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Abstract— In this paper, we investigate the channel 
thermal noise in nanoscale MOSFETs. Simple 
analytical model of thermal noise factor in nanoscale 
MOSFETs is presented and it is verified with 
accurately measured noise data. The noise factor is 
expressed in terms of the channel conductance and 
the electric field in the gradual channel region. The 
proposed noise model can predict the channel 
thermal noise behavior in all operating bias regions 
from the long-channel to nanoscale MOSFETs. From 
the measurement results, we observed that the 
thermal noise model for the long-channel MOSFETs 
does not always underestimate the short-channel 
thermal noise. 
 
Index Terms—Channel thermal noise, nanoscale MOSFETs, 
noise modeling, short channel effects, thermal noise 
factor 

 
I. INTRODUCTION 

Since low noise design is one of the key issues in the 
overall analog and RF CMOS circuits, modeling of the 
noise characteristics of the nanoscale MOSFETs is 
important [1–3]. The channel thermal noise is the most 
dominant noise source of the MOSFETs at high-
frequency [4–7]. As the gate length scales down to 
nanoscale era the channel thermal noise becomes larger 
[4–10].  

A. van der Ziel modeled the power spectral density 
(PSD) of the long-channel thermal noise (Sid_long) as 

given in (1). It is most commonly used channel thermal 
noise model [11]. 

 

DOlongoBid_long GγTkS 4=           (1) 

 
where GDO is the channel conductance at VDS = 0 V. γlong 
is the noise factor of the long-channel MOSFET. It is 1 at 
VDS = 0 V and it converges into 2/3 at the saturation bias 
region. It has been widely known that the long-channel 
thermal noise model severely underestimates the short-
channel thermal noise due to short channel effects such 
as channel length modulation (CLM), velocity saturation 
effect (VSE), and carrier heating effect (CHE) [3–10, 12]. 
As the channel length shrinks down to the nanoscale, 
these short-channel effects become more prominent in 
noise behaviors [13]. Especially, the decrease in the 
linear channel region due to the high-field effect 
increases the channel thermal noise in the nanoscale 
device. 

The noise factor, γ, is the most common parameter 
describing the bias dependence of the channel thermal 
noise. It is also very important parameter used mostly by 
circuit designers. However, no simple analytical model 
of γ for short channel MOSFETs has been presented. It 
will be helpful if such an analytical model is provided to 
the circuit designers as well as device engineers. In this 
paper, we propose the noise factor as a compact form 
which is expressed in terms of the channel conductance 
and the electric field in the gradual channel region. By 
using the proposed noise model, the channel thermal 
noise is investigated in all operating bias regions from 
long-channel to nanoscale MOSFETs. In section II, we 
show the derivation procedure of the thermal noise factor 
as a compact form based on our previous works. In 
section III, the thermal noise is characterized from long-
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channel to nanoscale devices by using the derived 
thermal noise factor. In addition, the proposed noise is 
compared and verified with the noise measured data in 
this section. Finally, conclusions are presented in section IV. 

 

II. ANALYTICAL CHANNEL THERMAL NOISE 

MODELING 

In our previous work, we derived Sid equation as an 
integral form including the short-channel effects; CLM, 
VSE, and CHE [13, eq. (10)]. It is repeated here for 
convenience. The noise characterization involves 
derivation of the local voltage noise source and 
propagation from local fluctuations to the output port. 
The local voltage noise source is given by 
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where Tc is carrier temperature and   is ac mobility 
around the bias point. The propagation from local 
voltage noise source to drain output port can be derived 
with taking into account velocity saturation effect as  
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where Δvn is the local voltage noise in the channel region 
and Δidn is the channel thermal noise current at the drain 
output port. By using (2) and (3), the total power spectral 
density (PSD) of the channel thermal noise can be 
expressed as 
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The analytical channel thermal noise from (4) is 

derived without any approximation. 
In this paper, for further simplification, we assume that 

E(x) ≈ Ē (= VDS /Lc) in the gradual channel region, then  
Sid becomes  
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where Lc is the length of the gradual channel region. By 
using the short-channel current equation, μeff|Qinv| can be 
expressed as IDSLc[(Lc/VDS)+(1/Ec)], and then (5) is 
changed into the form of (1) using the noise factor, γ, as 
 

DOoBid GTkS γ4=              (6) 
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where GDS is the intrinsic conductance of the channel and 
Ec is the critical electric field which is equal to 2vsat/μeff 
[14]. (7) is valid at both the linear and the saturation bias 
regions. Derived noise factor model deviates from the 
conventional long-channel model due to both the 
different channel conductance behavior and the enhanced 
electric field in a short-channel device. Therefore, the 
noise factor can be predicted if the channel conductance 
and the average electric field are known. A similar result 
to (7) was presented in [15, eq. (13)]. However, many 
previous works including [15] used an incorrect 
definition of the channel conductance for the short-
channel MOSFETs as mentioned in [13]. 

