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This repori describes the design and construction of
both bipolar and Ga;eAs fet amplifiers z#raunﬁ 1.4 Gﬁa; with
the aim of gﬁiﬁing‘aeqnaiutanaa with high frequency devices
and low noise design techniques. The end use of the amplifiers
is in the first I.F. stage of a millimeter wave radioc astro-

nomical reesiwr currently under *z@mtmetim at RRI
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1.1 Amplifier Reguirements:
 Sources in radio astronomy ecan be either continuous
in frequency {thermal, synchrotron mechanisms) or discrete.

Some lines of interest are given:

molecule fre Gatiy) | reolecvle Freq (6t ¢

Methyl  Alcohol She52 . Carbon monoxide lio-2, RE
1 FHaH e % Co
CaY 20h \JU )q dle S5 1% C an‘mfz lon . [0+ 3
- Sili con monoxide /30-3
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For a line source at frequency £, = 100 éﬁz, {3 mmx }
m@ving at veloeity v, typically 100 km/gec, the doppler
bandwidth A2 = ( L. f&) 100 MHz. Signal energies are
extremely low, eg: -140 m/ K in a 1 MHz band for a thermal
emitter. Given an izﬁegraticm time T on a system of noise
temperature Ta,; the minimum detectable aignaléwmoc Is

Cryogenic masers, paramps or tunnel diode amplifiers az:; used
%o minimize Tg. A front end comsisting of a low noise
{ d ao;I; A) mixer, followed by a cooled Ga-As fet amplifier *
at the I.F. is a potential replacement which offers simplicity
{no pump source is needed), lower cost, and relativity large
bandwidth., T4 is then dependent on the IF noise and the mixer
conversion loss. Problems with the FE? include (1) high
input Q » preventing a broadband characteristic (ii) poor
mmmg and (1ii) difficulty in obitaining simulianeous
noige and power match. |
1.2 Summary of report: .

Principles of operation of the MESFET are presented
in ehapter 2, along with a technigue (FUKUI, Ref 2 and 3)
ﬁf determining the microwave noise figure from meagai'e& de
parameters. Using the scattiering matrix approach summarized
in Appendix A, the design of amplifiers is described in
chapter 3. The éipelar amplifier, a trial attempt, gave

11 4B gain with 3.7 48 noise figure at 1.4 GHz, while the
FET amplifier had a gain of 17 4B and noise figure 1.3
{100 °K) at 1‘35 GHz and room temperature (3&9" E).

% Ref 4,3,9.



2.1 Device physics and cirenit model.
Figure 2.1 depiets the metal-gsemicondusctor fet in
vutline -
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8 = Source, D = drain, & = gate. Aluninium metalliization
on a~type Ga-As.

d = eonduction channel depth

Operation:

Ha jority carriers {e~) flow from 3 %o D in the n type
channel. 4 negative ¥gg causes a depletion laysr below the
gate elestrode. The gate-channel interface is a Schottky
barrier with more révarga bizsg across it at the positive D
end than at the § end, a0 the depletion is deeper at the
drain, and & is leas.

rain eurreat Ipg o aix). ¥ix). a(x)

where n = garrier concentration
¥ = parrier drift veloeity
x = Coordinate from S to D
Por low Vpg, the channel slectric field E is less than R,
{fig 2) and n(x) ie just the equilibrium donor concentration, Vp.
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' Sinee 4 is smaller near the drain, ¥ is higher at the drain
than at the souree end, to maintain continuity of the
eurreat Ips. If Vg is now ineresged, the reverse bias
acrose the junction increases further at the drain end, =0
d decreases and the lengih of the highly depleted region
expandz. The channel slectric field B is now higher than
Ep in the region x3 %0 x4 {fig.5). Hence, according to ﬁm
E-V plot in fig 2, the ¥ should reach 13?'? at x and decrease
in the region x, %o xp ;shers it approaches saturation value
V5 where B is highest.(fig. 4). In this region, x, %o x,,
both Y and 4 are decreasing so now n nuet increase to
preserve Ipy, ie., & heavy space change accumulation occurs
in the x, x5 region ﬂmér the gate. The reverse process is
taking place from xé -t0 x4, and an eleciron a@m&m region
results {fig 6). _ |
Por short gate Iei:gth' devices, (L< :5/4-} the behaviour
- of electrong is complicated since E is more than E, over an
appreciable fraction of the length. The charge transport
‘mechanism is a non-equilibrium one, with slow electrons
from regions where B <E, suddenly incressing their velocities
before relaxing tosards saturatiomn. mnm‘ a larger number
of electrons are injected into the veloeity saturated region
with inereasing Vpg, 2 fiaiﬁa drain source r&nis%anae results
even after 'saturation’. Measured cﬁamn@eriamee gre dig-
played in fig 7.
| A lumped element small signal model for the MESFET
operating in the current saturation region is shown in fig 8,
and the physical origin of the circuit is indicated in fig 9.
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2.2 Geomeiric and material parameters for microwave

performance.

M.,

Low field Electrons : 8800 em?/V 1350 on*/V.gec
amobility holea : 400 i

, sec
max.drifd 2.2 % 1%‘3?%/ seo : 1z 107 cm/sec
velocity ‘
{electrons}
Saturated 1 x 107 ca/sec C1x 107 cm/sec

drift velocity

n type Ga As is thus the cbvious choiee for highest frequency
performance. | -

Hesfets are planar devices vith an epitoxial conducting
layer lgas_ than 2 amicron thick on 2 thicker gemi~insulating
Gaig substrate. Parasitic resistances and capacitances are
decressgsed snd trans conductance 3& is im:rmm& by reducing
gate length and hence the transit time.Gain bandwidth fyoC L7
Currently T is under 1 micron and £y above 10 GHs.

d H. paramsters and measursaents:

Bmpiriecal formulae have been derived {mfaz’:&} for the
prediction of the microwave moise performance from measured
dc values of active and parasitic mesfet parameters. Neasure-
ments on the schoitky gate asllow determination of the baixiar
voltage V, and the parasitics Rg, Rd, Rs (fig 8 and 9).
These, together with the pineh off voliage of the chaanel, ??
the 933 and L are used %o ealouls

te sxpected noise figure.
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Schottky gate ahﬁracteristi&s:

low anrrent exponential V.« barrier voltage
region, drain and source )
grounded

high current density region Slope of I-V plot (fig 11)
gate current limited only gives:
by paragitiec reszstaﬁaes

(sse fig 8}
E@uree,ﬁr&&n both graan&&é Eg;%(&a ii zs)
Source graaaﬁeé, drain Rge + Ry
cpen |
nrain,graan&ed, s@ur&e Eg + Ry
open ' '

Ip - Vgg plot, with Vpg fixed in linear region, (see fig 12).

