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-ABSTRACT

. A method whereby the noise figure and the excess
noise ratio of a device may be measured using succeeding-stage
noise'compensation is given. The procedﬁre developed, measures
the noise behavior of the firsf'stage of a system and corrects
for the noise‘contributions of the follpwiﬁg stages.

Experimental results are presented for the noise
figuré and the excess noise ratio at UHF for a junction FET

device.  The ‘existing noise models are also verified.
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CHAPTER I

NOISE CHARACTERIZATION

One-Port Noise-Equivalent Represéntations

For the noise analysis of one—poft~networksAvarious
characterizations of noisé exist. ‘Representations commonly |
used ares noise“temperatﬁré, nbise'conauctance, noise
resistance, equivalent éaturatqudiode current, and excess
~ noise ratio. | _ '

Any noise that has a power spectrum containing all
frequenéy components in equal'proporfion is referred to as
"whité noise". | | |

For any white-~noise source a noise temperature, Tes
éan'be'defined which is a measure of the available power of that
white-noise source: |

Te = NA/kB’ 0..00..‘0..00..0..000. 101

where N;iz availéble noise poﬁer of noise.souréé measured in
a bandwidth B. | - |

| | ’ Aé an exaﬁple, consider the case whén a tempefature-
. liﬁited diode is used as a white-noise SOuree,"For UHF pﬁrposes,
fhe noise diodé is.terminated by the characteristic admittance

of the systém. The-equivalent noise model of the diode noise

_ source is.shown in Figure 1.1,
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Figure 1.1 Noise- equlvalent 01rcu1t of a dlode B
: noise generator

The dlode generates shot noise. whlch is proportlonal

- to the plate current, I. The terminating conductance generates

'thermal noise porportlonal to the phy31cal temperature T of

the conductor.

Short c1rcu1t1ng the generator s termlnals, the

mean—squared noise current becomes

2 -2 = 2 B+> LH{T B “ .'......5......;. 2 '
imop 91 "GoB . " 1

This noise current can be expressed as a thermal noise source .
of conductance Go with a physical temperature Tee "Rearranging

equation 1.2,

iTOTz =- l‘"kTeG’oB oo'o‘o‘oo.o'o'oe.oojo.ooooo'oooo 1-3

where : Te = qI/szo +'T'.‘.......;....'..'...;...' l.b
' Equlvalently, the avallable noise power from the

generator is




- o
2qIBGb/hGO + hkTGo/MG,

QIB/2Gy + KTB  eevsnenenevevesesanaes 1u5
which can be: rewritten, L | |
| Ny = KTB eevesesnncccsscornsscscaanes 1.6
where Ty is given in Eqﬁation.l.he.' | | B
This example shows that the diode noise geherafor
can be described by a thermal‘conductance Go at a'physica}.”
temﬁerature Tes without affecting'the terminai;properties of
the generator.
White noise across any two terminals of a network,

measured in a bandwidth B, can be described by -a noise current

-.generator, paralleling the termlnals.2 The mean~squared value

of the generator is

1n = hkTgnB 'ocoooooo,cocoioooooeoooco .107

‘where‘gh_is the equivalent noise conductance across the

terminais, and T is the physical temperature of the network.

The flctitlous noise conductance &n glves a measure

of the noise across the two termlnals. - It does not necessarily

represent an actual conductance in the network.
The dual to the equlvalent noise conductance is

the equivalent noise re91stance1 Whlte nomse may be descrlbed

hy its equivalent noise re31stance Rp referred across any pair

of terminals. ThlS fictitious resistance generates an

equlvalent mean-Squared voltage parallellng the two termlnalsa f

Z. _ IR J
Yn = UETRnB ooooooocooo'ocncoo-ooooooemlts




; where T is the ﬁhysical noise of the system.
| ' | Noise-mayvalso be represented by an equiValeﬁt
mean-squared cufrent-géneratdr .

— . | ' :

i, = 29IEQB ecececcvccccvscscscsccee 19
in parallel with the terminals of a nétwork;whére IEQ is the
equivalent saturated (temperature-limitéd) diode current of
the network. In this case, the nqise of the network is
characterized by a genérator having full shdt noise, even
though the true origin of the noise is not necessarily known.
_ . The noise ratio, NR,-of a‘tWO—terminal netwofk is
_defined_as | - .

NR = Nu/ kT.B eeteecrsernerenenenee 1210 |
where“NA is the availéblé outpﬁt noise power measufed in the
bandwidth B, and kToB is the available thermal noise power of

the nefwork's passive termination at stanéard temperature (290°K).

Noise ratio can also be expressed agcordihg to
‘Equation 1.6 by o
5 NR = Te/Ty sesessescsccssesessssases L1l
where T is the equaivalénﬁ ndise temperature of the netwqu,.
and Tovis the Standarg noise temﬁerature. |
An exceés\ﬁoisé-ratio, ENR, can alsp-be defineds
ENR = (Te - To)/To - T,;/To ceresesees 1.2
where Ty is the eicess noise temperature. |
| Excess ﬁoise ratio is a measure of the noise
produced by_a oné‘port netwo?k;above the thermal'noise
" contributed by its driving-point admittgncé.,ﬂ

-
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fTwo—Port Nbise-Equivalent Representations . -

»

Spot noise figure is a measure of the noise

/ performance of two pert networks. A definition of épot

i
|

noise figure is the ratio of the noise power output of an
actual two;port and'its noise-free equivalent. Spot noise
figure, at a specified frequency, has been defined by the
IRE3 as *“the ratio of l).the total noise power per'unit ’

bandwidth at a corresponding output frequency available at

" the output port when the noise temperatﬁre of the input

termination is standard (290°K) to that of 1)‘engendered at

the input'freqﬁency by the input termination. The standard

noise temperature 290°K epproximates the actual noise teﬁpera-

ture of most terminations."

