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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



e
&

To be submitted to
Nucl., Instr. Methods

UCRIL.-16917
Preprint

UNIVERSITY OF CALIFORNIA

Lawrenée Radiation Laborafory
Berkeley, California

AEC Contract No. W -7405-eng-48

MICROWAVE PLANAR TRIODES IN PREAMPLIFIERS OoF
NUCLEAR MAGNETIC RESONANCE SPECTROMETERS

Branko Leskovar

June 22, 1966



-1- UCRL-16917
MICROWAVE PLANAR TRIODES IN PREAMPLIFIERS OF
NUCLEAR MAGNETIC RESONANCE SPECTROMETERS
Branko Leskovar
Lawrence Radiation Laboratory

University of California
Berkeley, California

Summary
Microwave planar triodes are investigated as low-noise de-
vices for preamplifiers of high-resolution nuclear magnetic
resonance spectrometers in the frequency band frorﬁ 10 to
100 MHz. Noise sources, noise figures, and a preampli-
fier circuit for planar triodes are considered. Planar
triode noise performance is realistically evaluated bymeas-
urements under actual operating conditions, Comparisons
with other competitive low-noise devices in the frequency
band from 10 to 100 MHz are given. A microwave planar
triode preamplifier with high amplification stability has
been designed; when operated with the optimum value of
source conductance,_ it has a minimum noise figure of 0,35

db at 24.3 MHz.
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1. Introduction

Although the instrumentation in nuclear magnetic spectroscopy
has made significant progress in recent years, the need for improvement
in the sensitivity remains for many applications in chemistry and other
fields. There are numerous methods for increasing sensitivity; for
example, the sensitivity can be increased considerably by increasing
the achievable signal-to-noise ratio by employing higher magnetic fields,
lower temperatures, larger samples, or optimum filtering of the signal
output of the spe_ctrometer.‘ The sensitivity enhancement: can be per-
formed quite effectively under certain conditions by using the method of

-3)

s

. o1 s -
time averaging and the application of Fourier transform tech-

4)

niques '.  These approaéhes to the pfoblem of sensitivity enhancement
and the related improvement in signal-to-noise ratio have been ex-
ploited to good advantage in spectrometer design, and the practical and
theoretical limitations of it are well understood in most cases.

Since the noise performance of the spectrometer input stage is
the basic limiting factor in the sensitivity of a spectrometer, one prom-
ising approach to the problem of the sensitivity improvement is the op-
timization of the probe assembly for a particular experiment and utili-
zation of a very-low-noise high-frequency preamplifier, In the past
the application of a very-low-noise preamplifier to the design of spec-
trometer was made difficult due to the unavailability of convenient elec-
tronic tubes or semiconductor components with appreciable gain in the
frequency band from 10 to 100 MHz and with noise figures below 1 db,

Recently, however, microwave space-charge planar tubes with very-

low-noise properties and other favorable electrical characteristics have
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become available, and appear to be suitable for inclusion in preampli-
fiers.
The use of microwave space-charge planar tubes as large-signal

5)

amplifiers were designed and described by Morton and Ryder™' in 1950.
Their small signal performance for broadband use over a wide range of
frequencies was investigated and described by VanOhlserié) in 1954,

Primas, Arndt, and Ernst7)

described in 1960 the first application of
an older type of planar tube in a preamplifier of a high-resolution spec-
trometer. They achieved a noise figure less than 2 db, More recently
there have been consiaerable efforts in the development of this device
wit_h respect to high-frequency very—low-‘no-ise applications; the result
has been a great number of commercially available types.

Application of presently available semiconductor components in
low-noise high-frequency preamplifiers is limited only to special cases
because of their inferior noise performance compared with planar high-
transconductance electron tubes, and because of the increasing com-
plexity in preamplifier design for achieving a high amplification stability
needed in high-resolution spectrometers.

