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ABSTRACT

Noise measvring apparatus has been asgembled,
usieg the principle that the time average of two uncorrelated
noise signals tends to zero over a long peviod. Appiication
of this principle makes it poasible to oiiminate the effect of

background noise of the amplifiers used in the measarements.
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INTRODUCTEON

The work was devoted to the completion of the correlation
type noise raeasuriag ap;aav'ams., This comprised two high gain
ampiuers, a mu.hpiaev apd auxiliary equipment, The work was
concenirated cn the muitiphier {square-law type) end doalt mainly

with the output dvifi, The causes of drift were Investigated and
red:a_ced'f:o a minimam, Qe of the major cavees of the drift was
"émééd to the powar sugpﬁiesiland a large portion of work was devoted

to thema,

The results obininad for the meltiplier were: as ezror not
more than 1%, o bandwidd of about 1Mc, an input range from
660 mV to 5V peak to pesk and an cutpu? drift on the order of 10mV

in ofght houra,

The woise measuring sensitivity of the eguipment when
ueed ge o efvaight amplifior apd noise deteeior, was such that the
roige originating iv o resistor of 1000 chuma at the mput could be

detectad,

Chaptor § veviews the exieting theory on ths bBehavieur of
(i) cusrrent-volinge chazacteristic of p-n junction bissed in the
forward diraction at hish curvrent densities sad (#1) the noige

generated withie the junction,
Chaptar 3 prasents o consteuction of 2 working multiplier,

Chaptar ¥ deperibon the avziliary stebilizer for - 250 velt
tap.

Chapter IV gives the Tesuits of the noise measurements,
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CHAPTER 1§

P.N Junction at high current density%

The diffusion theory of current flow in p<n junctions due to
Shockiey (1949) accounts satisfaciorily for most pheromena associated
with the forward current flow at moderate biases and hence at low

injection levels. Steady-state voltage-current characteristic, ratio

—a——

of hole to electvon-current, alterrating current behaviour and
transient resporse ave a few examples of problems which can be
treated quantitatively on the basis of this theory, Essentiaiiy,

Shoc!dey“s theory is based on the following three assumptions:

) {1) The space~charge gi_véng rige o the traasition from
n=type to p«typé baad structure is well defined and bounded by two
planes such as a apd b in Fig, {i. 1+1), where ﬁtzéide this region
space -charge neutrality is preserved. 4

{2) The electrom a=d hole carrier _e'ie:nsities’ n and p on

these planes are in quasi-thermal equilibriura with each other so that:

n P
-;:- B = exp { KT) exp})d | (i.1-1}

where e denotes the magnitude of the éiectron charge, K Boltzmann's

constapt, T the zbsolute temperature and Vé the diffusion barrier height.
(3} The dernsities of the injected minority carviers on either

side of the transition region are small in comparisor with the respective

majority carrier depsities.

« When a large field is applied to a p-n junction, minority carriers
are injected into the base region from the emitiezs. These injected
carriors tend to create a space charge; therefore, majority carriers
enters from the base lead to neutralise the charge causing an everall
jmerease in carrier concentration. "High current densitics”imply

the condition when the comcentration of the injected carriers becomes
cemparable to or greater than the impurity concentralion,
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na, nb: The clectron carrier donsities at a, b in quasi-thermal
eguilibraum, '
Pa’ Pb: The hole carrier densities 2t 8, b in quasi-thermal

equilibrium.

n, P The rospective thormal equilibrium majority carrier
densities. o

B, P The respsctive thermal equilibrium minority carrier
domsinies, ‘

s 7 Diffusion barcier height.

P
¥

d
Va 3 The potential dzops across n PogicHs.
V‘b The potential drops acress p regions,
v

The barrier hoight in the absence of zxternal bas.

0
Vt : Total electrostatic potential difference,
VF H The Fermi-leveln iér holes.
P
VF : The Ferumi«devels for the slectroms.
n

Impurity deasity,

Nt

Schockiey, W. VElectrons and Heles in Somi-conductors”,




respactava thermal equilibrium majority carrier d»nsitaes, This

leads to the exprepsions

(6o, = », =7, = o lexp (Vappl) 1] (1.1-2)

(An‘) --nb«-n =nptexp«unppll)~\] | u,ausﬁ'

in which P, and n are ‘the thermal equilibrium dencition of
minoraty cartiers e the ne 2 ,;_nd p+ regions respnwvew, Vappl
eVappl /KT and ¥ appt is the externaily applied potem&al difference.
Since the currents arve pusely diffusive and proportionsl to Ap and

Ap the voltage-current characteristic 6 obtained in the form:

iuieHCn:ﬁafempﬁjappl})»} ] {8, 1-4)

-3
One¢ consequence of aggumption (3} is that the electric field
in the bulk n andp « reglons ie pegligible as for as its effect on
the -minority carriers is. concemd. Thus the misority carrier -
' cm‘xents are purely difmgzve., The second consequence is that
B, apd Py | in equation {1. 1~1} may be replaced by N and pp, the
where §, ll 31 and € deaote, respectivaly, the total currept, ite
electroa aml hole compmems and the pateration current. Ia this
approximation the whole externally appiied potential difference
appesrs at the junction since the potential drops ie the bulk » - and
p « regions ase negligible.

The effects of carriey generation and recombination in the
semi-conductor; especially at moderately high forward currents
i have been investigated {Fietcher 1957}, The recults may be
oummarized by the formule,

i oup (eVfaKT)
where n lies betweon § and 2, depending uponr the type of recombination




sities are no longer small in comparison with the majority carrier
densities, thus violeting the sesumption {3} above, Esi fact, the
“minority® azd "majority® carrier densities become eventually
comparable in magaitude and the effect of electzic field on both
carrier spedeé has to be considered. As 2 éunaequence, the
carrier flow ceaves to be purely diffusive. The eonductivity is
modulated to a considerable extent, ths poteétia,l dropa in the p-
and B- fégions become important and the voliage current relation
given by equation 1. 14) does not apply. |

A strict colution of the probiem requires the solution of a
systom of differeatial equations expressing the contiruity condiiions
for currents and Polsgon's law. For 2 one-dimenseional case these

may be written in the form:

(8. 45}
]h = e{p PE - D, %ﬁ) 4 ; {8.8-6)

wdo
i and gereration mechanism and the geometry of the junction.
S | The situation changes proﬁouixdiy, howevér, on application
- of 2 sufficiestly high Sorward bias so that the injected carrier den-
%“ = 4‘%‘3 (Ipﬂu rvyn‘-“—"‘\: » ' : «gogﬂ’ﬂ)
where K io tho diclectric constant, ¢ the mageitude of ele¢tronic
i chazge, uho |, 878 the mobility and diffusion constant for holes, bo'
Py ie the eieetmnic mobzwy,, E is the electrﬁ.c field, ND +, N, A°
are the iogized donor and acceptor denoities respemveiyo ‘These
equaticns chould be supplcmented, fo the gewneral case, by aquatim
]

expreseing div, ?'.,. and &v, Eh as = Pesult of recombination, where &

amitab!é modol for the recombination process has to be chosen.




A complete golution of this problem has mot yet been published |
and in any case, it is Mkely to be in a prohibitively complicated form,
as may be seen from a number of papers by Ruesian authors which
have appeéred recently (Avak'yants, Murgyin, Sandles, Teshabayev
and Yuroekiy 1963), {Yesing, Zotova aad Nasledov §1963). The
papers of Tolpygo and Zaslavskaya (1955), Telpygo (8957) deal with
the problem of diffusion in the vegion of high injaction, taking into
account varicus models for vecombination. The formulae are difiicult
to interpret in terms of V- characteristics, but Kesenko (1957)

attributes to them the form:
SV Vo)gé’ {.1<8)
where Ve is the diffusion potential.

The case of a completcly symmetric junction hoving equal
mobilities, diﬁuéion lengths, widths and impurity densities of both
regions has besn treated bw} Herlet {1956). The result is that the
potential drop in the diffusion regions is proporticnsl to X.‘}"'_ . This
particalar trratment §8 not applicable, however, te asymmetric
Jumctions which are most importaat from the point of view of practical
applications. But the Ruacian authors (Avak'yants, Murgyin, Sandler,
Teshabayev and Yuzovshiy :IE%ZD.)have attempted solving the asymme-
tric juaction problems by assuming new boundaries conditions for
rainority carriern ot the bounderies of a base with & space-charge
region with Boltzmaap distribution. Furthermore, there is very
1ittle published experimental ovidence relatirg o the behaviour of
p-B junction in‘the »zgion of Vizry high curreat Gensitics, where the

expongutial refation no longer applies.

