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We propose a uniform backfire-to-endfire leaky-wave antenna (LWA) based on a topological one-way
waveguide under external bias magnetic field. We systematically analyze the dispersion, showing that
the proposed structure supports leaky mode arisen from total internal reflection. By means of tuning
frequency or magnetic field, we obtain fixed-bias frequency and fixed-frequency bias LWA with contin-
uous beam scanning from backward, broadside to forward direction. More importantly, we, for the first
time, demonstrate that this proposed LWA shows mechanical tunability, allowing us to manipulate
the radiation direction from backward, broadside to forward direction by mechanically tuning the air
layer thickness. The simulated results show that our system exhibits super low 3dB beam width, high
radiation efficiency as well as high antenna gain. Being provided such multiple controlled (especially
mechanically) beam scanning manners, the present LWA paves an advanced approach for continuous
beam scanning, holding a great potential for applications in modern communication and radar system.
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1 Introduction

Leaky-wave antenna (LWA) was firstly proposed as a
slotted rectangular waveguide, in which the propagating
waves can be leaked out in a specific angle when they
are fast waves [1]. Because of the unique leaky prop-
erty and beam scanning feature, LWAs can be widely
used in various important applications, such as radar and
satellite communications [2], conformal antennas [3] and
microwave integrated systems [4, 5]. Some efforts based
on quasi-uniform and periodic-structure antennas have
been made towards achieving LWAs [6-8], where forward
and backward beam scanning is induced yet no broad-
side beam scanning is found. Later, lots of brilliant works,
including metamaterial assisted antenna [9], surface plas-
mon polaritons waveguide [10] and composite right/left-
handed (CRLH) transmission line [10, 11], have cleared
the hurdle to achieve broadside beam scanning, yet re-
maining a challenge of complicated constructions. Uniform
antennas give us an opportunity to reduce the complexity,
which still lack backward and broadside scanning [12, 13].

On the other hand, the beam scanning manners of
LWASs in the previous works are characterized by chang-

ing the working frequency [6-13]. Recently, LWAs en-
abled fixed frequency scanning have received much atten-
tion, and different schemes have been proposed to real-
ize continuous scanning by varying dc bias voltage at a
fixed frequency [14-17]. In these research studies, fixed-
frequency beam scanning is attained by loading varicap
or capacitor, showing a maximum scanning angle of 80
degrees from backward, broadside to forward. However,
it is challenging to set varactor diodes and add dc bias
in practice. By introducing ferrite material such as yt-
trium iron garnet (YIG), which has tunable properties
for microwave regime under an applied dc magnetic field
[18, 19], some researchers find a positive chance to achieve
fixed-frequency beam scanning with respect to broadside
scanning [20]. It is reported that the ferrite material and
left-handed concepts can be combined as microstripline
[21, 22]; such structures exhibit broadside scanning yet
are still involved in lacking fixed-frequency beam scanning
and periodical unit cells. Compared to individual beam
scanning assisted LWAs, LWAs with multiple scanning
manners are preferable for applications in mordern com-
munication. Recently, a uniform ferrite-loaded backfire-
to-endfire LWA with CRLH response is first proposed re-
lying on a magneto-optical waveguide [23, 24] under ex-
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ternal magnetic field, where the backward propagation
mode is suppressed. The use of the external magnetic
field enables us to to realize topological phase by break-
ing time-reversal symmetry, so-called quantum Hall effect
[25—27], which is one of the three major classes of topo-
logical phases. Utilizing topolgical one-way waveguide pro-
vides a simple structure to obtain fixed-frequency bias and
fixed-bias frequency beam scanning [28]. However, this
structure utilizes an approximation of perfect magnetic
conductor, which is difficult to build in practice.

