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Linearity (introduction)

L Most RF and analog electronics have limited input range where input and
output gain has linear relationship.

*

P A . _ Aftercertain input power
T .,f‘. & level, output starts to be
' saturated dueto a
nonlinearity of a system.

G: Power Géin

- Output MDS=GN.x Fx SNR_._

SNR,i,

T MY/// 77777 Output Min. Noise Floor=GN;x

GN; _
: >Pi,
I:’in,min Pin,MDs Pin,max
Determined by noise of a system. Determined by a nonlinearity of a system.
Pin’min=kTAfx F, Pin,MDS=kTAf XFXSNR,;,
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Nonlinearity Source (from DC point of view)

(1 Where does the nonlinearity come from? Let’s think about LNA design.

ANT
NMOS DC characteristic is non-linear
. (typically square-law behavior with
Duplexer (filter) LNA long channel NMOS).
- H—0 >~
\ IDC A
Vout
Vin—] + I :
Bias U R S
iedV. i : vV
3 If ap.plled V,, is small enough Lincarize NMOS : DC
(forinstance, V,, ~LV range), VBias at a bias point Vgias
then the linearization will be \
valid. dlpc
J However, ifthe V, is getting large (> ~ mV range), dVpc @Vpc=VBias
then the linearization no longer holds, and the LNA =8m
shows nonlinear behavior.
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Nonlinearity Source (from AC point of view)

(1 Where does the nonlinearity come from? Let’s think about LNA design.
ANT

These small signal equivalent
parameters are nonlinear.

Duplexer (filter)

T
X

U The small signal equivalent parameters are not static, but depending on
input and output signals, which causes a nonlinearity of the system.
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Weak & Strong Nonlinearities

L Weak nonlinearity

If input and output signal levels are reasonable small (< ~-20 dBm, ~10’s
mV), the degree of nonlinearity will not be strong.

This is the most cases of RF and analog front-end receiver blocks; LNAs,
mixers baseband amplifiers and filters.

Still, we can characterize the circuits approximately, using small signal model
with modeling output current in terms of power series of input V,.

Vin _l I:: + lout=a1VintasVin+asViy+....

(1 Strong nonlinearity

If input and output signal levels are large (> 0 dBm, ~100’s mV), the degree
of nonlinearity will be quite strong.

This is the most cases of power amplifiers.

We need large signal model and large signal S-parameter to characterize the
nonlinearity (we will be back to this issue in power amplifier section).

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh




W VirginiaTech

Invent the Future

Gain Compression (Self-Jamming)

O Let’s assume a weak nonlinear system. All weak nonlinear function can
be described by a power series.

. _ 2 3 :
y Nonlinear v Vout = @1Vin + anin2 + aBVin3 + higher orders
. system ot ~@1VintazVin”+ a3Vin
Vin = Vpcosw,t
aVpcosw,t
fundamental
a1Vp2coszoo0t

1
> aZsz(COSZth +1)

2" —harmonic+DC

a3V, > cos®

w,t

— a3Vp3(3coswot + cos3w,t)
fundamental+3"4-harmonic
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Gain Compression (Self-Jamming)

O Let’s assume a weak nonlinear system. All weak nonlinear function can
be described by a power series.

v Nonlinear gy Vout = a1 Vi + aZVinZ2 + a3Vin: + higher orders
in system ot ~@1Vin +22Vin" + azViy
For most systems,
polarity of a5 is the Vin = Vpcosw,t
opposite of a,. a;Vycosw,t
a,V, fundamental
la V2 A la 2 a;V,”cosZm,t
Vi £ 2 2P 23%7 4 =
i ] T T *Z|a3|Vp3 —aZsz(COSZth +1)
2> ; 2"--harmonic+DC
Wo 3 DC "“0 2043w, azV,>cos3w,t
E ""u- -u..‘
23
= : _a!Vpg : 1a V,3(3cosw,t + cos3w,t)
3V o o
fundamental+3*4-harmonic

Because of this 3"-harmonic term, gain will be decreased from ideal value.

