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Characterization of Flicker Noise in GaAs MESFET’s
for Oscillator Applications

Paul A. Dallas Associate Member, IEEBnd Jeremy K. A. EverardMember, IEEE

Abstract—GaAs MESFET oscillators commonly exhibit
increased close-to-carrier noise, which is often attributed to
upconversion of flicker noise from the MESFET. To establish and
quantify this effect, this paper presents an experimental system
that allows the simultaneous measurement of the flicker noise
on the gate and drain terminals of a GaAs MESFET, and of the
noise imposed on an RF carrier when amplified by the MESFET.
The cross correlations between these parameters can thus be
determined; an analytical method is shown for extracting the
levels of the effective sources of flicker noise from the results,
and the manner in which these affect the RF carrier. In the tests

performed, it was often found that the close-to-carrier noise was Fig. 1. General _GaAs MESFET _model showing the effective ﬂ_icker noise
related directly to the low-frequency flicker noise. sources and nonlinear (trans)admittandé$.andY 2 represent the inputs of
the noise measuring system.

Index Terms—Flicker noise, MESFET, , oscillator, phase noise.

In order to reduce the close-to-carrier oscillator noise, at-
. INTRODUCTION tempts have been made in the past to reduce both the flicker
aAs MESFET's are used extensively in microwav80ise itself and its conversion to noise sidebands. Many of the
G oscillators. They provide relatively high output power§nethods shownin literature, however, have been found to be less
with high efficiency, are reliable in operation, and have corgffective than expected [18]-[21]. One of the reasons for this
venient power-supply requirements. However, although GaA®Y be the inaccurate representation of the flicker noise sources
MESFET's generate little noise at high frequencies, oscillatofsthe theoretical analyses upon which these methods are based.
using them generally exhibit large amounts of sideband noiéeorder to calculate the levels of flicker noise reaching the
close to the carrier. nonlinear elements of a GaAs MESFET, a quantitative knowl-
GaAs MESFET’s generate high levels of low-frequency (LF§dge of the magnitudes and cross-correlation coefficients of the
flicker noise, with an approximatg~" power spectrum, where flicker noise sources is required. As, to our knowledge, there
f is the frequency and ~ 1. The high level of noise close to has not hitherto been a comprehensive method for determining
the carrierin GaAs MESFET oscillators is commonly attribute#i€se, it has been common practice to omit some of the noise
to this LF flicker noise, which is believed to be modulated ontgources shown in Fig. 1 or to make assumptions about their
the carrier through the intrinsically nonlinear behavior of thivels and cross correlations.
MESFET ([1]-[5], but also see alternative explanations in [6] This paper presents a measurement-oriented technique for de-
and [7]). The flicker noise is said to be generated by carrier-gd§fmining the levels of these equivalent flicker noise sources, the
eration—recombination (g-r) centers (traps) in the gate and sGF2SS correlation between the gate sourgeandig, and the ef-
strate depletion regions of the FET [8]-[12], g—r centers on tfgct the flicker noise sources have on a high-frequency carrier
surface of the FET [10]’ [13], and by lattice scattering [14], [15T/hen this is ampllfled by the MESFET. This teChnique is based
and g—r centers [16] in the conducting channel. Hashigathion the analytical extrapolation of the equivalent flicker noise
al. ([17]) have developed a GaAs MESFET LF equivalent cigource parameters from measurements of the LF and the modu-
cuit to represent such flicker noise sources. An extended versl|gfon flicker noises generated by the GaAs MESFET under test.
of this circuit is shown in Fig. 1.
Il. THE GaAs MESFET NISE MEASURING SYSTEM

The noise measuring system is an extended version of the
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Fig. 2. Simplified block diagram of the GaAs MESFET noise measuring system. Variable attenuators (not shown) are placed at the RF input andeoutput of th
GaAs MESFET amplifier, and at the inputs of the two LF amplifiers.

TABLE |
GaAs MESFETS WED AND OPERATING CONDITIONS FOR MEASUREMENTS#1-#7.Pout IS THE RF QUTPUT POWER OF THEGaAs
MESFET AVPLIFIER.Rg 1S THE LF GATE RESISTANCE OF THEMESFET (MEASURED AT 188.5 Hz)oo INDICATES THAT Rg WAS
TOO HIGH TO BE MEASURED. OTHER PARAMETERS ARE DEFINED IN FiG. 2

# | MESFET Application Operation Pout Vdd | Idd -Igg RG Rg

1| AT-12535 General purpose 4dB gain compression | 100mW | 5V | 50mA | 40uA 1kQ 20kQ2
2| AT-12535 General purpose linear 6.3mW | SV | 50mA | <SuA 39kQ 200k
3| AT-125335 General purpose 4dB gain compression | 105mW | 5V | S50mA | 40pA 39kQ 20kQ
4 | HMF-2402 Medium power linear 2mW | 7V | 0.25A SuA 3.9kQ ©

5 1 HMF-2402 Medium power 4dB gain compression | S80mW | 7V | 0.25A | 1.2mA | 3.9kQ 80Q2
6 | AT-8140 Medium power linear 36mW | 7TV | 03A 10pA | 3.9kQ ©

