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In this study, Rolletti stability criterion (K) analysis is performed based on the scattering parameters of GaN based High 
Electron Mobility Transistor (HEMT). The change in K and D  (Delta, D) with temperature is analyzed and the relationship 
between K andD  is determined. The frequency region where the effective temperature change is determined by indicating 
the critical points for the stability of HEMT. In addition to that, best values of K andD  are specified along with the boundary 
values and the region where HEMT works stable is determined. 
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1. Introduction 

 
HEMT is a kind of Field Effect Transistor that is 

recently invented and finally commercialized [1]. HEMTs 
are commonly used in various areas due to their low noise 
and their ability to work at high frequencies. The working 
frequency of HEMTs, due to the material used, ranges 
between 10–110 GHz [1–27]. The main usage areas of 
HEMTs are; analog, numerical and wireless 
communication systems. 

In this study, a GaN based HEMT is analyzed based 
on the temperature dependent scattering parameters, 
changes in power and gain. The cut-off frequency of the 
analyzed GaN-HEMT is 101 GHz, its maximum 
oscillation frequency is 155 GHz and its other properties 
are listed in references [28–29]. In the study, analyses are 
performed for scattering (S) and gain parameters of GaN 
HEMT at different Kelvin (K) temperatures (100 K,       
200 K, 300 K, 400 K, 500 K and 600 K). There are 
different approaches related with the stability of 
HEMTs[30–35]. In this study, the relationship between 
Rolletti stability factor (K) and temperature is determined. 
  

 
2. Hemt analysis 

 
There are many equivalent circuit models proposed 

for HEMTs. The main ones are; high and low frequency, 
large and small signal equivalent circuits. That’s why prior 
to making the circuit analysis, the equivalent circuit model 
suited to the purpose is selected [11–24]. Fig. 1 shows the 
equivalent circuit model for the chosen HEMT. 

HEMT equivalent circuit model are analyzed in two 
groups as intrinsic and extrinsic elements. Extrinsic 

elements are gL , sL , dL , gR , sR and dR . whereas 

intrinsic elements are defined as gate charging 

resistance iR , gate-source conductance or 

resistance ),( dsds Rg , gate-source capacitance gsC , 

dependent source gsmm VgG = , gate-drain 

capacitance gdC , drain-source capacitance dsC  and 

transconductance mg  [4]. 
 

 
 

Fig. 1. HEMT small signal equivalent circuit model 
[6,7]. 

 
Equivalent circuit parameters are obtained by using 

two-port analysis techniques just like the ones used for 
scattering S, admittance Y, hybrid H and impedance Z 
parameters [8–25].  

Whereas S parameters are defined as: 

S 11 : The input reflection coefficient. 

S 12 : The reverse transmission coefficient (reverse 
gain or loss). 

S 21 : The forward transmission coefficient (forward 
gain).  
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S 22 : The output reflection coefficient. Table 1 shows 
the change with temperature of the equivalent circuit 
elements given in Fig. 1.  

The non-linear output current of HEMT is defined as 
in [35]: 
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where the trans-conductance is defined as 
2

321 gsmgsmmm vgvggg ++= .  The 1mg ,   
2mg  and 3mg  

terms in this relation decrease respectively at the ratio of 
19.579%, 25.327% and 50.119%. As a result, the output 
current decreases and this directly affects the gain. 
Whereas the output resistance (drain-source) is defined 
as 2

321 gsdsgsdsdsds vrvrrr ++= . The output resistance 

change increases at the ratio of 263.004%, 222.655% and 

185.259% for 1dsr , 2dsr  and 3dsr  values respectively. The 

gate-source capacitance change is defined as 
2

321 gsgsgsgsgsgs vCvCCC ++= . For
1gsC , 2gsC  and 

3gsC  

the change ratios increase at 166.747%, 232.005% and 
154.850% respectively. As a result of this, the working 
frequency of HEMT changes.  

 
Table 1. Circuit parameters [28–29] at different temperatures of HEMT (Kelvin, K) . 

 

 
 

Transfer function is often used in system analysis. 
When maximum power transfer is required, signal power 
is usually taken as the variable parameter.  

In a two-port system, the load impedance ( LZ ) is 
characterized by the scattering matrices [S] and chain 
matrix [ABCD]. The transducer power gain ( Tg ); is the 
ratio of the power delivered to load )( LP , to the power 
available from the source )( AVSP . The transducer 
power gain is defined as; 
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where ING  is the input reflection coefficient, OUTG  is 
the output reflection coefficient, LG is the load reflection 
coefficient  and SG  is the source reflection coefficient. 

The transducer power gain depends on both the load 
and the source impedance. The available power gain ( AG ) 

depends on the ratio of the available power in a two-port 
( AVNP ) to the available power at the source )( AVSP . The 
available power gain relation AG  is defined as 
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The relationship between transducer power gain and 

voltage gain relative to source signal voltage SV  and 
output voltage 0V  which is given as, 
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in which the load resistance ( LR ) and source series 
resistance ( SR ) are defined as in [30,33,34].  