1ition: rameter

?m <1 volt
Channel resistance varies (i) V, channel pinch off
linearly with vgg voltage. -

(11) R; + B_ to%al channel -
garasx@x@ resistance

{1) (ii) found as degcribed below.

An initial value of V, is determined from fig 12 by extra-

palating the linear part of the curve to O drain current

§§3 in fmg 12 is used to caleulate the total drain-source

LN

registance, Eﬁ  wﬁﬁ
Ips |
Using the initial estimate of ? ) Rig ig platteﬁ againet

, -]
= { 1-AFp7,_ )™
( %2”#5ﬁ) ’
| b*'p
If'?f as found in {i) is not ezxaet, this plot will deviate
from a straight line {see fig 13). The final va lue of ?p
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' ig the one which gives a linear plot.

{iv) if the slope of the line in (iii) is R or then R X

| Tepresents the active channel component of the total

&rain*saurge registance at tha§ value of X {ie. at
that value of V, ) At X = O therefore, the active
component is O and the ¥-intercept is the remmant
parasitic, Bd + Ry.

The above analysis yieldsg the foll, results

Bg = 4.2 u = ?.%.B;. , measured = 27 mmho
Bg = 3. 4 DY &5 v ‘
. , )
(G = Gu )
1+gg Bg

f%;=a actual Transconductance

- = 30 mmho

Using the empirical relation for mimimum noige figure,
P, = 1+K . L. 2 (R Ry
_wh&re f = frequency of operation, Gﬁa.
K fxtting congtant = .§
L affeetiva gate 1ﬁngﬁh, = ?ﬂ?&l@&l gate metalligatiﬁg

length for glanar~devlaes»

/ in mhos
Results

o (1.4 @Hz)= 0.80 @B , "o (1.9 Hz)= 1.05 4B

data sheet gives ‘o (1.9)= 0.9 a8




Dominsnt ‘sources of FET noise include the following:
1+ Thermsl noise: 6harge carrierg in each valume element af
the channel are in thermal egquilibrium wlth the lattice at
?>0K and generate 3 noige v&ltage whirh modulates the
depletion layer width, and appears ag an amplified noise at
the ‘drain. Parasitic resistances also generate thermal noise.
2. Hot electron noise: In short gate length devices, espe~
éially in Ga As, the current transport mechanism is complex.
Transit time is shortened by the veloeity peaking effect
{see page 4 ) and e do not have time to relax %o thérmal
equilibrium with the lattice. The electrons however, are at
‘equilibrium among themselves, at a higher noige tempeTature.
3. Inter?alley scattering noise: In ga ag, electrons in the.
low energy conduction band have high mobility. As the electmc
flelﬂ in the ehannel inersases beyond EF, e trﬁggﬁ?r to
higher energy satellite econduction bands whera tadg effective
mass is much larger (fﬁg\z).-ﬂanéam transfer of charge carriers
between 2 conduction states leads to current fluetuations
which further increase the noige temperature. |
4. Eigh field eiffu51an noise: Conduction is non-ohmic in
the region uf the channel where electirons have gequivred
sa%&ratlaﬁ valeaity and ehangaa in the eleciric field do not
affect the drift velneity;ﬁaisa #durrent in this region has a
mean square value dependent on %ﬂa high field diffusion
éaéffiaient of the semiconductor, and is linearly preportional

to the drain current.



g

Baﬁwem R 20 nHz and 3 GHz, there are, in addition
iess well ﬁn&@mﬁwﬁ sources w}aigh mﬁtrihu%& to the overall
noige femperature. | |
s:m?lified neige model
of intrinsic mesfet:

Z - Ips

| [
:ﬁm\/l @) -Q-E

s , (J/ “nd.

NY\VAVA A ¢

Fis | S

>
¥ 4

1. ”(“né = channel noise in drain-source region n bamd A"C
| /T;ﬁ = {4kTobfgy,) P, P depecds on device geometry
and biag. For 0 drain voliage,
Ts = channel {@""'f' , ?Lnd ﬁ(&k’fﬂgé' A f)is the thermal

- noige in the drain conductancet (7ds .

P is then _Tds
. . Ea ‘
2+ Hoige voltage in channel varies the depletion layer width

and hence the depletion charge. This induces a charge flue-
tuation at the gate descrived by C ng |
i"zw = 4kTo 2. _w?Cga® . R.
' &m

R depends on geomeiry and bies, Ogs is the gate source

aapa&itar eauging the coupling of the noise sources in the
drain to the gate. | . and lng are caused by same noise
yoltages in the channel. They are therefore gﬂrre}.ai;a& and

 the correlation eceff = je = { L}‘;g - inadf ( ng, i ma)t
is mraly imaginary due to the capacitive coupling.
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Low temperature performance: Pet's being majority carrier
devices, can opérate ai much lower temseraturs than bipolars.
For 84, e* ars 7[roién out of the émﬁwﬁim vaned a2t 125" K.

In Ga as the donor levels are just 3-~6 mV below the conduetion
vand and no freeze out ocours. Output thermal noige oC Ty/gm
where T, is the ambient temperature. Mt reduced temperature g,
since carrier mobility inerea;a@a due to reduced geattering.

incvesses Tl )
Noise due to parasitic resistances also cools with temperature.

Both bipolar and fet transistors can be potentiaily
u&é%ﬂa over part of their usable frequency range. To get
familiar with high frequency design techniques m-siﬁg sgattering
parameters, and %o understand the problems in ering with
ungtable devices, the design of & bipolar transister amplifier
was underiasken before attempting to build the fet amplifier.

3.1 Bipolar Transistor amplifier deaign:
ragquirements : Centre frequeney 3 1400 Mig
348 bandwidth : 200 HMHz
gain & maximum consigtent with minimum
noige figure.
Transistor nsed 3 HP - 35821 E {(see data sheet pl0A)
Measurement of the transistor amttﬁriug parameters not
being accurately possible with available equipment at 1.4 GHz
the manufacturer's data shect bas %o be relied upon. However
§ MM&@ are given for a bias ecorregponding %o Ve and J. for
gain, not thoge for minimum noige. The Aokikgn is
carried out with available parameters and final adjostments



FP.loA

-90°

0 0.v 0.2 0304 0506 0.7 ¢8 0.9 1.0
(AT SYSTA URRTR SYTRINTUVA N VORI AUNS FURTN OOUARAOTE] ]

Figure 4. Typical 544 and Sy, vs. Frequency for the

35821E for Vg = 16V, Ic= 16 mA. -
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EMITTER
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Figure 6. Typical S” and 322 vs. Frequency for the

358218 for Vg = 15V, 1= 15 mA.

