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This article presents a phased array antenna employing MEMS phase 

shifter. The proposed phased array antenna consists of eight square patch 

antennas operating at 10.4 GHz with a bandwidth of 400 MHz. Feed line 

for each patch passes through a MEMS phase shifter realized by a series 

of bridges above the transmission line. The distance between the bridge 

and the transmission line underneath it is adjusted using a control signal 

applied to them, which in turn, introduces a loading effect on the feed 

signal. This changes the effective length of the feed line and provides 

phase shifts with 15-degree resolution. Low loss conversion units are 

employed in order to couple the phase shifter and microstrip lines. The 

integrated numerical analysis approach applied to phased array antenna 

employing MEMS phase shifter and the scattering parameters and 

radiation patterns at different steering angles demonstrate the 

effectiveness of employing MEMS phase shifters in designing phased 

array antennas. The proposed design methodology might be applied to 

other frequency bands, such as millimeter-wave for automotive 

applications. Employment of MEMS phase shifters instead of solid-state 

ones provides high linearity, high power handling, and wide frequency 

range of operation. 
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1. Introduction
Automotive radars are getting more attention 

due to their application in improving comfort 

features and reducing road accidents [1]. 

Figure 1 shows a schematic view of the 

adaptive cruise control components [2]. The 

radar provides information about the traffic, 

speed of adjacent vehicles, obstacles, and 

pedestrians. Their employment in various 

automotive applications includes but not 

limited to parking assistance, adaptive cruise 

control, blind-spot detection and etc. On the 

other hand, intelligent vehicles, vehicle to 

vehicle communication, vehicle to 

infrastructure communications require radars 

with improved performance. Phased array 

antennas are important components, due to 

the ability of electronic beam steering and 

absence of moving components. This is 

realized by electronic phase control of the 
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feed signal applied to the radiating elements. 

Therefore, beam shape can be controlled to 

any desired pattern pointing to any arbitrary 

direction without physical movement of the 

antenna components. This provides fast and 

accurate tracking of moving objects. 

Considering the importance of phase control, 

many recent studies are devoted to develop 

low-loss, inexpensive, and light phase shifters 

to be employed with phased array antennas.  

Phase shifter is a two-port component that 

provides a certain phase shift between the 

input and output signals, using a control 

signal [3]. As phased array antennas are 

becoming more complex, designing phase 

shifters with low insertion loss, low power 

consumption, continues adjustment, and low 

production cost is inevitable. Phase shifters 

are categorized to digital and analog. The 

digital one provides certain and pre-defined 

values of phase difference. On the other hand, 

analog phase shifters are able to provide 

continuous phase differences. Various phase 

shifter designs are reported in the literature. 

For instance, the electronic phase shifter 

proposed by Reggia and Spencer in 1957 was 

a major step, since mechanical phase shifters 

were unable to provide phase shifts with zero 

delay [4]. Ferrite phase shifters, an important 

type of phase shifters were introduced in mid 

1960s, and are categorized under 

semiconductor phase shifters using PIN 

diodes as electronic control switches [5]. 

Since then, significant improvements are 

obtained in the field of electronic phase 

shifters. As semiconductors advances, GaAs 

FET phase shifters are developed, which has 

the advantage of integrating with electronic 

circuits [6]. Semiconductor phase shifters 

using PIN and FET diodes are cheaper and 

smaller compared with the ferrite ones, 

however, the high level of the associated 

insertion loss makes them less favorable [3]. 

Nowadays, research groups are studying 

phase shifters realized by micro-electro-

mechanical systems (MEMS) to answer these 

challenges [7]. A phase shifter could be 

realized using MEMS switches either by 

adding capacitive loading to the feed line or 

switching between lines with different 

electrical lengths. RF MEMS switches 

behavior is similar to the conventional PIN 

and FET ones; however, the working 

principle is different. MEMS switches enjoy 

the benefits of both solid state technology as 

well as electromechanical system technology. 