Stability in systems is defined as the bounded output 
with bounded input. There are many criteria for stability 
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analysis. These are Nyquist, Root-locus, Hurwitz, Rolletti, 
Linvilli and Stern etc. Some of these can be used for the 
analysis of control systems as well. There are different 
criteria for non-linear systems as well. These are 
Lyapunov I-II and Point care etc. 

Even though there are many theoretical advantages of 
stability criteria, the results in practical applications are 
very limited. The design of high order non-linear systems 
can be given as a practical application example in [30–34].  

In stability analysis, the input and output reflection 
coefficients of HEMT ( ING , OUTG ) are considered. The 
stability of HEMT has been related to both of these values 
being low [30]. In two-port systems when these two values 
are both low, the system is accepted to be stable [3, 31]. 
The instability condition occurs when both these values 
are high. The stability relations have been defined as [30, 
32, 33]: 
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If the Rolletti’s condition has been fulfilled, the 

stability factor K>1, the circuit is accepted to be 
unconditionally stable [32–33]. Accordingly; 
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D  (Delta) values are calculated by using the S-parameters 
of HEMT and then the Rolletti stability factor K is 
calculated [32]. If 1>K , it is accepted to be 
unconditionally stable otherwise it can be potentially 
unstable (K<1) and most probably in many situations there 
is a discrepancy between the load impedance and the 
source.  

The curves in Fig. 2 have been obtained by using the 
HEMT equivalent circuit in Fig. 1 and the values in Table 
1. In the modeling, Rolletti stability factor (K) and Delta 
(D ) values have been obtained for different temperatures 
in 10MHz-500GHz frequency range. 

At different temperatures an inverse relation has been 
determined between D  and K until HEMT became fully 
stable. In low frequencies (10-400 MHz), D  is at its 
maximum whereas K is at its minimum value. This holds 
for all the temperatures used in the test but it can be 
accepted that the frequencies after 1 GHz temperature 
dependent breakups occur between Delta and the Rollet 
stability factor. 16 GHz frequency is the point where the 
stability factor is at its maximum and Delta is at its 
minimum value. At this frequency the stability factor is 
K=1.21 (at 600K temperature), Delta D =0.02 (at 400K 
temperature). Whereas the Rolletti factor value at which 
HEMT is unconditionally stable ranges between 36-93 
GHz at different temperatures. After 300 GHz, the K and 
D  values  approach to “1” for all temperatures used for 
testing. However this frequency is higher than the cut-off 
frequency (150 GHz) for the HEMT used. Theoretically, at 
all temperatures the system is stable for frequencies higher 
than 93 GHz. The steady state frequency range for the 
Rolletti stability factor value is between 12-93GHz 
interval. The frequency border values for which the 
Rolletti criteria do not go down to less than 1 are 
determined to be respectively 36GHz for 600K, 50GHz for 
500K, 65GHz for 400K, 75GHz for 300K,  82GHz for 
200K  and 93GHz for 100K. The delta values reach to “1” 
for all temperatures after 300GHz. The stable region that 
can be used ideally for HEMT is between 75-150GHz for 
300K which corresponds to room temperature. As a result, 
the stability is directly proportional to temperature of 
HEMTs which means that at higher temperatures the 
HEMT becames stable at lower frequencies whereas for 
lower temperatures it becomes stable at higher 
frequencies.  

 

 
 

Fig. 2. The relationship between D -K for HEMT at different temperatures. 
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Fig. 3 shows the change of D  which affects the 

Rolletti stability factor with respect to 
2211 * SS and 

2112 * SS parameters. The
11S , 12S , 21S  and 

22S parameters 

were obtained from the values of the equivalent circuit of 
HEMT at 300K. These parameters that effect the D  factor 
were analyzed in two parts composed of the 
multiplications  a ( 2211 * SS ) and b (

2112 * SS ). 

 When ( 1* 2211 =SS ) which corresponds to 

( 0* 2112 =SS ) point, the system is unconditionally 

unstable. The points ( 28.0* 2112 =SS ) and 

( 16.0* 2211 =SS ) corresponds to the inflection point. 
The critical points of the delta values correspond to: 

1. 16.0* 2211 =SS , 28.0* 2112 =SS  and 12.0=D   

2. 1* 2211 =SS , 0* 2112 =SS  and 1=D   

3. 52.0* 2211 =SS , 70.0* 2112 =SS  and 63.0=D . All 
these points are the critical pivot points in the operation of 
HEMT.  

 

 
 

Fig.  3.  The change of Delta at 300 K with respect to the 
scattering parameters.  

 
Fig. 4 shows the relationship between the scattering 

parameters of HEMT used for the calculation of D  at    
300 K. Depending on the scattering variables the 

16.0* 2211 =SS ,  28.0* 2112 =SS  points are the values 

corresponding to inflection. According to the scattering 
parameters there is no linearity in the change of D . 
Contrary it can be concluded that , there is a high order of 
non-linearity. In addition to that, there is no linearity in 
any region among the parameters that affect D  as well.  

