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1. NoiseFigure

o Noise sources
*  Shot noise

Lecture#10

Shot noiseis associated withthe current itself.

A current appearsto be stablein macrocosm whereas it appearsto befluctuated
in microcosm.

A current, in fact, iscomposed of a large number of moving carriers, either
positive charger or electron with random velocity. The product of electric charge
and velocity of a charger or a electron formsa current element.

Owing to the different velocity these current elements are different from each other. The
sum of all the current elementsat a junction of semiconductor or a cross-section of a
part lookslike a large number of current pulses. It isdightlydifferent from timeto time
dueto different number of current pulses and different velocities between them. The
aver age value of these random current pulsesis called current and itsfluctuation

around the aver age valueis called shot noise.

i ° = 2ql Df

n

where i, = Current fluctuation,
| = Average value of current,
g = Chargeof an electron =1.6 x 10"*®* Columb,
Af = Bandwidth in which noise sourceisacting.

Richard Li, 2006

PDF Ui “pdfFactory Pro" iR RRAG)E ww. Fineprint.cn


http://www.fineprint.cn

* Thermal noise

. Thermal noiseisessentially the fluctuation of theresistance in the partsor devices.

. Theelectron playsthemain role in the formation of resistance because the electron has much
higher mobility than other charge carriers. The collision between electrons and between
electron and other charge carriersor particlesformstheresistance. Therandom thermal
motion and collision of the electron produce the thermal noise while the random drift velocity
of the moving charge-carriersor the current fluctuation produces the shot noise. The velocity
of the electron thermal motion is much higher than the drift velocity of the electron and other
charge-carriers.

. Therefore, thethermal noiseisa completely different mechanismfrom shot noise. The
thermal noiseisstill existed even when the shot noiseis not existed dueto zero current.

Thethermal noise of aresistor, R, can berepresented by eithervoltage or current noise source,

that is,
2
e’ = 4KTR Df
or, — 1
i ° = 4KT =Df
R
where e, = Voltage fluctuation,
i, = Current fluctuation,
k = Boltzmannconstant,
T = Room temperature,
R = Resistance of resistor,
Af =Bandwidth in which noise sour ceis acting.
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* Flicker noise

+ Attheearly stage, flicker noiseisfound in the emitter-base depletion layer dueto the
contamination and crystal defects. Thetraps capture and releasecarriersin arandom fashion
associated a noise with energy concentrated at low frequency.

« Later on,itisfound in all the active devicesaswell asin some passive parts. It alwaysonly existsin
associated with adirect current. Therefore, aresistor carrying not direct current does not have
flicker noise. A metal type of external resistor has not flicker noise, because the traps associated
with contamination isnot existed. It isthereforerecommended if thedirect current isto be carried.

Flicker noise can berepresented by a noise current sour ce as follows:

where i, = Current fluctuation,
k.= A constant for a particular devise,
| = Direct current,
a= 05to2,
b~ 1

Flicker noiseissignificant in thelow frequencies. Thereforein PLL and oscillator design, the

Flicker noiseisone of the main sour ces of the phase noise.
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o Concept of noisefigure

o b—o
SHL Noisy block So No
G, NF
o —————o

Figure 10.1 Thevarious parametersrelated to the definition ofnoise figure.

S, S
|\Io Ni
S, =G3
N, =GN. + DN
DN >0

where A N = additional noise power produced by the circuit block,
S, S, = Signal power at input and output respectively,

NN, = Noise_power at i_npu_t and output respectively,
G = power gain of thecircuit block.
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o Definition of noisefigure

GKT Df KT Df

Total output noise power
Output noise power dueto theinput n0|se

where

S, S, = Signal power at input and output respectively;
N;,N, = Noise power at input and output respectively;
N : :

g = Equivalent input noise of output noise

Lecture#lo

Richard Li, 2006

PDF SCHf#i ] "pdfFactory Pro" X HfixA G4 www. fineprint.cn



http://www.fineprint.cn

o Noisefigurein a noisy two-port block

H.A.Haus(Chairman of | RE sub-committee 7.9 on Noise) et.al., “Representation of noisein Linear Twoports”,
Proceedings of the IRE, p.69, January 1960.

* |Input noise generators

N A noisy
E Yo two-port ONp
block

(a) Characterization of a noisy two port block by source noise current, output noise
current, and a noisy two-port block.

A noise-free

two-port ON,,
block

(b) Characterization of a noisy two port block by sour ce noisecurrent, input noise
voltage and noise current, output noise current, and a noise-free two-port block.

Figure10.2 Noise characterization of a noisy two-port block.
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* Expression of noisefigure

The output noise now contributed by three noise generators, thatis

—ZZG(E-'-lInI +Ysen| |2)

where G = power gain of the noisy two-port block.
The output noise dueto the sourcenoiseonly is

-af.’)

Consequently, from the two expressions above, the noise figur e of the noisy two-port block is

. 2
Ino

n.s.only

. 2 )
NF:IHI%: +||.2 &l +In..;en.l
In.s.only ls s

In the denominator, the mean sgquar e of source noise current fluctuation isrelated to the source
conductance, G, by the Nyquistformula:

i ° = 4KIG (Df

ns
Inthe numerator, i . must be splittedinto two components:
Oneisperfectly correlated and another oneisuncorrelated withthe input noise voltage fluctuation,

e, thatis,

L = (Ini -y u)+ | hiu
wherei , = Uncorrelated component of i ; with e, the remained component, (i -
correlated with e ..

), of course, is

n|’ ni n|u
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* Correlated and un-correlated

The correlated component, (i
constant, Y.

