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ABSTRACT 
Effects of residual stress on the electromechanical characteristic of a CSRRs based band 
reject filter are presented. Realization of such a filter has previously been reported by the 
authors, [1] neglecting the effect of residual stress on MEMS beam. This paper presents 
electromechanical simulated results as well as theoretically calculated results with 
consideration of residual stress effect. Residual stress performance is calculated with 
respect to actuation voltage and spring constant of fixed-fixed gold metallic beam. It is 
apparent that the effects of residual stress are quite significant which should be taken into 
account for all such analysis. 
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1. Introduction 
Thin metal films are applied in many MEMS devices for high frequency microwave 
application, because of their miniature size and single architecture [2]. To reduce the 
actuation voltage of RF MEMS beam, metallic thin film with holes may be used in tuned 
filters or the anchor height between the beam and bottom pull-down electrode may be 
reduced [3-4]. One of the reasons for change in the actuation voltage is due to the 
presence of residual stress on metallic beam, generated during the metal deposition [5]. 
The nature of it is either compressive or tensile. Thus presence of residual stress is an 
important issue for successful operation of RF MEMS device and its reliability.  
            Despite the significance of residual stress in gold line coatings, quantitative 
measurement of these stresses is experimentally challenging due to the complexities 
arising from their deposited structure and processing history [6-9]. The gold layers 
deposited in cyanide bath have predominantly the compressive residual stresses. Using 
Potassium gold cyanide salt the gold electroplating process is done. With other gold 
plating processes, like when gold layers are deposited by sulphite bath, the residual stress 
will vary between tensile to compressive in nature depending upon the plating condition 
[10-12]. The study of residual stress changes on fixed-fixed gold beams are analyzed in 
details [6]. In this paper, effects of such residual stress variation on filter electro-
mechanical properties are presented. 
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2. Filter Design and Characterization 
A CSRR based CPW transmission line with S/W/S of 30/200/30 has been designed for 
gold on silicon substrate. The CSRR structures on signal line and ground plane are 
different, which is shown in fig.1 (a). Dimensions of the gold beams length, width and 
thickness are given by l, w and t respectively. The length and width of the CSRR for 
central line are given by ‘h’ and ‘a’ respectively. ‘c’, ‘e’ and ‘f’, ‘d’ are the width & 
spacing of the split rings respectively, while ‘g’ and ‘t’ are the gaps between the split 
rings. The ground plane CSRR length and width are ‘L’ and ‘A’ respectively. The width 
& spacing of the split rings are ‘R’, ‘N’ and ‘k’, ‘Q’ respectively. The gaps between the 
split rings are ‘M’ and ‘V’. The CSRR based band reject filter shows up & down state 
notch frequencies of 33.17 GHz and 29.71 GHz [13]. Here, MEMS based varactors are 
employed along with the metamaterials to realize tunability over a wide range of 
frequencies depending on the different beam gap heights of MEMS beam.  Cross section 
view of the proposed device is also shown in fig.1(b). 
  

 
 

Figure 1(a): Top view of the RF MEMS bridge with CSRRs loaded CPW 
transmission line.   

 

 

 
Figure 1(b): RF MEMS bridge with CSRRs loaded CPW transmission line.  
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RF characteristics of the optimally designed filter are shown in fig.1(c). The up and 
down state rejection of stop bands are around -18.10dB and -20.05dB respectively. 
The tunability of CSRR band reject filter is achieved when applied voltage is varied 
between the MEMS bridge and the CPW ground plane. Due to change of capacitance 
value of the bridge in its up & down states, we observe tunability of CSRR filter 
rejection frequency band.  
 

 
 

Figure 1(c): CSRR filter optimized ‘S-Parameters’ result.  
 