The important aspects of the previous definition
should be pointed out. As defined, the spot noise figure is
a p01nt function of frequency. It is independent of output

termination.s The deflnltlon also states that the spot n01se

‘figure assumes that the input termination is at a physical

temperature of 290°K. |
Wheh several hetworks are cascaded, each netwerk
contributes to.the'eﬁerall_spot noise figure of the system
according to * 'A | o |
Poyst = 1+ (F=- 1)+ (Fp - 1)/6y |
+ (Fy - 1)/GA1GAéf§- vee . eesese 1.13

where GAl’ GAZ’ ses are avallable power galns of the 1ndiv1dual

_ stages, and Fl’ on ess are the spot noise figures of the indiv1dual




/ or attenuate.
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' stages. This expression holds for networks whether they amplify -

The spot noise figure.of an_attenuating hetwork
at standard temperature is o

F = 1/Gp <eesesesssessnscccsnsss Loli
where G, is the available gain of the network. |

_ Equation 1,13 .demonstrates that if the_firsf stage

of the cascade has a’high‘gain, and the second stage has a
relatively low spot noise figure, the s&stem spot noise figure
becomes o

Fsyst = Fl o‘o'o.oooo”oooooooo',o'oooo 1015

“Thus, design of the first_stage is an important considerafioh

for optimizing the noise performance of a system. ‘Equations’
1.13 and 1.14 show that attenpation in the,ffont end of any
amplifying system must be avoided if a low spot noise figurg
is desired. |

Often the noise properties of only the first stage

in the system are wanted. If the equality in Equation 1.15

does not hold, the contribution to system spot noise figuré

due to the second-order ferms in Equation 1l.13 mﬁst be taken -

into account. 'Theségterms,form the expression for whéx is'

cailed the backgrdund spot noise figure,ngkgd,‘of the systems
F

='F Fl .ooeoot..oo‘oo"-lqlé.

bkgd syst

Zhlmest amplifier systems, the signal occupies

a flnite bandw1dth, and the Spot noise flgure may vary with




frequency over this bandwidth. This consideration has
proﬁpfed an average ﬁoiSe figure to be definedjwhiéh>takes
into account the total noise poﬁer in-thé’chénnél. The IRE
defines average noise figure as3 "the ratioiofhl) the total
noise power delivered into the output termination by the
transducer when the noise témperatufe of the input termination
is standard (290°K) at all frequencies to 2) that portion of
1) engendered by the input termination..-For héterodyne S§St¢m$5
- 2) 1ncludes only that portion of the noise from the 1nput
terminatlon whlch appears in the output via the pr1n01ple~
.frequency transformatlon of the system, and does not include -
_‘spurlous_contrlbutlons such as those from an 1mage=frequency
‘transformatlon" - |

Spot n01se figure can then be wrltten as a power

' ratio: _ .
) F = (GKToB + Np)/GkToB eveseeeresaes 1417
where G = QUIDKL_pover delivered into load ”
kT B = a&ailable noise péwer from input termiﬁation
Nh = odtput noise power'contriﬁﬁfed by transducer

Average noise figufe and spot noise figpre can be
rélated'by3 S . - ..~~ - -,‘ .
= [F(£)G(E) d£/SG(£) Af ieveveones 1.18 .

average noise figure '

]

where F
- R(£)
a(£)

‘spot noise figure

transducer gain




If F(f) and G(f) are assumed constant over the |
meaéurement'bandwidth, the average noise figure equals the
spot noise figﬁre. These condi{ions 6an'5e échieved'by
’making the measurement bandwidth very narroﬁ cémpared to the
bandwidth of F(f) and G(f). Withithis in mind,- it will bé
aSsumed that noise figure measuremeﬁts designate spot noise
figure, even though in actuality an average noise fighre is

. : . . K
being measured. _ -




CHAPTER II

NOISE IN JUNCTION FETS

The measurement techniques developed in Chapter

three were tested experimentally by examining the noise

panameters of a junction FET (JFET). A brief,dutline of/the .

JFET noise model will be given herein. =

e

Pwo-Port Representation of JFET Properties

In order to descrlbe its behav1or, the JFET muet

'be con51dered as a linear two port having ‘small signal

voltages and currents aS‘varlables.

The admittance or y—parameters prov1de a useful

characterization of two—ports ‘at UHF. -Flgure 2.1 shows a

" linear network receiving a signal Ig from a generator with

owtput admittance Yg, and delivering it to a load Yy.

S L F T
-1 LINEAR
s S ,l. . 'TWOPORT | | Vz_» . YL

- ’ Py

AmFlgure 2. 1 Two porf admlttance representation

) of a. network '




/ is given by

|

i

/

.10

" The felaticnship’between input and output variables

I} = F1gVy + 12V eeecessesccecncnens 2.1

Ip = ¥21V1 + Y22V escececeeserorcnees 2.2
The coefficients, or prarameters; afe}in‘general dependent
on biesing and cpereting frequency. -

The JFET, with its internal n01se sources, can be
considered as a llnear noisy. two~port network. The noise
behavior within a narrow bandwidth B can»be represented by
two external nciee generators connected to the network

terminals, leaving the linear‘two-por%‘noise free.* In |

'general;_the two noise generators are partially correlated with

one another. One convenient way of descrlblng JFET noise
behavxor is by lumping all noise contrlbutlcns from within the

device at the terminals as shown in ‘Pigure 2427

<

NOISE FREE ' , -
v - v, |

| e S |

) 5 1
' TwopoRT 2 v 02

(on

Figure 2 2 Representatlon of a n01sy two- port
connected to a signal source

The signal source with internal admittance is

: Ys = GS + jBS ocoooo.‘oo_oco'oooooocooo 2.3




connected to the 1nput of the two port. The thermal noise

of the 81gna1 generator is represented by the noise current

generator iy of mean-squared value

13 = L"kTOGSB -pocooo.e:ooeeooe,_ocooo,ol_oo
where T, is standard temperature (290°K). This noise gene
is*assumed'to be uncorrelated with any noise generator of

n01sy two-port.A'_ . ' : : R

2.4
rator

‘the

Flgure 2.2 can now be used for ‘the determlnatlon

of noise flgure. "The total n01se power dellvered to the out-

“put’ termlnatlon of a two port is proportlonal to the short-

c1rcu1t meanusquared noise current of the output termlnals

'The nelse power delivered to the output termlnatlon from any

noiSe‘source in the network is'proportional to the contribution

made by that source to the output short-01rcu1t current.