), iscorrelated to e . and can be expressed by a proportional

ni Tiu

I - Iniu :Yceni

ni

. . 2 _ 2 2

|Ini - Iniu| - Yc eni
whereY_ = correlated admittance of Y_with e ;, and is

YC = GC + JBC

where G_ = Correlated conductance of the sour ce admittance,
B, = Correlated susceptanceof the sour ce admittance.
Similarily, the mean squar e of uncorrelated input noise current can be expressed as

iy~ = 4KTG ,Df
e.? = 4KTR . Df

where G, = Uncorrelated conductance of the sour ce admittance.
Theinput noise voltage can be expressed in terms of an equivalent noiseresistance, R,
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* Mathematic operation

li.+Ye, ?=(i, +Y.e, )( . +Ys*eni*):ini2+Y52e +ei Y. +e i Y.,

sTn sni ni " ni S n "n s

. . 2 2 2—2 * —2 *—2
| +Ye | (Inl - Iniu) + +Ys eni +Yc Yseni +Ych eni

niu

li. +Ye, [ Ye +| +Ye +YYe +YYe

—
| +Ysen| | iu2 +‘Ys +Yc‘ en ’
In the process of the above derivation, the following relationshave been applied:
€ Iriy =Gy =0 (A ¥ B) fA_+ B
T — A +B=A+B
Gi i =& (Ini Ly hi AA" = ‘Az
. % — . . * — * 2 % _ * %
Giln _Q]i(|ni' Iniu) _Yc & (AB) =AB
Finally the noisefigure, NF, becomes
G R
NF =1+ 2+ ]G, + 6, + (B, + B )]
GS GS
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*  Minimization
From the minimized condition, by differentiating of equation inrespect toB
T ( NF
(ﬂB ):O BO:Bs:'Bc
S

where B = Optimum value of sour ce susceptance, B,, which enables NF to reach a minimum.
The equation becomes

NF =1+ g + 2 6,y
Now, from another minimized condition, by disfferenti;ting of equation in respect to G,
ﬂ(NF )_ 0 1-[(NF)_GSZRn(Gs+Gc)_ Gu_ Rn((';s,-|-Gc)2
1G6. 1G, G,
G, +RG,’
Go — Gs — u n>—c
Rn
I\":min = 1+ 2Rn (Gc + Go)
Finally,
NF = NE . + o [(G G,)’+(B.- B )2]
— min G s 0 s 0
s
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* A remarkable significance.

A minimum of noisefigureisexisted aslong as the sour ce admittanceis adjusted to its
optimum values,
Ys_Yo

YS: GS+j BS’

Where

Y =G_+B,.

* 4 points method of noise figuretesting.

* Noisefigureisafunction of another 4 parameters, NF .. R, G, and B,
+ By meansof 4 timestesting of noise figurewith 4 different sour ce admittances,
4 equations can be established.

«  Consequently the 4 unknown parameters, NF ., R, G, and B  can be solved.

min’
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o Minimum of NF and equivalent R,
* MOSFET device

Thedrain noise current and gate noise current. Their mean-squar e can be expressed by

ia° = 4KTgg,, Df
iy~ = 4kTdg,Df

respectively,

where i = Drain current noisefluctuation,
ing: Gate current noise fluctuation,
y = 1for short channel device at V=0 and decr easestoward 2/3 for long channel

devicein saturation

6 = Coefficient to be about twice of .
g4, = Drain-sour ce conductance at zero V
9, = Gate-sour ce conductance and is

DS

2 2
W C

5gdo

Thegatenoiseis correlated with thedrain noise with a correlation coefficient, ¢

94 =

*

cisabout j0.395 for along channel device.
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Thefirst equivalent noise voltage generator, €., accountsfor the equivalent input noise of output
noise when theinput is short-circuited. It isan equivalent noise voltage r eflected from the drain
noisecurrent viag_, that is,

Ind

eni -
gn
> _i,° _ 4kTgg, Df
€ = 2 2
gnm O

Obviousdly, i, iscorrelated with e by the correlation coefficient g, . It correspondsto an input
noiseresistor, R,

2

€ _ 99 4

R, =
4KTDf g_?

The second noise generator, theinput noise current fluctuation, i ., accountsfor the equivalent
input noise of output noise when the input isopen-circuited. It consists of two parts:

Thefirst part isthe equivalent noise voltage reflected from thedrain noise current via g, which is
correlated with e . by the correlation coefficient g and formstheinput noise current to the input
correlated admittance Y. It isa good approximation to assume the input admittance of aM OSFET
ispurely capacitive. Then,

| JwC
ini,l = = Jg = = eni jWCgs
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The second part isthe input noise current resulted from the induced gate noise current fluctuation.
However, only those portions, which is correlated with the drainnoise current fluctuation, ingc,
contributesthe noise to the input noise current generator, i .. Consequently,

|
ngc
gs + Om =

Ind

ni

Y, = JwC

if cisapureimaginary. Then, it resultsthat

Y, = juc, +9n fm = e, gdo\q\r

G, =

& d <'.5
B :WCQS§1+

9 2
0. g
do

Thelast one of 4 noise figure parameters, G, can be derived from the uncorrelated gate noise current

? _ akTDfdg, (- [cf dwzc2l- |o]?)

ngu

c

G, = S
AKT Df g. 90
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The optimum sour ce conductance, G, is

6= [ = Sue, (84 )

The optimum sour ce susceptance, B, is

B, =-B, = -wcgsg’u 3”‘ \c\\/g%
do 4]

Finally, we have

NF,. =1+2R (G, +G,) 1+—£\/w(1

where
w,=— 9n_, On
Cgs +ng Cgs
L ecture#10 Richard Li, 2006

PDF Ui “pdfFactory Pro" iR RRAG)E ww. Fineprint.cn

)

16


http://www.fineprint.cn

o Minimum of NF and equivalent R,

*

Bipolar device

+ A noise-free + T
— N byi 2
i 2 v, two-port S ns
i Rs ns . % ' Bipolar C>Gv Ris Vo
signal block N. by az& I_Z
| | ni
Input

Equivalent input
sourcenoise internal noise

Figure10.3 Noisefigure contributed by source noise and equivalent internal noise

2 - 2
y o8¢ z° =, RZ) =

RER+zF " (R+z)"

o} ey e
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where N, = Output noise power dueto theinput source noise current, ,, _
N Output noise power dueto the equivalent input i mternal noisecurrent, |ns,
and the equivalent input internal noise voltage, q
|

Assuming that
1) Thesourceimpedanceisapureresstor, R,
2)  Only thermal noise and shot noise is consider ed while the flicknoise and other high

frequency effects are neglected,

then, > 1
s = 4KT Df
RS
— 5 5 8] 0
2 :4kTgrb +iin
20 @
i 7 =2ql ,Df = 2q-< Df
b
2 .2
NF - 1+ Vni + Inil
4KTR Df AKT = Df
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2 .2
NF — 1+ Vni + Inil
4KTR ,Df 411 R—Df

S

Thereisa minimum of NF when

s ~ ' ‘s,opt

2
. A D
R =R, = Vrflz = ng J1+29.0,

Thereare 3 parameters, B, r,, and g, determinethevalueof NF . . Thehigher the B _, thelower the NF . .
Thelower r , thelower theNF . . Thelower g _,thelower the NF . becauseg, isproportional tol
which bring about the shot noise.