(“gain desensitization” or “self-jamming effect”)
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Input & Output P1dB Compression Point

1 We need a parameter to describe the self-jamming effect.

3 ds 2
fundamental = a;V, | 1 +—-—V," |cosw,t

4 d1 P
Self-jamrriingfactor 3az,, 2
p dB a1Vp (1 + za—lvp )
out( m) 2010g =-1
*/.' ale
1d 3az3y;, 2 _
Pout,—ldB > + >1+ 4 aq Vp = 0.89
Py (dBm) 3y =0.38 |2
in,—1dB p,~1dB ag

L The input 1dB compression pointP;, s is the input power at which output power
drops by 1dB from the predicted output power based on the small signal power gain.

O The output 1dB compression pointP,; 4z is the output power at which output power
drops by 1dB from the predicted output power based on the small signal power gain.

Pout,—148(dBm) = Gp(dB) + Py, _14g(dBm) — 1 dB
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Gain Compression (Adjacent Ch. Jamming)

1 When a large interference signal is received along with the desired weak
signal, the output of the desired signal gets compressed similar to the case
of self-jamming. This behavior is referred to as “adjacent channel jamming”.

V,—™ AL —>V_ . > Vour = a1Vin + aVin? + agVi,® + higher orders

m out 2 3
& syste ~ apVip + a2V;,” HazVj,

Vin = Vsman€oswgt + Vi, 0. COS0, 45t

3 _ 3 3
a3Vin = ag (Vsmallcoswst) + a3 (Vlargecoswadjt)

2
2
+33 (Vsman €oS®st)* Vi, 00 COS 0,5t H 383 (Vinrge C0S®,4it)  Vsman COS0E

&
5 1 + cos2m,g;t
3a3Vlarge Vsmall 2 cosmgt
\ 3 2 Fundamental component
533 Viarge” Vsmanl€OS®Wst | due to adjacent channel
interference
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Gain Compression (Adjacent Ch. Jamming)

O Jamming threshold: signal level of ©,4; Where the gain of wanted signal gets

reduced by 3dB.
V., —> Nonl::near —>V, . > Vour =a1Vjp + a,Vin? + agVi,® + higher orders
2
& system ~@; Vin)+ 2, Vin* HagViy®
Vin = Vsman€oswgt + Vi, 0. COS0, 45t \ \
— 2
Vout,interested — a1VsmallCOS(‘°st i+ E a3Vlarge Vsmallcoswst
3
a1 Vsman t 2 a3Vlarge2Vsmall 3az 2
20log =20log| 1+ 5—Vigge | =3
alvsmall 2 a

3
> 1452V = 0.71

WaRted channel output power (dBm)
2 Vlarge _3q = 0.44 L *
) a3

\\3dB
. . Adjacent
Jamming threshold input .

. : pChannel input
power of adjacent channel €—_ adj,—3dB  power (dBm)

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh 10




W VirginiaTech

Invent the Future

Cross Modulation

U Cross modulation is a form of intermodulation, where the amplitude
modulation of a strong signal modulates the amplitude of a weak signal at

another frequency.
V,—™ Nonl;near —> Vit —» Vout = a1Vip + a,Vin? + a3Vi,> + higher orders
2 3
& Rl ~ a1 Vip)+ a2Vin~ HagVip

Vin — VsmallCOS(’ost + Vlarge Mindexcoswmtyswct

3
_{ 2 2
Vout,interested = a1Vsmallcos"°st + EaSVlarge (1 + Mindexcoswmt) Vsmallcos"ost

This cross modulated signal is superimposed on top of
wanted signal due to 3" -order nonlinear term of a,.

U This is commonly experienced by listener s of AM radio as they drive pasta
large powerful transmitting station while listening to another AM station.
The amplitude modulation of the large transmitting station gets
superimposed on top of the station the listener is tuned to.

