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INTRODUCTION

Removing magnets appears to be an exciting way to improve the integration of microwave circulators. These
circulators, called self-biased circulators, require using pre-oriented hexaferrites such as barium or strontium
hexaferrites.

Since the 90s, some studies explored the potential applications of these materials to the design and realization of self-
biased circulators. These studies were mainly based on the use of strontium hexaferrites and led to the realization of
circulators from Ku to Ka bands [1]-[7]. These hard materials show an anisotropy field H, of about 18 kOe which leads
to a gyromagnetic resonance between 40 and 50 GHz depending on the shape of the sample. However, in real self-
biased circulators, the shape factor of the ferrite samples that are inserted in the device sets the gyromagnetic resonance
frequency near 40 GHz and limits the performances of self-biased circulators in this frequency range. This fact limits
the application of this technology for the future Q and V band systems.

In this study, we investigated the potential of substituted strontium hexaferrites for the realization of a self-biased
circulator near 40 GHz. In a first part, we will present the properties of the materials that will be used for the design of
self-biased circulators. Then, design and measurements of self-biased circulators will be presented and discussed as a
function of the material properties.

MATERIALS

Strontium hexagonal ferrites with a magnetoplumbite structure exhibit a very high anisotropy field of about 18 kOe and
a high remanence to saturation ratio, making it possible to realize mm-wave self-biased circulators. This ferrite was
often used for such applications in the literature. It has allowed the successful realization of self-biased circulators up to
Ka band. Some experimental demonstrations around 40 GHz have also been carried out. However, performances at this
frequency in self-biased working mode are slightly degraded due to the proximity of the natural (without an applied
magnetic field) gyromagnetic resonance frequency (FMR).

One of the solutions for realizing self-biased circulators at this frequency is to use doped strontium hexaferrite SrM with
a higher anisotropy field. This way of research was investigated in this work. We studied the properties of three
different materials for these applications: a pure SrM and two substituted SrM. Their properties are given in table 1. In
both cases, substituted strontium hexaferrites present a higher anisotropy field. Moreover, ferrite SrM-S2 shows a
significantly lower resonance linewidth (AH) than SrM-S1. One should also note that substituted SrM have a higher
remanent-to-saturation magnetization ratio than pure SrM due to the higher squareness of the hysteresis cycle,
illustrated on Fig.1 which compared M(H) cycles of SrM and SrM-S1.

Table 1. Properties of hexaferrites

Name Type Ms (G) Hy (kOe) M,/Mg AH (Oe) &
StM Pure - 18 0.85 - -
SrM-S1 Substituted 4200 21 0.9 1500 21
SrM-S2 Substituted 4240 19.75 0.88 400 21

Because of their high anisotropy fields and remanent-to-saturation ratios, these substituted SrM appear to be good
candidates to make self-biased circulators up to 40 GHz.
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Fig. 1. M(H) hysteresis loops measured with a SQUID magnetometer on SrM and SrM-S1 materials.

DESIGN AND CHARACTERIZATION
1* run: Comparison between SrM-S1 and SrM-S2 materials

Ansys HFSS software was used to design a Y-junction circulator in waveguide technology. The device is constituted of
three WR-19 rectangular waveguide arms, impedance transformers and two ferrite cylinders placed at the center of the
Y-junction. In the case of a well pre-oriented hexaferrite (along z axis), it has been proved in [8]-[9] that Polder model
can be used to predict the microwave properties of such materials by changing the parameters of the model as follows:

Hint porger = Happ + Hy — N, X M, (1)
Mpoiger = My 2

where Hin poiger 1S the internal field in the ferrite, H,y, the external magnetic field, Ha the anisotropy field, N, the
demagnetization coefficient along z axis and M, the remanent magnetization.

The coefficient N, depend on the shape of the ferrite sample. This dependency can be modeled by using Aharoni
formulae [10] and integrated in the simulation software. This integration provides the opportunity to realize an
optimization of the device. Then, the variations of internal magnetic field as a function of the ferrite dimensions are
automatically taken into account [11].

Fig. 2 shows the Y-junction circulator that was developed. It was realized by using WR-19 rectangular waveguides.
Impedance matching is achieved through the change of sections of the WR-19 waveguide near the Y-junction.
Hexaferrite disks (SrM-S1 or SrM-S2) were glued at the center of the circulator.

Circulators were measured with a Vector Network Analyzer (Rhode&Shwarz ZVA67). Thru-Reflect-Line (TRL)
calibration procedure was performed in order to shift the reference plane after the coaxial-to-waveguide transitions.
Self-biased circulators were measured in isolator mode (a 50 Q load was connected to one of the ports). An external
magnetic DC field, applied using an electromagnet, was also used to observe the behavior of the circulator as a function
of the applied biasing field. The static magnetic field was measured with a gaussmeter during the measurement.

