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Abstract—This article presents an equivalent electrical circuit for
designing Radio-Frequency MEMS-controlled planar phase shifter.
This kind of phase shifters has recently been incorporated in
reconfigurable reflectarrays. The proposed equivalent circuit depends
on the number, the ON/OFF state and the locations of the switches
inside the unit cell. Such equivalent circuit is used for determining,
with a little computational effort, the two important design parameters
i.e., the number and the locations of RF-MEMS switches in the phase
shifter cell. These two design parameters then allow a designer to
design a phase shifter cell having a linear distribution of a given number
of phases over 360° phase range at a single desired frequency.

1. INTRODUCTION

Electronically tunable microstrip reflectarrays are getting more and
more attraction and significance these days and are successfully being
applied in electronically scanning and beam-steering antennas [1-—
3].  These reconfigurable reflectarrays possess the advantages of
both fixed beam reflectarrays (such as small size, less weight and
low cost) and active phased arrays (e.g., beam scanning, adaptive
radiation pattern and dynamic phase control). These attributes
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have made them in recent years an excellent antenna technology
especially for satellite applications [4]. However, the above mentioned
benefits are at the cost of high complexity in the reconfigurable
microstrip reflectarray antenna structures. This complexity, in turn,
becomes a severe handicap performing the analysis and design of such
reconfigurable reflectarrays. Though, for such complex reflectarray
antenna structures, the conventional numerical methods provide
a comprehensive analysis capable of giving frequency details and
polarization responses, they often require lengthy CPU-time, a lot of
memory, and consequently fail to provide efficient tools especially for
designing and optimization purposes [5, 6].

To offer an electromagnetic (EM) model for such structures that
could be useful for designers, equivalent circuit approaches can be
applied. Recently, an equivalent circuit [7] based on the transmission
line model is presented to analyze the scattering behavior of an
electronically tunable varactor-based unit cell; however this model
cannot be used as a dynamic design tool as the number of command
elements and their position is fixed.

In this letter, for the first time, an equivalent circuit model is
presented to design a phase shifter cell electronically tunable by MEMS
switches. The phase shifters of this kind have recently been developed
and used in reconfigurable reflectarrays [4,8]. This equivalent circuit
depends on the number, the ON/OFF state and the locations of
the MEMS inside the phase-shifter cell. Moreover the circuit model
has been used for determining, with a little computational effort,
the locations and the minimum number of the MEMS that allow
synthesizing a uniform distribution of a given number of phases at
a single desired frequency within the operating frequency band.

The paper is organized as follows: Section 2 describes the
methodology for the extraction of the equivalent circuit and Section 3
explains how the equivalent circuit is used as a design and optimization
tool for determining such phase shifter configurations which allow
synthesizing a uniform distribution of a given number of phases. The
conclusion is drawn in Section 4.

2. EQUIVALENT ELECTRICAL CIRCUIT MODEL

2.1. Geometry of the Problem

A complete schematic diagram of the phase shifter cell loaded with
MEMS switches is shown in Fig. 1. All the details of the unit cell are
given in the caption.

In the arrangement shown in Fig. 1, the transverse electromagnetic
mode (TEM) is the only one propagating mode within the operating
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Figure 1. The phase-shifter cell in the TEM-mode waveguide:
d = 12mm, L, = 9mm, W, = 6mm, L, = 7mm, w, = 0.75mm,
S = .0lmm, h = 1.5mm and &, = 2.9. MEMS switch is modeled
by equivalent surface impedance. The number of switches in the slot
is denoted by N while z, (n = 1,2,...,N) refers to the coordinate
of the n-th switch in the slot. Metallic strips connect the switches to
the patch. PEBC and PMBC stand for Perfect Electric and Perfect
Magnetic Boundary Conditions respectively.

frequency band. The number N and the locations x1,x9,23,...,TN
of the switches depend on the design requirements. The reflectarray
phase shifter cell is placed at the end of a waveguiding structure of
transverse dimensions d x d. The phase shift applied to the TEM
mode when reflecting from the cell is assumed to be identical to that
experienced by a plane wave electric field incident on a given cell [7].
The estimation of this phase shift or equivalently the phase of the
reflection coefficient I' through a simple equivalent circuit model is
now presented. The dielectric and metallic losses are not taken into
account in the present analysis.

