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Abstract  Static power consumption has become a major concern in the design. To address this, we have designed a novel 
Nano-Electro-Mechanical (NEM) switch with virtually zero leakage current, 1 to 2 Volts operation voltage, 1 ns switching 
time, > 1 GHz fundamental resonant frequency, and nanometer-scale footprint. Positive and negative channel switches from 
Complementary NEMS (CNEMS), similar to CMOS. Due to compatibility between CNEMS and CMOS, these CNEMS 
switches can be hybridized with CMOS at the metallization or device. In this paper, we present the CNEMS design, its 
electrical properties and a hybrid FPGA with CNEM switches. We used VPR to simulate the MCNC benchmark circuits 
routed on our hybrid FPGA for power and delay. Our experimental results show an average 98%, 85%, 71% and 99.99% 
reduction in critical path delay, routing energy, total energy, leakage power when comparisons are made with FPGA design 
using pure CMOS technology (180 nm technology and hybrid CNEMS and 180 nm CMOS). 
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1. Introduction 
CMOS integrated circuit technology provided a continu-

ous improvement in integration level, cost and performance 
over the last four decades. This has lead to tremendous de-
velopment in computation, data storage and information 
processing. Energy and power dissipation for the sub- 
nanometer CMOS increased drastically due to short channel 
effect, sub-threshold leakage, hot carriers injection, intra-die, 
inter-die process and thermal variations. Energy and power 
are more important for FPGA designs which are constrained 
by higher power consumption when compared to Applica-
tion Specific Integrated Circuits (ASIC). This limits the use 
of FPGA. It was observed that in FPGA, programmable 
interconnection[9], and resources consume significant en-
ergy at the cost of offering flexibility[8] to the design. 

Significant amount of research work has been attributed to 
designing energy efficient FPGA architecture and routing 
efficient algorithms. In[6, 10], they realized power efficient 
FPGA by assigning programmable low VDD (0.9V) to non 
timing critical CLB’s and high VDD (1.1V) to the timing 
critical CLB. They reported an average power saving of 61% 
at the cost of increased area. The increased area is due to 
the use of addit ional  level  converters and routing 
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multiplexers. 
In[13], they proposed a new FPGA routing switch that can 

be programmed to operate in three modes: high-speed, 
low-power or sleep-mode. In the sleep mode, applied to 
unused switches, offers significant leakage reductions. In the 
sleep-mode the leakage power is reduced by 36%-40% over 
the high speed mode, and the dynamic power is reduced by 
up to 28%. 

[14] Proposed reducing FPGA power by the use of Dual 
threshold CMOS (DTCMOS) based switches instead of 
NMOS. The area overhead is kept to minimum. The sleep 
transistor is used to reduce the sub-threshold voltage. They 
reduce the power-delay product by 16% and by of 20% in 
active and standby mode, respectively. 

In[16], The NEMS switch[18] is proposed to be used in 
NEMS-CMOS hybrid LUT, and it is compare to CMOS 
LUT in terms of power and delay. The simulation results 
show that the delay is almost the same, but the power is 
reduced by 90% in the NEMS-CMOS LUT over CMOS 
LUT. 

In[17], CMOS-Nanorelay FPGA (cFPGA) was developed 
using new two CMOS transistors and one NEMS relay. They 
proposed using vertical carbon Nanotube which is relatively 
easier than horizontal carbon Nanotube to fabricate. This 
results in reducing dynamic power by 30%. Carbon 
nano-tubes are much harder to make and cannot integrate 
seamlessly with current CMOS technology. 

In this paper, we introduce a configurable Complimentary 
Nano-Electro-Mechanical Switch (CNEMS) metallicswitch
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ing device as a replacement of CMOS devices in the switch 
and connection block components found in FPGA architec-
tures. The new metallic CNEMS switch uses the same 
CMOS fabrication steps and materials. This makes it easy for 
the CNEMS switch to be ”dropped” in and hybridized, 
seamlessly, with CMOS at the metallization or at the device 
level to manage leakage current and power consumption. 
The CNEMS with its innovative structure operates at 1GHZ 
resonating speed, has a low turn on voltage between 1 to 2 
volts, near zero current leakage, and near zero parasitic ca-
pacitance. The CNEMS switch significantly reduces the 
power consumption, increases the FPGA speed and offers 
seamless integration with CMOS technologies. 

