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Abstract—Fixed-frequency beam scanning leaky-wave anten-
nas (LWAs) that can scan their main beam over a specific
frequency band are highly desired for future wireless communi-
cation systems. A composite right/left-handed (CRLH) LWA is
developed in this paper that facilitates fixed-frequency continuous
beam scanning over a wide operational frequency band. A
variation of a simple single-layer non-reconfigurable frequency-
based continuous beam scanning CRLH LWA is considered first.
Its dispersion properties are approximately investigated using
an equivalent circuit model. It is reported how two groups of
varactor diodes can be incorporated into its basic circuit model
to electronically control its dispersion behavior. An optimized
reconfigurable CRLH LWA with practical DC biasing lines
is then realized from this non-reconfigurable design. Fixed-
frequency continuous beam scanning, from backward to forward
directions through broadside, is reported over a wide operational
frequency band. Simulations predict that the antenna can operate
from 4.75 to 5.25 GHz with the main beam being continuously
scannable at each frequency point. A prototype was fabricated,
assembled, and tested. The measured results confirm its simulated
performance characteristics.

Index Terms—Beam scanning, composite right/left-handed
(CRLH), fixed-frequency, leaky-wave antenna (LWA), reconfig-
urable antenna.

I. INTRODUCTION

LEAKY-wave antennas (LWAs) are highly promising can-
didates to meet the demands for future wireless com-

munication systems, including low cost, easy integration, and
multiple functionalities. Generally, focused scanning beams
are formed in an open, far-field region from power leaked
serially from a guided wave structure. LWAs have substantial
known benefits, e.g., they are low profile, have simple feed
networks, and achieve wide-angle beam scanning capabilities
[1]–[7]. Since the introduction of LWAs in the 1940s, two
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challenging, yet important issues have drawn great interest
from the antenna community to advance their performance
and, hence, to further enhance their desirability.

One has been the open stopband (OSB) problem, i.e., the
realized gain usually significantly drops when the main beam
is scanned through the broadside direction [8]–[10]. Two pop-
ular techniques have been developed in the recent two decades
to suppress the OSB. One is to utilize a composite right/left-
handed (CRLH) structure [11]–[14]. Another approach is to
excite a higher order harmonic of a periodic LWA, e.g.,
the n = −1 space harmonic, with impedance matching or
reflection cancellation methods [15]–[19]. The second issue
is that the beam scanning capability of LWAs is frequency-
based rather than occurring at a fixed-frequency. Due to the
dependency of the phase constant and the wave number on
the source frequency, one needs to sweep it to scan the main
angle.

Most LWAs reported to date that can scan their main
beam are frequency-based. On the other hand, only a few
fixed-frequency beam scanning LWAs have been realized.
Prototypes have used microstrip, Fabry-Perot, and active meta-
surface structures [20]–[23]. However, these systems can only
scan the beam in a quadrant (left or right quadrant) rather than
across the full hemisphere from backward to forward through
broadside. Most wireless communication systems prefer to
transmit/receive data at a specific operating frequency within
an allocated band, as well as to have continuous beam scanning
at all frequencies within it [24]. Nonetheless, it is difficult
to achieve this valuable fixed-frequency continuous backward
to forward beam scanning through broadside. To the best
of the authors’ knowledge, only a few interesting solutions
have been reported [25]–[33]. Continuous beam scanning from
−25◦ to +25◦ was obtained in [25] by centrally feeding two
independently controlled high impedance surfaces of a Fabry-
Perot LWA. A reconfigurable partially reflective surface (PRS)
antenna was reported in [28] to accomplish fixed-frequency
beam scanning at the beam angles: −15◦, 0◦, and +15◦. A
dielectric grating-based graphene leaky-wave antenna was de-
veloped in [29] to achieve a simulated beam scan from −35.2◦

to +21.1◦ at 1.5 THz by varying the chemical potentials in a
graphene surface, and hence, its plasmon polariton properties.
A 45◦ beam scan at a fixed operating frequency between 5.5
and 5.8 GHz was achieved in [26] by using a modulated
corrugated microstrip line. A microstrip line LWA with a
reconfigurable 2-bit phase unit was developed in [27] that
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radiates five switchable beams at 5.0 GHz and five prototypes
were fabricated to validate these five working states.

Reconfigurable CRLH structures have realized fixed-
frequency beam scanning [30]–[33]. They can exhibit an
inherent continuous transition between their RH and LH
dispersion curves when they are designed in their balanced
condition. A reconfigurable CRLH LWA that continuously
scanned its beam from −13◦ to +18◦ was realized in a
recent work [32] by tuning the permittivity of a liquid crystal.
Nevertheless, these reported fixed-frequency continuous beam
scanning LWAs again have a limited scanning range, e.g., less
than 60◦. Moreover, only a few of them can realize fixed-
frequency beam scanning over a band of frequencies and that
band is narrow. Furthermore, if one would like to introduce
switchable devices to achieve different phase constant states,
it is challenging to isolate the polarities of their DC sources as
well as to integrate practical DC biasing lines into their overall
structure [27], [31]. These difficulties arise because LWAs with
a simple feed structure generally have their radiators connected
to a ground plane through a number of shorting vias.