Electrostatic actuation is among the popular 

actuation forces employed in MEMS 

switches, due to the low level of power 

requirements [8]. Two popular MEMS switch 

mechanisms are the cantilever and air-bridge 

type [9]. Another type of MEMS phase shifter 

is the line loaded with shunt capacitance, in 

which as the feed line impedance changes, the 

phase difference is introduced. Rebeiz et al. 

proposed a MEMS phase shifter design based 

on the capacitive bridge [7]. Low insertion 

loss and large bandwidth are the advantage of 

using capacitive bridge. 

Designing of MEMS phase shifters for the 

phased array antenna applications is reported 

in the literature. Sharma et al. reported a Ku 

band 5 bit MEMS phase shifter for active 

electronically steerable phased array 

applications. They used a hybrid approach of 

both loaded and switched line topologies [10]. 

Shah et al. proposed a submillimeter-Wave 

RF MEMS Phase Shifter. A linear phase shift 

of 20° in ten discrete steps is achieved [11]. 

Huang et al. reported a switched-line phase 

shifter based on MEMS switches operating at 

1.7 to 2.7 GHz. The proposed design provides 

a maximum phase shift of 75° with a step of 5 

degree [12]. A low-loss compact MEMS 

phase shifter for the frequency range of 24.5 

to 26.5 GHz is reported. The design is based 

on aluminum coplanar waveguide (CPW) 

transmission line loaded with series 

capacitances and a phase shift of 20° is 

achieved [13]. Gurbuz and Rebeiz reported a 

360° reflective type phase shifter at 2 GHz. 

The proposed method provides wide 

frequency range of operation, high linearity 

and power handling, as expected from MEMS 

devices [14]. 

Although, the MEMS phase shifter design for 

the phased array antenna applications is 

reported in the literature, however, what is 

less discussed is the integrated study of the 

phased array antenna with the presence of the 

MEMS phase shifter. This enables the 

designer to study the performance of the 

phase array antenna with various phase shifter 

designs. This article presents the design and 

analysis of a phased array antenna integrated 

with bridge MEMS phase shifter. Numerical 

analysis is carried out to investigate the 

antenna performance at different steering 

angles.  
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Figure 1: Schematic view of the adaptive cruise 

control (ACC) system [2]. 

It should be noted that the operating 

frequency for the automotive applications is 

in the millimeter-wave range, however, in this 

article, an X-band phased array antenna using 

square microstrip patches is presented and 

discussed. Nevertheless, the design 

consideration and concept are the same for 

other frequency bands. Phase shift is provided 

using MEMS phase shifter realized by 24 

bridge MEMS switches arranged in series 

with the coplanar waveguide feed line. Since 

the radiation element feed lines and phase 

shifters are realized by different transmission 

lines, two microstrip to CPW transitions are 

used. The design of the MEMS phase shifter 

is presented and its effect of the performance 

of the phased array antenna is investigated. 

Since the input/output impedance matching 

significantly affects the performance of the 

array, therefore, the design should answer this 

challenge. On the other hand, the coupling 

between different stages should be considered 

during the design procedure. The MEMS 

phase shifter is designed and optimized to 

provide 360° phase shift, and is coupled to 

matching stages and radiating elements. The 

overall performance of the antenna is 

investigated. Numerical results of the 

radiation performance are studied for the 

steering angle of 15.7°. The obtained results 

suggest that using MEMS phase shifters is an 

effective way to produce phase shift in phased 

array antennas. Employment of MEMS phase 

shifters instead of solid-state ones, provides 

high linearity, high power handling, and wide 

frequency range of operation. 

2. Feed Line and Antenna Design 
Figure 2 shows the designed square patch 

antenna fed with microstrip line. A 1×8 linear 

array of patch antennas operating at 10.4 GHz 

is designed using transmission line method 

[15]. Rogers 5880 is used as the substrate due 

to its high efficiency and low loss at high 

frequencies. The substrate thickness is 0.506 

mm, and the loss and relative permissively is 

tan𝛿=0.0002 and Ɛr = 2.2, respectively. 