Regarding the meise ip p-o junctions, good agreement has
boen found betwean cuporimental zad calculated values at low current

density by Guggenbushl and Siratt (1957) and Van de Ziel (1959).
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in the ge experiments, Van der” Ziel's nolze equivalent circuit -

uged to obtain the calculated results is shown in Fig. 1.1 12;

’ l_l\..‘k:
— O _
| i% = T 4xTRe{V)-201] &f
g (Van der Ziel!
Y"Z" [ﬂ . R 3
| i 2 [ oetReTy200 e
e - © (Mataré)

. Fig. (1.1-2)

This equivaient civeuit iz a noise-free junciion of admittance

Y. 4n parallel with a nofse current gemerator of mean equare value

b

42 o [4ETRe(Y) » 261 ] & 14,149}

whore Re(Y) is the real part of the junceicu adméitance.

The above equation was dorived on the as: *nmpﬁionaﬂz

1} that the noise iz attributed to a series of 'randcm and

independont crossings of tho junction by cuzrent carries and

2 that traps presest in the QF&CQ charge 'e«iﬁ hays no
effect on diffusion. Tharmal rolee iz due to the contact resistance
and the extrinsic base resistence ic exciuded from equation {i.1-9)

. but is repreawtad by & resistor ' in Fig. (§.1-2} eque.l to the
contact resistance plus the extrinsic base reeastmce ahowmg full

Nyquist noiae,

‘At high current demsities, both the migority and majority
carries denpities increage: above %he»r ethbx‘mm vaiues i.e.
above the cencentm&ﬂon of carriers found in the eemiaconductox'

matezial in the absence of an exiernal field. Uader these conditions,
it was dound i that eguation (4. 1.9} failed to predict the noise

nranarties.



. s
NS
. . ‘ . AESAY
ooRe
by
. ¢

0-7-

were ,
Tvro postulate%ﬂppea&ix 6) put forward by A, Van der Ziel
and W, Guggenbushl anad M.Q_J O, Strutt. Up to pow neither of thess

postulates [ hae been verified experimentally :or proved ftheoreﬁc_ally, ,

B. Schneider snd M. 3.0, Strutt (3960) have measured the noise
in p-n ﬁmction':_:. at high currest densities zosuming the above effects
to be trivial. They calenlated the junction noise by applying a new
equivaient circuit as ohown in Fig. {1,1-3) :

T = [4KTRLY) ~2¢%] 4

-‘: P_ﬁ’*_ R, Th=AKTR(Z,)df
o— 4 , R

L (9

I |

Cs

Fig. {1.123).

wheze ZB ig the impedance of the semiconductor material outzide
the space charge regions and its roise is given by

= 4 £ % ”‘ ’ s 3@
‘ Vn kTRe;ZBg df. {2,110}

However, H.F, Mataré {1958) has suggested a different
expression of tha noize carzent generator of fig. {1, 1-Z) ender

high cuzrent density and is given by
iz = [4XKTRe{Y: + 2011k . {(!_.,l.d.ﬂ»
W.R. Samareo {1961} has shown that the above eﬁuatioa of

Mataré holda for temperatare 4.2°k and 80"k, and Eq. {1.1-9)

is good for room témperature.



Very little work seems to have been done on the measurements
of uoise in p-n junction at high current densities, One of the main
reasons for this seems to be the difficulty of making these measure-
ments with reasonable accuracy because of the low level of the noisa.
These difficulties therefpra preséxit a challenge and the remainder of
this thesis describes an attcmj;t to meet this challenge,
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CHAPTER 2
The Multiplier

2 { Purpose and Specifications:
The projecfis 2 contizuation of the work of W, Samar 00 {1961},

which was concerned with the measurements of current noise in p-n
Junction at !ow temperatures, The sensitivity of the eqt.ipmunt which ,
was suiﬁciently kigh for the measurements o3 pon junction biaaad in the
reverse direction was ot high erough to measure the noise geaerated
in a junction biased in the forward direction. Thie was partiéuléi’ly
insdequate for noise measurements at high carrent &ensitﬁes when the
resistance o?vthe p-n junction was oaly a few ohma o

.0 hés therefore baen decided to try a &iffereat appréach'to noisve
meagurements. The chosen method makes uge of the fact that
§f two uncorrelated noise sigiaals of zero mean vaius ave multiplied
together their product is zero on the average. This makes it possible,

k\k;(x‘»rx.%v 3+xf)

k. k(x+Y)

Y

Ka(x+ ¥)

F&gd Zo i"!é

= e :
in pen junction, the flow of current is
eV

3 i ée g}
where E is the reverse saturatica current and V is the voltags app!ﬁed

to the jmctéom Differentiating with respect to V gives

oV
a. .8 3 KT . & g+
Al AR - LAY
e A TrariDT .
®T I..ori,}io
. _ &V . KT
veRoE G oﬁ




«10-

in principle, to eliminate the unwanted background noise of the ampli-
fiers used in the measurements. An explanation of this method is
shown in 2 simplified block diagram in Fig, {Z. -!) !;5 th&s diagram
x is the noise co’ning from the p-‘a junclz%an Thi-  in ampmhd
in two channels k and k, which add the mavoxdah!e background min

R ; a_:;d a. The outputs of the amplifiers containing both wanted and
unwasted noise are n;fé&ﬁpiéeé together in the multipiier X amd then
averaged. This aw:agiag progess eliminates, in principle, all
unwanted signals leaving only the mean square valu_e- of the noise
coming from the junction,

Thus o _

3im :’FS (xz rxz bRy +ys Jdt s 2%
T‘-qoo o '
provided that the average of cach of %, ¥, 2, signals is separately
zero and that 'there is po correlation between either palr of these
gignalgi,
This miee meuauring method requires two amplifiers,a
multiplier, and am integrator;
it is desirzble that the multipiier hag the fonow!ag
- eharacterﬁsucs.

To measure noise power with an accaracy’of about 1% the
multiplier ervor must be of the same order ~»« i,0. 1% or less.

2} Jmpats

~ Assuming the uee of the presently avallable amplifers
" {RCA Commumication Receivers Model 150A) which arc capable of
delivering sbout 30V peak-toipeak into a 6008 load the multiplier
should have a cignal handiing capacity on the same order and an input
impedance of 6002 or higher.




e rgtes temtiqe
LRIN B Uy

,,,,,,,,,,
50N s e,

3) Output:

Jt would be desirable to have an average output voltage of
not less than 2.5V at ap impedance of a few hundred ohms, 2ay.
This wonid make it possible to use a moving coil meter as an output

monitor.

4) Stabitity:
The dynamic range of the multiplier input is about 4V peak-to~

peak., Assuming that a noise signal of 4V peak-to-peak bas an average
value of about 200V we can obtain an ouiput on the order of 2ZmV.

The stability of the multipiier should therefore be such as to make it
possible to measure this voltage slnce the time conmét of the ;ntégraa
tor 48 2bout 20 sec. and the maasurement ertor chould not exceed 1%
thorefore the drift in the mnitiplier output should be not greator thar
2mV /20 sec = 0.01 or about 1pV per second.

5) The multiplier must not be restricted in the sign of the inputs i.e.
it has to be a four-quadrant type. _

6) The amplifier used here &éammmicatioa reesiver RCA Model 150A)
has a maxirmun bandwidth of 6 KC and thevefore, the mu!tiplier should
have a bandwidth of not less than 6KC.

The integrator ig iﬁﬁmate!y Yinked with the multiplier h this
type of mearurements and its speciﬁca&ons are given here,

8} For a bandwidh of & RC ond on errar of 0, 5% the time
constart should be at least 5 seconds. {see oq, 2. 3-8}, As a starting
point, we are adoptmg two time constants of 10 and 20 sec.

2) Because of the direct relzlion batween the integrator sad
the multiplier the error and the stability for the former should not
exceed the correspondipg velues for the latter i,e, 1% and $yV per

second respectively.

-
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2.2 Description asd Construction.

The square-law mu!tip!ier which ie desczibed in this thesis
was adopted from the work of K, D, . Grosvesor £4959) and it satisfies
only some of the specifications mentioned above.

The reasonsfor adopting this particelar multiplier in spite of its
insdequacy were 2) s accuracy {claimed 1%), b) its bandwidth {claimed
2 mC) and c) ite availability. The workon this multiplier was started
by £, 1. Rimawi in 1962 and completsd by the writer in 1964, '

Definition
SA square-law multiplier is 2 nondinear multiplier in which the

ourn and the difference of the variables are squaved amd then subtracted
leaving an outpus that is proporttonal to the product of the twe variables®
{Rémawi 4963). A block &agxam of such muitiplier is shown in Fig. 2.2+4.

4f<Y

. ‘——f SUBTRACT -
IO 7 A=)
SQUARE | - SQUARE
B (L5a0] (Y-x)
- ADD SUBTRACLT

Fig. 2.2-4.

The square-law multiplier used in this project was a miror
modification of Fig. 2.2+, The principle of operation was the same.