From a relatively large number of presently available types of
microwave planar tubes, planar triodes are chosen for consideration,
since they have better noise performance than any multigrid tube.
‘Multigrid tubes, which have two or more electrodes at positive potential,
are basically noisier than any triode structure because of the presence
of partition noise, |

The purpose of this paper is to: investigate the low-noise planar

triode with respect to its application in very-low-noise preamplifiers

for high-resolution nuclear magnetic resonance spectrometers,

]

¥
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Although microwave planar triodes were originally designed for large-
signal application for frequencies up to 5 GHz, there has been consider-
able interest in their application as small-signal low-noise amplifiers
over a range of lower frequencies from 10 to 100 MHz, The preampli-
fier circuit develo.ped is based on a cascode amplifier circuit proposed
by Wallman, Macnee, and Gadsdens). Of the nine possible ways of cas-
cading two tubes this arrangement has been shown theoretically and ex-
perimentally to be the best one with respect to noise figure, stability,
and gain. The cascode preamplifier configuration provides stability

and gain of pentode, ‘and low-noise figure of the first triode,

2. Noise in microwavé planar triode

The basic noise sources of importance in the design of very-low-
noise high-frequency preamplifiers using space-charge planar triodes
are shot noise and induced grid noise. Shot noise is the fluctuating com-
ponent of plate current caused by random variations in the cathode emis-

sion rate. It can be presented, in the case of space-charge-limited

plate current, as a current noise generator in parallel with the plateB);
32 20 4kt g af (1)
p C c®m

where 6 is a factor which in most practical cases is nearly equal to its
asymptotic value of 0. 655; o is related to the amplification factor,
electrode spacing, and depends slightly on electrode potentials, and
generally has a value between 0.5 and 1. 0; K is Boltzmann's constaﬁt,
K= 1.37)(10-23 joule per °K;»Tc is cathode temperature in °K; g is
transconductance of the tube in mho; and Af is bandwidth in cycles per

second. It is common in noise-figure analysis to express shot noise in
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the plate circuit as an equivalent noise resistance (at room temperature

T) in series with the grid, From Eq. (1) it follows directly that

il 2 o
ip = 4KTReq 8m Af N . (2)
and
GTC .
R = . ' ' (3)
»aTgm :

For planar triodes with oxide-coated cathode, operating approx-

imately with TC = 1000°K, Eq. (3) yields

R = —, S , (4)

where factor B varies from 2 to 3.5 depending on th@ geometric config-
uration and dimensions ofvthe tube electrodes,

Equation (5) indicates that equivalent noise resistance can be re-
duced by in;:reasing trans.qonductance. For modern ’p.l'anar triodes tiue
_transconductance is between 15000 and 60000 pmhos, and accordingly
the equivalent .nois,e resistance can be as Small as 40 ohms,

Induced grid noise is generated by ﬂuctuatiohs in the number of
current pulses ‘induced in the grid circuit by the pasvsé.ge of 'eléctro'vns be -
 tween grid wires. At the higher operating frequen'.ci.es induced grid
noise vis the lirﬁitin_g fa'c'tzor in very—low-néiSe pre»ami)lifiez; design,

8)

According to the North and Ferris theory it can be »appro‘ximately rep-

resented by a current noise generator in parallel with the grid.

i,,.z = 4KTBG,_ AL (5)

The value of quantity B is a function of the cathode temperature as well

as certain geometrical factors, and it is usually taken as 5. The
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quantity G is the input conductance due fo tran_'sit—tifne efféct.: At

N v
.

higher frequencies it 1s usually simpler to measﬁre. the induccd noisc d]:."-'
rectly than to ineasure the input conductance, thus the factoi‘ [3 is usso-
ciated with the input conductance, defiping the quantity [SGT‘.; as the L:(’[Ui-\/‘;
alent grid-ﬁoise cornlductancel of the tube. For modern microwave pla.ﬁaf
triodes the equivalent noise,conducténce is betweeﬁ 10 and 50 umhos at
30 MHz. By compérison, the equivalent' noise vconductance of the bcst_ :
modern miniatuj‘e tubes is approxirﬁaﬁéiy equai to 50 pmhosg_),

