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An open resonator system is proposed in this work to study the phase behavior of reflectarrays cells. The characterization of
the single reflectarray element is performed by assuming a Gaussian plane wave normally incident on an infinite periodic array
of identical radiating elements. An equivalent circuit model is properly derived for the open cavity including the reflectarray
test structure, in order to retrieve the phase design curve of the single reflectarray element. K-band experimental validations are
presented and discussed to show the effectiveness of the approach.

1. Introduction

Printed reflectarray antennas are low profile reflectors con-
sisting of a planar array of microstrip patches illuminated by
a feed [1–6]. Each reflectarray element is designed to com-
pensate for the phase delay due to the relative feed-element
path and to properly reradiate the incident field for obtaining
a prescribed beam shape and direction. Reflectarray antennas
inherit all appealing features of microstrip technology, such
as less weight, easy manufacturing, and low cost, so revealing
useful in many application fields such as remote sensing and
satellite communications, millimeter wave [7], and infrared
frequencies [8].

Many different phase tuning methods have been intro-
duced in the literature for microstrip reflectarray antennas.
These include variable size microstrip patches [9], variable
size dipoles, and identical patches elements having variable
length phase delay lines with or without angular rotations
[10, 11].

Recently, phase-tunable elements have been considered
to give reflectarrays with a steerable main beam [12–14].
These configurations, combined with dedicated electronic
control systems and ad-hoc synthesis algorithm [15], are able
to provide extremely versatile reconfigurable antennas [16–
18].

To successfully perform the design of a microstrip
reflectarray, the characterization of the field reflected by the
single radiating element embedded on the whole reflecting
surface is of primary importance. As a matter of fact, the
behavior of the reflected phase versus frequency and/or
tuning element variation is used as design curve in the
synthesis algorithm [15] to properly choose those elements
that are able to give the prescribed reflectarray beam features.

The measurement of phased-array antennas in waveg-
uide technology is a well-established technique [19]. In [20,
21], an equivalent waveguide approach is proposed for reflec-
tarrays of variable size patches, with the unit cell enclosed in a
rectangular waveguide having perfect electric and magnetics
walls.

In [22, 23], an equivalent electrical circuit is adopted
for the reflectarray, in order to derive the input reflection
coefficient. In [22], the analysis is done in the terahertz
frequencies band. The reflected phase is directly computed
from the input reflection coefficient of a plane wave at the
interface between the substrate and the air transmission
layers. The input impedance of the reflecting cell is found
in terms of the parallel between the patch impedance and
the input impedance of the transmission line which is
terminated into a short circuit. In [23], a resonant LC parallel
circuit is adopted to model the reflectarray unit cell. Losses
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Table 1: Expressions for the circuit elements of Figure 2.

Lo μ0l (H) C εl/(kol)
2 (F)

L′ μ0δ (H) R′ 2/σδ (Ω)

Le 16.5 10−3 μ0a (H)

are taken into account by placing a resistor in series with
the capacitor. The analysis is performed at 10 GHz. In [24],
two resonant LC series circuits are considered instead of
the simple resonant LC parallel circuit discussed in [23].
Four frequencies are considered, two resonant and two anti-
resonant.

In this paper, an open resonator [25] system is considered
to characterize the phase response of variable size reflectarray
patch elements. At this purpose, a full equivalent circuit is
derived to include both the open resonator as well as the
grounded reflecting surface, and the phase behavior of the
field reirradiated by the reflectarray element is simply derived
from the resonance behavior of the assumed equivalent
circuit. K-band experimental validations are discussed to
prove the validity of the proposed approach.

2. Equivalent Circuit Description

The standard configuration of an open cavity, composed
by two spherical mirrors at distance 2l and coupled with a
rectangular waveguide, is reported in Figure 1. This structure
has been studied in details in literature [26], thus confirming
that the coupling between the cavity modes is negligible,
so that the single resonant mode approximation gives a
good description of the cavity field as only this last mode
is practically excited. At the same time, the analysis of the
solutions has also demonstrated that the excitation of higher-
order waveguide modes TEn0 is important for the accurate
coupling description.

The equivalent circuit, adopted in [26] to accurately
model an empty cavity coupled to a feeding waveguide, is
illustrated in Figure 2.

The explicit expressions of the circuit elements as a func-
tion of the cavity and the waveguide parameters are reported
in Table 1. In particular, the component R′ models the losses
due to the finite conductivity of the mirrors, while the term
L′ gives the effect of the skin depth δ. It sums to the inductive
circuit part Lo modelling the cavity, thus producing a shift
in the resonant frequency, which is equivalent to a cavity
enlargement. The Lo,C series models the resonant cavity,
while the component Le takes into account the effect of cut-
off modes in the feeding waveguide. The term β01 gives the
waveguide-cavity factor as reported in [26], and Zg is the
characteristic impedance of feeding rectangular waveguide
excited in its fundamental mode TE10.