-
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SQUARING | [ SeurRING | | sauprING
ELEMENT ELEMENT| | ELEMENT

2 FIE P
T
B)‘ 0 }L..ﬂ:‘_);g___ s 87
INPUT IHPrT TWO
ONE

la Y

Tig. 2,22

Fig. {2.2-2) chows this modified mudtipler, The input signals
are applied separately through buffers B:; and B'i to the eqearing elements
§ and 2 and the sum of the isputs is applied to the cguarzing olement 3.
The output of squaring eiement 3 3g then subtractsd from the summed
outputs of squaring elermont § and this leaves the €nal ptodu@;'proporu
tional to XY, ,

The above description sscumes the exisleace of on ideal syuaring
element. Sipce such clements stxictiy’?peaking/gaeexisﬁemg it is theres

fore necessary to aee a more general noplinear alement of the type

2
I=A+BY+CYV 4 ... {2.2=1)
wiere ¥ 36 the vigesl voitage and A, B aud € ore conclanto,

By suitoble izcuit arvongement, i i6 poscibie to climinate
ths copstants A ond B with an srbitrary accuracy. This givas ue the

required squering effsct frese cuch an element aed i5 showa in Fig. 2.2-3.
(A +Pe) -+ B Yok By Y+ Ca¥'e €Y

ADD
|SusTRACT ;VLA3~(A\+A;)1+
Aot BaNA :"'xz l Aat BI-IMY)*_{}_I:&_?J A;“ﬂ%_x:f—{-CgY:' LB?'—&")E"'(B{B\)Y
o ~LINEAR Non= LineaR N -LINER 4(g- Cz)X 4
Ereweny| | EtEment | | ELEMENT ]  (Cy=CY 20T
, '}‘ (3D
B;(I i ADD a1 By
INPUT InFeT TWO
e

M




Since the @‘ztpu“ of the muitipiier

] i i \ =, " L2 g 4 )
f& @Ai tAzijBg BZMH QBS B Y 4-5(;3 C

N o)

:54«@@@?3+x:ﬁf §2,2+2)

comtaing focters made of S favences Between the <0 xsfficiento A, B
and C, therefove, 13?,'3:s.=.a-.‘£c;7,ag; all three non-lintey eleraents identical
wa gan, i principle, ‘ﬁ.m,ﬁ%e 21 termo swcept the product term -

iC X"s’ Thie gives yp fhe repult vequized of the multipiier.

‘W‘Lxﬁe the d’ cafoation of consteats A,, BadC > can be effected

with am aa'isatrart_-r soturacy, and therefors the wen?’-ﬁpiiisz accm'acy can

be arbitzarily high, tare ara factors contributiny’ te the error, which
cansot be eﬁmigateé .. ‘These resdll in ga evror of value of sbout - l’foaﬂ
Ore of thuse faciors i:;. the existence of higher toruns i the asaumed
teanafer cha -‘Bi‘:t&f’“\m.d. of the ponlizear clament, I we assume the

_ @remme of the third cwilew t2om.

vmmﬁ'w%wﬁ

the. error dse to I ém an e opdar of 9, 5% (ece Appendix. 3).

, The' deseripsions below are referred to Fig, 2.4-10,
“Nealinear elammonts®

The nwliplés v ve :‘ sives o popiinent cloment of the sguare kaw

tyna, Tubes 5670 which axe used here have a rcgwm @‘i operation im

which the trenafer thavs :’i}ermt»c (2, 23) follawo bh“ﬁ law (oee Fig. 2.2-4).

This teresfor hards ﬁ*wswc con e dencribed by the current
voltage relation
o ALY DY (2.2<3)

whore § 37 the plate svveant, Vi :3 the grid vollage aad A, Bend C
i 5 &
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This relation holds only within a certzin regidn of grid

voltages in the vicinity of « 1.5 gV &35V, Fora signal which
has a sero mean value, such as noise, the tube requires abiasofa
ahout « 2.5V to keep it within the required aperating region.

in ilde pariicular cidcuit a current sink {tubes V‘ 2 and
V’zb is used for this purpose. For proper opevation of the raulti.
plier all three nontipear eleinsats chowdd be idumtical, Siwce this
imp!a.ea the equality of the corresponding coefiiciants ABC for the
three tubes {see Fig, 2,23} thevefore, it is necessary to provide

facilities for adjustment of thege cozificients.

The adjustrecnt of the cosfiicient A {the d»c componsnt of the
plate c\wrant) io z trivial one {see the “output staget). The coeffi.
céant B ithe transconductance of the tube) can be adjusted by
chapging tha twbe bias. The coefficient C {the rate of change of
tranecoaduciance) can be adjusted by changing the plate voltage of the

Changing the plate voltage of this tuba, mthout signiﬁcantly
affocting other parameters, can be done by using a cascode confi-
guration, This conﬁguatmu bas addat;onal advantages of providing
2 good isolation between the input grid and the culpwt plate and also
of presenting a high effsctive plate émpedaﬂcé, This is important
in the add opératio&; {Grosvenor, 1559}, '
,_Bn!i_er stages: {V 14 VZ‘!.‘Q

. These stages isoiate electrically the multiplier from the
signal sources. In ovder to mipiraise any varlations io this stage a
zarge amount of vegative & eﬁ”ha.ck is used. The voltage gain was
arbitrarily fixed at 0,59,

¥ A calcods BL2E0 consists of o g;vm&v& grid tricde in caa:&..e with a
grounded cathode tr;.cde The upper tube plate charactoristics
{plate voltzge vorens p‘ate curzent curves for coastant grid voltage -
of the lowoer tube) regemble thoge of a high resistance pentode.
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Zhe Adder: WB%
This circuit is a simple resistive adder where curzents dus

to signals X and Y are combined in the common plate resistor st.

The function of the tubes is to trapsform sigral voltage sources into
current sources. Any errors in this circuit are due {6 the nonlineari-
ties of the tubes med to their finite resistance.

To minimise theee errors and pny variation in this circuit a
large amount of negative feedback is used similarly as in the buffer

gtages,
Vpr(vtp Rk
"
éYP*(!*/#)Rg

The catiode foliower isoletes electrically the multiplier
from the integrator and prevides a low impedance source of about
300 ohmp to the laiter, R33 ard R34 tpgeeher with the plate loads of
V. Vs and V 6 form potential dividers to bring the plate voltage of
all these tubes to abewt ~ 6V, This value brings the cathode foifower
outputs close to the ground potential, Since &t f& convenient to have
this potentinl exacily ot ground lavel a fine adjustments of these
voltages is provided by means of variable cathode 10ads Roqand Ry,
Thus it 3¢ possibie to bring the two cutput voltages to the groynd
potertial in the absence of signal. This equalization of the two
quisecent onipat voltages makes, in effect, the 8 constxits of the

ronlinear elements equal,
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Integrators:

A simple RC imtegrating network is used at both outputs
(R =5, 25 and 50 k0, C =400pf} The time constant of theae
petworks is variable in three steps; 2, 10 and 20 secopds. The
difference between the two outputs is measured across the output
terminale 0! and Oz, {see Fig, 2.2-5).

5K
O oot Yflssrmmmers
0 ?%KJ’R- - 00,
o ‘rK-ﬂ- . 'jL@O/IF
o ke =~4oopF
Y
b 2},;5‘ M‘. an -0 02
0 ko
Ly v

Figa Zo 2’51:
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Design Consideration

2.3 Intreductory reraarke:

Since this multiplier was adoptad from an existing desiga,

. a pumber of features was adopied without questivping, These weve
1.

‘the choiue of fubes, sup opiy volinges, stage gains efc. No attemp!
was made to improve the design but o oly to adap: zt for the particular
purpose for whick it was intzaded in this project, The deiaila of
modificetions are given by Riraawi Q{i‘f}h%.%‘in fn the paragzaphs that

follow, some attention is given to the dugign comiideraticns which

R

re pecesoazy for the construction of o working medel,

tha deecription is as foilows. The most
important sad eritical part of the thultiplier 1o the aonlinear element
and h‘:er...xore it 3g described first, The current sink is used to

eat”abhah the correct working point for the nonlirear clement and

therefore comes seecnd, Next follow the input end output buffers

whose only fenction i3 to scparate the scurces ard Isade fzom the

multinties, The integrator design is included for the sake of
comploiczens.

