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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: Flicker, generation-

recombination, and thermal noise. For Transferred Electron Oscillators (TEOS), this low frequency noise is

unconverted into the microwave frequency range and adds to the intrinsic RF noise. We have found that, between

1 kHz and 1 MHz off the carrier, temperature dependent generation-recombination 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, Copeland2, DeCacquerary et a13, and many

others have shown that generation-recombination noise
is a major contributor to the low frequency noise of

bulk n-GaAs. Sweetu found that AM and FM noise iS due

to intrinsic (RF) noise, thermal in origin, and
“excess noise!r, a low frequency noise that is uncon-

verted into the microwave range and has a l/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. lb.

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 0ndria5, 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 co@ined 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 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, approxi-
mately 100°K above heatsink temperature for the TEO

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 ,
l/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 noise 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 T associated with generation-recombina-
tion noise were determined. For example, we obtained
values of T at 300°K to be approximately 4 ms (15 ms

for other devices) and 2 s. T s 4US.

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

r

72
current

lG
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

r

—

Af = MF1floQ~l i: .
rms (1)

‘or known ‘F ‘Pequency ‘+’ and ‘“~d~d”qua’ity ‘actorQL, the frequency modula Ion sensltlvlty due to current

fluctuations MF1 can be determined from the graph.

Where AfPms is independent of low frequency current

fluctuations, FM noise is only due to intrinsic (RF)
noise . From this value of Afrms, equivalent noise

6temperature T can be estimated. (For all device.
n

measured we found 8 < M
FI

< 19 and 7,000°K < T
n

26,000°K).
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Low frequency noise current
r

7
~~ Preduces bias

m
voltage fluctuations

-lV:
across the low frequency

admittance. Adding parallel conductance changes the

voltage fluctuations, cf. Fig. 5, and,therefore~the
unconverted noise, cf. Fig. 6. COrrela*iOn of low

frequency voltage fluctuations and FM noise are shown

in Fig. 7, for R = 25!Jand R = 1,500 Q. 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 fluctuations, cf. Fig. 5, an~ 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 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. )

An Equivalent Circuit for TEOS

To verify our experimental findings, a simplified

rnohl”g 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. $he TED, cf. Fig. 10, is

represented by admittance YD, free of intrinsic noise,

in parallel with noise current generator ~ The cir-
n“

cuit and load admittance ;
c

is transformed by the

diode package to the TED terminals.

The condition for stable oscillations is

:n+$@D(Vo,I1) + :C(fl)l = O, (’2)

where V. is the bias voltage, 11, V
1

and fl are RF

current, voltage and frequency, respectively. sub-

stituting magnitude and phase angle, defined in
Fig.

AI1 =

Afl =

10,-(2)-can be solv~d for tie RF variations

aAY Y

~ sin(Gv-9C)AVo + ~ sin(@n+QD-GC)In
10

aAYD > (3)

~ sin(f31-@c)

aAYD
‘D

— sin(01-13v)AVo + ~ sin(Cl -~ -0 )1
av

10
InDn

dAYn , (4)

--& sin(EI1-Oc)

which are linear functions of low frequency variations
AVO and RF noise In(t). Referred to double sidebands,

noise to carrier power ratio

‘AM
—= B[M#V;(fm) + T~If(fm)],

‘1

and rms frequency derivation

(5)

f
/If =2 [B(M;AV~(fm) + T#jfm))]l’2.rms (6)

‘L
8

can be calculated from the spectral densities of AI1

and Af
1“

Amplitude modulation sensitivity

aAY aAY -1

P!A = -# sin(QY-Oc) 110 --#- sin(@l-@C) , (7)

the transformation coefficient of RF noise current to
AM noise power

. aAYn -1

‘A = yD [I~o -#sin(@l-Oc)I , (8)

loaded oscillator quality factor

dAYc
QL = flo ~sin(G1-0c){2

-1

Re[YC(flo)]} , (9)

frequency modulation sensitivity

–1aAY

MF = & sin(O1-Gv){fi Re[Yc(flo) 1} , (lo)

and transformation coefficient of RF noise current to

rms deviation
-1

‘F
= YD{@I1o Re[Yc(flo)]} . (11)

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

(c) 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) Circuit

and/or device parameters can be calculated from mea-

surements of low frequency and RF noise.
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