71 AT-8140 Medium power 4dB gain compression | 620mW | 7V | 0.3A | 350puA | 3.9kQ 1kQ

on the gate terminal of the GaAs MESFET, and the cross-cagstem can be set to simultaneously sample any two of the LF
relation coefficients between all of the drain LF, gate LF, andrain noise, LF gate noise, and the demodulated AM or PM
modulation noises. noise. A separate preamplifier is used to amplify the noise on
Fig. 2 shows a block diagram of the measuring system. Ttiee gate terminal of the GaAs MESFET under test. This consists
measuring system uses the GaAs MESFET under test in an afitwo cascaded common-emitter BC559 silicon bipolar tran-
plifier rather than in an oscillator, as this simplifies the construsistors; these are ordinary p-n-p low-noise audio devices, with
tion of the equipment and the acquisition and interpretation afnoise figure of 1.2 dB and a flicker corner at approximately
the results. 30 Hz.
A 639-MHz sinusoidal signal (the “RF carrier”) from a low-
noise source is fed to the GaAs MESFET amplifier under test. I1l. SIGNAL PROCESSING

The signal on the output of the amplifier is mixed with a sample . . :
of the original 639-MHz signal, demodulating the AM noise The two noise signals detected by the measuring system are

when the inputs of the mixer are in phase, and the PM noi%%mpled simultaneously and stored by. an HP5.41.11D digitizing
. oscilloscope. The samples are then filtered digitally and also
when they are in quadrature.

The GaAs MESFET amplifier used originally had la@ passed through a digital notch filter that removes power-line

matching networks. These were found to be too dispersive, WﬂH.m components. Aﬁer _d|g|tal filtering, the power spegtral denf
S|t|es of the two noise signals and the cross-correlation coeffi-

the result that the reference delay line in the phase bridge on
o mént between the two are calculated.

offered a poor approximation to the network phase response.
was, therefore, decided to dispense with the matching networks
altogether, and to feed and load the MESFET resistively.

The measuring system includes low-noise amplifiers, which Measurements have been taken on a small sample of GaAs
amplify the LF noise on the gate and drain terminals of the GaAESFET’s in order to investigate the capabilities of the mea-
MESFET under test. By appropriate connection of the LF arsuring system. The characteristics of the devices and operating

plifiers (the connections are shown as switches in Fig. 2), tkenditions are summarized in Table I.

IV. EXPERIMENTAL RESULTS
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Fig. 3. Cross-correlation coefficient for noise from 40 to 400 Hz betweend. 4. Measured cross-correlation coefficieipd ,s(7) (wide line) and
the measured PM and LF drain noises of an AT-12535 GaAs MESFET (froftd 1 s(7) (narrow line) for the 20-100-kHz range (from measurement #5).
measurement #3).

modulation of LF noise. Such high levels of correlation were not

A typical cross correlation versus is shown in Fig. 3. encountered when the GaAs MESFET's were operated in their
The noise spectral densities (double-sided spectra) méaear region. The measured cross-correlation coefficients in this
sured are shown in Figs. 5-8. Tables II-VI give the peajase varied substantially between devices, making it difficult
values of the magnitudes of the cross-correlation coeffis draw any general conclusions, especially as the number of
cients Radys(7), Rpdps(7), Ragas(T), Rpgus(r), and  devices tested was small.
Rdgprs(7) measured between the AM and LF drain, PM and
LF drain, AM and LF gate, PM and LF gate, and LF drai. Gate LF Noise Cross-Correlation Coefficients

and LF gate noises, respectively i§ the time delay between The LF noise potential that affects the gate depletion region

measurands in the cross-correlation function). width and, hence, the drain current and gate nonlinearities of the

e iy e aEHas MESFET undertest, s ot e potenial measured el
blocks shown in Fig. 2 ,This was done primarily to avoi%vetothe_sogrce termlnal)_on the gate terminal of the !\/IESFE_T,

. TP ) 2 ut the distributed potential across the gate depletion region
excessive weighting of the cross-correlation coefficients by tlg used by the gate flicker noise sources &ndg in Fig. 1)
stronger lower frequency components. Splitting the observ is: Rpgas, and Rdgass are, therefore, not direct. méa-
spectrum into decades also makes it possible to at least coar?a S o;‘ the rela’tion between the’LF noise g’enerate din the gate
account for the variation of GaAs MESFET parameters (mainc}/epletion region of the MESFET and the modulation and LF
gd) with frequency [25] in the calculations shown later in thi%rain noises. NeverthelesBagys., Rpaas, and Rdgy s do
paper. ’ ' ‘

. onvey useful information, and can be used indirectly for cal-
A problem arises due to the cable, component, and parasli y y

. ! o o cu(iating the contribution of the LF noise generated in the gate
capacitances in the GaAs MESFET amplifier gate circuit. The . i g PO
form a parallelR-C network with RG; and the LF gate admit- agplenon region to the LF drain and close-to-carrier sideband

tance of the GaAs MESFET, which attenuates the gate LF noise-C>" This calculation is shown later.

at higher frequencies and also introduces a phase delay. The
suffix “ 87 in Tables IV=VI shows that this phase delay exceeds
10°; this has been chosen arbitrarily as the delay beyond which
the cross-correlation coefficient is considered to be inaccurate.Noise from the measuring system itself appears on all mea-
Cross-correlation coefficients not marked with the suffix*  surands, and can significantly affect the results obtained. This
had their peak value [atf no greater than two sample periodsection shows how the results of the measurements can be com-
of the digitizing oscilloscopé.The only exception to this was pensated for the effects of measuring system noise, to give the
Rpdyrs(7) for measurement #5, for the 20-100-kHz frequendyue values of the GaAs MESFET noise levels and cross-corre-
range. This was measured six times and, in all six measulaion coefficients. This technique could be used for extracting
ments,Rpdyrs(7) was found to consistently peak with the PMhe true MESFET noise parameters from measurements signifi-
noise, leading the LF drain noise by 5—7 samples (i.er, & cantly affected by measuring system noise. In our measurements
—3 us). InterestinglyRad y; s(7) did not exhibit this character- though, it has been used primarily as a means of demonstrating
istic (see Fig. 4). that the measuring system noise has a negligible effect on the
accuracy of the measured parameters.

