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Abstract. To reduce power consumption in electronic designs, new techniques 
for circuit design must always be considered. Floating-gate MOS (FGMOS) is 
one of those techniques and has previously shown potentially better 
performance than standard static CMOS circuits for ultra-low power designs. 
One reason for this is because FGMOS only requires a few transistors per gate 
and still retain a large fan-in. Another reason is that CMOS circuits becomes 
very slow in subthreshold region and are not suitable in many applications 
while FGMOS can have a shift in threshold voltage to increase speed 
performance. This paper investigates how the performance of an FGMOS full-
adder circuit will compare with two common CMOS full-adder designs. 
Simulations in a 120 nm process shows that FGMOS can have up to 9 times 
better EDP performance at 250 mV. The simulations also show that the 
FGMOS full-adder is 32 times faster and have two orders of magnitude higher 
power consumption than that for CMOS. 

1. Introduction 

It has become more and more important to reduce the power consumption in circuits 
while still trying to achieve as high switching speed as possible. The increasing 
demands for longer lasting lifetimes in portable and battery driven applications are 
some of the strongest driving forces to push the limits in terms of ultra-low power 
consumption. According to the ITRS Roadmap for Semiconductors [18], the two most 
important of the five “grand challenges” for future nanoscale CMOS are to reduce 
power consumption and design for manufacturability. In this work we have chosen to 
focus on reducing power consumption. The challenge to design for manufacturability 
is desirable for future work within this topic.  
One of the ways to reduce power is to explore new types of circuits in order to find 
better circuit techniques for energy savings. Floating-gate MOS (FGMOS) is a circuit 
technique that has been proposed in several previous works as a potentially good 
technique to reduce power consumption and still maintain a relatively high speed 
[1],[2],[3]. FGMOS is normally fabricated using a standard CMOS process where an 
extra floating-gate capacitance is connected to the transistor’s gate node. This capaci-



tance, called floating-gate capacitance, will make it possible to shift the threshold 
voltage level of the MOS-transistors. The required effective threshold voltage for the 
gate will thereby change and the shift is controlled by the floating-gate’s node charge 
voltage [1],[3]. A shift in threshold voltage will also change the static current (and 
power consumption), normally to a higher value, at the same time as the propagation 
delay of the circuit will be different (normally smaller).  
Maximum propagation delay, tp, and power consumption of a circuit, P, are two 
figures of merits that are important in FGMOS designs. These figures must be con-
sidered while simulating with different fan-ins. In our simulations we have been using 
power consumption (P), power-delay product (PDP) and energy-delay product (EDP) 
as figure of merits to determine differences in performance [4]. 
The approach to reduce power consumption and increase performance in this work is 
to lower the circuits power supply voltage into subthreshold region.  
Previous works in this area have shown that FGMOS circuits working in subthreshold 
should not have a fan-in higher than 3 in order to be able to have advantages 
compared to CMOS [14]. This advice has been taken into account in this work where 
we use an FGMOS full-adder with a maximum fan-in of 3 and compare it to two 
common basic CMOS full-adders with respect to power and speed performances.  
The aim of this work has been to determine if the FGMOS full-adder will show better 
performance than normal CMOS full-adders when power supply is reduced below 
subthreshold voltage. This is important knowledge since subthreshold designs have 
been frequently proposed to be good for ultra-low power consumption [19]. 
In this article we show that when the power supply is reduced into subthreshold 
region (250 mV), the FGMOS circuits will have up to 9 times better EDP and 32 
times higher speed than the CMOS circuits. However, FGMOS will also have penalty 
with over two orders of magnitude higher power consumption and also worse PDP. 
 