In this paper, we propose a uniform LWA with backfire-
to-endfire beam scanning, which relies on novel mechan-
ically controlling at a fixed frequency. The leaky part of
the proposed LWA is composed of a metal-air-YIG-air
(MAYA) waveguide under bias magnetic field. We sys-
temically analyze the dispersion of the leaky part, show-
ing that leaky mode is guided by the zigzag reflections at
the metal surface and upper YIG-air interface. Our struc-
ture supports not only fixed-bias frequency sweep but also
fixed-frequency bias sweep from backward, broadside, to
forward directions. More importantly, our structure can
achieve backfire-to-endfire scanning by manipulating air
thickness at fixed-frequency and fixed-bias, which is the
first and unique structure exhibiting mechanically scanned
feature to the best of our knowledge. It is shown that the
beam scanning range reaches as high as 149°, low average
3dB beam width of 4.6°, and the radiation efficiency value
is up to 94% with maximum gain of 20 dBi. Different from
the previous complex and well-designed periodical struc-
ture, the air thickness in our uniform and layered structure
is straightforward to engineer by simply moving the upper
metal layer. Besides regular fixed-bias and fixed-frequency
beam scanning, our LWA with simple structure also pro-
vide an advanced beam scanning manner of mechanically
controlling, exhibiting a great potential for various appli-
cations in modern communication and radar system.

2 Proposed structure and mode analysis

The schematic of the proposed mechanically scanned
Leaky-wave antenna composed of three systems (I, IT and
II) is shown in Fig. 1(a), where the red dashed frame is
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the main leaky structure with the length of L. Systems
I and IIT are one-way waveguide consisting of metal-air-
YIG-metal discussed detailed in our recently published pa-
per [29], which supports one-way propagating modes with-
out back reflection, while system II, corresponding to the
main leaky structure, is a four-layered meal-air-YIG-air
(MAYA) waveguide introduced in this paper. A rectan-
gular transverse-electric-polarized (TE) mode is coupled
into the left-end of system I, then it travels and radiates
to the lower air layer through the thin YIG layer in system
II, finally the remaining wave propagates into system III.
The upper metal layer is designed to be movable so that
we can manipulate the air thickness straightforwardly and
conveniently. Moreover, the present two-dimensional (2D)
system can be extended to a realistic three-dimensional
(3D) system with width w, see Fig. 1(b), which is uni-
form in the x direction and terminated by a pair of metal
slabs. The electric fields of propagating mode in such uni-
form 3D system satisfy the boundary conditions in the
lateral direction, consequently the fields in the 3D system
are equivalent to those in the 2D system in physics. The
metal in Fig. 1 is assumed to be perfect electric conductor
(PEC), which is a reasonable approximation at microwave
regime. The air layer with thickness d, has the relative
permittivity €, = 1 and the YIG layer with thickness d,
has the relative permittivity €, = 15. In our system, a bias
dc magnetic field Hy is applied in the +z direction, giving
the gyro-magnetic anisotropy to YIG material, with the
permeability tensor taking the form

1 0 0
H .
:um = 0 M1 12 ) (1)
0 —ipge m
with
14 Wi (Wo — ivw) @)
o= (wo — ivw)? — w2’
Wy W
M2 = = ) (3)

(wo — ivw)? — w?

where w is the angular frequency, wg = 2nyHy (where v
is the gyro-magnetic ratio) is the procession angular fre-
quency, w,, is the characteristic circular frequency, and
v =~vAH/(2w) is the damping coefficient (where AH is

(b)

Fig. 1 Schematics of the mechanically scanned Leaky-wave antenna for (a) 2D structure, (b) 3D structure, where the beam
scanning angle is controllable from backfire, broadside to endfire by moving the metal slab. The red dashed frame in (a) is the

leaky system composed of a metal-air-YIG-metal-air waveguide.
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the resonance linewidth). For system II in Fig. 1(a), the
nonzero component of the electric field (F,) can be writ-
ten as

Eqy(z,y) = [A1 exp(—aay) + Az exp(aqy)] expi(Bz — wa])

in the upper air layer for 0 < y < d,, and

E.(z,y) = [B1 exp(ayy) + Bz exp(—ayy)] expli(fz — wé)])
)

J

in the YIG layer for —d, < y < 0, and

(6)

in the lower air layer for y < —d,,, where 3 is the propaga-
tion constant, a, = /%2 — .83 with By = w/c (where cis
the light speed in vacuum), and a,, = /3% — €, 33 with
Uy = i1 — p3/p1 being the Voigt permeability. Based on
boundary conditions at metal-air and air-YIG interfaces,
the dispersion relations can be obtained as

Ex(2,y) = Cexp(aqy) expli(Bz — wi)]

