of the nonreciprocal
through propagation, where the negative ferrite

permeability frequency band appears. This frequency
for H=2000 Oe can be calculated approximately
using (12) to be 5.6 GHz.

Magnitude (dB)

45

50

3 4 5 6 7 8 9 10
Frequency (GHz)

Fig. 6: The full wave simulated scattering parameter magnitudes of the dual mode
ferrite CRLH CPW CLC for H=2000 Oe.
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As the upper cut-off frequency of the backward coupling
propagation coincides with the onset of the negative
permeability of the hosting CPW ferrite TL, the coupler
can be tunable by changing H. The scattering parameters
of the coupler were simulated again for different values
of HO as shown in Fig. 7. The figure illustrates that the
coupler demonstrates tunable dual-band and nonreciprocal
propagation performance similar to the previous optimized
case. The closer H; to 2000 Oe cases have similar optimum
performance. For the H;=1500 Oe case shown in Fig. 7 (a),
the 3 dB upper cut-off frequency of the backward coupling
is shifted down to approximately 5 GHz. The start of the
through propagation, with a little below -10 dB level, is at
5.5 GHz and it continues with nonreciprocal propagation
to approximately 6.5 GHz. For H=1750 Oe, as illustrated
in Fig. 7 (b), the 3 dB upper cut-off frequency of the
backward coupling is increased to approximately 6 GHz.
The start of the through propagation, with a -10 dB level, is
at 6 GHz and it continues with nonreciprocal propagation
to approximately 7 GHz. As illustrated in Fig. 7 (c¢) for
H=2250 Oe, the 3 dB upper cut-off frequency of the
backward coupler propagation is increased to approximately
6.5 GHz. A nonreciprocal through propagation exists
within the frequency band from 6 GHz to approximately
8 GHz. Finally, for H=2500 Oe, the simulated scattering

parameters of the coupler are shown in Fig. 7 (d). The 3
dB cut-off frequency of the backward coupling is at 6.5
GHz whereas the through one with approximately -10 dB
level starts at 7 GHz. It is observed that the nonreciprocal
characteristics of the through propagation are non-
significant at the start of its propagation bandwidth, from
7 GHz to 7.7 GHz. Then it becomes more significant with
more than 20 dB nonreciprocity isolation found.

Finally, we can claim that a reciprocal backward
coupling requires a positive relative permeability of the
hosting ferrite CPW TL. In other words, backward coupling
propagation is not possible in the frequency bandwidth
of its negative ferrite permeability. On the other hand, a
nonreciprocal through propagation requires a negative
one. To confirm these conclusions, the same coupler was
studied assuming a very high DC magnetic bias applied
to the ferrite substrate, H =50,000 Oe; the hosting CPW
TL has always positive unity relative permeability.
The simulated scattering parameters of the proposed
coupler, in this case, are shown in Fig. 8 where it is
obvious that the coupler has only one operating frequency
band that extends up to 7.5 GHz and it has only backward
coupling propagation within that band. Following this
band is perfect stopband propagation with return loss
close to 0 dB.

Hy=1500 Oe
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e
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3 4 5 ) 7 8 9 10
Frequency (GHz)
(d)

Fig. 7: The full wave simulated scattering parameter magnitudes of the dual mode ferrite
CRLH CPW CLC for (a) H=1500 Oe, (b) 1750 Oe, (c) 2250 Oe, and (d) 2500 Oe.
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Fig. 8: The full wave simulated scattering parameter magnitudes of the dual mode ferrite

CRLH CPW CLC for H;=50,000 Oe.

G- Nonreciprocal dual mode backward CLC
measurement results

For confirming the predicted performance of the
proposed dual-mode ferrite CRLH CLC coupler, the
coupler has been realized and measured. The measurement
experimental setup is set since the coupler is a 4-port
circuit, it was measured as a 2-port network while the
other two ports were matched to a 50 Q load. This process
was repeated for each couple of ports to be measured (6
different combinations).

The fabricated coupler was realized using the
commercial YIG Trans Tech TTVG-1850 as the substrate
material. The utilized ferrite substrate was defined in
terms of its electric and magnetic properties the same as

in chapter 6, expressing high similarity with the originally
designed one G-113". The dimension of this bulk material
is 19 mm x 13 mm x 1 mm. The feeding CPW TL length
13 is increased to 1.5 mm instead of 0.1 mm for the sake of
SMA connection limitation.

Two horizontal FR4 PCB boards with 1.5 mm thickness,
used as circuit covers, were soldered to the SMAs. The
lower cover is 0.6 mm beneath the substrate bottom while
the upper cover is 1.9 mm above the printed circuit layout.
This fabricated circuit prototype is shown in Fig. 9 (a).
The soldered circuit prototype employing a lower FR4
cover is shown in Fig. 9 (b) whereas, the two-sided circuit
prototype is shown in Fig. 9 (¢). Also, the horizontal circuit
orientation between the two electromagnet poles with the
four connection cables is shown in Fig. 10.

Fig. 9: The TTVG-1850 dual mode ferrite CRLH CPW CLC (a) The circuit prototype
(b) The lower-sided covered circuit prototype (c) The two-sided covered circuit prototype
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Fig. 10: The dual mode ferrite CRLH CPW CLC circuit measurement setup (a) Vertical view (b) Front view.

To compensate for the demagnetization field, the
external field was increased by 90 Oe in all studied cases
21, The measurement results for the proposed coupler
for H, = 2000 Oe are shown in Fig. 11. In general, the
propagation suffers from a high reflection at frequencies
up to 6 GHz, S11 level is an average of -3 dB. Beyond
this frequency, S11 decreases to be approximately
less than -10 dB with some decreasing peaks of -18 dB
and -15 dB at 6.6 GHz and 7 GHz, approximately. Apart
from that high reflection level, the figure illustrates that the
proposed coupler has two different propagation passbands.
A reciprocal backward coupling propagation is allocated
within the first passband whereas a nonreciprocal through
propagation is within the second passband. In other
words, despite the introduced high reflection, the coupler
functionality is still obvious. This high reflection level
affects the designed two modes' passband levels. Such an
effect is very significant in the first reciprocal backward
coupling passband. The poor matching at measurements
can be explained due to the effect of the measured
configuration which was very urgent for avoiding circuit
damage while measurements.

The reciprocal backward coupling propagation starts
from 3 GHz, approximately. Its level reaches its maximum
of -5 dB at 3.5 GHz then it decays to -10 dB at 3.9 GHz
and further decreases to -15 dB at 4.5 GHz. The reciprocal
backward coupling propagation suffers from a resonance
whose peak value is at 5.2 GHz, and its level increases again
to more than -10 dB within the frequency band 5.8 GHz to
approximately 6.5 GHz. An explanation for that behavior
is that the measured device configuration causes some

parasitic resonance for the backward coupling propagation
around 5 GHz. This explanation will be verified later.
Higher than 6.5 GHz, the backward coupling dramatically
decreases to very lower values at higher frequencies.

On the other hand, the through propagation within that
frequency band is below -20 dB. The second passband
is apparent from approximately 6 GHz above which the
backward coupling propagation starts to decay and the
coupler demonstrates only through propagation. Such
propagation becomes completely nonreciprocal at 6.5 GHz
up to 8 GHz with almost -10 dB through propagation level
(S21). The average nonreciprocity isolation difference in
this band is better than 10 dB; it is low at the bandwidth
beginning and increases with the frequency increase.

It is evident, however, these measurement results show
significant variations by comparing them with their HFSS
simulated ones, shown in Fig. 6. These variations can
be explained due to the difference between the typically
designed simulated and practical measured structures. For
confirming such structure differences effect, the measured
structure was numerically simulated using HFSS for
H,=2000 Oe and its scattering parameters magnitudes
are shown in Fig. 12. In general, the simulated structure
shows the dual mode propagation phenomenon of the
proposed coupler. However, the reflection coefficient is
very high compared to the ideal design, shown in Fig. 6,
especially from 4.8 GHz. It is noted that a high reflection
was also observed in the measurement results in Fig.
11, although they are not identical. This can confirm
the imperfect matching condition of the housing
measured structure.

71



ESMT Abdalla & Hu 2023

-10]

-20]

Magnitude (dB})

-30]

-0

&
)

Frequency (GHz)

Fig. 11: The measured scattering parameter magnitudes of the dual mode CRLH CPW CLC for
H=2000 Oe.
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Fig. 12: The full wave simulated scattering parameter magnitudes of the measured structures dual
mode ferrite CRLH CPW CLC for H =2000 Oe.