11

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh




W Virgi

Invent the Future

Fractional 2"-order Harmonic Distortion (HD,)

HDZ -

niaTech

 HD, is defined as the amplitude ratio of 2"! -order harmonic to
fundamental component.

: _ 2 3 .
y Nonlinear v Vout = @1Vin + anin2 + aBVin3 + higher orders
. system ot ~@1VintazVin”+ a3Vin
Vin = Vpcosw,t
jcosw,t
gamental
2.2
a;Vp cos“w,t

cos2w,t + 1)

rarmonic+ DC

a3V, > cos®

w,t
Amplitude of the 2nd — order harmonic output

. 1
Amplltudelof the fundamental output —a3Vp3(3cosw0t + cos3w,t)

2
72:Vp" &V, fundamentat+ 3"¢-harmonic

a1Vp 231
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Fractional 3""-order Harmonic Distortion (HD,)

( HD; is defined as the amplitude ratio of 3" -order harmonic to
fundamental component.

V. —> Nonlinear Y Vout = a1 Vjp + aZVinZZ + aBVin::: + higher orders
. system ot ~@1VintazVin”+ a3Vin
S
Vin = Vpcosw,t
jcosw,t
gamental

a1Vp2coszoo0t

1
2 aZsz(COSZth +1)

2" —harmonic+DC 3

a3Vp3cos w,t
HD Amplitude of the 3rd — order harmonic output
3= : 1
Amplltudi of thse fundamental output —a3Vp3 3cosw,t + cos3w,t)
z3Vp” |agV,? fyrlamentat+ 3" -harmonic
B a1Vp N 4'31
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Total Harmonic Distortion (THD)

U Total Harmonic Distortion (THD) is defined as the sum of all the fractional harmonic
distortion terms, i.e., ©
THD = z HD,
n=2

O THD is often quoted by audio manufacturers who “spec” their amplifiers for spectral

purity. The THD values less than 0.1%=-60 dB are hard to discern by the human ear.

A
Audio frequency band: 20 Hz - 20 KHz

2"d and higher order harmonics could reside in
audio band and hard to be filtered out

>

Wy Zwsf%ws
O In most communication systems, a very narrow bandwidth signal is modulated by
very high frequency carrier. In such systems, the second and higher order harmonics
lie outside the frequencies of interest and can therefore be easily filtered away.

A

Easy to filter out 2"d and higher order term.

A A

\ 2w 3w
ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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Intermodulation Distortion (IMD)

O Until now we injected single frequency tone into a nonlinear system. But in
reality, several other signals closely spaced to the desired signal are
received and processed by the front end RF systems; LNAs and mixers.

U Typical way of characterizing nonlinearity of RF system is two-tone test;
apply two closely spaced frequency tones which have same amplitude into
the nonlinear system.

V,—™ AL —>V_ . > Vout = a1Vin + a,Vin? + agVi,® + higher orders

m out 2 3
& syste ~ apVip + a2Vy,” + azVj,

Vin = VpCoswg 1t + V coswg,t

A aiVpcoswg t + a1 Vpcoswg,t

B) | a:Vy’cosZwgt+ a;V,’cos?mgt + 2a,V,% cosws; tcoswg,t

3 3

Wt + a3Vp3cos
+3a3V,> cos?wg tecoswg, t +3az V,° cos?mg,tecosws; t

a3Vp3cos W4t

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh 15




W VirginiaTech

Invent the Future

] ] ]

Intermodulation Distortion (2-tone test)

A ):agVycoswsit +aVycosmgt
2 | 22V i 2

B):a,V,” + (cos2wg it + cos2wg, t) + a; Vi, “(cos(wgg + W)t + cos(wgg — ws3)t)

9a3Vp3 a3Vp3
C 2 (coswgt + cosmg,t) + (cos3wg 1t + cos3mg, t)

