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National Radio Astronomy Observatory - Technical Note No, 1

Low Noise Pre-Amplifiers for Radio Astronomy

Summary

A brief theoretical and practical description is given of the
principles of design and construction of low noise IF amplifiers,
operating on a frequency of 30 Mc/s, suitable for use in radio
astronomy.

1., Introduction

A very important branch of radio astronomy requires
that good receivers, of high sensitivity, low noise and flat band-
width be used in the range of frequencies between 1000 Mc/s and
1425 Mc/s. The need for low noise receivers in this range is still
met best by using a crystal mixer followed by an intermediate fre-
quency amplifier, The noise figure (referred to as NF) of such a
receiver is debtermined by the noise generated in the crystal mixer,
the mixer loss and by the noise figure of the IF amplifier.

This note describes the theory and practice of con-~
structing an IF amplifier of low NF, This is best achieved by
making what is called a '"pre-amplifier", This is a small IF ampli-
fier which is normally ean integral unit with the mixer, The IF
signal from the pre-amplifier is sent by RF cable to the receiver
proper. The pre-amplifier should have more than enough gain to
overcome the cable losses,.

The requirements for a good pre-amplifier may be
summarized:

(a) It should give, when properly matched to the

crystal mixer, the lowest possible NF for the



(v)

(c)

D

mixer - pro-amplifier combination over as wide
a range of froquencies as possible,
The pre-amplifier band-pass characteristic

should, in many requirements, be very flat,

The stability of the gain and band-pass of the

pre~-amplifier should be good,

2, Dosign considerations for pre-amplifiers

The pre-amplifier, although contributing only a re=~

latively small part to the NF of the mixer - pre-~amplifier combin-

ation, can and should be designed in the best possible way. This

choice of design requires decisions on the following points:

(a)
(b)

(e)

(a)

(e)

(f)

This

(¢) and (d). The

What is the best pre-amplifier circult design?
Whot tubes give the best performance? |
The varicus components in the circuiﬁ which in=-
fluence the NF should be known and chosen to
mininize the NF,

The way of achieving the best match for low NF
between the mixer and pre-amplifier must be under-
stoced,

The band~-pass of the pro~amplifier may have %o
be wide and flat and the NF must still be low,
This requires special design,

The ways for stabilizing gain and band-pass of
the pre-amplifier must be known.

present note covers the design points (a) (b)

two points (e) and (f) are somewhat linked with
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the other four, and these will bo considered in a subsequent note.
The work describcd is first a theorstical study of low noise pre-
amplifiers, and second a description of the details of design and
construction of such a pre-amplificr. The practical part of this
work was not designed to develop the lowest possible NF, but
rather to determine how the critical components in such a pre-
emplifier nay be designed, constructed and, in practice, adjusted,

Paragraph 3 outlines all the essential thcory and
Paragraph I gives practical design results and the results of
measurements on & pre-amplifier, For convenience, an IF of 30 Me/s
has been considered throughout,

3. The thcory of low noisc pre-~amplificrs.

Most of the following theory is derived from the book
"Wacuum Tube Amnlifiers™ by Valley and Wallman - Volume 18 of the
Radiation Laboratory Serics. This will be referred to as V&W, The
theory is only reoproduced here in order to select the most import-
ant results for casy refercnce., Equations in this note will be
referenced by their numbers in V&W,

(a) Choice of the best pre-ammlifier circuit

This is considered in great detail in V&W (see pages
613-666), The conclusion reached at page 656-7 is that the best
circuit is a grounded csthode neuvtraligcd triode invut stage fol~
lowed by a grovnded grid triode stage. This solution, reached by
1548, still ccems to be valid in practice, since all the available
low-noise pre-amplifiers {(known to the author) still use tho samec

basic circuit,
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The NF of this pre-amplifier is almost completely de=-
termined by the NF of the first stage., This stage is very stable,
and the amplifier is comparatively simple to design and adjust,

An example of such a circuit is given in Figuro 1,
which is a copy of V&W figure 13,13 on pagoe 661,