For more emphasis on the proposed coupler performance different HO values around HO =2000 Oe. The measurement
and its predicted tunable performance, introduced in both results for the proposed coupler for H, = 1500 Oe, 1750
theoretical and numerical analysis, it has been measured for Oe, 2250 Oe, and 2500 Oe are shown in Fig. 13.
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Fig. 13: The measured scattering parameter magnitudes of the dual mode CRLH CPW CLC for (a) 1500 Oe,

(b) 1750 Oe, (c) 2250 Oe, and (d) 2500 Oe.

For H=1500 Oe, as shown in Fig. 13 (a), the reciprocal
backward coupling propagation starts from 3 GHz,
approximately. Its coupling level reaches its maximum
of -5 dB at 3.3 GHz. Then it decays to -10 dB at 3.95 GHz
and further decreases to -22 dB at 5 GHz. Then, the level
increases again to -15 dB in a very narrow bandwidth,
from 5.2 GHz to 5.3 GHz before it decreases very rabidly
at higher frequencies. On the other hand, the through
propagation within that frequency band is below -20 dB
before it starts to increase to become higher than -10 dB at
5.4 GHz. It can be seen that only a nonreciprocal through
propagation exists in the second band up to 6.5 GHz. Also,
the average nonreciprocity isolation difference in this
band is better than 10 dB. However, the forward coupling
isolation difference in that second passband is a little bit
less than 10 dB.

Next, the measurement results for H=1750 Oe are
shown in Fig. 13 (b). The reciprocal backward coupling
propagation suffers from the parasitic resonance whose
peak value is at approximately 5.1 GHz while it re-
increases to approximately -13 dB over a wider frequency
band compared to the previous case, 5.5 GHz to 6.3
GHz. The through propagation performance is similar to
the above case. Its level is approximately -20 dB in the
frequency band up to 5 GHz. Then it increases to be better
than -10 dB at 5.6 GHz. It becomes nonreciprocal at 6 GHz
and it extends approximately to 7.4 GHz with an average
nonreciprocity isolation difference better than 10 dB.

For H;=2250 Oe as shown in Fig. 13 (c), the resonance
peak of the backward coupling propagation becomes wider
and flat from 5 GHz to 5.4 GHz. The further backward
coupling propagation increase becomes flatter with -8 dB
in the frequency range of 6 GHz to 6.5 GHz. The through
propagation distinguishing the second band starts at 6 GHz
to 7.4 GHz with a level better than -10 dB and reciprocal
nature. Then, it becomes nonreciprocal from 7.4 GHz to
approximately 8.6 GHz.

Finally, the measurement results for H=2500 Oe are
shown in Fig. 13 (d). Similar to the previous case, the
resonance peak of the backward coupling propagation is
still flat and wide from 5 GHz to 5.5 GHz. Also, the further
backward coupling propagation increase is much wider and
flat with -8 dB in the frequency range of 6 GHz to 6.8 GHz.
The through propagation distinguishing the second band
starts at 6 GHz to almost 8 GHz with a level better than -10
dB and reciprocal nature. Then, the complete nonreciprocal
through propagation extends to approximately 9.5 GHz.

Can be observed significant variations by comparing
these measurement results to their ideal designed ones
using HFSS, shown earlier in Fig. 7. These variations
have been explained above that it is due to the measured
structure configuration effect, i.e. with PCB covers. For
more confirmation of these structure configuration effects,
the measured structure was numerically simulated using
HFSS and the simulated results were compared to the
measured ones for different DC magnetic bias values.
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Accordingly, the comparisons, for both backward
coupling and through propagations, are shown in Fig. 14,
Fig. 15, and Fig. 16 for H=1500 Oe, 2000 Oe, and 2500
Oe, respectively.

In general, the simulated through propagation is
approximately 7 dB higher than the measured one at
low frequencies extending approximately up to 5 GHz at
which little difference exists. This bandwidth should be
within the first operating band of the dual-mode operation.
Despite these variations, both results can be represented
as no through propagation within this bandwidth. Beyond
5 GHz, both simulated and measured through propagation
results are very close to each other. By comparing
Fig. 14 (a) to Fig. 16 (a) for H=1500 Oe to 2500 Oe,
respectively, we found that the lower the H values the
closer two compared curves. Also, all measured cases have
slightly smaller nonreciprocity isolation levels compared
to the simulated ones.

On the other hand, from Fig. 14 (b) to Fig. 16 (b),
the simulated backward coupling propagation reaches
approximately -4 dB at the center frequency in the first
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low-frequency bandwidth up to 5 GHz. Then, it decays
rapidly at about 5 GHz due to the parasitic resonance
before it increases again demonstrating another passband
with narrower bandwidth and lower through propagation
level compared to the ones in low-frequency bandwidth.
Following, a stopband exists as a result of the dispersive
negative permeability. By comparing these results to the
measurement ones, we can observe that the measurement
results can follow the same operation shape. However, the
measured parasitic resonance decays more rapidly in the
first low-frequency bandwidth. They are approximately no
more than 7 dB lower than the simulated ones up to 4 GHz,
but this difference increases by further frequency increase,
it reaches more than 15 dB in the worst case. Also, the
measured results have higher through propagation levels
compared to simulated ones beyond the resonance peak
frequency, the difference increases by increasing H  values.
Excellent agreement between both measured and simulated
results within the negative permeability stopband. As an
example, for H=1500 Oe, both results are almost identical
at frequencies higher than 5 GHz.
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Fig. 14: The comparison between the dual-mode ferrite CRLH CPW CLC measurement results and the simulation ones
for similar measured structure for H = 1500 Oe (a) Through comparison (b) Backward coupling comparison.
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Fig. 15: The comparison between the dual-mode ferrite CRLH CPW CLC measurement results and the simulation ones
for similar measured structure for H= 2000 Oe (a) Through comparison (b) Backward coupling comparison.

74



Volume (7) - Issue (2) - Sep 2023

Engineering Science and Military Technologies

R
2

Magnitude (dB)

-30]

-40]

s21

Measurement
Simulation

Magnitude (dB)

-40]

50.

®
2.

&
<

Measurement 531
Simulation

3 4 5 6 7 8 9
Frequency (GHz)

(a)

Frequency (GHz)

(b)

Fig. 16: The comparison between the dual-mode ferritte CRLH CPW CLC measurement results and the
simulation ones for similar measured structure for H= 2500 Oe (a) Through comparison (b) Backward

coupling comparison.

These comparison variations can be explained due to
the effect of non-uniform DC magnetic bias; it was assumed
uniform in HFSS simulations, whose effect becomes more
significant with higher DC magnetic bias values®®. Also,
the structure of the housing of the circuits could have a
quite effect. In the simulation, perfect radiation boundaries
were assumed. In practice, however, the housing, such as
the SMAs, and wires connected to the grounds are not what
we simulated.

Finally, the switching mechanism of the proposed
coupler controlled by the applied DC magnetic bias is
introduced as another novel application of the proposed
coupler. This switching mechanism can be made clear by
examining the dual mode coupler response for H =0 as
shown in Fig. 17. It can be observed that the backward
coupling propagation is the dominant output signal
with better than 10 dB through isolation difference, in
the bandwidth 6.5 GHz to 7.5 GHz. By comparing this
bandwidth to the cases of H=1750 Oe and 2000 Oe shown
in Fig. 13 (b) and Fig. 11 respectively, we can observe that
the dominant output power becomes the through one with
more than 10 dB backward coupling isolation difference.

0
b

Thus, we can conclude that this coupler can act as a novel
microwave switch between the backward coupling and the
through output ports in the frequency band 6.5 GHz to 7.5
GHz by simply changing H, from 0 Oe to 2000 Oe. This
switching is made clearer in Fig. 18 which illustrates the
switching between the backward coupling output (dotted
green line) with H ;=0 Oe to the through output (solid red
line) with H =2000 Oe within the frequency band 6.4 GHz
to 7.4 GHz. Both two output levels are on average -9 dB.

Such a switching mechanism can be considered a novel
microwave application. Better switching results and wider
operating bandwidth can be expected through the circuit
and full wave optimizations. In summary, a novel compact
size dual mode nonreciprocal ferrite CRLH CPW CLC
has been introduced. The proposed coupler demonstrates
reciprocal backward coupling propagation mode at lower
frequencies and nonreciprocal through propagation mode
at higher frequencies. Theoretical analysis, numerical
design results, and confirming measurement results of the
proposed coupler were introduced. A completely novel
microwave switch has been suggested as a new microwave
application for this coupler.
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Fig. 17: The measured scattering parameter magnitudes of the dual mode CRLH CPW CLC for H =0
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Fig. 18: The measured scattering parameter magnitudes of the dual mode CRLH CPW CLC showing

its switching property for H;=0 Oe and 2000 Oe.