2
(oz?/ —62/% —ﬁZQaa,uU> tanh(aqd,) tanh(ay,d, )+ (aauv—i—ﬁﬁf) tanh (o dy )+ gy iy tanh(a,d,) +ogoy i, =0 (7)
‘ 1 1

H1

for guiding modes with 8 > |3g|. It becomes

2
(iai - 162/1% - ﬂﬁﬁp,u,) tan(pd, ) tanh(oyd,) + (puv + 1ﬁ'Zi> tanh(aydy) + poy p, tan(pdy) + poy pty, = 0

for regular modes with 8 < [By|, where p = /8% — 32.
The regular mode is guided by the mechanism of total
reflections at the metal surface and YIG-air interface [30].
Due to the high permittivity of the YIG material, the
guiding mode which is surface mode will propagate along
the dielectric interface, while the regular mode will be
leaked out via the YIG layer when it is thin enough; the
latter is called leaky modes which is of interest in this
paper. The dispersion curves for guiding modes and leaky
modes are displayed in Fig. 2(a) when Hy = 1784 G and
AH = 0. The air layer and YIG layer are, respectively,
set as dg, = 3 mm, d, = 1.8 mm.

Figure 2(a) shows the dispersion curves for leaky mode
(solid line) and guiding mode (dotted lines). The leaky
mode exhibits a positive group velocity (dw/dg) within
the light cone (dashed lines), and its dispersion band links
with the guiding mode bands at points of w = ¢|3]. At
f = 7.74 GHz, 8 becomes zero and the leaky mode is
characterized by an infinite phase velocity (w/53). Notably,
since there is a linear term with respect to 8 in Eq. (7),
the leaky mode is nonreciprocal as shown in Fig. 2(a). As-
suming that the waveguide width is far less than the vac-
uum wavelength, the propagating modes associated with
the dispersion relation in such a 2D system should have
almost the same properties as that in an equivalent 3D
system [29, 31]. To verify this, we numerically solved the
modes for the 3D system with width of 3 mm, i.e., 0.05\,,,
using the finite element method (FEM), see open circles
in Fig. 2(b), which agrees well with that for 2D system.
Besides frequency, [ is sensitive to the external bias Hy
as well. Figure 2(c) shows the dependence of Hy on § for
leaky mode at a fixed frequency f = 7.58 GHz. The rela-
tion curve for bias also passes through 8 = 0 at Hy = 1750
G and connects to light lines. To identify guiding mode
and evanescent mode, the material loss is set at zero in
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calculating dispersion, while it will be taken into consid-
eration later when we conduct wave transmission.

3 Fixed-bias frequency and fixed-frequency
bias beam scanning LWAs

Because the dispersion curve for leaky mode in Figs. 2(b)
and (c) possesses monotonous group velocity and passes
through 5 = 0, our system can support both left-handed
(anti-parallel phase and group velocity) and right-handed
(parallel phase and group velocity) transmission [28]. This
indicates that the proposed LWA possesses backfire-to-
endfire scanning, where the main beam scanning angle
follows the well-known law

Opeak (w, Ho) = arcsin(5(w, Ho)/ko)- (9)

From Eq. (9), it is clearly that we can manipulate the
beam scanning angle by engineering the frequency w as
well as bias Hy, which are so-called fixed-bias frequency
sweep and fixed-frequency bias sweep. For example, when
—Bo < B < 0, the backward beam scanning can be
achieved as —90° < @,k < 0 by changing w or Hy; when
0 < B < By, the forward beam scanning is obtained as
0 < Opeax < 90°; remarkably when 5 = 0, a broadside
radiation could be achieved, i.e., Opeac = 0°. To clarify
the backfire-to-endfire scanning feature, we conduct the
simulations with various frequencies at fixed-bias and
various biases at fixed-frequency by using COMSOL Mul-
tiphysics. The parameters are set as: d, = 3 mm, d, = 1.8
mm and AH = 10 Oe, L = 500 mm. Figures 3(a) and (b)
illustrate the evolution of far-field radiation patterns ver-
sus frequency at Hy = 1784 G and versus bias at f = 7.58
GHz, respectively. It is shown that the beam scanning
angle 6 can be controlled from backward, broadside, to
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Fig. 2 (a) Dispersion relations for leaky mode (solid line) and guiding mode (dotted line). Dashed lines represent the light
lines, and the two shaded areas are the zones of bulk modes in the YIG material. (b) Magnified view of the leaky mode for
2D (solid lines) and 3D (open circles) structures. (c) The dependence of bias on propagation constant for leaky mode. The
parameters are d, = 3 mm, dy = 1.8 mm and Ho = 1784 G, AH =0 Oe.
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Fig. 3 (a) Normalized far-field radiation patterns with con-
tinuous frequency scanning at Ho = 1784 G. Numbers inside
are the value of frequency (in GHz). (b) Normalized far-field
radiation patterns with continuous bias scanning at f = 7.58
GHz. Numbers inside are the value of bias (in G). (c) Leak-
age radiation efficiency Regr changes with f from 7 GHz to 9
GHz and Hy from 1100 G to 2400 G. The dashed lines are the
contour lines for leaky mode. (d) Res changes with f for a fix
Hy = 1784 G, corresponding to the horizontal line in (c). (e)
Resr changes with Hy for a fix f = 7.58 GHz, corresponding
to vertical line in (c). The other parameters are: d, = 3 mm,
dy = 1.8 mm and AH = 10 Oe, L = 500 mm.