Figure 5. Typical 821 and 812 vs. Frequency for the

36821 for Vg = 15V, .= 15 mA.

S— PARAMETERS

Figure 7. Typical 821 and S»12 vs. Frequency for the

358218 for Vgg = 16V, 1o= 15 mA.
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made on the bias clireuit to achieve lowest noige.

Scattering parameters at 1.0 GHz & [.52.180° 062 63"
| 7 4.1 2 68 53 235"

1.4 CHs = [.5 £ 165" 08 £60°
| - |3.2 265° 52 2 43°

2.0 8Bz = [.52<152° W10 £ 60°
2.5 76 252 £ =55 °

from the scatiering parameters, the following guantities are
calculated (for definition and formulas, see appendix A)
as K, “m’biiity factor K » 1 .- absolute stability
K<l = wﬁmﬁal instability, depen-
, _ dent on lead and source.
16Hs : £ = ,92,) G, undefined since conjugateby matching
1.4 %K =.90 - input and output causes Emstability.
2.0 K =1.07 6, 11.9 48, conjugate mtch ga%ﬂi&ls;

L L]

£ L]

b Stahilify\ circles, boundsriss between stable and unstable
terminations on B for both input and cutput.
( 6, ¢, centres, [i>f radii) | "
1.4 GHz : U = 1.9 L42°  €; = 1.96 < 166

o = .95 1= .98
1.0 GHs Cp = 1.85,39° G4 = 198X

= LO90 . g = 1o%

2.0 GHz eince X > 1 stability ddrcles lie entirsly out-

o~ et

R e
S L — %3 s 4

side the smith chart, ie no passive impedance casuses in-
stability. ‘ | |

- §§ﬁ5m§ gain circles, doci of load impedances giving |
congtant gaia; are calenlated at 1.4 GHz.

a, b, ¢ are all plotted on the suith chart Ne.l.

A load impsdance lying well in the stadble ﬁgiaa is chosen

giving about 14 4B gain and 8 matching nedtwork found #a
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transform the 500 load to preseut this chosen impedance

at the transistor output.

""]_MATCH/NCT 5o.n OUTPUT

NETWORK

—

Zend + 500

Because conjugate maﬁahing has been avoided, the impedance

Z end at the matching network output is not 50 (L and so
gives rise to an outpui VSWR. Choice of & load closer %o the
unstable boundary {ie closer to the eonjﬂgaﬁely matched but
unstable condition) gives higher gain, lower VSWR but is
relatively less stable and more sensitive %o variations in

S parameters. A compromise is made with acceptable VSWR.
{@alﬁﬁlateﬁ'valua : 8WR = 3, R.L. %’ﬁdﬁﬁn The transistor at
these freguencies is non-unilateral, s¢ the chalaa of load
affects the input impedance, With the load chosen, the Zin
is ealculated and a matching netwhelk synthesized to transfomrm

the 50 Ll gource %o 'm*

Bo -

INPUT . i INPUT I
r> MATCH ING ‘
T
= 5o b':

ZM

Z.°

in
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]h {ke neighbourhood of l.4 GHz. the transistor gain is
falling at 6 dB/octave and reaches O 4B at a gain bandwidth
Lo :'&%355 To improve gain flatness over a braadband, the
matehing networks should mismatch the transistor and decrease
‘the gain at low freqneicies while leaving it intact at higher
frequnencies, ie., the mateching elamanté Bhould be high pass

to compensate for the transistor low pass characteristic

//
/mafch/;ng ne,{fmrk

Isal .
g '.2’/;__‘ — s resoltant,

/ "fvamsis'bt’
e -

The circuit dingram and layout are shown in CIRCUIT-1. Dusl

copperclad Teflon-glaes fibre dielectriec is used for the

cireuit board, with £, = 2.5. The bias circuit is on the

reverse of the same card and must be properly bypassed, and

grounding carefully dome to prevent high frequéncy resonant

lengths and aanséqaaat osciliation. A1l elements except the

,ingmtlautput mierogtrip lines are lumped.

Qapacitors : fixed values : eceramic chip eapacitors

| | variables : acrew tunable, p@iyes%er'ﬂielectrﬁc

Inductances : Short lengths or few turns of tinned copper wire,
.6mm dia. At these frequencies, induciance goes
as the length of the wire, 10 nﬁ/z, rather
than the number of turns. {Wires are coiled %o
save space) Lengths of about A /4(x Sem) act as

parallel resonant chokes for biassing.



CIRCUIT |

SRR C"'cwf faéma//’ed on  dovble~Ci olad. low loss Teflon - ghss
7[/:rc cflc/e(/?‘rm (6 = 2 5) | | |

; | /NPUT/OUTPVT “'SMﬁ :tanfneo{a:rs feed'/};j 50.:2, (46 mm Wia'@)

IR ” micrésfrilé /ine .

56 PF " /0 /éF J'oiimn'.seh Variable capacitors

-C, CZ :: 1000 J,Df: RF éj/oass {Ameméan Technicad Cerammsh_;
! 47 PF  de block Chip capacitors .

Lyt Ay lengthab 14 ghz, pass only de

. 18 nH }  linned (u wire , 0-6 mm dia,
75"“‘-{ ‘ w (0 nﬁ/&m ;o Zmm ¢ &mm ‘/eﬂ?ﬁ“&},

v

J




 CIRCUIT BOARD LAYQUT — {

N 508 - BROR I} -504a ouT

CowrT|TTTT o

E "' | em}‘ftfl’ ; 8 - 'i{?ﬂ.SE' Cm- Colleclor

X;;-- ﬂlrough w:rﬁ ZLG. r&»{,ﬁa !D!'ﬁi?ﬁ

@ — _groundm9/moun7‘m§; SCrews.

J

vﬁ[’f 71’0 r:ghf' 56,@?, 47pF, 10 PF

jan m Soa flne are ﬁr ﬁ@lpqﬁffgrﬁ

) % — mdwf’ors
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Some amount éf tuning is needed to achieve the desired ecentre
freqﬁanay, ma%ehing‘and bandwidth, which can be gimultaneously
ﬁiaplayednan.a swept freguency analyaérﬁ The noise figure is
meagured and the input matehing and bias ganﬁitians optimized
far lowest noise. The holise figure is then’detarmine& and
invariaﬁt t0 output mateh, whieh is retuned to give best stable
gain. Depending on the relatiVe priorivies, degign may be
carried out for (i) optimum noise figure. (ii) maximum gain

at a gpot fregueney. (iii) bvest gain flatness over a wide band.

{iv) maximum linear output power.

3.2 Results: o
Centre fréguency : l.4 GHz

Gain : 11 48

noige figure . 3.7 a8

output match {(Return loss) : 8 4B
input mateh s 30 4B at 1.4 GHz.

