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monolithic circuit (MMIC) technology, featured by a higher

control of parasitic effects higher integration levels resulting in

compact size, may lead to considerable improvements in band-

width and return loss performance.
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ABSTRACT: The microwave reflection loss (RL) of four series of

synthesized ferrites, Ba0.5Sr0.5CoxZrxFe(12 � 2x)O19 and
Ba0.5Sr0.5CoxTixFe(12 � 2x)O19, have been measured using network
analyzer in the frequency range from 8.2 to 12.4 GHz. The

comprehensive analysis of RL is carried out as a function of
substitution, frequency, and thickness. The various models contributing

to large RL are described. The composition accompanying maximum
microwave absorption is suggested. VC 2012 Wiley Periodicals, Inc.

Microwave Opt Technol Lett 54:1661–1665, 2012; View this article

online at wileyonlinelibrary.com. DOI 10.1002/mop.26912
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1. INTRODUCTION

An exponential growth of number of electronic devices for various

applications has led to numerous electromagnetic compatibility

(EMC)/electromagnetic interference (EMI) problems. The absorp-

tion of electromagnetic signal is required to tackle this situation,

and ferrite-based microwave absorbers are known to be effective

for reducing unwanted electromagnetic radiation and coupling.

These absorbers are incorporated in enclosures of electronic devi-

ces, placed around known or potential sources of EMI, in shields

around cables to reduce common-mode currents, in noise filters,

as well as in such applications as anechoic chambers, stealth tech-

nology, etc.

Frequency range of application of conventional low-anisotropy

monocrystalline, polycrystalline, and powdered ferrites (mainly,

spinel-type ferrites) in shields, coatings, and filtering devices is

limited by Snoek’s law, and typically does not exceed a few giga-

hertz [1]. The hexagonal ferrites can be engineered to find their

absorber application at microwave and higher frequencies [2–7].

An important characteristic that describes absorptive proper-

ties of lossy materials is their reflection loss (RL). A sample of

an absorbing material under study is typically placed on a metal

wall and exposed to a plane wave, usually normally incident. It

may be also placed as a slab on the shorted termination of a

transmission line with TEM mode, or a waveguide. Obviously,

the RL from such a structure depends on frequency, thickness of

the sample, electromagnetic mode structure, and constitutive pa-

rameters (complex permittivity and permeability) of the sample.

The objective of this article is the study of electromagnetic

RL characteristics for the novel sintered M-type BaASr hexago-

nal ferrites doped with CoATi and CoAZr. Their formulas are

Ba0.5Sr0.5CoxZrxFe(12�2x)O19 and Ba0.5Sr0.5CoxTixFe(12�2x)O19.

The effects of the ferrite contents and sample thickness upon

frequency characteristics of RL for these hexagonal ferrites are

studied. The purpose of this article is to give an insight on how

to find a composition to maximize absorption level in the fre-

quency range of interest. We are reporting the investigation of

mentioned ferrite series for the first time.

2. EXPERIMENTAL STUDY

The two series of M-type hexagonal ferrite have been investi-

gated viz. Ba0.5Sr0.5CoxZrxFe(12�2x)O19 (CoAZr series), and

Ba0.5Sr0.5CoxTixFe(12�2x)O19 (CoATi series). Network analyzer

(Agilent model 8722ES) is used for RL measurement (Fig. 1). The

known Nicholson and Ross method [8] was used in the frequency

range from 8.2 to 12.4 GHz. The RL was calculated as

Figure 1 Experimental set-up for the measurement of complex per-

mittivity and complex permeability. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com]
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Reflection Loss ðRLÞ ¼ 20 log
Zin � 1

Zin þ 1

����
����; (1)

where Zin ¼ Z

Z0
¼

ffiffiffiffiffi
l�

e�

r
tanh½j 2p

c

ffiffiffiffiffiffiffiffiffiffiffiffi
l� � e�p

ft�: (2)

In (2), e* and l* are the complex relative permittivity and per-

meability, respectively, and t is the thickness of the wave

absorber. The parameter c is the speed of light in vacuum, and f
is the linear frequency of the electromagnetic wave. Calibration

of the network analyzer was made in air before carrying out

final measurements. The entire frequency region was divided

into 201 points, i.e., readings were taken with successive incre-

ment (minimum resolution) of 0.021 GHz.

The synthesis, characterization, and static properties of CoAZr

series and CoATi series have been investigated in our previous

reports [9, 10]. RL levels of �10 dB (90% of absorption) and

�20 dB (99% of absorption) are typically used to evaluate

the electromagnetic wave absorption. Herein, the �20 dB RL

for evaluating performance of ferrite material is chosen. ‘‘High

Figure 2 RL variation with frequency, thickness and substitution in Ba0.5Sr0.5CoxZrxFe(12�2x)O19 ferrite: (a) x ¼ 0.0, (b) x ¼ 0.2, (c) x ¼ 0.4, (d) x ¼
0.6, (e) x ¼ 0.8, and (f) x ¼ 1.0
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return loss’’ means that RL � �20 dB. The results of experi-

mental study of hexagonal ferrite samples are presented below.