3a3V),°
+ 2 (cos(2wg1 — W)t + cos(2wgy — wgq)E)
3a3Vp3
+ 1 (cos(2wgg + W)t + cos(2wgy + wgp)t)
a1Vp
A A
V2 aV? aVy?
12aV;2 | 12a2V;2 Wit 2050
2(051'(.052 2(052'(051 f 3(’)51 3(’)82
DC Ws2-Ws1 + k1 B2 { 205 \zlmsz + + + + P> Freq
bVt g HdaVy DD 3/4asV,3
9I4a3Vp3 16
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Intermodulation Distortion (2-tone test)

These IMD tones play
detrimental role, depending
on receiver architecture.

aN2  aVy?

Filtering Easy to filter out 2" and
higher order terms.

aZsz

1I232Vp2 1I232Vp2 2(051"'0)52 20)52+0)51

M Nl
= Y

Mgrt+Ms1 3I4a3Vp3
9/4a;3Vp?

These IMD tones are folded

into signal bandwidth and

degrade linearity.

g ty 9a3Vp3
1.Fundamental tone (wgq wg3): a1 Vp + 2
2.2nd — order intermodulation tone (wy, — wgq): aZsz 3
333V

3.3rd — order intermodulation tone (2wy; — Wy, 2041 — Wy ): 2 P

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh 17
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3rd —order Intermodulation Distortion (IM3)

9a3V 3
Fundamental tone (wg; wg;):(@g Vy, + 7 P ~a, V, @well below sat. point
_ _ 3a3V,°
P, . (dBm) 3rd — order intermodulation ton€ (2wy; — W4y, 201 — Wgp)! 1

Erdctional 3rd — order intermodulation (IM3)is given by:

P

M Amplitude of the 3rd order intermodulation output
3 —

Amplitude of the fundamental output

3a3V),° ;
_ 7} B 333Vp
a1Vp 431
- P, (dBm)

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh 18
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3rd —order Input Intercept Point (11P3)

933V 3
Fundamental tone (wg; wg;):(@g Vy, + 7 P ~a, V, @well below sat. point
. . 3a3V,’
P, . (dBm) 3rd — order intermodulation tone (2w, — Wg1, 2041 — Wyy): 1

O 1IP3 is defined as the signal level at which the
extrapolated output signal levels at ® , (or ®,,) and
2m,,-0), (0r 2m,,-,,) equal each other. The
corresponding output power level is referred to as the
third-order output intercept point (OIP3).

(O Note that the 3" -order intermodulation distortion
corrupts the signal since it falls in the same frequency
band as the signal of interest. lIP3 is therefore very
crucial for high frequency communication systems.

OIP,

3a3Vp2
IM; = = 1 @IIP3
3 4'31 @
_ 4 a1 ~ d1
9 Vp,IIPS - 5 a_3 ~ 1 15 a_3

. | :
i, S o =ay 5[]~ 115
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OIP,

Relating IIP3 to Input P1dB

Vpup3 = 3V, 148
Vpup3(dB) = V,, _14g(dB) + 10dB

(J Note: IIP3 is two-tone test, while

» P, (dBm) input P1dB is single-tone test.

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh

9a3V =
Fundamental tone (wg; wg;):(@g Vy, + 7 P ~a, V, @well below sat. point
_ _ 3a3V,°
P, . (dBm) 3rd — order intermodulation tone (2w, — Wg1, 2041 — Wyy): 1
4 d1 a1

Vp,IIP3 - 5 a_3 1 15 a_3 ~ 12
a1 1
Vp,—ldB = 038\/ a—3 ~ 0.4 a—3
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2"d —order Intermodulation Distortion (IM2)
9a3Vp3

4
2nd — order intermodulatisirtone (w,, — wg1): anp2

Fundamental tone (wg; wg,): @y V, + ~ a, V @well below sat. point

P, (dBm)

A

/Tactional 2nd — order intermodulation (IM2)is given by:

M Amplitude of the 2nd order intermodulation output
2 —

Amplitude of the fundamental output

2
aZVp azvp

ale d1

» P, (dBm)
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2"d —order Intermodulation Distortion (IM2)
9a3Vp3

4
2nd — order intermodulation tone (wg, — w41): aZsz

Fundamental tone (wg; wg,): @y V, + ~ a, V @well below sat. point

P, (dBm)
A U1 1IP2 is defined as the signal level at which the
;- extrapolated output signal levels at w,, (or ®,,)
OIP, ---eceeeecccecccccnne. 3 S S2
and o.,-0,, equal each other. The corresponding
output power level is referred to as the second-
order output intercept point (OIP2).

a, Vv,
IM, = =2 = 1 @IIP2

2 ; a

a1
az

2 Vpirpz S

a12

az

a1

2>V =aq|—
p,0IP2 1o,

: » P, (dBm)
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2"d —order Intermodulation Distortion (IM2)

9a3Vp3

Fundamental tone (wg; wg,): @y V, + ~ a, V @well below sat. point

4
2nd — order intermodulation tone (wg, — w41): aZsz
P, (dBm)
A O Note that the second -order intermodulation
oIP, S —— products are well separated from the frequency
band of interest, and therefore they can be easily
filtered out.

O However, for certain types of receiver architectures,
(wgy — wg4q) can not be filtered out, and IM2
could cause linearity degradation of a system
substantially (we will visit this issue in mixer
designs).

: » P, (dBm)

23
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Estimating IIP3 Experimentally

Nonlinear
in system out

205-052 M1 Ogy 2D -0y

O Apply weak two-tone input signals so that output
is not saturated, then IIP3 will be calculate as:

A
I1P3(dB) = E + Pinput Q) Why”

OIP;(dB) = IIP; + Gain

A
/ﬂ M : : S P'n (dBm) = 9 + l)input + (Poutput - l)input)
: ! A
Apply mPUt 7Pinput! P'1dB "P3 = 5 + l)output

well below of P_, 45
24
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P, (dBm) Pinput

(5]

R X

D51 Ds2

w
[\ )

pul
7

Applyinput,P;, . P.iss 1IP,

well below of P_, 45

» P, (dBm)

Estimating IIP2 Experimentally

Nonlinear
L — —>
— Vln system Vout
.......... P °ut£§
A A
A

e

(O RO 206-05 051 D5 205V

11P,(dB) = A+ Pippue
OIP,(dB) = IIP; + Gain

O Apply weak two-tone input signals so that output
is not saturated, then 11P2 will be calculate as:

Q) Why?

=A+ Pinput + (Poutput - Pinput)

A+ l)output

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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Effect of Feedback on Nonlinearity

] Negative feedback is often applied to improve linearity of a system.

V. Nonlinear ey

in system out

Without feedback:
7 Vour™ a1Vip + a,Vip” + a3V,

v. —+ Nonlinear >V

in system out,f
- \ With feedback:

_ 2 3
Voutf= a1¢Vin + a2¢Vin™ + a3¢Viy

Feedback [€

26
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Effect of Feedback on Nonlinearity

Without feedback:
7 Vourm a1Vig + 22Viy” + a3Viy°

Verror Nonli
onlinear
Vin ™
system

>V

out,f

N\ With feedback:

— 2

Q Vout,f_ a1Verr0r + aZVerror + aSVerror
— 2 3
= a1 (Vin - falfVin - faZfVin - fanVin )

2 32
+ az (Vin - fa1fVin - faZfVin - fanVin )
2 313
+ a3 (Vin - fa1fVin - faZfVin - fanVin )
2 3
= a1¢ Vin + a2¢Vin~ + a3¢Vip

Q Verror=Vin — fvout,f
= Vin — f(ay¢Vin + az¢Vin” + a3¢Vin°)

3

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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Vout £= a1¢Vin + a2¢Vin™ + az¢Viy

