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Abstract — This paper presents a new design method, based
on composite right/left-handed (CRLH) transmission lines (TLs),
to realize frequency scanning reflectarrays. The proposed
technique enables continuous steering of the reflected beam
toward both positive and negative elevation angles, by simply
connecting customizable progressive phase advance/delay lines
to the existing delay lines of a broadband reflectarray. This
unique feature would otherwise not be possible using conventional
right-handed delay lines due to impractical physical lengths and
lack of control over the phase slope. A small prototype array
of 4 × 3 elements operating at a center frequency of 2.5 GHz is
designed, fabricated, and measured to demonstrate the frequency
scanning enhancement provided by the CRLH TLs.

Keywords — Antennas, composite right/left-handed (CRLH),
delay lines, frequency scanning, reflectors, reflectarrays.

I. INTRODUCTION

Reflectarrays are advantageous when compared to
conventional parabolic reflector antennas due to their
low-profile, light-weight, and easy-to-manufacture features
[1]. Similarly to phased array antennas, reflectarrays can be
designed to steer the radiated beam, except without the need
for complex and lossy feed networks.

Compared to other aperture phase-tuning mechanisms to
steer the beam (such as mechanical rotation [2] or the use
of electronic devices [3], [4]), frequency scanning arrays
are relatively low-cost due to their passive nature. However,
current frequency scanning reflectarray technologies [5], [6] do
not provide full frequency scanning and depend on parametric
studies/optimization in EM simulation for their design.

Frequency scanning antenna arrays based on composite
right/left-handed (CRLH) transmission lines (TLs) have been
demonstrated in recent years for both corporate [7] and series
[8] feed networks. Unlike conventional right-handed (RH)
delay lines which require phase wrapping to achieve both
negative and positive progressive phase shift α, CRLH TLs
can provide systematically designed dispersion in a compact
form. Such feature allows for a customizable scanning angle
θ0 that can point toward both forward and backward directions,
as described by

θ0 = sin−1
(
α

k0d

)
, (1)

where k0 is the free-space wavenumber and d is the
interelement spacing.

In this paper, we explore a new implementation
of CRLH TLs to provide a similar full frequency
scanning beam scanning for reflectarrays. The straightforward
design approach involves adding open-ended CRLH phase
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Fig. 1. Proposed CRLH-enhanced reflectarray with backward to forward
frequency scanning capability.
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Fig. 2. Physical dimensions of radiating element. (a) Top view (p = 40mm,
d = 55mm, s1 = 5.5mm, s2 = 10.5mm, l1 = 21mm, w1 = 1.4mm,
l2 = 6mm, w2 = 2mm, and wfeed = 3.41mm). (b) Exploded side view.

advance/delay lines to the existing delay lines of a broadband
reflectarray. The general concept is illustrated in Fig. 1, in
which the CRLH TLs are designed to provide a progressive
phase shift along the x-axis for scanning in the xz-plane.

The proposed reflectarray may serve as a low-cost/simple
alternative to active reflecting surfaces such as reconfigurable
intelligent surfaces (RIS) [9], intelligent reflecting surfaces
(IRS) [10], and smart reflectarrays [11].

II. DESIGN OF FREQUENCY SCANNING REFLECTARRAY

A. Radiating Element and Initial Phase Distribution

For the reflectarray unit cell, an aperture coupled patch is
built on two RO4003C substrates (εr = 3.55, tan δ = 0.0021,
thickness h = 1.524 mm), separated by an air gap of 8.5 mm.



Table 1. Physical lengths of delay lines added to antenna feed lines.

Initial delay line lengths for each element

y
x 1 2 3 4

3 0mm 0.77mm 0.77mm 0mm

2 3.22mm 4.00mm 4.00mm 3.22mm

1 5.68mm 6.46mm 6.46mm 5.68mm

Line 1

Line 2 Line 3

Line 4

Fig. 3. Backside of the fabricated reflectarray.

The layout and physical dimensions of the aperture coupled
patch are shown in Fig. 2. Interelement spacing is chosen to be
d = 55 mm, considering the condition of no grating lobes [8]

d <
λ0

1 + |sin θ0|
, (2)

where λ0 is the free space wavelength, and θ0 is the maximum
pointing angle of the main beam.