" noise flgure of the network in Figure 2,2, referrlng to

Equatlon 1.17 then becomes6
A g™ y21

The

2.5

where yll and Yo are admlttance parameters of the two port.

The n01se current ing can be separated 1nto two -

components, i n1' and. 1nl s where the noxse current 1n1 is

perfectly correlated Wlth_lnz, qu-lnlﬂ is completely o

uncorrelated with ing.:”Therefore:.

il = igg* 4+ igg" or

, ’ lnl lnl' inl",_' coo‘.co‘-ooe_ooooo.

2.6




c1rcu1tny..

12

A correlatlon admlttance is deflned, where

ycor gcor + chor = Yoyl /1n2 v 2.7

The correlated current generator inl” is expressed

in terms of an equivalent noise conductance g, with the property

"2 = .l}kTognB~ eooo.oooooooboeoo.oo 208

The output current generator i,,, when transformed to the

input terminals as an equivalent noise resistance Ry, has the

value

in22 = i"kToRnlyle 2 aooooolooo'ooo 2.9

From Equations 2.4 to 2.9, the noise figure of the
network in Figure 2.2 can be re-written in the following form:

2

gn Rn . S
. . Gy Gg
= 1+ —+— | (Gg + 811 *+ &cop)
’ Gy Gg .

+ (B +bll+bcor)2J.0.00'.......O 2010

>

The n01se flgure of the n01sy two port can then

be expressed as a functlon of four noise parameters: 8n?

Rys Ecor:? and bcor' In generalgthese quantities are a

.functioh of frequency and bias and do not depend on external

JJFET Small Signal ngh Frequency Model

Figure 2 3 shows an equlvalent small signal model

’of an 1ntr1n31c JFET operated in the region beyond drain
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f pinch-off’?8, . | o .
GATE 4 . G4 . - DRAIN
oy l °
+

| Cpe==Ve |
v g — C,

s . ) 0 ——

& T, | | CLJ | ds

oY . .'s . SOURCE

"Figure 2.3 Smali»éignal model of intriﬁsic JFET

The series capaCitof—resistor_combination from gate
Yo source is a lumpe&elemenf-approximation of the distributed
network formed between the gate and the active channel. |
Cgc is the capacitance‘of the'space charge diode of the reverse-
biased gate~to-channel diode. The'resistanee ré'is.the |

ﬁeffeotive resietance of the channel.

>

The intrinsic transconductance generator gp,V,
is controlled by the voltage across Cgc° This transconductance
remalns essentlally eonstant with frequency; the hlgh frequency

performance being a function of the time constant rccgc.'

The capacltances. Cga and Cgg represent the
intrinsic capacitances of the gate-drain and drain-source
termlnals,respectlvely.

Flgure 2.4 shows a model of a- phy31cal UHF-JFET



. ""'14 |

ﬁ operatlng in the plnchnoff reglon9 This.model is useful{
'well 1nto the UHF reglon, until the lumped»element
approximations are no longer valid and the lead 1nductance

must be taken into aCccunt.

cﬁd'
H
b §
8pa
AVAVAVA
g ry' d
s AN e )
INTRINSIC D
o : 84 !
JFET. - D I | :
=t Gy g
rS

Flgure 2.b Practlcal JPET small~s1gna1
equlvalent 01rcu1t for UHF

The conductance gds, which is very small for a good

dev1ce, represents the dynamic output conductance of the JFET.



15 -

h The conductances ggs -and ggd' represent the
'reversewblased dlodes between the gate and the draln, and
also between the gate and the source.

- . Since the gate contacts of the JFET do not cover
the entire channel,the series resistances rg' and rq' at the
channel ends must be taken into account. The capacitances
Cgq's Cgs's and Cgq' dnclude the effects of the case and
inter—lead capacitances between the fermiﬁals of the device.

JFET Noise Model at UHF

] At frequen01es above the audlo spectrum thermal
noise is the domlnant noise in the JFET, Shot noise appears
"as a second-order effect,due to a reverse leakage current 1n.
fhe_gate-channel diode. Since this current is very small, the

Shot noise is usually negligible. ,

The equivalent circuit for the intrinsic JFET
operating in the pinch-off reéion, and shown in Figure 243,
can be transformed into the represénfation shoWﬁ'in Figure

205-1

Ceq - -d | Bgg = TeRC o
. e — T, 2
~ 3 Cge ™ Cgo — -
v C [ . - ——— ..= : o ) .
gs gs T § Eos G Ve M T % 7 &0/ (1 +‘J%),
gt *
_ A wé =1 / rccgc

. Figure 2.5 A small-signal model of the
intrinsic JFET
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The noise model of the 1ntr1n81c JFET contalns
two noise sources, both of thermal origin. The domlnant
one is the source representlng theAn01se of fhe channel
conductance. This noise is represented by a current generator

10

igy parallellng the drain-source terminals, where

ig . 4kToagnoB eererseieinenenss 2411
The constant(e)is a'ﬁuncticn cf the biesing parameters of the 
vdevice; In the pinch-off fegion, .6 <'a'<i.7-, ‘The trans-
conductance €mo ie the low frequency value. This channel
noiée generator is independent of frequenc&.