A CRLH LWA is developed in this paper that realizes
continuous beam scanning at a fixed-frequency over a wide
operating frequency band. It is a simple configuration that
has a single feed and incorporates practical DC biasing
lines. Simulations predict that the antenna can achieve fixed-
frequency continuous beam scanning over a 100◦ range from
4.75 and 5.25 GHz, i.e., a 10% factional bandwidth relative
to its center frequency, 5.0 GHz. An optimized prototype was
fabricated, assembled, and measured. The theory of operation
is described in Sections II and III. Its fixed-frequency scanning
ability is illustrated in Section IV. The measured results are
described and compared with previously reported systems in
Section V. As noted in Section VI, there are several important
contributions to the state-of-the-art reported. They include
the development of a simple single-layer non-reconfigurable
frequency-based continuous beam scanning CRLH LWA from
a variation of the corresponding classical CRLH T-type circuit.
They also include an in-depth analysis of the ability to tune
its dispersion features through modifications of its effective
circuit parameters and the development of a simple, yet
effective DC biasing network which facilitates making this
LWA reconfigurable. Finally, it is clearly demonstrated that
the final optimized antenna system and its measured prototype
realize continuous beam scanning at a fixed-frequency over
a wide operating band while remaining a simple and cost-
effective configuration.

II. THEORY

A classical T-type equivalent circuit of a 1-D CRLH struc-
ture is depicted in Fig. 1. The inductance LR and capacitance
CR are naturally associated with a conventional right-handed
(RH) transmission line properties. In contrast, the placement of
the inductance LL and capacitance CL lead to the left-handed
(LH) transmission line properties [34]–[36]. The inductance
LL in a microstrip version is typically introduced by shorting
a via between the line and its ground plane. Similarly, the
capacitance CL is introduced in the transmission line as a
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Fig. 1. T-type equivalent circuit of a 1-D conventional CRLH unit cell.

series of gaps or as an interdigitated-capacitor. The resistor
Rs denotes radiation losses from the unit cell.

Given γ = α + jβ is the complex propagation constant,
where α and β are its attenuation constant and phase constant,
respectively, one can obtain [34], [37]:

α =
1

P
Im[cos−1(1 + ZY)] (1)

β =
1

P
Re[cos−1(1 + ZY)] (2)

with Z = Rs + jωLR + 1/(jωCL) and Y = jωCR +
1/(jωLL). ω is the angular frequency, i.e., ω = 2πf , and
P is the length of the unit cell.

The main angle, θ, of the beam radiated by a conventional
frequency-based LWA at its source frequency f is determined
by the relation [38], [39]:

θ = sin−1(β/k0) (3)

where θ is defined as the angle measured from the broadside
direction and k0 is the wave number in air. It is known that
the phase constant of a low-loss CRLH unit is approximately
equal to that of a loss-less CRLH unit cell [34]. Consequently,
the phase constant of the lossless CRLH unit cell was adopted
for our analysis. It is expressed as:

β =
1

P
cos−1(1− ω2LRCR −

1

ω2CLLL
+
CR
CL

+
LR
LL

) (4)

The cut-off frequencies f1 and f2 of this circuit occur when
β = 0 for both the LH and RH dispersion curves. They are
calculated as:

f1 =
1

2π
√
LRCL

, and f2 =
1

2π
√
LLCR

(5)

It is now well-known that the balanced condition can be
achieved if f1 = f2, that gives LR/CR = LL/CL [11].

As noted previously, (3) tells us that the main beam angle
can be scanned at a fixed frequency if the values of the phase
constant β can be varied in a independent manner. To alter the
phase constant at a specific frequency, (4) indicates that the
only choice is to change the circuit parameters if the period
length P is fixed, i.e., to change the values of L̃L, C̃L, L̃R, C̃R
in some self-consistent manner. This is clarified by expressing
the phase constant β̃ at a specific frequency f0 as:

β̃ =
1

P
cos−1(1− ω2

0L̃RC̃R −
1

ω2
0C̃LL̃L

+
C̃R

C̃L
+
L̃R

L̃L
) (6)
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Fig. 2. Dispersion diagrams for different values of L̃L in the equivalent
CRLH circuit.

where ω0 = 2πf0, and consequently, the main beam angle θ̃
as:

θ̃ = sin−1(β̃/k0(f0)) (7)

where k0(f0) is the free space wave number at f0. It is
then clear that fixed-frequency beam scanning can occur if
some combination of the four CRLH circuit parameters can
be controlled to alter the phase constant β̃. We have elected
to change those parameters and, hence, the values of β by
introducing a set of switching devices into the circuit, e.g., a
set of PIN diodes or varactor diodes, and by controlling them
electronically.

To illustrate the concept, the values for the circuit param-
eters and the period length are chosen to be: L̃R = 1.6 nH,
C̃R = 2 pF, L̃L = 0.508 nH, C̃L = 0.635 pF, and P = 14
mm. When the value of a specific parameter is changed, the
other values remain fixed in this initial study. Fig.2 shows the
dispersion diagrams for different values of L̃L. One observes
that when L̃L = 0.508 nH, a continuous transition at 5.0 GHz
is obtained without any gap between the left-handed (LH) and
right-handed (RH) portions. Thus, the equivalent CRLH LWA
would radiate a broadside beam. On one hand, when L̃L is
reduced from 0.508 to 0.25 nH, most of both the RH and LH
portions of the dispersion curves shift up in frequency. On the
other, when L̃L increases from 0.508 to 0.75 nH, most of both
shift down. However, notice that as that inductance increases
(decreases), the cut-off frequency for the LH (RH) portion of
the gap remains the same while the gap’s upper (lower) cut-off
frequency increases (decreases) to 5.6 (4.6) GHz through the
frequency translation of the RH (LH) portion.

