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Abstract:- This paper presents an analytical model for the evaluation of noise coefficients for separate Gate 

In0.52Al0.48As/In0.53Ga0.47As DG-HEMT. The intrinsic noise sources due to voltage applied to the two gates are 

computed individually and the resultant noise coefficients are also evaluated. The analytical results show good 

agreement with the simulated data. 
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I. INTRODUCTION 
InP based InAlAs/InGaAs High Electron Mobility Transistors have exhibited excellent performance 

with a high cut-off frequency exceeding 500 GHz for 25 nm gate-length single-gate device [1]. In terms of the 

noise performance, a low Minimum Noise Figure of 1.2 dB has also been achieved for 0.1 μm gate-length 

device at 94 GHz [2]. Such   state-of-the art noise performance at ultra-high frequencies has made InP substrate 

based InAlAs/InGaAs HEMT the most promising candidate for future low-noise millimeter-wave frequency 

applications [1, 3]. Continuous shrinking of the gate length has been taking place over the past few decades to 

achieve higher cut-off frequency and better high speed performance and has now reached a limit beyond which 

the inevitable short-channel effects become dominant and cause degradation in the device performance. Further 

improvement in the device performance beyond the fundamental limit of device miniaturization calls for 

alternative solutions beyond gate-length shrinking. One such solution is modification in the conventional HEMT 

structure and employment of a double-gate structure (in which two gate are placed on each side of the 

conducting channel). 100 nm gate-length InAlAs/InGaAs double gate High Electron Mobility Transistor 

fabricated by Vasallo et. al have exhibited superior microwave and noise performance as compared to its single-

gate counterpart [4-5] .With a purpose to explore the potential of this highly promising device,  authors in their 

previous work presented a detailed analysis for the microwave performance assessment of InAlAs/InGaAs 

separate-gate DG-HEMT  in terms of cut-off frequency (ft) and maximum transducer power gain (Gu) [6-7].  

 In this paper, the earlier proposed charge control model is extended for a comprehensive noise 

performance analysis of InAlAs/InGaAs DG-HEMT operated in separate gate geometry.  Various intrinsic noise 

sources, namely, drain noise current and gate noise current, are evaluated for separate gate DG-HEMT. In terms 

of these noise sources, the various noise coefficients, namely the drain noise coefficient (P), gate noise 

coefficient(R), and correlation coefficient(C) are obtained. The analytical results obtained are compared and is 

good agreement with Atlas Device simulation results. The operation of DG-HEMT in separate gate geometry 

offers a possibility of its application in mixers (where the radio frequency and the local oscillator frequency can 

be separately applied and controlled) and in velocity modulated transistors [8-11]. 

 

II. MODEL FORMULATION  
A symmetric DG-HEMT with separate gate geometry is shown in Figure 1 The sheet carrier 

concentration (nsi) for either of the two 2DEGs in such a double-gate and double-heterostructure system is given 

by [12]: 

 Fithgsisi EVV
qd

n 


           (1) 

where, Vgsi represents the voltage at the two gates (i =1 for gate1 and i=2 for gate2), q (=1.6x10
-19 

C) is the 

electron charge, ε (= 12.03εo) is the permittivity of In0.53Ga0.47As, εo (= 8.85x10
-12

 F/m) is the permittivity of free 

space, d=dd+di is the total thickness of  InAlAs layer and dd=ds+da, where ds ,da and di represent the thickness of 

the schottky layer, donor layer and spacer layer of the device respectively. 
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Fig.1: Double-gate InAlAs/InGaAs structure HEMT 

 

The variation of fermi-level with the sheet carrier concentration nsi is incorporated as [12]: 

sisiFi nknkkE 321                          (2) 

where k1 (0.143 V), k2 (2.609 x 10
-7 

Vcm) and k3 (-5.469 x 10
-14 

Vcm
2
) are the temperature dependent constants 

whose values are computed as illustrated in [12]. By substituting the expression for fermi potential from (2) in 

(1), the sheet carrier concentration (nsi) is obtained as 
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where V(x) is the channel potential at any point x. L1 is the point in the channel where electrons reach their 

saturation velocity,  Φb (=0.56eV) is the schottky barrier height, ∆Ec (=0.52eV) is the conduction band 

discontinuity and εd (=12.47εo) permittivity of In0.53Al0.47As [13]. 