NF ., » 1+ L\/“ 29,

min ’\/E
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2. Gain

o Definition of power gains

i Spy—>

PAV§’ P in —p <+ Z,, P. Pas
ZS
Su Two-port (Szz Z
I r.— - <« TI r—» L
v, or P, S " Block o -
+«— S,

Figure 10.4 Relationship between power gain and related parameters

S, S, G — Zip-1
1- 5,4 Zip +1

Gn:811+

— S12821(35 — Zout -1
(%Ut ) 822 ' 1- Slle's ) Zout +1
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To be familiar with signal flow graph!

( Guillermo Gonzalez, Microwave transistor Amplifiers, Analysis and Design, p.80-87, Prentice —Hall, Inc., 1984.)

a
Figure 10.5 Signal flow graph of atwo-port block

L ecturett10 Richard Li, 2006
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o Transducer power gain

A transducer power gain isdefined as
aratio of the power delivered totheload, P , to the power available from the source, P,, ¢, that is,

P 1- |G| 1- G [
G, = —- = | |2|321|2 |L|2
PAVS |1' G.n Gs| |1' Szz GL|
P 1-|Gg,[° 1- g
G, = —t = | |2|321|2 |L| .
I:)AVS |1 - 811 Gs| |1 - Gout GL |
When'S,,= 0, the block becomes unilateral, that is,  p_ &4 S b,
Gin = Sll r 811 822 FL
Gu =S <
ut 22 bl 812 a2
1- 6] 1- G [
- |G, X -
GT = GSGOGL = 2 |821| - 2
|1' Sy Gsl |1' Sz GLl
L ecture#10 Richard Li, 2006

PDF Ui “pdfFactory Pro™ iR RRAG)E ww. Fineprint.cn

22


http://www.fineprint.cn

— 1- |Gs|
S 2
|1 - Sll Gs | a,
) b,@ > 0} E%
C;'o = ‘821‘
r S
1 2 11
_ 1-]G] )
GL - 2 S‘
|1 - 5,6 | b, 1
—
PAV§’ P, Zin a1 <+ Z,, P. Pas
Zg S
FS:O Finzsl H 822 Fout:S ll:
«— 1 > Two-port % 0
v, or P, Block
+«— S,

Figure10.6 Relationship between power gain and related parameters
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0 Operating power gain (or, Power gain)

An operating power gain (or, ssimply called power gain) isdefined as
aratio of the power delivered totheload, P , to the power input to the block, P,

that is,
a S b
Gy =L = sp el " SEEa
Ps \qnf 1- S,G|’ r Su S Iy
o Available power gain b, 2 a

An available power gain isdefined as

aratio of the power available from the block, P, ., to the power available from the source, P that is,

AVB’ AVS ?

N PAVB — 1- ‘ ‘ ‘521‘ 1
2 i~ 12
I:)AVS ‘1 Slle‘ - ‘Gt')ut‘
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o0 Power gain and voltag

In RF/RFIC design
*  Power gain isemphasized,

egain

* Voltage gain does not mean any sense until the corresponding

impedanceis specified.

Thetransfor mation between G and

G, can be conducted in terms of

2
VOUt
Z Z.
GP — ou; :GVZZm
Vin out
Z

Lecture#10
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Lecture#10

Sensgitivity of areceiver

o0 Standard noise source

Noise input power, KTB, is produced by a noisy resistor as athermal noise:

v = 4KT DR,

Maximum available noise power from R is

N, = 2 = KT Df

n

Asa standard and practical input noise source, KT A fisa white noise.

N=KT Af

R
n Block, or
Receiver

Figure 10.7 Noise source and noise power in the testing of areceiver or a block

It depends on bandwidth but not a given frequency so that it is a white noise.
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o Equivalent input noise

We now define another parameter, Neg: the equivalent input noise power of the
output noise power,

N
N,_ = —2°
™ G
NF = NO — Neq Neq

GN. N. KkTDf

Thenoisefigure, NF, now becomestheratio of two input noise powers, N, and N..
Thevalue of Neq isgenerally great than N, =kT A fbecause the additional noise power of
thereceiver, AN, isadded to the output noise power, N,

L ecturett10 Richard Li, 2006
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0 Sensitivity of 12dB SINAD

S, N, N S, N, D

R

]
Receiver ; R
E

Figure 10.8 Thebasic parametersin the sensitivity testing for areceiver

Define SNAD = - %D
Define RI$ —

S, + Neq
where E. 2

N
S = =

€q
I 4R|
|E. = 2/(NF kT Df (RSE - 1)R, |

where S, S, = Signal power at input and output respectively;
N;,N, = Noise power at input and output respectively;
D, = Distortion power at output;
R, = Output resistance of generator ;
Ne, = Equivalent input noise of output noise;
_E. = Sengitivity looking from input, V.. <z

Then,

L ecture1 o i Richard Li, 2006

PDF Ui “pdfFactory Pro" iR RRAG)E ww. Fineprint.cn



http://www.fineprint.cn

4.Non-linearity and spurious products
0 Spurious products

* Spuriousare caused by the non-linearity of the device or system
* Spurious are harmonics when input isa signal with only one frequency

Ri | . Vout
Non-linear
V=V coswt device or R,
system

Figure 10.9 The spurious products are produced from the non-linearity in the device
or system when theinput isa signal with only one frequency.