3dB gain bandwidth @ 200 HHz. _ 7
Increasing the output power éaases the gain to fall at the
onget uf‘nbnrlinearityn Thi$ is meagured by the 1-4B gain

compression power output = <5dBm.

3.3. FET low noise amplifiers

Ag already outlined, low noige amplifier design usually
involves (i) selection of the bias point and the input matehing
network for mimimum noise, (ii) matching of output for
maximum gain or broad vandwidth. With Ga-As fets, especially
at lower frequencies (below 4 GHz) this procedure encounters

the following drawbacks:
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{1}?&1«5 a@me is potentially unstable both in and out of
Eami s and ressing capable of sotivity upto very high fre-
qszpmws {eg maxinum freguency of oscillatisn frax = 50 GBz}
%’fmm ie thus the pessibility of unwanted eseillation if |
i:apeﬁamea are nok mwi‘umy chogen. ‘
{ii) The source impedance for optimum noise ﬁifﬁi‘w& congi-
derably from thai Sor conjugate iupud mten, leading 40 high
V3SWR for the low noise amplifier.
{i11) The high~Q rsactive input makes the achiasvement of
broadband operation dilficulil.
E’f_fmtf of a feedback inductance in the source lead:

G

Lg% jmvl . 5/\7(;;54 |
3 '

S

S ; ' ,. S

it RDTS and y: 1 are large ﬁﬂmmrm to wls, the expression
for ingmt impedance is

ZW& CRe t .’..-" +Jw1. | + Lj /st<{+LjLRD$)

gwhs -
2.
| | el w L, /R os‘( \{+\j—,‘_—é-ps)
The Jaai two }%em increase the real part of the Z in (Rin)
and if wl iis smmil, its em%ﬁhatiaﬁ to the imaglaary part
{ Xin ) is small. Rin can be pushed towards the source
myéama for minimum noise, ( Rﬂpt + §- X op%) by suitable
choiee of Ls, Increaging Rin also results in an ioproved
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bandwidth.
Noise measgure K ain is ﬁafiaﬁd ag the maise figure of [

an infiniﬁe ehain of identieal amplifiers, Hﬁ; zwuim~
. . & in o s

A&ﬁingilaﬁieas fa@dbagk elém&nts'ta.ény network may decrease

%miﬁ and &, but leaves Moin unaliered. Por the FPET (ref 5,8)
the effect is t0 reduce Xopy by w.lg (ie Ly appears effec-
tively in series with the gate).

Thus the addition of a source indﬁetance\leaﬁé to lower
VYSWR, broader ﬁ&aﬁﬁiﬁﬁh and {as seen later) greater stability.
The design procedure uses the ﬁuparametar @Bﬁ#&§ts of sec.
3.1 and goes ags follows: | |
{i) From the paffarmanee data of the transistor, the bias
point for mininum noise is selected. Aﬁ‘exgeateﬁ, the drain
voliage Vpg is low, corresponding to little noise from the
velogity saturated electrons under the gate, and Iﬁﬁ is
about 15 7, of Ipggs the zero gaie;waltaga drain eurrent.
{see section on FET noise). Common source g-parameters under
thege conditlons are used in subsequent caleulations.

The bare fet has a stability factor K = .25, highly
ungtable, and input reflection coeff. I—;n = .94 £~60°,
highly reactive. | |
(i1) The effect of /. is included as follows:

Recqgnlzlng that the compogite gtructure may be split 1nt9
twe 2-ports in series, their indivi&ualvzg parameters may be
summed %0 give the av&rall'E%parametar$;'whieh are then

converted back %o equivalent S-parameters.



i L — 2 — — OVERALL _—
== T . — L S pavamelers
- ﬁ ‘ | :—"‘-? L | J ‘::‘> {hc,j/u(dr‘mg
%LS : v | % Ls | Z"S .
FET wifh S = Zper |
FET
external . CoNVERSION Z-+5
in dudfonce ' Conversion

tE = Zovem«”

The modified parameters are found for several trial iadue~
tances over a range of frequencies. The fimal value of [

is chogen asg 4 nlH, and sample parameters are shown at 1.4 GHz

[3) origina1, 1.4 GHs [2*9? < 7. o LT3
3] . y ; g ; «pa& 4"*3;2 *ﬂz 496

When K is ealeulated for the modified sed, £ = 1,1 and

ﬁmx = 17 4B, showing the stabilizing sffect of the gource
inductance. The wodified source impedance (as already indi-

cated) is found: ,
| / _swl

%he 50 L source is transformed by a matching network to

: i ,
present this Z NFW the transistor input, and the corresponding

cutput impedande determined from oguations (A4. The output
iz then mmmﬁy matehed to 50 L and the reguliant input
impedance found from equations {4 4) le:fix the source, matech
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the resultant cutput %0 load and find the new inpul impe-
dance. {The trangistor is non unilateral, hence the back ané.
forth procedure). |

ey
; ]-1 rz,c rlOUf
— INPUT ] . ouTPUT  |—=
MATUR NG | <—-\ ‘<t2/ MATCH NG jr
(w. Lj% 500
F500 \ | i
rlIN GUTS 92 276

PThis exercise yields & [1;:’(‘33 Z 24°} gloser to the
modified [;F { 65 £ 22° )} than was obtained without the
#éureé inﬁuetanga;'gﬁ#ing a better input mateh. The expected
.gain at 1.4 GHz is about l?ﬂﬁﬁ, ag geen from the—iaeatien of
[, on the constant gain eircles of the Smith chart. Sta-
bility eircles are pletted for both input anﬁncmtput; Using
the modified parameters at inereasing fraqugnéiegj‘ﬁha high
pass load and gource impedances, /1a and [%, migrate with
frﬂqueéay along the loci shown, and remain in the stable
regisg upto abeut<§ @Ez;‘§nw6ver, beyond thias frequeney, the
%ransiater*é changing characteristics cause the impedances to
be no longer suitable to it and instability results. The
source inductance is now found %o aid in the de-stabilization
at high freqneﬁey by feeding back more aﬁtgut to the'inpat,
since its impedance inereases with frequency. Analysis of
high frequeney éseillati@n is’aiffiealt since distributed
effects eausé capacitors to behave as inductors and coiled

wire inducters to be more ecapacitive than inductive. Two

Fassible aaiutiens('neither‘gf which was found neaessary) are:
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(1) inserting a metal partition isolating input and output
sides of the amplifier. (ii} a microwave absorber such as
carbon impregnated foam placed at the input and output
introduces a logs at higher fr&q&aneie%,lea?ing the low

frequency characteristics intact i.e. the amplifier cavity

is no longer an effective resonant cavity at high frequency.

