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Scannable Leaky-Wave Antenna Based on Ferrite-Blade
Waveguide Operated Below the Cutoff Frequency
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This article proposes a scannable leaky-wave antenna (LWA). The antenna consists of a ferrite-blade waveguide with a longitudinal
slot on the upper wall, which has a tunable composite right-/left-handed (CRLH) property. The left-handed (LH) behavior of this
structure is based on the negative effective permeability of the ferrite material and the negative effective permittivity of the
waveguide excited below its cutoff frequency. First, based on the modal analysis and calculated dispersion relation, the unbalanced
CRLH response of the ferrite-blade waveguide is investigated. Second, an LWA is presented by using a longitudinal slot on the
upper wall of the proposed ferrite-blade waveguide, where the tunable balance CRLH response is achieved and analyzed by the
transverse resonance method (TRM). The proposed LWA can provide backward, broadside, and forward radiations by a change in
the operation frequency or the magnetic bias, independently. The given results show a +59° to —57° sweep in the radiation beam
when the magnetic bias of the ferrite changed from 1400 to 1600 Oe at the sampling frequency of 6.4 GHz. Moreover, the results
show that the frequency tuning range is more than 600 MHz (6.2-6.8 GHz). The peak gain and efficiency of the proposed antenna
are 7.1 dBi and 78.5% at 6.6 GHz, respectively.

Index Terms— Composite right-/left-handed (CRLH), ferrite-blade waveguide, leaky-wave antenna (LWA), transverse resonance

method (TRM).

I. INTRODUCTION

ECENTLY, the composite right-/left-handed (CRLH)

transmission lines as double negative metamaterials have
been widely attractive in physic and engineering due to spe-
cial inherent properties such as the negative refractive index
and the reverse Doppler effect [1]-[8]. Generally, CRLHs
can be classified into individual groups of balanced and
unbalanced responses. In the unbalanced CRLH transmission
line, the left-handed (LH) and right-handed (RH) regions are
separated by a non-propagation frequency band. In contrast,
the balanced CRLH response does not have any bandgap.
The LH and RH frequency regions in the balanced case are
connected at the transition frequency where the phase constant
is 0. The balanced CRLH transmission lines have many
applications in microwave devices and leaky-wave antenna
(LWA) [9]-[11]. The LWA based on the balanced CRLH due
to having a negative phase constant in the LH region, O in the
transition frequency, and positive amount in the RH region,
provide continuous beam scanning from backfire-to-endfire
full space [12]-[15].

The conventional CRLH transmission lines are the cellu-
lar resonant structures consisting of a series capacitor and
parallel inductors such as interdigital capacitors, transverse
slots, shorted stubs, and split ring resonators (SRRs) [16]-[20].
However, these CRLH structures suffer from low-frequency
bandwidth. To solve this problem, the tunable CRLH structures
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have been proposed in some previous works. For example,
the varactors and p-i-n diodes have been used in [21] and [22].
However, the electrical dc bias lines limit the use of this CRLH
structure in radiation applications.

The inherent negative effective permeability of the mag-
netized ferrite and its dependence on the magnetic bias
make ferrite a suitable choice to design a tunable CRLH
structure [23]-[29]. However, to produce the LH response,
simultaneous negative permittivity is also needed. In this
article, the magnetized ferrite-blade waveguide is proposed as
a tunable CRLH structure, where the rectangular waveguide
operates below the cutoff frequency of the dominant mode.
As an application of this tunable CRLH transmission line,
a new LWA with the capability of continuous beam scanning
is also designed.

This article is organized as follows: In Section II, the tunable
CRLH response of the ferrite-blade waveguide is investi-
gated. Based on the modal analysis, the dispersion diagram is
obtained and validated by the numerical results. In Section III,
by etching a longitudinal slot on the broad wall of this
ferrite-blade waveguide, an LWA is designed. The equivalent
circuit model and the beam scanning behavior of the proposed
LWA are investigated in this section. Finally, in Section IV,
a conclusion is given.

