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A New Look at Noise in Transferred Electron
Oscillators

~HANS R. GNERLICH, MEMBER, IEEE, AND JOHN ONDRIA

Abstract—Low-frequency current and voltage fluctuations have

been measured, and it has been confirmed that nuise in packaged

transferred electron devices (TED’s) is due to three distinct noise
mechanisms: flicker, generation–recombination, antd thermal noise.
For transferred electron oscillators (TEO’S), this low-frequency
noise is unconverted into the microwave frequency range and adds to
the intrinsic RF noise. We have found tlhat between 1 kHz and 1 MHz
off the carrier, temperature-dependent generation-recombination
noise is the maiu contributor to the total noise. A ]model of a noisy
TEO is presentai. This model permits the calculation of AM and FM

noise spectra from device and circuit parameters for measured
low-frequency noise or the derivation of device characteristics from

noise and circuit parameter measurements.

I. INTRODUCTION

CKET [1], Copeland [2], DeCacqueray et al. [3], andA many others have shown that generation–

recombination noise is a major contributc~r to the low-

frequency noise of bulk n-GaAs. Sweet [4] found that AM

and FM noise is due to intrinsic RF noise, thermal in origin,

and “excess noise,” a low-frequency noise that is upcon-

verted into the microwave range and has a I/j’characteristic.

What happened to the generation-recombination noise?

The purpose of this investigation is to study th~eAM and FM

noise characteristic of TEO’S and identify the physical

causes of noise from the measured data. To verify the

experimental findings, a simplitled model of a nonlinear

oscillator is discussed, describing the noise behavior of the

TEO in steady-state oscillations.

More than 100 TEO’S obtained from various manufac-

turers have been measured. The data presented are represen-

tative of all devices tested.
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Fig. 1. Noise measuring system. (a) Principle of measurement. (b) Low

frequency. (c) Microwave set-up.

II. MEASURING SYSTEM

The experimental work has been performed on n-type

GaAs TED’s mounted in waveguide cavities. All TED’s and

cavities are commercially available. At a manufacturer
recommended operating voltage, the oscillator is tuned to

test frequency 9.28 GHz and matched for optimum power

output ranging from 15 to 800 mW.

The noise measuring system (cf. Fig. 1(a)) is used to mea-

sure low-frequency TEO noise below and above threshold

(cf. Fig. l(b)). The semiconductor is replaced by an equiv-
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Fig. 3. Mean square noise current versus frequency with temperature as

parameter.

alent reference resistor to eliminate the need of knowing

quantitatively the measuring system noise figure and gain.

The AM-FM noise measuring system, described in detail by

Ondria [5] is shown in principle in Fig. l(c). A noisy signal is

demodulated in the balanced mixer. The AM components of

the noise sidebands are obtained using path 1 as a direct

detection system while path 2 is terminated. The FM

components, converted to AM in path 2, are combined in the

balanced mixer with the reintroduced, 90 degree phase

shifted carrier of path 1.

III. LOW-FREQUENCY NOISE OF TEO’S

The low-frequency noise current of TEO’S is measured

below and above threshold and compared with theoretical

spectra of bulk semiconductors.
The mean square noise currents of a TEO, biased above

and below threshold, are compared in Fig. 2. The noise

caused by trapping centers is dominant. Due to the increase

of sample temperature, approximately 100 K above heatsink

temperature for the TEO biased above threshold, the con-
tribution of generation–recombination has been shifted

from low to high frequencies.

The variation of low-frequency noise with temperature is

shown in Fig. 3 for a TEO biased above threshold. The

portions of the spectrum due to generation–recombination
noise are temperature sensitive, whereas l/~noise is temper-

ature independent. In most cases, we found that the cooling

of a TEO increased noise in a frequency range approxi-
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Fig. 4. Correlation of low-frequency noise current and frequency devia-

tion per l-Hz bandwidth. Frequency is parameter and increases from
right to left by octaves.

mately 1 kHz–100 kHz. We were able to identify three

separate noise mechanisms in the frequency range from 20

Hz to 18 MHz: 1) flicker noise for frequencies below 10 kHz,

2) generation-recombination noise between 1 kHz and 10

MHz, and 3) thermal noise above 1 MHz.

Using the theoretical mean square noise current in bulk

semiconductors and curve fitting techniques, the time con-

stants ~ associated with generation–recombination noise

were determined. Typically, we obtained values of ~ at 300 K

to be approximately 15 ms, 4 ms, and between 2 and 4 KS.

This agrees with findings by Acket [1] and Copeland [2].

IV. AM AND FM NOISE IN TEO’S

Measured AM and FM noise of TEO’S mounted in

waveguide cavities is compared with the low-frequency

noise of these devices.

