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Units in Microwave and RF Design

In low frequency analog circuits, infinite or zero impedance is
allowed, power levels are meaningless, so voltages and
currents are usually chosen to describe the signal levels.

Power is used to describe signals, noise, or distortion with the
typical unit of measure being decibels above 1 milliwatt (dBm).
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Analog vs RF Circuit Design

Parameter Analog Design Microwave Design

{most often used on chip) (most often used at chip

boundaries and pins)

Impedance Zin = o Ziy = 50Q

ZOUI =0 ZOLI'E = 50Q)
Signals Voltage, current, often peak Power, often dBm

or peak-to-peak
Noise nV/x/E Noise factor F, noise figure NF
Nonlinearity Harmonic distortion, Third-order intercept point IP3

intermodulation, clipping

1-dB compression




Overview

 Non-linearities
— 1-dB compression point
— Intermodulation distortion
— 3 intercept point

* Noise
— Noise models
- Noise figure

Nonlinearities in Amplifiers

® We can generally break up an amplifier into the
cascade of a memoryless nonlinearity and an input
and/or output transfer function

Memoryless

Nonlinearity Lowpass
Filter
Vin lg R, Vout
1+sR,C.
Vin

" Impact of nonlinearities with sine wave input
= Causes harmonic distortion (i.e., creation of harmonics)
" |Impact of nonlinearities with several sine wave inputs

— Causes harmonic distortion for each input AND
intermodulation products

M.H. Perrott MIT OCW|




Non-linearity

Y() = a0 + enx(r) + ax’(1) + asx’(1) + - -,

y(t) ~ ayx(t) + ax?(t) + a3’ (0).

¥(t) = eyAcoswt + a,A%cos’ wt + a3 A° cos® ot

0!2142 o A3
= wjAcoswt + T(l + cos2wt) + —34—(3coscut + cos 3wt)

2 3
) 3034 oAl 3
= * (‘11‘4 + Z )COS‘U’ + ZTCOSZUJI + E)l}4ic053»a>t.

Impact of Differential Amplifiers on Nonlinearity

Memoryless
Nonlinearity

laigr = |o-14

" Assume v, is approximately incremental ground

. LN 2 .\ 3
Vid Vid Uid
Lag = ot et oo () 4 ()

(otegira (3 +a(59)]

_ 3 3
= L = ervig + vy

B Second order term removed and IIP3 increased!
M.H. Perrott
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1-dB compression point (CP,)

A
20 log Aout }‘:- .

s 3
e § 20log o) + Za;A}_dBI = 20log || — 1 dB.

oy
Aj-gg = [0.145]—|.
o3

(04 IS negative)

Ai.¢e 20log Aj,

Desensitization and blocking

x(t) = Al.coswlt + A coswpt.
3 ;3 5
y(t) = |a1A) + 4“13A1 + -2-a3A1A2 coswit + + -
if Ay << A

3
y(l) = (Cf[ + EQ3A§) Ajcoswyt + ---.

Gain falls with growing A,
(05 is negative)




IMD

Good IMD behavior is crucial in
all modern radio systems

x(t) = Al'cos w1t + Az cos wrt,

y() = aj(Ajcoswt + Az cos wpt) + az(Ajcoswit + Az cos wat)?
+ a3(Ajcoswf + Aycosant)’. (2:21)

More IMD

Fundamental Components:

3 3
w = w,wy: (a1A1 + za;A? + 5a3A1A§) cos wit

3 3
+ (anz + Za;Ag + Ea3A2A§) cos wat.

Inter-Modulation Components:

@ = * w : aAjAzcos(w; + W)t + A1 Az cos(w; — wr)t

ZA 3a3A%A,;

=2w £ w;: 3—aﬁ1—-—2 cos(2w; + ar)t + -—3—4’— cos(2w; — wnp)t
2 3a3A2A

= 2w £ W : 3osdpdi cos(Qawy + @)t + 3227 cosQRay — w)t




Inter-modulation distortion (IMD)

(. 1

Wy o 6 5 wy Wy :: )
2(01 - W2 2032" @4
K )
Interferers 3rd grder IM products
J\ Low-Noise
Desired Amplifier
Channel
m [

Corruption of a signal due to intermodulation between two interferers.