II. FERRITE-BLADE WAVEGUIDE

This section investigates the proposed ferrite-blade
waveguide given in Fig. 1. Based on the modal analysis, this
structure is analyzed and its unbalanced CRLH response is
shown. The calculated and simulated results show that the
phase constant (f) of this structure can be tuned by both the
magnetic field bias of the ferrite and the frequency. As shown
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Fig. 1. Ferrite-blade waveguides. (a) 3-D. (b) Cross-sectional view.

in Section III, this structure is a good candidate to design a
scannable LWA.

A. Unbalanced CRLH Response of the
Waveguide

Ferrite-Blade

Fig. 1 shows the ferrite-blade waveguide schematic, where
the high permittivity dielectric host fills the other space of the
waveguide. The magnetic bias of ferrite Hy is applied normally
to the guideline. Generally, the refractive index of this structure
can be given as follows:

+./tett€ert fOr @ gefr > 0, per > 0 RH-region
—JHet€err for @ eer < 0, per < 0 LH-region

where s and ees are the effective permeability and permit-
tivity of the ferrite-blade waveguide, respectively. In (1), pefr
can be approximated as a function of the relative permeability
of the host dielectric (x, = 1) and the effective permeability
of the normally magnetized ferrite (u.)

d a—d
Meff = Eﬂe +

n =

My )

where a and d are the width of waveguide and the ferrite-
blade, respectively.

Based on [30], the effective permeability of the normally
magnetized ferrite is obtained

2 2
W=
po=H"Ha 3)
u
with
WHOM @
=1 + —, = — 7,
a w%, — w? Ha w%, — w?
oy =y Hy, oy =7yM; 4)

where M; is the saturation magnetization, y = 2.8 MHz/Oe
is the gyromagnetic ratio, wy is the magnetic resonance
frequency, wy, is the saturation magnetic resonance frequency,
and w is the operating frequency. Note that, in all equations,
the effect of the height of waveguide (k) is neglected, where &
is much lower than a, and consequently, the electromagnetic
fields have no variation in the z-direction.
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Fig. 2. Effective permeability in (2), the scaled effective permittivity in (5)

(where (dey + (a — d)eq/a) = 11.7) and the refractive index of ferrite-blade
waveguide in (1). 4rMs = 0.101 T, ey = 13.2, and &g = 9.2, a = 8 mm,
d =5 mm, and Hy = 1500 Oe.

If the operating frequency is less than the cutoff frequency
of rectangular waveguide dominant mode, e (effective per-
mittivity of the ferrite-blade waveguide) in (1) can be extracted
based on the dielectric function of a no-loss plasma medium
in the Drude model as follows [31]:

dey+ (a —d)eg (1 wf)

a o? ®

Eeff =

where ¢ and &, are the relative permittivity of the ferrite and
the host dielectric, respectively. e, is the cutoff frequency of
the rectangular waveguide [32]. As a result, negative effective
permittivity causes a shunt inductor in the equivalent circuit
of the rectangular wavelength.

According to (1), (2), and (5), the ferrite-blade waveguide
has an LH response when both u.¢ and €. are negative
and has an RH response when both of u.¢ and e are
positive. In addition, a non-propagation region separates the
LH band from the RH band, where u.g is positive, and e is
negative (see Fig. 2).
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Fig. 3. Schematic of the ferrite-blade waveguide in HFSS software.

Fig. 2 shows the effective permeability in (2), the effective
permittivity in (5), and the refractive index of the ferrite-blade
waveguide in (1) with the design parameters given in the
caption. As displayed in Fig. 2, the presented ferrite-blade
waveguide has an LH property for the frequency below
6.3 GHz where both u.¢ and e. are negative. There is a
bandgap in the frequency range of 6.3-6.75 GHz, where an
evanescent mode is excited due to positive u.¢ and nega-
tive . (waveguide below the cutoff frequency). Above the
frequency of 6.8 GHz, the waveguide behaves in a typical
manner in the RH region. In this region, both u.¢ and &g
are positive. As mentioned earlier, the ferrite-blade waveguide
behaves as an unbalanced CRLH transmission line, where a
bandgap separates the RH from the LH region.