2. FGMOS Basics 

The FGMOS technique is based on normal MOSFET transistors and CMOS process 
technology. They are manufactured with an extra gate capacitance in series with the 
transistor’s gate. Because of that, FGMOS can shift the effective threshold potential 
required by the transistor. The shifts in the threshold are made by charging the node 
between the extra gate capacitance and the normal transistor gate. If there is no charge 
leakage, the node is said to be floating and it is called a true floating-gate circuit. The 
added extra capacitance is called a floating-gate capacitance (CFG). Figure 1 shows a 
floating-gate transistor and a majority gate with fan-in 3 designed in FGMOS. 
Depending on the size of the floating-gate charge voltage (VFG), the effective 
threshold voltage will vary. VFG is determined during the design process and the 
floating-gate circuits are subsequently programmed with the selected VFG once and 
then they are fixed during operation [6]. 
Implementation of the floating-gate potential, VFG, can be made via a variety of 
different methods. For true floating-gates, hot-electron injection, electron tunnelling 
or UV-exposure is normally used [3],[10],[11]. If the CMOS process also has a gate-



  

oxide thickness of 70Å or less [7], some kind of refresh or auto-biasing technique is 
also required as gate charge leakage will be significant [8]. 

                   
Figure 1. FGMOS transistor (left) and FGMOS Majority-3 gate with fan-in 3 

(right). 

 

3. Full-Adder Designs 

The Full-adder is one of the most used basic circuits since addition of binary numbers 
are one of the most used operations in digital electronics. Full-adders exist 
everywhere in electronic systems and a large amount of research has been done in this 
area in order to achieve best possible performance [12], [13], [15]. 
There exist many different solutions for full-adder designs, this work have focused on 
two the most commonly used basic CMOS full-adders. A standard static CMOS full-
adder design (Figure 4) and a mirrored–gate based full-adder (Figure 3) have been 
used in our simulations to determine speed and power performance compared to a 
floating-gate full-adder. The floating-gate full-adder is represented by a recently 
improved adder structure with a maximum fan-in of 3 [14]. This full-adder is shown 
in Figure 2 and have shown potential to be better than CMOS at subthreshold. 

 



 
Figure 2. FGMOS full-adder with fan-in 3 

 

Figure 3. Mirrored CMOS full-adder. 



  

 
Figure 4 . Standard static CMOS full-adder. 

4. Full-Adder Simulations 

The simulations have been performed in Cadence with the Spectre simulator in a 120 
nm CMOS process technology and the used transistors are of low-leakage type. The 
transistors using minimum gate lengths, 120 nm (effective), and a width of 150 nm 
for NMOS and a width of 380 nm for the PMOS. The threshold voltage, Vth, for these 
low-leakage transistors are 383 mV for NMOS and -368 mV for PMOS according to 
the simulations.  
Previous research with full-adders at subthreshold power supply, suggests that the 
EDP performance for FGMOS can be better than EDP for CMOS if the fan-in of the 
floating-gate circuit is below four [14]. For this reason, a floating-gate full-adder 
structure with a fan-in of three has been used. 
In this work the simulations have been performed for three types of full-adders, one 
FGMOS and two CMOS. The power supply for the simulations are chosen between 
150 mV - 250 mV since previous simulations have shown that this is the range in 
subthreshold with best performance. The propagation delay, tp, for a full-adder varies 
with every different state change on the input and because of that, the results from our 
simulations are based on the slowest input to output change [15]. 
 EDP is calculated from the average power consumption (P) and the minimum signal 
propagation delay, tp, according to Eq. 1. It is the consumed power required to drive 
the output to 90% of its final value multiplied by the propagation delay squared. 

Eq. 1  2
pppddavgp tPttVItPDPEDP ⋅=⋅⋅⋅=⋅=  

 
Iavg is the average switching current and tp is the inverter’s minimum propagation 
delay [4]. 



5. Results 

The simulation results from this work should determine if FGMOS can be used to 
design better full-adder circuits than static and mirrored CMOS. Figure 5 and Figure 6 
show plots of EDP for the circuits at 150 mV and 250 mV power supply. As seen, the 
EDP can be up to 9 times better for FGMOS at 250 mV depending on how you chose 
the floating-gate voltage VGFp. In all the figures we have plotted CMOS’ EDP as 
straight horizontal lines to be easily comparable with FGMOS. 