The rest of this paper is organized as follows: Section 2 
describes the CNEMS device structure. Section 3 presents 
the 3D FEA physical device model, illustrates extraction of 
mechanical and electrical properties and explains CNEMS 
digital logic gates. Section 4 explores the approach and 
presents experimental setup and results. Conclusions are 
presented in section 5. 

2. Device Design 
Figure 1 shows structure of a four terminal NEM switch. 

The switch has a moveable cantilever beam with nickel 
coated on an oxide layer. In initial position, the direct 
metal-metal contact between drain/source and cantilever 
form direct current path. With applied voltage Vgb between 
gate and cantilever, the electric force and the small Van der 
Waals force attract the cantilever to move towards the gate. 
During the attraction, a gap between the cantilever and the 
gate decreases. With the voltage reaching a threshold value 
or pull-in voltage (Vpi), the gap reduces to a critical value, 
1/3 of initial gap and then the cantilever abruptly contacts the 
gate to break the direct current path between drain and source. 
When the voltage Vgb between the gate and the cantilever 
decreases to a small value or pull-out voltage (Vpo), the can-
tilever leaves the gate and contact drain and source to form 
the direct current path again. 

 
Figure 1.  Schematic of a four terminal switch geometry 

   
(a)      (b) 

Figure 2.  (a) Pull-in voltage with Van der Waals force 1.64 V. (b) Pull-in 
voltage without Van der Waals force 1.95 V 

3. Physical Device Model and CNEMS 
Digital Design 

A. Physical Device Characteristics 
To capture multi-physics phenomena of a four terminal 

switch, a 3D FEA physical device model is constructed using 
FEA simulation tool (COMSOL multi-physics). This model 
is capable of capturing the multi-physics of the four terminal 
NEM switch as well as re-producing its electro-mechanical 
characteristics. 

Pull-in voltage: The pull-in voltage is solved by 
static-parametric solver in COMSOL multi-physics. In the 
solver, the fringing effect is ignored as a result of the small 
gap (1.5 nm)[20]. We consider Van der Waals[21] force on 
the cantilever surface facing to the gate due to the small gap 
(1.5 nm). The attractive Van der Waals force reduces the 
pull-in voltage about 0.3 V. The simulated pull-in voltages 
with Van der Waals force and without Van der Waals force 
are shown in Figure 2. Note, the simulation stops just before 
the contact happens. 

Switching time: The time dependent solver in COMSOL 
multi-physics is used to solve switching time with applying 
pull-in voltage between the cantilever and the gate. The 
simulation result in Figure 3(a) shows the switching time is 
about 1 ns. The input capacitance is a very important pa-
rameter for the switch. The change of the capacitance with 
time shown in Figure 3(b) is modelled by setting capacitance 
density on the cantilever surface. The boundary integration 
function integrates the capacitance between the cantilever 
and the gate for each time point. 

   
Figure 3.  Switching time versus the gap between the cantilever and the 
gate and gate capacitance versus the time 

B. CNEMS Digital Design 
The basic NEMS switch is shown is Figure 4. The switch 

consists of three fixed terminals and one moving cantilever. 
These are the Source(S), the Drain (D), the Gate (G), and the 
moving metallic cantilever Body (B). The body B and both S 
and D are connected while the gap between G and B is 1.5nm. 
If the voltage potential difference between G and B (Vgb) is 
less than the pull-in Voltage (Vpi), then switch is in the 
ON-state. In the ON-state, B connects both S and D and 
provides a metallic low resistance connection between S and 
D. Our switches are fabricated using Nickel which has large 
Young’s modulus, the ability to withstand high switching 
cycle and the switch contact resistance between the channel 
and the S/D is around 90 Ω. 

If Vgb>Vpi , then the electrostatic and a small inter mo-
lecular force (Van der Waals) cause a displacement in the 
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cantilever body (B) that disconnects S from D causing the 
current from S to D Ids to be limited to a near zero leakage 
current. In this case, the switch is in the OFF-state. When the 
switch is in the OFF-state, the spring restoring force of the 
movable cantilever beams always overcome the Van Der 
Waals force when gate voltage is sufficiently below Vpo 
(pull-out voltage). 

 
Figure 4.  (a) NEMS device structure; (b) P-NEMS device configuration; 
(c) N-NEMS device configuration 

 
Figure 5.  CNEMS inverter 

Logically, the NEMS and the CMOS switches operate 
similarly. Thus, the design and implementation of a digital 
circuit using the NEMS switches are fundamentally similar 
to the process of designing a circuit in CMOS. Similar to an 
MOS device, the NEMS switch consists of three terminals 
the source (S), the gate (G) and the Drain (D) as shown in 
Figure 5. Depending on the voltage differential between the 
G and B terminals, the switch can be ’ON’ (D is connected to 
S) or ’OFF’ (S is not connected to D). 