V- Tunable 3 dB CRLH Backward CLC

In this section, we introduce a tunable, CRLH backward
CPW CLC implemented on ferrite substrate® ¢, This
coupler was designed to achieve almost power levels for
both through and backward coupling, close to 3 dB. The
proposed coupler consists of two parallel and identical
CRLH CPW TLs. The individual CRLH CPW TLs were
designed using shunt planar meandered line inductors and
series interdigital capacitors. A conventional ferrite CLC
can be tunable, but it requires a longer length which makes
it very lossy. Thus, the proposed tunable coupler has the
advantages of its compact size and high output levels.
Through our proposal 3 dB tunable ferritt CRLH CPW
CLC presentation, we introduce its structure, explain the
design procedures, and demonstrate the obtained numerical
results and the experimental ones for the proposed coupler.

A- Tunable 3 dB CRLH backward CLC structure

The layout diagram of the proposed horizontally
magnetized ferrite CRLH CPW CLC is shown in Fig.
19 (a). The CPW CLC was designed using two identical
CRLH TLs separated by a distance So. Each CRLH TL was
designed by loading the hosting ferrite CPW TL periodically

with a shunt meandered line inductor and series interdigital
capacitor in two unit cell configurations. For the matching
purpose, different configurations of the two interdigital
capacitors at input/output ports and the internal capacitor
are used. These different configurations are similar to those
configurations used in the case of the previous dual mode
CLC employing the current dimensions for the tunable 3
dB CRLH CLC. The shunt inductive load is formed by a
meandered line inductor with only two meandered arms.
The detailed dimensions of the loading eclements are
shown in Fig. 19 (b and c¢). Along with loading element
value changes, the two lines separation has also increased
compared to the previous case to decrease the backward
coupling signal level. The loading and parasitic element
dimensions were chosen to satisfy the design requirements.
Also, the DC magnetic bias direction is reversed compared
to the previous case to ensure that the through propagation
direction, assuming excitation at port (1), is the same
direction as the evanescent propagation direction within
the negative ferrite permeability frequency band. Similar to
the previously introduced CLC type, the feeding extension
CPW TL dimensions at each port of the proposed CPW
coupler are identical such that they represent a 50 Q TL
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Fig. 19: (a) The layout geometry of the tunable 3 dB ferrite CRLH CPW CLC, a=19.8mm, L=10.32 mm, W =
6mm, t =2.06 mm, t, =1.5mm, |, =0.25mm, S =2.5mm, S =0.8mm, W =1.3mm, and 1,=0.1 mm (b) The interdigital
capacitor geometry S =W =0.1mm and t _=0.4mm (c) The meandered line inductor geometry W _= 0.25 mm, Ls

=0.25 mm, L =0.25 mm, and CRLH =0.5 mm[®®-¢],

B- Tunable 3 dB CRLH backward CLC design
procedures

The design procedures of the proposed tunable ferrite
3 dB CRLH backward CLC for different DC magnetic
bias values are similar to the procedures followed in the
previous case of dual mode CRLH CLC. Consequently,
an initially designed 3 dB isotropic CRLH CPW CLC
can be obtained by the optimization of the coupler
performance using both the circuit modeling and full-wave
electromagnetic simulations. The equivalent circuit of the
proposed 3 dB CLC can be still illustrated as shown in Fig.
3. Similarly, the initial numerical full wave simulation was
carried out assuming a very high DC magnetic bias applied
to the ferrite substrate to ensure that it is characterized by
its isotropic properties as explained before. Also, similar
to the dual mode coupler design introduced before,
additional parametric studies for different circuit geometry
parameters of the initially designed isotropic CRLH CPW

o

CLC were optimized for different lower DC magnetic bias
values. Finally, a tunable almost 3 dB backward CLC can
be achieved.

C- Tunable 3 dB CRLH backward CLC numerical
results

The scattering parameter magnitudes of the initially
proposed coupler designed using HFSS for H =50,000 Oe,
represent the required very high DC magnetic bias value
are shown in Fig. 20. The initial coupler structure has the
same dimensions in Fig. 19 except t =1.5 mm, t =1.8 mm,
t,= 0.2 mm for inner capacitor and 0.05 for outer ones,
S,=2.75 mm, L =0.8 mm, and L=10.2 mm. As shown in the
figure, the almost equal power levels of both the backward
coupling and through signals are quite obvious starting
from 4 GHz and extending up to 8 GHz. However, the
output levels are not identically equal, but they are enough
to start optimization at the desired operating lower DC
magnetic bias values as shown next.
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Fig. 20: The full wave simulated scattering parameter magnitudes of the tunable ferrite CRLH CPW CLC for H =50,000 Oe.
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Then the transmission characteristics of the proposed
ferrite CRLH backward CPW CLC were simulated
numerically for different DC bias values between 1250 Oe
to 2500 Oe to illustrate the tuning capability. The simulated
results are shown in Fig. 21. For H = 1250 Oe, the simulated
scattering parameters are shown in Fig. 21 (a). The coupler
has equal through and backward coupling around -4.5 dB,
with return loss and coupling isolation better than 20 dB at
the center frequency at 3.7 GHz and the coupler’s fractional
bandwidth is 27 %. The phase difference between the two
output signals (S31) and (S21) of the proposed coupler
in this case is demonstrating an almost quadrate phase
difference within its operating bandwidth with almost 900
at the center frequency, exactly 85°.

For the case of DC magnetic bias equals 1500 Oe, the
simulated scattering parameters are illustrated in Fig. 21
(b). In this case, the backward coupling and the through
levels are -4 dB and -5 dB respectively with return loss
better than 10 dB and coupling isolation better than 20
dB at the center frequency which has been shifted up
to 4.05 GHz with the bandwidth increase to 37 %. The
phase difference between the two output signals (S31)
and (S21) is also demonstrating an almost quadrate phase
difference within its operating bandwidth. The phase
difference is approximately 75° at the center frequency,
whereas approaches 90° near its upper cut-off frequency,
at4.75 GHz.

The simulated scattering parameters for H = 1750 Oe are
shown in Fig. 21 (c). Both backward coupling and through
levels are like the previous case of applying DC magnetic
bias of 1500 Oe whereas the isolation level increases
more than 25 dB. Similar to the two previous cases, the
center frequency and the fractional bandwidth continue
increasing by increasing the DC magnetic bias to 4.4 GHz
and 54 %, respectively. The phase difference between the
two output signals (S31) and (S21) is also demonstrating
an almost quadrate phase difference within its operating
bandwidth . The phase difference is approximately 81° at
the center frequency, whereas approaches exactly 90° near
its bandwidth cut-off frequencies, at 3.35 GHz and 5.1
GHz.

By further increasing the DC magnetic bias to 2000
Oe, the simulated scattering parameters are shown in Fig.
21 (d), which illustrates that the center frequency and the
fractional bandwidth continue to increase to 4.7 GHz and
55 %, respectively. Also, the phase difference between the
two output signals (S31) and (S21) demonstrates almost
quadrate phase difference within its operating bandwidth
. The such phase difference is approximately 81° at the
center frequency, while it approaches exactly 90° near the
cut-off frequencies, at 3.35 GHz and 5.5 GHz.

The further studied case for H= 2250 Oe is shown in
Fig. 21 (e). The coupler demonstrates similar levels for
both the backward coupling, the through, and the isolation
levels compared with those of the previous case, the 2000
Oe case. However, the through level is a little bit lower
starting from 6 GHz. The center frequency in this case is

shifted up again to 4.8 GHz where the bandwidth is 60 %.
Also, the phase difference between the two output signals
(S31) and (S21) demonstrates almost quadrate phase
difference within its operating bandwidth. Such phase
difference is approximately 81° at the center frequency,
while it approaches exactly 90° near its bandwidth upper
cut-off frequency, at 6.1 GHz

Finally, H_ is increased to 2500 Oe where the simulated
scattering parameters for this case are shown in Fig. 21
(f). The backward coupling, through, returns loss, and
isolation are all close to those of the previous case of 2250
Oe bias, however, the coupled level is increased a little bit.
The center frequency and bandwidth have increased even
further to 4.9 GHz and 61 %, respectively. Similar to all the
above-studied cases, the proposed coupler demonstrates
almost quadrate phase difference between its two output
signals (S31) and (S21) within its operating bandwidth.
The phase difference is approximately 79° the center
frequency, while it approaches exactly 90° close to its cut-
off frequencies, at 3.4 GHz and 6.5 GHz, respectively.