2.1. CoAZr series Ba0.5Sr0.5CoxZrxFe(12�2x)O19

The samples with x ¼ 0.0, 0.4, 0.6, and 0.8 shows RL (Fig. 2)

less than 20 dB at all thickness along entire frequency region.

The samples with x ¼ 0.2 exhibits significant RL at low and

high frequency region. RL is – 26 dB at 5 mm and 11.4 GHz,

while it is �23 dB at 6 mm and 9.1 GHz.

The magnitude of the RL in the sample x ¼ 1.0 increases

nonlinearly with frequency and shoots to the maximum absolute

value in the vicinity of 12 GHz. Sample 1.0 exhibits high RL at

all thickness in high frequency region. RL of �37, �35, �34,

and �32 dB is observed at 5, 4, 6, and 3 mm thickness with

corresponding frequencies of 11.7, 11.8, 11.8, and 11.7 GHz.

2.2. CoATi series Ba0.5Sr0.5CoxTixFe(12�2x)O19

The samples with x ¼ 0.0, 0.4, 0.6, and 1.0 exhibit RL less than

20 dB for all the thicknesses along entire frequency region, as is

shown in Figure 3. The sample with x ¼ 0.2 shows RL of �17

dB at all thicknesses at 10.67 GHz. Thus, the RL is almost inde-

pendent of thickness at 10.67 GHz.

The sample with x ¼ 0.8 shows high RL at two frequencies;

�25 dB at 5 mm and 12.08 GHz while �24 dB at 3 mm and

Figure 3 RL variation with frequency, thickness and substitution in Ba0.5Sr0.5CoxTixFe(12�2x)O19 ferrite: (a) x ¼ 0.0, (b) x ¼ 0.2, (c) x ¼ 0.4, (d) x ¼
0.6, (e) x ¼ 0.8, and (f) x ¼ 1.0
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11.74 GHz. Sample 1.0 exhibits RL less than �20 dB for all the

thickness values over entire frequency spectrum.

The microwave absorption depends on numerous factors,

such as hysteresis loss, eddy current loss, residual loss, ferro-

magnetic loss, intragranular domain wall loss, coercivity, dielec-

tric loss, porosity, and grain boundaries.

The propagating wavelength in (km) a material is given as

km ¼ ko=ðje�j � jl�jÞ1=2 (3)

where ko is the wavelength in air and |e*|, |l*| are the modulus

of e* and l*.
The maximum RL occurs when thickness, t, is a multiple of

quarter material wavelength, t ¼ n (km/4) (n ¼ integer). With

this criterion, the incident wave is antiphase (180�) with the

reflected wave in the material, and the reflected waves are can-

celled at the air-material interface.

For the sample with x ¼ 0.2 in CoAZr series at t ¼ 5 mm,

peaks of large RL occur at t ¼ 5(km/4) and for t ¼ 6 mm, t ¼
3(km/4). Thus, high RL peaks at 5- and 6-mm thickness are succes-

sive odd multiple of km/4, and these peaks are shifted from high to

low frequency region with increase in thickness from 5 to 6 mm.

For sample x ¼ 0.8 in CoATi series at t ¼ 3 mm, peaks of

large RL are formed at t ¼ 2(k/4) and for t ¼ 5 mm, t ¼ 4(km/
4). Hence, peaks at 3- and 5-mm thickness are even multiple of

km/4 and peaks in this composition are shifted from low to high

frequency region with increase in thickness from 3 to 5 mm.

Maximum absorption also occurs when |l*| ¼ |e*| irrespec-
tive of resonance or other conditions discussed before [11]. In

the sample 1.0 of CoAZr series, this condition is satisfied for all

thicknesses over the high-frequency region. This results in the

highest microwave absorption (RL ¼ �37 dB) in sample 1.0 of

CoAZr series as discussed before.

The previous reports [9, 10] contain comprehensive study of

the microstructure and hysteresis properties of the present ferrite

series, Ba0.5Sr0.5CoxZrxFe(12 � 2x)O19, and Ba0.5Sr0.5CoxTixFe(12

� 2x)O19. Figure 4 shows SEM micrographs of sample x ¼ 0.0

and sample 1.0 of CoATi and CoAZr series: There is decrease

in porosity, increase in grain size, and enhancement of intergrain

connectivity with substitution. The increase in grain size also

increases the number of domains in the grain, thus, contributing

more to intragranular domain wall motion. This followed by

improved intergrain connectivity with substitution decreases pin-

ning of domain wall motion, which in turn increases absorption.

It is reported elsewhere that large grains increases eddy current

loss [12], a plausible contributing factor behind large RL in

CoATi and CoAZr series at higher substitution. On the other

side in Table 1, the intrinsic parameters BHmax (maximum

stored energy) and Mr (residual loss) decrease with substitution

in CoATi and CoAZr series [9, 10], hence, absorption should

decrease. Therefore, competition between domain wall move-

ment, eddy current loss, and intrinsic parameter variation

increase RL in substituted samples of CoATi and CoAZr series.