Other sources of noise in microwave space-charge planar friodes,'
such as flicker noise, tot'al-emission.nois’e‘, secondary-émis_sion noise, ' .
and anomalous sources of noise due to impfober function of the tube, are
generally smaller in comparison with the shot noise and indvlaced grid
noise at propei'ly chosen tube operating éonditions, and can be excluded
from further consideration. Concerning the most favorable operating
conditions for low —4noise applications, the planar triode should be oper -
ated under conditions Which provide a maximum ratio of traﬁsconductance
to plate current, the smallest grid current possible, and sufficiently high
gain to reduce second-stage noise effects. These conditions for most
cases of 'applicatioﬁ of planar triodes with low plate -voltage ratings are |
_méximum \ratedl-dissipation, rated heater voltage, and bias voltage be-
tween 0,5 and 1 V. An additional advantage of using planar triodes in
low -noise preamplifiefs is that the tube planar structure is far less sen-
sitive to mechanical Qibration of any kind than any other conventio.nal |
tube structure. Consequently, amplitude and frequency-modulation

effects in nuclear magnetic resonance preamplifiers due to-
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microphonics have been considerably reduced.

3. Noise figure of preamplifier

The equivalent noise representation of the cascode preamplifier

is given in Fig. 1. The overall noise figure of the amplifier is given
by
Fizz F,1+ (FZ ‘1)/A1’ (6)

where F1 and A1 are the noise figure and available power gain of the

first stage, respectively, and F2 the noise figure of the second stage,

The noise figure of the first stage is given by the relation8)
G BG R 2 2
_ 1 71 eqtl
F,=1+ C—s + en + T, [(G1+ G+G ) +Y, ], (7)

where G1 represents the input network and ohmic loses across the input

of the tube, GS is the source conductance, G7—1 is the input conductance

due to transit-time effects, R is the equivalent noise resistance of the

eqi

first tube, B has a value of approximately 5 for tubes with an oxide-

coated cathode and space-charge-limited plate current, and Y1 is the

susceptance of the total input admittance YS= GS+ G1+ jY1 presented by
the input network of the tube, The available power gain, A1, of the first

stage is

2
g 1G r
A1 - mil s p ’ (8)

2 2
(G+G+ G )7+ Y

1
where rpi is plate resistance of the tube. The noise figure of the second
‘stage is given by

GZ T2 Req‘z pz 2 2
F,= 1+ —G—s- t =t [(GZ+GS+GTZ) +Y, ], (9)

s Gs (;\L+1)'2
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where G, GTZ’ Reqz and YZ are input losses, input conductance due
to transit-time effect, equivalent noise resistance, and input susceptance
respectively, for the second tube.
On the assumption that the output conductance of the grounded-
cathode tube is 1/rp1 and that u>>1, Eq. (9) can be written in the form
R 2

+R rpi[(Gs+ G_,* —) Y, ].

r
pl eq2 p1

F,= 1+(G,+ pG_ (10)

2 2)

If relations (7), l(8), and (10) are used, Eq. (6) gives, for the

combined noise figure,

2 2
e -1 G1+[3.G_r1 s (G1+GS+GT1) + Y1
12 E;s GS
- G,BG, R__, 2 '
2U T2 eq1l 1 2
X {Reqi + — + > [(GZ+ G'rz + .r_i) +Y, ]} ) (11)
gmi €mi1 p

. 2
For planar tr1odezs, factors G?‘JleG”_Z/g_m1 and
2 1 Kl
Rqu /gmi(GZ + G,,_‘2 t— ) are generally much smaller than Reqi , and

the second-stage therrrlzil noise, shot noise, and induced grid noise can
be neglected. The shot noise of the second tube becomes important only
when the frequency is so different from midband of the second tuned cir-
cuit that YZZ/ngni is comparable to unity. Thus, quite apart from

bandpass requirements, it is desirable to have the second-stage circuit

resonant at midband frequency. Furthermore, if the first stage also

resonates at the midband frequency, the overall noise figure is given by

G1+{3GT Req 2
Fy, = 1+ ;.S____ + o (G+G +G) (12)
where G _, = and R = R
71 T eql eq
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The optimum source conductance, G which gives the

sopt’

minimum noise figure, is obtained from Eq. (12) by the relation

G,+ BG 1/2
_ . 1 T 2
C"sopt - [-—R—_ + (G1 + G’T) ] . (13)