    

 
3. Mechanical and Electromechanical Analysis  
 

i) Effect of tensile residual stress on spring constant : 
 

Electro-mechanical performance of the CSRR filter is done through analysis of the 
MEMS beam. The beam can be modelled using a linear spring constant, k (N/m)                                                                                                                           
[14]. Change of the spring constant happens with deflection of the fixed-fixed beam due 
to an external force F(N). Therefore the applied voltage (V) between CPW signal line and 
ground plane is acted upon by electrostatic deflection force (F) and by an equal and 
opposite mechanical restoring force, which leads to 
 

= 푘(푔 − 푔)                                                            (1) 

 where 

푘 = 32퐸푤 + 8휎(1− 휈)푤(푡/푙)
( / )

                    (2) 
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TABLE 1: CHANGE OF THE SPRING CONSTANT DUE TO TENSILE 
RESIDUAL STRESS 

 
Tensile Residual 

stress (MPa) 
Spring constant for 

fixed-fixed 
beam(N/m) 

0 
[No residual stress] 

3.9063 

2 5.3563 
4 6.8063 
8 9.7063 

 
k- is the spring constant of the MEMS beam and l is the length and w and t are the width 
and thickness of the MEMS beam respectively. ‘E’ is the Young’s modulus, ‘σ’ is the 
biaxial tensile residual stress and ‘ν’ is Poisson’s ratio of the MEMS beam [15-16]. 
Summarization of the spring constant values for the two cases with and without 
considering tensile residual stress are shown in Table -1. Change of spring constant due 
to increase in the residual stress value is also shown graphically in fig.(2).  
 

 
 

Figure 2: Change of Mechanical Spring constant with respect to Residual Stress. 
 

ii) Effect of tensile residual stress on actuation voltage :- 

When a bias voltage is applied across the MEMS beam and the lower electrode 
repeatedly, actuation voltage is increased due to residual stress. The fixed–fixed beam 
buckles due to sufficient uniform residual stress and the buckling direction is governed 
by gradient stresses. Therefore, the gap between the MEMS beam and lower electrode is 
dramatically reduced, resulting in significant decrease of actuation voltage [17]. We may 
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equate these two forces, electrostatic force and mechanical restoring force analytically 
due to the stiffness of the beam, as shown below. 
 

퐹 =                                                       (3) 
 

= 푘(푔 − 푔)                                             (4) 
 

푉 = 푔 (푔 − 푔)                                             (5) 

 
Vp = V (2g0 /3)                                                          (6) 

 

V =
ε

g                                                        (7) 

 
 
where, Vp is the actuation voltage, k= spring constant, g0= air gap, ε0= permittivity of air, 
b= width of the central line of the CPW t-line for dielectric layer, w= width of the bridge. 
Table-2 shown changes of actuation voltage due to change of tensile residual stress.   
 

TABLE 2: CHANGE OF ACTUATION VOLTAGE DUE TO TENSILE 
RESIDUAL STRESS 

 
Tensile Residual stress 

(MPa) 
 Actuation voltage (Volt) 

0 
[No residual stress] 

18.79 

2 22.0 
4 24.8 
8 29.61 

 
Fig. 3 shows the variation in the actuation voltage of the MEMS bridge for biaxial tensile 
residual stresses of 0 MPa, 2 MPa, 4 MPa and 8 MPa respectively using equation (2). It is 
seen that the tensile residual stress increases the beam stiffness leading to an increase in 
the pull down voltage.    
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Figure 3: Variation in the actuation voltage for different values of mean biaxial tensile 
residual stresses. 

 
3. Conclusions   
Increase in actuation voltage for RF MEMS filters has been successfully demonstrated 
here due to residual stress which leads to buckling and bending effects. Gradient stress 
causes bending moment on the fixed-fixed MEMS beam, resulting in enhanced RF 
isolation. A knowledge of tensile residual stress on spring constant and actuation voltage 
in fixed-fixed beam is useful for design of the proposed device. 
 
 Acknowledgement: The authors would like to acknowledge the National Programme on 
Micro and Smart Systems (NPMASS) & UPE Scheme (Phase II) sanctioned by 
University Grants Commission at Jadavpur University for providing the necessary 
support.  
 

REFERENCES 
 

1. Buddhadev Pradhan, Bhaskar Gupta, Novel Tunable Band Reject Filter Using RF 
MEMS Technology, IEEE TechSym 2014IEEE Students' Technology Symposium 
2014, 28 Feb. - 2 Mar. 2014 IIT-Kharagpur, India, pp-335-339.  