V. COMPENSATING THE RESULTS FOR THEEFFECTS OF
MEASURING SYSTEM NOISE

A. Modulation and LF Drain Noise Cross Correlation

When the GaAs MESFET's tested were driven into 4-dB gal%‘ Determining the Conversion Sensitivity Values
compression, a value commonly used in oscillators, it was fouBdiSCUSSION
that, in most cases, the cross-correlation coefficigislyis|  the Gaas MESFET under test will convert one form of noise
and |Rpdys| approached 100%. This indicates that, in the§g 5. other. This behavior is accounted for, to first order, by
instances, the AM and PM noise was almost exclusively dueagﬁning a set of real-valued frequency-independent conversion
IThe oscilloscope sampling rate was either 20 or 25 times the highest fRENSILIVILY values th?-t describe this. The set has been expanded
guency in every range. to include the LF gain of the MESFE(kdg, kgd) and the FM
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Fig. 5. LF drain terminal noise voltage spectral densities. The upper (noisy) traces in each plot are the measured LF drain terminal noidédgltdges
and the solid lines show the calculated measuring system noise Yoy (f)|.

discriminator action of the phase bridgeaf, kpf, kgf, kdf) C. Statistical Aveage Function Definition
(see Table VII). The sensitivities to LF gate noise and LF
drain noise are determined by injecting a low-lev&l §0 VvV

rms) LF sinusoidal signal on the respective bias port of the

* Noise level (variance): The power level of our time-limited
sample sei(¢) is simply its statistical variance

GaAs MESFET amplifier and observing the resulting signal 1 T

on the measurand. The sensitivities to AM and FM noise are o’z = T / ()] dt

determined by applying small amounts of AM and FM on the 0

639-MHz source. whereT is the sampling duration. The frequency-domain

equivalent of this is [26, p. 85]

B. Determining the Measuring System Noise Floor 1

o>
o= [ DR )

As the levels of the measurands are small, the measuring -
system noise floor has to be determined as accurately as poss Cross correlation and covariance: The cross-correlation

sible. This could be measured by removing the GaAs MESFET coefficientRzy(7) between two sample seiét) andy(t)

amplifier and replacing it with a transmission line of equal is defined a&

electric length in the phase bridge; cooled resistors could be

connected across the bias supplies to simulate the resistance 1 r e gt
the MESFET presents to the LF amplifiers. This method may T '/0 @)yt +7)
be inaccurate though, as it does not account for noise reaching Ray(r) = o2z - o2y

the measurands indirectly through LF gain, modulation, and

detection by the GaAs MESFET under test. Instead, )i one notable exception (20-100 kHipd,ys(r) for mea-
measuring system noise floor has been calculated by summifgement #5), in the GaAs MESFET noise measurements taken,
the power spectral densities of all noise contributions frofje heaks of the cross-correlation coefficients were found to be
the measuring system components, whether these contribye -, ¢ | this analysis, the effects of offsewill be assumed

to the measurands directly or indirectly. The appropriaig pe negligibles and the pealy of the cross-correlation co-
conversion sensitivity values have been used to determine figcient will be taken to be at = 0

effect of noise sources reaching a measurand indirectly. The
measuring system noise calculated thus is shown as a solid line Ry = Ray(0).
in Figs. 5-8. Fig. 6 also shows the noise measured with the : :

GaAs MESFET amplifier removed, with a resistor (at room 2n ttf)\te Uiuglfdemmio? Oftt_he 65085-90"6'?1?” C_OEtLﬁCi_e?L thf_ mebaf; Va';*ﬁs
. ubtracted from the two time-domain variables in the integration before they
temperature) of value equal to the resistance presented byjﬁiénultiplied. This operation is not shown here to avoid unnecessary algebra.

MESFET gate Rg in Table I, open circuit fqug = o0) in 3The consequences of this approximation could be significant, and should be
place of the GaAs MESFET amplifier gate bias port. checked in future work.
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Fig. 6. LF gate terminal noise voltage spectral densities. The upper trace is the measured LF gate termjfiaj ngi6¢)|, and the lower trace is the measuring
system noise, measured with the GaAs MESFET under test replaced by a resistor approximatelyRguahtosolid line represents the calculated measuring
system noise floofV ¢gsv (f)|. The 3-dB cutoff frequency is the upper cutoff of tReC network formed byRG, the cable and circuit capacitances, and the
MESFET gate LF admittance. For measurement #5, this cutoff frequency is off the scale (at 1.00 MHz).

For notational brevity, the covarian®ey () (with - = 0) will D. Compensating the GaAs MESFET Noise Variance

be used in place of the cross-correlation coefficient. This is . . .
Noise from the components of the measuring system is not

correlated with the noise generated by the GaAs MESFET

Sxzy = Rxy -/ o%x - 03y

= / (1) - y(t) dt. @

under test. The variance (power level) of the noise generated by
the GaAs MESFET under test itself, i.e:2«, can, therefore,

be determined by subtracting the measuring system noise floor
o2z 5y from the total measured power levelz ;s

The frequency-domain equivalent of this is [27, pp. 203-206]
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ovariance Values