3.4 Resulia:
| The eonstructed amglifiﬁwiag-f@un& %o have the following

charaseteristics:

gain:17 4B at 1360 MHz

3 dB bandwidth : 120 HiHz

input return loass: 10 4B
The gtability was found ta.deyené upon the bias condition,
specifically Vos larger than about 3.5 volts caused oscilla-
tion to set in. However, minimum noise aaa&itiéns‘were-ak _
Vag = ~1:7V and Vpq = 2 4,2.5 volts, at which Point there was
no sitability problem. Hoise figure mesgurement yielded a
noise temperature of sround 100 K (1.29 4B N F.) at 1400 MHgz
and 90°K at 1350 MHz, both at 300°K ambient.
Phe circuit ﬁiagram.aﬁa‘frEQﬁﬁney responge plots in the |
minimum noise sondition are shown in the acompanying diagrams.



ond comments on Further f/eve/o;::menl‘,

The seplifisr constructed could Tind possible use as &

comsunications seceiver front end, without cooling or further refinement.

To meet the smore sizingent mﬁm% of a zadic ta:twaeaps frant end

~ improvements

Mwamr, inproeed pwfﬁmmm in d&mwaﬁ. ﬁm& of %MA and the probleoms

Anvolved are listeds

{£} Cooling to liguid nitzogen tmmmm‘{?‘i’*m or below

tis)

{1i8)

reduces thesmsl scattexing in the channel, Dovice gein end
noise paronsters chenge, requiring o rsoptimisetion of bies
and matching networks in the cooled condiiion. Stressing
of bonds due to sonirection may make the gizewit unreliable
oz emierkable,

1t may bo possible to incrsese the bandwidth %o a comfore
table ssount by ‘

{a) computes synthesis of higher order amtching netwozks,

{b) optisizing feedback vis noiseless elawents (resctive

fiv}

IN

in owisr to presecve the noise figuze).
With varisble iwmpedence matching slements, the noise
behevicur of the devies can be é-mzﬁm over a range of
BRULTTE wm&iﬁm, 1eading to a2 full characiterization in
tersa of the 4 nolse pavometers of eppendix (.

Toagethey with powsr splifters snd combinsge, & 2 tranaiator
blanced cizeuit instesd of & single ended amplifier can
give low SR while asintaining optisum noise walch ond
doubling cutput powes, ‘

ouT

2L f]{wad/"%’LWC
‘ hybh'd
A wupi@r '

S50n
Termmod 10"\




HANDLING AND PRACTICAL DETAILS

v v
While it is not as sensitive to mishandling as the bage chip,

the packaged fet must still be handled cautiously:

1. Ungrounded persomnel should not touch the leads, since
trsnsients easily damage the gate.

2. Soldering irven must be pruperly grounded and any source |
of transients elimirated. '

3. A {g? should never be inserted into a pre-biased gircuit,

~ Even in the scldered-in circuit, switch-on should be done
gradually: First the gate is set %o =2 V, then drain voltege is
applied slowly and finally gate is resdjusted to get desired drain current.

4. Use of adigital multimeter to check resistances of the
- device should be avoided since. the voltage supply within
the m&tar—May daatrny the gate.

5. Soldering time should not excaad 20 secs. at 260° €,

Indium alloy selder, with melting point 180° C as ussd for
soldexing the trensiatox and‘ai; gg#gmi&vﬁﬁipfgmﬁa$i§ﬁ§$@ ?hiﬁ’ﬁantaina
2% silver, which is necessary to keep the silvex in the chip capacitor
bofnding pads from leaching out while seldering. |

6. The SﬂaﬂLmi¢£u$tzip lines for input cuiput were formed by
applying 4.5 mm masking tape to the PCB and etching., All
boknding islands etc., on the boaxd are kept to minimum
area to avoid the introduction of unpredicisble d@istributed
elements into the circuit. {Lapacitance to ground pla&a

| il =
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MICROWAVE TRANSISTOR SERIES

244

Low-Noise X-Band GaAs MESFET

FEATURES
® VERY HIGH fjgpx
55 GHz

® HIGH MAXIMUM AVAILABLE GAIN
17 dB at 4 GHz
12dBat 8 GHz
10 dB at 12 GHz

® LOW NOISE FIGURE
1.4 dBat 4 GHz
25dBat 8GHz
3.5dB at 12 GHz

& HIGH ASSOCIATED GAIN
13.5dBat 4 GHz
10.5dB at 8 GHz

7.0dB at 12 GHz

PROVEN RELIABILITY AND STABILITY
1.0 MICRON GATE
¢ SPACE QUALIFIED -

PERFORMANCE SPECIFICATIONS (1,725°C)

DESCRIPTION

The NE244 is a gallium arsenide (GaAs) n-channel field
effect transistor (FET) employing a 1.0u long Schottky-
barrier gate. The device is available as a chip (NE24400) and
in two rugged hermetically sealed metal-ceramic stripline
packages. The chip offers exceptionally low noise figures

. and high associated gains, making it ideal for microwave

integrated circuits operating up to 12 GHz. The chip’s gate
and channel are glassivated with a thin layer of SiO, for
mechanical protection only. The NE24483 is a low cost
packaged device for industrial, military, and space appii-
cations. The NE24408 is in a low-loss, hi-rel package de-
signed for space applications. NEC uses the highest grade
materials and the latest design and production techniques

" to manufacture the best devices available. Reliability is

assured by quality control and test procedures patterned
after MIL-5-19500 and MIL-STD-750. Long term perform-
ance stability is assured by NEC proprietary wafer selection
and processing. The exceptionally high gain, associated with
a-very low noise figure, has made the NE244 the industry’s
standard. The NE244 offers the engineer the best in
performance, reliability and quality.

NE PART NUMBER NE24400 NE24406 NE24483
EIAS® REGISTERED NUMBER 2SK8g5
PACKAGE CODE Chip a6 83
SYMBOLS PARAMETERS AND CONDITIONS UNITS MIN TYP MAX MIN TYP | MAX MIN TYP MAX
fMAx Maximum Frequency of Osciliation v
e at Vpg=3V, Ipg=30mA GHz 55 55 * 55
MAG Maximum Available Power Gain2
at VDS=3V, |Ds=3QmA
{Typ. Ips=50% IDSS}
f=4 GHz dB 17 17 17
f=8 GHz dB 12 11 11
f=12 GHz dB 10 9 9
NFmin Minimum Noise Figure®
at VDS=3V, IDS=1OmA
(Typ. IDS=15% EDSS)
f=4 GHz dB 14 1.5 1.5
f=8 GHz. dB 25 | 35% 2.7 35 27 | 385
=12 GHz dB 3.5 38 3.9
GNF Associated Gain at NF
at VDS=3V, le=10mA
{Typ. los‘-“i 5% ‘DSS) ‘
f=4 GHz - dB 13.5 13.0 13.0
f =8 GHz . dB 8.5% | 105 85 | 100 85 10.0
f=12 GHz dB 7.0 8.5 6.5
PoUT Output Power at 1 d8 Compression Point
at VDS=3V' IDS=3OmA
{Typ. !Ds=50% ipgs! »
f=4 GHz mW 10.0 10.0 10.0
f=8 GHz mW 7.1 7.4 7.1

SEE NOTES ON BACK PAGE

Nippon Electric Co.Ltd.



