
THlB-1 
Intrinsic Noise Characteristics of AlGaN/GaN HEMTs 

Sungjae Lee’, Vinayak Tilak2, Kevin J. Webbl, and Lester F. Eastman2 
lSchoo1 of Electrical and Computer Engineering, Purdue University, West Lafayette, IN 47907 

2School of Electrical Engineering, Cornell University, Ithaca, NY 14853 

Abstract- Intrinsic noise sources and their correlation 
in AlGaN/GaN HEMTs are extracted and studied. Using 
three noise parameters obtained from microwave noise mea- 
surements and S-parameter data, two intrinsic noise sources 
and their correlation are specified by applying a noise deem- 
bedding technique, and their dependence on frequency and 
bias point is investigated. 

I. INTRODUCTION (4 
Recently, wide bandgap aluminum gallium nitride/gallium 

nitride (AlGaN/GaN) high electron mobility transistors 
(HEMTs) have been extensively studied for high frequency, 
high power operation due to their high saturated electron 
drift velocity and large breakdown voltage combined with 
good thermal conductivity. Although GaN-based HEMTs 
are currently being considered for high power and high 
temperature operation in the transmitter system [l], re- 
cent research has shown that AlGaN/GaN HEMTs also 
can have low noise characteristics. Low l/f noise is impor- 
tant in transmitter oscillators. This low frequency noise in 
AIGaN/GaN HEMTs has been studied recently [2]. Low- 
noise characteristics, as well as the reduced possibility of 
receiver damage due to the high breakdown field, presents 
opportunities for high-performance, robust receiver design 
in GaN. A minimum microwave noise figure of 0.53 dB at 
8 GHz (100 GHz fr device, vd = 8 V) and 0.4 dB at 5 
GHz (58 GHz f~ device, vd = 1 V) have been reported 
[3], [4], indicating promising results compared with GaAs 
tech&logy. 

Complete HEMT noise characterization requires mea- 
surements from zero frequency through the microwave 
range, and then determination of a noise equivalent cir- 
cuit. This can allow the analysis of oscillator phase noise, 
receiver noise, and the influence of physical effects such as 
traps of various speeds. Without determination of this ac- 
curate model, the various noise source contributions can- 
not be determined and hence many device and material 
approaches to reduce noise cannot be ascertained. Most 
microwave device noise characterization seeks simply to 
determine a minimum noise figure. The establishment of a 
noise model for the AIGaN/GaN HEMT will allow study 
of microwave noise mechanisms within the device. 

As suggested by Rothe and Dahlke [5], all noise within a 
two-port device can be represented as two equivalent and 
partially correlated noise sources (a voltage and a current 
source) at the input of the same two-port device, now con- 
sidered noiseless, as shown in Fig. 1 (a). Through the 
definition of a correlation impedance, Z,, two independent 
noise sources (vu, in) can be used, as in Fig. 1 (b). This 
allows the convenient expression of the two-port noise fig- 
ure and other noise parameters. Measurement of a two- 

(b) 

Fig. 1. (a) Equivalent noise circuit with noise sources (va and in) at 
the input (ABCD representation). (b) Eauivalent noise circuit 
with two independent noise sources and correlation $npedance 
(VA = &iA + th,). 

port noise figure for various source admittances allows the 
determination of three variables, NF,i, (minimum noise 
figure), RN (noise voltage source equivalent resistance), 
and Yopt (th e o pt imum source admittance) by means of a 
least mean square error fit, from which the fundamental 
noise sources at the input of the noiseless two-port can be 
determined. These types of measurements are common, 
and much work has been done to relate these results to 
the various noise sources within the device [6], [7], [8]. 

We report here the extraction of the intrinsic noise 
sources and their correlation in AlGaN/GaN HEMTs. Us- 
ing microwave noise and S-parameter measurements, the 
intrinsic noise sources were extracted by means of a mod- 
ified deembedding routine suggested by Puce1 et al. [9]. 
Then, the intrinsic noise sources and their values, deem- 
bedded at one frequency, were applied to the noise equiv- 
alent circuit model, and this model was used to simulate 
the noise parameters (i.e., NFmin, RN, Y,t) at other fre- 
quencies. This assumes that the microwave noise sources 
in, the frequency range of interest are frequency indepen- 
dent (white noise) [lo]. The agreement between the model 
simulation and the measured data is good. 

II. MICROWAVE NOISE AND S-PARAMETER 
MEASUREMENT 

The noise properties of AlGaN/GaN HEMTs, origi- 
nally designed and fabricated for high power density op- 
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Fig. 2. Intrinsic noise equivalent circuit model (admittance form) 
with i, and id representing partially correlated intrinsic noise 
sources. Inside the dashed box is now a noiseless two-port in- 
trinsic transistor. 