From the previous results, we can conclude that the
proposed CRLH backward CLC has almost equal power
levels for both the backward coupling and through output
signals with tuning capability for both the center frequency
and the bandwidth such that they increase nonlinearly with
increasing the applied DC magnetic bias. Also, as predicted
in the theoretical analysis, the proposed coupler bandwidth
is located within the frequency band of positive permeability
of the hosting ferrite CPW TL. This can be confirmed by
approximately calculating the onset frequency of negative
ferrite permeability using (12). In other words, the cut-off
frequencies of the proposed tunable coupler coincide with
the onset frequency of negative ferrite permeability. As the
onset of the negative ferrite permeability increases with
increasing the DC magnetic bias nonlinearly; the center
frequency increases with increasing DC bias, showing
that the numerical simulations results agree well with the
theoretical prediction.

D- Tunable CRLH backward CLC measurement
results

The predicted performance of the ferrite tunable
coupler has been verified through measurements. The
measurement experimental setup and the measurement
procedures have been explained previously. Due to the
fabrication restriction, the fabricated circuits were based
on the commercially available Trans Tech TTVG-1850 as
the substrate material. The dimension of this bulk ferrite
material is 19 mm x 13 mm x | mm. The feeding CPW
TL length 13 is increased to 1.5 mm for the sake of SMA
connection limitation.

Similar to the previously measured coupler, this current
circuit was covered with two horizontal FR4 PCB board
covers with 1.5 mm thickness, which were soldered to the
SMAs such that the lower cover is 0.6 mm beneath the
substrate bottom while the upper cover is 1.9 mm above
the printed circuit layout. This fabricated circuit prototype
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22 (c). The horizontal circuit orientation between the two
electromagnet poles is similar to the one previously shown
in Fig. 10.

is shown in Fig. 22 (a). The soldered circuit prototype
employing a lower FR4 cover is shown in Fig. 22 (b)
whereas, the two-sided circuit prototype is shown in Fig.
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Fig. 21: The full wave simulated magnitudes and phase of scattering parameters of the tunable ferrite CRLH
CPW CLC for (a) Hj= 1250 Oe, (b) 1500 Oe, (c) 1750 Oe, (d) 2000 Oe, (e) 2250 Oe, and (f) 2500 Oe.

Fig. 22: The tunable ferrite CRLH CPW CLC made on TTVG-1850 YIG for (a) The circuit prototype (b)
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The lower-sided covered circuit prototype (¢) The two-
sided covered circuit prototype.

During the measurement process, the external field
was higher than the internal simulated one by 90 Oe to
compensate for the demagnetization field®?.

The measured scattering parameters are shown in
Fig. 23 for the same simulated internal DC magnetic values
shown in Fig. 21. In the figure it can be observed that the
proposed backward coupler operating bandwidth increases
by increasing the applied DC magnetic bias. Also, in all
cases, the coupler suffers from high reflection within its
operating bandwidth resulting in decreasing its two output
signal levels compared to the designed one. The high
reflection reasons of this coupler circuit are similar to the
previous dual mode coupler explained before. Despite the
high reflection, the current tunable coupler functionality is
still obvious.

InFig. 23 (a), for H=1250 Oe, the coupler demonstrates
close levels, not equal, for both the backward coupling and
through propagation compared to the forward coupling one.
Such levels of both signals are around -10 dB, higher for
backward coupling propagation compared to the through
one. The coupler bandwidth extends approximately from
2.8 GHz to approximately 4.6 GHz. Within this bandwidth,
the through propagation is completely reciprocal. Beyond
this frequency band, both signals decay dramatically as a
result of the negative ferrite permeability effect. This can
be shown clearly by observing a significant nonreciprocal
through propagation distinguished by a higher (S12) level
compared to (S21) staring from 4.7 GHz and becoming
clearer in the frequency band from 5 GHz to 6 GHz. It
is worth commenting that the excitation signal for our
coupler is at port 1, meaning that no output through
propagation exists beyond the previously mentioned
coupler bandwidth, 2.8 GHz to 4.6 GHz. The stopband
following the coupler bandwidth is characterized by very
low output signals, much less than -20 dB. The overlap
of the onset frequency of the negative ferrite permeability
with the upper cut-off frequency of the coupler bandwidth,
for both through and backward coupling signals, confirms
the theoretical concepts of this coupler.

For the case of H=1500 Oe, its scattering parameters

are shown in Fig. 23 (b). The coupler still demonstrates
close levels for both the backward coupling and through
propagation compared to the forward coupling one within
its operating bandwidth. The upper cut-off frequencies
of the coupler bandwidth are shifted up to 5 GHz. Also,
this frequency coincides with the onset frequency of the
negative ferrite permeability which is clearly distinguished
by the nonreciprocal through propagation. Within the
stopband following the coupler bandwidth, the backward
coupled signal decays to less than -20 dB whereas the
through signal decays to almost -15 dB up to 5.5 GHz
before it continues a rapid decrease to be similar to the
backward coupling one.

Similar results for both through and backward coupling
signals, within the coupler’s operational bandwidth, can
be observed by increasing Hj to 1750 Oe as shown in
Fig. 23 (c). Also, the upper cut-off frequency is shifted up
again to approximately 5.2 GHz. The through propagation
level decreases to below -20 dB before it increases again
to be around -12 dB up to 6.4 GHz. In a conclusion, we
can comment that both through and backward coupling
propagations suffer from a resonance case a little bit higher
than 5 GHz. This resonance was not clear in previously
studied cases due to dominant evanescent propagation
at this frequency due to the effect of the negative ferrite
permeability associated with H=1250 Oe or 1500 Oe. As
a result, the cut-off frequency of the operating bandwidth,
in this case, can not be claimed to be 5.2 GHz, but it should
be closer to 6.4 GHz.

For H;=2000 Oe, the measured scattering parameters
are shown in Fig. 23 (d). Similar to the previous case,
the operating bandwidth of the coupler is extended a
little bit to 5. 4 GHz due to the higher onset frequency
of the negative ferrite permeability for H=2000 Oe.
Similar to the previous case, a resonance of the through
propagation is clear around 5.5 GHz. This
resonance is confirmed by a second increase of the through
propagation to be higher than -10 dB from 5.8 GHz to
6.5 GHz before it starts decaying. On the other hand, it
can be claimed that the negative ferrite permeability
still dominates the resonance nature of the backward
coupling signal.
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Fig. 23: The measured scattering parameter magnitudes of the tunable ferrite CRLH CPW CLC for(a) H = 1250 Oe, (b)

1500 Oe, (c) 1750 Oe, (d) 2000 Ok, (€) 2250 Oe, and () 2500 Oe.

The resonance of the backward coupling signal becomes
more significant by further increasing H to 2250 Oe and
2500 Oe as in Fig. 23 (e) and Fig. 23 (), respectively. This
resonance can be explained due to the parasitic effects of
the measured device configuration. For H=2250 Oe, the
resonant frequency of the through propagation is clearly
around 5.8 GHz after which the through signal increases
again to approximately -5 dB within the frequency band
from 6 GHz to 7 GHz before it decays due to the negative
ferrite permeability. On the other hand, the backward
coupling propagation resonant frequency is at 6 GHz
and the slow increase of its signal reaches -15 dB within
the frequency band from 6.5 GHz to 6.8 GHz before it
decays. Also, for H=2500 Oe, the resonant frequency
of the through propagation is close to the previous case,
5.8 GHz. Following the through signal demonstrate a
second passband whose level is -5 dB within the frequency
band from 6.2 GHz to 7.8 GHz. The backward coupling

propagation has a strong resonance at 6.2 GHz. Then, it
increases to approximately -13 dB over the frequency band
6.5 GHz to 7.4 GHz before it is affected by the negative
ferrite permeability frequency band.

From all the previous measurement results we can
conclude that the measured ferrite coupler is a tunable
backward CLC. The cut-off frequency of its operational
bandwidth is set up by the onset frequency of the negative
ferrite permeability. The levels for its two output signals,
the through and the backward coupling, are close but not
identically equal. Both output signals have a parasitic
resonance which affects their levels and the operating
bandwidth; however, it is not significant for DC magnetic
bias below 1500 Oe.

