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Our signals carry random information,

=
. =
and usually have continuousspectra i T M

\>(3 )

fo f
But many drawings, and theanalysis, =
>

will be clearer 1f werepresentthese %3 ‘ ‘

as discretespectrallines (tones). fo f



Frequency Plan in a Radio Receiver
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The mixer generates sum and difference frequencies

(fre — fro)and (fpr + f10)-

>

Oneof theseis, by design, theintermediate frequency (IF).

Theotheris rejected by thelF filter.
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Image Response (1)
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Assumingthatbydesign f,. = (f.r — f,0) >hence for. = fir + [0

asignalat f .= f,,— f willalsomixto f,.



Image Response (2)

Ih*T‘_J_,
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Toreject this image response,we choosean RF filter

XY

whosebandwidthis (significantly )less than 2- f,..

In a tunablereciver, both thelLO and the RF filter must be tuned.

Tracking of thetuningof these2 elementsis made easy

it f,. 1s large.



Adjacent Ghannel Interference
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Given theneed of the RF filter tobe tuned,

1t cannot have narrow bandwidth.

Interfering signals in adjacent frequency bands are rejected
by thenarrow - bandwidthlIF filter.
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Interference hy Intermodulation (1)
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We will soonshow that,given *odd-order distortion™,
stronginputsignals at frequencies f, and f, will generate
distortiontonesat frequencies (2 f, — f,)and (21, — f,).

Thesedistortiontones will also cause interference.
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Interference hy Intermodulation (2)
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If thetonesat f, and f, lie outsidethepassbandof the RF filter,

they willbe rejected, and thereceiver will suffer no interference.

Sw(f)

XX

If thetonesat f, and f, lie within the RF filter thepassband,
then tones at (2f, — f,)and (2f, — f,) will be producedby the

RF stage and mixer.

After themixer, theoriginal interfering tones (£, , f, ) may be translatead
to frequencies outsidethe IF filter passband, yeteither (2f, — f,)or (21, — 1))
may lie within the IF filter passband,and will interfere with thedesired signal.
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Interference hy Intermodulation (3)
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In a dual - conversionreceiver, thestronginterferers
at f, and f, may lie inside thepassbandsof both theRF
*and * IF filters.

XX

&

<X

The IF amp lifiers have very high gain; in this case, it 1s in the

[F stages thatstrongintermodulation may occur.

Theintermodulation productsmay lie within the baseband filter's

passband,even theinterfering signals themseleves lie outsideit.
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V. V

n out

Consider now an amplifier withV, = f(V, ).

We can now writea Taylorseries for V.

dV 1 d*v 1dV
Visoe Vo) =V, uipe +——24-(6V, — 2L (S, A= (SV,) +
out( in,DC m) out,DC dV zn) 2 de zn) 6 dV3 m)

in

V,, +oV, ):a0+al.(5l/in)+a2.(5l/in) +a3'(5Vin)3+"'

out
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Limits to the Taylor Series Model

V. V

n out

1) Tay lorseries are powerseries. Powerseries have a *radius of convergence *
outsidewhich they do not converge. Taylorseries of hard clippingcharacteristics

need many termsin the expansion and converge only slowly. E
>

Vin

2) Forcircuits whosegain varies with frequency (all circuits in fact),
Vil = f W dV,, | dt, dV,, 1dE ..., [V, (Odt, [[ V,, (Odr ..)
In such cases the Taylorseries must be replace witha Volterra series.

This1s much more comp lex.
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Linear Response. Vi V s

Consider now an amp lifier withV, (¢) =V, cos(w,t)
First writ V, cos(w,t) = (V, /2)(eja’°’ +e /™ ): v, /2)(2 + z‘l)
I/out = aO +a1 (5Vm)+a2 (5I/zn)2 +a3 (5Vm)3 +...

a,-(0V,,) = a, -V, cos(a,?).

Thisis thelinear resp onse,with outputfrequencies equal tomput frequencies

Sw()
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clas:

V,(t) =V, cos(@,t) = (V, [ )&’ + e )= (¥, 12)z+2")
V :a0+al.(5Vin)+a2.(5Vin)2+a3.(5Vin)3+"'

out

oV.) =, /2)2(2 +z7 )2 =V, /2)2(222_0 +2z'z7 4+ 202_2)
(8, =V, /2% +272 )+ (7,1 2)(2)

OV, =V, /2)* - 2cosQayt)+V, /2

Quadraticresp onsegenerates DC and the 2nd harmonic

Outputamp litudesgrowth in proportionto thesquare of themputamp litude.
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Cubic Response and 3rd Harmonic Distortion

V. V

n out

V(1) =V, cos(ayt) = (7, /2)(61'“’“ +e )=V, /2)(z+27")
Vs = o+, (8V,,) + 0y (V)" +a; (V) +...

out

oV, =W,/2) (z +z! )3 =, /2) (232_0 +3z°z7 +3z7%2" + 202_3)
OV,) =W, 12 (2’ +27)+3(, /1 2) (z+27")
OV,) =W, /12) -2cos(Bayt)+3(V, /2) -2 cos(w,t)

Cubic repsonse generates response at fundamental and the 3nd harmonic.

