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The reported devices have the advantages of their small size, multi
frequency band in addition to broadband operation (=60 %) compared
to their conventional design. Moreover, these devices are designed
to illustrate novel magnetic properties such as their tuning and non
reciprocity operation capabilities. Theoretical explanations supported
by simulation results of presented devices confirmed the operation of a
tunable and nonreciprocal coupler and tunable transformer. The novelty
and advantage of the reported devices are their combined properties of
compactness and nonreciprocity. Furthermore the devices require very
low external DC magnetic bias due to its much lower demagnetization
compared to the microstrip configuration. Accordingly, the devices can
be applied in many RF front end novel applications such as circulators
and isolators.

[. INTRODUCTION

Electromagnetic Metamaterials (MTMs) were first
introduced in 1967 by the Russian physicist Victor
Veselago. He named MTMs that illustrate simultaneous
negative electric permittivity € and permeability p as left-
handed metamaterials (LHM)!!!. Thanks to theses negative
parameter values, these LH MTMs, are characterized by
unconventional electromagnetic propagation parameters.
Not until of early of this century where LH MTMs were
first experimentally demonstrated by pioneering works
of Pendry by using array of split ring resonators (SRRs)
with a wire array placed in spacel®. However, such model
was not suitable for microwave applications. Therefore,
planar LH MTM versions have been proposed for
RF/microwave applications in both microstrip and coplanar
waveguide (CPW) configurations®¥. Due to effect of
parasitic elements of hosting transmission line, these
LH MTM is a composite right/left handed transmission
line (CRLH TL). However, all these examples were
suggested using dielectric substrates. Later on, it has been
suggested using of ferrite substrates in implementing the
CRLH TLs. Unlike dielectric materials, ferrite medium
is nonreciprocal and has a dispersive permeability tensor
where the permeability element value can be negative or
positive depending on the applied DC magnetic bias. Thus
a novel tunable and nonreciprocal CRLH transmission
line can be realized. Examples of these new LH TLs
have been introduced using microstrip configuration, and

(CPW) configuration®. CRLH CPW TL requires smaller
DC magnetic bias than microstrip one due to its smaller
demagnetization field.

Based on these transmission lines, the need for tunable
and nonreciprocal microwave devices and antennas
has encouraged researchers to realized tunable and
nonreciprocal CRLH TLs using ferrite substrates!” !,
Ferrite medium has nonreciprocal dispersive properties
due to its dispersive permeability tensor'?. The tuning
characteristics are achieved by varying the applied DC
magnetic bias. Over the ferrite CRLH TLs, it has proven
that coplanar waveguide based devices needs smaller DC
magnetic bias compared to microstrip configuration!”.
Examples for these devices include tunable/nonreciprocal
couplers, resonators, circulators, phase shifter!*?¢ and
antennasf?’- 2%,

In this paper, we introduce a survey on novel set of
microwave devices implemented using ferrite substrate
in CRLH MTMs configurations. These devices were
implemented in CPW configuration to have the advantage
of its small DC magnetic bias. Thanks to the employed
CRLH configuration, the reported devices demonstrate
the advantages of the compact size and the power
enhancement. Moreover, these devices can be tunable and
nonreciprocal thanks to the magnetic properties of the
ferrite. The performance of these devices are explained
theoretically and confirmed by both numerical simulations
and measurements.
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II. THEORY

The ferrite CRLH TL can be realizable by loading a
conventional hosting ferrite TL by a series capacitive
load and shunt inductive load, similar to conventional
(dielectric) CRLH TLs. The equivalent circuit of a lossless
unit cell of ferrite CRLH TL of length (d), it is much
smaller than the travelling wavelength, can be expressed
as a standard lossless composite right/left handed CRLH
unit cell shown in Figure 1. In the equivalent circuit, the
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In case of ferrite CRLH CPW TL, the DC magnetic bias
direction is horizontal. Thus, it has small demagnetization
field. The front view of a horizontally magnetized ferrite
CPW TL is shown in Figure 2. As shown, an external DC
magnetic field is applied to the ferrite substrate in the:
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is the gyromagnetic ratio of the ferrite and p is the free
space permeability. In this case, the effective relative

ferrite permeability for horizontal magnetic bias can be
expressed as:

Hy=H 3)

It is shown that the effective permeability has a
dispersion nature whose value is negative or positive
depending on the applied magnetic field, the ferrite
substrate specification and the DC magnetic bias.
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Fig. 1: The equivalent circuit model of a ferrite
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parasitic inductance (L, ) and capacitance (C, ) of the hosting
ferrite TL, while (L,) and (C,) are the shunt inductive
and series capacitive load, respectively. The dispersion
propagation constant (B, )for all reported CRLH TLs can
be calculated approximately by expressing the hosting
ferrite TL parameters in terms of its medium parameters,
the ferrite medium permittivity and the equivalent relative
ferrite permeability which depends of the DC magnetic
bias direction asP¢%,
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direction shown in the figure, inducing an internal magnetic
field (H,) which causes the ferrite substrate to have the
saturation magnetization (M) in the same direction. For
the shown direction of DC magnetic bias, the ferrite has a
permeability tensor, [p], given as:
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Fig. 2: Front view of the CPW TL on ferrite substrate horizontally
magnetized

III. TUNABLE COUPLED LINE COUPLER

The backward coupling of a symmetrical CRLH
coupled line coupler (CLC) has been explained using
coupled line approach®®” as:

154



Volume (2) - Issue (4) - Oct 2018

Engineering of Science and Military Technologies

C = 4 (’B‘T _’BLH) e’ +B UGH — P )e_jﬁ‘r‘rs

A (}SI o }SLH )+ B (}SH o JBLH)

where A and B are constants, B are the coupled
propagation constants defined in terms of the propagation
constant along the hosting CRLH TL (B,,) and the
backward coupling coefficient between the two hosting
coupled lines (C,,,) as:
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Since, as seen from (5), B, may be imaginary at some
frequencies, hence, from (4), it can be seen that even 0
dB backward coupling is possible within these frequency
bands. Thus, CRLH CLC can provide much higher
coupling, up to 0 dB, with relatively wide line separation
over a broad bandwidth and very compact size, especially
at lower frequencies compared to a conventional one3l.
From ferrite CRLH TL concepts explained above, it
can be claimed that, a ferrite CRLH CLC has dispersive
(B, and (C,,,) due to the dispersive nature of the ferrite
permeability. Consequently, a ferrite CRLH CLC has a
dispersive backward coupling (C) as it can be seen from
(4). Detailed explanation about this coupling mechanism
is explained in%.

In our paper, we present a novel dual mode, tunable,
and nonreciprocal ferrite CRLH backward CPW CLC. The

4)

proposed coupler was designed using two identical CRLH
TLs over ferrite substrate as shown in Figure 3.An internal
horizontal DC magnetic field (H,) is applied to the 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. The second band has nonreciprocal
through propagation. Moreover, the coupler can be tuned
by changing (H,). The coupler was designed through
comparing its equivalent circuit model simulating results
to the real structure simulation results obtained using the
commercial electromagnetic full wave simulation software
ANSOFT- HFSS. The simulated scattering parameters of
both the circuit model and the real layout structure using
HFSS; for H;=50,000 Oe, are shown in Figure 4. This very
high DC magnetic bias is selected such that the ferrite is
isotropic within the frequency band of interest ; so that the
equivalent circuit model is valid. The figure shows 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 (57%). 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

(@

Fig. 3: The ferrite CRLH CPW CLC layout, W = 6mm, t=2.mm, t=1.5mm, S =0.5mm, W=1.3mm, W =0.25 mm(b). The interdigital

capacitor geometry S =Wc=0.1mm, t =0.2 mm.

155



ESMT, Abdalla & Hu 2018

o
=
@
=
2
‘S
om
L]
=
-35_:
p HFsSS Circuit
40 S| —
] S21
452 S$31 | — o
i S41 | e— -
501 T T T R B e
2 3 4 5 6 7 8 9 10

Frequency (GHz)

Fig. 4: HFSS (for H;=50,000 Oe) and equivalent circuit simulated scattering parameter magnitudes of the ferrite CRLH CPW CLC.