forward direction by changing frequency as well as bias.
Moreover, We sweep f from 7 GHz to 9 GHz and sweep
Hy from 1100 G to 2400 G to find the corresponding leak-
age radiation efficiency R, see Fig. 3(c), where dashed
lines represent the contour line for leaky mode. The ef-
ficiency profile indicates that Reg is much higher within
leaky mode regime and the maximum efficiency is 94%.
The sporadic bright block at the upper left corner refers to
the high-order bulk-mode within light lines, while bright
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slice at the lower right corner suggests the scattered en-
ergy arising from the coupling between guiding-part and
leak-part. Figure 3(d) shows that, for a fix Hy = 1784 G
(see the horizontal line in Fig. 3(c)), the highest value of
Regr at f = 7.74 GHz, which is consistent with the result
in Fig. 2(a). Figure 3(e) shows that, for a fix f = 7.58
GHz [see the vertical line in Fig. 3(c)], the highest value
of Rt is at Hy = 1750 G.

4 Mechanically scanned LWAs at a fixed
frequency and fixed bias

For the present MAYA system, the dispersion curves
should not be only sensitive to the bias Hy, but also closely
depends on the thickness of air layer d,. Figure 4(a) shows
the dispersion relations for leaky mode at various d,. It is
seen that the dispersion curves shift down when increasing
d,. Here we choose a fixed bias of Hy = 1784 G, fixed fre-
quency of f = 7.58 GHz as an example, see the horizontal
dot-dashed line in Fig. 4(a). Figure 4(b) indicates the de-
pendence of air thickness on propagation constant. When
changing the air thickness from 2.55 mm to 9 mm, 5 can
be controlled from —fBy to [y. The dispersion curves can
be tuned by air thickness, giving us an opportunity to ma-
nipulate the beam scanning angle by engineering the air
thickness. To clarify the mechanically controlled feature,
we construct LWAs with different d, when Hy = 1784
G, f = 7.58 GHz. The other parameters are: AH = 10
oe, dy = 1.8 mm, and L = 500 mm. Figure 4(b) shows
the evolution of far-field radiation patterns Fg,, versus air
thickness.

Like fixed-bias frequency and fixed-frequency bias sweep
in our LWA, the proposed mechanically controlled LWAs
also can achieve continuous beam scanning, which is from
backward, broadside, to forward direction. In addition,
the dispersion curve for leaky mode can also be tuned
by changing the YIG thickness d,. However, when d, is
bigger than a certain value, the dispersion curve almost
keeps the same, leading to a small scanning range.

Qian Shen, et al., Front. Phys. 15(3), 83601 (2020)
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Fig. 4 (a) Dispersion relations of leaky mode for various air thickness. The horizontal dot-dashed line shows the fixed
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Fig. 5 (a) The simulated (circles) and analytic (solid line)
results of Opeax, (b) Absa, (€) Resr, and (d) Gpeak vs. da.

