
Design & Simulation  Chapter 4 

 
 

  74 
 

CHAPTER 4 

DESIGN & SIMULATION 

4.1 Introduction 

4.2 Structure Description of Proposed Switch 

4.3 Working Mechanism of Switch 

4.4 Performance Analysis 

4.5 Summary 

 

4.1  INTRODUCTION 

 The electromechanical and electromagnetic behavioral characteristics of these 

switches are realized by simulating in finite element analysis tools. It was necessary to 

analyze the performance of the proposed design, and it employs the finite element 

method to locate the points of weaknesses in the device before it manufactured. Such 

software tools available to researchers are ANSYS, Intellisuite, COMSOL 

Multiphysics, Stress check, JCM Suite and many more. Intellisuite tool performs 

modelling and testing of the design by initially decomposing the massive structure into 

small structures [1-3]. The tool analyze the structure, fatigue, fractures, temperature 

studies, electromagnetism studies and simulates. It creates the software model of 

proposed design, structure, components, thereby simulating various factors like 

toughness, strength, elasticity, temperature, electromagnetism, and fluid flow. 

COMSOL Multiphysics is another conventional software tool that implements the finite 

element analysis.  It is a solver and Multiphysics simulation software with a coupled 

system of partial differential equations (PDE), and it provides a unified workflow for 

electrical, mechanical, fluid, acoustics, and other chemical applications [4,5]. 

In this chapter, design and simulation analysis is carried out for optimized iterative 

meander shunt switch using COMSOL, Intellisuite and HFSS FEM tools. Perforations 

are introduced in the membrane to reduce damping effect and stiction problems such 

that the performance characteristics of two type of structures: non – perforated and 
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perforated membrane switches are analyzed aiming low pull-in-voltage, fast switching 

time and good S - parameter values. Iterative serpentine meander with low spring 

constant is introduced to attain low actuation voltage and the capacitance of the switch 

is enhanced for good RF performance. Each performance parameter is analyzed 

analytically using conventional formulas and compared with the simulation results for 

design validation at millimeterwave frequencies. 

The organization of the chapter is as follows: In section 4.2, the description of each 

layer in the aspects of dimensions and material is illustrated. In section 4.3, the working 

mechanism of the switch with electrical model is explained. In section 4.4, the 

analytical and simulation analysis is presented and in section 4.5, the chapter is 

concluded with major inferences. 

4.2  STRUCTURE DESCRIPTION OF PROPOSED SWITCH 

The proposed RF MEMS switch is developed in shunt configuration model where its 

general structure is composed of transmission line placed over the substrate as shown in 

Figure. 4.1. In the proposed structure, Coplanar waveguide with 50Ω port impedance 

achieved by the dimensions of G/S/G as 60/100/60 µm made up of gold material is 

selected to propagate RF signal. High resistivity (>10Ω-m) silicon [6] is chosen as 

substrate material to provide a better platform to propagate RF signal with low losses. To 

avoid substrate leakage currents, the top surface of the silicon substrate is oxidised to 

form SiO2 [7] which acts as an insulating layer. The signal current passing through CPW 

cannot penetrate into substrate due to presence of insulating layer and hence high yield 

of signal is achieved at output terminal. As the proposed switch is of capacitive type, the 

transmission of RF signal is regulated by capacitance formed between the suspended 

membrane and lower electrodes [8]. To enhance the capacitance of proposed switch 

design, a dielectric layer made up of silicon nitride material is subjected to present over 

the signal line of CPW [9 -11]. The capacitance is developed when there is a voltage 

difference between signal line and suspended membrane. To actuate the membrane in the 

direction of CPW, biasing electrodes are place between the signal and ground lines of 

CPW and supplied with voltage [12]. 
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Figure. 4.1. 2D schematic of Capacitive shunt switch. 

The membrane is suspended with airgap (g) of 2 µm over the transmission line and 

biasing pads by using meanders. The one end of the meanders is connected to the 

membrane and other ends are connected to the ground lines of CPW through anchors. 

A total of four meanders are associated with the design as shown in the Figure. 4.2 to 

suspend the membrane. These meanders offer the necessary mechanical force to restore 

the membrane during deactuation process and also offers good stiffness to resist 

external vibrations and shocks (caused by mishandling and acceleration due to gravity). 

