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THE DESIGR of low-noise amp1ificr.q can bc made much 
simpler than has been preuiuusly i ~ a l i z e d  by the  use or 
equivalent short-circuil arlci ngcn-circuit noise generators 
as the  measure UT the noistness of an anrplificr, rather Ihan 
the noise figure as such, T h ~ s  apl~roach has two advantagesa 
the magnitudes of the  two equivalent noise Inputs car1 
be measured easily, and r i g o r u ~ ~ s  formulas fo r  nolse figure 
and nptimum source resiptance are most concisely ex- 
pressed irt terms of the two no~se-generator parameters. 

Basic noise theory states that a noisy a m p l i f i e r  can be 
represented by all equivalent noiseless amplifier- ])lus a 
constant-current n~lise generator in parallel witll. and a 
constan t-voltage noise genera tor in serles with, the i n l ~ u t ;  
Figure 1. The magnitudes of thcsc two gcneratolx ciln be 
determined ~ndependent ly  as iallows: Wtth the  input  ter- 
rnlnals shorted, e .  is rcsponsiblc for thc cniirc noisr t>utpul 
uI l l i e  a ~ ~ ~ p l i f i e r .  To dclcr~nirtt. [he  value o f  e,,. lllc x l l r > l l -  
circuit noisc* output i s  compat ed with \he ~ h u i p t ~ t  ~,roduced 
by a small known i n p c t  voltage large cnol1g11 bn miid t h r  
noise. To delermine i,. the noise n u t p u t  of ti le anq~ l i f i r r  
with thc input  tefrnin&ls upen-circuitecl L comparrd with 
that produced by a small kmurvn current  nt the input. 
The equations in Figure 2 show that thc rnm~rnurn ~ ~ o i s c  

figure of the amplifier depends primarily upc~rl Ihc produrt 
of e, and r., while the eptimu~n SULIICC reslstancc dcpends 
upon the quotient r!f e,, and i,,. This is an ~ ~ n p o l ~ t a n t  s ~ m p l i -  
fication. since the effects nf circuit changes .  tuedback. 
operating conditions, a n d  olher v a r ~ a b l e s  upun  e,, crnd i,, 
are easily assessed, while t h e i r  effects upnn  F., snd R .  can 
be obscure. 

For example, t h ~ !  bias resistors of a transistor amplifier 
are In parallel w ~ t h  thc Input, anci can obv~ously Ilac-e no 
cffect upon en. H o u f e v c ~ ,  lhcy w i l l  increase tllc value uC f , , .  
and this will raise F,, and  lower R,,.  resistor*^ i n  l>arallcl 
with t h e  Input mupt be large w ~ t h  respcct l o  R, ,  lnoI 
nccessar~ly with rpspect Ir, the i n p u t  u n g c d o n c e l .  st) i l la t  
their effect on P, wi l l  he negIigi'>lr!. Rcsisturs in  serics with 
the i n p u t  must bc bmall 1 ~ 1 t h  respect to I?., fur thc snmv 
reason. 
To specify the noisf pcrformnnce of the amplifier ex- 

actly. valtrcs are necded for 7 1 1 1 ~  corrclnticrn cuellicient 
between t h c  r. and i,, generators, and  for So, the reactlv~. 
part of thv o p t i r n ~ i r n  wjurce kmpedaucc. Ttl d c t c r t n ~ n c  X,,, 
a curve u l  e,, v t + i ; l ~ ~ s  .~11111+ce  reactant^ may bc plotled; X, 
then equals the  sc)LirCr  reactance lhat gives m r n i n l ~ i r n  u,,, 
To determine -,, noise figure need bc measured only once. 
at the optimum source impedance; then y IS the  o n l y  
remaining unknown in th?  cquatiorl for F,,, Hawevel*, X,, is 
us~ralls neg l ig ib le  at :ow f r c q u r n c i c s ,  and -$ is bnunded 
(0  6 7 '=' I ! and  usuallr lies  car. 1 .  so thal tht upl~rr- 11mit 
on F, rcelculated a s ~ i ~ r n l n g  X, - 0 and 7 - l j  is qujtc 
accurate, and may actually cxcced Ihc accuracy with ~ l l l c h  
the norse figurc may he ~ n e a s u r e d  at very low values a1 F.. 

