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Abstract. In low power UDSM process the combined use of reduced value of 
the supply voltage and high threshold voltage value may greatly modify the 
temperature sensitivity of designs, which becomes structure and transition edge 
dependent. In this paper we propose a model for determining the temperature 
coefficient of CMOS structures and defining the worst Process, Voltage and 
Temperature condition to be verified for qualifying a design. This model is 
validated on two 0.13µm processes by comparing the calculated values of the 
temperature coefficient of the performance parameters to values deduced from 
electrical simulations (Eldo). Application to combinatorial path gives evidence 
of the occurrence of temperature inversion that is structure and control condi-
tion dependent and must carefully be considered for robust design validation. 

1   Introduction 

With the shrinking of technologies, the contribution of the leakage current to the total 
power consumption has increased dramatically, and is becoming a critical problem in 
CMOS UDSM technologies. In low power applications, one possible solution to re-
duce the static to dynamic power ratio is to use higher threshold voltage (Vt) devices. 
As expected this approach results in a design speed reduction. Moreover, the tempera-
ture sensitivity of the mobility and the threshold voltage [1,2] may reverse the tem-
perature coefficient of the N and P transistor current. This completely modifies the 
critical characterization corners of a design (temperature inversion phenomenon). 
This effect is expected when the threshold voltage value approaches half Vdd. Unfor-
tunately this configuration is becoming a standard for low power design in UDSM 
technologies (130nm and beyond).  

In order to validate a design in a static timing analysis (STA) flow, it is necessary 
to validate the worst and the best case timing conditions. Without any temperature 
inversion phenomenon, it is well known that the worst case timings are observed for 
the worst case Process, the lowest Voltage value and the highest Temperature condi-
tion (PVT conditions). In low power design, due to the use of high threshold voltage 
devices, the worst case timing conditions are no more guaranteed at the highest tem-
perature operating point. 
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Consequently to guarantee the correct behavior of a design it is necessary to verify 
various PVT conditions. This implies a standard cell library characterization for sev-
eral (Three worst case for three different temperature values) PVT conditions, result-
ing in a huge amount of simulations for determining the standard tabular or polyno-
mial representation of performance [3].  

The main contribution of this paper is to propose a new representation of the tim-
ing performance of a CMOS library [4], to characterize the PVT conditions to be used 
for validating a design. The target of the proposed method is to deduce from a calibra-
tion of the model on one PVT condition, the evolution of each library cell perform-
ance at all the other PVT corners. This gives facility to the designer in predicting and 
estimating the evolution of the design performance with a minimum of simulation 
time. 

The rest of the paper is organized as the following. In section 2, the analytical 
model generating the new representation of the timing performances is briefly intro-
duced. Section 3 characterizes the temperature inversion phenomenon and defines the 
corresponding model. Section 4 applies this model to a data path of a circuit, designed 
in two different 0.13µm technologies, in order to demonstrate the influence of the 
process conditions to the temperature inversion phenomenon. 

2   Physical Timing Model 

A. Transition time modeling 
Considering the transistor as a current generator [5], the output transition time of 
CMOS structures can be directly obtained from the modeling of the charging (discharg-
ing) current that flows during the switching process of the structure and from the 
amount of charge (CL · VDD) to be exchanged with the output node as: 
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DDL
outLH

NMax

DDL
outHL I
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I

VC ⋅=τ⋅=τ  (1) 

where CL represents the total output load (parasitic and active capacitance), Vdd the 
supply voltage value, and IN/PMax the maximum current available in the structure. The 
key point here is to evaluate this maximum current, which depends strongly on the 
input controlling condition. For that, two main domains have to be considered: the 
fast input and the slow input range. 

In the fast input range, the driving condition imposes a constant and maximum cur-
rent value in the structure. The current expression can then be directly obtained from 
the Sakurai's representation [6]: 
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Where KN/P is an equivalent conduction coefficient, VTN/P are the threshold voltages of 
N / P transistors, and α the velocity saturation index to be calibrated on the process. 

Combining eq. 1 and 2 finally leads to the following expressions of the output 
transition time of a CMOS structure in the fast input range: 
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where SHL/LH are the symmetry factors of the considered CMOS structure, CL and CIN its 
load and input capacitance respectively. The parameters: 
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are the process metrics for the transition time, since these parameters capture the 
sensitivity of the output transition time to both the supply and threshold voltage val-
ues.  