 

III. EXPERIMENTAL AND DISCUSSION 

The test devices were fabricated using 65 nm RF 
CMOS technology. The unit finger width and the number 
of fingers are 2.5 μm and 40, respectively. The shortest 
device has an effective channel length of 36 nm at VGS = 
1 V. Intrinsic and extrinsic voltages have to be 
distinguished to exclude the effects of extrinsic 
resistances. To do this, the accurate source/drain resis-
tances were extracted by using the modified channel 
resistance method [16]. The noise measurement setup 
and the extraction procedure for the intrinsic Sid in [13] 
were used. The measurement frequency was 10 GHz 
where the low frequency noises such as flicker and RTS 
noise are negligible. By using the correlation matrix 
method [17], we eliminate the noise contribution of the 
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PAD/inter-connection line through the three step de-
embedding technique (pad-open, open, and short dummy 
patterns) as well as the thermal noise from extrinsic 
resistances (RSD, Rpoly, and Rsub). The accuracy of the 
measured noise data was verified using the procedure in 
[6]. The short-channel thermal noise was compared with 
the long-channel thermal noise by extracting the thermal 
noise factor, γ. To make a thorough investigation on the 
short- channel thermal noise we extracted two parts of γ 
independently; GDS/GDO and 1+Ē/Ec. Fig. 1 shows 
GDS/GDO as a function of the drain bias for different 
channel lengths. GDS was obtained from DC I-V 
measurement. GDS/GDO decreases as the drain bias 
increases in the linear bias region and then it starts to 
increase in the saturation bias region. Larger increment 
of GDS/GDO in the saturation bias region is observed in 
the short-channel devices than in the long-channel 
devices due to larger channel length modulation effect.  

Fig. 2 presents the gate and drain bias dependencies of 
GDS/GDO for the nanoscale device. In this figure, we 
observe that in the saturation bias region the slope of 
GDS/GDO becomes smaller as the gate bias increases. Fig. 
3 illustrates 1+Ē/Ec as a function of the drain bias for 
different channel lengths. Lc was obtained by using the 
result of [18, eq. (8)] and Ec was extracted from the 
measured effective mobility (μeff). 1+Ē/Ec becomes large 
as the channel length shrinks down. The gate and drain 
bias dependencies of 1+Ē/Ec for the nanoscale device are 
depicted at Fig. 4. Fig. 5 compares modeled γ (solid 
lines) using (6) with measured data (symbols) for 
different channel lengths in all bias regions. The modeled 
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Fig. 1. Extracted GDS/GDO from measurements as a function of 
the drain bias from long-channel to nanoscale MOSFET. 
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Leff= 36 nm device. 
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γlong (dash line) using the long-channel model, (1), is 
presented as well. A good agreement between the 
modeled γ and the measured data was obtained for both 
long-channel and short-channel devices. As the drain 
bias increases in the linear bias region, γ decreases in 
accordance with the decrement of GDS and in the 
saturation bias region, γ increases with the increment of 
GDS due to the short-channel effects such as VSE and 
CLM. Fig. 6 displays the gate and drain bias 
dependencies of the thermal noise factor for the 
nanoscale device. The modeled γ/ γlong and the measured 
data as a function of the gate lengths are given in Fig. 7. 
γ/ γlong increases as the gate voltage decreases. This 
increment becomes more outstanding at smaller gate 
overdrive. Fig. 8a and Fig. 8b exhibit γ/ γlong for Leff = 36 
nm and 476 nm, respectively. For the nanoscale device 
(Fig. 8a), γ/ γlong spreads over a wide  range, 0.7 – 2.9. 
On the contrary, for the long-channel device (Fig. 8b), γ/ 
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γlong has a narrow range, 0.8 – 1.25. In the light of these 
results, when the model for the long-channel thermal 
noise is applied to the nanoscale devices, modeling error 
will be larger. Interestingly, as shown in Fig. 8a and Fig. 
8b, the long-channel model does not always undervalue 
the short-channel thermal noise since γ/ γlong are smaller 
than one in some parts of operating biases. This strange 
phenomenon comes from the difference between long-
channel and short-channel current equations. γlong is 
calculated by using long-channel current equation 
according to [19]. However, γ is extracted from (7) by 
using short-channel current equation which includes 
mobility degradation and velocity saturation effects. The 
long-channel current equation commonly used in γlong  

calculates higher μeffQinv than short-channel current 
equation in the linear region. Therefore, γ/ γlong  is less 
than 1. These phenomena are apparent at high gate 
voltage as shown in Fig. 8a since the difference of μeffQinv  
from the long- and short-channel current equations 
becomes larger at higher gate bias.  

 

IV. CONCLUSIONS 

In this paper, the simple analytical model of the 
channel thermal noise of nanoscale MOSFETs in all 
operating bias regions is presented. The proposed 
thermal noise factor model is expressed as a compact 
form considering short-channel effects. It helps the 
characterization of the channel thermal noise for both 
long-channel and short-channel devices. It also allows 
the circuit designer to predict the short-channel thermal 
noise from DC measurements without complex noise 
measurements. It was found that the long-channel 
thermal noise is not always smaller than the short-
channel thermal noise. 
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