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Abstract

Low frequency current and voltage fluctuations have been measured, and it has been confirmed that noise in

packaged Transferred Electron Devices (TEDs) is due to three distinct noise mechanisms:
For Transferred Electron Oscillators (TEOs), this low frequency noise is

recombination, and thermal noise.

upconverted into the microwave frequency range and adds to the intrinsic RF noise.

Flicker, generation-

We have found that, between

1 kHz and 1 MHz off the carrier, temperature dependent generation-recombinatien noise is the main contributor

to the total noise.

An improved model of a noisy TEO is presented.

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.

Introduction

Acketl, CopelandQ, DeCacquerary et ala, and many
others have shown that generation-recombination noise
is a major contributor to the low frequency noise of
bulk n-Gahs. Sweet' 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 1/f char-
acteristic. What happened to the generation-recom-
bination noise? The purpose of this investigation is
to study the AM and FM noise characteristic of TEOs
and identify the physical causes of noise from the
measured data. To verify the experimental findings,
a simplified model of a nonlinear oscillator is dis-
cussed, describing the noise behavior of the TEO in
steady state oscillations.

Measuring System

The experimental work has been performed on n-type
GaAs TEDs mounted in waveguide cavities, All TEDs and
cavities are commercially available.

The noise measuring system is shown in Fig. 1.
A comparative method is used to measure low frequency
TEO noise below and above threshold, cf., Fig. 1b.
The semiconductor is replaced by an equivalent
reference resistor to eliminate the need of knowing
quantitatively measuring system noise figure and gain.
The AM-FM noise measuring system, described in detail
by OndriaS, is shown in principle in Fig. lc. 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
re-introduced 90 degree phase shifted carrier of
path 1.

Low Frequency Noise of TEOs

The low frequency noise current of TEOs is mea-
sured below and above threshold and compared with
theoretical spectra of bulk semiconductors.

The mean square noise currents of a TEQ, 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, approxi-
mately 100°K above heatsink temperature for the TEO
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‘tion noise were determined.

biased above threshold, the contribution of generation-
recombination has been shifted from low to high fre-
quencies.

The variation of low frequency noise with tempera-
ture is shown in Fig. 3 for a TEO biased above thresh-
old. The portions of the spectrum due to generation-
recombination noise are temperature sensitive, whereas,
1/f noise is temperature independent. In most cases,
we found that cooling of a TEO increased noise in a
frequency range approximately 1 kHz to 100 kHz. We
were able to identify three separate nolse mechanisms
in the frequency range 20 Hz to 18 MHz: (a) flicker
noise for frequencies below 10 kHz, (b) generation-
recombination noise between 1 kHz and 10 MHz, and (c)
thermal noise above 1 MHz.

Using the theoretical mean square noise current in
bulk semiconductors and curve fitting techniques, the
time constants 1 associated with generation-recombina-
For example, we obtained
values of t at 300°K to be approximately 4 ms (15 ms
for other devices) and 2 < t < Uus.

AM and FM Noise in TEOs

Measured AM and FM noise of TEOs mounted in wave-
guide cavities is compared with the low frequency
noise of these devices.

For a modulating frequency range, 20 Hz < fm <
18 MHz, the correlation between low frequency noise

-2 s . .
current ig and frequency deviation Afrms 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
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fluctuations M can be determined from the graph.
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Where Afrms is independent of low frequency current

fluctuations, FM noise is only due to intrinsic (RF)

noise. From this value of Af _, equivalent noise
rms
can be estimated. (For all devices

< 19 and 7,000°K < Tn

temperaturee T
n
measured we found 8 < MF

26 ,000°K) .
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admittance. Adding parallel conductances changes the
voltage fluctuations, cf. Fig. 5, and,therefore,the
upconverted noise, cf. Fig. 6. Correlation of low
frequency voltage fluctuations and FM noise are shown
in Fig. 7, for R = 25Q and R 1,500 @. For the
greater value of R, upconverted noise dominates and
intrinsic (RF) noise cannot be detected.

An increase of bias resistance increases the
amount of bias fluctuations, c¢f. Fig. 5, and therefore,
AM noise, cf. Fig. 8. Correlation between AM noise
and low frequency noise voltage is shown in Fig. 9.
For large input impedance, the amount of upconverted
noise is much larger than intrinsic noise. AM and low
frequency noise are proportional. (The change in
slope of the R = 25 @ curve is not understood at this
time.)

An Equivalent Circuit for TEOs

To verify our experimental findings, a simplified

moael7’8 of a nonlinear oscillator is discussed, des-
cribing the noise behavior of the TEO in steady state
oscillations. Since the active part of a TED is
usually small compared to its wavelength in free space,
a current-voltage equivalent circuit for the funda-
mental frequency of oscillation is defined at the
active device terminals. zhe TED, c¢f. Fig. 10, is
represented by admittance YD’ free of intrinsic noise,
in parallel with noise current generator Tﬁ. The cir-
cuit and load admittance Y

C
diode package to the TED terminals.

is transformed by the

The condition for stable oscillations is

T+ V.IY (V.,I,) + Y.(£)] = 0 (2)
RS L DA LR RERR AL RE R
where V0 is the bias voltage, Il’ Vl and fl are RF
current, voltage and frequency, respectively. Sub-
stituting magnitude and phase angle, defined in
Fig. 10, (2) can be solved for the RF variations
BAYD
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which are linear functions of low frequency variations
AVO and RF noise In(t). Referred to double sidebands,

noise to carrier power ratio

P
AM _ 2,2 2.2
fzf-- BOM) AV (£ ) + T,I (£ )1, (5)
and rms frequency derivation
fO 2,2 2.2 1/2
Afrms = GZ'[B(MFAVO(fm) + TFIn(fm))] . (6)

can be calculated8 from the spectral densities of AI
and Afl.
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the transformation coefficient of RF noise current to
AM noise power
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and transformation coefficient of RF noise current to
rms deviation
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Since AM and FM noise have the same origin, a cross
spectrum AIL_Af_ results. The cross-correlation coeffi-
cient was eValuated from case to case.

Equations (5) and (6) verify our experimental find-
ings, cf. Figs. 4, 7, 9. Close to the carrier, AM and
FM noise is proportional to low frequency noise which
itself is proportional to bias resistance.

Conclusions

(a) Generation-recombination noise contributes to
the total noise of TEOs between approximately 1 kHz and
1 MHz off the carrier. We have identified the impuri-
ties causing the trapping centers of this noise. Con-
trol of the impurities during manufacturing will reduce
the total noise. (b) Measurements of low-frequency
noise, less costly than RF-noise measurements, give an
indication of AM and FM noise spectra to be expected.
(e¢) The improved model of a noisy TEO permits calcula-
tion of AM and FM noise spectra from device parameters
for known measured low frequency noise. (d) Civcuit
and/or device parameters can be calculated from mea-
surements of low frequency and RF noise.
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Fig. 4. Correlation of low frequency noise current and
frequency deviation per unit bandwidth. Frequency is
parameter and increases from right to left.
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Fig. 6. Frequency deviation per unit bandwidth vs fre-
quency. Bias resistance is parameter.
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frequency deviation, per unit bandwidth. Frequency is
parameter and increases from right to left.
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Fig. 10. TEO. a) Mcdel of TEQO at fundamental frequency

fl’ b) ecircuit admittance as function of RF frequency,

c¢) TED admittance as function of RF current and bias
voltage.
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