This circuit is not completely typical of the best
practice, V&W admit that V2 would have better beon a 6J6., This
wogld avold the need to neutralize the cathode-platc capacity of
V2; which is high in a 6AK5, and so Ly would not be noaded. V&W
quote an average NF of 1,6 db for the circuit of Figuro 1 in pro-
duction,

In the prcsent work a circuit very smiliar to Figure

1 was used, The final form of this circuit is shown in Figure 2,

(b) Choicc of the best tubo type

| The choice of tubes is gquite critical for both V1 and
V2; since this pair determincs the overall NF of the prc-amplifier,
For V1 a large transconductance (gm) and a small inherent noise arc
important, Unfortunatoly, there scems to be no adequate thoory
(none is known to the author) for choosing the beost tube. As will
be shown latery; the tube noise is approximately minimized by having
a largo gp (scc cquation (3)) and a small value of the grid cathods
conductance duc to transit-time offects. (Sco equation (1))
Equation (1) also shows that a small value of B is desirable, Thsro
scoems to be no way of determining B excopt by measurement.

As a guide to current practice, Tcbis I shows tho

tubos used in a few typical pre-amplifiers,
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Table I. Somo typical 30 Mce/s pre-~amplifiers

Pro-amplificr Vi, V2 Romarks

V&W page 661 6AKS5~Triodo 6AKS _Triodel V&W admit a 6J6
Figure 1 of this connected conncctoed would be a better
notc choice for V

Mcan NF was %,6db

LEL 6BCl ~-Triode 6CB6-Triodo| NF moasurcd is
pro-amplifier connecctod conncectod about 1,85 db with
a 3 db bandwith
of 7 Mc/s
AIL Typec 13130 Loly A-Triodo | L1T7A NF about 1.5 db
pre-amplificr connected deduccd from per-

formance with
Empire Dovices
Mixer at 1400 mc

Expcrimentaol pro- 6AKS -Triode 6J6 NF of 1,8 achicved
ammiifior used for connectod with a 3 db band~
present work with of 3 Mc/s

(¢c) The thecory of a minimum NF circuit

This thceory is decalt with fully in Chapteor 13 of V&,
Only the salicnt points will be collcected horec,

(1) The cquivalent noisc roprosontation of the firss

Figurc 3 shows the cquivalent noisc reprosontation of

a triodce Sources of noisc represonted by genorators ip and ig Clre
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ist in tho tube dve to the fluctuations in_the flow of eloctronsa.

Exprossions for i, and i_ aro givon in V&, equations 13,15 and

b g
13.16%
c ar = u RBTIG, df (1) (V&W 13:15)
ig s 1S t — .
Whoro GT is the gride~cathode conductance duc to transit time load-

ing, B is a factor of about 5, k is Boltzmann's constent and T is
room tempecraturce in degroos K,

Ip is convoniontly rcgardcd as boing oquivalent to tho
thoermal noise in a conductanco Recg. Gp 2 in tho anodo-cathodo cir=-

culb, or, as is oquivalont, to tho noisc in a resistanco Ry in the

grid-cathodo circuit. Roq is then known as tho cquivalont nolsc
recsistor, and cquation (1) may be written:
- .
i, df =4 RT Roq Gm & ar (2) (V&W 13:16)

It is possible to calculate Req for a triode, sinco

approximatcely
Req =§-=5 (3) (V&W 13:17¢)
m

fowever, agrocmont botwecon calculated and obscrved
valucs of Req is not good for most tubes, although tho value cal-
culatcd for a 6AKS (with a G, of 6700 micro- mhos), of 380 ohms, i:
guite a good practical figuroc.