Using (3), and linear piecewise velocity field relation, total current flowing through the channel due to 

both the 2DEGs is evaluated as follows: 

 




2

1i
dsids II              

 
(6) 

 

where Idsi represents component of current due to voltage applied at gate1 (when i=1) and current due to voltage 

applied at gate2 (when i=2) 
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)0(11  xws ii , )( 111 Lxwp ii  , Z (=100 µm) is gate width, µ (=0.83 m
2
/V-sec) is electron mobility, Vsat (= 

2.63x10
5 
m/sec) is the saturation velocity [13]. L1 is the linear region length and is obtained using (7) as [14]  
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where 

sat

c
V

E  is the critical filed. 

A. DRAIN NOISE COEFFICIENT (P) 

Johnson noise source produced across an infinitesimally small segment xo<x<xo+∆x in the linear 

region is evaluated as [15]:  
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where ∆f is the bandwidth and dV(x)/Idsi represent the incremental channel resistance. The effective noise 

temperature (Tei) is given by [16]: 
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where To(=300 K) is the ambient temperature and δ is the noise temperature constant which is related to the field 

dependence of electron temperature in the channel [15].   

Each elementary thermal noise source generated across a small segment xo<x<xo+dx in the linear 

region leads to voltage fluctuation across the drain to source terminal and is given by [17]: 
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Integrating (11) across the entire linear region, the net open circuit voltage fluctuation due to Johnson 

noise is evaluated as [13]: 
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Noise generated in saturation region also known as the diffusion noise, is interpreted as being caused 

due spontaneous generation of dipole layers which drift with the saturation velocity Vsat and is expressed as    

[15-17]:  
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where D is the diffusion noise coefficient. It is related to the diffusion of carriers in high field condition with 

value ranging from 35cm
2
/s to 55 cm

2
/s [15], L2=Lg-L1 is the saturation region length, bi is the effective channel 

thickness and is evaluated as [18] 
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The net drain noise current due to the voltage applied at both the gates is then expressed as: 
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 ,  

Rdi is the drain to source resistance defined as ratio of the differential change in drain voltage to the differential 

change in drain to source current producing it when the gate voltage is fixed, and is obtained using (7) as 
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             (15) 

Drain noise coefficient (P) is directly related to the mean square drain noise current and inversely 

proportional to the transconductance. Mathematically, it is evaluated as:    

 

mT

D

GfkT

I
P




0

2

4
  

 

where GmT is the total transconductance is evaluated using (6) as 
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A lower value of drain noise current and higher transconductance is desirable for a lower value of drain 

noise coefficient P which is an indicator of better noise performance. 

B. GATE NOISE COEFFICIENT (R) 
The gate noise current due to elementary Johnson noise produced in the linear region of the channel is 

given by 

 

iig qji 11                 (17) 

 

where, Δq1i is the induced gate charge that is produced by an elementary thermal noise voltage and is expressed 

as   [17-19]  
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Integrating over the entire region length, the mean square gate noise current due to thermal noise is 

obtained as:   
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Similarly, the gate noise current due to diffusion noise in the saturation region is evaluated by 

substituting γi =0 in (18) and is expressed as: 
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Gate Noise Coefficient (R) is directly related to the mean square gate noise current and inversely 

proportional to the square of gate to source capacitance and is expressed as: 
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Cgsi is the gate to source capacitance and is expressed using (3) as [17] 
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This implies that a lower gate noise current along with a higher gate to source capacitance is desirable 

for lower R. On the other hand, a lower gate to source capacitance is required for higher cutoff frequency. 

Double-gate HEMT in separate gate geometry provides an additional control for optimization of device 

performance for ensuring good noise behaviour as well as high cut-off frequency. 

 

C. CORRELATION COEFFICIENT (C) 

Any fluctuation in the current flowing through the channel contributes to both drain noise current as 

well as the gate noise current, therefore, they are correlated.  The correlation between Johnson noise induced 

drain noise current and gate noise current in linear region is obtained by using (12) and (19) as: [15,17]  
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and therefore,  the correlation coefficient between drain noise current and gate noise current in linear and 

saturation region  is expressed as: 
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Due to capacitive coupling between the gate and the drain, the diffusion noise induced drain noise 

current Id2i and gate noise current Ig2i are fully correlated. Therefore C22i=1 

 

III. RESULT AND DISCUSSION 
The variation of mean square drain noise current and mean square gate noise current with gate1 voltage 