TABLE 1l

|Rad ars|: PEAK MAGNITUDE OF THE CROSSCORRELATION COEFFICIENT
BETWEEN THE MEASURED AM AND LF DRAIN NOISES FOR

The covariance values between the PM, AM, LF gate, and LF
drain noises actually generated by the GaAs MESFET under test
itself can be calculated from information provided by the mea-

suring system. The deri

vation of the covariartgel! (its peak

value) between the PM and LF drain noises is shown here; all
other covariances can be determined using the same approach.
The PM noisep(f) imposed on the amplified RF carrier
by the GaAs MESFET under test consists of two components
pe(f), which is correlated with the correlated part of the LF

MEASUREMENTS#1—#7
Frequency range, Hz
# | 40-400 | 200-2k | 1k-10k | 4k-40k | 20k-100k
1 93% 94% 95% 95% 94%
2 11% 9% 37% 51% 45%
3 99% 99% 99% 99% 99%
4 29% 20% 26% 34% 35%
5 95% 97% 98% 98% 98%
6 80% 78% 73% 69% 43%
7 93% 96% 97% 97% 93%
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TABLE 1II TABLE VII
|Rpdars|: PEAK MAGNITUDE OF THE CROSS-CORRELATION COEFFICIENT NOISE LEVELS: CORRELATIONS AND COVARIANCES FROMMEASUREMENT#3.
BETWEEN THE MEASURED PM AND LF DRAIN NOISES FOR THE MEASURED VALUES (s s SUBSCRIPT) ARE SHOWN
MEASUREMENTS#1—#7 Sensitivity of | s s Veus | Vs
Frequency range, Hz measurand...
# | 40-400 | 200-2k | 1k-10k | 4k-40k | 20k-100k 0 AM noise: | kaa | kpa | kga | kda
1 92% | 93% | 9% | 92% 90% ..to FM noise:| kaf | kpf | kef | kdf
2 9% 10% 37% 48% 46% ..to gate LF noise: | kag | kpg 1 kdg
3] 98% | 98% | 98% | 98% 97% ...to drain LF noise: | kad | kpd | kgd 1
4] 20% 17% 19% 32% 33%
5] 56% 78% 82% 60% 44%
g g;:f’ ;23’ ;‘;:;“ ;3:? ;“6‘://“ Assuming an approximately linear and frequency-independent
. - - . . conversion of LF drain noise to PM noise, the conversion sen-
sitivity value kpd can be used to give.(f) as a function of
TABLE IV Vd.(f)
|deMS|Z PEAK MAGNITUDE OF THE CROSSCORRELATION COEFFICIENT
BETWEEN THE MEASURED AM AND LF GATE NOISES FOR _ .
MEASUREMENTS#1—#7 pe(f) = Vde(f) - kpd
Frequency range, Hz p(f) = Vdc(f) - kpd +pu(f)
# | 40-400 | 200-2k | 1k-10k | 4k-40k [ 20k-100k (5)
1] 68% 67% 65% | 59%8 63%*
2| 36% | 31%5 | 27% [ 25%$ 25%* ; - -
T oss o T oo | a7 o The peak of the covariance between the PM and LF drain noises
4| 13% | 1% | 12%% | 20% | 19%S Spd s, per (3),
5| 13% 10% 19% 39% 41% 1 oo
6 58% 64% 63%° 53%? 24%8 Spd = = - *.Vd d
7| 53% 64% 76% | 81%8 81%S P T J_ p7) (1) df
with (1), (4), and (5), provided is long enough for the uncor-
TABLE V related components to integrate out, this becomes
|Rpd srs|: PEAK MAGNITUDE OF THE CROSS-CORRELATION
COEFFICIENT BETWEEN THE MEASURED PM AND LF GATE NOISES FOR 1 oo
MEASUREMENTS#1—#7 Spd = — - / |Vd(£))? - kpd df = Spd = o?Vd, - kpd
Frequency range, Hz —0o0
# | 40-400 | 200-2k | 1k-10k | 4k-40k | 20k-100k (6)
1| 1% 70% 64% | 64%S 66%}
2 | 34%5 | 35%F | 30%S | 25%° 25%$ (askpd is real-valued and frequency-independent).
3| 96% | 95 93:;02 ‘9‘(3):?: gi:fz The measured PM noisey;s(f) containsp(f), and also
‘5‘ ;‘(5);’ ;‘g;’ ‘;100; 100/"0 630;0 noise from the measuring system. The measuring system noise
(] 0 0 . . . .
61 8% 13% | 17% | 12%S 10%8 sources affectingss(f) can be split into the following two
7] 49% 64% 76% | 81%S 84%S categories:
* pusy (f), these which contribute to the PM noise mea-
TABLE VI surand, but not to the LF drain noise measurand.
| Rpdass|: PEAK MAGNITUDE OF THE CROSS CORRELATION COEFFICIENT * Measuring system sources of AM noisgsy (f), FM
BETWEEN THE MEASURED LF DRAIN AND LF GATE NOISES FOR noise chY(f), LF noise on the gaté’gcsy(f) and on
ME:SUREMENTS#l—f the drainVd.sy (f), which contribute to both the PM
requency range, iz . . . . .
4 [ 90.900 1 2002k | 110k | 440k | 20L-100K noise and LF drain noise measurands either directly or
1] 58% | 60% | 51% | 50%S | 3% indirectly.
2| 7w | st | aows | 2% | 1o Using (5) forp(f) in pass(f), pass(f) is expressed as
3] 94% | 92%5 | 89%S | 88%S 89%8
4] 12% 11% 8%S 12%3 17%$
ST 1% | 13% | 13% | 24% | 21% pus(f) = {Vdc(f) “kpd + pu(f) + Epusy (f)
6| 19% 36% | 59% | 62%* 56%* + Ylacsy (f) - ¢p] - kpa
7] 74% 82% 89% | 92%° 93%3
+ X[ fesy (f) - cpl - kpf + [EVgesy (f) - ¢l
o - kpg + Z[Vd ]k d} 7
drain noise generated by the MESFET, and f), which is pg +E[Vdesy (f) - ¢ - kp 7)
uncorrelated with the LF drain noisg(/) is whereX. denotes the sum of the noises from all relevant mea-
suring system noise sources.
= +p, . . . .
p(f) =pelf) +puld) Each measuring system noise source has an associated con-

