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Design and fabrication of self-biased millimeter
wave circulator using barium ferrite thin films
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Abstract : A millimeter wave film circulator with coplanar waveguide structure was designed and fabricated using barium fer-
rite films with thickness of 10 wm. The film circulator operates without external magnet and shows clear circulation at 34
GHz and 37.6 GHz. Circulation with non-reciprocal effect greater than 15 dB has been observed. The results show that cir-

culator using very thin ferrite films can be realized with coplanar waveguide structure. The film circulator exhibits potential

to be integrated with MMIC.
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Introduction

Microwave circulator is one of the most important
components of T/R module in Monostatic Radar sys-
tem. Hexagonal ferrites, especially M-type barium fer-
rites ( BaM ), have high uniaxial magnetocrystalline
anisotropy, which can produce suitable internal field so
that barium ferrites have great potential applications in
millimeter wave devices. At the same time, barium
ferrites have large remanence. So microwave circulators
using barium ferrites can operate without external mag-

nets and is easy to be integrated with microwave cir-

Received date: 2012 - 09 - 07, revised date: 2013 - 04 - 03

(141 " thereby self-bias is realized and the size and

cuits
weight of circulators were reduced significantly. To fur-
ther reduce the size of the devices and integrated with
MMIC, circulators with barium ferrite films were pre-
ferred.

Though ferrite circulators with bulk ferrites have

(161 " circulators using ferrite thin

1[7]

been studied widely
film have a little progress. Recently, Zahwe et a
prepared a CPW circulator using YIG thin films with
thickness of 15 pwm on alumina substrate and found the
circulation occurs at 10 GHz with insertion loss of 18

dB and isolation of 26 dB. However, in these CPW
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circulators, external magnets were required, which is
an obstacle for size reduction of integrated devices. For
self-biased circulators with CPW structure, only a few
articles discussed about it. In 2007, Dehlinger et al'®
tried the self-biased circulator with CPW structure u-
sing 10 pm thick BaM films, which demonstrates a
very weak non-reciprocal effect of 2.6 dB at 40 GHz.
In our earlier work, we have reported the design
and the simulation results of self-biased coplanar circu-

0] 15 this work, self-biased

lator using BaM films
film circulator with CPW structure was designed and
fabricated using BaM films with thickness of 10 pm.
Then the circulator was fabricated and measured. To
the best of our knowledge, this is the first report of
self-biased CPW circulator using barium ferrite films,

which shows strong circulation behaviors.
1 Design and simulations

Figure 1 shows the structure of the film circulator
with CPW design. According to Fig. 1(a), the self-
biased circulator has a Y-junction and three ports. As
shown in Fig. 1(b), a lower non-connected metal disk
with radius of Rec is directly deposited on a sapphire
substrate, which locates between the BaM films and the
substrate. The signal line and the Ground ( GND)
plane of the self-biased circulator are placed on the
BaM films with slots between the signal line and the
GND plane.

The thickness of the BaM films and the sapphire
substrate are 10 pm and 500 pm, respectively. The
design parameters of the BaM films are: the dielectric
constant g, =9. 8, the dielectric loss tangent tand =5
x107*, the ferromagnetic resonance (FMR) linewidth
AH =50 Oe, and the saturation magnetization 47wM,_ =
4 000 Gs. The internal field (H;) of BaM film is a-
round 15 kOe, which was contributed by magnetocrys-
talline anisotropy field ( H,) and demagnetizing field,
i.e., H =H,-NM,, where N is the demagnetization
factor. The conductor line was made of gold with thick-
ness of 3 wm. In our self-biased circulator, because no
external magnetic field is applied, the ferrite films are
not saturated. However, it was assumed that the BaM
films were magnetized to saturation normal to the film

plane in our design to simplify the design process.

Impedance matching to 50 ohms

[ Substrate

Barium ferrite thin film
GND
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Fig. 1 Structure of the self-biased CPW circulator (a)
top view, and (b) A-B cross section
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The detailed design procedure of the self-biased
circulator with CPW structure was illustrated as

in[9-10] [11]