B. Analysis of the Ferrite-Blade Waveguide

By assumption of 7 <« a, the incident electromagnetic
fields have no variation along the z-direction ((6/9z) = 0).
In this case, the only TE,( modes can be satisfied with the
boundary conditions in the ferrite-blade waveguide structure
in Fig. 1, where the ferrite blade is magnetized along the z-
direction. Based on the equations presented in [25]-[28] and
applying the boundary conditions, the dispersion relation for
the ferrite-blade waveguide is summarized as follows:

—d —d
2kypkyq cot(kypd) cot(kxda—) + ,uekid cot® (kxd a 7 )

k2 + 2
— g =0 (6)
e
with

k2, = w’eopoespie — B2 (7

K2, = w*eopocess — B (8)

= ﬂaﬁ 9)

u

where k,; is the wavenumber of the region II, ks is the
wavenumber of the region I and region III, and f is the phase
constant along the waveguide (y-direction).
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Fig. 4. Analytical and simulated dispersion relation of the ferrite-blade
waveguide with the mentioned physical parameters in Fig. 2.

This dispersion relation will be plotted in Section II-C.
As will be shown, the phase constant § in (6) can be tuned
by the frequency and the magnetic field bias H.

C. Tunable CRLH Response of the Ferrite-Blade Waveguide

To verify the theoretical analysis and demonstrate the effects
of magnetic field bias on the dispersion diagram, the pre-
sented ferrite-blade waveguide is simulated by the commercial
software HFSS based on the finite-element method (FEM).
Fig. 3 shows the schematic of this structure in HFSS. Since it
is impossible to connect an excited port to anisotropic material
in HESS, the two short length dielectric-filled parallel-plate
waveguides (PPWs) with perfect magnetic conductor (PMC)
at narrow wall, as buffers, have been placed at both ends of
the structure where the relative permittivity of the buffers is
similar to the host dielectric.

Fig. 4 shows the calculated dispersion diagram obtained
from (6) and the simulated results obtained by HFSS. Note
that, the simulated dispersion diagram only relates to the
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Fig. 5. Dispersion diagram of the ferrite-blade waveguide for several
magnetic field biases with the mentioned physical parameters in Fig. 2.

blade-ferrite waveguide and the effect of the buffers has been
eliminated. Based on the theoretical and simulated results
in Fig. 4, the proposed structure has an unbalanced CRLH
response. Compared to Fig. 2, this bandgap is matched to
the frequency range where the effective permeability and
permittivity of the ferrite-blade waveguide are positive and
negative, respectively.

Fig. 5 shows the dispersion diagram of the ferrite-blade
waveguide for the several magnetic field biases (Hy =
1400, 1500, and 1600 Oe). These results prove the tunable
unbalanced CRLH response of the proposed structure, where,
increasing Hy will lead to a shift in both LH and RH bands to
higher frequencies. As shown in Section III, this structure can
be used to design a new backward-to-forward beam-scanning
LWA antenna.

III. LWA BASED ON THE FERRITE-BLADE WAVEGUIDE

Now, we present an LWA consisting of a longitudinal slot
built on the upper wall of the ferrite-blade waveguide. Based
on the transverse resonance method (TRM), presented in [32],
the equivalent circuit model of this LWA is extracted, and
the dispersion relation is calculated. As will be shown in the
results, the radiation beam of this antenna can be continuously
scanned from the backward (—) to forward (+4) angles.

A. Equivalent Circuit Model and Dispersion
Relation of the LWA

Fig. 6(a) shows the slotted ferrite-blade waveguide. Gener-
ally, the rectangular waveguide with a longitudinal radiation
slot on the upper wall is equivalent to an E-plane T-junction
that is consisted of the three arms, named A, B, and C in Fig. 6
[27], [33]. By using the TRM, the equivalent circuit model of
this junction is obtained and shown in Fig. 6(b), where each
part is explained as follows:

As shown in Fig. 6(b), arm A consists of two parts. The
first part is a short-ended dielectric-filled transmission line
with the length of (a — d)/2, characteristic admittance of Y4,
and the wavenumber of k,;. The second part is a normally

IEEE TRANSACTIONS ON MAGNETICS, VOL. 57, NO. 4, APRIL 2021

magnetized ferrite-filled transmission line with the length of
d/2 + x,rs and the wavenumber of k,;. Arm C is similar
to arm A but the length of its ferrite part (second part) is
d/2 — x,fs. The characteristic admittance Y4 of the dielectric
part, as a dielectric-loaded rectangular waveguide, can be
calculated by [32]

Vo = At (10)

WHo
where k,; is given in (8).