From these dispersion diagrams, one finds at 6.0 GHz that
continuous fixed-frequency beam scanning will occur only in
the forward quadrant as the value of β̃ increases from β̃a
(L̃L = 0.25 nH) to β̃c (L̃L = 0.75 nH). Similarly, continuous
fixed-frequency beam scanning will occur at 4.5 GHz only
in the backward quadrant as β̃ increases from β̃f (L̃L =

0.75 nH) to β̃b (L̃L = 0.25 nH). It can then be concluded that
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Fig. 3. Dispersion diagrams for different values of L̃L and C̃L in the
equivalent circuit.

continuous scanning through broadside cannot occur if only
one circuit parameter is changed, e.g., L̃L. Consequently, the
effects of simultaneously changing two circuit parameters on
the dispersion performance must be investigated.

Fig. 3 shows the different dispersion diagrams when the
values of L̃L and C̃L are varied at the same time. We fix the
antenna’s operating frequency at 5.0 GHz. When (L̃L, C̃L) =
(0.508 nH, 0.635 pF), β̃1 = 0 and broadside radiation is real-
ized. On the other hand, when (L̃L, C̃L) decrease separately
to (0.25 nH, 0.55 pF), both the LH and RH dispersion curves
shift upwards in frequency. Their cut-off frequencies separate,
increasing to 5.36 and 7.07 GHz, respectively; and the phase
term becomes β̃2 at 5.0 GHz, realizing a backward main
beam direction. On the other hand, when they are increased
separately to (0.75 nH, 0.8 pF), both the LH and RH dispersion
curves shift downwards in frequency. Their cut-off frequencies
separate, decreasing to 4.45 and 4.11 GHz, respectively; and
the phase term becomes β̃3 at 5.0 GHz, realizing a forward
main beam direction. In this manner, it is realized that one can
achieve continuous beam scanning from backward to forward
through broadside at a fixed frequency by simultaneously
changing the values of L̃L and CL.

Finally, the effects on the dispersion performance were also
investigated when three circuit parameters were simultane-
ously changed. Fig. 4 shows the dispersion diagrams when
the values of L̃L, C̃L, and L̃R are varied simultaneously.
When (L̃L, C̃L, L̃R) = (0.508 nH, 0.635 pF, 1.6 nH), the beam
points in the broadside direction at 5.0 GHz with the phase
factor β̃1 = 0. When all their values are decreased to (0.35
nH, 0.55 pF, 1.3 nH), both the LH and RH dispersion curves
shift upwards yielding β̃2 and a backward beam direction
at 5.0 GHz. On the other hand, when L̃L and C̃L are
increased to (1.3 nH, 1.1 pF), while the value of L̃R is further
reduced to 1.1 nH, one then achieves β̃3 and a forward beam
direction at 5.0 GHz. Thus, one finds that varying three circuit
parameters simultaneously, more flexibility in controlling the
beam direction is realized. However, it is also recognized that
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Fig. 4. Dispersion diagrams for different values of L̃L, C̃L, and L̃R in the
equivalent circuit.

this flexibility would come at the cost of an increased number
of the switching elements and the associated complexity of
their biasing network.

Several guidelines to change the circuit parameters
(L̃L, C̃L, L̃R, C̃R) and, hence, to alter the disperson diagrams
in a controllable manner follow from these parameter studies.
They are summarized as follows:

1) The values of the phase constant at a specific frequency
can be varied by changing one or a combination of the
circuit parameters (L̃L, C̃L, L̃R, C̃R). The main beam
can then be scanned at a fixed frequency.

2) If only one parameter value is changed while the other
three parameters remain fixed, beam scanning at a fixed
operating frequency is limited either to the forward or
backward quadrants.

3) When combinations of two to four parameters values
are changed simultaneously, the main beam can be
continuously scanned at a specific frequency from the
backward to the forward quadrant through broadside.
There is a tradeoff between flexibility and complexity
when the number of tunable parameters increases.

4) Generally, the introduced LH parameters, L̃L and C̃L,
are easier to modify than their RH ones, L̃R and C̃R,
because the latter arise naturally from the transmission
line.

Based on these guidelines, we elected to control the two
LH parameters, L̃L and C̃L, to facilitate realizing a fixed-
frequency beam scanning LWA.

III. FREQUENCY-BASED CONTINUOUS BEAM SCANNING
CRLH LWA

A simple single-layer frequency-based continuous beam
scanning CRLH LWA is developed first. It is shown in Fig. 5
and follows from the T-type equivalent circuit shown in
Fig. 1. A two-layer copper-clad substrate is utilized. It has
the following characteristics. It has the permittivity (εr) is
2.2. Its loss tangent (tan δ) is 0.001. Its height, width, and
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Fig. 5. Configuration of a single-layer frequency-based continuous beam
scanning CRLH LWA. The top inset represents a unit cell of the antenna.