In the previous chapter the proposed switch is optimized without having 

perforations but it suffers from air damping and stiction issues which ultimately effects 

the reliability of switch. Hence, Perforation are introduced in the membrane to 

overcome stiction problems and damping effect caused by air during deflection. Based 

on the design of the suspended membrane, two types of structures have been presented 

and analysed in this chapter: a non – perforated and a perforated membrane switches as 

shown in Figure 4.2. The perforations introduced in membrane reduces the capacitive 

area and decreases the upstate capacitance in perforated design which contradicts our 

optimization of switch at 37 fF. Hence the thickness of the dielectric layer is decreased 

to 0.1µm for perforated structure to enhance the capacitance  to 37 fF. The optimized 

dimensions of switch for both non – perforated and perforated designs are presented in 

Table 4.1. 
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(a)     (b) 

Figure. 4.2.  3D Schematic of switches  (a) Non – perforated membrane and             

(b) Perforated membrane. 

Table 4.1. Specifications of proposed switches. 

Component 
Non – perforated switch 

(µm) 
Perforated Switch (µm) Material 

Substrate  820 × 620 × 450 820 × 620 × 450 Gold 

Insulating layer 820 × 620 × 1 820 × 620 × 1 Gold 

Suspended membrane 320 × 90 × 0.5 320 × 90 × 0.5 Gold 

Signal line in CPW 620 × 100 × 1 620 × 100 × 1 Si3N4 

Biasing Pads 100 × 90 × 1 100 × 90 × 1 SiO2 

Meanders 

(m1) 

(m2) 

(m3) 

 

40 × 5 × 0.5 

20 × 5 × 0.5 

30 × 5 × 0.5 

 

40 × 5 × 0.5 

20 × 5 × 0.5 

30 × 5 × 0.5 

Gold 

Signal line dielectric 100 × 100 × 0.3 100 × 100 × 0.1  

Anchor × 4 10 × 5 × 2.6 10 × 5 × 2.6 Gold 

The proposed switch structure utilizes a unique meandering technique having low 

stiffness which ultimately produces less Pull-in-Voltage. The uniqueness of the 

meander is that the span beam length of second section in meander is double than that 

of first section and third section is triple and fourth section is quadruple and so on. In 

the proposed meander, the sections are added in an iterative manner hence it is named 

as iterative serpentine meander structure.  

 
Figure. 4.3. Iterative Meander structure upto n iterations. 
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The proposed switch is designed by having only two iterations as shown in figure 

4 and the design reduces the stress at critical points such that the spring can withstand 

against buckling effect. The spring model is designed in such a way that stiffness of 

second iteration is half of the spring-constant of first iteration. Hence overall spring 

stiffness of iterative meander consisting of two sections is 3 times less than the stiffness 

containing one section whereas the stiffness of normal serpentine meander with two 

sections will reduced by half. Hence the proposed iterative meander is efficient to 

designed RF MEMS switch. The proposed iterative meander along with dimensions are 

presented in the figure 2. Each meander section of the switch consists of 4 blocks where 

the spanning length of block in first iteration is considered as 20 µm and for the second 

iteration it is 40 µm long. These spanning blocks are attached to each other by using 

connecting blocks of length 30µm. The width of each block is taken as 5µm having 

thickness of 0.5µm.  

 

Figure. 4.4. Single Iterative Meander. 

4.3  WORKING MECHANISM OF SWITCH 

The electrical model of switch is presented in Figure. 4.5 consists of Resistance, 

Inductance and capacitance components which are connected in series to each other and 

are in parallel configuration to the input terminal [13-15]. The impedance generated by 

the capacitance is varied to regulate the transmission of RF input signal. Initially, when 

the membrane is not actuated the capacitance (Cup) formed by the membrane with the 

signal line as shown in Figure. 4.6. is very less (<1fF) and the impedance generated 

capacitance is low and it cannot nullify the impedance generated by the inductance [16 

– 19]. The overall impedance offered by resistor in series with inductor is high and does 

not transmit the RF signal through it. At this state, the transmission of RF signal to the 

output port occurs which enables the ON condition of switch [20].  
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Figure. 4.5. Lumped model at upstate condition. 

 

Figure. 4.6. Upstate Biasing Condition. 