Both en ; ~ n d  i,, arc independent oI,fccdback, and may IIP 
laken o u l 7 i d ~  ~ I I  the lccdbnck lnup w i t h  no changc ir? 
value, The ~ ~ r o o i  is a!: Inllnws: Current feedbark to  thc  
input obviausly \\-:I1 not a R c d  e. because it rv11 no7 
changc the collage gain o f  t h ~  amplifier or Ihe noise out- 
p u t  with the i n p u t  shurl-circuilccl. Smee the i, qcncratol- 
1s oulslde nf  a r un - rn t  ierdhack loop. i t  ~crnains un- 
changed. A n  a n a l o s n ~ s  pr'n[)f shows that e,, ancl 1. arc  
independent ot voltage freclhnck a5 well. S ~ n c c  the  nrlise 
generatois arc independent of feedback, so a b u  are F., 

and R,,.  Alsv. ilie IIOISC g e t ~ ~ ~ * t l i t l ~ ' ~  a le  a p ~ ~ . o x r m ~ ~ t c l y  111~ 
r i m e  fo! J given d c v ~ c c  111 any of thr t l ~ r ~ . e  ~ l n l l > l ~ l i t l '  C W -  
l i y u ~ a t ~ o l l s .  'l'hc gcnvratol 's appcar- tu be a 1ir~a))r r l y  o i  t h e  
c l rv~cc  at~cl  ~ndcpen t l cn i  oi thc w:~y it is krsb:cl 

At thv  optlrnltm sour'cc reslsSancr, both r ~ o ~ s c  gene, nEors 
c u ~ l t r i b u t c  rqually 10 the  Iloise o ~ ~ t p u t  of IIIV a~npM~ei ' .  
At other s r iu i ce  ~cs is tanccs ,  the nwse Ijgul'e 1s g l v c n  by 

I p 2 

F = l j - -  t i , ,y l?c v - 7- 27 c , ~ L , I  
4JcTal K. 

Fur source I.c>~~L.uilre nluch Iarger or  1nuc1i slxldllcl' 111311 I138 
oyl lmum. Lhe Ilur%L- rlcut'e depentls L I ~ T U ~ I  0111~ trllc ~ 1 1 '  t l lr  gell- 
rr,ltors, .lild uhni~ges  41rIe.irly \t-ilh S ~ I L I I L . ~  ~e--~sl;~\>cr,. Yrrr s u r l ~  
s twlce re~t-larices. 3 s  well as fnr  a l l  re.wltvc blrlITCe' 11 13 lilule 
rnc3nlnglul l t r  r a t e  a n  ,iinllllfie~ in term, lzb llolse genct-1hlor5 
11n 1111,r gclF1-  and ( r l r t r , L  I ) .  T I ~ ~ T C  tllelie i,ktlilbcrs are iniiel~el>llel~L 
of sntlrcc resrbtJnc'c ;I t l r  t sotlrct! tctnper.1 tu re  ?'he slp~t,rl-lid-nulrc 
mt1(1 1.. thc filtlu {II  thc 5ign:ll l o  thc , ~ ] ~ f , l ~ l ~ 8 r l n l e  nolce jy?ncrstor 
when t h ~  S O U ~ C ~ V  I I ~ I I J ~ C I . J I I ~ * B  18 I I I U L , ~  1.11 err 01' via ller tl i?.  
P I , .  11,.  

Rnlh the r!. and the I,, gencraturs vory widely between r4uruum 
iuhes  and transistors, arrhurl:! Lhe tlrlTcren1 tj'pes In eacll c~ r t c -  
gv ry ,  nlrrl somewh:~t wllll thr ,  rq)ernllnc: cr~lr l l l luns  01 n ],nr'tlcu- 
l ;~r  de r l ce ,  Slllce uuthinp c,+n llf t l r~u~! r l r  thc clrt'ult to ;aIVPCI 
the  gencl;?tors, ~t is 1tnport:rrlt lo  clior~he Ihe rlev1t.e whosr ntrlw 
I 8crf11r!n,inrr rs I~rsl In the reghnll r ~ f  the  11ltCriiieil soul-ccs 1111- 
Ireilunce, ilnd then rm t'hilc~sc llie nptunttln nl,c>-Lrmnp cnnrlitlrbns 
for 1l1at source ~rn~red;ln(!a, A c n ~ ~ v e i r ~ c n l  n a y  01 prcsc:it I t!g 
i!!fOrmntiui~ s l ~ o t ~ t  tlle now?  Eenerstnix i.; the rr1113c ~ ~ J u u I - ~ ~ ~ ~ F  
R I I ~ I U ~ I I  111 F I ~ L ~ I - e s  :I 1u G. Ruth el, d ~ i d  7 1 -  ilre t,l~,Llell o : ~  .) I t>ga r~ lh -  
inrc scnlc ngalnst snrnc rn[lcprndcnt Iwromrrcr, sr1cll n s  e r i ~ ~ l t e i -  
r-ul'rrlit ill' collcrlor v u l l : ~ ~ * .  Rrcatlsc of f l i p  log ~ r a l c - ,  Il~iilin?ur?l 
F Is indtcnted hv t h e  I?~inirnlunl .mm of the c ,  nnd 1 ,  curaes, 
\;hilt I?.. rs pi-o~ortit,t~ril trr l hc  t l r f l t m r r n ~ - e  I>ctn.ritn I l ~ c  two  
curves. A st~l.ucy af t l~t rercnt  derviccs can be made  quickly 
:llIrc a mlt~linulll  13f i!li~1ri~i:ll!t71i 15 I - ~ C ~ ~ I I ~ - C L I  oti L . I L > I ~  ~ i c v ~ t > v  
tcsted. 