The LF drain noise/d(f) generated by the GaAs MESFETStantc;,. Normally,c,, = 1. For measuring system noise sources

under test consists of two componefits,.( f), which is cor- thatreactyy;s(f) through anattenuatar, is equal to the atten-

related withp.(f), andVd,,(f), which is notVd(f) is uation. Also,c, is negative for measuring system noise sources
that reactp ;s (f) inverted (used for series noise sourceg)s

Vd(f) =Vd.(f) + Vdu(f). (4) real valued.
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The measured LF drain noi$é&l,;s(f) containsVd(f) and  VI. CALCULATING THE FLICKER NOISE SOURCELEVELS AND
noise from the measuring system. The measuring system noise CROSSCORRLEATION
sources affectind’d,;s(f) are separated into A. Basic Assumptions

* Vd.sy(f), these which only contribute to the LF drain . . .
noise measurand. The following assumptions will be made about the GaAs

e aosy () fosy (F)s Vgesy (), and Vdosy(f), which MESFET and its equivalent circuit:

also appear imy;s(f). * «d(f) will be assumed to be uncorrelated wity f) and
Using (4) forvVd(f) ig([f), as it represents noise generated in the conducting
channel and in the substrate depletion region.
* eg(f) andig(f) may be partially correlated, as they are
Vdys(f) = {Vdc(f) +Vdu(f) + ZVdusy (f) believed to both originate from the gate depletion region.
+ Yla, ceql - kda+ X[f. el kd eg(f) andig(f) will be split into their correlated com-
(acsy (f) - a] - kda Uesy (£) - cal - haf ponentseg.(f) andig.(f) respectively, and uncorrelated
+0[Vgesy (f) - ca] - kdg + E[Vdesy (f) - Cd]} componentgg, (f) andig.(f), respectively,
8
eg(f) = ege(f) + equ(f)
The constants, serve the same purpose here as constgris and
in (7).
The peak of the measured covariahSgd,;s between the ig(f) = ige(f) +igu(f). 9)

PM and the LF drain noises is
) - The correlated components..(f) andig.(f) will be as-
Spdue = = - . Vd df. sumed to have the same frequency spectrum, and not to be
bovs = /_oo pus(/) as(f) df delayed significantly with respect to one another, so that
eg.(f) can be expressed as
Replacingpars(f) andVdars(f) in Spdass from (7) and (8), .
provided? is long enough for the uncorrelated components to ege(f) = ige(f) - k
integrate out coeg(f) =dg(f) -k +egu(f) (10)

wherek is a real-valued frequency-independent constant.

Spd’qs - « The PM noise( f) imposed on the RF carrier amplified by
= —. / {|Vdc(f)|2 - kpd+Y[lacsy (f)|* - ¢p - cd] the GaAs MESFET will be considered to consist of noise
T ) from the LF flicker noise sources;(f), ig(f), andid(f)
-kpa - kda+X[| fesy ()1 ¢p -cal -kpf - kdf modulated onto the carrier by GaAs MESFET nonlinear-
+2[[Vgesy ()2 - cp - cd] - kpg - kdg ities, and also of a separate compongyt/) not related
5 to the LF noise sources, ( f) is uncorrelated witleg( f),
+ E[[Vdesy ()7 - ¢p - cd] '/fpd} df = ig(f), andid(f).
Spdyrs » Noise from the measuring system itself will not be taken
_ |:O_2Vdc kpd + S(0aesy ey cd) - kpa- kda into consideration here._The varia_nces_ and covz_;triances of
the GaAs MESFET noise used in this analysis are the
+ (0% fosy - p - ca) - kpf - kdf values compensated for the effects of measuring system
+ ¥(0*V gesy - ¢p - ca) - kpg - kdg noise, as described in the previous section.

2
+ 30 Vdesy -6 - ca) - kpd} B. Circuit Equations
Analysis of the equivalent circuit in Fig. 1 gives (11) and (12),
I\éhown at the bottom of page 254, for the LF drain and LF gate
terminal noise voltage¥ d(f) andVg(f), respectively. These
two equations are not sufficient for derivimg(f), ig(f), and
Spd = [SdeS — Y(0%acsy - ¢p - cq) - kpa - kda «d(f). The additional information required has to be provided
9 by the third parameter, which can be measured with the mea-
=20 fesv - ¢p-ca) kpf - kdf suring system, the modulation noise. The PM noise has been

This and (6) giveSpd, the covariance between the actual P
and LF drain noises generated by the GaAs MESFET

— (0 Vgesy - ¢p - €a) - kpg - kdg used here; the AM noise could have been used instead.

— (0 Vdesy ¢y cq) - kpd] The PM noisep(f) on the RF output of the GaAs MESFET
amplifier is considered to consist of the following three compo-
nents.