When an actuation voltage is applied between the biasing pads and suspended 

beam connected to the ground lines. An electrostatic force is developed and pulls the 

suspended beam downwards [21] as shown in the Figure 4.7. This downward 

movement of beam decreases the gap between dielectric layer and beam and increases 

the capacitance between them. A large capacitance is developed in terms of picofarads 

between the biasing pads and suspended membrane and this is in parallel with the 

capacitance between suspended membrane and signal line [22]. The overall capacitance 

obtained is called downstate capacitance (Cdown) or offstate capacitance which nullifies 

the impedance [23] developed by the inductance and makes the shunt RLC path as a 
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pure resistive as shown in Figure. 4.8. In this condition, the RLC offers very low 

impedance [24] and bypass the RF signal to the ground without reaching to output 

terminal. Therefore, no RF signal is transmitted to output port enabling the switch OFF 

condition.  

The impedance generated by the capacitance is increased by actuating the 

membrane in downward position. When the membrane falls on the dielectric layer, the 

capacitance is increased to few picofarads and nullifies the impedance generated by the 

inductance such that RLC path is of pure resistive and signal is grounded through it. 

Hence the RF signal do not transmit to output terminal and enabling the OFF condition 

of switch. Generally, for high frequency millimeterwave applications, the OFF state 

capacitance of the switch ranges from 5 pF – 15 pF [25]. 

 

Figure. 4.7. Downstate Biasing Condition. 

 

Figure. 4.8. Lumped model at downstate condition. 
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4.4  PERFOMANCE ANALYSIS 

4.4.1  Spring Constant Analysis 

Each meander section of the switch as shown in Figure. 4.4 consists of four 

cuboidal blocks where the span length of first iteration is considered as 20 µm and for 

the second iteration it is 40 µm. These spanning blocks are attached to each other by 

using connecting blocks of length 30 µm. The width of each block in meanders is taken 

as 5µm having thickness of 0.5 µm. Thus, the spring stiffness of each block is given as: 

3

3

Ywt
K

l
=

     (4.1) [26] 

Where Y: Material elasticity modulus, w: width, t: thickness, l: length of each block in 

meanders. The gold material having elasticity modulus of 70 GPa is taken for the 

membrane as well as meanders for better actuation due to high conductivity. The 

effective spring-constant of each meander is given by 

20 40 30

1 2 2 4

effK K K K
= + +

             (4.2)[27] 

Where Keff: effective spring-constant of each meander; K20, K40, K30 are the spring 

stiffness of 20µm, 40µm and 30µm length cuboidal blocks in a meander respectively. 

The effective stiffness of each meander evaluated by eq.4.2 is obtained as 0.17 N/m. 

As the switch consists of four iterative meanders two each on either side of the 

suspended membrane, the total spring-constant is observed to be 0.68 N/m which is 

obtained by multiplying effective stiffness of each meander with four. 

4.4.2  Non – Linear Stress Distribution Analysis 

The study on critical stress of the beams in the meanders and compressive non – linear 

stress distributions is a primary concern to analyze the buckling effect of RF MEMS 

switches. The buckling occurs at the membrane and meander connections where the 

stress developed on suspended membrane and meander exceeds the critical stress of 

switch [28]. The stress at which the membrane and meanders withstand before buckling 

is called critical stress and is given by the equation: 
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2 2

23 (1 )
c

Yt

l





=

−
          (4.3)[29] 

 Where σc: critical stress of switch, Y: elasticity modulus of the membrane. t: thickness 

of the membrane and l: length of the membrane and ʋ: poisson ratio of the material 

used for membranes.  

The meanders consist of blocks with length 20 µm, 30 µm and 40 µm and membrane 

is taken as 320 µm. Hence the critical stress of each block in meanders is obtained as 

250.06 MPa, 111.13 MPa, 62.5 MPa respectively.  

 

Figure. 4.9. Stress developed on meanders. 

The simulations have been carried out by actuating the switch membrane to deflect to 

2 µm (airgap). A uniform stress of 2.13×10-3 MPa is distributed throughout the beams 

in the meanders which is very less when compared to the respective critical stresses 

calculated. The maximum stress of 5.29 MPa is generated at the connection between 

the span beam and connecting beam present in first iteration of the meander. The 

generated stress at the connection is very less when compared to the residual stress of 

gold beam (90 MPa) [30] as the meander section is a continuous structure during 

fabrication it can hold the stress without buckling. 