Martufaclu t'ers could I)erforni o sel'vir'e 17)' puk~lislli tw uniw 
dragrams of their ~ C V I C C S  I C ~ T  se t l~ f i l l  ~ r i t ? ~ l ~ r n ~ t * n l  \-ilrla[rl?li 
=uirmn as cUr.Fenl. vollape, tPmpfraturc :rrtl  i t cq t l~nc : .~  ; 1 - , i 1  t l l t r ~  
t'.d~~!lllnre the rhntr.t? r l f  the  p?n[wr ; a n ~ l ~ l l l ) ~ n l :  clavier I I ~  e a c h  
. d r>~~l i r i~ t lu t~  T h e  I>re5erbt lnel hnri rlf rnlitip bq- iinlsc ilgure 1.2 ;lt 
ljrrt cuti>t~ersclr~ie. 2nd r an  1 , ~  LIICrrlfllvlclr wllel! 1Zw COI~I-I 'C FP- 
xnit:1r!ctb which llle nfflse rieure iu ItLtnilvrPr1 19 not ! l o t h  s ~ ~ P ( * I -  
I;cfl :uncl ec]~i,l 1 t n  li. .. 7-hc ~ e i i e r a l  use rl<-l,e peri?.r:a!r,r:: r?bu frl  
t vb t~s~dr ro l~ ly  sin~ldll 'y the  I'er ~l-cserrtall~>n ;~l>l*l~r.;~lri~rr of ~brnl>li- 
tyif!n ctcirrcee w h c r r  rIc,isr perl'ortnn!~cc 15 . ~ 1 1  Iqi>r>qlrfanf CncIu14. 

*N OlSY 
AMPLIFIER 

+TI EQUIVALENT I-: 
Qin 1 NOISELESS 1 

AMPLlFl ER 
17igure 1-4 n r k y  arnlllificr can rrpr~.;rnted by an 
e q r ~ i ~ a l e n l  noiseless arn1,lifier plu< a constant-\ ~rltagt. 
ntblxe ~ ~ n e r ; t t o r  id serlec w i t h  the injlut aitd 3 
ronst~ni-current Centratcrr in parallrl w i t h  the input 



USUALLY X,= 0 AND THEN I 2, I = R,; 

Pimre 2-Minimum noise figure Fa and optimum 
aource impedance Zo = R, + jXn can be written con- 
r iscly  in terms nf the  equivalent noise generators, The 
correlation cneficient between the two generators, y, 

Ties between !J and I. 

2N169A TRANSISTOR 
V,= I VOLT, FAEQ = l kc 

>-40 
1 -- 

J 

EMITTER CURRENT, pa 

Fimre &-Noise diagram of a transistor for which Fa 
minimizes a t  a h i ~ h  source resistance. C~nventiortal 
check of noise figure at 1000-ohm source resistance 
M ' I I U ! ~  not reveal this transistor's low-noise potential. 

-7oY-1-10 
20c  200c  2kc  20 kc 

FREQUENCY 

1:i~ure &Noise diagram ahowing frequency spectrum 
r l l  the  en and i17 generators. The two acnarators do not 

nrrewnrily have the samP f requ~ncy spcctrum 

EMITTER CURRENT,po 

Fimre 3--Noise diagram of a typical low-noise tran- 
sistor, showing ea and in as functions of emitter rur- 
rent, Minimum FO occurs at the emitter current which 

minimizes the product nf en and i,,. 

COLLECTOR VOLTAGE. VOLTS 

-30 I +XT 

F i ~ u r e  L V e i s e  diagram of a transistor with collector 
v o l t a ~ e  as the independent parameter. Roth en and in 
seem to be relatively ~ n d e l ~ ~ n d ~ ~ l t  uf cullertor vultayr 

u p  t o  several volts. 

-IU 
U 

SOURCE RESISTANCE 

2N169A TRANSISTOR 
' le= 20pa FREQ = l kc 

F i ~ ~ r e  7-Cornparisan or a low-noise transistor with a 
low-noise vacuum lubc .  'rlw trnnszslor has a I )web. 
noise figure for saurre resistances bclbw 10,000 ohms, 
while the vacuum tuhe is  superior Fur source resis- 

tances above 10,001) clhms, 
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