In Table 1, the term 2l gives the cavity length, a is the
major waveguide dimension, σ represents the conductivity,
while ko = 2π fo/c is the free-space propagation constant,
with c being the velocity of light and fo the resonant fre-
quency of the empty resonator.

2l

Feeding
waveguide Coupling

aperture

Spherical mirrors

Figure 1: Open cavity fed by a rectangular waveguide.

Le

Lo
C

RL

Zg

l : β01

Figure 2: Equivalent circuit of open cavity fed by a rectangular
waveguide.

From the circuit reported in Figure 2, it is straightforward
to deduce the waveguide input impedance Zi and the reflec-
tion coefficient Γ, respectively, given as

Zi = jωLe +
ZR

β2
01

,

Γ = Zi − Z10

Zi + Z10
,

(1)

where

ZR = jωLT + R′ +
1

jωC
,

LT = Lo + L′.

(2)

In order to characterize the reflecting behavior of the
single reflectarray element, a periodic array of identical
elements is inserted at the center of the open cavity, as
illustrated in Figure 3, where Ro gives the radius of the
spherical mirror and w is the radius of the Gaussian beam.
The open cavity configuration of Figure 1 results to be
modified in Figure 3 by the insertion of a plane mirror at
distance l, over which the microstrip array grid is fixed, thus
half reducing the original open resonator system dimensions.
As a consequence of this, the equivalent circuit of Figure 2
results to be modified as in Figure 4, with the addition
of the impedance Za taking into account the presence of
the reflecting surface. It must be observed that, due to the
presence of the metallic plane at the center of the cavity, only
odd modes are admissible.

The insertion of the grounded reflecting surface can be
modelled by the equivalent circuit of Figure 5, where param-
eters L1, C1 depends on both the variable length L of the
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Figure 3: Open resonator system for reflectarray elements charac-
terization.
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Figure 4: Equivalent circuit of open resonator system in Figure 3.

reflectarray patches and the grid spacing D between adjacent
elements.

Due to the small thickness h, usually less than a quarter
wavelength, the impedance Zind (Figure 5) can be simplified
as follows:

Zind = jZd
(
kdh− φG

)
, (3)

where Zd = Zo/
√
εr , kd = ko

√
εr , Zo and ko being, respec-

tively, the free-space impedance and propagation constant,
while the phase shift φG takes into account the Gaussian
nature of the beam [27, 28], and is given as

φG = arctan
h

zR
. (4)

The term zR =
√
Rl − l2 into (4) represents the Rayleigh dis-

tance.
To simplify the treatment, without loss of generality, the

assumption of lossless dielectric with a relative permittivity
εr is made for the reflectarray surface. However, few addi-
tional derivations can be performed to treat the real loss case.

It is straightforward to recognize into expression (3)
an inductive effect, which can be modelled in terms of an
equivalent inductance Lu = Zd(kdh − φG), as reported in
Figure 6.

When inserting the equivalent circuit of Figure 6 into that
of Figure 4, the resonator will show two resonant frequencies
f1,2, relevant to the circuit of Figure 7, which are given as

f1,2 = 1
2π

√
c ±√c2 − 4d

2d
, (5)

Zd
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L1

C1

h

Zind

Figure 5: Equivalent circuit of grounded reflecting surface.
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Figure 6: Simplification of equivalent circuit in Figure 5.

where

c = LoC(L1 + Lu)C1 + CL1LuC1,

d = LoC + (L1 + Lu)C1 + LuC.
(6)

From expressions (6), the unknown circuit parameters L1, C1

can be easily derived as

L1 = C1A1 + B1

C1E1
,

C1 = B2E1 − B1E2

A1E2 − A2E1
,

(7)

where

An =
(
2π fn

)2
Lu −

(
2π fn

)4
LuLoC,

Bn =
(
2π fn

)2(Lu + Lo)C − 1,

En =
(
2π fn

)4(Lu + Lo)C − (2π fn
)2

(8)

for n = 1, 2.
The resonant frequencies f1,2 are directly obtained from

the return loss measurement at the feeding waveguide input
of the open resonator. This is loaded with a reflecting surface
made of identical square patches having size L and spaced
of a distance D. In order to best simulate the infinite array
situation, a sufficient large array grid, typically greater than
7× 7, must be considered.

As highlighted above, parameters L1, C1 are depending
on the reflectarray geometry, so measurements need to be
repeated for different patch dimensions in order to retrieve
the phase response of the reflectarray element versus the
tuning geometrical parameter.
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Figure 7: Resonant circuit for the computation of frequencies f1,2.
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Figure 8: Photograph of (a) open resonator system and (b) realized
reflecting surface.

3. Experimental Validations

In order to experimentally validate the method outlined in
the previous section, a K-band open resonator is designed
with a mirror radius Ro = 529 mm and a distance l =
421 mm between the spherical and the flat mirrors. The
resonator is tuned to work at a design frequency fo = 24 GHz
(the center operating frequency of the reflectarray to be
tested), which corresponds to the excitation of TEM0,0,131

mode inside the cavity.
The optimization of the waveguide-to-cavity transition is

performed by following the approach outlined in [26], thus
reducing the standard WRG2 waveguide height b = 4.33 mm
to a value of 0.7 mm.