(ii) Other sources of noisc in tho circuit of Vl

In (i) above wc have written down ths noisoc contri-

Lucions from the tube itself, In addition neisc arisns from con~
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T o
ductancos connocted to the imput of V.. Figuro lj, which is V&W
Figurc 13,2 , shows what those noise sources arc, In Figuro L

G. is tho transformecd valuc of theo source conduct-

s
ance which appoars across tho imput of Vqe Gq ropro-
sents tho notwork oumic lossos across the imput of Vi,
Yl is the total susccptanco across the input of Vl'

Thus the total admittanco prosentcd to tho input of

Vl is

Y o=Gg G v T (L) (V&W 13 Xig)

(1ii) Minimizing tho NF

The first step in tho thoory of minimizing the NF is
to obtain an oxpression for the NF itsolf. Tho NF for the first
stage is found by dividing theo total noiso powor at the tubo outbt-
put by theo noisc powcr arising from a thermal noise gcnerator of
conductancc cqual to tho transformed sourco conductanco Gge Thus,

V&YW add the two thormal noise geonerators which exist at tho input

of Vl:
ii df = l‘l'kTGS df e ® )
) (5)  V&W 13,10
Iy )
i§ ar = LkIG, df  ...)

(Note =~ V&W include a factor & in tho sccond of thoso oxprossions.
With the input losscs duc to puro resistance at room tomperaturc

X = 1)0 :
Using oquations (1), (2) and (5) V&W dorive an im=-
rortant oxpression for tho Noiso Factor of tho iirst stage (Fqi)-
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G1 Bey 4 Raq i

e .

Gg Gg

+ Gy
GS

—_

.. (6)
V&W13,52

This oquation is uscful, for from it we can dorive
soveral important rules for geotting a low NF and also we can find
the bost valuo of Gg to usc for a minimum NF, To find tho best

valuo of Gy, tho transformod source admittancey thoe cxpression for

AF
Fq is differontiatod and iai sct = 0, Thon, aftcr somo approxie
it
mations, two simplc rosults gmorgo:
G, opt - EE T ]
s = V& (7)  (vaw 13,58)
Rog
F, opt = 1+2 Jpg——— (8) (V&W 13,59)
. /2981 Roq
+
where 3 =G, +G 1 o = Gy ™ Bgp (9) (V&W 13.56)
Bl 1 T Gpy

Equation (7) iz very uscful sincc it dofines the best admittanco

that tho sourcc should present to the input of V., for the lowost

noisc figuroc. Fl ont is tho lowcst possible noiszsc figure achicv-

ablc,
This can all bec mado casicr by an oxamplo,
xzample 1

Take the casc of a 6AKS uscd as a triodo for Vqe ThO
scurce is to be a crystal mixcr, of 300 ohms rcsistanco, and with
o shunt capacity of IO puf,

First, dotormino G end Gq for the 6AK5, G4 is tho
conductance of the total nctwork losscs at tho input of Vl‘ Supe
pose the inpubt circuit has a Q of 150 and o capacity Cg of 10 puf,
ithen Gq is givon by

Gy = 2 ITf Cg (10) (V&W 23,47
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and so in our oxample Gq = 12 1u whos at 30 Mc,'s,
Gt is the conductance of tho vubo input duo to tran-
sit timo darping. It is not well dotermincd for any tubo, For
a 6AKS at 30 Mc/s VEW (page 638) say it is abous 12 u mhos and
that B is about 5,
Honco, from the cquation (9), Gpq = 24 1 mhos and,
teking B = 5, ¢ is found to be 3.
Now in cquation (7) usc thc valuc of Rog from (3)
and got Gg opt = U35 u mhos,
That is, the optimum transformcd rcsistanco that tho
source of 300 ohms should vrosont to tho input of Vy is %%% = 2300
ohms ,
The same valucs put into cquation (8) show that tho
best value of noiso figuro for tho first stage only will be
Fqp opt = 1,2 ab
To sum up this thoory of minimum nriso figurcs, Xot
us look again at oquation (6), (7) and (8),
Tho following rulcs omerge for minimum noiso figurc:
I, Mako ¥y = O, That is, olways tunc out any rcactance at theo
input to the first stoge of the pre-amplificr,
II. Kcop Gqs the 1qsses in the input circuit small, Gq contributes
dircetly to Fl’ but also indircctly by incrcasing Y.
III.Prcsont an edmittance to the input of Vq as givon by cquaticr
(7).
Mgny reacons may prevent the achicvoment of o 30 Mors
N¥ as low as 1,24 db., Novertholess, V&W (rage ¢.5) roport a NF ax

tswoas 1.1 db and a modian valuc of 1,35 fcr a isry carcfully buils
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30 Me/s amplifier using a 6AKS input, followed by a 6Jl,