TABLE I
OPTIMIZED DESIGN PARAMETER VALUES (IN MILLIMETERS) OF THE

FREQUENCY-BASED CONTINUOUS BEAM SCANNING CRLH LWA

Parameters L1 L2 L3 W1 W2 W3

Values (mm) 14.5 5.1 4.1 14 2 2

Parameters W4 P d Wa Wb Lt

Values (mm) 1 14.7 3.5 2.5 10 8

length are, respectively, 1.575 mm, 33 mm, and 154.5 mm. The
main patches, rectangular pads and tapered pads are printed
on the top layer. The bottom acts as a solid ground plane. This
antenna consists of nine unit cells.

The configuration of each unit cell is shown in the top inset
in Fig. 5. Its main patch is connected to the solid ground
plane with a centrally located shorting via. Meander gaps are
etched at both ends of this main patch. Rectangular pads are
inserted into the meander gaps. This unit cell evolved naturally
from a conventional RH microstrip transmission line. Two
widely-used yet simple and effective methods were employed
to introduce its LH properties, i.e., the center shorting vias
produce the LH inductance and the meander gaps yield the
LH capacitance.

The length and width of the patch are L1 and W1, respec-
tively. The diameter of the shorting vias is d. The dimensions
of the meander gap and the rectangular pads are represented
by L2, L3, W2, W3, W4. The length of the unit cell is P . It
represents the length of one period of the LWA. The antenna
is fed by a 50 Ω source from the left and terminated in a 50
Ω load on the right. Tapered pads are symmetrically printed at
both ends of the antenna. They provide impedance matching
of the feed and load SMAs to the central set of unit cells over
a wide frequency bandwidth. The dimensions of the tapered
pad are Wa, Wb, and Lt.

To obtain the requisite values of the capacitances and
inductances to achieve the balanced condition, the prelimi-
nary dimensions of the antenna’s unit cell were selected and
calculated using the microstrip equations for the capacitance
and inductance given in [40], [41]. The complete antenna is
shown in Fig. 5. Its unit cells and matching elements were
analysed, simulated, and optimized with the ANSYS high-
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continuous beam scanning CRLH LWA.

frequency structure simulator (HFSS). The optimized values
(in millimeters) of the antenna’s design parameters are given
in Table I. The phase constant and the attenuation constant of
its unit cell are shown in Figs. 6 and 7, respectively. One can
see from Fig. 6 that a continuous transition from the backward
and to the forward dispersion curves occurs at 4.86 GHz, i.e.,
there is no bandgap. Furthermore, as observed from Fig. 7, the
attenuation constant steadily decreases as the source frequency
increases, and the values around the transition frequency are
small but non-zero. These behaviors demonstrate that there is
no OSB for this antenna and, hence, it can continuously scan
the main beam from the backward to the forward directions
through broadside [42], [43].

Fig. 8 shows the corresponding simulated S-parameters as
functions of the operating frequency. The simulated |S11| ≤
−10 dB bandwidth is determined to be 2.01 GHz, from 4.02
to 6.03 GHz. The values actually remain below −8.8 dB down
to 4 GHz and below −5.8 dB up to 6.5 GHz. The values of
|S21| increase stably with the operating frequency. Their peak
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Fig. 8. Simulated S-parameters of the frequency-based continuous beam
scanning CRLH LWA.
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Fig. 9. Simulated realized gain and beam angle values of the frequency-based
continuous beam scanning CRLH LWA.

value, −5.7 dB, occurs at 6.35 GHz.
The fields radiated by the meander gaps between the adja-

cent unit cells are the main contributions to the antenna’s far-
field radiation performance. Thus, the co-polarized component
of the electrical field in the YZ plane is Eθ, and its cross-
polarized component is Eφ. Fig. 9 shows the simulated real-
ized gain and beam angle values as functions of the operating
frequency. The realized gain exhibits a stable performance
with a variation only between 8.2 dBi (at 4 GHz) and 10.8
dBi (at 5.95 GHz). The main beam angle varies from −58◦

to +47◦ when the frequency sweeps from 4 to 6.5 GHz. The
broadside radiation occurs at 4.9 GHz with a realized gain of
8.8 dBi.

IV. FIXED-FREQUENCY CONTINUOUS BEAM SCANNING
CRLH LWA

A realizable fixed-frequency beam scanning CRLH LWA
emerged from this simple design. Varactor diode switches were
introduced to change the CRLH parameters and, hence, to
reconfigure the dispersion diagrams for each operating point.
A practical layout strategy for the DC biasing lines associated
with these switches was also developed.
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A. Antenna Configuration

The two circuit parameters, i.e., L̃L and C̃L, were selected
for reconfigurability. Two groups of varactor diodes are em-
ployed to realize this reconfiguration. Another substrate layer
is incorporated into the design for printing their bias lines. This
multi-layered configuration is illustrated in Fig. 10. It has three
metal layers, i.e., the patch layer, ground layer, and biasing
layer. The patch and ground layers were, respectively, printed
on the top and bottom of the upper substrate. For the lower
substrate, all of the metal on its top surface was removed, and
the biasing layer was printed on its bottom face. The substrates
are the same as the one used in the initial design. The height
of the upper substrate and the lower substrate is ha and hb,
respectively. The other design parameters are the same as those
in the initial configuration.

Figs. 11(a), (b) and (c) show, respectively the patch, ground,
and biasing layers. The patches and rectangular pads in the me-
ander gaps of the unit cells, traces that connect the rectangular
pads between each unit cell, and the source and termination
feedlines with their shorted-stubs are printed on the patch
layer, the upper surface of the antenna. One group of the
varactor diodes, A, is placed between the central rectangular
pads and the main patches. Because these meander gaps
introduce the left-handed capacitances C̃L, this location of the
varactor diodes allows reconfiguration of that capacitance. The
varactor diodes A are biased through the trace connecting the
three rectangular pads in each meander gap. Note that the
directions of these A varactor diodes, which are placed at the
two ends of each central rectangular pad, are reversed. In this
manner, they can be biased simultaneously with a single DC
source.