Al the descriptions below are referred to Fig. 2.4-10,



Cascode stages:

A squares-law raitiplier, as ito asmse Waplies, requives
a0 element having a square -law {nputeoutput chavacteristic. The
caseode stages vsed here have the following curzdns volage transfer

charesterisiic

: ” |
P=A+BY GV o 423

where terms of the higher order have been uegz:«;:zm}; i is the
plate current 224 V is the grid voltage and therefove this type of

curzent voltage transier eharactond si:i zmpw st A ie the de

23

compenant of the plete cuorrent, B = AV i,e, the tragsconductance

4& L &
ol ‘w"‘ﬂd LR

Ayt 7T

of change of tranecenductaace of the tubo,

B

of the tube in the absenco of sigral, €

<

it has alveady been pointed out {see secticn 2. 2-4) that it
15 peceasary to have the constants B and C idontinal for all three
tubes., These constents oan bo made regpectively cquel by edjusting

the pizte voitage cnd grid biss on the tubes,

in order ¢o eﬁeci;ivesiy wary the ylate voliage withont chenging the

plate load, eascode stages have been used, {see Fig. 2,3-1),

-250

Pl

Fig. 2,34

The pre-getiing of the gaid voltage of the upper triods kas an effect
gimilar to that schisved when the plate woliage of a single L3308

presget,
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The cascode stages provide an isolation between the input
grid and the oufput plate becavse of the shiclding effect of the grid
in the upper tubs, This shielding o similar to that ia o pentode.
An additional advantage is the high effective plate impedance
(about 240k0) which i desizable in the add circuit because of the
otherwise undesirable chunting efiect, '

The tube 5670 has been chosea on the experimental basis
since it has been found that this tube with a 30 olius eathode feede

back resistor gives a good appreximation to the desized law
Qqu 2.3-1) (Grosvaaow 1959). This ie shown by the curves in
Fig. 2,32 where the values for Rk 300 give the best linearity of

Gm with grid bias voltage

éOOO_ X

o
5

|-

£
g

g

EFFECTIVE Gpa In At PMHO
o
2

1600 1

=250

i, (voLTs)
T“igu 20 3"2

This figure alao shows that the most suitable working point for 2

I signal having a.A zero mean value is about = 2,5V,
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To make the G {transconductance of the tube) of diiferent
tubes equal, the plate voltage of the aonlinear element of the lower
triods in the cagcode stages. is varied, This introduces another
variable factor that has to be taken into account in establiching the
most ﬁﬂtqble working poiut, We have to meet two requirements
here, The absclute value of Gm at the working point and its rate of

change has to be the same for all three tubes.
6000 d

EFFECTIVE G,, In_ A MHO
Y Lo Oy
I ¥ § ¢

g
(~

- -5 -3 =4 .V
Fig. 2.343. '
The cuzve for V, = 125V ie the most linear over
the widest range of grid voltages. ‘

Fig. 2.3-2 and 2,33 show that this can actualiy be done.
The value of G ig vezy easily varied by the grid bids and therefore
adjusted to the same value for all three tubes, and the slope of the

G curve i adjustable by varying the plate voltage. The two
adjuotmenta are largely independent in a cascode configuration,

Current amk:

In the following description ail voltages will be refer_red to
lower grid of the cascode

the -250 volt level. The bizs required for the
is about <6 wolts

stage is about -2.5V. The plate voltage in the buffer stage
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on the average. A currest is fed through a fized reaistance Rz R ;
eauid 50 as to make the buffer stage piate cloge to the zero potential. !
ehoked The presence of this registance does not affect the gajn of the buffer
Iatagv stage sisice it i6 fixed and forms & part of the load, The buffer plate
tevim voltage ie brought down agéin, this time to the requized value of !
.ausd o2, 5V by using the tube V 42 282 current sink. 3
sreds

i
!

Fig. 2.3-4.

A® a curreat siek, this tube (Vv u) should have a negligible
loading effect on V. .. The shunting resistance R of the current

sink W_tﬂ i
Ry =¥y ¢ TEXS . (2.3-2)

for the limiting values of 7 £ £ & 1218 and 30 p £ 60

we get 22,562 { R £ 195K,

g A:.,..;;:';':"' nput Buffer stages: | ‘
This is & groumded éathode amplifier with cathode de-
goneration. 1t gain i9 gived by
Ry

S (2.323)
P FEF R (1H)

K=
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which is arbitrarily chosen to ba 0,5, This allows for a large amount
of feedback in the cathode thus making this stage stable and relatively

g 24T

osde incensitive to tube parameter changes and also it reduces the &ffect of
T son-linearities, In order to adjust the gain to this value, the cathode
;_:, <. resistance R, is made varfable. The load resistance RL is {N. By

assuming the tube parameters to be within the limits 30§ p £ 60 and
14 rp £ i2k0, we obtain the range of variation for Rk from
|.lR3 =k(r ¢R 3))

& ~ 2
Ry 1+ p) / (2.3-4)

which for the numerical values sbove gives 1.6< R.& 1.9, To
satisfy thic condition rosistances were chosen ag shown in the circuit

diagram of this stage in Fig. (2.3-5)

A TO CASCODE

0 ~-250V

£\p

<0
N
A

2-500V
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Output Buffers: ‘ 4 |
u ers | ‘-"HBO\/

llh

5ok §50K

: o-260V
Figﬁ 2. 3'6-

The two multiplier outputs A and B (sce Fig. 2.3-6) are
at voltage levels of about <6 and -3 volts respectively. Because of
the pecessity of performing 2 subtraction operation oa these outputs
it ie necessary to bring these voltages to the same level in the
absence of signal. This is equivaleat to making A-ccefficients in
0q. 2.2-2 equal to sero.

In addition to this we have to geparate the integrators from

the multiplier and providé a jow impedance source for the latter.

Cathode foliowers are uﬁed to satisfy both of these requi+
rements. The seconrd requirément is easily met by using relatively
high G tubes {12ATT) whick; at the working point used, provide an
cstimated output impedance of a few kiloohms,

In oxder to bring the quiescent ontput of the cathode followers
to the same level two dsviced arve used. Firnt. the !eve! of the A
dutput is raised to approximitely that of B by feeding & current of
about 3ma from the MGOV&O!‘:‘?::Q {R43). The fine adjustment of these
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two voltages is accompliched by varying the cathode resistors in
the cathode followers, This bag the effect of changing the potential
between the grid and cathode of the tube, In this case the quisscest
grid potential remains unchanged and the cathode potential varies.

Thus a fine control is provided of the output levsl which has no effect

on the multipYier. This makes it possible to vary the cufput voltage
of the cathode followers by about * 0.5v. This adjustment is very
five and stable. Second,as an added convenience, the cathode follower
outputs are brought to the ground petential in the gbsence of signals
by suitably ehoosing the working poiat. |

\ " AVERAGL PLATE CHARACTERISTICS i
FOR [ - . i

i . i

i T rweiaarr

.1 teviaavOLTS : i
— GENRS WEATER ARRANSEMENT i
; |
SRl !
i yiwa
- . ¥
; Ve
54
0 s
Y %"o 9
P4
NAL 2
¢ - PLATE VOLTS 2010887

7 Fig. 2.347,

The errors introduced by the presence of the cathode followers

are &ue to the nonlinearitien and drift. We have assumed that the
cathode follower nontineacities are negligible.

The drift in the output level s chiefly caused by the supply
voltage variations. The filament voltage is maiatained conetant within
0.01% on the average by an A-C. regalator, and we assume that there
is no significant drift due to this cause. Since our specificatios calls
for an output drift not gréater than tuV/sec. theufore, the aliowable

dﬁ!t in the plate supply voltage of the cathode followers is
rp b {1 + p)Ru '

Aeb = Aek : — - Aek“ (2,356)

Ry

A




which for R ) rp and ) t is very meerly equal to e, p values
of 14,54 4 30, 374§ 4 57 the admiasible plate supply drift

becomas about SOpVI sec,

This figare will be required in the congideration of the

power supplies.

There are two more causes of inaceuracies, both due to
the adjustability of the velue of the cathode resistance for output
jevel eantrol {elimination of “AY term from the output of the
multiplier). These causas arc the variations in the gain and output

tmpedauce of the cathode followers.
The gain of the cathode follower is gives by

pR ’
k (2.347)

r +Rk(14~p¥

K=

For #4.5¢ T, 430, 374 £5T, and soméakéssow, we obtain
0.9794k ‘-0 98, this variation in gain results in 6a error of less
thas 0. 1% and therefoze can be neglected.