NE244, LOW NOISE X-BAND GaAs FET
ELECTRICAL CHARACTERISTICS (Ty=25C)

NE PART NUMBER NE24400 NE24406 NE24483
ElIAJ! REGISTERED NUMBER 2SK85
PACKAGE CODE Chip . 086 83
SYMBOLS PARAMETERS AND CONDITIONS UNITS MIN | TYP MAX MIN | TYP | MAX MIN | TYP MAX
lpss Drain Current at |
Vps=3V, Vgg=0 mA 30 60 100 30 60 100 30 60 100
\" Pinch-off Voltage at :
] - - =
Vps=3V, lpg=0.1mA A" 1.5 -4.0 . 1.5 -4.0 1.5 4.0
9m Transconductance at
Vpg=3V, Ipg=10mA ma 15 20 100 15 20 100 15 20 100
ies Gate to Source Leakage Current
at Vgg=-5V ‘ uA 0.1 1.0 0.1 1.0 0.1 1.0
Rth Therma! Resistance {C-A) °ciw 170° 260 400
Py Total Power Dissipation mW 500 500 300
SEE NOTES ON BACK PAGE : All DC tests performed per MIL-STD-760
ABSOLUTE MAXIMUM BATINGS(1I;=25C) RELIABILITY SCREENING 555232500, miv-st.750)
GRADE D (Industrial) GRADE C (Military)
PARAMETER SYMBOL RATINGS | UNITS 200-1200 Failures in 10° 50-300 Failures in 10° -
, Device Hours {FIT). Device Hours (FIT)
Drain to Source Voltage Vps 5.0 v 100% DC Wafer Probe 100% DC Wafer Probe
: Pre-Cap Inspection -1 100% Pre-Cap Inspection
r” {Sample basis) 100% Vacuum Bake
Gate to Source Voltage Vas -10.0 v * 100% Gross Leak Test (150°C - 1 hr}
: 100% Mechanical Shock Test | 100% Gross Leak Test
100% Group A Tests 100% High Temperature
Drain Current lps 100 mA Storage (1256°C - 24 hrs)

100% Environmental Tests
{Heat Cycle, Shock,
Channel Temperature . Ten 175 °c Vibration, Centrifuge)
’ 100% Power Burn-in at
Pemax {Tep=125°C,

Storage Temperature Terg ~65 ~ +175 °c {Tests may vary depending To =100°C - 168 hrs)
upon package style.} 100% Group A Tests
POWER DERATING CURVES DC PERFORMANCE
-600 : 80
g > X
g \ .
P < ] }
. Ve =
Z 400 N 58 A 5 =0V
g \b@ - /’
7 \ \V’vv% E 40
: b T e
g (%\ - Yo
§ 200 |- o N 3 / / ‘ ;
&€
2 \ \ . 0 45 i - : —r
: ~ SO '
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. L
\ I 1
0 50 100 150 200 o 1 2 3 a 5
AMBIENT TEMPERATURE, T, (°C) DRAIN VOLTAGE, Vps (V)
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NE244, LOW NOISE X—BAND GaAs FET

PHYSICAL DIMENSIONS

. NE24.40(') (CHIP) . ‘ NE24406 NE24483
\3 (Units in um) _ F (Units in mm) (Units in mm)
/ . 500
Ls.omm- 385:03 SAOMH&]
24:0.2
2 0:0.2 e1.8+0.204
] s
5, ;IM-IN :L/S/L; ’ :% .
f NEC ]’_L e 2.0 MIN —-{_}_
i e gt
Ty 05:0.1 : }.m MIN ] 0.51:0.05
500 $
5.0MIN 4.0 MIN
| d
—l S le102:005
L 0-‘{&%— ) } 1.6 MAX
: ﬁrAx él.‘Z:O,BE% " 1a0s T ’ o1 J;
- -0.03
Si0g GLASSIVATED REGION
All bonding pads are Ti-Pt-Au
PERFORMANCE CHARACTERISTICS
' ) TYPICAL PERFORMANCE VS. AMBIENT
TEMPERATURES FOR THE NE24406
DRAIN CURRENT VS. GATE VOLTAGE AT AND NE24483 AT 4.0 GHz WITH
VARIOUS CHANNEL TEMPERATURES Ipg = 10mA AND Vpg = 3V
B | T A .
A Ten~°C / 80 ] ) "\\ GNF
:gg // g . g 12 3 e +10
[N > = B B
25 60 z % 15 g
gg: / § Z ::J \ >
TOU] i 5 8- 5 2 \\ o §
- o g P
© g S lE L 2 )
Ey 2 =] NF | o \
z % 4 = 1 et \\ -10
- 20
it ¢ ] g - [ -20
-5 -4 < 3 -2 -1 [ -86 40 [ 40 80 120
GATE VOLTAGE, Vgg (V) AMBIENT TEMPERATURE, T, (°C)
TYPICAL GAIN V8. FREQUENCY FOR THE TYPICAL NOISE FIGURE AND ASSOCIATED
NE24406 AND NE24483 AT Vpg=3V GAIN VS. FREQUENCY AT Vpg=3V
AND Ipg=30mA AND Ipg=10mA
p:3 -5 20
. ] : 4 15
20 \ {TG Y . - GNF I/ »
N g B g
N s VA
g ¥ ™ i 3 T y -
; ~ \ 2 NE24400 1’< 1 §
3 ” \\\ \\‘ 2 5 | NE28406/53 e o o .{,/ M \ 8 2
\ ® ®
""m’ 182151 NN . : P 7 Y E
. /1 ‘NN"N\ 4 8
: Ty . 1 4
& \ NF
[’} . [ o
4 2 3 5 7 0 20 1 2 3 s 7 10 20
FREQUENCY, f (GHz) ) . » FREQUENCY, t (GHz)