Fig. 3. Extrinsic transistor and its additional noise sources (&I, 
ine). The intrinsic transistor in Fig. 2 is embedded, represented 
by its admittance matrix, Yd, and external parasitics are repre- 
sented by the admittance matrix, YP (partitioned into four 2x2 
submatrices, Y,,, Yei, Yie, and Yii). 

eration, were investigated. Details concerning the device 
fabrication and characteristics may be found elsewhere 
[ll]. S-parameter data was obtained for 0.4x250 pm2 Al- 
GaN/GaN HEMTs on Sic substrates using a HP8510B 
vector network analyzer. On-wafer microwave noise mea- 
surements were performed using an ATN NP5B system. 
The frequency range (0.3-6 GHz) of the noise measure- 
ment was determined by the electric tuners used. The ba- 

sic noise parameters, NFmin, RN, and Yopt, were extracted 
at various bias points from a load-pull measurement. 

III. THEORY 

Figure 2 shows the noiseless intrinsic transistor small 
signal equivalent circuit with partially correlated noise 
sources, i, and id. Circuit parameters inside the dashed 
box (as well as parasitics) are obtained from S-parameter 
measurements. The extrinsic transistor and its additional 
noise sources (&,I, i,s) are displayed in Fig. 3. Note that 
the intrinsic noise sources (ig, id) in Fig. 2 are absorbed 
into i,i and in2 in Fig. 3 and that the parasitic admit- 
tance matrix, Yp, is a 4x4 matrix to explain the four-port 
behavior. Using Yd, Yp (and its four 2x2 submatrices, 
Y,,, Yei, Yi,, and yi,), and the boundary condition (V3 = 
Vi, V4 = V,‘, 13 = -I;, 14 = -1;) in Fig. 3, the extrinsic 
noiseless transistor and the noise sources (inI, i,z) can be 
expressed as 

(1) 

where Y, represents the two-port network for the extrinsic 
(intrinsic+parasitic) noiseless transistor, defined as 

with 

Ye = Ye, + WY&, (2) 

w = -Y&i + Yd)-‘. 

A. Noise Correlation Matrix 

(3) 

Based on the theory of linear noisy two-ports [5], there 
are various methods to represent a noisy two-port. A 
model using the original network and the two additional 
noise sources (partially correlated) at its input (like in Fig. 
1 (a)) is the ABCD (or chain) representation [12]. The 
equivalent noise circuit with two current noise sources, one 
at the input and the other at the output, is an example 
of the admittance representation (like in Fig. 2 and Fig. 
3). Using the noise correlation matrix method 1121, self- 
and cross- power spectral densities of the noise can be de- 
fined in each representation (e.g., ABCD or admittance), 
and transformation is possible from one to another. For 
example, the noise correlation matrix in Fig. 1 (a) can be 
defined as 

where t denotes hermitian (complex conjugate transpose), 
<> the statistical average, and 2)~ and iA are the two 
noise sources at the input of the noiseless two port system 
(ABCD form) in Fig. 1 (a). Similarly, Cd, the intrinsic 
noise correlation matrix (noise sources in Fig. 2), and Cpd, 
the extrinsic noise correlation matrix (noise sources in Fig. 
3), are given in their admittance form by 

B. Noise Source Deembedding 

The deembedding routine to extract the intrinsic noise 
sources (is, id) and their correlation for the AlGaN/GaN 
HEMT starts from CA. The noise correlation matrix, CA 
(in ABCD representation), can be obtained from the mea- 
sured noise parameters. Then, CA is transformed to its 
equivalent in admittance form, C$, so that after several 
matrix algebra steps (written in Matlab), the final intrin- 
sic noise correlation matrix, Cd, is obtained. The detailed 
deembedding procedure is as follows. 

First, the noise correlation matrix, CA, as defined in (4), 
is’obtained from the measured noise parameters (NFmin, 
RN, and Y,,t) and expressed as [12] 

CA = 
RN 

NF,,,i,-1 -R,Ya 

""-;--I - RNY,t 
2 opt 
fh(Y,t12 1 ’ (6) 

Note that the noise correlation matrices throughout this 
work’are normalized following the convention in [9]; all the 
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matrix elements are divided by 2,WoB, where k is Boltz- 
mann’s constant, To is room temperature (290 Kelvin), 
and B is the noise bandwidth (1 Hz). 

Second, the noise correlation matrix, CA, obtained in 
(6), is transformed to the noise correlation matrix in ad- 
mittance form, Cpd, by [9] 

Cpd = vcAv+, (7) 

where V is the transformation matrix (from ABCD to 
admittance) 

v = r -Y,,ll 1 1 
-ye,21 0 ' 

with Y,,ri and Ye,zr being elements of Y,, the 2 x2 matrix 
defined in (2). 

Third, the noise contribution from the parasitic elements 
(i.e., C,) should be stripped from the extrinsic transistor 
noise (C&) so that the final product of the deembedding 
routine, Cd, represents the normalized noise spectral power 
(self- and cross-correlated) of the intrinsic transistor only. 
The noise from the parasitic (passive) elements is thermal 
and uncorrelated with the intrinsic noise sources, i, and 
id in Fig. 2. Generalizing Nyquist’s theorem for linear 
networks, Twiss shows that < i,,,ih > B = 2K!‘0(y,, + 
Y&,JB, where i,,, is the short circuit noise current at 
the (m,n)th port and ymn is an element of the network 
admittance matrix [13]. The noise correlation matrix of 
the parasitic network, C, (in admittance form), can then 
be represented by 

cp = $Y* + Y,‘), (9) 

where YP is the admittance matrix of the 4-port parasitic 
network. 

