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Abstract - We have modeled the as-measured and de- 
embedded NF,. on multi-fingers 0.13 pm mode MOSFETs. 
In contrast to the as-measured large NF,,,, value and strong 
dependence on parallel gate fingers, the de-embedded NF,. 
has  much smaller noise of only 1.1-1.2 dB for 6, I8 and 36 
lingers and weak dependence. From the well calibrated 
equivalent circuit model with as-measured NF-, the 
dominant noise source is from the pmbing pad generated 
thermal noise. From our derived equation with excellent 
agreement with de-embedded NF,. to 10 CHz, the weak 
dependence of intrinsic NF,, on gate linger is due to the 
combined effect of R& and drain hot carrier noise but both 
have weak dependence on finger numbers. 

1. INTRODUCTION 

The increasing operation frequency to higher band 
with wider bandwidth is the technology trend for 
communication system. The demand of high performance 
low noise MOSFET becomes more urgent for ultra-wide 
band (UWB) (3.1-10.6 GHz) beyond current W-LAN 
(5.2-5.8 GHz), since the noise also increases 
monotonically with increasing frequency. However, 
accurate RF noise modeling of the nm-scale MOSFETs is 
Lhallenging due to the limited understanding of noise 
sources and the large parasitic effect from low resistivity 
Si substrate [I]-[3]. Another problem for the nm-scale 
MOSFET is the large gate resistance where a parallel 
multiple gate fingers layout is used to reduce the & 
generated thermal noise 13). Unfortunately, the consumed 
DC and RF power also increase with increasing finger 
number that is contradictory to the low power trend. In 
this paper, we have modeled and analyzed the minimum 
noise figure (NF,,") of multi-fingers 0.13pm node 
MOSFETs (-80 nm physical gate length) using low- 
voltage logic process. In contrast to the as-measured large 
N F , ,  value and strong dependence on parallel fingers, the 
de-embedded intrinsic NF,," has much smaller noise value 
and weak dependence on gate fingers. From measured 
data and circuit analysis, the large as-measured NF,,a is 
due to the small impedance of large probing (substrate 
loss) that dominating the measured noise [3]. We have 

derived an analytical equation to analyze the weak 
dependence of de-embedded NF,, on gate finger, which 
has exactly the same dependence o f A  C, and g, with 
Fukui's experimental equation [4] for GaAs FETs and fits 
well the de-embedded NF,,. over the whole frequency 
range to I O  GHz. The weak finger width dependence is 
explained by the combined effect of R g ,  and drain hot 
carrier noise 151 in short channel devices that have small 
dependence on finger number. Therefore, good DC and 
RF integrity of very low noise of 1.1 dB at I O  GHz, low 
current consumption of I 1  mA and highfi. of 125 GHz can 
be simultaneously obtained in the de-embedded 80nm 
MOSFETs with the smallest 6 fingers. 

I I .  EXPERIMENTAL PROCEDURE 

Multiple gate-fingers layout is used to reduce the gate 
resistance (8 Wsq) of 0.13 pm node MOSFETs (LO -80 
nm) by connecting them in parallel. Large gate fingers 
from 6, 18 to 36 are studied but the drain current also 
increases from 11, 28 to 57 mA. Further increasing gate 
finger beyond 36 is limited by the large power 
consumption. The S-parameters are measured from 300 
MHz to 30 GHz using network analyzer. The N F , .  and 
associated gain are measured using ATN-NPSB Noise 
Parameter Extraction System up lo 10 GHz and useful for 
UWB. The conventional way to de-embed NF,. requires 
removing parasitic open and through lines effects from as- 
measured NF,," by using series matrix calculations [6]. In 
this work, we have used the same ideal but the equivalent 
circuit model to de-embed the measured NF,,. This 
method can give not only the de-embedded NF,, but also 
additional information of noise source analysis beyond 
conventional method. As shown in Fig. 1, the un-de- 
embedded noise model includes the MOSFET, through 
lines [1]-[2] and probing pads at both I/O ports. The 
BSIM3 model parameters of MOSFET in Fig. 1 are 
obtained by standard extraction procedure. To reduce the 
through line effect, the layout of very short and thin 
transmission line, shown in Fig. 2, is used to largely 
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reduce the thermal noise from series R,h,and shunt K,,, of 
through line. This is justified from the contributed DC 
resistance of only -0.2 Q from the through line and also 
proven by the Electro-Magnetic Simulation [2]. 

-------- 

Fig. 1. The extrinsic equivalent circuit model for RF MOSFET 
that contains intrinsic BSIM3 MOSFET model, connected gate 
resistance R8, through transmission lines and probing pads. The 
shunt impedance to ground from through line is much larger 
than probing pad due to the short and thin line layout. 

Fig. 2. The schematic diagram of probing pad and through 
transmission line connected to device under test. Short and thin 
through line is  used to reduce its noise generation. 