As shown in Fig. 11(b), square-ring-shaped slots are etched
into the ground plane layer, i.e., the middle metal layer.
Smaller square pads are centered in these slots and, conse-
quently, are isolated from the ground plane. The dimensions
of the square-ring-shaped slots and the square pads are repre-
sented by Ls and Le. Two varactor diodes B are then reversely
soldered between each square pad and the ground plane. Their
orientations are opposite to those on the upper layer. Shorting
vias A are centrally located with respect to both the main
patches on the upper layer and the square pads on the bottom
layer. Consequently, the connections between the shorting vias
A and the ground plane are controlled by the varactor diodes
B. Thus, the left-handed inductance L̃L is introduced when
the shorting vias A are turned on. Furthermore, this inductance
can be tuned by varying the capacitance of the varactor diodes
B. Since the prototype antenna has nine unit cells, eighteen
varactor diodes A and twenty varactor diodes B are employed
for its frequency and beam reconfiguration.

As shown in Fig. 11(c), two groups of DC pads and two
long DC biasing lines, DC #1 and DC #2, are printed on
the biasing layer. The varactor diodes B are soldered to the
ground layer. Because this soldering causes significant bumps,
a continuous rectangular slot was cut out of the bottom layer
between the DC bias lines in order to have it lie flat on the
ground layer. Similar rectangular cuts were made at the ends
of this layer to facilitate the placement of the feed and load
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Fig. 10. Side view (not to scale) of the developed fixed-frequency beam
scanning CRLH LWA.
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Fig. 11. The fixed-frequency beam scanning CRLH LWA configuration. (a)
Top view of the patch layer. (b) Bottom view of the ground layer. (c) Bottom
view of the biasing layer.

SMA connectors.
This reconfigurable antenna is again fed by a 50 Ω source

from its left side and terminated in 50 Ω load on its right side.
However, in contrast to the initial design, tapered termination
pads are not employed for matching purposes. The microstrip
structures illustrated in Fig. 11(a) are used instead. A shorted-
stub with a shorting via B is introduced into these terminating
lines to facilitate the requisite impedance matching between
these feedlines and the periodic portion of the antenna. The
dimensions of the shorted-stub and the shorting via B are
denoted by Lc, Wc, Ld, Wd and dB .

B. DC Biasing Strategy

For a clear understanding of the DC biasing network, a
three-dimensional (3D) view of the entire system is depicted in
Fig. 12 without the substrates being present. It required a care-
ful design. Two capacitors are located between the feedlines
and the first and last main patches to isolate the DC signals
while maintaining the continuity of the RF signals. Inductors
are employed to choke the RF signal while maintaining the
continuity of the DC signal. The positive polarity of each of
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Fig. 12. A 3D view (not to scale) of the fixed-frequency beam scanning
CRLH LWA without the substrates being present.

TABLE II
DESIGN PARAMETER VALUES OF THE OPTIMIZED FIXED-FREQUENCY

BEAM SCANNING CRLH LWA

Parameters L1 L2 L3 W1 W2 W3 W4 P d

Values (mm) 13 5 4 14 2 2 1 14 1

Parameters Lc Wc Ld Wd Ls Le dB ha hb

Values (mm) 9.75 4.5 5 3 3 2 1.5 1.575 0.8

the varactor diodes A on the patch layer is connected to a main
patch. The negative polarity is connected to the rectangular
pads in the meander gaps. The positive polarity of each of
the varactor diodes B on the ground layer is connected to a
small square pad, and then connected to a main patch through
a shorting via A. The negative polarity is connected directly to
the ground plane. Note that the varactor diodes A and varactor
diodes B share the same positive polarity.

A set of small rectangular strips are distributed on the patch
layer. They are placed close to the outside (horizontal) edges of
the main patches. Each one is connected to the main patch of
a unit cell through an inductor. Furthermore, these small pads
are also connected to the DC pads on the biasing layer through
a DC via A. Each of the latter is connected to the bias line
DC #1 through an inductor. Thus, the positive polarity of each
varactor diode A and also each varactor diode B is connected
to DC #1. Similarly, the connecting lines and, hence, the
rectangular pads in the meander slots are all connected to the
bias line DC #2 through the small pads on the upper surface,
the DC vias B, and the DC pads on the bottom layer. Thus, the
negative polarity of each varactor diode A is connected to DC
#2. Consequently, when a DC voltage is applied between the
bias lines DC #1 and DC #2, all eighteen varactor diodes A can
be biased simultaneously with a single DC source. When a DC
voltage is applied between the bias lines DC #1 and the ground
plane, all twenty varactor diodes B are biased simultaneously.
This DC biasing strategy was simple, yet it turned out to be
very effective.