Finally, the correlation matrices [cd, Cpd, c,) are re- 
lated by [9] 

Cpd = Gee + WCi, + CeiWt + W(Cii + Cd)W+, (10) 

where C,,, Cei, Ci,, and Cii are four submatrices parti- 
tioned from C, with the same format as used for YP. By 
an inversion of the above matrix operation, the resulting 
noise correlation matrix for the intrinsic transistor, Cd, is 
obtained by 

0 = : - - . . _ 
0 

0 20 40 
I, (mAI 

60 60 1 IO 

0.6. 

0.6. 
H 

I 
OO 

I 
20 40 60 60 100 

I, 6-W 

Fig. 4. Intrinsic noise sources, is, d i in Fig. 2, and their correlation 
coefficient (magnitude), ICI, at 3 GHz. vd = 8 V, and Id is swept 
from 10 mA to 90 mA. 
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Fig. 5. IntrinSiC nOiSe sources, is, d i in Fig. 2, and their correlation 

Cd = w-‘($ - c&w-‘+ - Ci,W-‘+ - W-‘Cei - cii. (11) 
coefficient, ICI. Bias condition is V, = -4.2 V, vd = 4 V (Id = 
20 mA (80 mA/mm)). 

From (5), the elements of cd are represented by i, (noise 
current at the input from gate to source), id (noise current 
at the output from drain to source), and their correlation. 
The correlation coefficient, C, is defined as 

C= 
< idi; > 

d< l&l2 >< lidI >’ 
(12) 

IV. EXPERIMENTAL DATA 

Figure 4 shows the intrinsic noise sources, i,, id, and 
the correlation coefficient (magnitude), ]C], versus I,$. The 

intrinsic noise properties are obtained by the deembedding 
routine at each bias point (Id is lo-90 mA with vd set at 8 
V,) for the 0.4~250 pm2 AlGaN/GaN HEMT measured at 
3 GHz. Note that id, increasing with the drain-to-source 
bias current, Id, is the dominant noise source compared 
with is, and that i, and ICI are almost constant. Similar 
trends have been found in simulations [6], [7]. Figure 5 
shows i,, id, and ICI versus frequency (l-5.5 GHz) on the 
same device measured at V, = -4.2 V, vd = 4 V (Id = 20 
mA, ‘which is 80 mA/mm). As shown in Fig. 5, curves for 
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Fig. 6. Measured and modeled noise parameters at V, = -4.2 V, 
V, = 4 V (Id = 20 mA), with frequency independent intrinsic 
noise sources. G,,t is the optimum noise reflection coefficient 
expressed as G,,t = (1-50Y,,t)/(1+50Y0pt). The deembedding 
frequency is 3 GHz. The solid line (modeled) and square (mea. 
sured) represent NFmi, and RN in each figure. The dashed line 
(modeled) and circle (measured) represent the magnitude and’ 
angle of G,,t 

the gate and drain noise sources are almost independent of 
frequency, although their correlation is found to be slightly 
increasing with frequency. 

To validate the noise equivalent circuit model, the in- 
trinsic noise correlation matrix, Cd, deembedded at one 
frequency (3 GHz), is used to simulate the noise parame- 
ters at other frequencies, assuming that the intrinsic noise 
sources and their correlation are frequency independent. 
Both the parasitic and intrinsic device equivalent circuits 
contain reactive components; thus, the admittance matri- 
ces Yd and YP are frequency dependent and should be com- 
puted accordingly at other frequencies. Given Cd and C, 
(from (g)), Cpd can be calculated using (lo), and the new 
CA (i.e.;the new noise parameters) at other frequencies 
are obtained using the relation in (6). Figure 6 shows the 
simulated noise parameters from the model in comparison 
with the measured data at V, = -4.2 V, Vd = 4 V (Id = 20 
mA). In Fig. 5, the extracted correlation between i, and: 
id is varying with frequency [14]. However, the simulated, 
noise parameters using the intrinsic noise sources specified 
at one frequency (assumed to be frequency independent) 
show reasonably good agreement with the measured data. 

V. CONCLUSION 

The emphasis of this work is to determine the precise 
intrinsic noise sources for AlGaN/GaN HEMTs, thus en- 
abling the development of an accurate noise equivalent cir- 
cuit model. Using the measured noise parameters and the 

deembedding routine developed, gate and drain noise cur- 
rent sources and the correlation coefficient are extracted as 
a function of bias and frequency. The agreement between 
the measured and the modeled noise parameters is good. 
This work allows the study of noise mechanisms within the 
device and provides a tool for developing low noise device 
and circuit design concepts. 
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