At high frequencies, the inpuf,conductance, 8gs?
must be taken into'acccunt iﬁ the noise model. The input
conductance exhibts almost full thermal noise and its effect
. may be repfesented by a current generator

g

) parallellng the gate—souree termlnalsl1 In fact, fhe input

i = L"kToggsB SoscesecevoveostoRR e e 2,12

>

conductance gives rise to exacﬁly full thefmal'ncise if the
gate-sourcc Junctlon is biased at 0 volts.8
_ These two noise generators, 1g and igs can now
. be added to the small signal model resulting 1n a noise model
as shown in Flgure 2.6, |
‘The resistance rc, from the equlvalent model in
Flgure 2 3,18 phySLCally part of the channel. Thus the noise

sources, ig and lg’ can be expected tO‘be partially correlated




10
" since. noise fluctuations in the ¢hannel are coupled both to
the gate and the drain. The result of this correlation is
an ultimate dgcrease in the noise figure of the device. For

the JFET, cqrrelation decreases

r— - “‘ T T
G { 1 l D
& ¢ ©
e |
. A gd l
B DR S -
. - . <c =V v =T
ts HXS[J 14;,} ngé gs|. Vgs Gm 85H ds ' 1d’:\7]
. | K
. | . | ] )
T NOISE FREE TWOFORT
L v E |
Figure 2.6 Intrinsic noise model of JFET
in common-source configuration
noise:figure by a factor of less than twenty pércentlz for -

all frequencieé when the device behaves as’the,émplifier._
Thusgif is a reasonable approximation to neglect the effect
of:porfeiation. |

B If correlation is neglecﬁed, 2, ver& simple
,expréssion.resﬁltS"fpr #he noise-figuré of the JFET.

From Equations 2.10 to 2.12,




|
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' . P = 1 4 'ﬁ'— + = YS + Yils 2 SXXEEY N 2013
. ! oo gs gs : ’
| - | 2 v |
/ where RnS = agmo/ yle e6ecsvccessecscseessos e 2.1’4’

and ylls and yle are admlttance parameters of the common=-
source conflguratlon. | : ’

| | ~ In addition to the noise sources in the intrinsic
JFET, thermal noise sources exist due to the paraeitic . |
resistances and conductances of the physical JFET; .Lossy

parasitic elements tend to increase the noise figure of a

'practica;.device. Parasitic susceptances, because they

‘are loss-free, will not changefthe minimum obtainable noise

flgure at any one frequency.
Usually, para81tlc elements have 11tt1e effect on

10 Also the effects of correlatlon.and lossy

noise figure. |
para31t1c elements tend to cancel the effect of one another.

Correlation decreases n01se flgure and ﬁhe para31tlcs increase

'it. Therefore Equatlon 2.13 can be expected to give reaSOnably

accurate results-fer,noise figure over a wide range of frequen-
cies for the physical JFET in the common-source mode. |
For JFET use at UHF, eemmon-gate operation is
preferred for presently avallable dev1ces.13 Common-gate
operatlon allows reasonable power gains to be obta;ned in "
amplifier circm.'t:s.° This configuration is unconditionally -

stable at all frequencies.




: From the model of Figure 2.7, .phe foliowing o ' G
‘noise figure expression can be'de(iuc'ed-6 | | |

-.id ' ‘ 2

’ 1 i : ,
F .= 1+ =5 [-i_+ (Yg + ¥y110 + Yeo
. . 2 - S llg yZlg L .o 2'15
1s & Y2lg. P '

where yilg’ Y215 are common-gate admittance parameters.

Neglecting correlation and para31tlcs, the noise
flgure for the JFET becomes = ' '

1+ Zes + Eﬂg
- Gg Gg

: 2 .
Yé + yllg + yZlg_ X ER Y] A2bl6,

4

F

2

where Rng = agno/

yZlg' 2 oooooooeoooo.o}ooooooooouo' 2.17

referrlng to the arguments for the common»source mode.

It should be noted that

+ j QgS eoe 2.18

Yilg * Y215 = Viis * Yizs = Bgs Vo

Comparing Equation 2,16 with Equation 2,13, it follows that
there is little difference in noise figures of these two config—

urations (common-gate and common-source).

Flgure 2,7 Intr1n31c neise model of JFET in common- »
' gate conflguratlon (derlved from Figure 2. 6)

4
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Exeeés Noige Ratio Relations - Common-Gate Mode

- ) o ‘
- The excess noise ratio of the output of the JFET

in'the common-gate configuration.mey be determined for a

variety of—input tefminations. Interesting results may be'

obtalned fo¥k§“short clrcult 1nput termlnation. |
Fronm the Flgures 2 4 and 2 7, the follow1ng

noise model may be drawn, assuming that the lossy pares1t§es_

rs and rgq are very small,

Vop = &2 + Jbpp

Flgure 2 8 A 31mp11f1ed UHF noise model of
JFET device with gate-source termlnals

short-circulted

| Thls tlme the thermal noise of the parasitlc elements,'

.repreSented by-yzz, ‘cannot be neglected. Therefore the’ n01se E

generator 122 will take into account both the channel noise -

. and the noise from the 1ossy paras1t1c elements.‘

z2 TT | -
12 = id + ip = t"kToagmoB + lPkTogng . esevse 2019

)When the,gate-source juhction of the JFET is
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reveréé—biasedgthe transconductance gp, approaches iero
but’ to a good approximation Yo2 of Figure 2.8 does not

change. With the device on the output,:the noise power
available from the JFET is -

‘N =
A., 4g22

(KToagno/822) + KToB  eovensvaves 2420
The thermal noise poﬁer available from the passive termination
is kToB; The noise ratio from the definition in Equation 1,10
becomes’ | | |
Np = Np/KToB = (88po/822) + 1 eeecessees 2.21
From Equationll.iz, the exéeSS‘noise ratio for

the short-circuited input is

ENR ‘-"—'V agmo/gzz o‘oo-oo-loot"eoe‘oo 2.22 '

 Since both 8mo and goo are directly measurable, the constant
(8) can be obtained directly from experimentally determining
- the excess noise ratio. .

>
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CHAPTER III

NOISE MEASUREMENT TECHNIQUES

Traditionally, noise figure measurements have been
used to evaluate noise performanoe of devices at UHF, Noise
figure is an integral measure, expressing the combined effect
of all noise sources in the device. It does not, however,

permit isolation of a particular source.

Measurement of Noise Figure at UHF

There are many methods of measuring‘the noise
figure of a systeml’z’B, A noise generator method, commonly
called the Y-factor method, is the simplest and'most often
uSed. 'The'simplicity'of this method can be attributed to the
fact that it can be adapted for automatlc noise figure
measurement. allow1ng system noise flgure to be displayed
‘directly on an indicating 1nstrument.
| The Y-factor methodl¥ requires a noise source with
two output noise power levels. The ratio of these two output
noise powers must be accurately knowa. A vacuum reference
'dlode is used for frequencies below five hundred megahertz.
,»The upper frequency limit of a partlcular dlode is determlned i
by its anode-to~cathode capacztance and the transit time in
the anode- cathode reglon.