Fiso 2 0 3"“8

{see Fig, 2.3-8)
The output impedzmce/éon' the same aspumed values of ¥ 0’ P Rk’

we have 300 ¢ Zonté §060 which imposes the condataons ca the
‘tnput Tesistance of the intagrators. ‘

To meke the errors due to the cutput impedance changee
less then % the integrators ghould have an input resistance not less
tham 5058,

E et ]

ot e S0 e LEY AR IR AT VLRI 22T

e oiAms A b 9 i b G e e e e b T
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' Integrators

| The noise measuring techaique used in this project is baged
on the fact that if two uncorrelated random signals of zero mean
value are multiplied together, their product is zevo en the average.
This jmplies that the output of the multiplier {Equation 2,3+2) has to

be averaged in timne, ‘

T —
im % 5 Q:r.z%xsi‘xyfl-yz&dt = xz {gez ssction 2. 1).
Tab00 '
_ ¢
This averaging can be done by an integrator, Ildealily, the’
averaging should be extended over an infinite tim>, Practically &
finite average period zamn be vsed depending ca fae required accuracy

of the final Fesult,

in the case of noise megsurements within 2 Rarrow,
rectangular shape, bandwidth B and uniform epectral intemeity within
this bendwidth an integration time T will measere with a relative

srrox of a single measurement B Q)gurgebs 29543,
Ty :

e

B= (2BT) 2 {2.3-8)

For iz  6Kcand B e 5x 107 ((0 5%), T should be at least
3 geconde. ‘Therefors, integeation times of 10 and 20 scconds were
ehasen An addtidonal tirae constant of 2 peconds was added in order.
to make adjustment of the multiplier easier ”

Of the washous types of integrators (@.go sim.ple RC and RL
. metworks, Miller integratos, mechanacal integrator (e.f. Pettit, 1959)),
we have chogen 2 siraple RC astwork ap the integratox because of its
simplicity in deaigning and operation and, sbove all, ‘bocause it can be
raads to tzaﬁ.mfy the upecnﬁacatma iwi me'téon 2. 1). The cireuit of

RC mtegrator i chown i Fig. ‘_s‘ 3.9,

A : )

et ﬁ? J‘




In Fig. 2.3-9, RZ is made up from the leakage resistance of the

capacitor and the iuput resistance {about 90 M) of the meter,
Integration performed by this zntegrato: is accurate only under

certain conditions, These conditiors'can be inferred from the fo!lowmg

argument.
(1} The transfer function H{s) of the cizcuit of Fig. 2.3-9 is

given by R
] 2
s} = R, sCv R, +R, (2.3-9)
& 2 | (2.3-10}
R1+R , . e
RIRZC[B ; R! ch

where the operator s is interpreted as the complex frequency

e | (2.3-11)
under the condition
Ri * Rz :
8 :> =K C (2.3-12)
{2 '
Eq. (2.3-12) reduces BEq. {(2.3-10} to
His) 2L (.8 : {2.3-13)
1

which car evideatly be ireated as an integrator provided there is no initial
charge in the capaeitor.
For an ertor not greater than 0.5%, say: RsC_> 260.
Since the assumed iitne constant is 20 secoads, therefore, the
frequency at which the iategrator wili periorm satisfactory is |

200

£‘> 7 23x20
the lowest frequency lisnit of the amplifier used ie about 20 cps.

= 1,6 ¢ps. This condition is satistied in our ¢ase gince

{2} Since the mamimum ocutput impedaace of the cathode
follower 3s 860D {sce output buffer), the input resistance of the
integrator should not be jess than 50k0, The input resistance of this
notwork is essentiztly that of the posistance R, {see Fig. 2. 3.9).

This imposes the condition that R > 5082,

K

1!
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{3} For a time constent of 20 seconds and R = 50k,
C 4o 400 pf, This is g large capacitance apd one can expect 2 fair
amount of leakage {n it, In 2dditicn, there isa leakage due to the
input resistance of the meter used for raonitoring the ouhput.,

Smce the combined leakage contributes to the inacurracy of
the measuument we have to establish an zceeptable upper. timit.
Agsuming that the preaenee of leakage should iatroduce not more.
than 0. 2% error we got for the leakage resistance g value of
25 megobms, Since the {eput resistance of the output metor
(Keithley instruments, Model 1504) is 90 megohm this leaves, a8 &
Jimit for the capacitor leakage, about 30MR.

Since this leakagc is act particnlarly gsmall we have success
fully used low voltage tantalex capacitcu. (see Appendix 2)

A complete dipgram of the integrator used is shown in

Figure 2,3-10. r_.__.._,._..l
| .
. R>sokny! ‘
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{ . t “ ' |
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| 4ogp é\:li %QDM‘G |
l b
oNIooOMV i | |
o ! 1
LIS, , P ‘
o | [ |
| H |
i i
‘» ‘ fowa v e wn o e o
] {
: :
J TN2‘20'S£do

Fig. 2.3-40;
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2.4 Measurement of Performance

The error oE the multiplier was estimated o be 1%. Th
factora contributing to this error are the errors of the iaput stages
0.2%, the adder 8,4%, the cutput buffer stage €. 4%, and the pone

tinéar elements 0. 5%

($ 1] The Buffer stagee
Since the main vequirements for the buffer stuges is the

‘equajkity of gaine ior beth tubes, the erroz due to these stages ie
chiefly due to the unbalsnce; in the gaisn. '

By feading the same sigoal of 5 volts peak to peak at 1ke
to both tubee ard using a cathode ray oscilloscope with a differrestial
amplifier with 4mv/em veriical sensitivity as nuil detector as shown
in Fig. (2.4-12), it was found experimentally that the diﬁarential
voitage existing between the two Anodes could bs raduced to 2 very
emall value. The remaining residual voltage, however, due to
120 cps ripple originating from the power oepply could not be reduced
and was about 2mY. - This reouited in & pominat exror of buft‘er gain
setting of 0.2%. This ripple could be eliminated by the use of
bhatteries and thus the. ewror due to gala vabalance jn this stage could

be reduced to a mghginim vaiue,

‘-.7_5'- ,
.é:-lk N‘@f‘m@lm °
Vil T
bl woa)
T 470 11
o
&éNﬁt. ' —$00




. Varietion in gain with respect to outpul woltage rosults fo
nmaﬁmﬁaxifcyo Aceording to Valley and Walinas { 11943), "The common
way of expmsmag nopsMnearity §8 in terms of vnastiraumm deviation of
the curva of output voltage plotted aga;inst input volizge from the
best linear approm,mt ‘on thez:ew,, given a6 & pm.mmage of the total
worlding range of ousput ¥O voltage. This guantity may be related to the
change of gaie oveé ihi leangth of the curve 47 the painre of this change

is knowa".

Non-linearity is then expresoed as

G°% ., &
G _ G
[ o

wheze AG i the dﬁﬁezmce batween the slopee at the extromes of the
CUrve, G i the ﬁiﬁph of the daghed line, whmh ig the change of gain
£a ftmctwre of input volts over Lhe best £it 8t xa&ght iine gain

But 8G %. % % {sce ﬂ.wsmiix 5) (2.408)

O

where G = 4—?%15"— g o Kﬁ 35 the gain reduction due to negative
feedback and K i the gain of the ampliﬁaer' The gain of the buﬁfsx'

stage {see section » 5 ha gﬂ. VER by

B R
G bl ---mwli_r-—-m
ri P W. { gm) ‘*-R
For 304 60, THer Ik, R-L = JkQ and aeesenfuaa;emn

ey

© 0,479 %G.«:G 470%¢, The u&fﬁamm:e in gaim is caly O 02%.
: that

A geomet aﬂes.ﬁ «mmmion rmmmséh@' ana»linearsﬂ:y is

S 1 4G |

e e N s o ’ ( ;,402\,

S (2.4-2)
15 Q. ..

--------------------------------------------------------------------

~ % The best-fit-line is meant a straight line AB. {. refer Fig. 2.4-2)
such that the deviations at extreine pomi:s A and B and at a point in the
middle are the same.
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_where § is the mamimum deviation, V_is the output voltage.
d..qs., @2 41} and {2.442) ghow that the Eractwnai maa!.nearity is

decreased by negative feedback in the game catio as is the gaam

Thez refore, a8 Been. from the above dipcuseion, the
' umavondabﬁe acntinsarity of the tube caa be asgumed {o ke mg.%gsble

boeause of the Yarge amount of ¢codback used in the buffer stages.

{2) The adder

The fumetion of theae tubes 3g given in Section 2. -Uging the
same sigeal and gain of the buffer stages, 2 gimilar method for
sdjusting the gain wes used a5 in {1) but in this case, the null detector

was connected as shown iz Fig. 2,43 aad the input to the other half

of the adder wasgrounded.

T . —0 - 250

O $ -
siagNaL <

:L _ ‘—9—5500

Thug the gain cﬁf one of the two adder tubes was adjusted to have the same

Fﬁgu 20 4‘“30

value as that of the bufier stages.
amce the proccéure vsed here was e588R: :3ally the same a8 that

used for baia..cmg the buffer steges, thex -afore, the error was the same

- ag that in {1):
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A similar procedure was used for the other .mb'e of the adder,
The overall accuracy of the adder cen thus be kept to within

J u.zz & o.zzuo,s%.

(3) The Output Buffer Stage

The constants 4 { and A {see section 3} of the output of the
multipiier can be etimipated by equ.a.h ing the cutputs in the absence
of signals. Using a gensitive DC meter on the scaie of imV, {(Keithley
$50A) as a null detectoz, we could equaline the cmsta:ztg A! and Az
initially to within about 0, imV, This balance was oubject to drift on
the ozder of 2mV/ihr,

A gimilay method for adjusting the gain was used as in (f))
gnd the error was the game as that of {1} bul the error due to aon-;
Linearity was very . muth smaller owing to the fact there was much
Yarger amount of feedback i this stage.