(Vgs1) , when gate2 voltage is kept fixed at Vgs2= -0.3 V is shown in Figure  2. For low values of Vgs2, the sheet  

 

 
Fig.2: Variation of mean square drain noise current  with gate1 voltage (Vgs1),  

(inset) Variation of mean square gate  noise current with gate1 voltage (Vgs1) 
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 carrier concentration is low and hence the corresponding fluctuation in the current flowing through the 

channel is low. As a result, the intrinsic noise current sources, namely the gate noise current and the drain noise 

current are also low. For higher values of Vgs2 , the current flowing through the channel increases. This leads to a 

greater charge fluctuation which in turn results in a higher value of gate noise current and drain noise current. 

As also shown in the figure, in a DG-HEMT operated in separate gate-geometry, the current flowing through the 

channel and hence the intrinsic noise sources (gate noise current and drain noise current) can be controlled by 

varying voltage at either of the two gates keeping the voltage at the other gate fixed. The analytical results 

obtained are also  compared and found to be in good agreement with the  results obtained using the „Electron 

Noise Simulator Module‟ of ATLAS device simulation software [20] 

 
Fig. 3: Variation of Drain Noise Coefficient with gate1 voltage  for different values of gate2 voltage (Vgs2) 

 

Figure 3 shows the variation of drain noise coefficient (P) with gate1 voltage (Vgs1)  for different values 

of gate2 voltage (Vgs2).  As  shown  in  the  figure,  intially   for low value of Vgs1 (< -0.3V) when drain noise 

current is low, P  decreases with  increase in Vgs1. This occurs due to increase in transconductance (gm) with the 

increase in Vgs1. But for higher values of Vgs1 (>-0.3V), the diffusion noise induced drain noise current increases 

and becomes dominant. As a result, the drain noise coefficient (P) increases with increase in Vgs1. Similarly, 

increase in voltage applied at gate2 (Vgs2) also leads to increase in P.  As shown in the figure, when the voltage 

applied at gate2 is increased from -0.3 V to -0.1 V,  P increases from 0.849 to 1.22 at Vgs1=0V. The variation of 

drain noise coefficient with gate1 voltage (Vgs1) for a fixed gate2 voltage (Vgs2) in a separate-gate geometry DG-

HEMT is also compared with that of tied-gate geometry DG-HEMT (Vgs1=Vgs2). As shown in figure, in a tied-

gate geometry DG-HEMT, the variation of drain noise coefficient with the voltage applied at the two gates is 

fixed. However, in a separate gate geometry DG-HEMT, the slope of the variation of  P with gate voltage and 

hence the overall noise behaviour of the device can be better controlled by varying the voltage applied at either 

of the two gates and keeping the voltage at the other gate fixed.  

Figure 4 shows the variation of drain noise coefficient (P) with gate2 voltage (Vgs2) at Vgs1= -0.1 V for  

different values  of  diffusion  noise coefficient (D). As shown in the figure, when  the diffusion coefficient D is 

increased from 35cm
2
/s to 55cm

2
/s at Vgs2= 0V,  P increases from 1.27 to 1.98. This occurs due to increase in 

diffusion noise induced drain noise current with increase in D. The variation of  P, with gate1 voltage (Vgs1) for 

different values of noise temperature constant (δ) is also shown in Figure 4(inset). The increase in  the noise 

temperature constant δ causes increase in the Johnson noise induced drain noise current.  As the value of δ 

increases from δ=1 to δ=3 at Vgs1= -0.3V, P increases from 0.975 to 1.023.  

As also evident from the figure, while the effect of diffusion noise coefficient is most prominent at 

higher values gate1 voltage where the diffusion noise dominates, the effect of noise temperature constant on the 

other hand is observed to be most siginificant at lower values of gate1 voltage where the Johnson noise is 

dominant.   
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Fig.4: Drain noise coefficient with gate2 voltage,at different values of diffusion noise coefficient (D)  

(inset )Drain noise coefficient with gate1 voltage,at different values of noise temperature constant (δ) 

 