NE244, LOW NOISE X-BAND GaAs FET
PERFORMANCE CHARACTERISTICS (cont'a

TYPICAL NOISE TEMPERATURE VS. RELATIONSHIP BETWEEN THE RATE OF
AMBIENT TEMPERATURE FOR THE VARIATION OF NOISE TEMPERATURE/
NE24408 AND NE24483 AT RATE OF VARIATION OF AMBIENT
VARIOUS FREQUENCIES TEMPERATURE VS. FREQUENCY
400 7 g: 20 '
Y 12 GHY E:l
2u

gz 320 25 18

- . P E é

u 8GHz =

2 20 > B 12

g - pad ge

: > 52 -

§ 160 v e 55 0.8 -7

£5 P

2 gl g8

80 - = E'S- 0.4
— " o .’,‘ EE
papannnnt T P 3 .
0 E [
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NE244, LOW NOISE X-BAND GaAs FET

PERFORMANCE CHARACTERISTICS (cont'a)

TYPICAL NOISE FIGURE AND ASSOCIATED TYPICAL OUTPUT POWER AT THE 1 dB
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NE24483 COMMON SOURCE SCATTERING PARAMETERS

NE24483, LOW‘NO!SE X-BAND GaAs FET

S—MAGN AND ANGLES

\)‘DS=3V. Ipsg=10mA
FREQUENCY (MHz)

2000
3000
4000
5000
6000
7000
8000
9000
10000
11000
712000

Vps=3V, ipg=30mA

2000
3000
40C0
5000
8000
7000
8000
9000
10060
11000
12000

(Vpg=3V, Ing=30mA, Z or=500)

Coordinates in Ohms

Frequency in GHz

-150°

s11 §i2 822
950 -39 1.795 143 024 63 812 -23
872 -58 1.684 128 .032. 56 .768 =34
.891 ~78 1.628 110 ~.039 45 .798 -49
.888 -83 1.847 95 .041 41 .831 -569
.805 -108 1.404 78 050 32 .805 -89
757 -121 1.200 66 043 23 778 ~-80
147 ~131 1.048 57 039 20 .808 -88
693 ~139 0.977 48 026 ~1 792 -91
644 -143 0.263 48 027 62 831 ~91
833 -168 1.041 38 .038 80 837 -92
470 171 1.195 18 048 52 B11 -100
047 —41 2.028 142 .016 66 799 ~23
.866 51 1.892 128 018 64 760 ~33
.888 -82 1.824 116 o1 69 791 -458
870 -938 1.711% o4 .028 52 .832 -57
797 ~-114 1.562 78 .024 52 .808 ~-66
748 ~-126 1.318 65 021 682 776 -78
734 -137 1.164 56 020 73 .B05 -86
662 =145 1.055 48 -.014 2] 808 -88
608 ~150 1.054 47 .045 125 .840 -88
482 -169 1.121 37 083 113 .859 -89
438 1.288 18 .078 100 .858 -97
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f. BDefinitiont With reference o Fig. Af.
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Total Veltege and Current
Related tu Travelling waves:

—

Vio® By v By

Power Relsted to Trewelling
wavess
a i;’ FREN
8 = €, /72,
B, = E:;! 7 /%
b, = £, 77z,

a® represente incident powes,

»° represents reflected power,

sutput watched to 2 o |

= =roverase tranmmission with input wmatched.

5, = B *y‘*ﬂ;



The measuremsnt is sasily p&:wm& on an instrument {wﬂa gz the HeP
vector witeeter] which ‘measures both maplitude end phage of 2 signal
withrespatt o s roference.

3, Signal flow grpphas The 2epoxt in m@atm A% is represented in
a’ . .

Su by

e i
4

Y

a,

s"\f | _ Szi

b s (%

A

Fig.A2n » 2-pozt fig.2b-Conaratoxy Fige2e~Zeport with
Gonarator and load.

For the &mmtw: Povex ﬁa&imm into x fmm 8 gmxm: of &mpa-.

dance Z_ ETL A z

P £ g

-

Flow chast {2b) - indigstes @ = b+ b r'a whexe P;x = (22}

— (& + )% the woltage wﬁm&ﬁm maf‘ﬂﬁiﬁa%
of the suuzcse,

#a Mason®s Rule:
L (1) = Fivet oxdesr Loop = Freduct of paths eneountersd éimt&a@ ‘
¥row u rode ghd w%umiag o i%.,

L 12} = Sawuﬁ order Loop = Producr of any two noneiouching
first ozxder loops.

L {3) = Thizd order Loop = Prpduct of any three nonwtauching
N {i i‘ﬁg

T = zetio of a dependent (Eg. b,} to an independant (£g.b,) varisble.

t ”“ﬁ [t ‘élﬁ’{gi & é-k;f?} - éL %3} saBEEESD +
A

‘__&[ 2&3&;1- ]*mﬁ.xz*
RN EPTIS E



Where P, = Path's fzom dependsnt to independant varisble.

é i‘i {3} - Sum of jith ozder loeps pot touching,
A L [’f - i. {f) L 4 L % ;23 u*@ij
-4 LU) = Sum of #ll jth oxder loops.

b5 7
4 }/PS*

.

Fig. fé mmﬁ Generatox.

me - ?mx pvailable from source » Fower delivered pnder matbbed
conditions.

*& ”&.* o g’ mr# + Hagon's Tule

applied %t Fig‘ A4,

= ]&3

2
Power delivesed to load = Folel = /q?_] —/b;,/
: b2 (1-0]*)
EY - Transduter pover gain » Pdel'/fews ‘= z L

fagon®s rule #pgsiim to Fig. Ze now gé;vmf.t S “”SJZ/(!— ! 5!L>

2oL 521
. Y- *“ur' - szaﬁ. < Sy ozl * SuSals L

henca a' - (ﬁm/ (1; a} 3); i /F}r“ ,
s %Pu ) ‘*‘ﬁzrﬁ"&zt ﬁmp sz-

Stabilitys A metwsrk beving positive zasl (paz.) 2, a7, far ald

out
PeXe sOUITES and loade, is sbeolutely stable. ﬁcﬁlwmiw i¥ mw&m

ally stabie. {(Both definitions aze for a specific Frequency. 3.



The Smith chest interies sepresents p.r., impsdances, with ] [ s/
M/{:/S_%; Thus shsolute stobility implies 1 r}N/, “lur[s I
1 for scuzces snd loeds in the chart idterior.