€q

The optimum source conductance of the planar tube itself, neg-

lecting the ohmic losses across the input of the tube, is

sle 5 1/2 :
G =l = + G . (14)
sopt Req T

BG

T 2 .

=1 ,>>GT, the opti-
eq

mum source conductance at the midband will be approximately given by

1/2

Since for planar tubes in the most practical cases

.BG'T
Gsopt o - . . (15)
eq
The corresponding value for the optimum midband-noise figure, for the
BG \1/2
case G1= 0 and R_T >>G _, is approximately
eq 4
N 1/2
Fp, ® 142 (G Req) . (16)

From Eq, (16) it is seen that in the first approximation, the
theoretical minimum noise figure will be smaller for tubes which have
a smaller product of the equivalent noise conductance and the equivalent
noise resistance, vThis is one of the main advantages of using a planar
triode in low-noise preamplifiers in comparison with miniature tubes
of conventional construction. For example, for the best low-noise

3

planar triodes, the term BGT Req is of the order of 2X10 ~ at a fre-

quency of 30 MHz, For the best low-noise tube with conventional tube
structure the term BG.TA Req is of the order of 20X 107> at the same

frequency.
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Application of the approximation equations (15) and (16) is
limited by the given assumptions, and can give only an appraisal about
the noise characteristics of a particular planar tube. The minimum
absolute noise figure of presently available planar triodes themselves
is so smallv that the noise characteristics of the associated circuitry be -
comes important in the evaluation of the overall noise figure of a very-
low-noise preamplifier. For most applications of nuclear magnetic
resonance a parallel-resonant circuit is employed to detect the res-
onance, The sample is placed in the inductor and an electromotive
force is induced by the precessing nuclear moments, The parallel cir-
cuit is the input circuit of the very-low-noise preamplifier., The input
tuned circuit has to be coupled to the first tube in such a way that its
conductance at resonance is transformed to a value that gives the opti-
mum noise figure, To obtain satisfactory amplificaj:ion stability va
neutralization circuit associated with the input tube should be generally
used; however it introduces a neutralizing coil loss, Both losses affect
the noise figur’e of a preamplifier, contributing to a term Gi/Gs in ex-
pression (12) for noise figure, They have to be taken into account both
in the theoretical considerations and in the actual measurement of pre-
amplifier noise figure. From Eq. (16) it can be seen that to the first
approxin'iaﬁ.on avm_inimu_m noise figure is a function of the product of
the equivalent noise resistance and the equivalent grid-noise conductance ~
of a particulaf tube. The value of optimum source conductance varies
as a square root of the ratio of equivalent noise conductance and equiva-
lent noise resistance. Recently there have been made available two

main groups of planar triodes suitable for very-low-noise preamplifiers
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wi‘ch-revspe‘ct to their equivélent noiée resistance and equivalent grid-