Table 2 shows the RL values below �20 dB found in synthe-

sized ferrites along with corresponding frequency and bandwidth. It

is evident that samples having high RL exhibit narrowband behav-

ior, sample x ¼ 1.0 of CoAZr series exhibits highest bandwidth of

336 MHz. The graph in Figure 5 exhibits matching frequency and

Figure 4 SEM micrographs images of ferrite samples (a) Ba0.5Sr0.5Fe12O19, x ¼ 0.0 (b) Ba0.5Sr0.5Co1.0Ti1.0Fe10O19, x ¼ 1.0, and (c) Ba0.5Sr0.5-
Co1.0Zr1.0Fe10O19, x ¼ 1.0

TABLE 2 Reflection Loss Data (� 220 dB) of CoAZr, CoATi, and BaASr Series

Ferrite Sample

Reflection Loss (dB) Frequency (GHz) Bandwidth (GHz)

d ¼
3 mm

d ¼
4 mm

d ¼
5 mm

d ¼
6 mm

d ¼
3 mm

d ¼
4 mm

d ¼
5 mm

d ¼
6 mm

d ¼
3 mm

d ¼
4 mm

d ¼
5 mm

d ¼
6 mm

CoAZr series x ¼ 0.2 – – �26 �23 – – 11.4 9.1 – – 0.067 0.084

x ¼ 1.0 �32 �35 �37 �34 11.728 11.833 11.791 11.812 0.336 0.294 0.294 0.315

CoATi series x ¼ 0.8 �24 – �25 – 11.749 – 12.085 – 0.294 – 0.084 –

TABLE 1 Maximum Stored Energy and Remanence
Magnetization of CoAZr and CoATi Series

x

BHmax. (KOe) Mr (emu/gm)

CoAZr

series

CoATi

series

CoAZr

series

CoATi

series

0.0 359 363 29 30

0.2 35 22 19 12

0.4 18 8 18 14

0.6 13 5 15 10

0.8 16 3 13 6

1.0 12 6 12 9
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matching thickness corresponding to maximum RL in synthesized

ferrites. The maximum RL occurs at matching thickness of 5 mm.

3. CONCLUSION

The microwave absorption varies with frequency, thickness, and

substitution CoAZr and CoATi series. The microstructure,

intrinsic magnetostatic parameters, and geometrical condition

influence microwave absorption. The CoAZr and CoATi ferrite

behave as narrowband absorber at high frequency region. The

matching condition (absorption = �20 dB) is associated with

material properties, |l*| ¼ |e*|, and cancellation of incident and

reflected waves in the ferrite material, when thickness is equal

to n.km/4. It was found that the matching condition |l*| ¼ |e*| is
satisfied in the sample with x ¼ 1.0 of CoAZr series, while all

the other samples obey the second matching condition.

The sample x ¼ 1.0 of Ba0.5Sr0.5CoxZrxFe(12 � 2x)O19 ferrite

shows maximum RL of �37 dB at matching thickness and

matching frequency of 5 mm and 12.08 GHz with maximum

bandwidth of 336 MHz. This opens up the possibility of these

microwave absorbers for EMC/EMI applications. The work on

composites of the mentioned different series is still under inves-

tigation and is a topic of a separate article.
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ULTRA-WIDEBAND CIRCULAR
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ABSTRACT: A very compact printed circular monopole antenna for
ultra-wideband applications is presented. To achieve wide bandwidth

performance, the proposed antenna is fed by a coplanar waveguide
feedline. The total size of antenna is as small as 12 mm� 22 mm �
0.787 mm. The simulated and measured results demonstrate an

impedance bandwidth covering 2.9–11.6 GHz for return loss less than
�10 dB, which indicates that the proposed antenna performance is
appropriate for UWB applications. VC 2012 Wiley Periodicals, Inc.

Microwave Opt Technol Lett 54:1665–1668, 2012; View this article

online at wileyonlinelibrary.com. DOI 10.1002/mop.26920

Key words: ultra-wideband; printed antenna; omnidirectional radiation

pattern

1. INTRODUCTION

After the Federal Communication Commission allocated the fre-

quency spectrum 3.1–10.6 GHz in 2002 for commercial applica-

tions, ultra-wideband (UWB) technology has attracted a great

research interest for use in wireless communication industry [1].

Small size antenna, omnidirectional radiation pattern, stable gain,

and low dispersion of received signals are some of other major

challenges of antenna designers. In addition, it is important inter-

est to design antennas with low profile, low weight, low cost, and

easy fabrication. All of these properties can be achieved in UWB

planar monopole antenna [2–5]. Mostly one of these two types of

feeding structures is used in planar monopole antennas: (a) a

microstrip line [2, 3] or (b) a coplanar waveguide (CPW) line [4,

5]. However, CPW feedline can provide wider band width than a

Figure 5 Matching thickness and matching frequency corresponding

to maximum RL in Ba0.5Sr0.5CoxZrxFe(12�2x)O19 and Ba0.5Sr0.5CoxTix
Fe(12�2x)O19ferrite
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