34 intercept point (IP;)

Most common way of describing the
IMD performance of a system

A 20log(01A)
17- 21 SO U,
- i /':"'1E
: 3
Josa’ /—?2“09(%&34 )
i e : -
A / Py 20109 A
(a) (b)

Growth of output components in an intermodulation test.




Expression of IP;

x(1) = Acoswyt + Acosant.

9
y(r) = (al + %a;AZ) Acoswt + (cn + Za3A2) A cos w;t

3
+ i—a;A3 cos(2w, — wa)t + Za3A3 cosRawr — wi)t + -+,

3 3
loey|Arps = EIQE!‘AIPS'

Measurement of IP,

A, - The amplitude of the output components at w1 and w2
Az - The amplitude of the IM3 products

Aper . leilAin

Ay 3leslAd /4 4 o
Arps = ==,
_ 4|O£1| 1 and 1F3 3la3|
3|CI3| Afn'

2
Aml.wz _ A[p],

A Aizn
20log Aw1w2 — 20log Ajp3 = 201og Aim — 20log A?

n*

1
ZOIOg AIP3 = 5(2010g Aml,wl - ZDIOgA.’M}) + 20 log Ain-




Measurement of IP,

Main Signal
Power
OIPJ .............. )\ .....
tAP .............
A LS L/
P PR \ IM Power

AP

201—0; 20~ 0,

APlgg

1Py] ypm= 2 * Pinlyan,

T -
20log Ajn

(@) (b)

(a) Calculation of /Py without extrapolation, (b) graphical
interpretation of (a).

CP1 and IP3

o] 4 o
ar = _/0.145|—/|. = |-|—].
Apag = | |a3| and Arps 3|a3l

Ay 0135
Arp3 4/3
~ —9.6dB.




Cascaded nonlinear stages

IIF':;'1 IIP3' 2

x() DNl DAl

() = apx(t) + aax’ (1) + a3x’(r)
y2() = Biyi(t) + Bayi(r) + Bayi(o),

¥2(t) = Bilonx(t) + eax?(t) + azx’(1)]
+ Bolanx(r) + axx?(r) + asx®(0))
+ Balaix(t) + apx?(t) + a3 (1),

Cascaded nonlinear stages

Considering only the 1st and 3rd order terms:

y2(t) = a1 fix(r) + (a3py + 2c10085 + &3 B3)x>(1) + -+ -.

1 4 a1
A = bl Bl Y A1P3 = _I .
1P3 3la3| :> \/3 o3y + 21008, + 0‘;3!33'

As a worst case estimate, we add the absolute values of the 3 terms
in the denominator : L 3mbil + Raasf] + i)
Ajpy 4 | B
1 3,8, 0112
AiPll 28 A%PS.: '

* As ol increases, the overall IP3 decreases |:> =(
« Higher 1st stage Gain I:>Higher input for 2nd stage I:> Greater IM3
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Cascaded nonlinear stages
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Cascaded nonlinear stages

1 _ 3lashil + Rawmf| + o psl
Afpy 4 la B
1 3&2/32 a,z

A%Ps.l 2B A%Pll,

becomes (with interstage filtering)

Lot o?
~ 2 .
AZIP3 A%PJ.I AIP3.2
2 202
1 1 LTS aip; T

2 a2 2 2
Alps Alps Alpia Alpss

Non-linearity of the latter stages becomes increasingly more critical !
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Noise

Element Noise Models
Resistor
R (Noiseless) 4KT
L 2
%H Vi) = 4kTR A OREUE R
(Noiseless)
)
Vi | 2 o
2 Vi
MOSFET [4(h
”@Ht} d —3)—i[5, (Noiseless)

“

(Active region)

K
VAl = 4kT(g)i P
3lg, " WLC_i

K

Im

Simplified model for

low and moderate frequencies

Thermal Noise

Noise Spectral Density:

Niesistor = 4*TR (VZ/HZ)

Mean square noise voltage:

vy = 4kTRAf

Mean square noise current:

o 4RTAf
Iﬁ— R

The bandwidth of interest:

Af

[}

-9
=
=

Resistor model =

R
R
/= 1

Resistor model

N,
=1

University of Paris VI

H. Aboushady
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Available Noise Power

R
v,= JAKTR Run
. -

Resistor model =

LOAD

=v2/R
o

P
3

Output Power Spectral Density:

jo v _ va Rroap : — o 08 -8
Rioap  (R+Ryoup)° ’ Riowo B
—y‘?—yﬁ—;{ Watts | Hz)
|:> P, = R AR" T  (Watts/ Hz

Total Output Power:

ES) Loy = k7B

H. Aboushady University of Paris VI

Available Power from Antenna

The noise from an antenna can be modeled as a resistor:
Payailable = kT =4 X 10_21 W/Hz

4% 107!
|:> Pivailable = 10 logo 3|~ —174 dBm/Hz
1 X 10"

The minimum detectable signal (e.g. B=200 kHz):
Noise floor = £TB:

=4x 102!