V. RESULTS AND DISCUSSION

A. Simulated Results

The performance characteristics of the fixed-frequency
beam scanning CRLH LWA were optimized with a series
of HFSS simulations. The final design parameters are listed
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Fig. 13. Capacitance values of CV 1 and CV 2 as functions of the simulated
main beam direction at 4.75, 5, and 5.25 GHz.
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in Table II. The simulation results indicated that this fixed-
frequency beam scanning LWA would operate over a 10%
frequency bandwidth, i.e., 4.75 to 5.25 GHz, and for each
frequency point within the bandwidth, the main beam can be
continuously scanned from the backward to forward directions
through broadside.

As illustrations, the simulated performance of the opti-
mized LWA working at 4.75, 5, and 5.25 GHz is shown in
Figs. 13−15. Fig. 13 shows the values of the capacitances CV 1

and CV 2 as functions of the simulated main beam direction.
One notes that with increasing values of (CV 1, CV 2), the
main beam can be continuously scanned from −46◦ to +54◦,
−46◦ to +62◦, and −42◦ to +58◦ at 4.75, 5, and 5.25 GHz,
respectively. It is noticed that the slopes of these curves are
relatively flat for the backward main beam angles and begin
to sharply increase for the forward angles. This behavior
indicates that the main beam angles in the backward direction
are more sensitive to variations in the values of CV 1 and CV 2

as compared to the ones in the forward direction. Fig. 14 shows
the simulated S-parameters as functions of the simulated main
beam direction. It is seen that for most main beam angles, the
values of |S11| are close to or below −10 dB, and the values
of |S21| increase as the main beam scans from backward to
forward direction. Simulations also indicate that the radiation
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efficiency decreases with the increase of the main beam angle.
The radiation efficiency is over 90% for the backward main
beam angles, and is more than 60% within the whole scanning
range. The sidelobe level (SLL) and realized gain as functions
of the simulated main beam direction at 4.75, 5, and 5.25 GHz
are shown in Fig. 15.

It is noted that the varactor diodes A and B were treated
as lossless for these simulation studies, i.e., they were taken
simply to be equivalent to variable capacitors with capaci-
tances CV 1 and CV 2, respectively. No resistance values were
included. This choice was made because of the number of
diodes and their known manufacturing tolerances. Moreover,
discrepancies were expected between their actual performance
characteristics and the manufacturer’s models, which were
specified at a frequency much lower than the antenna’s operat-
ing frequencies. Nonetheless, it was also anticipated that while
the lossless models would predict gain values higher than the
actual measured values, the average results of all the diodes
would not cause a large difference between the predicted and
measured beam angles and radiation patterns. These outcomes
were confirmed with the testing of the prototype system.

The simulated radiation patterns for six operating states of
the antenna, i.e., States 1 − 6, at 5 GHz are shown in Fig. 16.
It is noted that the half-power beamwidths (HPBWs) of the
backward beams are wider than those of the forward beams.
For example, the HPBW is 47◦ for State 1 (CV 1, CV 2) = (0.1
pF, 0.75 pF) and is 24◦ for State 5 (CV 1, CV 2) = (0.45 pF, 1.8
pF). This feature occurs because the radiation in the first few
states (backward pointing) is generated primarily by only the
first few unit cells of the LWA while most of them contribute
to it for the latter few states (forward pointing). Fig. 17 shows
the realized gain as a function of the frequency for the above
six operating states at 5.0 GHz. One can observe that the
antenna’s 3-dB operating bandwidth increases as the main
beam angle direction increases. This phenomenon is caused
by the aforementioned sensitivity of the main beam angles to
the values of the capacitances CV 1 and CV 2 as illustrated in
Fig. 13.
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Fig. 16. Simulated radiation patterns for the antenna’s six operating states at
5 GHz.
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Fig. 17. Realized gain as a function of the frequency for six operating states
of the antenna at 5 GHz.

B. Measured Results

This optimized design was fabricated and tested. Figs. 18(a)
and (b) show photographs of this prototype, respectively,
before and after assembly. Two types of commercial varactors
were utilized to realize the capacitance tuning. A flip-chip
varactor diode MA46H120 produced by MACOM company
was used for the varactor diodes A. Its datasheet indicates
that when the reverse biasing voltage is varied from 0 to 18
V, the capacitance value is reduced from 1.3 to 0.15 pF. The
associated series resistance is approximately 2 Ω at 0.5 GHz
[44]. On the other hand, a silicon abrupt junction varactor
diode SMV1405 from Skyworks company was used for the
varactor diodes B. Its datasheet indicates that when the reverse
biasing voltage is varied from 0 to 30 V, the capacitance
value is reduced from 2.67 to 0.63 pF. The associated series
resistance is smaller, approximately 0.8 Ω at 0.5 GHz [45].
Unfortunately, these were the lowest loss diodes that we could
purchase. Their capacitance ranges fall short of the simulated
values and only four (5.25 GHz) and five (5.0 GHz) of the
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Fig. 18. Photographs of the fabricated fixed-frequency beam scanning CRLH
LWA prototype. (a) Before assembly. (b) After assembly.