The inverter consists of two NEMS in series, one PNEMS 
and one NNEMS shown in Figure 5. When the input voltage 
In = 0, the differential voltage between G and B of the 
PNEMS is zero and in this case this device turns ‘ON’. The 
differential voltage between G and B for the NNEMS is 
different from zero and this device turns ’OFF’. Thus the 
output voltage at Z is VDD or logic 1. When In = 1, the 
PNEMS turns ‘OFF’ and the NNEMS turns ’ON’, the output 
voltage Z is equal to logic 0. CNEMS NAND and NOR gates 
can be constructed in the same way. 

4. Power Reduction in CNEMS-CMOS 
FPGA 

A. FPGA Background 
Figure 6(a) shows a typical island style 2-D Field Pro-

grammable Gate Array (FPGA). This FPGA is composed of 
an array of Configurable Logic Blocks (CLBs), a program-
mable interconnection switch box and I/O Pads. The CLBs 
store the truth tables of functions in Random Access Mem-
ory (RAM). The switch box is implemented using CMOS 

programmable switches as shown in Figure 6(b). In this 
configuration the CMOS switch current leakage and capaci-
tive/resistive causes the FPGA to consume more power and 
to operate at a lower clock frequency. In this paper, we in-
troduce a novel Nano-Electro-Mechanical Switch (NEMS) 
configurable architecture which can be used to replace the 
CMOS switches in the FPGA switch box (Figure 6(c)). 
Unlike CMOS switches, the NEMS switch operates with a 
near zero off-state current leakage and a very low on-state 
resistance (30 Ω). The reduction in the off -state current 
leakage and the very low on-state resistive loading allow the 
FPGA to operate at lower power and faster clock rate. The 
NEMS switch in this environment is used only during con-
figuration. This use of the NEMS switch overcomes the 
speed degradation caused by the mechanical movement. The 
configuration time may increase slightly by it is compen-
sated with the speed and power dissipation reduction during 
computation cycles. We study island style FPGA architec-
tures for our work and we use the terminology adopted 
in[15]. 

 
Figure 6.  FPGA architecture; (a) Island-style FPGA consisting of I/O 
Pads, Configurable Logic Block (CLB), and Switch Blocks for routing; (b) 
Switch Box architecture design and programmable switches; (c) A 
Programmable NEMS switch. When Control=0 then X1and X2 are 
connected and not when Control=1 

B. Experimental Setup and Results 
To illustrate energy efficiency of hybrid CNEMS-CMOS 

FPGA comparing baseline CMOS FPGA, we performed 
evaluation on them at spice level (low level) and architec-
tural level (high level). Tristate buffers used in routing 
switches of hybrid CNEMS-CMOS FPGA are designed 
using CNEMS which are SRAM-free and offer order of 
magnitude low resistance. The experiment is divided into 
two parts. Part I compares power and delay results obtained 
from low level analysis using spice and high level analysis 
performed using VPR 5.0 framework[15]. Spice simulations 
provide base framework to evaluate hybrid FPGA vis-à-vis 
CMOS FPGA and establishes the accuracy of results ob-
tained by VPR. Part II evaluates MCNC benchmark circuits 
on hybrid FPGA and CMOS FPGA using VPR 5.0 frame-
work. 

We developed a spice model of CMOS FPGA framework 
with K (LUT size) = 4, N (Number of logic blocks in a CLB). 
Power and delay analysis is carried out in each instance for 
varying number of logic blocks in FPGA using ELDO spice 
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and 180 nm technology. For hybrid architectures, an 
equivalent spice level description of CNEMS switch block is 
derived and simulated using NemSim[22]. 

VPR framework which has integrated power model[19] is 
used in our analysis. This power model is based on transition 
density and static probability of a signal to compute the 
dynamic power. Short circuit power is calculated as a per-
centage of dynamic power which is one of the parameter in 
architecture file. Input signal probability is assumed to be 0.5 
and transition probability of 0.5. VPR analysis is based on 
values supplied through architecture files which make it 
flexible for usage across FPGAs with varying LUT sizes (K) 
and CLB sizes (N), switch block and connection block de-
signs. In our work, we modified the power model to account 
for the CNEMS characteristics. More specifically we intro-
duced switch parameters (Resistance (R=95Ω,Cin=8.4e-16, 
Cout=0) in the architecture files to take the effect of CNEMS 
usage. Leakage power and switch block power calculations 

are modified accordingly in the power model to characterize 
CNEMS power dissipation. 