 
Figure 5. EDP for Floating-gate and CMOS full-adders at 250 mV 

 
Figure 6. EDP for Floating-gate and CMOS full-adders at 150 mV. 

The plots show the limit of how large the floating-gate voltage can be while the 
circuit’s gain is higher than one. If the floating-gate voltage, VFGp, is set more 
negative than in these plots, there will be an attenuation of the signal for each gate. 



  

Figure 7 shows the PDP (at 250 mV) which is almost constant for all applied different 
floating-gate voltages and is approximately 4 times worse than PDP for each of the 
CMOS full-adders.  Similar results can be obtained from simulations at 150 mV. 

 
Figure 7. PDP for different full-adders at 250 mV power supply. 

Plots from the simulations of propagation delay can be seen in Figure 8 and Figure 9 
and the FGMOS full-adder has up to 33 times shorter delay compared to the CMOS 
versions at 250 mV. 

 
Figure 8. Propagation delay for the different full-adders at 250 mV. The horizontal 

lines are for the CMOS circuits. 

Figure 10 shows the power consumption at 250 mV and it is more than two orders of 
magnitude higher for FGMOS (114 times). 



 

 
Figure 9. Propagation delay for the different full-adders at 150 mV. The 

horizontal lines are for the CMOS circuits. 

 
Figure 10. Power consumption for the three types of full-adders.  

6. Discussion 

FGMOS circuits have in previous studies shown that it can achieve better EDP 
performance in subthreshold region than normal static CMOS and the fan-in should 
not be more than three [2],[14].  While there is an advantage in EDP performance for 
FGMOS in subthreshold, there is also a penalty with a worse PDP and power 
consumption that needs to be taken into account. 
The simulation results in this work shows that the EDP can be up to 9 times better for 
FGMOS full-adder compared to the static CMOS design. It also shows an advantage 



  

in switching speed that is 33 times higher for FGMOS than for CMOS full-adders at 
250 mV. Even at 150 mV, the switching speed will be more than 3 times better for 
FGMOS. 
The mirrored CMOS and static CMOS full-adder circuits in this work have been 
chosen to be compared with FGMOS since they have shown to have some of the best 
results of commonly used full-adders in terms of  P, PDP and EDP[12],[13]. To notice 
is also that the mirrored gate full-adder has better performance than the static CMOS 
full-adder in all the three figures of merits. 
Even though the results from simulations performed in this work shows a clear 
advantage for FGMOS when certain design constraints are fulfilled, it must be taken 
into account that it might not be possible to design the FGMOS with a true floating-
gate. It could be required to use some kind of refresh circuit, either as a large 
resistance or switch that retain or recharge the voltage on the floating-gate node 
[16],[17]. This will of course have an impact on performance. Especially for state-of-
the-art and future process technologies where the gate-oxide thickness decreases for 
every generation this will be an issue to carefully look into during the design process.  
There is still a lot of research to be done within the field of subthreshold FGMOS to 
find out more advantages or limitations. Some work close related to the topic of this 
article could be to do a more detailed analysis of netlists from layout perform real 
measurements. It would also be interesting to find out how statistical process 
variations and mismatches between components will affect the performance. 

7. Conclusions 

Using FGMOS circuits in subthreshold power supply can give several times 
improvement in terms of EDP and over one order of magnitude better gate 
propagation delay than comparable CMOS circuits. 
These advantages in performance will hopefully lead to more ultra-low power circuits 
with higher requirements on switching frequency. 
While the FGMOS circuits can be much faster and have better EDP than CMOS, they 
will also have significantly higher power consumption than and that will on the other 
hand decrease the number of possible applications for FGMOS. The performance 
constraints for FGMOS designs in subthreshold, especially the power consumption, 
will be one of the major limiting factors that decide if floating-gate circuits can be 
used in a specific design. 
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