Figure 5 shows the variation of gate noise coefficient (R) with gate1 voltage (Vgs1) for the different 

values of gate2 voltage (Vgs2). As shown in the figure, the gate noise coefficient (R) initially decreases very 

sharply with increase in Vgs1 due to increase in the gate to source capacitance (Cgs). For higher values of Vgs1, 

when the diffusion noise induced gate noise current increases and begins to dominate, R decreases at a much 

slower rate and eventually begins to increase with increase in Vgs1. The increase in voltage applied at gate2 (Vgs2) 

also has a similar effect on the R. As voltage applied at gate2 is increased from -0.2 V to 0 V, the gate noise 

coefficient (R) increases from 3.56 to 8.66 at Vgs1 = -0.3 V. The variation of Correlation coefficient (C) with 

gate2 voltage (Vgs2) for the different value of gate1 voltage (Vgs1) is shown in Figure 5(inset) when D=35cm
2
/s, 

f=94GHz and δ=1. The correlation coefficient (C) is observed to increase with increase in gate2 voltage which 

occurs due to higher correlation between the Johnson noise induced drain noise current and gate noise current.  

 

 
Fig. 5: Variation of gate noise coefficient with gate1 voltage (Vgs1) for different values of gate2 voltage,  

(inset) Correlation Coefficient (C) with gate2 voltage for different values of gate1 voltage 
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the noise coefficients R and C can be varied by varying the voltage applied at any of the two gates keeping the 

voltage applied at the other gate constant. 

 

 
Fig. 6: Variation of  gate  noise coefficient with gate2 voltage,at different value of D  

(inset) variation of gate noise coefficient with gate1 voltage, at different value of δ 

 

Figure 6 shows the variation of gate noise coefficient (R) with gate2 voltage (Vgs2) for the different 

values of diffusion noise coefficient (D) when δ=1. As shown in the figure, the gate noise coefficient R 

increases with diffusion noise coefficient and the impact of Diffusion Coefficient D on the gate noise coefficient 

is most significant at higher values of gate2 voltage where diffusion noise is dominant. Figure 6(inset) illustrates 

the effect of noise temperature constant (δ) on the gate noise coefficient R. As shown in the figure, the noise 

temperature constant influences the gate noise current and hence the gate noise coefficient R over the entire 

range of gate1 voltage Vgs1. However, its impact is more prominent at low values of Vgs1, where thermal noise is 

dominant. 

 
Fig.7: Correlation coefficient with gate2 voltage,at different value of diffusion  noise constant (D),  

(inset) Correlation coefficient with gate1 voltage,at different value of noise temperature constant.(δ) 
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Figure 7 shows the variation of Correlation coefficient (C) with gate2 voltage (Vgs2) for different values 

of diffusion noise coefficient (D). As shown in the figure, as the value of D  is varied from 35cm
2
/s to              

55 cm
2
/s, the value of C increases  from 1.67 to 1.751 at Vgs2= -0.35 V. This occurs due increase  in the drain 

noise and gate noise current which cause increase  in the  value of drain noise and gate noise coefficient with 

increase in  D. The variation of Correlation coefficient (C) with gate1 voltage (Vgs1) for different values of δ, is 

also shown in Figure 7(inset). As the noise temperature constant is increased from δ=1 to δ=3, the correlation 

coefficient (C), increases from 1.9 to 2.04 at Vgs1= 0V. Therefore, both δ and D have  a significant influence on 

correlation coefficient over the entire range of gate voltage. 
 

IV. CONCLUSION 
A charge control based analytical model is presented for studying the noise performance of separate-

gate geometry InAlAs/InGaAs DG-HEMT. Analytical expressions for the intrinsic noise sources, namely, the 

gate noise current and the drain noise current, are derived. The noise performance assessment is then performed 

in terms of the various noise coefficients including drain noise coefficient, gate noise coefficient and correlation 

coefficient. The effect of voltage applied individually at the two gates, on the noise performance of the device is 

studied.  It has been observed that in a separate gate-geometry double-gate HEMT, the noise coefficients and 

hence the overall noise behaviour of the device can be controlled by varying the voltage applied at any of the 

two gates with the voltage at the other gate kept constant. This is a very useful feature of a double-gate HEMT 

operated in separate gate geometry which can be employed for its usage in various applications such as in 

mixers. In addition to this, the effect of two major modeling parameters, namely, diffusion noise constant and 

noise temperature constant, on noise coefficients is also studied. The results obtained using the proposed 

analytical model are compared and found to be in good agreement with the results obtained using Atlas device 

Simulator. The analysis presented in the paper can be further extended for the evaluation of various major noise 

performance parameters like minimum noise figure and minimum noise temperature for separate gate DG-

HEMT.  
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