 The non – linear stress distribution is analysed for both non – perforated and 

perforated membrane structures. As represented in the figure 4.10 (a & b), a stress of 

about 2.13×10-3 MPa is developed on the non – perforated membrane and for perforated 

membrane it is 1.61×10-3 MPa. The decrease in the total stress from non – perforated 

to perforated structure is due to decrease in air damping over the perforated membrane. 
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The developed stress for both structures is less than the critical stress of the membrane 

which is 0.9 MPa. Hence, the proposed meanders and membrane structures are feasible 

to develop RF MEMS switches without buckling effect.  

 

  (a)             (b) 

Figure 4.10. Stress development in membranes (a) Non – perforated (b) Perforated. 

4.4.3  Electromechanical Analysis using Multiphysics Simulations 

Electromechanical analysis describes the dynamic behavioural characteristics of switch 

during electrostatic actuation. It involves the multiphysics simulations of electrical, 

electrostatics and mechanical coupling. The switch works on the principle of Newton’s 

second law [31] where the suspended membrane acts as a moving electrode, biasing 

pads as fixed electrodes and meanders as a suspension spring. In the proposed switch 

design, the suspended membrane is grounded by using meanders and anchors. Initially, 

when the switch is not supplied with the biasing voltage and RF input signal is applied 

to transmit through CPW, there will be no electrostatic force acts on the suspended 

membrane and it will remain in upstate. Hence, a small capacitance is developed due 

to existing of potential difference between grounded suspended membrane and RF 

signal line of CPW. This capacitance is called as upstate capacitance often termed as 

onstate capacitance and is given by the equation:  

0 s b

up

d
a

r

W w
C

t
g





=

+

    (4.4) [32] 

Where Cup – upstate capacitance; ε0 – permittivity of free space; Ws: width of signal 

line; wb: width of suspended membrane, ga: air gap; td: dielectric thickness and εr: 

relative permittivity of the dielectric medium.  
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The upstate capacitance thus calculated with the dimensions is obtained as 37 fF 

and non - perforated and perforated switch models are simulated and presented in 

Figure. 4.11 by using FEM tool and observed as 34.5fF and 36.4 fF with 6.7% and 1.6% 

of error deviation of simulation results respectively. During this capacitance, the signal 

is propagated along the signal line to output terminal. 

     
      (a)              (b) 

Figure. 4.11. simulation model of Upstate capacitance (a) Non – perforated (b) 

Perforated. 

When biasing electrodes are supplied with DC voltage, an electrostatic force as 

given in the eq.4.5 is generated between the electrodes [33].  

0

2

( 2 )

2

s bp b

es

a

W W w V
F

g

 +
=

    (4.5)  

Where, Wbp: width of the biasing electrodes; V: applied voltage and                            

Fes: electrostatic force generated. This electrostatic force attracts the membrane 

vertically towards signal line. The meanders associated with the membrane tries to 

oppose the movement of the membrane due to stiffness and the force exerted due to 

spring-constant is called restoring force and is given by. 

( )r total aF K g x= −
           (4.6)[34] 

Where Ktotal : total spring-constant of proposed meanders and x: displacement of 

membrane. The membrane will displace upto 1/3rd of the air gap under electrostatic 

force [35]. At this 1/3rd displacement (x=ga/3) point the electrostatic force and restoring 

force will be equal and this state is called equilibrium state of RF MEMS Switch. 

es rF F=
          (4.7) [36] 
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Hence, pull – in – voltage of switch is defined as “the amount of voltage required to 

pull the membrane to the 1/3rd of the airgap” [37] and is obtained by solving the 

variables involved in actuation. 

3

0

8

27 (2 )

total a
p

bp s b

K g
V

W W w
=

+
    (4.8) 

Where, Vp: Pull-in-Voltage of the switch and it is analytically obtained as 1.43 V 

for non – perforated switch design and 1.8 V for perforated switch design. 

  

      (a)              (b) 

Figure. 4.12. Simulation analysis of Pull-in-Voltage (a) Non – Perforated switch and 

(b) Perforated switch. 

The simulations of two switch designs are performed using COMSOL tool and 

displacement of the suspended membrane at pull – in voltage is presented in figure 4.12. 

