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»j{¯	·�¯a¼�¶g³�¯q«j«�»�a³&a´Ua¦a±q¿5ü[¼�¶g§�¸�»ja¨D«T¯u¨�©L¨j©/³:´U¯q¸�©.¶�·^±�«j©p¨�¥r©.«�¨j©.«`q¼�¯Y»�a¨D«�¯a¼�¶3¸p¯u³=¯a¸n¾
¥r»ja¨D« ·^±,«`¬^§:¼(»	¨j©.«`q¼�¯Y»�a¨D«p¿�àL^g¶,´r§:²|³&©/¶Ô©p´U©p²|©p¼(»�«	¯u¨�©{¦a©/¼:©p¨D¯u´U´U±�¼:a»�¯R°Y¯u¥U´U¯a·:´U©
¯Y»�²	¥}¸�¨�Y®�¯R°a©�º½¨j©.Ëq§�©p¼�¸p¥r©.«pÌ5«`�²|¥}¸�¨�Y®�¯R°q©	µ�´b»�©p¨D«c¯a¨j©{¨�©/¯a´r¥Uæp©.¶�§=«`¥U¼:¦�»j¨D¯u¼=«`²|¥}«j«j¥rq¼
´U¥r¼:©	¨�©/«ja¼�¯u»ja¨D«/¿/j�¯u¨�¥Ua§�«�»j¨D¯u¼�«j²|¥U«�«j¥rq¼�´r¥U¼:©�º½a¨�²{«	À�²|¥U¸p¨j(«M»�¨j¥U³�ÌB«M»�¨j¥U³:´U¥r¼�©aÌ�¸�(¯YÊg¥}¯u´�Ì
®�¯R°a©p¦q§:¥}¶g©.Ñ ²|¯R±�·&©�§�«j©/¶BÌ�·�¯a«j©/¶Ôa¼ì»j¨D¯a¶g©/�9B«�¥U¼^°aq´r°^¥U¼:¦�«j¥ræ/©aÌ�¸�q«`»/Ì�¯u¼�¶ì³=©/¨`º½q¨`¾
²{¯u¼�¸p©a¿