noise conductance, Thé planar triodes with rel'uti.vely la.r_.g'é Aplate-:cufrent
capaEilitieS'.(c, g., typ‘es 7768 and 7588) provide highér amouhts of tran: -
conductan_ée anci lower values of équivalent noise .z'es‘ista.nc.e._ These.
triodes ha{re higher vé,lues of input cénduct’anc_e due to transif-tifnc e'ffec.:t,
and cdnsequehtly higher ec;juivalent"nolise conducf;é,nce. vapic‘a.'l noise
'pérémeters for such ffiodé# are .appfoxima.télyhvt}o o‘h‘r’n“s for th;a equi'va..
‘lent noise resistance, and 500 Hmhos for the equiﬁvalent-noi:vsé conductance
) at 90' MHz and I.Jlaf:e cur‘rent of 25 mA. The second gféup Qf plan.a‘r tx;'iddesi
(e. g,', types 7079 and 8082) with clc#mparatively srhall plate current capa-
bilities with respect to the first group, have lower valuesl of fr;.nscon;'
ducfance-, ﬁigher valués of equivalgnt' noise iesiétahc_e, “but relatively
smaller values of eq'uivalent noise conductance. Typical noise param-
eters for these t.riodés are approximately 300 ohms for thre.ebquivale'nt '
noise re‘si.sta.nce, and 100 pymhos for fhe equivalent noi_se' cO‘nduc’ténce at

- 90 MHz ahd_platé currents of order of fnagnitude_ of 6 mA. For planar
tubes the ‘am'ountvof, equivalent noise resistance is practically in.dei)endent
_of freciu‘enc‘:y, 1n the fre(iuency region froﬁ 10 to 100 MHz, because of the
low vaiue of electron tz;ansit time. The eqﬁivalenﬁ noise conduct'a.nc_:e
“wvaries directlf with frequency to thé s_econ'd power, 'Accordingiy in the
lower part of the frequency spectrum, planar triodes with larger trans-
conductanéeﬁ and equivalent input noise conductance will givé smaller

noise figures than triodes with' relatively lower transconductance and ;
equivalent grid-noise Vcoﬁductance.' On the contrary, in the 'hig}-mer part
of the £req1;zency spectrum, planar triodes with‘smaller_transconductance

and equivalent input noise conductance will give the lower noise figures,
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Although with respect to the minimum noise figure the choice of
the second tube is noncritical, the second tube shoulci have a relatively
higher transconductance, The stability of the first stagé results from
inpuf conductance of the second stage, which is approximately equal to
B2 - This is especially important in application of planar triodes in
cascode preamplifiers, _which can cause serious instability of the pre-
amplifier due to fairly high transconductance of the planar tube in the
first stage. The amplification of the first grounded-cathode stage is
gmi/ng' If the same type of planar tube is used for the second stage as
for the first, the amplification of the first tube is approximately ¢q_ua1’ to

unity and the grounded-cathode stage is very stable, The voltage ampli-

fication of the cascode is approximately equal to Bm?2 Ro’ and R0 is

the load resistance of the second tube, The available power gaAin A1 of =~

2
the cascode circuit, taking load resistance as a part of it, is7)
gl R, -
Mg = —¢g— - . (17)
sopt

Variation of the theoretical minimum noise figure with non-
optimum source conductance for various values of the prdduct G'r Req
is calculated for G1= 0 by means of Eq. (12) and (13), and results in
normalized form are shown in Fig, 2. The variation of noise figure with
nonoptimum source conductance is small when source conductance is in
the vicinity of its optimum value. For the low-noise planar triodes the

5 and 5><10—3

quantity G_ Req is between 5X10° for the 10- to 100-MHz
frequency band, depending upon the midband frequency,

From the curves given in Fig. 2 it can be concluded that the var-

iation in minimum noise figure for the particular ratio of the nonoptimum
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source conductance to optimum source conductance will be larger for

smaller amounts of the quantity G'r’ Req’