The ferrite part of arms A and C, as a ferrite-loaded
rectangular waveguide, is modeled by the two admittances,
the isotropic (Y.), and anisotropic admittance (Y,,) of the
ferrite [34]. These admittances are described in the term of

the ferrite parameters as [35]

ks

Y. = —L (11)
WM,
N
Yoo = j— (12)
n Opole

where u., u, pq, and k,p are given in (3), (4), and (7),
respectively.

The arm B in Fig. 6 can be considered as an open-ended
hollow PPW with the length of 7, the distance between plate
wy, characteristic admittance of Yy, and the wavenumber of
k:o that radiates to the upper free space of the waveguide. The
admittance of the radiating slot (Y, 3 = G +jB) with unlimited
length and width of w; is given by [36]

G T Wy

?0 =5 w; K A (13)
B _ &m(zel) ws < A (14)
Y() j. 5ws ’ s

where e = 2.718, 6 = 1.781, and 1 is the wavelength of the
PPW. Since our operating frequency is within the C-band and
the cut off frequency of the first PPW mode according to the
slot width (wy; = 1 mm) is equal to

1
fo= 77—
2w, /eo o

Therefore, the propagation mode in the PPW can be considered
the TEM mode. According to this, the wavelength expressed
in (13) and (14) is considered as follows:

1
A= —. (16)
S/eokto
The two parallel susceptances of B, and the series susceptance
of By are used to model the E-plane waveguide T-junction
in Fig. 6 [33]

= 150.15 GHz. (15)

w.&' >

h <, (A7)

| &

B, 4n[ 22 Y
— =11 —) |, hgi 18
. /Ig|:1‘1 - +(/1g):| L 4y (18)
where
2
hg = ? b= \/wzsoeeffﬂoﬂe - kach‘ (19)
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Fig. 6.

Compared to the equivalent circuit model of a typical CRLH
line, B, and B, in Fig. 6(b) can play the role of parallel
inductor (L) and series capacitor (Cp), respectively [27].

As shown in Fig. 6(b), Y4, Y5, and Y¢ introduce the input
admittance of the arms A, B, and C. Based on the TRM, these
admittances must satisfy the condition

Ya+Yp+Yc=0 (20)
where Y,, Yp, and Y are calculated as

Y] 44 jYetanky (d/2 + Xop5)]

Yo = —jBa+ Yun + _
AT TP e Y Y] tanlkey (/2 4 Xop,)]
21
. Yo+ jYetan[ke s (d/2 — xofs
YCZ_JBa+Yan+] LC _], [Xf(/ 4 )]
Yo+ jY[ o tanlkyr(d /2 — xop5)]
(22)
. Y + jYotan(k;ot
Yy = jBy+ Yookt T Y0 (kiot) 23)

Yo + jYrptan(kot)

As shown in Fig. 6(b), Y, , and Y, - present the input admit-
tance of the dielectric part of the arms A and C, respectively

)

The length of arm B is equal to the waveguide thickness ()
and much lower than the wavelength A. Therefore, Y5 can be
approximated by

a—d

Yo=Y c=jYu cot(kxd 24)

Ys = jBy+Yip = jBy+ G + jB. (25)

(a) Slotted ferrite-blade waveguide and (b) equivalent circuit model based on TRM.

By substituting (21), (22), and (25) into (20), the dispersion
relation can be calculated

. YiA + ]YL tan[kxf (d/2 + -xofs)]
Y e+ Y] tanlkay (d)2 + xops)]

n Yo+ jYetan[ky (d/2 — xop5)]
/ YC + -]YiC tan[k"f (d/2 - xofs)]

_j2Ba + 2Yan +

+jBy+ G+ jB=0.

(26)

However, there is no analytical method for solving this rela-
tion. But, some methods such as Newton’s method can be used
to plot the dispersion diagram (S — f).

Note that, the permeability of u, in (3), the wavenumber
kyr in (7) and consequently, the calculated f from (26) are
depending on magnetic bias field H.