» The gate depletion region LF flicker noidéq’(f) (see

“4The value of the covariance can be calculated from the measured cross cor- Flg.. 1), modulated onto .the Camer_ by the r.]c.)r!“near be-
relation and noise levels usif@). havior of the MESFET with conversion sensitivityg.
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TABLE VIl TABLE X
CONVERSION SENSITIVITIES FROM MEASUREMENT#3 SIMULTANEOUS LF DRAIN—LF GATE NOISE MEASUREMENT MEASURING
Frequency range, Hz SYSTEM NOISE CONTRIBUTIONS FORMEASUREMENT #3
Parameter | 40-400 200-2k Units Frequency range, Hz
kgd 0.34 031 VIV Parameter 40-400 200-2k Units
kea -0.34 028 | VN(W/W) o*Vdsy (131) (66> | (nV/VHz)
kef -1.4E-09 | -1.7E-09 | V/Hz oWgsy (145 (862 | (aV/VHz)?
kdg -0.57 -0.57 |V S sy Cace) 28E-15 | 21E-15 |(W/Hz)/W
kda 0.36 032 | VA(W/W) T(0HsrCscy) 3.2E-07 | 8.1E-07 |Hz*Hz
kdf 6.4E-10 | 6.8E-10 |V/Hz (6 VEsrCaCa) (9.0)2 (9.02 | (nVAHz)?
ipg -0.11 0.14  [NWwWyv B(0 W d,syCa Co) 052 | (042 |(aVAHz?
kpd -0.030 -0.044 [ N(W/wW)yV
kpa 0.016 0.017 | V(W/W)AN(W/W)
kof -1.9E-09 | -2.7E-09 |(W/W)Hz
TABLE XI
NOISE LEVELS. CORRELATIONS AND COVARIANCES FROMMEASUREMENT#3.
TABLE IX THE MEASURED VALUES (MS SUBSCRIPT) AND THE VALUES COMPENSATED
SIMULTANEOUS PM—LF DRAIN NOISE MEASUREMENT MEASURING SYSTEM ~ FOR THEEFFECTS OFMEASURING SYSTEM NOISE (NO SUBSCRIPT) ARE SHOWN
NOISE CONTRIBUTIONS FORMEASUREMENT#3 Para- | Frequency range, Hz
Frequency range, Hz meter | 40-400 | 200-2k Units
Parameter 40-400 200-2k Units Opus -121 -123 | dBc/Hz
oy -145 -151 |dBc¢/Hz 0?;4 (-412;2 (-Zlgz dB\C/% .
Vds 86 | (48 |mVAHz? T ae T G v
2(0%aesrCyCa) 28E-15 | 2.1E-15 |(W/Hz))W e T R TS
(6% sy eycd) 3.2E-07 | 8.1E-07 |Hz¥Hz otg (5.77 (3.5 | (uviH2?
(0B 1€ Ca) 9.0 9.0 | (nVAHz)? Rpdys 98 98 %
SVioresed | 0P | 087 Javio? e T
Rdgys -94 92 %
Sdgvs 2.5E-11 | -9.3E-12 | v/VHz- VAHz
» The drain LF flicker noisé d( f), modulated onto the car- Sdg 3SE-11 | -93E-12 | VANHZVVHz

rier by the nonlinear behavior of the MESFET with con-
version sensitivitykpd.
* Noise p,(f) not connected with the LF flicker noise

TABLE XIlI
sources. MEASURING SYSTEM AND GAAS MESFET (TRANS)CONDUCTANCES
p(f) is, therefore, FOR MEASUREMENT #3. THE PARAMETERS ARE DEFINED IN FIG. 1.
THEY ARE CONSIDERED TO BEREAL VALUED, SO THATY'1 = (1,
Y2 =G2,YG = GG, ETC.
p(f) =V (f) kpg+Vd(f) - kpd + pu(f).
Frequency range, Hz
. . . . . . . Parameter 40-400 200-2k Units
Repla_cmgV_g’(f) andV d( f) in this with the appropriate circuit T, ) 7+ o
equations gives (13), shown at the bottom of the following page. /G2 33 35 Q
Vgg 170 120 [kQ
C. The Variances of and Covariances Betw&eii f), Vg(f), Vgf 57 60 kO
and p(f) gm 26 27 mS
1/gd 140 100 [Q

These are determined as per (1) and (3). However, they cannot
be evaluated analytically with frequency-dependent (trans)ad-
mittancesy2(f),yg(f) - - - ym(S) and arbitrary frequency-de- G2, gg - - - gm. At flicker noise frequencies in the hertz and
pendent noise sourceg(f), eg(f), andid(f). The (trans)ad- kilohertz regions, this is not an unrealistic approximation,
mittances have to be assumed to be independent of frequenaysgtecially in cases where the MESFET gate is driven with a
the flicker noise frequenciésThey can then be moved outsiddarge RF signal and exhibits significant conductance.
the frequency integrals, leaving only the noise sources withinWith these simplifying assumptions, using simple algebraic
the integrals. manipulations, the variancegVd, 2V g, andr?p of Vd(f),

In practical terms, this makes it necessary to split the fré2g(f), andp(f), and the covariance$dg betweenV d( f) and
guency range considered into a number of relatively narrow fréy( /), andSpd from p(f) to Vd(f) can be derived using (1),
quency bands, over which this approximation is valid. We spli8), (9)—(13). They are expressed as functions of contiiom
the frequency range into overlapping decades, and found (@), and of the variance&eg, o%id, o%ig., o%ig, ando>p,, of
(trans)admittances typically changed by less than 1.1:1 betweef\f), id(f), ig.(f), ig(f), andp,(f), respectively.
adjacent decades. The largest variation recorded was 1.62:1;
however, larger variations have been reported elsewhere [25D. Solving for the Noise Source Levels