By comparing the measurement results with the
typically designed structures simulated results shown
in Fig. 21 for the same bias values, it can be seen some
changes in the output signal levels in addition to the
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absence of the parasitic resonance for both output signals
in simulated results. The difference between the designed
coupler structure and the measured one can be considered
as the reason for these variations. To support this theory,
the measured structure was numerically simulated using
HFSS and its results were compared to the measured ones
for the through and backward coupling output signals. This
can be shown in Fig. 24, Fig. 25, and Fig. 26 for H=1250
Oe, 1750 Oe, and 2250 Oe, respectively.

In general, there is reasonable agreement between the
measured and new simulated results from the operation's
overall shape point of view. This agreement is very clear
at lower DC magnetic bias values and decreases a little
by increasing the H; value. This can be explained due to
the increase of the actual non-uniform DC magnetic field
within the ferrite substrate at higher DC magnetic bias
values as explained before.

For H;= 1250 Oe, as shown in Fig. 24, the simulated
results for both through and backward coupling
propagations are higher than the measured ones by
approximately 5 dB within the operating bandwidth. Also,
both results can predict the upper cut-off frequency of the
coupler bandwidth, especially for the backward coupling

case where the two results are almost completely identical.
However, the lower cut-off frequency of the through
propagation is slightly lower in simulated results compared
to measured ones.

More comparison conclusions can be obtained by
increasing the DC magnetic bias to 1750 Oe as shown
in Fig. 25. Over the starting frequency of the coupler
operating bandwidth the signal levels variation is
approximately 5 dB. The resonant frequencies for either
simulated through or backward coupling signals are higher
than the measured ones. The simulated resonant frequency
of the backward coupling signal is approximately 6.1 GHz,
while it is approximately 5.6 GHz for the measured one.
Hence, the simulated results introduce a higher upper cut-
off frequency of the coupler bandwidth.

This resonant frequency shift can be clearer by further
increasing HO to 2250 Oe as in Fig. 26. The simulated
through resonant frequency is approximately 6.2 GHz
while the measured one is 5.6 GHz. Also, the simulated
backward coupling signal resonates at 6.8 GHz while it
is only 6 GHz in measurement results. Apart from these
frequency shifts, the overall shape of the two compared
figures is close.
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Fig. 24: The comparison between the tunable ferrite CRLH CPW CLC measurement results and the simulation
ones for similar measured structure for H = 1250 Oe (a) Through comparison (b) Backward coupling comparison.
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Fig. 25: The comparison between the tunable ferrite CRLH CPW CLC measurement results and the simulation
ones for similar measured structure for HO= 1750 Oe (a) Through comparison (b) Backward coupling comparison.
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Finally, a simple and new microwave switch can be
introduced as an application of the tunable ferrite CRLH
backward CPW CLC. This switching mechanism is based
on switching on/off the two output signals by controlling

the DC magnetic bias value. As an example to illustrate
such a mechanism, the measured scattering parameters
of the proposed coupler for H=0 Oe are introduced
in Fig. 27.
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Fig. 27: The measured scattering parameter magnitudes of the tunable ferrite CRLH CPW CLC

for H;=0 Oe.

The backward coupler demonstrates dominant output
through and backward coupling signals with levels -10 dB
to -15 dB within the frequency band 4.5 GHz to 5.3 GHz.
It can be observed that theses two output signals attenuate
to -30 dB within the same frequency band in the case
of H= 1250 Oe in Fig. 23 (a). Thus a novel on/off switch
for both through and backward coupling output ports is
possible using this coupler by simply changing the DC

magnetic bias from 0 Oe to 1250 Oe. This switching
mechanism can be considered a completely novel property
of the proposed coupler.

In summary, a compact-size tunable ferrite CRLH
CPW CLC has been presented. The performance of the
coupler has been studied numerically and confirmed by
measurements. Both results confirm the tunability of the
proposed coupler. Also, a novel microwave on/off switch
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is introduced as the application of the proposed coupler.
VI- Compact Nonreciprocal CRLH Forward CLC

It has been explained briefly before that CRLH forward
CLC does not need to have a very long physical length
and very tight line separation as in the case in conventional
forward CLCs. CRLH forward CLC has been introduced
using microstrip CRLH TL which achieved approximately
8 dB equal power division for both through and forward
coupled ports at 3.6 GHz with more than 80 mm total
lengtht”!.

Nonreciprocal forward CLCs can be designed using
two long parallel lines over the ferrite substrate. However,
the long TLs sections required to achieve a strong forward
coupling level will result in high losses of both through
and forward coupling due to the lossy nature of the ferrite
medium. Forward couplers with nonreciprocal phase
properties have been introduced as ferrite-coupled lines
(FCL). However, FCL requires a long length and it does
not introduce nonreciprocal magnitude properties.

In this section, we introduce a novel compact and
nonreciprocal CRLH forward CLC®”. The proposed
coupler was designed in CPW configuration using a ferrite
substrate. The proposed CRLH configuration consists
of two identical parallel CRLH CPW TLs. Each CRLH
TL was designed using a shunt planar strip inductor and
series air gap capacitors. The objective of this coupler is
mainly to illustrate the nonreciprocal propagation of both
the through and forward coupled signal magnitudes at the
output terminals.

This novel forward CLC has the advantages of a high
forward coupling level, and high nonreciprocity isolation
for both two output signals, through and forward coupled,
in addition to its compact size and high backward coupling
isolation. Also, the proposed coupler can be tunable by
changing the applied DC magnetic bias. One of the possible
applications of this coupler is the power switching between
backward coupling and forward coupling ports which is a
novel microwave application introduced here for the first
time.

By studying this forward nonreciprocal coupler, we
have developed the generalized coupled mode approach
for CRLH forward CLC for the first time. Then we modify
this approach to be applicable to ferrite CRLH forward
CLC. Then we proceed to our proposal coupler to illustrate
its structure, explain its design procedures, and introduce
the obtained numerical and experimental results.

A- General concepts of CRLH forward coupled line
couplers

In our work, we introduce the full wave mathematical
solution of a general CRLH forward CLC using the
coupled mode approach introduced before for CRLH
backward CLC in®!. This analytical study aims to define
mathematical expressions for the coupled line propagation
constants and the scattering parameters of a general CRLH

forward CLC.

The coupled mode equations for the propagating modes
along the two identical left-handed coupled lines can be
simplified from equations (1) to (4) assuming backward
coupling C, =0, as

Ear 3 "
a—ai =—j Bryy @i —J Crw @5 (25)
lale h o o

2 =—j Bry a5 — j Cryy (26)

A typical forward coupler is designed such that
km = -ke. In this case, the forward coupling coefficient can
be expressed as:

L., 27

The coupled propagation constants, fl, 11 along the
CLC can be obtained by solving the above-coupled mode
equations assuming a general solution form for these
equations as:

a (z)=4,¢e7F" (28)

Where A is a general constant while f is the generally
coupled mode propagation constant. Substituting from (28)
into (25) and (26), the above two coupled mode equations
can be expressed in matrix form as:

|:1'8IH -f  Cry :| Jf'(i:] =|:0} (29)
Crw  Pr —F | aj(z)

For a non-trivial solution, the determinant of the above first
matrix should be set to zero

(B =BV —Cy =0 (30)

Finally, the coupled lines propagation constants, SI, II,
along the CLC can be found as:

- 31
Br.n = Pir *Cry GD
Using the superposition principles, the forward coupled

waves propagating on line 1 (al”) and line 2 (a2") given
from (28) can be expressed as:

af (z)=4e7P1Z+Be7PE= (32
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Then, by substitution from (32) into (25), the forward
waves propagating on line 2 can be expressed as:

af (fa 2P goibrs g Pn=Pun oipm= (30
o .

By applying matching boundary conditions; i.e. assuming
excitation at port (1) and the other ports are matched, then
we can write:

(35)

a; (z=1)=0 (36)

Where (1) is the coupler length. Consequently, the two
constants A and B are found as:

& a,(By—PBrz)

B (37)
(Br = Bra )~ B~ Brx)
B= 9o [xﬁf _)8}_'}3] (3%)
(Br=PBrr )~ B~ Prx )
Finally, the scattering parameters are found to be:
51, =0 (39)
s, _de JBil | o7 Bl o)
s A+B
S31=0 (41)
£
Sa =A(!8! —P)e”’ 'y B (By—Pur e’ o (42)

A(Br = Przr )+ BBy —Przr )

This newly developed coupled mode analysis of CRLH
forward CLC can reveal the fact that the two propagation
constants, 1,11, as can be observed from (31), are always

only real value quantities. This is a contrast to CRLH
backward CLC cases in which they may be imaginary
values. That means, from (42), a 0 dB forward coupling
level is not possible using CRLH CLC configurations.
However, the CRLH forward CLC can still introduce
length reduction at lower frequencies, compared to RH
one, since the CRLH TL electrical length is inversely
proportional with frequencies.