Output amplitudes growth 1in proportion to the cube of the input amplitude.

) Eey
>

UJ:’T | — m:-T 1
fo f fo 3fpr
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4th- and ath -order Responses

. __________________________________________________________________________________________________________________________|
oV, )=, /2)4(2 +z7 )4 =V, /2)4(242_0 +4z2°z7 462727 +42'27 + 202_4)
OV, =, 124t +274)+ (7, /2 (42° + 4272 )+ (7, /2)*(6)

(V) =V, /2)" -2cos(@day,t) +(V, /2)" -4-2cosRamyt)+(V,/2)*(6)
4™ - order repsonsegenerates DC and the 2nd and 4th harmonics

Outputamp litudesgrowth in proportionto the4th powerof theinputamp litude.

v,y =WV,/2)y (Z +z )5 =V,/2) (ZSZ_O +5z°27 +102°27° +10z°z7° + 52"z + ZOZ_S)
OV,) =V, 12)°(2° +27° )+ (¥, 12)°(52° +527° )+ (¥, /2)* (102" +10z™")

OV,) =V,/2) -2cos(Bayt)+(V,/2)’-5-2cosBwyt)+(V,/2)> -10- 2 cos(w,t)

5™ - order rep sonsegenerates fundamental and the3nd and 5th harmonics

Outputamp litudesgrowth in proportionto the 5Sth powerof theinputamp litude.
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General Picture...Nth Order responses

1*' - order repsonsegenerate thelst harmonic (i.e., theinput)

Amplitudesgrow in proportiontothelst powerof themputamp litude.

2" _order repsonsegenerate the Oth, 2nd harmonics

Amp litudesgrow in proportionto the 2nd powerof themputamplitude.

3" - order repsonsegenerate thelst, 3rd harmonics

Amplitudesgrow in proportionto the3rd powerof theinputamp litude.

4™ - order repsonsegenerate the Oth, 2nd , 4th harmonics

Amp litudesgrow in proportionto the4th powerof theinputamp litude.

5% _order rep sonsegenerates 1st, 3rd, Sth harmonics

Amp litudesgrow in proportionto theSthpowerof theinputamp litude.
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For a moment, let us look at the output *only™ at the fundamental.
Vi = @y +a,- (V) + a, - (OV,)" +ay-(SV,,) +...

out

v, (1) =V, cos(a,)

Linear response a, - (V)" — a, -V, cos(w,t).

Quadratic response a, - (6V, )* — Responses at DC, 2®,, none at a,.

Cubic response a, - (6V,)’ — a,-3(V, /2)’ -cos(w,t), other response at 3w,
4™ -order reponse a, - (6V, )* — Responses at DC, 2w,,4®,,none at a,.

5"-order reponse a; - (5V, )’ — as-(V, /2)’ -10-2cos(w,t), other responses at 3w,, S,

%

out

= cos(a)ot).(az1 Vy+a,-6(V,/2) +a,-(V,/2) + ), responses at other frequencies.

A .

Pout

This appearsas saturationof theamp lifier outputpower.

1 dB gain compression point: when gain has droppedby 1dB....

Generally associated with hard clipping(cutoff,saturation etc)
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1dB Gain Gompression Point: Gubic Model Only

o =V, (D) +a, 'I/ij(t)+a3 sz(t)"‘: a, '(Vin(t)"'bz 'I/ij(t)+b3 VIS(t)"‘)
V. () =V, -cos(w,t)
v

out

7

= a, -cos(w,t) - (VO +b,-6(V,/2) +b,-(V,/2) + ), responses at other frequencies.
1dB gain compression=0.891:1 reduction in gain A
b,-(3/ 4V} =0.1087
V:=0.145/b,
P,=V12Z,=0.072/b,Z,

1

4
,

Pout

Pin

The above assumes a cubic-only model, i.e. that the V), V,’, etc. terms are negligible.

l

In general, this is *not* a good asssumption for an amplfier approaching hard clipping
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Two-Tone Intermodulation (1) Vi Vo

Consider now an amp lifier withV, (¢) =V, cos(w,t) +V, cos(w,?)
V() =V, [ 2™ + e )+ (V, 1 2)e™ +e7* )=V, 1 2)z, + 2 +2, +2;")
I/out = aO +a1 (5Vln) +Cl2 (5Vm)2 +a3 (5Vln)3 t...