k � Ü�¢TÜv£���Ü��ml{��õ1n�£/øp£n��>
¤�¥r¦q§:¨�©8ªY5×«j¬:Y®�«�¯�¦a¨�©/¯u»j´U±�«`¥U²|³:´r¥rµ�©.¶ì¶g¥}¯u¦q¨�¯a² uºv¯8»ja»�¯u´�³&Y®�©/¨|¨j©.¸�©p¥U°a©/¨/¿�Á�¬:©
¨�©/¸�©/¥r°q©p¨|¦q¯a¥r¼�¥}«*¨�©p³:¨�©/«j©p¼(»�©/¶ì·(±7o|Ì�¯u¼�¶ì»M±^³:¥}¸p¯a´r´U±ì¸pa¼�«j¥U«`»�«|aºh²|¯a¼^±ì¯u²|³:´U¥rµ�©p¨D«pÌ
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²|¥bÊg©/¨�«/Ì�¯a¼�¶,u»�¬:©p¨c²	¥}¸�¨�Y®�¯R°a©{¯u¼�¶,üM¤ë¸�q²|³=q¼:©p¼(»�«c®T¥b»�¬�¼:©�»	¦q¯a¥r¼,®�©p´U´�Y°a©/¨{ª/ÿqÿ
¶:ýL¿^Á�¬:©vüM¤�«j¥U¦a¼�¯a´=³:¨�©/«j©p¼(»�©/¶|»� »j¬�©L¶g©p»j©.¸n»jq¨�¥}«�·�¯u¼=¶^¾�´U¥U²	¥r»j©.¶*¦(¯u§�«�«`¥}¯u¼{¼�a¥}«`©v®T¥b»�¬
©:9$©/¸�»j¥U°a© ¼�a¥}«`© ·=¯u¼�¶g®T¥}¶^»�¬�uº�#�¿�Á�¬:©cq§g»j³�§g»v°qa´r»�¯u¦q©huº5»j¬�©�«�Ëq§=¯u¨�©�¾�´U¯R®Ó¶g©�»�©/¸�»ja¨
¥}«�³:¨jq³=q¨`»�¥rq¼�¯u´�»j3»�¬:©{³=Y®�©p¨�aº�»j¬�©{¥r¼:³�§g»c«`¥U¦a¼=¯u´�¿	Á�¬:©{¶g©p»j©.¸n»j©.¶×a§g»�³:§g»h¥U«h»j¬:©/¼
¥U¼q»�©p¦q¨�¯u»j©/¶*®T¥b»�¬�»�¥r²|©h¸�q¼�«M»D¯u¼(»?pBÌ:¨j©/³:¨�©/«j©p¼(»j©.¶{·^±*¯�A�åê¸p¥r¨D¸�§�¥b».¿5Á�¬�©Lq§g»j³�§g»T°aa´r»`¾
¯u¦q©1qsruÌ:³:¨�a³&a¨j»j¥Ua¼�¯a´=»�|»j¬:© ¶:©�»j©.¸n»�©/¶�³&Y®�©/¨/Ìg¬�¯q«�·=a»j¬�èhå ¯a¼�¶�Ò�åÖ¸pa²|³&a¼:©/¼q»D«p¿
Á�¬:© ¨D¯Y»�¥r|aº�»�¬:©/«j©h»M®�*¸�q²	³&a¼�©p¼(»�«T¥}«�¥U¼^°a©/¨�«j©p´U±*³:¨�a³&a¨j»j¥Ua¼�¯a´$»j{»�¬:©c«�Ë(§�¯u¨�©h¨j^a»
uº$»�¬:©�³:¨�g¶g§�¸n»�uº�# ¯u¼=¶tp�íg2.î�Ì^¯a«�«`§:²|¥U¼:¦�»j¬�©�¨j©.¸�©/¥r°q©p¨�¦q¯a¥r¼{¯a¼�¶|¼:a¥}«j©�»j©p²|³&©p¨D¯Y»�§:¨j©
¥}«�¸�q¼�«`»�¯u¼(».¿5Ò ¨�¯q¶g¥Ua²|©�»�©p¨i� «�«j©p¼=«`¥r»j¥U°^¥b»M±|¥}«�uº�»�©p¼�¶:©�µ�¼:©.¶�¯q«�»j¬�©v¸D¬�¯a¼:¦a©�¥U¼�¯a¼q»�©p¼:¼=¯
©/Ë(§:¥U°Y¯u´U©p¼(»�»�©p²|³&©p¨D¯Y»j§�¨j©�®T¬:¥U¸D¬8¨j©.«`§:´r»�«v¥U¼8¯�¸D¬�¯a¼:¦a©cuº.q r ©.Ëq§=¯u´�»j*»�¬:©c¨�²{«�°Y¯a´r§:©
uºuq�v:w.¿D%�Y®�©p°q©p¨.Ìq«j¥r¼=¸�©�¯c¸D¬�¯a¼:¦a©v¥r¼Co ¯u´}«`�¨j©.«`§�´b»D«�¥U¼m¯�¸D¬�¯u¼:¦q©�¥U¼Cq r Ì^»�¬:©v¨�©/¸p©p¥U°a©/¨
¦q¯a¥r¼3²c§=«M»T·&©h²c§�¸D¬�²|a¨�©h«M»D¯u·:´U©L»j¬�¯a¼xq�v:w���q�y�w�º½q¨T³=©/¨j¥Ug¶:«�¦a¨�©/¯u»j©p¨�»�¬�¯u¼�pB¿
à�¯u¥U¼�«`»�¯a·:¥r´U¥r»M±3¥}«L¯a¸D¬:¥U©p°q©/¶�·^±�»j©/²	³&©p¨D¯Y»�§:¨�©�¸�q¼(»j¨�a´�Ì�·&u»j¬×¯a¸�»j¥U°a©�¯a¼�¶�³�¯q«j«j¥U°a©aÌ