4., Noise figure and optimum source conductance of 7768 planar triode

One of the best planar triodes now available as a first stage of
a very-low-noise preamplifier, in the region from 10 to 100 MHz, is
General Electric Type 7768. This triode, with a cathode area of 0,34
cmz, a grid-to-cathode spacing of about 0, 05 mm, and a grid-to-plate
spacing of about 0.33 mm, has a transconductance of approximately
60 000 pmhos at a plate current of 25 mA, and an equivalent noise con-
ductance of 62 pmhos at a frequency of 10 MHz and 620 umhos at a fre-
quency of 100 MHz. The measured equivalent noise resistance is approx-
imately equal to 40 ohms, and consequently the constant B = 2,4 in Eq.
(4). The bias voltage is 0.5 V for the optimum noise performance. The
theoretical minimum noise figure and the optimum source conductance
as a function of frequency can be calculated from Eqs, (412) and (13)
respectively, if the effect of béth the input circuit and the neutralization
circuit losses are taken into account, By use of Eq. (12) the theoretical
minimum noise figure of the 7768 planar triode has been calculated as a
function of frequency for various amounts of the input-loss conductance
and the equivalent-noise conductance. The minimum noise figure is cal-
culated for the frequency band from 4 to 250 MHz, and results are plotted
in Fig. 3. The theoretical absolute minimum noise figure as a function
of frequency is calculated and plotted as curve ¢ in Fig. 3 for the input-
loss conductance G1= 0, and the equivalent noise resistance Req = 40
ohms, The theoretical absolute minimum noise figure amounts to 0,13

db at 10 MHz and 1.2 db at 100 MHz,
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Supposing a reasonable amount of input-loss conductance
G1 = 10'4 mhos, which can be met in a number of practical cases, the
theoretical noise figure has been calculated and is represented by curve
b in Fig. 3. From direct comparison of curves c¢ and b it can be
seen that the input-loss conductance has a larger influence on the min-
imum noise figure in a low-noise planar triode preamplifier at the
lower frequencies of the 10 to 100-MHz frequency spectrum than at the
higher frequencies; this is because at the lower frequencies the contri-
bution of the thermal noise of the input circuitry is of far greater im-
portance than the planar triode noise itself, For example, at 10 MHz
the increase of the minimum noise figure due to the input-loss conduc-
tance is equal to 0.42 db, At a frequency of 100 MHz the increase of
minimum noise figure is approximately 0.12 db. Meanwhile the in-
crease of equivalent noise resistance from 40 to 50 ohms has practically
the same effect on the minimum noise figure increase at both the lower
and the higher frequencies of the 10-to 100-MHz frequency band. The
optimum source conductance of a 7768 planar triode as a function of
frequency for lvarious amounts of the input-loss conductance are calcu-
lated from Eq. (13) and shown in Fig. 4, The optimum source conduc-
tance amounts to 0.4 mmho at 10 MHz and 4 mmhos at 100 MHz for input-
loss conductance G, equal to zero (curve b in Fig, 4), For input-loss
cdnductance of G1 = 10-4 mho the optimum source conductance increases
to 1.6 mmhos at 10 MHz and to 4.3 mmbhos at 100 MHz. From these data,
it can be seen that the input-loss conductance has a larger influence on

optimum source conductance at the lower frequencies than at the higher

frequencies in the 10-to 100-MHz frequency band.
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5. Circuit description

The preamplifier circuit developed with planar triodes and
based oﬁ a parallel cascode configuration is shown in Fig, 5., This unit
was designed to replace the conventional 24,3-MHz preamplifier of a
high-resolution nuclear magnetic resonance spectrometer employing a
type 5702 cascode input stage. A parallel-resonant circuit with the res-
onance frequency of 24, 3 MHz was employed to detect the resonance.

The General Electric 7768 planar triode was selected as the
first tube, This triode has the equivalent grid-noise conductance of ap-
proximately 36 pmhos at frequency of 24, 3 MHz,

The 7768 was chosen as the second tube in grounded-grid stage
because of its high transconductance and the small sensitivity to mechan-
ical vibrations, The high transconductance of the second stage is impor -
tant for obtaining as high as possible a stability of the first stage.