ThlS type of noise source generates a large amount

‘of excess nolse power above the thermal noise of its termln-

22
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gégtionv- in.the “on" cpnditidn. The noise source is then:séid
| tO'Aave an effective noise teﬁperature; Tpe In the “off"
condition, jdét'thermai noise from the output termination is
generated. . The termination is assumed to be at-standard
teﬁperature. |
| The system noise flgure 1s determined by connecting
the input of the system to the "off" source and then to the
"on" source at its elevated effective noise temperature. The
| ratio of the output noise powers is then measured. This ratio

1s called the Y-factor.

In the "off" case, the output noise power is,

- referring to Equation 1.17, A : o |

Nl o= GKTOB+Nn eccccoscccccesovee 301
It is ' - '
N2 =“GkTDB+Nn ooon'ooooooeooaeooo 3.2

in the "on" condition, where N, is the output noise power
contributed by the system. The Y-factor is thus |

2 . No A

} v ) Y = b 006G 0CE0 880008 C0COESOOCSITCE 303

Ny

By rearranging’ Equatlons l 17, and 3.1 to 3 3, the noise

vflgure reduces to the follow1ng forms

(Tp - To)/To

F = .......Q.n..&.y 3.“’

Y-1 .

where (TD - T )/T ‘48 the excess noise ratio of ‘the noise source,

The numerator 1s a known parameter of the noise source. The




denominator is a function of the Y~factor. System galn and
bandwidth do not appear in the noise figure expre331on.~
The determination of noise flgure 1nvolves the

measurement of the ratlo of two output powers, under the

condltlon that the ratio of the 1nput powers is known.' It is
then p0391b1e for noise flgure to be displayed automatically
-and continuously on an indlcatlng 1nstrument known as an

automatic noise figure meter.

To ‘measure the noise figure of a system the auto-A-

matlc noise flgure meter14 is connected as indlcated 1n

Y

Flgure 3¢l

NOISE - | SYSTEM I-F_| AUTOMATIC i
: ——-3 UNDER NOISE FIGURE
SOURCE 'TEST - OUTRUT | .RETER

A

SOURCE MODULATION' STGNAL ~ —F LI L

Flgure 3.1 Equipment arrangement for automatlc '
An01se figure metering

The automatic noise figure meter switches the noise source

“on" and "off" so that the output consists of noise pulses.
A pulse of excess noise alternates With a pulsé.at the thermal_;'

level of the noise source terminatione.
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The output of the system.is'applied to the
automatic noise figure meter at an intermediate frequency.

The *on" pulses of the output afe amplified to a constant
‘level in the meter by a gated automatic gain'centrol actione
The resultlng signal is square 1aw detected, the detected
signal being related to the Y-factor of the system. Since -
the excess noise ratlo of the neise generator is known, the - -
- instrument ean be calibrated directiy in neise>figure usiﬁg
Equatlon 3okt | | .

The contlnuous display of noise flgure makes the
meter a useful instrument for opt1m1z1ng the n01se performance
. of.systems for minimum noise figure. Also: slnce.the “on"
-and woff" measurements are taken quite ffequently; ﬁhe effect
- of system gain variation between measurements is minimized.

If the indicated measurement 1s to be equal to
the system spot noise figure, the following precautlons must
be made. As mentioned prev1ously in Chapter I, the bandw1dth

of the measuring instrument must be small compared to the
bandw1dth of the n01se contributed by the input termlnatlon
and the noise contributed by the system. |
 If the temperature of the 1nput termlnatlon is
. different from the’ standard-temperature.of 2909K, a correction
factdf must be applied to the ﬁeasured noise figure, in accor-
dance with the noise figure deflnltlon.ld | |

' All expressions derived for noise flgure have

assumed 11near1ty of the entire system. For 1ow-nozse systems,




/ range.

/
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f the Y-factor is large and the system must have a wide’dynamic

+

14 The required dynamic range can be decreased by using

a noise generator with a lower excess noise ratio. The
excess noise of the noise generator can be decréased by the
inéertion loss factor of a matched attenuatqr placed after
the noise generator, ’

Measurement of Noise Figure with SucceedingQStage Noise
~Compensation '

Often in the laboratory or_oh the production line,
it is desirable to measure the noise figure,of a single device

rather than of the entire system, including the noise figure

‘meter. The system noiseAfigure will be equal to the device

figure if the following conditions, dictated by Equation 1.13,
are met. The device must have a high available gain, and the
second stage succeeding the devicet a low nolise figure. At
UHF, héwever,.these conditions'are not always met,_and an

appreciable ‘background contribution is part pf_the measured

 system noise figure.

>

It is possible %o compensate for this background
noise contribution by a'modificationvof the conventional
automatic noise figure meter. Then only the noise figure
of the first stage.is meésured, with the convenience of
automatic néise figure'metering 8till applying.

‘The-gquipment setup fér the measurement of noise-';
figure with background noise compensatidn is indicated in

block fbrm;in Figure 3.2,




In the usual measurlng procedure (vy modulatlng
the standard noise source), the automatlc noise flgure meter
indicates the noise flgure of the entire measurlng system.