The power and delay measurements using spice are 
compared VPR observations in which number of logic 
blocks present in FPGA is varied from 1 through 4. VPR 
results show great correspondence with spice. This helps in 
asserting the fact that VPR level evaluation of hybrid FPGA 
stands with good accuracy and provides a strong motivation 
for evaluation of complex benchmark circuits using VPR. 

We used CNEMS which has 1V operating voltage with 
1e-10 leakage current for these comparisons. We observed 
on an average 75% decrease in total power and 97% reduc-
tion in critical path delay with the use of hybrid FPGAs. 
These observations provide us with prima facie under-
standing about the impact of using CNEMS switches in 
FPGAs and the accuracy of their evaluation using VPR. 
TSMC 0.18nm technology has been used for this study. 

 

 

 

 
Figure 7.  Critical path saving, routing energy saving and total energy saving of different MCNC circuits for K=4 and N=4, K=4 and N=8, K=3 and N=10 
and K=7 and N=10 settings 
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To demonstrate the efficiency of proposed hybrid archi-
tectures, a detailed performance evaluation and comparative 
study are carried out vis-à-vis CMOS FPGA on top MCNC 
benchmark circuits. We used the modified VPR power 
model and architecture files, used in part I to perform these 
experiments. In this work, we used two CNEM switches with 
operating voltages of 1V and 1.2V and leakage currents of 
1e-10 and 1e-16 respectively. CNEMS switch blocks in 
FPGA design primarily impacts the routing energy con-
sumption and critical path delay. Hence we reported routing 
energy, leakage power and critical path savings obtained for 
a combination of LUT sizes (K) and Cluster Sizes (N) - 4,4, 
4,8, 3,10 and 7,10. 

Figure 7 shows savings in routing energy, total energy, 
leakage power and critical path delay. It was observed that 
on an average critical path delay reduced by 97.55%, routing 
energy by 85%, total energy by 71% and more predomi-
nantly leakage power by 99.9%. Significant reduction in 
energy can be attributed to the fact that CNEMS has zero 
leakage in the OFF state. It was also observed that Critical 
Path delay is reduced primarily because Tdel of CNEMS 
switch is considered zero as there exists no prorogation delay 
through CNEMS once configured. It can be thought of as a 
metallic contact when configured. Output Capacitance (Cout) 
of CNEMS is zero as there exists no parasitic capacitance 
between Source, Drain and Body. With the nature of results 
obtained when compared with CMOS, it can be affirmed that 
CNEMS has a tremendous impact in designing energy effi-
cient FPGA. 

5. Conclusions 
In this paper, we presented a configurable CNEM metallic 

switching device as a replacement of CMOS devices in the 
switch and connection block components found in FPGA 
architectures. The new metallic CNEM switch uses the same 
CMOS fabrication steps and materials, operates at 1GHZ 
resonating speed, has a low turn on voltage between 1 and 2 
volts, near zero current leakage, and near zero parasitic ca-
pacitance. We showed, experimentally, that the CNEM 
switch significantly reduced the power consumption, in-
creased the FPGA speed and offers seamless integration with 
CMOS technologies. In our experiment, the CNEM FPGA 
architecture achieves an average 98%, 85%, 71%, and 99.99% 
reduction in critical path delay, routing energy, total energy, 
leakage power over CMOS (180nm) FPGA architecture. 

 

REFERENCES 
[1] Kinaret J M, Nord T and Viefers S. Appl. Phys. Lett. 82, 1287 

(82), 2003. 

[2] Shinobu Fujita, et al, “3-D Nanoarchitectures With Carbon 
Nanotube Mechanical Switches for Future On-Chip Network 
Beyond CMOS Architecture”, IEEE Trans. on CASI, Vol. 54, 

No. 11, Nov. 2007. 

[3] Lifshitz E. M. “The theory of molecular attractive forces 
between solids” Sov. Phys.JETP, (2) pp. 73-83. 1956. 

[4] Wen-Hui Lin and Ya-Pu Zhao, ”Influence of Damping on the 
Dynamical Behavior of the Electrostatic Parallel-plate and 
Torsional Actuators with Intermolecular Forces”, Sensors, 
ISSN 1424-8220. Vol.7, pp. 3012-3026, 2007. 