Vdc+ a1Vin + a2Vin2 + a3Vin3 + a4Vin4 Foornen

Vgt 3V, 050 t+aV 2codwt + gV 3cos® ot + g,V ‘costot + ......
Vdc+

+a,V,Ccos® t+

+a,V 12 +(1/2)co2 w t] +

+a,V 3[(3/4)coswt + (L/4)cos3w t] +

+ 3,V [3/8+(1/2)cos2 w t+(1/8)cosA w t] +

ou

,,
I

= [Vaet (12a,V,2+ (3/8) 3,V +...]
+ [V + (3/A)aV 3+ eeeieniennnee. Jcosw t+
+[(1/2) 8,V 2 +(U2) a,V ... ] co2wt +
......................... ]cos3ot +
......................... ]coAwt +

29
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*  Spurious spectrum of onetone

out
or

out

f, 2f3f, 4f, 5f,

(o]

frequency

Figure 10.10 Thefrequency spectrum with harmonics when the input isa pure single frequency.
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* Spurious are complicated when input isa signal with two frequencies

R; Non-linear
V=V, CoS@ ,t + device or R
V,COS@ ,t system L

Figure10.11 Two interferencesignals produce spuriousdueto the non-linearity of a deviceor a system

- 2 3 4
out™ Vdc+ a1Vin + a2Vin + a3Vin + a4Vin Fooenn

= Vgt qV, [CoS® jt+ Cosw,t] + a,v 2 [Cos® t+ Cos® ,t]2 + av 2 [cos® jt+ cosw ,t] 3 + a,Vv, *[cos® ;t+ cosw ,t]* +......

= Vgt v, [Cose jt+ cosw ,t] +
+a,V, [ 1+(1/2)cos2 @ ;t+(1/2)cos2 @ ,t + co(@ + & )t + cos( @ ;- @ )t] +
+ &,V 3[(9/4)cosw jt+ (9/4)cosw ,t+(1/4)cos3 jt+(1/4)cos3 w Ht+
+(3/4)cos(2w |+ o ,)t+(3/4)cos(2 @ ,+ @ ,)t+(3/4)cos(2 ® ;- @ ,)t+(3/4)cos(2 @ ,- @ |)t]+
+ 3,V [94+2c0S2 ® |t+2C0S2 @ Lt +(1/8)cosA @ i+ (1/8)cosA @ ,t+3cos( @ ;+ @ ,)t+3cos( @ ;- @ H)t+
(1/2)cos(3w ;+ o )t +
+(1/2)cos( @ ;+3w ,)t+(1/2)cos(3w ;- @ ,)t+(1/2)cos(3 @ - @ ;)t+(3/4)cos2( @ |+ w )t +(3/4)cos2( @ ;- @ ,)i]

Freennn
= [Vdc+ a2V02+ (9/ 4) a4\/04] +

+ [V +(9/4) agv l+...... Jcosw ;t + [aVy+(9/4) agvi+...... Jcosw +

+[(1/2) a,v 2 +2a,v,* +...]co2 o ,t +[(1/2) a,v,2+2a,v,* +...]co2 o ,t +

+ [V 2+ 3a,V, ... Jeos(® -@ )t +[aVv 2+ 33,V ... Jeos(@ + @ )t +

+lagvl+ .. Jcos3w ;t +agv e+ e Jcos3w ,t +

+[(3/4) agv 3+ ... Jcos2e o )t + [(3/4) agv S+ ... Jcos(2w ,+ @ )t +

+[(3/4) agv 2+ ...... Jcos2w - )t +[(3/4) agv i+  ...... Jcos(2w ;+ @ )t +

+[(1U8) av i+ ...... JecosA w +[(U8) av,t+ ...... JcosA o ,t +

+[(V2) g+ ... Jcos(Bw o )t +[(V2avS+ ... Jcos(® +3w )t +

+[(V2) gttt ... Jecos(Bw ;- )t +[(1/2) av i+  ...... Jcos(3w ;+w )t +
Lecture#1@3/4) a,v,*+  ...... Jcos2(w ;- @ )t RicBahlvi,* 2006..... Jecos2(w +w )t + 31

+
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*  Spurious spectrum of two tones

V,or,P A0 = w,- 0,

A A
T v,

DCIM2 IM3 IM3 IM2 IM3 IM3
2w,- W, 2w,- @, o & 2w,t W, 2w, @,
A A o A A
HD2 HD2
HD3 HD3
o ®; @, 2@, 2w, 3w, 3w,

Frequency —»

Figure10.12 The frequency spectrum with harmonics when input isa signal with two

frequencies.

*  Spuriousfrequencies of two tones f

p

ur. = |mf1 _ nf2|

where m,n=Zeroor positive integer

Richard Li,
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0 Intercept point and IMR (Inter-M odulation Re ection)

* Intercept points

Mthorder intercept point OlIP

Fundamental
Slope=1

IIP,= A /(m-1) + P, PTdB

out’ m

(23 S
OIP,, =G +IIP
where P
I1P,, = Mthorder input intercept point ]
OIP,, = Mthorder output intercept point .
P dB, —»

Figure10.13 Plot of 1% order signal and mthorder IM product on theinput-output power plane.

P; = Input power of signal by dB,

P, = Output power of signal by dB,

P, = Undesired output power duetomthnon-linearity by dB,

G = Power gain of the device, or block, or system by dB,

OIP_ = Themthorder output intercept point by dB,

1P, = Themthorder input intercept point by dB,

d = Power difference between OIP_, and P_ by dB,

A = Output power difference between the 1% order and themthorder by dB.

Richard Li, 2006 33
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* IMRm(mthorder Inter-Modulation Rejection)

TOIPW'L ---------------------
IMR;, = a [IIP,-P; §]

F
P dBm undamental

out

where 2 S

a = (m_l)/m IM Product
Slope=m
P, s=Sensitivity (by Power) |/ Y .
P, P

in’ m

A

Figure10.14 Calculation of IMR_ from inteceptpoint, 1P ..

When P, =P; 5,and P, 54 =P; s+IMR, theP,, isthesame. It impliesthat
This system has a capability to suppressor toreject the P, 5., down (IMR,)dB.