III. RESULTS AND DISCUSSION 

A. De-embedded noise from measured NF,," and S 

Since the measured noise includes the large probing 
pad effect, we have first simulated the as-measured S- 
parameters with pad. Figs. 3(a) and 3(b) show the as- 
measured and modeled S-parameters for the smallest 6 
and largest 36 fingers 80nm MOSFETs, respectively. 
Good agreement between measured and modeled S- 
parameters is obtained suggesting the good accuracy of 
circuit model in Fig. I ,  where the equivalent circuit model 
for open pad in IiO ports is from the well matched 
simulation of open pad sub-circuit with measured S- 
parameters. 

-1.Oj 

(b) 
Fig. 3. The as-measured and modeled S-parameters of 80 nm 
MOSFETs with probing pad for (a) the smallest 6 and (b) the 
largest 36 gate fingers. The good agreement indicates the good 
accuracy of model in Fig. I .  The S,, is divided by respective 3 or 
8 to tit in the unity radius Smith Chart due to the large gain. 

Figs. 4(a) and 4(b) show the as-measured and 
simulated NF,,,,, of the smallest 6 and largest 36 fingers 
80nm MOSFETs, respectively, where the simulated data is 
from the equivalent circuit model in Fig. 1 with extrinsic 
modeling parameters from the well matched S-parameters 
in Fig. 3. The excellent agreement between as-measured 
and simulated NF,,,, in combining with the well matched 
S-parameters in Fig. 3, indicates the good accuracy of 
circuit model in Fig. I. Similar good agreement is also 
obtained for the 18 fingers MOSFETs (not shown). 
Therefore, the same model is suitable to provide self- 
consistent solutions for NF,,,, S-parameters, and DC 
(from extracted BSIM3 modeling parameters). 
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Fig. 4. The measured and modeled NF,,"of 80 nm MOSFETs 
with (a) the smalles 6 and (b) the largest 36 fingers. The good 
agreement ixhveen as-measured and simulated NF,,j,n indicates 
the good accuracy of model in Fig. 1. Thhe probing pad shows 
the dominant effect on asmeasfired NF.,,. The analytical 
calculation is also added from derived equation (4) for 
comparison. 

We have further used the well matched equivalent 
circuit model to de-embed the noise generated from the 
probing pad. The pad equivalent sub-circuit is  included 
inside the extrinsic model in Fig. I and the parameters 
values are obtained from the well agreed simulation data 
'with measured S-parameters of open pad. The de- 
embedded NF,,,," is also shown in Fig. 4, which is largely 
'reduced from as-measured data to only 1.1-1.2 d B  at IO 
GHz for both fingers MOSFETs. Similar largely reduced 
NF,,,," to I . I  dB is also obtained for 18 fingers case (not 
shown). This suggests that the probing pad contributes the 
dominant noise source in as-measured NF,,,,, because of its 
low impedance shunt pass connected to gate [3], where 
such effect can be greatly reduced by increasing substrate 
resistivity [I]-[2]. 

B Analysis of de-embedded NF,,, 

T o  further understand such large contribution of 
probing pad, we have analyzed the excess noise generated 
by both pad and gate resistance. Fig. 5(a) shows the 
typical noise circuit of MOSFETs with two equivalent 
input noise generators [5 ] .  However, this simplified noise 
circuit did not consider the thermal noise from both gate 
resistance and shunt pass resistance of probing pad. Fig. 
5(b) shows the modified noise circuit including the R, and 
Rpd thermal noise sources. T o  include these additional 
thermal noises and translate into the two equivalent input 
noise generators in Fig. 4(a), short and open circuiting the 
input are required. The reason why open pad Rpd 
generates dominant noise is due to the formation series or 
parallel connection with R, during open or short circuiting. 
Since the Rpd is larger than R, even at the smallest 6 
finger devices, its generated thermal noise becomes the 
dominant factor in NF,,. 

(b) 
Fig. 5 .  7he noise circuit of MOSFETs with (a) simplified WO 
equivalent input noise generators and (b) our proposed model 
with additional noises from Rg and Rpd. To convert our 
proposed noise circuit in (b) into two equivalent input noise 
generators case in (a), open and short circuiting are required. 

To analyze the reason why the de-embed NF,,,, having 
only weak finger number dependence, we have derived the 
NFmjn based on the intrinsic equivalent MOSFET circuit in 
Fig. 1 with additional R, and following the procedure in 
reference [ 5 ] :  
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IV. CONCLUSION 

We have shown that the dominant noise source is 
from the probing pad generated thermal noise, which is 
due to the lossy Si substrate effect. The NF,, is largely 
reduced from the as-measured 3-6 dB to only small 1.1- 
1.2 d B  after de-embedding for 6, 18 and 36 fingers 8Gnm 
MOSFETs. The weak dependence of NF,," after de- 
embedding is due to the combined effect of Rgm and 
nearly constant y where the increasing finger number 
decreases R,but also increases g, monotonically. 
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