[5] B. Romanowiczl, M. Laudon, P. Lerchl, P. Renaudi, H. P. 
Amann2, A. Boegli2, V. Moser, F. Pellandin, “Modeling and 
Simulation of Electromechanical Transducers in Microsys-
tems using an Analog Hardware Description Language”, 
http://galahad.informatik.tuchemnitz.de/proceedings/edtc/pa
pers/1997/edt97/htmfiles/sun sgi/../../pdffiles/02d 3.pdf. 

[6] Fei Li and Lei He, “Circuits and Architecture Evaluation for 
Field Programmable Gate Array with Configurable Supply 
Voltage”, IEEE Trans. on VLSI Systems, Vol. 13, No. 9, pp. 
1035-1047, Sep. 2005. 

[7] R.Holm, ”Electric Contact”, Springer Verlag, pp.7-26, 1967. 

[8] V. George, H. Zhang, J. Rabaey, “The Design of a Low 
Energy FPGA”, ISLPED 1999, pp. 188-193. 

[9] M. Lin, A.E. Gamal, Y.C. Lu, S. Wong, “Performance Ben-
efits of Monolithically Stacked 3-D FPGA”. IEEE Trans. on 
CAD, Vol. 26, no. 2, Feb. 2007. 

[10] A. Gayasen, et a.“A Dual-VDD Low Power FPGA Archi-
tecture”, Proc. of Int. Conf. on Field Programmable Logic 
and Applications, pp 145-157, 2004. 

[11] J. Rose and S. Brown. “Flexibility of interconnection struc-
tures for field-programmable gate arrays”. IEEE Journal of 
Solid State Circuits, 26(3):277-282, Mar. 1991. 

[12] Rajarshee P. Bharadwaj, Rajan Konar, Poras T. Balsara, 
Dinesh Bhatia, “Exploiting Temporal Idleness to Reduce 
Leakage Power in Programmable Architectures ”, ASP-DAC 
2005, pp.651-656. 

[13] J. A. Anderson and Farid Najm, “Low-power programmable 
FPGA routing circuitry”, IEEE Trans. on VLSI Systems, Vol. 
17, no. 8, pp. 1048-1060, Aug. 2009. 

[14] Rohini Krishnan, et al, “Low Energy Switch Block For 
FPGAs,” 17th International Conference on VLSI Design, 
2004, pp. 209-214. 

[15] Jason Luu, et al., “VPR 5.0: FPGA CAD and Architecture 
Exploration Tools with Single-Driver Routing, Heterogeneity 
and Process Scaling”, Int. Symp. On FPGA 2009, pp. 133-142, 
Monterey, California, USA. 

[16] Yu Zhou, et al., “Low Power FPGA Design Using Hybrid 
CMOS-NEMS Approach”, ISLPED 2007, pp. 14-19. 

[17] Ming Liu et al., “Carbon Nanotube Nanorelays with 
Pass-Transistor for FPGA Routing Devices”, NanoNet: Lec-
ture Notes of the Institute for Computer Sciences, Social In-
formatics and Telecommunications Engineering, Springer, 
Vol 20, pp. 57-63, 2009. 

[18] T. Rueckes et al.,”Carbon Nanotube-Based Nonvolatile 
Random Access Memory for Molecular Computing”, Science, 
Vol. 289, No. 5476, pp. 94-97, Jul 2000. 

[19] P. Jamieson et al.“An Energy and Power Consumption 
Analysis of FPGA Routing Architectures”, Field-Programm



52 Vijay K Sirigir et al.:  Ultra-Low-Power Ultra-Fast Hybrid CNEMS-CMOS FPGA 
 

 

able Technology, pp. 324-327, 2009. 

[20] Asghar Ramezani, et al, “Pull-in parameters of cantilever type 
nanomechanical switches in presence of casimir force”, 
Nonlinear Analysis: Hybrid Systems, Vol. 1, pp. 364-382, Sep. 
2007. 

[21] Zhao Yapu, “Stiction and Anti-Stiction in MEMS and 
NEMS”, The chines society of theoretical and applied me-
chanics. Vo1.19, No.1, Feb. 2003. 

[22] Khawla Alzoubi. Nano-electro-mechanical switch for ultra-
low power portable embedded system applications. Phd 
Thesis, Case Western Reserve University. 

 


	1. Introduction
	2. Device Design
	3. Physical Device Model and CNEMS Digital Design
	4. Power Reduction in CNEMS-CMOS FPGA
	5. Conclusions