Richard Li, 2006
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We have

For 2"d order spurious,
m=2,
a =1/2,
IIP,= A +P,,
IMR, = (U2) [IIP,-P; §].

In general, IMR, = 20 log [|2a,/a,| Y2/ V ;1]

For 3'd order spurious,
m=3,
a =2/3,
1P, = (2/3) (A +P,),
IMR, = (2/3) [I1P;— P, ]

In general, IMR; = 20 log [(4/3)|a,/as] Y3 V ;73]

L ecturett10 Richard Li, 2006
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0 The 39 order spurious

Vin=VoC0S@ ot + % Non-linear Vout
VoCOS® 5t @ Device or 3
system

Figure10.15 Two interference signals produce 39 order spurious dueto the non-linearity of a deviceor asystem

If input isa signal with 2 tones, and assuming that
0, =0,- Ao, o f=f;- Af
w,=w,-2 Ao, or f,=f,-2 Af
the 3" order non-linear term in the non-linear expression

Vo= eeeees + AV e +(3/4)cos(2® - @ )t +...o.] F ..
= e + AV Heeeeen +(3/4)cosw 4t Feoeerd] Feeenen
Produces a spurious product at thefrequency o 4, that is
® = 2(01-0) , = @y

The specialityisthat

A f could bein any value!

It impliesthat

In a non-linear system the 3’ order spurious can never be eliminated
by means of any filtering technology.

L ecturett10 Richard Li, 2006 36
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Where
Signal with frequency, o ,, or, @, =Undesired signal, while
Signal with frequency, o =desired signal .

- 2Af

fu2

(&) Afiswide 2Af

u2 ful fd
(b) Afisnarrow

Figure10.16 Undesired signal frequencies,f ;, and f ,, and desired signal frequency,f,.

Richard Li, 2006
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Setup for 1 P3 testing

DTU =)
(Desired
Tested Unit)

out Spectrum
Analyzer

a2

fu2 ful f—os>
Figure10.17 Set-up and display of I P, testing

Thevalueof A in both of left and right side could be different. One should read the
Onewith lower value, which correspondsto the or stcase.

L ecturett10 Richard Li, 2006 38
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(0)
T OlP,$
Pout ' dBm
P,
/G
0
Lecture#10
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1 dB compression and |1 P,

1 dB compression

IM Product
Slope=3

*

.
o o

ofset— Extended Interceq
__’I’

<
X

Actual Intercept |

t point

boint

Pin ’dB m ——»

Figure10.18 1 dB compression point and P,

1P, & P,y + (3t0 10) dB

For intercept point testing, usually keep

P. < -30 dBm

Richard Li, 2006
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o The2dorder intercept point

* Itisaspuriousthat mostly closed to the I F frequency,

* Itisarepresentativein the measurement of DC offset for asystem,
* Theoretically the differential configuration has zero DC offset,

* Testing of 2" order intercept point.

DTU
(Desired Pout Spectrum
Tested Unit) Analyzer

T T Y G
I:)in’ Pout’ l
dB dB A

Figure 10.19Set-up and display of IP, testing

L ecturett10 Richard Li, 2006
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5. Distortion

o Distortionisformed by the sum of all the spurious and har monics

0 Percentage of distortion and dB of distortion
D(dB) = 20 log[ D (%)]

Example: 5% of distortion isequal to about —26 dB

(- 26 .02 )dB = 20 log( ) |

Richard Li, 2006
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*  Power Amplifier

» PAE (Power Added Efficiency)

PAE = (POUt _Pin)/Pdc

where P, = Output RF power
P,, = Input RF power;

P,.= Power consumption of DC power supply.

® Directional couplers must be applied in testing

% — Directional DTU
RF @ — coupler (PA)
Generator

Figure 10.20 Set-up for PAtesting

PDF {4 "pdfFactory Pro™ i RAGIE www. fineprint.cn

Richard Li, 2006

Directional
coupler
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6. Cascaded equations

o Gain (dB)
PAVS,k pL'k PAVS, k+1 PL,|<+1
—————o—]

Zs Bll?Ck Block
P k+1 Z

Vi o i Gk Gk+1

PAVS,k PL,k+1
Z System
ZL
v, or P, Ggys

Figure10.21 The system gain cascaded by two gains of blockk and k+1.

Geys=G+G iy

Richard Li, 2006

PDF {4 "pdfFactory Pro™ ik RAGIE www. fineprint.cn



http://www.fineprint.cn

Pl P2 PLn
Pavs 1 Pavs 2 Pavs s Py.s Pavs.n
PY ° L 4 ] @ |T®---------- —o—
z.| | Block Block Block BEes
1 2 3 n ZL
v, or P, G, €, Gy |, —1 G
Pavs 1 PLn
4
s System
Zy
v, or P, Gsys

Figure 10.22The system gain cascaded by individual gainsfrom block 1 to block n.

Gosam = é. G,
1

L ecturett10 Richard Li, 2006
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o NoiseFigure

Block k+1

.

N Block k
Z Gy
Nk
v; or P ANk
N; System
Z, Gsys
N
v, or P, Aﬁly:ys

B

Figure 10.23The system noise figure cascaded by two noisefigures of block k and k+1.

(Power) NFgyswart = NF; +(NF 1, — 1)/G,

L ecturett10 Richard Li, 2006
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o0 Approach totheidentical system noisefigure by different LNA and FLT

o[

1 2
NF, -1
NFQS,watt = NFl + ( 2 )

1

Figure 10.24System noise figureif a system is cascaded by block 1 and 2.
(NF, - 1)

1

NF SYS ,watt = NFl +

Tabal10.1: The same system noise figure can be obtained by different combinations of noise figures from individual blocks

Example#1 Block 1 Block 2 System
LNA FLT
NF, dB 2 3 2.17
Gain, dB 12 -3 9.00
Example #2 Block 1 Block 2 System
LNA FLT
NF, dB 2 7 2.17
Gain, dB 18 -7 11.00
L ecture#10 Richard Li, 2006 46
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i Block 1 Block 2 Block 3 |._________ | Block n
ZS
G, G, G, G, Z
v, or P, NF, NF, NF, NF

n
ANF, ANF, ANF, 7777777777 — | ANF,

i System )
ZS
Oy z,
v or Py NF

Figure 10.25T he system noise figure cascaded by individual noise figuresfrom block 1 to block n.