However, by modulating the device appearlng as the first stage,

’ 3 ¥y pm I—L_I—LJ_
ON--QOFF MODULullON J—

DEVICE . NOISE FIGURL )

MODULATION _ ; y

UNIT - METER

& .

o | IF OUTPUT

| ¥ r A b :

NOISE JIG PREAN?LIFIER

NOTSE.

wFOR DEVICE >

-CONVERT BR

SOURCE |UNDER TEST

Figure 362 Equlpment arrangement for compen-
sating noise figure readlngs of
background noise -

it is p0381b1e to compensate for the background n01se of the
stage follow1ng the dev1ce under test. |

To compensate accurately for the background noise,
some stipulatlons must be put on_tpe device to be measured.
The.device-when modulated “off™ must'hade a vef& iow'forﬁard,'

gain; -Ideally, there Should be no forwafd transmiSsion. 'This

insures that the dev1ce ‘when "off*" presents a pass1ve termin- -

atlon to the second stage of the system, because all excess

nomse'sources will have been shut off. Output admxttance




'mus? reméin constaﬁt as the device ls ﬁodulated “on" and‘"off".
If not, thelbackground ﬁoise of'the followihg stages; as well
as the transmission of power from the fifét stage to the
proceeding ones,will be affected. | |

Many devices éuch és FET?S, bipolar ffansistbrs,'
and pentodes, where the quiescéht operating point lies in
the saturated region of the device characterlstlc, obey the '
‘ above condltlons. They all exhibit a low forward power - galn
,and a negligible change in output admittance when thelr
control junctions are reverse-biased.

‘The modulation signal fobrthe device is a square-
jﬁave voltége which is synchronized to the'noise source |
modulation. This signal, applied to the control jgnc-tion
of the device, switches the device'between a normal operating
‘eondition ("on") and a current cut-off condition ("off"),

All other b1a51ng potentlals must not be dlsturbed0

The measurement procedure w;th compensatlon consists

- of taklng two noise flgure readings whlle the dev1ce is being
.modulated; one with the noise source "off" and the other with
fhe noise sourée modulated synchronously with the device. The
former noise figure reading is termed Flo,,the latter 1sv
called F20- 4 ' | | |

The n01se flgure readangs Flo and on by themselves
have 11ttle 31gn1flcance. They merely represent power ratlos y
that are dlsplayed as ‘noise flgures on the n01se figure

meter.
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?rom-Eqﬁaﬁibh_B.u Flgiis given by

Flo = ENR/(Ylo-l) oo.ooooooooctoo;o 305
where ENR is the excess noise ratio of the standard noise
source, and

Y output goise power, noise gource "off", device "on"
10 Aoutput n01se power, noise source “off", device "off"

= Ml/Mo .o.;q..o_o.“e'.o"n._..._..'"...oo.,..e...n.u...n_3.'_6
Mo represents the‘noise power deli&ered to“the output when
'the:déviée ié biased "off"; and is termed the background
noise of the system. My is thejnoise power measured with the
noise sourée woff" aﬁd the device "on"s |
My = GKToB + Np + M0 eessesencesscesnnee 307

where Ny = output noise power due to ‘sources within the devices

- . where

G _ output noise power engendered by input termination 3.8

available noise power from the input termination
By substituting Equation 3.6 into 3.5

._ Flo = ENR MO/(NA + GkTOB) .ooooo-o-o;oc 309
. The second noise figure reading, Fpg, is defined

ass ‘ T ‘ SR o
on = ENR/(Yzqnl) oaooooo_ouooooeooo'o' 3.10

where

Y outnut noise power, n01se source "on", device "on"
20 = output noise power, noise source "off", dev1ce “off" .

- Myh’lo .0090.....0’0000...00.....0'00.0000_0.00.000000000. 3.11




/

.Mz = kaDB + NA + MQ oqo;oooooboW.o :3012

-

/ where GkTpB is tﬁe-ogtput noise power engéndered.by inpﬁt

|

termination with the noise source "on".
Substltutlng Equation 3 12 into 3. 10:
Fog = ENR Mo/(GkTDB + Np) ececeenee 3013
Taking the ratio Fo/F20s |
| Fyp  GkTpB + Ny
P20 GkToB + Ny

oooobfﬂoaoooo.ooqp 3914

it is seen that ENR and the background noise power cancel.,

If Fy0/Fpq is treated as a Y»factor and’ then substituted into

'Equatlon 3. 4, the result 1s: :

[rp - T, Np 4 GkT,B _ Np + GKTB
) T = = Fl () 3915
To Gk(TD-To)B GkToB

‘ThlS expression, comparing it with Equatlon 1.17 is the noise

figure of the first stage (since ENR = (Tp-To)/To)s This is
the desired result.

The above metnod of compensaﬁlng for background

noise is convenient since it utlllzes, in the main part,

commerc1ally avallable and accurate noise measurlng apparatus.

The compensation for background noise 1ncludes a calculation

'step in the proceduré, which makes the method semi-automatice.

It would be possible though, with additional Cifcuifry, to

convert the presently available automatic noise figufe meters_

'to dlsplay n01se figure, Fl, automatlcally and’ contlnuously.

-

"From a search of the 11terature, a synchronous

"~ detection system has been uSed~to effect_a compensation for




i

R

/ background n01se.15 This system is 1dentlcal in concept -

/ to the method proposed above but has two dlsadvantages. It

|

does not use readlly avallable noise measuring apparatus such
as the automatic noise figure meter. Also g calibration

| curve of the detection device must be made.

Measurement of Excess Noise_Ratio with §ucceeding-Stage

Noise Compensation

A more fundamental noise parameter than noise
figure is excess noise ratio. It is a neasure of the amount
of noise power above thermal level that can. be delivered from
two terminals of a device. By comparlson "of one port of a
'deVlce agalnst a n01se source with a known excess nhoise ratlo
it is possible to determine the excess nolsepratlo of the
device in question. |

If the measuring system has negligible backgroundi
n01se, the measurlng procedure would be straleht-forward. For
UHF measuring systems, noise from the system is usually apprec1~
‘able, and the background contribution must be considered. By
shutting "off" the excess noise of the device to be tested, a -
procedure 1nvolv1ng the ba51c automatic noise flgure neter
can be used to determlne the device excess noise ratio.

Principle of Operation

A block diagram ofAthe'equipment used for the
excess n01se ratio measurement with background compensation

is shown in Flgure 3 3.