2.2. Methodology for the Extraction of the Equivalent
Electrical Circuit

The equivalent circuit is derived from step by step approach. First,
in the set of Fig. 1, replace the patch loaded with slot and MEMS by
a simple metallic patch having the same dimensions W, x L,. Full-
wave EM simulations of this simple patch indicate that the two first
resonant modes, i.e., the TMy; and TMjy;, contribute significantly to
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the value of the phase of the reflection coefficient within the frequency
range of interest (DC to 14 GHz). The equivalent circuit of this simple
patch is then given by two LC-series circuits (L;C7 and LyCy as shown
in the Fig. 4) connected in parallel and shunted by a short-circuited
transmission line. One LC-series circuit is associated with one resonant
mode and the short-circuited transmission line models the dielectric
slab of thickness i metalized on one side. The characteristic impedance
of this line is Z. = Zy/+/er, where Zy denotes the free-space wave
impedance and &, is the relative permittivity of the dielectric slab, the
propagation constant /3 of the fundamental TEM-mode is ko+/e, where
ko is the free-space wave-number.

From the above simulation results, the numerical values of the
circuit elements Ly, C1, L2 and Cy can be derived as follows: (1) at
11.4 GHz and 22.8 GHz, the phase of the reflection coefficient is found
to be zero, i.e., the equivalent circuit resonates at these frequencies
turning the equivalent admittance to zero (2) at 16 GHz and 24.75 GHz,
this phase is found to be m, i.e., the equivalent circuit impedance
becomes zero. From these two simulation results, a system of four
independent equations combining the four unknowns (L;, C1, Lo and
() is formulated and solved. The results are reported in Table 1.

Now load this patch with the slot. It was observed on the basis of
the simulation results (not reported in this paper) that the phase of the
reflection coefficient can be accurately predicted within the frequency
band of interest by connecting an LC-parallel circuit (L;Cs) in series
with the just derived simple patch circuit model as shown in the Fig. 4.
The values of Ls and Cs can be deduced by following two conditions:
(1) at 10.4 GHz the phase of the reflection coefficient is found to be 7
(i.e., the equivalent circuit impedance is zero) and (2) at 18.45 GHz the
phase is found to be zero (i.e., this frequency is the resonant frequency
for the structure). Applying these two conditions one can reach the
values of Ls and Cy (see Table 1).

Table 1. Values of the elements Ly, C1, Lo, Co, Ls and Cs appearing
in the equivalent circuit of Fig. 4.

C1 (pF) | C2 (pF) | L1 (nH) | L2 (nH) | Cs (pF) | Ls (nH)
0.04 0.01 2.41 4.79 1.58 0.06

Owing to brevity, the mathematical manipulations during the 1st
and 2nd steps are not presented in this letter but the final phase
results in case of simple patch and patch loaded with slot obtained by
equivalent circuit models and HFSS are shown in Figs. 2(a) and 2(b)
respectively. The circuit results are in excellent agreement with the
results of full-wave EM simulation.
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Figure 2. Equivalent circuit and HFSS results for: (a) Patch structure
only, (b) patch loaded with slot.
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Figure 3. (a) MEMS and its connections to the patch, (b) equivalent
circuit model when the MEMS switch is located at the center of the
slot.

Next, load the slot at its centre by a single capacitive RF-MEMS
switch. A capacitive MEMS switch generally has ON-state (Coy) and
OFF-state (Copr) capacitances in between 1-4 pF and 20-50 {F [9, 10]
respectively. Moreover the typical loss resistance of such MEMS is in
between 0.1 and 1Q (if such resistance is connected in series with
the MEMS capacitance in the equivalent circuit, we observed that the
phase diagram of the reflectarray element remains same as obtained
in the lossless case). To model the MEMS including its connections,
consider the MEMS at the centre of the slot denoted by the domain
Dyeyms and the connections denoted by the domain Dj; as shown in
Fig. 3(a).