¶g©.«`¥U¦a¼3uº�¸�q²	³&a¼�©p¼(»�«�»�¬�¯Y»L¯u¨�©L¼�u»�«j©p¼�«j¥b»�¥r°q©L»j{°^¥r·�¨�¯u»j¥Ua¼�¯u¼�¶�«j¬:g¸D¹&Ì=¯u¼�¶�¯R°aq¥U¶g¾
¯u¼=¸�©3uºL«`»j¨�©/«�«	a¼�¸p¯a·:´r©.«|¯u¼�¶Õ¸�q¼:¼:©/¸�»jq¨�«�·^±Ô¸p¯a¨j©pº½§:´T¯u´U¥r¦q¼:²|©p¼(»{uºL¸pa²|³&a¼:©/¼q»D«p¿
â�°q©p¼×«`=Ì�«`q³:¬:¥}«M»�¥U¸/¯Y»j©.¶8«j®T¥b»D¸D¬:¥U¼:¦�»�©/¸D¬:¼�¥UË(§:©.«L¯a¨j©	uº�»�©p¼×¨j©.Ë(§:¥r¨�©/¶�»j�¯a¸D¬:¥U©p°q©	¯q¶g©�¾
Ë(§�¯Y»�©h«`©/¼�«`¥r»j¥U°^¥b»M±q¿
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º�¯u´U´�¼:©/¯a¨	¤�ª3¯u¼�¶ì¤5ß�¯u¼=¶Ô¯u¨�©�aº�»j©/¼Ô¥U²	³&q«�«j¥r·:´U©m»j�µ=´b»�©p¨|a§g».¿ÙÒé´Ua¦a¾�´Ua¦8³:´ra»	aº
»j¬�©�»j¬:¥U¨�¶g¾�q¨�¶g©/¨T³:¨�^¶:§�¸n»�´U©p°q©p´�¬�¯q«�¯{«j´rq³=©haº5û6Erªq¿�¤:q¨�©�Ê:¯u²|³:´U©aÌ�¥bº5»j¬�©h´r©/°a©p´yuº�¤�ª
¯u¼=¶*¤�ßh¥}«�¶g¨�a³�³=©.¶{·^±3ª.ÿ ¶:ýLÌq»j¬:©v»j¬:¥U¨D¶^¾�q¨�¶:©p¨�³�¨jg¶g§�¸�»�«�¶g¨jq³*·^±{ûaÿ ¶:ýLÌ^¯ ¨�©p´}¯Y»�¥r°q©
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©�Ê:¯a²	³�´r©qÌ�¥bº�»�¬:©mº½§:¼�¶:¯a²	©/¼(»�¯u´�»�a¼:©.«�¯a¨j©�ßuÿ�¶:ý ·&©p´UY® »j¬�©m¥U¼(»j©p¨D¸�©/³g»|³=q¥r¼(»cº½q¨	¯
³�¯a¨`»�¥U¸p§:´U¯a¨�¯u²|³:´U¥rµ�©p¨.Ìu»�¬:©�»�¬:¥r¨D¶^¾�a¨D¶g©p¨�³:¨jg¶g§=¸n»�«�®T¥r´U´�·&©�qÿh¶:ýÕ·=©/´rY®ì»j¬�©�¥U¼q»�©p¨D¸�©/³g»/Ì
a¨?�(ÿ	¶�ýÖ·&©p´UY®Ö»j¬�©�º½§:¼�¶:¯a²	©/¼(»�¯u´�»ja¼�©/«/¿
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¤�¥r¦q§:¨j©|ªeE�Ò «`¥U²|³:´r¥rµ�©.¶m·�´rg¸D¹�¶g¥}¯u¦q¨�¯a²�uº�¯�»M±(³�¥U¸/¯u´B¨D¯a¶g¥U	¯q«M»�¨jq¼:a²�±{¨j©.¸�©/¥r°q©p¨.¿