To validate the analytical dispersion relation obtained in
(26), the slotted ferrite-blade waveguide is simulated by HFSS
based on FEM. The schematic of the proposed structure is
shown in Fig. 7, where the two buffers are also used at both
ends. The ferrite characteristics and the geometrical parameters
are given in Table I. Fig. 8 presents the dispersion diagram of
the slotted ferrite-blade waveguide obtained from (26) and the
simulated results obtained by HFSS. It can be seen an approx-
imately good agreement between the analytical and simulation
results. Furthermore, the phase constant in Fig. 8 can be varied
from the negative to the positive values without any frequency
bandgap. This balanced CRLH behavior is due to the slot
inductive effect on the ferrite-blade waveguide response in
Section II.
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Fig. 7. Schematic model of the ferrite-blade waveguide with a longitudinal slot in HESS.
TABLE 1
PARAMETERS OF THE PROPOSED LONGITUDINAL SLOT LWA
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Fig. 8.

To show the balanced CRLH behavior of the proposed LWA
in Fig. 7, the electrical field along the proposed LWA at
different frequencies for two different excitation phases of the
input port (p = 0° and 80°) is plotted in Fig. 9. As shown
in Fig. 9(a), at the frequency of 6.2 GHz in the LH region
where the phase constant in Fig. 8 is negative, the group and
phase velocities are forward and backward, respectively. In the
frequency of 6.4 GHz, the transition frequency between the

0
p (rad/m)

|
50 100 150

Calculated dispersion diagram obtained from (26) and the simulated dispersion diagram of the ferrite-blade waveguide with a longitudinal slot.

LH and RH regions in Fig. 8, the phase constant is 0, and
consequently, the wavelength is infinite. As shown in Fig. 9(b),
at the transition frequency, the maximum value of the electric
field does not oscillate along with the waveguide. Based on
the dispersion diagram in Fig. 8, at the transition frequency,
the group velocity is not 0, and there is a propagating wave.
Finally, Fig. 9(c) shows the phase and the group velocity at the
frequency of 6.7 GHz in the RH region of Fig. 8, where both
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Fig. 9. Electrical field distribution along the longitudinal slot on the ferrite
blade waveguide under Hy = 1500 Oe. (a) LH region, (b) transition frequency,
and (c) RH region. (The source has been located on the left.)
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Fig. 10. Dispersion diagram of the longitudinal slot LWA based on

the ferrite blade waveguide for the different magnetic field biases (air
lines: f = ko).

velocities are in the forward direction. This balanced CRLH
behavior validates the capability of the proposed LWA in
producing a continuous backward-to-forward beam-scanning.

B. Scanning Ability of the LWA

Fig. 10 shows the dispersion diagram of the presented
LWA in Fig. 8 under several magnetic field biases. As shown
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Fig. 11. Normalized attenuation (leakage) constant (a/k¢) of the longitudinal
slot LWA based on the ferrite blade waveguide for different magnetic field
biases.
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Fig. 12. Radiation pattern of the proposed LWA in different frequencies at
Hoy = 1500 Oe.

in Fig. 8, increasing Hp will lead to a shift in the LH
and RH regions to higher frequencies. The results shown in
Fig. 10 validate the tunable balanced CRLH response of this
structure. Fig. 11 shows the normalized leakage constant of the
longitudinal slot LWA based on the ferrite blade waveguide for
different magnetic field biases obtained using (27). As shown
in Fig. 11, the normalized leakage constant is smaller than 0.06
for each bias dc. As a result, this amount of leakage constant
is proper to use this structure as a high gain antenna [37]

@ _ ISyl
ko

(27
ltolal

In a typical LWA, the wave is leaked out when the
absolute value of phase constant £ is lower than the free
space wavenumber ko [10]. Fig. 10 shows the proposed
slotted ferrite-blade waveguide has a radiation cone where
—ko < B < ko. As the main advantage, f can be continuously
varied from the negative values to positive by changing in
the frequency or the magnetic bias, independently. It means;
the proposed structure is operated as an LWA with continuous
beam scanning from backfire to endfire, where the main beam
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Fig. 14.  (a) Overall view and detailed view of the feed line section of

the proposed LWA. (b) Return loss (S11) and transmission loss (S21) of the
proposed LWA.