Sections I-VI shown in Figure 2 are for the 

feed network, and section VII is connected to 

the SMA connector with an impedance of 50 

Ω. The optimized values of the feed line and 

antenna are listed in Table 1. 

 

 

Figure 2: Schematic view of the phased array antenna 

and the feed lines. 

3. Beam Steering and MEMS Phase Shifter 
Phased arrays have the advantage of 

electronic steering the antenna beam. As 

shown in Figure 2, phased array antenna 

consists of radiating elements placed linearly 

and uniformly at specific distance from each 

other, so that the phase difference between 

elements is known. For example, for a linear 

array of n radiating elements with spacing d 

from each other, the feed signal amplitude for 

each element is the same. The phase 

difference φ exists between adjacent radiating 

elements which is responsible for beam 

steering. The required phase shift between 

radiating elements due to different feed signal  

phase and path distance (Ψ) is given by 

Equation (1) [16]: 

                                                             (1) 
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Table 1: Optimized values of the feed line and antenna. 

 Dimension (mm)  Dimension (mm)  Dimension (mm) 
W 10.94 

III 
w 0.26 

VI 
w 0.45 

d 9.04 l 5.37 l 33.7 

I 
w 0.07186 

IV 
w 0.053 

VII 
w 0.78 

l 15.53 l 18.06 l 40.6 

II 
w 0.13 

V 
w 0.45    

l 8.36 l 2.35    

 

Where         ⁄  and δ is the beam steer    

angle.  

If the phase differences between the 

second, third, and nth radiating element 

with respect to the first one are 

           , then the beam is steered 

to angle δ. As an example, in order to 

rotate the beam to      , the required 

phase shift in this article (         ) is 

calculated as described by Equation (2).  

 

       ⁄                          (2)         

which gives the required phase difference as 

      . 

 In order to realize the required phase 

difference using MEMS phase sifters, feed 

line loaded with shunt capacitances are used. 

In this technique, the electrical length of the 

feed signal line is modified by activating the 

shunt capacitances. Therefore, the required 

phase difference between radiating elements 

is obtained with negligible loss. The 

transmission line design shown in Figure 3 

demonstrates this technique [17].  

 

Figure 3: MEMS switch using bridges over the CPW. 

 

A series of bridges, consist of a thin metal 

sheet suspended over the coplanar waveguide 

transmission line and anchored on two sides 

of the line are used. As the control voltage is 

applied between the bridge and the line, the 

electrostatic force produces a deflection in the 

bridge towards the transmission line. A thin 

layer of dielectric deposited on the 

transmission line prevents short circuit 

between the bridge and the line. At radio 

frequencies (RF), as the metallic layer is 

pulled downward and touches the dielectric 

layer, RF short circuit is realized, which 

corresponds to the ON state of the phase 

shifter. As soon as the control voltage is shut 

down, the suspended layer returns to its rest 

state above the transmission line and at a 

specific distance, and does not have any effect 

on the RF signal, acts as an RF open circuit, 

and corresponds to the OFF state of the phase 

shifter. 

 While designing digital phase shifters, it is 

important to note the number of control bits. 

For instance, if a 5-bit phase shifter is needed, 

a number of 32 bridges should be used. 

Another design parameter is the maximum 

phase shift that the phase shifter should 

provide. Since the employed phase shifter for 

RADAR applications should be able to 

provide 360° phase shift, therefore, the 

required phase shift for phase shifter 

consisting of 24 bridges proposed in this 

article, should be equal to          ⁄ . 

Several parameters are considered during the 

design procedure. The CPW line width, as 

well as the substrate material, determines the 

input impedance of the line. Other design 

parameters are the bridge height and line 

width. During the design of the proposed 

phase shifter in this article, dimensions are 

optimized to achieve the 15° phase shift. 