e onNe s WNE-D) (NE-2) (N -7) L (NF - 1)
o GG, GGG, GG,K G,,

L ecture#10 Richard Li, 2006 47
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o mt" Intercept point Py, sys ™2 = 1P, D2+ [1P, ,y/G ] ™2 (Power)

N.
ZSI Block k Block k+1
Gy Gk+1 b
v, or P I Pmk | Pmk+1 L
N.
. : System
S GSyS
v, or P IPmSyS Zy

Figure 10.26The system noise figure cascaded by two noisefigures of block k and k+1.

e
Theintercept point with mthorder :
P, = Input power of signal by dB, OlPp == "2
P, = Output power of signal by dB, 4 Fundamental

Slope=1

P, = Undesired output power duetomthnon-linearity by dB,
G = Power gain of the device, or block, or system bydB, | G
OIP_ = Themthorder output intercept point by dB, P,
1P, = Themthorder input intercept point by dB,
d = Power difference between OlPm and Po by dB,
A = Output power difference between the 1st order and the P

M Product

mthorder by dB.
/ Slope=m,

0 /// P 1P,

P, dB. —»
L ecture#10 Figure 10.27Thesystem IP_ cascaded by two IP_sof block n and n+1. e
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0 CascadellP3 when Glor IIP2isvaried

A

11P3, 11P3,
G, G,

Figure 10.28The system inter cept point cascaded by individual inter cept points of two block s

Eeup

Tabal10.2 System I1P3iscalculated from thellP3sof individual blocks

1 O @& 1 0 & G, 0
+

= Ep3,; Lips, g

sys ,watt

Block 1:L NA Block 2 :Mixer System

Example #2

11P3, dBm 2 10 -35
Gain, dB 12 0 12.0
Example #2

11P3, dBm 100 10 -2.0
Gain, dB 12 0 12.0
Example #3

11P3, dBm 2 100 2.0
Gain, dB 12 0 12.0
Example #4

11P3, dBm 2 2 -1.0
Gain, dB 0 0 0

L ecture#10 Richard Li, 2006
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Po1 P

0,2
Pu,l GZPu,l ' Pu,2

N.
Block 1 Block 2 Block 3

1
ZS
Gl GZ G
vior P, IPm, IPm, | Pr%
3

P

o,n

G.P, ... P,

n un-1-

: 1

Block n

Gn
IPm,

.

I
Z, System
v; or P | IS"SYS
m

B

Figure 10.29T he system inter cept point cascaded by individual inter cept pointsfrom block 1to block n.

(m1 (m]) (m1) (m1)
2102 ®10° 2G 0’ HGO? MWGEGLG,O?
IRz ¥R &R &R:p g e,
. (m-1)
(m-1) (m-1) N 072
& 1 02 &1 02?2 > % GJ N
——% =t——1 +q¢ :
é”ﬂﬂg ”Rmﬁ ZQHﬂwT
L ecture#10 Richard Li, 2006
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o |P,, cascaded equation when the selectivity is existed in the block

Block k -1 New block
fy fg AT f, Block k ” . [
selectivity
G, 4 (Passbandgain) ‘G, G, =G, ;+G,
Selectivity at f, IR, | Pm,=IPm,’
t e, ‘
P, 0B SEL f,: Frequency of desired signal,
P, f: Frequency of undesired spurious,
! f, . Frequency of undesired product,
fs 1 f )

OIP,, /. ;
ot IR
T Fundamental //
POUtr dBm Slope=1 IM SE|7 7
1. o
P, g
IM product 7
Slope=m //
PU lll
A i / /
0 P Py Py IR, IRy
Pin' dBm —>
Figure 10.31Therelationship between I[P_andIP_’whenP. ismovedtoP, .
LeCtUI’e#lO m m iu iu

~ivliau i, £Zuvo
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Lecture#10

BLOCK 1 BLOCK 2 BLOCK 3 BLOCK n

G, |—— Mixe \----------
FLT |p G,
e IP
SEL, —\ Py f---------- m,n
BLOCK 1 BLOCK 2 BLOCK n
G

=}

m,n

Figure 10.32In the case of the block with selectivity, the block should be combined with
the following block to form a new block.

m
m-1

SEL

By dB P, =1IP, +

By watt :

1P, =P, SEL™?
OIP, =GIIP, =GIIP,SEL™!

Richard Li, 2006

PDF Ui “pdfFactory Pro" iR RRAG)E ww. Fineprint.cn

52


http://www.fineprint.cn

o Application of cascaded equation system analysis: Analysis of RX front end

Table10.3 System analysisof Rx front end

stem goals Lower Freqg.: 403MHz Temperature 1 208K°

Upper Freq.: 470 MHz SINAD: 6.0dB

IF Freq. : 73.35MHz Quiet : 7.6dB

System BW : 13.5kHz Worst case Factor @ 0.1
Perfor mance Ant.SW FLT#1 RF Amp. FLT#2  Mixer XtalFLT IF Amp. XtalFLT BKk.End
Gain, dB -0.9 -2 12 -15 -1 -2 10 -2
NF, dB 0.9 2 25 15 75 2 3 2 6
1P3, dBm 30 18 10 100 18 1000 12 1000 20
1P2, dBm 100 100 100 100 48 1000 100 1000 1000