B- Ferrite CRLH forward coupled line coupler
concepts

It has been explained before in the general CRLH CLC
theory section, that a forward CLC requires a negative
magnetic coupling coefficient (km), and its value should be
negative equal to km = -ke for a typical forward mechanism.
Also, it has been mentioned earlier, that designing a
planar CRLH CLC using a specific ferrite substrate, can
demonstrate a negative magnetic coupling coefficient
(xm) between the two planar parallel coupled lines within
the frequency bandwidth of negative permeability of the
hosting individual ferrite TLs.

As a result, a ferrite CRLH CLC can be designed to
behave as a typical forward CLC within this frequency
band by proper design of the TL elements, the mutual
inductance, and capacitance. Accordingly, this forward
coupler can demonstrate nonreciprocal and tunable
characteristics as a result of the ferrite properties.

C- Compact nonreciprocal CRLH forward CLC
structure

The objective of this section is to introduce the structure
of the proposed nonreciprocal CRLH forward CLC with
almost equal power and tunable propagation features.
Coplanar waveguide configuration with ferrite substrate
was used in the design.

The layout diagram of the proposed ferrite CRLH
CPW CLC is shown in Fig. 28. The CRLH CPW CLC was
designed using two identical CRLH TLs of three CRLH
unit cells. The two TLs are separated by a distance (So).
Each CRLH TL was designed using a CPW TL loaded
periodically with a shunt planar segment inductor and
series air gap capacitor.

Similar to the previously presented CLCs, extension
legs of the two coupled lines are added at each line at each
port. The dimensions of the CPW TL at each port of the
proposed coupler are identical such that they represent a
50 Q transmission line.
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Fig. 28: The layout geometry of the ferrite CRLH forward CPW CLC, a=19.8mm, L=8.6 mm, W = 6mm,
t =0.2 mm, t | =0.2 mm, t, =0.5mm, I, =0.1mm, l3 =1 mm, W =0.9 mm, S =1.6mm, S =0.3 mm, W_= 0.1 mm,

S,=0.8mm, and W, =1.3mm®".

D- Compact nonreciprocal CRLH forward CLC
design procedures

The design objective of the proposed ferrite CRLH
forward CPW CLC is to demonstrate nonreciprocal
forward coupling with equal power levels. This was
fulfilled as explained in the following steps.

The first step is to design a CRLH backward CLC
within a specific frequency bandwidth assuming a very
high DC magnetic bias is applied to the ferrite substrate.
The high DC magnetic bias was selected such that under
that bias, the dispersive properties of the hosting ferrite
TL are shifted to a very high frequency beyond the lower
frequency band of interest. Consequently, the ferrite
substrate is characterized by its isotropic properties
within the lower frequency band of interest. At this stage,
the proposed coupler was designed using the principles
of conventional CRLH CLCs assuming two identical
coupled individual CRLH transmission lines®”. Although
an optimum CRLH backward coupler performance is not
essential in this stage, a high backward coupling level will
support the left-handedness of the proposed coupler. “As
designed as a backward coupler, the proposed CLC will
have a positive magnetic coupling coefficient (km).

The next step is to select the required DC magnetic bias
such that the bandwidth of negative ferrite permeability
of the hosting CPW TLs coincides with the specifically
designed bandwidth. As explained previously, the proposed
coupler demonstrates a backward coupling performance
within this frequency bandwidth for high DC magnetic
bias. Under that selected lower DC magnetic bias, the

individual CRLH TLs are supposed to have a negative
magnetic coupling coefficient, km, which means that the
coupling mechanism of the coupler will be no longer
backward but forward.

However, a typical forward coupler requires not only
a negative magnetic coupling coefficient, km but also its
value should be equal to xm = -ke. Therefore, the final
step is optimizing the performance of the proposed coupler
under the selected DC magnetic bias to demonstrate
the desired typical forward coupler performance. This
optimization was done through the parametric studies
of the different circuit geometry parameters and the
nonreciprocal coupling performance via numerical study.

Moreover, the proposed forward coupler is expected to
have a tunable operation by applying different DC magnetic
biases. However, not exactly optimum performance of
the proposed coupler is expected in these different cases
since it operates within the negative ferrite permeability
frequency band which is very difficult to model.

E- Compact nonreciprocal CRLH forward CLC
numerical results

The proposed coupler structure was simulated for HO=
50,000 Oe representing the desired very high required to
ensure that the employed ferrite substrate is characterized
only by its isotropic electric properties through the
frequency band of interest. The simulated scattering
parameters for this case are shown in Fig. 29. At this stage,
the dimensions are those given specified in Fig. 28 unless
otherwise specified in Fig. 29.
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Fig. 29: The full wave simulated scattering parameter magnitudes of the ferrite
CRLH forward CPW CLC for H= 50,000 Oe, W =0.5 mm, t, =2 mm, |, =0.5mm,
1,=0.5mm, S =0.2 mm, and L=11.9mm.

As shown in the above figure, the results show that the
coupler under that bias can exhibit a dominant backward
coupling propagation in the frequency band starting
from a frequency equal to 7 GHz up to almost 9.5 GHz.
The backward coupling level is approximately -1 dB
over the whole band while the forward coupling level is
kept at smaller than or equal to -10 dB. This very high
backward coupling level, which can not be achieved
using conventional couplers, confirms the designed left-
handedness of the proposed coupler. Also, it is noted that
the through level is very low within this bandwidth. These
data are good enough to start the design of the proposed
nonreciprocal forward coupler at a specific DC magnetic
bias.

Assuming a lower DC magnetic bias of HO=2500 Oe,
the hosting ferrite CPW TL is expected to have a negative
permeability within the frequency band approximately
from 7 GHz to 9.5 GHz which has been extracted
analytically using (12). It is obvious that this bandwidth
overlaps with the previously designed almost 0 dB CRLH
backward CLC.

The simulated scattering magnitudes of the previously
examined coupler for H=2500 Oe are shown in Fig. 30.
The results show that the previously demonstrated high
backward coupling level decreases as the frequency
increases, starting with -4 dB at 7 GHz, such that the
coupler can be considered not backward coupler starting
from 8 GHz up to 10 GHz. The almost -1 dB backward
coupling level in the previous case has been changed at a
very high decreasing rate to be below -30 dB, between 8.5
GHz to 9.5 GHz. On the other hand, below -10 dB forward
coupled level in the previous case has been increased to be
around -7 dB within the same frequency bandwidth. Also,
the through level has been increased from almost -20 dB
in the previous case to around -10 dB level in the current
case.

Theresults confirm thatthe forward coupling mechanism
of the proposed coupler becomes more dominant than the
backward one. Also, the switching mechanism from the
backward coupling to the forward coupling is very clear
within the frequency bandwidth of negative ferrite hosting
TL permeability.
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Fig. 30: The full wave simulated scattering parameter magnitudes of the ferrite CRLH forward CPW
CLC for H=2500 Oe, W =0.5 mm, t, =2 mm, |, =0.5mm, 1,=0.5mm, S =0.2 mm, and L=11.9mm.
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A typical forward nonreciprocal performance with
specific forward coupling/through signal levels can be
achieved through optimization. Thus, for H=2500 Oe,
many parametric studies of the different circuit geometry
parameters aim for optimization of the proposed coupler
as a forward nonreciprocal coupling propagation of almost
equal power levels for both the two output signals. Finally,
the dimensions of the proposed coupler are set to those
values specified in Fig. 28 and its simulated magnitudes

of the scattering parameters for H = 2500 Oe are shown
in Fig. 31. As shown in this figure, within the frequency
band from 7 GHz to 9 GHz, the levels of both through
signal (S21) and forward coupled signal (S41) are equal
to be approximately -7 dB. Both the through and forward
coupled signals have nonreciprocity propagation with
nonreciprocity isolation differences up to 30 dB. Also, the
backward coupled signal level of the proposed coupler is
quite low with a coupling isolation level of up to 30 dB.
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Fig. 31: The full wave simulated scattering parameter magnitudes of the ferrite
CRLH forward CPW CLC for H;=2500 Oe.