� lm¡�ò ò õh��>
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´U¥r¼:©.¯u¨�¥b»M±�¯u¼=¶�³=Y®�©p¨v¬�¯u¼�¶:´r¥U¼:¦�aº�»j¬:©�¨j©.¸�©/¥r°q©p¨�¶g©p»j©/¨j²|¥U¼:©/«v¥b»D«�³&©p¨jº½a¨�²{¯u¼�¸p© ¥U¼�»j¬:©
³:¨�©/«j©p¼�¸p©Tuºy«`»j¨�a¼:¦h§�¼(®�¯u¼(»�©/¶|«`¥U¦a¼=¯u´}«�«j§�¸D¬*¯a«�¥U¼(»j©/¨`º½©/¨j©/¼�¸�©Tº½¨�a²�²{¯u¼g¾�²{¯a¶g©�»�©p¨�¨j©.«M¾
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¥U²	³&a¨j»�¯a¼(»c³�¯u¨D¯u²|©p»j©p¨.¿�Ò�«c»j¬:©3¯u¼:¦q´r©�¦a©�»D«c«j²{¯u´U´\Ì�»j¬�©*º½©p©.¶g¬:q¨j¼Ù«j¥ræ/©�¥U¼�¸�¨�©/¯q«`©.«h¥U¼
»j©/¨j²{«haºT®�¯R°q©p´U©p¼:¦a»j¬�«�¥U¼�a¨D¶g©p¨ »j�²{¯u¥U¼(»�¯u¥U¼�¬:¥U¦a¬�©pá{¸p¥r©/¼�¸�±×¯u¼�¶�¯R°qa¥}¶×©�Ê:¸�©.«j«j¥r°q©
«j³:¥r´U´UY°a©p¨.¿
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T =
P

kB
s

n

Filter

B = f2 - f1

Unknown source
with thermal and/or
non-thermal noise

Measure Pn, calculate:
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Noise
Source

Ts

Po (bandlimited to B)

Po = GkBTs + K

Define K = GkBTe

Then, Po = GkB(Ts + Te)

G
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Data courtesy M. Pospieszalski of NRAO Central Development Laboratory
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Noise
Source

Ts

Po

G2, T2G1, T1

Po = G1G2kBTs + G1G2kBT1 + G2kBT2

or,

Po = G1G2kB ( Ts + (T1 + T2/G1))

So, Amplifier Cascade has equivalent noise T1 + T2/G1
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Noise
Source

Ts

Po

G2, T2
G1 < 1

Loss

Let L = 1/G1, then for ohmic loss at physical temperature To,

the effective noise temperature of the loss is (L-1)To .

Effective noise temperature of the loss - amplifier cascade

is:   (L-1)To + LT2 .

¤�¥r¦q§:¨�©mªqªPE�B�(«j«L·&©�º½a¨�©	»j¬:©	µ�¨D«`»�¨�©/¸p©p¥U°a©/¨�¯a²|³:´r¥rµ�©/¨ ¯a¶:¶:«�¼�a¥}«`©|¶g§:©|»�3¥r»�«�q¬:²|¥U¸
´Uq«�«pÌ:¯a¼�¶�©F9&©.¸n»�¥r°q©p´U±*²c§:´r»j¥U³:´U¥r©.«�»j¬�©h¼:a¥}«`©L»�©p²|³=©/¨�¯u»j§:¨�©huº�º½a´U´rY®T¥U¼:¦{«`»�¯u¦q©/«/¿

ªaª



LNA MIXER IF

Frf Fif = |mFrf ± nFlo|

Flo

FrfFloFif

Frf FloFif
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Tchebyscheff filter response in dB:

Tcheby n ω, ε,( ) 10 log 1 ε cos n acos ω( ).( )
2.. ω 1if

10 log 1 ε cosh n acosh ω( ).( )
2.. ω 1>if

n 5 Number of Resonators

ε1 10

0.1

10 1 0.1dB Ripple ε2 10

1

10 1 1dB Ripple ε3 10

3

10 1 3 dB Ripple

ω 0.1 0.15, 3..
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Tchebyscheff for 0.1, 1, 3dB Ripple

Tcheby n ω, ε1,( )

Tcheby n ω, ε2,( )

Tcheby n ω, ε3,( )

ω

5 Poles
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Tchebyscheff Response for 3,5,7,9 Poles

Tcheby 3 ω, ε1,( )

Tcheby 5 ω, ε1,( )
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Tcheby 9 ω, ε1,( )

ω
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Lowpass to Bandpass Mapping

ωlpf ω ωo, B,( )
1

B

ω
ωo

ωo

ω
.

ω1 19.8 ω2 20.2 ωo ω1 ω2. B
ω2 ω1

ωo

ω 18 18.05, 22..
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0

10

20

30

40

50

60

70

80
Lowpass Response Mapped to Bandpass

Tcheby 5 ωlpf ω ωo, B,( ), ε1,( )

ω
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Pout

Pin

Linear Saturated
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F1 F2

2F1-F2 2F2-F1

1:1

3:1

Pi

Po

Third-order

Fundamental
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