The switch utilizes 1.6 V for non – perforated switch and 1.8 V for perforated switch 

to displace the membrane to 1/3rd of the airgap which is 0.8 µm. The membrane shows 

abrupt displacement when we increase the input voltage beyond Vp and falls on the 

dielectric medium where, further bending is not possible practically and is represented 

in the figure 4.13. 

 

      (a)              (b) 

Figure. 4.13. Displacement of membrane (a) Non – Perforated switch and (b) 

Perforated switch. 
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Figure. 4.14. Schematic of membrane and lower electrodes at downstate. 

The biasing pads are taken in such a way that their thickness is equal to the 

thickness of CPW and there will be a small gap between the suspended membrane and 

biasing electrodes which is equal to the dielectric thickness. The potential difference 

exists between suspended membrane and signal line due to input RF voltage (mV) is 

applied to signal line CPW during signal propagation. This develops a high capacitance 

(C1) value with the presence of dielectric layer between them. As we are applying 

voltage to biasing pads to actuate the suspended membrane, a potential difference exists 

between the suspended membrane and biasing pads. This develops an additional 

capacitance (C2) with air as a dielectric medium   Hence, the downstate capacitance 

consists of two components i.e., capacitance developed with the presence of dielectric 

medium and also by air. Therefore, the total downstate capacitance of the switch is 

given as  

0 b

down r s bp

d

w
C W W

t


 = + 

   (4.9) 

Analytically, capacitance at down state is evaluated by the eq.4.9 and it is obtained 

as 1.9 pF and 2.24 pF for non – perforated and perforated switch designs respectively. 

The switch is simulated to validate the downstate state capacitance and is obtained as 

1.8 pF and 2.31 pF for non – perforated and perforated switch designs respectively as 

shown in figure 4.15. The calibration of capacitance w.r.t input voltages is presented in 

the figure 4.16. The abrupt raise in capacitance occurs at Vp where the switch changes 

its state from ON to OFF condition. The capacitance reaches from 34.5 fF to 1.8 pF for 

non – perforated and 36.4 fF to 2.31 pF for perforated design. The development of 

capacitance in terms of pF at downstate blocks the signal reaching to output terminal 

enabling OFF state condition of switch. 
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The Figure of Merit of RF – MEMS switches is termed as capacitance ratio which 

is defined as – “The ratio between OFF state to ON state capacitance is called 

capacitance ratio” [38]. It is obtained as 50.9 and 63 for non – perforated and perforated 

switch design with better reliability and helps to produce good RF performance 

characteristics of switch. 

  

       (a)      (b) 

Figure. 4.15. Simulation of proposed switch for Downstate capacitance (a) Non – 

Perforated switch and (b) Perforated switch. 

 

Figure. 4.16. C – V characteristics during actuation (a) Non – Perforated switch and 

(b) Perforated switch. 

4.4.4  Quality Factor  

The quality factor of the proposed switch can be determined by parameters such as 

pressure, temperature and intrinsic material dispersion [39]. The proposed switch is 

operated in normal room temperature and pressure hence, air damping becomes a 

dominant factor which be evaluated by the equation: 
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2

3

3

2

b
d

a

A
b

g




=

     (4.10) [40] 

Where bd: coefficient of damping, µ: dynamic viscosity of air (1.885×10-5 Pa) and       

Ab: Area of membrane. From the eq.4.10, the coefficient of damping is evaluated as 

7.2×10-6 Pa/m. The mechanical resonant frequency is defined as – “The total number 

of vertical oscillations of the membrane in a unit time” [41] and at this frequency the 

switch shows maximum deflection from its original position. It is governed by the 

eq.4.11, which depends on spring-constant of the proposed meanders and total mass of 

the membrane. 

1

2

total

m

b

K
f

M
=

    (4.11)[42] 

Where fm: mechanical resonant frequency and Mb: total mass of the membrane 

which is calculated as the product of volume of the membrane and density of the gold 

material. It is obtained as the switch membrane connected by the four meanders 

oscillated with with the frequency of 83.5 KHz and 1.03 MHz for non – perforated and 

perforated membrane and these values are substituted in eq.4.12 to get the quality 

factor.  

2

total

m d

K
Q

f b
=

    (4.12)[43] 

Where, Q: quality factor which is obtained as 1.2 for non – perforated switch and 

1.69 for perforated switch. Generally, switches show the slow switching when Q<0.5 

and suffers from high release time Q>2 [44]. The proposed switch possesses quality 

factor within the prescribed range which exhibits efficient switching and release time. 