By feeding the same sigeal to both tubes and using a Vacuum
Tube Voltmeter (Hewlett Pacliard Model 400K} ac nuli detector as
shown in Fig. 2.4-4; adjuét'iség the variable realstances R and
R, the output could be balanced to within 0.1 mV ca imV scale.

i
This belancing was subject o drift on the order of 2mV¥ /he,

+180

P

NutL

SigNAL- ' _ — . . ‘ DETECTOR
ﬂ 100 K :

~250
Fig. 2.4-4.
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{4y Of 231 the paris giving rise to errore discussed zbove, the most
critical parts determnining the eccuracy of this muliiplier are the noge
linear elements, which we assume to have the curre atwvaitage traasfer

characterictic of second order {see eq. 2.3}, i ¢his transfer

©

characteristic iz assumed to have a term of the third order then we have

1 sl 3
T=44BY+CV +DV (2,444
the meaning of the symbols being the same aa in section &8,

The output of the multiptier is then piven by A 3™ {& ; + A z\)
2 2
8 - - el - ‘\\ -:- f " ? h 1 '? “ }
'“BB B };X rg’B,,‘ 2 5_}-((23 Ci;X QCS ,CZ-’ Vi rt-(i‘g Dmi
3, o = ph N -
- B?‘B v o+ 26.,3 Ay + 33‘)3:& v 3!)3}-.;: +B, 7 {2, 443)

-
d

+ @3

T 7 is moro, that is one of the two ioputs &8 geounded, the

2
T - (A, + a1 +{3 ~BYE T, - G R ""Ds“Dsmg {2, 46)

The fSires theat ferTas ave 400 ntrodiable a6 discussed in

geetion 2, but we have 8o 202 i over the last tesm and thesefore,

gae

the ezror Gue to ils presenie it wnavoidanie.

To compuie QuME oably the @ffect of the D coefiicient

v

cn the multinfizy envor, two 56 z’(} tuben were tested as deveribad
in Apneaé.i:a 3, and the cury atvva?f;arre sransfer characteristic of

t&ece tubes were found to e

3 20,89 % 34, 1AV 4 2.00¥° 4 0,36V mb {2, 478

. 5
$ =0,50 ¢ 54,437 + 4.0¢ v+ 8, '.'4?11"3 mAa {2.4-8)

T Mt A e XA T
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Fror equation {2.4~8}; i can be seen that the presence
of ((:D3 » D a} cosfiicients give an exvor of . 5% {Appendix 3).
This error can be further minimiged by selecting tubes having D
coufiicients as nearly equal to ope ancther. This can be easily

dome by using frequency apatyser a8 deecribed in Sppendix 3.

Bapdwadibs

The bandwidik of the multiplier was measuzed by apolying
a sigaal to both ioputs. The ¢raguency wes changed watil the ocutput
voltage zeached £.707 of s amptitude at mid frequency. The baud-
width found was M cyclefsee. (Fig. 2.4-7).

Sensitivity:

To tect ihe seasitivity of the multiplier, 3 sipusoidal sigral
of $0%e was epplisd to cach fuput gimultznecously and the oalput was
measured. Fig. 2.4-% gives the plet of cutput agaiest the input of
she multiplier. Frem the figere the range of this multiplier was

forsad to be from 00mY « 5V peak to peals.

Drifts

The euiput of the multiplier was comected {0 & Tecorder
{Vasiag Medel 5-10) ond it wao soumd that the ari%t of the multiplier
output is in tho viciaily of {0V in eight hours, as showe in Fig.

{2.4-9).
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A COMPLETE DIAGRAM OF THE ]

Figt 2 oll--lo




ETE DIAGRAM OF THE MULTIPLIER

—()-500 -

V) " All volues of resistors are in kilo-ohms unless
otherwise indicated.
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T . CHAPTER3

Power Supply

The 500 volt supply is used mth the psswmm tezmmal at

'grouwﬂ, amd 2 current of up to about 40mA ie drown at a potcmtial

of <500 volts, I» a2ddition, a «250 volt torminal is raguired, Short

teram otability should be eomparabie to that of the <506 volt supply.

it is suggested that ' swz?'}.c regulator ke added, usling the 500 volt

supply to provide & roms’enm. tevel,

. ° A - SERIES REGULATOR =%
Rl L 2260
STABLISED | ’ It

- ol | L T%——f)‘ﬂ@
S {
—\&MPLE

PorENTIALm

PEFERENCE PeTeNTifls

=)

125

X2
(X4
0

4, Series Regulator i&

rolatively light' ~50mé -

The d-t loed in =
Cand . a receiving (ype ouipat fube of the &1L6 type 38 adeguatie,
The veltage dvop s fized {ab 250 woltn), so the dissipation at 50mA

joad is only. 42. 5 watts: The 656 WGA is capable of digsipating 17.5
watts and if conpected as 2 tricde; hao 2 voltage amplification factoz

At of about 8.

L




<42 .

2, The Shunt ampiifies

" {a) D.C, Stability

3¢ we sseume that the 500 volt aupply has a stability of about
g in iﬂé,, our regulator should cortainty be a8 «ona as thw, we might
2im at a loag term statillity of § in 10. % amd a short term (minutes) of

pe’xhapgs ten times bettar thaa this.

£ balameed double~tricde cathode coupied cmgl.mer {*"long tadl
pair®) czn be zelied on'to raaintain o stabie gridecathode voltage to
within 10 millivolts i the heater veoltage is stahilized to within about
one perceat. The variations, aséx‘ibad to comtact potential changes,
would be about * imn.hn‘aii. over the period of a shert term ekperi-
ment «a few mamea)

% we use a reference voltage, derived {rora the 500 voit
supply,.of about cne ket the fma? ouﬁ:pat i.e. 325%’ q,}m; the
fluctuation in\ contact potential womd be about dom Aeaﬁ whea refer-
zed to the output terminazl, Heaze fiuctuation due io this cause will
bo about + 20mV in 250V over the loag term, and perhaps + 2mV
over the chort term, The ctability would ealy be iwproved by using
an amplificr having lees arift wea.q. o choppay-stabill ized system,
Howewsr, f; 20m¥ in 2507 is = ctabiiity of ome pert fre 82, 500 which
18 comparable to the stakitity of the reference mpg&y and ia aecepted

ze adegnaies

(b} Amplifier pain -v- cutpuf Resistance

The cutpa: resisiancs of the stebiliser ampBfer, will be

approximately that of the §o Wower of the series regulator tube

§

when conpected as o ezthode followes { 5=, where gm is the

gz

ngeonduetenee of the tube) divided by thef woitasa) gain around
oy &

>

&

e

o

the fesdback icop, 3.,

(3.9

Q) ’pa

i
RolMe
R m
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we design the cizeuit to provide an output resistance which
will cause voltage changes due to load current variations to be of
gimilar magritube as those arjoing Srorm other causes, Thus if
current variations are about * 5mA, the terminal voltage variae
tions 4V will be |

JV = {5mAjRo (3.2)

we should havedVA2ZmV {nsma!az* to stabiiity fiuctuation)
which gives Re&0.4 chmas,

Assuming, for the triods=copnecied 6L6, that G.’.!.l 4, 700pv

RokD. 4ohm€ - (3.3)
Ro = R 4,100 ohms
K»530 {3,4)

This §s the loop gain; The sensing voltage divider will cause 2
loss of gain of about 2, so that the overall vcltage gain must be -
sbout 4060 times. The voltage gaia iacludes the prof the series
regulator, which is sbout 8, 50 that the actual shunt amplifier
should have a voltage gain of 10608 or about 133 times.

(¢) Shunt AmplifiessFrequency Response

Because we require one overall phase reversal from
input grid to series tube grid, and because iong-tail pair amplifier

meay or may not inyert, we have a choice of connection.

e A e SHALRER
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~DOMINANT
LhG

carAtiTOR

11

Q.

NoN ~INVERTING " \NVERTING
STRGE sTAGE

FigU. 3"3
The firet stage includes the full complement of Miller effect
capacity, The effective input capacitance at point Gl is

{cgk’“ + K} cgp} {3-3)

where cgk is the capacitance from grid to cathode, cgp the
capacitance from plate to grid and K is the gain. For the §2X7,
with 800k load, Ko38, Cgk = 1. 044, Cép = 1. YF, Cis“"s +39x

1,9k T6uF
The second stage only 2dds the ® cathoda followes ® contribution.
The Miller effect 15 missing and the total capacitancs at G, is only
1.8 4 1,9 = 3. J¥. A |
3. Phase Lag Ana!isis:
Stability against Oscillation.

With the arrangement of Fig.3-3, = there are three phase-lags

within the feedhack loop.