direction is given by [26], [27]

(28)

Oug(w, Hy) = sin™! [M}

ko
As another advantage, the proposed LWA has a uniform
structure compared to previous cellular CRLH structures.
Fig. 12 shows the simulated radiation patterns of the pre-
sented LWA under Hy = 1500 Oe at some frequencies. It is
seen in Fig. 12 that the direction of the main beam changed
from negative to positive that confirms the multi-frequency
continuous beam scanning capacity of the proposed antenna
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Fig. 16. Main beam angle of the LWA versus the magnetic field bias for

different frequencies.

for the fixed magnetic field bias. Furthermore, the simulated
radiation patterns at the frequency of 6.4 GHz for different
magnetic biases are shown in Fig. 13. As shown in Fig. 13,
the scan angle changes from negative values to positive ones
at a fixed frequency. These results confirm that the proposed
LWA has a scannable radiation beam, by a change in the
operation frequency or the magnetic field bias, independently.

Fig. 14(a) shows the detailed configuration of the proto-
type, including the feed line section. The dimensions of the
antenna structure are identical to that shown in Fig. 7 and
Table I. The return loss and transmission loss for the antenna
prototype are presented in Fig. 14(b). Fig. 15 illustrates the
gain and efficiency versus frequency for the proposed LWA at
Hy = 1500 Oe. The peak gain and efficiency of the proposed
antenna are 7.1 dBi and 78.5% at 6.6 GHz, respectively.

Fig. 16 presents the variation of the main beam angle of the
LWA versus the magnetic bias field. For example, the scanning
range at the fixed frequency of 6.4 GHz is —57° to +59° that
is wider than the other previous LWAs [26], [27], and [38].
In addition, as shown in Fig. 17, the cross-polarization (XP)
levels of the proposed LWA are less than —36 dB. Compared
to some other works such as [26], [27], and [39], the XP levels
have been significantly decreased.
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TABLE II
PROPOSED ANTENNA PERFORMANCE COMPARISON

[25] [24] [38] This Work
Freq. (GHz) 5.7-6.3 LH:9.5-10.3 10 6.2-6.8
@H0=19100¢e | RH:11.7-12.8 | @H0=10330¢ | @H0=15000¢
@HO0=800 Oe
Antenna length 220 300 @11 4.7.0 @10 1.9700
@5.9GHz GHz GHz @ 6.4GHz
Radiation at Yes No No Yes
=0
Scan range —20"to 50° -38to —12° | -70"to —30° —53°to 58°
10" to 37° 10" to 43
Maximum 4.9 Not reported | Not reported 7.2
Gain(dBi)
Cross- Not reported | Not reported | Not reported -36
polarization(dB)

Co‘-polaﬂz:‘ation
—=— @6.3GHz

-%a%ross-‘polaﬂza‘tion
- = @6.3GHz
- @6.4GHz |

Normalized Radiation Pattern (dB)

-40

50 -80 -60 -40 -20 0 20 40 60 80

Theta (degree)

Fig. 17. Co- and cross-polarization for the LWA in the several frequencies
at Hyp = 1500 Oe.

Table II lists the comparison of the performance of the pro-
posed LWA antenna with other related works in the literature.

IV. CONCLUSION
A new CRLH structure that consists of a ferrite-blade in
the rectangular waveguide is proposed. The main idea in this
work is adding the inherent negative permeability of biased
ferrite to the negative permittivity behavior of the below
cutoff rectangular waveguide at the common frequency band.
Based on the calculated and simulated results, this structure
shows the tunable CRLH response that can be used as an
LWA. The radiation beam of this LWA can be scanned by
using the operation frequency or the ferrite magnetic bias,
independently. For example, it can be continuously scanned
from 459° to —57° by varying the magnetic bias of the
ferrite from 1400 to 1600 Oe, where the operation frequency
is 6.4 GHz. Compared to the previous LWAs, the proposed
antenna has a backward-to-forward beam-scanning capability
without using any chip components such as MEMS, varactor,
and p-i-n diode.
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