A comparison between measured and simulated performances of the circulator integrating SrM-S1 and SrM-S2
materials without applied field is presented in Fig. 3. From a general point of view, we observe a quite good agreement
between simulated and measured S-parameters. The minimum insertion losses are 1.8 dB at 41.4 GHz and 0.9 dB at 41
GHz for SrM-S1 and SrM-S2, respectively. One should note the lower insertion losses of SrM-S2-based circulator are
mainly due to the lower AH value of this material compared to the one of SrM-S1. At these frequencies, both circulators
present isolation levels better than 15 dB. However, the circulator that integrates SrM-S2 hexaferrites suffers from a
lower relative bandwidth RBW (lIsolation > 15 dB) which is only 3.2% compared to a RBW of 7.2% achieved with
SrM-S1 materials. One should note that the overestimation of the relative bandwidth in simulation seems to be due to
the inhomogeneity of the internal field which is not taken into account in the simulation.
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Fig. 2. Photograph of the circulator in rectangular waveguide technology (Insert: internal view of hexaferrite pucks
integrated into the circulator).
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Fig. 3. Comparison between measured and simulated S-parameters of the circulator integrating (a) SrM-S1 and (b)
SrM-S2 hexaferrites without applied field.

We then applied an external magnetic field on these circulators. Fig. 4 presents the S-parameters of both circulators for
bias field amplitudes of 2100 Oe (SrM-S1) and 1600 Oe (SrM-S2). We observe a noticeable improvement of insertion
losses for SrM-S1- and SrM-S2-based circulators.

Indeed, insertion losses of SrM-S1-based circulator decrease down to 1.25 dB at 43.2 GHz when an external field of
amplitude 1600 Oe is applied.

When a 2100-Oe magnetic field is applied on the SrM-S2-based circulator, insertion losses are only 0.2 dB at 41.3 GHz.
Moreover, isolation level remains lower than -15 dB between 41.5 and 45.1 GHz leading to a relative bandwidth of
9.7%. One should note that insertion losses are kept quite low in this bandwidth, with a maximum value of 0.8 dB.
SrM-S2 materials lead to better performances near 40 GHz than SrM-S1 hexaferrites. A low external magnetic field
makes it possible to significantly improve insertion losses and isolation of the circulator. As a consequence, it appears
that a modification of the geometry of the circulator could lead to an improvement of the performances of such
circulator without applied field. Thus, a new geometry was defined on the basis of the measurement of these
preliminary results in order to improve the behaviour of SrM-S2-based circulator without applied field.
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Fig. 4. Comparison between measured and simulated S-parameters of the circulators integrating (a) SrM-S1with an
applied magnetic field of 1600 Oe and (b) SrM-S2 hexaferrites with an applied magnetic field of 2100 Oe.

2" run: Optimization of SrM-S2-based circulator

A new version of SrM-S2-based circulator was designed. The automatic procedure of optimization that takes into
account the evolution of the internal field as a function of the shape factor of SrM-S2 disks was employed. Impedance
transformers were especially modified in order to improve the behaviour of the circulator without applied field.

Fig. 5 presents the measured S-parameters of the new version of the circulator without applied field. Minimum insertion
losses of 0.4 dB were measured at 39 GHz. At this frequency, isolation level is higher than 25 dB. This circulator
presents a relative bandwidth of more than 4 GHz (10.7%) in which ripple of insertion losses does not exceed 0.28 dB.
One should note that these performances constitute a strong improvement compared to the measured performances of
1* run circulators which were already at state-of-the-art of millimetre-wave self-biased circulators.

Moreover, measurements of the device as a function of the temperature were performed [11]. A quite good stability was
observed up to 115°C. Indeed, an increase of 0.25 dB of insertion losses was measured while keeping an isolation level
higher than 15 dB at 40 GHz.
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Fig. 5. Measured S-parameters of the optimized SrM-S2-based circulator without applied field.

CONCLUSION

We investigated the potential of substituted strontium hexaferrites for the realization of a self-biased circulator around
40 GHz. Substituted strontium hexaferrites present higher anisotropy field than pure strontium hexaferrites and very
high remanent-to-saturation magnetization ratios that makes it possible to design a self-biased circulator up to 40 GHz.
A first run allows us to compare two different substituted SrM hexaferrites. SrM-S2 appears to be the best candidate for
these applications mainly because of its low magnetic losses (AH). The performances of the self-biased circulator were
then improved by modifying the geometry of the device. Very low insertion losses of 0.4 dB and high isolation level of



more than 25 dB at 39 GHz were measured without applied field. These results constitute, to our knowledge, the state-
of-the-art of millimetre-wave self-biased circulators.
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