,dB 0 0 0 0 0 17 0 17 0
,dB 0 0 0 0 0 29 0 29 0

SEL@VU21F,dB O 10 0 0 0 0 0 0 0
Calculations
Gain (worst), dB -1 2.2 10.8 -17 -11 2.2 9.0 2.2
NF (worst), dB 1.0 2.2 2.8 1.7 8.3 2.2 33 2.2 6.6
NFsys dB 70 6.1 4.1 11.2 9.7 6.0 4.0 8.0 6.0
Nfsysworst) dB 8.3 7.3 5.1 12.3 10.7 6.9 4.7 8.8 6.6
12dBSINAD uv  0.20 0.18 0.15 0.33 0.28 0.18 0.14 0.23 0.18
12dBSINAD dBm-120.8 -121.7 -123.7 -116.6 -118.1 -121.8 -123.8 -119.8 -121.8
20dBQuiet, uv  0.26 0.23 0.18 0.42 0.35 0.23 0.18 0.29 0.23
20dBQuiet, dBm  -118.8 -119.7 -121.7 -114.6 -116.1 -119.8 -121.8 -117.8 -119.8
IP3sys, dBm 81 7.2 5.6 19.5 18.0 455 12.0 53.5 20.0
IMR3 dB 85.9 85.9 86.2 90.7 90.7 1115 90.5 1155 94.5
lIP2sys, dBm 527 50.9 27.0 51.0 48.0 104.0 100.0 995.8 1000
IMR2 dB 86.8 86.3 75.3 83.8 83.0 112.9 111.9 557.8 560.9
L ecture#10 Richard Li, 2006 53
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7. From analog to digital communication system

Information Carrier M odulated
wavforms: modulator carrier, C(t)
voice, video...
(&) Analog modulation in a transmitter
M odulated Carrier Information
carrier,C(t) De- wavforms:
modulator voice, video...
(b) Analog demodulation in areceiver
Information A/D Encoder Carrier M odulated
wavforms: Conversion modulator > carrier,
voice, video... C(t)
(c) Digital modulation in transmitter
M odulated Carrier Decoder D/A Information
Carrier,C(t) De- Conversion wavforms:
modulator voice, video...

(d) Digital demodulation in receiver

Figure 10.33The basic componentsin both analog and digital modulation system

L ecturett10 Richard Li, 2006
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o Modulation in an analog communication system

For AM modulation, C(t) = A[1_|. Dam(t)] COS(WCt +VY )

2
P, = A (1+D,°P,)
For FM modulation, C(t) — ACOS(WCt + 2pr (‘:m(t)dt +Y)
2
S
2
For PM modulation, C(’[) ) ACOS(WCt +D pm(t) +VY )
2
PC = A_
2
L ecture#10 Richard Li, 2006
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0 Modulation in an analog communication system

Table10.4 Key parametersfor threetypesof modulation

M odulation type BW, Required CNR
SNR AM 2BW >12dB

FM 2(8+1)BW,, > 16 dB

PM 2(A +1)BW,, >10t012dB
Notes: BW,, = Noise bandwidth ;

BW,, = Bandwidth of m(t);
B = Peak frequency deviation/BW,;
A p= Phase deviation.

Table10.5 Bandwidth of some sources, BW,.
Type of source
Voice
Multiplexed voice, 1000 voice sub-channels
Video
Television channel

L ecturett10 Richard Li, 2006
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Demodulated
=CNR

6 B2(B+1)CNR
6A (Ap+1)CNR

BWm
4kHz
AMHz
4 MHz
6 MHz

56


http://www.fineprint.cn

o0 Encoding in a digital communication system

*

Baseband waveform X
m(t) = a dW(t-IT,)
i=-¥

d ==+1

where d.=i" antipodal digit.
A digital data bit “1” is encoded into a specific waveform when d=1,
while a digital data bit “0” isencoded into the negative of that waveform
when d=-1.

W = a specific waveform representing a binary data bit “1”,

t=time,
Tb: bit time.

Thebit rateisthereciprocal of T,, that is,

L ecturett10 Richard Li, 2006
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* NRZ and Manchester waveforms

NRZ waveform W(t) =1
=0,

Manchester waveform W(t) =1
=-1,

Spectrum of the baseband waveform, m(t),

when OELtET,
Elsewhere

T
when O£t£7b
when TTbE t £ T,

Su(w) = = W)

whereW(w) isthe Fourier Transform of W(t).

The spectral density for NRZ waveform

W (w)|* =

The spectral density for Manchester waveform

sin
2

W (w)|" =

sin (pfT, )
pfT,

2

4

f

(O ®)
28

L ecturett10 Richard Li, 2006
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W(t) IW(w)P

1
0 To 3T, 2T, -UT, O T, 2T, 3T,
Time, t Frequency, f
(&) NRZ waveform and spectrum
W(t) IW(w)P
1
N I | |
1 Th 3T, 2T, -UT, O uUT, 2T, 3T,
T2 Frequency, f
Time, t
(b) Manchester waveform and spectrum
Figure 10.34Baseband wavefor ms and spectra
L ecture#10 Richard Li, 2006
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* BPSK (Binary Phase Shift Keying)
The modulated phase, Apm(t),

D pm(t) = %[1- m(t)] =0, when m(t) = 1

=r, when m(t) =-1.
C(t) = Acos(w t + 2 [1- m(t)] +Y)
Then, in termsof the triangular formula 2
cos(a-b) = cos(a)cos(b) + sin(a)sin(b),
because the value of the modulated phaseiseither Oor 7, we have
C(t) = Am(t)cos(w t+Y)

It meansthat the BPSK carrier isthe same as an amplitude-modulated carrier in which the baseband
waveform, m(t), directly multipliesthe carrier.
NRZ BPSK

/

Manchester BPSK

VAN

f-3T, f-2T, f -UT, f, f+UT, f 42T,  f.+3/T,

Frequency, f
Figure10.35 BPSK carrier spectra

L ecturett10 Richard Li, 2006 60
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* RC (Raised Cosine) pulse: to reduce the sub-humpsor the spectral tails

&2pt O 0ELET,

Tb {zﬂ

é
W (t) = %él COS
é

NRZ: W(t)=1

1

<—
—— RC: W(t)=[1-cos(2x t/T,)]/2

NRZ: [W(w)]2

RC: |W(w)P

Figure10.36 NRZ and RC waveform and their spectra
The corresponding spectral density of RC waveform is

2 2

W w)f = sin (pfT,)|"| cos (pfT,)
pfT, 1- (2fT,)
L ecture#10 Richard Li, 2006 61
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*

QPSK (QuadraturePhase Shift Keying), OQPSK, M SK

- Two encoded waveforms, m (t) and m(t), are smultaneously used to BPSK phase modulate
the same carrier with quadraturephases.