By applying lower DC magnetic bias values, the upper
cut off frequency of the backward coupling propagation
will coincide with the onset of the negative permeability
of the hosting CPW ferrite TL. Thus, the coupler can
be tunable by changing H,. This can be confirmed by
studying the CLC performance for different values of H,.
For HO=1750 Oe, the results in Figure 5 (a), illustrates
a backward propagation with a very close to 0 dB level
over a frequency bandwidth that extends from 3.4 GHz to
5.5 GHz. Then, it decreases from approximately -3 dB at
5.7 GHz with a very high slope to reach approximately -10
dB at 6 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
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GHzup to -5 dB at 6.2 GHz with nonreciprocal propagation
with nonreciprocity isolation level that extend up to 35
dB at 6.8 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 low forward coupling signal (S41) whose
isolation level is better than 20 dB over most of the
operating bandwidths.

By changing HO to 2250 Oe, As illustrated in
Figure 5 (b), the 3 dB upper cut off frequency of the
backward coupler propagation is increased to approximately
6.5 GHz while the nonreciprocal through propagation
exists within the frequency band from 6 GHz to
approximately 8 GHz.

H;=2250 O¢

521\L
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Frequency (GHz)
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Fig. 5: The full wave simulated scattering parameter magnitudes of the dual mode ferrite CRLH CPW CLC for (a) H=1750 Oe

and (b) 2250 Oe
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IV. TUNABLE WIDE BAND IMPEDANCE
TRANSFORMER

A compact quarter wavelength CRLH transformer can
be designed using a CRLH TL. The CRLH transformer can
satisfy arbitrary £900° phase shift controlled by the CRLH
elements. The dispersive ferrite permeability can be utilized
to design a wide band tunable ferrite CRLH transformer.
The upper cut off frequency of the transformer was setting
by the selection of the applied DC magnetic bias value to be
the onset of the lossy propagation within the negative ferrite
permeability frequency band. The transformer consists of
only a CRLH unit cell formed by series air gap capacitors
and a shunt meandered line inductor whose detailed sketch
is shown in Figure 6. The simulated scattering parameters
of the proposed CRLH transformer is for H= 2000 Oe,

Ho s

2250 Oe, and 2500 Oe as shown in Figure 7. It is clear
that the both of the lower cut off and operating centre
frequencies of the transformer are increasing by increasing
HO. On the other hand, the upper cut off frequency is
kept constant at 7 GHz. Within the operating bandwidth,
the insertion loss is close to 0 dB at its perfect matching,
centre, frequency while it increases to no more than 1.5 dB
over the rest bandwidth. On the other hand, return loss is
close to 20 dB at the perfect matching frequencies while
its worst case value, over the whole operating bandwidth
is 8 dB, at which the insertion loss is 1.2 dB which still
satisfy a reasonable transformer operation condition.
The results confirm that the transformer can match a
25Q load and a 50Q line with tunable nature overa wide
bandwidth (more than 64%) by changing the applied DC
magnetic bias.

(b)

Fig. 6: (a) The layout geometry of the ferrite CRLH CPW transformer a=30 mm, L=1.7mm, W=1.8 mm, 1,=0.5 mm, t =0.1 mm, t =0.5 mm.

(b) The meandered line inductor geometry.
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Fig. 7: The full wave scattering parameters magnitudes of the wide band ferrite transformer for different H; values.
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V. TUNABLE Microwave Resonator

A ferrite CRLH CPW zeroth order resonator can be
designed to be tunable by varying the applied DC magnetic
bias. The layout of the ferrite CRLH CPW zeroth order
resonator is shown in Fig. 1. The zeroth order resonator
is then connected to a 2 mm long 50 Q@ CPW TL through
a small coupling air gap capacitor. The resonator length
is 5.25 mm which is only 0.175 A g, the length of the

CRLH resonator including the air gap capacitor is 6.25
mm (0.2 X g), calculated at 4 GHz. Compared to half
wavelength conventional resonator, the CRLH zeroth
order resonator is only 35% in size. An internal DC
magnetic field (H)) is applied to the ferrite substrate
in the direction shown in Fig. 8, resulting in the ferrite
substrate to have the saturation magnetization in the same
direction

i
%

L

Fig. 8: The layout of the ferrite CRLH CPW zeroth order resonator a= 19.8 mm, L=10.25 mm, W =2 mm, S=1 mm, t =1 mm, ta=0.125 mm,

t =0.5 mm, [ =2 mm, 1=2 mm, W =0.25mm.