TABLE III
MEASURED PERFORMANCE CHARACTERISTICS OF THE

FIXED-FREQUENCY BEAM SCANNING CRLH LWA OPERATING AT 5 GHZ

Antenna performance
States

1 2 3 4 5

Voltage V1 (V) 18 18 10.5 3.1 2.4

Voltage V2 (V) 16 13 11 2 0.1

S11 (dB) −16.8 −12.9 −10.7 −9.6 −10.0

S21 (dB) −39.9 −34.7 −35.3 −18.3 −20.7

Main beam angle −37◦ −19◦ 0◦ +24◦ +32◦

Realized gain (dBi) 5.7 4.9 5.4 5.7 4.6

six simulated states could be measured effectively. Every
inductor was the surface-mount inductor 0402HP-8N7X (8.7
nH) from Coilcraft. According to its datasheet and confirmed
by communications with Coilcraft’s technical support, it has a
self-resonant frequency at 5.0 GHz and sufficient bandwidth
to choke the RF signals within the frequency band of interest
while maintaining the DC continuity. Every DC signal block-
ing capacitor was selected to be the 600L-0402 capacitor from
American Technical Ceramics (ATC) company with a value of
8.2 pF.

To verify the fixed-frequency beam scanning performance,
the far-field radiation characteristics of the prototype were
measured using the spherical near-field (SNF) antenna mea-
surement system NSI-700S-50 located at CSIRO, Marsfield,
Australia. Due to the limitations of this facility, measurements
were only conducted at 5.0 and 5.25 GHz. Table III presents
the measured performance of the fixed-frequency beam scan-
ning CRLH LWA’s five working states at 5.0 GHz. All of
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Fig. 19. Measured realized gain patterns for five of the antenna’s operating
states at 5.0 GHz.

TABLE IV
MEASURED PERFORMANCE CHARACTERISTICS OF THE

FIXED-FREQUENCY BEAM SCANNING CRLH LWA OPERATING AT
5.25 GHZ

Antenna performance
States

1 2 3 4

Voltage V1 (V) 18 18 18 3.1

Voltage V2 (V) 20 16 13 2

S11 (dB) −27.5 −9.6 −15.9 −16.5

S21 (dB) −43.7 −37.1 −45.7 −19.0

Main beam angle −15◦ 0◦ +13◦ +34◦

Realized gain (dBi) 5.0 6.4 4.5 6.1

the measured |S11| values are below −9.6 dB, and those of
|S21| are below −18.3 dB. The measured radiation patterns
for those five working states are depicted in Fig. 19. The
measured beam scanning range is from −37◦ to +32◦ when
(V1, V2) is varied from (18V, 16V) to (2.4V, 0.1V). When
(V1, V2) = (10.5V, 11V), the system is in State 3 and the
measured main beam points in the broadside direction with
the peak realized gain, 5.4 dBi. It is found that the half-power
beamwidth (HPBW) of the measured realized gain patterns is
slightly larger in comparison to the simulated value. Note that
the maximum forward beam angle (+32◦) of the measured
results for State 5 is smaller than the simulated State 6 value,
+62◦. As discussed, the missing measured state six arises from
the limited capacitance tuning values CV 2 associated with the
SMV1405 varactors, i.e., the required maximum value of CV 2

is 4.0 pF, whereas the practical maximum value is only 2.67
pF.

Table IV gives the measured performance of the fixed-
frequency beam scanning CRLH LWA in its four working
states at 5.25 GHz. The measured |S11| values are below −9.6
dB, and those of |S21| are below −19.0 dB. The measured
patterns in those four working states are shown in Fig. 20.
The measured beam scans from −15◦ to +34◦ when (V1, V2)
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Fig. 20. Measured realized gain patterns for four of the antennas operating
states at 5.25 GHz.

TABLE V
REALIZED GAIN VALUES FOR THE SIX OPERATING STATES WITH

DIFFERENT VALUES OF RV 1 AND RV 2

Resistor values Antenna
States

(RV 1, RV 2) performance 1 2 3 4 5 6

(0 Ω, 0 Ω)
RG (dBi) 7.2 6.9 8.3 9.7 9.3 7.2

Beam angle −46◦ −24◦ 0◦ +14◦ +34◦ +62◦

(0.5 Ω, 0.2 Ω)
RG (dBi) 6.1 5.8 7.8 8.3 8.0 5.8

Beam angle −42◦ −22◦ 4◦ +16◦ +36◦ +62◦

(1 Ω, 0.4 Ω)
RG (dBi) 5.7 5.4 7.7 8.1 7.5 5.2

Beam angle −42◦ −22◦ 4◦ +16◦ +36◦ +62◦

(2 Ω, 0.8 Ω)
RG (dBi) 4.7 4.6 7.1 7.4 6.4 4.5

Beam angle −40◦ −20◦ 4◦ +16◦ +36◦ +62◦

*RG denotes Realized gain

is varied from (18V, 20V) to (3.1V, 2V). It points in the
broadside in State 2 with the peak realized gain value, 6.4
dBi. The reduced measured scanning range is again due to the
limitations of the practical tuning capacitance values of both
CV 1 and CV 2.

C. Discussion and Comparison

One observes that the measured realized gains are lower
than their simulated values. The maximum gain difference is
around 4.0 dB. It is also noticed that the measured |S21| values
are lower than the simulated ones, especially for the forward
main beam angles. As anticipated, these outcomes occur
because lossless capacitances CV 1 and CV 2 were used for
the simulations. The resistance associated with each varactor
was not included. To improve the future predictive capability
associated with the diode models, the simulated realized gain
and beam angles were obtained for different loss values of the
varactor diodes A and B. The loss was included in the HFSS
simulations by incorporating a resistor in series with each
lumped element capacitor representing the varactor diodes A

and B. In particular, diode A (B) is represented by a resistor
RV 1 (RV 2) in series with the capacitance CV 1 (CV 2).