It can be observed that the bandwidth of the coupler
is typically within the bandwidth of the negative ferrite
permeability which can be confirmed mathematically using
(12) to be from 7 GHz to 9.3 GHz, approximately. The
relative high losses of both propagated signals are because
of the lossy nature of the ferrite substrate at the negative
ferrite permeability frequency band.

The phase difference between the two output

350

signals is shown in Fig. 32. As shown in the figure, the
proposed coupler illustrates almost a quadrate phase shift
between the through and the forward coupled signals
within the coupler operating bandwidth. However, some
discrepancies peaks can be observed at some discrete
frequencies. These can be explained since the coupler’s
bandwidth is within the negative ferrite permeability
bandwidth.

200
150
100
50

04

50%\/)
100

150 ]

Phase Difference (Degree)

300
250

-
Phase (S21)- Phase (S41)

200 | |
7.0 75 8.0

8.5 9.0 9.5 10.0

Frequency (GHz)

Fig. 32: The full wave simulated phase difference between two output signals of ferrite

CRLH forward CPW CLC for H;=2500 Oe.
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To study the tuning capability of the proposed coupler,
a lower DC magnetic bias of 2000 Oe was applied and
its scattering parameters are shown in Fig. 33. It can be
seen that the proposed coupler still has its properties of
nonreciprocity for both two output signals but the operating
bandwidth is shifted down in frequency to be around 6.75
GHz to 7.5 GHz with obvious lower propagation levels for
both outputs signals a little below -10 dB. However, the
coupling isolation and nonreciprocal isolation levels are

still better than 30 dB within most of the new operating
bandwidth. The shift in the operating frequency band can
be explained due to the change of the frequency onset
of the negative permeability frequency band to be at 5.6
GHz, as calculated from (12). The lower levels of both
nonreciprocal output signals, compared to the previous
case, can be explained due to the imperfect matching in
this new case. This can be seen by increasing the reflection
coefficient (S11) level.

Magnitude {dB)

o]
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3.0 3.5 9.0

Frequency (GHz)

Fig. 33: The full wave simulated scattering parameter magnitudes of the ferrite CRLH

forward CPW CLC for H;=2000 Oe.

F- Compact nonreciprocal CRLH forward CLC
experimental results

In this section, we present the measurement results of
the proposed CRLH forward coupler. The measured circuit
was fabricated on commercially available YIG Trans Tech
TTVG-1850 substrate material. The dimension of this bulk
material is 19.8 mm x 10.5 mm x 1 mm. The feeding CPW
TL length 13 is increased to 2 mm for the simple SMA
connection. Similar to all previously measured devices, the

E

(a) )

proposed coupler was supported with two FR4 PCB covers
of 1.5 mm thickness soldered to the SMA connectors at
both ends. This fabricated circuit prototype is shown in
Fig. 34 (a). The soldered circuit prototype with a lower
FR4 cover is shown in Fig. 34 (b) whereas, the two-sided
circuit prototype is shown in Fig. 34 (c). The horizontal
circuit orientation between the two electromagnet poles is
similar to the previously shown in Fig. 10. Approximately
90 Oe increase in the external bias field value was applied
to compensate for the demagnetization field*?!.

Fig. 34: The fabricated TTVG-1850 ferrite forward CRLH CPW CLC prototype (a) The circuit prototype
(b) The lower-sided covered circuit prototype (c) The two-sided covered circuit prototype.
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Fig. 35: The measured scattering parameter magnitudes of the ferrite CRLH forward CPW CLC for H =0 Oe.

The measured scattering parameters of the forward
coupler for H=0 Oe are shown in Fig. 35. Similar to
previously studied types, this coupler suffers from a high
reflection except from 4.8 GHz to 8.5 GHz, approximately,
where its level decreases to be around -10 dB. In the figure,
the proposed coupler demonstrates dominance through
propagation with levels up to -6 dB in the frequency
band from 5 GHz to 6 GHz. Within this band, the
coupler demonstrates a lower backward coupling level of
approximately -15 dB. Also, over the same bandwidth the
forward coupling signal is less than -25 dB representing a
very high forward coupling isolation level. Following this
bandwidth, both the backward coupling signal and forward
coupling signal increase while the through decreases
within a narrow frequency band from 6 GHz to 6.5 GHz.
After this band, from 6.5 GHz to 7 GHz, no significant
output signal can be observed. In the narrow frequency
bandwidth, 7 GHz to 8 GHz, the backward coupling signal
is more dominant whose output signal level is up to -10
dB with more than 10 dB propagation isolation differences
for both forward coupling and through. These isolation
differences are more significant in the lower bandwidth
7 GHz to 7.5 GHz. Adjacent to this backward coupling
bandwidth, a narrow bandwidth from 8 GHz to 8.5 GHz
is characterized by approximately -10 dB level for both
through and forward coupling signals while the backward
coupling signal level decreases to almost -30 dB. Following
this narrow bandwidth, the output signals change to be the
through signal and backward coupling signal with different
levels. Then, both signals decay considerably at 10 GHz.

By closely looking at the measurement results of the
coupler for Hj = 0 Oe, it can be observed the followings.

First, the ferrite substrate is considered almost isotropic
within the whole studied bandwidth, 4 GHz to 10 GHz.
Second, the ferrite CRLH CLC can demonstrate backward
coupling within the frequency band of 7 GHz to 7.5 GHz.
Within this bandwidth, as mentioned above, the backward
coupling level is -10 dB while both the through and forward
coupling levels are below -20 dB.

As explained in the design procedures section of the
proposed forward ferrite CLC, a ferrite CRLH backward
CLC can be designed to demonstrate forward coupling
instead of the backward one by applying DC magnetic
bias inducing negative ferrite permeability within the
backward coupling bandwidth. Consequently, by applying
DC magnetic bias of H, around 2500 Oe, it is expected that
the coupler can behave as a nonreciprocal forward coupler
within, or very close to, that bandwidth. Thus, the scattering
parameters of the proposed coupler were measured and
plotted in Fig. 36 for H =2500 Oe where it can be observed
a high reflection level of approximately -10 dB over the
whole bandwidth. Similar to all previous types, such high
reflection can be explained due to the circuit measurement
configuration.

It can be noted that no backward propagation is
dominant over the whole bandwidth from 7 GHz to 10
GHz. Within this frequency band, the backward coupling
level is below -20 dB. By comparing this behavior to the
backward coupling level in Fig. 35, we observe that the
coupler demonstrates at least a 10 dB decreases in its
backward coupling level. This is more significant within
the frequency band 7 GHz to 7.5 GHz within which the
level decreases almost from -10 dB to -25 dB. On the other
hand, it is observed the increase of both the through and
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forward coupling propagations within the frequency band
from 7 GHz to 8.25 GHz. Specifically, within the frequency
band 7.7 GHz to 8.1 GHz, it can be observed a narrow
bandwidth characterized by almost equal power levels for
both nonreciprocal forward coupling and through signals.
The levels of the two signals are very close to -10 dB within
this bandwidth. Moreover, both signals have significant
nonreciprocal properties with a nonreciprocity isolation
difference of more than 10 dB within this bandwidth.
Finally, we can say that the proposed measured device

acts to some acceptable level as a nonreciprocal forward
CLC within the frequency bandwidth from 7.7 GHz to 8.1
GHz with more than 10 dB backward coupling isolation
and nonreciprocity isolation differences. By comparing
these results to the originally designed ones shown in
Fig. 31, significant variations have been observed for both
the forward coupling operating bandwidth and its output
levels. However, the same concept of the possibility of
achieving a nonreciprocal forward CLC is confirmed by
measurement results.
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Fig. 36: The measured scattering parameter magnitudes of the ferrite CRLH forward CPW CLC for H;=2500 Oe.
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Fig. 37: The comparison between the ferrite CRLH forward CPW CLC measurement results and the
simulation ones for similar measured structures for HO= 2500 Oe (a) Through comparison (b) Forward

coupling comparison.

To analyze the differences between the designed device
and the measured one, we simulated the same measured
structure using HFSS. The new simulated results are
compared to the measured ones for both the through and
the forward coupling signals as shown in Fig. 37. The

through-signal propagation comparison is shown in Fig. 37
(a). Can observe a good agreement between the two results
on the thorough propagation within the frequency band 7
GHz to 7.5 GHz. The simulated results show an almost flat
signal whose level is approximately -7 dB in the frequency
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band from 7.65 GHz to 8.3 GHz. Also, it starts to have
nonreciprocal properties from 8 GHz. On the other hand,
the measured through-level is significantly lower than the
simulated one; it is 3 dB below and reaches 10 dB in the
worst case. Moreover, the nonreciprocity properties of the
measured through-level results start at 7.7 GHz, lower than
the simulated one by approximately 0.3 GHz. Above 8.5
GHz, both measured and simulated results start decaying.
Although the decaying signal levels are different in the two
cases, the physical phenomenon can be observed.