27




WVirginiaTech

Invent the Future

da
ayr = ag (1 —fag) Aagr = 1+f1.§1
|
ags = ay (—fage) + az (1 —fagg)® Djays = (1+f§l1)3

Effect of Feedback on Nonlinearity

2 3 2 3
a a1fVin + a2¢Vin~ + a3¢Vin” = a1 (Vin — fa ¢V, — fayeVi,© — fazfVi, )
2 32

+ a2 (Vin - fa1fVin - faZfVin - fa3fVin )
2 313

+ a3(Vip — fag¢Vi, — fayeVip” — fazVi,°)

agzs = ap (—fags) — 2a,(1 — faypays + a3 (1 — fag)’ >|a

3f —

az(1+faq)-—2f azz

(1+fa1)5

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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Effect of

Vin = Vpcoswg 1t + Vycoswg,t

Feedback on lIP2

Without feedback:
7 Vourm a1Vip + a2Vip” + a3V,

v, —(+ Nonlinear >V,
system '
- Ny With feedback:
Voutf= a1¢Vip + a;Vin® + azfVig®
f A o ay
1f = 1+faq
Ay = —2
vV A0 _ 121 (1 + fay)? T e
He2f = || = |— a1
P / azf ay
/ IIP2 increment factor
due to feedback
1IP2 without feedback

29
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Effect of Feedback on IIP3

Without feedback :
Vin = Vpcoswg t + Vycoswt 7 Vout= a1 Vip + aZVinz + ag,Vin?’

v, —(+ Nonlinear >V,
system
- \ With feedback: ¢
Vout = alfvln + aZfVm + a3fV1n3
f A — _ag
alf _ 1+f31
. a3(1+fa1)—2fa22
asf = (1+fa;)5
4 a1f a1 (1 -+ fa1)2
pIIP3 f= 3
azf «I a3 | 2fa,?
a3
lIP3 without feedback lIP3 increment factor
due to feedback
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Cascaded IIP3

Nonlinear Nonlinear
 — —> =\. . —>
il 1 system 1 Vours= Vinz system 2

> Vout2

_ 2 3
Voutz ® €1Vin1 + €©2Vin1” + €3Vin1

c; = a;bq
Cr = alzbz + azbl

C3 = a13b3 + a3b1 + 2b2a1a2

_ 2 3 _ 2 3
Vout1 ® @1Vint + @2Vin1™ + a3Vin1®  Vourz = P1Vours T 22Vour1™ + a3Vounn

Overall cascaded nonlinear response: V,,, =~ ¢1Vipy + €3 Vin1> + €3Vip1°

2 3

= by (a1Vin1 + a2Vin1~ +a3Vin1”)
2 3\2

+ bz (a1Vin1 + a2Vin1~ + a3Vin1®)
2 313

+ b3(a1Vin1 + a2Vin1~ + a3Vin1®)
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Cascaded IIP3

Nonlinear Nonlinear
Vinl_> —> Vout1= Vin2 —> system 2

—>
system 1 Vour

_ 2 3 _ 2 3
Vout1 ® @1Vint + @2Vin1™ + a3Vin1®  Vourz = b1Vourr T b2Vourr™ + b3Vours

Overall cascaded nonlinear response: V,,, =~ ¢1Vipy + €3 Vin1> + €3Vip1°

Cq1 = a1b1 Cr = a12b2 + azbl C3 = a13b3 + a3b1 + 2b2a1a2

_ 4 a1 . bl
Vp,IIP3,sys—1 - § a_ Vp,IIP3,sys—2 - pIIP2,sys—2 b_z
4 Cq 4a1b1 1
Vp.11P3.0verall = |5 || = =
P, ’ 3 C3 3(313b3 + a3b1 + 2b2a1a2) 333 + 2 3b3 n 332 bz
il § 1252+ 54=

4-31 a 4-b1 2 b1

2 2 2
1 1 d1 1.5 ds
= + +
Vp,11P3,0verall Vp,11P3,sys—1 Vp,11P3,sys—2 Vp.11P2,sys—2