The principle of its operation is based on cascading
a CRLH TL section and a RH one. The total phase shift
of the TL can be expressed as the sum of CRLH and RH
phase shifts, i.e.

)B‘F:JBF df_ﬁr'dr' ©)

Where f8,and 3, are the propagation constants of CRLH and
RH sections, respectively, whereas d, and d_ represent the
lengths of these sections, respectively, while / is the total
length of the combined line. The resonant condition of the
resonator shown in Fig. 2 can be found by setting “(1),”
equalton Tt i.e.,

pl=pd+p d=nx

To investigate the tuning capability of the CRLH CPW
ZOR by changing the DC magnetic bias, the ZOR was
simulated for more varying DC magnetic bias in the range
between 1000 Oe to 5000 Oe. The simulated scattering
parameters in these cases are shown in Fig. 9. The figure
shows that the resonant frequency changes by changing
the DC magnetic bias. It can be seen the insertion loss
characterizing the proposed resonator is better than 3 dB
except for the two lower HO cases of 1000 Oe and 1125 Oe
at which the insertion loss is 13 dB and 5 dB, respectively.
The reason for that is the overlap between the resonant
frequency and the high lossy negative permeability of the
hosting ferrite TL at their resonant frequency which is
clearer for H=1000 Oe.

Also, the proposed ferrite CRLH CPW ZOR is
demonstrating a better than 10 dB return loss at the
resonant frequency, except for the two aforementioned
lowered cases where it is only 3 dB and 7 dB for H =1000
Oe and 1125 Oe, respectively.
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Fig. 9: The full wave scattering parameter magnitudes of the ferritte CRLH CPW ZOR at different DC magnetic bias.

As an examples for an applying the DC magnetic bias of
1250 Oe, the ZOR resonates at a resonant frequency of 3.9
GHz. At this resonant frequency, the resonator has a return
loss close to 15 dB and an insertion loss better than 3 dB. In
another case for the applying the DC magnetic bias of 2000
Oe, the resonant frequency has been shifted to 4.4 GHz
with return loss better than 20 dB and insertion loss also
better than 3 dB. It is evident that the resonant frequency
can be tuned by changing the applied DC magnetic bias.
Similar results can be observed in the figure for the other
DC magnetic bias values.

The variation of the resonant frequency against the

applied DC magnetic field bias is made clear in Fig.
10. It can be seen that the resonant frequency exhibits a
nonlinear variation with the applied DC magnetic bias.
The resonant frequency increases with increasing the DC
magnetic bias from 3.6 GHz at H=1000 Oe to 3.95 GHz at
H=1250 Oe, then it decreases to 3.85 GHz at H =1500 Oe.
Beyond this point the resonant frequency starts
to increase again with increasing HO  until
the DC bias reaches its typical value where
the ferrite is characterized through its isotropic
electrical properties, corresponding to the resonant
frequency of 4.8 GHz.
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Fig. 10: The resonant frequency variation against the DC magnetic bias.
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VI. CONCLUSION

The paper introduces examples of novel microwave
CRLH devices. These devices combine the novel CRLH
properties and the ferrite properties to introduce novel
microwave components demonstrating compact size,
broadband and novel magnetic properties. First, the
basics of ferrite CRLH TL are reviewed. A tunable and
nonreciprocal ferrite CRLH CPW CLC is introduced. The
CLC is compact in size and has broad band (up to 57%).
Also, a compact and wideband CRLH tunable transformer
(more than 64%) is introduced. Finally, an ultra compact
(0.2 A g) zeroth order resonator with tunable properties is
presented.
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