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Abstract

Tunable phase shifters with wide bandwidth are highly demanded for phased array radar systems. However, most wideband
phase shifters are not tunable, while tunable phase shifters operate at a very narrow band. Here, we present a magnetically
tunable wideband ferrite-based metamaterial phase shifter by periodically arranging ferrite block and air-gap. Compared to
the conventional phase shifter, the operation bandwidth of the metamaterial phase shifter increases significantly because of
the existence of a new resonant peak. Meanwhile, the phase shift of the metamaterial phase shifter can be altered by
changing the applied magnetic field. The proposed phase shifter has low insertion loss and large phase shift value, which

provides a way to the design of tunable wideband phase shifters.
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1. Introduction
Phase shifters are the key components of transmit-receive
(T/R) modules and have been widely used in phased array
radar systems.'sl Considering the importance of anti-
interference and wideband imaging performance, wideband
passive radars have become a research focus.[**! Additionally,
tunable devices have also attracted great interest in recent
years due to their reconfigurability.®®] Therefore, wide
bandwidth characteristic and adjustable ability are becoming
the most important design targets for phase shifters.*'1 Owing
to the negative effective permeability of ferrite materials at
microwave frequencies and their dependence on the applied
magnetic field, making these media the main materials to
realize tunability.[t>4

Though many studies have been carried out for tunable or
wideband phase shifters, the wideband phase shifters are not
tunable, while operating band of most tunable phase shifters
are particularly narrow. Furthermore, most designs are
complex and not easy to be integrated into the systems.[!58l
Metamaterial, due to its extraordinary electromagnetic
properties, is extensively applied in various electromagnetic
devices and provides many potential applications.l**?! By
applying metamaterial to the design of phase shifters can
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simplify the structure of phase shifters, as well as improve
their phase shift performances.?>?°! For instance, a toroidal
ferrite-based metamaterial phase shifter was proposed and the
miniaturization of the phase shifter was realized.? It is also a
breakthrough that a tunable metamaterial phase shifter was
presented by using composite right/left-handed (CRLH)
structure.’ In contrast to traditional phase shifters, the
metamaterial phase shifters are easy to design and fabricate,
which provide a new method for phase shifters design.

In this paper, a tunable wideband metamaterial phase
shifter with compact size, large phase shift value and low
insertion loss is presented. Size optimization is implemented
to determine all parameters of the proposed phase shifter.
From the simulated results, it is found that the proposed phase
shifter shows a bandwidth of 1.9 GHz for a phase shift about
180°. Moreover, the phase shift value varies with the applied
magnetic field. This design realizes adjustability and
wideband in the meantime, and most importantly the proposed
phase shifter is simple in structure. This work widens the way
for the tunable wideband phase shifters design.

2. Phase shifter geometry and design

Phase shifters are used to adjust the phase of electromagnetic
waves, which can be achieved by changing the length of signal
transmission or phase constant. The permeability of ferrite
materials varies with the applied magnetic field, making these
media the main materials to realize magnetically tunable
characteristic. In addition, ferrite phase shifters can be divided
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(a)

Fig. 1 Structure of the original phase shifter (a) top view and (b) perspective view.

into waveguide type and microstrip type according to the type
of transmission line. And microstrip ferrite phase shifters are
widely used due to their simpler structure. In this work, a
magnetically adjustable ferrite phase shifter with rectangular
section is designed based on the meander line microstrip
structure. The top view and perspective view of the phase
shifter are respectively shown in Figs. 1a and 1b. The upper
and lower layers of the structure are rectangular ferrite plates,
and the middle layer is FR4 substrate with a relative dielectric
constant of 2.2.

As is known to all that the performances of ferrite phase
shifters are greatly affected by the materials properties and
structural sizes. Saturation magnetization (4nMs) and
ferromagnetic resonance linewidth (AH) are two vital
parameters used to measure the electromagnetic properties of
ferrite materials. In general, the phase shifters are required to
have a higher power capacity, which can be increased by
enhancing AH or reducing 4nMs. However, the insertion loss
of phase shifters will be increased when the power capacity is
improved. To solve this problem, ferrite material with high
saturation magnetization (4nM; 1950 G) and low
ferromagnetic resonance linewidth (AH = 10 Oe) is applied.