SRR RS T

T T R IS TR
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>l00K " L
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|
|
|
S o— N I -0
o Eigo 3"4 i
Lagi.
Capwitance C‘ is made up from:
lnput Capacitance, 6LON23upf mcludmg strays.
Output Capacitance, 42 AXTL2W4F
Totak C l’z’ﬂ,‘@n
Agsume plate load 160k, plate resistor 12 AX7, 80k
Net remstancac 44k =R g
C, Rg4 X 403 x 25 = 10° 1% seconds, (3-4)
=t,4x 10;6 geconds. ‘
Lag 2.

Capacitance C is made up from: Input cepacitanes,
12 AX'I,NCSP +C "'W output capacitance, 12 AXR,NM204F
say Cz 7.5 F (inc!udzlng 1,5 F for atrays)

Net Resistance? 441@&2,, {325)




6L6 | 250 V

$ - 80y
450V
. :
12M 3
| %
- 500 V
REFERENCE
6.3V
09A 2N3053
6.3V
3 e °
5V 0.9A 2N3053 ;
63V 10 J
094 to 6L6 ‘
‘_J aN27I2
t 4XIN207I | X 250pf 500
_" 50 n
20
K 2.2

Fig. 3.5
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ok :
- - oy .
CZ’, Ré\’.d,, 33z 40  second. 3=5)

Tris is made up from the doraina~t log capecitor CD” fed

: . i
by the generator Foshstenta gow of the 64L&, The largest value

of CD which i3 resvonabla physically ie 88 ¥ {450 VD),
’ o

b L -b =3
Hemee Log 380 ¥l & 6% 5 107 eeccad.dl, T2 2 40
. Tl

EECoNGB.

T, et bnid v BT

5 L. a
T_ 20,3310 {361
T szm 210" 52007

it

Feedback ampiiiior theory predicts tal 1ae overall

pransfer funciion deve "apq polzs which e on the jwecris {axds of

veat fregueney) i

(AR mipdmi{froi{ms =) {3-T4
eiu e} 2
where m = 3,33 05200
and {AB) ss the critlest focp gakn. The cziticel value io thes
max T '

aliout H880, Tince we MG peopasing 2 lowez ¥ Ao of gein( d.e.
i

3823

2

4 2% the very most we can assume

=

P

feahiqm fram: oociiotion, 9% b gein i5 E soduign to cooul oud quarter

of the eritizal valve, e overchoot i POSpOnEY ¥ & step fumction

cpant wlil ho nopligh ihia, Ehis im adcates 8 100p Zaln of

ﬁ&'lm.mu l:.b SELTENY
phout §706, The Loy gt wogeiaiod 35 chown i Fig. 3« 5, the

shunt arglifior healers oih ot with steble doX 34y devetoped i ‘
o

tha coavenidonal cranaioloy YO Lulator. Tha Fita

kaz 2 ﬂmv?"m'

musitipiier tubes.
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CHAPTER 4

Noijse Measurement -

The noise measuring apparatus have been assembled as
shown in Fig, 4-1.

AmpLpER |
Nowse Souece CF K; |
CATHODE FoLLOWER !‘ g
CF Kz J
: AMPLIFIER 2

Fig. 4.
A cathode follower was installed at the fropt gnd of each Fsceiver
in order to incrense the input impedance which was 200 chms,

As a starting point cach of the amplifiers vsed hore was an RCA
Cammunication Receiver {Model $50A), having a full voltage gain of
about 10, the bandwidth of 6K

The dynamic range of the multiplior wazs £00 mV to 5V peak te
peak and the bandwidth was about ihfc. A brosd banduidth multiplier |
was chogen by Rimawi (1963} because he thought that he could make use ‘
of the wide band decade amplifiers {Acton Laboratories, Model 500-A) -
svajlable in the department but goun he fourd that the amplifiers had been
modified, Ths voltage gais of the multiplier was 68 x 10°2,

Tho lisiegrator bas three time constants (2, 10 and 20 seconds).
The 2 socond time constant Was used whem making routize measurements
on the spparatus. For 10 anid 20 seconds, please refer to Section on
dintegrators® (Chapter 2} |

The n&oter uged hers was & sengitivo DC meter (Koithiey asm

with ranges from il‘,.v to 5 1V full scale.




wAB

4,2 Measuremant Progedures

The measuremast was made with the automatie volume control
of each of the z'ac.:e:-‘wers gwitched off and the centre frequency was

%
arbitrarily chosen a?. L5 Me

The output of the receivandy which consigfad vramu.niy of the
haﬂkgmmc- neise was adjustes] and kept within the dyeamie range of
the muitipiier. A CRO Q?ca&hode ray osciltogscope) znd en RMS (root

moan equave) voltmeter were uged for this purpose,

Various fntegrating time constanto were used to see if the
background noise were canceiled, By {eoding the two inputs of the
multiplior with the same receiver, usiog a time copctant of 10 seconds,
the maguitude of the bmc‘ngwund polge was sbout b ralilivoits, Then with
two veceivers, the barkgww:.@ aoise was about mv Qr, Fig. 42},
Kaowing that the background noige was not fully cancelied, a time
conotant of 20 seconds wes voed znd the backgébwad aoise was then
reduced ts about 0.3 1V, (c.f. Fig. 42} From theoe resulta we

kzew that longer time constant was aceded, but & the integrating time
congtont was t0o long, the deift of the power supplies would affect the

mgasaremment.

The reading on the DT meter did aot give Brect reading of the

poize voltage weasured bub .m certaip imterpreipiion af s8em below,

3
METER REAMMG = Kg K, X, %

where iﬂg is the galr of the firet recetver [ 1 % 26

i, the goin of the second soceiver O¥-4.% % 40
[

-
. e .y =Y
and E‘és the galn of the muitiplier &% = §0

When measuring p-u junction neise, it is advi sible to kave ceatre
froquency greater then 10 kC 42 order to awmd the flicker noise.

(Bennett 4968).

o e
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The minimurn thermai noiee originating in resistors that we

g i
conld measure was kilo-ohmaas show'x i Fig. 4.3

Remarkss
M—“

Shen using the apparatus to MERIENE sez:i-conductor noise,
A d tor 26 mixer) €0

we ghould use Beal Fraguendy Cociliator {and deladt

20 to aveid the chagge o= 0 poine ppecivam at dat tertion, However, Bt &S

cot pececeary with the while neiae 3. e. noioe orizniting within the

cesigtors, It is bocsuse when RE stage passes 3 ceetaﬁm Landwidth

;-’:5 £ about § = 4,5 Me,, the _Lu::er and EF {Interenadiate frequenty)

#iters merely transform off &

2

Qs spe“,h al companent to & new centre.

fraguency w&vﬁﬁﬁa}w Atk B t mtector‘ changes the @nck-d\\ rectaugnzar

gpectrem tO & trianguiazr 8 ghene due to CoRpod 1onts beating ﬁog,ethor

in the mmu!mear detzeiion, -

4,3 Proposal fior fezihas ronaarchs

o order te ba abie io maaoure the pen juretion polse higsed

in the ferviard droation at ‘:zsh eurpont densily, we have 2 Improve

without intendacing 2Ry signtficant

the cigral to noise * 2iio, Ti de this
» gomparable B cige ve the junctien Roies, & tomed eircuit io proposed
a8 ghown in Fig. 43~ . i
e >0 CF.
n
RN
[ L i /
5 . % [ _,‘[: ¢

U i',...‘—-———"'
R E
.
DEE.
[k

This circuit can gasily be designed to act 28 3 got-up transformer.

N
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The second method is by using two complete systems in
tandom as in Fig. 5«2, A
: B
A

A
r \ - \

AMPL AmPL |

AMPL AMPL
5
K~I0 | K ~ /OS'

Fig, 5:2.

With such an arvangement it might be possible to increase
the total amplification considerably. Since the syctem B would
have to work at frequencies within the passband of the ‘integrator jA’
it wonld be pecessary to use the pysiem A at froquepcies high

enough to make the paschand of § reasonably wide, This
A
copdition might zot be difficult to realize by wosking in the VAP

or microwave region with the system A. ‘
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Conclusion

At the time of starting the work or this project, the most
important purt of the system was the one describéd in Chapter 2,
the multiplier. Ite impoztance stemmed chiedly from the fact
that this was the only past which was required to complete the noise |

measuring equipment as originally plenned in £964.

As a starting poiat for the multiplier, an existing desiga has
boen adopted (Rimawi 19633 But this multzplier had to be modified
80 a8 to make & suitable fox the present use, Because of the long

integration times ranging from a fow seconds to geveral minutes,

the drift of the multiplier cutput had to be reduced to a minimum,
Thes this became one of the major tasks in this project, The drift
has been reduced from the initial value {at iac start of work on
multiplier) of a fow hundred riiftivolts per hour to the present figure
of about 2 mV por hour: This was achieved by the use of stable
composents {bigh stability metal film or wire wound resistors) and
the ugse of stabte powes supplies {chopper stabilised), John Fiunke
powez supply wae ueed with a epecified stability of 0.01% per day and
ripple of less than 2 militivolis (RMS).