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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Cascaded IIP2

Nonlinear Nonlinear
Vinl_> —> Vout1= Vin2 —> system 2

—>
system 1 Vour

_ 2 3 _ 2 3
Vout1 ® @1Vint + @2Vin1” + a3Vin1®  Vourz = b1Vourrs + b2Vourr™ + b3Vourr

Overall cascaded nonlinear response: V,,, =~ ¢1Vipy + €3 Vin1> + €3Vip1°

Cq1 = a1b1 Cr = alzbz + azbl C3 = a13b3 + a3b1 + 2b2a1a2

a1 by
Vo 11p2,sys-1 = | — Vo, 11P2,sys—2 = b
dp 2
Vv C1 a1b1 1
IIP2, u=\1-1- =
p overa Cy alzb2 + azb1 a, + ﬁ
1p
a1 1

2 2 2
< 1 > < ; > ( - )
= +
Vp,IIPZ,overall Vp,IIPZ,sys— 1 Vp,IIP2,sys—2
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Comments on Cascaded Input Intercept Points

Nonlinear Nonlinear
Vinl_> system 1 —> Vout1= Vin2 —> system2 _>Vout2

2 2 2
1 1 @ 1.5a,
Vp.11P3,0verall Vp,11P3,sys—1 Vp,11P3,sys—2 Vp.11P2,sys—2
2 2 2
1 1 a
( ) ) ( ) ’ ( S )
Vp,IIPZ,overall Vp,IIPZ,sys—l Vp,IIPZ,sys—Z

U The second stage 1IP2 and 1IP3 are divided by gain of the first stage.
Therefore, linearity of the second stage plays dominant role for the
cascaded system.

O Ingeneral 1IP2 & IIP3 of latter stage are divided by all the cascaded gain
of preceding stages, and dominate overall linearity performance.

By the same reason, in LNA & mixer cascaded system, mixer linearity
tends to be more emphasized than LNA.
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Effective Noise Floor Due to Nonlinearity

O The 3"-order intermodulation outputs contribute additional noise;

“unwanted signal” which would degrade the SNR at the output if they
become larger than the noise floor.

fy 1
11 I: 4 t . —Systemnoise floor
f, f, Nonlinear noisy The.3“’-orde.r IM tones are
. i basically noise to the system, and
amplifier HS

; their powers can be normalized by
Due to 3"-order IM tones —s._ "1 .Y . the BW, resultingin added noise
floor on top of system noise floor.

[ Net effect of spurious tone is degrading SNR of a system.

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh 35




W VirginiaTech

Invent the Future

P,,:(dBm)
A

FXGN,
(output
noise floor)

GN,

WY, %

iIp, > Pi(dBm)

Spurious Free Dynamic Range (SFDR)

Noise factor: F

Input source

noise power: N,
Nonlinear noisy
amplifier

1 “SFDR” is the difference between

the system input noise floor and

the largest signal that can be
accommodated before the 314-

order IM product rises above the

noise floor.
IIP3 — Piyy min = 3(IIP3 — (Piymin+SFDR))
. SFDR = g(np3 — Pinmin)

In this expression, we generally
assume that SNR ;. =1 (0 dB).
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Spurious Free Dynamic Range (SFDR)

Noise factor: F

Pout(dBm
out{ A ) Input source
noise power: N,

0|P3 e “‘. $* Nonlinear noisy
amplifier
i FxGN, O “SFDR” is the difference between
: _ (output the system input noise floor +SNR_ ..
SNR : ZAnoisefloor)  and the largest signal that can be
gz GN, accommodated before the 3"-order
i ; ; IM product rises above the noise
:SNRiy floor.
: > i
: : SFDR : ; 5
s - SFDR = 3 (IIP3 — Pip min) — SNRpin
Pin,min 1P, Pin (dBm) This is more general definition
=KTAfx F of SFDR.
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