Figure 5(a) illustrates the peak of simulated beam scan-
ning angle Opcax, see open circles, and analytic Opcak, see
solid line, as a function of d,, showing a good agreement
with each other. For analytic results, Opeax is found to
be —90° when d, = 2.5 mm; Opcax is 90° when d, = 9
mm. The scanning range for simulated results reaches as
high as 149°, which is smaller than the analytic results.
It can be explained by the fact that the mesh restraint
of finite element method limits the calculation accuracy.
Figure 5(b) shows the 3dB beam width Afs4p versus with
dg, corresponding to the beam width when the maximum
value of Fp,, drops a value of 3dB. The average Afsqp
is as low as 4.6° and the minimum is found to be 2.2°
when d, = 4 mm. The leakage radiation efficiency versus
thickness is given in Fig. 5(c). It can be found that R re-
mains extremely higher for leaky mode (see dashed lines),
especially when the dispersion curve is far away from light
lines and the maximum value of 94% appears at d, = 4
mm. Moreover, we also calculate the peak of antenna gain
Gpeak versus d, [see Fig. 5(d)], showing Gpeax reaches 23
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dBi at d, = 4 mm. Gpeax remains 20 dBi from d, = 2.8
mm to d, = 7 mm, and it gradually decreases both in
forward and backward directions when changing the air
thickness.

To further show the field profile for our uniform LWA,
the simulated electric field F, amplitudes in 2D and 3D
systems are presented in Figs. 6(a—f). Figures 6(a—c) illus-
trate, respectively, E, amplitudes in 2D system for three
typical cases, associating with Figs. 6(d—f) are F, am-
plitudes in 3D system. In the simulation, the width of
the 3D system in the x direction is 3 mm, and the loss
AH =10 Oe is taken into account. The other parameters
are: dy, = 1.8 mm, f = 7.58 GHz and Hy = 1784 G. It is

=1
/ I
"

(@) @

Gain (dBi)

o
-90-60-30 0 30 60 90
0 (degree)

290-60-30 0 30 60 90
6 (degree)

Fig. 6 Simulated electric field F, amplitudes in 2D system
for (a) di = 2.8 mm, (b) di = 3.5 mm, and (c) di = 5
mm. (d—f) E, amplitude in 3D system corresponding to (a—
¢), respectively. (g) Normalized far-field radiation patterns and
(h) gain with three typical air thickness. Solid lines and dashed
lines in Figs. 6(g) and (h) represent the patterns in 2D system
and 3D system, respectively. The other parameters are do = 1.8
mm, Hyo = 1784 G and AH = 10 Oe.
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seen that the electromagnetic energy in the two systems is
leaked out through the YIG layer and exhibits forward ra-
diation for d, = 2.8 mm, broadside radiation for d, = 3.5
mm, and backward radiation for d, = 5 mm, which are
well consistent with the results stated in Fig. 4(b). The
normalized far-field radiation patterns and antenna gains
for 3D system in the yz plane are shown in Figs. 6(g) and
(h), see dashed lines. For comparison, the corresponding
results for 2D system are plotted as solid lines. As ex-
pected, the far-field radiation patterns and antenna gains
for the 2D and 3D systems agree well, showing the same
directionality and field intensity.

5 Conclusion

In summary, we have proposed a uniform backfire-to-
endfire leaky-wave antenna constructed by novel metal-
air-YIG-air waveguide under bias magnetic field. The
structure supports leaky modes guided by the total in-
ternal reflections at the metal surface and YIG-air in-
terface. We systemically analyze the dispersion relation,
showing that the propagation constant can be manipu-
lated by changing frequency as well as bias. The fixed-bias
frequency and fixed-frequency bias scanned LWAs exhibit
continuous beam scanning from backward, broadside to
forward. More importantly, we for the first time propose
a backfire-to-endfire beam scanning LWA enabled mechan-
ically controlling, where the dispersion relation is control-
lable by air thickness. By manipulating the air thickness,
the beam scanning range reaches as high as 149° with
low average 3dB beam of 4.6°, and the radiation effi-
ciency is up to 94% with the maximum gain of 23 dBi.
Because of the uniform and multilayered structure, me-
chanically controlled LWA is super easy to be fabricated,
where the air thickness can be tuned by move the upper
metal slab straightforwardly. Being provided with multi-
ple controlled (specially mechanically) scanning manners,
the present LWA has an active potential to be an ideal
alternative to various application including modern com-
munication and radar system.
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