(4} The input network

{i) The theory of the network

It is necessary now to describe the theory of the do=-
sign of an input circunit which will transform the source conductance
to the optimum value at the tube input., For the example chosen in
(¢) above, this implicd transforming the crystal of 300 ohms re-
sistance to the 2300 ohms the 6AK5 would like to see in order to
give a minimum NF,

This subjoct is treated in V&W Chapter 5, In that
chapter, the propertics of the double tuncd intcrstage coupling
are considcred in detail., The part of this work which we nced is
that which decals with the circuit of Figuro 5 (V&W Figure 5, la),
This circuit is, of course, not the only one which might be used;
but it, or one of its derived equivalents, proves the most useful
in practice,

The only results which we need are that:

(e) It is assumcd that L, and Cq and L, and C, are re=-
sonant at the mid-band frequency. |

(b) The driving point admittance ¥;4s which is tho

innut current
ratic of Jnpuc volvage is given by

. ={1+82 - )+ juw/BFD (11) (v&w 5,23)
11 Ry (1 + ] /Rofay &«

This driving point admittance is the quantity we need,

since it tolls us the input admittance to the network for any

termination,
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Figure 6 shows the practical circuit we need to analyze,
An expression is needed for Gg, the conductance presented to the
tube, in terms of Ga’ Equation 11 is simplified when we are con-
cerned only with the mid-band frequency f, ond the circuit of Figure
6. V&W derive the simple form for Gg as

Gg =
1+ Q= %2

Gy (12) (V&W 13.117)

where & = (f/fo~ fo/f)} so that the mid-band case bocomes
Gg = K°Q,° (B} enx ()
This equation is all we need to get the source impedance
correctly transformed, An example will show the method,
Example 2
In Example 1 we showed that, for minimum NF a source re-

sistance of 300 ohms shovld be transformed to 2300 ohms, or a con-

10
= = = mhoe
ductance of 435 g mhos., Thus Gg = 435 g mhos and G, 356 3333 urho

Use (13) and got

G 2,2 OB =}35 = 0,130
fzKQﬁ CA33§§ ’

If we follow Example 1, we seec that C, and CB are both
fixcd, since we chose the mixer capacity (Cp) to be 4O npuf and the
tube input capacity, with strays, to be 10 ppf. K2 QA2 can be chose::.

but usually the desirable choice is that the coupling should be
2 =1/2, (1) €vaW 13,120

transitional, and for this K° Qy
Therefore, in the transitional coupling case Equation 13

becomes ¢

Gg = Cp G, (15)  (V&W 13.122)
2¢,
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So, for our example, Gy _ Cp = %Q = 0,125
G, 204 0

and we desire to have GS/@A

I

0.130

So, chiefly because we chose our mixer capacity so high, we arrive

fortuitously at almost the correct value for Gg.

The rest of the design is now easy. L, must resonate
with C, at 30 Mc/s and must therefore be 0.71 ph, and Ly must
resonate with Cp end thus in 2,8 nh. M is got from the fact that

K, the coefficient df coupling is:
2 2

K = M (16)
LaLB
and by using Equation (1l4).
« 107 -
Using (1) first we see that K ="g, 8andQ, < 2 II fo Ca = 2,26

Ga
and hence K = 0,313, Hence M = 0.45 uh,

(i1i) Practical networks

The network of Figure 6 is not as easy tc adjust as a T
or IT network, PFigurc 7 shows tho T network which is equivalent
to FPigure 6, The use of such a network may be illustrated by con~
tinuing our example further, We found values for Lj, LB and M,