B. Propagation delay modeling 
The delay of a CMOS logic gate is load, gate size and input slew dependent. Extend-
ing the work of [7] by using a velocity saturation index different from unity, the input 
slope and the input-to-output coupling effects can be introduced in the propagation 
delay as: 
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3   Temperature Inversion: Characterization 

The threshold voltage and the carrier mobility values are temperature dependent [1,2]. 
If both threshold voltage and carrier mobility values monotonically decrease when the 
temperature increases, the resulting impact on the timing performance of a design 
depends on the range of operating supply voltage values. 

Considering (3,4), for an increase of temperature, it is obvious that a decrease of 
the VTN/P values results in a decrease of both the output transition time and the propa-
gation delay, while a decrease of the carrier mobility induces an opposite variation of 
the timing performance. 

It has been experimentally observed [8] that for a specific range of supply voltage 
value the temperature coefficient of the transition time becomes supply voltage de-
pendent and may have negative values for Vdd < 2VT. This is the temperature inver-
sion phenomenon that could appear in low power processes, using high threshold 
voltage and reduced Vdd values. 

Due to the resulting non-monotonic temperature impact on the design performance, 
it is clear, from eq. 3,5,6, that the STA flow must be performed with great care, in 
order to properly capture the worst performance of a design  

Table 1. Threshold Voltage value at nominal conditions. 

VDD=1.2V A Process  B Process  

VTN (V) 0.56 0.64 

VTP(V) 0.47 0.56 
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In order to illustrate this effect, let us study two different 0.13µm processes dedicated 
to general purpose design (A) and to low power applications (B). The only difference 
between these two processes is on the threshold voltage values, as given in Table 1.  

A. Transistor current temperature dependence. 
Let us analyze the drain source current temperature sensitivity of an NMOS transistor 
under different temperature conditions. In Fig 1 we report the NMOS drain source 
current (process B) evolution, with the Vdd supply voltage value, for three different 
temperature values. We consider the maximum current available by imposing 
VGS=Vdd. 
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Fig. 1. Id = f (VGS=Vdd) for NMOS (B process)  

As shown, it is possible to define two supply voltage domains: I and II defined by 
the crossing points (VGS=1.08V) of the three Id versus VGS curves.  

In domain I, the NMOS drain source current has a greater value at high temperature. 
In the domain II, the situation is reversed, the greatest value of Id occurs at low tem-
perature (-40°C). This demonstrates that depending on the supply voltage value the 
worst performance operating point can be obtained for high or low temperature val-
ues. The temperature coefficient of the current is supply voltage dependent and is 
cancelled, in this case, for the crossing point value Vdd=1.05v. 

This evolution of the worst case PVT condition from high to low temperatures can 
be explained by the temperature variation of the VTN and KN values. Both parameters 
have a negative temperature coefficient with an opposite effect on the evolution of the 
transistor current value. At high supply voltage value the sensitivity of the K term (2) 
dominates, but for low Vdd value the variation of the Vdd-VT term becomes prepon-
derant, reversing the global ID current temperature coefficient. 

One interesting point here is to note that at a supply voltage equal to the crossing 
point value the effect of VTN variation on the current is balanced by the effect of KN 
variation, meaning that around this voltage, the performance of a design is quasi tem-
perature independent. 
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As a result, the inversion voltage value of N and P transistors are the key parame-
ters for characterizing design temperature sensitivity or predicting possible tempera-
ture inversion. As an example, in Table 2 we give the inversion voltage obtained from 
simulated values of the N, P transistor current, on both A and B processes. As shown, 
considering the voltage corners defined for B process (1.08V and 1.32V), it appears 
that the NMOS device is not subject to T inversion phenomenon (negative current tem-
perature coefficient), while the PMOS is always in inversion (positive current tempera-
ture coefficient). 

Table 2. Inversion voltage and nominal threshold voltages for A and B process. 

A Process  B Process  
 

NMOS PMOS NMOS PMOS 

Inversion 
point 

0.92 V 1.08 V 1.05 V 1.38 V 

Vt nom. 0.56 V 0.47 V 0.64 V 0.56 V 

B. Transition time temperature coefficient 
In order to model and characterize a process with respect to the temperature inversion 
phenomenon, the δ threshold voltage and Xk conduction factor temperature coeffi-
cients must be considered [9, 10] for determining, respectively, the sensitivities of VT 
and K to the temperature:  
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where the nominal values are chosen at 25°C and at (1.20V). Including these parame-
ters into (2), supplies a derating coefficient Der that allows estimating the timing 
performance (4,5) of any cell operating under any PVT condition. 
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In fact, as previously discussed this temperature sensitivity is directly obtained from 
the τN/P parameters which capture all the sensitivity of the output transition time and 
propagation delay to both the supply and threshold voltage values. 