Planar triode 7768 was originally designed and intended for use in
grounded-grid circuits. In grounded-cathode circuits of the cascode
first stage it can introduce significant amplification instability due to pos-
itive capacitive feedback, particularly with a relatively large input im-
pedance, The first-stage stability results from the loading applied to the
first tube plate by the input conductance (~ gri) of the second tube.  To
improve the first-stage stability, V1 is neutralized by inductance LZ’
which resonates with the 1.7;pF grid-plate capacitance and~the capac-
itance of Ci‘ Since the preamplifier is intended to be located in the
fringe magnetic field of the spectrometer magnet, the neutralization cir-
cuits are tuned by means of a variable capacit;)r Ci. To obtain addi-

tional stability a damping 10-ohm resistor is placed in series with the

grid. The coils L, and L, tune the interstage capacitance of about 10 pF.
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The bandwidth of the interstage circuit is extremely wide, because of
heavy input loading of the grounded-grid stage. For this reason the in- R
ductances L1 and L3 are not critical,

The usual self-bias suppiy voltage is not satisfactory for use
with the mic_rowave planar tubes because of their high transconductance,
To provide additional reduction in the variation of tube performance
caused by line-voltage fluctuations and tube aging, relatively large cath-
ode resistors were used; they provide a large amount of the negative
feedback for the dc path, This method is the most efficient one for re-
ducing the variation iﬁ tube performance but requires an external voltage
source to provide the proper tube bias, The cascode circuit is followed
by a 7077 planar triode, neutralized, grounded-cathode stage.

This stage provides additional amplification, as well as pro-
viding a match to the characteristics impedance of the output cable.

The overall voltage amplification of the preamplifier is 300, with
the optimum source conductance of 1.8 mmhos, °‘The prearr'lplifier band-
width is approximately 1,4 MHz.

6. Measurement of noise figure

The measurement of noise figure of the 24,3-MHz preamplifier
was carried out by a method introduced by Lawsong). This method is
espécially suitable for measurements of very-low-noise figures, since
other methods as well as cofnmercially available noise-figure meters ot
are not accurate enough for the measurements of very-low-noise figures,
The lower value is usually limited by the instability of the noise gener-
ators, Commercial noise-figure meters in the best case have the meas-

urement accuracy of #0,5 db.
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A noninductive high-stability resistor was used as a no_i.se
source, It was placed in a brass cube about 2 in, on a.side. A cylindri-
cal hole was provided for insertion of a thermometer, The résisi:or was
éonnccted to the input terminals of the low-noise amplifier; it was the
only source of noise apart from that in the amplifier alone'. The noise
power of the preamplifier output was measured as a function of the tem-
perature.of the brass cube by means of a postampliﬁer and a Hewlett-
Packard 431A power meter. The brass cube was large enough to achieve
a good approxzimation to temperature equilibrium, The measurement
was carried out at the temperature of liquid nitrogen (77°K) and over .a
7 temperatm:e range from 290°K to about 400°K, As indicated on Fig, 6,
the points of measurement lay practically on a straight line, .The ex-
fension-of this line to 0°K gives the ﬁoise originated in the amplifier i
aloz;e. The standard noise figure (i,e., at the standard noise-source

temperature of 290°K) can be found from
= . 1
F = N,/N_, (18)
where N, is the output noise power of the premaplifier at 290°K, and

A

N, is the output noise power which owes its origin to the thermal noise

S

in the resistor, Now Ns = NA - NO’ where _NO

noise output power given by extrapolation at 0°K, and the standard noise

is the preamplifier

figure is given by
For the particular preamplifier with the midband frequency of

A

ured noise figure of 0,76 db. This noise figure includes losses of the in-

24.3 MHz, N, = 99uW and NO = 16 pW, which gives the overall meas-

put circuit, neutralization coil, and 10-ohm ‘damping resistor, The
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damping resistor was placed in the series with the grid of the input tube
to avoid possible amplification unstability. @When Eq. (12) was used
with G1 = 10-4 mhos and Req = 50 ohms the calculated minimum noise
figure was 0. 704 db; this can be considered to be in a good agreement
with the experimental value, The calculated noise figure with G1 =0
and Req = 50 ohms gave the minimum noise figure of 0,35 db. At 24.3
MHz the input-loss conductance caused an increase in the minimum noise
figure of approximately a factor of two over the planar triode minimum
noise figure alone. Consequently, the standard noise figure of the pre-
amplifier can be further decreased by decreasing the operating temper -
ature of the input c:'ircuit1"y, since the cooled input circuitry minimizes
the thermal noise,