Computer simulation technology (CST) Microwave Studio
is a commercially electromagnetic simulation software, whose
numerical analysis is based on the finite integration technique
(FIT) and full wave theory. By using this software, we can
easily obtain the s-parameters and phase shift value of the
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phase shifter. The boundary conditions are set as perfect
electric conductor (PEC) along y and z axes, and open along x
axis. The geometrical parameters were adjusted carefully by
running numerous parameters sweeps and finally the optimal
parameters for proposed configuration were obtained, as
shown in Table 1. The optimized phase shifter has three
adjacent operating bands with a large phase shift value.

Table 1. Parameters of the proposed phase shifter.

Parameter Value (mm) Parameter Value (mm)
a 24.0 b 7.0
| 0.75 r 0.75
n 4.4 z 1.0
t 0.035 h 15

The changes of s-parameters and phase shift value with the
applied magnetic field m are shown in Fig. 2. According to Fig.
2a, as m increases from 200 Oe to 500 Oe, the resonance
frequency of the phase shifter moves to a higher frequency. As
illustrated in Fig. 2b, the phase shift value of the phase shifter
at the same frequency is affected by the applied magnetic field,
indicating that the designed phase shifter has magnetically
tunable characteristic. In addition, it can be observed from Fig.
2 that although the phase shifter has a desired phase shift about
180° in the range of 7.0-9.5 GHz, the frequency band with
reflection coefficient less than -20 dB is very narrow.
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Fig. 2 (a) Simulated s-parameters of the original phase shifter with a series of m. (b) Simulated phase shift of the original phase

shifter with a series of m.
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3. Metamaterial phase shifter

For realizing miniaturization or wideband, CRLH structure
has been used in the design of phase shifters. In the range of
the operating band, ferrite block can be equivalent to negative
inductance, and the air-gap is utilized to act as negative
capacitance. The top and bottom ferrite blocks in Fig. 1 are
divided into three equal parts respectively, which are arranged
periodically with the air-gap to form the metamaterial phase
shifter. The geometry of the proposed metamaterial phase
shifter is shown in Fig. 3.

To obtain the optimal parameters of the metamaterial phase
shifter, the applied magnetic field is set to 500 Oe while the
other parameters are consistent with Table 1. The impact of the
width of the air-gap s on the proposed phase shifter is
simulated as shown in Fig. 4. From Fig. 4a, the reflection
coefficient changes significantly as s increases from 0.4 mm
to 0.7 mm. When s = 0.5 mm, the bandwidth with reflection
coefficient less than -20 dB reaches the maximum. When the
width of ferrite block and air-gap are respectively set to 8 mm
and 0.5 mm, both the insertion loss and reflection coefficient
meet the design requirements. Accordingly, the optimal
parameters of the metamaterial phase shifter are obtained. In
this condition, s only has little influence on the phase shift
value of the metamaterial phase shifter as depicted in Fig. 4b.

Then, the s-parameters and phase shift value of the
metamaterial phase shifter with different applied magnetic
fields are simulated as shown in Fig. 5. It can be seen that

et

(2)

when m increases from 200 Oe to 500 Oe, the metamaterial
phase shifter keeps wideband characteristic, which proves the
reliability of the metamaterial phase shifter design. In addition,
the simulated results of the original phase shifter and
metamaterial phase shifter under different applied magnetic
fields are compared. Similar to the original phase shifter, it can
be found from Fig. 5a that the resonance frequency of the
metamaterial phase shifter moves to a higher frequency with
the increase of the applied magnetic field. According to Fig.
5b, the metamaterial phase shifter also exhibits magnetically
tunable characteristic due to the metamaterial structure. In
addition, it is discovered that Figs. 2b and 5b have a phase
difference of 360° at the same frequency. From these
simulated results, it can be inferred that the metamaterial
introduces additional phase into the phase shifter, resulting in
a great phase tunable range.

