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Abstract

In this paper the upconversion of g-r noise to oscil-
lator phase noise is analysed for the first time. The
treatment of g-r noise sources showing a Lorentzian
spectrum is implemented in a time domain noise cal-
culation program using the perturbation method. Mea-
surements and simulations show that the upconverted
g-r noise dominates the phase noise characteristics
of AlGaAs/GaAs-HEMT oscillators in the frequency
range between 10 kHz and 8 MHz besides the carrier.

Introduction

The simulation of oscillator noise in time domain uses
a perturbation ansatz [1]. Within this approach it is
possible to include white noise and £~ noise sources
into the calculation of the oscillator’s phase noise. Es-
pecially III/V-devices containing layers with Al show
strong g-r noise superimposed to the fundamental f~*
noise (Fig. 2 and [2, 3]). This additional g-r noise re-
sults from deep level traps located in the AlGaAs-layer
and shows strong bias dependence [4, 5]. It dominates
the noise behavior of the active element at frequencies
about 100 kHz. Measured phase noise data of HEMT
oscillators show that the upconverted g-r noise de-
grades the phase noise performance in this frequency
range [6, 7].

In this paper we present a method for the treatment of
g-T noise showing a Lorentzian spectrum. The g-r noise
is included into the time domain phase noise simula-
tion (TDPNS) method introduced by Kartner [1]. In
the second part of the paper the method is applied to
a HEMT oscillator. The result demonstrates the influ-
ence of g-r noise to the phase noise of oscillators, and
the calculated data agree with the measured results
within the measurement accuracy of 72 dB.
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Theoretical Approach

For the application of the TDPNS method, the oscilla-
tor circuit is approximated by a lumped element circuit
model. The Langevin equations, a set of ordinary first
order nonlinear differential equations, describe the de-
terministic and stochastic behavior of the oscillator.

&= f(x,&y,2) (1)
reRYN, eeRX ye R, z€R.

The components of the vector x are the state variables.
The variables £, y and z describe the white, the f=°
and the g-r noise sources. Since the amplitudes of the
noise sources can be considered to be very small com-
pared with the amplitudes of the unpertubated state
variables, it is sufficient to take it into account up to
the first order term only.

& = f(2)+G(z)E+g(x) y+r(z) z = f(z)+((=) (2)

The state vector £°(t) describing the oscillator’s steady
state is calculated by neglecting the contributions of
the noise sources. The noise sources cause a deviation
from the unperturbed limit cycle. This deviation is sep-
arated into a tangential and a transversal part. The
first one causes a time shift ¥(t) leading to the phase
noise of oscillators.

x(t) = =0(t + 9(t)) + Ax(t + 9(t)) (3)
Substituting s = ¢ + 9(¢) and requesting only small
deviations leads to

z'(s)9'(t) + Ax'(s) = DF,:j(a:O(s))Ax(s) + C(zo(s))i.
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The elements of the Jacobian DF;;(2°(s)) define a lin-
ear time periodical differential equation for a small de-
viation Ax from the upertubed steady state. Restrict-
ing the solution of this equation to the relevant solution
of the phase process of the system, we obtain

9(t) = v1 (s)¢(=°(s))- (5)

The solution ¥(¢) for the white noise sources £ and f=¢

noise sources y has already been published by Kartner

[1]. In this paper we concentrate on the treatment of

the g-r noise sources showing the Lorentzian spectrum
gy

C*(f) = U (6)

The term oy, and the time constant of the trap level
74r are determined from low frequency noise measure-
ments. The term »(z)z in eq. (2) describes the influ-
ence of the g-r noise sources on the state variables. The
integration of eq. (5) using (1) = wed(t) yields

o(t) = wo /0 T (@ ()e(s)ds.  (7)

Using a fourier series representation for the periodic
function r1(s) = v¥ r(x°(s)) gives

t +o0
() ZWOA Z (1,0 €71°%)2(s)ds.

I=—0o0

8

Because the major amount of the integral results from
the term [ = 0, the term r1(s) can be replaced by the
mean value ry o of a period [1]. This yields

o(t) = wo 1.0 /0 2(s)ds. )

Calculating the correlation function eay(7) of the
phase derivative A@(7) results in

|AI?wf |r1,00? ¢ (7).

(10)
In this equation A describes the fourier coefficients of
the state variables. The transformation into the fre-
quency domain results in

Cag(f) = |APwg [ryof* C*(f)- (11)

By integrating the phase variations and replacing C?
by (6) the correlation spectra of the phase fluctuations
due to the g-r noise sources can be calculated

cap(r) = AP < p(t+7)(t) >=

w? Olgy
Cap(f) = AP ﬁ!rl,olz L 25 (12)

1+ (frer)?

As a result the g-r noise sources produce a phase noise
spectrum given by the third term in eq. (13). The first
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and second term result from the white and the ¢
noise sources of the circuit [1]. Therefore L(f) de-
scribes the phase noise spectrum caused by all noise
sources.