Table V gives the realized gain values for the six operating
states at 5.0 GHz for different combinations of RV 1 and RV 2.
The realized gains obtained when (RV 1, RV 2) = (0 Ω, 0 Ω)
denote the lossless case. Table V indicates that when (RV 1,
RV 2) is varied from (0 Ω, 0 Ω) to (2 Ω, 0.8 Ω), the beam
angle shift is less than 6◦ for all working states and the largest
gain variation is around 2.9 dB. Thus, the variations of the
resistors confirm both the anticipated non-trivial decreases in
the realized gains and the small differences in the main beam
angles. For States 1 and 2, the measured realized gains, 5.7
and 4.9 dBi, respectively, suggest that the equivalent (RV 1,
RV 2) values are most likely to be (0.5 Ω, 0.2 Ω). On the
other hand, for States 3 to 5, the measured gains are 5.4,
5.7, and 4.6 dBi, respectively. The equivalent (RV 1, RV 2)
value is most likely (2 Ω, 0.8 Ω). These outcomes confirm the
fact that the resistor values of the commercial varactor diodes
change with their biasing voltages. Obviously, this feature
further complicates any precise modeling effort. Nonetheless,
the lossless simulation results proved to be an effective guide
to realize the prototype and to anticipate qualitatively its
measured performance characteristics.

A comparison between the fixed-frequency continuous beam
scanning LWA developed in this paper and the previously
reported ones is shown in Table VI. Although several of
those structures have realized fixed-frequency continuous
beam scanning, most of them are operating only at a single
frequency, and the beam scanning range is less than 45◦. The
antenna developed in [26] operates from 5.5 − 5.8 GHz, but
the scanning range is limited and the measured gain variation
is over 4 dBi. The CRLH LWA reported in [31] achieved
a 66◦ beam scanning range with consistent, attractive gain
values. Nevertheless, its beam scanning characteristics were
demonstrated by using several prototypes with different fixed
capacitor values rather than, as reported in this work, a single
one that employed switching devices with realizable biasing
lines. The fixed-frequency beam scanning LWA developed
herein was facilitated with varactor diodes biased with simple,
practical circuits. The simulated results indicate that it can
achieve more than 100◦ fixed-frequency beam scan over the
range from 4.75 to 5.25 GHz. The measured results at 5.0
and 5.25 GHz have a reduced beam scanning range, the
prototype being limited by the actual capacitance tuning range
associated with the commercially-obtained varactor diodes.
The measured beam scanning range would have been wider
if the commercially-obtained varactor diodes had provided
the same capacitance tuning range as the one employed in
the simulations. In principle one could use two varactors
in parallel to extend the tuning range. However, given the
losses associated with the varactors which would have affected
the maximum realized gain, a smaller number of them was
preferred for the prototype.

VI. CONCLUSION

A simple CRLH LWA with practical DC biasing lines was
demonstrated that achieved fixed-frequency continuous beam
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TABLE VI
COMPARISON BETWEEN THE FIXED-FREQUENCY CONTINUOUS BEAM SCANNING LWA DEVELOPED IN THIS PAPER AND THE PREVIOUSLY REPORTED

ONES

Reference antenna Antenna type
Operating frequencies Antenna length Beam scanning range Maximum gain Gain variation

(GHz) (λ0) (Deg) (dB) (dB)

[26] Corrugated microstrip line 5.5−5.8 6.2 ' 45 8.0 4.2

[30] Microstrip CRLH 3.23 3.0 −10 to +7.5 -5.6 0.5

[31] Microstrip CRLH 6.5 3.25 −31 to +35 9.9 0.4

[32] Liquid crystal CRLH 12.4 1.2 −13 to +18 Not given Not given

Our simulated results (lossless) Microstrip CRLH 4.75-5.25 2.6 ≥ 100 10.5 4.4

Our measured results Microstrip CRLH
5 2.6 −37 to +32 5.7 1.3

5.25 2.6 −15 to +34 6.4 1.9

scanning in a wide operating band. A theoretical model and
numerical simulations predicted that practical fixed wide-angle
continuous beam scanning could be realized by simultaneously
controlling both the left-handed capacitance and inductance
in its CRLH unit cells. A numerically optimized single-layer
frequency-based CRLH LWA was developed that scanned the
main beam from −58◦ to +47◦ with the gain variation of only
2.6 dBi, between 8.2 and 10.8 dBi, when the source frequency
was swept from 4 to 6.5 GHz. By developing a means to
incorporate a simple yet effective set of DC biasing lines into
the design, it was demonstrated that the resulting optimized
reconfigurable antenna was able to scan its main beam in
an angular range larger than 100◦ over a wide frequency
band from 4.75 to 5.25 GHz. A prototype was fabricated
and tested. The conducted measurements verified the predicted
functionality of the antenna. The measured results at 5.0 and
5.25 GHz confirmed that the antenna could continuously scan
its main beam through broadside from −37◦ to +32◦, and
from −15◦ to +34◦, respectively. Because of the limitations
of the actual capacitance tuning range associated with the
commercially-obtained varactor diodes, the measured scanning
range was reduced from that predicted by the simulations.
Nonetheless, the measured results confirmed that a fixed-
frequency beam scanning LWA was achieved. Because its
unit cell design and DC biasing network are simple, the
realized LWA prototype is a promising candidate for future
wireless communication systems that require fixed-frequency
beam scanning over a large range of frequencies.
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