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ABSTRACT 

A simple, stable. }Jo rtable, current amplifier is de­
scribed 1-rhich i s capable of amplify ing d. c. currents 
of .5 microampere or larger to a value sufficient to 
ac tuate a recorder requiring 500 microamperes. Cir-
cuit, theory, and u ses are described. 



I. Introduction. 

In the course of certain work it became desirable to con­
tinuously record small, fluctua ting d. c. currents of uncertain pol8,ri ty. 
The recording w,rn to be done on an airplane, vrhich forbids the use of a n 
ordinary recording galvanometer. The device to be described amplifies 
the small currents to a value sufficient to actuate a rugged recorder 
or me ter. No novelty is cla imed for the circuit but it was felt the,t 
its simplicity 8nd exceptional sta~ility merit this publica tion in the 
hope t hat the device may find a wider applic 2,t ion than that for which 
it nas specifically designed. 

II. Apparatus. 

(A) Circuit -- A simplified circuit of the current amplifier 
is shorrn on Pla te 1. The complete circuit is sho,m on Plate 2. From 
Plate 1 it is seen t hat t he circuit is that of a c onventiona l cathode 
follov,e r, with the indic 2,ting meter, or recorder, in the c a thode ci r­
cuit, and p rovision for cancelling the static cathode current from the 
meter. The tube is self biased by RB, · The circuit is degenera tive by 
an amount determined by the tota l d.c. resistance betneen c c1.t h ode a nd 
g round , Ez sh orted. From Plate 2 it is seen tha t p rovision is made for 
changing Jig, and therefore the current amplification, for bring ing t h e 
meter resistances to some stande,rd value (1500 ohms) by means of ~ a nd 
R15, a nd for slightly a ltering the feedback resistance for calibra tion 
purposes by means of Ri4 • R12 is the zero set control. Provision is 
made for quickly removing the input signal by means of a push-button 
(PB) when check ing the zero, which is exceptionally stab le. Since t h e 
device carries its own batteries and has an interna l meter for measuring 
the amplified current, it may be regarded as a rugged, portable high 
sensitivity microammeter having full sca le sensitivities of from 500 to 
• 5 microamperes. By means of switch S4 the indice,tion may be trans­
ferred to an external meter or recorder. 

(B) Theory -- The theory is simply tha t of a cathode follone r. 
Referring to Plate 1 we see tha t 

or 

or 

now 

or 

Ik = GmEg= Gm(Es-Ek) 

= Gm (Es- IkRk) e GmEs~Gmikl\: 

Ikf-GmI~= GmEs 

Ik = GmEs = 
l + GmJ\: 

Rk ... Rbt Rz Bin 
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I • I k m 
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l+ Gm~ 
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(2) 



~ . Substituting (2) 211d (3) in (1), 2.11cl solving for the current araplifi­
cat ion , u e obtain 

1m._::; 
I 

Thus t h e 2Jnl)lific9,t ion depencls on one tube 
va lues of certain resistors. If it c a n De 

then (4) approaches 

(~ + Rz) (Eb + Rc_Z !\n 
Rz-r ~ 

(4) 

11 constant, 11 Gm, and the 
1 / \ 

arr2nge c1 tha t Gm 
1
1 R.,__ . R,,.. I¼: ). \. \ 

U -f- b ·7/ 
~ R-t-· R 1 1 z · m, 

which inclic2.tes complete incl ependence of tuoe const2.nts. Using circuit 
con st2.nts from Pla te 2, with Rb = 1000 ohms, R z;: 5500 ohms, -Em :,:. 1500 
ohms, and. Gm ~ 1700 micromhos (e:drapol2.tec1 from h2.nc1book dat.s) the 
o.bove condition for com::, lete stability is sa t isfiecl to the extent th2.t 
3. 7 >) ( . Thus the dependence of circuit performance on tube const,mts 
is here reduced, not to zero, out to about one fourth t he value thc1. t 
i;,roulcl obtain if degenere.tion uere not employ e d.. Atter.ipts to further 
c,p:c,:,:·02.cl1 idePl stD:u iliza tion nc;;:.r L-1clucle t l1s use of ~"'-- tube h2.ving a 
g r a c1ter tr2nsconductance (,-:ith l DTger i)le.te a nd. grid currents), 8. 1 2.rger 
va lue of¾ (uh ich value is fixed by bias requirements), a larger value 
of Rz (discussed. beloi;; ) , a ncl 2. 12.rg er v 2lue of Rm (which soon ent 2,. ils 
the use of a morn sensitive c=mcl less rugged indic a ting meter). The 
circuit constonts sh orm in Plc,te 2 constitute aoout t h e best ap p roa ch 
to the i dee.l stabi lizea. cona.i tion that can be m8.de with a single tube 
YTithout encountering the difficulties parenthetically mentioned above . 