To point the beam in the direction (θb, ϕb), the required
initial phase shift introduced at the element with coordinates
(xi, yi) is calculated by

φinit(xi, yi) = k0(ri − (xi cosϕb + yi sinϕb) sin θb), (3)

where k0 is the free-space wavenumber and ri is distance from
(xi, yi) to the phase center of the feed (XF , YF , ZF ) [12].
In our design, the reflector is fed by a horn antenna located
at the position XF = 0, YF = −0.2 m, ZF = 1.134 m. The
choice of this position is to ensure that the far field criteria are
met, as well as to avoid obstructing the path to the receiving
antenna in the measurement. An initial phase distribution is
calculated for the traditional delay lines so that the beam
points at broadside (θb = 0°). Then by adding the CRLH
phase advance/delay lines after the traditional lines, frequency
scanning in the xz-plane can be realized.

The lengths of the traditional delay lines are given by
Table 1. Note that although the presented prototype has a large
focal length to aperture size (F/D) ratio, broadband operation
is still possible for small F/D ratios as long as true time
delay (TTD) is maintained [13]. If necessary, meandered lines
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Fig. 4. Measured reflection phase of the open CRLH TLs.
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Fig. 5. Bistatic measurement setup of the reflectarray.

or CRLH TTD lines [14] may be used to further reduce the
size.

B. CRLH Phase Advance/Delay Lines

The equivalent circuit model for a CRLH TL unit cell is a
combination of the right-handed series inductor (LR) and shunt
capacitor (CR), with the left-handed series capacitor (CL) and
shunt inductor (LL). Under the balanced condition (LRCL =
LLCR), the open-ended n-unit cell CRLH TL will have a
reflection phase of

φCRLH = 2(φR + φL) ≈ −2nω
√
LRCR +

2n

ω
√
LLCL

. (4)

To obtain the circuit component values for the required phase,
the design of the CRLH TLs here is based on the detailed
design procedure outlined in [15]. In our design, n is chosen
to be 0, 4, 8, and 12 for Line 1, Line 2, Line 3, and Line 4,
respectively. The fabricated CRLH TLs located on the backside
of the reflectarray are shown in Fig. 3. For the left-handed
components, lumped component values of L′L = 1.5 nH and
CL = 0.7 pF are used. Inductance of the vias (with diameter
2r = 0.8 mm) connecting the lumped inductors to ground is
calculated to be Lvia = 0.27 nH, from [16]:

Lvia =
µ0

2π
(h · ln h+

√
r2 + h2

r
+

3

2
(r −

√
r2 + h2)). (5)

This brings the total left-handed inductance to LL = 1.77 nH,
resulting

√
LL/CL = 50.3 Ω. The right-handed components

are realized by microstrip lines of length 0 mm, 4.35 mm,
12.4 mm, and 17.8 mm. The measured phase response of the
four lines (fabricated separately) is shown in Fig. 4.
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Fig. 6. Simulated (black dashed line) and measured (red solid line) normalized radiation pattern, before addition of the CRLH TLs.
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Fig. 7. Simulated (black dashed line) and measured (red solid line) normalized radiation pattern, after addition of the CRLH TLs.

III. EXPERIMENTAL VALIDATION OF THE REFLECTARRAY

A pair of Pasternack PE-9887-11 antennas is used to
measure the normalized radiation pattern with one horn
feeding the array, as shown in Fig. 5. The receiving antenna
is placed at a fixed distance from the reflector and its angle is
varied from θ = −90° to θ = 90°.

Fig. 6 shows the measured and simulated radiation patterns
of the reflector without any CRLH TLs added (prior to
soldering the left-handed components), which verifies its lack
of scanning capability. The simulated and measured radiation
patterns of the reflector after adding the CRLH TLs are shown
in Fig. 7, which demonstrate the frequency scanning capability.

Due to partial absorption in the lumped components, the
beam shape has been relatively distorted when compared to the
non-scanning reflector. However alternative implementations
such as distributed CRLH stripline [17] may be used to achieve
the same phase response with much lower loss.

IV. CONCLUSION

A method to design frequency scanning reflectarray
based on CRLH TLs is presented. By introducing phase
advance/delay lines to a broadband reflectarray made of
aperture-coupled patches, full frequency scanning can be
achieved. A prototype of 4× 3 elements is designed, and
its frequency scanning capability is demonstrated in both
simulation and measurement.
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