Frow Fig. A2¢ and Egn. A2,

The mmm: ' obes | f;} 7% onone sids, < 1 on the pther ;

it imm@mw plane inte stable snd unsiabls
regions {;i.m values of Q;s.;‘z the unstable region cawee ||y > .

e _§_2L§41-__ ,

Futting f Su + 1 _— S‘Pl } T faqn, Adg gives @ vizcle of

whats # “’(5‘#1 Sp2 = 8z ﬁ&z); Subseript ‘o' for sutput., i for impul
Egn. Adb g‘im expressions wilth r sepluced by rlt and 235 by ‘Sﬂ P |
faz the Snpet ﬁk@h&lmy sivele, C; and fi*

Te ﬁw which side of the boundsry is stoble say, for the input
@xmi put F = O, which mmwwnda te .ﬁm Seith chart centie, and
causes r;orw %3 i&':fm. Adbl. The a:agiam in um the centre lies
s then sishle if 52'2 < 1 m m&m&a ﬂ 522 > h

2
Faedolng e
lsw sz;\ |

wheze d = <$ﬁ S;; = 5, sm)



{i} for = unilsteral devige, § = o

{3i) for an absolutely stablis deviece, K > 1, and the

. stability circis lies entirely outside the p.¥. part of
the Smith chazt, Conjugsis matching for maxioun trense

. ducer gein in ymﬂk&

£3ii) E<%t nmesns that thete are p.x. mﬁ&aﬁw which can

cause the device to cscillate. {(Conjugate ma*kﬁhiﬂg iz
undefined s ths input amﬁwm depends < ntiauy on the
output lcad and vice vergaj. Asbtabiliad ny wmismatch is
mﬁaﬁym

Braphically, aﬁmh@ ds auma&iam in the ?wumeing diegronss

RO X
nmlndm tm%za Excludes Contye
mith © . Smith Lhaxt.

‘o' In

'0' In stable
reqion

in sach ctase, stable p.x. impedonce Tegions are shaded. Sinilax

sonditions hold in the input plane with ﬁza roplacing ﬁﬁ .

Conslant gain cizcles are loci of impedances resulting in constent trang-

ducer gain, frow equastion AJ,



C_j = Centre of gsin circle = ﬁ c*
' + BE

by « 1 [, %/ﬁ * [Si25y ® ]'/’- (106 )
%2 % ¢ Sy sza>

Fad1u3

Whers

&&m x,l m xx purely wwamiw, there axe 2
gmﬁmaﬂm that satvh the amwm mwmw 2; and Z

T
Y a___ XZ 7« A
N ZS 25_-7 L

®

In genszal far each configuration, there srs 2 sets of reactances, but.for
one ’
pone spwimi Gpues my gigtinct et exists

* x#) : for the Firzst
o configuration,

ﬁwmmg m&mm e and L giwa the 2 sets of

sa for the
senand mnﬂm%w.

These resctances ars ddentical % those found by graphicsl wmeans:
ftg. on wm Smith t«!wxﬁ}‘



fivise divde bes B.76 48 amouns

is

2.

Gain and Betuen Josw {eche)
Referzving to Fig. Bt {owverlest)

ectar B is the zefezence thannel, 348« soupled to the
fopward sain ldoss A i3 3 48 » coupled tu the input reflscted
wave, B is dizeutly teksn ot the device cutput. The detector
mipots are fed $o Xmmn g¢ log anplifisrs ond me as
aje, ﬁﬁa in 48 ygeinst feequency.

Holses

fefuying to Fig. B2, $he top pazt of the diagree uplo X, ie
used for sutomabic sessusesent by Seiee, figure meter, The OF
metsr provides on output switchud et 1 KHz betwesn o gos tube
nodise souzce ot sguivelsnt twnpesature ’F snd o resiotor st

- shantiard tompePetune ?’ poEFespandiog mmﬁa at X arecC i? * *rg

and iy »**E} whans ‘!‘P = device spmivalent noise Wﬁfaﬁvm&
These are Tod buck %o the netez, voppavred, and ithe HeF rosd of
& calibrated scale. 6ou more ascurste enusl messurements, T,
is injeried fron & calibwsted noise dinde, the ocuiput Teos X s
furiher enplifivl, square low defecied %o pisid & voltage 20w

partissl to pownr, and seasurod on e 4§ M@iﬁ ByE, The verieble

asttenuation koo the power in the syueze iaw region of the
detochor.

 apdee, dee T, = 307 (300°K) = 131K

Yoltage (oW} Equivalent device Temp,

Souter off Souvte on Ty 8 {aB).

Froge

455 oY 45 ¥ | 102.5 $.29
150 = preg . 98.5 t.24

1400 mez. 90,7 568 10142 $.27

116.8 a6 . 998 .25




fe ot S,

Voktage [aV} Eoudvalent devise Teap.
Souzes off  Scavee on Ty B {4E)

174 uy 548 87,6 1.0
t3g . &35 91,2 1.5
1390 Mz 100 @ 34 8.3  1.13
5.6 0% 962 8%.4 1.3
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Actasl | . Equivalent
Noise Free |

o= J porl wilh
z port,

internal

S0UrCés
- i ‘ —° Thev@nm‘%
Theorem

Uzing m&mmn w&atm fur m quantities,

e ﬁz - w4 ﬁ & ‘!‘ Bty whmﬁ ﬁ is an umwaimﬁmi mim rusintance
' at sﬁmﬁm temperature T, D¢ is the bend of
interest,

2 N
and |, = 48 kT 0f3; 6 = eq noise conductance.

When the squivalent network is fed mith & madm noaise mxxnm Source
L {W} with internasl impadence "t_ﬁ at tomperature *‘m + then noiss output

at A A* is found as ?&lmt

:’ o /f' Zm are Fourier Tmms 0¥ ms
o . é . {l
| =) tn Ye = T4 Vs
Ys i ’[n

LA

total short circuit oculput curvent = ] a? IH * ’z’a £: assuming the

I\g(“» )r

internal 2epprt nodse and the M&mz ig axe uncorrected, souuring
the Tourder magnitudes, ﬁaﬁ-iﬁg averages snd using Pavsevsl's thoorems
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Putting } '

LS

\A/,__s../...ﬁ

Eqne {1) can be simplified if i_ is split into a component . pexfectly

correlated with e and an mREorrelasted component, iu -

& -3 -3 .3 * . p % 7 oo g posf
Then (;’n -3 )3, = 8 % at gll frequencies,
: * . :
gﬁﬁ -%;iﬁ = @,

The correlated mmpmmt, ( i = lu) may bs expressed as ’fx_. e,

where ¥ £ = <ﬁ e T jﬁjar)has _the dimengions of a&mntaaﬁeaeﬁzﬂ

g
ﬁ‘:ﬁ.

2l - am kT Af: |22 = 4 E kK
e, l 4R KT _b ¥ / iﬁ[ = 4 B KT OF,

F o= te Y [;z .
LY £ N u
AT 5, OF

| . |
b3 . o X - N - &
then ia = &, (\1ﬁ - ,iu) _

F hag a minimum Fn at Sa =

and

- %5 -
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