- These two encoded waveforms can be either the output from two different digital sources
or the output of the alternate bits from a common sour ce.

< TS >
mc(t) I I I I I I I I I
dcl dc2 dc3 do4 dc5 c6 dc? dc8 dc9
m | | | | | | | | [
S( ) dsl dsZ ds3 ds4 dsS dsﬁ ds? dsB ds@
Time, t
(@) Bit sequence alignment of m (t) and m(t)
m=-1 m=+1
m=+1 m=+1
T
T, = s
2
whereT | =Bit time,
m=-1 m=+1 .
m.=-1 mz=-1 T S:&/mbol time.

(b) Quadraturephaserelationship

Figure 10.37 QPSK encoding

L ecturett10 Richard Li, 2006
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The QPSK carrier can be expressed as

C(t) = Am (t)cosfit +Y) + Am(t)sinf,t +Y)

7" C(t) = 2Aa (t) cos(w t +q () + Y)

J2a (t) = m.? (t) + m. (1)

q(t) = tan"*[m,(t) /m, (t)]

L ecturett10 Richard Li, 2006
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* MSK (Minimum Shift Keyed)

It isa special OQPSK, in which the NRZ waveform isreplaced
by half-period sine waveform, that is,

W (t) = sin( Tp )t

S

OELtET,

W(t-—T)—smeT—(t T)u—cos(—)t O£tET,
Theresultmg MSK carrier is

C(t) = Aad smeT—(t |T)ucos(wt+Y)+Aad coseT—(t |T)usm(wt+Y)

i=-¥

C(t) = Acos v t +d. $—(t SiT)+cd
&

I — IT,ELE (I +DT,
s u

C(t) = Acosg.Zp(fC +fTi)t - 1dip + Cg

TRSTITE i1 2T, £t £ (i +2)2T,
e b u

A iT ELE (i +DT,

d
d, =dy (i+DT, £LE£( +2T,
Ci :Ci-1+p_2I(di-1' d)+Y

L ecturett10 Richard Li, 2006 64
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m¢(t)

Time, t D |

mg(t)

dy=-1 dy=-1 dg=1

(a) Baseband waveform M SK

-2.0 -15 -1.0 -0.5 0 0.5
(1T,
(b) Carrier spectrum M SK —
oQPsk ———

Figure10.38 MSK and OQPSK baseband waveform and spectrua
L ecture#10 Richard Li, 2006
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Three advantagesof MSK carrier :

1) MSK carrier a constant envelope carrier.

2) The spectral tail in MSK modulation issignificantly reduced from that of
OQPSK modulation.

3) It isacarrier with frequency-shifted between (f -1/(4T,)) and (f+1/(4T,)),
according to the data bits. Thetone spacing in M SK is one-half that employed for
non-coherently demodulated orthogonal FSK. It istherefore named as
“minimum shift keying.”
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* FSK (Frequency Shift Keying), CPFSK
In FSK modulation, the NRZ bit waveform modulatesthecarrier

so that the carrier frequency isshifted between two modulation
frequencies, according to the bit waveform.

The modulated carrier has constant envelope :

C(t) = Acosl_vvct +2pD; cm(t)dt + YJ

It issomewhat difficult to computethe carrier spectrum.
Its main hump occupiesfrom -0.5(f-f )T, to +0.5(f-f)T,.

FSK isoften referred to as CPFSK (Continuous Phase Frequency Shift Keying) if the NRZ waveform is
replaced by the RC waveform. Its frequency—shifted carriershasthe property of continuous phase

change.
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o0 Decoding and bit-error probability

Table10.6 BER (Bit Error Rate) in various decoding schemes

BPSK, QPSK, MSK Q[ (2E,/N,)*7]
Coherent FSK Q[ (E,/N,)%]
DPSK exp(ENo)/2
Noncoher entFSK expEb/2No)/2

1 ¥
X| = — N -t2)2 dt
Q[X] 2 E)e
E, _Bit energyof_the modilatedcarrierat_decoderinpu
N, Sectrallevel of _additivenoiseat_decoderinput

E, _ PT,
N N

(0] (0]

Where P_ = Power of carrier,
T, = Bit time,
N, = Noise power
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* coherent & non-coherent decoding
coherent decoding requiresthe decoder to useareferenced carrier at the same frequency
and phase asthereceived modulated carrier during each bit time. A synchronization
subsystem isthereforerequired in thereceiver.

On the contrary, the non-coherent decoding does not required areferencecarrier, in
which the carrier phase of each bit isreferenced to the previous bit, that is,
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101 — «—— Non-coherent FSK
IR Coherent FSK

102 |—
BER —
(Bit Error —
Probability) -

10°

104 — BPSK, QPSK, MSK

10° | | | |

-25 0 2.5 5.0 7.5 10.0 12.5 15.0

E,/N,, dB

Figure10.39 Relationship between BER and E/N,.

L ecturett10 Richard Li, 2006

PDF Ui “pdfFactory Pro™ iR RRAG)E ww. Fineprint.cn

70


http://www.fineprint.cn

o Error correction schemes

*  Block encoding/decoding

In error-correction block encoding, each block of k data bitsis
first encoded to a new block with n bits, in which (n-k) bitsare
redundant for theerror correction. Of course,

n>k

And, the coderate, r, isdefined as

ﬁ
|
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*  Convolutionalencoding/decoding

Information bits

Information bit Encoded bit
input . output

Parity bits
(a) Encoder
Corrected
data bit
Information bits output

Received

encoded bit

input

o N _ Syndrome reset

Thres-
Parity bits hold

(b) Decoder

Figure 10.40 A convolutionalcoding plan, r=1/2, k=7
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* Usually the main redundant bitsare parity bits
In either block or convolutionalcoding,

* In convolutionalcoding, there aretwo kinds of redundant bits:
« Parity bits;
« CRC (Cyclic Redundant Check) bits.

* Theadvantages of block coding are
« Simple;
* Independent from block to block .

* Theadvantages of convolutionalcoding are
« Shorter wordlength;
« Special protection against burst error;
 Lower word error probability.
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