4. Results and discussion

In order to further demonstrate the performance of the
metamaterial phase shifter, it is compared with the original
phase shifter in s-parameters and voltage standing wave ratio
(VSWR) with different applied magnetic fields. Fig. 6
describes the s-parameters of these phase shifters at different
applied magnetic fields. From Fig. 6a, the original phase
shifter has three resonant peaks while the metamaterial phase
shifter has four resonant peaks in the range of 7.0-9.5 GHz.
The additional resonant peak combines the three nearby bands

Z
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Fig. 3 Structure of the metamaterial phase shifter (a) top view and (b) perspective view.
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Fig. 4 (a) Simulated s-parameters of the metamaterial phase shift
phase shifter with a series of s.
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Fig. 5 (a) Simulated s-parameters of the metamaterial phase shifter with a series of m. (b) Simulated phase shift of the metamaterial

phase shifter with a series of m.

into a single broadband, and thus the metamaterial phase
shifter achieves a wider operating bandwidth. Moreover, the
operating band of the metamaterial phase shifter moves to a
higher frequency with the increase of applied magnetic field,
which is consistent with the variation trend in Figs. 2 and 5. In
general, the metamaterial phase shifter has wide bandwidth
characteristic under different applied magnetic fields, which
proves the reliability of the design.
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Voltage standing wave ratio is a vital indicator used to
measure whether the components are well matched. If the
VSWR is equal to 1, it means that all the electromagnetic
waves are radiated, which is the best case. In order to avoid
the influence on other components, the VSWR of the devices
should be as small as possible. Fig. 7 depicts the VSWR of
these phase shifters with different applied magnetic fields. It
can be found that the VSWR of the metamaterial phase shifter
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Fig. 6 S-parameters of these phase shifters at different applied magnetic fields (a) m =200 Oe, (b) m =300 Oe, (c) m = 400 Oe and

(d) m = 500 Oe.
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Fig. 7 VSWR of these phase shifters at different applied magnetic fields (a) m =200 Oe, (b) m =300 Oe, (c) m =400 Oe and (d) m

=500 Oe.

is basically stable at 1 in the operating band, which shows the
impedance matching of the metamaterial phase shifter is
excellent. To sum up, the proposed metamaterial phase shifter
with relative operation bandwidth greater than 20% has a few
advantageous features, such as inclusive of simple structure,
large phase shift value, good impedance matching and easy
adjustment in phase shift.

To illustrate the working principle of the metamaterial
phase shifter, the distribution of electromagnetic fields in the
microstrip line is simulated. Fig. 8 shows the electric and

© Engineered Science Publisher LLC 2021

magnetic distributions of the material phase shifter at 8.9 GHz.
From Fig. 8, it can be observed that the intensity of the
electromagnetic fields is the largest at the edge of the meander
line microstrip. Moreover, the distribution of the
electromagnetic fields is periodic. As we known, the
permeability of ferrite materials varies with the magnetic field.
Hence, it can be deduced that the phase shift value will also
has periodicity, which is in concordance with the simulated
results. This model can realize the function of phase shift well.
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30
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Fig. 8 Distribution of electromagnetic fields in the microstrip line (a) electric field and (b) magnetic field.
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5. Conclusions

In this paper, a tunable metamaterial ferrite phase shifter with
relative bandwidth greater than 20% is developed. According
to the s-parameters simulated results, the metamaterial phase
shifter can stimulate a new resonant peak that coupled with the
inherent resonant peaks, which can help to get the wideband
property. Moreover, the periodic change of phase shift value
with frequency can be explained by the distribution of
electromagnetic fields in the microstrip line. Our work realizes
both adjustability and wideband in a phase shifter, which gives
an effective approach for tunable and wideband design of the
ferrite-based phase shifters.
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