In order to validate this approach, we have made an application to the PMOS and 
NMOS transistor of B process. We first have extracted τN/P values from Eldo simula-
tions for all PVT corners. Then, using the determined τN/P values, at the nominal point, 
as a reference we have calculated the τN,P values at the different PVT corners by 
applying the derating coefficient (7) with δN=1.3mV/C and XkN=1.6, δP=1.6mV/C and 
XkP=1.2 to the τ expression (4). Results are reported in Table 3 and 4. 
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Table 3. τP for each PVT corners and errors between calculated and simulated values. 

τP (ps) 
Simulation 

Error (%) 
Model vs. Simulation B 

1.08V 1.20V 1.32V 1.08V 1.20V 1.32V 
233°K 36.6 26.9 21.9 -0.7 -2.2 -6.1 
298°K 33.2 26.2 21.8 0.3 0 -1.1 
398°K 31.2 25.6 21.9 -3.2 -0.7 0.9 

Table 4. τN for all PVT corners and errors between calculated and simulated values. 

τN (ps) 
Simulation 

Error (%) 
Model vs. Simulation B 

1.08V 1.20V 1.32V 1.08V 1.20V 1.32V 
233°K 13.9 9.6 7.4 0.1 -4.4 -7.2 
298°K 14.2 10.2 8.0 -1.0 0 0.1 
398°K 14.5 11.1 9.1 -2.5 1.4 3.1 

Table 5. Tau_N and Tau_P for A process. 

Tau_P (ps) 
Simulation 

Tau_N (ps) 
Simulation A 

1.08V 1.20V 1.32V 1.08V 1.20V 1.32V 
233°K 27.3 22.0 18.6 9.5 7.6 6.5 
298°K 27.6 23.1 20.0 10.9 8.2 7.0 
398°K 27.9 24.1 21.4 11.1 9.3 8.2 

As shown the calculated values are in good agreement with the simulated ones. 
The PMOS transistor of the B process is inverted over the whole supply voltage range 
and is temperature independent at 1.32V. At the contrary, the NMOS transistor is not 
impacted by the temperature inversion phenomenon as expected from Table 2 that 
gives its inversion voltage (1.05V) smaller than the worst-case supply voltage. 

Finally, following the transition time and the delay equations (4,5), we can con-
clude that timing values (rising edge only) will suffer from temperature inversion. The 
worst case PVT must occur at the worst-case process defined by small supply voltage 
and low temperature values. 

The main result obtained on this process, for the τN values sensitivity, is that the 
falling edge is not impacted by the temperature inversion. At 1.08V the sensitivity to 
the temperature is very small but the worst case operating mode corresponds to the 
standard definition with high temperature and low voltage values. 

As a summary, for the B process, both edges vary in an opposite way. The tem-
perature coefficient of the transition time is negative (-0.15ps/°C) for the rising edge. 
The falling edge exhibits a small but positive temperature coefficient (+0.04ps/°C). In 
that condition the critical operating mode will be defined by the rising edge. 

Considering the A process with its small threshold voltage values, this technology 
is supposed to be less influenced by the temperature inversion phenomenon.  

As shown in Table 5, the worst case for the current is clearly at high temperature 
and low supply voltage for both edges. The PMOS study gives an inversion point 
around 1.08V. At 1.08V τP exhibits a small variation between –40°C and 125°C (+ 
0.021ps/°C). Following these results, the worst case for the drain current is at high 
temperature. 
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The main conclusion of this part is that the τN,P coefficients can be used to charac-
terize the drain current variations taking account all the PVT parameters. We have 
shown that the model differentiates both edges separately to take care of the N and P 
MOS dissymmetry. With respect to the supply voltage value, the threshold voltage 
appears to be the most sensitive parameter to control the temperature coefficient. A 
5% variation of VT, can completely reverse the transistor temperature sensitivity. 

4   Application to Path Timing Performance Sensitivity 

In this part we study the temperature inversion phenomenon for cells and for a path 
designed in the two A and B technologies. We highlight the behavior of the propaga-
tion delay and the transition time. 

A. Cell level 
It is clear from (4) that the temperature sensitivity of the transition time (3) is com-
pletely defined from that of the τN,P parameter. Following this conclusion, only the 
rising edge for process B will exhibit a temperature inversion (Table 3). In Table 6 we 
have verified this result with Eldo for inverters implemented in A and B processes. 

Table 6. Transition time at –40°C and 125°C. 