4.4.5  Switching and Release Time Analysis 

Switching time is defined as – “The time taken for the switch to change its 

condition from ON state to OFF state” [45] and it is majorly depending on the spring-

constant of the meanders associated with the membrane and Vp of the switch. The 

switching time will be reduced by increasing the actuation voltage: as the voltage 

increases more electrostatic force is generated to pull the membrane within less time 

and the switching time is given as. 
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0

3.67 p

s

s

V
T

V 
=

     (4.13)[46] 

Most of RF MEMS switches shows the switching time in few milliseconds. The 

proposed iterative meandered switch takes 16 µsec for non – perforated and 11.2 µsec 

for perforated switches to deflect the suspended membrane from upstate to downstate. 

When the actuation voltage is turned off, the restoring mechanical force is generated by 

the spring-constant of the meanders which pulls the membrane upwards to regain its 

original position. The time taken to restore the membrane to its original position after 

removal of actuation voltage is called release time or pull up time and is given with the 

eq.4.14. 

1

4 2

total

r

m b

K
t

f m


= =

      (4.14)[47] 

The switch takes 29.9 µsec and 8.4 µsec to release the membranes for non – perforated 

and perforated switch due to decrease in air damping effect and effective mass of 

membrane.  

4.4.6  Electromagnetic Analysis of Proposed Switch 

S – Parameters of proposed iterative meandered switch over wide range of 

frequencies are analysed by using HFSS 13.0V software tool. During upstate, the switch 

is in onstate and the effect of resistance and inductance is negligible and the s-

parameters are totally depending upon upstate capacitance. The reflection loss of the 

switch is given as [48] 

0

11

02

up

up

j C Z
S

j C Z





−
=

+
     (4.15) 

The insertion loss occurs during transmission of RF signal due to material 

considerations. The return and insertion loss are illustrated in the figures 15 &16 

respectively. The proposed switch designs have to integrate with the antenna to achieve 

reconfigurability. Hence the switch is designed to occur resonance at the frequency 

obtained by the upstate capacitance (Cup) and inductance developed by CPW 

transmission line which is 0.04nH. Hence, the resonance in the frequency occurs while 
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plotting the return loss of proposed perforated and non – perforated design. while 

considering the return loss, the proposed switch allows the RF signal upto 78 GHz and 

shows very low value of -56 dB for non – perforated switch and -61.4 dB for perforated 

switch design at 41 GHz. While considering the insertion losses which occurs due to 

material dispersion, the switch designs allow RF signal upto 71 GHz by having 

insertion loss less than 1dB at 41 GHz, the non – perforated switch shows the insertion 

loss of -0.19 dB whereas perforated switch shows -0.24 dB at 41 GHz which are 

efficient values to transmit the RF signal for millimeter wave applications. 

 

Figure. 4.17. Return loss in UP state. 

 

Figure. 4.18. Insertion loss in UP state. 
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  Figure. 4.19. Isolation of the Switch in down state. 

The isolation of output and input terminals can be achieved out by actuating the 

membrane to fall on the dielectric medium for increment of capacitance. The isolation 

of the switch is analysed by simulating over the range of frequency 1 – 80 GHz. During 

Off state, an inductance of 5.6 pH is developed by the meanders and the switch designs 

shows good quality of isolation as -48.9 dB at 38 GHz for non – perforated design and 

-46.7 dB at 38 GHz for perforated switch design. The switch designs can be efficiently 

operated in the frequency range of 24 – 71 GHz and effectively serves for millimeter 

wave applications.  

4.5  SUMMARY 

Investigation on performance characteristics of proposed iterative meander RF 

MEMS switch is performed in this chapter for perforated and non – perforated 

membrane structured switches. The enhancement of capacitance is observed in 

perforated switch design over non – perforated switch due reduction in thickness of 

dielectric layer from 0.3 µm to 0.1 µm. The deviation of simulated results from 

theoretical values in proposed switch designs occurs due to evaluating the performance 

characteristics by conventional formulas and the deviation is observed to be less than 

10% error. The proposed switch designs exhibit low pull – in voltages less than 2 V and 

possesses good mechanical, electromechanical and electromagnetic characteristics. 

These switch designs are proved to be excellent choice for low power devices working 

at millimeterwave frequencies. 
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