For a modulating frequency range, 20 Hz< ~~ <18

MHz, the correlation between low-frequency noise current

~ and frequency deviation Af,~, is shown in Fig. 4. A

smooth curve drawn through the measured points follows

approximately a straight line from 20 Hz to 1 MHz,

described by

-’V%.Af& = MF[flo QL (1)

For known RF frequency flo and loaded quality factor QL,

the frequency modulation sensitivity due to current fluctua-

tions M~I can be determined from the graph. Where Af,~, is

independent of low-frequency current fluctuations, FM

noise is only due to intrinsic RF noise. From this value of

Afr~,, equivalent noise temperature [6] ~ can be estimated.
(For all devices measured we found 8< M,l <19 and 7000

K < ~ <26000 K).

Low-frequency noise current ~ produces bias voltage

fluctuations @ across the low-frequency admittance.
Adding parallel conductance across the oscillator bias

terminals changes the voltage fluctuations (cf. Fig. 5) and

therefore the unconverted noise (cf. Fig. 6). Correlation of

low-frequency voltage fluctuations and FM noise are shown

in Fig. 7, for R = 25 Cl and R = 1500 fl. For the greater value

of R, unconverted noise dominates, and intrinsic RF noise

cannot be detected.

An increase of bias resistance increases the amount of bias
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fluctuations (cf. Fig. 5) and, therefore, AM noise (cf. Fig. 8).

Correlation between AM noise and low-frecluency noise

voltage is shown in Fig. 9. For large input impedance, the

amount of unconverted noise is much larger than intrinsic

noise, AM and low-frequency noise are proportional. (The
change in slope of the R = 25 Q curve is not understood at

this time.)

V. AN EQUIVALENT CIRCUIT FOR TEO’S

To verify our experimental findings, a simplified model

[7], [8] of a nonlinear oscillator is discussed, describing the
noise behavior of the TEO in steady-state oscillations. Since
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Fig. 10. TEO. (a) Model of TEO at fundamental frequency~l. (b) Circuit
admittance as function of RF freauencv. (c) TED admittance as func-
tion of RF current and bias voltage. - ‘ ‘

the active part of a TED is usually small compared to its

wavelength in free space, a current–voltage equivalent cir-

cuit for the fundamental frequency of oscillation is defined at

the active device termi~als. The TED (cf. Fig. 10) is repre-

sented by admittance Y~ free of intrinsic noise, in parallel
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with nqise current generator ~.. The circuit and load admit-

tance Yc is transformed by the diode package to the TED

terminals.

The condition for stable oscillations is

in+ il[iD(vo,ll) + ic(fl)] = o (2)

where V. is the bias voltage, 11, VI, and ~1 are RF current,

voltage, and frequency, respectively. Substituting magnitude

and phase angle, defined in Fig. 10, (2) can be solved for the

RF variations

aAY~
— sin (Ow – f3c)AVo + ~ sin (6. + f3D– Oc)l.

All = ‘v
10

aAY~
~ sin (01 – @c)

(3)

aAY~
~ sin (01 – 6V)AV0 + ~ sin (01 – 0. – e~)~.

Afl =
dAYc
— sin (61 – f3c)

df

(4)

which are linear functions of low-frequency variations AVO

and RF noise l.(t). Referred to double sidebands, noise to

carrier power ratio

~ = B[A4jAV~(f.) + TjI;(f.)] (5)

and rms frequency derivation

flo
Af,~, = ~ [B(M;AV;(f~) + T; I;(f.))]1/2 (6)

can be calculated [8] from the spectral densities of AI 1 and

Afl. Amplitude modulation sensitivity

8AYD .

[

aA YD .
MA=— ~v sm (Ov – tic) Ilowsm (61 – (lC)1“ (7)

the transformation coefficient of RF noise current to AM

noise power

(8)

loaded oscillator quality factor

Q~=flo df~sin (61 – 0C){2 Re [Yc(flo)]}- 1 (9)

frequency modulation sensitivity

8AYD
M~ = -sin (01 – $v){@ Re [Yc(flo)]}- 1 (10)

and transformation coefficient of RF noise current to rms

deviation

T,= YD{~I1o Re [Yc(flo)]}-’. (11)

Since AM and FM noise have the same origin, a cross

spectrum

[–

i3AYD dA Yc 1
–1

— sin2 (61 – 13C)
‘1’ ‘f’ = az df

“H

aAY. 2

av 1-sin (Ov – 19c)sin (61 – tlv) AV~

Y~ aAY~
+~~[cOs (eI+gc–en–eD–ev)

H+ ~ 2 sin (0. + f3D– f3c) sin (01 – f3. – OD)l#
1 }

(12)

results. The cross-correlation coefficient

y = All . AfJAI; “ Af:]- 1/2 (13)

was evaluated from case to case.