Equations 4 a11d 5 s l1ow that the current anplifica t ion clepena.s 
on the va lue of the zero adjusting resistor Rz. Since it is necessa ry 
to slightly alter this resi s tor from time to time this clependence is 
una_esirable. It coulcl be eliminated by making Rz >;, l\n, in which case 
ec1ua t ion (5) app roa.ches · 

R g 

where Rz does not appear. 

(6) 

Horrever to obte .. in a zero setting Rz = 

so that increasing Rz req_uires 2 .. 11 increa se in Ez. 17ith the total :B 
battery corn j)leraent fixecl oy considere.tions of space, we ight, 13,ncl current 
c 2.p aci ty Ez can only be increo.sed at the expense of the ple.te supply 
~ob 1.-rith consequent recluction of Gm a.ncl p ermissible plate current swing. 



The proportioning of the available supply (90 volts) between plate 
suppl y (67 volts) and bucking batte ry ( 22 volts) here used seems to be 
the best comp romise. This i mme diately leads to a v a lue of Rz = 5500 
ohms, which is 3. 7 times the va lue of ~- This is sufficient to render 
negligible the effects of small chang es in Rz on the current amplifi­
cation. 

If circuit const ants from Plate 2 are inserted in equation 
1, with Gm= 1.7 x 10-3 mhos, we obtain 

Im = 2.LL,19 10-4- R I X g (7) 

The value of the constant ift the above equation -r;:ras found, by direct 
e:;coeriment, to be 2. 5 x 10- • This close agreement between theory and 
eX}_Jeriment is partly fortuitous, si nce circuit conskmts were not known 
to the indicated accuracy. 

(C) Adjustment and Calibra tion -- Referring to Plate 2, it 
is seen t he,t u i th the II Range 11 switch on posit ion 2 the I W termina ls 
leacl clirectly to either t he interna l or externol meter, except for 11_4 
which should be here set a t ze ro. It is necessary to b ring both meter 
resistances to a value of 1500 ohms . Connect a good resistance brid~e 
(L ancl N Te s t set, _t y,Je S, 1.5 volt external ba ttery) to the IN terminal s 
and adjust~ and R15 so both met ers have the above va lue, effectively. 

A tube having a lovr g rid current is necessar y. Most ne-r. 
tubes will show a sh ift in the zero of the output meter YThen 11 Rci,nge11 is 
thrown from position 3 to 11, t h ereby altering the grid resistor from 
8000 ohms to 4 megohms. A tube having a minimum of zero shift should 
be s el ected and shoul d. then be II aged11 in the amplifier (or externally) 
for severa l hours. ':Ti th most tubes the zero shift becomes steadily 
less a nd, with a good one, will eventually become i r,1percept i b le. 

If it is found tha t the zero setting is b eyond the range of 
B:t_2~ 3hould be slic;htly altered. 

Next, a d.c. voltag e of exactly 2.00 volts should be app lied 
to the IN termi n2,ls, 11 Rc'mge 11 being on any position from 3 to 11, 
inclusive. The c 2,libra ting resistor R14 should then be adjusted so the 
meter current is exactly 500 microa~peres. 

If precision grid resistors have been used the c alibration 
is now com!)lete. If these resistors are found empiric2.lly they a.re of 
course so adjustecl by trial that when measured nomina l full sca le inJJut 
currents are applied full scale output is obtained, for each position 
of the Range snitch. If each resi s tor is mc::,de of tvrc selected he,lf 
watt stock radio resistors va lues correct to one :percent can be found 
u ith patience. These resistors of course have appreciable tempera ture 
coefficients. 

Hon-linearity due to inherent curv2,ture of th e transfer 
characteristic of a triode nill be found to be. less t han one percent .-
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Input polarity is unirnport£',nt nhen center zero meters are usea .• 

(D) Use as e. Current .Amplifier -- This device ce.n be usefully 
em;Jloyed as a current amplifier tn situc1,tions nhere the interne.l iLlped-
2,nce of the signa l source is gre2.ter th2,n e, fe;;-r thousand ohms. If the 
source i "'.lpedance is small, a gre2ter deflection will be obt a ined uhen 
the me ter is directly connected to the source, rather than by using 
the ve.cuum tube amplifier. The use of the amplifier also a ssumes t h2,t 
the i nclusion of the amplifiers I considerable input resistance in the 
source circuit is permissible. The above lir;iitations are shared by all 
d.c. current amplifiers rrhich use vacuum tubes rrithout inversion. 