Thus the three inductances in Figure 7 must be:

LA - M= 0.26 nn
M = 0.45 ph
Ly - M = 2.39 uh

A still further simplification may in some cases be possible in
practice; to omit Ly-M, since it is nearly zero, We should have

to increase M to Q.71 uh, so that LA~M is zero and LA still re-
sonates with CA’ We have also to alter Lg-M to 2.13 uh so that
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LB still resonates with CB. The only changes that result are as
follows:
From equation (16) K is now 0.50 and so by (13):-
%s = 0.32
Gp
This is perhaps too far removed from the desired value of 0,125 to

represent a practical circuit for the example chosen.

Li. The design and construction of a 30 Mc/s pre-amplifier

The theory that has been outlined has been tested by work
on a 30 Mc/s pre-amplifier, The circuvit used in this pre-amplifier
varicd, but essentially it was that of Figure 2, The mechanical
and electrical layout and construction of the pre-amplifier was not
perfect, but since the experiments were intended to show how, in
practice, the various elements of the circuit should be designed
and adjusted, and not to produce the lowest possible NF, these short-

comings of the pre-amplifier werc overlooked,

(2) DNoise figure measurements

The system for measuring NF is shown in Figure 8. The
nost-amplifier used had a built-in 3db attenuator, and a pass-band
about 10 Mc/s wide at the 3 db points. The noise generator was a
noise diode with a 300 ohm load, The impedance of this source and
its connector was measured at 30 Mc/s to be a resistance of 300 ohms
with 12 ppf in parallel. Since the pre-amplifier might eventually
be uscd with a mixer of LO ppf capacity, a further 25 uuf was added
across Ll (Cl in figure 2) so that the input circuit would be cor-

rectly designed for such a mixer,
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The absolute values for NF measured arc probably good to
0.2 db, but the relative valucs are, of course, much more accurate.

Measurements were made by adjusting the variable atten-
uator until the noise output was an easily read value. The extra
3 db of attenuation was switched in and the noise source current
increased from zero until the original noise output was again
achieved, If i milliampers is the diode current when this occurs,
the NF is given by:

NF = 10 logyy b4 (17)

(b) First stoge gain

A simple qualitative example was noted of the importance
of high gain in the first stage. As originally built the pre-
amplifier had a rather low gain, duc to improper tube bias. The
mocasured NF was 5,0 db, Correction of the bias and coupling cone
densers (which were rather small) improved this figure to 3 db,

(c) Input coupling network

A coupling nctwork calculated very much along the lines
of Example 1 was first designed. As will be described under para-
graph on "noutralizing", therc is considerable difficulty in ad-
justing such a network together with LN and L3 (all references are
to Figure 2). Eventually, the input network used was that
sketched in Figure 2. ILg and L2 had the following values

Ll = 0,68 ph
L, = 4.5 ph
The calculated ratio of Gs/Gy for these values is 0,089, which is

about 30% smaller than is desirable, Nevertheless, the effect on
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NF should not be great, and in fact, using V&W Figure 13.7 suggests
it will be only about 0.02 db,

The Q of tho coils use@ for L, and L, Was not vory high,
For ease of experiment, slug-tuned inductors were used. The measur=-
ed Q's were about 90, An unsuccessful attempt was made to detect
the change in NF consequent on using coils of Q about 150, and in
fact a consideration of Equation 6 suggests that such an effect
would not be found until the NF was considerably less than the 1.8
db achievcd,

(d) The neutralizing coil

The purpose of Ly is to neutralize the grid-anode capacity
of Vq. This capacity is about 1.2 upf, so that Ly should be about
2Ly nh, However, stray capacitics can easily alter this value, and
so a way of adjusting Ly has to be found, One way is to disconnect
one of the heater connections from Vj, thus leaving that tube cold.
A signal fed to the input of the pre-amplifier can only reach the
output via the grid-anode capacity of V3, Thus, Ly may be adjusted
by conneccting a 30 Mc/s signal sourcc to the amplifier input and
tuning Ly for minimum output.