6. Conclusions

Microwave planar triodes are particularly suitable for very-low-
noise preamplifiers in high-resolution nuclear magnetic resonance spec-
trometers, because of their excellent low-noise properties and very
small sensitivity to mechanical vibrations, The noise performance of
planar triodes has been considered, with the purpose of achieving a min-
imum noise figure along with high amplification stability of preampli-
fiers at frequencies from 10 to 100 MHz. Planar triodes are superior in
noise performance to présently available high-frequency low-noise tran-
sistors, because of the lower equivalent noise resistance and better high-
frequency noise characteristics., For example, with the high-frequency
transistors now available, the best noise performance in the 10 to 100-
MHz frequency band is obtained with RCA 2N2857 and TI X3015; they

have a calculated theoretical minimum absolute noise figure of 1.8 db.
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The field-effect transistors TI XM301 and TI 2N3823 have minimum
fi'gures of 1.8 db aﬁd 2.5 db respectively. However, it has been found
expex;imentally that the spread in noise characteristics ar;d the discrep-
ancies betweéen the computed and‘the measured values of the transistor
noise figure are laf.ger than the discrepancics between the calculated and
the measured planar triode noise figure, especially for very-low-noiAse
units. These differences  are very often larger than 0.5 db eVCI.l if one
takes into account all possible measurement corrections, Accordingly,
tile calculated and often published values of the minimum absoluté noise
figure are more reliable for planar triodes than for transistors.
Planar triode preamplifiers are inferior in comparison with

" parametric preamplifier‘s in the minimum absolute noise figure, How-
ever, application of parametric preamplifiers in high-resolution spec-
trometers is limited by their relatively large amplification instability !
and design c_ofnplexity.
" -’ With regard to the correlation between the shot noise and the in-
d@ced grid noiserf planar triodes, and possible benefit from it for a fur-
ther reduction in noise figure, it has been experimentally found that in
the_'iO- to 100-MHz frequency band the correlation is so small that it
cannot be detected by the noise-figure measurement methods used here,
This is probably due to two féctors: | |

(a) large input-circuit tﬁermal noise related to the induced grid-noise
- correlated component, and |

(b) a large uncorrelated compénent of ir;duced grid noise compared .
with the total induced-grid noise, |

Although literature dealing with correlation»probléms between the shot
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noise and the induced grid noise for conventional tube structure is exten-
sive, there a.ré, to the knowledge of the author, no published data about
the planar triode correlation problems,

The planar triode preamplifier can be used in the: fringe magne-
tic fields of a spectrdmeter magnet, provided that the proper orientation
of planar tube structure is observed. It was found experimentally, how-
ever, that.higher magnetic fields can cause an increase in preamplifier
output noise power under particular conditions, This is due to the mag-
netic field's upsetting the beneficial effects of the space -charge reducing
the shot noise,

Because of the small amount of shot noise of planar triodes,
they can also be successfully applied in nuclear resonance absorption ex-
periments as an active element in marginal oscillator circuits, where in-
trinsic noise of the oscillator is often very important in resonance signal
detection and observation.

Due to the microwave planar triodes' low narrow-band absolute
noise figure, they can be suggested for inclusion in wide-band low-noise
preamplifiers, since the wide-band average noise figure will also be

small in frequency regions where flicker noise can be neglected.
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Figure Captions

1. Equivalent noise representation of cascode preamplifier,

2, Variation of noise figure with nonoptimum source conductance,.

3. Variation of minimum noise figure of planar triode 7768 with
frequency.

4, Optimum source conductance of planar triode 7768 as a function of
frequency,

5. Schematic diagram of very-low-noise 24, 3-MHz preamplifier.

6. Determination of preamplifier noise figure by ratiometer method.
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mission, nor any person acting on behalf of the Commission:
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implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
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