Reflectarray grids of 16×16 square patches with a spacing
D = 0.65 λo, for three different patch lengths L (3.2 mm,
3.5 mm, and 3.7 mm), are considered as test surfaces. A
substrate dielectric with a nominal value εr = 2.33 and
thickness h = 0.762 mm is considered. In Figure 8(a), a
photograph showing the open resonator system loaded with
the testing array is reported, while in Figure 8(b) one of the
realized reflecting surface is illustrated.

The test setup is mounted into the Microwave Laboratory
at University of Calabria, equipped with complete facilities
for both nearfield and far-field measurements [29, 30].

The magnitude of the measured reflection coefficient at
the waveguide input for the three different dimensions is
illustrated in Figures 9–11. For all cases, several resonances
couples are visible, corresponding to the various modes
excited into the cavity. However, the only couple to be

Table 2: Resonant frequencies f1,2 and relative values of parameters
L1, C1.

Patch length L (mm) f1 (GHz) f2 (GHz) L1 (nH) C1 (fF)

3.2 23.95 25.88 4.06 7.55

3.5 23.78 24.22 4.24 8.44

3.7 22.95 24.02 4.54 8.70

24 24.5 25 25.5
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Figure 9: Measured return loss for the case L = 3.2 mm.

considered is that modelled by the equivalent circuit of
Figure 4, corresponding to the TEM0,0,131 mode, which is
associated to an empty cavity resonance fo = 24 GHz. In the
presence of each reflecting surface, two resonant frequencies
f1,2 are produced, as highlighted in the previous section.
They can be easily identified in the return loss measurements
(Figures 9–11) as follows.

(i) For a patch side dimension L less than that providing
the resonance condition, frequency f1 is chosen as
the nearest one (at the left side) to the resonance
frequency fo of the empty cavity, while the frequency
f2 corresponds to the resonance of the reflectarray
grid, easily computed on the basis of the patch
dimension L. This is the case corresponding to
Figure 9.

(ii) For a patch side dimension L which is equal to that
providing the resonance condition, frequencies f1,2

are chosen as those which are equally far from the
resonance frequency fo of the empty cavity. This is
the case corresponding to Figure 10.

(iii) For a patch side dimension L greater than that
providing the resonance condition, frequency f1 is
chosen as the nearest one (at the right side) to the
resonance frequency fo of the empty cavity, while the
frequency f2 corresponds to the resonant frequency
of the reflectarray grid, again computed on the basis
of the patch dimension L. This is the case correspond-
ing to Figure 11.

The relevant resonances f1,2 are highlighted in Figures 9–
11 and summarized in Table 2.

The measured resonance frequencies f1,2 are used to
retrieve the values of parameters L1, C1 (Table 2), which are
applied into the equivalent circuit of Figure 5 to compute
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Figure 10: Measured return loss for the case L = 3.5 mm.
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Figure 11: Measured return loss for the case L = 3.7 mm.

the impedance Za, subsequently adopted in the circuit of
Figure 4 to obtain the phase of the reflection coefficient
relative to the reflectarray grid. Results are reported in
Figures 12–14 as a function of frequency for the three
different dimensions of the patch side L. When performing
the synthesis of microstrip reflectarrays [15], the reflection
phase behavior of the single radiating element is of primary
importance, as providing the proper dimensions of the
tuning parameter (e.g., the patch side L) which are able to
guarantee the phase distribution on the array grid assuring
the prescribed-field pattern. To validate the results provided
by the proposed approach, the reflection phase computed
by Ansoft Designer software (infinite array approach) is also
reported in Figures 12, 13, and 14, and a successful agreement
can be observed.

Finally, the information retrieved from the three different
measurements are combined to obtain the reflectarray phase
design curve versus the patch length L. Again, the effec-
tiveness of the approach is successfully demonstrated in
Figure 15 by comparison with the results coming from Ansoft
Designer simulations.

4. Conclusions

The use of an open cavity has been proposed in this work
to characterize variable patches microstrip reflectarrays. An
equivalent circuit including both the open resonator and the
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Figure 12: Reflection phase versus frequency for the case L =
3.2 mm.
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Figure 13: Reflection phase versus frequency for the case L =
3.5 mm.
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3.7 mm.
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Figure 15: Reflection phase versus patch length L.

reflecting surface has been adopted to recover the reflection
phase versus the patch length from return loss measurements
at the feeding waveguide input. Experimental validations
have been successfully discussed on K-band reflectarrays
prototypes.

The proposed characterization method is particularly
suitable for millimeter-wave applications [31, 32], where the
reduced dimensions [33] make impractical the adoption of
standard techniques.

Concerning further developments, an extended formu-
lation of the method including also the dielectric losses
will be considered in future studies to fully characterize the
reflectarray element response in both amplitude and phase.
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