(V) =V, cos(at) +V, cos(@,?)

Again, linear resp onseproducesoutputfrequencies equal to inp ut frequencies

Outputamp litudevaries linearly with inputamp litude.

=
<
mT S0,

Sw()

O""h e
Y

Q“'h e
4



class notes, M. Rodwell, copyrighted 2012

Two-Tone Intermodulation (2) Vi Vo

Considernow an amp lifier with V., (¢) =V, cos(a,t) +V, cos(w,t)
Vo (0) =V, 1 2)(e7 + &7 )+ (7, 1 2)(e7 + 77 )= (¥, 1 2)z, + 2 + 2, +23")
V :a0+al.(5Vin)+a2.(5I/in)2+a3.(5l/in)3+"'

out

(é'Vl.n)2 =V, /2)2(21 +Zl_1 + z, +22_1)2 =V, /2)2((21 Jrzl_l)2 Jr2(z1 +Zl_1 zZ, +22_1)+ (22 +22_1)2)
oV.,) =V,/2)- [2 cosat)+2+2 cos(2a)2t)] — harmonic distortionterms...as before.
+(V, /2)22(21 +2z Xzz + 22_1)

(6V,)? =harm.dist.terms+ (V, / 2)* 2(2122 +z'z] vz 7z, + zlzz_l):

= harm. dist.terms+ (V, / 2)° 2(2 cos(2(w, + w,)t) +2cos2(w, — a)z)t))

=V,/2)* {2 +2cosCwt)+2cosLawyt)+4cos(2(w, + w,)t) +4cos2(w, — w, )t)}
2"¢ _order response: outputsat DC,2w,, 2w,, (o, + @,), and (o, — ®,).
Outputamp litudevaries as thesquare of inputamp litude.

sum and difference frequencies

harmonics .

T ) >—>:>§1+ e,
fify f DC f

Su()
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Two-Tone Intermodulation (3) Vi Vo

@V,) =012 (g +2" +2,+2f
=V, /2)3((21 4—21_1)3 +3(Z1 +Zl_1>2(22 +Zz_1)1 +3(Z1 4—21_1)1(22 4—22_1)2 +(Z2 +22_1)3)

(z] + zl_l)3 + (22 +2z, )3 )—) 2cos(Bw,t) +3-cos(mt) + 2 cosBw,t) + 3 cos(w,t)...as before.

3(21 +Zl_1)2(22 +Zz_1y 4—3(21 —kzl_l)l(z2 4—22_1)2 =...

= 3(212 +2+2z° Xzz +2z; )+ term with z, and z, interchanged.
= 3(21222 +vzlz,+zlz) 420z 42z, + 22, )+ term with z, and z, interchanged.
.= 3(2cos(Qm, + @,)t) + 2 cos((2m, — @, )t) + 4 cos(w,t) )+ 3(2 cos(Rm, + @, )t) + 2 cos((2w, — @, )t) + 4 cos(myt))

OV Y = (V. /2) 15-cos(wt)+15-cos(w,t)+2cos(3w,t) + 2 cos(Bw,t)
mio e +6cos((2w, + @, )t)+6cos(Lw, —w,)t) +6cos(Lw, + w,)t)+ 6 cos((Cw, — w,)t)
3" _order response:outputsat @,, @,,3m,, 30,, 2o, +®,), 2o, —®,), 2o, + ®,),and 2w, — ®,).

Outputamp litudevaries as the cube of inputamp litude.

sum and difference frequencies

Thisis the 2 - toneintermodulation harmonics

=
mentioned earlier. Z1 T TT . “ T fn‘l‘ Mt "
fify, f DC f
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General Picture...Nth Order responses

What frequencies are in (V0 cos(mt)+V, cos(a)zt))N ?

. : . N ) N N-nin ) N' N-nyn
Binomial expansion:(a+b)" = Z a’ "b" = b
n

a
n=0 n=0 n'(N_ n)'
1
: : : : ] 1 1
Pascal's triangle gives thebinomial coefficients: 5 .