Therefore, the phase shift for the two cases 

where all bridges are down and when all 

bridges are up is 360°. The MEMS phase 

shifter impedance is matched to other sections 

using microstrip-CPW transition section. 

Substrate
CPW

MEMS bridge

Dielectric
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Figure 4 shows the proposed phase shifter 

employing 24 bridge MEMS switches. Each 

bridge is actuated to up or down position via 

its own control signal. The up state shows the 

“OFF” state and the down state corresponds 

to the „ON” state of the switch. The inset 

shows the cross section view of a bridge. A 

conductive plate is held above the 

transmission line. If the electrostatic force 

applied to the plate is higher than the spring 

force provided by the switch structure, the 

plate moves downward toward the bottom 

electrode and eventually makes contact with 

it. In order to prevent short circuit between 

them when the switch is ON, a dielectric layer 

is deposited on the bottom electrode. In order 

to analyze and design the switch, the 

downward electrostatic force and the spring 

force acting upward are considered. When the 

actuation voltage is applied between the 

transmission line and the suspended 

conductor, the electrostatic force acts upon 

them in the form of parallel plate capacitance 

force. Equation (3) states this force, in which 

Vh is the actuation voltage, x is the 

displacement, and d is the geometrical 

parameter. 

       
        

 

       
                                         (3) 

On the other hand, the mechanical force exerted 

on the suspended bridge follows the Hook law 

given by Equation (4). 

                                                             (4) 

In which, K is the spring constant and the 

dimension is N/m. At equilibrium state, the 

above mentioned forces are equal to each other 

and the required actuation force to achieve and 

arbitrary displacement of x is obtained by 

equating equations (3) and (4). Differentiating 

with respect to x, the pull-in voltage which is 

required to turn ON the switch is found, which 

is described by Equation (5).  

         √
    

        
                                      (5) 

 

The geometrical parameters of the phase shifter 

are optimized to achieve low insertion loss, 

return loss, matching with conversion units, and 

achieving the desired phase shift, using full-

wave electromagnetic simulator CST 

Microwave Studio. Each bridge provides 15° 

phase shift for the passing RF signal. Therefore, 

when sufficient number of bridges are activated, 

phase shift of 360° is achieved, which is 

required for any required beam steering angle 

and array beam direction. As show in Figure 5, 

the proposed phase shifter has low values of -20 

dB and -1 dB for the return loss and insertion 

loss at the operating frequency of 10.4 GHz, 

respectively, which is better compared to the 

reported values, for instance, the hybrid design 

proposed by Sharma et al. with the values of -15 

dB and -3.3 dB [10].  

 

Figure 4: The proposed phase shifter employing 24 bridge MEMS switches. 

Conductor

Dielectric

Td d
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L

d: bottom electrode to top conductor distance

T: top conductor thickness
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Figure 5: S-parameters of the proposed phase shifter 

(bridges are at up state). 

 

4. Microstrip to CPW transition 

As discussed and since the antenna feed is 

microstrip line and the phase shifter is designed 

on CPW line, therefore, conversion units are 

required to match these types of lines. The 

employed conversion units are the microstrip to 

CPW transition unit for the input feed signal to 

the phase shifters and CPW to microstrip 

transition unit for the phase shifter feed signal to 

the antenna. Figure 6 demonstrates a schematic 

view of the microstrip to CPW transition unit, 

which is designed according to the conventional 

methods [18]. Microstrip lines are located at the 

two ends of the transition unit and the phase 

shifter unit is located at the center. A coupling 

unit for the ground plane of the microstrip section 

at the bottom and the one for CPW section on top 

is designed which is located at the two ends of the 

phase shifter unit. This coupling unit further 

improves the characteristics of the microstrip to 

CPW transition unit. The scattering parameters of 

this unit are plotted in Figure 7. As can be seen 

the return loss and insertion loss values of -40 dB 

and -0.1 dB are achieved at the operating 

frequency of 10.4 GHz, respectively. 