, which is based on the work of Bosma® * and

Comstock'™?’. After optimization, the dimensions of
self-biased circulator were obtained as following: the
radius of the central conductor R = 1 mm, the width
of the signal line W =0. 18 mm, the signal line to GND
spacing G =0.1 mm, the distance between GND plane
and the signal line J =0.1 mm, the radius Rc =1. 1
mm. The three ports of the circulator have been tuned
to 50 () at the working frequency in order to match the
circulator output impedances to test system. The de-
signed circulator was simulated using HFSS software.
The simulation results are shown in Fig.2. The circu-
lation characteristics can be found at 34.1 GHz. The
insertion loss is about 1. 8 dB while the isolation is

greater than 19 dB.
2 Fabrication and measurements

Figure 3 schematically illustrated the fabrication
procedure of the self-biased circulator with CPW struc-
ture. In Fig. 3(a), a lower non-connected Pt disk was
prepared on the sapphire substrate by lift-off and mag-
netron sputtering techniques. The thickness of Pt disk
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Fig. 2 Simulation results of the CPW film circulator
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was around 0. 1 pum. According to Fig. 3 (b), a
10 pwm thick barium ferrite film was directly sputtered
on the sapphire substrate with the lower non-connected
plane. The barium ferrite film was annealed in air at
1000 °C for 3 hours. Then surface gold layer was de-
posited by evaporation and following electroplate to en-
hance the thickness. The thickness of gold layer is
3 pmand is more than four times of the skin depth in
gold. And then the signal line and GND plane were
patterned by standard lift-off techniques as shown in
Fig. 3(c).

A prototype of the self-biased coplanar circulator
using BaM thin films according to the former design is
prepared and a photograph of the samples is shown in
Fig. 4. The transmission characteristics of the self-bi-
ased circulator with CPW structure were measured by
Agilent N5230A vector network analyzer. In the meas-
urements, a 50 () load was connected to the third port
and the self-biased coplanar circulator was tested with-
out external magnetic field. A short-open-load-thru
(SOLT) calibration had been used before measure-

ment.
3 Results and discussions

The measured S-parameters are shown in Fig. 5.
We can see that there are large differences between S,
parameter and S,, parameter at certain frequency,
which indicates that the film circulator shows obvious
non-reciprocal effect. Two band circulation'”’ between
30 ~40 GHz has been observed. The above-FMR cir-
culation operates at 34 GHz with an insertion loss of 24
dB and an isolation of 43 dB. The below-FMR circula-

@ ®) @

Fig. 3 The process of fabrication of self-biased circulator with
CPW structure
3 4 CPW BT aR i LW

Fig. 4 Prototype of the self-biased coplanar circulator u-
sing BaM films
B4 PIERAMHE B E CPW 3117359 K

tion occurs at 37.6 GHz with an insertion loss of 17 dB
and an isolation of 33 dB. It can be seen that the film
circulator shows a non-reciprocal effect greater than
15 dB.

In Fig. 5(a), we can see the insertion loss is
large. It is known that magnetic loss is one of the most
important parts in the losses. The deposited BaM films
are polycrystalline films, which have inherently wide
FMR linewidth. This is the major source of the high in-
sertion losses. Especially, when operating frequency is
close to the FMR frequency the losses increase dramat-
ically. In our work, the FMR frequency is about 36.4
~39.2 GHz. From Fig. 4, we can see that the circu-
lation frequency is near the FMR frequency, so the
FMR losses are large.

At the same time, in our design, the ferrite films
were treated as they had been saturated. But the ferrite
films actually work in the remanent state. The hystere-
sis loops measurements show that the remanent ratio of
the prepared BaM films is about 0. 6. Then magnetic

domains and domain walls must exist in the BaM films,
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Fig. 5 Measured S-parameters of the self-biased film
circulator. (a) S, and S,,, (b)S,, and S,,
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which also contribute to the losses in the self-biased
devices.

Another reason may be the impedance mismatch.
Although the impedance matching has been realized in
the simulations, the impedance is not well matched as
shown in Fig. 5(b) due to the differences between the
designed values and the real values of the material pa-
rameters such as dielectric constant and magnetocrys-
talline anisotropy field etc. The tolerances in the fabri-
cation process can result in impedance mismatch.

Although the insertion loss of our film circulator is
large, we have successfully demonstrated a self-biased
film circulator showing strong circulation performance
with a non-reciprocal effect greater than 15 dB at Ku
band. With decrease of the losses in ferrite films and
improvement of impedance matching, the losses of the
circulator are expected to be decreased remarkably.
When the annealing temperature of ferrite films is de-

creased by optimizing fabrication process, the film cir-

culator with CPW structure in this work would exhibit

great potential to be integrated with MMIC.
4 Conclusions

A self-biased CPW circulator using 10 pm thick
BaM films has been designed and fabricated. The
measured results show that the self-biased film circula-
tor has below and above FMR circulation at Ku band.
Circulation with non-reciprocal effect greater than 15
dB has been observed in the prepared film circulator.
The self-biased film circulator exhibits potential to be
integrated with MMIC. Further work is to reduce the
insertion loss hindering practical applications of this

film circulator.
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