2. C.K. Liao and C.Y. Chang, Design of microstrip quadruplet filters with source-
load cou- pling, IEEE Trans. Microwave Theory Tech, 53 (2005) 2302.  

3. K. Entesari and G. M. Rebeiz, A Differential 4-bit 6.5–10-GHz RF MEMS Tunable 
Filter, IEEE Trans. Microwave Theory Tech., 53, (2005) 1103.  

4. Bonache, Martin, Falcone, Garcia, Gil. I, Lopetegi, Laso, M.A.G, Marques. R, 
Medina. F and Sorolla, Super compact split ring resonators CPW bandpass filters. 



B. Pradhan and B. Gupta 

82 
 

IEEE-MTT Int. Microwave Symp. Dig., Fort Worth, TX, USA, June 2004, pp. 1483–
1486.   

5. Rahman H, Chan KY, Ramer Rodica, Investigation of residual stress effects 
and modelling of spring constant for RF MEMS switches,  Presented at 
microwave symposium (MMS), (2009) . 

6. Espinosa, H.D., Prorok, B.C., Size Effects on the Mechanical Behavior of Gold Thin 
Films, Journal of Materials Science, 38 (2003). 

7. J. Brank, J. Yao, A. Malczewski, K. Varian, and C. L. Goldsmith, RF MEMS-based  
       tunable filters Int. J. RF Microwave Computer-Aided Eng., 11, (2001) 276.     
8. Gabriel M. Rebeiz, RF MEMS: Theory, Design, and Technology, John Wiley & Sons 

Ltd, Chapters 1, 9 and 10, pp.1-20, 259-324, 2003. 
9. Jae-Hyoung Park, Hong-Teuk Kim, Youngwoo Kwon and Yong-Kweon Kim 

Tunable millimeter-wave filters using a coplanar waveguide and micromachined 
variable capacitors, Journal of Micromechanics and Microengineering, 12 October 
2001. 

10. Gil, I., Garcia-Garcia, J. Bonache, J. Martin, F. Sorolla, Marques, Varactor-loaded 
split rings resonators for tunable notch filters at microwave frequencies, Electron. 
Letter , 40 (21)(2004) 1347–1348. 

11. I. Gil, M. Morata, R. Fernández , X. Rottenberg , W. De Raedt, Characterization and 
modelling of switchable stop-band filters based on RF-MEMS and complementary 
split ring resonators, Microelectronic Engineering 88 (2011) 1–5. 

12. Chao Wang1 Xing-long Guo1 Wei-xia Ou-Yang1 Yong-hua Zhang1 Zong-sheng 
Lai, A Novel Tunable Low-pass Filter Based on MEMS and CPW, International 
Conference on Electronic Measurement & Instruments, 2009.  

13. ANSOFT HFSS™ V-13, available at http://www.ansoft.com/products/hf/hfss  
14. A. Margomenos ,D. Peroulis , Katherine J. Herrick , Silicon Micromachined 

Packages for RF MEMS Switches, Radiation Laboratory, Department of Electrical 
Engineering and Computer Science, University of Michigan, Ann Arbor, Michigan, 
48109-2122, USA.  

15. Morata M, Gil I and Fernandez R, Modeling tunable band pass filters based on RF 
MEMS Metamaterials, Int. J.Numer. Model. Electron. Netw. Devices Fields 24 583–
9, 2011.  

16. Brown. E. R., RF-MEMS switches for reconfigurable integrated Circuits, IEEE 
Trans. Microwave Theory Tech., 46(1998) 1868–1880.  

17. Buddhadev Pradhan, Amrita Chakaborty, Bhaskar Gupta, Residual Stress Analysis in 
RF MEMS Comb line Band Reject Filter, International Conference on 
Communications, Devices and Intelligent Systems (CODIS-2012), IEEE conference 
at Jadavpur University on December-2012, pp.180-183.  

http://www.ansoft.com/products/hf/hfss