% 200,000 = 8 x 1071

Usually expressed in dBm
Noise floor = =174 dBm/Hz + 10 log;((200,000) = —121 dBm

H. Aboushady University of Paris VI
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Receiver Sensitivity

\)

If the signal has a power S: SNR = ————
Noise floor

--If the electronics added-no noise,
If the detector required a SNR of
Then a signal as low as -727 dBm could be detected.

“Receiver Sensitivity is the minimum detectable signal”

102

\
N

TSR SO T B . N
at \
E 100 \\
I3
z
% 107

10-10

o 3 0 15

£,/ Np, dB . . .
H. Aboushady University of Paris VI

Noise Figure

Noise from the electronics is described by noise factor F, which is
a measure of how much the SNR is dearaded through the system:

where S0=G -9, s
S; :Input Signal Power, S, : Output Signal Power, G = ?0 : Power Gain.

i

Noise Factor: F= SNRZ’ - Si /Ni(source) — Si /Ni(source) _ Na (total)
SNRU 50 /No (cotal) (Si ' G)/No(lotal) G- Ni (source)

N, (towl) 18 the toral noise at the ourput

N, (source) 1s the noise at the outpurt originating at the source,

No(total) = Na (source) + Na (added)

F= No (total) _ No (total) _ No (source) T No (added) — 1+ No (added)
G- Ni (source) Na (source) No (source) No (source)
Noise Figure: NF =10 logg F
H. Aboushady University of Paris VI
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Noise Figure of components in Series

5; G, G, G, 5,

*r— —>

Ni (source) an(lﬂdad) N, v2(addsd) Ntﬂ(uddad) Nn
The output signal §, is given by Sp,=38; G- Gy - Gy
The input noise is Nisource) = #T
The total output noise is Ny (woral) = Visource) 01 G2 G3 + Nop(added) G2 O3

+ Noo(added) G3 + No3(added)

The output noise due to the source is Ny source) = Ni(source) 61 G2 G3

Noise Factor:

ro Nowou) . Notgaded) | Nodadded) __ Nod(edded)
No (source) Ni (source) Gl Ni (source) Gl GZ Ni(source) Gl GZ G3

H. Aboushady University of Paris VI

Noise Figure of components in Series

Noise Factor:

e Nowouh _ o Notadded) | Nodadded) No3(added)
No (source) Ni (source) Gl Ni (source) Gl GZ Ni (source) Gl GZ G3
N, N,
Since, F; = 1 + — 0l added) F — 1 = 0l(added)
Noi(source) Ni(source)O1
N,
Similarly, F, — 1 = — 2added)
i(source)G2
N,
and, F3 _1= 03(added)
N, i(source) G3
E) |F=1+(F-D+ (7=, ()
G GGy
H. Aboushady University of Paris VI
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Friis Equation

Noise Factor:

Gain in stage

PRI 0 T o R )
G GG, GG,..G,

reduces the effective noise figure of stage

I:> The 1st stage of RF receivers: LNA (Low Noise Amplifier)

mixer BB arnplifierffilter“'"u,‘.
X [> [> —n
LNA ® [> [> — z
T g5
U=H
filter Aasehiz BB olock g 2
QK < E]E *©
PA ® — Q Q :.-:
mixer BB amplifierfilter .
H. Aboushady University of Paris VI
Equivalent Noise Model
Noi(added) Noi(added)

Since, F; —1= and, Nj\(added) =

N, G,

i(source) Gl

we have: N, il(added) = (Fi=DN, i(source)
I:> Nil(addea) = (F1 = 1) kT

Ni(source) =kl

N‘1tuddud)=(Fl = 1kT

i

N yaasen = (F— KT Noogaon = (R, — KT

Mshddnd) = (Fa — kT
S,
G, G, G, P G, P>
N,

H. Aboushady University of Paris VI

16




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