The MEMS and its connections can be modeled by purely reactive
impedance Zygys as shown in Fig. 3(b), where Cyrys (Con or
Corr) designates the ON/OFF capacitance of the MEMS and L
denotes the inductance of the domain D ygyg U Dyy. This inductance
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can be estimated by the following equation.

b ) 1 T
L= 1o~ i 2( - ) 1
MOCL Zn:1,2737... (2n£)2 - k02 sinc nas ( )
a

where b and s denote respectively the width of the slot and the
strip. This approximation is derived from the application of the
Integral Equation Technique using entire domain trial functions (for a
description of this technique see, e.g., [11]). For deriving Equation (1) a
uniform trial function has been used for expanding the current density
in the domain Dygys U Dy and a uniform trial function has been
adopted for describing the tangential electric filed in Dygas. In our
application, s = 100 um, ¢ = 7 mm, b = 750 um and central frequency
is equal to 12.5 GHz.

The inductance is then found to be close to 1 nH. When the switch
is OFF, this inductance can be neglected since Lw < 1/wCorr,
where Corpr = 0.04pF. So the equivalent impedance Zygys in
this case is close to 1/wCopp. Moreover, when the switch is ON,
the impedance effect of the inductance L is not negligible and the
equivalent impedance becomes equal to wL + 1/wCopn (see Fig. 3(b)).
Finally the equivalent circuit model for the phase-shifter cell when the
slot is loaded at its center by single MEMS is then given in Fig. 4. If
the MEMS switch is located at the edges of the slot, it is shunted and
consequently it does not participate in the phase-shift, i.e., the phase-
shift in this case is provided only by the patch and slot. This situation
can be modeled simply by removing the impedance Zjy/gprg from the
equivalent model of Fig. 4.

Patch Dielectyic Slab

Circuit

Figure 4. Equivalent electrical circuit for the MEMS-controlled
phase-shifter cell, the slot is loaded at its center by single MEMS.
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Figure 5. Variations of (a) inductance L’ and (b) capacitance C’
versus position of a single MEMS switch in the slot.

Now in order to extract an equivalent circuit allowing the modeling
of the cell having single MEMS at an arbitrary location between the
edges and the center of the slot, we propose to connect a position-
dependent impedance Z’(x) in series with Z gy such that: (1) Z/ =0
when the MEMS is at the center of the slot and (2) Z’ is infinite when
the MEMS is at the edges of the slot. For an arbitrary location x of
the MEMS between the edges and the center of the slot, the value of
Z' is extracted from full wave simulations.

The physical interpretation (if it exists) of Z’ is still under
investigation. However, by definition, this artificial impedance allows
us to propose an electrical circuit that models a cell having single
MEMS at an arbitrary location between the edges and the center of
the slot. By full-wave simulations, we observe that Z'(z) = jwL'(x)
when the MEMS is ON while Z’(z) = 1/jwC’(z) when the MEMS is
OFF. The variations of L' and C’ versus the position z of the MEMS
are reported in Figs. 5(a) and 5(b) respectively. The corresponding
values of L’ and C” to a specific position of the MEMS inside the slot
have been determined from the circuit simulations such that the phase
given by the equivalent circuit is very close to one given by full wave
EM simulations. So the overall changing behavior of L' and C” along
the length of the slot is obtained by taking 70 different positions of
single MEMS inside the slot taking scanning step of 0.1 mm.

To generalize the one MEMS equivalent circuit model of the Fig. 4
for the phase-shifter cell having N (more than one) number of MEMS
with coordinates x1,x2,x3,..., N as shown in Fig. 1, we simulated
the equivalent circuit on ADS taking different number of MEMS from
1 to 9 (with Ly, Cy, Lo, Co, Ls, Cs and Z' (obtained from Fig. 5)
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are those derived in case of single MEMS, i.e., no HFSS simulation
involves to find circuit model for a phase shifter cell having more than
one MEMS, rather it is derived from already extracted single MEMS
model). The results given by the equivalent circuit model are then
compared with HFSS and are found to be in a very good agreement.
As an illustration, Fig. 7 in the Section 3 gives the results in case of
three MEMS.

Ultimately, the equivalent circuit of the phase-shifter cell having
N number of MEMS is shown in Fig. 6(a). The elements Ly, Ci, Lo,
Cy, Lg, Cs and Z' are those derived in case of single MEMS. The
reflection coefficient I' of the TEM mode when reflecting from the cell
is then derived from the expression I' = (Z; — Zrpr)/(Z1 + ZRrEr)
where Zgpr = 502 and Z; denotes the impedance of the one-port
shown in Fig. 6(a).