This system was adopted, and proved to work, Nevertheless,
such an adjustment of LN leads to several difficulties. Bobh L3
and Ly should be adjusted for resonance. Changes in Ly are re-
flected, by Miller effect, into the grid-cathode circuit to change
the recactance across Lp. Changes in L3 also effect the values of
these reactances, Also, it is difficult to use a slug-tuned ad-

Jjustable LN, since stray capacities may affect the value of LN at
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resonance, For example - using a slug-tuncd Ly suspended in the
wiring led to a value of Ly at resonance of about 10.5 pH, The
value found for an Ly of a simple coil type was 16 pH. The differ-
ence arose from the stray capacities due to the slug-tuning,

After some experimenting, a good way for adjusting Ly was
found, First, an adjustment of L3 was needed, This could be made
by removing V, frem its socket. With V, in place, L3 is highly
damped and resonance 1is hard to detect, L3 can be adjusted accurate-
ly enough with Vp absent, Alternatively, L3 may be replaced with-
out serious loss of NF by a radio-frequency choke,

Then Ly is adjusted to be resonant with the input cap-
acity to 30 Mc/s (L, is of courso disconnected from Ly for the check)
Lo is reconnccted and LN is then altercd over a ronge of values and
the NF measured for each value. Lo is adjusted to rosonance for
each value of LN° This is essentialy, since for best NF Lo must be
rcsonant and changes in Ly are reflected across Ly by Miller effect

and thus alter the tuning of L2-

Such a test was made; and the results are shown in Figure
9. Various coils wore made for Ly, varying from 11.5 upH to 3l pH.
Theso coils all had Q's of between 50 and 80. They were used in
turn, in the circuit of Figure 2, L3 was a 16 wH choke and L2 was
ad justed each time for resonance,

Figure 9 shows a marked dip in NF at Ly = 16 pH, a result
which confirms both the resonant value of Ly and also the improve-
ment in NF consequent on good neutralizing,

Lastly, a note on the Q of Ly should be made. Ly can con-

tribute, by its losses,; to the NF, and so its Q should be reasonably
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high, V&W on page 649 state that the contribution of the conduct=-

G
ance Gy of Ly to the NF is given by N/GS, In our present case
Gg = L35 pmhos., Gy may be related to the Qy of Ly by

Gy = 1
2 1L fo Qy Ly

and so Gy = 3.3 p mhos for Qy = 100, Hence there is going to be
a very small contribution to the NF, of the order of less than 1%
in power ratio, due to an Ly which has a Q of about 100.

(¢) The band-pases chrracteristics

No attempt was made to broaden or flatten the pass-band
of the pre-amplifier, The pass«~band used 13 shown in Figure 10,

(f) Varying tube characteristics

The following Table II shows the offects of using a number
of different tubes in the pre-amplifier, The 6AKS (Vl) was altered
first. The results for changing 6J6's were taken with the best
6AK5 (marked %) as Vq., The results show, as would be expected,
that the tube used as Vy 1s of greatest importance., They also show
that the contribution from.VZ to the NF 1is very small, since the

NF hardly varies with changing tubes in V.
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Table IX. The effect of changing tubes on NF

Tube type Position Number Manufacturer Noise Figure db
1 RCA 2.10
2 " 2.25
3 " 2.33
! L " 2,68
5% WE 1.85
6 it 2.01
6AK5 V. 7 t 1,85
! 8 & 2.62
9 TS 2.33
10 i 2,41
11 # 2,10
12 A 2.18
1 S 1.85
2 " 1,76
636 'S 3 " 1,76
2 L " 1.85
5 i 1,85
6 n 1.85

The thecory and experiment reportecd in this note show how
the first steps may be made in good pre~amplifier design, The next
stage will be:

(a) The achievemcnt of wider bandwiths

(b) The improvement of NF still further by careful at-

tention to the details of design and layout and by
using better tubes.