  

 
 

Fig. 4. The relationship between the scattering 
parameters used to calculate Delta at 300 K.  

 

The change of D  at 300K with respect to 2112 * SS  is 

analyzed in Fig. 5. As can be seen in Fig. 5 for 1=D (D), 
0* 2112 =SS . Based on this condition HEMT is 

unconditionally unstable. For the stable condition 
28.0* 2112 =SS that corresponds to 12.0=D , HEMT is 

unconditionally stable.   
 

 
 

Fig. 5.    The change of  D (Delta) and 2112 * SS  at   

300 K according to the scattering parameters.  
 
The Figs. 6, 7, 8 and 9 are evaluated together to 

determine the unconditionally stable and unstable regions 
of D (Delta, D) and K.  

  

 
 

Fig. 6.  The change of Rolletti criteria (K), Delta(D) 
according to frequency at 300 K.  

 
In Fig. 7, 16 GHz point which corresponds to the 

lowest value of Delta (D=0.12) is the best value that 
HEMT is unconditionally stable. 

 

 
 

Fig. 7. The change of Delta with frequency at 300 K. 
 

Whereas in Fig. 8, the frequency value at which 
HEMT is unconditionally stable based on the Rolletti 
factor is the frequency range from 15 GHz to 25 GHz. 



Temperature dependent Rolletti stability analysis of GaN HEMT                                                785 
 

 

Between 25-75 GHz, it is accepted to be unconditionally 
unstable and for all frequencies after 75 GHz, it is 
unconditionally stable. The best frequency for stability is 
about 19 GHz. At this frequency value, the Rolletti criteria 
is at its best value (K=1.07).  

 

 
 

Fig. 8  The change of K with frequency at 300 K.  
 

Fig. 9 shows the relationship between the Rolletti 
factor K and Delta when HEMT is at 300 K. The values at 
which HEMT becomes stable are D = 0.9, K=1 and 
HEMT becomes unconditionally stable. In the range at 
which HEMT is unconditionally stable D ranges between 

33.012.0 -=D . Here K suddenly reaches high values and 
is accepted to be unconditionally stable. The other stability 
range is the values after D = 0.9. Here K values suddenly 
reach high values again and HEMT is unconditionally 
accepted to be stable. HEMT operates stably in two 
regions.  

 

 
 

Fig. 9. The relationship between K-D at 300K.  
 

 
3. Conclusions 

 
The results obtained in this study with respect to the 

change in temperature can be summarized as follows: 
1. As temperature increases, the K and frequency 

values become smaller. Also for the highest temperature of 
600 K, the oscillation fluctuations reach high values and 
the steady state frequency interval increases. The probable 
bandwidth at which HEMT can be used stably becomes 
smaller.  

2. The steady state frequency range is small and the 
oscillation fluctuations are shorter for the lower 
temperature value (100K) as well. 

3. At a temperature of 400K Delta is at its minimum 
value. The Rolletti stability factor (K) becomes lower than 
500 K.  

4. Delta is at its lowest value for all temperatures at 
16 GHz. This frequency value is the most sensitive one to 
the temperature. HEMT is accepted to be working 
unconditionally stable at this range. On the other hand, the 
effect of ambient temperature is also very important. 

5. It is observed that temperature and change in 
power are directly related. Also It is clear that as the 
temperature increases, the power values decrease. Between 
the two extreme temperatures (100 K - 600 K) a gain 
difference of 10.8dB is computed. The transducer power 
difference is found to be 31dB. This value is important for 
high frequency applications.  

6. At the critical temperature of 400K, Delta reaches 
its minimum value whereas it reaches its maximum value 
at 600K. These two temperature values correspond to the 
extreme points of HEMT’s operating temperature. 

7. HEMT operates regionally stable in two regions 
(Fig. 9). 

8. It is determined that the best value of delta for 
300K is 0.12 and its frequency is found to be 16 GHz. 

9. The best value for the Rolletti stability factor at 
300K is determined to be 1.07 and its frequency value is 
determined to be 19 GHz. 

In this study, the most temperature sensitive 
frequency for HEMT to operate stably is computed as      
19 GHz. whereas the best operating temperature is 300 K. 
Because the voltage gain can be considered to be almost 
constant up to 1 GHz. Finally, HEMT operates 
unconditionally stable for frequencies higher than 12GHz.  
The temperature sensitive variables are the 
transconductance 2

321 gsmgsmmm vgvggg ++= , output 

resistance change 2
321 gsdsgsdsdsds vrvrrr ++=  and gate-

source capacitance change 2
321 gsgsgsgsgsgs vCvCCC ++=   . 

As a result of the change in these variables, the operating 
characteristics of HEMT change. Therefore HEMT is 
unconditionally unstable between 140MHz-12GHz 
according to the Rolletti criteria. Unconditionally stable 
regions of HEMT depend upon temperature. The best       
–3 dB bandwidth corresponds to the 300 K value.   
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