I _ AfadB ZK wick 13
(fm) 0||2 f |2+a ( )
m k=1
! (-UO ag,-

Z 7’1 ol

127 fn|? 1+ (fn 74r)?

The phase noise caused by the g-r noise sources de-
creases with 20 dB per frequency decade for f, <
1/74r, which is the same frequency dependency as for
the white noise sources. For frequencies f > 1/74,
the phase noise due to the g-r noise decreases with
40 dB per frequency decade. The term |ri of? is com-
puted using the network equations and it describes the
mixing behavior of the g-r noise to the noise sidebands
of the carrier.

Modeling of the HEMT device

Figure 1 shows the large signal and noise equivalent
circuit we use for the intrinsic HEMT device, including
the parasitic resistive elements.

Figure 1: Large signal and noise equivalent circuit of
the intrinsic HEMT

The signal properties of the HEMT were modeled us-
ing the nonlinear data based model presented in [9].
The high frequency noise performance of the HEMT
is described by the model given in [10, 11], which
uses three uncorrelated white noise current sources
(INds, INRgs, INRga) associated with the resistive el-
ements of the intrinsic transistor. The parameters of
these noise sources are determined from noise param-
eter measurements.



Baseband noise measurements on HEMT devices were
carried out to determine the bias dependent low fre-
quency noise spectra. The measured noise spectra
(Fig. 2) show fundamental f~ and superimposed g-r
noise.
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Figure 2: Measured baseband noise of an

AlGaAs/GaAs-HEMT showing f~% and additional g-r
noise at Vg = 1.0 Vand Vg, = —=1.1 V, I3, = 1.8 mA;
Vgs = =05V, Iz, = 26.3 mA

The low frequency noise is modeled as a noise cur-
rent source Inyp in the channel of the HEMT. The
noise source Iy includes the g-r noise source show-
ing a Lorentzian spectrum and the fundamental f~¢
noise source showing a spectrum proportional to f~<.
The bias dependency of the f~* noise current source is
described by the empirical model presented in [6].

To demonstrate the effect of the g-r noise source to the
phase noise £(f) of the oscillator, we use a Lorentzian
spectrum with 7, = 5us, which is equivalent to a cor-
ner frequency f. = 200 kHz of the Lorentzian spec-
trum. As a first order approximation the amplitude
of the g-r noise current source In, was determined
to be linearly.dependent on the bias channel current
Ing, =414 (Fig. 3).

Oscillator Example

As an example we applied the noise calculation to
a HEMT oscillator at 15.2 GHz. The oscillator uses
an AlGaAs/GaAs-HEMT as the active device. The
circuit is build up with coplanar lines to easily real-
ize short circuits [8] and was hybrid integrated on an
Al,Og~substrate. The layout of the oscillator is shown
in Fig. 4. The coplanar resonator at the left is coupled
to the gate of the HEMT device through a coupling
slot in the coplanar line.

A comparison of measured and calculated phase noise
is given in Fig. 5. Up to frequencies fn, < 10 kHz the
f~° noise determines the phase noise of the oscilla-
tor. At frequencies between 10 kHz and 8 MHz, the

g-t noise determines the phase noise performance. The
white noise sources dominate the phase noise at fre-
quencies above 8 MHz. Because the DX-centers consist
of more than one deep level trap there should be con-
sidered more than one g-r noise source to model the
low frequency noise of the HEMT device more exactly.
Using several g-r noise sources the calculated phase
noise result would show in a wider frequency range in-
creased phase noise, which would match more precisely
the measured phase noise performance.

Conclusion

In this paper we present a method for the treatment
of g-r noise showing a Lorentzian spectrum. The g-r
noise sources are included in the phase noise simula-
tion method given by Kartner [1]. Using this calcula-
tion method it is now possible to do oscillator phase
noise calculations in the time domain considering all

PR
—— 2

-0
- — i P

Ug

Figure 4: Layout of the hybrid integrated coplanar
HEMT oscillator

949



0SSz III-IV UDS=2.0Vv,
rier: 15.2E+9 Hz

Chpl 3@48R Car

UGS=—-B.7 IDS=18.5mA

]

ERNNCA

-1@ %M measurement ——
—20 - TR all noise sources ==
-38 g-r noise ©
—4@ i f~% noise +
~-5@ white noise x

-68

-70 -
-80

-9@ -~
190

-110 -

-129
—138 o

-140

-15@0 ;

-160
-178

1K

L

| §%]%]
19

18K
fdBc/7Hzl vs fL[Hz]

189K 1M

18M

Figure 5: Measured and calculated phase noise performance of the coplanar HEMT oscillator

important low frequency noise contributions. We ap-
plied this method to a HEMT oscillator. The results
show that upconverted g-r noise determines the phase
noise performance of AlGaAs/GaAs-HEMT oscillators
in the frequency range from 10 kHz to 8 MHz besides
the carrier.
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