INV Process A INV Process B Vdd 
1.08V Rising Falling Rising Falling 
-40°C 52ps 48ps 78ps 55ps 
125°C 65ps 58ps 70ps 58ps 

Considering the delay expression (5), two separate coefficients have to be consid-
ered. The first parameter is input slope and threshold voltage dependent. The second 
one is the output transition time, which is directly connected to τN,P. 

For the A process and the rising edge, τP is not in temperature inversion, so the 
second term of the delay is not impacted. But if we consider the first part of the for-
mula, and the fact that the threshold voltage increases when the temperature decreases 
(Table 7), for a given input slope, this part of the delay has a greater contribution for 
low temperature and can cause temperature inversion. And the greater the input 
transition time value is, the more important the phenomenon is. The main result is that 
the delay can be in temperature inversion even if the drain current and transition time 
sensitivity are not modified. 

Table 7. Vt for PMOS in A process. 

Temp. Vt_P(V) 
-40°C 0.61 
25°C 0.56 

125°C 0.48 

B. Path level 
Validation is obtained by evaluating the temperature sensitivity of a data path de-
signed in the two A and B technologies, and comparing the results with electrical 
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simulations (Eldo's). The data path is constituted of inverters, nand, nor, AO, buffer 
and multiplexer for a total of 10 cells and an input slope of 800ps. The characteriza-
tions are done for a worst-case process at 1.08V for –40°C, 25°C and 125°C. 

Table 8. Path delay at several temperatures. 

Temp. 
(°C) 

Delay (ns) 
Simulation 

Delay (ns) & error 
model 

-40 2.178 2.261 (+4%) 
25 2.263 2.231 (-2%) 

125 2.178 2.073 (-5%) 

From the simulated values, given in Table 8, we observe on this path an almost 
temperature independent delay, the worst case occurring around 25°C, with a very 
small temperature coefficient (0.01ps/°C). This is a consequence of the reverse tem-
perature coefficient of the edges resulting in an overall compensation.  

Let us focus on the first cell (inverter) of the path (controlled by the slower input 
ramp). We can see in Table 9 that, as generally expected, the transition time has a 
positive temperature coefficient. However, due to the threshold voltage temperature 
sensitivity (Vt,τIN ,eq.5), the delay exhibits a negative coefficient. 

Table 9. Timing of the first cell, controlled by a 800ps input ramp. 

Temp. 
(°C) 

Delay 
(rising) 

Slope 
(rising) 

-40 378 ps 316 ps 
25 362 ps 341 ps 

125 333 ps 372 ps 

This highlight the rule defines at the cell level study. 
Considering the second process (B) with a greater threshold voltage value, on the 

same path (same cells, same drives), this technology appears deeper inverted. The 
transistor current study demonstrates that the rising edge is fully inverted (delay and 
transition time) and the falling edge is almost temperature independent. On a path, 
where falling and rising delays add up, the worst case is for a worst process, at low 
supply voltage and temperature values. The results are summarized in the Table 10. 
As shown the calculated values of delay (5) are in good agreement with the simulated 
one. This demonstrates the ability of the model in characterizing the temperature 
inversion phenomenon. 

Table 10. Path delay at several temperatures. 

Temp. 
(°C) 

Delay (ns) 
Simulation 

Delay (ns) & error 
model 

-40 3.197 3.381 (+5.7%) 
25 3.032 3.129 (+3.2%) 

125 2.868 2.794 (-2.6%) 

To summarize, for the B process that is fully inverted, the worst case is obtained 
for a PVT defined at the lowest temperature. For the A process, the delay temperature 
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dependence is input slope dependent. Despite the nearly temperature independence of 
the process, the path temperature sensitivity depends on its structure and must be 
carefully considered by controlling slope for defining the critical configuration. 

5   Conclusion 

The determination of robust PVT corners is of fundamental importance in actual low 
power UDSM process, for validating the critical configuration of designs. Using a 
physical and analytical model of the timing performance of CMOS structures, we 
have demonstrated that it was possible to accurately model the temperature sensitivity 
of the transition time and delay. We have clearly identified a process parameter, τN,P, 
that can be used as a robust metric to define the temperature sensitivity of CMOS 
structures. 

Validations have been given on two specific 0.13µm processes by comparing the 
temperature sensitivity of timing performance, calculated with the model to values 
obtained from electrical simulations. 

We have shown the possibility on a specific process to get transition edges with 
opposite temperature coefficient (temperature inversion) resulting in a complete 
modification of the definition of the design validation critical conditions. This tem-
perature inversion sensitivity has been shown to be input slope and path structure 
dependent.  

This model appears as a powerful help for designers in characterizing, with few 
simulations, the timing performance of designs for any PVT corner. 
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