5. Phased array antenna employing MEMS 

phase shifters 

 The proposed phased array antenna is shown in 

Figure 8. It is composed of 8 radiating elements 

arranged linearly. As labeled in Figure 8, the  

 

Figure 6: Microstrip to CPW conversion unit. 

 

 

Figure 7: S-parameters of the microstrip to CPW 

conversion unit. 

antenna consists of microstrip patch antenna (I), 

microstrip to CPW and vice versa conversion 

units (II, IV), MEMS phase shifter (III), power 

distribution and feed lines (V), and connection to 

50 Ω feed line (VI). Reflection coefficient of the 

phased array antenna when the main lobe is at 0° 

is shown in Figure 9. For this case, phase shifter 

bridges are at the up state with sufficient distance 

from the CPW line which introduce no effect on 

the feed line. As can be seen, the return loss of the 

phased array antenna is -12 dB and the bandwidth 

is about 100 MHz. 

 Figure 10 shows the radiating pattern of the 

antenna operating at 10.4 GHz, while the main 

lobe is at boresight (0°). The main beam gain is 15 

dB, beam width is 10.6°, and side lobe level is -

13.1 dB. In order to steer the beam and locate it 

for instance at 15.7, the required phase shift which 

is provided by the phase shifters are 0°, 60°, 120°, 

180°, 240°, 300°, 0°, and 60°, respectively. The 

mentioned phase shifts and essentially any 
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required phase shift which is a multiple of 15° is 

realized using the corresponding control signal 

applied to the bridges. For example, in order to 

achieve 60° phase shift, control signals applied to 

four bridges are activated such that the total phase 

shift of bridges would be          . 

 

Figure 8: Top view of the proposed phased array 

antenna employing MEMS phase shifters. 

 

 

Figure 9: Reflection coefficient of the phased array 

antenna when the main lobe is at 0°. 

 

Figure 10: Radiating pattern of the antenna operating 

at 10.4 GHz and the main lobe is at boresight. 

Figure 11 shows the reflection coefficient of the 

phased array antenna while the beam is located at 

15.7°. As can be seen the return loss is -35 dB, 

and the antenna beam width is about 300 MHz. 

Radiation pattern of the antenna operating at 10.4 

GHz and having the beam directed at 15.7° is 

shown in Figure 12. The main lobe has a gain of 

14.6 dB, antenna beam width is 11.8° and side 

love level is -8.4 dB. Figure 13 shows the 

Cartesian radiation pattern for the two cases 

where the beam is at 0° and 15.7°. 

 

Figure 11: Reflection coefficient of the phased array 

antenna when the main lobe is at 15.7°. 

 

Figure 12: Antenna radiation pattern operating at 10.4 

GHz and the beam at 15.7°. 
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6. Conclusions 

       This article proposed the procedure to 

design a phased array antenna realized by 

MEMS phase shifters operating by a series of 

suspended capacitive bridges. The numerical 

results of the antenna characteristics while the 

main beam is at different angles are presented. 

The developed phased array antenna is 

operating at 10.4 GHz. The designed MEMS 

phase shifter employs 24 suspended bridges 

which are controlled separately to provide 

phase shifts with 15° resolutions. When the 

control signal is applied to the bridges 

suspended above CPW transmission lines, the 

attraction electrostatic force reduces the 

distance between the two conductive layers of 

the bridge on top and the bottom electrode. 

This provides a loading effect on the line 

which in turn, produces a phase shift for the 

passing signal. Two low-loss conversion units 

are employed for the transition between the 

microstrip and CPW lines. Numerical analysis 

results for the radiation patterns and scattering 

parameters for different main beam angles are 

presented. The proposed design methodology 

is presented for the X-band, however, the 

method might be applied to other frequency 

bands, such as millimeter-wave frequencies 

for automotive applications. The results 

indicate the effectiveness of the employment 

of the proposed MEMS phase shifter in phased 

array antennas. 
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