The accuracy of the multiplier {abonut %), its dynamic
range {0, 6--5V peak to peak) and bandwidih {about 1 Mc) remained
esssatislly as in the original model of K. D. 5. Grosvenor (1959).

The outpat of 3 multiplier of this type does mot give the ‘
product of the input quantities directly. There is a praoportionality
conotant involved such that
Ov put = K(XY) {c.f. 2.8-2)

This censtant K was fouid to be 68 x 10’3 for this particular multiplier.



At

to be ased to moasnze the noige power in d fo

-52.

This constant, together with the small range of multiplier
nput imposed severs. tiroitations on the gensitivity of the noise

measurements made- with our equzpmeat.

. The smallest. signai with which the mutt iplie's woutd produce
3 meaaurable output 3 v:'aa 600 wmv {peak to peak). At the game time
the largost acceptable vo!tage was 5 vo!ts {peak to peak)

The largest voltage wag determmed by the background noiee
of the reeeiver. In arﬂer r.ot to exceed 5 volts peak to peak of nclse
output, the receivey gaﬁn had to be kept low (about 10 9 In order
to produce the mmmum signal acceptable by the mu!tzp!ier the noise
sonrce that we wished to measure had to deliver about. -5 a 6:!0 Ty

peaktnpeak or ino Vr m. 5, Thiswasequsvalenttoathermal

roise origﬁnatmg ina resistance of about § kilosohm, Rtis therefore

to meaaute the noige of 10 -8 Vr,m.s. from ap-n mnctiou
muitipiier has a wider

poaazble
biased fa the forward d;zeemn unless the

. range so that ws cou!d fully vse the gaim of the receiver {about 10 )

or to improve the slgaal ta noise ratio.

The acise voitage thet we could measuze ave far £rom what

was ozpected from this eqmpment and can only be zegatded as starting

point for further deve!opmea’cs.

ezther of which may epable the agparatns
rward biased p-b junction

Two suggeahonsa

have been puf. Eomrd in Section 4.3,




Aggendix 1.

Suppose ' the plate cersent of a triode &8 given by
i ==a+bv-:—cv2+ é?s

whez:* za is the actuz) plate curveat, a, b, ¢ and & are constants, and
v ic the grid sigaal. Values of 3 and v ave aceumed to be given
and it is required to give the formula or a cuvve that gives the best
£it {oet) of the ezperimental data. For the beost fit, the error due

io the fitting must be minimized

wvhere @@ error

i : given currest

E: The ma?hamaﬁcf-? ﬁxpecahon for ave zage?} of the

guentity iavolved.

| Expsnding the right-hend side,

. z .
e= E{i" - 2@ * éi';j z B [iz - 2i{a @ bvv?-gtfz-”rdvaﬁ)

$ letvbrd cuszi * agrgyz 1

Te minimize the ¢zrOT le! , ite pastial devivaiives with vespect to8, b ¢
aad 4 should be zero, The mdat‘oas obtained from such differentiation

are the fellowing,

&b

L gf- 23 + Elatby cvz-l- &'-*3 1
ba
v o B2 + Bl2a}t B EZQb’P?‘CVZ‘.‘ &VS‘; 1286 (1)
3 q
.93 =z e Eﬁgrs_) 2 E( bv ) + B thﬁa'!*cvz'!' d'f)‘j' z 0 {2)




o 84w

%%s - E{ziv) + qucv4p +E [zv2(a+bv+dv3) 1=0 {3
Se . | paiv) + _ngav") +E [zvsmbwcvz& l=0 4

&

‘1"!_:0 constants 2, b, ¢ and d are found by solving ﬁhe;.gi;uations_ 1, 2

3 and 4 gimuitancousty, The conctants aze given by the following

relations:

g Elvh E) 2v%)

a E{1) + bB{v) * cmivy + QELY) = Ef
a Elv) + bEI) + CElv) + Bl = Eliv)
aE(v b +bE(iv ). 4 cBlv ‘)édﬁ?@v } = E”ivz)

a (v} + bEIV 4 ¢ eElY ))an o Eliv

El  E(v) E({vzb E(v)
Eliv) EIvD) E«v E«v‘»
Egied) EivY) Efv) v}

A

B(1)  Ef) gv?)  EBlv)
A 3. L4

E(v) Bliv) Eiv'y B{v

gd) B Bl Elv)
B’ Biw) Biv) ziv')

A

E(1) Elvi B E(v)

. 4
s Blvs Bl Biv)
B B Ejiv’) Elv’)

L3

Eiv) E(v) Edv) E(v)
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E1) B E)  EG)
Ev) B B Etio)
md By Bv) B
B EvD) Ev) B

ds=
A
By EW ED B
where A = Bw EW) B Ev)

o

5 B B Eiv)

Ev) Evy EW)  Elv)

[~ o
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T ean b ceen thal over the range of wolinge from: about 8.2 o

0.6 vells, tha lephane Teoistaras af the Tantaler capnciior is zeavly
consiznt, beng about 60 Megaohkms % ¢ Megaohans, Gomparable

fieuron for the ~lectralylic capnciior are 24 Megashms & § Megaohms.
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Aggendix 3

¥ we assume that the non«lincar olements have the current
voltage tramsfer characteristic of the third ordez, then

l8A+BV.+CV‘z wva

where A, B, C and D are constants, and V io the signal voltage.

Applying 2 tinuscjdal voltage of § volt peak to peak biasing
gt «2.5V, by uaing the frequency analyser {Bruel and Kjaer Type 2105),
the constants are found to be

A, x 0.59 Ay = 0.59
B, = 1.8 B, = 14.13
c = 2.00 c = 4.0t
D, = 0.16 D = 0.17.

From Eq. 2.4+6, wa eee that the (D3 - Dsb terwm contributes an error of

(D, - D) X y
[ ‘00 qo = 0. 5% .
C,=C
3 %
¥ this tranafer characteristic has terms highor than the thivd
order, the Srequency analyser is unabie to sagasuve that constant

{say E) because it is very small. |
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Aggendix 4

Selection of Tubes in Cascede stages,

It ias already been said that the cocificients in Eq. (2.3-1)
can be adjusted, However, such adjustment is only practicable if

the tubes are initially well matched, Some selection is therefore

DU necessary.
The absolute value of the plate currant at the workiag
e 3 point is not imperiant (€. 4. Section 2. 3) but the absolute value of

Gm ig. in the tubes used, the values of Gm in the centre of the
Yinear portion of Gmw} eurve should be as close to each other as
possibie (within 5%, say.} AL the same time, the slopes of these
curves should also be as close to cack other a8 possible (withia

20%, say).

The pre-seloction of the tubes is carricd out in the Vacuum

Tube Bridge {GRC No. 564 - D). Bach tube has been measured |
under working condition as in the cascede configuration and the circuit

i shown in Fig, 2.4-10.

G j—

; R A 125V
y 5
| . 307 |

0 - 250V
Pia. 2.4040.

Typical vesults fozr the measurements are shown in Fig. 2.4=11,
Curves {1} and 43} have measiy the same slope of Gm but tha
tinear portica is too far apevi, Curve §2) is not 25 linear as that
of curves {4) and {3} a?.théugh it ptays within the superposition Birait
(.‘5%?. From experience, we can choose zny curves for our reference

and try to pick as similaz rube charactesistic as possible from the

experimental resulis.
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Cood seleciicn of the tubes will give a wider renge of

muitiplication, thus shtaining a better multiplier because of the
sdentical G {U5T conetant} and slope of G m\? wol cc;?saan’c)
m ) -
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Appendiz 5,

The common forim of the feedback equation is

k
G = TR {A.5-1)

whés:e % is the goin without feedback, G is gein with fesdback
snd B is the fraction of output voltage that is added to the nput
veoltage.

i€ B s kept constant $a eq. {(A.5-1)

Ak{1 « FA) » K oB ALY

&G =

14 - k5%

LuBe G Ak (A 5.2)

wowet & (CF

c’ ax | "
AG = =5 {A.5-3)

k

8G G Ak A.5ad)
oz = ¥ % { )
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A. van der Ziel expeets a considszable space charge outside
the juncticn causing a correlation between gavriers thus violating
one of the assumptions on wiick Bg. {1.1-9} is based {independent
crossings of the junction by carziers). W. Guggenbueh? ond
M.J.0. Strutt, on the other hand, espect ibat the aumber of
carricrs dvawn info the junction might be influenced by yoltage
variations, which aze gaused by variations of the ¢aeric: . concentva~

tion outeide the jupchion:

PR RPN S
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