Dielectlric Slab
v—i F
ZMZEMS
Short
‘ i Circuit Z(Xn) ::>
el Z'(xy)

(b)

Figure 6. (a) Equivalent electrical circuit for a phase-shifter cell
comprising of N MEMS; (b) Equivalent circuit model of the n-th
MEMS within the slot (the total impedance Zygys + Z’ depends on
the ON/OFF state of the switch as well as its coordinate x,, inside the
slot).

3. DESIGN AND OPTIMIZATION BASED ON THE
EQUIVALENT CIRCUIT MODEL

The equivalent circuit model extracted above is used as a tool for
designing and specifically for optimization of the phase shifter cell
loaded with MEMS. By using this circuit model we find such phase-
shifter configurations that have 360° phase range (i.e., 360° phase
shift band width for a phase shifter cell) at a single desired frequency
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with linear distribution of the selected phases and depend on the
number N, the positions 1, z2,z3,...,zy and the state (ON/OFF)
of the switches. To search out such phase shifter configurations out of
thousands of the configurations is not possible by full wave simulations.

To find out the desired configurations, an algorithm based on
the equivalent circuit model is developed, it selects the desired
configurations from thousands of configurations (e.g., in case of three
MEMS, the total configurations considered here are 70 % 69 x 68 =
328440, the switch scanning step within the 7mm slot is 0.1 mm) which
fulfill the criteria of the 360° phase shift band width and the linearity
among the desired selected phases. The selected configurations
then directly give the optimized values of the two important design
parameters for the phase shifter cell, i.e., the number N and the
locations x1, x2, x3,...,xy of the MEMS used.

The algorithm was first applied in two switch case (N = 2) and
it was observed that in this case, 360° phase range cannot be achieved
within the desired frequency band (DC-14 GHz). Therefore a higher
number (N = 3,4,5,...) of switches was used and found that the
required conditions are now easily fulfilled. By this algorithm, a lot
of configurations consisting of 3 to 9 switches have been determined
which satisfy the design requirements and proves the practicality of the
equivalent circuit. However in a very few configurations the equivalent
circuit results are not consistent with those of HFSS, such particular
cases can be rejected a posteriori from the selection.

Because of limited space, only the results for just two
configurations from 3-switch case (N = 3) are presented here. The
total number of phases or commands for a configuration in case of
3 MEMS is eight (2V = 23 = 000...111, the symbols “1” and “0”
represent ON and OFF state of the switch respectively). As per
design requirements, we need such phase shifter configurations at a
single desired frequency within the operating frequency band that cover
linearly 360° phase range by four selected phases, that is to say a 90°
phase shift between each state. By using the algorithm, we found
many configurations that fulfill the above criteria; here the results
of two configurations are given in Table 2 at 13 GHz. The results
in case of both equivalent circuit model and HFSS are in very good
agreement. The phase shift bandwidth is 360° for each phase shifter
cell configuration.

In following, the Fig. 7 shows the response of Table 2(b) over the
whole frequency range.
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Table 2. Phase-shifts at 13 GHz, computed from the equivalent
electrical circuit model and HFSS for phase-shifter cells loading by
3 RF-MEMS switches with (a) 1 = 2.25mm, zo = 3.2mm, x3 =

6.65mm, (b) 1 = 0.45mm, xo = 2.25 mm, z3 = 6.45 mm.
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Figure 7. Comparison between equivalent circuit and HFSS results
in three switch case under frequency range DC-14 GHz with z; =
0.45mm, zo = 2.25mm, x3 = 6.45mm.The symbols “1” and “0”
represent ON and OFF state of the switch respectively.
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4. CONCLUSION

This paper presents a design and optimization tool in the form of
an equivalent circuit for MEMS-controlled phase shifter cells. The
results given by the equivalent electrical circuit have good agreement
with full-wave electromagnetic simulations. This circuit model depends
on the number, the ON/OFF state and the locations of the MEMS
switches. Depending on these three parameters, it helps to search out
such phase shifter configurations that provide 360° phase range with
linear distribution of the selected phases.
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