1 3 3 I...
(V, cos(mt) +V, cos(w,1))" = (¥, /2)]\’((21 +z7 )+ (z, + zgl)yl
=V, /)" (e,(z, +2) (2,455 ey (7, + 27 Nz +2,) H ey (242 (2, + 25)Y)
=(V,/2)" -sumof terms,each of form (z - (z,')’z{ -(z,')?), each havinga+b+c+d = N
1.e. each of form (exp(j((a—b)w, +(c—d)w,)t)
(0)1\ ra)l\ rwlw

. . . N
outputfrequencies are < or p =< or ¢ *....=< or ;...and amplitudevaries as V;

(D) D) )
————Nterms————

J J
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Two-Tone Intermodulation: Summary Vi V s

2"¢_order response: outputsat *nw, +m w,, withn+m =2

— noresponsesnear o, , @,

Outputamp litudevaries as the 2"! powerof inputamp litude.

3" _order response: outputsat *nw, +m @,, withn+m =1,3
— responsesat (2w, —w,) and (2w, — w,), bothnear o,, , ﬁf_»

Outputamp litudevaries as the3™ powerof inputamp litude.

4™ - order response: outputsat +nw, + m @,, withn+m = 2,4

— no responsesnear @,, @,

Outputamp litudevaries as the4™ powerof inputamplitude.

5™ -order response: outputsat + no, tmw,, withn+m=13,5

—responsesat 2w, —w,), Lo, —®,), 3o, —2w,), Bw, —2w,), all near o,, w, ﬁ| |it

Outputamp litudevaries as the 5™ powerof inputamp litude. J
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A
Thelinear, quadratic, cubic, 4th and Sthpower 7
— [lnear
termsof coursevary withl:1,2:1,3:1,4:1and5:1 Q — quadratic
. — cubic
slopeson a plotof dB(Pout)vs.dB(Pin) s | /i e 4th power
% ------ 5th power
Q
s
=
>
o]
>
input power, dB
But thepowerat Qw, —w,), 2w, —®,)
@
involves 3,5 7" order terms, and varies 2
4]
with3:1slopeonly at low inputswhere the §
cubic term dominates. 3
3
f >

input power, dB
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Third-Order Intercept

OIP3 !

% f,,f
Sy ——
() 1272
D
&
= 1P3

;o

input power, dB

If weextrapolate thelinear and two- toneresponse,the

pointof intercepton is the third - order intercept
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Third order intercept

Ve =@V, (04 @y VO + a5 Vi) + o= 0 (V, 40y VO + by V(0 +..)

V. (t)=V, -cos(wt)+V,-cos(w,t)

b,-V.>=b,-(V,/2) {6 cos((Rw, — w,)t) + 6 cos((2w, — w,)t) + terms at other frequencies}
To find the third-order intercept, set ¥, such that the linear and cubic terms are equal
V,=6b,-(V,/2) =B/4)bYV;, -V, =4/3b,

Single-tone power =IIP3=V;} /2Z, =2/ (3b,Z,)

A C,
OIP3 /
% /\/
S — 1.1
IS
L
= 1IP3
3

input power, dB
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Distortion Powers From Third-Order Intercept

A .
OIP3
A A 3 il
S ST _gf; ];2
Q o ' - D
= % , 2f -f,
t] ]t -
> 8 e r’
frequency o IP3
—+ >

input power, dB

3rd-Orderdistortionhas 3:1slopeon log -log (dB) plot:

OIP3(dBm)-P,,,,,_,,(dBm)=OIP3(dBm)-P,,,,_, (dBm)=3-[0IP3(dBm)- P,,,,,...(dBm)]
Therefore:
B, inea(dBM)=F, o (dBm)=F, ... (dBm)—-F, ., . (dBm)=2- [01P3(dBm)- P, utlinear (dBm)]

Each 1dB dropin Pout below the third order interceptp oint
improvesthesignal/distortionratio by 2 dB.
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Input-Referred Third-Order Intercept

stage 1 stage 2 stage 3 stage 4 stage 5 / % —- |
T % % ~D—I> F
0(} O(l sin 00
flo X % Q
Input- referred IP3due tostage 2 (linear units of Watts,not dB powerunits)
I1P3
Receiver IIP3, . uper = —— o
Gl

. IIP 3sta e3

Receiver [1P3, = =

uetostage3 .
: G,G,

...etc

Notethatit is hard todevelop an expression of an *aggregate * [P3involving
all stages, as the* phaseangles * of theIM 3productsmay varybetweensuccessive
stages. Distortionproductsmay add in - phase,out - of - phase,

or at some intermediate angle.

Tocomputethephaseof theIM 3productsrequires a Volterra series analy sis.