As the (trans)admittancés2(f), yg(f) - - -ym(f) arenotto  The equations fow2Vd, 02Vg, o2p, Sdg, and Spd con-
be functions of frequency, their imaginary parts (susceptancegh sufficient information for calculating the levels of noise
have been set to zero, leaving just the (trans)conductangggrcesg, ig andid, the level of the uncorrelated PM noigg,

5This i a significant assumption: its validity and its effect on the accuracy 81d the cross-correlation coefficient (its peak value) frem
the results obtained should be checked in future work. to ig.
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The equations for?Vd, a2V g, Sdg, andSpd form a system and (17), shown at the bottom of the following page, are the
of simultaneous equations, with the four unknowsg, o%id, solutions of this system. The results obtained from these equa-
o%ig.-k, ando?ig; (14)—(16), shown at the bottom of this pagetions can be used with the measured valug’gfto calculate the

V()
_ o) YD) [uf () —ym(D)] = id() - [V2U) + wa(5) +uI ()] — gD - [uf () —ym( )] "
Y1) +yd(D)] - [Y20) + 99D + 0 () [YL) + () + Y2UF) + yg(f) + ym()]
Va(f)
—@uy@ﬂﬁ[<ﬁ+wmﬂ Y1) +9d(D)] - [97 () +v9(D)] }
_ —id(f) - yf () = ig(f) - [YL() +yd()) +uf(f)] )

Y1) +ydD] - [Y2(0) +ua(D)] +uf(F) - [YUD) +wd(F) +Y2F) +yg() +ym()]

eg(f) - {kpg - [Y1(f) +yd(f) +yf ()] +kpd - [yf () = ym()] } - V2()
—id(f) - {kpg - yf(£) +kpd - [Y20) +yg(F) +uf (D)
~ig(f) - {hwg - [YL() +wd(f) +uf(D)] + ki - [uf (]
)+

) —ym()] }
(Y1) +wd()] - [Y20) +ug()] +wf () - [YU) + el f

Y2(f) +yg(f) +ym(f)

p(f) = } + pu(f) (13)

a2vcz-{kpg-gf-(G1+gd+gf)—kpd- [(G1+gd)-(G2+gg)+gf-(G1+gd+G2+gg+gm)}}
—Sdg-kpg-2-(G1+gd+gf)-(G2+ g9+ gf)
+Spd- [(G1+gd) - (G2+ g9) + 9f - (GL+ gd + G2+ gg + gm)|

oleg= 0?Vg+
kpg - (gf —gm) - (G2+ g9+ gf)

(14)

a2id
o2Vd.- [kpd- (gf — gm) + kpg - (G1 +gd+gf)] - [(Gl +gd) - (G2+gg) +9f - (Gl +gd+G2+gg+gm)]
—Spd - (gf — gm) - [(Gl +gd) - (G2+gg) +gf - (G1+ gd+ G2+ gg+ gm)}

kpg - (G2 +g9+9f)

(15)

o%ig. - k
o*Vd- {kpd- (9f +g9) - [(Gl +9d) - (G2 + gg9) +gf - (G1 + gd + G2+ gg + gm)}
+kpg - G2-gf - (G1 +gd+gf)}
+0?Vg-kpg-G2-(gf —gm) - (G2+ g9+ gf)
—Sgd - kpg - (G2+gg+gf) - [(Gl +g9d+gf) (G2—g9—9f)+af (af - gm)}
~Spd - (gf + g9) - [(Gl +gd) - (G2+4g9) + gf - (G1 + gd + G2+ gg +9m)}
kpg - (9f — gm) - (G2+ g9 + gf)

(16)
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variances?p,, of the uncorrelated PM noise using (18), showithe cross-correlation coefficient between and g is then,

at the bottom of this page. using (2),

The rms levels of the equivalent flicker noise souregsig, 20
andid are simply the square roots of their varianeésg, o%ig R= L (19)
ando?2id, respectively. The PM noise the GaAs MESFET gen- Vo?eg-o?ig
erates that is not due to these flicker noise sourcesys. with 02ig, - k from (16) ands2eg ando2ig from (14) and (17),

. ) respectively.

E. The Cross Correlation Between andig

The covariance between the noise sourcegandig is, per VII. W ORKED EXAMPLE
®). An example is provided here to demonstrate the use of the

1 oo procedures for calculating the GaAs MESFET flicker noise pa-
S= / eg(f)* -ig(f) df. rameters. The parameters required for the equations were taken

from measurement #3; they are shown in Tables VIII-XII
Replacingeg( f) andig(f) with their expansions from (9) and The Ga_lAs MESFET (trans)conductances shown in Table XII
(10) gives were derived from measurements of the LF drain—source and
gate—source ac resistances, and from the forward and reverse
LF gains of the GaAs MESFET under test. These measurements
were taken with the MESFET operating under the same condi-
] ) ) _ tions as for the noise measurements.
Expanding this and deleting the uncorrelated terms that '”te'Equation (18) gives the total PM noisép in terms ofo2p,,,
grate to zero leaves a2eg, o?ig, 0%ig,-k, ando?id. Separating the gate flicker noise
1 oo sources and drain flicker noise source gives (20) and (21), shown
S = T / lige(f)|* df - k at the bottom of this page, which give the contributigip,, of
e the gate flicker noise sourcesddp, and the contribution?p,
which, as per (1), is of the drain flicker noise soureg?id to op. The results, shown
in Table XIV, indicate that, in this case, the PM noise is caused
S =o?ig. - k. almost exclusively by the gate flicker noise sources.

s=t. /_O; [i9:) - Bt eau(D)] " [i0e() + 0] d.