The dev1ce and the noise source are coupled to the
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f preamplifier by a three-port directional coupler. ,Td‘comQ_'
. / pénsate for backgréund noise from the preamplifier'stagé and
/ ~onwards, the device to be tested must be able to have its

excess noise source extinguished. This is accomplished by

biasing the active device "off". It is important that the
driving point admittance of the device remain a constant value
in both the "on" and “"off" states. |

The three-port directional coupler has reflection-

less conditions at all ports. All4transforming networks are
éssumed to be lossless. This assures that both the device

and the standard noise source will supply their avallable o
.noise power into the directional coupler. The available power
from the noise source is isolated from the préamplifier by
the coupling factor, C, of the directional coupler. The
coupling factor is «10 to -20 dB.. The available device noise»
power is attenuated from the preampllfler by the insertion

 gain, A; typically =1 to -.5 dB.

DEVICR ' _ T .- | AUTOMATIC
o NOISE ‘ -
" ON=OFF o ON=-QFF NOISE FIGURE
SOURCE| nODULATION .
CONTROL ) | . METER
, ; . L TLLT ,
' IF OUTPUT
NOISE JIG 3-PORT .
| PREAMPLIFIER

'FOR DEVICE DIRECTIONAL

T

| | ~CONVERTER
UNBER TEST COUPLER -

Flgure 3e 3 Equlpment arrangement for using
the automatlc noise flgure meter
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It is advantageous to use a dlreotlonal coupler

1

/ as a. power combiner rather than a simple "tee® network,

the reason being that tunlng the system for a conaugate

‘match on both arms of the "tee" would be difficult sxnoe each

arm would interact with one another. The dlreotlonal coupler
provides isolation between the noise source and the device,

making 1nteract10n negllglble. The penalty pald,though, is a

decrease in the effective excess noise ratio of the noise

'source by the coupling factor of the directional coupler.

The measurement technique con31sts of taking two

normal system noise figure readlngs w1th the automatlc n01se

figure meter (Ff and Fp). One reading is with the device

turned “off" (Fg); the other is with the dévice in its normal
"on" state (F,). The difference of these two readings:is shown
to be proportlonal to the exoess noise ratio of the device, |

From Equatlon 3.4, Ff is deflned as:

th = ENR/(Yf"l) oooeoaoooooooooooo 316

where ENR is the exces8s noise ratlo of the standard n01se

>

generator, and

Y= output noise power; device."off", noise source "on"
output noise power, device voff", noise source %off"

= NZ/NO ....0.QDOl.O’..0..00000.'6.00...0.0...0......0 317

Ng represents the background noise of the measurlng system "

-consistlng of n01se from the preampllfler and following net-

works, plus the thermal noise from the 1nput termination of

the preampllfler. . No con51sts_of the baokgropnd noise plus




T —

Fg = EMR Ny/COqkTygB = No/CGOET,B  veeesseses
The noisé¢ figure reading; Fﬂ;,is definedi |
Fn, = ENR/(Y, - 1) .,;.;..;.f...;...,. 3.20
where e | -
=Out§ut noise powers deVice'"oﬁ“ noise _source "on"
output noise power; device "on", noise source "off"
o= M3/M1 ..........;..........;...;....,.;.,,..;.,....,» 3.21
M = AGTkaxB + M) esesscecoscescens 3,22
and ' | | : .
- M3 = AGrkTyyB + CGTkTXSB + N sevssscecee 3423
' _wheréuA is the insertlon,galn of directional coupler, Txx'is
the eXCess h01se temperature of dev1ce, and kTyxB is the
excess avallable noise power from the device. Substituting
Equations 3.23 and 3.22 into Equation 3.20, the result is:
Fn = ENRE(AGTkaxB + Ng)/CGpkTygB '
= (AGTKTxxB + Ny)/COTKTOB +eveosasacnaons »3 24
Subtractlng the two noise figures from Equatlons
3. 24 and 3 19, N o o e
Fp - Fr = (A/0) Tye/To eeeeveeeenne 3025

/| the excess

-

where C is the coupllng factor of the directional coupler,

noise of the standard noise sourcee. -

. N2 = CGTkT B+N0 oooooooooooooooooeo

3.18

Gp is the transducer gain of system from the output of the -

directional coupler, and kT,4B is the excess available noise

power from

the standard noise source.

Substituting Equation 3.18 into 3.16,

3.19
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f The ratio Txx/Té is the excess noise ratio of‘the device

{
{

/ (ENRy) so that _ |
/ g ENRX = (C/A) (Fn "Ff) oo..oooooo.néoo- 3.26

i
i




CHAPTER IV

EXPERIMENTAL VERIFICATiON

Experimental Arrangement

Small Signal

v The twofport comhon-gate admittance parameters of
a Texas Instrument 2N3823 n=channel JFET were measured using _
a General Radio Company Transfer-Functlon and Immittance Brldge,
Type 1607 A. This bridge has a frequency range of 25 - 1500 MH 2-
and has prov1°10ns for DC b1as1ng. These small signal
" measurements determine the value of the elements which appear
in tﬁe noise model. |

Device Noise Figure

‘ It was desired to measure the noise figure of the
JFET . as .a function:of~source admit%ance at an ultra-high
frequency. The device n01se flgure measurlng apparatus is
shown in Flgure L,1 .

The noise generator is a General Microwave
Corporation‘Model 50@ Dlode Noise Generator de31gned to
‘operate with the Geheral Microﬁave Corporation Model 5514
Auéomatic Noise Figure Meter; The noise generator has a
'useful frequency range up to flve hundred Megahertz, and o
"malntalns an excess n01se ratio of 15. 2 dB. |
The GMC 551A is an automatlc n01se flgure

*

‘1nd1cator, whlch also powers the 50#.7 The 551A operates

:‘ik_‘:\ : 36
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Flgure I,1 Block diagram of noise figure measurement with

e




using the‘Y-facfor method of determining system noise figure.

-Thé n01se jig is a General Radlo Type 1607 Pl Tran51stor

Mount. The mount allows the tran81stor to be connected by

coaxial lines to the transistor header. General Radio Company

- Type 874-FBL Bias Insertion Units bias the devices installed

in the coaxial-line system.

A double-stub. tuner transforms the 20 mllllmho

,admlttance of the noise generator to the desired admlttance

required by the input port of the device.' This admittance is
measured with the General Radio Company Immltance Bridge,

Type 1607-A. A triple~-stub tuner matches the output of the

_JFET to- the input of the 435 MHz preamplifier.