Another point to be considered is t he circv.i t mo dification 
rrhen the push-button PB is pressed. during a zero check. As sho,m in 
Pla te 2, oper2.ting this push-button c 2.uses the e.pparent input resiste,nce 
of the amplifier to suddei1ly ch2.nge from some large velue determined by 
the Rc-.,nge p osition, t h rough infinity, to zero. The reaction of this 
change on the source circuit must be kept in mind. 

ffii.en the Rang e switch is throvm from position 2 to 3 the 
output meter vrill be moment 2.rily deflected off scale until the filament 
hee.ts . This cloes no da~111e,ge to a 500 rnicroempere movement, but if a more 
sensitive movement is used it should be disconnected. or shorted a.uring 
t h is operation. 

The stability of this a riplifier is sufficient to warrant 
the use of 211 output meter nith full sc 2le sensitivity as great as 50 
microo.rn1)eres, although a refinement of the zero adjusting contrcl will 
then be d.e sirable •. T!i th such a meter the minimum input current for 
full sc a le ,-rill be .05 micro2mpere, or an input voltage of .20 volt. The 
smallest cletecte,ble currents and voltages will then be about • 001 
microar,1pere 2nd . oo4 volts. The sensitivity c e.n be still further in­
crea,se cl. by using l a rger grid resistors. At least another factor of 
ten can be so obta i n ed, if a good. tube is used. 

The accuracy of the a : 1plifier depends very largely on the 
va lues and stability of the grid resistors. Using radio resistors 
an accuracy of 4 percent of full scale on all r a nges and including 
the effects of reasonable chang es in temperature can be easily a.ttained. 
i7i th precision resist ors the accuracy approaches th2,t of the meters 
used. 

A photograph of the current amplifier and the recorder 
(Esterline-Angus Gra~Jhic Ammeter Hodel AU, • 5-0-. 5 ma, 1350 ohms) it 
was designed to actuate is shown in Plate 3. The cabinet of the ampli­
fier is 6 x 7 x 12 inches. 

(E) Other Uses -- With the Range s,.-,itch on position 11 the 
amplifier can be regarded as a d.c. voltmeter, requiring 2 volts for 
full sca,le (using a 500 microempere meter) and operating at 2 megohms 
per volt. The use of a suitable voltage divider extends this re.nge 
upuard indefinitely. In this applicc,tion it compares nell with such 
commercial instruments as Hickock I.led.el 202 and the Volt-Ohmist ena. is 
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definitely superior to these from a sta nd~Joint of ze ro stability. 
This l a tter superiority derives mostly from the fact tha t this instr­
ment is battery operated. This frees it from line-voltag e flucuations. 
It also le9,ves both input connections free to be 2,bove ground. 

This device can be used as an ohmmeter. If the tenninal vol­
tage of D, dry cell is first measured, using the device as a voltmeter, 
and then the cell be connected in series with an unknovm resistor c1,nd 
the IN tenninals the current flm7 can be measured. The tot a l circuit 
resist ance is c 2-lcul2,ted by Ohms I law, the amplifier in1Jut resista nce 
subtracted, and the value of the unlmor:m found. Hi th a single cell 
resistors from about 2000 ohms to 10 megohms c a n be measured. Obvious 
circuit modific£',tions 2nd additions could be made to properly convert 
the device to an ohmmeter or voltmeter, u ithout external auxiliaries. 

The arn1Jlifier-recorder combination can be easily used ni th 
a photocell to continuously a nd accurately record liGht intensities. 
In this ap-olic a.tion the Ra nge svritch is set at po sition 11, and a B 
b a ttery a.nd photocell a.re connected in series rri th the IN terrnin2,ls. 
With the further addition of a suitable light source and optical system 
the device c a n be used to amplify and record galvanometer deflections. 

If one of the grid resistors is increased to about 109 ohms 
the device acquires some of the chara cteristics of an electrometer, 
being actuated by neighboring electrosta.tic chc1.rges. In this a:pplic2.­
tion the lowe r IN terminc1l and the case should be g rounded. Difficulty 
vrill be experienced in keeping the zero on scale if a poor tube or too 
hieh a grid resistor is employed. 

If a rectifier is pro~,erl y connected to the input a,. c. vol­
t ages can be read or recorded . The useful frequency r ange vrould of 
course be determined by the rectifier cha.racteristics and could be 
made to extend t h rough the audio r ange to high radio frequencies. 

I I I . Summary. 

A triode vacuum tube is used as a degenere,ti ve current 
runplifier. The linea rity cmd zero sta,bility are excellent. The output 
is sufficient to operate a rugg ed meter or recorder. The ma~imUJI1 
current amplification is 1000, permitting a full sca le react ing ,.-,ith .5 
microampere input. Uses as a d.c. or a.c. voltmeter, ohmmeter, photo­
cell and galvanometer amplifier, a nd a s 2.11 electrometer are a lso 
suggested. 

-5-







PLATE 3 