VI. DISCUSSION OF RESULTS

Equations (5) and (6) verify our experimental findings. A

reference voltage, high compared to noise (cf. Fig. 5), is

applied across the TEO bias terminals, and reference

frequency deviation and power ratio are measured (dots) (cf.

Figs. 6 and 8), respectively; the solid lines in these figures are

calculated by multiplying the reference voltage with FM or

AM upconversion factors, determined from device and

circuit parameters. Measured values and those calculated

using equations (5) and (6) are in good agreement.

Low-frequency fluctuations that vary in magnitude,

compared to the intrinsic RF-noise current, are obtained by

varying a resistance across the TEO supply leads (cf. Fig. 5).

Where low-frequency fluctuations are large compared to

intrinsic RF noise, FM and AM noise and low-frequency

fluctuations are proportional (cf. Figs. 7 and 9); FM and AM

noise spectra become independent of low-frequency fluctua-

tions where RF noise is dominant.

VII. CONCLUSIONS

1) Generation-recombination noise contributes to the

total noise of TEO’S between approximately 1 kHz and 1

MHz off the carrier. We have identified the impurities

causing the trapping centers of this noise. Control of the
impurities during manufacturing will reduce the total noise.

2) Measurements of low-frequency noise, less costly than

RF-noise measurements, give an indication of AM and FM

noise spectra to be expected.

3) The model of a noisy TEO permits calculation of AM
and FM noise spectra from circuit and device parameters for

known measured low-frequency noise. Close to the carrier,

where AM and FM noise is proportional to low-frequency

noise, (5) and (6) become simple to use.

4) Work is in progress to determine circuit and/or device

parameters from low-frequency and RF-noise

measurements.
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Design of GaAs MESFET Oscillator Using
Large-Signal S-Parameters

YASUO MITSUI, MASAAK1 NAKATANI, AND SHIGERU MITSUI

Abstract—A design method of GaAs MESFET oscillator using

large-signal S-parameters has been discussed. Together with the
measurement results of the dependence of Iarge-signall S-parameters
on power levels and bias conditions, computer analysis of the

equivalent circuit for MESFET’S has qualitatively clarified the large
signal properties of MESFET’S. On the basis of these findings, S-

parameters have been designed for tht MESFET oscillator over

the frequency range of 6-10 GHz, which has resulted in power output

of 45 mW at 10 GHz with 19-percent etliciency, and 350 mW at 6.5
GHz with 26-percent efficiency, respectively.

Good agreements between prerhcted and obtained performances of

MIC positive feedback oscillator have been ascertained, verifying the
validity of the design method using large-signal S-parameters.

I. INTRODUCTION

E ----XCELLENT performances of GaAs Schottky gate-field

‘effect transistors (GaAs MESFET’S) in frequency [1],

[2] and power [3]-[5] have provoked microwave systems

engineers to design GaAs MESFET oscillators [6]–[8] as a

local oscillator or a microwave power source. Since micro-

wave oscillators using GaAs MESFET’S operate under a

large-signal condition, circuit desi~ers have been forced to

utilize cut and try methods to achieve the optimum design,

modifying the design with small-signal S-parameters.

This paper describes a successful design metlod of low-

noise GaAs MESFET oscillators using measured large-

signal S-parameters [9]. In Section II, the measurement and

applicability of large-signal S-parameters of X-band GaAs

MESFET are represented, and, together with tlhe equivalent
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circuit analysis, large-signal properties of FET’s are dis-

cussed qualitatively. Then some of the limitations of large-
signal $parameters on the design of the oscillator are

deduced. The detailed design considerations of oscillators

are presented in Section III. In Section IV, some experimen-

tal results of designed oscillators are shown, and good

agreements bet ween predicted and obtained performances

are ascertained, verifying the validity of the design method

using large-signal S-parameters.

II. LARGE-SIGNAL S-PARAMETERS

Each transistor used in this experiment has a l-pm long

and 300-~m wide gate, a channel doping of 7–9 x 1016 cm – 3

and pinch-off voltage of 4.0 V nominally, which is mounted

in a microdisk package.

Large-signal S-parameters, if measured, could be used to

calculate gate and drain RF current amplitudes 11~,I and

I;, I as a function of the available power of signal generator

PI:

PI= lUi12, i=l,2 (1)

Hs,, = ~
ZL1 – 20

al .2=0=Z.l +20

PI(l – lS1112)=~ Re (Z~1)l~,12

(1
S22= ~ =Z’z–zo

a2 al=O z~2 + 20

(2)

(3)

(4)

PI(l – 1S2212) = ~ Re (ZL2) l~Sl~ (5)

where Z~1,Z~2 are the input and the output impedances of

FET and 20 = 50 Q.