v, kpd- (gf + 99)* - [(G1+gd)-(G2+gg)+gf-(G1 +gd+G2+gg+gm)} }

+kpg - gf - [(gf+gg)-(G1 +gd+gf)-(1-G2+gg+gf)—gf-(gf—gm)-(G2+gg+gf)}
+0?Vyg - kpg-G2* - (gf — gm) - (G2+gg + gf)

+Sdg - kpg-2-G2-(G2+gg+gf)- [(gf+gg)-(G1+gd+gf)—gf-(gf—gm)}

+Spd - (9f + 99)* - [(Gl +9d) - (G2+4g9) + g9f - (G1 +gd + G2+ gg +gm)}

olg =
7 kpg - (gf —gm) - (G2+g9+gf)
17)
2
(o%eg - G22 + 0%ig — o%ig. - k- 2- G2) - |:/€pd- (gf —gm)+kpg-(G1+gd —H}f)}
2
) > +o?id - |:/€pd (G2+g99+9gf)+ kpg - gf} 18)
OP= 0 Pu )
(GL+ gd) - (G2+ gg) +gf - (G1+ gd + G2 + gg + gm)]
2
) (o%eg - G22 + 0%ig — o%ig. - k-2 G2) - |:/€pd (gf —gm)+kpg - (G1+ gd+ gf)}
o pg = 5 (20)
[(Gl +9d) - (G2+g9) +9f - (Gl+g9d+ G2+ gg +9m)}
2
) o%id - [kpd- (G2 + g9+ gf) + kpg - 9/
o pa = (21)

2
(GL+ gd) - (G2 + 99) + of - (G1+ gd+ G2+ g + gm)|
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TABLE Xl VIIl. CONCLUSION
CALCULATED PARAMETERS OF THEGAAS MESFET EKUIVALENT NOISE
SOURCESSHOWN IN FIG. 1, FOR MEASUREMENT#3.R IS THE A noise measuring system has been developed that allows the
ﬁROS&OORRELAT'ON COBFFICIENTBETWEEN cg AND ig. D IS THEPM = ) 1aneous sampling of the LF noise on the gate and drain
OISE THEMESFET GENERATES WHICH IS NOT CORRELATED WITH THE
EQUIVALENT LF FLICKER NOISE SOURCES terminals of a GaAs MESFET, and the noise modulated onto
Frequency range, Hz an RF carrier when this is amplified by the MESFET. The LF
Parameter | _40-400 | 200-2k Units noise on the gate of the GaAs MESFET has been found to be
oeg (434?22 (2252)22 (“X//jg)j detectable using simple means, though the measuring system
Zzg ((24))2 ((13))2 EE /WHZ;Z described requires further optimization for this measurement.
o, 137 120 | dBo/Hz Preliminary results obtained using this measuring system
R -79 79 % have clearly demonstrated the validity of the flicker noise
modulation theory for the excessive noise of GaAs MESFET
TABLE XIV oscillators. When the GaAs MESFET's tested were driven into
CONTRIBUTIONS OF THEGaAs MESFET NISE SOURCES TO THEOVERALL 4-dB gain compression, a value commonly used in oscillators,
PM NOISE 7%p FOR MEASUREMENT#3 it was found that, in most cases, the cross correlation between
ey ——— the LF'noisg on the drain of the MESFET’S anq the AM and
Parameter | 40-400 | 200-2k Units PM noise sidebands on the amplified RF carrier approached
P 50 >4 % 100%. Oscillators built around these devices, with the devices
oip, /oY 97.0 975 |% operating under the conditions shown, would exhibit high-level
o'pu/oip 01 01 [% noise sidebands close to the carrier, which would be caused
primarily by modulation of LF noise, as predicted by the theory.
-116 The main objective of our study has been to develop a method
18 v l for quantifying the levels and the cross-correlation coefficient
! T of the effective internal GaAs MESFET flicker noise sources
y 120 1 110-46on P f /.--—--" themselves (shown in Fig. 1), and the effect they have on the am-
% 122 : ‘ ! plified RF carrier. The measuring system described can provide
< 124 ‘ // the information .requwed for the calculation of many of these
o ///( _ parameters, which can be extrapolated from the measurements
-126 A [ 200-2kHz | (1T taken.
128 —T | ol j A useful extension to this study would be the application of
T : ; this procedure to a larger number of MESFET'’s, both of the
-130 ' ' same type (to observe parameter spreads), and of types with
1000 1kQ 10k 100kQ 1/G2 1MQ different physical construction and characteristics.

Fia 9. Estimated level of the PM noise i g 639-MHz RE car The results obtained from such an analysis could then be com-

1g. 9. Stimated level O e noise Imposea on a - z carri . . .

when this is amplified by an AT-12535 GaAs MESFET operating under t%ared Wlth_the thepry of g?neratlon ?‘nd mOdUI_at'0n of GaAs

conditions in measurement #3, over a range of gate LF terminating conductadys SFET flicker noise, making it possible to obtain a better un-

G2. derstanding of these mechanisms. The results should also assist
in determining the optimal GaAs MESFET physical characteris-

TABLE XV . : o - : )
COMPARISON OFPREDICTED AND MEASURED PM NOISE VALUES tics and opergtmg conditions for minimum flicker anq oscillator
FOR MEASUREMENT#1 close-to-carrier sideband noise, enabling the design of GaAs
Frequency range, Hz MESFET oscillators with a better phase noise performance, and
40-400 | 200-2k | Units the development and optimization of GaAs MESFET oscillator
Predicted PM noise -128 -129 | dBc/Hz noise-reduction techniques
o°p, from equation (18 ’
Measured PM noise -130 -131 dBc¢/Hz
O’Pus, measurement #1
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