Similar results can be observed by comparing the
measured and simulated forward coupling signals as
shown in Fig. 37 (b). Both results show the onset of the
forward coupling propagation growing up at 7.55 GHz.
The simulated forward coupling signal shows an almost
flat signal in the frequency band 7.7 GHz to 8.65 GHz,
except for some small decreasing steps at 8.05 GHz and
8.3 GHz. Also, this propagation is nonreciprocal over that
bandwidth. The measured forward coupling signal shows
a good agreement with the simulated one in the frequency
band from 7.7 GHz to 8 GHz, only its level is lower by
no more than 3 dB. The nonreciprocity properties of the
measured results agree with the simulated ones in the
lower frequencies from 7.7 GHz to 8.1 GHz, considering
the reasonable difference between the two compared signal
levels in this frequency band.

In general, we can say that these two comparisons
have given reasonably accepted phenomenon verification.
However, some variations between the measured and
simulated results are not small. These variations can be
explained due to the strong effect of the actual non-uniform
DC magnetic field within the ferrite substrate while it was
assumed uniform in the simulation results. This effect was
noticed to be strong at high DC magnetic bias values as
reported in the previously measured devices. This effect
should be considered in the evaluation of the comparison.
Also, some of these variations may be explained since the
coupler’s operating bandwidth is within the negative ferrite
permeability which is very difficult to model the device
performance within it. Also, the inaccurate variations in
behavior can be due to the resonances introduced by the
measured device configuration. The measurement results
in Fig. 36 further confirm the theoretical prediction that a
dominant backward coupling of a ferrite CRLH CLC can
be switched to either forward coupled or through ports.

The switching mechanism of the proposed coupler from
the backward coupling mechanism to the forward coupling
one can be further confirmed by giving more focus on
the frequency band from 5 GHz to 6 GHz. Within this
frequency band for the case of H =0 Oe shown in Fig. 35,
the ferrite CRLH CLC can be claimed to have a backward
coupling mechanism, not the ideal one. The backward
coupling signal level within this band increases from -18
dB at 5 GHz to -12 dB at 6 GHz. On the other hand, the
forward coupling signal level is approximately less than
-25 dB over most of this bandwidth. Also, the through
propagation is the main output signal of the coupler with a

level of around -7 dB over this bandwidth.

For H, within the range from 1500 Oe to 1750 Oe,
it is expected that the individual hosting ferrite TLs
have a negative permeability within that frequency
band. Consequently, the performance of the proposed
coupler was measured using its scattering parameters for
H,=1500 Oe and 1750 Oe as shown in Fig. 38 and Fig.
40, respectively. In the two figures, we can observe a high
reflection coefficient which will affect results by decreasing
the output signal levels in each case. But, the switching
mechanism can be still noted by observing the dominant
signal level in each case as explained in the following.

For the case of H=1500 Oe, it can be observed that
the through signal is affected by the losses of the ferrite
substrate within its negative ferrite permeability bandwidth.
This is clear as it is a level decrease starting from 4.5 GHz,
compared to Fig. 35. However, the through propagation
is still the dominant propagation of the ferrite CRLH
CLC. Then, by focusing on the backward coupling signal
behavior, we observe that its level is approximately around
-25 dB in the frequency band from 4.5 GHz to 6 GHz, apart
from a single resonance peak of -18 dB at 5.5 GHz. On the
other hand, the forward coupling signal level increases to
approximately -16 dB within the frequency band 5.2 GHz
to 5.7 GHz, apart from a small resonance at 5.55 GHz. As a
summary, we can say that the forward coupling signal level
increases at the expense of the backward coupling signal,
with an average of 10 dB. Thus, it can be claimed that
within the negative ferrite permeability frequency band,
the proposed coupler changes its coupling mechanism to
be switched from backward coupling to forward one. This
switching mechanism is made clearer in Fig. 39.

The previous example for H = 1500 Oe suffers from
many resonances that may cause the proposed switching
mechanism not to be clear. This switching mechanism can
be clearer for H ;= 1750 Oe shown in Fig. 40. In the figure,
it is so obvious that the forward coupling signal level
increase from -20 dB at 5.5 GHz to approximately -12 dB
at 6 GHz. Within this bandwidth, the backward signal level
is between -20 dB to -30 dB. By comparing these levels
to their corresponding in Fig. 35, we can observe that the
forward coupling signal acquires at least a 10 dB increase
in its level while the backward coupling signal level suffers
more than a 15 dB decrease. This switching mechanism is
made clearer in Fig. 41.

From the two studied cases, we can confirm that the
switching mechanism is possible within the negative
ferrite permeability bandwidth. However, this switching
mechanism might not guarantee a switch between a
typical backward coupler to a typical forward coupler
since the forward coupler should be designed through
circuit parameters optimization at a specific DC magnetic
bias value like the one designed for H=2500 Oe. Finally,
we can claim that the measurement results confirmed the
performance of this coupler as a nonreciprocal forward
CLC within the negative ferrite permeability frequency
band. This proves the theoretical prediction of the
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possibility of designing a nonreciprocal forward CLC developed. The theoretical analysis of the proposed
within that bandwidth. coupler has been given and validated numerically and

In summary, nonreciprocal forward CRLH CPW experimentally. The results show that a compact CRLH
CLCs on a ferrite substrate have been presented. forward CLC can be achieved. Also, a switching coupling
The general CRLH forward coupler theory has been mechanism is introduced
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Fig. 38: The measured scattering parameter magnitudes of the ferrite CRLH forward CPW CLC for H=1500 Oe
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Fig. 39: The measured scattering parameter magnitudes of the CRLH forward CPW CLC
show its switching property for H =0 Oe and 1500 Oe
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Fig. 40: The measured scattering parameter magnitudes of the ferrite CRLH forward CPW CLC for H=1750 Oe.
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Fig. 41: The measured scattering parameter magnitudes of the CRLH forward CPW CLC
showing its switching property for H =0 Oe and 1750

VII- Conclusion

Different novel types of ferrites CRLH CPW CLCs,
comprising backward and forward couplers with different
propagation levels have been designed, fabricated,
measured, and characterized. All couplers were designed
using two separated and parallel identical CRLH TLs
over a horizontally magnetized ferrite substrate. Different
loading element configurations are employed in designing
individual CRLH TLs according to their corresponding
coupler's desired function. All couplers have the advantages
of compact size and small demagnetization factors. In
addition, all proposed ferrite CRLH CLCs here can

demonstrate tunability and/or nonreciprocity properties.
Based on the CRLH symmetrical backward CLC
theory, the general ferrite CRLH CLC concepts have
been introduced to backward CLCs with ferrite medium
properties. Theoretical analysis illustrates that a ferrite
CLC demonstrate a backward coupling mechanism within
the frequency band characterized by positive ferrite
permeability. Within the negative permeability bandwidth
backward coupling is not exist. However forward coupling
can be designed to demonstrate the nonreciprocal
combination of through and forward coupling performance.
The theoretical analytical design, numerical design results,
and experimental measurement results are presented for
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each coupler. The measurement and numerical results
confirm the couplers’ functionalities with some explained
level variations.

The first introduced coupler is a dual mode (band)
nonreciprocal ferrite CRLH CPW backward CLC. The
results show that the first coupler band is reciprocal
backward propagation and it requires a positive relative
permeability of the hosting ferrite CPW TL. The second
band is nonreciprocal through one which requires negative
ferrite permeability. This coupler can be considered a
unique coupler which can not be achieved using any
coupler type. The power switching mechanism between
the two bands can be achieved according to the applied DC
magnetic bias.

The second proposed coupler is a single-band compact
tunable ferrite CRLH backward CPW CLC. Within its
operating bandwidth, equal power levels for the backward
coupling and through propagation are designed. This
coupler has the advantages of its compact size and its
high output signal levels compared to ferrite CLC. This
proposed coupler can be utilized as a microwave on/off
switch.

Finally, a novel nonreciprocal ferrite CRLH forward
CPW CLC has been introduced. The proposed coupler
operates within the negative ferrite permeability frequency
band of the individuals hosting ferrite TLs. The proposed
coupler represents a good example of the backward
coupling mechanism switching which may be applied in
novel microwave switching applications.
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