The preampllfler is a one-stage tuned~output bipolar-:
tranSLStor ampllfler with a center frequency of 435 MHz. The
high frequency transistor used is operated in the common-base
mode. The preamplifier'feeds e balanced mixer which'down—

converts the signal to an intermediate frequency of 30 MHz.

'An Airborne-Instruments Laboratory Type 132 adjustableegain

1ntermed1ate-frequency ampllfler raises the converted s1gnal
to a 1evel acceptable for the automatic noise figure meter.
| The dev1ce modulatlon unit is a mult1v1brator

01rcu1t that is trlggered by the nontanofen modulatlon of

 the noise dlode. It delivers a square-wave sw1tching waveform,

Ovolt to -h volt;to the gate-source junction of the JFET.

Precautlons have to be taken to ensure that the

image of the measurement frequency does not contribute to the




' Device Excess Noise Ratio

'preamplifier input. The image frequency was'found to be
35 dB below the frequency of measurement, maklng the image-

response negligible.

It was desired to measSure the excess noisevratio
of the 2N3823 JFET at the same frequency (435 MHz) as the
'noise figure measurements. The device excess noise rathA'

- . . -/

o measurlng apparatus is shown in Figure %#.2.

The device and the dlode noise generator are coupled
. to the measuring system by a 10 dB dlrectlonal coupler. The
devrce“ls matched conaugately to the dlrectlonal coupler b& a
“double-stub tuner. The input port‘of the device'is connecﬁed
to'a known termination, which is a sliding transmission line
short adgusted for half the wavewlength condition. Thus'the
input port "sees” o short circuit. -

The device "on" condition is achieved by shorting
the terminals of the input rias‘insertien unit so that the

device is operated with maximum gain. The “offﬁ condition

is produced by reverse-biasing the device with a -4 volt
potential from gate to source.
The directional coupler is matched conauﬁately

to the preamplifler._ A 10 ‘dB attenuator is inserted ahead

of the directional coupler to make the galns of the dev1ce
'channel and the n01se source channel approx1mately equal.-v
The setup from the preampllfler onwards is

idenrieal to the noise figure measuring apparatus in the



“Figure 4.2 Block diagram of excess noise ratio measurement
- with background noise compensation
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previous section.
* . The excess noise ratio was measured between the

drain-source terminals in the device's pinch-off region.

Experimental Results

Small Signai

The admlttance parameters of the 2N3823 measured
at 435 MHz with draln-source voltage, 15 volts and gate-

source voltage, 0 volts are:

Yiig = 8i1g * Jbllg = 5f9.+'j7'5 mmho

,‘.ylzg = glzg + jblzg = -,04 - j.03<mmho
y21g = 'g21g + _ijlg = =4,4 + j2,3 mmho

Yozg = 822g * Ibaag

24 + j4.4 mmho

The small signal, low frequency trangconductance gﬁo measured
at.fhe above bias condition was found to bes
no = 5.2 ma./volt

Device Noise Figure

From Equation 2.16 an approximate expression for

- noise figure is

F

m

+ %—}@ + —Gﬂg [(GS -+ ggs)z + (BS + bgs)z] see q’cl

.From the small signal measurements:

“ggs + Jbgs = (gllg + g21g) + J(b1yg + b21g)

"# 1}50 + 59f8 mmho t0seccoceees et Vhozy

Rng = agmo/ yZIglz 143 oh@s, if.é = ;67 ese hoB
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Figure 4,7 Measured and computed noise figure
' ] ~ versus source susceptance for
8y = 1.0 X 20 millimhos:

' The crosses (X) refer to measured values of
.hdise’figure, and the solid line gives the theoretical

dependance of noise figure for the stated conditions.
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Flgures k.3 to 4 7 show the measured and theoretlcal -
' values of n01se figure. for the device. Most experimental
noise figure readings agree with the calculated values within

+ .5 of a noise figure.

Device Excess Noise Ratio

' The coupling factor of the directional coupler was
measured as a gain'of -10.1 dB. The insertion\gain of the.

directional coupler includihg'fhe 10 dB pad was -10.55 dB.

The ratio C/A is equal to U5 dB or a ratlo of 1. 1. With the

draln-source voltage of 15 volts,

F,. = 53.7 or 17.3 dB
' » FO .= #2.2 or 16025 dB tessccoscns L"OL!' A \
From-Equation 3.26, » ' | ‘
ENRx = 12. ? o}ooooooeeeooaooooeo 4‘05

Determlnlng the constant as
. a gzzENRx/gmo = 0. 575 cesesscecsces N6
This is compared to the generally accepted value of a which
- is 0.6?.

Figure 4.8 shows the measured dependance of the

: constant(a)with the drain-source blasing potential. As
,eXpected, it remains essentially constantlo, since none .

of'the‘pérameters that it is dependant-on, vary in the pinch-

off region. This method will not glve valld results in the.
v_trlode region of the JFET (VDS 3 Volt), since the. output
conductance w1ll not remaln constant durlng the dev1ce

modulation process.
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Possible sources of error in thls measurement ares
‘uncertalnty in the noise flgure readlngs of the n01se figure
meter of + .25 dB. and the dlfflculty of” matching the low

| admittance of the output of the JFET to the 50 ohms of the

directional coupler,




CHAPTER _V

CONCLUSIONS

The succeeding-stage noise compensatioh techﬁiques’
used for measuring the noise figure and excess noise ratio of
a single device have been descrlbed. Such compensatlon
'techniques cen be applied to UHF measurement systems where the
device gain is not high enough and/or the noise of the '

measurement system is not low enough,for the dlrect measurement

of noise. flgure.

A one-port succe601ng—stage noise'compensation
technlque has been described and verified for ultraahigh
frequencies. The devices that may be measured W1th this method

,method are restricted., The device must permit modulation

to extlngulsb jts excess noise without affecting.its
admlttance at the measured port. | |

An approximape n01se mo¢el has been uéed to
charactefize the noise behavior of a junction FET at UBF.
Experiments using succeeding-stage noise compensation show"

reasonable agreement with this noise model.

o
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